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      Preface to the Fourth Edition  

 Th e body of knowledge in endocrinology 
has expanded enormously since the fi rst edition 
of this text appeared two decades ago, and the 
pace of discovery has been no less robust since 
the appearance of the third edition. Research in 
endocrinology continues to produce new rev-
elations and insights, sometimes deepening our 
level of understanding of well-established phe-
nomena, and sometimes leading us to reevalu-
ate and reinterpret long-held doctrines. Th is 
edition of  Basic Medical Endocrinology  endeav-
ors to capture these advances and integrate 
them into the general discourse without unduly 
expanding the length of the text or overloading 
it with unmanageable details. Th e text continues 
to focus on the integrative and regulatory roles 
of the endocrine system in humans, and in this 
context, to incorporate present understanding of 
underlying cellular and molecular mechanisms.   

 Endocrinology has evolved from the study 
of special functions at the whole body level, 
through studies of functions of organs, tissues, 
cells, organelles, and now individual genes and 
their products. Th e advent of molecular biology 
has driven major progress toward uncovering the 
cellular and molecular bases for hormonal actions 
and introduced new tools and new strategies for 
studying phenomena that have been known for a 
half century or longer. Genomic mapping, among 
other things, inspired the quest for ligands for 
 “ orphan receptors ”  and predicted functions of 
newly identifi ed gene products. Th e technolo-
gies for knocking out, knocking in, or knocking 
down expression of particular genes in particular 
cells have revolutionized ways to explore sign-
aling pathways within cells and to defi ne func-
tions of individual proteins within intact animals. 
Th ough knowledge is still incomplete, we now 
can describe hormone actions in exciting, and 
sometimes bewildering molecular detail. I have 

tried to keep the excitement of these new discov-
eries in perspective and not let them overshadow 
the importance of classic fi ndings in the overall 
understanding of how the body works.   

 Every chapter has been revised, though 
some more than others. Progress in endocrine 
research is uneven, driven by novel discoveries, 
technological advances, or the infusion of fi nan-
cial support in response to human health needs. 
In this regard the growing epidemic of obesity, 
diabetes, and the metabolic syndrome coupled 
with the discovery of leptin and other adipocyte 
secretions has fueled perhaps the most signifi -
cant advances in recent years. Driven in part by 
continuing fallout from the discovery of the cal-
cium receptor, and in part by improvements in 
assays for parathyroid hormone and its metabo-
lites, understanding of calcium homeostasis also 
has progressed signifi cantly since the last edition 
of this text. Finally, increased understanding of 
postsecretory events that produce local modifi -
cations in hormone concentrations and actions, 
and the fi nding of hormone receptors in unex-
pected places stimulated reassessment of long-
held views and fueled progress in several areas.   

 Although study of gastrointestinal physi-
ology has a prominent place in the history of 
endocrinology, the physiology of the hormones 
of the gastrointestinal tract traditionally has 
been omitted from textbooks of endocrinology, 
and has been covered instead in texts of gastro-
enterology. However, it is increasingly appar-
ent that, as is true for many other hormones, 
the actions of GI hormones are not limited to 
the roles that we traditionally have assigned to 
them. It is apparent also that the GI hormones 
are closely related structurally, functionally, and 
ancestrally to the hormones that reside in the 
traditional realms of endocrinology and neu-
roendocrinology. I therefore have reunited the 



Preface to the Fourth Edition

hormones of the GI tract with their brethren. Chapter 6 is 
devoted to their physiology and Chapter 8 integrates them 
in the discussion of metabolic regulation.   

 Finally, as must be obvious, the appearance of the 
fourth edition is dramatically diff erent from its predeces-
sors thanks to technological advances that allow aff ordable 
introduction of color. Virtually all the fi gures have been 
redrawn in color, which hopefully enhances their value in 
illustrating the text. In addition, following the premise 
that  “ a picture is worth a thousand words, ”  more than 75 
new fi gures have been added. Once again, I have chosen 
to avoid burdening the text with countless references to 

original literature, but instead end each chapter with a list 
of relevant review articles that can direct the interested stu-
dent to primary literature. It remains my hope that this text 
will provide students with somewhat more than suffi  cient 
understanding of contemporary endocrine physiology to 
pass required examinations, and, more importantly perhaps, 
to provide them with a solid foundation for continuing 
study of human biology.   

 H. Maurice Goodman   
 Worcester, Massachusetts   

 2008       
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      Preface to the First Edition  

 Th is volume is the product of more than 
25 years of teaching endocrine physiology to 
fi rst-year medical students. Its focus is human 
endocrinology with an emphasis on cellular and 
molecular mechanisms. In presenting this mate-
rial, I have tried to capture some of the excite-
ment of a dynamic, expanding discipline that is 
now in its golden age. It is hoped that this text 
provides suffi  cient understanding of normal 
endocrine physiology to prepare the student to 
study not only endocrine diseases but the cel-
lular and molecular derangements that disrupt 
normal function and must therefore be reversed 
or circumvented by rational therapy. It is further 
hoped that this text provides the necessary back-
ground to facilitate continuing self-education 
in endocrinology.   

 Endocrinology encompasses a vast amount 
of information relating to at least some aspect 
of virtually every body function. Unfortunately, 
much of the information is descriptive and can-
not be derived from fi rst principles. Th orough, 
encyclopedic coverage is neither appropriate 
for a volume such as this one nor possible at the 
current explosive rate of expansion. On the other 
hand, limiting the text to the bare minimum of 
unadorned facts might facilitate memorization 
of what appear to be the essentials this year but 
would preclude acquisition of real understanding 
and off er little preparation for assimilating the 
essentials as they may appear a decade hence. I 
therefore sought the middle ground and present 
basic facts within enough of a physiological 
framework to foster understanding of both the 
current status of the fi eld and those areas where 
new developments are likely to occur while 
hopefully avoiding the pitfall of burying key 
points in details and qualifi cations.   

 Th e text is organized into three sections. 
Th e fi rst section provides basic information about 

organization of the endocrine system and the 
role of individual endocrine glands. Subsequent 
sections deal with complex hormonal interac-
tions that govern maintenance of the internal 
environment (Part II) and growth and reproduc-
tion (Part III). Neuroendocrinology is integrated 
into discussions of specifi c glands or regulatory 
systems throughout the text rather than being 
treated as a separate subject. Although modern 
endocrinology has its roots in gastrointestinal 
(GI) physiology, the gut hormones are usually 
covered in texts of GI physiology rather than 
endocrinology; therefore, there is no chapter on 
intestinal hormones. In the interests of space and 
the reader’s endurance, a good deal of fascinating 
material was omitted because it seemed either 
irrelevant to human biology or insuffi  ciently 
understood at this time. For example, the pineal 
gland has intrigued generations of scientists and 
philosophers since Descartes, but it still has no 
clearly established role in human physiology and 
is therefore ignored in this text.   

 Human endocrinology has its foundation 
in clinical practice and research, both of which 
rely heavily on laboratory fi ndings. Where possi-
ble, points are illustrated in the text with original 
data from the rich endocrine literature to give 
the reader a feeling for the kind of information 
on which theoretical and diagnostic conclusions 
are based. Original literature is not cited in the 
text, in part because such citations are distract-
ing in an introductory text, and in part because 
proper citation might well double the length of 
this volume. For the reader who wishes to gain 
entrée to the endocrine literature or desires more 
comprehensive coverage of specifi c topics, review 
articles are listed at the end of each chapter.   

 H. Maurice Goodman   
 1988       
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C H A P T E R        Preface to the Second Edition  

 In the fi ve years that have passed since 
the fi rst edition of this text, the informa-
tion explosion in endocrinology has contin-
ued unabated and may have even accelerated. 
Application of the powerful tools of molecular 
biology has made it possible to ask questions 
about hormone production and action that 
were only dreamed about a decade earlier. Th e 
receptor molecules that initiate responses to 
virtually all of the hormones have been charac-
terized and signifi cant progress has been made 
in unraveling the events that lead to the fi nal 
cellular expression of hormonal stimulation. As 
more details of intracellular signaling emerge, 
the complexities of parallel and intersecting 
pathways of transduction have become more 
evident. We are beginning to understand how 
cells regulate the expression of genes and how 
hormones intervene in regulatory processes 
to adjust the expression of individual genes. 
Great strides have been made in understanding 
how individual cells talk to each other through 
locally released factors to coordinate growth, 
diff erentiation, secretion, and other responses 
within a tissue. In these regards, endocrinology 

and immunology share common themes and 
have contributed to each other’s advancement.   

 In revising the text for this second edition 
of Basic Medical Endocrinology, I have tried 
to incorporate many of the exciting advances 
in our understanding of cellular and molecular 
processes into the discourse on integrated whole 
body function. I have tried to be selective, how-
ever, and include only those bits of information 
that deepen understanding of well-established 
principles or processes or that relate to emerg-
ing themes. Every chapter has been updated, 
but not surprisingly, progress has been uneven, 
and some have been revised more extensively 
than others. After reviewing the past fi ve years 
of literature in as broad an area as encompassed 
by endocrinology, one cannot help but be hum-
bled by the seemingly limitless capacity of the 
human mind to develop new knowledge, to 
assimilate new information into an already vast 
knowledge base, and to apply that knowledge to 
advancement of human welfare.   

 H. Maurice Goodman   
 1993       
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C H A P T E R        Preface to the Third Edition  

 Nearly a decade elapsed between publica-
tion of the second and third editions of Basic 
Medical Endocrinology due in large part to the 
turmoil in the publishing industry brought on 
by massive consolidation. Although this edi-
tion is new and the publisher is new, the aims 
of earlier editions of this work are unchanged. 
Its focus remains human endocrinology with 
an emphasis on cellular and molecular mecha-
nisms presented in the context of integration of 
body functions. Th e intent is to provide a suf-
fi cient level of understanding of normal endo-
crine physiology to prepare students to study 
not only endocrine diseases, but also the cellular 
and molecular alterations that disrupt normal 
function. Such understanding is a prerequisite 
for institution of rational diagnostic procedures, 
therapeutic interventions, and research strate-
gies. It is further hoped that this text provides 
the necessary background to facilitate continu-
ing self-education in endocrinology.   

 A decade is a long time in this remark-
able era of modern biology. Whole new vistas 
of inquiry have been opened since the previous 
edition of this text appeared, and new discov-
eries have mandated reinterpretation of many 
areas that were once thought to be solidly under-
stood. Much of the progress of the past decade 
must be credited to ingenious application of 
rapidly evolving technology in molecular biol-
ogy. Studies of gene expression and the charting 
of the genomes of several species, including our 
own, has provided a deluge of new information 
and new insights. Th e exquisite sensitivity and 
versatility of this technology has uncovered both 
hormone production and hormone receptors in 
unexpected places and revealed hitherto unap-
preciated roles for classical hormones. Classical 
techniques of organ ablation and extract injection 

have been reapplied using the once unthinkable 
technology of gene ablation or overexpression 
to explore the functions of individual proteins 
instead of individual glands. Th e decade has also 
witnessed the discovery of new hormones and 
expanded our appreciation of the physiological 
importance of extraglandular metabolism of hor-
mones. Th e understanding of hormone actions 
has grown enormously and spawned the quest 
for  “ designer drugs ”  that target particular, critical, 
biochemical reactions in combating disease.   

 In light of these and many other devel-
opments, every chapter of this text has been 
extensively revised to present the well-estab-
lished factual basis of endocrinology enriched by 
exciting, rapidly unfolding new information and 
insights. Th e challenge has been to digest and 
reduce the massive literature to illuminate the 
regulatory and integrative roles of the endocrine 
system without overloading the text with arcane 
detail. However, the text is designed to provide 
somewhat more than the minimum acceptable 
level of understanding and attempts to anticipate 
and answer some of the next level of questions 
that might occur to the thoughtful student.   

 Looking back over 40 years of teaching 
endocrine physiology, one cannot fail but to mar-
vel at how far we have come and how resourceful 
is the human mind in probing the mysteries of 
life. As has always been true of scientifi c inquiry, 
obtaining answers to long-standing questions 
inevitably raises a host of new questions to chal-
lenge a new generation of endocrinologists. It is 
my hope that this text will provide a foundation 
for students to meet that challenge both in the 
clinic and in the laboratory.   

 H. Maurice Goodman   
 2002       
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C H A P T E R                                               Introduction  

   As animals evolved from single cells to multicel-

lular organisms, individual cells took on special-

ized functions and became mutually dependent 

on each other to satisfy their own needs and 

the needs of the whole organism. Survival thus 

hinged on integration and coordination of their 

individual specialized functions. Increased spe-

cialization of cellul ar functions was accompanied 

by decreased tolerance for variations in the cel-

lular environment. Control systems evolved that 

allowed more and more precise regulation of the 

cellular environment, which in turn permitted 

the development of even more highly special-

ized cells, such as those of higher brain cen-

ters, whose continued function requires that the 

internal environment be maintained constant 

within narrow limits, no matter what conditions 

prevail in the external environment. Survival of 

the individual requires a capacity to adjust and 

adapt to hostile conditions in the external envi-

ronment, and survival of the species requires 

coordination of reproductive function with those 

factors in the internal and external environment 

that are most conducive to survival of the off -

spring. Crucial to meeting these needs for sur-

vival as a multicellular organism is the capacity 

of specialized cells to coordinate their activities 

through some sort of communication. 

   Cells communicate with each other by 

means of chemical signals. Th ese signals may 

be simple molecules such as modifi ed amino or 

fatty acids, or they may be more complex pep-

tides, proteins, or steroids. Communication takes 

place locally between cells within a tissue or 

organ and at a distance to integrate the activi-

ties of cells or tissues in other organs. For com-

munication between cells whose surfaces come 

in direct contact with each other, these signals 

may be substances that form part of the cell sur-

face, or they may be molecules that pass from the 

cytosol of one cell to another through gap junc-

tions. For communication with nearby cells and 

also between contiguous cells chemical signals 

are released into the extracellular fl uid and reach 

their destinations by simple diff usion through 

extracellular fl uid. Such communication is said to 

occur by  paracrine , or local, secretion. Sometimes 

cells respond to their own secretions, and this is 

called  autocrine  secretion. For cells that are too far 

apart for the slow process of diff usion to permit 

meaningful communication, the chemical signal 

may enter the circulation and be transported in 

blood to all parts of the body. Release of chemi-

cal signals into the bloodstream is referred to as 

 endocrine , or internal, secretion, and the signal 

secreted is called a  hormone . We may defi ne a 

hormone as a chemical substance that is released 

into the blood in small amounts and that, after 

delivery by the circulation, elicits a typical physi-

ological response in other cells target cells ( Figure 

1.1   ). Often these modalities are used in combi-

nation such that paracrine and autocrine secre-

tions provide local fi ne-tuning for events that are 

evoked by a hormonal signal that arrives from a 

distant source. 

   Because hormones are diluted in a huge 

volume of blood and extracellular fl uid, achiev-

ing meaningful concentrations (10  �   10  to 10  � 7  M) 

  1 
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usually requires coordinated secretion by a mass of cells, an 

 endocrine gland . Th e secretory products of endocrine glands 

are released into the extracellular space and diff use across 

the capillary endothelium into the bloodstream, which gives 

rise to the terms ductless glands and internal secretion. In 

contrast,  exocrine glands  deliver their products through ducts 

to the outside of the body or to the lumen of the gastroin-

testinal tract. Classical endocrine glands include the pitui-

tary, thyroid, adrenals, parathyroids, gonads, and islets of 

Langerhans. It has become apparent, however, that this list 

is far too short. Virtually every organ, including brain, kid-

ney, heart, and even fat has an endocrine function in addi-

tion to its more commonly recognized role. Many aspects of 

gastrointestinal function are governed by hormones produced 

by cells of the gastric and intestinal mucosa, and so the intes-

tinal tract is also an enormous endocrine gland. In fact, the 

word hormone was coined to describe a duodenal product, 

secretin (Chapter 6), that regulates pancreatic fl uid secretion. 

Consequently, our notions of what constitutes an endocrine 

gland must be broadened to include any group of cells that 

secrete a hormone. 

   It is only recently that endocrinologists have embraced 

the large number of locally produced hormone-like agents 

called growth factors and cytokines that regulate immune cell 

functions, cell division, diff erentiation, and even programmed 

cell death ( apoptosis ). Th ese agents act locally in a paracrine 

or autocrine manner, but may also enter the circulation and 

aff ect the functions of distant cells, and hence behave as 

hormones. Many of these secretions produce eff ects that 

impinge upon actions of the classical hormones. Conversely, 

some of the classical hormones also act as local paracrine or 

autocrine factors and may be produced by cells that are unre-

lated to the endocrine glands that are usually associated with 

their secretion. Rapidly accumulating information about 

protein and gene structure has revealed relationships among 

these compounds, which can be grouped into families or 

superfamilies. Some hormones, such as growth hormone and 

prolactin, belong to the same superfamily of proteins as some 

of the cytokines, whereas the insulin-like growth factors are 

closely related to insulin. At the molecular level, production, 

secretion, and actions of cytokines and growth factors are no 

diff erent from those of the classical hormones, and so our 

narrow defi nitions of endocrinology and hormones must be 

broadened to accommodate the wide range of communica-

tion by chemical messengers. 

   Another mechanism has also evolved to breach the 

distance between cells and allow rapid communication. Some 

cells developed the ability to release their signals locally 

from the tips of long processes that extend great distances to 

nearly touch their target cells. Th is mechanism, of course, is 

how nerve cells communicate with each other or with eff ec-

tor cells. By releasing their signals (neurotransmitters) so 

close to receptive cells, nerve cells achieve both exquisite spec-

ifi city and economy in the quantity of transmitter needed to 

provide a meaningful concentration within a highly local-

ized space, the synapse. Although use of the action potential 

to trigger secretion is not unique for nerve cells, the electri-

cal wave that travels along the axons enables these cells to 

transmit information rapidly over great distances between 

the perikarya and the nerve terminals. Despite these special-

ized features of nerve cells, it is important to note that the 

same cellular mechanisms are used for signal production and 

release as well as for reception and response during neural, 

endocrine, and paracrine communication. 

   Distinctions between the various modes of commu-

nication are limited only to the means of signal delivery to 

target cells, and even these distinctions are blurred in some 

cases. Neurotransmitters act in a paracrine fashion on post-

synaptic cells and in some cases may diff use beyond the 

synaptic cleft to aff ect other nearby cells or may even enter 

the blood and act as hormones, in which case they are called 

 neurohormones . Moreover, the same chemical signals may be 

secreted by both endocrine and nerve cells and even in very 

Paracrine

Local

Autocrine Juxtacrine

A

 FIGURE 1.1          Chemical communication between cells.  A : Local. Secretory 

product, shown as red dots, reaches nearby target cell by diff usion 

through extracellular fl uid ( paracrine  or  autocrine  communication). 

Juxtacrine: Communication by physical contact via signaling molecules 

in the membrane of one cell activating membrane receptor molecules 

in an adjacent cell.  B : Endocrine. Secretory product reaches distant cells 

by transport through the circulation.  C : Secretory product released from 

terminals of long cell processes reaches target cells distant from the nerve 

cell body by diff usion across the synaptic cleft.        

Target cellsEndocrine cells

Endocrine

General circulation

B

Neural

C
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small amounts by other cells that use them to communicate 

with neighboring cells in a paracrine or autocrine manner. 

Nature is parsimonious in this regard. Many peptides that are 

regarded as hormones or neurohormones may also serve as 

paracrine regulators in a variety of tissues. Although adequate 

to cause localized responses, the minute quantities of these 

substances produced extraglandularly are usually too small to 

enter the blood and interfere with endocrine relationships. 

   Clearly, the boundaries between endocrinology and 

other fi elds of modern biology are both artifi cial and impre-

cisely drawn. Endocrinology has benefi ted enormously from 

recent advances in other fi elds, particularly immunology, bio-

chemistry, cell biology, and molecular biology. Early insights 

into endocrine function were gained from  “ experiments of 

nature. ”  Injury or inborn errors produced some pathological 

conditions that were traced to defects in hormone secretion 

or action. Conversely, hormone-secreting tumors or deranged 

regulatory mechanisms produced early insights into the con-

sequences of excess hormone production. Early endocrinolo-

gists were able to create similar experiments by excising a 

gland or administering glandular extracts and observing the 

consequences. Progress in biochemistry made it possible to 

study pure hormones, and application of immunological 

techniques allowed identifi cation and measurement of vari-

ous molecular species. 

   Th e introduction of techniques of molecular biology 

brought breakthroughs in the understanding of hormone 

actions, and curiously brought us full circle back to the early 

approaches of studying the consequences of eliminating the 

source of a signaling molecule or administering an excess to 

gain insight into function. It is now possible to overexpress a 

hormone or other molecule by inserting its gene into devel-

oping mice to make them transgenic. Conversely it is possible 

to disrupt or  “ knock out ”  a particular gene and study the con-

sequences of the lack of its protein product(s) in otherwise 

intact mice. It is even possible to limit expression of trans-

genes to particular organs or cells and evoke their expression 

at desired stages of life. Similarly, it is now possible to knock 

out genes in particular organs and at particular times of life 

or to transiently interfere with their expression. In discussing 

hormone actions in subsequent chapters it will be necessary 

to refer to all these experimental techniques and many others. 

   In this text we concentrate on the integrating function 

of the endocrine system and focus our discussion principally 

on that aspect of cellular communication that is carried out 

by the classical endocrine glands and their hormones ( Table 

1.1   ). We fi rst present some basic information about various 

endocrine glands and their hormones, and then consider 

interactions of hormones and the integration of endocrine 

function to produce homeostatic regulation. Such regulation 

throughout the body is achieved by regulation of cellular 

functions, which in turn are achieved by actions of hormones 

on molecules within those cells. We therefore consider the 

actions of hormones on all three levels ( Figure 1.2   ). 

   Th roughout this text, emphasis is on normal function, 

and reference to disease is limited to those aspects that are 

logical extensions of normal physiology or that facilitate 

understanding of normal physiology. Endocrine disease 

is not simply a matter of too much or too little hormone; 

rather, disease occurs when there is an inappropriate amount 

of hormone for the prevailing physiological situation or 

when there is an inappropriate response by target tissues to 

a perfectly appropriate amount of hormone. Some aspects 

of endocrine disease are still too poorly understood to be 

put in the context of normal physiology and are best left for 

a more detailed text of pathology or medicine. 

   Endocrinology is a subject that unfortunately involves 

a sometimes bewildering array of facts, not all of which can 

be derived from basic principles. To help organize and digest 

this necessarily large volume of material, the student might 

fi nd the following outline of goals and objectives helpful.

 TABLE 1.1          Endocrine Glands Considered in This Text  

   The Classical Endocrine Glands 

   Pituitary gland 

   Thyroid gland 

   Parathyroid gland 

   Islets of Langerhans 

   Adrenal glands 

   Gonads (testes and ovaries) 

   Placenta 

   Organs with Endocrine Functions 

         Brain 

     Heart 

         Liver 

         Gastrointestinal tract 

         Kidneys 

         Fat 

 FIGURE 1.2          Levels at which hormone actions are considered.    
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and degradation
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    BIOSYNTHESIS OF HORMONES 

   Th e classical hormones fall into three categories ( Table 1.2   ):   

      ●      Derivatives of the amino acid tyrosine  

      ●      Steroids, which are derivatives of cholesterol  

      ●      Peptides/proteins, which comprise the largest and most 

diverse class of hormones    

   Many small molecules, including nitric oxide, derivatives 

of amino acids and fatty acids, function as neurotransmitters 

or paracrine signals, but usually are not considered to be hor-

mones, and so are discussed only when pertinent to the actions 

of hormones. Relevant details of hormone synthesis and stor-

age, particularly for the amino acid and steroid hormones, are 

presented with the discussion of their glands of origin, but 

steps in biosynthesis, storage, and secretion common to all 

protein and peptide hormones are suffi  ciently general for this 

largest class of hormones to warrant some discussion here. A 

brief review of these steps also provides an opportunity for a 

general consideration of gene expression and protein synthesis, 

and provides some background for understanding hormone 

actions. In-depth consideration of these complex processes 

is beyond the scope of this text, and is best left for the many 

excellent texts of cellular and molecular biology. 

   Protein and peptide hormones are encoded in genes, 

with each hormone usually represented only once in the 

genome. Information determining the amino acid sequence 

of proteins is encoded in the nucleotide sequence of DNA 

(deoxyribonucleic acid) ( Figure 1.3   ). Nucleotides in DNA 

consist of a fi ve-carbon sugar, deoxyribose, in ester linkage 

with a phosphate group, and attached in N-glycosidic link-

age to one of four organic bases: adenine (A), guanine (G), 

thymidine (T), or cytidine (C). Th e ability of the purine 

bases A and G to form complementary pairs with the 

pyrimidine bases T and C ( Figure 1.4   ), respectively, on an 

 TABLE 1.2          Chemical Nature of the Classic Hormones  

   Tyrosine derivatives  Steroids  Peptides ( � 20 amino acids)  Proteins ( � 20 amino acids) 

   Epinephrine  Testosterone  Oxytocin  Insulin 

   Norepinephrine  Estradiol  Vasopressin  Glucagon 

   Dopamine  Progesterone  Angiotensin  Adrenocorticotropic hormone 

   Triiodothyronine  Cortisol  Melanocyte-stimulating hormone  Thyroid-stimulating hormone 

   Thyroxine  Aldosterone   Somatostatin    Secretin 

         Vitamin D      Thyrotropin-releasing hormone    Motilin 

       Gastrin  Follicle-stimulating hormone 

             Cholecystokinin    Luteinizing hormone 

         Gonadotropin-releasing hormone 

         Growth hormone 

         Prolactin 

         Corticotropin-releasing hormone 

         Growth hormone-releasing hormone 

         Parathyroid hormone 

         Calcitonin 

         Chorionic gonadotropin 

         Choriosomatomammotropin 

      Goals and Objectives      

      A.     The student should be familiar with 
     1.     Essential features of feedback regulation  
     2.     Essentials of competitive binding assays     
    B.     For each hormone, the student should know: 
     1.     Its cell of origin  
     2.     Its chemical nature, including 
     a.      Distinctive features of its chemical composition  
     b.     Biosynthesis  
     c.      Whether it circulates free or bound to plasma proteins  
     d.      How it is degraded and removed from the body     
     3.     Its principal physiological actions 
     a.     At the whole body level  
     b.     At the tissue level  
     c.     At the cellular level  
     d.     At the molecular level  
     e.      Consequences of inadequate or excess secretion     
     4.      What signals or perturbations in the internal or external 

environment evoke or suppress its secretion 
     a.     How those signals are transmitted  
     b.     How that secretion is controlled  
     c.      What factors modulate the secretory response  
     d.     How rapidly the hormone acts  
     e.     How long it acts  
     f.     What factors modulate its action               
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adjacent strand of DNA is the fundamental property that 

permits accurate replication of DNA and transmission of 

stored information from generation to generation. A single 

strand of DNA consists of a chain of millions of nucleotides 

linked by phosphate groups that form ester bonds with 

hydroxyl groups at carbon 3 of one deoxyribose and carbon 

5 of the next deoxyribose. Th e DNA in each chromosome is 

present as a pair of long strands oriented in opposite direc-

tions and is organized into  nucleosomes , each of which con-

sists of a stretch of about 180 nucleotides tightly wound 

around a complex of eight histone molecules. Th e nucleo-

somes are linked by stretches of about 30 nucleotides, and 

the whole double strand of nucleoproteins is tightly coiled 

in a higher order of organization to form the chromosomes. 

   Instructions for protein structure are transmitted 

from the DNA to cytoplasmic sites of protein synthesis, the 

ribosomes, in the messenger ribonucleic acid (mRNA) tem-

plate. RNA diff ers in structure from DNA only in having 

ribose instead of deoxyribose as its sugar and uridine (U) 

instead of thymidine as one of its pyrimidine bases. Th e 

nucleotide sequence of the mRNA precursor is complemen-

tary to the nucleotide sequence of DNA. Messenger RNA 

synthesis proceeds linearly from an upstream  “ start site ”  des-

ignated by a particular sequence of nucleotides in DNA in 

a process called  transcription . Th e start site is located down-

stream from the  promoter  region, which contains sequences 

to which regulatory proteins can bind, and a short sequence 

where RNA polymerase II and a large aggregate of proteins, 

the  general transcription complex , binds. Th e DNA that is 

transcribed is comprised of segments that encode structural 

and regulatory information called  exons  separated by inter-

vening sequences of DNA with no coding function, called 

 introns  ( Figure 1.5   ). 

   Transcription is regulated by nuclear proteins called 

 transcription factors  or  transactivating factors , which bind to 

regulatory sites that are usually upstream from the promoter 

and stimulate or repress gene transcription. Th ese proteins 

form complexes with multiple other transcription factors 

and proteins called  coactivators  or  corepressors , which not only 

govern attachment and activity of the general transcription 

complex, but control the  “ tightness ”  of the DNA coil and 

hence the accessibility of genes to the transcription appa-

ratus. Transcription proceeds from the start site through 

the introns and exons and a downstream fl anking sequence 
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 FIGURE 1.3          Composition of DNA. DNA is a polymer of the fi ve-carbon 

sugar, deoxyribose, in diester linkage with phosphate forming ester bonds 

with hydroxyl groups on carbons 3 and 5 on adjacent sugar molecules. 

The purine and pyrimidine bases are linked to carbon 1 of each sugar. The 

numbering system for the fi ve carbons of deoxyribose are shown at the top 

of the fi gure. The chemical bonds forming the backbone of the DNA chain 

are highlighted in blue. The 5 ’  or 3 ’  ends refer to the carbons in deoxyribose.    
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 FIGURE 1.4          Complementary base pairing by the formation of hydrogen 

bonds between thymine and adenine and between cytosine and guanine. 

RNA contains uracil in place of the thymine found in DNA. Uracil and 

thymine diff er in structure only by the presence of the methyl group (CH 3 ) 

found in thymine.    
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where a long polyadenine (polyA) tail is added. A special 

 “ cap ”  structure containing methylated guanosine added to 

the opposite end of the RNA transcript permits its export 

from the nucleus after it is modifi ed further by removal 

of the introns and attachment of the exons to each other 

in a process called  splicing . Under some circumstances the 

splicing reactions may bypass some exons or parts of exons, 

which are then omitted from the fi nal mRNA transcript. 

Because of such  alternate splicing , a single gene can give rise 

to more than one mRNA transcript, and hence more than 

one protein product ( Figure 1.6   ). Multiple mRNA tran-

scripts may also be produced from some genes that have 

more than one site at which transcription can start. 

Transcription
factors and
coactivators

General
transcription
complex

Introns

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

ExonsStart Terminate

Pre-mRNA

AAAAAAAASplicing

AAAAAAAAmRNA

AAAAAAAA

 FIGURE 1.5          Transcription and RNA processing. The DNA strand contains all the stored information for expression of the gene including the promoter, 

distant regulatory elements (not shown), binding sites (response elements) for regulatory proteins, and the coding for the sequence of the protein (exons) 

interrupted by intervening sequences of DNA (introns). Exons are numbered 1–5. The primary RNA transcript contains the complementary sequence of 

bases coupled to a poly A tail at the 3 ’  end and a methyl guanosine cap at the 5 ’  end. Removal of the introns and splicing the remaining exons together 

produces the messenger RNA that contains all the information needed for translation, including the codons for the amino acid sequence of the protein 

and untranslated regulatory sequences at both ends.    

 FIGURE 1.6          Alternative splicing of mRNA can give rise to diff erent 

proteins. Numbers indicate exons. Exon 1 is untranslated. N      �      amino 

terminus; C      �      carboxyl terminus.    

1 2 3 4 5

5 5

Primary RNA transcript
3’5’

1 2 3 4 1 2 4 1 2 3

2 3 4 2 4 2 3
CNCNCN

Alternatively spliced mRNAs

Primary protein translation products

55

   Upon export from the nucleus, the mRNA tran-

scripts attach to ribosomes where they are  translated  into 

protein ( Figure 1.7   ). Ribosomes are large complexes of 

RNA and protein enzymes that  “ read ”  the mRNA code in 

triplets of nucleotides called codons. Th e translation initia-

tion site begins with the codon for methionine. Each codon 

designates a specifi c amino acid. Triplets of complementary 

nucleotides (anticodons) are found in small RNA molecules 

called transfer RNA (tRNA), each of which binds a partic-

ular amino acid and delivers it to the ribosome. Alignment 

of amino acids in the proper sequence is achieved by the 

complementary pairing of anticodons in the tRNA with 

codons in the mRNA. Th e tRNA thus delivers the correct 

amino acid to the carboxyl terminus of the growing peptide 

chain and holds it in position so that ribosomal enzymes can 

release it from the tRNA and link it to the peptide. Once 

the peptide bond is formed, the empty tRNA is released and 

the ribosome moves down the mRNA to the next codon 

where the next tRNA molecule charged with its amino acid 

waits to bind to its complementary codon. Elongation of the 

chain continues until the ribosome reaches a  “ stop ”  codon 

at which time it dissociates from the mRNA. As each ribo-

some moves down the mRNA, other ribosomes attach 

behind them to repeat the process. In this way a single 

mRNA molecule may be translated over and over again to 

yield many copies of a protein before it is degraded. 
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   Protein and peptide hormones are synthesized as 

larger molecules (prohormones and preprohormones) than 

the fi nal secretory product. Proteins destined for secretion 

have a hydrophobic sequence of 12 to 30 amino acids at their 

amino terminals ( Figure 1.8   ). Th is  signal sequence  is recog-

nized by a special structure that directs the growing peptide 

chain through a protein channel in the endoplasmic reticular 

membrane and into the cisternae of the endoplasmic reticu-

lum. Postsynthetic processing begins in the endoplasmic 

reticulum and continues as hormone precursors are translo-

cated to the Golgi apparatus for fi nal processing and pack-

aging for export. Processing begins even as the peptide chain 

is still elongating, and includes cleavage to remove the signal 

peptide. Interactions with intrinsic endoplasmic reticulum 

proteins facilitate proper folding and catalyze formation of 

disulfi de bonds linking cysteine residues. Other processing 

of peptide hormones may include glycosylation (addition of 

carbohydrate chains to asparagine residues) or coupling of 

subunits that are products of diff erent genes, as seen with the 

pituitary glycoproteins (see Chapter 2). Glycosylation begins 

in the endoplasmic reticulum and is completed in the Golgi 

complex, but fi nal processing of peptide chains takes place in 

the secretory granules. 

   Th e hormones, along with trypsin-like peptidases 

called  hormone convertases , carboxypeptidase, amidating 

enzymes, and other peptide processing enzymes, are pack-

aged into immature secretory vesicles that bud off  from 

the Golgi stacks. Other proteins that are incorporated into 

secretory vesicles include one or more proteins of the fam-

ily of  secretogranins . Th ese large acidic proteins contribute to 

the sorting of hormone into the immature vesicles, facilitate 

cleavage reactions at appropriate sites in the prohormone, 

and organize condensation of the hormone and associated 

proteins into dense granules. Proton pumps in the vesicle 

membrane acidify vesicular fl uid, which activates convertases 

and promotes extrusion of water. Cleavage of the prohor-

mones removes those amino acid sequences that may have 

functioned to target the peptides to the secretory granules 

or to orient folding of the molecule so that disulfi de bridges 

form in the right places. Cleavage of the prohormones by 

hormone convertases may yield more than one biologi-

cally active peptide from a single precursor, as seen with the 

ACTH and glucagon families of hormones (see Chapters 2 

and 6). Amidation of the carboxyl terminus using glycine as 

the amino donor is a common feature of the fi nal matura-

tion of many hormones. Because these processing reactions 

take place in secretory granules, peptide fragments, enzymes 
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 FIGURE 1.7          Translation. A molecule of transfer RNA (tRNA) charged with 

its specifi c amino acid, phenylalanine, and already linked to the growing 

peptide chain, is positioned on the mRNA by complementary pairing of its 

triplet of nucleotides with its codon of three nucleotides in the mRNA. A 

second molecule of tRNA charged with its specifi c amino acid, tryptophan, 

has docked at the adjacent triplet of nucleotides and awaits the action of 

ribosomal enzymes to form the peptide bond with phenylalanine. Linking 

the amino acid to the peptide chain releases it from its tRNA and allows 

the empty tRNA to dissociate from the mRNA. A third molecule of tRNA, 

which brought the preceding molecule of leucine, is departing from the 

left, while a fourth molecule of tRNA, carrying its cargo of glutamine, arrives 

from the right and waits to form the complementary bonds with the next 

codon in the mRNA that will bring the glutamine in position to be joined 

to tryptophan at the carboxyl terminus of the peptide chain. The ribosome 

moves down the mRNA adding one amino acid at a time until it reaches a 

stop codon. (Adapted from Alberts et al. (1994)  Molecular Biology of the Cell . 

New York: Garland Publishing.)    

 FIGURE 1.8          Post-translational processing. The leader sequence or 

 signal peptide  of proteins destined for secretion enters the cisternae of 

the endoplasmic reticulum even as peptide elongation continues. In 

the endoplasmic reticulum (1) the leader sequence is removed, (2) the 

protein is folded with the assistance of protein chaperons, (3) sulfhydryl 

bridges may form, and (4) carbohydrate may be added (glycosylation). The 

partially processed protein (5) is then entrapped in vesicles that bud off  

the endoplasmic reticulum and (6) fuse with the Golgi apparatus, where 

glycosylation is completed, and (7) the protein is packaged for export in 

secretory vesicles in which the fi nal stages of processing take place.    
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and fragments of the secretogranins, and other molecules are 

secreted along with the hormone. Incompletely processed or 

intact  prohormones  also escape into the circulation, sometimes 

in large amounts. Th is situation may be indicative of hyperac-

tivity of endocrine cells or even aberrant production of hor-

mone by nonendocrine tumor cells. Some prohormones have 

biological activity, and their eff ects may be the fi rst manifes-

tation of neoplasia. Some rare inherited diseases are attribut-

able to defects in processing of normal precursor molecules. 

   Postsynthetic processing to the fi nal biologically 

active form is not limited to the peptide hormones. Other 

hormones may be formed from their precursors after secre-

tion. Postsecretory transformations to more active forms 

may occur in liver, kidney, fat, or blood, as well as in the 

target tissues themselves. For example, thyroxine, the major 

secretory product of the thyroid gland, is converted extra-

thyroidally to triiodothyronine, which is the biologically 

active form of the hormone (see Chapter 3). Testosterone, 

the male hormone, is converted to the more active dihy-

drotestosterone within some target tissues and may even be 

converted to the female hormone, estrogen, in other tissues 

(see Chapter 12). Th ese peripheral transformations, besides 

confounding the student of endocrinology, are additional 

sites that are vulnerable to derangement and hence must be 

considered as possible causes of endocrine disease.  

    STORAGE AND SECRETION 

   With the notable exception of the steroids, most hormones 

are stored, often in large quantities, in their glands of origin, 

a factor that facilitated their original isolation and charac-

terization. Protein and peptide hormones and the tyrosine 

derivatives, epinephrine and norepinephrine, are stored as 

dense granules in membrane-bound vesicles and are secreted 

in response to an external stimulus by the process of  exocytosis  
( Figure 1.9   ). Exocytosis can be considered to occur in several 

stages: (1) recruitment of vesicles to the plasma membrane, 

(2) tethering or docking to appropriate membrane loci, (3) 

priming in preparation for (4) fusion of the vesicular mem-

brane with the plasma membrane to form a secretory pore 

that dilates to allow the vesicular contents to escape into the 

extracellular fl uid, (5) retrieval of the vesicular membrane by 

endocytosis to prevent an unsustainable increase in mem-

brane surface that would otherwise occur. 

   Intrinsic proteins in the membranes of the vesi-

cles and the plasma membranes called SNAREs (soluble 

N-ethylmaleimide-sensitive factor attachment protein 

receptor) govern all stages. Th e human genome encodes 36 

SNARE proteins, which are found in all secretory cells and 

neurons. SNARE proteins in vesicular membranes help to 

target vesicles to appropriate loci in the plasma membrane. 

Most secretory vesicles reside deep in the cytosol and are 

recruited to the plasma membrane by calcium-dependent 

translocation along microtubules and microfi laments. A sub-

set of secretory vesicles, often called the readily releasable 

pool, are docked just below the plasma membranes tethered 

to the submembranous cytoskeleton by tethering proteins. 

Vesicles are primed for secretion by an energy-dependent 

mechanism in which SNAREs in the vesicular membrane 

form loose attachments to partnering SNAREs in the cell 

membrane. A surge in intracellular free calcium, produced 

by activation of calcium channels, triggers a conformational 

change in the SNARE complex that pulls the vesicular and 

plasma membranes into such close apposition that fusion 

occurs. As the fusion pore enlarges the vesicle ultimately 

everts and unloads its cargo into the extracellular space. A 

more detailed description of the complex molecular events 

that govern secretion is beyond the scope of this text but can 

be found in many fi ne texts of Cell Biology and in review 

articles listed at the end of this chapter. It is obvious that 

synthesis of hormones must be coupled in some way with 

secretion, so that cells can replenish their supply of hormone. 

In general, the same cellular events that signal secretion also 

signal synthesis. In addition, some cells may be able to mon-

itor how much hormone is stored and adjust rates of synthe-

sis or degradation accordingly. 

   Unlike the peptide hormones, which are encoded 

in genes, the steroid hormones are formed enzymatically 

through a series of modifi cations of their common precursor, 

cholesterol (see Chapter 4). In further contrast to the peptide 

hormones, there is little storage of steroid hormones in their 

cells of origin. Th erefore, synthesis and secretion are aspects 

of the same process, and the lipid-soluble steroid hormones 

apparently diff use across the plasma membrane as rapidly as 

they are formed. Th e synthetic process proceeds suffi  ciently 

rapidly that increased secretion can be observed as soon as a 

minute or two after the secretory stimulus has been applied, 

but the maximal rate of secretion is not reached for at least 

10 to 15 minutes. In contrast, stored peptide and amine hor-

mones may be released almost instantaneously.  

    HORMONES IN BLOOD 

   Most hormones circulate in blood in free solution at low, 

nanomolar (10  � 9    M) or even picomolar (10  � 12    M), concen-

trations. Steroid hormones and thyroid hormones, whose 

solubility in water is limited, circulate bound specifi cally 

to large carrier proteins synthesized in the liver. Some pro-

tein and peptide hormones also circulate complexed with 

specifi c binding proteins (see Chapters 11 and 14). Bound 
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though free, physiologically important concentrations may 

be normal. 

   Most hormones are destroyed rapidly after secre-

tion and have a half-life in blood of less than 10 min.Th e 

half-life of a hormone in blood is defi ned as that period 

of time needed for its concentration to be reduced by half 

and depends on its rate of degradation and on the rapidity 

with which it can escape from the circulation and equili-

brate with fl uids in extravascular compartments. Th is pro-

cess is sometimes called the  metabolic clearance rate . Some 

hormones, for example, epinephrine, have half-lives mea-

sured in seconds whereas thyroid hormones have half-lives of 

the order of days. Th e half-life of a hormone in blood must 

be distinguished from the duration of its hormonal eff ect. 

Some hormonal eff ects are produced virtually instantaneously 

and may disappear as rapidly as the hormone is cleared from 
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4. Recruitment
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Proteins
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 FIGURE 1.9          Exocytosis.  1 . Immature secretory vesicles bud off  the trans-Golgi stacks.  2 . Maturation of the vesicle includes extrusion of some proteins and 

water, acidifi cation of vesicle contents, and condensation of enclosed proteins to form dense core granules.  3 . Mature vesicles residing deep in the cytosol as 

a reserve pool await a signal for recruitment ( 4 ) to the readily releasable pool adjacent to the plasma membrane.  5 . In preparation for secretion, the vesicles 

become tethered to the membrane (docking).  6 . An energy-dependent interaction forms a loose association of special proteins (SNARE proteins) in the 

membranes of the vesicles with counterparts in the plasma membrane,  “ priming ”  the vesicles to respond to a secretory stimulus.  7 . Secretion is triggered by 

an increase in cytoplasmic calcium that produces conformational changes in the SNARE proteins that brings the membranes of the vesicles into such close 

apposition to the plasma membrane that fusion occurs and a secretory pore is formed.  8 . Expansion of the pore as the vesicle membrane is incorporated 

into the plasma membrane releases vesicular contents into the extracellular fl uid.    

hormones are in equilibrium with a small fraction, some-

times less than 1%, in free solution in plasma ( Figure 1.10   ). 

Only unbound hormones are thought to cross the capillary 

endothelium to reach their sites of biological action or deg-

radation. Protein binding protects against loss of hormone 

by the kidney, slows the rate of hormone degradation by 

decreasing cellular uptake, and buff ers changes in free hor-

mone concentrations. In some instances binding proteins 

may aff ect hormonal responses by facilitating or impeding 

delivery of hormones to particular cells. Because biological 

responses are related to the concentration of hormone that 

reaches target cells, rather than the total amount present 

in blood, increases in abundance of binding proteins that 

occur during pregnancy, for example, or decreases seen with 

some forms of liver or kidney disease may produce changes 

in total amounts of hormones circulating in blood even 
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the blood. Other hormonal eff ects are seen only after a lag 

time that may last minutes or even hours, and the time of 

maximum eff ect may bear little relation to the time of maxi-

mum hormone concentration in the blood. Additionally, the 

time for decay of a hormonal eff ect is also highly variable; 

it may be only a few seconds, or it may require several days. 

Some responses persist well after hormonal concentrations 

have returned to basal levels. Understanding the time course 

of a hormone’s survival in blood as well as the onset and 

duration of its action is obviously important for understand-

ing normal physiology, endocrine disease, and the limitations 

of hormone therapy.  

    HORMONE DEGRADATION 

   Implicit in any regulatory system involving hormones or 

any other signal is the necessity for the signal to disappear 

once the appropriate information has been conveyed. Only 

a small amount of hormone is degraded as an aftermath to 

the process of signaling its biological eff ects. Th e remain-

der therefore must be inactivated and excreted. Degradation 

of hormones and their subsequent excretion are processes 

that are just as important as secretion. Inactivation of hor-

mones occurs enzymatically in blood or intercellular spaces, 

in liver or kidney cells, as well as the target cells them-

selves. Degradation of peptide and protein hormones often 

involves uptake into cells by a mechanism of endocytosis 

that delivers them to cellular sites of degradation, the lyso-

somes and proteasomes. Inactivation may involve complete 

metabolism of the hormone so that no recognizable product 

appears in urine, or it may be limited to some simple one- 

or two-step process such as addition of a methyl group or 

glucuronic acid. In the latter cases recognizable degradation 

products are found in urine and can be measured to obtain 

a crude index of the rate of hormone production.  

    MECHANISMS OF HORMONE ACTION 

   Th e ultimate mission of a hormone is to change the behav-

ior of its target cells. Cellular behavior is determined by 

biochemical and molecular events that transpire within 

the cell, and these in turn are determined by the genes that 

are expressed, the biochemical reactions that carry out cel-

lular functions, and the conformation and associations of 

the molecules that comprise the cell’s physical structure. 

Hormonal messages must be converted to biochemical 

events that infl uence gene expression, biochemical reaction 

rates, and structural changes. Conversion of a hormonal 

message to cellular responses is called  signal transduction  and 

the series of biochemical changes that are set in motion are 

described as  signaling pathways , although in reality  signaling 
network  might be a more accurate descriptor, as pathways 

branch and converge only to branch again. Signal transduc-

tion is a complex topic and the focus of intense investigation 

in many laboratories around the world. Detailed considera-

tion is beyond the scope of this text. Instead, only general 

patterns of signal transduction are considered in the follow-

ing section, but the topic will be revisited where appropriate 

in subsequent chapters in discussing individual hormones. 

    Specifi city 

   Because all hormones travel in blood from their glands of 

origin to their target tissues, all cells must be exposed to all 

hormones. Yet under normal circumstances cells respond 

only to their appropriate hormones. Such  specifi city  of hor-

mone action resides primarily in the ability of  receptors  in the 

target cells to recognize only their own signal ( Figure 1.11   ). 

We may defi ne a hormone receptor as a molecule or com-

plex of molecules in or on a cell that binds its hormone with 

great selectivity and in so doing is changed in such a manner 

that a characteristic response or group of responses is ini-

tiated. Hormone receptors are subsets of the huge number 

of molecules that are utilized by all cells to receive specifi c 

information from other cells and the external environment. 

Th e mechanisms by which receptors operate and are regu-

lated are not unique to endocrinology.  

Hormone Hormone

Extracellular space

Hormone
binding
protein

Blood

Capillary endothelium

 FIGURE 1.10          Hormone binding to plasma proteins. Bound hormone is in 

equilibrium with a small fraction of  “ free ”  unbound hormone. Only the free 

hormone can pass through capillary endothelium to reach target cells or 

sites of degradation.    
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    Characteristics of receptors 

   Hormone receptors are proteins or glycoproteins that are 

able to 

      ●      Distinguish their hormone from other molecules that 

may have very similar structures  

      ●      Bind to the hormone (sometimes called a  ligand  ) even 

when its concentration is exceedingly low (10  � 8  � 10  � 12  M)  

      ●      Undergo a conformational change when bound to the 

hormone  

      ●      Catalyze biochemical events or transmit changes in 

molecular conformation to adjacent molecules that 

produce a biochemical change    

   Th ese aspects of receptor function may reside within 

a single molecule or in separate subunits of a receptor com-

plex. Th e role of the hormone is simply to excite the recep-

tor by binding to it. All the biochemical changes initiated 

by the excited receptor derive from the properties of the 

receptor and not of the hormone. With modern technol-

ogy it is now possible to create chimeric receptors in which 

the hormone recognition component of the receptor for one 

hormone can be fused to the signal transducing compo-

nent of the receptor for another hormone. Th e biochemical 

changes set in motion by hormone binding to such chimeric 

receptors are characteristic of the transduction components 

of the receptors, and not the bound hormone ( Figure 1.12   ). 

Under some pathophysiological circumstances an aberrant 

antibody may react with a receptor and produce a disease 

state that is indistinguishable from the disease that results 

from overproduction of the hormone, again indicating that 

the nature of the response is a property of the receptor. 

   Hormone receptors are found on the surface of tar-

get cells, in the cytosol, or in the nucleus. Receptors that 

reside in the plasma membrane span its entire thickness, 

with the hormone recognition component facing out-

ward. Components on the cytosolic face of the membrane 

communicate with other membrane or cytosolic proteins. 

Membrane receptors may be distributed over the entire sur-

face of a cell or they may be confi ned to some discrete region 

such as the basolateral surface of renal tubular epithelial cells. 

Growing evidence suggests that some membrane receptors 

and the proteins they interact with may be confi ned to spe-

cialized microdomains within the plasma membrane, per-

haps in microinvaginations called  caveolae . 
   Only a few thousand receptor molecules are usually 

present in a target cell, but the number is not fi xed. Cells can 

adjust the abundance of their hormone receptors, and hence 

their responsiveness to hormones according to changing 

physiological circumstances (see Chapter 5). Some recep-

tors may be expressed only at certain stages of a cell’s life 

cycle or as a consequence of stimulation by other hormones. 

Many cells adjust the number of receptors they express in 

accordance with the abundance of the signal that activates 

them. Frequent or intense stimulation may cause a cell to 

decrease or  downregulate  the number of receptors expressed. 

Conversely, cells may  upregulate  receptors in the face of rare 

or absent stimulation or in response to other signals. 

   Membrane receptors are internalized either alone 

or bound to their hormones (receptor-mediated endocy-

tosis), and, like other cellular proteins, are broken down 

and replaced many times over during the lifetime of a cell. 

Adjustments in the relative rates of receptor synthesis or 

degradation may result in either up- or down regulation 

of receptor abundance. Cells can also up- or down regulate 

receptor function through reversible covalent modifi cations 
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 FIGURE 1.11          Specifi city of hormone signaling. Although all cells come in 

contact with the hormone, only the cells colored blue have receptors and 

therefore can respond to the hormone. ( H       �      hormone;  HR       �      hormone 

receptor)    
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 FIGURE 1.12          Hormones 1 ( H1 ) and 2 ( H2 ) produce separate and distinct 

responses transduced by their unique receptors. Chimeric receptors were 

produced by fusing the hormone binding domain of the receptor for 

hormone 1 to the signal transducing domain of the receptor for hormone 

2 and vice versa. Hormone 1 now elicits a response formerly produced 

by hormone 2, and hormone 2 now produces the response formerly 

produced by hormone 1.    
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such as adding or removing phosphate groups. Membrane 

associated receptors cycle between the plasma membrane 

and internal membranes, and their relative abundance on 

the cell surface can be adjusted by reversibly sequestering 

them in intracellular vesicles. 

   Although the mammalian organism expresses liter-

ally thousands of diff erent receptor molecules that subserve 

a wide variety of functions in addition to endocrine signal-

ing, our task in understanding receptor physiology is made 

somewhat simpler by the fact that there are relatively few 

general patterns of signaling. Based upon the nucleotide 

sequence and organization of their genes and the struc-

ture of their proteins, receptors, like other proteins, can be 

organized into families or superfamilies that presumably 

arose from the same ancient progenitor gene. Even for dis-

tantly related receptors the general features of signal trans-

duction follow common broad outlines that are seen with 

families of molecules that receive and transduce signals in 

eukaryotic cells of species ranging from yeast to humans.  

    Hormonal actions mediated by 
intracellular receptors 

   Th e cholesterol derivatives (steroid hormones and vitamin 

D) are lipid soluble and are thought to enter cells by dif-

fusion through the lipid bilayer of the plasma membrane. 

Th e thyroid hormones, which are  α -amino acids, have large 

nonpolar constituents and may penetrate cell membranes by 

diff usion, but carrier-mediated transport appears to be the 

primary means of entry. Th ese hormones bind to receptors 

that are located in the cell nucleus or cytoplasm and pro-

duce most, but not all, of their eff ects by altering rates of 

gene expression. Receptors bound to steroid hormones, in 

turn, bind to specifi c nucleotide sequences in DNA, called 

 hormone response elements  (HREs), located upstream of the 

transcription start sites of the genes they regulate. Th e end 

result of stimulation with these hormones is a change in 

genomic readout, which may be expressed in the formation 

of new proteins or modifi cation of the rates of synthesis of 

proteins already in production. Th is model of steroid hor-

mone action is shown in  Figure 1.13   . 

   Intracellular hormone receptors belong to a very large 

family of transcription factors found throughout the ani-

mal kingdom. Genes for 48 members of this family have 

been identifi ed in the human genome. Many of these are 

called orphan receptors because their ligands have not yet 

been identifi ed. Th e most highly conserved region of nuclear 

receptors is a stretch of about 65 to 70 amino acid residues 

that constitutes the DNA binding domain ( Figure 1.14   ). Th is 

region contains two molecules of zinc, each coordinated with 

four cysteine residues so that two loops of about 12 amino 

acids each are formed. Th ese so-called zinc fi ngers can insert 

in a half-turn of the DNA helix and grasp the DNA at the 

site of the HRE. Th e hormone-binding domain, which is near 

the carboxyl terminus, also contains amino acid sequences 

that are necessary for activation of transcription. Between 

the DNA binding domain and the amino terminus is the so-

called hypervariable region, which, as its name implies, diff ers 

both in size and amino acid sequence for each receptor. 

   Th e steroid hormone receptors constitute a closely 

related group within the family. In the unstimulated state 

steroid hormone receptors are noncovalently complexed 

with other proteins including a dimer of the 90,000 dalton 

heat shock protein (Hsp 90) that attaches adjacent to the 

hormone binding domain ( Figure 1.15   ). Heat shock proteins 

are abundant cellular proteins that are found in prokaryo-

tes and all eukaryotic cells, and are so named because their 

synthesis abruptly increases when cells are exposed to high 

temperature or other stressful conditions. Th ese proteins 

are thought to keep the receptor in a confi guration that is 

favorable for binding the hormone and incapable of bind-

ing to DNA. Binding to its hormone causes the receptor to 

dissociate from Hsp 90 and the other proteins. Th e bound 
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 FIGURE 1.13          General scheme of steroid hormone action. Steroid 

hormones penetrate the plasma membrane and bind to intracellular 

receptors in the nucleus or cytoplasm. Hormone binding activates the 

receptor, which forms complexes with other proteins and binds to specifi c 

acceptor sites (hormone response elements, HRE) on DNA to initiate 

transcription and formation of the proteins that express the hormonal 

response. The steroid hormone then is cleared from the cell.    
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receptor then forms a dimer with another liganded recep-

tor molecule and undergoes a conformational change that 

increases its affi  nity for binding to DNA. After binding to 

the DNA, the receptor dimers recruit other nuclear regula-

tory proteins, including  coactivators , that facilitate uncoiling 

of the DNA to make it accessible to the RNA polymerase 

complex. Receptors for at least four diff erent steroid hor-

mones bind to the identical HRE, and yet each governs 

expression of a unique complement of genes. Expression of 

genes that are specifi c for each hormone is determined by 

which receptor is present in a particular cell, by the cohort 

of nuclear transcription factors, coactivators, and corepres-

sors that are available to complex with the receptor in that 

cell, and by the characteristics of the regulatory components 

in the DNA. 

   Receptors for thyroid hormone and vitamin D and 

compounds related to vitamin A (retinoic acid) belong to 

another closely related group within the same family of pro-

teins as the steroid hormone receptors. Unlike the steroid 

hormone receptors, these receptors are bound to their HREs 

in DNA even in the absence of hormone, and do not form 

complexes with Hsp 90. In further distinction from the 

receptors for steroid hormones, receptors for thyroid hor-

mone and vitamin D may bind to DNA either as homodim-

ers or as heterodimers formed with a receptor for 9- cis  
retinoic acid, often called the RXR receptor. In the absence 

of ligand, these DNA-bound receptors form complexes 

with other nuclear proteins that may promote or inhibit 

transcription. Upon binding its hormone, the receptor 

undergoes a conformational change that displaces the asso-

ciated proteins and allows others to bind with the result 

that transcription is either activated or suppressed. 

   Many steps lie between activation of transcription and 

changes in cellular behavior. Th ese include synthesis and 

processing of RNA, exporting it to cytosolic sites of protein 

synthesis, protein synthesis itself, protein processing, and 

delivery of the newly formed proteins to appropriate loci 

within the cells. Th ese reactions necessarily occur sequen-

tially and each takes time. Transcription proceeds at a rate of 

about 40 nucleotides per second, so that transcribing a gene 

that contains 10,000 nucleotides takes almost fi ve minutes. 

Processing the preRNA to mature mRNA is even slower, so 

that nearly 20 minutes elapse from the time RNA synthesis 

is initiated to the time the mRNA exits the nucleus. Protein 

synthesis is much faster. About 15 amino acids per second are 

added to the growing peptide chain. All factors considered, 

changes in cellular behavior that result from steroid hormone 

action usually are not seen for at least 30 minutes after entry 

of the hormone into the cells. Th e fi nal protein makeup of 

the cell at any time thereafter is also determined by rates of 

RNA and protein degradation. A complete catalog of which 

proteins are formed in any particular cell type as a result of 

hormone action should become available in the near future 

thanks to the successful completion of the Human Genome 

Project and the technology that permits screening of the 

entire library of mRNA expressed within a cell. Gaining an 

understanding of the physiological role of each of these pro-

teins will take a bit longer. 
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 FIGURE 1.14          Schematic view of a nuclear receptor. The zinc fi ngers as shown are disproportionately enlarged.    
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 FIGURE 1.15          Activation of steroid hormone receptors. Inactive receptors associated with other proteins react with hormone, shed their associated 

proteins, and change their conformation. They can then form dimers that bind DNA and a variety of nuclear peptide regulators of gene transcription. 

 59 kDa   �  a protein with a mass of 59 kilodaltons;  Hsp90   �  90 kDa heat shock protein;  Hsp70   �  70 kDa heat shock protein.    
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   As blood levels decline, intracellular concentrations of 

hormone decline. Because binding is reversible, hormones 

dissociate from receptors and are cleared from the cell by 

diff usion into the extracellular fl uid, usually after metabolic 

conversion to an inactive form. Unloaded steroid receptors 

dissociate from their DNA binding sites and regulatory 

proteins and either recycle into new complexes with Hsp 

90 and other proteins through some energy-dependent pro-

cess or are degraded and replaced by new synthesis. RNA 

transcripts of hormone-sensitive genes are degraded usually 

within minutes to hours of their formation. Without con-

tinued hormonal stimulation of their synthesis, RNA tem-

plates for hormone-dependent proteins disappear, and the 

proteins they encode can no longer be formed. Th e proteins 

are degraded with half-lives that may range from seconds to 

days. Th us, just as there is delay in onset, eff ects of the hor-

mones that act through nuclear receptors may persist after 

the hormone has been cleared from the cell. 

   Accumulating evidence indicates that hormones that 

once were thought to act only through nuclear receptors pro-

duce some rapid eff ects that are independent of changes in 

gene expression. For the most part the rapid responses that 

are produced are complementary to the delayed genomically 

mediated responses. It is likely that other, yet to be identifi ed, 

receptors for these hormones are present on the cell surface 

or that some nuclear receptors are expressed on the cell sur-

face as well as internally.  

    Hormonal actions mediated by 
surface receptors 

   Th e protein and peptide hormones and the amine deriva-

tives of tyrosine cannot readily diff use across the plasma 

membranes of their target cells. Th ese hormones produce 

their eff ects by binding to receptors on the cell surface and 

rely on molecules on the cytosolic side of the membrane to 

convey the signal to the appropriate intracellular eff ector 

sites that bring about the hormonal response. 

    The G-protein coupled receptors 

   Th e most frequently encountered cell surface receptors belong 

to a very large superfamily of proteins that couple with guano-

sine nucleotide binding proteins (G-proteins) to communicate 

with intracellular eff ector molecules. Th is ancient superfamily 

of receptor molecules is widely expressed throughout eukary-

otic phyla. G-protein coupled receptors are crucial for sensing 

signals in the external environment such as light, taste, and 

odor as well as signals transmitted by hormones. G-protein 

coupled receptors receive signals carried by a wide range of 

neurotransmitters, immune modulators, and paracrine factors. 

More than 1,000 diff erent G-protein coupled receptors may 

be expressed in humans. About 30% of all eff ective pharma-

ceutical agents are said to target actions mediated by receptors 

in this superfamily, and account for about two-thirds of the 

prescriptions written by physicians. 

   All G-protein coupled receptors are composed of sin-

gle strands of protein and contain seven stretches of about 25 

amino acids that each form membrane-spanning  α -helices 

( Figure 1.16   ). Th e single long peptide chain that consti-

tutes the receptor thus threads through the membrane seven 

times creating three extracellular and three intracellular 

loops. For this reason, these receptors are sometimes called 

 heptahelical  receptors. Th e amino terminal tail is extracellular, 

and along with the external loops may contain covalently 

bound carbohydrate. Th e carboxyl tail lies within the cyto-

plasm. Th e lengths of the loops and the carboxyl and amino 

terminal tails vary in characteristic ways among the diff erent 

families and subfamilies of these receptors. Outward facing 

components of the receptor, including parts of the  α -helices, 

contribute to the hormone recognition and binding site. Th e 

cytosolic loops and carboxyl tail bind to specifi c G-proteins 

near the interface of the membrane and the cytosol. 

   G-proteins are heterotrimers comprised of  α - , β -, and 

 γ -subunits. Lipid moieties covalently attached to the  α - and 

 γ -subunits insert into the inner leafl et of the plasma mem-

brane bilayer and tether the G-proteins to the membrane 

( Figure 1.17   ). Th e  α -subunits are enzymes (GTPases) that 

catalyze the conversion of guanosine triphosphate (GTP) to 

guanosine diphosphate (GDP). In the unactivated or resting 

state, the catalytic site in the  α -subunit is occupied by GDP. 

When the receptor binds to its hormone, a conformational 

change transmitted across the membrane allows its cytosolic 

domain to interact with the  α -subunit of the G-protein 

in a way that causes the  α -subunit to release the GDP in 

exchange for a molecule of GTP, and to dissociate from 

the  β  γ -subunits, which remain tightly bound to each other. 

G-protein
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 FIGURE 1.16          An unactivated G-protein coupled receptor. The seven 

transmembrane alpha helices are connected by three extracellular and 

three intracellular loops of varying length. The extracellular loops may 

be glycosylated, and the intracellular loops and C- terminal tail may be 

phosphorylated. The receptor is coupled to a G-protein consisting of a 

GDP-binding  α -subunit bound to a  β / γ  component. The  α  and  γ  subunits 

are tethered to the membrane by lipid groups.    
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Th ough tethered to the membrane, the dissociated subunits 

can move laterally along the inner surface of the membrane. 

In its GTP-bound state, the  α -subunit interacts with and 

modifi es the activity of membrane-associated enzymes that 

initiate the hormonal response. Th e liberated  β  γ -complex 

can also bind to cellular proteins and modify their activities, 

and both the free  α -subunit and the  β  γ -subunits can bind to 

ion channel proteins and cause the channels to open or close. 

   Hydrolysis of GTP to GDP restores the resting state 

of the  α -subunit allowing it to reassociate with the  β  γ -

subunits to reconstitute the heterotrimer. GTPase activity of 

the  α -subunit is relatively slow. Consequently, the  α -subunit 

may interact multiple times with eff ector enzymes before 

it returns to its resting state. In addition, because some 

G-proteins may be as much as one hundred times as abun-

dant as the receptors they associate with, a single hormone-

bound receptor may interact sequentially with multiple 

G-proteins before the hormone dissociates from the recep-

tor. Th ese characteristics provide mechanisms for amplifi ca-

tion of the signal. Th at is, interaction of a single hormone 

molecule with a single receptor molecule may result in mul-

tiple signal-generating events within a cell. 

   At least three diff erent classes of G-protein  α -subunits 

are involved in transduction of hormonal signals. Each class 

includes the products of several closely related genes. Alpha 

subunits of the  “ s ”  (stimulatory) class (G α  s ) stimulate the 

transmembrane enzyme, adenylyl cyclase, to catalyze the syn-

thesis of cyclic 3 � ,5 �  adenosine monophosphate (cyclic AMP 

or cAMP) from ATP ( Figure 1.18   ). Alpha subunits of the  “ i ”  

(inhibitory) class (G α  i ) inhibit the activity of adenylyl cyclase. 

Alpha subunits belonging to the  “ q ”  class stimulate the activity 

of the membrane-bound enzyme phospholipase C- β  (PLC-

 β ), which catalyzes hydrolysis of the membrane phospholipid, 

phosphatidylinositol 4,5-bisphosphate, to liberate inositol 1,4,5 

trisphosphate (IP3) and diacylglycerol (DAG) ( Figure 1.19   ). 

   Th e  α -subunits of the heterotrimeric G-proteins are 

closely related to the so-called small G-proteins that func-

tion as biochemical switches to regulate such processes as 

entry of proteins into the nucleus, sorting and traffi  cking of 

intracellular vesicles, and cytoskeletal rearrangements. Like 

the  α -subunits, the small G-proteins are GTPases that are in 

their active state when bound to GTP and in their inactive 

state when bound to GDP. Unlike the  α -subunits, the small 

G-proteins do not interact directly with hormone receptors 

or associate with  β  γ -subunits. Instead of liganded recep-

tors, the small G-proteins are activated by proteins called 

 nucleotide exchange factors  that cause them to dissociate from 

GDP and bind GTP. Th ey remain activated as they slowly 

 FIGURE 1.17          Activation of 

G-protein coupled receptor.  (I)  

Resting state.  (II)  Hormone binding 

produces a conformational change 

in the receptor that causes  (III)  the 

 α  subunit to exchange ADP for GTP, 

dissociate from the  β / γ -subunit and 

interact with its eff ector molecule. 

The  β / γ -subunit also interacts 

with its eff ector molecule.  (IV)  The 

 α  subunit converts GTP to GDP, 

which allows it to reassociate with 

the  β / γ -subunit, and the hormone 

dissociates from the receptor, 

restoring the resting state.  (I) .    
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convert GTP to GDP, but inactivation can be accelerated by 

interaction with GTPase activating proteins (GAPs). 

    Desensitization and down regulation of 

G-protein coupled receptors 

   In addition to simple dissociation of hormone from its recep-

tor, signaling often is terminated and receptors desensitized 

to further stimulation by active cellular processes. G-protein 

coupled receptors may be inactivated by phosphorylation of 

one of their intracellular loops catalyzed by G-protein recep-

tor kinases. Phosphorylation uncouples the receptor from the 

 α -subunit, and promotes binding to a cytoplasmic protein 

of the  β -arrestin family. Binding to  β -arrestin may lead to 

receptor internalization and downregulation by sequestration 

in intracellular vesicles. Sequestered receptors may recycle 

to the cell surface, or when cellular stimulation is prolonged, 

they may be degraded in lysosomes. Beta-arrestins may have 

the additional function of serving as scaff olds for binding to 

a variety of other proteins including the MAP kinases (see 

later) and thereby provide a pathway for signaling between 

G-protein coupled receptors and the nucleus.  

    Th e second messenger concept 

   For a hormonal signal that is received at the cell surface 

to be eff ective it must be transmitted to the intracellular 

organelles and enzymes that produce the cellular response. 

To reach intracellular eff ectors, the G-protein coupled 

receptors rely on intermediate molecules called  second mes-
sengers , which are formed and/or released into the cytosol 

in response to hormonal stimulation (the fi rst message). 

Second messengers activate intracellular enzymes and also 

amplify signals. A single hormone molecule interacting 

with a single receptor may result in the formation of tens 

or hundreds of second messenger molecules, each of which 

might activate an enzyme that in turn catalyzes formation 

of hundreds of thousands of molecules of product. Most of 

the responses that are mediated by second messengers are 

achieved by regulating the activity of enzymes in target cells, 

usually by adding a phosphate group. Th e resulting confor-

mational change increases or decreases enzymatic activity. 

Enzymes that catalyze the transfer of the terminal phos-

phate from adenosine triphosphate (ATP) to a hydroxyl 
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 FIGURE 1.18          Formation and degradation of cyclic adenosine monophosphate ( cyclic AMP ).    
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group in serine or threonine residues in proteins are called 

 protein kinases . Hydroxyl groups of tyrosine residues may 

also be phosphorylated in this way, and the enzymes that 

catalyze this phosphorylation are called  tyrosine kinases . 
Th e human genome contains about a thousand genes that 

encode protein kinases, but only a few are activated by sec-

ond messengers. Many protein kinases are themselves acti-

vated by phosphorylation catalyzed by other protein kinases. 

 Protein phosphatases  remove phosphate groups from these 

residues and thus restore them to their unstimulated state. 

For the most part, protein phosphatases are constitutively 

active, but some specifi c protein phosphatases are directly or 

indirectly activated in response to hormonal stimulation. 

   Unlike responses that require synthesis of new cellular 

proteins, responses that result from phosphorylation-dephos-

phorylation reactions occur very quickly, and therefore most 

second messenger-mediated responses are turned on and off  

without appreciable latency. However, second messengers 

can also promote the phosphorylation of transcription fac-

tors and thus regulate transcription of specifi c genes in much 

the same way as discussed for the nuclear receptors. Th ese 

responses require the same time-consuming processes as are 

needed for nuclear receptor-mediated changes and are seen 

only after a delay. 

   Although a very large number of hormones and other 

fi rst messages act through surface receptors, to date only a 

few substances have been identifi ed as second messengers. 

Th is is because receptors for many diff erent extracellular 

signals utilize the same second messenger. When originally 

proposed, the hypothesis that the same second messenger 

might mediate diff erent actions of many diff erent hor-

mones, each of which produces a unique pattern of cellular 

responses, was met with skepticism. Th e idea did not gain 

widespread acceptance until it was recognized that the spe-

cial nature of a cellular response is determined by the par-

ticular enzymatic machinery with which a cell is endowed 

rather than by the signal that turns on that machinery. Th us 

when activated, a hepatic cell makes glucose, and a smooth 

muscle cell contracts or relaxes.  

    Th e cyclic AMP system 

   Th e fi rst of the second messengers to be recognized is cyclic 

AMP. Th e broad outlines of cyclic AMP-mediated cellu-

lar responses to hormones are shown in  Figure 1.20   . Cyclic 

 FIGURE 1.20          Eff ects of cyclic AMP.  I . Activation of protein kinase A accounts for most of the cellular actions of cyclic AMP. Inactive protein kinase consists 

of two catalytic units (C), each of which is bound to a dimer of regulatory units ( R ). When two molecules of cyclic AMP bind to each regulatory unit, active 

catalytic subunits are released. Phosphorylation of enzymes, ion channels, and transcription factors of the CREB ( cyclic AMP response element binding ) family 

activates or inactivates these proteins.  II . Cyclic AMP also binds to the  α -subunits of cyclic nucleotide-gated ions channels (lower portion of the fi gure) 

causing them to open and allow infl ux of sodium and calcium.  III . Cyclic AMP binds to and activates the nuclear exchange factors ( EPAC : 

 exchange proteins activated by cyclic AMP ), which in turn activate the small G-protein RAP-1.    
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AMP transmits the hormonal signal mainly by activating the 

enzyme protein kinase A (PKA). When cellular concentra-

tions of cyclic AMP are low, two catalytic subunits of protein 

kinase A are fi rmly bound to a dimer of regulatory subunits 

that keeps the tetrameric holoenzyme in the inactive state. 

Th e catalytic and regulatory subunits of protein kinase A are 

products of separate genes. Reversible binding of two mol-

ecules of cyclic AMP to each regulatory subunit liberates the 

catalytic subunits. Cyclic AMP is degraded to 5 � -AMP by 

a family of enzymes called cyclic AMP phosphodiesterases, 

which cleave the bond that links the phosphate to ribose car-

bon 3 to form 5 �  adenosine monophosphate ( Figure 1.18 ). 

As cyclic AMP concentrations fall, bound cyclic AMP sepa-

rates from the regulatory subunits, which then reassociate 

with the catalytic subunits restoring basal activity. 

   Regulatory regions of many genes contain a cyclic 

AMP response element (CRE) analogous to the HREs that 

bind nuclear hormone receptors as discussed earlier. One or 

more forms of CRE binding (CREB) proteins are found in 

the nuclei of most cells and are substrates for PKA. Dimers 

of phosphorylated CREB bind to the CREs of regulated 

genes and recruit other nuclear proteins to form complexes 

that regulate gene transcription in the same manner as 

described for the nuclear hormone receptors. 

   Not all the eff ects of cyclic AMP are mediated by 

protein kinase A. Cyclic AMP can also bind to membrane 

channels and directly activate or inactivate them ( Figure 

1.20 ). Other actions of cyclic AMP that are indepen-

dent of protein kinase A are mediated by the newly discov-

ered EPACs (exchange proteins activated directly by cyclic 

AMP). EPACs 1 and 2 are intracellular proteins that, upon 

binding cyclic AMP, interact with a small G-protein called 

RAP and cause it to exchange its bound GDP for GTP. 

Activated RAP participates in a variety of cellular functions 

including ion channel and membrane transporter activity, 

cell-cell interactions, intracellular calcium signaling (see 

later) and exocytosis.  

    Th e calcium:calmodulin system 

   Calcium has long been recognized as a regulator of cellular 

processes and triggers such events as muscular contraction, 

secretion, polymerization of microtubules, and activation of 

various enzymes. Th e concentration of free calcium in cyto-

plasm of resting cells is very low, about one ten-thousandth 

of its concentration in extracellular fl uid. Th is steep con-

centration gradient is maintained primarily by the actions 

of calcium ATPases that transfer calcium out of the cell or 

into storage sites within the endoplasmic reticulum and by 

sodium-calcium exchangers that extrude one calcium ion in 

exchange for three sodium ions. When cells are stimulated 

by some hormones, their cytosolic calcium concentration 

rises abruptly, increasing perhaps tenfold or more within 

seconds. Th is is accomplished by release of calcium from 

intracellular storage sites primarily in the endoplasmic retic-

ulum and by infl ux of calcium through activated calcium 

channels in the plasma membrane. Although calcium can 

directly aff ect the activity of some proteins, it generally does 

not act alone. Virtually all cells are endowed with a pro-

tein called  calmodulin , which reversibly binds four calcium 

ions. When complexed with calcium, the confi guration of 

calmodulin is modifi ed in a way that enables it to bind to 

protein kinases and other enzymes and activate them. Th e 

behavior of calmodulin-dependent protein kinases is quite 

similar to that of protein kinase A. Calmodulin kinase 

II may catalyze the phosphorylation of many of the same 

substrates as PKA including CREB and other nuclear tran-

scription factors. Upon cessation of hormonal stimulation, 

calcium channels in the endoplasmic reticular and plasma 

membranes close, and constitutively active calcium pumps 

(ATPases) in these membranes restore cytoplasmic concen-

trations to low resting levels. A low cytosolic concentration 

favors release of calcium from calmodulin, which then dis-

sociates from the various enzymes it has activated.  

    Th e DAG and IP3 system 

   Both products of PLC-catalyzed hydrolysis of phosphati-

dylinositol 4,5 bisphosphate, DAG and IP3 behave as sec-

ond messengers ( Figure 1.21   ). IP3 diff uses through the 
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 FIGURE 1.21          Signal transduction through the inositol trisphosphate (IP3) 

diacylglycerol ( DAG ) second messenger system. Phosphatidyl inositol 

4,5 bisphosphate ( PIP2 ) is cleaved into IP3 and DAG by the action of a 

phospholipase C ( PLC ). DAG activates protein kinase C ( PKC ), which then 

phosphorylates a variety of proteins to produce various cell-specifi c eff ects. 

IP3 binds to its receptor in the membrane of the endoplasmic reticulum 

causing release of Ca 2     �      , which further activates PKC, directly activates or 

inhibits enzymes or ion channels, or binds to calmodulin, which then binds 

to and activates protein kinases and other proteins.    
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cytosol to reach its receptors in the membranes of the endo-

plasmic reticulum, the Golgi apparatus, and the nucleus. 

Activated IP3 receptors are calcium ion channels through 

which these calcium storing organelles release calcium into 

the cytoplasm. Operation of these channels is modulated by 

phosphorylation and by calcium, which is stimulatory at low 

concentrations and inhibitory at high concentrations. 

   Because of its lipid solubility DAG remains associ-

ated with the plasma membrane to which it recruits and 

activates another protein kinase, protein kinase C (PKC), 

by increasing its affi  nity for phosphatidylserine in the 

membrane. Protein kinase C also has been called the cal-

cium, phospholipid-dependent protein kinase because the 

initially discovered members of this enzyme family require 

both phosphatidylserine and calcium to be fully activated. 

Th e simultaneous increase in cytosolic calcium concentra-

tion resulting from the action of IP3   complements DAG 

in stimulating the catalytic activity of some members of the 

PKC family, and conversely phosphorylation of IP3 recep-

tors by PKC augments their calcium-releasing activity. 

Some members of the PKC family are stimulated by DAG 

even when cytosolic calcium remains at resting levels. 

   IP3 is cleared from cells by stepwise dephosphoryla-

tion to inositol. DAG is cleared by addition of a phosphate 

group to form phosphatidic acid, which may then be con-

verted to a triglyceride or resynthesized into a phospholipid. 

Phosphatidylinositides of the plasma membrane are regen-

erated by combining inositol with phosphatidic acid, which 

may then undergo stepwise phosphorylation of the inositol. 

   Th e phosphatidylinositol precursor of IP3 and DAG 

also contains a 20-carbon polyunsaturated fatty acid called 

arachidonic acid ( Figure 1.22   ). Th is fatty acid typically is 

found in ester linkage with carbon 2 of the glycerol back-

bone of phospholipids and may be liberated by the action 

of a diacylglyceride lipase from the DAG formed in the 

breakdown of phosphatidylinositol. Liberation of arachi-

donic acid is the rate-determining step in the formation 

of thromboxanes, prostaglandins, and leukotrienes (see 

Chapter 4). Th ese compounds, which are produced in vir-

tually all cells, diff use across the plasma membrane and 

behave as local regulators of nearby cells. Th us the same 

hormone:receptor interaction that produces DAG and IP3   

as second messages to communicate with cellular organelles 

frequently also results in the formation of arachidonate 

derivatives that inform neighboring cells that a response has 

been initiated. Arachidonic acid is also released from other, 

more abundant membrane phospholipids by the actions of 

the phospholipase A 2  class of enzymes that can be activated 

by calcium, phosphorylation by PKC, and by  β  γ -subunits of 

G-proteins.  

    Cyclic GMP 

   Th ough considerably less versatile than cyclic AMP, cyclic 

guanosine 3 � ,5 � -monophosphate (cyclic GMP) plays an 

analogous role in many cells. Its formation from guanosine 

triphosphate is catalyzed by the enzyme guanylyl cyclase. 

Guanylyl cyclase and cyclic GMP-dependent protein kinase 

activities are present in many cells, but the activation of 

guanylyl cyclase is quite diff erent from that of adenylyl 

cyclase. Guanylyl cyclase activity is an intrinsic property of the 

transmembrane receptor for atrial natriuretic hormone and is 

activated without the intercession of a G-protein. Guanylyl 

cyclase is also present in a soluble form within the cytoplasm 

of many cells and is activated by nitric oxide (NO). Increased 

formation of cyclic GMP in vascular smooth muscle is 

associated with relaxation and may account for vasodilator 

responses to the atrial natriuretic hormone (see Chapter 9).   

    Receptors that signal through tyrosine kinase 

   Some hormones transmit their messages from the cell sur-

face to intracellular eff ectors without the agency of second 

messengers. Receptors for these hormones rely on physical 

association between proteins (protein:protein interactions) 

to activate enzymes that phosphorylate transcription fac-

tors and other cytosolic proteins in much the same way as 

already discussed. Th e tyrosine kinase-dependent receptors 

have a single membrane-spanning region and either have 

intrinsic protein tyrosine kinase enzymatic activity in their 

intracellular domains or are associated with cytosolic pro-

tein tyrosine kinases. Receptors for insulin, the insulin-like 
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 FIGURE 1.22          Diacylglycerol (DAG). Formed from phosphatidyl inositol 4,5 bisphosphate by the action of phospholipase C, may be cleaved by DAG lipase 

to release arachidonate, the precursor of the prostaglandins and leukotrienes.    
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growth factors, and the epidermal growth factor have intrin-

sic protein kinase activity; receptors for growth hormone, 

prolactin, erythropoietin and some cytokines rely on an 

associated cytosolic tyrosine kinase called JAK2. Generally, 

the tyrosine kinase-dependent receptors are synthesized 

as dimers or form dimers when activated by their ligands. 

When a hormone binds to the extracellular domain a con-

formational change in the receptor activates protein tyro-

sine kinases that catalyze the phosphorylation of hydroxyl 

groups of tyrosine residues in the cytosolic portion of the 

receptor itself, in the associated kinase (autophosphoryla-

tion), and in other cytosolic proteins that complex with the 

phosphorylated receptor. 

   Th e protein substrates for receptor-activated tyro-

sine kinases may have catalytic activity or may act as scaf-

folds to which other proteins are recruited and positioned so 

that enzymatic modifi cations are facilitated. As a result, large 

multiprotein signaling complexes are formed. Phosphorylated 

tyrosines act as docking sites for proteins that contain so-

called  src homology 2  (SH2) domains. SH2 domains are named 

for the particular confi guration of the tyrosine phosphate 

binding region originally discovered in v-src, the cancer-

inducing protein tyrosine kinase of the Rous sarcoma virus. 

SH2 domains represent one type of a growing list of mod-

ules within a protein that recognize and bind to specifi c 

complementary motifs in another protein. A typical SH2 

domain consists of about 100 amino acid residues and rec-

ognizes a phosphorylated tyrosine in the context of the three 

or four amino acid residues that are downstream from the 

tyrosine. Th ere are multiple SH2 groups that recognize phos-

phorylated tyrosines in diff erent contexts. Typically, multiple 

tyrosines are phosphorylated so that several diff erent SH2-

containing proteins are recruited and initiate multiple signal-

ing pathways. 

   Although some responses to activation of tyrosine 

kinases include modifi cations of cellular metabolism with-

out nuclear participation, they often involve a change in 

genomic readout that promotes cell division (mitogenesis) 

or diff erentiation. One way that these receptors communi-

cate with the genome is through activation of the mitogen 

activated protein (MAP) kinase pathway ( Figure 1.23   ). 

MAP kinase is a cytosolic enzyme that is activated by phos-

phorylation of both serine and tyrosine residues and then 

enters the nucleus where it phosphorylates and activates 

certain transcription factors. Activation of MAP kinase fol-

lows an indirect route that involves a small G-protein called 

Ras, which was originally discovered as a constitutively acti-

vated protein present in many tumors. One of the proteins 

that docks with phosphorylated tyrosine residues is the 

growth factor binding protein 2 (Grb2). Grb2 is an adap-

tor protein that has an SH2 group at one end and other 

binding motifs at its opposite end, which enable it to bind 

other proteins including a nucleotide exchange factor called 

Sos. By means of these protein:protein interactions the acti-

vated receptor can thus communicate with and activate Sos, 

which causes Ras to exchange GTP for GDP. Th e eff ector 

for the Ras that is thus activated is the enzyme Raf kinase, 

which phosphorylates and activates the fi rst of a cascade of 

MAP kinases that ultimately result in phosphorylation of 

nuclear transcription factors. 

   Th e gamma form of phospholipase C is another eff ec-

tor protein that is recruited to tyrosine phosphorylated 

receptors by way of its SH2 group. It is also a substrate for 

tyrosine kinases and is activated by tyrosine phosphorylation. 

Activation of this member of the phospholipase C family of 

proteins results in hydrolysis of phosphatidylinositol bisphos-

phate to produce DAG and IP3   in the same manner as 

already discussed for the beta forms of the enzyme associated 
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 FIGURE 1.23          Phosphorylation of tyrosines on dimerized 

receptors ( R ) following hormone ( H ) binding provides docking 

sites for the attachment of proteins that transduce the 

hormonal signal. The growth factor binding protein 2 ( GRB2 ) 

binds to a phosphorylated tyrosine in the receptor, and binds 

at its other end to the nucleotide exchange factor  SOS , which 

stimulates the small G-Protein  Ras  to exchange its GDP for 

GTP. Thus activated, Ras in turn activates the protein kinase 

 Raf , which phosphorylates mitogen activated protein ( MAP ) 

kinase and initiates the  MAP  kinase cascade that ultimately 

phosphorylates nuclear transcription factors. The  γ  isoform 

of phospholipase C ( PLC γ  ) docks on the phosphorylated 

receptor and is then tyrosine phosphorylated and activated to 

cleave phosphatidyl inositol 4,5 bisphosphate ( PIP2 ) releasing 

diacylglycerol (DAG) and inositol tris phosphate ( IP3 ) and 

activating protein kinase C ( PKC ) as shown in  Figure 1.20 .    
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with G-protein coupled receptors. In this manner tyrosine 

kinase-dependent receptors can stimulate cellular changes 

that are mediated by PKC and the calcium:calmodulin sec-

ond messenger system including phosphorylation of nuclear 

transcription factors by calmodulin kinase ( Figure 1.23 ). 

   Another mechanism for modifying gene expression 

involves activation of a family of proteins called Stat (sig-

nal transducer and activator of transcription) proteins. Th e 

Stat proteins are transcription factors that reside in the 

cytosol in their inactive state. Th ey have an SH2 group that 

enables them to bind to tyrosine phosphorylated proteins. 

When bound to the receptor/kinase complex, Stat proteins 

become tyrosine phosphorylated, whereupon they dissociate 

from their docking sites, form homodimers, and enter the 

nucleus where they activate transcription of specifi c genes 

( Figure 1.24   ). 

   Although they were discovered as the substrates for 

the insulin receptor tyrosine kinase, the insulin receptor 

substrates (IRS 1-4) play an important role in the signal-

ing pathways of many of the hormones and cytokines that 

act by way of tyrosine phosphorylation. Th ese large pro-

teins are phosphorylated at multiple tyrosine residues and 

recruit proteins that anchor other kinase-dependent signal-

ing pathways. One of the most important of these proteins 

is phosphatidylinositol-3 (PI-3) kinase, which catalyzes the 

phosphorylation of carbon 3 of the inositol of phosphatidyl-

inositol bisphosphate in cell membranes to form phosphati-

dylinositol 3,4,5 trisphosphate (PIP 3 ). PI-3 kinase consists 

of a regulatory subunit that contains an SH2 domain and 

a catalytic subunit. Binding of the regulatory subunit to 

phosphorylated tyrosines of the receptor-associated com-

plex activates the catalytic subunit. Th e enzymes activated by 

associating with PIP 3  are protein kinases that regulate cellu-

lar metabolism, vesicle traffi  cking, cytoskeletal changes, and 

other responses. Th ese responses are considered further in 

Chapter 7 and illustrated in Figure 7.19. 

   One of the remarkable features of signaling that is par-

ticularly evident in considering the tyrosine kinase depen-

dent receptors is that virtually no transduction mechanism 

or signaling pathway is uniquely associated with expression 

of the actions of any one hormone. Rather, actions of the 

various hormones are produced through use of many of the 

same pathways. For example, tyrosine phosphorylation of 

the IRSs followed by activation of PI3 kinase is a common 

feature of signaling by insulin, growth hormone, prolactin, 

leptin, several cytokines, and erythropoietin, although each 

hormone produces unique eff ects. As noted for the actions 

of the cyclic AMP dependent hormones, the nature of the 

fi nal result is a function of the particular target cell and its 

unique complement of enzymes and transcriptional machin-

ery, and not the signaling pathway.   

    Regulation of hormone secretion 

   For hormones to function as carriers of critical information, 

their secretion must be turned on and off  at precisely the 

right times. Th e organism must have some way of know-

ing when there is a need for a hormone to be secreted, 

how much is needed, and when that need has passed. Th e 

necessary components of endocrine regulatory systems are 

illustrated in  Figure 1.25   . As we discuss hormonal control 

in this and subsequent chapters it is important to identify 

and understand the components of the regulation of each 

hormonal secretion because (1) derangements in any of 

the components are the bases of endocrine disease and (2) 

manipulation of any component provides an opportunity for 

therapeutic intervention. 

    Negative feedback 

   Secretion of most hormones is regulated by  negative feed-
back . By negative feedback we mean that some consequence 

of hormone secretion acts directly or indirectly on the secre-

tory cell in a negative way to inhibit further secretion. A 
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 FIGURE 1.24          Dimerized hormone receptors (R) associate with the JAK 

family of cytosolic protein tyrosine kinases, and become phosphorylated 

on tyrosines. Proteins of the STAT family ( S ) of transcription factors 

that reside in the cytosol in the unstimulated state are recruited to the 

phosphorylated receptor. After phosphorylation by JAK, STATs dissociate 

from the receptor, form homodimers, and migrate to the nucleus where 

they activate gene transcription.    
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simple example from everyday experience is the thermostat. 

When the temperature in a room falls below some preset 

level, the thermostat signals the furnace to produce heat. 

When room temperature rises to the preset level, the sig-

nal from the thermostat to the furnace is shut off , and heat 

production ceases until the temperature again falls. Th is is 

a simple closed-loop feedback system and is analogous to 

the regulation of glucagon secretion. A fall in blood glu-

cose detected by the alpha cells of the islets of Langerhans 

causes them to release glucagon, which stimulates the liver 

to release glucose and thereby increase blood glucose con-

centrations ( Figure 1.26   ). With restoration of blood glucose 

to some predetermined level or  set point , further secretion 

of glucagon is inhibited. Th is simple example involves only 

secreting cells and responding cells. Other systems may be 

considerably more complex and involve one or more inter-

mediary events, but the essence of negative feedback regula-

tion remains the same: Hormones produce biological eff ects 

that directly or indirectly inhibit their further secretion. 

   A problem that emerges with this system of control 

is that the thermostat maintains room temperature constant 

only if the natural tendency of the temperature is to fall. If 

the temperature were to rise, it could not be controlled by 

simply turning off  the furnace. Th is problem is at least par-

tially resolved in hormonal systems, because at physiological 

set points the basal rate of secretion usually is not zero. In 

this example, when there is a rise in blood glucose concen-

tration, glucagon secretion can be diminished and therefore 

diminish the impetus on the liver to release glucose. Some 

regulation above and below the set point can therefore be 

accomplished with just one feedback loop; this mechanism 

is seen in some endocrine control systems. Regulation is 

more effi  cient and precise, however, with a second, oppos-

ing loop, which is activated when the controlled variable 

deviates in the opposite direction. For the example with 

regulation of blood glucose, that second loop is provided by 

insulin. Insulin inhibits glucose production by the liver and 

is secreted in response to an elevated blood glucose level 

( Figure 1.27   ). Protection against deviation in either direc-

tion often is achieved in biological systems by the opposing 

actions of antagonistic control systems. 

   Closed loop negative feedback control as just 

described can maintain conditions only in a state of con-

stancy. Such systems are eff ective in guarding against upward 

or downward deviations from some predetermined set point, 
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but changing environmental demands often require tempo-

rary deviation from constancy. Th is can be accomplished 

in some cases by adjusting the set point and in other cases 

by a signal that overrides the set point. For example, epi-

nephrine secreted by the adrenal medulla in response to 

some emergency inhibits insulin secretion and increases glu-

cagon secretion even though the concentration of glucose 

in the blood may already be high. Whether the set point is 

changed or overridden, deviation from constancy is achieved 

by the intervention of some additional signal from outside 

the negative feedback system. In most cases that additional 

signal originates with the nervous system. 

   Hormones also initiate or regulate processes that are 

not limited to steady or constant conditions. Virtually all 

these processes are self-limiting, and their control resembles 

negative feedback, but of the open-loop type. For example, 

oxytocin is a hormone that is secreted by hypothalamic 

nerve cells whose axons terminate in the posterior pituitary 

gland. Its secretion is necessary for the extrusion of milk 

from the lumen of the mammary alveoli into secretory ducts 

so that the infant suckling at the nipple can receive milk. In 

this case sensory nerve endings in the nipple detect the sig-

nal and convey aff erent information to the central nervous 

system, which in turn signals release of oxytocin from axon 

terminals in the pituitary gland. Oxytocin causes myoepi-

thelial cells in the breast to contract, resulting in delivery of 

milk to the infant. When the infant is satisfi ed, the suckling 

stimulus at the nipple ceases.  

    Positive feedback 

   By positive feedback we mean that some consequence of hor-

monal secretion acts on the secretory cells to provide an aug-

mented drive for secretion. Rather than being self-limiting, as 

with negative feedback, the drive for secretion becomes pro-

gressively more intense. Positive feedback systems are unusual 

in biology, as they terminate with some cataclysmic, explosive 

event. A good example of a positive feedback system involves 

oxytocin and its other eff ect: causing contraction of uterine 

muscle during childbirth ( Figure 1.28   ). In this case the stim-

ulus for oxytocin secretion is dilation of the uterine cervix. 

Upon receipt of this information through sensory nerves, the 

brain signals the release of oxytocin from nerve endings in 

the posterior pituitary gland. Enhanced uterine contraction 

in response to oxytocin results in greater dilation of the cer-

vix, which strengthens the signal for oxytocin release and so 

on until the infant is expelled from the uterine cavity.  

    Feed Forward 

   Feed-forward controls can be considered as anticipatory or 

preemptive and prepare the body for an impending change 

or demand. For example, following a meal rich in glucose, 

secretory cells in the mucosa of the gastrointestinal tract 

secrete hormones that signal the pancreas to secrete insulin 

(see Chapters 6 and 7). Having increased insulin already in 

the blood by the time the glucose is absorbed thus mod-

erates the change in blood glucose that might otherwise 

occur if insulin were secreted after the blood glucose con-

centrations started to increase. Unlike feedback systems, 

feed-forward systems are unaff ected by the consequences of 

the changes they evoke, and simply are shut off  when the 

stimulus disappears.   

    Measurement of hormones 

   Whether it is for the purpose of diagnosing a patient’s dis-

ease or research to gain understanding of normal physiol-

ogy, it is often necessary to measure how much hormone is 

present in some biological fl uid. Chemical detection of hor-

mones in blood is diffi  cult. With the exception of the thy-

roid hormones, which contain large amounts of iodine, there 

is no unique chemistry that sets hormones apart from other 

bodily constituents. Furthermore, hormones circulate in 
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blood at minute concentrations, which further complicates 

the problem of their detection. Consequently, the earli-

est methods developed for measuring hormones were bio-

assays and depend on the ability of a hormone to produce a 

characteristic biological response. For example, induction of 

ovulation in the rabbit in response to an injection of urine 

from a pregnant woman is an indication of the presence of 

the placental hormone chorionic gonadotropin, and is the 

basis for the rabbit test that was used for many years as an 

indicator of early pregnancy (see Chapter 14). Before hor-

mones were identifi ed chemically they were quantitated in 

units of the biological responses they produced. For exam-

ple, a unit of insulin is defi ned as one-third of the amount 

needed to lower blood sugar in a 2-kg rabbit to convulsive 

levels within 3 hours. Although bioassays are now seldom 

used, some hormones, including insulin, are still standard-

ized in terms of biological units. Terms such as milliunits 

and microunits are still in use. 

    Immunoassays 

   As knowledge of hormone structure increased, it became 

evident that peptide hormones are not identical in all 

species. Small diff erences in amino acid sequence, which 

may not aff ect the biological activity of a hormone, were 

found to produce antibody reactions after prolonged admin-

istration. Hormones isolated from one species were recog-

nized as foreign substances in recipient animals of another 

species, which often produced antibodies to the foreign 

hormone. Antibodies are exquisitely sensitive and can rec-

ognize and react with tiny amounts of the foreign material 

(antigens) that evoked their production, even in the pres-

ence of large amounts of other substances that may be simi-

lar or diff erent. Techniques have been devised to exploit this 

characteristic of antibodies for the measurement of hor-

mones, and to detect antibody–antigen reactions even when 

minute quantities of antigen (hormone) are involved. 

    Radioimmunoassay 

   Reaction of a hormone with an antibody results in a complex 

with altered properties such that it is precipitated out of solu-

tion or behaves diff erently when subjected to electrophore-

sis or adsorption to charcoal or other substances. A typical 

radioimmunoassay takes advantage of the fact that iodine of 

high specifi c radioactivity can be incorporated readily into 
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 FIGURE 1.28          Positive feedback regulation of oxytocin 

secretion. ( 1 ) Uterine contractions at the onset of 

parturition apply mild stretch to the cervix. ( 2 ) In 

response to sensory input from the cervix (blue arrows), 

oxytocin is secreted from the posterior pituitary gland, 

and stimulates (green arrows) further contraction of 

the uterus, which, in turn stimulates secretion of more 

oxytocin ( 3 ) leading to further stretching of the cervix, 

and even more oxytocin secretion ( 4 ), until the fetus is 

expelled ( 5 ).    
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tyrosine residues of peptides and proteins and thereby per-

mits detection and quantitation of tiny amounts of hormone. 

Hormones present in biological fl uids are not radioactive, but 

can compete with radioactive hormone for a limited number 

of antibody binding sites. To perform a radioimmunoassay, 

a sample of plasma containing an unknown amount of hor-

mone is mixed in a test tube with a known amount of anti-

body and a known amount of radioactive iodinated hormone. 

Th e unlabeled hormone present in the plasma competes with 

the iodine-labeled hormone for binding to the antibody. Th e 

more hormone present in the plasma sample, the less iodi-

nated hormone can bind to the antibody. Antibody-bound 

radioactive iodine then is separated from unbound iodinated 

hormone by any of a variety of physicochemical means, and 

the ratio of bound to unbound radioactivity is determined. 

Th e amount of hormone present in plasma can be estimated 

by comparison with a standard curve constructed using 

known amounts of unlabeled hormone instead of the bio-

logical fl uid samples ( Figure 1.29   ). 

   Although this procedure originally was devised for 

protein hormones, radioimmunoassays are now available for 

all the known hormones. Production of specifi c antibodies to 

nonprotein hormones can be induced by fi rst attaching these 

compounds to some protein, like serum albumin. For hor-

mones that lack a site capable of incorporating iodine such as 

the steroids, another radioactive label can be used or a chem-

ical tail containing tyrosine can be added. Methods are even 

available to replace the radioactive iodine with fl uorescent 

tags or other labels that can be detected with great sensitivity. 

   Th e major limitation of radioimmunoassays is that 

 immunological  rather than  biological  activity is measured by 

these tests, because the portion of the hormone molecule 

recognized by the antibody probably is not the same as the 

portion recognized by the hormone receptor. Th us a protein 

hormone that may be biologically inactive may retain all of its 

immunological activity. For example, the biologically active 

portion of parathyroid hormone resides in the amino termi-

nal one-third of the molecule, but the carboxyl terminal frag-

ments formed by partial degradation of the hormone have 

long half-lives in blood and may account for nearly 80% of 

the immunoreactive parathyroid hormone in human plasma. 

Until this problem was understood and appropriate adjust-

ments made, radioimmunoassays grossly overestimated the 

content of parathyroid hormone in plasma (see Chapter 10). 

Similarly, biologically inactive prohormones may be detected. 

By and large, discrepancies between biological activity and 

immunoactivity have not presented insurmountable diffi  cul-

ties and in several cases even led to increased understanding.  

    Immunometric assays 

   Even greater sensitivity and specifi city in hormone detec-

tion has been attained with the development of assays that 

can take advantage of exquisitely sensitive detectors that can 

be coupled to antibodies. Such assays require the use of two 

diff erent antibodies that recognize diff erent immunologi-

cal determinants in the hormone ( Figure 1.30   ). One anti-

body is coupled to a solid support such as an agarose bead 

or adsorbed onto the plastic of a multiwell culture dish. Th e 

biological sample containing an unknown amount of hor-

mone then is added under conditions in which there is a 

large excess of antibody so that essentially all the hormone 
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 FIGURE 1.29           A . Competing reactions that form the basis of the 

radioimmunoassay. Labeled hormone ( H , shown in red) competes with 

the hormone in a biological sample (green H) for a limited amount of 

antibodies ( Ab ). As the concentration of hormone in the biological sample 

rises (rows 1,2, and 3) decreasing amounts of the labeled hormone appear 
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can be bound by the antibody. Th e second antibody, linked 

to a fl uorescent probe or an enzyme that can generate a 

colored product, then is added and allowed to bind to the 

hormone that is held in place by the fi rst antibody so that 

the hormone is sandwiched between the two antibodies 

and acts to link them together. In this way the amount of 

antibody-linked detection system that is held to the solid 

support is directly proportional to the amount of hormone 

present in the test sample. Th ese assays are sometimes called 

sandwich assays, or ELISA (enzyme-linked immunosorbent 

assay) when the second antibody is coupled to an enzyme 

that converts a substrate to a colored product.   

    Hormone levels in blood 

   It is evident now that hormone concentrations in plasma fl uc-

tuate from minute to minute and may vary widely in the nor-

mal individual over the course of a day. Hormone secretion 

may be episodic, pulsatile, or follow a daily rhythm ( Figure 

1.31   ). In most cases it is necessary to make multiple serial 

measurements of hormones before a diagnosis of a hyper- or 

hypofunctional state can be confi rmed. Endocrine disease 

occurs when the concentration of hormone in blood is inap-

propriate for the physiological situation rather than because 

the absolute amounts of hormone in blood are high or low. 

It is also becoming increasingly evident that the pattern of 

hormone secretion, rather than the amount secreted, may be 

of great importance in determining hormone responses. Th is 

subject is discussed further in Chapter 12. It is noteworthy 

that for the endocrine system as well as the nervous system 

additional information can be transmitted by the frequency 

of signal production as well as by the signal itself.     
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to a solid support such as sepharose bead. The hormone to be measured 

is shown in green. The second (reporter) antibody is linked to an enzyme, 

which upon reacting with a test substrate gives a colored product. In this 

model, the amount of reporter antibody captured is directly proportional 

to the amount of hormone in the sample being tested.    
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      Pituitary Gland  

   Th e pituitary gland usually has been thought of 

as the  “ master gland ”  because its hormone secre-

tions control the growth and activity of three 

other endocrine glands: the thyroid, adrenals, 

and gonads. Because the secretory activity of 

the master gland is itself controlled by hor-

mones that originate in either the brain or its 

target glands, it is perhaps better to think of the 

pituitary gland as the relay between the control 

centers in the central nervous system and the 

peripheral endocrine organs. Th e pituitary hor-

mones are not limited in their activity to regu-

lation of endocrine target glands; they also act 

directly on nonendocrine target tissues. Secretion 

of all these hormones is under the control of sig-

nals arising in both the brain and the periphery. 

    MORPHOLOGY 

   Th e pituitary gland is located in a small depres-

sion in the sphenoid bone, the  sella turcica,  just 

beneath the hypothalamus, and is connected 

to the hypothalamus by a thin stalk called the 

 infundibulum . It is a compound organ consisting 

of a neural or posterior lobe derived embryo-

logically from the brainstem, and a larger ante-

rior portion, the  adenohypophysis , which derives 

embryologically from an outgrowth of the prim-

itive foregut, called  Rathke’s pouch . Th e cells at 

the junction of the two lobes comprise the inter-

mediate lobe, which is not readily identifi able as 

an anatomical entity in humans ( Figure 2.1   ). 

   Histologically, the anterior lobe consists of 

large polygonal cells arranged in cords and sur-

rounded by a sinusoidal capillary system. Most 

of the cells contain secretory granules, although 

some are only sparsely granulated. Based on 

their characteristic staining with standard histo-

chemical dyes and immunofl uorescent stains, it 

is possible to identify the cells that secrete each 

of the pituitary hormones. It once was thought 

that there was a unique cell type for each of the 

pituitary hormones, but it is now recognized 

that some cells may produce more than one 

hormone. Although particular cell types tend 

to cluster in central or peripheral regions of the 

gland, the various cell types are intermingled 

in an apparently random fashion. However, the 

advent of technology that allows construction of 

three-dimensional views of the cellular architec-

ture of mouse pituitary glands revealed an unex-

pected level of organization. Th e most abundant 

of the pituitary cells, the somatotropes, form a 

three-dimensional network of closely apposed 

cells connected by adherens junctions that may 

allow cell–cell communication and promote 

synchronization of secretion by widely scattered 

cells. It is not known if the less abundant cell 

types form similar networks. 

   Th e posterior lobe consists of two major 

portions: the infundibulum, or stalk, and the 

infundibular process, or neural lobe ( Figure 

2.1 ). Th e posterior lobe is richly endowed with 

nonmyelinated nerve fi bers that contain elec-

tron-dense secretory granules. Th e cell bod-

ies from which these fi bers arise are located in 

  2 
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the bilaterally paired supraoptic and paraventricular nuclei 

of the hypothalamus. Th ese cells are characteristically large 

compared to other hypothalamic neurons and hence are 

called  magnocellular . Secretory material synthesized in cell 

bodies in the hypothalamus is transported down the axons 

and stored in bulbous nerve endings within the posterior 

lobe. Dilated terminals of these fi bers lie in close proximity 

to the rich capillary network whose fenestrated endothelium 

allows secretory products to enter the circulation readily. 

   Th e vascular supply and innervation of the two lobes 

refl ect their diff erent embryological origins and provide 

important clues that ultimately lead to an understand-

ing of their physiological regulation. Th e anterior lobe is 

sparsely innervated and lacks any secretomotor nerves. Th is 

fact might argue against a role for the pituitary as a relay 

between the central nervous system and peripheral endo-

crine organs, except that communication between the ante-

rior pituitary and the brain is through vascular, rather than 

neural, channels. 

   Th e anterior lobe is linked to the brainstem by the 

hypothalamo-hypophyseal portal system, through which it 

receives most of its blood supply ( Figure 2.2   ). Th e superior 

hypophyseal arteries deliver blood to an intricate network 

of capillaries, the primary plexus, in the median eminence 

of the hypothalamus. Capillaries of the primary plexus con-

verge to form long hypophyseal portal vessels, which course 

Hypothalamic
sulcus

Lamina terminalis

Paraventricular hypothalamic nucleus

Supraoptic hypothalamic nucleus

Supraopticohypophyseal tract

Tuberohypophyseal tract

Hypothalamohypophyseal tract

Infundibulum (pituitary stalk)

Pars tuberalis

Adenohypophysis

(anterior lobe of

pituitary gland)
Pars intermedia

Pars distalis

Mammillary
body

Arcuate (infundibular) nucleus

Median eminence
of tuber cinereum

Neurohypophysis

(posterior lobe

of pituitary gland)

Infundibular
stem

Infundibular
process

 FIGURE 2.1          Mid-sagittal section of the human pituitary gland and adjacent hypothalamic structures.   (From Netter, F.H. (1989)  Atlas of Human Anatomy , 2nd 

Ed. Novartis Summit New Jersey, Icon Learning Systems, LLC, a subsidiary of MediMedia, Inc. Reprinted with permission from Icon Learning Systems, LLC, 

illustrated by Frank H. Netter, MD. All rights reserved.)    
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 FIGURE 2.2          Vascular supply of the human pituitary gland. Note the origin 

of long portal vessels from the primary capillary bed and the origin of short 

portal vessels from the capillary bed in the lower part of the stalk. Both sets 
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2
down the infundibular stalk to deliver their blood to capil-

lary sinusoids interspersed among the secretory cells of the 

anterior lobe. Th e inferior hypophyseal arteries supply a 

similar capillary plexus in the lower portion of the infundib-

ular stem. Th ese capillaries drain into short portal vessels, 

which supply a second sinusoidal capillary network within 

the anterior lobe. Nearly all the blood that reaches the 

anterior lobe is carried in the long and short portal vessels. 

Th e anterior lobe receives only a small portion of its blood 

supply directly from the paired trabecular arteries, which 

branch off  the superior hypophyseal arteries. In contrast, 

the circulation in the posterior pituitary is unremarkable. It 

is supplied with blood by the inferior hypophyseal arteries. 

Venous blood drains from both lobes through a number of 

short veins into the nearby cavernous sinuses. 

   Th e portal arrangement of blood fl ow is important 

because blood that supplies the secretory cells of the anterior 

lobe fi rst drains the hypothalamus. Portal blood can thus pick 

up chemical signals released by neurons of the central nerv-

ous system and deliver them to secretory cells of the ante-

rior pituitary. As might be anticipated, because hypophyseal 

portal blood fl ow represents only a tiny fraction of the car-

diac output, only minute amounts of neural secretions are 

needed to achieve biologically eff ective concentrations in 

pituitary sinusoidal blood when delivered in this way. More 

than 1,000 times more secretory material would be needed 

if it were dissolved in the entire blood volume and delivered 

through the arterial circulation. Th is arrangement also pro-

vides a measure of specifi city to hypothalamic secretion, as 

pituitary cells are the only ones exposed to concentrations 

that are high enough to be physiologically eff ective.  

    PHYSIOLOGY OF THE ANTERIOR 
PITUITARY GLAND 

   Th ere are six anterior pituitary hormones whose physiologi-

cal importance is clearly established. Th ey include the hor-

mones that govern the function of the thyroid and adrenal 

glands, the gonads, the mammary glands, and bodily growth. 

Th ey have been called  “ trophic ”  or  “ tropic ”  from the Greek 

 trophos,  to nourish, or  tropic , to turn toward. Both terms 

are generally accepted. We thus have, for example, thyro-

trophin, or thyrotropin, which is also more accurately called 

thyroid-stimulating hormone (TSH). Because its eff ects are 

exerted throughout the body ( soma  in Greek), growth hor-

mone (GH) has also been called the somatotropic hormone 

(STH), or somatotropin.  Table 2.1    lists the anterior pituitary 

hormones and their synonyms. Th e various anterior pituitary 

cells are named for the hormones they contain. Th us we have 

thyrotropes, corticotropes, somatotropes, and lactotropes. 

Because a substantial number of growth hormone-producing 

cells also secrete prolactin, they are called somatomammo-

tropes. Some evidence suggests that somatomammotropes 

are an intermediate stage in the interconversion of soma-

totropes and lactotropes. Th e two gonadotropins are found 

in a single cell type, called gonadotropes. 

   All the anterior pituitary hormones are proteins or 

glycoproteins. Th ey are synthesized on ribosomes and trans-

located through various cellular compartments where they 

undergo posttranslational processing. Th ey are packaged in 

membrane-bound secretory granules and secreted by exo-

cytosis. Th e pituitary gland stores relatively large amounts 

of hormone, suffi  cient to meet physiological demands for 

many days. Over the course of many decades these hor-

mones were extracted, purifi ed, and characterized. Now the 

structure of their genes and the intricacies of their synthe-

sis and post translational processing are known, and we can 

group the anterior pituitary hormones by families. 

    Glycoprotein hormones 

   Th e glycoprotein hormone family includes TSH, whose 

only known physiological role is to stimulate secretion of 

thyroid hormone, and the two gonadotropins, follicle-stim-

ulating hormone (FSH) and luteinizing hormone (LH). 

Although named for their function in women, both gona-

dotropic hormones are crucial for the function of the testes 

as well as the ovaries. In women FSH promotes growth of 

ovarian follicles and in men it promotes formation of sper-

matozoa by the germinal epithelium of the testis. In women 

LH induces ovulation of the ripe follicle and formation of 

the corpus luteum from remaining glomerulosa cells in the 

collapsed, ruptured follicle. It also stimulates synthesis and 

secretion of the ovarian hormones estrogen and progester-

one. In men LH stimulates secretion of the male hormone, 

testosterone, by interstitial cells of the testis. Consequently, 

it has also been called interstitial cell-stimulating hormone 

(ICSH), but this name largely has disappeared from the 

literature. Th e actions of these hormones are discussed in 

detail in Chapters 12 and 13. 

   Th e three glycoprotein hormones are synthesized 

and stored in pituitary basophils and, as their name implies, 

each contains sugar moieties covalently linked to asparagine 

residues in the polypeptide chains. All three are comprised 

of two peptide subunits, designated alpha and beta, which, 

though tightly coupled, are not covalently linked ( Figure 

2.3   ). Th e alpha subunit of all three hormones is identical in 

its amino acid sequence, and is the product of a single gene 

located on chromosome 6. Th e beta subunits of each are 

somewhat larger than the alpha subunit and confer physi-

ological specifi city. Both alpha and beta subunits contribute 

to receptor binding and both must be present in the receptor 
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binding pocket to produce a biological response. Beta sub-

units are encoded in separate genes located on diff erent chro-

mosomes: TSH  β  on chromosome 1, FSH  β  on chromosome 

11, and LH  β  on chromosome 19, but there is a great deal of 

homology in their amino acid sequences. Both subunits con-

tain carbohydrate moieties that are considerably less constant 

in their composition than are their peptide chains. Alpha 

subunits are synthesized in excess over beta subunits, and 

hence it is synthesis of beta subunits that appears to be rate-

limiting for production of glycoprotein hormones. Pairing of 

the two subunits begins in the rough endoplasmic reticulum 

and continues in the Golgi apparatus, where processing of 

carbohydrate components of the subunits is completed. Th e 

loosely paired complex then undergoes spontaneous refolding 

in secretory granules into a stable, active hormone. Control 

of expression of the alpha and beta subunit genes is not per-

fectly coordinated, and free alpha and the beta subunits of all 

three hormones may be found in blood plasma. 

   Th e placental hormone, human chorionic gonadotro-

pin (hCG), is closely related chemically and functionally to 

the pituitary gonadotropic hormones. It, too, is a glycoprotein 

and consists of an alpha and a beta chain. Th e alpha chain is a 

product of the same gene as the alpha chain of pituitary glyco-

protein hormones. Th e peptide sequence of the beta chain is 

identical to that of LH except that it is longer by 32 amino 

acids at its carboxyl terminus. Curiously, although there is 

only a single gene for each beta subunit of the pituitary glyco-

protein hormones, the human genome contains 7 copies of 

the hCG beta gene, all located on chromosome 19 in close 

proximity to the LH beta gene. Not surprisingly, hCG has 

biological actions that are similar to those of LH, as well as a 

unique action on the corpus luteum (Chapter 14).  

TSH FSH LH HCG

PlacentaPituitary basophils

Gonadotropins

α β α β α β α β

 FIGURE 2.3          The glycoproteins. The three glycoproteins of pituitary origin 

and the placental HCG all share a common alpha subunit.    

 TABLE 2.1          Hormones of the Anterior Pituitary Gland  

   Hormone  Target  Major actions in humans 

     Glycoprotein family       

   Thyroid-stimulating hormone (TSH), also called 

thyrotropin 

 Thyroid gland  Stimulates synthesis and secretion of thyroid 

hormones 

   Follicle-stimulating hormone (FSH) 

    

 Ovary 

 Testis 

 Stimulates growth of follicles and estrogen 

secretion 

 Acts on Sertoli cells to promote maturation of 

sperm 

   Luteinizing hormone (LH) 

    

 Ovary 

 Testis 

 Stimulates ovulation of ripe follicle and 

formation of corpus luteum; stimulates estrogen 

and progesterone synthesis by corpus luteum 

 Stimulates interstitial cells of Leydig to 

synthesize and secrete testosterone 

     Growth hormone/prolactin family       

   Growth hormone (GH), also called somatotropic 

hormone (STH) 

 Most tissues  Promotes growth in stature and mass; 

stimulates production of insulin-like growth 

factor (IGF-I); stimulates protein synthesis; 

usually inhibits glucose utilization and promotes 

fat utilization 

   Prolactin  Mammary glands  Promotes milk secretion and mammary growth 

     Proopiomelanocortin family (POMC)       

   Adrenocorticotropic hormone (ACTH), also 

known as adrenocorticotropin or corticotropin 

 Adrenal cortex  Promotes synthesis and secretion of adrenal 

cortical hormones 

    β -Lipotropin  Adipose 

 Tissue 

 Physiological role not established 
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    Growth hormone and prolactin 

   Growth hormone (GH) is required for attainment of nor-

mal adult stature (see Chapter 11) and produces metabolic 

eff ects that may not be directly related to its growth-

promoting actions. Metabolic eff ects include mobilization of 

free fatty acids from adipose tissue and inhibition of glucose 

metabolism in muscle and adipose tissue. Th e role of GH 

in energy balance is discussed in Chapter 8. Somatotropes 

are by far the most abundant anterior pituitary cells, and 

account for at least half the cells of the adenohypophysis. 

GH, which is secreted throughout life, is the most abun-

dant of the pituitary hormones. Th e human pituitary gland 

stores between 5 and 10       mg of GH, an amount that is 20 

to 100 times greater than other anterior pituitary hormones. 

Structurally, GH is closely related to another pituitary hor-

mone, prolactin (PRL), which is required for milk produc-

tion in post-partum women (Chapter 14). Th e functions of 

PRL in men or nonlactating women are not fi rmly estab-

lished, but a growing body of evidence suggests that it may 

stimulate cells of the immune system. Th ese pituitary hor-

mones are closely related to the placental hormone human 

chorionic somatomammotropin (hCS), which has both 

growth-promoting and milk-producing activity in some 

experimental systems. Because of this property, hCS is 

also called human placental lactogen (hPL). Although the 

physiological function of this placental hormone has not 

been established with certainty, it may be regulate maternal 

metabolism during pregnancy and prepare the mammary 

glands for lactation (Chapter 14). 

   Growth hormone, PRL and hCS appear to have 

evolved from a single ancestral gene that duplicated several 

times; the GH and PRL genes before the emergence of the 

vertebrates, and GH and the hCS genes after the divergence 

of the primates from other mammalian groups. Th e human 

haploid genome contains two GH and three hCS genes all 

located on the long arm of chromosome 17, and a single PRL 

gene located on chromosome 6 ( Figure 2.4   ). Th ese genes are 

similar in the arrangement of their transcribed and nontran-

scribed portions as well as their nucleotide sequences. All are 

comprised of fi ve exons separated by four introns located at 

homologous positions. All three hormones are large single-

stranded peptides containing two internal disulfi de bridges 

at corresponding parts of the molecule. PRL also has a third 

internal disulfi de bridge. GH and hCS have about 80% of 

their amino acids in common, and a region 146 amino acids 

long is similar in hGH and PRL. Only one of the GH genes 

(hGH N) is expressed in the pituitary, but because of alter-

native splicing of the RNA transcript, two GH isoforms 

are produced. Th e larger form is the 22 kilodalton molecule 

(22K GH), which is about ten times more abundant than 

the smaller, 20 kilodalton molecule (20K GH), which lacks 

amino acids 32 to 46. Th e other GH gene (hGH V) appears 

to be expressed only in the placenta and is the predominant 

form of GH in the blood of pregnant women. It encodes a 

protein that has the same biological actions as the pituitary 

hormone although it diff ers from the pituitary hormone in 

13 amino acids and is glycosylated. 

   Considering the similarities in their structures, it is 

not surprising that GH shares some of the lactogenic activ-

ity of PRL and hCS. However, human GH also has about 

two-thirds of its amino acids in common with GH molecules 

of cattle and rats, but humans are completely insensitive to 

cattle or rat GH and respond only to the GH produced by 

humans or monkeys. Th is requirement of primates for pri-

mate GH is an example of  species specifi city , and largely results 

from the change of a single amino acid in GH and a corre-

sponding change of a single amino acid in the binding site in 

the GH receptor. Because of species specifi city, human GH 

was in short supply until the advent of recombinant DNA 

technology, which made possible an almost limitless supply.  

    Adrenocorticotropin family 

   Th e adrenal corticotropic hormone (ACTH), which is also 

called corticotropin or adrenocorticotropin, controls hormone 

production by the cortex of the adrenal glands. Th is fam-

ily of pituitary peptides includes  α -,  β -, and  γ -melanocyte-

stimulating hormones (MSH),  β - and  γ -lipotropin (LPH), 

and  β -endorphin ( Figure 2.5   ), but ACTH is the only prod-

uct of corticotropes with an established physiological role 

in humans. Th e MSHs, which disperse melanin pigment in 

melanocytes in the skin of lower vertebrates, are not secreted 

in signifi cant amounts by the human pituitary gland, but 

these compounds are produced in melanocytes and keratino-

cytes in the skin where they act in a paracrine or autocrine 

manner to aff ect pigmentation. However, ACTH and both  β - 

and  γ -lipotropin contain the sequence of seven amino acids 

that produces the melanocyte stimulating eff ect of MSH. 

Th is likely accounts for the darkening or bronzing of the skin 

when these hormones are secreted in excess.  α - and  β -MSH 

also are produced by neurons in the arcuate nucleus, and 

play an important role in control of food intake (Chapter 8). 
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 FIGURE 2.4          The growth hormone/prolactin family.    
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 β -LPH is named for its stimulatory eff ect on mobilization 

of lipids from adipose tissue in rabbits, but the physiologi-

cal importance, if any, of this action in humans is uncertain. 

Th e 91-amino-acid chain of  β -LPH contains at its carboxyl 

end the complete amino acid sequence of  β -endorphin (from 

endogenous morphine), which excites the same receptors as 

morphine in various cells. 

   Th e ACTH related peptides constitute a family because 

(1) they contain regions of homologous amino acid sequences, 

which may have arisen through exon duplication, and 

(2) because they all are encoded in the same gene. Th e gene 

product is called pro-opiomelanocortin (POMC) and consists 

of 239 amino acids after removal of the 26 amino acid sig-

nal peptide. Th e molecule contains 10 doublets of basic amino 

acids (arginine and lysine in various combinations), which are 

potential sites for cleavage by subtilisin-like endopeptidases, 

called  prohormone convertases  (PCs). At least fi ve other enzymes 

produce other posttranslational modifi cations. Tissue-specifi c 

diff erences in expression of processing enzymes account for 

the diff erences in fi nal secretory products of corticotropes and 

the other cells that express POMC. Corticotropes express PC 

1, whereas POMC expressing neurons and skin cells contain 

both PC1 and PC2. As a result, corticotropes produce fewer, 

but larger fragments ( Figure 2.5 ). Th e predominant products 

of human corticotropes are ACTH and  β -LPH. Because fi nal 

processing of POMC occurs in the secretory granule,  β -LPH 

is secreted along with ACTH. Cleavage of  β -LPH also occurs 

to some extent in human corticotropes, so that some  β -endor-

phin may also be released, particularly when ACTH secretion 

is brisk.  

    Development of the anterior 
pituitary gland 

   Th e various cell types of the anterior pituitary arise from 

a common primordium whose initial development begins 

when the cells of the oral ectoderm of Rathke’s pouch come 

in contact with the cells of the developing diencephalon. 

Expression of several regionally specifi c transcription factors 

in diff erent combinations appears to determine the diff erent 

cellular lineages ( Figure 2.6   ). Defi ciencies in expression of 

two of these factors account for several mutant dwarf mouse 

strains and for human syndromes of Combined Pituitary 

Hormone Defi ciency. Development of thyrotropes, lac-

totropes, and somatotropes share a common dependence 

upon the homeodomain transcription factors called  prop-1  

and  pit-1 . Prop-1 appears transiently early in the devel-

opment process and appears to foretell expression of the 

pituitary specifi c Pit-1, and its name derives from  “ prophet 

of Pit-1 ” . Pit-1 is the transcription factor that is required 

not only for diff erentiation of these cell lineages, but also 

for continued expression of GH, PRL, and the  β -subunit of 

TSH throughout life. Pit-1 also regulates expression of the 

receptor for the hypothalamic hormone that controls GH 

synthesis and secretion. Genetic absence of Pit-1 results 

in failure of the somatotropes, lactotropes, and thyrotropes 

to develop, and hence absence of GH, PRL, and TSH. 

Absence of prop-1 results in defi ciencies of these three hor-

mones as well as defi ciencies in gonadotropin production. 

Cells destined to become corticotropes constitute a separate 

POMC
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 FIGURE 2.5          Proteolytic processing of pro-opiomelanocortin (POMC). Sections of the intact POMC molecule representing the diff erent fi nal products are 

shown in the various colors. Sites of cleavage by proconvertase (PC) 1 are indicated by the green arrows, and by PC2 by the red arrows. Some cleavage of 

 β -lipotropin in the corticotropes is catalyzed by PC2. 

  Corticotropes express only PC1, but melanotropes in the rudimentary intermediate lobe, neurons, and melanocytes and keratinocytes in the skin express 

both PC1 and PC2.  JP      �       joining peptide:  CLIP      �       corticotropin-like intermediate lobe peptide. Additional post-translational processing (not shown) includes 

removal of the carboxyl-terminal amino acid from each of the peptides, glycosylation and phosphorylation of some of the peptide fragments.    
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lineage early in pituitary diff erentiation, and are the fi rst to 

produce their cognate hormone. Corticotropes and gonado-

tropes depend upon expression of combinations of other 

transcription factors, as is also true for the divergence of the 

pit-1 dependent cell types into their mature phenotypes. A 

detailed consideration of pituitary organogenesis is beyond 

the scope of this text, but can be found in the article by 

Anderson and Rosenfeld cited at the end of this chapter.  

    Regulation of anterior pituitary function 

   Secretion of the anterior pituitary hormones is regulated 

by the central nervous system and hormones produced in 

peripheral target glands. Input from the central nervous 

system provides the primary drive for secretion and periph-

eral input plays a secondary, though vital, role in modulat-

ing secretory rates. Secretion of all the anterior pituitary 

hormones except PRL declines severely in the absence of 

stimulation from the hypothalamus as can be produced, 

for example, when the pituitary gland is removed surgically 

from its natural location and reimplanted at a site remote 

from the hypothalamus. In contrast, PRL secretion is 

increased dramatically. Th e persistent high rate of secre-

tion of PRL under these circumstances indicates not only 

that the pituitary glands can revascularize and survive in a 

new location, but also that PRL secretion is normally under 

tonic inhibitory control by the hypothalamus. 

   Secretion of each of the anterior pituitary hormones 

follows a diurnal pattern entrained by activity, sleep, or light-

dark cycles. Secretion of each of these hormones also occurs 

in a pulsatile manner probably refl ecting synchronized pulses 

of hypothalamic neurohormone release into hypophyseal 

portal capillaries. Pulse frequency varies widely from about 

2 pulses per hour for ACTH to 1 pulse every three of four 

hours for TSH, GH, and PRL. Modulation of secretion in 

response to changes in the internal or external environment 

may be refl ected as changes in the amplitude or frequency 

of secretory pulses, or by episodic bursts of secretion. In this 

chapter we discuss only general aspects of the regulation 

of anterior pituitary function. A detailed description of the 

control of the secretory activity of each hormone is given in 

subsequent chapters in conjunction with a discussion of its 

role in regulating physiological processes.  

    Hypophysiotropic hormones 

   As already mentioned, the central nervous system commu-

nicates with the anterior pituitary gland by means of neuro-

secretions released into the hypothalamo-hypophyseal 

portal system. Th ese neurosecretions are called  hypophysiotropic 
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 FIGURE 2.6          Development of the 

principal cell types of the anterior pituitary 

gland showing some of the critical 

transcription factors that give rise to each 

lineage. Corticotropes branch off  early and 

form a separate lineage. Development of 

each of the other cell types depends on 

Prop-1. The lactotropes, somatotropes, and 

thyrotropes are derived from a common 

precursor until thyrotropes diverge and 

share a common dependence on GATA-2 

with the gonadotropes.    
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hormones  and are listed in  Table 2.2   . Th e neurons that secrete 

these hormones are clustered in discrete hypothalamic nuclei 

( Figure 2.7   ). Th e fact that only small amounts of the hypo-

physiotropic hormones are synthesized, stored, and secreted 

frustrated eff orts to isolate and identify them for nearly 

25 years. Th eir abundance in the hypothalamus is less than 

0.1% of that of even the scarcest pituitary hormone in the 

anterior lobe. 

    Thyrotropin-releasing hormone (TRH) 

   TRH, the fi rst of the hypothalamic neurohormones to 

be characterized, is a tripeptide. It was isolated, identifi ed, 

and synthesized almost simultaneously in the laboratories 

of Roger Guillemin and Andrew Schally, who were subse-

quently recognized for this monumental achievement with 

the award of a Nobel Prize. Guillemin’s laboratory pro-

cessed 25 kg of sheep hypothalami to obtain 1       mg of TRH. 

Schally’s laboratory extracted 245,000 pig hypothalami to 

yield only 8.2       mg of this tripeptide. Th e human TRH gene 

encodes a 242 residue preprohormone molecule that contains 

six copies of TRH that are released by the proteolytic activi-

ties of PC1 and PC2. TRH is synthesized primarily in par-

vocellular (small) neurons in the paraventricular nuclei of the 

hypothalamus, and stored in nerve terminals in the median 

eminence. TRH also is expressed in neurons widely dispersed 

throughout the central nervous system and probably acts as a 
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 FIGURE 2.7          Mid-sagittal section of the human hypothalamus and 

pituitary. The principal nuclei of the hypothalamus are listed within the 

bracket.   (From Netter, F.H. (1989)  Atlas of Human Anatomy , 2nd ed. Novartis 

Summit New Jersey, Icon Learning Systems, LLC, a subsidiary of MediMedia, 

Inc. Reprinted with permission from Icon Learning Systems, LLC, illustrated 

by Frank H. Netter, MD. All rights reserved.)    

 TABLE 2.2          Hypophysiotropic Hormones  

   Hormone  Amino acids  Hypothalamic source  Physiological actions on the 

pituitary 

   Corticotropin releasing hormone (CRH)  41  Parvoneurons of the paraventricular 

nuclei 

 Stimulates secretion of ACTH, and 

 β -lipotropin 

   Gonadotropin releasing hormone (GnRH), 

originally called luteinizing hormone-releasing 

hormone (LHRH) 

 10  Arcuate nuclei  Stimulates secretion of FSH and LH 

   Growth hormone-releasing hormone (GHRH)  44  Arcuate nuclei  Stimulates GH secretion 

   Growth hormone releasing peptide (ghrelin)  28  Arcuate nuclei  Increases response to GHRH and may 

directly stimulate GH secretion 

   Somatotropin release-inhibiting factor (SRIF); 

somatostatin (SST) 

 14 or 28  Anterior hypothalamic periventricular 

system 

 Inhibits secretion of GH 

   Prolactin-stimulating factor (?)  ?  ?  Stimulates prolactin secretion(?) 

   Prolactin inhibiting factor (PIF)  Dopamine  Tuberohypophyseal neurons  Inhibits prolactin secretion 

   Thyrotropin-releasing hormone (TRH)  3  Parvoneurons of the paraventricular 

nuclei 

 Stimulates secretion of TSH and 

prolactin 

   Arginine vasopressin (AVP)  9  Parvoneurons of the paraventricular 

nuclei 

 Acts in concert with CRH to stimulate 

secretion of ACTH 
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neurotransmitter that mediates a variety of other responses. 

Actions of TRH that regulate TSH secretion and thyroid 

function are discussed further in Chapter 3.  

    Gonadotropin releasing hormone (GnRH) 

   GnRH was the next hypophysiotropic hormone to be iso-

lated and characterized. Hypothalamic control over secre-

tion of FSH and LH is exerted by a single hypothalamic 

decapeptide, gonadotropin releasing hormone (GnRH). 

Endocrinologists originally had some diffi  culty accepting 

the idea that both gonadotropins are under the control of a 

single hypothalamic releasing hormone because FSH and 

LH appear to be secreted independently under certain cir-

cumstances. Most endocrinologists now have abandoned the 

idea that there must be separate FSH- and LH-releasing 

hormones, because other factors can account for partial 

independence of LH and FSH secretion. Th e frequency of 

pulses of GnRH release determines the ratio of FSH and 

LH secreted. In addition, target glands secrete hormones that 

selectively inhibit secretion of either FSH or LH. Th ese com-

plex events are discussed in detail in Chapters 12 and 13. 

   Th e GnRH gene encodes a 92 amino acid preprohor-

mone that contains the 10 amino acid GnRH peptide and 

an adjacent 56 amino acid GnRH associated peptide (GAP), 

which may also have some biological activity. GAP is found 

along with GnRH in nerve terminals and may be cosecreted 

with GnRH. Cell bodies of the neurons that release GnRH 

into the hypophysical portal circulation reside primarily 

in the arcuate nucleus in the anterior hypothalamus, but 

GnRH-containing neurons are also found in the preoptic 

area and project to extra-hypothalamic regions where GnRH 

release may be related to various aspects of reproductive 

behavior. GnRH also is expressed in the placenta. Curiously, 

humans and some other species have a second GnRH gene 

that is expressed elsewhere in the brain and appears to have 

no role in gonadotropin release. 

Control of GH secretion

   Growth hormone secretion is controlled by the growth 

hormone releasing hormone (GHRH) and a GH release-

inhibiting hormone, somatostatin, which is also called 

somatotropin release-inhibiting factor (SRIF). In addition, 

a recently discovered peptide called ghrelin may act both on 

the somatotropes to increase GH secretion by augmenting 

the actions of GHRH, and on the hypothalamus to increase 

secretion of GHRH. Ghrelin is synthesized both in the 

hypothalamus and the stomach. Its secretion by the stom-

ach is thought to signal feeding behavior, and hence ghrelin 

may provide a link between growth and nutrition. However, 

our understanding of the physiological importance of this 

novel peptide in regulating GH secretion is incomplete. 

Ghrelin is discussed further in Chapters 6, 8, and 11. 

   GHRH is a member of a family of gastrointestinal and 

neurohormones that includes vasoactive intestinal peptide 

(VIP), glucagon (see Chapter 6), and the probable ancestral 

peptide in this family, called PACAP (pituitary adenylate 

cyclase activating peptide). GHRH-containing neurons are 

found predominantly in the arcuate nuclei, and to a lesser 

extent in the ventromedial nuclei of the hypothalamus. 

Curiously, GHRH originally was isolated from a pancreatic 

tumor, and normally is expressed in the pancreas, the intes-

tinal tract, and other tissues, but the physiological role of 

extra-hypothalamically produced GHRH is unknown. 

   Somatostatin was isolated from hypothalamic extracts 

based upon its ability to inhibit GH secretion. Th e soma-

tostatin gene codes for a 118 amino acid preprohormone 

from which either a 14 amino acid or a 28 amino acid form 

of somatostatin is released from the carboxyl terminus by 

proteolytic cleavage. Both forms are similarly active. Th e 

remarkable conservation of the amino acid sequence of the 

somatostatin precursor and the presence of processed frag-

ments that accompany somatostatin in hypothalamic nerve 

terminals has suggested to some investigators that addi-

tional physiological active peptides may be derived from 

the somatostatin gene. Th e somatostatin gene is widely 

expressed in neuronal tissue as well as in the pancreas (see 

Chapter 6) and the gastrointestinal tract. Similarly, the fi ve 

isoforms of somatostatin receptors are widely distributed 

in the central nervous system and the periphery, consistent 

with a wide range of inhibitory actions of this neurohor-

mone. Th e somatostatin that regulates GH secretion origi-

nates in neurons present in the preoptic, periventricular, and 

paraventricular nuclei, and its receptors are expressed in 

GHRH containing neurons in the arcuate nucleus as well 

as in somatotropes. It appears that somatostatin is secreted 

nearly continuously by hypothalamic neurons, and restrains 

GH secretion except during periodic brief episodes that 

coincide with increases in GHRH secretion. Coordinated 

episodes of decreased somatostatin release and increased 

GHRH secretion produce a pulsatile pattern of GH 

secretion.  

    Corticotropin releasing hormone (CRH) 

   Th is hormone is a 41 amino acid polypeptide derived from 

a preprohormone of 192 amino acids. CRH is present in 

greatest abundance in parvocellular neurons in the paraven-

tricular nuclei whose axons project to the median eminence. 

About half of these cells also express arginine vasopressin 

(AVP), which also acts as a corticotropin releasing hor-

mone. AVP has other important physiological functions and 

is a hormone of the posterior pituitary gland (see later and 

Chapter 9). Th e wide distribution of CRH-containing neu-

rons in the central nervous system suggests that it has other 

actions besides regulation of ACTH secretion. CRH also is 
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produced in the placenta and serves a critical role in preg-

nancy and parturition (see Chapter 14). 

  Dopamine and control of Prolactin secretion

   Th e simple monoamine neurotransmitter dopamine appears 

to satisfy most of the criteria for a PRL inhibitory factor 

whose existence was suggested by the persistent high rate of 

PRL secretion by pituitary glands transplanted outside the 

sella turcica. It is possible that there is also a PRL releasing 

hormone, but although several candidates have been pro-

posed, general agreement on its nature or even its existence 

is still lacking. 

Secretion and Actions of Hypophysiotropic 

Hormones

   Although, in general, the hypophysiotropic hormones aff ect 

the secretion of one or another pituitary hormone specif-

ically, TRH can increase the secretion of PRL at least as well 

as it increases the secretion of TSH. Th e physiological mean-

ing of this experimental fi nding is not understood. Under 

normal physiological conditions, PRL and TSH appear to 

be secreted independently, and increased PRL secretion is 

not necessarily seen in circumstances that call for increased 

TSH secretion. However, in laboratory rats and possibly 

human beings as well, suckling at the breast increases both 

PRL and TSH secretion in a manner suggestive of increased 

TRH secretion. In the normal individual, somatostatin may 

inhibit secretion of other pituitary hormones in addition to 

GH, but again the physiological signifi cance of this action is 

not understood. With disease states, specifi city of responses 

of various pituitary cells for their own hypophysiotropic 

hormones may break down, or cells might even begin to 

secrete their hormones autonomously. 

   Th e neurons that secrete the hypophysiotropic hor-

mones are not autonomous. Th ey receive input from many 

structures within the brain as well as from circulating hor-

mones. Neurons that directly or indirectly are excited by 

actual or impending changes in the internal or external 

environment, from emotional changes, and from generators 

of rhythmic activity, signal to hypophysiotropic neurons by 

means of classical neurotransmitters as well as neuropep-

tides. In addition, their activity is modulated by hormonal 

changes in the general circulation. Integration of responses 

to all these signals may take place in the hypophysiotropic 

neurons themselves or information may be processed else-

where in the brain and relayed to the hypophysiotropic neu-

rons. Conversely, hypophysiotropic neurons or neurons that 

release hypophysiotropic peptides as their neurotransmitters 

communicate with other neurons dispersed throughout the 

central nervous system to produce responses that presum-

ably are relevant to the physiological circumstances that call 

forth pituitary hormone secretion. 

   Hypophysiotropic hormones increase both secre-

tion and synthesis of pituitary hormones. All appear to act 

through stimulation of G-protein coupled receptors (see 

Chapter 1) on the surfaces of anterior pituitary cells to 

increase the formation of cyclic AMP or inositol–trisphos-

phate–diacylglyceride second messenger systems. Release of 

hormone almost certainly is the result of an infl ux of cal-

cium, which triggers and sustains the process of exocytosis. 

Th e actions of hypophysiotropic hormones on their target 

cells in the pituitary are considered further in later chapters.   

    Feedback control of anterior 
pituitary function 

   We have already indicated that the primary drive for secre-

tion of all the anterior pituitary hormones except PRL is 

provided by the hypothalamic releasing hormones. In the 

absence of the hormones of their target glands, secretion 

of TSH, ACTH, GH, and the gonadotropins gradually 

increases manyfold. Secretion of these pituitary hormones is 

subject to negative feedback inhibition by secretions of their 

target glands. Regulation of secretion of anterior pituitary 

hormones in the normal individual is achieved through 

the interplay of stimulatory eff ects of releasing hormones 

and inhibitory eff ects of target gland hormones ( Figure 

2.8   ). Regulation of the secretion of pituitary hormones by 

hormones of target glands could be achieved equally well 

if negative feedback signals acted at the level of (1) the 

hypothalamus to inhibit secretion of hypophysiotropic hor-

mones or (2) the pituitary gland to blunt the response to 

hypophysiotropic stimulation. Actually some combination 

of the two mechanisms applies to all the anterior pituitary 

hormones except PRL. 

   In experimental animals it appears that secretion of 

GnRH is variable and highly sensitive to environmental 

infl uences; for example, day length, or even the act of mat-

ing. In humans and other primates secretion of GnRH after 

puberty appears to be somewhat less infl uenced by changes 

in the internal and external environment, but there is ample 

evidence that GnRH secretion is modulated by factors in 

both the internal and external environment. It has been 

shown experimentally in rhesus monkeys and human sub-

jects that all the complex changes in the rates of FSH and 

LH secretion characteristic of the normal menstrual cycle 

can occur when the pituitary gland is stimulated by pulses of 

GnRH delivered at an invariant frequency and amplitude. 

For such changes in pituitary secretion to occur, changes in 

secretion of target gland hormones that accompany ripen-

ing of the follicle, ovulation, and luteinization must modu-

late the responses of gonadotropes to GnRH (Chapter 13). 

However, in normal humans it is evident that target gland 
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hormones also act at the level of the hypothalamus to regu-

late both the amplitude and frequency of GnRH secretory 

bursts. 

   Adrenal cortical hormones exert a negative feedback 

eff ect both on pituitary corticotropes where they decrease 

transcription of POMC and on hypothalamic neurons 

where they decrease CRH synthesis and secretion (see 

Chapter 4). Th e rate of CRH secretion is also profoundly 

aff ected by changes in both the internal and external 

environment. Physiologically, CRH is secreted in increased 

amounts in response to nonspecifi c stress. Th is eff ect is seen 

even in the absence of the adrenal glands, and the inhibi-

tory eff ects of its hormones, indicating that CRH secretion 

must be controlled by positive inputs as well as the negative 

eff ects of adrenal hormones. 

   Control of GH secretion is more complex because it 

is under the infl uence of a releasing hormone, GHRH, a 

release-enhancing hormone, ghrelin, and a release-inhibit-

ing hormone, somatostatin. In addition, GH secretion is 

under negative feedback to control byproducts of its actions 

in peripheral tissues. As is discussed in detail in Chapter 

11, GH evokes production of a peptide, called insulin-like 

growth factor (IGF), which mediates the growth-promot-

ing actions of GH. IGF exerts powerful inhibitory eff ects on 

GH secretion by decreasing the sensitivity of somatotropes 

to GHRH. It also acts on the hypothalamic neurons to 

increase the release of somatostatin and to inhibit the release 

of GHRH. GH is also a metabolic regulator, and products of 

its metabolic activity such as increased glucose or free fatty 

acid concentrations in blood may inhibit its secretion. 

   Modulating eff ects of target gland hormones on the 

pituitary gland are not limited to inhibiting secretion of 

their own provocative hormones. Target gland hormones 

may modulate pituitary function by increasing the sen-

sitivity of other pituitary cells to their releasing factors or 

by increasing the synthesis of other pituitary hormones. 

Hormones of the thyroid and adrenal glands are required 

for normal responses of the somatotropes to GHRH. 

Similarly, estrogen secreted by the ovary in response to FSH 

and LH increases PRL synthesis and secretion. 

   In addition to feedback inhibition exerted by target 

gland hormones, there is evidence that pituitary hormones 

may inhibit their own secretion by actions on their cells 

of origin or by inhibiting secretion of their corresponding 

hypophysiotropic hormones. Th e physiological importance 

of such short-loop feedback systems has not been estab-

lished, nor has that of the postulated  ultrashort-loop feedback  

in which high concentrations of hypophysiotropic hor-

mones may inhibit their own release.   

    PHYSIOLOGY OF THE POSTERIOR PITUITARY 

   Th e posterior pituitary gland secretes two hormones. Th ey 

are  oxytocin , which means  “ rapid birth ”  in reference to its 

action to increase uterine contractions during parturition, 

and  vasopressin , in reference to its ability to contract vascu-

lar smooth muscle and thus raise blood pressure. Because 

the human hormone has an arginine in position 8 instead 

of the lysine found in the corresponding hormone origi-

nally isolated from pigs, it is called arginine vasopressin 

(AVP). Both are nonapeptides and diff er by only two amino 

acid residues ( Figure 2.9   ). A disulfi de bond links cysteines 

at positions 1 and 6 to form a six amino acid ring with a 

three amino acid side chain. Similarities in the structure and 

organization of their genes and in their posttranslational 

processing make it virtually certain that these hormones 

evolved from a single ancestral gene. Th e genes that encode 

them occupy adjacent loci on chromosome 20, but in oppo-

site transcriptional orientation. 

   Each of the posterior pituitary hormones has other 

actions in addition to those for which it was named. 

Oxytocin also causes contraction of the myoepithelial cells 
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 FIGURE 2.8          Regulation of anterior pituitary hormone secretion. 

Environmental factors may increase or decrease pituitary activity by 

increasing or decreasing hypophysiotropic hormone secretion. Pituitary 

secretions increase the secretion of target gland hormones, which may 

inhibit further secretion by acting at either the hypothalamus or the 

pituitary. Pituitary hormones may also inhibit their own secretion by a short 

feedback loop.    
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that envelop the secretory alveoli of the mammary glands 

and thus enables the suckling infant to receive milk. AVP 

is also called antidiuretic hormone (ADH) for its action to 

promote reabsorption of  “ free water ”  by renal tubules (see 

Chapter 9). Th ese two eff ects are mediated by two diff erent 

G-protein coupled receptors. Th e V 1  receptors signal vascular 

muscle contraction by means of the inositol tris-phosphate/

diacylglycerol pathway (Chapter 1), whereas V 2  receptors 

utilize the cyclic AMP system to produce the antidiuretic 

eff ect in renal tubules. Oxytocin acts through a single class 

of G-protein receptors that signals through the inositol tris-

phosphate/diacylglycerol pathway. Physiological actions of 

these hormones are considered further in Chapters 9 and 14. 

   Oxytocin and AVP are stored in and secreted by the 

neurohypophysis, but are synthesized in magnocellular neu-

rons whose cell bodies are present in both the  supraoptic  
and  paraventricular nuclei  of the hypothalamus. Cells in the 

supraoptic nuclei appear to be the major source of neuro-

hypophyseal vasopressin, while cells in the paraventricular 

nuclei may be the principal source of oxytocin. After trans-

fer to the Golgi apparatus the oxytocin and AVP prohor-

mones are packaged in secretory vesicles along with the 

enzymes that cleave them into the fi nal secreted products. 

Th e secretory vesicles are then transported down the axons 

to the nerve terminals in the posterior gland where they 

are stored in relatively large amounts. It has been estimated 

that suffi  cient AVP is stored in the neurohypophysis to pro-

vide for 30 to 50 days of secretion at basal rates, or 5 to 7 

days at maximal rates of secretion. Oxytocin and AVP are 

stored as 1:1 complexes with 93–95 residue peptides called 

 neurophysins , which actually are adjacent segments of their 

prohormone molecules ( Figure 2.9 ). Th e neurophysins are 

cosecreted with AVP or oxytocin, but have no known hor-

monal actions. Th e neurophysins, however, play an essential 

role in the posttranslational processing of the neurohypo-

physeal hormones. Th e amino acid sequence of the central 

portion of the neurophysins is highly conserved across 

many vertebrate species, and mutations in this region of the 

preprohormone are responsible for hereditary defi ciencies 

in AVP, which produce the disease  diabetes insipidus  (see 

Chapter 9) even though expression of the AVP portion of 

the preprohormone is normal. It is likely that amino acid 

sequences in this region provide information directing fold-

ing and packaging of the posterior lobe hormones. 

   As already discussed, AVP also is synthesized in small 

cells of the paraventricular nuclei and is delivered by the 

hypophyseal portal capillaries to the anterior pituitary gland 

where it plays a role in regulating ACTH secretion. AVP 

also serves as a neurotransmitter in neurons located else-

where in the central nervous system. AVP is produced in 

considerably larger amounts in the magnocellular neurons 

that connect to the posterior lobe, and is carried directly 

into the general circulation by veins that drain the poste-

rior lobe. It is unlikely that AVP that originates in magno-

cellular neurons acts as a hypophysiotropic hormone, but it 

can reach the corticotropes and stimulate ACTH secretion 

when its concentration in the general circulation increases 

suffi  ciently. Oxytocin, like AVP, is also synthesized in par-

vocellular neurons at other sites in the nervous system and 

is released from axon terminals that project to a wide range 

of sites within the central nervous system. Oxytocin also 

is produced in some reproductive tissues where it acts as a 

paracrine factor. 

    Regulation of posterior pituitary function 

   Because the hormones of the posterior pituitary gland are 

synthesized and stored in nerve cells, it should not be sur-

prising that their secretion is controlled in the same way as 

that of conventional neurotransmitters. Action potentials 

that arise from synaptic input to the cell bodies within the 

hypothalamus course down the axons in the pituitary stalk, 

COOH

COOH

GlycopeptideNeurophysin IIAVP

Provasopressin

COOHProoxytocin

Neurophysin IOxytocin

CY
I
Q

N
P L

G
C

CY
F
Q

N
P R

G
C

Vasopressin Oxytocin
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 FIGURE 2.11          Regulation of vasopressin secretion. Increased blood 

osmolality or decreased blood volume are sensed in the brain or thorax, 

respectively, and increase vasopressin secretion. Vasopressin, acting 

principally on the kidney, produces changes that restore osmolality and 

volume, thereby shutting down further secretion in a negative feedback 

arrangement. Further details are given in Chapter 9.    
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 FIGURE 2.10          Regulation of oxytocin secretion showing a positive 

feedback arrangement. Oxytocin stimulates the uterus to contract and 

causes the cervix to stretch. Increased cervical stretch is sensed by neurons 

in the cervix and transmitted to the hypothalamus, which signals more 

oxytocin secretion. Oxytocin secreted in response to suckling forms an 

open loop feedback system in which positive input is interrupted when the 

infant is satisfi ed and stops suckling. Further details are given in Chapter 14.    

trigger an infl ux of calcium into nerve terminals, and release 

the contents of neurosecretory granules. Vasopressin or oxy-

tocin are released along with their respective neurophysins 

and the processing enzymes. Tight binding of AVP or oxy-

tocin to their respective neurophysins is favored by the acidic 

pH of the secretory granule, but upon secretion, the higher 

pH of the extracellular environment allows the hormones 

to dissociate from their neurophysins and circulate in an 

unbound form. Oxytocin and vasopressin are cleared rapidly 

from the blood with half-lives of about two minutes. 

   As discussed in Chapter 1, signals for the secretion 

of oxytocin originate in the periphery and are transmitted 

to the brain by sensory neurons. After appropriate process-

ing in higher centers, cells in the supraoptic and paraven-

tricular nuclei are signaled to release their hormone from 

nerve terminals in the posterior pituitary gland ( Figure 

2.10   ). Th e importance of neural input to oxytocin secre-

tion is underscored by the observation that it may also be 

secreted in a conditioned refl ex. A nursing mother some-

times releases oxytocin in response to cries of her baby even 

before the infant begins to suckle. Oxytocin also is secreted 

at the same low basal rate in both men and women, but no 

physiological role has been established for basal oxytocin 

secretion. Recent fi ndings that oxytocin is secreted during 

orgasm suggest a role in ejaculation of sperm. Signals for 

vasopressin secretion in response to increased osmolality

of the blood are thought to originate in hypothalamic 

neurons, and possibly in the AVP secretory cells them-

selves. Osmoreceptor cells are exquisitely sensitive to small 

increases in osmolality and signal cells in the paraventricular 

and supraoptic nuclei to secrete AVP. AVP is also secreted 

in response to decreased blood volume. Blood volume is 

monitored by pressure or stretch receptors in the thoracic 

vasculature. Th ese receptors relay information to the cen-

tral nervous system in aff erent neurons in the vagus nerves. 

Th e control of AVP secretion is shown in  Figure 2.11   , and 

is discussed more fully in Chapter 9. Under basal conditions 

blood levels of AVP fl uctuate in a diurnal rhythmic pattern 

that closely resembles that of ACTH.    
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                                   Thyroid Gland  

   In the adult human, normal operation of a wide 

variety of physiological processes aff ecting vir-

tually every organ system requires appropri-

ate amounts of thyroid hormone. Governing all 

these processes, thyroid hormone acts as a mod-

ulator, or gain control, rather than an all-or-none 

signal that turns the process on or off . In the 

immature individual, thyroid hormone plays an 

indispensable role in growth and development. 

Its presence in optimal amounts at a critical time 

is an absolute requirement for normal develop-

ment of the nervous system. In its role in growth 

and development too, its presence seems to be 

required for the normal unfolding of processes 

whose course it modulates but does not initiate. 

Because thyroid hormone aff ects virtually every 

system in the body in this way, it is diffi  cult to 

give a simple, concise answer to the naive but 

profound question: What does thyroid hormone 

do? Th e response of most endocrinologists would 

be couched in terms of consequences of hormone 

excess or defi ciency. Indeed, deranged function 

of the thyroid gland is among the most prevalent 

of endocrine diseases and may aff ect as many as 

4 to 5% of the population in the United States. 

In regions of the world where the trace element 

iodine is scarce, the incidence of deranged thy-

roid function may be even higher. 

    MORPHOLOGY 

   Th e human thyroid gland is located at the base 

of the neck and wraps around the trachea just 

below the cricoid cartilage ( Figure 3.1   ). Th e two 

large lateral lobes that comprise the bulk of the 

gland lie on either side of the trachea and are 

connected by a thin isthmus. A third structure, 

the pyramidal lobe, which may be a remnant of 

the embryonic thyroglossal duct, is sometimes 

also seen as a fi nger-like projection extending 

headward from the isthmus. Th e thyroid gland 

in the normal human being weighs about 20       g 

but is capable of enormous growth, sometimes 

achieving a weight of several hundred grams 

when stimulated intensely over a long period 

of time. Such enlargement of the thyroid gland, 

which may be grossly obvious, is called a  goiter , 
and is one of the most common manifestations 

of thyroid disease. 

   Th e thyroid gland receives its blood supply 

through the inferior and superior thyroid arteries, 

which arise from the external carotid and subcla-

vian arteries. Relative to its weight, the thyroid 

gland receives a greater fl ow of blood than most 

other tissues of the body. Venous drainage is 

through the paired superior, middle, and inferior 

thyroid veins into the internal jugular and innom-

inate veins. Th e gland is also endowed with a rich 

lymphatic system that may play an important 

role in delivery of hormone to the general circula-

tion. Th e thyroid gland also has an abundant sup-

ply of sympathetic and parasympathetic nerves. 

Some studies suggest that sympathetic stimula-

tion or infusion of epinephrine or norepinephrine 

may increase secretion of thyroid hormone, 

but it is probably only of minor importance in 

the overall regulation of thyroid function. 
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   Th e functional unit of the thyroid gland is the  folli-
cle , which is composed of epithelial cells arranged as hol-

low vesicles of various shapes ranging in size from 0.02 to 

0.3       mm in diameter; it is fi lled with a glycoprotein colloid 

called  thyroglobulin  ( Figure 3.2   ). Th ere are about three mil-

lion follicles in the adult human thyroid gland. Epithelial 

cells lining each follicle may be cuboidal or columnar, 

depending on their functional state, with the height of 

the epithelium being greatest when its activity is highest. 

Each follicle is surrounded by a dense capillary network 

separated from epithelial cells by a well-defi ned basement 

membrane. Groups of densely packed follicles are bound 

together by connective tissue septa to form lobules that 

receive their blood supply from a single small artery. Th e 

functional state of one lobule may diff er widely from that 

of an adjacent lobule. Secretory cells of the thyroid gland 

are derived embryologically and phylogenetically from two 

sources. Follicular cells, which produce the classical thyroid 

hormones, thyroxine and triiodothyronine, arise from endo-

derm of the primitive pharynx. Parafollicular, or C cells, are 

located between the follicles and produce the polypeptide 

hormone calcitonin, which is discussed in Chapter 8. Th ese 

cells arise from the ultimobranchial body associated with 

the fi fth branchial arch.  

    THYROID HORMONES 

   Th e thyroid hormones are  α -amino acid derivatives of tyro-

sine ( Figure 3.3   ). Th e thyronine nucleus consists of two 

benzene rings in ether linkage, with an alanine side chain 

in the para position on the inner or tyrosyl ring and a 

hydroxyl group in the para position in the outer or phenolic 

ring. Th yroxine was the fi rst thyroid hormone to be isolated 

and characterized. Its name derives from thyroid oxyindole, 

which describes the chemical structure erroneously assigned 

to it when it was initially isolated in 1914. 

   Triiodothyronine a considerably less abundant, but far 

more potent hormone than thyroxine in most assay systems, 

was not discovered until 1953. Both hormone molecules are 

exceptionally rich in iodine, which comprises more than half 

of their molecular weight. Th yroxine contains four atoms of 

iodine and is abbreviated as T4; triiodothyronine, which has 

three atoms of iodine, is abbreviated as T3. 

Colloid

 FIGURE 3.2          Low power photomicrograph of a rat thyroid gland. The 

thyroid follicles shown in cross section are  fi lled with uniformly staining 

colloid and are each composed of a single layer of epithelial cells (red arrow).  

Note that the follicles are not uniform in size or shape.  The white arrow 

points to a parafollicular cell and the green arrow points to a connective 

tissue septum separating two lobules.   (Courtesy of Dr. William Cooke, 

Department of Cell Biology, University of Massachusetts Medical School.)
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    Biosynthesis 

   Several aspects of the production of thyroid hormone are 

unusual: 

    1      Th yroid hormones contain large amounts of iodine. 

Biosynthesis of active hormone requires adequate 

amounts of this scarce element. Th is need is met by an 

effi  cient energy-dependent transport mechanism that 

allows thyroid cells to take up and concentrate iodide. 

Th e thyroid gland is also the principal site of storage of 

this rare dietary constituent.  

    2      Th yroid hormones are partially synthesized extracellularly 

at the luminal surface of follicular cells and stored in an 

extracellular compartment, the follicular lumen.  

    3      Th e hormone therefore is doubly secreted, in that the 

precursor molecule, thyroglobulin, is released from apical 

surfaces of follicular cells into the follicular lumen, only 

to be taken up again by follicular cells and degraded 

to release T4 and T3, which are then secreted into the 

blood from the basal surfaces of follicular cells.  

    4      Th yroxine, the major secretory product, is not the 

biologically active form of the hormone, but must be 

transformed to T3 at extrathyroidal sites.    

   Biosynthesis of thyroid hormones can be considered 

as the sum of several discrete processes ( Figure 3.4   ), all of 

which depend upon the products of three genes that are 

expressed predominantly, if not exclusively, in thyroid folli-

cle cells: the sodium iodide symporter (NIS), thyroglobulin, 

and thyroid peroxidase. 

    Iodine trapping 

   Under normal circumstances iodide is about 25 to 50 times 

more concentrated in the cytosol of thyroid follicular cells 

than in blood plasma, and during periods of active stimula-

tion, it may be as high as 250 times that of plasma. Iodine 

is accumulated against a steep concentration gradient by the 

action of an electrogenic  “ iodide pump ”  located in the baso-

lateral membranes. Th e pump is actually a sodium iodide 

symporter that couples the transfer of two ions of sodium 

with each ion of iodide. Iodide is thus transported against its 

concentration driven by the favorable electrochemical gradi-

ent for sodium. Energy is expended by the sodium potas-

sium ATPase (the sodium pump), which then extrudes three 

ions of sodium in exchange for two ions of potassium to 

maintain the electrochemical gradient for sodium. Outward 

diff usion of potassium maintains the membrane potential. 

Like other transporters, the sodium iodide symporter has 

a fi nite capacity and can be saturated. Consequently, other 

anions, such as perchlorate, pertechnetate, and thiocyanate, 

which compete for binding sites on the sodium iodide 

symporter, can block the uptake of iodide. Th is property can 

be exploited for diagnostic or therapeutic purposes.  

    Thyroglobulin synthesis 

   Th yroglobulin is the other major component needed for syn-

thesis of thyroxine and triiodothyronine. Th yroglobulin is 

the matrix for thyroid hormone synthesis and is the form in 

which hormone is stored in the gland. It is a large glycopro-

tein that forms a stable dimer with a molecular mass of about 

660,000 daltons. Like other secretory proteins, thyroglobulin 

is synthesized on ribosomes, glycosylated in the cisternae of 

the endoplasmic reticulum, translocated to the Golgi appa-

ratus, and packaged in secretory vesicles, which discharge it 

from the apical surface into the lumen. Because thyroglobulin 

DIT

E.R.Golgi

Nucleus

TG
Vescicle

DIT

MIT

T4

DIT

MIT

Endosome

MIT

DIT T4

PF

DIT
DIT

DIT

DIT

MIT

T4

NIS

2Na�I�

ATP

I�

3Na�

2K�

H2O2

TO
P

TPO

T4

T4

ITDI

Follicular
Lumen

TG

MIT
DIT

T4

Lysosome

 FIGURE 3.4          Thyroid hormone biosynthesis and secretion. Iodide 

( I  �   ) is transported into the thyroid follicular cell by the sodium/iodide 

symporter ( NIS ) in the basal membrane and diff uses passively into the 

lumen through the iodide channel called pendrin ( P ). Thyroglobulin 

( TG ) is synthesized by microsomes on the rough endoplasmic reticulum 

( ER ), processed in the cisternae of the ER and the Golgi where it is 

packaged into secretory granules and released into the follicular lumen. 

In the presence of hydrogen peroxide ( H 2 O 2  ) produced in the luminal 

membrane by thyroid oxidase ( TO ), the thyroid peroxidase ( TPO ) oxidizes 

iodide, which reacts with tyrosine residues in TG in the follicular lumen to 

produce monoiodotyrosyl ( MIT ) and diiodotyrosyl ( DIT ) within the peptide 

chain. The TPO reaction also catalyzes the coupling of iodotyrosines to 

form thyroxine ( T4 ) and some triiodothyronine ( T3 , not shown) within 

TG. Secretion of T4 begins with phagocytosis of TG, fusion of TG-laden 

endosomes with lysosomes and proteolytic digestion to peptide fragments 

( PF ), MIT, DIT, and T4. T4 is released from the cell at the basal membrane. 

MIT and DIT are deiodinated by iodotyrosine deiodinase ( ITDI ) and 

recycled.    
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secretion into the lumen is coupled with its synthesis, follicu-

lar cells do not have the extensive accumulation of secretory 

granules characteristic of protein-secreting cells. Iodination to 

form mature thyroglobulin does not take place until after the 

thyroglobulin is discharged into the lumen.  

    Incorporation of iodine 

   Iodide that enters at the basolateral surfaces of the fol-

licular cell must be delivered to the follicular lumen where 

hormone biosynthesis takes place. Iodide diff uses through-

out the follicular cell and exits from the apical membrane 

by way of a sodium-independent iodide transporter called 

 pendrin , which is also expressed in brain and kidney. In 

order for iodide to be incorporated into tyrosine residues 

in thyroglobulin, it must fi rst be converted to some higher 

oxidized state. Th is step is catalyzed by the thyroid-specifi c 

 thyroperoxidase  in the presence of hydrogen peroxide, whose 

formation may be rate-limiting. Hydrogen peroxide is 

generated by the catalytic activity of a calcium-dependent 

NADPH oxidase that is present in the brush border. 

Th yroperoxidase is the key enzyme in thyroid hormone for-

mation and is thought to catalyze the iodination and cou-

pling reactions described next in addition to the activation 

of iodide. Th yroperoxidase spans the brush border mem-

brane on the apical surface of follicular cells and is oriented 

with its catalytic domain facing the follicular lumen. 

   Addition of iodine molecules to tyrosine residues in 

thyroglobulin is called  organifi cation . Th yroglobulin is iodin-

ated at the apical surface of follicular cells as it is extruded 

into the follicular lumen. Iodide acceptor sites in thyroglob-

ulin are in suffi  cient excess over the availability of iodide that 

no free iodide accumulates in the follicular lumen. Although 

posttranslational conformational changes orchestrated by 

endoplasmic reticular proteins organize the confi guration of 

thyroglobulin to increase its ability to be iodinated, iodina-

tion and hormone formation do not appear to be particularly 

effi  cient. Tyrosine is not especially abundant in thyroglobu-

lin and comprises only about 1 in 40 residues of the peptide 

chain. Only about 10% of the 132 tyrosine residues in each 

thyroglobulin dimer appear to be in positions favorable for 

iodination. Th e initial products formed are  monoiodotyrosine  
(MIT) and  diiodotyrosine  (DIT), and they remain in peptide 

linkage within the thyroglobulin molecules. Normally more 

DIT is formed than MIT, but when iodine is scarce there is 

less iodination and the ratio of MIT to DIT is reversed.  

    Coupling 

   Th e fi nal stage of thyroxine biosynthesis is the coupling of 

two molecules of DIT to form T4 within the peptide chain. 

Th is reaction also is catalyzed by thyroperoxidase. Only 

about 20% of iodinated tyrosine residues undergo coupling, 

with the rest remaining as MIT and DIT. After coupling is 

complete, each thyroglobulin molecule normally contains 

one to three molecules of T4. T3 is considerably scarcer, with 

one molecule being present in only 20 to 30% of thyroglob-

ulin molecules. T3 may be formed either by deiodination of 

T4 or by coupling one residue of DIT to one of MIT. 

   Exactly how coupling is achieved is not known. One 

possible mechanism involves joining two iodotyrosine resi-

dues that are in close proximity to each other on either 

two separate strands of thyroglobulin or adjacent folds of 

the same strand. Free radicals formed by the action of thy-

roperoxidase react to form the ether linkage at the heart of 

the thyronine nucleus, leaving behind in one of the peptide 

chains the serine or alanine residue that was once attached 

to the phenyl group that now comprises the outer ring of 

T4 ( Figure 3.5   ). An alternative mechanism involves cou-

pling a free diiodophenylpyruvate (deaminated DIT) with a 

molecule of DIT in peptide linkage within the thyroglobu-

lin molecule by a similar reaction sequence. Regardless of 

which model proves correct, it is suffi  cient to recognize the 

central importance of thyroperoxidase for formation of the 

thyronine nucleus as well as iodination of tyrosine residues. 

In addition, the mature hormone is formed while in peptide 

linkage within the thyroglobulin molecule, and remains a 

part of that large storage molecule until lysosomal enzymes 

set it free during the secretory process.   

    Hormone storage 

   Th e thyroid is unique among endocrine glands in that it stores 

its product extracellularly as large precursor molecules in fol-

licular lumens. In the normal individual, approximately 30% 

of the mass of the thyroid gland is thyroglobulin, which cor-

responds to about two to three months ’  supply of hormone. 

Mature thyroglobulin is a high molecular weight molecule, 

probably a dimer of the thyroglobulin precursor peptide, and 

contains about 10% carbohydrate and about 0.5% iodine. Th e 

tyrosine residues that are situated just a few amino acids away 

from the C and N terminals are the principal sites of iodothy-

ronine formation. MIT and DIT at other sites in thyroglobu-

lin comprise an important reservoir for iodine and constitute 

about 90% of the total pool of iodine in the body.  

    Secretion 

   Th yroglobulin stored within follicular lumens is separated 

from extracellular fl uid and the capillary endothelium by a 

virtually impenetrable layer of follicular cells. In order for 

secretion to occur, thyroglobulin must be brought back into 

follicular cells by a process of endocytosis. Upon acute stim-

ulation with TSH, long strands of protoplasm (pseudopodia)
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reach out from the apical surfaces of follicular cells to sur-

round chunks of thyroglobulin, which are taken up in endo-

cytic vesicles ( Figure 3.6   ). In chronic situations uptake is 

probably less dramatic than shown in  Figure 3.6 , but nev-

ertheless requires an ongoing endocytic process. Th e endo-

cytic vesicles migrate toward the basal portion of the cells 

and fuse with lysosomes, which simultaneously migrate 

from the basal to the apical region of the cells to meet 

the incoming endocytic vesicles. As fused lyso-endosomes 

migrate toward the basement membrane, thyroglobulin 

is degraded to peptide fragments and free amino acids, 

including T4, T3, MIT, and DIT. Of these, only T4 and T3 

are released into the bloodstream, in a ratio of about 20:1, 

perhaps by a process of simple diff usion down a concentra-

tion gradient. 

   Monoiodotyrosine and DIT cannot be utilized for 

synthesis of thyroglobulin and are rapidly deiodinated by 

a specifi c microsomal deiodinase. Virtually all the iodide 

released from iodotyrosines is recycled into thyroglobu-

lin. Deiodination of iodotyrosine provides about twice as 

much iodide for hormone synthesis as the iodide pump and 
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 FIGURE 3.5          Hypothetical coupling scheme for intramolecular formation 

of T4 based on model reaction with purifi ed thyroid peroxidase.   (Modifi ed 

from Taurog, A. (2000) In Braverman, L.E. and Utiger, R.D., eds.  Werner 

and Ingbar’s The Thyroid , 8 th  ed., p. 71. Lippincott Williams and Wilkins, 

Philadelphia.)    

A

 FIGURE 3.6          Scanning electron micrographs of the luminal microvilli 

of dog thyroid follicular cells.  A.  TSH secretion suppressed by feeding 

thyroid hormone; magnifi cation 36,000x.  B.  At 1 hr after TSH; magnifi cation 

16,500x.   (From Balasse, P.D., Rodesch, F.R., Neve, P.E. et al. (1972) 

Observations en microscopie a balayage de la surface apicale y de 

cellules folliculares thyroidiennes chez le chien.  C. R. Acad. Sci.  [D] (Paris), 

 274 : 2332.)      

B
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is therefore of great signifi cance in hormone biosynthesis. 

Patients who are genetically defi cient in thyroidal tyrosine 

deiodinase readily suff er symptoms of iodine defi ciency and 

excrete MIT and DIT in their urine. Normally, virtually no 

MIT or DIT escape from the gland. 

   Synthesis of thyroglobulin and its export in vesicles 

into the follicular lumen is an ongoing process that takes 

place simultaneously with uptake of thyroglobulin in other 

vesicles moving in the opposite direction. Th ese opposite 

processes, involving vesicles laden with thyroglobulin mov-

ing into and out of the cells, are somehow regulated so that 

under normal circumstances thyroglobulin neither accu-

mulates in follicular cells nor are the lumens depleted. Th e 

physiological mechanisms for such traffi  c control are not yet 

understood.   

    CONTROL OF THYROID FUNCTION 

    Eff ects of thyroid-stimulating hormone 

   Although the thyroid gland can carry out all the steps of 

hormone biosynthesis, storage, and secretion in the absence 

of any external signals, autonomous function is far too slug-

gish to meet bodily needs for thyroid hormone. Th e princi-

pal regulator of thyroid function is the thyroid-stimulating 

hormone (TSH), which is secreted by thyrotropes in the 

pituitary gland (see Chapter 2). It may be recalled that TSH 

consists of two glycosylated peptide subunits including the 

same  α -subunit that is also found in FSH, and LH. Th e 

 β -subunit is the part of the hormone that confers thyroid-

specifi c stimulating activity, but free  β -subunits are inactive, 

and stimulate the thyroid only when linked to  α -subunits 

in a complex three-dimensional confi guration. 

   Th yroid-stimulating hormone binds to a single class of 

heptiahelical G-protein-coupled receptors (see Chapter 1) 

in the basolateral surface membranes of thyroid follicular 

cells. Th e TSH receptor is the product of a single gene, but 

it is comprised of two subunits held together by a disulfi de 

bond. It appears that after the molecule has been prop-

erly folded and its disulfi de bonds formed, a loop of about 

50 amino acids is excised proteolytically from the extracellular 

portion of the receptor. Th e  α -subunit includes about 300 

residues at the amino terminus and contains most of the 

TSH binding surfaces. Th e  β -subunit contains the seven 

membrane-spanning alpha helices and the short carboxyl 

terminal tail in the cytoplasm. Reduction of the disulfi de 

bond may lead to release of the  α -subunit into the extra-

cellular fl uid, and may have important implications for the 

development of antibodies to the TSH receptor and thyroid 

disease (see later). 

   Binding of TSH to the receptor results in activation 

of both adenylyl cyclase through G α  s  and phospholipase C 

through G α  q  and leads to increases in both the cyclic AMP 

and diacylglycerol/IP3 second messenger pathways (see 

Chapter 1). Activation of the cyclic AMP pathway appears 

to be the more important transduction mechanism, as all 

the known eff ects of TSH can be duplicated by cyclic AMP. 

Because TSH increases cyclic AMP production at much 

lower concentrations than are needed to increase phospho-

lipid turnover, it is likely that IP 3  and DAG are redundant 

mediators that reinforce the eff ects of cyclic AMP at times 

of intense stimulation, but it is also possible that these second 

messengers signal some unique responses. Increased turnover 

of phospholipid is associated with release of arachidonic acid 

and the consequent increased production of prostaglandins 

that also follows TSH stimulation of the thyroid. 

   In addition to regulating all aspects of hormone bio-

synthesis and secretion, TSH increases blood fl ow to the 

thyroid. With prolonged stimulation TSH also increases 

the height of the follicular epithelium (hypertrophy), and 

can stimulate division of follicular cells (hyperplasia). 

Stimulation of thyroid follicular cells by TSH is a good 

example of a  pleiotropic  eff ect of a hormone in which there 

are multiple separate but complementary actions that sum-

mate to produce an overall response. Each step of hormone 

biosynthesis, storage, and secretion appears to be directly 

stimulated by a cyclic AMP-dependent process that is 

accelerated independently of the preceding or follow-

ing steps in the pathway. Th us even when increased iodide 

transport is blocked with a drug that specifi cally aff ects the 

iodide pump, TSH nevertheless accelerates the remaining 

steps in the synthetic and secretory process. Similarly, when 

iodination of tyrosine is blocked by a drug specifi c for the 

organifi cation process, TSH still stimulates iodide transport 

and thyroglobulin synthesis. 

   Most of the responses to TSH depend upon activation 

of protein kinase A and the resultant phosphorylation of 

proteins including transcription factors such as CREB (cyclic 

AMP response element binding protein; see Chapter 1). 

TSH increases expression of genes for the sodium iodide 

symporter, thyroglobulin, thyroid oxidase, and thyroid 

peroxidase. Th ese eff ects are exerted through cooperative 

interactions of TSH activated nuclear proteins with thyroid-

specifi c transcription factors whose expression is also 

enhanced by TSH. TSH appears to increase blood fl ow by 

activating the gene for the inducible form of nitric oxide 

synthase, which increases production of the potent vasodila-

tor, nitric oxide, and by inducing expression of paracrine fac-

tors that promote capillary growth (angiogenesis). Precisely 

how TSH increases thyroid growth is not understood, but it 

is apparent that synthesis and secretion of a variety of local 

growth factors is induced.  
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    Eff ects of the thyroid-stimulating 
immunoglobulins 

   Overproduction of thyroid hormone,  hyperthyroidism , which 

is also known as Graves ’  disease, usually is accompanied 

by extremely low concentrations of TSH in blood plasma, 

yet the thyroid gland gives every indication of being under 

intense stimulation. Th is paradox was resolved when it was 

found that blood plasma of aff ected individuals contains a 

substance that stimulates the thyroid gland to produce and 

secrete thyroid hormone. Th is substance is an immunoglob-

ulin secreted by lymphocytes and is almost certainly an 

antibody to the TSH receptor.  Th yroid-stimulating immu-
noglobulin  (TSI) can be found in the serum of virtually all 

patients with Graves ’  disease, suggesting an autoimmune 

etiology to this disorder. 

   It is interesting to note that when reacting with the 

TSH receptor, antibodies trigger the same sequence of 

responses that are produced when TSH interacts with the 

receptor. Th is fact indicates that all the information needed 

to produce the characteristic cellular response to TSH 

resides in the receptor rather than the hormone. Th e role of 

the hormone therefore must be limited to activation of the 

receptor. Similar eff ects also have been seen with antibodies 

to receptors for other hormones.  

    Autoregulation of thyroid hormone 
synthesis 

   Although production of thyroid hormones is severely 

impaired when too little iodide is available, iodide uptake 

and hormone biosynthesis are blocked temporarily when the 

concentration of iodide in blood plasma becomes too high. 

Th is eff ect of iodide has been exploited clinically to produce 

short-term suppression of thyroid hormone secretion. Th is 

inhibitory eff ect of iodide apparently depends on its being 

incorporated into some organic molecule and is thought 

to represent an autoregulatory phenomenon that protects 

against overproduction of thyroxine. Blockade of thyroid 

hormone production is short-lived, and the gland eventually 

 “ escapes ”  from the inhibitory eff ects of iodide by mechanisms 

that include downregulation of the sodium iodide symporter. 

   Biosynthetic activity of the thyroid gland may also 

be regulated by thyroglobulin that accumulates in the fol-

licular lumen. Acting through a receptor on the apical sur-

face of follicular cells, thyroglobulin decreases expression of 

thyroid-specifi c transcription factors and thereby downreg-

ulates transcription of the genes for thyroglobulin, the thy-

roid peroxidase, the sodium iodide symporter and the TSH 

receptor. Further eff ects of thyroglobulin include increased 

transcription of pendrin, which delivers iodide from the 

follicular cell to the lumen. Th us thyroglobulin may have 

signifi cant eff ects in regulating its own synthesis and may 

temper the stimulatory eff ects of TSH, which remains the 

primary and most important regulator of thyroid function.   

    THYROID HORMONES IN BLOOD 

   More than 99.8% of thyroid hormone circulating in blood 

is bound fi rmly to three plasma proteins,  thyroxine-binding 
globulin  (TBG),  transthyretin  (TTR), and albumin. Of these, 

TBG is quantitatively the most important and accounts for 

more than 70% of the total protein-bound hormone (both 

T4 and T3). About 10 to 15% of circulating T4 and 10% of 

circulating T3 are bound to TTR and nearly equal amounts 

are bound to albumin. TBG carries the bulk of the hormone 

even though its concentration in plasma is only 6% that of 

TTR and less than 0.1% that of albumin because its affi  nity 

for both T4 and T3 is so much higher than that of the other 

proteins. All three thyroid hormone-binding proteins bind 

T4 at least 10 times more avidly than T3, so that the free, 

unbound concentrations of T3 and T4 are nearly equal. All 

three binding proteins are large enough to escape fi ltration 

by the kidney so that virtually no thyroid hormone appears 

in urine, and little crosses the capillary endothelium. Th e 

less than 1% of hormone present in free solution is in equi-

librium with bound hormone and is the only hormone that 

can escape from capillaries to produce biological activity or 

be acted on by tissue enzymes. 

   Th e total amount of thyroid hormone bound to plasma 

proteins represents about three times as much hormone as 

is secreted and degraded in the course of a single day. Th us 

plasma proteins provide a substantial reservoir of extrathyroi-

dal hormone. We therefore should not expect acute increases 

or decreases in the rate of secretion of thyroid hormones to 

bring about large or rapid changes in circulating concentra-

tions of thyroid hormones. For example, if the rate of thy-

roxine secretion were doubled for one day, we could expect 

its concentration in blood to increase by no more than 30%, 

even if there were no accompanying increase in the rate of 

hormone degradation. A tenfold increase in the rate of secre-

tion lasting for 60 minutes would give only a 12% increase in 

total circulating thyroxine, and if thyroxine secretion stopped 

completely for one hour, its concentration would decrease 

by only 1%. Furthermore, because the binding capacity of 

plasma proteins for thyroid hormones is far from saturated, 

an even massive increase in secretion rate would have lit-

tle eff ect on the concentration of hormone that is unbound. 

Th ese considerations seem to rule out changes in thyroid hor-

mone secretion as eff ectors of minute-to-minute regulation 
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of any homeostatic process. On the other hand, because so 

much of the circulating hormone is bound to plasma bind-

ing proteins, we might expect that the total amount of T4 

and T3 in the circulation would be aff ected signifi cantly by 

decreases in the concentration of plasma-binding proteins, 

as might occur with liver or kidney disease.  

    METABOLISM OF THYROID HORMONES 

   Because T4 is bound much more tightly by plasma proteins 

than T3, a greater fraction of T3 is free to diff use out of 

the vascular compartment and into cells where it can pro-

duce its biological eff ects or be degraded. Consequently, it 

is not surprising that the half-time for disappearance of an 

administered dose of  125 I-labeled T3 is only one-sixth of 

that for T4, or that the lag time needed to observe eff ects 

of T3 is considerably shorter than that needed for T4. 

However, because of the binding proteins, both T4 and T3 

have unusually long half-lives in plasma, measured in days 

rather than seconds or minutes ( Figure 3.7   ). It is notewor-

thy that the half-lives of T3 and T4 are increased with thy-

roid defi ciency and shortened with hyperthyroidism. 

   Although the main secretory product of the thyroid 

gland and the major form of thyroid hormone present in 

the circulating plasma reservoir is T4, it is primarily T3 and 

not T4 that binds to thyroid hormone receptors (see later). 

In fact, T4 can be considered to be a prohormone that 

serves as the precursor for extrathyroidal formation of T3. 

   Observations in human subjects confi rm that T3 actu-

ally is formed extrathyroidally and can account for most of 

the biological activity of the thyroid gland. Th yroidectomized 

subjects given pure T4 in physiological amounts have nor-

mal amounts of T3 in their circulation. Furthermore, the 

rate of metabolism of T3 in normal subjects is such that 

about 30       μg of T3 is replaced daily, even though the thyroid 

gland secretes only 5       μg each day. Th us nearly 85% of the T3 

that turns over each day must be formed by deiodination of 

T4 in extrathyroidal tissues. Th is extrathyroidal formation of 

T3 consumes about 35% of the T4 secreted each day. Th e 

remainder is degraded to inactive metabolites. 

   Extrathyroidal metabolism of T4 centers around 

selective and sequential removal of iodine from the thyro-

nine nucleus catalyzed by three diff erent enzymes called 

iodothyronine deiodinases ( Figure 3.8   ). Th ese enzymes are 

seleno-proteins and share the unusual feature of having the 

rare amino acid seleno-cysteine in their active sites. Th e 

type-I deiodinase is expressed mainly in the liver and kidney, 

but is also found in the central nervous system, the ante-

rior pituitary gland, and the thyroid gland itself. Th e type I 

deiodinase is a membrane-bound enzyme with its catalytic 

domain oriented to face the cytoplasm. T4 gains access to 

the enzyme after crossing the plasma membrane facilitated 

mainly by  monocarboxylate transporter 8 , which is present in 

most cells and which also transports T3. After deiodination, 

the newly produced T3 readily escapes into the circulation 

and accounts for about 80% of the T3 in blood. Th e type 

I deiodinase can remove an iodine molecule either from 

the outer (phenolic) ring of T4, or from the inner (tyrosyl) 

ring. Iodines in the phenolic ring are designated 3 �  and 5 � ; 

iodines in the inner ring are designated simply 3 and 5. 

Th e 3 and 5 positions on either ring are chemically equiv-

alent, but there are profound functional consequences of 

removing an iodine from the inner or outer rings of thy-

roxine. Removing an iodine from the outer ring produces 

3 � ,3,5 triiodothyronine, usually designated as T3, and con-

verts thyroxine to the form that binds to thyroid hormone 

receptors. Removal of an iodine from the inner ring produces 

3�  ,5 � ,3 triiodothyronine, which is called reverse T3 (rT3). 

Reverse T3 cannot bind to thyroid hormone receptors and 

can only be further deiodinated. Hepatic expression of the 

type I deiodinase is under negative feedback control by T3, 

and is therefore most abundant when T3 levels are low. 

   Th e type II deiodinase resides in the endoplasmic 

reticulum in many extrahepatic tissues, but is absent from 

the liver. It accounts for most of the extrathyroidal produc-

tion of T3 in normal humans. Its presence in the brain and 

pituitary gland is thought to account for about half of the 

T3 available to bind to receptors in these tissues. T3 and T4 

are taken up by facilitated diff usion driven by blood levels 
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 FIGURE 3.7          Rate of loss of serum radioactivity after injection of labeled 

thyroxine or triiodothyronine into human subjects.   (Plotted from data 

of Nicoloff , J.D., Low, J. C., Dussault, J.H. et al. (1972) Simultaneous 

measurement of thyroxine and triiodothyronine peripheral turnover 

kinetics in man.  J. Clin. Invest.   51 : 473.)    
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of free hormone. However, circulating levels of T3 normally 

remain fairly constant, whereas tissue demands for hor-

mone vary with changing physiological demands. Th e type 

II deiodinase provides an alternative means for satisfying 

needs for T3 through intracellular deiodination of T4, inde-

pendently of the availability of the circulating hormone. As 

might be anticipated, the abundance of type II deodinase is 

not constant; its expression is highest when blood concen-

trations of T4 are low. Both its synthesis and degradation 

are regulated. Th e enzyme turns over rapidly with a half-

life of only about 20 minutes, compared to many hours for 

the type I enzyme. It is inactivated by ubiquitylation and 

degraded in proteasomes. However, ubiquitylation is revers-

ible, and the type II enzyme can be rescued by activation of 

de-ubiquitinating enzymes. Synthesis of the type II deiod-

ibnase also is regulated by other hormones and growth fac-

tors; in particular, by hormones that act through the cyclic 

AMP second messenger system (see Chapter 1). Th ese 

characteristics support the idea that this enzyme may pro-

vide T3 to meet local demands. 

   Th e type III deiodinase removes an iodine from the 

tyrosyl ring of T4 or T3, and hence its function is solely deg-

radative. It is widely expressed by many tissues throughout 

the body. Reverse T3 is produced by both the type I and 

type III deiodinases and may be further deiodinated by the 

type III deiodinase by removal of the second iodide from 

the inner ring ( Figure 3.8 ). Reverse T3 is also a favored sub-

strate for the type I deiodinase, and although it is formed at a 

similar rate as T3, it is degraded much faster than T3. Some 

rT3 escapes into the bloodstream where it is avidly bound to 

TBG and TTR. 

   All three deiodinases can catalyze the oxidative removal 

of iodine from partially deiodinated hormone metabolites, 

and through their joint actions the thyronine nucleus can be 

completely stripped of iodine. Th e liberated iodide is then 

available for uptake by the thyroid and is recycled into hor-

mone. A quantitatively less important route for degradation 

of thyroid hormones includes shortening of the alanine side 

chain to produce tetraiodothyroacetic acid (Tetrac) and its 

subsequent deiodination products. Th yroid hormones also are 

conjugated with glucuronic acid and excreted intact in the 

bile. Bacteria in the intestine can split the glucuronide bond, 

and some of the thyroxine liberated can be taken up from the 

intestine and returned to the general circulation. Th is cycle of 

excretion in bile and absorption from the intestine is called 

the  enterohepatic circulation , and may be of importance in 

maintaining normal thyroid economy when thyroid function 

is marginal or dietary iodide is scarce. Th yroxine is one of the 

few naturally occurring hormones that is suffi  ciently resistant 

to intestinal and hepatic destruction that therapeutic doses 

can readily be given by mouth.  
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 FIGURE 3.8          Metabolism of thyroxine. About 90% of 

thyroxine is metabolized by sequential deiodination catalyzed 

by deiodinases (types I, II, and III); the fi rst step removes an 

iodine from either the phenolic or tyrosyl ring producing 

an active (T3) or an inactive (rT3) compound. Subsequent 

deiodinations continue until all the iodine is recovered from 

the thyronine nucleus. Green arrows designate deiodination 

of the phenolic ring and red arrows indicate deiodination of 

the tyrosyl ring. Less than 10% of thyroxine is metabolized by 

shortening the alanine side chain prior to deiodination.    
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    PHYSIOLOGICAL EFFECTS OF THYROID
HORMONES 

    Growth and maturation 

    Skeletal system 

   One of the most striking eff ects of thyroid hormones is 

on bodily growth (see Chapter 10). Although fetal growth 

appears to be independent of the thyroid, growth of the 

neonate and attainment of normal adult stature require 

optimal amounts of thyroid hormone. Because stature or 

height is determined by the length of the skeleton, we might 

anticipate an eff ect of T3 on growth of bones that elongate 

by expansion of cartilage in the epiphyseal plates followed 

by replacement of cartilage with bone (see Chapter 11). 

Cartilage cells at all stages of development express receptors 

for thyroid hormone and the type 2 deiodinase. Th eir pro-

gression from undiff erentiated precursors, through mature 

and hypertrophic stages are all infl uenced by T3, which also 

stimulates secretion of extracellular matrix proteins. In addi-

tion to these presumably direct actions, thyroid hormones 

appear to act permissively or synergistically with growth 

hormone, insulin-like growth factor I (see Chapter 11), and 

other growth factors that promote bone formation. Th ey also 

promote bone growth indirectly by actions on the pituitary 

gland and hypothalamus. Th yroid hormone is required for 

normal growth hormone synthesis and secretion. 

   Skeletal maturation is distinct from skeletal growth. 

Maturation of bone results in the ossifi cation and eventual 

fusion of the cartilaginous growth plates, which occurs with 

suffi  cient predictability in normal development that indi-

viduals can be assigned a specifi c  “ bone age ”  from radiologi-

cal examination of ossifi cation centers. Th yroid hormones 

profoundly aff ect skeletal maturation. Bone age is retarded 

relative to chronological age in children who are defi cient in 

thyroid hormone and is advanced prematurely in hyperthy-

roid children. Uncorrected defi ciency of thyroid hormone 

during childhood results in retardation of growth and mal-

formation of facial bones characteristic of juvenile hypothy-

roidism or  cretinism .  

    Central nervous system 

   Th e importance of the thyroid hormones for normal devel-

opment of the nervous system is well established. Th yroid 

hormones and their receptors are present early in the devel-

opment of the fetal brain, well before the fetal thyroid 

gland becomes functional. T4 and T3 present in the fetal 

brain at this time probably arise in the mother and cross 

the placenta to the fetus, although the placenta is relatively 

impermeable to T4 and T3. Some evidence suggests that 

maternal hypothyroidism may lead to defi ciencies in postnatal 

neural development, but direct eff ects of maternal thyroid 

defi ciency on the fetal brain have not been established. 

However, failure of thyroid gland development in babies 

born to mothers with normal thyroid function have normal 

brain development if properly treated with thyroid hor-

mones after birth. Maturation of the nervous system during 

the perinatal period has an absolute dependence on thyroid 

hormone. During this critical period thyroid hormone must 

be present for normal development of the brain. In rats 

made hypothyroid at birth, cerebral and cerebellar growth 

and nerve myelination are severely delayed. Overall size of 

the brain is reduced along with its vascularity, particularly 

at the capillary level. Th e decrease in size may be partially 

accounted for by a decrease in axonal density and dendritic 

branching. 

   Th yroid hormone defi ciency also leads to specifi c 

defects in cell migration and diff erentiation. In human 

infants the absence or defi ciency of thyroid hormone during 

this period is catastrophic and results in permanent, irrevers-

ible mental retardation even if large doses of hormone are 

given later in childhood ( Figure 3.9   ). If replacement ther-

apy is instituted early in postnatal life, however, the tragic 

consequences of neonatal hypothyroidism can be averted. 

Mandatory neonatal screening for hypothyroidism therefore 

has been instituted throughout the United States and many 

other countries. Precisely what thyroid hormones do during 

the critical period, how they do it, and why the opportunity 

for intervention is so brief are subjects of active research. 

   Eff ects of T3 and T4 on the central nervous system 

are not limited to the perinatal period of life. In the adult, 

hyperthyroidism produces hyperexcitability, irritability, rest-

lessness, and exaggerated responses to environmental stimuli. 

Emotional instability that can lead to full-blown psychosis 

may also occur. Conversely, decreased thyroid hormone results 

in listlessness, lack of energy, slowness of speech, decreased 

sensory capacity, impaired memory, and somnolence. Mental 

capacity is dulled, and psychosis (myxedema madness) may 

occur. Conduction velocity in peripheral nerves is slowed and 

refl ex time increased in hypothyroid individuals. Th e under-

lying mechanisms for these changes are not understood.   

    Autonomic nervous system 

   Interactions between thyroid hormones and the autonomic 

nervous system, particularly the sympathetic branch, are 

important throughout life. Increased secretion of thyroid 

hormone exaggerates many of the responses that are medi-

ated by the neurotransmitters norepinephrine and epineph-

rine released from sympathetic neurons and the adrenal 

medulla (see Chapter 4). In fact, many symptoms of hyper-

thyroidism, including tachycardia (rapid heart rate) and 

increased cardiac output, resemble increased activity of the 
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sympathetic nervous system. Th yroid hormones increase the 

abundance of receptors for epinephrine and norepinephrine 

( β -adrenergic receptors) in the myocardium and some other 

tissues. Th yroid hormones may also increase expression of 

the stimulatory G-protein (G α  s ) associated with adrenergic 

receptors and downregulate the inhibitory G-protein (G α  i ). 

Either of these eff ects results in greater production of cyclic 

AMP (see Chapter 1). Furthermore, through the agency of 

cyclic AMP, sympathetic stimulation activates the type II 

deiodinase, which accelerates local conversion of T4 to T3. 

Because thyroid hormones exaggerate a variety of responses 

mediated by  β -adrenergic receptors, pharmacological block-

ade of these receptors is useful for reducing some of the 

symptoms of hyperthyroidism. Conversely, the diverse func-

tions of the sympathetic nervous system are compromised 

in hypothyroid states.  

    Cardiovascular system 

   In addition to the indirect eff ects produced through inter-

action with the sympathetic nervous system, thyroid hor-

mones directly infl uence several aspects of cardiovascular 

function. Both the contraction and relaxation phases of the 

cardiac cycle are accelerated in the hyperthyroid heart as a 

result of increased rates of release of calcium from the sarco-

plasm reticulum and its reuptake. Opposite eff ects are seen 

in hypothyroidism. Th yroid hormones upregulate expres-

sion of the genes for the calcium channel (ryanodine recep-

tor) through which calcium is released during contraction, 

and the sarcoplasmic reticular calcium ATPase (SERCa2) 

by which it is retrieved during relaxation. In addition, T3 

upregulates expression of the genes for the subunits of the 

sodium/potassium ATPase and the potassium channel pro-

teins that restore the membrane potential. 

   Cardiac output is increased in hyperthyroidism and 

decreased in thyroid defi ciency. Hyperthyroidism lowers 

peripheral resistance by promoting relaxation of arteriolar 

smooth muscle and by increasing venous tone. As a result, 

venous return is increased producing increased ventricular 

fi lling (preload). Th e decrease in peripheral resistance also 

decreases resistance to ventricular emptying (afterload). Th ese 

eff ects may be indirect, but when combined with the direct 

eff ects on cardiac myocytes and enhanced sympathetic actions 

they have profound implications for cardiovascular function.  

    Metabolism 

    Oxidative metabolism and thermogenesis 

   More than a century has passed since it was recognized that 

the thyroid gland exerts profound eff ects on oxidative metab-

olism in humans. Th e so-called  basal metabolic rate  (BMR), 

which is a measure of oxygen consumption under defi ned 

resting conditions, is highly sensitive to thyroid status. A 

decrease in oxygen consumption results from a defi ciency of 

thyroid hormones, and excessive thyroid hormone increases 

BMR. Oxygen consumption in all tissues except brain, tes-

tis, and spleen is sensitive to the thyroid status and increases 

in response to thyroid hormone ( Figure 3.10   ). Even though 

the dose of thyroid hormone given to hypothyroid animals 

in the experiment shown in  Figure 3.10  was large, there was 

a delay of many hours before eff ects were observable. In fact, 

the rate of oxygen consumption in the whole animal did 

not reach its maximum until four days after a single dose of 

hormone. Th e underlying mechanisms for increased oxygen 

consumption are incompletely understood. 

   Oxygen consumption ultimately refl ects activity of 

mitochondria and is coupled with formation of high-energy 

bonds in ATP. In general, oxygen consumption is propor-

tional to energy utilization, but conversion of energy stored 

in metabolic fuels to formation of ATP is not perfect, and 

some energy is lost as heat. Th us oxygen consumption and 

heat production are intimately related, and the eff ects of thy-

roid hormones on oxygen consumption seem to be byprod-

ucts of their essential role in calorigenesis. Although thyroid 

hormones have many functions in all vertebrates, their eff ects 
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on oxygen consumption are seen only in those animals, birds, 

and mammals that maintain a constant body temperature 

(homeotherms). It is therefore not surprising that one of the 

classic signs of hypothyroidism is decreased tolerance to cold, 

whereas excessive heat production and sweating are seen in 

hyperthyroidism. Th yroid hormones increase oxygen con-

sumption and heat production by increasing the rate of ATP 

breakdown and decreasing the effi  ciency of ATP synthesis. 

   Among the ATP-consuming processes that T3 appears 

to accelerate are the maintenance of cellular ionic gradients. 

Th e sodium/potassium ATPase maintains ionic integrity of 

all cells and has been estimated to account for as much as 

20% of total resting oxygen consumption, and the pumping 

of calcium from cytosol to the sarcoplasmic reticulum by 

calcium ATPases accounts for even more. Although most 

of the activity of the sodium/potassium ATPase resides in 

brain and kidney whose rates of metabolism are minimally 

increased by T3, thyroid hormones are thought to promote 

entry of sodium into other cells and therefore increase the 

work of the sodium/potassium ATPase. Both the expression 

and activity of the sodium/potassium ATPase are decreased 

in hypothyroid and increased in hyperthyroid subjects. 

Similar changes are seen in calcium uptake and release from 

the sarcoplasmic reticulum in both resting and working skel-

etal muscle. Th ese changes in calcium dynamics may account 

for the stiff ness and delayed refl exes seen in hypothyroid 

individuals. Additionally, ATP-consuming cycles that are 

intrinsic components of carbohydrate, lipid, and protein 

metabolism, are accelerated by thyroid hormones and also 

contribute to the increase in oxygen consumption. 

   Th yroid hormones decrease the effi  ciency of ATP for-

mation. Phosphorylation of ADP to form ATP is driven by 

the energy of the proton gradient that is generated across 

the inner mitochondrial membrane by the electron transport 

system. When ATP production is coupled optimally to oxy-

gen consumption 1.5 to 2.5 molecules of ATP are formed 

for each molecule of oxygen consumed. Leakage of protons 

across the inner mitochondrial membrane partially dissipates 

the gradient and results in fewer high energy phosphate 

bonds formed for each atom of oxygen converted to water. 

Energy that would otherwise be stored in phosphate bonds is 

dissipated as heat. Leakage of protons is increased by uncou-

pling proteins (UCP) in the inner mitochondrial membrane. 

To date three proteins thought to have uncoupling activity 

have been identifi ed in mitochondrial membranes of various 

tissues. All three appear to be upregulated by T3. Although 

the physiological importance of UCP-1 is fi rmly established 

(see later) the physiological roles of UCP-2 and UCP-3 

remain uncertain. 

   Th e calorigenic eff ects of thyroid hormones are essen-

tial for maintaining constancy of body temperature. Upon 

exposure to a cold environment, heat production is increased 

through at least two mechanisms: (1) shivering, which is a 

rapid increase in involuntary activity of skeletal muscle, and 

(2) the so-called nonshivering thermogenesis seen in cold 

acclimated individuals. As we have seen, the metabolic eff ects 

of T3 have a long lag time and hence increased production of 

T3 cannot be of much use for making rapid adjustments to 

cold temperatures. Th e role of T3 in the shivering response is 

probably limited to maintenance of tissue sensitivity to sym-

pathetic stimulation. In this context, the importance of T3 

derives from actions that were established before exposure to 

cold temperature. Maintenance of sensitivity to sympathetic 

stimulation permits effi  cient mobilization of stored carbohy-

drate and fat needed to fuel the shivering response and to 
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make circulatory adjustments for increased activity of skeletal 

muscle. It may also be recalled that the sympathetic nervous 

system regulates heat conservation by decreasing blood fl ow 

through the skin. Piloerection in animals increases the thick-

ness of the insulating layer of fur. Th ese responses are impor-

tant defenses in both acute and chronic exposure to cold. 

   Chronic nonshivering thermogenesis appears to 

require increased production of T3, which acts in concert 

with the sympathetic nervous system to increase heat pro-

duction and conservation. In humans and large animals thy-

roid hormone dependency increases in the activity of ion 

pumps in muscle and provides the major source of increased 

heat production. Brown fat is an important source of heat 

in newborn humans and throughout life in small mammals. 

Th is form of adipose tissue is especially rich in mitochondria, 

which give it its unique brown color. Mitochondria in this 

tissue contain UCP 1, sometimes called  thermogenin,  which 

allows them to oxidize relatively large amounts of fatty 

acids, and produce heat. Although both T3 and the sympa-

thetic neurotransmitter, norepinephrine, can each upregulate 

expression of UCP-1, their cooperative interaction results 

in production of three to four times as much of this mito-

chondrial protein as the sum of their independent actions. 

In addition, T3 increases the effi  cacy of norepinephrine to 

release fatty acids from stored triglycerides and thus provides 

fuel for heat production. Brown adipose tissue also upregu-

lates type II deiodinase in response to sympathetic stimu-

lation, and produces abundant T3 locally to meet its needs. 

Adult humans have little brown fat, but may increase heat 

production through similar eff ects of UCP-2 and UCP-3 in 

white fat and muscle; however, supporting evidence for this 

possibility is not available. 

   In rodents and other experimental animals, exposure 

to cold temperatures is an important stimulus for increased 

TSH secretion from the pituitary and the resultant increase 

in T4 and T3 secretion from the thyroid gland. Cold expo-

sure does not increase TSH section in humans except in the 

newborn. In humans and experimental animals, however, 

exposure to cold temperatures increases the abundance of 

the type II deiodinase in skeletal muscle as well as brown 

fat. Consequently, the requirement for increased amounts of 

T3 to satisfy demands imposed by the external environment 

is met by accelerated conversion of T4 to T3. Increased 

production of the type II deiodinase probably results from 

increased sympathetic nervous activity, which leads to 

increased cyclic AMP production in various tissues.  

    Carbohydrate metabolism 

   T3 accelerates virtually all aspects of metabolism includ-

ing carbohydrate utilization. It increases glucose absorption 

from the digestive tract, glycogenolysis and gluconeogenesis 

in hepatocytes, and glucose oxidation in liver, fat, and muscle 

cells. No single or unique reaction in any pathway of carbohy-

drate metabolism has been identifi ed as the rate-determining 

target of T3 action. Rather, carbohydrate degradation 

appears to be driven by other factors, such as increased 

demand for ATP, the content of carbohydrate in the diet, 

or the nutritional state. Although T3 may induce synthesis 

of specifi c enzymes of carbohydrate and lipid metabolism 

(e.g., the malic enzyme, glucose 6-phosphate dehydrogenase, 

and 6-phosphogluconate dehydrogenase), it appears princi-

pally to behave as an amplifi er or gain control working in 

conjunction with other signals ( Figure 3.11   ). In the exam-

ple shown, induction of the malic enzyme in hepatocytes 

was dependent both on the concentration of glucose in the 

culture medium and on the concentration of T3. T3 had lit-

tle eff ect on enzyme induction when there was no glucose 

but amplifi ed the eff ectiveness of glucose as an inducer of 

genetic expression. Th is experiment provides a good example 

of how T3 can amplify readout of genetic information.  

    Lipid metabolism 

   Because glucose is the major precursor for fatty acid synthe-

sis in both liver and fat cells, it should not be surprising that 

optimal amounts of thyroid hormone are necessary for lipo-

genesis in these cells. Once again the primary determinant 

of lipogenesis is not T3, but rather, the amount of avail-

able carbohydrate or insulin (see Chapter 7), with thyroid 

hormone acting as a gain control. Similarly, mobilization 
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 FIGURE 3.11          Eff ects of glucose and T3 on the induction of malic enzyme 

(ME) in isolated hepatocyte cultures. Note that the amount of enzyme 

present in tissues was increased by growing cells in higher and higher 
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(1982) Thyroid hormone-carbohydrate interaction at the hepatic nuclear 

level.  Fed. Proc .  41 : 2674.)    
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of fatty acids from storage depots in adipocytes is compro-

mised in the thyroid-defi cient subject and increased above 

normal when thyroid hormones are present in excess. Once 

again, T3 amplifi es physiological signals for fat mobilization 

without itself acting as such a signal. 

   Increased blood cholesterol ( hypercholesterolemia ), 

mainly in the form of low density lipoproteins (LDL), typi-

cally is found in hypothyroidism. Th yroid hormones reduce 

cholesterol in the plasma of normal subjects and restore 

blood concentrations of cholesterol to normal in hypothy-

roid subjects. Hypercholesterolemia in hypothyroid sub-

jects results from decreased ability to excrete cholesterol in 

bile rather than from overproduction of cholesterol. In fact, 

cholesterol synthesis is impaired in the hypothyroid indi-

vidual. T3 may facilitate hepatic excretion of cholesterol by 

increasing the abundance of LDL receptors in hepatocyte 

membranes, thereby enhancing uptake of cholesterol from 

the blood.  

    Nitrogen metabolism 

   Body proteins are constantly being degraded and resynthe-

sized. Both synthesis and degradation of protein are slowed 

in the absence of thyroid hormones, and conversely, both are 

accelerated by thyroid hormones. In the presence of excess 

T4 or T3, the eff ects of degradation predominate, and often 

there is severe catabolism of muscle. In hyperthyroid sub-

jects body protein mass decreases despite increased appetite 

and ingestion of dietary proteins. With thyroid defi ciency 

there is a characteristic accumulation of a mucus-like mate-

rial consisting of protein complexed with hyaluronic acid 

and chondroitin sulfate in extracellular spaces, particu-

larly in the skin. Because of its osmotic eff ect, this material 

causes water to accumulate in these spaces, giving rise to the 

edema typically seen in hypothyroid individuals and to the 

name  myxedema  for hypothyroidism.    

    REGULATION OF THYROID HORMONE
SECRETION 

   As already indicated, secretion of thyroid hormones 

depends on stimulation of thyroid follicular cells by TSH, 

which bears primary responsibility for integrating thyroid 

function with bodily needs (see Chapter 2). In the absence 

of TSH, thyroid cells are quiescent and atrophy, and as we 

have seen, administration of TSH increases both synthesis 

and secretion of T4 and T3. Patients who lack functional 

TSH receptors present at birth with severe hypothyroidism 

accompanied by virtual absence of a functional thyroid 

gland, and high circulating levels of TSH. 

   Secretion of TSH by the pituitary gland is governed by 

positive input from the hypothalamus by way of thyrotropin-

releasing hormone (TRH) and negative input from the thy-

roid gland by way of T3 and T4. TRH increases expression 

of the genes for both the  α - and  β -subunits of TSH, and 

increases the post-translational incorporation of carbohy-

drate that is required for normal potency of TSH. However, 

dependence of the thyrotropes on TRH in not complete, as 

these processes can go on at a reduced level in the absence of 

TRH. Disruption of the TRH gene reduces the TSH con-

tent of mouse pituitaries to less than half that of wild-type 

litter mate controls. Blood levels of thyroid hormones and 

TSH were just below the normal range in a rare case of a 

child with a genetic absence of TRH receptors. Growth was 

somewhat retarded, but hypothyroidism was otherwise mild. 

Similarly, blood levels of thyroid hormones are below nor-

mal in mice lacking a functional TRH gene, but they grow, 

develop, and reproduce almost normally. 

   Maintaining constant levels of thyroid hormones in 

blood depends upon negative feedback eff ects of T4 and T3, 

which inhibit synthesis and secretion of TSH ( Figure 3.12   ). 

Th e contribution of free T4 in blood is quite signifi cant in 

this regard. Because thyrotropes are rich in type II deiodi-

nase, they can convert this more abundant form of thyroid 

hormone to T3 and thereby monitor the overall amount of 

free hormone in blood. High concentrations of thyroid hor-

mones may shut off  TSH secretion completely and, when 

maintained over time, produce atrophy of the thyroid gland. 

Measurement of relative concentrations of TSH and thy-

roid hormones in the blood provide important information 

for diagnosing thyroid disease. For instance, low blood con-

centrations of free T3 and T4 in the presence of elevated 

levels of TSH signal a primary defect in the thyroid gland, 
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 FIGURE 3.12          Feedback regulation of thyroid hormone secretion. Green 
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while high concentrations of free T3 and T4 accompanied 

by high concentrations of TSH refl ect a defect in the pitui-

tary or hypothalamus. As already noted, the high concentra-

tions of T4 and T3 seen in Graves ’  disease are accompanied 

by very low concentrations of TSH in blood as a result of 

negative feedback inhibition of TSH secretion. 

   Negative feedback inhibition of TSH secretion results 

from actions of thyroid hormones exerted both on TRH 

neurons in the paraventricular nuclei of the hypothalamus 

and on thyrotropes in the pituitary. Results of animal studies 

indicate that T3 and T4 inhibit TRH synthesis and secre-

tion. Events thought to occur within the thyrotropes are 

illustrated in  Figure 3.13   . TRH binds its G-protein coupled 

receptors (see Chapter 1) on the surface of thyrotropes. Th e 

resulting activation of phospholipase C generates the sec-

ond messengers inositol trisphosphate (IP 3 ) and diacylglyc-

erol (DAG). IP 3  promotes calcium mobilization, and DAG 

activates protein kinase C, both of which rapidly stimulate 

release of stored hormone. Th is eff ect is augmented by the 

infl ux of extracellular calcium following activation of mem-

brane calcium channels. In addition, transcription of genes 

for both subunits of TSH is increased. TRH also promotes 

processing of the carbohydrate components of TSH nec-

essary for maximum biological activity. Meanwhile, both 

T4 and T3 are transported into thyrotropes at rates deter-

mined by their free concentrations in blood plasma. T4 is 

deiodinated to T3 in the cytoplasm by the abundant type II 

deiodinase. T3 enters the nucleus, binds to its receptors, and 

downregulates transcription of the genes for both the  α - 

and  β -subunits of TSH and for TRH receptors. In addition, 

T3 inhibits release of stored hormone and accelerates TRH 

receptor degradation. Th e net consequence of these actions 

of T3 is a reduction in the sensitivity of the thyrotropes to 

TRH ( Figure 3.14   ).  

    MECHANISM OF THYROID HORMONE ACTION 

   As must already be obvious, virtually all cells appear to 

require optimal amounts of thyroid hormone for normal 

operation, even though diff erent aspects of function may be 

aff ected in diff erent cells. T3 formed by deiodination of T4 

within target cells mixes freely with T3 taken up from the 

plasma and enters the nucleus where it binds to its receptors 

(see Chapter 1). Th yroid hormone receptors are members of 

the nuclear receptor superfamily of transcription factors and 

bind T3 about ten times more avidly than T4. Th ey contain 

about 400 amino acids arranged into regions or domains 

involved in ligand binding, dimerization with other recep-

tors, DNA binding, and protein–protein interactions with 

coactivator or corepressor complexes (see Chapter 1). 

   Th e biology of thyroid hormone receptors is complex 

and incompletely understood, and much of what is known 

has been learned from genetically manipulated mice. Th yroid 
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hormone receptors are encoded in two genes, designated 

TR α  and TR β . Th e TR α  gene resides on chromosome 17 

in humans and gives rise to two isoforms, TR α  1  and TR α  2 . 

Alternate RNA splicing deletes the T3 binding site from the 

TR α  2  isoform so that it cannot act as a hormone receptor, 

but nevertheless plays a vital physiological role (see later). 

Two additional truncated isoforms of the TR α  gene,  Δ  α  1  

and  Δ  α  2 , arise by transcription from a downstream promoter 

and lack both DNA and ligand binding domains. Th eir 

physiological role is uncertain, but they may act as inhibitors 

of TR α  1 . Th e human TR β  gene maps to chromosome 3 and 

also gives rise to two isoforms, TR β  1  and TR β  2 , by alternate 

splicing, and both contain the hormone binding site. TR α  1  

and TR β  1  are distributed widely throughout the body and 

are present in diff erent ratios in the nuclei of all target tis-

sues examined, but TR β  2  appears to be expressed primarily 

in the anterior pituitary gland and the brain. 

   Unlike most other nuclear receptors, thyroid hor-

mone receptors bind to specifi c nucleotide sequences (thy-

roid response elements or TREs) in the genes they regulate 

whether or not the hormone is present. Th ey may bind as 

monomers, but more typically as homodimers composed of 

two thyroid hormone receptors or as heterodimers formed 

with the receptor for an isomer of retinoic acid (RXR) or 

other nuclear receptor family members. In the absence of T3, 

the unoccupied receptor, in conjunction with a corepressor 

protein complex, inhibits T3-dependent gene expression by 

maintaining the DNA in a tightly coiled confi guration that 

bars access of transcription activators or RNA polymerase. 

Upon binding T3, the confi guration of the receptor is modi-

fi ed in a way that causes it to release the corepressor and bind 

instead to a coactivator ( Figure 3.15   ). Although T3 acts in 

an analogous way to suppress expression of some genes, the 

underlying mechanism for negative control of gene expres-

sion is not understood. 

   Th e question of which T3 responses are mediated by 

each form of the T3 receptor has been addressed by exam-

ining the consequences of disrupting all or parts of the 

THR α  or  β  genes in mouse embryos. Mice that lack both 

TR β  isoforms are fertile, exhibit no obvious behavioral 

abnormalities, and have minimal developmental defi cien-

cies except for retinal and cochlear development. However, 

these animals have abnormally high concentrations of TSH, 

T4, and T3 in their blood presumably because TR β 2 medi-

ates the negative feedback action of T3. Th ese symptoms 

are remarkably similar to those seen in a rare genetic dis-

ease that is characterized by resistance to thyroid hormone. 

Like the knockout mice, patients with this disease exhibit 

few abnormalities but have increased circulating levels of 

TSH, T4, and T3. Th eir thyroid glands are enlarged (goiter) 

in response to the high TSH levels, but they suff er none of 

the consequences of T4 hypersecretion. Th is disease typi-

cally results from mutations in the TR β  gene. 

   Manipulation of the gene for TR α  so that only the  α 2 

isoform can be expressed produced no deleterious eff ects on 

lifespan or fertility even though this isoform cannot bind T3. 

However, lack of the TR α 1 isoform in these mice resulted 

in low heart rate and low body temperature. When the TR α  

gene was knocked out so that neither the  α 1 nor the  α 2 iso-

form could be expressed, the animals stopped growing after 

about two weeks and died shortly after weaning with appar-

ent failure of intestinal development. Although relatively few 

symptoms of hypothyroidism result from knockout of any of 

the three TR receptors that are capable of binding T3, loss of 

the  α 2 isoform produced devastating eff ects, suggesting that 

products of the TR α  gene play critical, though perhaps T3-

independent, roles in gene transcription and development. 

   It is possible that the  α  and  β  forms of the receptors 

regulate diff erent complements of genes as suggested in the 

mouse studies, but the observed eff ects may simply refl ect 
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 FIGURE 3.15          Models of the eff ects of thyroid hormone receptor  (TR)  

on gene transcription.  A.  In the absence of T3 the TR in heterodimeric 

union with the retinoic acid receptor  (RXR)  binds to the thyroid hormone 

response element ( TRE ) in DNA. The unliganded TR also binds to a 

corepressor, in this case the  silencing mediator retinoic acid and TR  ( SMRT ), 
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( HDAC ), histone demethylase ( HDM ), histone methyl transferase ( HMT ) 

and other factors that interfere with attachment of the RNA polymerase 

in the general transcription complex to the TATA box in the promoter of 

a thyroid hormone regulated gene.  B.  Upon binding  T3 , the  TR  changes 

its conformation, sheds the corepressor complex and replaces it with a 

coactivator, in this case  steroid receptor coactivator-1  ( SRC-1 ), which recruits 

such chromatin remodeling factors as histone acetylase ( HA ) and other 

coactivators that make the gene accessible to the polymerase complex.      
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diff erences in distribution of the  α  and  β  thyroid hormone 

receptors in the various aff ected cell types. Th e combined 

absence of TR α 1, TR β 1, and TR β 2 produces more pro-

nounced symptoms of hypothyroidism than lack of either 

TR α 1 or the TR β  isoforms, suggesting that these recep-

tors have redundant or overlapping functions. However, the 

hypothyroid symptoms are mild compared to those seen 

when the complement of TRs is normal but thyroid hor-

mones are absent. Th ese and related observations in geneti-

cally manipulated cultured cells gave rise to the idea that 

unoccupied thyroid hormone receptors may repress gene 

expression and therefore produce harmful eff ects. Th us at 

least one of the physiological roles of T3 may be to coun-

teract the consequences of the silencing of some genes by 

unoccupied thyroid hormone receptors. 

   Although extensive evidence indicates that T3 and 

T4 produce the majority of their actions through nuclear 

receptors, it is likely that these receptors do not mediate all 

the actions of thyroid hormones. Extranuclear specifi c bind-

ing proteins for thyroid hormones have been found in the 

cytosol and mitochondria, although the functions, if any, 

of these proteins are not known. In addition, some rapid 

eff ects of T3 and T4 that may not involve the genome also 

have been described. It is highly likely that T3 and T4 have 

physiologically important actions that are not dependent on 

nuclear events, but detailed understanding will require fur-

ther research. Th yroid hormones are critical factors in both 

prenatal and anti-natal development and participate in a 

wide range of homeostatic processes, perhaps playing diff er-

ent roles at diff erent stages of development. It should not be 

surprising therefore that multiple mechanisms are employed 

in expressing all the actions of these hormones or in the 

conclusion that much remains to be learned in this regard.   
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C H A P T E R

                                             

      Adrenal Glands  

   Th e adrenal glands are complex polyfunctional 

organs whose secretions are required for main-

tenance of life. Without them, deranged elec-

trolyte or carbohydrate metabolism leads to 

circulatory collapse or hypoglycemic coma and 

death. Th e hormones of the outer region, or 

cortex, are ste roids and act at the level of the 

genome to regulate expression of genes that gov-

ern the operation of fundamental processes in 

virtually all cells. Th ere are three major catego-

ries of adrenal ste roid hormones:  mineralocorti-
coids , whose actions defend the body content of 

sodium and potassium; glucocorticoids, whose 

actions aff ect body fuel metabolism, responses 

to injury, and general cell function; and andro-

gens, whose actions are similar to the hormone 

of the male gonad. We focus on actions of these 

hormones on those processes that are most thor-

oughly studied, but it should be kept in mind 

that adrenal cortical hormones directly or indi-

rectly aff ect almost every physiological pro cess 

and hence are central to the maintenance of 

homeostasis. 

   Secretion of mineralocorticoids is con-

trolled primarily by the kidney through secre-

tion of renin and the consequent production of 

angiotensin II. Secretion of glucocorticoids and 

androgens is controlled by the anterior pitui-

tary gland through secretion of ACTH. Th e 

inner region, the adrenal medulla, is actually a 

component of the sympathetic nervous system 

and participates in the wide array of regulatory 

responses that are characteristic of that branch 

of the nervous system. 

   Th e adrenal cortex and the medulla often 

behave as a functional unit and together confer a 

remarkable capacity to cope with changes in the 

internal or external environment. Fast-acting 

medullary hormones are signals for physiologi-

cal adjustments, and slower-acting cortical hor-

mones maintain or increase sensitivity of tissues 

to medullary hormones and other signals as well 

as maintain or enhance the capacity of tissues to 

respond to such signals. Th e cortical hormones 

thus tend to be modulators rather than initia-

tors of responses. 

    MORPHOLOGY 

   Th e adrenal glands are bilateral structures situ-

ated above the kidneys. Th ey are comprised of 

an outer region or cortex, which normally makes 

up more than three-quarters of the adrenal mass, 

and an inner region or medulla ( Figure 4.1   ). Th e 

medulla is a modifi ed sympathetic ganglion that, 

in response to signals reaching it through cholin-

ergic, preganglionic fi bers, releases either or both 

of its two hormones, epinephrine and norepine-

phrine, into adrenal venous blood. Th e cortex 

arises from mesodermal tissue and produces a 

class of lipid soluble hormones derived from cho-

lesterol, called steroids. Th e cortex is subdivided 

histologically into three zones. Cells in the outer 

region, or  zona glomerulosa , are arranged in clus-

ters (glomeruli) and produce the hormone aldo-

sterone. In the  zona fasciculata , which comprises 

  4 
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the bulk of the cortex, rows of lipid-laden cells are arranged 

radially in bundles of parallel cords (fasces). Th e inner region 

of the cortex consists of a tangled network of cells and is 

called the  zona reticularis . Th e fasciculata and reticularis, 

which produce both cortisol and the adrenal androgens, are 

functionally separate from the zona glomerulosa. 

   Th e adrenal glands receive their blood supply from 

numerous small arteries that branch off  the renal arter-

ies or the lumbar portion of the aorta and its various major 

branches. Th ese arteries penetrate the adrenal capsules and 

divide to form the subcapsular plexus from which small 

arterial branches pass centripetally toward the medulla. Th e 

subcapsular plexuses also give rise to long loops of capillar-

ies that pass between the cords of fascicular cells and empty 

into sinusoids in the reticularis and medulla. Sinusoidal 

blood collects through venules into a single large central 

vein in each adrenal and drains into either the renal vein or 

the inferior vena cava.  

    ADRENAL CORTEX 

   In all species studied thus far, the adrenal cortex is essen-

tial for maintenance of life. Insuffi  ciency of adrenal corti-

cal hormones (Addison’s disease) produced by pathological 

destruction or surgical removal of the adrenal cortices results 

in death within one to two weeks unless replacement ther-

apy is instituted. Virtually every organ system goes awry 

with adrenal cortical insuffi  ciency, but the most likely cause 

of death appears to be circulatory collapse secondary to 

sodium depletion. When food intake is inadequate, death 

may result instead from insuffi  cient amounts of glucose in 

the blood (hypoglycemia). 

   Adrenal cortical hormones have been divided into two 

categories based on their ability to protect against these two 

causes of death. Th e so-called mineralocorticoids are nec-

essary for maintenance of sodium and potassium balance. 

Aldosterone is the physiologically important mineralocor-

ticoid, although some deoxycorticosterone, another potent 

mineralocorticoid, is also produced by the normal adrenal 

gland ( Figure 4.2   ). Cortisol and, to a lesser extent, cortico-

sterone are the physiologically important glucocorticoids 

and are so named for their ability to maintain carbohydrate 

reserves. Glucocorticoids have a variety of other eff ects as 

well. Th e adrenal cortex also produces androgens, which, as 

their name implies, have biological eff ects similar to those 

of the male gonadal hormones (see Chapter 12). Adrenal 

androgens mediate some of the changes that occur at puberty 

and play an important role during fetal life (see Chapter 14). 

Adrenal steroid hormones are closely related to steroid hor-

mones produced by the testis and ovary and are synthesized 

from common precursors. 

    Adrenocortical hormones 

   All the adrenal steroids are derivatives of the polycyclic phen-

anthrene nucleus, which is also present in cholesterol, ovarian 

and testicular steroids, bile acids, and precursors of vitamin D. 

Use of some of the standard conventions for naming the 

rings and the carbons facilitates discussion of the biosynthe-

sis and metabolism of the steroid hormones. When drawing 

structures of steroid hormones, carbon atoms are indicated 
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 FIGURE 4.1          Anatomy and histology of the adrenal glands. The paired 

adrenal glands are located above the kidneys and are comprised of an 

outer cortex containing three functional zones and an inner medulla.    
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by junctions of lines that represent chemical bonds. Th e 

carbons are numbered and the rings lettered as shown in 

 Figure 4.3   . It should be remembered that steroid hormones 

have complex three-dimensional structures; they are not fl at, 

two-dimensional molecules as we depict them for simplic-

ity. Substituents on the steroid nucleus that project toward 

the reader usually are designated by the prefi x  β . Th ose that 

project away from the reader are designated by  α  and are 

shown diagrammatically with dashed lines. 

   Th e fully saturated 21-carbon molecule is called  preg-
nane . When a double bond is present in any of the rings, the 

- ane  in the ending is changed to - ene , or to - diene  when there 

are two double bonds (e.g.,  pregnene  or  pregnadiene ). 
Th e location of the double bond is designated by the Greek 

letter  Δ  followed by one or more superscripts to indicate 

the location. Th e presence of a hydroxyl group (OH) is indi-

cated by the ending - ol , and the presence of a keto group 

(O) by the ending - one . Th us the important intermediate 

in the biosynthetic pathway for steroid hormones shown in 

 Figure 4.3  has a double bond in the B ring, a keto group on 

carbon 20, and a hydroxyl group on carbon 3, and hence is 

called  Δ  5 pregnenolone . 
   Th e starting material for steroid hormone biosynthe-

sis is cholesterol, most of which arrives at the adrenal cortex 

in the form of low density lipoproteins, which are taken up 

avidly from blood by a process of receptor-mediated endo-

cytosis. Adrenal cortical cells also synthesize cholesterol from 

carbohydrate or fatty acid precursors. Substantial amounts of 

cholesterol are stored in steroid hormone-producing cells in 

the form of fatty acid esters. 

   Key reactions in the biosynthesis of the adrenal 

hormones are catalyzed by a particular class of oxidizing 

enzymes, the cytochromes P450, that includes a large number 

of hepatic detoxifying enzymes. Th ey contain a heme group 

covalently linked through a sulfur-iron bond and absorb 

light in the visible range. Th e name P450 derives from the 

property of these pigments to absorb light at 450 nmeters 

when reduced by carbon monoxide. Th e P450 enzymes 

utilize atmospheric oxygen and electrons donated from 

NADPH  �   to oxidize their substrates. Although they have 

only a single substrate-binding site, some of the P450 

enzymes catalyze more than one oxidative step in steroid 

hormone synthesis. 

   Th e rate-limiting step in the biosynthesis of all the 

steroid hormones is the conversion of the 27-carbon cho-

lesterol molecule to the 21-carbon pregnenolone molecule 

( Figure 4.3 ). Th is conversion is catalyzed by a unique enzyme, 

P450 side chain cleavage enzyme (P450scc), which resides on 

the inner mitochondrial membrane. P450scc catalyzes three 

sequential oxidative reactions, the oxidation of carbons 20 

and 22, and cleavage of the bond between them to shorten 

the side chain and reduce the number of carbons to 21. Th e 

rate of steroid hormone biosynthesis is determined by the 

rate at which cholesterol is presented to P450scc and con-

verted to pregnenolone. To gain access to the enzyme, choles-

terol must fi rst be released from its esterifi ed storage form in 

the cytosol by the action of an esterase. Th e free, but water-

insoluble cholesterol must then be transferred to the mito-

chondrial surfaces through the agency of cholesterol binding 

proteins with participation of cytoskeletal elements, and then 

must enter the mitochondria. Transit across the mitochon-

drial membrane bilayer requires synthesis and phosphoryla-

tion of the short-lived  steroid acute regulatory (StAR) protein . 

Blockade of its synthesis blocks steroidogenesis. Th e StAR 

protein binds cholesterol and enters the mitochondria where 

it is inactivated, but it apparently does not function simply 

as a membrane carrier protein. Precisely how StAR facilitates 

delivery of cholesterol to the P450scc enzyme is not known, 

but constitutively expressed proteins in the outer mitochon-

drial membrane, particularly the benzodiazepine receptor, 

also play a role. StAR is present in all steroidogenic tissues 

except the placenta, and its synthesis is rapidly accelerated by 

agents that stimulate steroid hormone biosynthesis. Egress 

from mitochondria is independent of StAR protein, as 21 
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carbon steroids pass through the mitochondrial membranes 

rather freely. 

   Pregnenolone is the common precursor of all steroid 

hormones produced by the adrenals or the gonads. Early in 

the biosynthetic pathway the enzyme 3 β -hydroxysteroid 

dehydrogenase (3 β -HSD) catalyzes oxidation of the hydroxyl 

group at carbon 3 and causes a rearrangement that shifts 

the double bond from the B ring to the A ring. A ketone 

group at carbon 3 is found in all biologically important adre-

nal steroids and appears necessary for physiological activity. 

Biosynthesis of the various steroid hormones involves oxy-

genation of carbons 11, 17, 18, and 21, as depicted in  Figure 

4.4   . Th e exact sequence of hydroxylations may vary, and some 

of the reactions may take place in a diff erent order than that 

presented in the fi gure. Th e specifi c hormone that ultimately 

is secreted once the cholesterol–pregnenolone roadblock has 

been passed is determined by the enzymatic makeup of the 

particular cells involved. For example, there are two diff er-

ent P450 enzymes that catalyze the hydroxylation of carbon 

11. Th ey are encoded in separate genes that occupy adjacent 

loci on chromosome 8. Th e two enzymes are 93% identical in 

their amino acid sequence, and appear to have arisen by gene 

duplication prior to the emergence of terrestrial vertebrates. 

One of enzymes (P450c11AS) is expressed exclusively in cells 

of the zona glomerulosa, and sequentially catalyzes the oxi-

dation of both carbon 11 and carbon 18 to form aldosterone. 

Th e other enzyme (P450c11 β ) is found in cells of the zonae 

fasciculata and reticularis and can oxidize only carbon 11. 

Cells of the zonae fasciculata and reticularis, but not of the 

zona glomerulosa, express the enzyme P450c17, also called 

P450 17 α -hydroxylase/lyase, which catalyzes the oxidation 

of the carbon at position 17. Hence glomerulosa cells can 

produce corticosterone, aldosterone, and deoxycorticosterone, 

but not cortisol, whereas cells of the zonae fasciculata and 

reticularis can form cortisol and 17 α -hydroxy-progesterone. 

When reducing equivalents are delivered to P450c17 rapidly 

enough, the reaction continues beyond the 17 α -hydroxylation 

of progesterone to cleavage of the carbon 17–20 bond. 

Removal of carbons 20 and 21 produces the 19-carbon andro-

gens. Hence androgens may also be produced by these cells 

but not by glomerulosa cells. 

   As is probably already apparent, steroid chemistry is 

complex and can be bewildering; but because these com-

pounds are so important physiologically and therapeutically, 

some familiarity with their structures is required. We can 

simplify the task somewhat by noting that steroid hormones 

can be placed into three major categories: those that contain 

21 carbon atoms, those that contain 19 carbon atoms, and 

those that contain 18 carbon atoms. In addition, there are 

relatively few sites where modifi cation of the steroid nucleus 

determines its physiological activity. 

   Th e physiologically important steroid hormones of 

the 21-carbon series are as follows. 

      ●      Progesterone has the simplest structure and can serve as 

a precursor molecule for all the other steroid hormones. 

Note that the only modifi cations to the basic carbon 

skeleton of the 21-carbon steroid nucleus are keto groups 

at positions 3 and 20. Normal adrenal cortical cells form 

little, if any, progesterone and none escapes into adrenal 

venous blood. Progesterone is a major secretory product 

of the ovaries and the placenta (Chapters 13 and 14).  

      ●      Th e presence of a hydroxyl group at carbon 21 of 

progesterone is the minimal change required for 

adrenal corticoid activity. Th is addition produces 

11-deoxycorticosterone, a potent mineralocorticoid 

that is virtually devoid of glucocorticoid activity. 

Deoxycorticosterone is only a minor secretory product of 

the normal adrenal gland but may become important in 

some disease states.  

      ●      A hydroxyl group at carbon 11 is found in all 

glucocorticoids. Adding the hydroxyl group at carbon 

11 confers glucocorticoid activity to deoxycorticosterone 

and reduces its mineralocorticoid activity tenfold. Th is 

compound is corticosterone and can be produced in cells 

of all three zones of the adrenal cortex. Corticosterone 

is the major glucocorticoid in the rat but is of only 

secondary importance in humans.  

      ●      Corticosterone is a precursor of aldosterone, which is 

produced in cells of the zona glomerulosa by oxidation 

of carbon 18 to an aldehyde. Th e oxygen at carbon 18 

increases the mineralocorticoid potency of corticosterone 

by a factor of 200 and only slightly decreases gluco-

corticoid activity.  

      ●      Cortisol diff ers from corticosterone only by the presence 

of a hydroxyl group at carbon 17. Cortisol is the most 

potent of the naturally occurring glucocorticoids. It has 

ten times as much glucocorticoid activity as aldosterone, 

but less than 0.25% of aldosterone’s mineralocorticoid 

activity in normal human subjects. Synthetic gluco-

corticoids with even greater potency than cortisol are 

available for therapeutic use.    

   Steroids in the 19-carbon series usually have androgenic 

(male hormone) activity and are precursors of the estrogens 

(female hormones). Hydroxylation of either pregnenolone 

or progesterone at carbon 17 is the critical prerequisite for 

cleavage of the C20,21 side chain to yield the adrenal 

androgens dehydroepiandrosterone or androstenedione 

(see  Figure 4.4 ). Th ese compounds are also called 17-keto-

steroids. Th e principal testicular androgen is testosterone, 



4Adrenal Glands

65

which has a hydroxyl group rather than a keto group at 

carbon 17. Although the 19 carbon androgens are products 

of the same enzyme that catalyzes 17 α -hydroxylation in 

the adrenals and the gonads, cleavage of the bond linking 

carbons 17 and 20 in the adrenals normally occurs to a 

signifi cant extent only after puberty, and then is confi ned 

largely to the cells of the zona reticularis. 

   Steroids of the 18 carbon series usually have estrogenic 

activity. Estrogens characteristically have an unsaturated 

A ring. Oxidation of the A ring (a process called  aroma-
tization ) results in loss of the methyl carbon at position 19 

( Figure 4.5   ). Th is reaction takes place principally in ovaries 

and placenta, but can also occur in a variety of nonendocrine 

tissues. 

 FIGURE 4.4          Biosynthesis of adrenal 

cortical hormones. Reactions shown 

in the yellow box are unique to the 

zona glomerulosa. Reactions shown 

in the blue box are seen in the zonae 

fasciculata. Reactions shown in the 

green box are seen in both the zona 

glomerulosa and reticularis. Reactions 

shown in the pink box are largely 

confi ned to the zona reticularis. 

Structural changes produced in each 

reaction are shown in red.    
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    Control of adrenal cortical hormone synthesis 

    Eff ects of ACTH 

   Adrenocorticotropic hormone (ACTH) secreted by the 

anterior pituitary gland (see Chapter 2) maintains normal 

secretory activity of the zonae fasciculata and reticularis of 

the adrenal cortex. After removal of the pituitary gland, lit-

tle or no steroidogenesis occurs in the zona fasciculata or 

reticularis, but the zona glomerulosa continues to func-

tion. In cells of all three zones, ACTH interacts with a 

G-protein-coupled membrane receptor, the melanocortin 

2 (MR2) receptor, and triggers production of cyclic AMP. 

Cyclic AMP activates protein kinase A, which catalyzes the 

phosphorylation of a variety of proteins and thereby modi-

fi es their activity. In the zonae fasciculata and reticularis this 

results in accelerated deesterifi cation of cholesterol esters, 

increased transport of cholesterol to the mitochondria, 

increased activity of preexisting StAR protein and increased 

synthesis of StAR protein ( Figure 4.6   ). Th us the immediate 

actions of ACTH accelerate the delivery of cholesterol to 

the P450scc enzyme on the inner mitochondrial membrane 

to form pregnenolone. 

   Once pregnenolone is formed, remaining steps in 

hormone biosynthesis can proceed without further inter-

vention from ACTH, although some evidence suggests that 

ACTH may also speed up some later reactions in the bio-

synthetic sequence. With continued stimulation, ACTH, 

acting through cyclic AMP and protein kinase A, also stim-

ulates transcription of genes encoding the P450 enzymes 

(P450scc, P450c21, P450c17, P450c11), the LDL (low 

density lipoprotein) receptor responsible for uptake of 

cholesterol, and the StAR protein. 

   ACTH is the only hormone known to control syn-

thesis of the adrenal androgens. Th ese 19 carbon steroids 

are produced primarily in the zona reticularis. Th eir pro-

duction is limited fi rst by the rate of conversion of choles-

terol to pregnenolone and subsequently by cleavage of the 

carbon 17–20 bond. As already mentioned, P450c17, the 

same enzyme that catalyzes  α -hydroxylation of carbon 17 

of cortisol, also catalyzes the second oxidative reaction at 

carbon 17 (17,20-lyase), which removes the C20,21 side 

chain. Some evidence suggests that the lyase reaction is 

increased by phosphorylation of the P450c17, and other 

studies suggest that androgen production is driven by the 

capacity of reticularis cells to deliver reducing equivalents 

to the reaction. Little or no androgen is produced in young 

children whose adrenal glands contain only a rudimentary 

zona reticularis. Th e reticularis with its unique complement 

of enzymes develops shortly before puberty. Th e arrival of 
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 FIGURE 4.6          Stimulation of steroidogenesis by ACTH 

in zona fasciculata cells. Conversion of cholesterol to 

pregnenolone requires mobilization of cholesterol from 

its storage droplet and transfer to the P450scc (side 

chain cleavage) enzyme on the inner mitochondrial 

membrane. See text for discussion. ACTH may also 

increase cholesterol uptake by increasing the number 

or affi  nity of low density lipoprotein (LDL) receptors. 

 α  s       �      stimulatory  α  subunit of the guanine nucleotide-

binding protein. AC �  adenylyl cyclase,  β  γ       �       β  γ  

subunits of the guanine nucleotide-binding protein. 

StAR      �      steroid acute regulatory protein.    
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puberty is preceded by a dramatic increase in production 

of the adrenal androgens (adrenarche), principally dehydro-

epiandrosterone sulfate (DHEAS), which are responsible 

for growth of pubic and axillary hair. Secretion of DHEAS 

gradually rises to reach a maximum by age 20 to 25, and 

thereafter declines. Th is pattern of androgen secretion is 

quite diff erent from the pattern of cortisol secretion and 

therefore appears to be governed by other factors than sim-

ply the ACTH-dependent rate of pregnenolone formation 

or the activity of the 17 α -hydroxylase/lyase-enzyme ( Figure 

4.7   ). Th ese fi ndings have led some investigators to propose 

separate control of adrenal androgen production, possibly 

by another, as yet unidentifi ed pituitary hormone, but to 

date no such hormone has been found. It is important to 

emphasize that increased stimulation of both the fasciculata 

and the reticularis by ACTH can profoundly increase adre-

nal androgen production. 

   Eff ects of ACTH on the adrenal cortex are not limited 

to accelerating the rate-determining step in steroid hormone 

production. ACTH either directly or indirectly also increases 

blood fl ow to the adrenal glands possibly by stimulating 

release of arachaidonic acid-derived vasodilators from cells 

of the zona glomerulosa. Increased blood fl ow provides not 

only needed oxygen and metabolic fuels, but also increases 

the capacity to deliver newly secreted hormone to the general 

circulation. ACTH maintains the functional integrity of the 

inner zones of the adrenal cortex. Absence of ACTH leads to 

atrophy of these two zones, and chronic stimulation increases 

their mass. 

   Stimulation with ACTH increases steroid hormone 

secretion within one to two minutes, and peak rates of secre-

tion are achieved in about 15 minutes. Unlike other endo-

crine cells, steroid-producing cells do not store hormones, 

and hence biosynthesis and secretion are components of a 

single process regulated at the step of cholesterol conversion 

to pregnenolone. Because steroid hormones are lipid-soluble, 

they can diff use through the plasma membrane and enter the 

circulation through simple diff usion down a concentration 

gradient. Even under basal conditions, cortisol concentra-

tions are more than 100 times higher in fasciculata cells than 

in plasma. It is not surprising therefore, that biosynthetic 

intermediates may escape into the circulation during intense 

stimulation. Adult human adrenal glands normally produce 

about 20       mg of cortisol, about 2       mg of corticosterone, 10 to 

15       mg of androgens, and about 150 μg of aldosterone each 

day, but with sustained stimulation they can increase this out-

put manyfold.  

    Control of aldosterone synthesis 

   Th e control of aldosterone synthesis is more complex than 

that of the glucocorticoids. Although cells of the zona 

glomerulosa express ACTH receptors and ACTH is required 

for optimal secretion, ACTH is not an important regulator 

of aldosterone production in most species. Angiotensin II, an 

octapeptide whose production is regulated by the kidney (see 

later and Chapter 7) is the hormonal signal for increased pro-

duction of aldosterone ( Figure 4.8   ). Like ACTH, angiotensin 

II reacts with specifi c G-protein-coupled membrane recep-

tors, but angiotensin II does not activate adenylyl cyclase 

or use cyclic AMP as its second messenger. Instead, it acts 

through IP3 and calcium to promote the formation of preg-

nenolone from cholesterol. Th e ligand-bound angiotensin 

receptor associates with G α  q  and activates phospholipase C 

to release IP3 (see Chapter 1) and diacyl glycerol (DAG) 

from membrane phosphatidylinositol bisphosphate. G α  q  

may also interact directly with potassium channels and cause 

them to close. Th e resulting depolarization of the membrane 

opens voltage-gated calcium channels and allows calcium to 

enter. Simultaneously, the  β  γ  subunits directly activate these 

calcium channels and further promote calcium entry. 

   Intracellular calcium concentrations are also increased 

by interaction of IP3 with its receptor in the endoplasmic 

reticulum to release stored calcium. Increased intracellular 

calcium activates a calmodulin-dependent protein kinase 

(CAM kinase II), which promotes transfer of cholesterol into 

the mitochondria by increasing the activity and synthesis of 

the StAR protein in the same manner as described for pro-

tein kinase A. Increase cytosolic calcium raises the intramito-

chondrial calcium concentration and stimulates P450c11AS, 

which catalyzes the critical fi nal reactions in aldosterone 
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epiandrosterone sulfate (DHEAS) throughout life. DHEAS is abundant in fetal 

plasma (see Chapter 14) and declines precipitously after birth as the fetal 
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Sasano, H., Suzuki, T., and Mason, J.I. (2002) Dissecting human adrenal 

androgen production. Trends in Endocrinology and Metabolism  13 : 234–239.)    
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synthesis. Th e DAG that is released by activation of phospho-

lipase C activates protein kinase C, which may augment the 

phosphorylation and activity of StAR protein, and it may also 

contribute to opening calcium channels. In addition, protein 

kinase C may play an important role in mediating the hyper-

trophy of the zona glomerulosa seen after prolonged stimula-

tion of the adrenal glands with angiotensin II. 

   Cells of the zona glomerulosa are exquisitely sensitive 

to changes in concentration of potassium in the extracellular 

fl uid and adjust aldosterone synthesis and secretion accord-

ingly. An increase of as little as 0.1 mM in the concentration 

of potassium, a change of only about 2 to 3%, may increase 

aldosterone production by as much as 25%. Th is exquisite 

sensitivity is largely attributable to the abundance in the 

plasma membranes of two-pore potassium channels that 

allow outward  “ leak ”  of potassium. Th e especially high potas-

sium conductance produces a highly negative membrane 

potential that becomes less negative as extracellular potassium 

increases. Voltage-sensitive calcium channels are activated by 

small decreases in membrane potential, and allow calcium 

entry. Increasing intracellular calcium not only further depo-

larizes the membrane, but also activates calmodulin kinase II. 

Phosphorylation of these calcium channels increases their 

sensitivity to changes in membrane potential, producing fur-

ther entry of calcium, and amplifi es the response to increases 

in extracellar potassium. Intracellular calcium stimulates 

aldosterone synthesis as already described and heightens 

responsiveness to angiotensin II. 

   It is noteworthy that although aldosterone is the 

principal regulator of body sodium content, sodium has lit-

tle if any direct eff ect on glomerulosa cells or the rate of 

aldo sterone secretion. However, sodium profoundly aff ects 

aldosterone synthesis indirectly through its role as the major 

determinant of blood volume. Decreases in the eff ective 

plasma volume result in increased angiotensin II produc-

tion, while increases in volume stimulate secretion of atrial 

natriuretic factor (ANF). Regulation of blood volume is dis-

cussed in Chapter 9. Synthesis and secretion of aldosterone 

are negatively regulated by ANF, which activates potassium 

channels and thereby opposes opening of voltage sensitive 

calcium channels. Additionally, ANF reduces synthesis and 

phosphorylation of the StAR protein and inhibits transcrip-

tion of its gene. ANF receptors have intrinsic guanylyl cyclase 

activity, and when bound to ANF, catalyze the conversion of 

guanosine triphosphate to cyclic guanosine monophosphate 

(cyclic GMP). Precisely how an increase in cyclic GMP 
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aldosterone synthesis by angiotensin 

II (AII). AII accelerates the conversion 

of cholesterol to pregnenolone 

and 11- deoxycorticosterone to 

aldosterone.   α  q  ,   α  β  γ        �      subunits 

of the guanine nucleotide-binding 

protein.  PLC       �      phospholipase C. 

 DAG       �      diacylglycerol;  IP3       �      inositol 

trisphosphate;  PKC       �      protein 

kinase C;  CAM kinase II       �       

calcium,calmodulin-dependent 

protein kinase II;  StAR       �      steroid 

acute regulatory protein.    



4Adrenal Glands

69

interferes with aldosterone synthesis has not been established. 

Cyclic GMP is known to activate the enzyme cyclic AMP 

phosphodiesterase, and may thereby lower basal levels of 

cyclic AMP, or it may act through stimulating cyclic GMP-

dependent protein kinase.   

    Adrenal steroid hormones in blood 

   Adrenal cortical hormones are transported in blood bound 

to a specifi c plasma protein, called transcortin or cortico-

steroid binding globulin (CBG), and to a lesser extent to 

albumin. Like albumin, CBG is synthesized and secreted by 

the liver, but its concentration of  � 1 μM in plasma is only 

about one-thousandth that of albumin. CBG is a glyco-

protein with a molecular weight of about 58,000, and is a 

member of the serine proteinase inhibitor (SERPIN) super-

family of proteins. It has a single steroid hormone binding 

site whose affi  nity for cortisol is nearly 20 times higher than 

for aldosterone. About 95% of the cortisol and about 60% 

of the aldosterone in blood are bound to protein. Under 

normal circumstances the concentration of free or unbound 

cortisol in plasma is about 100 times that of aldosterone. 

Probably because they circulate bound to plasma proteins, 

adrenal steroids have a relatively long half-life in blood: one 

and a half to two hours for cortisol, and about 15 minutes 

for aldosterone ( Table 4.1   )  .

    Postsecretory metabolism of adrenal cortical 

hormones 

    Th e cortisol/cortisone shuttle 

   Metabolic transformations of steroid hormones are not con-

fi ned to the glands of origin, but may continue after secretion, 

and may increase, decrease, or otherwise change biological 

activity. Several steroid metabolizing enzymes are expressed 

in steroid target tissues. Among these are two isoforms of 

the enzyme 11 β  hydroxysteroid dehydrogenase (11 β HSD I 

and 11 β HSD II). Th e two enzymes are products of diff erent 

genes and have diff erent catalytic properties. 11 β HSD I cata-

lyzes either the oxidation of the 11 hydroxyl group of cortisol 

to a ketone to form the inactive steroid cortisone ( Figure 4.9   ), 

or reduces the 11 keto-group of cortisone to form cortisol, 

depending upon the prevailing redox state. 11 β HSD II cata-

lyzes only the oxidation of cortisol to the inactive cortisone. 

Th ese reactions, which enable tissues to activate or inactivate 

glucocorticoid locally, are profoundly important for expres-

sion of both glucocorticoid and mineralocorticoid responses. 

   Receptors for adrenal steroids originally were classifi ed 

based upon their affi  nity and selectivity for mineralo- or gluco-

corticoids. Th e mineralocorticoid receptors, also called type I 

receptors, have a high and nearly equal affi  nity for aldoster-

one and cortisol. Th e type II, or glucocorticoid receptors, have 

a considerably greater affi  nity for cortisol than for aldoster-

one. Expression of mineralocorticoid receptors is confi ned 

largely to aldosterone target tissues and the brain, whereas 

glucocorticoid receptor expression is widely disseminated. In 

the unstimulated state both receptors reside in the cytosol 

bound to other proteins. Upon binding hormone, they release 

their associated proteins and migrate as dimers to the nucleus 

where they activate or repress gene expression (see Chapter 1). 

   Because the mineralocorticoid receptor binds aldos-

terone and cortisol with nearly equal affi  nity, it cannot dis-

tinguish between the two classes of steroid hormones. 

Nevertheless, even though the concentration of cortisol in 

blood is about 1,000 times higher than that of aldosterone, 

mineralocorticoid responses refl ect the availability of aldo-

sterone. Th is is due in part to diff erences in plasma protein 

binding; only 3 or 4% of cortisol is in free solution compared 

to nearly 40% of the aldosterone. Although hormone binding 

lowers the discrepancy in the available hormone concentra-

tions by tenfold, free cortisol is 100 times as abundant as 

free aldosterone, and readily diff uses into mineralocor ticoid 

target cells. Access to the mineralocorticoid receptor, however, 

is guarded by the enzyme HSD II, which colocalizes with 

mineralocorticoid receptors and defends mineralocorticoid 

specifi city. Th e high effi  ciency of this enzyme inactivates 

 TABLE 4.1          Plasma Concentrations and Secretion Rates of the Principal 

Adrenocortical Hormones  

    

 8 A.M.Plasma 

concentration   

(μg/dl) 

 Secretion 

Rate 

(mg/day) 

 Half-life 

(minutes) 

   Cortisol   15  15  100 

   Corticosterone    1   3  30 

   Deoxycocticosterone    0.07   0.6  40 

   Aldosterone     .012   0.15  15 

   DHEA    0.5   4 *    � 20 

   DHEAS  150  15 *   1,200 

   Androstenedione    0.12  1.5 *    � 20 

  ( DHEA       �      dehydroepiandrosterone;  DHEAS       �      dehydroepiandrosterone sulfate)  

  *  About 30% originates in the gonads  
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 FIGURE 4.9          The cortisol-cortisone shuttle. Two enzymes, 11-hydroxy-

steroid dehydrogenase (HSD I and HSD II) catalyze the oxidation of 

cortisol to cortisone. HSD I can also catalyze the reaction in the reverse 

direction converting the inactive cortisone to cortisol.    
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cortisol by converting it to cortisone, which is released into 

the blood ( Figure 4.10   ). Th e 11-hydroxyl group of aldosterone 

is protected from the enzyme because it forms a hemi-acetal 

with the aldehyde group on carbon 18 ( Figure 4.11   ). Th e kid-

neys, which are the major targets for aldosterone, are a major 

source of circulating cortisone. Persons with a genetic defect 

in HSD II suff er from symptoms of mineralocorticoid excess 

(hypertension and hypokalemia) as a result of constant satura-

tion of the mineralocorticoid receptor by cortisol. An acquired 

form of the same ailment is seen after ingestion of excessive 

amounts of licorice, which contains an inhibitor of HSD-II. 

   A variety of glucocorticoid target tissues including adi-

pose tissue and cells of the immune system express HSD I, 

which functions in the opposite direction in these tissues, 

converting cortisone to cortisol. Because of this ability, the 

eff ective concentrations of cortisol in these tissues is con-

siderably higher than in arterial blood, and glucocorticoid 

responses that might not otherwise occur can now take 

place. Th is phenomenon helps to resolve the longstand-

ing question of how glucocorticoid responses that require 

hormone concentrations that are substantially higher than 

normal blood levels can nevertheless be produced under 

physiological circumstances.  

    Postsecretory transformations of androgens 

   Dehydroepiandrosterone sulfate (DHEAS), the major product 

of the zona reticularis, is the most abundant steroid hormone 

in the circulation. Neither DHEAS nor its close relative 

androstenedione bind to the androgen receptor, but these 

19 carbon steroids are converted to active male and female sex 

hormones within some peripheral target cells ( Figure 4.12 ). 
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 FIGURE 4.12          Pathways of extra-adrenal 
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protects the 11 hydroxyl group of aldosterone from oxidation by HSD (11 

hydroxysteroid dehydrogenase) II.    
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 FIGURE 4.10          Oxidation of cortisol to cortisone renders the steroid 

incapable of binding to the mineralocorticoid receptor.    
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For the most part these peripherally formed hormones do not 

enter the circulation, and their biological actions are limited 

to the cells in which they are formed. Th e ability of periph-

eral target cells to carry out these transformations has pro-

found consequences for progression of tumors in the prostate 

and breast, and also for the normal growth and maturation of 

bone (Chapter 11). Th e term  intracrinology  has been used to 

describe production of hormones by the cells in which they 

act without escaping into the extracellular fl uid. Following 

removal of the sulfate ester at carbon 3, DHEAS is oxidized 

to androstenedione, which is the immediate precursor of tes-

tosterone or estrone.  

    Inactivation of adrenal cortical steroids 

   Mammals cannot degrade the ring structure of the steroid 

nucleus. Steroid hormones are inactivated by metabolic 

changes that make them unrecognizable to their receptors. 

Inactivation of glucocorticoids occurs mainly in liver and is 

achieved primarily by reduction of the A ring and its keto 

group at position 3. Conjugation of the resulting hydroxyl 

group on carbon 3 with glucuronic acid or sulfate increases 

water solubility and decreases binding to CBG so the ste-

roid can now pass through renal glomerular capillaries and 

be excreted in the urine. Th e major products of adrenal 

steroid hormone degradation are glucuronide esters of 

17-hydroxycorticosteroids (17-OHCS) derived from cor-

tisol, and 17-ketosteroids (17 KS) derived from glucocor-

ticoids and androgens. Because recognizable hormonal 

derivatives are excreted in urine, it is possible to estimate 

daily secretory rates of steroid hormones by the noninvasive 

technique of measuring their abundance in urine.     

    PHYSIOLOGY OF THE MINERALOCORTICOIDS 

   Although several naturally occurring adrenal cortical steroids, 

including glucocorticoids, can produce mineralocorticoid 

eff ects, aldosterone is by far the most important mineralocor-

ticoid physiologically. In its absence there is a progressive loss 

of sodium by the kidney, which results secondarily in a loss of 

extracellular fl uid (see Chapter 9). It may be recalled that the 

kidney adjusts the volume and composition of the extracellu-

lar fl uid by processes that involve formation of an ultrafi ltrate 

of plasma followed by secretion or selective reabsorption of 

solutes and water. Reabsorption of sodium is diminished in 

the absence of aldosterone, and with loss of sodium, there is 

an accompanying loss of water and a resulting decrease in 

blood volume. Decreased blood volume (hypovolemia) leads 

to a compensatory retention of  “ free ”  water (see Chapter 9) 

with the result that the concentration of sodium in blood 

plasma may gradually fall (hyponatremia) from the normal 

value of 140 mEq/liter to 120 mEq/liter or even lower in 

extreme cases. 

   With the decrease in concentration of sodium, the 

principal cation of extracellular fl uid, there is a net transfer of 

water from extracellular to intracellular space, further aggra-

vating hypovolemia. Diarrhea is frequently seen, and it too, 

worsens hypovolemia. Loss of plasma volume increases the 

hematocrit (concentration of blood cells) and the viscosity 

of blood (hemoconcentration). Simultaneous with the loss of 

sodium, the ability to excrete potassium is impaired, and with 

continued dietary intake, plasma concentrations of potassium 

may increase from the normal value of 4 mEq/liter to 8 to 10 

mEq/liter (hyperkalemia). Increased concentrations of potas-

sium in blood, and therefore in extracellular fl uid, result in 

partial depolarization of plasma membranes of all cells, lead-

ing to cardiac arrhythmia and weakness of muscles includ-

ing the heart. Blood pressure falls from the combined eff ects 

of decreased vascular volume, decreased cardiac contractility, 

and decreased responsiveness of vascular smooth muscle to 

vasoconstrictor agents caused by hyponatremia. Mild acido-

sis is seen with mineralocorticoid defi ciency, partly as a result 

of deranged potassium balance and partly from lack of the 

direct eff ects of aldosterone on hydrogen ion excretion. 

   All these life-threatening changes can be reversed by 

administration of aldosterone and can be traced to the ability 

of aldosterone to promote inward transport of sodium across 

epithelial cells of kidney tubules and the outward transport of 

potassium and hydrogen ions into the urine. It has been esti-

mated that aldosterone is required for the reabsorption of only 

about 2% of the sodium fi ltered at the renal glomeruli; even 

in its absence, about 98% of the fi ltered sodium is reabsorbed. 

However, 2% of the sodium fi ltered each day corresponds to 

the amount present in about 3.5 liters of extracellular fl uid. 

Aldosterone also promotes sodium and potassium transport 

by the sweat glands, the colon, and the salivary glands. Of 

these target tissues, the kidney is by far the most important. 

       Eff ects of aldosterone on the kidney 

   Initial insights into the action of aldosterone on the kidney 

were obtained from observations of the eff ects of hormone 

deprivation or administration on the composition of the urine. 

Mineralocorticoids decrease the ratio of sodium to potassium 

concentrations in urine; in the absence of mineralocorticoids, 

the ratio increases as sodium is lost from the body and potas-

sium is retained. However, although aldosterone promotes 

both sodium conservation and potassium excretion, the two 

eff ects are not tightly coupled, and sodium is not simply 

exchanged for potassium. Indeed, when normal human sub-

jects were given aldosterone for 25 days, the sodium-retaining 

eff ects lasted only for the fi rst 15 days, but increased excretion 
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of potassium persisted for as long as the hormone was given 

( Figure 4.13   ). Renal handling of sodium and potassium is 

complex, and compensatory mechanisms exerted at aldo-

sterone insensitive loci within the kidney can off set sustained 

eff ects of aldosterone on sodium absorption in the otherwise 

normal subjects (see Chapter 9). 

   Th e million or so tubules (nephrons) in each kidney 

reabsorb nearly all 180 liters of plasma ultrafi ltrate formed 

each day whether or not aldosterone is present. Aldosterone-

sensitive cells, called  principal cells , are found in a relatively 

short segment of the nephron comprised mainly of the 

connecting tubule and the cortical portion of the collecting 

duct (see Chapter 9). Less than 10% of the fi ltrate remains 

by the time it reaches this distal segment, and hence aldoster-

one infl uences reabsorption of only a small fraction of the fi l-

tered sodium. Th roughout the nephron reabsorption is driven 

by energy-dependent two-step transfer of sodium across the 

tubular epithelium. Sodium enters the tubular cells on trans-

porters or through channels in the luminal membranes and is 

pumped out into the interstitium by the action of the sodium-

potassium-dependent ATPase (sodium pump) in the baso-

lateral membranes. Each cycle of this enzyme extrudes three 

sodium ions and imports two potassium ions. Potassium, 

which would otherwise accumulate within the cells, diff uses 

out passively through channels located in the basolateral 

membranes. 

   In aldosterone-sensitive  principal cells , however, potas-

sium channels called ROMK channels (for renal outer 

medullary K  �  ) are also present in the luminal membranes. 

Aldosterone-driven movement of sodium from the lumen 

to interstitium in these cells may thus be accompanied by 

secretion of potassium into the tubular lumen. Although 

potassium secretion depends upon sodium reabsorption, 

the ratio of these ion movements is not constant. Rather, 

the amount of potassium that diff uses back into the inter-

stitium or that enters the tubular lumen is determined by 

the relative strengths of the electrochemical gradients across 

the luminal and basolateral membranes, and these in turn 

are determined by the potassium concentration of the inter-

stitial fl uid and the composition and rate of fl ow of tubular 

fl uid ( Figure 4.14A   ). 

   Aldosterone increases the entry of sodium into the 

principal cells by increasing the abundance of functional 

epithelial sodium channels (E Na C) in the luminal mem-

branes of the principal cells. Th is action of aldosterone 

requires a lag period of at least 30 minutes, is sensitive to 

inhibitors of RNA and protein synthesis, and is mediated 

by transcriptional events initiated by nuclear receptors (see 

Chapter 1). Th at is, after binding to the mineralocorticoid 

receptor, the aldosterone-receptor complex binds to hor-

mone response elements that regulate transcription of cer-

tain genes. Surface expression of ENaC depends equally on 
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 FIGURE 4.13          Eff ects of continuous 

administration of aldosterone to a normal man. 

Aldosterone (3–6       mg/day) increased potassium 

excretion and sodium retention, represented here 

as a decrease in urinary sodium. The increased 

retention of sodium, which continued for two 

weeks, caused fl uid retention and hence an 

increase in body weight. The subject  “ escaped ”  

from the sodium-retaining eff ects but continued 

to excrete increased amounts of potassium for as 

long as aldosterone was given. (From August, J.T., 

Nelson, D.H., Thorn, G.W. (1958) Response of 

normal subjects to large amounts of aldosterone. 

 J. Clin. Invest.   37 : 1549–1559.)    
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the rates of insertion by exocytosis and retrieval by endo-

cytosis. Aldosterone upregulates expression of genes whose 

products directly or indirectly enhance insertion and delay 

retrieval of ENaC. Epithelial sodium channels are composed 

of  α ,  β , and  γ  subunits whose assembly in the endoplasmic 

reticulum is essential for transfer to the Golgi apparatus 

where the channels are proteolytically activated and dis-

patched to the luminal membrane. Th e channels are 

retrieved from the luminal membrane by endocytosis after 

a relatively short half-life. Retrieval of ENaC depends upon 

its ubiquitylation by the ubiquitin ligase Nedd4-2 and sub-

sequent transfer to proteasomes for destruction. 

   One of the important proteins that is upregulated 

early in the response to aldosterone is the  serum-glucocorticoid 
dependent kinase 1  (SGK1). In the principal cells SGK1 

phosphorylates and inactivates Nedd4-2, thereby prolonging 

the half-life of E Na C in the luminal membrane ( Figure 

4.14B ). Aldosterone upregulates expression of the E Na C  α  

subunit, and therefore the abundance and availability of the 

channels. Th e rate of entry of sodium at the luminal surface 

 FIGURE 4.14          Proposed mechanisms of action of aldosterone in the kidney.  A.  Sodium enters principal cells in the cortical collecting ducts through 

epithelial sodium channels (E Na C), and is extruded into the interstitium by the sodium/potassium ATPase. Potassium exits through  ROMK  (renal outer 

medullary K) channels in the luminal surface or through basolateral potassium channels.  B.  After a delay of ~30 minutes aldosterone increases expression 

of the serum glucocorticoid-induced kinase ( SGK ) 1. SGK1 increases ENaC in luminal membranes by phosphorylating and inactivating the ubiquitin ligase 

 Nedd4-2  that initiates ENaC retrieval. SGK1 also phosphorylates and increases the activity of ROMK channels.  MR       �      mineralocorticoid receptor;  HSD II       �      11 

hydroxysteroid dehydrogenase II.  C.  Later eff ects of aldosterone include increased expression of proteins associated with increased sodium transport.  D.  In 

intercalated cells, aldosterone promotes the secretion of protons by a mechanism that bypasses the nucleus and probably involves an aldosterone receptor 

on the cell surface ( AR ) acting through some second messenger.          
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of the principal cells is limited by the rate of extrusion at 

the basolateral surface. Aldosterone increases the expression 

and surface activity of the sodium/potassium ATPase in the 

basolateral membranes, and increases the capacity for ATP 

generation by promoting synthesis of some enzymes of 

the citric acid cycle in mitochondria, particularly isocitrate 

dehydrogenase ( Figure 4.14C ). In addition, aldosterone 

increases the activity of ROMK channels in the luminal 

membrane through phosphorylation by SGK1, and may 

also increase their surface abundance. 

   Th e  intercalated cells  in the distal nephron and collect-

ing duct are also targets of aldosterone action. Aldosterone 

stimulates these cells to excrete hydrogen ions by increasing 

the activity and abundance of an electrogenic proton pump 

(H  �  ATPase) in their luminal membranes, and perhaps 

stimulating the activity of a sodium/hydrogen ion exchanger. 

At least some aspects of this eff ect are too rapid to be depen-

dent on transcription and may be mediated by membrane-

bound rather than nuclear receptors ( Figure 4.14D ). Th is 

nongenomically mediated action of aldosterone appears to 

involve activation of protein kinase C, but the proteins phos-

phorylated by protein kinase C have not been identifi ed. 

Transcriptional changes in the intercalated cells also con-

tribute to these eff ects. Aldosterone-stimulated excretion of 

protons lowers the hydrogen ion concentration of the plasma, 

which indirectly lowers the potassium concentration, and 

thereby reinforces the kaliuretic (potassium losing) eff ect pro-

duced by the principal cells. Decreases in plasma hydrogen 

ion concentrations cause cells to release hydrogen ions into 

the extracellular fl uid in exchange for potassium ions, which 

are taken up from the extracellular fl uid. Th is eff ect may be 

augmented by the rapid nongenomic eff ect of aldosterone to 

decrease intracellular hydrogen ion concentrations by stimu-

lating sodium hydrogen exchangers in the plasma membranes 

of cells throughout the body. 

   Aldosterone also regulates sodium and potassium 

movements in extrarenal tissues in the same manner as in 

renal principal cells. Aldosterone promotes the absorption of 

sodium and secretion of potassium in the colon and decreases 

the ratio of sodium to potassium concentrations in sweat and 

salivary secretions. Th e concentrations of sodium chloride and 

potassium in the initial secretions of sweat and saliva are sim-

ilar to those of plasma. Epithelial cells of the secretory ducts 

modify the ionic composition of the fl uid as it fl ows from its 

site of generation to the site of release. Aldosterone stimu-

lates ductal epithelial cells and cells lining the colon to reab-

sorb sodium and secrete potassium by the same mechanisms 

as described for the renal cells. Because perspiration can be 

an important avenue for sodium loss, minimizing sodium 

loss in sweat is physiologically signifi cant. Persons suff ering 

from adrenal insuffi  ciency are especially sensitive to extended 

exposure to a hot environment and may become severely 

dehydrated.  

    Regulation of aldosterone secretion 

   Angiotensin II is the primary stimulus for aldosterone 

secretion, although ACTH and high concentrations of 

potassium are also potent stimuli. Angiotensin II is formed 

in blood by a two-step process that depends upon proteo-

lytic cleavage of the plasma protein, angiotensinogen, by 

the enzyme renin, to release the inactive decapeptide angi-

otensin I. Angiotensin I is then converted to angiotensin II 

by the ubiquitous angiotensin converting enzyme. Control 

of angiotensin II production is achieved by regulating the 

secretion of renin from smooth muscle cells of the aff er-

ent glomerular arterioles. Th e principal stimulus for renin 

secretion is a decrease in the vascular volume. Although 

aldosterone secretion is regulated by negative feedback, its 

concentration in plasma is not the controlled variable that 

regulates renin secretion. Regulation of renin secretion is 

discussed further in Chapter 9. 

   Th e principal physiological role of aldosterone is to 

defend the vascular volume. Reabsorption of sodium in the 

kidney is accompanied by a proportionate reabsorption of 

water, and because sodium remains extracellular, its reten-

tion expands the extracellular volume and hence blood 

volume. Conversely, loss of body sodium results in contrac-

tion of the vascular volume and signals increased renin and 

aldosterone secretion ( Figure 4.14   ). Although preservation 

of body sodium is central to aldosterone action, the concen-

tration of sodium in blood does not appear to be monitored 

directly, and fl uctuations in plasma concentrations have lit-

tle direct eff ect on the secretion of renin. 

   Unlike the plasma concentration of sodium, the con-

centration of potassium is directly monitored by the adrenal 

glomerulosa cells, which, as already mentioned, respond to 

increases with increased secretion of aldosterone. By stimu-

lating potassium excretion, aldosterone lowers the plasma 

potassium concentration and thus decreases the stimulus for 

its secretion. Th e relationship between plasma potassium and 

aldosterone thus constitutes a second negative feedback loop 

that also regulates aldosterone secretion ( Figure 4.15 ). Dual 

control mechanisms require mechanisms for integration of 

reinforcing or confl icting demands. Integration is achieved 

largely through the modulating eff ect of potassium on the 

response to angiotensin II. Reinforcement intensifi es with 

increasing plasma potassium concentrations. Glomerulosa 

cells are most sensitive to angiotensin when vascular vol-

ume is decreased and potassium concentrations are high. 

When plasma volume is expanded, hyperkalemia-induced 

secretion of aldosterone promotes potassium excretion 

without causing further sodium retention as a result of renal 
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compensatory mechanisms. When hypovolemia is accom-

panied by hypokalemia, maintenance of plasma volume 

takes precedence, and plasma concentrations of potassium 

may not be reduced further as low potassium concentra-

tions in tubular and interstitial fl uid favor potassium reab-

sorption. Th e roles of angiotensin II and aldosterone in the 

overall regulation of water and ionic balance are considered 

further in Chapter 9.   

    Physiology of the glucocorticoids 

   Although named for their critical role in maintaining car-

bohydrate reserves, glucocorticoids produce diverse physio-

logical actions, many of which are still not well understood 

and therefore can be considered only phenomenologically. 

Virtually every tissue of the body is aff ected by an excess 

or defi ciency of glucocorticoids ( Table 4.2   ). If any simple 

phrase could describe the role of glucocorticoids, it would 

be  “ coping with adversity. ”  Even if sodium balance could be 

preserved and carbohydrate intake were adequate to meet 

energy needs, individuals suff ering from adrenal insuffi  -

ciency would still teeter on the brink of disaster when faced 

with a threatening environment. We shall consider here 

only the most thoroughly studied actions of glucocorticoids. 

    Eff ects on energy metabolism 

   Ability to maintain and draw on metabolic fuel reserves is 

ensured by actions and interactions of many hormones and 

is critically dependent on normal function of the adrenal 

cortex. Although we speak of maintaining carbohydrate 

reserves as the hallmark of glucocorticoid activity, it must be 

understood that metabolism of carbohydrate, protein, and 

lipid are inseparable components of overall energy balance 

and the fates of protein and fat are inexorably intertwined 

with that of carbohydrates. Th is complex topic is considered 

further in Chapter 8. 

   In the absence of adrenal function, even relatively short 

periods of fasting may produce a catastrophic decrease in blood 

sugar (hypoglycemia) accompanied by depletion of muscle 

and liver glycogen. A drastically compromised ability to pro-

duce sugar from nonglucose precursors (gluconeogenesis) 
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 FIGURE 4.15          Dual negative feedback control of aldosterone secretion. 

One monitored variable is blood volume, and another is the plasma 

potassium concentration (see text for details).    

 TABLE 4.2          Some Eff ects of Glucocorticoids.    

   Tissue  Eff ects 

    Central nervous system   Taste, hearing and smell:      ↑ in 

acuity with adrenal cortical 

insuffi  ciency and  ↓  in Cushing’s 

disease

 ↑  Corticotropin releasing hormone 

(CRH) synthesis and secretion 

↓  ADH secretion 

    Cardiovascular system   Maintains sensitivity to epinephrine 

and norepinephrine 

↑  Sensitivity to vasoconstrictor 

agents

Maintains microcirculation 

    Gastrointestinal tract    ↑  Gastric acid secretion 

↓  Gastric mucosal cell proliferation 

    Liver    ↑  Gluconeogenesis 

    Lungs    ↑  Maturation and surfactant 

production during fetal 

development 

    Pituitary    ↓  ACTH secretion and synthesis 

    Kidney    ↑  Glomerular fi ltration rate (GFR)

Required for excretion of dilute 

urine (free water clearance) 

    Bone    ↑  Resorption 

↓  Formation 

    Muscle    ↓  Fatigue (probably secondary to 

cardiovascular actions) 

↑  Protein catabolism

 ↓  Glucose oxidation 

↓  Insulin sensitivity 

↓  Protein synthesis 

    Immune System  (see text)   ↓  Mass of thymus and lymph nodes

 ↓  Blood concentrations of 

eosinophils, basophils, and 

lymphocytes 

↓  Cellular immunity 

    Connective tissue    ↓  Activity of fi broblasts

 ↓  Collagen synthesis 
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forces these individuals to rely almost exclusively on die-

tary sugars to meet their carbohydrate needs. Th eir meta-

bolic problems are complicated further by decreased ability 

to access alternate substrates such as fatty acids and pro-

tein. Glucocorticoids promote hepatic gluconeogenesis and 

glycogen storage in liver and muscle by complementary 

mechanisms ( Figure 4.16   ). 

    1      Extrahepatic actions provide substrate. Glucocorticoids 

promote proteolysis and inhibit protein synthesis in 

muscle and lymphoid tissues, thereby causing amino 

acids to be released into the blood. In addition, they 

increase blood glycerol concentrations by acting with 

other hormones to increase breakdown of triglycerides in 

adipose tissue.  

    2      Hepatic actions enhance the fl ow of glucose precursors 

through existing enzymatic machinery and induce the 

synthesis of additional gluconeogenic and glycogen-

forming enzymes along with enzymes needed to convert 

amino acids to usable precursors of carbohydrate.    

   Nitrogen excretion during fasting is lower than normal 

with adrenal insuffi  ciency, refl ecting decreased conversion 

of amino acids to glucose. High concentrations of gluco-

corticoids, as seen in states of adrenal hyperfunction, inhibit 

protein synthesis and promote rapid breakdown of muscle 

and lymphoid tissues that serve as repositories for stored 

protein. Th ese eff ects result in increased blood urea nitrogen 

(BUN) and enhanced nitrogen excretion. Individuals with 

hyperfunction of the adrenal cortex (Cushing’s disease) char-

acteristically have spindly arms and legs, refl ecting increased 

breakdown of their muscle protein. Protein wasting in these 

patients may also extend to skin and connective tissue, and it 

contributes to their propensity to bruise easily. 

   Glucocorticoids defend against hypoglycemia in yet 

another way. In experimental animals glucocorticoids decrease 

utilization of glucose by muscle and adipose tissue and lower 

the responsiveness of these tissues to insulin. Prolonged 

exposure to high levels of glucocorticoids often leads to dia-

betes mellitus (see Chapter 7); about 20% of patients with 

Cushing’s disease are also diabetic, and virtually all of the 

remainder have some milder impairment of glucose metabo-

lism. Decreased utilization of glucose coupled with increased 

gluconeogenesis leads to increased storage of glucose as gly-

cogen in muscles and liver. Despite the relative decrease in 

insulin sensitivity and increased tendency for fat mobilization 

seen in experimental animals, patients with Cushing’s disease 

paradoxically accumulate fat in the face (moon face), between 

the shoulders (buff alo hump), and in the abdomen (truncal 

obesity). Th ese tissues are particularly sensitive to the eff ects 

of glucocorticoids on fat cell diff erentiation (see Chapter 8).  

    Eff ects on water balance 

   In the absence of the adrenal glands, renal plasma fl ow and 

glomerular fi ltration are reduced and it is diffi  cult to pro-

duce either concentrated or dilute urine. One of the diag-

nostic tests for adrenal cortical insuffi  ciency is the rapidity 

with which a water load can be excreted. Glucocorticoids 

facilitate excretion of free water and are more important in 

this regard than mineralocorticoids. Th e mechanism for this 

eff ect is still debated. It has been suggested that glucocor-

ticoids may maintain normal rates of glomerular fi ltration 

by acting directly on glomeruli or glomerular blood fl ow, 

or indirectly by facilitating the action or production of the 

atrial natriuretic hormone (see Chapter 9). In addition, in 

the absence of glucocorticoids antidiuretic hormone (vaso-

pressin) secretion is increased.  

    Eff ects on lung development 

   One of the dramatic physiological changes that must be 

accommodated in the newborn infant is the shift from the 

placenta to the lungs as site of oxygen and carbon dioxide 

exchange. Glucocorticoids play a crucial role in matura-

tion of alveoli and production of surfactant, which facilitates 

expansion of the lungs. Surfactant, consisting largely of phos-

pholipids and some protein, reduces alveolar surface tension, 

which increases lung compliance and allows even distribution 

of inspired air. 

   One of the major problems of preterm delivery is a 

condition known as  respiratory distress syndrome  caused by 
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 FIGURE 4.16          Principal eff ects of glucocorticoids on glucose production 

and the metabolism of body fuels.    
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impaired pulmonary ventilation resulting from incomplete 

development of pulmonary alveoli and production of sur-

factant. Although the fetal adrenal gland is capable of secret-

ing some glucocorticoids by about the twenty-fourth week 

of pregnancy, its major secretory products are androgens 

that serve as precursors for placental estrogen synthesis (see 

Chapter 14). Only in the fi nal months of pregnancy does fetal 

production of glucocorticoids become suffi  cient to stimulate 

maturation of the lungs and other systems. Large doses of 

glucocorticoid given to women carrying fetuses at risk for pre-

mature delivery diminish the incidence of respiratory distress 

syndrome by promoting thinning of the alveolar walls and 

inducing transcription of genes that code for proteins found 

in surfactant. Steady state levels of mRNA for surfactant 

proteins may be reached within about 15 hours after exposure 

of fetuses to glucocorticoids.  

    Glucocorticoids and responses to injury 

   One of the most remarkable eff ects of glucocorticoids was 

discovered almost by chance during the late 1940s when it 

was observed that glucocorticoids dramatically reduced the 

severity of disease in patients suff ering from rheumatoid 

arthritis. Th is observation, in addition to leading to the award 

of a Nobel Prize, called attention to the anti-infl ammatory 

eff ects of glucocorticoids, which have been considered 

by some investigators to be pharmacological side-eff ects 

because supraphysiological concentrations are needed to 

produce these eff ects therapeutically. As understanding of 

the anti-infl ammatory actions has increased, however, it has 

become clear that glucocorticoids are physiological modula-

tors of the infl ammatory response. It is likely that free cor-

tisol concentrations are higher at local sites of tissue injury 

than in the general circulation. Partial degradation of CBG 

by the proteolytic enzyme, elastase, secreted by activated 

mononuclear leukocytes releases cortisol from its binding 

protein and increases its concentration locally at the site of 

infl ammation. In addition, upregulation of 11  β -hydroxy-

steroid dehydrogenase I by infl ammatory mediators results 

in conversion of circulating cortisone to cortisol within the 

infl ammatory cells in which it acts. 

   As might be anticipated, glucocorticoids and related 

compounds devised by the pharmaceutical industry are 

exceedingly important therapeutic agents for treating such 

diverse conditions as poison ivy, asthma, a host of infl am-

matory conditions, and various autoimmune diseases. Th e 

latter refl ects their related ability to diminish the immune 

response. 

    Anti-infl ammatory eff ects 

   Infl ammation is the term used to encompass the various 

responses of tissues to injury. It is characterized by redness, 

heat, swelling, pain, and loss of function. Redness and heat 

are manifestations of increased blood fl ow and result from 

vasodilation. Swelling is due to formation of a protein-

rich exudate that collects because capillaries and venules 

become leaky to proteins. Pain is caused by chemical prod-

ucts of cellular injury and sometimes by mechanical injury 

to nerve endings. Loss of function may be a direct conse-

quence of injury or secondary to the pain and swelling that 

injury evokes. An intimately related component of the early 

response to tissue injury is the recruitment of white blood 

cells to the injured area and the subsequent unfolding of the 

immune response. 

   Th e initial pattern of the infl ammatory response is 

independent of the injurious agent or causal event. Th is 

response is presumably defensive and may be a necessary 

antecedent of the repair process. Increased blood fl ow accel-

erates delivery of the white blood cells that combat invading 

foreign substances or organisms and clean up the debris of 

injured and dead cells. Increased blood fl ow also facilitates 

dissemination of chemo-attractants to white blood cells and 

promotes their migration to the site of injury. In addition, 

increased blood fl ow provides more oxygen and nutrients to 

cells at the site of damage and facilitates removal of toxins 

and wastes. Increased permeability of the microvasculature 

allows fl uid to accumulate in the extravascular space in the 

vicinity of the injury and thus dilute noxious agents. 

   Although we are accustomed to thinking of physi-

ological responses as having benefi cial eff ects, it is apparent 

that some aspects of infl ammation may actually cause or 

magnify tissue damage. Lysosomal hydrolases released dur-

ing phagocytosis of cellular debris or invading organisms 

may damage nearby cells that were not harmed by the initial 

insult. Loss of fl uid from the microvasculature at the site of 

the injury may increase blood viscosity, slowing its fl ow, and 

even leaving some capillaries clogged with stagnant red blood 

cells. Decreased perfusion may cause further cell damage. In 

addition, massive disseminated fl uid loss into the extravas-

cular space sometimes compromises cardiovascular func-

tion. Consequently, long term survival demands that checks 

and balances be in place to prevent the defensive and posi-

tive aspects of the infl ammatory response from becoming 

destructive. We may regard the physiological role of the glu-

cocorticoids to modulate infl ammatory responses as a major 

component of such checks and balances. Exaggeration of such 

physiological modulation with supraphysiological amounts of 

glucocorticoids upsets the balance in favor of suppression of 

infl ammation and provides the therapeutic effi  cacy of phar-

macological treatment. 

   Infl ammation is initiated, sustained, and amplifi ed by 

the release of a large number of chemical mediators derived 

from multiple sources. Cytokines are a diverse group of pep-

tides that range in size from about 8 kDa to about 40 kDa 
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and are produced mainly by cells of the hematopoietic and 

immune systems, but they can be synthesized and secreted 

by virtually any cell. Cytokines may promote or antagonize 

development of infl ammation, or have a mixture of pro- and 

anti-infl ammatory eff ects depending upon the particular 

cells involved. Prostaglandins and leukotrienes are released 

principally from vascular endothelial cells and macrophages, 

but virtually all cell types can produce and release them. 

Th ey may also produce either pro- or anti-infl ammatory 

eff ects depending upon the particular compound formed and 

the cells acted upon. Histamine and serotonin are released 

from mast cells and platelets. Enzymes and superoxides 

released from dead or dying cells or from cells that remove 

debris by phagocytosis contribute directly and indirectly to 

the spread of infl ammation by activating other mediators 

(e.g., bradykinin) and leukocyte attractants that arise from 

humoral precursors associated with the immune and clot-

ting systems. Glucocorticoids modulate virtually all aspects 

of the infl ammatory response by multiple tissue-specifi c 

actions that modulate synthesis, secretion, and actions of 

infl ammatory mediators.  

    Glucocorticoids and the metabolites of arachidonic acid 

   Prostaglandins and the closely related leukotrienes are 

derived from the polyunsaturated essential fatty acid arachi-

donic acid ( Figure 4.17   ). Because of their 20 carbon back-

bone sometimes they are referred to collectively as  eicosinoids . 
Th ese compounds play a central role in the infl ammatory 

response. Th ey generally act locally on the cells that produced 

them and on cells in the immediate vicinity of their produc-

tion, but some also survive in blood long enough to act on 

distant tissues. Prostaglandins act directly on blood vessels to 

cause vasodilation and indirectly increase vascular permeabil-

ity by potentiating the actions of histamine and bradykinin. 

Prostaglandins sensitize nerve endings of pain fi bers to other 

mediators of infl ammation such as histamine, serotonin, 

bradykinin, and substance P, thereby increasing sensitivity to 

touch (hyperalgesia). 

   Th e leukotrienes stimulate production of cytokines 

and act directly on the microvasculature to increase perme-

ability. Leukotrienes also attract white blood cells to sites of 

injury and increase their stickiness to vascular endothelium. 

Th e physiology of arachidonate metabolites is complex, and 

a thorough discussion is not possible here. Th ere are a large 

number of these compounds with diff erent biological 

activities. Although some eicosinoids have anti-infl ammatory 

actions that may limit the overall infl ammatory response, 

arachidonic acid derivatives are major contributors to 

infl ammation. 

   Arachidonic acid is released from membrane phos-

pholipids by phospholipase A2 (PLA2; see Chapter 1), which 

is activated by injury, phagocytosis, or a variety of other stim-

uli in responsive cells. Activation is mediated by a cytosolic 

PLA2 activating protein that closely resembles a protein in 

bee venom called  mellitin . In addition, PLA2 activity also 

increases as a result of increased enzyme synthesis. Th e fi rst 

step in the conversion of arachidonate to prostaglandins is 

catalyzed by a cytosolic enzyme, cyclooxygenase. One isoform 

of this enzyme, called COX 1 is constitutively expressed. A 

second form, COX 2 is induced by cytokine mediators of the 

infl ammatory response. Glucocorticoids suppress the for-

mation of prostaglandins by inhibiting synthesis of COX 2 

and probably also by inducing expression of proteins that 

inhibit PLA2 and other enzymes in the prostaglandin syn-

thetic pathway. Glucocorticoids stimulate expression of 

annexin I, which may mediate many of its eff ects on prosta-

glandin synthesis. Nonsteroidal anti-infl ammatory drugs such 

as indomethacin and aspirin also block the cyclooxygenase 

reaction catalyzed by both COX 1 and COX 2. Some of the 

newer anti-infl ammatory drugs specifi cally block COX 2. 

Because prostaglandins produce varied and widespread 

eff ects, blockade of their production with cyclooxygenase 

inhibitors may produce undesirable long-term consequences.  
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 FIGURE 4.17          Synthesis and structures of some arachidonic acid 

metabolites.  R  may be choline, inositol, serine, or ethanolamine.  PLA 2   �  

phospholipase A 2 .  COX       �      cyclo-oxygenase.  PG       �      prostaglandin. 

 LT       �      leukotriene.  TX       �      thromboxane. The designations  E 2   or  F 2 α    refer to 

substituents on the ring structure of the PG. The designations  D4  and  E4  

refer to glutathione derivatives in thioester linkage at carbon 6 of LT.    
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    Glucocorticoids and cytokines 

   Th e large number of compounds, perhaps 100 or more, des-

ignated as cytokines include one or more isoforms of the 

interleukins (IL-1 through IL-32), the tumor necrosis factor 

(TNF) family, the interferons (IFN- α , - β , - γ ), colony stimulat-

ing factor (CSF), granulocyte-macrophage colony stimulating 

factor (GM-CSF), transforming growth factor family, leuke-

mia inhibiting factor, oncostatin, and a variety of cell or 

tissue-specifi c growth factors. It is not clear just how many 

of these hormone-like molecules are produced. Not all have 

a role in infl ammation, and a general discussion of cytokine 

biology is beyond the scope of this text. However, two 

cytokines, IL-1 and TNF α , are particularly important in the 

development of infl ammation, and in the physiology of the 

glucocorticoids. Th e intracellular signaling pathways and bio-

logical actions of these two cytokines are remarkably similar. 

Th ey enhance each other’s actions in the infl ammatory 

response, which diff er only in the respect that TNF α  may 

promote cell death (apoptosis) whereas IL-1 does not. 

   Interleukin-1 is produced primarily by macrophages 

and to a lesser extent by other connective tissue elements, 

skin, and endothelial cells. Its release from macrophages is 

stimulated by interaction with immune complexes, activated 

lymphocytes, and metabolites of arachidonic acid, especially 

leukotrienes. IL-1 is not stored in its cells of origin but is 

synthesized and secreted within hours of stimulation in a 

response mediated by increased intracellular calcium and 

protein kinase C (see Chapter 1). IL-1 acts on many cells to 

produce a variety of responses, all of which are components 

of the infl ammatory/immune response. Th ey are illustrated 

in  Figure 4.18   . Many of the consequences of these actions 

can be recognized from personal experience as nonspecifi c 

symptoms of viral infection. 

   TNF α  also is produced in macrophages and other cells 

in response to injury and immune complexes, and can act on 

many cells including those that secrete it. Secretion of both 

IL-1 and TNF α  and their receptors are increased by some 

of the cytokines and other mediators of infl ammation whose 

production they increase, so that an amplifying positive 

feedback cascade is set in motion. Some products of these 

cytokines also feed back on their production in a negative 

way to modulate the infl ammatory response. Glucocorticoids 

play an important role as negative modulators of IL-1 and 

TNF α  eff ects by inhibiting their production, by interfering 

with their signaling pathways, and by inhibiting the actions 

of their products. Glucocorticoids also interfere with the pro-

duction and release of other pro-infl ammatory cytokines as 

well, including IFN- γ , IL-2, IL-6, and IL-8, among others. 

   Production of IL-1 and TNF α  and many of their 

eff ects on target cells are mediated by activation of genes by 

the transcription factor,  Nuclear Factor kappa B  (NF- κ B). In 

the unactivated state NF- κ B resides in the cytoplasm bound 

to NF- κ B inhibitor protein (I- κ B). Stimulation of the sig-

naling cascade by some tissue insult or the binding of IL-1 

and TNF α  to their respective receptors is initiated by acti-

vation of a kinase (I- κ K) that phosphorylates I- κ B, which 

causes it to dissociate from NF- κ B and to be degraded. Free 

NF- κ B then is able to migrate to the nucleus where it binds 

to response elements in genes that it regulates, including 

genes for the cytokines IL-1, TNF α , IL-6, and IL-8 and 

for such enzymes as PLA2, COX2, and nitric oxide syn-

thase ( Figure 4.19   ). IL-6 is an important proinfl ammatory 
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cytokine that acts on the hypothalamus, liver, and other tis-

sues. IL-8 plays an important role as a leukocyte attrac tant. 

Nitric oxide is important as a vasodilator and may have 

other eff ects as well. 

   Glucocorticoids interfere with the NF- κ B-dependent 

eff ects of IL-1 and TNF α  in two ways. Th ey promote the 

synthesis of I- κ B, which traps NF- κ B in the cytosol, and 

they interfere with the ability of NF- κ B that enters the 

nucleus to activate target genes. Th e mechanism for inter-

ference with gene activation is thought to invoke protein:

protein interaction between the glucocorticoid receptor 

and NF- κ B so that access of NF- κ B, coactivators, or the 

RNA polymerase to the promoter regions of aff ected genes 

is blocked. Glucocorticoids also interfere in similar ways 

with IL-1 or TNF α -dependent activation of other genes 

by the AP-1 (activator protein-1) transcription complex. 

In addition, cortisol induces expression of annexin 1, which 

decreases prostaglandin synthesis by inhibiting PLA2 and 

destabilizing the mRNA for COX2. It is noteworthy that 

many of the responses attributed to IL-1 may be mediated 

by prostaglandins or other arachidonate metabolites. For 

example, IL-1, which is identical with what once was called 

endogenous pyrogen, may cause fever by inducing the forma-

tion of prostaglandins in the thermoregulatory center of the 

hypothalamus. Glucocorticoids therefore might exert their 

antipyretic eff ect at two levels: at the level of the macro-

phage by inhibiting IL-1 production, and at the level of the 

hypothalamus by interfering with prostaglandin synthesis.  

    Glucocorticoids and the release of other infl ammatory 

mediators 

   Granulocytes, mast cells, and macrophages contain vesicles 

fi lled with serotonin, histamine, or degradative enzymes, all 

of which contribute to the infl ammatory response. Th ese 

mediators and lysosomal enzymes are released in response 

to arachidonate metabolites, cellular injury, reaction with 

antibodies, or during phagocytosis of invading pathogens. 

Glucocorticoids protect against the release of all these com-

pounds by inhibiting cellular degranulation. It has been 

suggested that glucocorticoids inhibit histamine forma-

tion and stabilize lysosomal membranes, but the molecular 

mechanisms for these eff ects are unknown.  

    Glucocorticoids and the immune response 

   Th e immune system, whose function is destruction and elimi-

nation of foreign substances or organisms, has two major 

components: the B lymphocytes, which are formed in bone 

marrow and develop in liver or spleen; and the thymus-

derived T lymphocytes. Humoral immunity is the province 

of B lymphocytes, which, upon diff erentiation into plasma 

cells, are responsible for production of antibodies. Large num-

bers of B lymphocytes circulate in blood or reside in lymph 

nodes. Reaction with a foreign substance (antigen) stimulates 

B cells to divide and produce a clone of cells capable of rec-

ognizing the antigen and producing antibodies to it. Such 

proliferation depends on cytokines released from the macro-

phages and helper T cells. Antibodies, which are circulating 

immunoglobulins, bind to foreign substances and thus mark 

them for destruction. By inhibiting cytokine production by 

macrophages and T cells, glucocorticoids decrease normal 

proliferation of B cells and reduce circulating concentrations 

of immunoglobulins. Th ey may also act directly on B cells 

to inhibit antibody synthesis and may even kill B cells by 

apoptosis. 

   T cells are responsible for cellular immunity, and par-

ticipate in destruction of invading pathogens or cells that 

express foreign surface antigens as might follow viral infec-

tion or transformation into tumor cells. IL-1 stimulates 

T lymphocytes to produce IL-2, which promotes prolifera-

tion of T lymphocytes that have been activated by contact 

with antigens. Antigenic stimulation triggers the transient 

expression of IL-2 receptors only in those T cells that rec-

ognize the antigen. Consequently, only certain clones of 
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T cells are stimulated to divide because there are no receptors 

for IL-2 on the surface membranes of T lymphocytes until 

they interact with their specifi c antigens. Glucocorticoids 

block the production, but probably not the response, to 

IL-2 and thereby inhibit proliferation of T lymphocytes. 

IL-2 also stimulates T lymphocytes to produce INF- γ , 

which participates in destruction of virus-infected or tumor 

cells, and in addition, stimulates macrophages to produce 

IL-1. Macrophages, T lymphocytes, and secretory prod-

ucts are thus arranged in a positive feedback relation-

ship and produce a self-amplifying cascade of responses. 

Glucocorticoids restrain the cycle by suppressing production 

of each of the mediators ( Figure 4.20   ). Glucocorticoids also 

activate programmed cell death in some T lymphocytes. 

   Th e physiological implications of the suppressive 

eff ects of glucocorticoids on humoral and cellular immu-

nity are incompletely understood. It has been suggested 

that suppression of the immune response might prevent 

development of autoimmunity that might otherwise follow 

from the release of fragments of injured cells. However, it 

must be pointed out that much of the immunosuppression 

produced by therapeutic doses of glucocorticoids requires 

concentrations that may never be reached under physiologi-

cal conditions. High doses of glucocorticoids can so impair 

immune responses that relatively innocuous infections 

with some organisms can become overwhelming and cause 

death. Th us, excessive anti-immune or anti-infl ammatory 

infl uences are just as damaging as unchecked immune or 

infl ammatory responses. Under normal physiological cir-

cumstances, these infl uences are balanced and protective. 

Nevertheless, the immunosuppressive property of gluco-

corticoids is immensely important therapeutically, and high 

doses of glucocorticoids often are administered to combat 

rejection of transplanted tissues and to suppress various 

immune and allergic responses.  

    Other eff ects of glucocorticoids on lymphoid tissues 

   Sustained high concentrations of glucocorticoids produce 

a dramatic reduction in the mass of all lymphoid tissues 

including thymus, spleen, and lymph nodes. Th e thymus 

contains germinal centers for lymphocytes, and large num-

bers of T lymphocytes are formed and mature within it. 

Lymph nodes contain large numbers of both T and B lym-

phocytes. Immature lymphocytes of both lineages express 

glucocorticoid receptors and respond to hormonal stimu-

lation by the same series of events as seen in other steroid 

responsive cells except that the DNA transcribed contains 

the program for apoptosis. Although the physiological sig-

nifi cance is not known, we have the unique situation of a 

hormone acting as a cytotoxic agent. Loss in mass of thy-

mus and lymph nodes can be accounted for by the destruc-

tion of lymphocytes rather than the stromal or supporting 

elements. Mature lymphocytes and germinal centers are 

unresponsive to this action of glucocorticoids. 

   Glucocorticoids also decrease circulating levels of lym-

phocytes and particularly a class of white blood cells known 

as eosinophils (for their cytological staining properties). Th is 

decrease is partly due to the cytolytic eff ects described earlier, 

and partly to sequestration in the spleen and lungs. Curiously, 

the total white blood cell count does not decrease because 

glucocorticoids also induce a substantial mobilization of neu-

trophils from bone marrow.  

    Maintenance of vascular responsiveness to 

catecholamines 

   A fi nal action of glucocorticoids relevant to infl ammation and 

the response to injury is maintenance of sensitivity of vascular 

smooth muscle to vasoconstrictor eff ects of norepi nephrine 

released from autonomic nerve endings or the adrenal 

medulla. By counteracting local vasodilator eff ects of infl am-

matory mediators, norepinephrine decreases blood fl ow and 

limits the availability of fl uid to form the infl ammatory exu-

date. In addition, arteriolar constriction decreases capillary 

and venular pressure and favors reabsorption of extracellular 

fl uid, thereby reducing swelling. Th e vasoconstrictor eff ect of 

norepinephrine is compromised in the absence of glucocorti-

coids. Th e mechanism for this action of glucocorticoids is not 

known, but at high concentrations they may block inactiva-

tion of norepinephrine.   

    Adrenal cortical function during stress 

   During the mid-1930s the Canadian endocrinologist 

Hans Selye observed that animals respond to a variety of 
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 FIGURE 4.20          Cortisol inhibits proliferation of activated T cells by 

interfering with secretion of cytokines. IL-1 = interleukin-1;  IL-2 = 

interleukinII;  IFN-γ = interferon-γ.    
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seemingly unrelated threatening or noxious circumstances 

with a characteristic pattern of changes that include an 

increase in size of the adrenal glands, involution of the thy-

mus, and a decrease in the mass of all lymphoid tissues. He 

inferred that the adrenal glands are stimulated whenever an 

animal is exposed to any unfavorable circumstance, which 

he called  “ stress. ”  Stress does not directly aff ect adrenal cor-

tical function but, rather, increases the output of ACTH 

from the pituitary gland (see later). In fact, stress often is 

defi ned operationally by endocrinologists as any of the vari-

ety of conditions that increase ACTH secretion. Although 

it is clear that relatively benign changes in the internal or 

external environment may become lethal in the absence of 

the adrenal glands, we understand little more than Selye did 

about what cortisol might be doing to protect against stress. 

Th e favored experimental model used to investigate this 

problem was the adrenalectomized animal, which might 

have further complicated an already complex experimental 

question. 

   It is evident that many cellular functions require glu-

cocorticoids either directly or indirectly for their mainte-

nance. Additionally, it has been found that glucocorticoids 

are required for normal responses to other hormones or to 

drugs, even though steroids themselves do not initiate simi-

lar responses in the absence of these agents. Th ese fi ndings 

suggest that these steroid hormones may govern some pro-

cess that is fundamental to normal operation of most cells. 

Alternatively, emerging genomic data indicate that glucocor-

ticoids directly or indirectly modulate expression of perhaps 

as many as 10,000 genes. Consequently, products of gluco-

corticoid-sensitive genes are likely to participate in a broad 

range of functions in virtually all cell types. Without glu-

cocorticoids many systems function only marginally even 

before the imposition of stress, and therefore any insult may 

prove overwhelming. 

   Treatment of adrenalectomized animals with a con-

stant basal amount of glucocorticoid prior to and during 

a stressful incident prevents the devastating eff ects of stress 

and permits expression of expected responses to stimuli. Th is 

fi nding introduced the idea that glucocorticoids act in a nor-

malizing, or  permissive , way. Th at is, by maintaining normal 

operation of cells, glucocorticoids permit normal regula-

tory mechanisms to act. Because it was not necessary to 

increase the amounts of adrenal corticoids to ensure survival 

of stressed adrenalectomized animals, it was concluded that 

although their presence is essential,  increased  secretion of glu-

cocorticoids was not required to combat stress. However, this 

conclusion is not consistent with clinical experience. Persons 

suff ering from pituitary insuffi  ciency or who have undergone 

hypophysectomy have severe diffi  culty withstanding stressful 

situations even though at other times they get along reason-

ably well on the small amounts of glucocorticoids produced 

by their adrenals in the absence of ACTH. Patients suff ering 

from adrenal insuffi  ciency are routinely given increased doses 

of glucocorticoids before undergoing surgery or other stress-

ful procedures.  

    Mechanism of action of glucocorticoids 

   With few exceptions, the physiological actions of the glu-

cocorticoid hormones at the molecular level fi t the general 

pattern of steroid hormone action described in Chapter 1. 

Th e gene for the glucocorticoid receptor gives rise to two 

isoforms as a result of alternate splicing of RNA. Th e alpha 

isoform binds glucocorticoids, sheds its associated proteins, 

and migrates to the nucleus where it can form homodim-

ers that bind to response elements in target genes. Th e beta 

isoform cannot bind hormone, is constitutively located in 

the nucleus, and apparently cannot bind to DNA. Th e beta 

isoform, however, can dimerize with the alpha isoform and 

diminish or block its ability to activate transcription or form 

protein:protein interactions with other transcription factors. 

Some evidence suggests that formation of the beta isoform 

may be a regulated process that modulates glucocorticoid 

responsiveness. 

   Glucocorticoids act on a great variety of cells and pro-

duce a wide range of eff ects that depend upon activating or 

suppressing transcription of specifi c genes. Th e ability to reg-

ulate diff erent genes in diff erent tissues presumably refl ects 

diff ering accessibility of glucocorticoid-responsive genes to 

the activated glucocorticoid receptor in each diff erentiated 

cell type, and presumably refl ects the presence or absence of 

diff erent coactivators and corepressors as well as diff erences 

in chromatin confi guration. As described for NF κ B, glu-

cocorticoids also inhibit expression of some genes that lack 

glucocorticoid response elements. Such inhibitory eff ects 

are thought to be the result of protein:protein interactions 

between the glucocorticoid receptor and other transcription 

factors to modify their ability to activate gene transcription. 

Th rough actions on histone acetylation glucocorticoids may 

also modulate the accessibility of gene promoters to tran-

scription regulators or to the RNA polymerase complex. Th e 

glucocorticoid receptor can be phosphorylated to various 

degrees on serine residues. Phosphorylation may modulate its 

affi  nity for hormone, or DNA, or for coactivators or repres-

sors. Finally, glucocorticoids may also aff ect gene expression 

posttranscriptionally by restraining export of mRNA from 

nucleus to ribosomes, by destabilizing and shortening mRNA 

half-lives, and by interfering with mRNA translation.  

    Regulation of glucocorticoid secretion 

   Secretion of glucocorticoids is regulated by the anterior 

pituitary gland through the hormone ACTH, whose eff ects 

on the inner zones of the adrenal cortex were described 
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earlier. In the absence of ACTH the concentration of cor-

tisol in blood decreases to very low values, and the inner 

zones of the adrenal cortex atrophy. Regulation of ACTH 

secretion requires vascular contact between the hypotha-

lamus and the anterior lobe of the pituitary gland, and 

is driven primarily by corticotropin-releasing hormone 

(CRH). CRH containing neurons are distributed widely in 

the forebrain and brainstem but are concentrated heavily 

in the paraventricular nuclei in close association with vaso-

pressin-secreting neurons. Th ey stimulate the pituitary to 

secrete ACTH by releasing CRH into the hypophyseal por-

tal capillaries (see Chapter 2). Vasopressin (AVP) also exerts 

an important infl uence on ACTH secretion by augmenting 

the response to CRH. AVP is co-secreted with CRH par-

ticularly in response to stress. It should be noted that the 

AVP that is secreted into the hypophyseal portal vessels 

along with CRH arises in a diff erent population of paraven-

tricular neurons from those that produce the AVP that is 

secreted by the posterior lobe of the pituitary in response to 

changes in blood osmolality or volume (see Chapter 2). 

   Upon stimulation with ACTH, the adrenal cortex 

secretes cortisol, which inhibits further secretion of ACTH 

in a typical negative feedback arrangement ( Figure 4.21   ). 

Cortisol exerts its inhibitory eff ects both on CRH neurons 

in the hypothalamus and on corticotropes in the anterior 

pituitary. Th ese eff ects are mediated by the glucocorticoid 

receptor. Th e negative feedback eff ects on secretion depend 

upon transcription of genes that code for proteins that either 

activate potassium channels or block the eff ects of PKA 

catalyzed phosphorylation on these channels and may also 

act at the level of secretory vesicle traffi  cking. Initial actions 

of glucocorticoids suppress secretion of CRH and ACTH 

from storage granules. Subsequent actions of glucocorticoids 

result from inhibition of transcription of the genes for CRH 

and POMC in hypothalamic neurons and corticotropes, 

perhaps by direct interaction of the glucocorticoid receptor 

with transcription factors that regulate CRH and POMC 

expression. Th is feedback system closely resembles the one 

described earlier for regulation of thyroid hormone secretion 

(see Chapter 3) even though the adrenal-ACTH system is 

much more dynamic and subject to episodic changes. 

   CRH binds to G-protein-coupled receptors in the cor-

ticotrope membrane and activates adenylyl cyclase. Th e result-

ing increase in cyclic AMP activates protein kinase A, which 

directly or indirectly inhibits potassium outfl ow through at 

least two classes of potassium channels. Buildup of positive 

charge within the corticotrope makes the membrane potential 

less negative, and results in calcium infl ux through activated 

voltage sensitive calcium channels. Protein kinase A dependent 

phosphorylation of calcium channels may enhance calcium 

entry by lowering their threshold for activation. Increased 

intracellular calcium and perhaps additional eff ects of protein 

kinase A on secretory vesicle traffi  cking trigger ACTH secre-

tion. Protein kinase A also phosphorylates CREB, which ini-

tiates production of the AP-1 complex that activates POMC 

transcription. AVP binds to its G-protein-coupled receptor 

and activates phospholipase C to cause the release of DAG 

and IP3. Th is action of AVP has little eff ect on ACTH 

secretion in the absence of CRH, but amplifi es the eff ects 

of ACTH on ACTH secretion without aff ecting synthesis. 

As described in Chapter 1, IP3 stimulates release of calcium 

from intracellular stores, and DAG activates protein kinase 

C, although the role of this enzyme in ACTH secretion is 

unknown. Th ese eff ects are summarized in  Figure 4.22   . 

   Th e relative importance of the pituitary and the CRH-

producing neurons of the paraventricular nucleus for negative 

feedback regulation of ACTH secretion has been explored 

in mice that were made defi cient in CRH by disruption of 

the CRH gene. Th ese CRH knockout mice secrete normal 

amounts of ACTH and glucocorticoid under basal condi-

tions, and their corticotropes express normal levels of mRNA 

for POMC. In normal mice, disruption of negative feedback 

by surgical removal of the adrenal glands results in a prompt 

increase both in POMC gene expression and ACTH secre-

tion. Adrenalectomy of CRH knockout mice produced no 

increase in ACTH secretion, although POMC mRNA 

increased normally. Th ese animals also suff er a severe impair-

ment, but not total lack of ACTH secretion in response 

to stress. Th us it seems that basal function of the pituitary/

adrenal negative feedback system does not require CRH, 

but that CRH is crucial for increasing ACTH secretion 

above basal levels. Further, it appears that transcription of the 

POMC gene is inhibited by glucocorticoids even under basal 

conditions. 
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 FIGURE 4.21          Negative feedback control of glucocorticoid secretion. 

 CRH       �      corticotropin-releasing hormone;  AVP       �      arginine vasopressin 
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   It was pointed out Chapter 1 that negative feedback 

systems ensure constancy of the controlled variable. However, 

even in the absence of stress, ACTH and cortisol concentra-

tions in blood plasma are not constant but oscillate within a 

24-hr period. Th is so-called circadian rhythm is sensitive to 

the daily pattern of physical activity. For all but those who 

work the night shift, hormone levels are highest in the early 

morning hours just before arousal and lowest in the evening 

( Figure 4.23   ). Th is rhythmic pattern of ACTH secretion is 

consistent with the negative feedback model shown in  Figure 

4.21  and is sensitive to glucocorticoid input throughout the 

day. In the negative feedback system, the positive limb (CRH 

and ACTH secretion) is inhibited when the negative limb 

(cortisol concentration in blood) reaches some set point. For 

basal ACTH secretion, the set point of the corticotropes and 

the CRH-secreting cells is thought to vary in its sensitivity to 

cortisol at diff erent times of day. 

   Decreased sensitivity to inhibitory eff ects of cortisol 

in the early morning results in increased output of CRH, 

ACTH, and cortisol. As the day progresses sensitivity to 

cortisol increases, and there is a decrease in the output of 

CRH and consequently of ACTH and cortisol. Th e cellular 

mechanisms underlying the periodic changes in set point 

are not understood, but although they vary with time of day, 

cortisol concentrations in blood nevertheless are precisely 

controlled throughout the day. 

   Negative feedback also governs the response of the 

pituitary-adrenal axis to most stressful stimuli. Diff erent 

mechanisms appear to apply at diff erent stages of the stress 
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response. With the imposition of a stressful stimulus, there 

is a sharp increase in ACTH secretion driven by CRH and 

AVP. Th e rate of ACTH secretion is determined by both 

the intensity of the stimulus to CRH-secreting neurons and 

the negative feedback infl uence of cortisol. In the initial 

moments of the stress response, pituitary corticotropes and 

CRH neurons monitor the rate of change rather than the 

absolute concentration of cortisol and restrain their output 

accordingly. After about two hours, negative feedback seems 

to be proportional to the total amount of cortisol secreted 

during the stressful episode. A new steady state is reached 

with chronic stress, and the negative feedback system again 

seems to monitor the concentration of cortisol in blood but 

with the set point readjusted at a higher level. 

   Each phase of negative feedback involves diff erent cel-

lular mechanisms. During the fi rst few minutes the inhibi-

tory eff ects of cortisol occur without a lag period and are 

expressed too rapidly to be mediated by altered genomic 

expression. Indeed, the rapid inhibitory action of cortisol 

is unaff ected by inhibitors of protein synthesis. Its molecu-

lar basis is unknown, but receptors for steroids in neuronal 

membranes have been described. Th e negative feedback eff ect 

of cortisol in the subsequent interval occurs after a lag period 

and seems to require RNA and protein synthesis typical of 

the steroid actions discussed earlier. In this phase cortisol 

restrains secretion of CRH and ACTH but not their synthe-

sis. At this time, corticotropes are less sensitive to CRH. With 

chronic administration of glucocorticoids or with chronic 

stress, negative feedback is also exerted at the level of POMC 

mRNA and ACTH synthesis. 

   Major features of the regulation of ACTH secretion 

include the following: 

      ●      Basal secretion of ACTH follows a diurnal rhythm 

driven by CRH.  

      ●      Stress increases CRH and AVP secretion through neural 

pathways.  

      ●      ACTH secretion is subject to negative feedback control 

under basal conditions and during the response to most 

stressful stimuli.  

      ●      Cortisol inhibits secretion of both CRH and ACTH.    

   Some observations suggest that cytokines produced by 

cells of the immune system may directly aff ect secretion by 

the hypothalamic-pituitary-adrenal axis. In particular, IL-1, 

IL-2, and IL-6 stimulate CRH secretion, and may also act 

directly on the pituitary to increase ACTH secretion. IL-2 

and IL-6 may also stimulate cortisol secretion by a direct 

action on the adrenal gland. In addition, lymphocytes 

express ACTH and related products of the POMC gene 

and are responsive to the stimulatory eff ects of CRH and 

the inhibitory eff ects of glucocorticoids. Because glucocorti-

coids inhibit cytokine production, there is another negative 

feedback relationship between the immune system and the 

adrenals ( Figure 4.24 ). It has been suggested that this com-

munication between the endocrine and immune systems 

provides a mechanism to alert the body to the presence of 

invading organisms or antigens. 

   Understanding of the negative feedback relation 

between the adrenal and pituitary glands has important 

diagnostic and therapeutic applications. Normal adrenocor-

tical function can be suppressed by injection of large doses 

of glucocorticoids. To test for deranged function, a potent 

synthetic glucocorticoid, usually dexamethasone, is admin-

istered, and at a predetermined later time the natural ster-

oids or their metabolites are measured in blood or urine. If 

the hypothalamo-pituitary-adrenal system is intact, produc-

tion of cortisol is suppressed and its concentration in blood 

is low. If on the other hand, cortisol concentrations remain 

high, an autonomous adrenal or ACTH-producing tumor 

may be present. 

   Another clinical application is treatment of the adre-

nogenital syndrome. As pointed out earlier, adrenal glands 

produce androgenic steroids by extension of the synthetic 

pathway for glucocorticoids ( Figure 4.4 ). Defects in produc-

tion of glucocorticoids, particularly in enzymes responsible 

for hydroxylation of carbons 21 or 11, results in increased 

production of adrenal androgens. Overproduction of andro-

gens in female patients leads to masculinization, which 

is manifest, for example, by enlargement of the clitoris, 

increased muscular development, and growth of facial hair. 

Severe defects may lead to masculinization of the genitalia 

of female infants and in male babies produce the super-

masculinized  “ infant Hercules. ”  Milder defects may show 
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up simply as growth of excessive facial hair (hirsutism) in 

women. Overproduction of androgens occurs in the follow-

ing way. 

   Stimulation of the adrenal cortex by ACTH increases 

pregnenolone production, most of which is normally con-

verted to cortisol, which exerts negative feedback inhibition 

of ACTH secretion. With a partial block in cortisol produc-

tion, much of the pregnenolone is diverted to androgens, 

which have no inhibitory eff ect on ACTH secretion. ACTH 

secretion therefore remains high and stimulates more preg-

nenolone production and causes adrenal hyperplasia ( Figure 

4.25   ). Eventually, the hyperactive adrenals produce enough 

cortisol for negative feedback to be operative, but at the 

expense of maintaining a high rate of androgen production. 

Th e whole system can be brought into proper balance by giv-

ing suffi  cient glucocorticoids to decrease ACTH secretion 

and therefore remove the stimulus for androgen production.    

    ADRENAL MEDULLA 

   Th e adrenal medulla accounts for about 10% of the mass of 

the adrenal gland and is embryologically and physiologi-

cally distinct from the cortex, although cortical and medul-

lary hormones often act in a complementary manner. Cells 

of the adrenal medulla have an affi  nity for chromium salts 

in histological preparations and hence are called chromaffi  n 

cells. Th ey arise from neuroectoderm and are innervated by 

neurons whose cell bodies lie in the intermediolateral cell 

column in the thoracolumbar portion of the spinal cord. 

Axons of these cells pass through the paravertebral sympa-

thetic ganglia to form the splanchnic nerves, which synapse 

with medullary chromaffi  n cells. Chromaffi  n cells are thus 

modifi ed postganglionic neurons. Th eir principal secretory 

products, epinephrine and norepinephrine, are derivatives of 

the amino acid tyrosine and belong to a class of compounds 

called catecholamines. About 5 to 6       mg of catecholamines 

are stored in membrane-bound granules within chromaffi  n 

cells. Epinephrine is about nine times as abundant in the 

human adrenal medulla as norepinephrine, but only nor-

epinephrine is found in postganglionic sympathetic neurons 

and extra-adrenal chromaffi  n tissue. Th e adrenal medulla 

also produces and secretes at several neuropeptides includ-

ing the vasodilator, adrenomedullin, and the opioid-like 

peptide, beta enkephalin, but the physiological role of med-

ullary neuropeptides is incompletely understood. Although 

medullary hormones aff ect virtually every tissue of the body 

and play a crucial role in the acute response to stress, the 

adrenal medulla is not required for survival as long as the 

rest of the sympathetic nervous system is intact. 

    Biosynthesis of medullary catecholamines 

   Th e biosynthetic pathway for epinephrine and nor-

epinephrine is shown in  Figure 4.26   . Hydroxylation of 

tyrosine to form dihydroxyphenylalanine (DOPA) is the rate-

determining reaction and is catalyzed by the enzyme tyro-

sine hydroxylase. Activity of this enzyme is inhibited by 

catecholamines (product inhibition) and stimulated by 

phosphorylation. In this way, regulatory adjustments are 

made rapidly and are closely tied to bursts of secretion. A 

protracted increase in secretory activity induces synthesis 

of additional enzyme after a lag time of about 12 hours. 

Tyrosine hydroxylase and DOPA decarboxylase are cytosolic 

enzymes, but the enzyme that catalyzes the  β -hydroxylation 

of dopamine to form norepinephrine resides within the 

secretory granule. Dopamine is pumped into the granule by 

an energy-dependent, stereospecifi c transport process. For 

sympathetic nerve endings and those adrenomedullary cells 

that produce norepinephrine, synthesis is complete with the 

formation of norepinephrine, and the hormone remains in 

the granule until it is secreted. Synthesis of epinephrine, how-

ever, requires that norepinephrine reenter the cytosol for the 

fi nal methylation reaction. Th e enzyme required for this reac-

tion, phenylethanolamine-N-methyltransferase (PNMT), is 

at least partly inducible by glucocorticoids. Induction requires 

concentrations of cortisol that are considerably higher than 

those found in peripheral blood. Th e vascular arrangement 

in the adrenals is such that interstitial fl uid surrounding 

cells of the medulla can equilibrate with venous blood that 

drains the cortex and therefore has a much higher content of 

CRH

ACTH

Pregnenolone

Cortisol DHEA

(�)

 FIGURE 4.25          Consequences of a partial block of cortisol production 

by defects in either 11- or 21-hydroxylase. Pregnenolone is diverted to 

androgens, which exert no feedback activity on ACTH secretion. The 

thickness of the arrows connotes relative amounts. Broken arrows indicate 

impairment is in the inhibitory limb of the feedback system. Administration 

of glucocorticoids shuts down androgen production by inhibiting ACTH 

secretion.    
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glucocorticoids than arterial blood. Glucocorticoids may thus 

determine the ratio of epinephrine to norepinephrine pro-

duction. Once methylated, epinephrine is pumped back into 

the storage granule, whose membrane protects stored cat-

echolamines from oxidation by cytosolic enzymes.  

    Storage, release, and metabolism of 
medullary hormones 

   Catecholamines are stored in secretory granules in close 

association with ATP and at a molar ratio of 4:1, suggesting 

some hydrostatic interaction between the positively charged 

amines and the four negative charges on ATP. Some opioid 

peptides, including the enkephalins,  β -endorphin, and their 

precursors, also are found in these granules and are cose-

creted with catecholamines. Acetylcholine released during 

neuronal stimulation increases sodium conductance of the 

chromaffi  n cell membrane. Th e resulting infl ux of sodium 

ions depolarizes the plasma membrane, leading to an infl ux 

of calcium through voltage-sensitive channels. Secretion of 

catecholamines, like that of most other stored hormones, is 

triggered by increased cytosolic concentrations of calcium, 

which orchestrate the reactions of the regulated secretory 

pathway (see Chapter 1). ATP, opioid peptides, and other 

contents of the granules are released along with epinephrine 

and norepinephrine. As yet, the physiological signifi cance 

of opioid secretion by the adrenals is not known, but it 

has been suggested that the analgesic eff ects of these com-

pounds may be of importance in the stress response. 

   All the epinephrine in blood originates in the adre-

nal glands. However, norepinephrine may reach the blood 

either by adrenal secretion or by diff usion from sympa-

thetic synapses. Th e half-lives of medullary hormones in the 

peripheral circulation have been estimated to be less than 

10 seconds for epinephrine and less than 15 seconds for nor-

epinephrine. Up to 90% of the catecholamines are removed 

in a single passage through most capillary beds. Clearance 

from the blood requires uptake by both neuronal and non-

neuronal tissues. Signifi cant amounts of norepinephrine are 

taken up by sympathetic nerve endings and incorporated into 

secretory granules for release at a later time. Epinephrine and 

norepinephrine that is taken up in excess of storage capacity, 

are degraded in neuronal cytosol principally by the enzyme 

monoamine oxidase (MAO). Th is enzyme catalyzes oxida-

tive deamination of epinephrine, norepinephrine, and other 

biologically important amines ( Figure 4.27   ). Catecholamines 

taken up by endothelium, heart, liver, and other tissues also 

are inactivated enzymatically, principally by catecholamine-

O-methyl-transferase (COMT), which catalyzes transfer of 

a methyl group from S-adenosyl methionine to one of the 

hydroxyl groups. Both of these enzymes are widely distributed 
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 FIGURE 4.26          Biosynthetic sequence for 

epinephrine  E  and norepinephrine  N  in adrenal 

medullary cells.  TH       �      tyrosine hydroxylase; 

 AAD       �      aromatic L-amino acid decarboxylase (also 

called DOPA decarboxylase);  DBH       �      dopamine 

betahydroxylase;  PNMT       �      phenylethanolamine-

N-methyltransferase.    



Basic Medical Endocrinology

88

and can act sequentially in either order in metabolically inac-

tivating epinephrine and norepinephrine. A number of phar-

maceutical agents have been developed to modify the actions 

of these enzymes and thus modify sympathetic responses. 

Inactivated catecholamines, chiefl y vanillylmandelic acid 

(VMA) and 3-methoxy-4-hydroxyphenylglycol (MHPG), 

are conjugated with sulfate or glucuronide and excreted in 

urine. As with steroid hormones, measurement of urinary 

metabolites of catecholamines is a useful, noninvasive source 

of diagnostic information.  

    Physiological actions of medullary 
hormones 

   Th e sympathetic nervous system and adrenal medullary hor-

mones, like the cortical hormones, act on a wide variety of 

tissues to maintain the integrity of the internal environment 

both at rest and in the face of internal and external chal-

lenges. Catecholamines enable us to cope with emergencies 

and equip us for what Cannon called  “ fright, fi ght, or fl ight. ”  

Responsive tissues make no distinctions between blood-

borne catecholamines and those released locally from nerve 

endings. In contrast to adrenal cortical hormones, eff ects of 

catecholamines are expressed within seconds and dissipate as 

rapidly when the hormone is removed. Medullary hormones 

are thus ideally suited for making the rapid short-term 

adjustments demanded by a changing environment, whereas 

cortical hormones, which act only after a lag period of at least 

30 minutes, are of little use at the onset of stress. Th e cortex 

and medulla together, however, provide an eff ective  “ one–two 

punch, ”  with cortical hormones maintaining and even ampli-

fying the eff ectiveness of medullary hormones. 

   Cells in virtually all tissues of the body express 

G-protein coupled receptors for epinephrine and norepine-

phrine on their surface membranes (see Chapter 1). Th ese 

so-called adrenergic receptors originally were divided into 

two categories,  α  and  β , based on their activation or inhibi-

tion by various drugs. Subsequently, the  α  and  β  receptors 

were further subdivided into  α 1,  α 2,  β 1,  β 2, and  β 3 recep-

tors. All these receptors recognize both epinephrine and 

norepinephrine at least to some extent, and a given cell may 

have more than one class of adrenergic receptor. 

   Biochemical mechanisms of signal transduction follow 

the pharmacological subdivisions of the adrenergic recep-

tors. Stimulation of any of the  β  receptors activates ade-

nylyl cyclase, but subtle diff erences distinguish them. 

Beta-adrenergic responses typically result from increased 

production of cyclic AMP, but  β 3 receptors may couple to 

both G s  and G i  heterotrimeric proteins, and hence give a 

less robust response. From a physiological perspective, the 

only diff erence between  β 1 and  β 2 receptors is the low 

sensitivity of the  β 2 receptors to norepinephrine. 

Stimulation of  α 2 receptors inhibits adenylyl cyclase and 

may block the increase in cyclic AMP produced by other 

agents. For  α 2 eff ects, the receptor communicates with 

adenylyl cyclase through the inhibitory G protein (G i ). 

Responses initiated by the  α 1 receptor, which couples with 

G q , are mediated by the inositol trisphosphate-diacylglycerol 

mechanism (see Chapter 1). Glucocorticoids increase 

responses to catechol amines in some tissues by upregulating 

 β  adrenergic receptors or the  α G s  subunit. 

   Some of the physiological eff ects of catecholamines 

are listed in  Table 4.3   . Although these actions may seem 

diverse, in actuality they constitute a magnifi cently coordi-

nated set of responses that Cannon aptly called  “ the wisdom 

of the body. ”  When producing their eff ects, catecholamines 

maximize the contributions of each of the various tissues 

to resolve challenges to survival. On the whole, cardiovas-

cular eff ects maximize cardiac output and ensure perfusion 

of the brain and working muscles. Metabolic eff ects ensure 

an adequate supply of energy-rich substrate. Relaxation of 

bronchial muscles facilitates pulmonary ventilation. Ocular 

eff ects increase visual acuity. Eff ects on skeletal muscle and 

transmitter release from motor neurons increase muscular 

performance, and quiescence of the gut permits diversion of 

blood fl ow, oxygen, and fuel to reinforce these eff ects.  
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 FIGURE 4.27          Catecholamine degradation.  MAO       �      monoamine oxidase; 
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    Regulation of adrenal medullary 
function 

   Th e sympathetic nervous system, including its adrenal med-

ullary component, is activated by any actual or threatened 

change in the internal or external environment. It responds 

to physical changes, emotional inputs, and anticipation 

of increased physical activity. Input reaches the adrenal 

medulla through its sympathetic innervation. Signals arising 

in the hypothalamus and other integrating centers activate 

 TABLE 4.3          Typical Responses to Stimulation of the Adrenal Medulla    

   Target  Responses 

    CARDIOVASCULAR SYSTEM  

    Heart      ↑  Force and rate of contraction

   ↑  Conduction

    ↑  Blood fl ow (dilation of coronary 

arterioles) 

  ↑  Glycogenolysis 

    Arterioles  

          skin

       mucosae    

   skeletal muscle 

 Constriction

Constriction

Constriction

Dilation 

    METABOLISM  

           Fat      ↑  Lipolysis

   ↑  Blood FFA and glycerol 

           Liver    ↑     Glycogenolysis and gluconeogenesis 

  ↑  Blood sugar 

           Muscle    ↑    Glycogenolysis 

  ↑  Lactate and pyruvate 

release 

    RESPIRATORY SYSTEM   Relaxation of bronchial muscle 

    STOMACH AND 

INTESTINES  

    ↑  Motility 

  ↑  Sphincter contraction 

    ↑  Sphincter contraction 

    URINARY BLADDER  

    SKIN      ↑  Sweating 

    EYES   Contraction of radial muscle of 

the iris 

    SALIVARY GLAND      ↑  Amylase secretion

   ↑  Watery secretion 

    KIDNEY      ↑  Renin secretion

 ↑  Sodium reabsorption 

    SKELETAL MUSCLE      ↑  Tension generation 

  ↑   Neuromuscular transmission 

(defatiguing eff ect) 

both the neural and hormonal components of the sympa-

thetic nervous system but not necessarily in an all-or-none 

fashion. Activation may be general or selectively limited to 

discrete targets. Norepinephrine- or epinephrine-secreting 

cells can be preferentially and independently stimulated as 

shown in  Figure 4.28   . In response to hypoglycemia detected 

by glucose monitoring cells in the central nervous system, 

the concentration of norepinephrine in blood may increase 

threefold, whereas that of epinephrine, which tends to be a 

more eff ective hyperglycemic agent, may increase 50-fold. 

Metabolic actions of epinephrine are discussed further in 

Chapter 8.          
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                                 Principles of Hormonal Integration  

   Until now, we have considered individual endo-

crine glands, and some basic information about 

their physiological functions. Although it is help-

ful for the student fi rst to understand one hor-

mone at a time or one gland at a time, it must be 

recognized that life is considerably more complex, 

and that endocrinological solutions to physiologi-

cal problems require integration of a large variety 

of simultaneous events. By integration we mean 

the coordination of reactions to separate physi-

ological demands into a balanced overall response 

or group of responses. In this chapter, we consider 

some of the general principles of endocrine inte-

gration at the cellular and whole body level, and in 

subsequent chapters consider integrated hormonal 

actions that govern homeostatic regulation, growth 

and development, and reproduction. 

    INTEGRATION OF HORMONAL
SIGNALS AT THE CELLULAR AND
MOLECULAR LEVEL 

    Augmentation, antagonism, 
and synergy 

   Integration takes place at the level of individ-

ual cells as well as the whole body. Just as we, 

as individuals, must cope with a multiplicity of 

sensory inputs as we go through our daily rou-

tine, so too must individual cells respond to 

the barrage of signals that reach them simulta-

neously. Most cells express receptors for multi-

ple hormones and other signaling molecules and 

are simultaneously bombarded with excitatory, 

inhibitory, or a confl icting mixture of excitatory 

and inhibitory hormonal stimuli. Each hormone 

independently excites its receptors and initi-

ates a cascade of transduction mechanisms, the 

immediate consequences of which contribute 

to determining the nature and magnitude of 

cellular responses. Th erefore, target cells must 

integrate the various inputs at both receptor and 

postreceptor levels and resolve them into pro-

ductive responses. Detailed understanding of 

how cells accomplish this task is still emerging, 

and a description of all the complex mechanisms 

involved is beyond the scope of this text. Instead, 

a few examples and mechanisms are described 

to give the student a fl avor of the challenges that 

cells face in integrating hormone actions. 

   In the hypothetical example shown in 

 Figure 5.1   , hormone B signals by stimulat-

ing production of the second messenger cyclic 

AMP. Its ability to increase cyclic AMP concen-

trations is mitigated by the hormones A and C 

whose actions lower cyclic AMP concentrations 

by hastening its destruction (hormone A) and by 

diminishing its rate of production (hormone C). 

At the same time hormone C may initiate other 

responses through activation of the DAG/IP 3  

second messenger system. Th e net response of 

the cell is determined by the relative intensity 

of stimulation by hormones A, B, and C, and 

hence will vary with the physiological circum-

stances that aff ect the degree to which each of 

these hormones is secreted. At times the action 

of hormone B will prevail; at other times it will 

  5 
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be overwhelmed by the combined actions of hormones A 

and C, or by the dominant actions of either hormone A or 

hormone C. 

   One hormone may also infl uence responses to 

other hormones by regulating expression of key compo-

nents of transduction or signaling pathways. For example, 

responses to epinephrine depend on the availability of its 

receptors (called adrenergic receptors), G-proteins, and 

downstream mediators. Th yroid hormones increase expres-

sion of adrenergic receptors in some tissues, and cortisol 

appears to increase expression of adrenergic receptors, as 

well as G α  s,  and other components of G-protein signaling. 

Consequently, in states of thyroid or adrenal insuffi  ciency, 

responses to epinephrine are blunted or defi cient, and con-

versely, after a period of increased secretion of thyroxine or 

cortisol, responses to epinephrine may be exaggerated. 

   Interactions between hormones that occur down-

stream from the receptors may be seen in the fi nal expres-

sion of the cellular response. Two or more hormones may 

produce overlapping eff ects in some target cells, and when 

present simultaneously may produce a fi nal response that is 

of greater, equal, or lesser magnitude than the algebraic sum 

of their individual actions. If two hormones act through 

independent signaling pathways to achieve a response, 

the magnitude of their combined eff ects may simply sum-

mate. However, if they compete for some shared compo-

nent of their signaling pathways of fi nal eff ector molecules, 

the individual responses to each may be reduced, so that 

their combined response is of lesser magnitude than the 

sum of the responses each would have produced if acting 

alone. Conversely, if two hormones act through separate, 

but complementary pathways, they may enhance each oth-

er’s actions, and the magnitude of the cellular response 

may be several-fold greater than the sum of the individual 

eff ects. Th is phenomenon is called  synergism  or  potentiation . 

For example, both growth hormone and cortisol modestly 

increase lipolysis in adipocytes. When given simultaneously, 

however, lipolysis as measured by the rate of glycerol pro-

duction (see Chapter 7) was nearly twice as great as the sum 

of the eff ects of each ( Figure 5.2   ). Synergism is often seen, 

A A

B C

AC

Gαs Gαi

ATPcAMP

PIP2 DAG

Gαq

PLCβ

IP3

��

AMP
PDE

Extracellular fluid

Cytosol

Membrane

 FIGURE 5.1          Integration at the cellular level. A cell may receive inputs from hormones A, B, and C simultaneously. Hormone B acting through a G-protein 

coupled receptor activates adenylyl cyclase ( AC ) through the  α  stimulatory subunit  G α  s  . Hormone C binds to its G-protein coupled receptor, which inhibits 

adenylyl cyclase through the inhibitory subunit  G α  i  , and activates phospholipase C through the  G α  q   subunit, resulting in cleavage of phosphatidylinositol 

bis-phosphate  (PIP 2  ) and the release of diacylglycerol ( DAG ) and inositol trisphosphate ( IP 3  ). Hormone A, acting through a tyrosine kinase receptor, 

activates cyclic AMP phosphodiesterase ( PDE ), which degrades cAMP. The combined actions of the three hormones determines the concentration of 

cyclic AMP.    
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 FIGURE 5.2          Synergistic eff ects of human growth hormone ( hGH ) 

and the synthetic glucocorticoid dexamethasone ( DEX ) on lipolysis as 

measured by the increase in glycerol release from rat adipocytes. Both 

hGH and Dex were somewhat eff ective when added individually, but 

when added together the overall tissue response was greater than the 

sum of the responses produced by each hormone alone.   (From Gorin, E., 

Tai, L.R, Honeyman, T.W, and Goodman, H.M. (1990) Evidence for a role of 

protein kinase C in the stimulation of lipolysis by growth hormone and 

isoproterenol.  Endocrinology   126 : 2973.)    
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5
although the molecular mechanisms responsible are still not 

understood in most cases.  

    Permissiveness 

   A related phenomenon is the  permissive action  of one hormone 

with respect to the actions of other hormones or other stimuli. 

A hormone acts permissively when its presence is necessary 

for, or permits, a response to occur, even though the hormone 

itself does not initiate the response. In this case, two hor-

mones acting together may produce an eff ect that neither can 

produce alone. Th is phenomenon was mentioned in Chapter 

4 with respect to the actions of the glucocorticoids, and origi-

nally was described in studies of glucocorticoid physiology, 

but permissive actions of other hormones are also seen. Th e 

underlying molecular mechanisms are not understood, but 

probably relate to hormone eff ects on the expression of many 

genes that maintain normal cellular economy.  

    Maintaining signal fi delity 

   Th ere are more hormones than there are signaling pathways, 

and virtually no signaling pathway is used exclusively by any 

one hormone. Many diff erent hormones appear to signal 

by activating the same molecules or molecular complexes, 

and yet the fi nal outcome produced by each is nearly always 

unique. While integrating or combining the actions of hor-

mones in ways that increase or decrease the magnitude of a 

response, cells preserve the integrity of the actions of each 

hormone even when their transduction pathways appear to 

share common components. Even though the precise mecha-

nisms that assure signal fi delity are not always understood, 

several factors appear to contribute to the specifi city of hor-

mone actions in cells that express receptors for diff erent 

hormones that seemingly activate the same signaling path-

ways. Because most hormones do not simply activate a linear 

series of reactions, but rather signal through multiple parallel 

intracellular pathways, the particular combination of signal-

ing pathways that are activated may determine the fi nal out-

come. It is now recognized that protein molecules involved in 

complex intracellular signal transmission do not fl oat around 

freely in a cytoplasmic  “ soup, ”  but are anchored at specifi c 

cellular loci by interactions with the cytoskeleton or the 

membranes of intracellular organelles, or in large signaling 

complexes. Protein kinase A, for example, may be localized 

to specifi c regions in the cell by specialized proteins called 

AKAPs (A kinase anchoring proteins), which may also act as 

scaff olds that anchor other participants in a signaling cascade. 

   Although there are relatively few basic patterns of sig-

nal transduction, there is great versatility in their operation. 

Virtually all the intracellular signaling molecules discussed 

are represented in the human genome in multiple forms, 

often referred to as isoforms. In addition to being products of 

separate genes, diff erent isoforms may arise by alternate splic-

ing of mRNA from the same gene or by diff erent posttrans-

lational processing of the same gene product. A single cell 

often contains more than one isoform of various components 

of signaling pathways, each with unique regulatory properties, 

and sometimes with discrete cellular loci. Many cells express 

more than one isoform of adenylyl cyclase, and although all 

nine isoforms of adenylyl cyclase are activated by any of the 

four diff erent isoforms of G α  s , some isoforms of adenylyl 

cyclase are also activated or inhibited by diff erent members of 

the protein kinase C family, or by calcium, or by some of the 

more than 50 possible combinations of G-protein  β  γ  subu-

nit isoforms. Th ere are also multiple uniquely regulated iso-

forms of cyclic AMP phosphodiesterases, and of PI3 kinases. 

Similar statements can be made for the phospholipases C 

and the vast number of proteins that participate in tyrosine 

kinase and nuclear receptor signaling systems. Seven diff erent 

proteins arise from alternate splicing of the CREB gene. In 

all, it has been estimated that more than 20% of the genome 

is devoted to signal transduction, and it is evident that there 

is ample complexity to account for all the regulated behaviors 

governed by hormones.   

    MODULATION OF RESPONDING SYSTEMS 

   Biological systems are dynamic. Just as the amount of hor-

mone secreted varies with changing circumstances, so too 

does the magnitude and duration of the response of target 

cells. Many factors in addition to the actions of other hor-

mones infl uence how robust a response will be and for how 

long it may persist (       Figures 5.3 and 5.4     ). Clearly, the most 

important determinants are the concentration of hormone 

present in the extracellular fl uid surrounding target cells, 

Determinants of the magnitude of hormonal
responses

A.  Concentration of hormone at the target cell surface
1.  Rate of secretion
2.  Rate of delivery by the circulation
3.  Rate of hormone degradation

B.  Sensitivity of target cells
1.  Number of functional receptors per cell
2.  Receptor affinity for the hormone
3.  Post-receptor amplification capacity
4.  Abundance of available effector molecules

C.  Number of functional target cells

 FIGURE 5.3          Determinants of the magnitude of a hormonal response.    
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the length of time that the concentration is maintained, and 

the competency of the target cells. For hormones that are 

secreted in a pulsatile fashion, both the amount secreted in 

each pulse and the frequency of secretory pulses are impor-

tant determinants of the amount of hormone that reaches 

target cell receptors and how long eff ective concentrations 

are maintained. In addition to the plasma concentration, 

the rate of delivery of a hormone to the extracellular fl uid 

bathing its target cells also depends upon the rate of blood 

fl ow, capillary permeability, and the fraction of hormone 

that is bound to plasma proteins, all of which are sensitive to 

changing physiological circumstances and the actions of hor-

mones. Another critical determinant of the concentration of 

hormone available to target cells hormone is the rate of deg-

radation either by target tissues or in blood and nontarget 

tissues. As we have seen with regard to the rate of thyrox-

ine metabolism, the rate of hormone degradation may also 

change with changing circumstances. 

    Sensitivity and capacity 

   Neither the sensitivity to hormonal stimulation, nor the capac-

ity of target tissues to respond are constant; they change 

with changing physiological or pathological circumstances. 

Sensitivity to stimulation and capacity to respond are two sep-

arate though related aspects of hormonal responses.  Sensitivity  

describes the acuity of the ability of a cell or organ to recog-

nize and respond to a signal in proportion to the intensity of 

that signal. Th e  capacity to respond,  or the maximum response 

that a tissue or organ is capable of achieving depends upon 

the number of target cells and their competence. Hormones 

regulate both the sensitivity and the capacity of target tissues 

to respond either to themselves or to other hormones. 
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 FIGURE 5.5          The relationship between concentration and response at 

three diff erent levels of sensitivity. Arrows indicate the concentration 

of hormone that produces a half-maximal response for each level of 

sensitivity. Note that the abscissa is plotted on a logarithmic scale.    

Determinants of the duration of hormonal
responses

A. Duration of hormone availability
1.  Duration of secretion
2.  Amount secreted
3.  Half-life in blood

B.  Mode of production of cellular response
1.  Reversible covalent modifications
2.  Genomic changes

a.  Time needed to synthesize mRNA
b.  Half-life of mRNA
c.  Time needed to synthesize proteins
d.  Half-life of affected proteins

C.  Rapidity of onset of compensatory changes
1.  Counteracting responses
2.  Receptor desensitization or down regulation

 FIGURE 5.4          Determinants of the duration of a hormonal response.    

   Th e relationship between the magnitude of a hormonal 

response and the concentration of a hormone that produces 

the response can be described mathematically by a sigmoi-

dal curve, usually called a dose-response curve ( Figure 5.5   ).

Th e typical dose-response curve usually is plotted with the 

magnitude of the response on the Y axis and the dose or 

concentration on the X axis. Th e lowest amount or concen-

tration of hormone that produces a measurable response 

usually is called the  threshold . Th e response is considered to 

be at a maximum when no further changes can be produced 

by further increases in hormone concentration. Th e slope of 

the linear portion of the curve describes the rate or degree 

of change in response per unit increase in hormone concen-

tration. Each of these parameters may be modifi ed by the 

actions of hormones or changes in physiological conditions. 

Because it is diffi  cult to measure small responses with preci-

sion, the threshold is seldom used in describing sensitivity. 

Instead, sensitivity usually is described in terms of the con-

centration of hormone needed to produce a half-maximal 

response, which is sometimes abbreviated as EC 50 . 

   When sensitivity is increased, a lower concentration 

of hormone is needed to achieve a half maximal response, 

and when sensitivity is decreased, a higher concentration 

of hormone is needed to evoke the same response. In the 

example shown in  Figure 5.5  we may assume that curve 

B represents the basal or  “ normal ”  sensitivity with a half 

maximum response attained at a hormone concentration of 

1 nanomole per liter. Curve A refl ects a tenfold increase in 

sensitivity and Curve C represents a tenfold decrease in sensi-

tivity. In other words, an increase in sensitivity shifts the dose 

response curve to the left, and a decrease shifts it to the right. 

   We may consider the maximum response that can be 

elicited by a hormone as the capacity of the responding system. 
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Dose-response curves that refl ect changes in capacity to 

respond are illustrated in  Figure 5.6   . Let us assume once again 

that Curve B represents the basal or  “ normal ”  condition. Th e 

maximum response may be increased (Curve A) or decreased 

(Curve C), but the sensitivity (i.e., the concentration of hor-

mone needed to produce the half-maximal response) remains 

unchanged at 1       ng/ml. Note that in this illustration the slope 

of the dose response curve also changes. 

   One mechanism by which the sensitivity of target tis-

sues may be adjusted is by regulation of the availability of 

hormone receptors. It should be recalled that the initial event 

in a hormonal response is the binding of the hormone to its 

receptor (see Chapter 1). Th e higher the concentration of hor-

mone, the more likely it is to interact with its receptors. If there 

are no hormone receptors, there can be no response, and the 

more receptors that are available to interact with any particular 

amount of hormone, the greater the likelihood of a response. 

In other words, the probability that a molecule of hormone will 

encounter a molecule of receptor is related to the abundance 

of both the hormone and the receptor. Th e eff ects of chang-

ing receptor abundance on hormone sensitivity are shown in 

 Figure 5.7   . It may be noted that the relationship is not linear, 

and that doubling the receptor number lowers the hormone 

concentration needed to produce a half-maximal response by a 

factor of 2, while halving the number of receptors increases the 

needed concentration of hormone by a factor of 2.5. 

   Many hormones decrease the number of their own 

receptors in target tissues. Th is so-called  downregulation  

originally was recognized as a real phenomenon in modern 

endocrinology when it was shown that the decreased sen-

sitivity of some cells to insulin in hyperinsulinemic states 

resulted from a decrease in the number of receptors on the cell 

surface. However, a similar phenomenon was observed many 

years earlier by Cannon and Rosenblueth who described the 

 “ supersensitivity of denervated tissues. ”  Cannon’s original dis-

covery of this phenomenon concerned the hypersensitivity of 

the denervated heart to circulating epinephrine and norepine-

phrine. Th e generality of this phenomenon for both endocrine 

and neural control systems is further indicated by the increase 

in acetylcholine receptors that occurs after a muscle is 

denervated and the restoration to normal after reinnervation.

Th e phenomenon of  tachyphylaxis , or loss of responsive-

ness to a pharmacological agent upon repeated or constant 

exposure, may be another example of downregulation of 

receptors. Downregulation may result from inactivation of 

the receptors at the cell surface by covalent modifi cations 

or allosteric changes, from an increased rate of sequestration 

of internalized membrane receptors, or a change in the rates of

receptor degradation or synthesis. 

   Downregulation is not limited to the eff ects of a 

hormone on its own receptor, or to the surface receptors 

for the water soluble hormones. One hormone can down-

regulate receptors for another hormone. Th is appears to be 

the mechanism by which T3 decreases the sensitivity of 

the thyrotropes of the pituitary to TRH (see Chapter 3). 

Similarly, the ovarian hormone progesterone may down-

regulate both its own receptor and that of estrogen as well. 

Upregulation, or the increase in available receptors, also 

occurs. T3 and cortisol may increase adrenergic receptors in 

some tissues as already mentioned, and prolactin and growth 

hormone may upregulate their own receptors. Estrogen 

upregulates both its own receptors and those of LH in 

ovarian cells during the menstrual cycle, and is essential for 

expression of progesterone receptors (see Chapter 13).  
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capacities to respond. Note that the concentration needed to produce the 

half maximal response is identical for all three response capacities. Note 

that the abscissa is plotted on a logarithmic scale.    
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    Spare receptors 

   Another determinant of sensitivity is the affi  nity of a recep-

tor for its hormone. Hormones reversibly associate with their 

receptors according to the law of mass action. Affi  nity refl ects 

the  “ tightness ”  of binding or the likelihood that an encoun-

ter between a hormone and its receptor will result in bind-

ing, and usually is quantifi ed in terms of the concentration 

of hormone at which half of the available receptors are occu-

pied by hormone. Although the affi  nity of the receptor for its 

hormone may be increased or decreased by covalent modifi -

cations such as phosphorylation or dephosphorylation, more 

commonly, the number of receptors is modulated rather than 

their affi  nity. 

   Biological responses do not necessarily parallel hor-

mone binding, and therefore are not always limited by 

the affi  nity of the receptor for the hormone. Because they 

depend on many postreceptor events, responses to some 

hormones may be at a maximum at concentrations of hor-

mone that do not saturate all the receptors ( Figure 5.8   ). 

When fewer than 100% of the receptors need to be occu-

pied to obtain a maximum response, cells are said to express 

 “ spare receptors. ”  For example, glucose uptake by the fat cell 

is stimulated in a dose-dependent manner by insulin, but the 

response reaches a maximum when only a small percentage 

of available receptors are occupied by insulin. Consequently, 

the sensitivity of the cells to insulin is considerably greater 

than the affi  nity of the receptor for insulin. Recall that sen-

sitivity is measured in terms of a biological response, which 

is the physiologically meaningful parameter, whereas affi  n-

ity of the receptor is independent of the postreceptor events 

that produce the biological response. Th e magnitude of a cel-

lular response to a hormone is determined by summation of 

the signals generated by each of the occupied receptors, and 

therefore is related to the  number of receptors that are activated  

rather than the  fraction of the total receptor pool  that is bound 

to hormone. However, because the fraction of available recep-

tors that binds to hormone is determined by the hormone 

concentration, the number of activated receptors needed to a 

produce a half maximal response will represent a smaller and 

smaller fraction as the total number of receptors increases. 

In the example shown in  Figure 5.8 , expression of fi ve 

times more receptors than needed for a maximum response 

increases the sensitivity sevenfold. 

   Another consequence of spare membrane receptors for 

peptide hormones relates to the rapidity with which a hor-

mone can be cleared from the blood. It may be recalled that 

degradation of peptide hormones depends, at least in part, 

upon receptor-mediated internalization of the hormone and 

hence access to proteolytic enzymes. It appears that cells have 

a greater capacity to degrade internalized hormone than to 

generate a hormone response. Receptors that may be spared 

with respect to producing a hormonal response may never-

theless play a physiologically important role in degrading 

their ligands. In fact, some membrane receptors such as the 

so-called clearance receptors for the atrial natriuretic factor 

(ANF) (see Chapter 9) lack the biochemical components 

needed for signal transduction, and function only in hor-

mone degradation. Spare receptors thus may blunt poten-

tially harmful over-responses to rapid changes in hormone 

concentrations and facilitate clearing hormone from blood. 

   Sensitivity to hormonal stimulation can also be 

modulated in ways that do not involve changes in recep-

tor number or affi  nity. Postreceptor modulation may aff ect 

any of the steps in the biological pathway through which 

hormonal eff ects are produced. Up- or downregulation of 

eff ector molecules such as enzymes, ion channels, contrac-

tile proteins, and others may amplify or dampen responses 

and hence change the relationship between receptor occu-

pancy and magnitude of response. For example, the activ-

ity of cAMP phosphodiesterase increases in adipocytes 

in the absence of pituitary hormones. It may be recalled 

(see Chapter 1) that this enzyme catalyzes the degrada-

tion of cAMP. When its activity is increased, less cAMP 

can accumulate after stimulation of adenylyl cyclase by a 

hormone such as epinephrine. Th erefore, if all other things 

were equal, a higher concentration of epinephrine would be 

needed to produce a given amount of lipolysis than might 

be necessary in the presence of normal amounts of pitui-

tary hormones, and hence sensitivity to epinephrine would 

be reduced. Increased activity of phosphodiesterase is only 

one of several factors contributing to decreased responses 

to epinephrine in adipocytes of hypopituitary animals. 
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 FIGURE 5.8          Spare receptors. Note that the concentration of hormone 

needed to produce a half maximal response is considerably lower than that 

needed to occupy half of the receptors. Note that the abscissa is plotted on 

a logarithmic scale.    
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Th ese tissues also express less hormone sensitive lipase 

and changes in their content of G-proteins. Consequently, 

even when all their receptors are occupied, the maximum 

response that these cells can make is below normal. In this 

example, both the sensitivity and the capacity to respond are 

decreased. 

   At the tissue, organ, or whole body level, the response 

to a hormone is the aggregate of the contributions of all the 

stimulated cells, so that the magnitude of the response is 

determined both by the number of responsive cells and their 

competence. For example, ACTH produces a dose-related 

increase in blood cortisol concentration in normal individuals. 

However, immediately after removal of one adrenal gland, 

changes in the concentration of cortisol in response to 

ACTH administration would be only half as large as seen 

when both glands are present. Th erefore, a much higher dose 

of ACTH will be needed to achieve the same change as was 

produced preoperatively. With time however, as the adrenal 

cortical cells upregulate ACTH receptors and increase their 

enzymatic capacity for steroidogenesis, the concentration 

of ACTH needed to achieve a particular rate of cortisol 

secretion will decline. Another example of how changes in 

cell number and competence is refl ected at the whole body 

level is the gradual increase in estradiol secretion seen in the 

early part of the menstrual cycle despite an unchanging or 

even decreasing concentration of FSH (see Chapter 13). 

Th is change in sensitivity to FSH refl ects the activity of an 

increasing number of estradiol-producing cells.   

    A HORMONAL INTEGRATION AT THE 
WHOLE BODY LEVEL 

    Redundancy 

   Survival in a hostile environment has been made possible by 

the evolution of fail-safe mechanisms to govern crucial func-

tions. Just as each organ system has built in excess capacity 

giving it the potential to function at levels beyond the usual 

day-to-day demands, so too is there excess regulatory capac-

ity provided in the form of seemingly duplicative or over-

lapping controls. Simply put, the body has more than one 

way to achieve a given end. For example, conversion of liver 

glycogen to blood glucose can be signaled by at least two 

hormones, glucagon from the alpha cells of the pancreas and 

epinephrine from the adrenal medulla ( Figure 5.9   ). Both 

of these hormones increase cyclic AMP production in the 

liver, and thereby activate the enzyme, glycogen phosphory-

lase, which catalyzes glycogenolysis. Two hormones secreted 

from two diff erent tissues, sometimes in response to diff erent 

conditions, thus produce the same end result. When present 

simultaneously, their eff ects summate, so the overall response 

depends on both. When one is defi cient or overproduced, 

greater or lesser secretion of the other may compensate, so 

that the overall response may remain unchanged. 

   Further redundancy can also be seen at the molecular 

level. Using the same example of conversion of liver glycogen 

to blood glucose, there are even two ways that epinephrine 

can activate phosphorylase. By stimulating beta adrenergic 

receptors, epinephrine increases cyclic AMP formation as 

already mentioned. By stimulating  α -1 adrenergic receptors, 

epinephrine activates phospholipase  β  and the resulting pro-

duction of diacylglycerol (DAG) and inositoltrisphosphate 

(IP 3 ). Calcium released from intracellular stores due to the 

eff ects of IP 3  also activates phosphorylase ( Figure 5.10   ). 

   Redundant mechanisms not only assure that a criti-

cal process will take place, but they also off er opportunity 

for fl exibility and subtle fi ne-tuning of a process. Th ough 

redundant in the respect that two diff erent hormones may 
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 FIGURE 5.9          Redundant mechanisms to stimulate hepatic glucose 

production. Hormonal and neural mechanisms are marshaled to combat 

potentially life-threatening low blood glucose concentrations.    
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 FIGURE 5.10          Redundant mechanisms to activate glycogen 

phosphorylase by a single hormone, epinephrine, acting through both

 α 1 and  β  receptors.    
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have some overlapping eff ects, actions of the two hormones 

are usually not identical in all respects. Within the physi-

ological range of its concentrations in blood, glucagon’s 

action is restricted to the liver; epinephrine produces a vari-

ety of other responses in many extrahepatic tissues while 

increasing glycogenolysis in the liver. Variations in the rela-

tive input from both hormones allows for a wide spectrum 

of changes in blood glucose concentrations relative to such 

other eff ects of epinephrine as increased heart rate. 

   Two hormones that produce common eff ects may dif-

fer not only in their range of actions, but also in their time 

constants ( Figure 5.11   ). One may have a more rapid onset 

and short duration of action, whereas another may have 

a longer duration of action, but a slower onset. For exam-

ple, epinephrine increases blood concentrations of free fatty 

acids (FFA) within seconds or minutes and this eff ect dis-

sipates as rapidly when epinephrine secretion is stopped. 

Growth hormone similarly increases blood concentrations of 

FFA, but its eff ects are seen only after a lag period of two or 

three hours and persist for many hours. A hormone like epi-

nephrine may therefore be used to meet short-term needs, and 

another, like growth hormone, may satisfy sustained needs. 

   Redundancy also pertains to processes in which the 

same end may be achieved by more than one physiological 

means. For example, blood concentrations of calcium may 

be increased by an action of the parathyroid hormone to 

mobilize calcium stored in bone crystals (see Chapter 10), 

or by an action of vitamin D to promote calcium absorption 

from the gut. Th ese processes, as might be expected, have 

diff erent time constants as well. 

   One of the implications of redundancy for understand-

ing both normal physiology and endocrine disease is that 

partial, or perhaps even complete, failure of one mechanism 

can be compensated by increased reliance on another mech-

anism. Th is point is particularly relevant to interpretation 

of results of gene knockout studies. In some cases elimina-

tion of what was thought to be an essential protein resulted 

in no apparent functional changes, perhaps because of 

redundancy. Th us functional defi ciencies may be masked 

by redundant mechanisms and be evident only in subtle 

ways. Some defi ciencies may only show as overt disease 

after appropriate provocation or perturbation of the system. 

Conversely, strategies for therapeutic interventions designed 

to increase or decrease the rate of a process must take into 

account the redundant inputs that regulate that process. 

Merely accelerating or blocking one regulatory input may 

not produce the desired eff ect since indepen-dent adjust-

ments in redundant pathways may completely compensate 

for the intervention.  

    Reinforcement 

   It is an oversimplifi cation to think of any hormone as sim-

ply having a single unique eff ect. In accomplishing any end, 

most hormones act at several locales either within a single 

cell, or in diff erent tissues or organs to produce separate but 

mutually reinforcing responses. In some cases, a hormone 

may produce radically diff erent responses at diff erent locales, 

which nevertheless reinforce each other from the perspective 

of the whole organism. Let us consider, for example, some 

of the ways ACTH acts on the fasciculata cell of the adrenal 

cortex to promote the production of cortisol. It: 

      ●      Increases uptake of cholesterol, which serves as a 

substrate for hormone synthesis  .

      ●      Activates the esterase enzyme needed for mobilization of 

cholesterol from storage droplets  .

      ●      Increases the synthesis and activity of the StAR 

(steroid acute regulatory) protein needed for delivery 

of cholesterol to the intramitochondrial enzyme that 

converts it to pregnenolone  .

      ●      Increases adrenal blood fl ow, which facilitates the 

delivery not only of the cholesterol precursor to the 

adrenal cortex, but also the newly synthesized hormone 

to the rest of the body    .

   Each of these eff ects contribute to the end of provid-

ing the body with cortisol, but collectively, they make pos-

sible an enormously broader range of response in a shorter 

time frame. 

   Reinforcement can also take the form of a single hor-

mone acting in diff erent ways in diff erent tissues to produce 

complementary eff ects. A good example of this is the action 

of glucocorticoid hormones to promote gluconeogenesis. As 

we have seen (see Chapter 4, Figure 4.12), glucocorticoids 

promote protein breakdown in muscle and lymphoid tissues, 
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 FIGURE 5.11          Idealized representation of the eff ects of epinephrine and 

growth hormone on plasma concentrations of free fatty acids.    
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 FIGURE 5.12          Push–pull mechanism. Epinephrine inhibits insulin secretion 

while promoting glucagon secretion. This combination of eff ects on the 

liver stimulates glucose production while simultaneously relieving an 

inhibitory infl uence. ( � )      �      increases; ( � )      �      decreases    
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 FIGURE 5.13          Push–pull mechanism to activate glycogen phosphorylase 

while simultaneously inhibiting glycogen synthase.    

Th e eff ect of adding a stimulatory infl uence while simul-

taneously removing an inhibitory infl uence is a rapid and 

large response, more rapid and larger than could be achieved 

by simply aff ecting either hormone alone, or than could 

be accomplished by the direct glycogenolytic eff ect of epi-

nephrine or norepinephrine. 

   Another type of push–pull mechanism can be seen at 

the molecular level. Net synthesis of glycogen from glucose 

depends upon the activities of two enzymes, glycogen syn-

thase, which catalyzes the formation of glycogen from glu-

cose, and glycogen phosphorylase, which catalyzes glycogen 

breakdown ( Figure 5.13   ). Th e net reaction rate is determined 

by the balance of the activity of the two enzymes. Th e activ-

ity of both enzymes is subject to regulation by phosphor-

ylation, but in opposite directions: addition of a phosphate 

group activates phosphorylase, but inactivates synthase. In 

this case, a single agent, cyclic AMP, which activates protein 

kinase A, increases the activity of phosphorylase and simul-

taneously inhibits synthase. 

   Numerous examples of the foregoing principles of 

hormonal integration can be seen in the succeeding chap-

ters, which focus on the interactions of multiple hormones 

in addressing physiological problems.                                                                                                                               

and the consequent release of amino acids into the blood. In 

adipose tissue glucocorticoids promote triglyceride lipolysis 

and the release of glycerol. In the liver, glucocorticoids induce 

the formation of the enzymes necessary to convert amino 

acids, glycerol, and other substrates into glucose. Either the 

extrahepatic action to provide substrate or the hepatic action 

to increase capacity to utilize that substrate would increase 

gluconeogenesis. Together, these complementary actions 

increase the overall magnitude and speed of the response.  

    Push–pull mechanisms 

   As discussed in Chapter 1, many critical processes are under 

dual control by agents that act antagonistically either to 

stimulate or to inhibit. Such dual control allows for more 

precise regulation through negative feedback than would 

be possible with a single control system. Th e example cited 

was hepatic production of glucose, which is increased by 

glucagon and inhibited by insulin. In emergency situations 

or during exercise, epinephrine and norepinephrine released 

from the adrenal medulla and sympathetic nerve endings 

override both negative feedback systems by inhibiting insulin 

secretion and stimulating glucagon secretion ( Figure 5.12   ). 
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C H A P T E R

                                            

      Hormones of the Gastrointestinal Tract  

   Th e gastrointestinal tract (GI tract) is the largest 

and most complex endocrine organ in the body. 

Although only about 1% of the cells that line the 

GI tract secrete hormones, their total population 

is greater than that found in any other endocrine 

organ. Moreover, these cells secrete more than 10 

peptides with endocrine functions. It is likely that 

other less understood peptides produced in the 

GI tract also function as hormones and as locally 

acting paracrine factors. More than 10 distinct 

 enteroendocrine  cell types containing characteristic 

secretory granules at their basolateral poles have 

been identifi ed, and many of these are known to 

secrete more than one product. Unlike the cells 

of typical endocrine glands, hormone-secreting 

cells of the GI tract are not clustered together 

as discrete tissues, but are widely scattered and 

interspersed among nonendocrine cells of the 

mucosa. Th ese cells interact extensively with both 

intrinsic and extrinsic neural elements in the GI 

tract and provide bidirectional communication 

with the brain as well as overlapping, redundant 

control of gastrointestinal functions. Th e GI tract 

is a sensory organ, which, through a combination 

of hormonal and neuronal mechanisms, adjusts 

its own activities, alerts the body to the impend-

ing infl ux of nutrients, and informs the brain of 

the need to initiate or terminate feeding. Th is 

chapter focuses on the neuroendocrine regula-

tion of the GI tract itself. We consider the role 

of the GI hormones in nutrient assimilation in 

Chapter 7 and in the regulation of food intake in 

Chapter 8. 

    FUNCTIONAL ANATOMY OF
THE GI TRACT 

   Th e GI tract is a long hollow tube that extends 

for about nine meters between its openings to 

the external environment at the mouth and 

the anus. It is made up of a series of function-

ally and morphologically distinct components 

( Figure 6.1   ). Th e pancreas and the liver are acces-

sory digestive organs that deliver their secretions 

into the duodenal lumen by way of the pancreatic 

and bile ducts. Th e GI tract and its accessories 

receive a rich supply of blood through branches 

of the superior and inferior mesenteric and celiac 

arteries. Venous blood draining the stomach and 

intestines along with that draining the pancreas 

and spleen passes through the hepatic portal vein 

and perfuses the liver before entering the gen-

eral circulation. In contrast, the lymph drainage 

of the small intestine carrying absorbed lipids 

enters the general circulation directly through 

the thoracic duct after passing through a com-

plex series of lymph nodes. 

   Th roughout its length, the wall of the GI 

tract is composed of concentric layers of tis-

sue, which vary in thickness and complexity in 

the diff erent segments. Th e mucosal surface is 

highly irregular and is thrown into deep folds 

and invaginations that amplify its surface area 

and house its secretory and absorptive cells. Th e 

mucosa consists of a single layer of epithelial 

cells supported by a  lamina propria  and is 

  6 
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composed mainly of connective tissue. Contractions of 

the underlying thin layer of smooth muscle, the  muscularis 
mucosae , alter the conformation of the ridges and folds of 

the mucosa, rearranging the exposed surfaces available for 

secretion or absorption. Th e  submucosa  that lies beneath the 

 muscularis mucosa  is a layer of dense connective tissue that 

contains arterioles, venules, and a network of lymphatics. 

Contractions of the circular and longitudinal smooth mus-

cle layers that surround the mucosa promote mixing of the 

luminal contents and propel them along the length of the 

GI tract. 

   Th e gastric and intestinal glands embedded in the 

mucosa are comprised of single layers of epithelial cells 

arranged to form deep invaginations of the mucosal sur-

face called  pits  in the stomach and  crypts  in the intestines 

( Figure 6.2   ). Cells that secrete hormones and locally act-

ing chemical signals into the interstitium contain secretory 

granules at their basolateral poles and usually are called 

 enteroendocrine  cells. Some granulated cells take up chro-

mium salts in histological preparations and therefore are 

called  enterochromaffi  n  cells. Enterochromaffi  n cells secrete 

serotonin and other locally acting substances. Although they 

are the most abundant of the enteroendocrine cells, they have 

not been widely studied and are not considered further. Acid 

producing cells of the gastric glands are called  parietal cells  or 

 oxyntic cells , and the portion of the stomach lining that secretes 

acid is called the  oxyntic mucosa . Parietal cells are abun-

dant in gastric glands in the corpus or body of the stomach, 
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 FIGURE 6.1          The gastrointestinal 

tract.  A . The stomach and its 

functional segments. The lining of 

the body or corpus contains the 

acid secreting oxyntic mucosa. The 

antrum and pylorus control access 

to the initial portion of the intestine, 

the duodenum.  B . The accessory 

digestive organs, the liver and 

pancreas. Bile contains excretory 

products and the sterols and 

phospholipids that emulsify ingested 

fats and facilitate their digestion 

and absorption.  C . The intestines. 

The duodenum is about 30       cm long 

and leads into the jejunum (about 

2.5 meters long), which in turn leads 

into the ileum (about 3.8 meters 

long). The large intestine, the colon, 

is comprised of the ascending, 

transverse, and descending portions.        
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 FIGURE 6.2          Gastric glands. Hormone secreting cells in the epithelial lining 

of the stomach and intestinal tract are present in deep invaginations of the 

mucosal surface scattered among cells of various functions. 

 A . Schematic representation of an oxyntic pit. Note that the acid-producing 

 parietal cells , the enzyme-producing  chief cells , and the  mucus-producing 

cells  and the diff erentiating cells that renew the mucosal surface are all 

 “ open ”  to the lumen and come in direct contact with the luminal contents. 

The ECL (enterochromaffi  n-like) cells, the somatostatin-secreting D cells, 

and the ghrelin producing cells are  “ closed ”  and have no direct contact 

with luminal contents.  B . Schematic representation of the antral pit. Note 

that parietal cells are absent, and that the somatostatin producing D cells, 

the gastrin-producing G cells, and the enterochromaffi  n cells are  “ open ”  

and come in contact with the luminal contents. A similar arrangement 

of cells is seen in the crypts of the mucosae of the small and large 

intestines.    
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but are absent from the  antral mucosa . Gastric glands in the 

oxyntic mucosa also contain  chief cells , which produce pep-

sinogen and lipase, mucus-secreting cells,  enterochromaffi  n-
like  (ECL) cells that secrete histamine, and enteroendocrine 

cells that secrete somatostatin, ghrelin, and possibly other 

hormones (see later). Mucosal epithelial cells (enterocytes) 

in the intestine are highly specialized for secretion of water, 

ions, or mucus from their apical surfaces into the lumen, or 

for absorption of water, ions, and nutrients. Multipotential 

stem cells that continually divide and diff erentiate into all 

these cell types replace and regenerate the rapidly turning-

over and exfoliating luminal lining of the intestinal tract. 

   Th e GI tract is extensively innervated with aff er-

ent and eff erent sympathetic and parasympathetic nerves. 

In addition, it contains the rich and complex networks of 

intrinsic nerves of the submucosal and myenteric plexuses 

that form the  enteric nervous system . Often considered as a 

third branch of the autonomic nervous system, the enteric 

nervous system contains about 100 million neurons, about 

as many as are present in the spinal cord. Enteric neurons, 

which have sensory, motor, and interneuronal functions, 

coordinate the secretory, absorptive, and contractile activi-

ties of the GI tract. Th ey transmit information up and down 

the length of the GI tract and communicate bidirectionally 

with neurons of the sympathetic and parasympathetic sys-

tems ( Figure 6.3   ). Neurotransmission within and between 

the extrinsic autonomic and intrinsic enteric neurons is not 

limited to the classic transmitters, acetylcholine, and catechol-

amines. Rather, these neurons also utilize a broad range of 

transmitter molecules including many peptides that may also 

act as neurohormones or neuromodulators. Th ese neurosecre-

tions and all the hormones secreted by enteroendocrine cells 

considered next are also expressed in the brain where they 

function as neurotransmitters or neuromodulators. 

   Parasympathetic innervation of the stomach, the 

small intestine, and the proximal portion of the colon is 

supplied by the vagus nerves. Th e pelvic nerves provide the 

parasympathetic innervation of the remainder of the colon. 

About three-quarters of the axons in the vagus nerve trunks 

transmit sensory impulses to the brainstem from abundant 
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 FIGURE 6.3          Schematic representation of the enteric nervous system and its connections to sympathetic and parasympathetic neurons. Interneurons 

and cell bodies of sensory and motor neurons of the enteric nervous system are found in the submucosal plexus and in the myenteric plexus, which lies 

between the layers of longitudinal and circular smooth muscle. Signals are transmitted both laterally through the layers of the wall and along the length of 

the GI tract. Enteric neurons communicate with sensory and motor vagal fi bers and with sympathetic postganglionic fi bers, which also directly innervate 

blood vessels, intestinal smooth muscle and mucosal secretory cells.   (Redrawn from Johnson, L.R. (2003)  Essential Medical Physiology , 3 rd  ed., 469. Elsevier, 

Academic Press, San Diego.)    
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mechano- and chemoreceptors that are scattered throughout 

the stomach and intestines. In response, integrating centers 

in the brainstem signal secretory or contractile responses by 

way of motor nerve fi bers that are also present in the vagus 

nerves. Th ese refl exes are called  vago–vagal refl exes  because 

both aff erent and eff erent signals are carried by fi bers in the 

vagus nerve trunks ( Figure 6.4   ). Many of the responses that 

are governed by these refl exes also are produced by gastroin-

testinal hormones. In addition, vagal aff erent fi bers express 

receptors for some of these hormones. Consequently, some 

eff ects of gastrointestinal hormones are produced both indi-

rectly by refl exes and directly by stimulation of receptors 

on target cells. Additionally, hormonal stimulation of vagal 

aff erents provides a means for communication with inte-

grating centers in the brain without having to traverse the 

obstacle of the blood–brain barrier.  

    OVERVIEW OF DIGESTION AND ABSORPTION 

   Digestion of food begins in the mouth as the food is chewed 

and mixed with salivary enzymes. After swallowing, the 

food passes from the esophagus into the stomach as a semi-

solid mixture. Smooth muscles in the walls of the upper 

part of the stomach relax to accommodate as much as 1.5 L

of food without an increase in pressure. Secretion of 

hydrochloric acid lowers luminal pH. Th e low pH facili-

tates conversion of proteolytic enzymes that are secreted 

in inactive forms called  pepsinogens  to active peptidases. In 

addition, low pH denatures ingested proteins, increasing 

their susceptibility to enzymatic cleavage, and also provides 

protection from ingested microorganisms. Gastric lipases 

begin digestion of dietary fats. Contractions of muscles in 

the stomach wall produce churning and grinding motions 

that break up remaining chunks of food and mix them with 

hydrochloric acid, pepsin, lipase, and mucus secreted by the 

gastric mucosa. Th e resulting liquefi ed mixture, called  chyme , 
is gradually expelled in a regulated manner through the 

pylorus into the duodenum. Emptying of the stomach may 

take two to three hours. Contractions of stomach muscles 

are controlled by both neural and endocrine mechanisms. 

   Th e acidic chyme that enters the duodenum is neu-

tralized by bicarbonate in pancreatic secretions and bile. 

Phospholipids and bile salts emulsify fatty substances in 

the chyme, preparing them for further digestion by lipases 

secreted by the pancreas. Peptidases and amylase also present 

in pancreatic secretions continue the digestion of proteins and 

complex carbohydrates in concert with enzymes present on the 

apical surfaces of enterocytes. Absorption of nutrients begins 

in the duodenum and continues as the chyme is propelled 

through the jejunum and ileum by peristaltic contractions. 

Peristaltic contractions are controlled mainly by the enteric 

nervous system with input from enteric hormones and 

both sympathetic and parasympathetic fi bers. Most of the 

organic nutrients, water, salts, vitamins, and minerals are 

absorbed in the small intestine. Th e remaining chyme then 

passes into the colon, which carries out the fi nal absorption 

of water and salts and stores the undigested dietary compo-

nents and hepatic excretory products until defecation.  

    HORMONES OF THE GASTROINTESTINAL TRACT 

   Dozens of biologically active peptides and smaller molecules 

have been isolated from extracts of the GI tract. Th e precise 

physiological role of many of these remains to be established. 

Gastrointestinal peptides are produced and secreted by ente-

roendocrine cells and by both intrinsic and extrinsic nerves. 

Th ose peptides that depend upon the general circulation to 

reach their target cells meet the classical defi nition of hor-

mones presented in Chapter 1. Others act locally in a para-

crine manner, reaching their target cells by diff usion through 

interstitial fl uid. However, particularly in the gastrointestinal 

tract, the distinctions between endocrine, paracrine, and neu-

ral secretions are quite blurred, with many of these peptides 

reaching their targets by more than one route. Peptides that 

act locally may also enter the bloodstream to act systemically 
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 FIGURE 6.4          Vago-vagal refl exes. Sensory signals arising directly from 

vagal chemo- or mechanoreceptors or transmitted to vagal aff erents 

from enteric neurons pass up the vagus nerve trunks to neurons in the 

nucleus of the solitary tract, which communicate with eff erent neurons in 

the dorsal motor nucleus and the nucleus ambiguous (vagal integrating 

centers). Eff erent signals travel down the vagal trunks to activate or inhibit 

secretion or contraction directly or indirectly by way of the enteric nervous 

system.    
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or they may excite receptors on aff erent vagal neurons and 

initiate systemic responses through vaso–vagal refl exes. Some 

peptide secretions may diff use through the interstitium to 

excite neurons of the enteric nervous system, which may 

respond by producing local eff ects or by transmitting signals 

to distant portions of the GI tract. A few may be secreted 

into the intestinal lumen and produce their eff ects on down-

stream targets in the intestinal mucosa. Many of the GI hor-

mones have overlapping functions and their actions may be 

additive or  synergistic  (Chapter 5). Because of the similarities 

in their structures, many of the GI hormones can be grouped 

into families. Th e following discussion focuses on those sig-

naling molecules that have an established endocrine role. 

    The gastrin/cholecystokinin family 

   An ancestral gene appears to have duplicated in a primitive 

chordate about 500 million years ago, around the time of the 

emergence of the vertebrates, and gave rise to the genes that 

encode the hormones  gastrin  and  cholecystokinin (CCK) . Th e 

gastrin and CCK genes have retained similar organizational 

features, and are comprised of three exons separated by two 

introns. Structural homologies are found in the 5 �  untrans-

cribed regulatory region and in the coding region of exon 3. 

Th e preprohormone products have chain lengths of 101 and 

115 amino acids for gastrin and CCK, respectively. An iden-

tical stretch of 12 amino acids is present near the carboxyl 

terminals of the precursors of both hormones ( Figure 6.5   ). 

Both prohormones undergo similar processing. Removal of 

the signal pepide occurs cotranslationally in the endoplasmic 

reticulum, and sulfation of tyrosine residues takes place as the 

hormones traverse the trans-Golgi apparatus. In the secretory 

granules, hormone convertases shorten the peptide chains 

and produce a mixture of peptides with identical C-termini. 

Cleavage of peptide bonds at the carboxyl terminals followed 

by amidation of phenylalanine completes the processing. 

Th e result of these posttranslational reactions is the produc-

tion CCK and gastrin molecules of varying chain lengths 

but with identical amidated pentapeptide sequences at their 

C-terminals. 

   Th e four amino acid sequence at the carboxy termi-

nus is required for biological activity of both hormones, 

and accounts for all of the activity of gastrin.  Pentagastrin  

consisting of the C-terminal 5 amino acids is not produced 

biologically but is used experimentally and clinically to 

reproduce all the eff ects of gastrin. Th e critical structural 

feature that distinguishes CCK from gastrin is the sulfate 

ester of the tyrosine located seven residues upstream from 

the carboxyl terminal ( Figure 6.5 ). CCK molecules that lack 

this sulfate ester behave like gastrin. Although the tyrosine 
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 FIGURE 6.5          Progastrin, procholecystokinin (CCK), and their posttranslational processing. Amino acids are represented in the single-letter amino acid 

code. Identical amino acid residues in corresponding positions in both hormones are shown in red, and are found largely in the carboxyl terminus. 

Post-translational processing removes the 8 amino acids from the carboxyl terminal of progastrin and 11 amino acids from proCCK. The C-terminal glycine 

is then cleaved, leaving behind its amino group as an amide on the new C-terminal phenylalanine. Amidation is critical for bioactivity of both hormones. 

Subsequent cleavage by hormone convertases (blue arrows) produces the most prevalent forms of gastrin and CCK. A      �      alanine, C      �      cysteine, D      �      aspartic 

acid, E      �      glutamic acid, F      �      phenylalanine, G      �      glycine, H      �      histidine, I      �      isoleucine, K      �      lysine, L      �      leucine, M      �      methionine, N      �      asparagine, P      �      proline, 

Q      �      glutamine, R      �      arginine, S      �      serine, T      �      threonine, V      �      valine, W      �      tryptophan, Y      �      tyrosine.    
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located six residues upstream from the carboxyl terminal of 

gastrin may also be sulfated, the sulfate ester in this position 

has little infl uence on gastrin activity. About equal amounts 

of nonsulfated (gastrin-I) and sulfated (gastrin-II) normally 

are produced. 

   Th e close structural and evolutionary relationship 

between gastrin and CCK is also refl ected in their receptors, 

which have about 50% sequence identity. Th ese receptors origi-

nally were studied and characterized in CCK target tissues, 

and are still called CCK receptors. Th e receptors that were 

found in rodent pancreatic acini bind CCK with an affi  nity 

that is about 500 to 1,000 times higher than for gastrin. Th ey 

are called CCKA or CCK1 receptors (CCK1-R). Receptors 

of the type ubiquitously distributed throughout the brain bind 

CCK and gastrin with nearly equal affi  nity, and are called 

CCKB or CCK2 receptors (CCK2-R). Th e sulfated tyrosine 

7 residues upstream from the carboxyl terminus is required for 

high affi  nity binding to the CCK1-R, whereas the CCK2-R 

does not distinguish between sulfated and nonsulfated mol-

ecules. Under physiological circumstances, CCK1-R mediates 

the actions of CCK in the gastrointestinal tract and its acces-

sories, and CCK2-R mediates the actions of gastrin. Although 

the CCK2-R also is activated by CCK, gastrin is normally 

present in plasma at 5 to 10 times higher concentrations than 

CCK, and hence is the predominant ligand. 

   CCK1-R and CCK2-R are coupled to heterotrimeric 

G-proteins and signal through multiple transduction path-

ways that produce rapid protein phosphorylation-dependent 

changes and slower transcription-dependent changes. Both 

receptors are coupled to G α  q/11  and phospholipase C and sig-

nal through the diacylglycerol/inositol-trisphosphate second 

messenger system and intracellular calcium. Th e CCK1-R, 

but not CCK2-R, is also coupled to G α  s  and signals some 

responses by way of increased cyclic AMP. Th e CCK2-R 

mediates some growth responses and appears to interact 

with several tyrosine kinases including src and the EGF 

receptor, and perhaps the JAK/STAT signaling pathway (see 

Chapter 1). 

    Physiological actions of gastrin 

   Gastrin was discovered and named more than a century ago 

as the substance in extracts of stomach mucosa that stimu-

lated gastric acid secretion when injected into anesthetized 

cats. However, its existence was soon cast in doubt by the 

discovery that histamine, which is abundant in the oxyntic 

mucosa, and hence in mucosal extracts, is a potent stimula-

tor of gastric acid secretion. It wasn’t until six decades later, 

after gastrin was isolated, purifi ed, and chemically synthe-

sized, that its status as a hormone and its role in gastric acid 

secretion fi nally was accepted. 

   Gastrin is secreted by G-cells in the antrum of the 

stomach and to a lesser extent in the proximal portion of the 

duodenum. Th e predominant form secreted by antral G-cells 

is the 17 amino acid peptide (G-17) called little gastrin. Th e 

longer, 34 amino acid peptide (G-34 or big gastrin), is the 

major form produced by the G-cells in the duodenal mucosa. 

Because biological activity resides in the carboxyl end of the 

molecule, extension of the peptide chain toward the amino 

terminus has little eff ect on the ability of the hormone to 

interact with its receptor. Big and little forms of gastrin are 

equally able to elicit responses in target cells, but N-terminal 

extension increases the half-life in blood from about seven 

minutes for little gastrin to about 38 minutes for big gastrin. 

   Gastric acid secretion is stimulated by complex, redun-

dant endocrine, paracrine, and neural mechanisms ( Figure 6.6   ). 

Parietal cells respond directly, but modestly to gastrin and 

acetylcholine, and both gastrin and vagal stimulation increase 

acid secretion indirectly by stimulating nearby ECL cells 

to release histamine, which is the primary driver of acid 

secretion. Th e postganglionic parasympathetic neurotransmit-

ter that activates the ECL cell is probably the neuropeptide 

called PACAP (pituitary adenylcyclase activating peptide; see 

later). Blockade of histamine H2 receptors nearly eliminates 

acid secretion evoked by gastrin and acetylcholine as well as 

by histamine. Th e interplay of histamine, gastrin, and ace-

tylcholine in stimulating acid production is a good example 

of  synergy  in which the combined eff ects of agents that act 
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 FIGURE 6.6          Stimulation of gastric acid secretion. Histamine secreted 

by enterochromaffi  n-like (ECL) cells is the principal stimulus for acid (H  �  ) 

secretion by parietal cells, which receive direct cholinergic (Ach) neural 

input and endocrine input from gastrin. The vagus provides stimulatory 

input to ECL cells with the postganglionic neurotransmitter PACAP 

(pituitary adenyl cyclase activating peptide), and to the gastrin producing 

G cells with the postganglionic neurotransmitter GRP (gastrin releasing 

peptide). G cells also secrete gastrin in response to direct stimulation by 

peptides and amino acids in the antral lumen.    
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through diff erent signal transduction pathways exceeds the 

sum of their individual eff ects. Acting through its H2 recep-

tors, which are coupled to adenylyl cyclase through G α  s , his-

tamine increases cyclic AMP production and the activity of 

protein kinase A (see Chapter 1). Receptors for both acetyl-

choline (muscarinic type 3 receptors) and gastrin (CCKR-2) 

are also coupled to G-proteins, but signal through the inosi-

tol trisphosphate (IP 3 )/diacylglycerol (DAG) second mes-

senger system and increased intracellular calcium. Activated 

protein kinase C isoforms and calmodulin-dependent kinase 

catalyze a series of protein phosphorylations. Th ere is some 

overlap in the cellular substrates for these kinases. Th e pat-

terns of protein phosphorylations produced by the diff erent 

kinases presumably are complementary, with the result that 

histamine greatly amplifi es responses to both acetylcholine 

and gastrin ( Figure 6.7   ). 

   An ATP-dependent  “ pump ”  that exchanges cytosolic 

hydrogen ions for luminal potassium ions (H  �  /K  �  ATPase) 

is the essential component of gastric acid secretion. In the 

inactive resting state, H  �  /K  �  ATPase pump molecules are 

sequestered in membranes of cytosolic tubulovesicles that 

lie beneath the apical membranes of parietal cells. Increased 

acid secretion requires translocation and insertion of the vesi-

cles into the apical membranes, which greatly expands their 

surface area and throws it into tortuous folds. Activation of 

chloride and potassium channels allows passive ion rear-

rangements to maintain electrical neutrality and preserve the 

resting membrane potential. Exchange of bicarbonate for 

chloride at the basolateral membrane provides the needed 

chloride and disposes of the bicarbonate formed in the cell 

when hydrogen ions are generated. Potential substrates for 

activated protein kinases include cytoskeletal and enzymatic 

components of the machinery of the translocation and inser-

tion processes, ion channels, and the H  �  /K  �  ATPase itself. 

However, the precise molecular sites of action and interac-

tion of the gastrin and histamine signaling pathways are not 

known. 

   Gastrin stimulates ECL cells to secrete preformed 

histamine and to transcribe genes that are critical for hista-

mine synthesis and storage ( Figure 6.8   ). It increases expres-

sion and activity of histidine decarboxylase, the enzyme that 

catalyzes histamine formation from its amino acid precur-

sor. Gastrin also increases expression of  vesicular monoamine 
transporter type 2  and  chromogranin A , which are essential 

for transport, concentration, and storage of the newly syn-

thesized histamine in secretory granules. Chromogranin A 

is cosecreted with histamine and may be partially cleaved 

to release a fragment called pancreastatin, which in some 

experimental systems inhibits pancreatic endocrine and 

Histamine

G
as

tri
n

Ach

cAMP

PKA

IP3/DAG

Ca2�

CamK-II

PKC

Cytoskeletal rearrangements
Membrane trafficking
Activation of:

K� and Cl� channels
HCO3

�/Cl� exchanger
Insertion of K�/H� ATPase

Parietal cell HCl

 FIGURE 6.7          Cellular actions of gastrin, acetylcholine, and histamine on 

the parietal cell. Convergence of signaling pathways results in synergistic 

stimulation of hydrochloride acid.    
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 FIGURE 6.8          Actions of gastrin and PACAP in ECL cells. Both gastrin and 

PACAP stimulate G-protein-coupled receptors to activate the IP 3  (inositol 

trisphosphate)/DAG (diacylglycerol phosphate) pathway and increase 

intracellular Ca 2 �  . IP 3  stimulates release of Ca 2 �   from the endoplasmic 

reticulum (ER), and DAG-dependent activation of protein kinase C (PKC) 

results in phosphorylation and activation of membrane calcium channels. 

Increased Ca 2 �   triggers release of preformed histamine from storage 

granules and induces expression of histidine decarboxylase (HDC), the 

enzyme that catalyzes histamine formation, and expression of at least two 

proteins, chromagranin (CGA) and vesicular monoamine transporter type 

2 (VMAT-2).    
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exocrine secretion. A physiological role for  pancreastatin  

has not been established. 

   Gastrin contributes to gastric acid secretion in yet 

another way. It is a trophic hormone that supports prolif-

eration and maintenance of the oxyntic mucosa. Chronic 

inhibition of gastrin secretion or loss of G-cells results in 

severe reduction in the abundance and activity of ECL cells 

and atrophy of the oxyntic mucosa. Overproduction of gas-

trin results in hypertrophy and hyperplasia of the oxyntic 

mucosa and excessive acid production that can result in gas-

tric and duodenal ulcers. Overproduction of gastrin is seen 

in  Zollinger-Ellison syndrome , which is characterized by gas-

trin-secreting tumors located principally in the pancreas. All 

the cells of the mucosa are derived from the same pluripo-

tential stem cells, but these cells lack gastrin receptors and 

must proliferate in response to some other growth factor(s). 

ECL cells are capable of self-replication, and increase dis-

proportionately in the presence of excess gastrin. Th ey, or 

perhaps the parietal cells, may be the source of growth fac-

tors that control stem cell proliferation and diff erentiation.  

    Regulation of gastrin secretion 

   Gastrin concentrations in blood increase about two- to 

threefold with food intake and decline during interdigestive 

(between meal) periods. In the initial  cephalic phase , gastrin 

secretion is triggered by sensations of smell and taste, or even 

just thoughts of food, and results from parasympathetic stimu-

lation of the oxyntic mucosa. Vagal input to secretomotor 

fi bers in the antral mucosa stimulates release of a 27 amino 

acid neurotransmitter called  gastrin-releasing peptide  (GRP). 

Gastrin-releasing peptide belongs to a large family of neu-

ropeptides that are widely expressed in peripheral and cen-

tral neurons in mammals and in the skin of amphibia. Th e 

sequence of 13 out of the 14 amino acids at the C terminus is 

identical to the amino acid sequence of the peptide  bombesin , 

found in the skin of the frog  Bombina bombina . 

   In the  gastric phase , food entering the stomach neutral-

izes the acid in the previously empty stomach. Th e resulting 

increase in pH and distention of the stomach are detected by 

chemo- and mechanoreceptors that signal G cells to release 

gastrin through vago–vagal refl exes. Partially degraded pro-

teins, small peptides, and amino acids, particularly phenyl-

alanine and tryptophan, in the antral lumen directly stimulate 

G cells to secrete gastrin. Calcium ions are also potent stim-

ulants of gastrin secretion. Th ere is little direct information 

concerning how G cells detect these metabolites. Th e G 

protein-coupled calcium sensing receptor expressed by para-

thyroid and other cells (see Chapter 10) is also expressed in 

G cells, and may be involved. Amino acids and peptides bind 

to the calcium receptor and increase its sensitivity to calcium, 

which in turn activates the intracellular signaling pathways 

that may culminate in gastrin secretion. 

   Passage of chyme into the duodenum begins the  intes-
tinal phase . Although the duodenal mucosa contains some 

G cells, their contribution to gastrin secretion is normally 

very small. Inhibition of gastrin secretion is more charac-

teristic of the intestinal phase. Th e acidic pH, lipid content, 

and high osmolarity of the chyme that enters the duode-

num trigger hormonal and neural responses that directly 

and indirectly decrease secretion of both gastrin and gastric 

acid. Intestinal secretions that inhibit acid secretion and 

stomach motility are called  enterogastrones . Several intestinal 

hormones (see later) behave as enterogastrones, and produce 

their inhibitory eff ects indirectly by stimulating D cells in 

the gastric mucosa to secrete  somatostatin . In addition, vago-

vagal refl exes triggered by the same stimuli shut down GRP 

release in the antral mucosa, and relieve vagal inhibition of 

somatostatin secretion in the oxyntic mucosa ( Figure 6.9   ). 

    Somatostatin 

   Somatostatin (SST) is the most important negative feed-

back inhibitor of both gastrin and gastric acid secretion. 

It was discovered as the hypothalamic peptide that inhib-

its growth hormone secretion (see Chapters 2 and 11), but 

subsequent studies revealed that its production and actions 

are not limited to the hypothalamus. Somatostatin is syn-

thesized and secreted by enteric neurons and by D cells that 
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 FIGURE 6.9          Direct and indirect feedback regulation of gastrin secretion. 

Gastrin secretion is positively regulated by luminal nutrients and gastrin 

releasing peptide (GRP), and is negatively regulated by somatostatin (SST). 

Gastrin reaches D cells in both the antral and oxyntic mucosae by paracrine 

or endocrine pathways and stimulates them to secrete SST. Increased 

luminal H  �   concentrations stimulate antral and duodenal D cells to secrete 

SST. Increased H  �   concentrations in the duodenum and luminal nutrients 

in the intestine increase secretion of enteric hormones, which stimulate 

D cells in the gastric and duodenal mucosae to secrete SST. Increased 

luminal H  �   concentrations are sensed by neuronal chemoreceptors and 

initiate vago–vagal refl exes, which result in decreased release of GRP and 

decreased cholinergic inhibition of D cells.    
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are widely distributed throughout the mucosa of the stom-

ach and intestines, and also by delta cells in the pancreatic 

islets (see Chapter 7). Somatostatin secreted by enteroendo-

crine cells acts both as a local paracrine factor and a circu-

lating hormone. Two biologically active forms consisting of 

14 (SST-14) or 28 (SST-28) amino acids are produced in 

the normal processing of the 116 amino acid preprosomato-

statin gene product. Both contain the same 14 amino acid 

sequence at the carboxyl terminus. A disulfi de bond links 

the carboxyl terminal cysteine with the cysteine residue 11 

amino acids upstream to produce a cyclized molecule. For 

most responses SST-14 and SST-28 have similar potencies, 

although SST-28 has a longer half-life in blood (15       min 

vs. ~2       min). Consistent with its widespread distribution, 

somatostatin serves a variety of functions mediated by fi ve 

distinct receptor isoforms, all of which are G-protein cou-

pled and activate multiple signaling pathways including 

inhibition of adenylyl cyclase and activation or inhibition of 

specifi c ion channels. 

   Th e D cells that are present in the oxyntic and antral 

mucosae diff er somewhat in their anatomical and physi-

ological characteristics. Th e D cells of the oxyntic mucosa 

have long cytoplasmic processes that extend from the perika-

rial regions to end in close proximity to parietal cells, chief 

cells, and ECL cells. Somatostatin secreted by these cells is 

thought to act in a purely paracrine manner to inhibit his-

tamine release from ECL cells and acid secretion by parietal 

cells, but has little impact on gastrin secretion by G cells in 

the antrum. D cells in the oxyntic mucosa have no direct 

contact with the stomach contents and cannot monitor lumi-

nal pH. Secretion of somatostatin by these cells is inhibited 

by vagal cholinergic input that is coordinated with stimula-

tion of ECL and parietal cells. Somatostatin secretion is 

stimulated by catecholamines released from sympathetic 

nerves and by intestinal hormones as discussed later. 

   D cells in the antral mucosa are in contact with chyme 

in the antral lumen and secrete somatostatin in response to 

low pH. Somatostatin acts as a paracrine inhibitor of gastrin 

secretion from nearby G cells, and travels through the blood 

to reach distant cells in the antral and oxyntic mucosae. 

Blood concentrations of somatostatin may increase six- to 

ten-fold after eating a mixed meal, but the relative contri-

butions of intestinal, oxyntic, and antral D cells to the cir-

culating pool of somatostatin have not been determined. It 

is likely that increased hydrogen ion concentration directly 

stimulates antral D cells. Peptides, amino acids, and fat in 

the intestinal lumen may require neural or humoral inter-

vention to stimulate antral, oxyntic mucosal, and intestinal 

D cells ( Figure 6.10   ).   

    Cholecystokinin (CCK) 

   In 1928, Ivy and Oldberg discovered a substance in extracts 

of duodenal mucosa that causes the gall bladder to contract 

and empty. Th ey named it  cholecystokinin , meaning  “ that 

which excites or moves the gall bladder. ”  About 15 years later 
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 FIGURE 6.10          Eff ects of somatostatin (SST) and control of its secretion in the gastric mucosa. D cells in the oxyntic mucosa have no access to the luminal 

contents and are stimulated to secrete SST by hormones secreted by endocrine cells downstream in the GI tract, and inhibited by vagal cholinergic nerves. 

SST secreted by these cells acts mainly as a paracrine factor. D cells in the antral mucosa are stimulated by increases in H  �   concentrations and circulating 

enteric hormones, and are inhibited by vagal cholinergic neurons.    
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it was found that injections of crude extracts of the duode-

nal mucosa caused the pancreas to secrete digestive enzymes, 

which are stored as zymogen granules. Th e active substance 

in the extract was named  pancreozymin (PZ) . Only after puri-

fi cation of CCK-33 to homogeneity more than two decades 

later was it recognized that both the gall bladder contract-

ing and the enzyme secreting activities reside in the same 

molecule, which for a while was called CCK/PZ, and now is 

simply CCK. In addition to its role as a GI hormone, CCK 

also functions as a neurotransmitter in peripheral nerves, par-

ticularly in relation to gastrointestinal function, and CCK-8 

appears to be the most abundant neuropeptide produced in 

the human brain. 

   CCK is produced by I cells in the duodenal and jejunal 

mucosae. Th e principal form of CCK in human plasma is 

the 33 amino acid peptide, but CCK molecules with pep-

tide chain lengths of 58, 22, and 8 amino acids also are 

secreted by these cells. All active forms of CCK have the 

same amidated carboxyl terminals and tyrosine-sulfated 

octapeptide required for recognition by the CCK-1 receptor. 

CCK peptides circulating in blood have half-lives that range 

from less than one minute for CCK-8 to about fi ve minutes 

for CCK-58. Th e kidney is the major site of CCK clearance. 

    Physiological actions of CCK 

    Pancreatic enzyme secretion 
   Effi  cient breakdown and absorption of ingested proteins, 

fats, and starches requires the catalytic activities of enzymes 

that are synthesized in abundance in pancreatic acinar cells 

and stored in membrane-bound secretory vesicles. Th e pan-

creas maintains the highest rates of protein synthesis in the 

body, and in a normal day may release as much as 15 g of 

protein into the duodenum. Pancreatic enzymes are released 

into the pancreatic exocrine ducts by a calcium-dependent 

process that is activated both by acetylcholine and by CCK. 

Proteolytic enzymes secreted as inactive proenzymes called 

zymogens are activated by proteases in the duodenal lumen. 

Lipases and amylase are secreted as active enzymes. In 

response to stimulation, acinar cells secrete enough watery 

fl uid to carry the secreted enzymes through the pancreatic 

duct system. Th e pancreatic duct joins the common bile duct 

at the sphincter of Oddi, and its contents enter the duode-

num along with bile. 

   Plasma concentrations of CCK increase about fi ve to 

tenfold within 30 minutes after eating a typical meal contain-

ing protein and fat ( Figure 6.11   ). Th e appearance of pancre-

atic enzymes in the intestinal lumen coincides with increased 

blood concentrations of CCK, and administration of CCK in 

amounts that produce comparable increases in plasma concen-

trations increase pancreatic enzyme secretion. Receptors for 

CCK (CCKR-1) originally were isolated and characterized 

in preparations of rodent pancreatic acinar tissue, consistent 

with the classical view that these cells are targets of CCK. 

Indeed, addition of CCK to isolated rodent acinar cells 

causes intracellular calcium to increase, and zymogen gran-

ules to fuse with the apical membranes and discharge their 

contents. However, human pancreatic acinar cells express 

very few CCK-1 receptors, and accordingly, CCK has little 

eff ect on enzyme secretion when added directly to isolated 

human pancreatic acini. In humans, acetylcholine released 

from parasympathetic neurons provides most of the direct 

input for pancreatic exocrine secretion. Cholinergic stimu-

lation operates through the same intracellular signaling 

pathway as described for CCK in rodent acini. Vagal aff er-

ent neurons express CCK-1 receptors, which, upon binding 

CCK, initiate the refl ex that activates cholinergic secretomo-

tor eff erent neurons in the pancreas ( Figure 6.12   ). Although 

it is clear that acetylcholine released from parasympathetic 
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 FIGURE 6.11          Eff ects of ingestion of a standardized liquid meal (arrow) on 

plasma concentrations of cholecystokinin, gall bladder contraction, and 

pancreatic chymotrypsin secretion in normal subjects.   (Redrawn from data 

of Liddle, R.A., Goldfi ne, I.D., Rosen, M.S., Taplitz, R.A., and Williams, J.A. (1985) 

Cholecystokinin activity in human plasma. Molecular forms, responses 

to feeding and relationship to gall bladder contraction.  J. Clin. Invest .  75 : 

1144–1152; and Owyang, C., Louie, D.S., and Tatum, D. (1986) Feedback 

regulation of pancreatic enzyme secretion. Suppression of cholecyctokinin 

release by trypsin.  J. Clin. Invest.   77 : 2042–2047.)    
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nerve endings accounts for most of the classical pancreatic 

response to CCK, the question of whether or not CCK has 

any direct input to pancreatic enzyme secretion in humans is 

still unresolved.  

    Gall bladder contractions 

   Bile provides the phospholipids, cholesterol, and bile salts 

needed to emulsify fats and facilitate their digestion and 

absorption by the small intestine. Bile is also a vehicle for 

excreting detoxifi ed metabolites. Hepatocytes secrete bile into 

bile canaliculi, which converge to form interlobular ductules, 

and ultimately the common hepatic bile duct. Th e cystic duct, 

which carries bile to and from the gall bladder, branches off  the 

common bile duct after it emerges from the liver ( Figure 6.1 ). 

Epithelial cells ( cholangiocytes ) that line the walls of the ducts 

actively secrete a watery fl uid that is rich in bicarbonate. 

Nearly a liter of dilute bile is produced each day, about half 

of which enters the duodenum directly through the common 

bile duct. Flow of bile into the duodenum is controlled by the 

 sphincter of Oddi , which surrounds the insertion of the com-

mon bile duct through the duodenal wall. Th e sphincter is 

formed by longitudinal and circular muscles in the duodenal 

wall. Phasic contractions of these muscles during interdiges-

tive periods occlude the opening of the common bile duct and 

divert the fl ow of bile into the gall bladder where the organic 

constituents are concentrated as much as 20-fold by selective 

reabsorption of water and electrolytes. Th e gall bladder is a 

hollow sac with a capacity of about 50       ml. Its walls are com-

prised of a single layer of epithelial cells overlying a network 

of transverse, longitudinal and oblique smooth muscle fi b-

ers. Th e gall bladder, bile ducts, and sphincter of Oddi are 

richly innervated with both sympathetic and parasympathetic 

nerves. 

   As its name implies, CCK stimulates the gall bladder 

to contract and expel its content of bile. For bile to enter 

the duodenum, however, CCK must also relax the sphincter 

of Oddi. Vagal eff erent nerves also stimulate the gall blad-

der to contract and cause the sphincter to relax. Smooth 

muscle cells of the human gall bladder have receptors for 

both CCK (CCKR-1) and acetylcholine (M3) and isolated 

strips of gall bladder wall contract in response to physi-

ologically relevant amounts of both these agents. CCKR-1 

are also present in vagal and enteric aff erent neurons, and 

their stimulation by CCK initiates a refl ex that duplicates 

and reinforces the direct action of CCK on the gall bladder. 

Th us CCK acts both directly and indirectly to contract the 

gall bladder. Although CCKR-1 are present in the sphinc-

ter of Oddi, relaxation is produced primarily through neural 

mechanisms ( Figure 6.12 ) and is severely impaired by phar-

macologic blockade of axonal transmission. Activation of 

CCKR-1 increases intracellular calcium, which is associated 

with contraction rather than relaxation of smooth muscle, 
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 FIGURE 6.12          Actions of CCK on pancreatic secretion and bile fl ow. Major direct actions are indicated by solid blue arrows. Eff ects of questionable 

physiological signifi cance are indicated by the dotted blue arrows.    
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consistent with the response of the gall bladder, but not the 

sphincter. It is likely that vasoactive intestinal peptide (VIP, 

see later), which acts through the cyclic AMP second mes-

senger system, rather than acetylcholine is the neurotrans-

mitter that signals relaxation.  

    Other eff ects of CCK 

   Although CCK can bind to the same receptors as gastrin 

(CCKR-2) on ECL and parietal cells, its net eff ect in the 

stomach is to inhibit rather than stimulate acid secretion. Th e 

inhibitory eff ect is best explained as a consequence of stimu-

lating gastric D cells to secrete somatostatin. CCK also inhib-

its the release of pepsinogens and gastric lipase by chief cells, 

again perhaps by way of increased secretion of somatostatin. 

Delayed gastric emptying results from complex eff ects on 

the smooth muscle layers of the stomach. At the same time 

that it stimulates phasic contractions of pyloric, antral, and 

duodenal smooth muscles, CCK causes smooth muscles in 

the fundus to relax. To at least some extent these actions are 

mediated by CCKR-1 on smooth muscle cells, but it is likely 

that vaso–vagal refl exes initiated by CCK acting on vagal 

aff erent neurons play an important role. Stimulation of vagal 

aff erents by CCK is also likely to contribute to the inhibitory 

eff ect of CCK on food intake and its role in limiting meal 

size. Th e delay in gastric emptying may contribute to the feel-

ing of fullness that is a component of satiety. Factors involved 

in control of food intake are discussed further in Chapter 8. 

CCK also accelerates the passage of chyme along the intes-

tine by stimulating rhythmic contractions of circular and lon-

gitudinal smooth muscle. Whether these eff ects of CCK are 

direct or are mediated by vaso–vagal refl exes remains to be 

established. It is noteworthy that CCK-8 is present in neu-

rons that innervate intestinal smooth muscle. It is possible 

that some of the eff ects of CCK noted earlier result from its 

role as a neurotransmitter rather than as a hormone.   

    Regulation of CCK secretion 

   As already mentioned, plasma concentrations of CCK 

increase dramatically after eating ( Figure 6.11 ). Th e apical 

surfaces of CCK-secreting I cells are exposed to the luminal 

contents of the duodenum and upper jejunum. In rodents, 

and probably humans as well, the intestinal mucosa con-

stitutively secretes peptides called luminal CCK releasing 
factors (LCRF), which, as their name implies, stimulate 

secretion of CCK. Degradation of LCRF by pancreatic 

proteases that are intermittently released into the duode-

num in interdigestive periods maintains secretion of CCK 

at low basal levels. After eating, LCRF are protected from 

degradation by ingested proteins that compete for access to 

proteolytic enzymes, and CCK secretion increases. CCK 

secretion is also increased by components in the chyme, the 

most important of which are fatty acids with chain lengths 

of at least 12 carbons. Th rough mechanisms that are incom-

pletely understood, exposure of I cells to fatty acids causes 

intracellular calcium concentrations to increase suffi  ciently 

to trigger CCK secretion. Some evidence suggests that fatty 

acids may produce this eff ect by entering the cytosol and 

stimulating the endoplasmic reticulum to release its calcium 

stores. Other evidence supports the idea that fatty acids 

activate a G-protein coupled receptor at the I cell surface. 

Amino acids and small peptides also stimulate I cells to 

secrete CCK possibly by stimulating the G-protein coupled 

calcium receptor, as described earlier. Carbohydrates have 

little, if any, eff ect on CCK secretion. 

   Feedback control of CCK secretion is achieved 

through direct inhibition of I cells and through reduction or 

elimination of positive stimuli ( Figure 6.13   ). Bile salts that 

enter the duodenum in response to CCK act directly on I 

cells to inhibit further secretion of CCK. In addition, bile 

salts facilitate the absorption and disposition of luminal fats, 

and thus decrease the drive for CCK secretion. Similarly, 

pancreatic proteases accelerate degradation of LCRF 

and peptide secretagogues in the chyme. CCK stimulates 

D cells in the gastric mucosa to secrete somatostatin, which 

inhibits the secretion of enzymes from chief cells, histamine 

from ECL cells, gastrin from G cells, and acid from pari-

etal cells. Th is eff ect and the slowing of stomach emptying 

decrease the presentation of fatty acids, peptides, and amino 

acids to the I cells and thus further diminish the drive for 

CCK secretion. Somatostatin may also directly inhibit the 

I cells. Finally, by inducing feelings of satiety, CCK reduces 

food intake and hence the abundance of luminal factors that 

increase its secretion.    

    The secretin/glucagon superfamily 

   Th e secretin/glucagon superfamily ( Figure 6.14   ) includes 

nine highly homologous hormones, paracrine factors, or 

neuropeptides encoded in six single copy genes. It is likely 

that this superfamily of peptides evolved from an ancient 

DNA sequence by both exon and gene duplication. In addi-

tion to secretin and glucagon, the superfamily includes 

 glucose-dependent insulinotropic peptide  (GIP),  glucagon-like 
peptides 1 and 2  (GLP-1, GLP-2),  vasoactive intestinal pep-
tide  (VIP),  peptide histidine methionine  (PHM),  pituitary 
adenylate cyclase activating peptide  (PACAP), and  growth 
hormone releasing hormone  (GHRH). Glucagon, GLP-1, and 

GLP-2 are all encoded in separate exons of the same gene, 

and the VIP gene also encodes PHM. Th e PACAP gene 

product contains an additional homologous peptide called 

PACAP related peptide (PRP), but this peptide appears to 

be biologically inactive. Curiously, in birds the PACAP gene 

also encodes GHRH. Two other genes in this superfamily 
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are found only in lizards and encode four peptides (exen-

dins 1–4) that closely resemble GLP-1 and PACAP. Th ese 

peptides are components of the venom secreted by the sali-

vary glands of the gila monster and related lizards. 

   Secretin, GLP-1, GLP-2, and GIP, are produced in 

endocrine cells in the intestinal mucosa, whereas VIP, PHM, 

and PACAP are present in enteric and vagal neurons. Traces 

of GHRH and of glucagon also are found in the gastrointes-

tinal tract, but they are produced in much greater abundance 

in the hypothalamus (see Chapters 2 and 8) and pancreatic 

islets (see Chapter 7) and are discussed elsewhere. All these 

peptides are also produced by neurons in the brain where 

they function as neurotransmitters and neuromodulators. 

Receptors for these peptides are closely related structurally, 
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 FIGURE 6.14          The secretin/glucagon family of peptides. Amino acids are represented by the single letter amino acid code. Residues colored red are 

identical with those in corresponding positions in secretin. Residues colored cyan or green are identical with those in corresponding positions in at least 

three family members. Beyond residue 30, in the C terminal region, sequence divergence is almost complete. In most of these peptides the carboxyl terminal 
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and belong to the branch of the G-protein-coupled receptor 

superfamily that includes the visual receptor, rhodopsin. Th ey 

appear to have coevolved with their ligands by duplications of 

the gene for an ancient receptor progenitor, and produce their 

eff ects through activating G-protein-coupled receptors that 

signal through the cyclic AMP second messenger system. 

    Secretin 

   Th e discovery of secretin in 1902 by Bayliss and Starling laid 

the foundation for the science of endocrinology by estab-

lishing the concept that a chemical substance released into 

the blood by one organ in response to a particular stimu-

lus can signal another organ to respond. Th ese investiga-

tors found that instilling acid into an isolated loop of dog 

jejunum resulted in the secretion of pancreatic fl uid even 

though all nervous connections were severed. Th ey subse-

quently obtained the same results by injecting dogs with an 

extract of duodenal mucosa. Th ey called the active substance 

secretin and coined the name  “ hormone ”  from the Greek 

word meaning to urge on, to initiate, or to stimulate. Before 

the discovery of secretin, communication between organs was 

thought to occur only through neural mechanisms. 

   Secretin is produced in S in the duodenal and proximal 

jejunal mucosae. Its secretion increases sharply when the pH 

of intestinal contents falls below 4.5. Th e major physiological 

role of secretin is to stimulate secretion of bicarbonate and 

water by the epithelial cells that line the secretory ducts of the 

pancreas and the cholangiocytes of the bile ducts. Increased 

delivery of bicarbonate to the duodenum buff ers the hydro-

gen ions in the chyme and raises the pH to near neutrality. 

Both pancreatic juice and bile contribute to neutralization of 

the duodenal contents, but the contribution of the pancreas is 

considerably greater. 

    Cellular eff ects of secretin 

   Secretin stimulates secretion of water and bicarbonate by reg-

ulating ion movements across the plasma membranes of epi-

thelial cells that form the pancreatic and intrahepatic biliary 

ducts ( Figure 6.15   ). As in other polarized epithelia, diff erent 

complements of ion channels, exchangers, and transporters 

are present in the membranes that face the duct lumen (api-

cal surface) and those that face the interstitium (basolateral 

surfaces). Th ese cells are linked by junctional complexes that 

are permeable to water and selectively permeable to ions. Th e 

driving force for electrolyte transfer is the steep electrochemi-

cal sodium gradient between the cytosol and extracellular fl u-

ids. Th e driving force for movement of water into the lumen 

is the osmotic gradient established by these ion movements. 

Sodium ions are carried across the basolateral membranes on 

carrier molecules that cotransport two ions of bicarbonate 

with each ion of sodium. Bicarbonate ions are discharged 

across the apical membrane into the lumen in exchange for 

chloride ions. Accumulation of excess negatively charged 

chloride ions in the cytosol is prevented by extrusion through 

apical chloride channels, which allows the chloride molecules 

to recycle as bicarbonate accumulates in luminal fl uid. Th e 

negatively charged bicarbonate creates an electrical gradient 

that provides the driving force for sodium to diff use through 

intercellular junctions. Th e resulting increase in sodium bicar-

bonate concentration creates the osmotic force that drives 

water through and between the epithelial cells. Th e sodium 

gradient that is required for the system to operate is preserved 

by continuous extrusion of sodium by the sodium/potassium 

ATPase (the sodium pump) in the basolateral membranes. 

Continued operation of this system may produce as much as 

a liter of bicarbonate-rich pancreatic fl uid in a day. 

   According to the current model, in the unstimulated, 

basal state, membranes embedded with chloride/bicarbonate 

exchangers, chloride channels, and water channels called 

aquaporin 1 are sequestered as vesicles in the cytoplasm 

beneath the apical membranes. Stimulation by secretin results 

in cyclic AMP dependent phosphorylation of critical pro-

teins associated with the cytoskeleton, and causes these vesi-

cles to fuse with the apical membrane. In addition, the newly 

inserted luminal chloride channel, known as the cystic fi bro-

sis transmembrane regulator (CFTR), is activated by protein 

kinase A-catalyzed phosphorylation. Activation of this chan-

nel is a critical component of fl uid secretion. Genetic defects 

in the CFTR chloride channel severely impair secretory 

processes not only in the pancreas, but also in the bronchiolar 
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mucosa and elsewhere, and are the cause of the devastating 

disease,  cystic fi brosis . 
   On the basolateral side of the epithelial cells, protein 

kinase A catalyzed phosphorylation activates the sodium/

bicarbonate cotransporter, increasing the rate of bicarbonate 

entry. Most of the bicarbonate that is added to bile and pan-

creatic juice is derived from interstitial fl uid and plasma, but 

some is generated from carbon dioxide and water in the epi-

thelial cells through the action of carbonic anhydrase, which 

catalyzes the formation of carbonic acid from carbon dioxide 

and water. Th e alkaline intracellular environment favors dis-

sociation of carbonic acid to bicarbonate and hydrogen ions. 

Th e hydrogen ions are eliminated by exchange for sodium 

and by an ATP-dependent hydrogen ion pump in the baso-

lateral membrane. Th e sodium/hydrogen ion exchanger and 

the hydrogen ion pump may be sequestered in submembra-

nous vesicles and inserted in the basolateral membrane by 

cyclic AMP dependent processes. Th e net eff ect of stimula-

tion by secretin is production of pancreatic juice and bile with 

a sodium concentration that is about equal to that of extra-

cellular fl uid, a bicarbonate concentration that is as much as 

fi vefold higher than that of plasma, and a reciprocal reduc-

tion in chloride.  

    Secretin/CCK/acetylcholine interactions 

   Secretin, CCK, and acetylcholine are the major stimulants 

of pancreatic secretion. Acetylcholine released from para-

sympathetic neurons, and perhaps CCK stimulate acinar 

cells to secrete proteins accompanied by small amounts of 

fl uid. Th ese agents alone have little eff ect on secretion of 

water and bicarbonate by the duct epithelia. However, CCK, 

probably by way of vagally released acetylcholine, strongly 

potentiates the actions of secretin on water and bicarbonate 

secretion ( Figure 6.16   ). Th e potentiated response probably 

results from the complementary phosphorylation of key 

proteins, catalyzed by kinases activated by cyclic AMP, and 

the inositol trisphosphate/diacyl glycerol second messenger 

systems (see Chapter 1). Although the individual actions of 

CCK, acetylcholine, and secretin are described separately to 

provide insight into the actions of each, it cannot be over-

emphasized that these agents are present simultaneously 

and operate together in normal physiology along with still 

undetermined other factors whose eff ects are more subtle.  

    Other eff ects of secretin 

   Th e principal outcome of stimulating bicarbonate produc-

tion by pancreatic and bile ducts is neutralization of chyme 

in the duodenum. Th is eff ect of secretin is complemented 

by actions on the stomach to decrease the delivery of hydro-

gen ions to the duodenum ( Figure 6.17   ). Secretin indirectly 

inhibits gastric acid production and gastrin secretion by 

stimulating D cells in both the oxyntic and antral mucosae 

to secrete somatostatin. Somatostatin inhibits acid secre-

tion by its eff ects on G cells, ECL cells, and parietal cells as 

already described. Some evidence indicates that secretin and 

CCK may have synergistic eff ects on somatostatin secre-

tion. In addition, by activating receptors on vagal aff erent 

neurons, secretin and CCK signal a reduction in the tonic 

inhibition of D cells, slow gastric emptying, and cause 

smooth muscle in the proximal stomach to relax. Other 

eff ects on the stomach include stimulation of mucus, pep-

sinogen, and gastric lipase secretion. Along with CCK, 

secretin is a trophic hormone that stimulates growth of the 

exocrine pancreas. Secretin receptors are found in a variety 

of cells in the brain and other organs, but its physiological 

role outside of the digestive remains to be established.  

    Regulation of secretin secretion 

   A decrease in luminal pH is the principal stimulus for 

release of secretin from duodenal S cells. Fatty acids in the 

chyme provide a secondary stimulus. Although S cells are in 

direct contact with the luminal contents, it appears that they 

do not respond directly to luminal pH, but rather respond to 

a  “ secretin releasing factor ”  secreted into the duodenal lumen 

by some other, uncharacterized chemoreceptive cells proba-

bly associated with the enteric nervous system. Th e secretin 

releasing factor in rodents is a small peptide, but the human 

counterpart has not been identifi ed. Destruction of the 

secretin releasing factor by proteolytic enzymes in pancre-

atic juice serves a negative feedback function. Similarly, the 

decreased delivery of acid to the duodenum also reduces the 

drive for secretion. Finally, somatostatin secreted by D cells 

in the duodenal mucosa as well as in the gastric mucosa 

inhibits secretin output ( Figure 6.17 ).   
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 FIGURE 6.16          Synergistic eff ects of secretin and CCK on bicarbonate 

secretion. Secretin alone, CCK alone or secretin and CCK in combination 

were infused intravenously in six normal human subjects. Bicarbonate 

output was assessed in samples of duodenal fl uids collected through a 

naso-gastric tube.   (Redrawn from data of Refeld, J.F. (2004)  Best Practice and 

Research in Clinical Endocrinology and Metabolism   18 : 569–586.)    
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    GIP (Glucose-dependent insulinotropic 

polypeptide/gastric inhibitory peptide) 

   A 42 amino acid peptide that was devoid of CCK and secre-

tin activities was isolated from extracts of intestinal mucosa 

based upon its ability to inhibit gastric acid secretion and gas-

tric motility in dogs. It was given the descriptive name Gastric 

Inhibitory Polypeptide (GIP). Despite its potency in dogs, 

rats, and other experimental animals, GIP is virtually devoid 

of gastric inhibitory activities in humans. When subsequent 

studies revealed that GIP produced a glucose-dependent 

stimulation of insulin secretion in humans and experimental 

animals, the GIP acronym came to stand for Glucose-dependent 
Insulinotropic Polypeptide. GIP and glucagon-like peptide-1 

(see later) are called  incretins , intestinal hormones that increase 

the secretion of insulin. Th eir function is to prepare the body 

for an impending infl ux of nutrients and to facilitate the dis-

position of those nutrients through accelerating and amplify-

ing the availability of insulin. Th e original demonstration of 

the incretin eff ect is shown in  Figure 6.18   . Plasma insulin 

concentrations increased more rapidly and to a far greater 

extent when glucose was infused intrajejunally rather than 

intravenously, even though the intravenous infusion produced 

a much greater increase in plasma glucose concentration. 

Incretin actions are discussed further in Chapter 7. 

   GIP is synthesized and secreted by K cells, which reside 

mainly in the proximal duodenum and to a lesser extent in 

the jejunum. Th e concentration of GIP in peripheral blood 

increases abruptly after a meal rich in carbohydrates and fat 
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 FIGURE 6.17          Schematic representation of the actions of secretin and feedback regulation of its secretion. Solid arrows indicate stimulation; dashed arrows 

indicate inhibition. LSRF      �      luminal secretin releasing factors.    
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(upper panel), but the jejunal infusion elicits a much greater increase 
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Holdsworth, C.D., and Turner, D.S. (1965) Intestinal factors n the control of 
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( Figure 6.19   ). Peak concentrations are seen within 20 to 30 

minutes, when only about 10% of the ingested nutrients have 

entered the duodenum. A similarly rapid increase is seen 

following infusion of a mixture of nutrients or only glucose 

directly into the duodenum of human subjects. Th e presence 

of glucose in the intestinal lumen is the primary stimulus for 

secretion. Apical surfaces of K cells directly contact luminal 

contents and appear to sense ingested nutrients. Detection 

of glucose results in a series of cyclic AMP and calcium-

dependent reactions that culminate in GIP secretion into 

the mucosal interstitium. Gastrin releasing peptide (GRP) 

secreted by neurons of the enteric nervous system during the 

cephalic phase also stimulates GIP secretion through a simi-

lar cascade of reactions. 

   Although glucose in the duodenum produces a robust 

increase in GIP secretion, no increase is seen after infusion of 

glucose into the blood, indicating that only the apical surfaces 

of K cells are sensitive to glucose. Just how glucose is detected 

by K cells remains a matter of speculation. To be eff ective 

stimuli of GIP secretion, sugars must be transported across 

apical cellular membranes by the sodium coupled glucose 

transporter (SGLT). Glucose, galactose, and even glucose ana-

logs that are transported, but not metabolized, stimulate GIP 

secretion, whereas fructose, which enters enteric cells by facil-

itated diff usion, is not an eff ective stimulant. Partial depolari-

zation of apical membranes by the positively charged sodium 

ions that accompany sugars into cells may activate voltage 

sensitive calcium channels and initiate the cascade of reac-

tions that culminate in GIP release. Additionally, G-protein 

coupled receptors, akin to the sweet taste receptors of the 

tongue, are present in intestinal mucosa, and may reside in K 

cells and enteric nerves. Stimulation of these  “ taste receptors ”  

by glucose engages the cyclic AMP signaling pathway and 

may lead to GIP secretion. 

 FIGURE 6.19          Eff ects of diff erent dietary nutrients in secretion of incretin hormones. Eight healthy volunteers were fed 375-calorie meals consisting 

of only glucose, protein, or fat. Venous blood was sampled at the indicated times.  A.  Glucose and fat promptly increased plasma concentrations of GIP 

(glucose-dependent insulinotropic peptide), but proteins had no eff ect on GIP secretion.  B.  Glucose and protein promptly increased plasma levels of 

GLP-1 (glucagon-like peptide 1), but the response to the fatty meal was delayed. Note the diff erence in the scales for plasma concentrations of GIP and 

GLP in panels A and B, and note also that peak plasma concentrations of both hormones were achieved in 30 minutes after the glucose meal.  C.  Plasma 

concentrations of insulin were increased only after the glucose meal, which also increased plasma insulin concentrations (Panel  D ). Plasma glucose and 

insulin concentrations were unchanged after ingesting protein or fat, despite increased secretion of GIP and GLP-1, illustrating the glucose dependence 

of the incretin eff ect.   (Redrawn from the data of Elliot, R.M., Morgan, L.M., Tredger, L.A., Deacon, S., Wright, J., Marks, V. (1993) Glucagon-like peptide-1 

(7-36) amide and glucose-dependent insulinotropic polypeptide secretion in response to nutrient ingestion in man: Acute post-prandial and 24-h secretion 

patterns.  J. Endocrinol.   138 : 162.)          
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   Unlike CCK and gastrin, in which only a small 

C-terminal fragment is needed for biological activity, both 

the amino and carboxyl terminals of GIP and other pep-

tides in the secretin/glucagon family are required for recep-

tor activation. GIP is rapidly inactivated by the enzyme, 

dipeptidyl peptidase (DPP-IV), which cleaves a dipeptide 

from the amino terminus. Dipeptidyl peptidase is found in 

soluble form in blood plasma and is present as an ectoen-

zyme bound to the surface of capillary endothelial cells 

throughout the body. GIP has a half-life in plasma of about 

5 to 7 minutes. Other members of the glucagon/secretin 

family, particularly those with an alanine residue in position 

2, are also rapidly inactivated by DPP-IV, but glucagon and 

secretin, which have a serine residue in position 2, are poor 

substrates. 

   Th e principal physiological targets for GIP are the 

insulin-secreting beta cells of the pancreatic islets. GIP 

enhances the secretion of insulin only when plasma glucose 

concentrations are above fasting levels ( Figure 6.19 ). Th e 

magnitude of this enhancement increases with increasing 

glucose concentrations. It has been estimated that stimula-

tion by GIP may account for as much as 30% of the insulin 

secreted by the pancreas in normal individuals. Beta cells 

express GIP receptors and respond to it with increased pro-

duction of cyclic AMP, which, through activation of protein 

kinase A, augments both the secretory process and trans-

cription of the insulin gene. GIP also stimulates beta cell 

proliferation and decreases apoptosis. Th ese actions are con-

sidered further in Chapter 7. 

    Regulation of GIP secretion 

   Secretion of GIP is stimulated by eating, but unlike other 

hormones we have considered, the major consequence 

of its actions, increased secretion of insulin, does not pro-

duce a negative feedback signal. Insulin does not inhibit 

GIP secretion. GIP may increase somatostatin secretion 

somewhat, and although somatostatin may restrain GIP 

secretion, plasma levels of GIP remain elevated as long as 

glucose is present in the intestinal lumen. Clearance of 

nutrients from the duodenal lumen is the major event that 

terminates secretion of GIP.   

    Glucagon-like peptides 1 and 2 (GLP-1 and GLP-2) 

   Th e glucagon gene encodes three biologically important 

peptides—glucagon, glucagon-like peptide-1, and glucagon-
like peptide-2—each in a separate exon. Th e gene is expressed 

in L cells in the intestinal mucosa, alpha cells in the 

endocrine portion of the pancreas, and neurons in several 

locations in the brain. Th e proglucagon gene product is a 

160 amino acid polypeptide that contains six pairs of basic 

amino acids that are primary sites for cleavage by processing 

enzymes (convertases), and at least one monobasic cleav-

age site. Th e nature and length of the fi nal products secreted 

by these cells is determined by the complement of process-

ing enzymes present in each cell type in which the gene is 

expressed. Cleavages of specifi c peptide bonds proceed at dif-

ferent rates, creating a potential for about 15 diff erent pep-

tides. Because these processing enzymes are present and act 

within the secretory granules, incompletely processed prod-

ucts enter the bloodstream along with mature hormones. 

   Proglucagon processing in both pancreatic and intes-

tinal cells begins with cleavage into two large fragments 

( Figure 6.20   ). Th e N-terminal fragment, which contains glu-

cagon, was isolated from pig ileal mucosa and was erroneously 

thought to consist of 100 amino acids. It was named  glicen-
tin  for Glucagon-Like Immunoactive peptide of 100 (cent) 

amino acids. In pancreatic alpha cells, glicentin is cleaved to 

release a 30 amino acid peptide called glicentin related pan-
creatic peptide (GRPP), authentic glucagon, and a small pep-

tide fragment. Th e carboxyl terminal peptide, which is not 

further processed in pancreatic alpha cells, was aptly named 

the  major proglucagon fragment . Of these products of alpha 
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 FIGURE 6.20          Post-translational processing 

of proglucagon. Black arrows indicate dibasic 

sites of cleavage by hormone convertases. The 

green arrow points to a monobasic cleavage 

site. The cross-hatched area represents the 

hexapeptide N-terminal extension found in 

the immature glucagon-like peptide 1 (GLP-1). 

The fi nal products of pancreatic alpha cells and 

intestinal L cells are determined by the presence 

of diff erent convertases in the two cell types. 

GRPP      �      Glicentin-related pancreatic peptide; 

GLP-2      �      glucagon-like peptide-2.    
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cells, only glucagon is biologically active (see Chapter 7). 

In L cells, glicentin is cleaved to release GRPP, and a larger 

peptide, called  oxyntomodulin , which consists of gluca-

gon extended by eight amino acids at its carboxyl terminus. 

Oxyntomodulin inhibits gastric acid secretion when present 

in blood in high enough concentrations. 

   Th e physiologically important products of proglucagon 

in the intestine are GLP-1 and GLP-2, which are derived 

from the major proglucagon fragment. Based on the location 

of the paired basic amino acids it was predicted that GLP-1 

would consist of the 37 amino acids encompassing amino 

acids 72 to 108 of proglucagon. However, when this 37 amino 

acid peptide was synthesized, it was found to be biologically 

inactive. L cells produce enzymes that process this peptide 

further, removing six amino acids from the N terminus and 

converting the glycine at the C terminus to an amide. Th e 

product of these reactions is sometimes called GLP-1 (7-36) 

amide and is the biologically active hormone we call GLP-1. 

Small amounts of the 37 amino acid peptide along with other 

partially processed fragments of proglucagon are found in 

blood along with partially degraded GLP-1 and GLP-2. 

   L cells are the most abundant peptide producing 

endocrine cells in the gastrointestinal tract. Th ey are found 

throughout the small intestine and colon with the highest 

abundance in the distal ileum and colon. Contact of their 

apical surfaces with luminal contents enables them to mon-

itor nutrients in chyme. L cells respond to glucose, amino 

acids, or fatty acids, with an increase in intracellular cal-

cium concentrations and the release of GLP-1 and GLP-2 

( Figure 6.19 ). In addition to the glucose-sensing mecha-

nisms proposed for K cells, L cells may sense glucose by the 

same mechanisms as described for pancreatic beta cells in 

Chapter 7. Amino acids and long chain fatty acids prob-

ably signal their presence by activating G-protein coupled 

receptors in the apical membrane. Chemoreceptors of the 

enteric nervous system also contribute to nutrient sensing 

and probably signal to L cells with small molecule 

neurotransmitters. 

   Th e observation that L cells are present in great-

est abundance in the distal regions of the intestine, beyond 

where most of the ingested nutrients have been absorbed, 

appears inconsistent with their ability to monitor nutrients 

and signal insulin secretion. Yet GLP-1 secretion increases 

as rapidly after food intake as GIP ( Figure 6.19 ), whose 

origin is in K cells of the duodenum and proximal jejunum. 

It is likely that enteric neurons sense nutrients in the duo-

denum and communicate with distally located L cells. In 

addition, although only a minority of the total L cell popu-

lation is present in the upper intestine, L cells in the duode-

num and jejunum are as numerous as K cells. Furthermore, 

some cells in the jejunal and duodenal mucosae secrete both 

GLP-1 and GIP. 

    Physiological actions of GLP-1 

   Th e principal role of GLP-1 is to facilitate nutrient dispo-

sition and minimize changes in plasma glucose and amino 

acid concentrations after meals. Coordinated actions in the 

pancreas, the stomach, and the brain contribute to this role. 

    Eff ects on the pancreas 

   As already mentioned, GLP-1 is an incretin, and like GIP, 

stimulates insulin secretion in a glucose-dependent man-

ner. Mole for mole GLP-1 is considerably more potent than 

GIP, but because plasma concentrations of GIP are so much 

higher than those of GLP-1, the two incretins probably con-

tribute about equally to insulin secretion, and their eff ects 

on pancreatic beta cells are additive. Th e glucagon secreting 

pancreatic alpha cells also respond to both GLP-1 and GIP. 

Insulin lowers plasma glucose concentrations, and glucagon 

has the opposite eff ect. GLP-1 inhibits glucagon secretion 

and thereby increases the eff ectiveness of insulin. In contrast, 

GIP is a mild stimulator of glucagon secretion. In experimen-

tal animals and isolated tissues GLP-1 increases insulin syn-

thesis, promotes the diff erentiation of new insulin-producing 

beta cells, and reduces beta cell apoptosis. Th ese actions and 

their implications are discussed further in Chapter 7.  

    Eff ects on the stomach 

   GLP-1 contributes further to minimizing postprandial 

hyperglycemia by slowing gastric emptying and hence the 

rate of delivery of ingested nutrients to intestinal sites of 

absorption ( Figure 6.21   ). GLP-1 lowers intragastric pres-

sure by relaxing smooth muscle in proximal portions of the 

stomach, and stimulates tonic and phasic contractions of 

smooth muscle in the pylorus and adjacent antral duodenal 

regions. Th ese eff ects require intact vagal innervation. GLP-1 

may retard gastric emptying by stimulating vagal aff erent 

neurons to initiate vago–vagal refl exes, or perhaps by acting 

directly at the level of vagal motor centers in the brain. GLP-

1 also decreases gastric acid secretion both by direct inhibi-

tory actions on parietal cells, which express receptors for 

GLP-1, and by stimulating D cells to secrete somatostatin.  

    Eff ects on the brain 

   Studies in experimental animals and human subjects indi-

cate that GLP-1 inhibits food intake. GLP-1 receptors are 

present in regions of the hypothalamus and brainstem that 

are associated with appetite control. Th ese receptors may 

be stimulated by GLP-1 that arises in the intestines and 

crosses the blood–brain barrier, and also by GLP-1 that is 

synthesized in the brain. Additionally, GLP-1 may signal to 

appetite centers in the brain through activating receptors on 

aff erent vagal neurons. By slowing gastric emptying, GLP-1 

contributes to a feeling of fullness that also limits meal size. 



Basic Medical Endocrinology

120

Control of appetite is complex and subject to regulation 

by multiple redundant signaling mechanisms, only one of 

which involves GLP-1. Detailed consideration of this topic 

is found Chapter 8.  

    Ileal brake mechanism 

   Another related physiological role for GLP-1 is in the 

so-called  ileal brake  mechanism ( Figure 6.22   ). Th e ileal brake 

refers to the slowing of gastric and pancreatic exocrine secre-

tion, stomach emptying, and intestinal motility in response 

to the presence of unabsorbed nutrients in the distal ileum. 

Th e abundant presence of L cells in the distal ileum and 

colon positions them well to gauge the effi  ciency of nutrient 

absorption in more proximal sections of the small intestine. 

Fatty acids rather than glucose may be more important for 

this response since little or no carbohydrate remains in the 

chyme that reaches these distal portions of the intestinal tract. 

Secretion of GLP-1 provides a feedback signal to the stomach 

to slow the delivery of nutrients into the intestine. GLP-1, 

presumably via vagal refl exes, also slows contractions of intes-

tinal smooth muscles, which prolongs intestinal transit time 

and permits greater fractional absorption of nutrients.   

    Regulation of GLP-1 secretion 

   Luminal nutrients are the most important stimuli for GLP-1 

secretion, but stimulation of L cells by enteric neurons may 

also contribute to the rapid rise in GLP-1 concentrations 

in plasma after eating. L cells are unresponsive to changes 

in plasma levels of glucose, fatty acids, or insulin. GLP-1 

may stimulate secretion of somatostatin from D cells in 

the stomach, intestines, and pancreatic islets, and thereby 

restrain secretory activity of L cells. However, GLP-1 

largely regulates its own secretion through its action of 

decreasing delivery of glucose and fat to L cells.  

    Physiological actions of GLP-2 

   GLP-2 is co-secreted with GLP-1 in equimolar amounts. 

It produces similar, but less pronounced eff ects on gastric 

motility and acid production as GLP-1, but has little or no 

eff ect on insulin secretion. Its principal biological target is the 

intestinal mucosa, where it has a trophic eff ect to stimulate 

cell proliferation and inhibit apoptosis. Th e resulting increase 

in depth of mucosal folds expands the surface area for nutri-

ent absorption. In addition GLP-2 stimulates amino acid 

and glucose transport by enterocytes, and increases expres-

sion of sodium-coupled glucose transporters in their apical 
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 FIGURE 6.21          Eff ects of glucagon-like peptide-1 (GLP-1) infusion on 

gastric emptying and acid secretion following ingestion of a standardized 

liquid meal in nine healthy male volunteers. Subjects were given a constant 

infusion of either saline or 1.2 pmol of GLP-1/kg/minute beginning 30 

minutes before eating and continuing through the subsequent 4 hours 

(green bar). The arrow indicates the time of meal ingestion.   (Redrawn 

from the data of Nauck, M.A., Niedereichholz, U., Ettler, R., Holst, J.J., Orskov, 

C., Ritzel, R., Schmiegel, W.H. (1997) Glucagon-like peptide 1 inhibition of 

gastric emptying outweighs its insulinotropic eff ects in healthy humans. 

 Am. J. Physiol. Endocrinol. Metab.   273 : E981–E988.)    
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 FIGURE 6.22          The ileal brake. (GLP-1      �      glucagon-like peptide-1)    
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membranes. GLP-2 also promotes mucosal repair, reduces 

infl ammatory responses to bowel injury, and maintains the 

mucosal permeability barrier to bacteria and enterotox-

ins. Although changes in enterocyte abundance and activ-

ity are the end result of GLP-2 action, GLP-2 receptors are 

expressed only in enteroendocrine cells of unknown function, 

myofi broblasts, and enteric neurons. Th e absence of GLP-2 

receptors in enterocytes and stem cells in the mucosal crypts 

indicates these eff ects are produced indirectly and mediated 

by unknown growth factors. Promising results of clinical trials 

suggest that GLP-2 may have important therapeutic eff ects 

in treatment of patients with infl ammatory bowel diseases or 

following intestinal resection (short bowel syndrome).   

    The pancreatic polypeptide family 

   Pancreatic polypeptide (PPP) originally was isolated from 

pancreatic extracts in the course of purifying avian insu-

lin. Two structurally related peptides, peptide YY (PYY) and 

neuropepide Y (NPY), subsequently were isolated from intes-

tinal mucosa and brain extracts. Th e name PYY was given to 

the peptide isolated from intestinal mucosa because one of its 

distinguishing features is the presence of tyrosine residues at 

both the carboxyl and amino terminals ( Figure 6.23   ). In the 

single letter amino acid code Y designates tyrosine. NPY is 

found predominantly, and perhaps exclusively, in central and 

peripheral nerves. It is one of the most abundant neuropep-

tides in the brain where it plays an important role in regulat-

ing food intake (see Chapter 8). Th e N in its name designates 

its neuronal abundance, although it, too, has tyrosine residues 

at both ends. All three peptides have 36 amino acids and 

are amidated at their carboxyl ends. Th eir U-shaped tertiary 

structure gives rise to the alternate name of  PP-fold  peptide 

family. 

   Pancreatic polypeptide is produced in F cells located in 

the periphery of pancreatic islets and in small clumps scat-

tered among the acini. Peptide YY is coproduced with the 

glucagon-like peptides in L cells predominantly in distal 

regions of the ileum and in the colon. Most of the PYY stored 

in these cells and about 40% of the circulating hormone 

is the so-called 3-36PYY in which the N-terminal dipeptide 

has been removed through the action of dipeptidylpeptidase 

IV. Both forms of PYY are biologically active. PYY also is 

produced in peripheral and central neurons where it might 

function in regulating metabolism. Th e similarity of the terti-

ary structures of the PP-fold peptides allows them to bind to 

the same subfamily of receptors, but with diff erent affi  nities. 

Five distinct G-protein coupled receptor isoforms distributed 

widely in the brain and intestinal tract mediate the actions of 

these peptides. 

    Physiological eff ects of the pancreatic polypeptide 

hormone family 

   Plasma concentrations of both PPP and PYY increase 

within moments after eating a mixed meal and may remain 

elevated for several hours. Secretion of PPP increases even 

in the absence of nutrients when the stomach is distended 

with water or when subjects are given a sample meal to 

smell, taste, and chew without swallowing (sham feeding). 

Th is response is elicited by vagal stimulation of pancreatic F 

cells. It is possible that enteric or vagal nerves also stimulate 

secretion of PYY by L cells in the distal ileum and colon, 

but the major stimulus for its secretion appears to be long 

chain fatty acids in the ileum. Plasma concentrations of 

PYY usually increase in parallel with those of GLP-1. 

   PYY not only is co-secreted with GLP-1, but also 

functions along with GLP-1 as another component of 

the ileal brake mechanism described earlier ( Figure 6.22 ). 

When infused into experimental subjects in physiologi-

cally relevant amounts, PYY and PPP inhibit gastric acid 

secretion, gastric motility, and gastric emptying. Both PPP 

and PYY antagonize the eff ects of CCK and secretin on 

pancreatic enzyme secretion and gall bladder contraction. 

Additionally, PYY slows the movement of chyme along the 

intestine. Th ese eff ects on the GI tract and the inhibitory 
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of the PPY (PPfold) family of peptides 

using the single letter amino acid code. 
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A      �      alanine, C      �      cysteine, D      �      aspartic 
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G      �      glycine, H      �      histidine, I      �      isoleucine, 

K      �      lysine, L      �      leucine, M      �      methionine, 

N      �      asparagine, P      �      proline, 

Q      �      glutamine, R      �      arginine, S      �      serine, 

T      �      threonine, V      �      valine, W      �      tryptophan, 

Y      �      tyrosine.    
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eff ects on delivery of pancreatic and hepatic secretions to 

the intestine are produced mainly through vagal refl exes. 

Finally, PYY, especially the 3-36 truncated form, may act 

as a satiety signal to the brain to limit meal size. Such an 

eff ect, like those exerted in the proximal gastrointestinal 

tract, also would decrease delivery of nutrients to the dis-

tal ileum and colon. Most of the actions of PYY are quite 

similar to those of GLP-1 and presumably reinforce those 

of GLP-1. Unlike GLP-1, however, PYY does not aff ect 

insulin or glucagon secretion.   

    Neurotensin 

   Th e tridecapeptide neurotensin, secreted by N cells in the 

late jejunum and ileum, may be a third contributor to the 

ileal break mechanism. Like PYY and GLP-1, it is secreted 

mainly in response to fatty acids in the intestinal lumen, 

although carbohydrates and amino acids are also some-

what eff ective ( Figure 6.24   ). It is likely that N cells respond 

directly to long chain fatty acids and other nutrients sensed 

at their apical surfaces, but a neurally mediated stimulus for 

secretion is also possible. Just as already described for GLP-1 

and PYY, neurotensin inhibits gastric acid secretion, slows 

gastric emptying, and decreases motility of the small intes-

tine. In contrast, it may increase contractile activity in the 

colon. Neurotensin may also have a general trophic eff ect on 

the intestinal mucosa, stimulating mucosal proliferation and 

repair. Although neurotensin receptors have been identifi ed 

in intestinal smooth muscle and in the gastric mucosa, it is 

likely that at least some of its actions are indirect and medi-

ated by vago–vagal refl exes and somatostatin. 

   In addition to the foregoing enterogastrone-like actions, 

neurotensin acts as a facilitator of fat digestion and absorp-

tion. Not only does it increase secretion of pancreatic lipase 

and bile acids, which play essential and cooperative roles in 

fat digestion, but it also increases the hepatic supply of bile 

acids. Bile acids are secreted into the bile by hepatocytes 

and recycled back to the liver in an  enterohepatic circulation . 

Neurotensin stimulates the uptake of bile acids by ileal ente-

rocytes, facilitating their return to the liver for resecretion into 

the bile. In addition, neurotensin stimulates bile secretion, and 

may increase contraction of the gall bladder, thereby hastening 

delivery of the bile acids to the intestinal lumen. Finally, by 

slowing the movement of chyme through the small intestine, 

it increases the time for digestion and absorption of fat. 

   Neurotensin originally was isolated from bovine hypo-

thalamus, but soon was found to be expressed at tenfold 

higher levels in the GI tract. Neurotensin is synthesized as a 

large 148-residue prohormone that also contains a biologi-

cally active hexapeptide called  neuromedin N  just downstream 

from the 13 amino acids of neurotensin. Intestinal N cells 

secrete neurotensin in greater abundance than neuromedin 

N, which is incompletely cleaved from the prohormone pre-

cursor in these cells. Both neurotensin and neuromedin N are 

produced by brain neurons and serve as neurotransmitters and 

neuromodulators. Th e two peptides have the same four amino 

acid sequence at their carboxyl terminals and bind to the same 

receptors. Consequently, they produce the same eff ects on the 

intestine, but neuromedin is considerably less eff ective due to 

its lower affi  nity for the receptor. Th e gastrointestinal receptor 

for neurotensin (NTR1) belongs to the G-protein-coupled 

superfamily and signals by way of the IP 3 /DAG second mes-

senger system. A closely related receptor (NTR2) is expressed 

largely in brain. A third receptor is a single membrane-

spanning protein, which forms a heterodimer with NTR1.  

    The motilin/ghrelin family 

   Th e intestinal hormones discussed to this point are all 

secreted in response to eating, and govern gastrointestinal 

functions associated with digestion and assimilation of 

ingested nutrients. Only two GI hormones are secreted in 

increased amounts in the interdigestive periods, and both 

belong to the motilin/ghrelin family. Th e two single copy 

genes of this family encode the precursors of a 22 amino 

acid peptide called  motilin , and a 28 amino acid peptide 

called  ghrelin  at their amino terminals. Th e amino acid 

sequences of ghrelin and motilin are about 30% identical. 

Th e ghrelin precursor ( Figure 6.25   ) contains an additional 

peptide called  obestatin , which may also have biological 

activity, but no activity has yet been found for the larger 

C-terminal peptide released from promotilin. A unique 

structural feature of ghrelin is the octanoic acid moi-

ety bound in ester linkage to the serine in position three. 

Octanoate is added during posttranslational processing 

of the molecule and is required for binding to the ghrelin

receptor and for transport across the blood–brain barrier. 

However, less than a quarter of the ghrelin stored in secre-

tory granules is octanoylated, and only about 5% of the 

circulating hormone contains octanoate, probably because 
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 FIGURE 6.24          The eff ects of isocaloric test meals of carbohydrate, protein, 

and fat on plasma concentrations of neurotensin in healthy young adult 

subjects.   (Redrawn from Rosell, S. and Rökaeus, Ä. (1979) The eff ect of 

ingestion of amino acids, glucose and fat on circulating neurotensin-like 

immunoreactivity (NTLI) in man.  Acta. Physiol. Scand.   107 : 263–267.)    
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the deacylated form of ghrelin has a half-life in plasma of 

about 30 minutes compared to only about 10 minutes for 

the active hormone. Both motilin and ghrelin are expressed 

in the brain and peripheral neurons as well as mucosal cells 

in the GI tract. Like their ligands, receptors for motilin 

and ghrelin are closely related and have about half of their 

amino acid sequences in common. Th ese receptors and a 

possible receptor for obestatin are coupled to heterotrimeric 

G-proteins and signal through the inositol trisphosphate/

diacylglycerol second messenger system. 

    Physiological actions of motilin 

   Th e stomach is quiescent between emptying and the onset 

of the next meal, except for brief episodes of contractions 

spaced about 90 minutes apart. Th ese contractions, which 

begin at about the midpoint of the stomach and continue 

distally toward the pylorus, are called the  migrating motil-
ity complex , and propel any remaining food particles and 

accumulated mucus into the duodenum. Th e waves of 

contractions continue through the duodenum and jeju-

num with diminishing intensity. Th ese contractions coin-

cide with, and are probably initiated by, motilin secreted by 

enteroendocrine cells in the duodenum and upper jejunum 

( Figure 6.26   ). Other eff ects of motilin include stimulation 

of enzyme secretion by the stomach and pancreas, and con-

tractions of the gall bladder. Th is constellation of eff ects is 

consistent with a housekeeping role for motilin in clearing 

the stomach and intestine in preparation for the next epi-

sode of feeding. 

   Detailed understanding of the regulation of motilin 

secretion is still lacking. 

   Motilin secreting cells in the duodenal mucosa receive 

cholinergic neural input from the enteric nerves, but the 

physiological mechanism for the intermittent activity of these 

neurons is not understood. Motilin secretion is inhibited both 

by sham feeding and by the presence of fatty acids in the duo-

denum. Motilin receptors are found in greatest abundance in 

smooth muscle of the stomach and to a lesser extent in the 

duodenum, the small intestine, and colon. Th ey are found on 

aff erent vagal neurons, and neurons of the myenteric plexus. 

Curiously, in addition to motilin, these receptors are activated 

by the antibiotic erythromycin, which can produce strong 

contractions of the stomach and intestine. Th is fi nding has led 

to the development of orally eff ective agents for treatment of 

delayed gastric emptying encountered in some disease states.  
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 FIGURE 6.25          The motilin ghrelin family.  A.  Post-translational processing of prepromotilin and preproghrelin. Cleavage of proghrelin releases ghrelin from 

the N terminus and a second peptide called obestatin, which may have biological activity.  B.  Amino acid sequences of motilin and ghrelin represented 

with the single amino acid code. Insertion of a gap between residues 15 and 16 in motilin optimizes the correspondence to the sequence of ghrelin and 

probably represents the loss of a codon. The octanoate held in ester linkage with the serine at position 3 of ghrelin is essential for activity.      
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 FIGURE 6.26          Eff ects of motilin on gastric muscle tone. An intragastric 

balloon was placed in the stomachs of normal fasted volunteers and fi lled 

with air. Changes in gastric muscle tone were detected as changes in 

balloon volume: Increased muscle tone decreases balloon volume. Infusion 

of atropine, which blocks acetylcholine receptors, resulted in expansion of 

the balloon, indicating a decrease in tone. Infusion of motilin alone (not 

shown) or during the continued infusion of atropine increased gastric tone 

as indicated by decreased volume of the balloon. This eff ect of motilin is 

not mediated by parasympathetic stimulation of gastric muscle.   (Redrawn 

from the data of Cuomo, R., Vandaele, P., Coulie, B., Peeters, T., Depoortere, I., 

Janssens, J., and Tack, J. (2006) Infl uence of motilin on gastric fundus tone 

and on meal-induced satiety in man: Role of cholinergic pathways.  Am. J. 

Gastroenterol.   101 : 804–811.)    



Basic Medical Endocrinology

124

    Discovery of ghrelin 

   Th e route to the discovery of ghrelin followed an unusual and 

circuitous path that began decades earlier with attempts to 

prepare analogs of the neuropeptide, enkephalin, that might 

greatly enhance its ability to stimulate growth hormone secre-

tion. Th e success in producing potent growth hormone releas-

ing peptides (GHRPs) fueled eff orts to identify the receptor 

that mediates this activity in the pituitary and hypothalamus. 

Th e search uncovered a G-protein-coupled receptor that is 

highly conserved among vertebrate animals and is closely 

related to the motilin receptor. Eff orts to fi nd the natural 

ligand for this receptor resulted in the isolation of a peptide 

from extracts of the rat stomach. Th e peptide was named 

ghrelin from the Proto-Indo-European word for  “ grow. ”  

Ghrelin is secreted by relatively abundant X/A endocrine cells 

that are located primarily in the oxyntic mucosa, but are also 

present to a lesser extent in the antrum and in the mucosae 

of the small and large intestines. Some ghrelin-producing cells 

are found in the endocrine portion of the pancreas. Ghrelin-

producing cells are particularly prominent in the pancreas 

during fetal development. Hypothalamic neurons in the arcu-

ate nucleus also produce ghrelin, but most of the ghrelin cir-

culating in blood originates in the oxyntic mucosa.  

    Physiological actions of ghrelin 

   As already stated, discovery of ghrelin was the outcome of 

eff orts to enhance secretion of growth hormone. Th is eff ect 

is due mainly to ghrelin released from hypothalamic neu-

rons, but some crosstalk may also take place between the 

growth hormone producing cells of the pituitary and the 

X/A cells of the GI tract. Th e role of ghrelin in regulating 

growth hormone secretion is discussed in Chapter 11. 

   Th e physiological actions of ghrelin on the gastroin-

testinal tract are quite similar to those of motilin. Ghrelin 

receptors are found in smooth muscle and neurons in the 

stomach and intestines. Ghrelin increases gastric acid secre-

tion, gastric motility, and gastric emptying. In addition it 

accelerates the propulsion of chyme through the small and 

large intestines. Th ese actions are at least partly indirect and 

depend upon stimulation of smooth muscles by acetylcho-

line and neuropeptides released from vagal and enteric motor 

neurons. Excitation of ghrelin receptors on aff erent neurons 

in the gastrointestinal wall initiates vago–vagal refl exes and 

local refl exes of the enteric nervous system. Analogous 

actions on colonic contractions involve refl exive release of 

acetylcholine from pelvic nerves. However, no gastrointes-

tinal abnormalities were reported for mice lacking ghrelin, 

suggesting that its eff ects are not essential, or that redun-

dant mechanisms compensate for its absence. 

   Ghrelin concentrations in plasma increase during 

interdigestive periods. Th ey rise just before eating and are 

suppressed by ingestion of fat and carbohydrates ( Figure 

6.27   ). Th is pattern suggested that ghrelin might have a 

role in regulating food intake. Experiments in humans and 

rodents indicate that ghrelin increases feelings of hunger and 

stimulates hypothalamic neurons in appetite control centers. 

Treatment of experimental animals with ghrelin increases 

food intake and causes weight gain. Regulation of ghrelin 

secretion is clearly related to energy balance, but understand-

ing of the mechanisms involved is incomplete. Th e possible 

role of ghrelin in appetite control and its relation to insulin 

secretion are discussed in Chapter 8.     

    CONCLUDING COMMENTS 

   Neuroendocrine regulation of the gastrointestinal tract is 

exceedingly complex and still incompletely understood. 

Redundancy of control mechanisms, the absence of dis-

crete aggregates of endocrine cells that can be excised and 

studied or eliminated, and wide species diff erences make 

studying human gastrointestinal endocrinology enormously 

challenging. Yet impressive progress is being made with 

respect to understanding gastrointestinal regulation and 

its relationship to overall energy balance. We have focused 

the discussion of GI endocrinology hormone by hormone. 

Th e following tables aim to highlight the convergence and 

redundancy of hormonal actions on their principal targets. 

Much is left to learn about the endocrine control of the 

gastrointestinal tract and the relative importance of these 

hormones for expression of the eff ects listed. 
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 FIGURE 6.27          Average plasma ghrelin concentrations during a 24-h 

period in 10 human subjects consuming breakfast (B), lunch (L), and dinner 

(D) at the times indicated (0800, 1200, and 1730, respectively).  

 (From Cummings, D.E., Purnell, J.Q., Frayo, R.S., Schmidova, K., Wisse, B.E., and 

Weigle, D.S. (2001) A preprandial rise in plasma ghrelin levels suggests a 

role in meal initiation in humans.  Diabetes   50 : 1714–1719.)    
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 TABLE 6.1          Hormones and Neuropeptides That Regulate Gastric Functions.  

   Peptide  Source  Targets  Actions 

   Gastrin  Antral G cells  ECL cells

Parietal cells 

  ↑  Histamine synthesis and 

secretion

 ↑  Acid secretionGrowth and 

maintenance of oxyntic mucosa 

   Gastrin Releasing Peptide (GRP)  Vagal and enteric eff erent neurons  Antral G cells   ↑  Gastrin secretion 

   Somatostatin (SST)  Oxyntic and Antral D cells  G cells, ECL cells

Parietal cells 

  ↓  Secretion of gastrin, histamine, 

and acid 

   Ghrelin  Oxyntic A/X cells  Vagal and enteric 

Aff erent neurons

Smooth muscle cells 

  ↑  Gastric motility

 ↑  Gastric emptying 

   Motilin  Duodenal and jejunal endocrine 

cells 

 Vagal and enteric 

Aff erent neurons

Smooth muscle cells 

  ↑  gastric motility; 

Initiates migrating motility 

complex 

   Glucagon-Like Peptide 1 (GLP-1)  L cells in intestinal mucosa  Gastric D cells

Parietal cells

Aff erent neurons 

  ↑  SST secretion; 

 ↓  acid secretion

 ↓  Gastric motility; delays gastric 

emptying 

   Glucagon-Like Peptide 2 (GLP-2)  L cells in intestinal mucosa  Gastric D cells

Parietal cells

Aff erent neurons 

  ↑  SST secretion;

 ↓  acid secretion

 ↓  Gastric motility; delays gastric 

emptying 

   Oxyntomodulin  L cells in intestinal mucosa

Alpha cells in pancreatic islets 

 Gastric D cells

Parietal cells

Aff erent neurons 

  ↑  SST secretion;

 ↓  acid secretion

 ↓  Gastric motility; delays gastric 

emptying(activates GLP-1 

receptors) 

   Pancreatic Polypeptide (PPP)  F cells in pancreas  Vagal aff erent and enteric neurons?  Delays gastric emptying 

   Peptide YY (PYY)  L cells is distal ileum and colon  Gastric D cells

Aff erent neurons ? 

  ↑  SST secretion;

 ↓  acid secretion

 ↓  Gastric motility; delays gastric 

emptying 

   Secretin  Duodenal S cells  Oxyntic and Antral D cells

Chief Cells 

  ↑  SST secretion;

 ↓  Acid secretion

 ↑  Pepsinogen and lipase secretion 

   Cholecystokinin  Duodenal I cells  Oxyntic and Antral D cells

Chief cells

Aff erent neurons

Smooth muscle cells 

  ↑  SST secretion

 ↓  Acid, pepsinogen and lipase 

secretion

Contracts antral-pyloric area and 

relaxes fundic area; delays gastric 

emptying 

   Neurotensin  Jejunal and ileal N cells  ? Oxyntic and Antral D cells, Chief 

cells ?

Aff erent neurons ?

Smooth muscle cells? 

  ↓  Acid secretion

 ↓  Gastric motility; delays gastric 

emptying 

   Pituitary adenyl cyclase activating 

peptide (PACAP) 

 Vagal and enteric eff erent neurons  ECL cellsSmooth muscle cells   ↑  Histamine secretion

 ↑  Relaxation of smooth muscle 

   Vasoactive intestinal peptide (VIP)  Vagal and enteric eff erent neurons  Smooth muscle cells   ↑  Relaxation 
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 TABLE 6.2          Hormones and Neuropeptides That Regulate Pancreatic and Hepatic Function  .

   Peptide  Source  Targets  Actions 

   Cholecystokinin (CCK)  Duodenal I cells  Gall bladder smooth muscle

Pancreatic acinar cells

Vagal aff erent neurons 

  ↑  Gall bladder contraction

 ↑  Bile secretion

 ↑  Pancreatic enzyme secretion

Growth and maintenance of pancreatic 

acini 

   Secretin  Duodenal S cells  Bile duct cells

Pancreatic duct cells 

  ↑  Water and bicarbonate secretion 

   Glucose-dependent Insulinotropic 

Peptide (GIP) 

 Duodenal K cells  Pancreatic beta cells

Pancreatic alpha cells 

  ↑  Insulin secretion

 ↑  Glucagon secretion

Growth and maintenance of beta cells 

   Glucagon-like Peptide 1 (GLP-1)  Intestinal L cells  Pancreatic beta cells

Pancreatic alpha cells 

  ↑  Insulin secretion

 ↓  Glucagon secretion

Growth and maintenance of beta cells 

   Pancreatic Polypeptide (PPP)  Pancreatic F cells  Pancreatic acinar and islet cells   ↓  Enzyme and hormone secretion 

   Peptide YY (PYY)  Intestinal L cells  Pancreatic acinar and ductal cells, 

hepatocytes 

  ↓ enzyme,  bicarbonate, water, and bile 

secretion 

   Neurotensin  Intestinal N cells  Hepatocytes 

Gall bladder smooth muscle

Pancreatic acinar cells

Vagal aff erent neurons 

  ↑ Bile production

 ↑ Contraction

 ↑ Enzyme secretion 

   Gastrin Releasing Peptide (GRP)  Vagal eff erent neurons  Pancreatic acinar cells   ↑  Enzyme secretion 

   Vasoactive inhibitory peptide (VIP)  Vagal eff erent neurons  Smooth muscles of the Sphincter of 

Oddi 

  ↑  Relaxation 

   Somatostatin  D cells of the GI tract, 

pancreatic delta cells 

 Pancreatic acinar and islet cells

Biliary duct cells 

  ↓  Hormone, enzyme, bicarbonate, water, 

and bile secretion 

 TABLE 6.3          Hormones and Neuropeptides That Regulate Intestinal Function.  

   Peptide  Source  Target  Actions 

   Motilin  Intestinal endocrine cells  Smooth muscle   ↑  Contraction 

   Ghrelin  Oxyntic mucosal A/X cells  Smooth muscle   ↑  Contraction 

   GLP-1  L cells  Smooth muscle?

Enteric neurons? 

  ↓  Contraction 

   GLP-2  L cells  Enterocytes?

unknown 

  ↑  Nutrient absorption

 ↑  Growth, repair and maintenance of mucosa 

   Luminal secretin releasing peptides  ? Gastric or duodenal mucosa?  Duodenal S cells   ↑  Secretion 

   Luminal CCK releasing peptides  ? Gastric or duodenal mucosa?  Duodenal I cells   ↑  Secretion 

   PYY  Ileal and colonic L cells  Smooth muscle?

Enteric neurons? 

  ↓  Contraction 

   SST  Stomach and intestinal D cells and 

pancreatic  
  cells 

 Endocrine cells

Smooth muscle cells 

  ↓  Secretion

 ↓  Contraction 

   Neurotensin  Jejunal and duodenal N cells E nterocytes?

unknown 

  ↑  Nutrient absorption

 ↑  Growth, repair, and maintenance of mucosa 
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C H A P T E R                                          The Pancreatic Islets  

   Th e principal pancreatic hormones are  insu-
lin  and  glucagon , whose opposing eff ects on the 

liver regulate hepatic storage, production, and 

release of energy-rich fuels. Insulin is an ana-

bolic hormone that promotes sequestration of 

carbohydrate, fat, and protein in storage depots 

throughout the body. Its powerful actions are 

exerted principally on skeletal muscle, liver, and 

adipose tissue, whereas those of glucagon are 

restricted to the liver, which responds by form-

ing and secreting energy-rich water-soluble fuels: 

glucose, acetoacetic acid, and  β -hydroxybutyric 

acid. Interplay of these two hormones contrib-

utes to constancy in the availability of meta-

bolic fuels to all cells.  Somatostatin  is also an islet 

hormone, but a physiological role for pancreatic 

somato statin has not been established. A fourth 

substance,  pancreatic polypeptide , was discussed in 

Chapter 6. 

   Glucagon acts in concert with other 

fuel-mobilizing hormones to counterbalance 

the fuel-storing eff ects of insulin. Because com-

pensatory changes in secretion of all these hor-

mones are readily made, states of glucagon excess 

or defi ciency rarely lead to overt human disease. 

Insulin, on the other hand, acts alone, and pro-

longed survival is not possible in its absence. 

Inadequacy of insulin due to insuffi  cient produc-

tion results in the disease called  diabetes mellitus 
type I ; a second disease,  diabetes mellitus type II , 
results primarily from decreased end organ sen-

sitivity to insulin. 

    MORPHOLOGY OF THE ENDOCRINE
PANCREAS 

   Th e 1 to 2 million islets of the human pancreas 

range in size from about 50 to about 500       mm in 

diameter and contain from 50 to 300 endocrine 

cells. Collectively the islets make up only 1 to 

2% of the pancreatic mass. Th ey are highly vas-

cular, with each cell seemingly in direct contact 

with a capillary. Blood is supplied by the pan-

creatic artery and drains into the portal vein, 

which thus delivers the entire output of pan-

creatic hormones to the liver. Blood entering 

each islet through one or more arterioles fl ows 

through an anastomosing network of capillaries 

before exiting at the opposite pole. Th is pattern 

of blood fl ow in human islets diff ers from the 

classic description of islet blood fl ow derived 

from studies in rodents. 

   Th e islets are richly innervated with 

both sympathetic and parasympathetic fi bers 

that terminate on or near the secretory cells. 

Parasympathetic preganglionic fi bers arise from 

cell bodies in the dorsal motor nucleus of the 

vagus and synapse with postganglionic cholin-

ergic and peptidergic neurons in pancreatic 

ganglia. Cell bodies of preganglionic sympa-

thetic fi bers originate in the hypothalamus and 

synapse with postganglionic nerves in the celiac 

and paravertebral ganglia. Th ese neurons secrete 

norepinephrine and several neuropeptides. Th e 
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islets also contain a rich complement of sensory fi bers that 

join the splanchnic nerves and enter the spinal cord. 

   Histologically, the islets consist of three major and 

at least two minor cell types.  Beta cells , which synthe-

size and secrete insulin, make up about 60% of a typical 

islet.  Alpha cells  are the source of glucagon and comprise 

perhaps as much as 30% of islet tissue.  Delta cells , which 

are considerably less abundant, produce somatostatin. 

 F cells , which secrete pancreatic polypeptide, may also appear 

in the exocrine part of the pancreas. A fi fth cell type that 

secretes ghrelin has been identifi ed recently in both fetal and 

adult islets. In humans, these cells and the F cells occupy the 

perimeters of islets, whereas the alpha, beta, and delta cells 

appear to be randomly interspersed ( Figure 7.1   ), and are sit-

uated along the lengths of capillaries in no apparent order. 

Th is cytoarchitecture contrasts sharply with that of rodent 

islets in which beta cells occupy the central region, and are 

surrounded by a mantle of alpha cells. However, in humans 

as well as rodents the close contacts between the diff erent 

cell types is thought to favor paracrine communication and 

may have a role in regulating islet cell function.  

    GLUCAGON 

    Biosynthesis, secretion, and metabolism 

   Glucagon is a simple unbranched peptide chain that consists 

of 29 amino acids and has a molecular weight of about 3,500. 

Its amino acid sequence has been remarkably preserved 

throughout evolution of the vertebrates. Th e glucagon gene, 

which is located on chromosome 2, is expressed primarily in 

alpha cells, L-cells of the intestinal epithelium, and discrete 

brain areas. Glucagon formation and its relation to other 

products of the same gene and to other hormones and neu-

ropeptides are discussed in Chapter 6. Glucagon is packaged, 

stored in membrane-bound granules, and secreted by exocy-

tosis like other peptide hormones. It circulates without bind-

ing to carrier proteins and has a half-life in blood of about 

5 minutes. Glucagon concentrations in peripheral blood are 

considerably lower than in portal venous blood. Th is diff er-

ence refl ects not only greater dilution in the general circula-

tion but also the fact that about 25% of the secreted glucagon 

is destroyed during passage through the liver. Th e kidney 

is another important site of degradation, and a consider-

able fraction of circulating glucagon is destroyed by plasma 

peptidases.  

    Physiological actions of glucagon 

   Th e physiological role of glucagon is to stimulate hepatic 

production and secretion of glucose and to a lesser extent, 

ketone bodies, which are derived from fatty acids. Under 

normal circumstances, liver and possibly pancreatic beta cells 

are the only targets of glucagon action. A number of other 

tissues including fat and heart express glucagon receptors, 

and can respond to glucagon experimentally, but consider-

ably higher concentrations of glucagon are needed than are 

normally found in peripheral blood. Glucagon stimulates the 

liver to release glucose and produces a prompt increase in 

blood glucose concentration. Glucose that is released from 

the liver is obtained from breakdown of stored glycogen 

( glycogenolysis ) and new synthesis ( gluconeogenesis ). Because 

the principal precursors for gluconeogenesis are amino acids, 

especially alanine, glucagon also increases hepatic production 

of urea ( ureogenesis ) from the amino groups. Glucagon also 

increases production of ketone bodies ( ketogenesis ) by direct-

ing metabolism of long-chain fatty acids toward oxidation 

insulin

A

glucagon
blood vessel

 FIGURE 7.1          Cytoarchitecture of a typical human pancreatic islet as 

revealed in immunostained confocal scanning microscopic images. 

Endocrine cells are closely but randomly associated with vascular 

cells. Most insulin- (red), glucagon- (green), and somatostatin- 

(cyan) immunoreactive cells are in close proximity to vascular cells 

immunoreactive for smooth muscle cell actin (blue). Endocrine cells are 

aligned along the blood vessels in a random order. (From Cabrera, O., 

Berman, D.M., Kenyon, N.S., Ricordi, C., Berggren, P.O., and Caicedo, A. (2006) 

The unique cytoarchitecture of human pancreatic islets has implications 

for islet cell function.   Proc. Natl. Acad. Sci. USA   103: 2334–2339, with 

permission.)      

B
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and away from esterifi cation and export as lipoproteins. 

Concomitantly, glucagon may also promote breakdown of 

hepatic triglycerides to yield long-chain fatty acids, which, 

along with fatty acids that reach the liver from peripheral 

fat depots, provide the substrate for ketogenesis. 

   All the eff ects of glucagon appear to be mediated 

by cyclic AMP (see Chapter 1). In fact, it was studies of 

the glycogenolytic action of glucagon that led to the dis-

covery of cyclic AMP and its role as a second messenger. 

Activation of protein kinase A by cyclic AMP results in 

phosphorylation of enzymes, which increases or decreases 

their activity, or phosphorylation of the transcription fac-

tor CREB, which usually increases transcription of target 

genes. Glucagon may also increase intracellular concentra-

tions of calcium by a mechanism that depends upon acti-

vation of protein kinase A. Increased intracellular calcium 

may reinforce some cyclic AMP mediated actions of gluca-

gon, particularly on glycogenolysis. 

    Glucose production 

   To understand how glucagon stimulates the hepatocyte 

to release glucose, we must fi rst consider some of the 

biochemical reactions that govern glucose metabolism in 

the liver. Biochemical pathways that link these reactions 

are illustrated in  Figure 7.2   . It is important to recognize 

that not all enzymatic reactions are freely reversible under 

conditions that prevail in living cells. Phosphorylation and 

dephosphorylation of substrates usually require separate 

enzymes. Th is arrangement sets up substrate cycles that 

would spin futilely in the absence of some regulatory infl u-

ence exerted on either or both opposing reactions. Th ese 

reactions are often strategically situated at or near branch 

points in metabolic pathways and can therefore direct fl ow 

of substrates toward one fate or another. 

   Regulation is achieved both by modulating the  activ-
ity  of enzymes already present in cells and by increasing 

or decreasing rates of enzyme synthesis and therefore the 

 amounts  of enzyme molecules. Enzyme activity can be regu-

lated allosterically by changes in conformation produced 

by interactions with substrates or cofactors, or covalently 

by phosphorylation and dephosphorylation of regulatory 

sites in the enzymes themselves. Changing the activity of 

an enzyme requires only seconds, whereas many minutes or 

even hours are needed to change the amount of an enzyme.  

    Glycogenolysis 

   Cyclic AMP formed in response to the interaction of glu-

cagon with its G-protein coupled receptors on the surfaces 

of hepatocyte (see Chapter 1) activates protein kinase A, 

which catalyzes phosphorylation, and hence activation, of an 

enzyme called  phosphorylase kinase  ( Figure 7.3   ). Th is enzyme, 

in turn, catalyzes phosphorylation of another enzyme,  glyco-
gen phosphorylase , which cleaves glycogen stepwise to release 

glucose-1-phosphate. Glucose-1-phosphate is the substrate 

for  glycogen synthase , which catalyzes the incorporation of 

glucose into glycogen.  Glycogen  synthase is also a substrate 

for protein kinase A and is inactivated when phosphorylated. 

Th us by increasing the formation of cyclic AMP, glucagon 

simultaneously promotes glycogen breakdown and prevents 

recycling of glucose to glycogen. Cyclic AMP-dependent 
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 FIGURE 7.2          Biochemical pathways of glucose metabolism in hepatocytes. 

Reactions that are accelerated in the presence of glucagon are shown in 

green. Broken red arrows indicate reactions that are inhibited by protein 

kinase A catalyzed phosphorylation. The hexose-monophosphate shunt is 

indirectly inhibited. Roman numerals indicate substrate cycles.    
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phosphorylation of enzymes that regulate the glycolytic path-

way at the level of phosphofructokinase and acetyl coenzyme 

A (CoA) carboxylase (see later) minimizes consumption of 

glucose-6-phosphate by the hepatocyte itself, leaving dephos-

phorylation and delivery into the blood as the major pathway 

open to newly depolymerized glucose.  

    Gluconeogenesis 

   Precursors of glucose enter the gluconeogenic pathway as 

3- or 4-carbon compounds. Glucagon directs their conversion 

to glucose by accelerating their condensation to fructose 

phosphate while simultaneously blocking their escape from 

the gluconeogenic pathway (cycles III and IV in  Figure 

7.2 ). Cyclic AMP controls production of a potent allosteric 

regulator of metabolism called  fructose-2,6-bisphosphate . 
Th is compound, when present even in tiny amounts, acti-

vates  phosphofructokinase  and inhibits  fructose-1,6-bisphos-
phatase , thereby directing fl ow of substrate toward glucose 

breakdown rather than glucose formation ( Figure 7.4   ). 

Fructose-2,6-bisphosphate, which should not be confused 

with fructose-1,6-bisphosphate, is formed from fructose-6-

phosphate by the action of an unusual bifunctional enzyme 

that catalyzes either phosphorylation of fructose-6-phos-

phate to fructose-2,6-bisphosphate or dephosphorylation 

of fructose-2,6-bisphosphate to fructose-6-phosphate, 

depending on its own state of phosphorylation. Th is 

enzyme is a substrate for protein kinase A and behaves as 

a phosphatase when it is phosphorylated. Its activity in the 

presence of cyclic AMP rapidly depletes the hepatocyte of 

fructose-2,6-bisphosphate, and substrate therefore fl ows 

toward glucose production. 

   Th e other important regulatory step in gluconeogen-

esis is phosphorylation and dephosphorylation of pyruvate 

(cycle IV in  Figure 7.2 ). It is here that 3- and 4-carbon 

fragments enter or escape from the gluconeogenic pathway. 

Th e cytosolic enzyme that catalyzes dephosphorylation of 

phospho-enol pyruvate (PEP) was inappropriately named 

 pyruvate kinase  before it was recognized that direct phos-

phorylation of pyruvate does not occur under physiological 

conditions, and that this enzyme acts only in the direction 

of dephosphorylation ( Figure 7.5   ). 

   Pyruvate kinase is another substrate for protein kinase 

A and is powerfully inhibited when phosphorylated, but 

the inhibition can be overcome allosterically by fructose

Fructose-6-P

6-P-F-2-kinase/F-2,
6-bisphosphatase

PO4

PKA

Fructose-
1, 6-bis-phos-

phatase

Fructose-1, 6-bis P

Phospho-
fructo-
kinase

Fructose-2, 6-bis P

 FIGURE 7.4          Regulation of fructose-1,6-bisphosphate metabolism by 

protein kinase A (cyclic AMP-dependent protein kinase). Formation of 

fructose-1,6-bis phosphate is accelerated by the metabolite fructose-2,6-

bisphosphate, which stimulates phosphofructokinase and inhibits fructose-

1,6-phosphatase. Protein kinase A lowers the concentration of fructose-

2,6-bisphosphate by catalyzing phosphorylation of the bifunctional 

enzyme 6 phosphofructose-2 kinase/fructose-2,6-bisphosphatase, 

which promotes its phosphatase activity. The resulting decrease in 

fructose-2,6-bisphosphate concentration removes the stimulation of 

phosphofructokinase, and the inhibition of fructose-1,6-phosphatase, 

and drives substrate fl ow from fructose-1,6-bisphosphate to fructose-1-

phosphate.    
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 FIGURE 7.5          Regulation of phosphoenol pyruvate ( PEP ) formation by 

 protein kinase A  (PKA, cyclic AMP-dependent protein kinase). Protein 

kinase A catalyzes the phosphorylation and, hence, inactivation of 

 pyruvate kinase  whose activity limits the conversion of PEP to pyruvate.    
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 FIGURE 7.3          Role of  protein kinase A  (cyclic AMP-dependent protein kinase) in 

glycogen metabolism.    
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1,6 bisphosphate. Th us, activation of protein kinase A has 

the duel eff ect of decreasing pyruvate kinase activity directly 

and of decreasing the abundance of its activator, fruc-

tose 1,6 bisphosphate, by reactions shown in  Figure 7.4 . 

Inhibiting pyruvate kinase may be the single most impor-

tant eff ect of glucagon on the gluconeogenic pathway. On 

a longer time scale, glucagon inhibits the synthesis of pyru-

vate kinase. Phosphorylation of pyruvate requires a com-

plex series of reactions in which pyruvate must fi rst enter 

mitochondria where it is carboxylated to form oxaloacetate. 

Entry of pyruvate across the mitochondrial membrane is 

accelerated by glucagon, but the mechanism for this eff ect 

is not known. Oxaloacetate is converted to cytosolic PEP by 

the catalytic activity of  phospho-enol pyruvate carboxykinase 
 (PEPCK) . Synthesis of this enzyme is accelerated by 

increased cyclic AMP.  

    Lipogenesis and ketogenesis 

   Th e alternate fate of pyruvate in mitochondria is decarboxy-

lation to form acetyl CoA ( Figure 7.6   ). Th is 2-carbon acetyl 

unit is the building block of fatty acids and eventually fi nds 

its way back to the cytosol where fatty acid synthesis ( lipo-
genesis ) takes place. Lipogenesis is the principal competitor 

of gluconeogenesis for 3-carbon precursors. Th e fi rst com-

mitted step in fatty acid synthesis is the carboxylation of 

acetyl CoA to form malonyl CoA.  Acetyl CoA carboxylase , 
the enzyme that catalyzes this reaction, is yet another sub-

strate for protein kinase A and is powerfully inhibited when 

phosphorylated. Inhibition of fatty acid synthesis not only 

preserves substrate for gluconeogenesis but also prevents 

oxidation of glucose by the hexose monophosphate shunt 

pathway ( Figure 7.2 ). NADP, which is required for shunt 

activity, is reduced in the initial reactions of this pathway 

and can be regenerated only by transferring protons to the 

elongating fatty acid chain. 

   Fatty acid synthesis and oxidation constitute another 

substrate cycle and another regulatory site for cyclic AMP 

action. Th e same reaction that inhibits fatty acid synthesis 

promotes fatty acid oxidation and consequently  ketogen-
esis  (ketone body formation) (Figure 7.6). Long-chain fatty 

acid molecules that reach the liver can be either oxidized or 

esterifi ed and exported to adipose tissue as the triglyceride 

component of low density lipoproteins. To be esterifi ed, 

fatty acids must remain in the cytosol, and to be oxidized 

they must enter the mitochondria. Long-chain fatty acids 

can cross the mitochondrial membrane only when linked to 

carnitine.  Carnitine acyl transferase , the enzyme that cata-

lyzes this linkage, is powerfully inhibited by malonyl CoA. 

   Malonyl CoA thus has two distinct and crucial roles: 

it is both an indispensable metabolite for fatty acid synthe-

sis and an allosteric regulator of the enzyme that permits 

fatty acids to be oxidized. When hepatic concentrations of 

malonyl CoA are high, coincident with fatty acid synthesis, 

fatty acid oxidation is inhibited. Conversely, when its con-

centration is low, fatty acids readily enter mitochondria and 

are oxidized to acetyl CoA. Because long-chain fatty acids 

typically contain 16 and 18 carbons, each molecule that is 

oxidized yields eight or nine molecules of acetyl CoA. Th e 

ketone bodies,  β -hydroxybutyrate and acetoacetate, are 

formed from condensation of two molecules of acetyl CoA 

and the subsequent removal of the CoA moiety. 

   By blocking the formation of malonyl CoA, glucagon 

sets the stage for ketogenesis, but the actual rate of ketone 

production is determined by the abundance of long-chain 

fatty acids that are available for oxidation. Most fatty acids 

oxidized in liver are derived from the plasma free fatty acids 

released from adipose tissue. In addition, glucagon, through 

its stimulation of cyclic AMP production, may also activate 

a lipase in liver and thereby make fatty acids available from 

the breakdown of hepatic triglycerides.  

    Ureogenesis 

   Whenever carbon chains of amino acids are used as sub-

strate for gluconeogenesis, amino groups must be disposed 

of in the form of urea, which thus becomes a by-product of 

gluconeogenesis. By promoting gluconeogenesis, therefore, 

glucagon also increases the formation of urea ( ureogenesis ). 
Carbon skeletons of most amino acids can be converted to 

glucose, but because of peculiarities of peripheral metabo-

lism alanine is quantitatively the most important glucogenic 

amino acid. By accelerating conversion of pyruvate to glu-

cose (see earlier), glucagon indirectly accelerates transami-

nation of alanine to pyruvate. Glucagon also accelerates 

ureogenesis by increasing transport of amino acids across 
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 FIGURE 7.6            Protein kinase A   (cyclic AMP-dependent protein kinase) 

indirectly stimulates ketogenesis by decreasing the formation of 

 malonyl CoA , thus removing a restriction on accessibility of fatty acids to 

intramitochondrial oxidative enzymes.    
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hepatocyte plasma membranes by an action that requires 

synthesis of new RNA and protein. In addition, glucagon 

also promotes the synthesis of some urea cycle enzymes.    

    Regulation of glucagon secretion 

   Th e concentration of glucose in blood is the most impor-

tant determinant of glucagon secretion in normal indi-

viduals. When the plasma glucose concentration exceeds 

200       mg/dL, glucagon secretion is maximally inhibited. 

Inhibitory eff ects of glucose are proportionately less at 

lower concentrations and disappear when its concentration 

falls below 50       mg/dL. Except immediately after a meal rich 

in carbohydrate, the blood glucose concentration remains 

constant at around 90       mg/dL. Th is set point for glucose 

concentration thus falls well within the range over which 

glucagon secretion is regulated, so alpha cells can respond 

to fl uctuations in blood glucose with either an increase or 

a decrease in glucagon output. It is possible that alpha cells 

directly sense glucose concentrations, but molecular mecha-

nisms conferring such monitoring ability await discovery. 

Alternatively, changes in glucagon secretion may be control-

led by insulin released from adjacent beta cells, whose well 

documented capacity to monitor blood glucose concentra-

tions is discussed later. Insulin inhibits glucagon secretion 

and is required for expression of inhibitory eff ects of glu-

cose. A precipitous decline in insulin secretion in response 

to hypoglycemia may trigger glucagon release. In persons 

suff ering from insulin defi ciency (see later), glucagon secre-

tion is deranged, and may be brisk despite high blood glu-

cose concentrations, or may fail to increase in response to 

hypoglycemia. Somatostatin, GLP-1 (see Chapter 6), and 

free fatty acids (FFA) also exert inhibitory infl uences on 

glucagon secretion ( Figure 7.7   ). 

   Hypoglycemia is detected not only at the level of the 

islet, but this life-threatening circumstance also is detected 

by glucose-sensing neurons in the hypothalamus, which 

alert autonomic centers to activate both sympathetic and 

parasympathetic responses. Parasympathetic nerve endings 

within the islets release their neurotransmitters, acetylcho-

line and VIP (vasoactive intestinal peptide) and perhaps 

PACAP (pituitary adenyl cyclase activating peptide), and 

norepinephrine and NPY (neuropeptide Y) are released 

from sympathetic nerve fi bers. Th ese peptides are described 

in Chapter 6. Alpha cells express receptors for all these 

neurotransmitters, and increase their secretion of gluca-

gon in response to both parasympathetic and sympathetic 

stimulation. Th e sympathetic response to hypoglycemia also 

stimulates the adrenal medulla to secrete epinephrine and 

norepinephrine (see Chapter 4). Th ese adrenomedullary 

hormones not only reinforce the glycogenolytic actions of 

glucagon on the liver, but also further stimulate alpha cells 

to secrete glucagon. 

   Glucagon secretion also is evoked by a meal rich in 

amino acids. Alpha cells may respond directly to increased 

blood levels of certain amino acids, particularly arginine, 

which also increases insulin secretion. In addition, digestion 

of protein-rich foods triggers the release of cholecystokinin 

(CCK) and GIP (glucose-dependent insulinotropic pep-

tide) from cells in the duodenal mucosa (see Chapter 6). 

CCKis a secretagogue for islet hormones as well as pancre-

atic enzymes and GIP may stimulate secretion of glucagon 

as well as insulin. Both of these gastrointestinal hormones 

alert alpha cells to an impending infl ux of amino acids. Th e 

resulting increased secretion of glucagon not only prepares 

the liver to dispose of excess amino acids by gluconeogen-

esis, but also signals the liver to release glucose and thus 

counteracts the potentially hypoglycemic eff ects of insulin, 

whose secretion is simultaneously increased by amino acids 

(see later).  

    INSULIN 

    Biosynthesis, secretion, and metabolism 

   Insulin is composed of two unbranched peptide chains 

joined together by two disulfi de bridges ( Figure 7.8   ). Th e 

single gene that encodes the 110 amino acid preproinsulin 

molecule consists of three exons and two introns and is 

located on chromosome 11. After removal of the leader 

sequence in the endoplasmic reticulum the proinsulin mole-

cule undergoes folding and disulfi de bond formation before 

it is transferred to the Golgi apparatus where it is pack-

aged in secretory granules and stored complexed with zinc. 

Processing of the single-chain proinsulin molecule to form 

the two chained mature insulin takes place in the secre-

tory granules where a 31-residue peptide, called the con-

necting peptide (C peptide), is excised by stepwise actions 
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 FIGURE 7.7          Stimulatory and inhibitory signals for glucagon secretion.    
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of two endopeptidase enzymes called prohormone conver-

tases 2 and 3. Th e C peptide therefore accumulates within 

granules in equimolar amounts with insulin. When insulin 

is secreted, the entire contents of secretory vesicles are dis-

gorged into extracellular fl uid. Consequently, the C peptide 

and any remaining proinsulin and processing intermediates 

enter the circulation along with insulin. When secretion is 

rapid, proinsulin may comprise as much as 20% of the cir-

culating peptides detected by insulin antibodies, but it con-

tributes little biological activity. Although several biological 

actions of the C peptide have been described, no physiolog-

ical role for the C peptide has yet been established. 

   Th e insulin storage granule contains a variety of pro-

teins that are also released whenever insulin is secreted. 

Most of these proteins are thought to maintain optimal 

conditions for storage and processing of insulin, but some 

may also have biological activity. Th eir fate and actions, if 

any, are largely unknown. One such protein, however, called 

 amylin , may contribute to the amyloid that accumulates in 

and around beta cells in states of insulin hypersecretion and 

may contribute to islet pathology. A wide variety of biologi-

cal actions have been ascribed to amylin including antago-

nism to the actions of insulin in various tissues, suppression 

of appetite, and delaying of gastric emptying, but a physi-

ological role for amylin remains to be established and con-

tinues to be the subject of some controversy. 

   Insulin is cleared rapidly from the circulation with a 

half-life of four to six minutes. Th e fi rst step in insulin deg-

radation is receptor-mediated internalization by an endo-

somic mechanism. Degradation may take place following 

fusion of endosomes with lysosomes. Th e liver is the prin-

cipal site of insulin degradation and inactivates from 30 to 

70% of the insulin that reaches it in hepatic portal blood. 

Insulin degradation in the liver appears to be a regulated 

process governed by changes in availability of metabolic fuels 

and changing physiological circumstances. Th e liver may 

thus regulate the amount of insulin that enters the systemic 

circulation. Th e kidneys account for destruction of about half 

the circulating insulin following receptor-mediated uptake 

both from the glomerular fi ltrate and from postglomerular 

blood plasma. Normally, little or no insulin is found in urine. 

Th e remainder is degraded in muscle and other insulin-sen-

sitive tissues throughout the body. Proinsulin has a half-life 

that is at least twice as long as insulin and is not converted 

to insulin outside the pancreas. Th e kidney is the principal 

site of degradation of proinsulin and the C peptide. Because 

little degradation of the C peptide occurs in the liver, its 

concentration in blood is useful for estimating the rate of 

insulin secretion and evaluation of beta cell function.  

    Physiological actions of Insulin 

    Eff ects of insulin defi ciency 

   In many areas of endocrinology, basic insights into the phys-

iological role of a hormone can be gained from examining 

the consequences of its absence. In such studies, secondary 

or tertiary eff ects may overshadow the primary cellular lesion 

but nevertheless ultimately broaden our understanding of 

cellular responses in the context of the whole organism. 

Insights into the physiology of insulin and the physiologi-

cal processes it aff ects directly and indirectly were gained 

originally from clinical observations. Consideration of some 

of the classic signs of this disease therefore provides a good 

starting point for discussing the physiology of insulin. 

    Hyperglycemia 

   In the normal individual the concentration of glucose in 

blood is maintained at around 90       mg/dL of plasma (5       mM). 

Blood glucose in diabetics may be 300 to 400       mg/dL and 

even reach 1,000       mg/dL on occasion. Diabetics have par-

ticular diffi  culty removing excess glucose from their blood. 

Normally, after ingestion of a meal rich in carbohydrate, 

excess glucose disappears rapidly from plasma, and there 

is only a small and transient increase in blood glucose. Th e 

diabetic, however, is intolerant of glucose, and the ability to 

remove it from plasma is severely impaired. 
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   Oral glucose tolerance tests, which assess the ability 

to dispose of a glucose load, are used diagnostically to eval-

uate existing or impending diabetic conditions. A standard 

load of glucose is given by mouth and the blood glucose 

concentrations are measured periodically over the course of 

the subsequent four hours. In normal subjects, blood glu-

cose concentrations return to baseline values within two 

hours, and the peak value does not rise above 180       mg/dL. 

In the diabetic or  “ prediabetic, ”  blood glucose levels rise 

much higher and take a longer time to return to basal levels 

( Figure 7.9   ).  

    Glycosuria 

   Normally renal tubules have adequate capacity to transport 

and reabsorb all the glucose fi ltered at the glomeruli so that 

little or none escapes in the urine. Because of hyperglycemia,

however, the concentration of glucose in the glomerular fi l-

trate is so high that it exceeds the capacity of renal glucose 

transporters and glucose  “ spills ”  into the urine, causing  gly-
cosuria  (excretion of glucose in urine).  

    Polyuria 

   Polyuria is defi ned as excessive production of urine. Because 

more glucose is present in the glomerular fi ltrate than can 

be reabsorbed by proximal tubules, some remains in the 

tubular lumen and exerts an osmotic hindrance to water and 

salt reabsorption in this portion of the nephron, which nor-

mally reabsorbs about two-thirds of the glomerular fi ltrate. 

Th e abnormally high volume of fl uid that remains cannot 

be reabsorbed by more distal portions of the nephrons, with 

the result that water excretion is increased ( osmotic diuresis ). 
Increased fl ow through the nephron increases urinary loss 

of sodium and potassium as well.  

    Polydipsia 

   Dehydration results from the copious fl ow of urine and 

stimulates thirst, a condition called polydipsia, or excessive 

drinking. Th e untreated diabetic is characteristically thirsty 

and consumes large volumes of water to compensate for 

water lost in urine. Polydipsia is often the fi rst symptom 

that is noticed by the patient or parents of a diabetic child.  

    Polyphagia 

   By mechanisms that likely stem from insulin’s role in regu-

lating food intake (see Chapter 8), appetite is increased in 

what seems to be an eff ort to compensate for urinary loss 

of glucose. Th e condition is called  polyphagia  (excessive food 

consumption).  

    Weight loss 

   Despite increased appetite and food intake, however, insulin 

defi ciency reduces all anabolic processes and accelerates cata-

bolic processes. Accelerated protein degradation, particularly 

in muscle, provides substrate for gluconeogenesis. Increased 

mobilization and utilization of stored fats indirectly leads 

to increased triglyceride concentration in plasma and often 

results in  lipemia  (high concentration of lipids in blood). 

Fatty acid oxidation by the liver results in increased produc-

tion of the ketone bodies ( ketosis ), which are released into 

the blood and cause  ketonemia . Because ketone bodies are 

small, readily fi ltrable molecules that are actively reabsorbed 

by a renal mechanism of limited capacity, high blood levels 

may result in loss of ketone bodies in the urine ( ketonuria ). 

Ketone bodies are organic acids and produce  ketoacidosis , 
which may be aggravated by excessive washout of potassium 

in the urine. Plasma pH may become so low that acidotic 

coma and death follow unless insulin therapy is instituted. 

   Th e hyperglycemia that causes this whole sequence of 

events arises from an  underutilization  of glucose by muscle 

and adipose tissue and an  overproduction  of glucose by liver. 

Gluconeogenesis is increased at the expense of muscle pro-

tein, which is the chief source of the amino acid substrate. 

Consequently, there is marked wasting of muscle along 

with depletion of body fat stores. Devastating cardiovas-

cular complications such as atherosclerosis, coronary artery 

disease, and stroke often result from high concentrations 

of blood lipids. Other less obviously related complications 

including lesions in the microvasculature of the retina and 

kidneys and in peripheral nerves result from prolonged 

hyperglycemia, and complete the clinical picture. 

   Th e net eff ect of insulin lack is a severe reduction in 

the ability to store glycogen, fat, and protein. Conversely, the 

physiological role of insulin is to promote storage of meta-

bolic fuels. Insulin has many eff ects on diff erent cells. Even 

within a single cell it produces multiple actions that are 
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both complementary and reinforcing. Insulin acts on adi-

pose tissue, skeletal muscle, and liver to defend and expand 

reserves of triglyceride, glycogen, and protein. Within a 

few minutes after intravenous injection of insulin, there is 

a striking decrease in the plasma concentrations of glucose, 

amino acids, FFA, ketone bodies, and potassium. If the dose 

of insulin is large enough, the blood glucose concentration 

may become too low to meet the needs of the central ner-

vous system, and  hypoglycemic coma  may occur. Insulin lowers 

blood glucose in two ways: It increases uptake by muscle and 

adipose tissue and decreases output by liver. It lowers the 

concentration of amino acids by stimulating their uptake by 

muscle and reducing their release. Insulin lowers the con-

centration of FFA by blocking their release from adipocytes, 

and this action in turn lowers the blood ketone level. Th e 

decrease in potassium results from stimulation of the 

sodium/potassium ATPase (sodium pump) in the plasma 

membranes of muscle, liver, and fat cells. Th e physiological 

signifi cance of this response to insulin is not understood.   

    Eff ects on adipose tissue 

   Storage of fat in adipose tissue depends on multiple insulin-

sensitive reactions, including: (1) synthesis of long chain fatty 

acids from glucose; (2) synthesis of triglycerides from fatty 

acids and glycerol ( esterifi cation ); (3) breakdown of triglycer-

ides to release glycerol and long chain fatty acids ( lipolysis ); 
and (4) uptake of fatty acids from the lipoproteins of blood. 

Th e relevant biochemical pathways are shown in  Figure 7.10   . 

   Lipolysis and esterifi cation are central events in the 

physiology of the adipocyte. Fat, in the form of triglycerides, 

is stored in a single large droplet coated by a protein called 

 perilipin . Th e rate of lipolysis depends largely, but not exclu-

sively, on the activity of an enzyme called  hormone-sensitive 
lipase (HSL) , which catalyzes the breakdown of triglycerides 

into fatty acids and glycerol. In the absence of stimulation, 

lipolysis proceeds at a low basal rate while HSL resides in 

the cytoplasm and is denied access to the lipid droplet by its 

coating of perilipin. In response to stimulation, cyclic AMP 

is formed and activates protein kinase A, which catalyzes 

phosphorylation of both HSL and perilipin. Th e resulting 

association of activated HSL with the lipid droplet dramat-

ically increases the breakdown of triglycerides to fatty acids 

that can either escape from the adipocyte and become the 

FFA of blood or be reesterifi ed to triglyceride. 

   Fatty acid esterifi cation requires a source of glycerol 

that is phosphorylated in its  α -carbon;  free glycerol cannot 
be used . Because adipose tissue lacks the enzyme  α -glycerol 

kinase, all of the free glycerol that is produced by lipolysis 

escapes into the blood. Th e  α -glycerol phosphate used for 

esterifi cation of fatty acids is derived primarily from phos-

phorylated 3-carbon intermediates formed from oxidation 

of glucose. However, when glucose is in short supply, as in 

fasting, some  α -glycerol phosphates can also be formed 

from plasma lactate or alanine in a process of  glyceroneo-
genesis  that depends on the availability of the enzyme PEP 

carboxykinase. 

   As its name implies, hormone-sensitive lipase is acti-

vated by lipolytic hormones, which stimulate the formation 

of cyclic AMP and thereby promote its phosphorylation 

and the phosphorylation of perilipin by protein kinase A. 

Insulin accelerates the degradation of cyclic AMP by acti-

vating the enzyme cyclic AMP phosphodiesterase and thus 

interferes with activation of lipolysis. Simultaneously, insu-

lin increases the rate of fatty acid esterifi cation by acceler-

ating glucose oxidation, which increases the availability 

of  α -glycerol phosphate. Th e net result of these actions is 

preservation of triglyceride stores at the expense of plasma 

FFA, whose concentration in blood plasma promptly falls. 

Decreases in FFA concentrations are seen with doses of 

insulin that are too low to aff ect blood glucose, and appear 

to be the most sensitive response to insulin. 

   Because glucose does not readily diff use across the 

plasma membrane, its entry into adipocytes and most other 

cells depends on carrier-mediated transport. Insulin increases 

cellular uptake and metabolism of glucose by accelerating 

transmembrane transport of glucose and structurally related 

sugars. Th is action depends upon the availability of glucose 

transporters in the plasma membrane. Glucose transporters 
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 FIGURE 7.10          Carbohydrate and lipid metabolism in adipose tissue. 

Reactions enhanced by insulin (green arrows) are as follows: ( 1 ) transport of 

glucose into adipose cell; ( 2 ) conversion of excess glucose to glycogen; 

( 3 ) decarboxylation of pyruvate; ( 4 ) initiation of fatty acid synthesis; 

( 5 ) uptake of fatty acids from circulating lipoproteins. Breakdown of 

triglycerides is inhibited by insulin (dashed red arrows). Esterifi cation of 

fatty acids to triglycerides follows from availability of �-glycerol phosphate.    
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(abbreviated GLUT) are large proteins that weave in and out 

of the membrane 12 times to form stereospecifi c channels 

through which glucose can diff use down its concentration 

gradient. Th ere are at least fi ve isoforms of GLUT expressed 

in various cell types. In addition to GLUT 1, which is present 

in the plasma membrane of most cells, insulin-sensitive cells 

such as adipocytes contain pools of intracellular membra-

nous vesicles that are rich in GLUT 4. Insulin increases the 

number of glucose transporters on the adipocyte surface by 

stimulating the translocation of GLUT 4-containing vesicles 

toward the cell surface and fusion of their membranes with 

the adipocyte plasma membrane ( Figure 7.11   ). 

   Insulin accelerates synthesis of fatty acids by increas-

ing the uptake of glucose and by activating at least two 

enzymes that direct the fl ow of glucose carbons into fatty 

acids. Insulin increases conversion of pyruvate to acetyl CoA, 

which provides the building blocks for long-chain fatty 

acid synthesis, and stimulates carboxylation of acetyl CoA 

to malonyl CoA, which is the initial and rate-determining 

reaction in fatty acid synthesis. In humans, adipose tissue 

is not an important site of fatty acid synthesis, particularly 

in Western cultures where the diet is rich in fat. Fat stored 

in adipose tissue is derived mainly from dietary fat and tri-

glycerides synthesized in the liver. Fat destined for storage 

reaches adipose tissue in the form of low density lipoproteins 

and chylomicrons. Uptake of fat from lipoproteins depends 

on cleavage of ester bonds in triglycerides by the enzyme 

 lipoprotein lipase  to release fatty acids. Lipoprotein lipase is 

synthesized and secreted by adipocytes and adheres to the 

endothelium of adjacent capillaries. Insulin promotes syn-

thesis of lipoprotein lipase and thus facilitates the transfer of 

fatty acids from lipoproteins to triglyceride storage droplets 

in adipocytes.  

    Eff ects on muscle 

   Insulin increases uptake of glucose by muscle and directs 

its intracellular metabolism toward the formation of glyco-

gen ( Figure 7.12   ). Because muscle comprises nearly 50% of 

body mass, uptake by muscle accounts for the majority 

of the glucose that disappears from blood after injection of 

insulin. As in adipocytes, glucose utilization in muscle is 

limited by permeability of the plasma membrane. Insulin 
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 FIGURE 7.12          Metabolism of 

carbohydrate and lipid in muscle. 

Rate-limiting reactions accelerated 

by insulin (green arrows) are: ( 1 ) 

transport of glucose into muscle cells; 

( 2 ) phosphorylation of glucose by 

hexokinase; ( 3 ) storage of glucose as 

glycogen; ( 4 ) addition of the second 

phosphate by phosphofructokinase; 
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 FIGURE 7.11          Confocal fl uorescent microscope images of cultured mouse 

adipocytes that were transfected with GLUT4 linked to green fl uorescent 

protein and then incubated in the absence (A) or presence (B) of insulin 

for 30       min. Insulin stimulation results in the translocation of GLUT4 from 

intracellular storage sites to the plasma membrane. (From Watson, R.T., 

Kanzaki, M., and Pessin, J. (2004) Regulated membrane traffi  cking of the 

insulin-responsive glucose transporter 4 in adipocytes.  Endocr. Revs .  25 : 

177–204, with permission.)    
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accelerates entry of glucose into muscle by mobilizing 

GLUT 4-containing vesicles by the same mechanism that is 

operative in adipocytes. Metabolism of glucose begins with 

conversion to glucose-6-phosphate catalyzed by either of 

the two isoforms of the enzyme  hexokinase  that are present 

in muscle. Insulin not only increases the synthesis of hexo-

kinase II, but it also appears to enhance the effi  ciency of 

hexokinase II activity by promoting its association with the 

outer membrane of mitochondria, which optimizes its access 

to ATP. In the basal state glucose is phosphorylated almost 

as rapidly as it enters the cell, and hence the intra cellular 

concentration of free glucose is only about one-tenth 

to one-third that of extracellular fl uid. 

   Glucose-6-P is an allosteric inhibitor of hexokinase 

and an allosteric activator of glycogen synthase. Stimulation 

of glycogen synthesis by insulin and glucose-6-phosphate 

protects hexokinase from the inhibitory eff ect of glucose-

6-phosphate when entry of glucose into the muscle cell is 

rapid. Glycogen synthase activity is low when the enzyme 

is phosphorylated and increased when it is dephosphor-

ylated. Th e degree of phosphorylation of glycogen synthase 

is determined by the balance of kinase and phosphatase 

activities. Insulin shifts the balance in favor of dephosphor-

ylation in part by inhibiting the enzyme,  glycogen synthase 
kinase 3  (GSK-3), and in part by activating a phosphatase. 

Dephosphorylation of glycogen synthase not only increases 

its activity directly, but also increases its responsiveness to 

stimulation by its substrate, glucose-6-P. Hence the pow-

erful eff ects of insulin on muscle glycogen synthesis are 

achieved by the complementary eff ects of increased glucose 

transport, increased glucose phosphorylation, and increased 

glycogen synthase activity. 

   Th e alternative fate of glucose-6-P, metabolism to 

pyruvate in the glycolytic pathway, is also increased by insu-

lin. Access to the glycolytic pathway is guarded by phos-

phofructokinase, whose activity is precisely regulated by a 

combination of allosteric eff ectors including ATP, ADP, and 

fructose-2,6-bisphosphate. Th is complex enzyme behaves 

diff erently in intact cells and in the broken cell preparations 

typically used by biochemists to study enzyme regulation. 

Because confl icting fi ndings have been obtained under a 

variety of experimental circumstances, no general agreement 

has been reached on how insulin increases phosphofruc-

tokinase activity. In contrast to the liver, the isoform of the 

enzyme that forms fructose-2,6-bisphosphate in muscle is 

not regulated by cyclic AMP. Th e eff ects of insulin are likely 

to be indirect. 

   It should be noted that oxidation of fat profoundly 

aff ects the metabolism of glucose in muscle and that insulin 

also increases all aspects of glucose metabolism in muscle 

as an indirect consequence of its action on adipose tissue to 

decrease FFA production. When insulin concentrations are 

low, increased oxidation of fatty acids decreases oxidation of 

glucose by inhibiting the decarboxylation of pyruvate and 

the transport of glucose across the muscle cell membrane. 

In addition, products of fatty acid oxidation appear also to 

inhibit hexokinase, but recent studies have called into ques-

tion the relevance of earlier fi ndings that fatty acid oxida-

tion may inhibit phosphofructokinase. Insulin not only 

limits the availability of fatty acids, but also inhibits their 

oxidation. Insulin increases the formation of malonyl CoA, 

which blocks entry of long-chain fatty acids into the mito-

chondria as described for liver ( Figure 7.7 ). Th ese eff ects are 

discussed further in Chapter 8. 

   Protein synthesis and degradation are ongoing pro-

cesses in all tissues and in the nongrowing individual are 

completely balanced so that on average there is no net 

increase or decrease in body protein ( Figure 7.13   ). Insulin 

intercedes in protein turnover at several levels, and has both 

rapid and delayed eff ects. One of the hallmarks of insu-

lin defi ciency is the massive breakdown of muscle protein. 

Protein degradation begins with the attachment of ubiq-

uitin to the protein molecules destined for breakdown. 

Ubiquitinylated proteins enter the proteasomes and are 

cleaved to small fragments that subsequently are hydrolyzed 

to their amino acid constituents in the lysosomes. Insulin 

reduces the protein degrading activity of the ubiquitin pro-

teasomal system by decreasing expression of ubiquitin con-

jugating enzymes and by modulating the protease activity 

of its components. 

   Protein synthesis is a complex process that begins 

with adequate supplies of amino acids to charge the transfer 

RNA molecules that deliver them to the protein synthetic 

apparatus. Insulin stimulates the transport of amino acids 
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from blood into muscle cells by recruiting carrier molecules 

to the plasma membrane in a manner analogous to the 

recruitment of GLUT4. Amino acids are transported across 

the plasma membrane accompanied by sodium ions by a 

process of secondary active transport that is driven by the 

favorable electrochemical gradient for sodium. Th e sodium 

gradient is preserved by the operation of the sodium/potas-

sium ATPase in the plasma membrane. Each cycle of this 

 “ sodium pump ”  extrudes three ions of sodium into the 

extracellular space in exchange for two ions of potassium. 

Insulin increases sodium pumping activity by recruiting 

pump molecules to the plasma membrane and by promot-

ing their phosphorylation. Because more positively charged 

ions (Na  �  ) are extruded than enter (K  �  ), the cell interior 

becomes more negative with respect to the extracellular 

fl uid, and the electrochemical driving force for sodium cou-

pled amino acid uptake is increased. Th e eff ects of insulin 

on the sodium pump are of considerable clinical impor-

tance. Because normal plasma potassium concentrations are 

quite low ( � 4       mM/L), transfer of even small amounts into 

muscle may produce relatively large decreases in plasma 

concentrations and may lead to cardiac arrhythmias and 

other problems. 

   Protein synthesis requires the attachment of mRNA 

to ribosomes. Insulin stimulates phosphorylation and hence 

the activity of the eukaryotic initiation factor 4 (eIF4), 

which plays a pivotal role in the binding of mRNA to ribo-

somes. Initiation of the synthesis of any particular protein 

begins with the engagement of methionine-loaded transfer 

RNA with the start codon in its mRNA. Th is engagement 

depends on the eukaryotic initiation factor 2 (eIF2), which 

is inactive when  phosphorylated. One of the enzymes that 

catalyzes its phosphorylation is GSK, which, as already 

mentioned, is inhibited by insulin. By inactivating GSK, 

insulin accelerates dephosphorylation of eIF2. Elongation 

of the nascent protein requires the stepwise translocation of 

the ribosome along the mRNA after the addition of each 

amino acid. Th is process is governed by elongation factors 

that insulin also activates by inhibiting the kinase that cata-

lyzes their phosphorylation. On a longer time scale, insulin 

increases synthesis of ribosomal RNA.  

    Eff ects on liver 

   Insulin reduces outfl ow of glucose from the liver and pro-

motes its storage as glycogen. It inhibits glycogenolysis, glu-

coneogenesis, ureogenesis, and ketogenesis, and it stimulates 

the synthesis of fatty acids and proteins. Th ese eff ects are 

accomplished by a combination of actions that change the 

activity of some hepatic enzymes and rates of synthesis of 

other enzymes. Hence not all the eff ects of insulin occur on 

the same timescale. Although we use the terms  “ block ”  and 

 “ inhibit ”  to describe the actions of insulin, it is important to 

remember that these verbs are used in the relative and not 

the absolute sense. Rarely would inhibition of an enzymatic 

transformation be absolute. In addition, all the hepatic eff ects 

of insulin are reinforced indirectly by actions of insulin on 

muscle and fat to reduce the infl ux of substrates for gluco-

neogenesis and ketogenesis ( Figure 7.14   ). 

   Th e actions of insulin on hepatic metabolism are 

always superimposed on a background of other regulatory 

infl uences exerted by metabolites, glucagon, and a variety of 

other regulatory agents. Th e magnitude of any change pro-

duced by insulin thus is determined not only by the concen-

tration of insulin, but also by the strength of the opposing 

or cooperative actions of these other infl uences. Rates of 

secretion of both insulin and glucagon are dictated by phys-

iological demand. Because of their antagonistic infl uences 

on hepatic function, however, it is the ratio rather than the 

absolute concentrations of these two hormones that deter-

mines the overall hepatic response ( Figure 7.15   ). 

    Glucose production 

   In general, liver takes up glucose when the circulating con-

centration is high and releases it when the blood level is low. 

Glucose transport into or out of hepatocytes depends upon 

the high capacity insulin-insensitive glucose transporter, 

 GLUT 2 . Because the movement of glucose is passive, net 

uptake or release depends upon whether the concentration 

of free glucose is higher in extracellular or intracellular fl uid. 

Th e intracellular concentration of free glucose depends on 

the balance between phosphorylation and dephosphorylation 

of glucose ( Figure 7.2 , cycle II). Th e two enzymes that cata-

lyze phosphorylation are  hexokinase , which has a high affi  n-

ity for glucose and other 6-carbon sugars, and  glucokinase , 
which is specifi c for glucose. Th e kinetic properties of 
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availability of precursors.    
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glucokinase are such that phosphorylation increases propor-

tionately with glucose concentration over the entire physi-

ological range. In addition, glucokinase activity is regulated 

by glucose. When glucose concentrations are low, much 

of the glucokinase is bound to an inhibitory protein that 

sequesters it within the nucleus. An increase in glucose con-

centration releases glucokinase from its inhibitor and allows 

it to move into the cytosol where glucose phosphorylation 

can take place. 

   Phosphorylated glucose cannot pass across the hepa-

tocyte membrane. Dephosphorylation of glucose requires 

the activity of  glucose-6-phosphatase . Insulin suppresses syn-

thesis of glucose-6-phosphatase and increases synthesis of 

glucokinase, thereby decreasing net output of glucose while 

promoting net uptake. Th is response to insulin is relatively 

sluggish and contributes to long-term adaptation rather than 

to minute-to-minute regulation. Th e rapid eff ects of insulin 

to suppress glucose release are exerted indirectly through 

decreasing the availability of glucose-6-phosphate, hence 

starving the phosphatase of substrate. Uptake and phosphor-

ylation by glucokinase is only one source of glucose-6-

P. Glucose-6-P is also produced by glycogenolysis and 

gluconeogenesis. Insulin not only inhibits these processes, 

but it also drives them in the opposite direction. 

   Most of the hepatic actions of insulin are opposite 

to those of glucagon, discussed earlier, and can be traced 

to inhibition of cyclic AMP accumulation. Rapid actions 

of insulin largely depend on changes in the phosphoryla-

tion state of enzymes already present in hepatocytes. Insulin 

decreases hepatic concentrations of cyclic AMP by acceler-

ating its degradation by cyclic AMP phosphodiesterase, and 

may also interfere with cAMP formation and perhaps, acti-

vation protein kinase A. Th e immediate consequences can be 

seen in  Figure 7.16   , and are in sharp contrast to the changes 

in glucose metabolism produced by glucagon shown in 

 Figure 7.2 . Insulin promotes glycogen synthesis and inhibits 

glycogen breakdown. Th ese eff ects are accomplished by the 

combination of interference with cyclic AMP-dependent 

processes that drive these reactions in the opposite direction 

( Figure 7.3 ); inhibition of glycogen synthase kinase, which, 

like protein kinase A, inactivates glycogen synthase; and by 

activation of the phosphatase that dephosphorylates both 

glycogen synthase and phosphorylase. Th e net eff ect is that 

glucose-6-P is incorporated into glycogen. 
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 FIGURE 7.15          Changes in insulin and glucagon in plasma and carbohydrate metabolism in normal subjects following ingestion of a liquid meal rich in 

carbohydrate. Although secretion of both insulin and glucagon  was stimulated, insulin increased about twenty-fi vefold while glucagon increased only 

threefold so that the ratio of glucagon to insulin fell dramatically.  Plasma glucose increased transiently, but release of glucose from the liver fell precipitously, 

and liver glycogen increased. (From Taylor, R., Magnusson, I., Rothman, D.L., Cline, D.W., Caumo, A., Cobelli, C., and Shulman, G.L. (1996) Direct assessment of 

liver glycogen storage by 13C nuclear magnetic resonance spectroscopy and regulation of glucose homeostasis after a mixed meal in normal subjects.  J. Clin. 

Invest.   97 : 126–132, with permission.)    
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enzyme complex that catalyzes decarboxylation of pyruvate 

to acetyl CoA. Insulin also indirectly accelerates this reac-

tion by decreasing the inhibition imposed on it by fatty acid 

oxidation. Decarboxylation of pyruvate to acetyl coenzyme 

A irreversibly removes these carbons from the gluconeo-

genic pathway and makes them available for fatty acid syn-

thesis. Th e roundabout process that transfers acetyl carbons 

across the mitochondrial membrane to the cytoplasm, where 

lipogenesis occurs, requires condensation with oxaloacetate 

to form citrate. Citrate is transported to the cytosol and 

cleaved to release acetyl CoA and oxaloacetate. It might be 

recalled from earlier discussion that oxaloacetate is a crucial 

intermediate in gluconeogenesis and is converted to PEP by 

PEP carboxykinase. Insulin bars the fl ow of this lipogenic 

substrate into the gluconeogenic pool by inhibiting syn-

thesis of  PEP carboxykinase . Th e only fate left to cytosolic 

oxaloacetate is decarboxylation to pyruvate. 

   Finally, insulin increases the activity of  acetyl CoA car-
boxylase , which catalyzes the rate determining reaction in 

fatty acid synthesis. Activation is accomplished in part by 

relieving cyclic AMP-dependent inhibition and in part by 

promoting the polymerization of inactive subunits of the 

enzyme into an active complex. Th e resulting malonyl CoA 

not only condenses with acetyl CoA to form long-chain 

fatty acids but also prevents oxidation of newly formed fatty 

acids by blocking their entry into mitochondria ( Figure 7.7 ). 

On a longer timescale, insulin increases the synthesis of 

acetyl CoA carboxylase. 

   By lowering cAMP concentrations, insulin decreases 

the breakdown and increases the formation of fructose-2,6-

phosphate, which potently stimulates phosphofructokinase 

and promotes the conversion of glucose to pyruvate. Insulin 

aff ects several enzymes in the PEP substrate cycle ( Figure 

7.2 , cycle IV) and in so doing directs substrate fl ow away 

from gluconeogenesis and toward lipogenesis ( Figure 7.17   ). 

With relief of inhibition of pyruvate kinase, PEP can be 

converted to pyruvate, which then enters mitochondria. 

Insulin activates the mitochondrial pyruvate dehydrogenase 
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   It may be noted that hepatic oxidation of either glu-

cose or fatty acids increases delivery of acetyl CoA to the 

cytosol, but ketogenesis results only from oxidation of fatty 

acids. Th e primary reason is that lipogenesis usually accom-

panies glucose utilization and provides an alternate pathway 

for disposal of acetyl CoA. Th ere is also a quantitative dif-

ference in the rate of acetyl CoA production from the two 

substrates: 1 mole of glucose yields only 2 moles of acetyl 

CoA compared to 8 or 9 moles for each mole of fatty acids.    

    Mechanism of insulin action 

   Th e many changes that insulin produces at the molecular 

level—membrane transport, enzyme activation, gene tran-

scription, and protein synthesis—have been described. Th e 

molecular events that link these changes to the interaction 

of insulin and its receptor are still incompletely understood, 

although much progress has been made in recent years. 

More than a hundred diff erent molecules have already been 

identifi ed as participants in the complex panoply of events 

entrained by the activated insulin receptor. Transduction 

of the insulin signal is not accomplished by a linear series 

of biochemical changes, but rather multiple intracellular 

signaling pathways are activated simultaneously and may 

intersect at one or more points before the fi nal result is 

expressed. 

   Th e insulin receptor is a tetramer composed of two 

 α - and two  β- glycoprotein subunits that are held together 

by disulfi de bonds that link the  α  subunits to each other 

and to the  β  subunits ( Figure 7.18   ). Th e  α  and  β  subunits 

of insulin are encoded in a single gene, which contains 22 

exons. Th e  α  subunits are completely extracellular and con-

tain the insulin-binding domain. Th e  β  subunits span the 

plasma membrane and contain  tyrosine kinase  activity in 

the cytosolic domain. Binding to insulin is thought to pro-

duce a conformational change that relieves each  β  subunit 

from the inhibitory eff ects of the  α  subunit, allowing it to 

phosphorylate itself and other proteins at tyrosine residues. 

Autophosphorylation of the kinase domain is required for 

full activation. Tyrosine phosphorylation of the receptor also 

provides docking sites for other proteins that participate in 

transducing the hormonal signal. Docking on the phosphor-

ylated receptor may position proteins optimally for phos-

phorylation by the receptor kinase. 

   Among the proteins that are phosphorylated on tyro-

sine residues by the insulin receptor kinase are four cytosolic 

proteins called  insulin receptor substrates  (IRS-1, IRS-2, 

IRS-3, and IRS-4). Th ese relatively large proteins contain 

multiple tyrosine phosphorylation sites and act as scaff olds 

upon which other proteins are assembled to form large sig-

naling complexes. IRS-1 and IRS-2 appear to be present in 

all insulin target cells, whereas IRS-3 and IRS-4 have more 

limited distributions. Despite their names the IRS proteins 

are not functionally limited to transduction of the insulin 

signal, but participate in expression of the eff ects of other 

hormones and growth factors. Moreover, they are not the 

only substrates for the insulin receptor kinase. 

   Two other scaff old proteins called Shc and Cbl serve 

a similar function. A variety of other proteins that are tyro-

sine phosphorylated by the insulin receptor kinase have 

also been identifi ed. Proteins recruited to the insulin recep-

tor and IRS proteins may have enzymatic activity or they 

may have a coupling function by providing binding sites for 

recruiting other proteins. Th e assemblage of proteins initi-

ates signaling cascades that ultimately express the various 

actions of insulin described earlier. 

   One of the most important of the proteins that is acti-

vated is  phosphatidylinositol-3 (PI3) kinase . PI-3 kinase plays 

a critical role in activating many downstream eff ector mol-

ecules including protein kinase B (also called AKT), which 

mediates the eff ects of insulin on glycogen synthesis and 

GLUT 4 translocation. Like the IRS proteins, PI-3 kinase 

also is activated by a variety of other hormones, cytokines, 

and growth factors whose actions do not necessarily mimic 

those of insulin. Th e uniqueness of the response to insulin 

probably refl ects the unique combination of biochemical 

consequences produced by the simultaneous activity of mul-

tiple signaling pathways and the particular set of eff ector 

molecules expressed in insulin target cells. Insulin is known 

to regulate expression of more than 150 genes, but the func-

tions of many of the proteins encoded by these genes and 

how the receptor communicates with these regulatory pro-

teins is under extensive study.  Figure 7.19    presents a simpli-

fi ed map of some of the signaling pathways that produce 

the cellular responses to insulin. A more detailed discussion 

of the complex molecular events that govern insulin action 

can be found in articles listed at the end of this chapter.  
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 FIGURE 7.18              The insulin receptor.
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    Regulation of insulin secretion 

   As might be expected of a hormone whose physiological 

role is promotion of fuel storage, insulin secretion is greatest 

immediately after eating and decreases during between-meal 

periods ( Figure 7.20   ). Coordination of insulin secretion 

with nutritional state as well as with fl uctuating demands 

for energy production is achieved through stimulation of 

beta cells by metabolites, hormones, and neural signals. 

Because insulin plays the primary role in regulating storage 

and mobilization of metabolic fuels, the beta cells must be 

constantly apprised of bodily needs, not only with regard to 

feeding and fasting, but also to the changing demands of 

the environment. Energy needs diff er widely when an indi-

vidual is at peace with the surroundings and when (s)he is 

fi ghting for survival. Maintaining constancy of the internal 

environment is achieved through direct monitoring of cir-

culating metabolites by beta cells themselves. Th is input can 

be overridden or enhanced by hormonal or neural signals 

that prepare the individual for rapid storage of an infl ux of 

food or for massive mobilization of fuel reserves to permit a 

suitable response to environmental demands. 

    Glucose 

   Glucose is the most important regulator of insulin secretion 

( Figure 7.21   ). In the normal individual its concentration in 

blood is maintained within the narrow range of about 70 

or 80       mg/dL after an overnight fast to about 150       mg/dL 

immediately after a glucose-rich meal. When blood glucose 

increases, insulin secretion increases proportionately. At low 

concentrations of glucose adjustments in insulin secretion 

are infl uenced most heavily by other stimuli (see below) 
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 FIGURE 7.19          Simplifi ed model of insulin signaling pathways. The insulin receptor proteins  (IRS 1,2,3,4), Cbl, Shc , and the  β  subunits of the insulin receptor 

are phosphorylated on tyrosine residues by the insulin receptor kinase and serve as anchoring sites for cytosolic proteins that form signaling cascades. 

Proteins shown in blue boxes are serine/threonine kinases. Specifi c isoforms and/or subunits are not shown nor are the relevant phosphatases.  Shc       �      Src 

homology containing protein;  Cbl       �      Cacitas B lineage lymphoma protein;  PI3K       �      phosphoinositol-3-kinase;  PDK       �      phosphoinositide dependent kinase; 

  α PKC       �       α  isoform of protein kinase C;  PKB       �      protein kinase B;  PDE       �      phosphodiesterase;  RAS       �      Ras oncogene, a small G-protein;  mTOR       �      mammalian 

target of rapamycin;  GSK       �      glycogen synthase kinase;  ERK       �      extracellular receptor kinase.    
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that act as amplifi ers or inhibitors of the eff ects of glucose. 

Th e eff ectiveness of these agents therefore decreases as glu-

cose concentration decreases.  

    Other circulating metabolites 

   Amino acids are important stimuli for insulin secretion. Th e 

transient increase in plasma amino acids after a protein-
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 FIGURE 7.20          Changes in the concentrations of plasma glucose, immunoreactive glucagon ( IRG ), and immunoreactive insulin ( IRI ) throughout the day. 

Values are the mean  �  SEM (n      �      4). (From Tasaka, Y., Sekine, M., Wakatsuki, M., Ohgawara, H., and Shizume, K. (1975) Levels of pancreatic glucagon, insulin 

and glucose during twenty-four hours of the day in normal subjects.  Horm. Metab. Res.   7 : 205–206.)    

 FIGURE 7.21          Insulin secretion by isolated human pancreatic islets in response to increasing concentrations of glucose.  A.  Stimulus:response curve. The 

threshold for increased secretion in vivo may be somewhat higher than between 1 and 3       mM/L shown here.  B.  Insulin secretion in response to a sudden rise 

in glucose concentration has two phases: an early transient spike followed by a sustained plateau. (Drawn from the data of Henquin, J.C., Dufrane, D., and 

Nenquin, M. (2006) Nutrient control of insulin secretion in isolated normal human islets.  Diabetes   55 : 3470–3477.)      
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rich meal is accompanied by increased secretion of insulin. 

Arginine, lysine, and leucine are the most potent amino acid 

stimulators of insulin secretion. Insulin secreted at this time 

may facilitate storage of dietary amino acids as protein and 

prevents their diversion to gluconeogenesis. Amino acids 

are eff ective signals for insulin release only when blood glu-

cose concentrations are adequate. Failure to increase insulin 
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secretion when glucose is in short supply prevents hypogly-

cemia that might otherwise occur after a protein meal that 

contains little carbohydrate. Fatty acids and ketone bodies 

may also increase insulin secretion, but only when they are 

present at rather high concentrations. Because fatty acid 

mobilization and ketogenesis are inhibited by insulin, their 

ability to stimulate insulin secretion provides a feedback 

mechanism to protect against excessive mobilization of fatty 

acids and ketosis.  

    Hormonal and neural control 

   In response to carbohydrate in the lumen, the intestinal 

mucosa secretes at least two hormones, called  incretins , that 

reach the pancreas through the general circulation and stim-

ulate the beta cells to release insulin even though the increase 

in blood glucose is still quite small (see Figure 6.18). Incretins 

are thought to act by amplifying the stimulatory eff ects of 

glucose. Th is anticipatory secretion of insulin prepares tissues 

to cope with the coming infl ux of glucose and dampens what 

might otherwise be a large increase in blood sugar. Various 

gastrointestinal hormones including gastrin, secretin, chole-

cystokinin, glucagon-like peptide (GLP-1), and glucose-

dependent insulinotropic peptide (GIP) can evoke insulin 

secretion when tested experimentally, but of these hormones, 

only GLP-1 and GIP appear to be physiologically important 

incretins. 

   Secretion of insulin in response to food intake is also 

mediated by a neural pathway. Th e taste or smell of food 

or the expectation of eating may increase insulin secretion 

during this  cephalic phase  of feeding. Parasympathetic fi bers 

in the vagus nerve stimulate beta cells by releasing acetyl-

choline or the neuropeptide VIP. Activation of this pathway 

is initiated at integrative centers in the brain and involves 

input from sensory endings in the mouth, stomach, small 

intestine, and portal vein. An increase in the concentration 

of glucose in portal blood is detected by glucose sensors in 

the wall of the portal vein and the information is relayed to 

the brain via vagal aff erent nerves. In response, vagal eff er-

ent nerves stimulate the pancreas to secrete insulin and the 

liver to take up glucose. 

   Insulin secretion is virtually shut off  by epinephrine 

or norepinephrine delivered to beta cells by either the cir-

culation or sympathetic neurons. Th is inhibitory eff ect is 

seen not only as a response to low blood glucose, but may 

occur even when the blood glucose level is high. It is medi-

ated through  α  2 -adrenergic receptors on the surface of beta 

cells. Physiological circumstances that activate the sympa-

thetic nervous system thus can shut down insulin secretion 

and thereby remove the major restraint on mobilization of 

metabolic fuels needed to cope with an emergency. 

   Secretory activity of beta cells is also enhanced by 

growth hormone and prolactin by mechanisms that are not 

yet understood. During pregnancy and lactation the capacity 

for insulin secretion is greatly enhanced (see Chapter 14). 

Although growth hormone does not directly evoke a secre-

tory response, basal insulin secretion is increased when it is 

present in excess, and beta cells become hyper-responsive to 

signals for insulin secretion. Excessive secretion of growth 

hormone or cortisol decreases tissue sensitivity to insulin 

and provokes compensatory increases in both basal and 

stimulated secretion. Th ese hormones can produce transient 

or even permanent diabetes when beta cells are overtaxed 

(see Chapter 8). In high concentrations glucocorticoids may 

directly inhibit insulin synthesis and secretion and may even 

cause beta cell apoptosis, but paradoxically, perhaps, insulin 

secretion is reduced when cortisol or growth hormone are 

defi cient. Th e adipose hormone leptin (see Chapter 8) also 

inhibits insulin gene expression. Factors that regulate insu-

lin secretion are shown in  Figure 7.22   .  

    Cellular events 

   Beta cells increase their rates of insulin secretion within a few 

seconds of exposure to increased concentrations of glucose 

and can shut down secretion as rapidly. Secretion in response 

to a sudden increase in glucose takes place in two distinct 

phases ( Figure 7.21B   ): an initial short-lived burst followed 

by a lower, but sustained rate that lasts as long as the glucose 

concentration is elevated. Insulin secreted in the fi rst phase 

is released from storage granules that are already primed 

and docked at fusion sites on the plasma membrane (see 

Chapter 1). Th ese granules are part of the  “ readily releasable 

pool ”  that may account for about 5% of the granules stored 

in the beta cell. Th e second phase of secretion represents the 

rate of replenishment of the readily releasable pool by stor-

age granules from the larger  “ reserve pool ”  located deeper 

in the cytosol and the requisite docking at specifi c sites on 

the membrane, priming, and ultimately fusion and hormone 
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 FIGURE 7.22          Metabolic, hormonal, and neural infl uences on insulin 

secretion.    



7

147

The Pancreatic Islets

release. In normal beta cells the reserve pool is large enough 

to sustain maximal rates of secretion for prolonged peri-

ods without a need for de novo synthesis, but signals that 

increase secretion also activate insulin gene expression and 

ensure that the reserve pool is replenished. 

   Th e event that triggers insulin secretion is an infl ux 

of extracellular calcium through voltage-sensitive channels. 

Secretion of insulin in both phases depends upon increased 

intracellular calcium, and is amplifi ed by processes that are 

sensitive to availability of extracellular glucose, hormonally 

induced cyclic AMP and other second messengers, and to 

both intracellular and extracellular lipids and other metab-

olites. Normal beta cells secrete insulin in a pulsatile man-

ner with each pulse coinciding with a transient increase in 

cytosolic calcium. Th e cellular mechanisms that govern 

these complex events are the subject of intense investigation 

motivated by the growing need to develop therapeu-

tic approaches to correct beta cell dysfunction in type II 

diabetes. 

   Th e question of how the concentration of glucose is 

monitored and translated into rates of insulin secretion has 

not been answered completely, but many of the important 

steps are known. Th e beta cell has specifi c receptors for hor-

mones and neurotransmitters that augment or inhibit secre-

tion, but it does not have specifi c receptors for glucose. To 

stimulate insulin secretion, glucose must be metabolized by 

the beta cell, indicating that some consequence of glucose 

oxidation, rather than glucose itself, is the critical determi-

nant. Glucose enters the cells on two transporters, GLUT1 

and GLUT2, which has a high capacity, but relatively low 

affi  nity for glucose. At plasma concentrations at or above 

about 100       mg/dl, glucose enters the beta cell primarily on 

GLUT2 at a rate that is determined by its concentration 

and not by the capacity of transporters. Glucose can poten-

tially cross the cell membrane one hundred times faster than 

it can be phosphorylated. Glucokinase, which catalyzes the 

rate determining reaction for glucose metabolism, has the 

requisite kinetic characteristics to behave as a glucose sensor. 

Mutations that aff ect its function result in decreased insulin 

secretion in response to glucose and may be severe enough 

to cause a form of diabetes. Increased metabolism of glucose 

results in increased phosphorylation of adensonine diphos-

phate (ADP) to form adenosine triphosphate (ATP). 

   Glucose metabolism and calcium infl ux are linked by 

their mutual relationship to cellular concentrations of ATP 

and ADP. In resting beta cells, effl  ux of potassium through 

open ATP-sensitive potassium channels (K ATP ) off sets the 

slow infl ux of positive charge, and maintains the membrane 

potential at about �70 millivolts. K ATP  channels are octam-

ers composed of four pore-forming subunits bound to four 

regulatory subunits called sulfanylurea receptors (SUR). 

Th e SUR subunits are so named for their role in the action 

of a class of drugs, the sulfanylureas, that stimulate insulin 

secretion. Th ese channels are activated (opened) by MgADP, 

which binds to the regulatory subunits, and inhibited 

(closed) by ATP, which binds to the pore-forming subunits. 

When blood glucose concentrations are low, the eff ects of 

ADP predominate even though its concentration in beta 

cell cytoplasm is less than a third that of ATP. When glu-

cose concentrations increase, accelerated oxidation of glu-

cose increases the rate of phosphorylation of ADP to ATP. 

As a result, the inhibitory eff ects of ATP become dominant 

( Figure 7.23   ). 

   Closure of the K ATP  channels results in accumulation 

of positive charge in the cells and causes the membrane to 

depolarize. Voltage-sensitive calcium channels open when 

the depolarizing membrane potential reaches about  � 50       mV.

Infl ux of positively charged calcium produces a transient 

reversal of the membrane potential. Th is increase in cytosolic 

calcium inhibits voltage-sensitive calcium channels, and acti-

vates calcium-sensitive and voltage-sensitive potassium chan-

nels allowing potassium to exit and the cell to repolarize 

briefl y. Calcium may exit the cells via the action of calcium 

ATPases (calcium pumps) in the plasma membrane. Electrical 

recording of these events reveals a pattern of voltage changes 

that resembles an action potential. Oscillations in membrane 

potential thus produced are accompanied by oscillations in 

cytosolic calcium concentrations and bursts of insulin secre-

tion. Th e frequency and duration of electrical discharges in 

beta cells increase as glucose concentrations increase. 

   Th e role of calcium is not limited to triggering insulin 

release from storage granules that are poised to fuse with 

the plasma membrane. Th e increase in cytosolic calcium 

also stimulates further release of calcium from endoplasmic 

reticulum stores by a process known as calcium-induced 

calcium release. Calcium has multiple roles in mobilizing 

and priming storage granules to replenish the readily releas-

able pool. Acting in conjunction with calmodulin, calcium 

also activates adenylyl cyclase and cAMP formation. Cyclic 

AMP stimulates insulin secretion at multiple steps in the 

exocytotic pathway by activating both protein kinase A and 

a guanine nucleotide exchange factor (EPAC, see Chapter 1) 

that in turn activates small G-protein regulators of granule 

translocation and fusion with the plasma membrane. 

   Th e increase in cytosolic calcium is mirrored by an 

increase in calcium within mitochondria whose role in ampli-

fying insulin secretion extends beyond supplying the requi-

site ATP. Increased intramitochondrial calcium increases the 

activity of pyruvate dehydrogenase and other dehydrogenases 

that are critical for generating metabolites that modulate 

insulin secretion. Pyruvate is the major product of glycolysis 

and may be decarboxylated by the pyruvate dehydrogenase 

complex to form acetyl CoA, or carboxylated to form oxalo-

acetate within the mitochondria. Th ese two products can then 
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combine to form citrate, which, upon transfer to the cytosol, 

serves as a precursor of malonyl CoA and other metabolic 

regulators of islet cell metabolism. 

   Unstimulated beta cells derive the bulk of their energy 

from the oxidation of long chain fatty acids, but malonyl 

CoA blocks access of fatty acid CoA to intramitochondrial 

sites of oxidation and switches beta cells to use glucose as 

their primary fuel. Long chain fatty acids that accumu-

late in the cytosol amplify insulin secretion through their 

eff ects on secretory granule traffi  cking and the activities of 

enzymes and ion channels. Fatty acids are also converted to 

more complex lipids that appear to have additional signaling 

functions. Other metabolites derived from citrate and amino 

acids or arising from mitochondrial transformations that 

contribute to both the triggering and amplifying aspects of 

insulin secretion remain subjects of active investigation. 

   In addition to stimulating insulin secretion, glucose 

is the most important stimulator of insulin synthesis. Both 

glucose and cyclic AMP increase transcription of the insu-

lin gene, and glucose stabilizes the mRNA transcript. Th e 

mRNA template for insulin turns over slowly and has a half-

life of about 30 hours. Hyperglycemia prolongs its half-life 

more than twofold while hypoglycemia accelerates its degra-

dation. In addition, glucose increases translation of the proin-

sulin mRNA by stimulating both the initiation and elongation 

reactions. Concurrently, glucose also upregulates production of 

the convertase enzymes that process proinsulin to insulin. 

    Eff ects of incretins 

   GIP and GLP-1 (see Chapter 6) are secreted by K and L 

cells of the intestinal mucosa in response to luminal nutri-

ents. Th ey activate specifi c G-protein coupled receptors on 

beta cells to accelerate glucose-dependent insulin secretion 

in a manner that blunts the increase in plasma glucose con-

centration produced by intestinal absorption. Stimulation 

of beta cells by these agents may account for as much as 

60% of the insulin secreted each day. Activation of GLP-1 

and GIP receptors and the subsequent production of cyclic 

AMP enhance glucose-dependent insulin secretion at multi-

ple sites in the stimulation-secretion pathway (Figure 7.24). 

At the level of the plasma membrane, cyclic AMP depen-

dent phosphorylation of channel proteins facilitates closure 

KATP in response to ATP and impedes opening of the volt-

age-sensitive K channels that contribute to repolarization. 

At the same time, cyclic AMP-dependent phosphorylation 

partially activates the voltage sensitive calcium channels and 

prolongs their open state. Together these eff ects magnify the 

infl ux of calcium produced by increases in plasma glucose. 

Cyclic AMP-dependent release of calcium from intracellu-

lar stores further augments the increase in cytosolic calcium. 

In addition to increasing cytosolic calcium, the incretins sen-

sitize the secretory apparatus to the eff ects of calcium and 
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 FIGURE 7.23          Triggering of insulin secretion by glucose.  A .  “ Resting ”  beta 

cell (blood glucose  � 100       mg/dl). ADP/ATP ratio is high enough so that ATP-

sensitive potassium channels (  K ATP   ) are open, and the membrane potential 

is about –70       mv. Voltage-sensitive calcium channels  (VSCC)  and calcium-

sensitive potassium channels ( CSKC ) are closed.  B.  Beta cell response 

to increased blood glucose. Increased entry and metabolism of glucose 

decreases the ratio of ADP/ATP, and K ATP  channels close. Voltage-sensitive 

calcium channels (VSCC) are activated; calcium enters and stimulates 

insulin secretion. Mitochondrial metabolites formed in response to glucose 

and calcium amplify secretion. Infl ux of calcium inhibits voltage-sensitive 

calcium channels and activates calcium-sensitive and voltage-sensitive 

potassium channels, thereby allowing the cell membrane to repolarize 

and calcium channels to close. Calcium is extruded by membrane calcium 

ATPase. Persistence of high glucose results in repeated spiking of electrical 

discharges and oscillation of intracellular calcium concentrations.      
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promote both secretion of insulin from the readily releasable 

pool and its replenishment from the reserve pool. 

   On a longer time scale, GLP-1 in conjunction with 

glucose increases transcription of the insulin gene and sta-

bilizes its mRNA transcript. Prolonged stimulation with 

GLP-1 increases islet cell mass by stimulating proliferation 

of beta cells and by inhibiting apoptosis. Some data indicate 

that GLP-1 may also stimulate beta cell neogenesis from 

precursor stem cells. Th ese actions of GLP-1 underscore its 

importance as a potential therapeutic agent in the treatment 

of type II diabetes. All the actions of GLP-1 are shared by 

GIP, but receptors for GIP tend to be downregulated by 

hyperglycemia.  

    Eff ects of other hormones and neurotransmitters 

   Acetylcholine and cholecystokinin, whose receptors are 

coupled through G α  q  to phospholipase C, stimulate insulin 

secretion by way of the IP3/DAG second messenger system. 

IP3 stimulates release of calcium from intracellular storage 

sites and thus augments the infl ux of extracellular calcium 

triggered by metabolism of glucose. In addition, activated 

protein kinase C enhances aspects of the secretory pro-

cess that are both dependent and independent of calcium. 

Receptors for norepinephrine and somatostatin are coupled 

to the inhibitory guanine nucleotide binding protein G i , 

and block insulin secretion primarily by inhibiting adenylyl 

cyclase and lowering cyclic AMP. Th rough the eff ects on ion 

channels, the  β  γ  subunits of the somatostatin receptor may 

also cause the plasma membrane to hyperpolarize and hence 

prevent activation of voltage-sensitive calcium channels.     

    SOMATOSTATIN 

   Although somatostatin produced in delta cells is the third 

most abundant of the pancreatic islet hormones, the physi-

ological importance of pancreatic somatostatin is not 

understood. Its major role may be as a paracrine regulator of 

insulin and glucagon secretion. Somatostatin originally was 

isolated from hypothalamic extracts that inhibited the secre-

tion of growth hormone. It is found in many secretory cells 

(delta cells) outside of the pancreatic islets, particularly in 

the lining of the gastrointestinal tract (see Chapter 6), and is 

widely distributed in many neural tissues where it presum-

ably functions as a neurotransmitter. Measurable increases in 

somatostatin concentration can be found in peripheral blood 

after ingestion of a meal rich in fat or protein, with the vast 

majority secreted by intestinal cells rather than islet cells. It 

is cleared rapidly from the blood and has a half-life of only 

about three minutes. Further discussion of somatostatin is 

found in Chapters 2, 6, and 11.  
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  K V     �  voltage sensitive potassium channels:  VSCC       �      voltage sensitive calcium 

channels;  RP       �      reserve pool of secretory granules;  ER   � endoplasmic 

reticulum. See text for details.    
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      Hormonal Regulation of Fuel Metabolism  

   Mammalian survival in a cold, hostile environ-

ment demands an uninterrupted supply of met-

abolic fuels to maintain body temperature, to 

escape from danger, and to grow and reproduce. 

A constant supply of glucose and other energy-

rich metabolic fuels must be available to the 

brain and other vital organs at all times despite 

wide fl uctuations in food intake and energy 

expenditure. Constant availability of metabolic 

fuel is achieved by storing excess carbohydrate, 

fat, and protein principally in liver, adipose tis-

sue, and muscle, and drawing on those reserves 

when needed. We consider here how fuel 

homeostasis is maintained minute-to-minute, 

day-to-day, and year-to-year by regulating fuel 

storage and mobilization, the mixture of fuels 

consumed in diff erent physiological circum-

stances, and food intake. 

   Homeostatic regulation is provided by the 

endocrine system and the autonomic nervous 

system. Th e strategy of hormonal regulation of 

metabolism during starvation or exercise is to 

provide suffi  cient substrate to working mus-

cles while maintaining an adequate concentra-

tion of glucose in blood to satisfy the needs of 

brain and other glucose-dependent cells. When 

dietary or stored carbohydrate is inadequate, 

availability of glucose is ensured by: (1) gluco-

neogenesis from lactate, glycerol, and alanine; 

and (2) inhibition of glucose utilization by those 

tissues that can satisfy their energy needs with 

other substrates, notably fatty acids and ketone 

bodies. Th e principal hormones that govern fuel 

homeostasis are insulin, glucagon, epinephrine, 

cortisol, growth hormone (GH), thyroxine (T4), 

and leptin. Th e principal target organs for these 

hormones are adipose tissue, liver, and skeletal 

muscle. 

    GENERAL FEATURES OF 
ENERGY METABOLISM 

   In discussing how hormones regulate fuel 

metabolism, we consider fi rst the characteristics 

of metabolic fuels and the intrinsic biochemical 

regulatory mechanisms upon which hormonal 

control is superimposed. 

    Body fuels 

    Glucose 

   Glucose is readily oxidized by all cells. One 

gram yields about four calories. Th e average 

70-kilogram man requires approximately 2,000 

calories per day and therefore would require a 

reserve supply of approximately 500 grams of 

glucose to ensure suffi  cient substrate to sur-

vive one day of food deprivation ( Figure 8.1   ). 

If glucose were stored as an isosmolar solu-

tion, approximately 10 liters of water (10       kg) 

would be needed to accommodate a single day’s 

  8 
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energy needs, and the 70-kilogram man would have to carry 

around a storage depot equal to his own weight if he were 

to survive only one week of starvation. Actually, only about 

20 grams of free glucose are dissolved in extracellular fl uids, 

or enough to provide energy for about one hour.  

    Glycogen 

   Polymerizing glucose to glycogen eliminates the osmotic 

requirement for large volumes of water. To meet a single 

day’s energy needs, only about 1.8 kilograms of  “ wet ”  glyco-

gen is required; that is, 500 grams of glycogen obligates only 

about 1.3 liters of water. Glycogen stores in the well-fed 70-

kilogram man are enough to meet only part of a day’s 

energy needs—about 100 grams in the liver and about 200 

grams in muscle.  

    Protein 

   Calories can also be stored in somewhat more concentrated 

form as protein. Storage of protein, however, also obligates 

storage of some water, and oxidation of protein creates 

unique by-products: ammonia, which must be detoxifi ed 

to form urea at metabolic expense, and sulfur-containing 

acids. Th e body of a normal 70-kilogram man in nitrogen 

balance contains about 10 to 12 kilograms of protein, most 

of which is in skeletal muscle. Little or no protein is stored 

as an inert fuel depot, so that mobilization of protein for 

energy necessarily produces some functional defi cits. Under 

conditions of prolonged starvation, as much as one-half of 

the body protein may be consumed for energy before death 

ensues, usually from failure of respiratory muscles.  

    Fat 

   Triglycerides are by far the most concentrated storage form 

of high-energy fuel (9 calories/gram), and they can be 

stored essentially without water. One day’s energy needs can 

be met by less than 250 grams of triglyceride. Th us a 70-

kilogram man carrying 10 kilograms of fat maintains an 

adequate depot of fuel to meet energy needs for more than 

40 days. Most fat is stored in adipose tissue, but other tissues 

such as muscle also contain small reserves of triglycerides.  

    Problems inherent in the use of glucose and 

fat as metabolic fuels 

   Fat is the most abundant and effi  cient energy reserve, but 

effi  ciency has its price. When converting dietary carbohydrate 

to fat, about 25% of the energy is dissipated as heat. More 

importantly, synthesis of fatty acids from glucose is an irre-

versible process. Once the carbons of glucose are converted to 

fatty acids, virtually none can be reconverted to glucose. Th e 

glycerol portion of triglycerides remains convertible to glu-

cose, but glycerol represents only about 10% of the mass of 

triglyceride. 

   Limited water solubility of fat complicates transport 

between tissues. Triglycerides are  “ packaged ”  as very low 

density lipoproteins (LDL) or as chylomicrons for transport 

in blood to storage sites. Uptake by cells follows breakdown 

to fatty acids by lipoprotein lipase at the external surface 

or within capillaries of muscle or fat cells. Mobilization of 

stored triglycerides also requires breakdown to fatty acids, 

which leave adipocytes in the form of free fatty acids (FFA). 

Glucose required60–120 g/day

Food intake 1,500–6,000 C

Glucose Glycogen Fat
(triglycerides)

Brain

Proteins

Liver
100 g

150 g/day

Muscle

ECF
(~1.5 g)

Adipose tissue
10,000�g

All other
tissues

50–500 g/day

~600 C

Fuel
storageVarious tissues

10–12 Kg

Fuel
consumption

Energy consumed

Muscle
200 g

500–1,000 C500–5,000 C

 FIGURE 8.1          Storage and utilization of biological fuels.    
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FFA are not very soluble in water and are transported in 

blood fi rmly bound to albumin. Because they are bound 

to albumin, FFA have limited access to tissues such as 

brain; they can be processed to water-soluble forms in the 

liver, however, which converts them to 4-carbon ketoacids 

(ketone bodies), which can cross the blood–brain barrier. 

   Energy can be derived from glucose without simul-

taneous consumption of oxygen, but oxygen is required for 

degradation of fat. Th erefore, glucose must be constantly 

available in the blood to satisfy the needs of red blood cells, 

which lack mitochondria, and cells in the renal medul-

lae, which function under low oxygen tension. Under basal 

conditions these cells consume about 50 grams of glucose 

each day and release an equivalent amount of lactate into 

the blood. Because lactate is readily reconverted to glucose 

in the liver, however, these tissues do not act as a drain on 

carbohydrate reserves. 

   In a well-nourished person the brain relies almost 

exclusively on glucose to meet its energy needs and con-

sumes nearly 150 grams per day. Th e brain does not derive 

energy from oxidation of FFA or amino acids. Ketone bod-

ies are the only alternative substrates to glucose, but studies 

in experimental animals indicate that only certain regions 

of the brain can substitute ketone bodies for glucose. Total 

fasting for four to fi ve days is required before the concentra-

tions of ketone bodies in blood are high enough to provide 

a signifi cant fraction of the brain’s energy needs. Even after 

several weeks of total starvation, the brain continues to sat-

isfy about one-third of its energy needs with glucose. Th e 

brain stores little glycogen and hence must depend on the 

circulation to meet its minute-to-minute fuel requirements. 

   Th e rate of glucose delivery depends on its concentra-

tion in arterial blood, the rate of blood fl ow, and the effi  -

ciency of extraction. Although an increased fl ow rate might 

compensate for decreased glucose concentrations, the mech-

anisms that regulate blood fl ow in brain are responsive to 

oxygen and carbon dioxide, rather than glucose. Under basal 

conditions the concentration of glucose in arterial blood is 

about 5       mM (90       mg/dL), of which the brain extracts about 

10%. Th e fraction extracted can double, or perhaps even tri-

ple, when the concentration of glucose is low, but when the 

blood glucose concentration falls below about 30       mg/dL, 

metabolism and function are compromised. Th us the brain 

is exceedingly vulnerable to hypoglycemia, which can 

quickly produce coma or death.   

    Fuel consumption 

   Th e amount of metabolic fuel consumed in a day varies 

widely and normally is balanced by variations in food intake, 

but the adipose tissue reservoir of triglycerides can shrink 

or expand to accommodate imbalance in fuel intake and 

expenditure. Muscle comprises about 50% of body mass and 

is by far the major consumer of metabolic fuels. Even at rest 

muscle metabolism accounts for about 30% of the oxygen 

consumed. Although normally a 56-kg woman or a 70-kg 

man consumes about 1,600 or 2,000 calories in a typical day, 

daily caloric requirements may range from about 1,000 

with complete bed rest to as much as 6,000 with prolonged 

physical activity. For example, marathon running may con-

sume 3,000 calories in only three hours. 

   Under basal conditions an individual on a typi-

cal mixed diet derives about half of the daily energy needs 

from the oxidation of glucose, a small fraction from con-

sumption of protein, and the remainder from fat. With 

starvation or with prolonged exercise, limited carbohydrate 

reserves are quickly exhausted unless some restriction is 

placed on carbohydrate consumption by muscle, whose fuel 

needs far exceed those of any other tissue and can be met by 

increased utilization of fat. In fact, simply providing mus-

cle with fat restricts its ability to consume carbohydrate. 

Hormonal regulation of energy balance is accomplished 

largely through adjusting the fl ux of energy-rich fatty acids 

and their derivatives to muscle, and the consequent sparing 

of carbohydrate and protein. 

    The glucose fatty acid cycle 

   Th e reciprocal relationship in which availability of fatty 

acids to muscle limits glucose utilization while abundance of 

glucose limits fat utilization has been called the  glucose fatty 
acid cycle  ( Figure 8.2   ). Th e biochemical mechanisms origi-

nally proposed to account for this relationship were based 

on studies of rodent muscle and have since been challenged 

by more recent studies in human subjects. Nevertheless, the 

fact that fatty acids can curtail the metabolism of glucose 

by muscle and that glucose can curtail the availability and 

↑Gluconeogenesis

FFA

FFA

Liver

Adipose tissue

Glucose

CO2

Muscle

(�)

(�)

(�)

Triglycerides

Glucose

 FIGURE 8.2          Intraorgan fl ow of substrate and the competitive regulatory 

eff ects of glucose and fatty acids that comprise the glucose–fatty acid 

cycle. See text for details.    
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hence the oxidation of fatty acids remains a cornerstone 

of metabolic regulation. Fatty acids are released from their 

triglyceride storage form in adipose tissue in an ongoing 

cycle of lipolysis and reesterifi cation. Th e fatty acids that 

escape reesterifi cation diff use out of adipocytes and become 

the plasma free fatty acids (FFA). 

   Reesterifi cation or uptake of FFA from circulat-

ing lipids depends on the availability of  α -glycerol phos-

phate in adipocytes. In the fed individual the only source of 

 α -glycerol phosphate is the pool of triose phosphates 

derived from glucose oxidation, as adipose tissue is defi cient 

in the enzyme required to phosphorylate and hence reuse 

the glycerol that is released from triglycerides. Consequently, 

when glucose and insulin are abundant,  α -glycerol phos-

phate is readily available, the rate of reesterifi cation is high 

relative to lipolysis, and the rate of release of FFA is low. 

Conversely, when glucose is scarce or insulin concentrations 

are low, more fatty acids escape and plasma concentrations 

of FFA increase. 

   Free fatty acids are taken up by muscle in propor-

tion to their plasma concentration. Exposure of muscle to 

elevated levels of FFA for several hours decreases trans-

port of glucose across the plasma membrane and phos-

phorylation to glucose-6-phosphate. Th e mechanism for 

this eff ect is incompletely understood, but it is likely that 

accumulation of some fatty acid-derived metabolite inter-

feres with elements of the insulin signaling pathway that 

lead to recruitment and retention of glucose transporters 

to the plasma membrane. Th e decrease in glucose transport 

decreases glucose-6-phosphate, which is both a substrate 

and an allosteric activator of glycogen synthase, and results 

in decreased glycogen formation and glucose oxidation by 

glycolysis. Downstream eff ects on carbohydrate oxidation 

may also occur. Oxidation of fatty acids or ketone bodies 

limits the oxidation of pyruvate to acetyl CoA. 

   It may be recalled (see Chapter 7) that long chain fatty 

acids must be linked to carnitine to gain entry into mitochon-

dria where they are oxidized. Accumulating long chain fatty 

acid coenzyme A (CoA) molecules allosterically increase the 

activity of acylcarnitine transferase, which is required for their 

entry into mitochondria. In the mitochondria, long chain 

fatty acids or ketone bodies compete with pyruvate for lim-

ited amounts of coenzyme A (CoA) and the oxidized form of 

the cofactor nicotinamide-adenine dinucleotide (NAD). Th e 

resulting scarcity of NAD and CoA limits the breakdown 

of pyruvate. It should be noted that oxidation of pyruvate to 

acetyl CoA is the reaction that irreversibly removes carbons 

from the pool of metabolites that are convertible to glucose. 

   Infl ux of fatty acids to the liver promotes ketogenesis 

and gluconeogenesis. Metabolism of long chain fatty acids 

inhibits the intramitochondrial oxidation of pyruvate to 

acetyl CoA. Gluconeogenic precursors arriving at the liver 

in the form of pyruvate, lactate, alanine, or glycerol are thus 

spared oxidation in the tricarboxylic acid cycle and instead 

are converted to phospho-enol pyruvate (PEP) and thence to 

glucose. Conversely, when glucose is abundant, the concen-

tration of glucose-6-phosphate increases, and gluconeogene-

sis is inhibited both at the level of fructose-1,6- bisphosphate 

formation and at the level of pyruvate kinase (Chapter 7, 

Figure 7.3). Under these circumstances malonyl CoA forma-

tion is increased and fatty acids are restrained from entering 

the mitochondria and subsequent degradation. 

   Th rough the reciprocal eff ects of glucose and fatty 

acids, glucose indirectly regulates its own rate of utilization 

and production by a negative feedback process that depends 

on intrinsic allosteric regulatory properties of metabolites 

and enzymes of the glucose fatty acid cycle. Hormones reg-

ulate fuel metabolism by altering the activities or amounts 

of enzymes, and by infl uencing the fl ow of metabolites. Th e 

glucose fatty acid cycle operates in normal physiology even 

though the concentration of glucose in blood remains nearly 

constant. In fact, the contribution of some hormones, nota-

bly glucocorticoids and GH, to the maintenance of blood 

glucose and muscle glycogen stores depends in part on the 

glucose fatty acid cycle. Conversely, in addition to stimulat-

ing glucose entry into muscle, insulin indirectly increases 

glucose metabolism by decreasing FFA mobilization from 

adipose tissue, thereby reducing the inhibitory infl uence of 

the glucose fatty acid cycle. Th is eff ect is accelerated by a 

further eff ect of insulin to increase the formation of malonyl 

CoA in liver and muscle, thereby diminishing access of fatty 

acids to the mitochondrial oxidative apparatus and redirect-

ing their disposition to formation of triglycerides.  

    AMP activated kinase (AMPK) 

   All cells require adequate amounts of ATP to survive 

and have the capacity to adjust their metabolism to maxi-

mize energy production and minimize energy utilization. 

Depletion of cellular energy is monitored as accumulation 

of 5 � -adenosine monophosphate (AMP) relative to ATP. It 

may be recalled that energy-consuming processes are fueled 

by the conversion of ATP to ADP. ATP is regenerated by 

oxidative phosphorylation in mitochondria when adequate 

amounts of metabolic fuels are available, and by the trans-

fer of a high energy phosphate from one ADP to another 

according to the reaction: ADP      �      ADP  →  ATP      �      AMP. 

Cellular concentrations of AMP therefore increase dramati-

cally and ATP concentrations fall when ATP consumption 

exceeds mitochondrial production. Increases in the ratio of 

AMP concentrations to ATP allosterically activate the ubiq-

uitously expressed enzyme AMP-activated kinase (AMPK). 

Th e activity of AMPK also is increased by phosphorylation. 

AMPK catalyzes reactions that amplify availability of meta-

bolic fuels and dampen ATP consuming processes. 
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   In muscle ( Figure 8.3   ), AMPK increases glucose avail-

ability by stimulating the translocation of the glucose trans-

porter GLUT4 to plasma membranes in a manner similar to 

that described for insulin in Chapter 7. AMPK also stimulates 

glycolysis and inhibits glycogen synthesis. Activated AMPK 

increases fatty acid oxidation. It catalyzes the phosphorylation 

and hence  inactivation  of acetyl CoA carboxylase (ACC), the 

enzyme that forms malonyl CoA. It also catalyzes the phos-

phorylation, and hence  activation , of the enzyme malonyl 

CoA decarboxylase (MCD) and thus depletes malonyl CoA, 

which impedes the access of fatty acids to intramitochondrial 

oxidative machinery. Accelerated oxidation of intramuscu-

lar lipids has the additional eff ect of relieving inhibition of 

glucose transport discussed earlier. 

   In liver, as in muscle, AMPK decreases malonyl CoA 

and channels long-chain fatty acid CoA molecules toward 

oxidation in mitochondria and away from the energy con-

suming processes of formation of triglycerides and lipopro-

teins ( Figure 8.4   ). Because malonyl CoA formation is the 

rate determining step in fatty acid synthesis, a decrease in 

its production decreases the ATP consuming process of 

fatty acid synthesis. AMPK also inhibits a key enzyme in 

the conversion of acetyl CoA to cholesterol. 

   In adipose tissue, AMPK slows the costly cycle of lipol-

ysis and reesterifi cation by inhibiting both hormone-sensitive 

lipase and glucose transport. Because only a small fraction of 

the fatty acids that participate in this process escape as FFA, 

this apparently paradoxical eff ect actually conserves ATP 

without signifi cantly cutting off  the supply of plasma FFA. 

AMPK also inhibits fatty acid synthesis, uptake of fatty acids 

from circulating lipids, and their esterifi cation to triglycerides. 

   Because its actions accelerate the metabolism of both 

glucose and fatty acids in ATP-defi cient states, activation 

of AMPK overrides competition between glucose and fatty 

acids. In addition to responding to local conditions in indi-

vidual cells, AMPK is also responsive to hormonal and neu-

ral regulation, and thus participates in coordinated actions at 

the whole body level. As discussed later in this chapter, such 

coordination is refl ected in regulation of food intake and 

preserving sensitivity to insulin stimulation of carbohydrate 

metabolism in states of excessive fat storage. Th e eff ects of 

AMPK in regulating malonyl CoA levels in key areas of 

the brain complement the overall actions of this metabolite 

as the body’s  “ fuel gauge ”  as refl ected in its importance in 

controlling food intake and energy expenditure.    

    OVERALL REGULATION OF 
BLOOD GLUCOSE CONCENTRATION 

   Despite vagaries in dietary input and large fl uctuations in 

food consumption, the concentration of glucose in blood 

remains remarkably constant. Its concentration at any time 

is determined by the rate of input and the rate of removal 

by the various body tissues ( Figure 8.5   ). Th e rate of glucose 

removal from the blood varies over a wide range depending 

on physical activity and environmental temperature. Even 

immediately after eating, the rate of input largely refl ects 

activity of the liver because glucose and other metabolites 

AMPK

FACoA

FA-carnitine

Malonyl CoA

CO2 � H2O

TG, PL, DAG
ceramide

Glucose transport

ACC-PO4

MCD-PO4

ACT-1

Mitochondrial
membrane

Glycogen

Acetyl CoA

 FIGURE 8.3          Actions of AMP activated protein kinase  (AMPK)  in muscle 

increase oxidation of fatty acids and glucose. Phosphorylation inactivates 

acetyl CoA carboxylase  (ACC)  and activates malonyl CoA decarboxylase 

 (MCD) . (See text for details.)  TG      �       triglyceride;  PL      �       phospholipids; 

 DAG      �       diacylglycerol;  FACoA      �       fatty acyl coenzyme A;  ACT-1      �       acyl 

carnitine transferase-1;  FA -carnitine       �       fatty acyl carnitine.    

AMPK
Hypothalamus
↑ Food intake

Muscle

↑ Glucose transport
↑ Glycolysis
↓ Glycogen synthesis
↑ Fatty acid oxidation

Adipose tissue

↓ Lipolysis
↓ Fatty acid esterification
↓ Fatty acid synthesis

Liver

↓ Fatty acid synthesis
↓ Gluconeogenesis
↑ Fatty acid oxidation

 FIGURE 8.4          Multiple eff ects of AMP activated kinase  (AMPK)  that 

summate to increase energy producing reactions and inhibit energy 

consuming reactions.    
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absorbed from the intestine must pass through the liver 

before entering the circulation. 

   Liver glycogen is the immediate source of blood glu-

cose under most circumstances. Hepatic gluconeogenesis 

contributes to blood glucose directly and is important for 

replenishing glycogen stores. Th e kidneys are also capable of 

gluconeogenesis, but their contribution to blood glucose has 

not been studied as thoroughly as that of the liver. However, 

some recent estimates credit the kidneys with production of 

as much as 20 to 40% of the glucose released during fasting. 

In acidosis renal glucose production from glutamate accom-

panies production and excretion of ammonium. 

    Short-term regulation 

    Minute-to-minute  regulation of blood glucose depends on 

(1) insulin, which, in promoting fuel storage, drives glucose 

concentrations down; and (2) glucagon, and to a lesser extent 

catecholamines, which, in mobilizing fuel reserves, drive 

glucose concentrations up. Eff ects of these hormones are 

evident within seconds or minutes and dissipate as quickly. 

Insulin acts at the level of the liver to inhibit glucose output, 

and on muscle and fat to increase glucose uptake. 

   Liver is more responsive to insulin than muscle and fat, 

and because of its anatomical location, is exposed to higher 

hormone concentrations. Smaller increments in insulin con-

centration are needed to inhibit glucose production than to 

promote glucose uptake. Glucagon and catecholamines act on 

hepatocytes to promote glycogenolysis and gluconeogenesis. 

Th ey have no direct eff ects on glucose uptake by peripheral 

tissues, but epinephrine and norepinephrine may decrease 

the demand for blood glucose by mobilizing alternative fuels, 

glycogen and fat, within muscle and adipose tissue. Increased 

blood glucose is perceived directly by pancreatic beta cells, 

which respond by secreting insulin. 

   Hypoglycemia is perceived not only by the glucagon-

secreting alpha cells of pancreatic islets, but also by glucose 

sensing neurons in the hypothalamus and the hindbrain. 

Th ese neurons communicate with neurons in autonomic 

centers and activate sympathetic outfl ow to the islets of 

Langerhans, the liver, and the adrenal medullae. Sympathetic 

stimulation of pancreatic islets increases secretion of gluca-

gon and inhibits secretion of insulin. In addition, hypogly-

cemia evokes secretion of the hypothalamic releasing 

hormones that stimulate ACTH and GH secretion from the 

pituitary gland. Cortisol, secreted in response to ACTH, and 

GH act only after a substantial delay and hence are unlikely 

to contribute to rapid restoration of blood glucose. However, 

they are important for withstanding a sustained hypogly-

cemic challenge. Collectively, hormones that oppose the 

actions of insulin on blood glucose are referred to as counter-

regulatory hormones ( Figure 8.6   ).  

    Long-term regulation 

   Operative on a time scale of hours or perhaps days, long-

term regulation depends on direct and indirect actions of 

many hormones and ultimately ensures (1) that the periph-

eral drain on glucose reserves is minimized and (2) that 

liver contains an adequate reservoir of glycogen to satisfy 

minute-to-minute needs of glucose-dependent cells. To 

achieve these ends, peripheral tissues, mainly muscle, must 

be provided with alternate substrate and must limit their 

consumption of glucose. At the same time, gluconeogen-

esis must be stimulated and supplied with adequate pre-

cursors to provide the 150 to 200 grams of glucose needed 

each day by the brain and other glucose-dependent tissues. 

Long-term regulation includes all the responses that govern 

glucose utilization as well as all those reactions that govern 

storage of fuel as glycogen, protein, or triglycerides.   

Liver

Blood glucose

Adipose
tissue

Insulin

Glucagon
Epinephrine and
norepinephrine

Glucocorticoids

Growth hormone

Glucose consumptionGlucose production
Muscle

 FIGURE 8.5          Interaction of 

hormones to maintain the 

blood glucose concentration. 

Green arrows denote 

increase; red arrows denote 

decrease.    
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    INTEGRATED ACTIONS OF 
METABOLIC HORMONES 

   Metabolic fuels absorbed from the intestine are converted 

largely to storage forms in liver, adipocytes, and muscle. It is 

fair to state that storage is virtually the exclusive province 

of insulin, which stimulates biochemical reactions that con-

vert simple compounds to more complex storage forms and 

inhibits fuel mobilization. Counter-regulatory hormones 

that mobilize fuel and defend the glucose concentration 

include glucagon, epinephrine, norepinephrine, cortisol, and 

GH. Secretion of most or all of these hormones is increased 

whenever there is increased demand for energy. Th ese hor-

mones act synergistically and together produce eff ects that 

are greater than the sum of their individual actions. In the 

example shown in  Figure 8.7   , glucagon and epinephrine 

raised the blood glucose level primarily by increasing 

hepatic production. When cortisol was given simultane-

ously, these eff ects were magnifi ed, even though cortisol had 

little eff ect when given alone. Triiodothyronine (T3) must 

also be considered in this context, as its actions increase the 

rate of fuel consumption and the sensitivity of target cells to 

insulin and counter-regulatory hormones. Before examining 

the interactions of these hormones in the whole body, it is 

useful to summarize their eff ects on individual tissues. 

    Adipose tissue 

   Th e central event in adipose tissue metabolism is the 

cycle of fatty acid esterifi cation and triglyceride lipolysis 

( Figure 8.8   ). Although reesterifi cation of fatty acids can 

regulate FFA output from fat cells, regulation of lipoly-

sis and hence the rate at which the cycle spins provides a 

wider range of control. It has been estimated that under 

basal conditions 20% of the fatty acids released in lipoly-

sis are reesterifi ed to triglycerides, and that reesterifi cation 

may decrease to 9 or 10% during active fuel consumption. 

Under the same conditions, lipolysis may be varied over a 

tenfold range. Catecholamines and insulin, through their 
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 FIGURE 8.6          Counterregulatory hormonal responses to insulin-

induced hypoglycemia. The infusion of insulin reduced plasma glucose 

concentration to 50 to 55       mg/dL. (From Sacca, L., Sherwin R., Hendler, R., 

and Felig P. (1979) Infl uence of continuous physiologic hyperinsulinemia on 

glucose kinetics and counterregulatory hormones in normal and diabetic 

humans. J. Clin. Invest.  63 : 849–857.)    
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 FIGURE 8.7          Synergistic eff ects of cortisol, glucagon, and epinephrine on 

increasing plasma glucose concentration. Note that the hyperglycemic 

response to the triple hormone infusion is far greater than the additive 

response of all three hormones given singly. (Redrawn from data of 

Eigler, N., Sacca, L., and Sherwin, R.S. (1979) Synergistic interactions of 

physiologic increments of glucagon, epinephrine, and cortisol in the dog. 

 J. Clin. Invest .  63 : 114–123.)    
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antagonistic eff ects on cyclic AMP metabolism, increase or 

decrease the activity of hormone-sensitive lipase. Human 

adipocytes express beta adrenergic receptors that signal 

through increased cyclic AMP, and hence increase lipoly-

sis. Responses to catecholamines and insulin are expressed 

within minutes. Other hormones, especially cortisol, T3, and 

GH, modulate the sensitivity of adipocytes to insulin and 

catecholamines. Modulation is not a refl ection of abrupt 

changes in hormone concentrations but, rather, stems from 

long-term tuning of metabolic machinery. Finally, GH pro-

duces a sustained increase in lipolysis after a delay of about 

two hours. Growth hormone and cortisol also decrease fatty 

acid esterifi cation by inhibiting glucose metabolism in adi-

pose tissue both directly and by decreasing responsiveness 

to insulin. Th ese hormonal eff ects on adipose tissue are 

summarized in  Figure 8.9   .  

    Muscle 

   By inhibiting FFA mobilization, insulin promptly decreases 

plasma FFA concentrations and thus removes a deterrent of 

glucose utilization in muscle at the same time that it pro-

motes transport of glucose into myocytes. Th e response to 

insulin can be divided into two components. Stimulation of 

glucose transport and glycogen synthesis are direct eff ects 

and are seen within minutes. Increased oxidation of glucose 

that results from release of fat-induced inhibition requires 

several hours. Epinephrine and norepinephrine promptly 

increase cyclic AMP production and glycogenolysis. 

   When the rate of glucose production from glycogen 

exceeds the need for ATP production, muscle cells release 

pyruvate and lactate, which can be reconverted to glucose in 

liver. Growth hormone and cortisol directly inhibit glucose 

uptake by muscle and indirectly decrease glucose metabo-

lism in myocytes through their actions on FFA mobiliza-

tion. By indirectly inhibiting glucose metabolism, GH and 

cortisol decrease glycogen breakdown. Th e resulting pres-

ervation of muscle glycogen has been called the  glycostatic 
eff ect  of GH, and is part of the overall eff ect of cortisol that 

gives rise to the term glucocorticoid. 

   Cortisol also inhibits the uptake of amino acids and 

their incorporation into proteins and simultaneously pro-

motes degradation of muscle protein. As a result, muscle 

becomes a net exporter of amino acids, which provide sub-

strate for gluconeogenesis in liver. Th ese events are summa-

rized in  Figure 8.10   . Insulin and GH antagonize the eff ects 

of cortisol on muscle protein metabolism.  

    Liver 

   Th e antagonistic eff ects of insulin and glucagon on glu-

coneogenesis, ketogenesis, and glycogen metabolism in 

hepatocytes are described in Chapter 7. Epinephrine and 

norepinephrine, by virtue of their eff ects on cyclic AMP 

metabolism, share all the actions of glucagon. In addi-

tion, these medullary hormones also activate  α 1-adrenergic 

receptors and reinforce these eff ects through the agency of 

the diacylglycerol/inositol trisphosphate (IP 3 )-calcium sys-

tem (see Chapter 1). Cortisol is indispensable as a permis-

sive agent for the actions of glucagon and catecholamines 

on gluconeogenesis and glycogenolysis. In addition, cortisol 

induces synthesis of a variety of enzymes responsible for glu-

coneogenesis and glycogen storage. By virtue of its actions 
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 FIGURE 8.8          Hormonal eff ects on FFA production. Epinephrine and 

norepinephrine stimulate hormone-sensitive lipase through a cyclic AMP 

mediated process. Insulin antagonizes this eff ect by stimulating cyclic 

AMP degradation. T3, cortisol, and growth hormone increase the response 
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on protein degradation in muscle, cortisol is also indispen-

sable for providing substrate for gluconeogenesis. T3 pro-

motes glucose utilization in liver by promoting synthesis of 

enzymes required for glucose metabolism and lipid forma-

tion. Growth hormone is thought to increase hepatic glucose 

production, probably as a result of increased FFA mobiliza-

tion, and it also increases ketogenesis largely by increasing 

mobilization of FFA. Th ese hormonal infl uences on hepatic 

metabolism are summarized in  Figure 8.11   .  

    Pancreatic islets 

   Alpha and beta cells of pancreatic islets are targets for meta-

bolic hormones as well as producers of glucagon and insulin. 

Glucagon can stimulate insulin secretion but the physiologi-

cal signifi cance of such an action is not understood. Insulin 

inhibits glucagon secretion, and in its absence responsiveness 

of alpha cells to glucose is severely impaired. Conversely, 

insulin apparently also exerts autocrine eff ects on the beta 

cells and is required to maintain the normal secretory 

response to increased glucose concentrations. Epinephrine 

and norepinephrine inhibit insulin secretion and stimulate 

glucagon secretion. Growth hormone, cortisol, and T3 are 

required for normal secretory activity of beta cells, whose 

capacity for insulin secretion is reduced in their absence. 

   Th e eff ects of GH and cortisol on insulin secretion 

are somewhat paradoxical. Although their eff ects in adipose 

tissue, muscle, and liver are opposite to those of insulin, GH 

and cortisol nevertheless increase the sensitivity of beta cells 

to signals for insulin secretion and exaggerate responses to 

hyperglycemia. When cortisol or GH is present in excess, 

higher than normal concentrations of insulin are required 

to maintain blood glucose in the normal range. Higher 

concentrations of insulin itself may contribute to decreased 

sensitivity by down regulating insulin receptors in fat and 

muscle. When either GH or glucocorticoids are present in 

excess for prolonged periods, diabetes mellitus often results. 

Approximately 30% of patients suff ering from excess GH 

(acromegaly) and a similar percentage of persons suff ering 

from Cushing’s disease (excess glucocorticoids) develop 

type II diabetes mellitus as a complication of their dis-

ease. In the early stages diabetes is reversible and disap-

pears when excess pituitary or adrenal secretion is corrected. 

Later, however, diabetes may become irreversible, and islet 

cells may be destroyed. Th is so-called  diabetogenic eff ect  is an 

important consideration with chronic glucocorticoid ther-

apy and argues against use of large amounts of GH to build 

muscle mass in athletes.   

    REGULATION OF METABOLISM DURING 
FEEDING AND FASTING 

    Postprandial period 

   Immediately after eating, metabolic activity is directed 

toward the processing and sequestration of energy-rich 

substrates that are absorbed by the intestines. Th is phase is 

dominated by insulin, which is secreted in response to three 

inputs to the beta cells. Th e cephalic, or psychological aspect 

of eating stimulates insulin secretion though acetylcholine 

and vasoactive inhibitory peptide (VIP) released from vagal 

fi bers that innervate the islets. Food in the small intestine 

stimulates secretion of the incretins, glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic peptide 

(GIP). Finally, the beta cells respond directly to increased 

glucose and amino acids in arterial blood (see Chapter 7). 
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stimulation of fatty acid oxidation by growth hormone and cortisol are 
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During the postprandial period the concentration of insu-

lin in peripheral blood may rise from a resting value of 

about 10        μ  units/ml to perhaps as much as 50        μ  units/ml. 

Glucagon secretion may also increase at this time in 

response to amino acids in arterial blood. Dietary amino 

acids may also stimulate GH secretion. 

   Characteristically, the sympathetic nervous system is 

relatively quiet during the postprandial period, and there is 

little secretory activity of the adrenal medulla or cortex at 

this time. Under the dominant infl uence of insulin, dietary 

carbohydrates and lipids are transferred to storage depots in 

liver, adipose tissue, and muscle, and amino acids are con-

verted to proteins in various tissues. Extrahepatic tissues 

use dietary glucose and fat to meet their needs instead of 

glucose derived from hepatic glycogen or fatty acids mobi-

lized from adipose tissue. Hepatic glycogen increases by 

an amount equivalent to about half of the ingested carbo-

hydrate. Fatty acid mobilization is inhibited by the high 

concentrations of insulin and glucose in blood. Of course, 

the composition of the diet profoundly aff ects postpran-

dial responses. Obviously, a diet rich in carbohydrate elicits 

quantitatively diff erent responses from one that is mainly 

composed of fat.  

    Postabsorptive period 

   Several hours after eating, when metabolic fuels largely have 

been absorbed from the intestine, the body begins to draw 

on fuels that were stored during the postprandial period. 

During this period insulin secretion returns to relatively low 

basal rates and is governed principally by the concentration 

of glucose in blood, which has returned to about 5       mM 

(90       mg/dL). About 75% of the glucose secreted by the liver 

derives from glycogen, and the remainder comes from glu-

coneogenesis, driven principally by glucagon. Although the 

rate of glucagon secretion is relatively low at this time, the 

decline in insulin enables the actions of glucagon to prevail. 

Growth hormone and cortisol are also secreted at relatively 

low basal rates in the postabsorptive period. About 75% of 

the glucose consumed by extrahepatic tissues during this 

period is taken up by brain, blood cells, and other tissues 

whose consumption of fuels is independent of insulin. 

Muscle and adipose tissue, which are highly dependent on 

insulin, account for the remaining 25%. 

   Blood levels of FFA gradually increase as adipose 

tissue is progressively relieved of the restraint imposed by 

high levels of insulin during the postprandial period. Blood 

glucose remains constant during this period, but glucose 

metabolism in muscle decreases as the restrictive eff ects of 

the glucose–fatty acid cycle become operative. Liver gradu-

ally depletes its glycogen stores and begins to rely more 

heavily on gluconeogenesis from amino acids and glycerol 

to replace glucose consumed by extrahepatic tissues.  

    Fasting 

   More than 24 hours after the last meal, the individual 

can be considered to be fasting. At this time, circulating 

insulin concentrations decrease further, and glucagon and 

GH increase. Cortisol secretion follows its basal diurnal 

rhythmic pattern (see Chapter 4) unaff ected by fasting at 

this early stage, but basal concentrations of cortisol play 

their essential permissive role in allowing gluconeogenesis 

and lipolysis to proceed. Glucocorticoids and GH also exert 

a restraining infl uence on glucose metabolism in muscle 

and adipose tissue. With the further decrease in insulin 

concentration, there is a further decrease in restraint of 

lipolysis. Th e lipolytic cycle speeds up, fatty acid esterifi ca-

tion decreases, and FFA mobilization is accelerated. Th is 

eff ect is supported and accelerated by GH and cortisol. 

Decreased insulin permits a net breakdown of muscle pro-

tein; and the amino acids that consequently leave muscle, 

mainly as alanine, provide the substrate for gluconeogen-

esis. Fuel consumption after 24 hours of fasting is shown in 

 Figure 8.12   . 

   With prolonged fasting of three days or more, 

increased GH and decreased insulin result in even greater 

mobilization of FFA. Ketogenesis becomes signifi cant, 

driven by the almost unopposed action of glucagon. By 

about the third day of starvation, ketone bodies in blood 

reach concentrations of 2 to 3       mM and begin to provide 

for an appreciable fraction of the brain’s metabolic needs. 

Urinary nitrogen excretion decreases to the postabsorptive 

level or below as the pool of rapidly turning over proteins 

diminishes. During subsequent weeks of total starvation, 

nitrogen excretion continues at a low but steady rate with 

carbon skeletons from amino acids providing substrate for 

gluconeogenesis and the intermediates needed to maintain 

the tricarboxylic acid cycle. 

   Glycerol liberated from triglycerides provides the other 

major substrate for gluconeogenesis. Renal gluconeogen-

esis from glutamate accompanies production of ammonium 

stimulated by ketoacidosis. Virtually all other energy needs 

are met by oxidation of fatty acids and ketones until triglyc-

eride reserves are depleted. In the terminal stages of starva-

tion, proteins may become the only remaining substrate and 

are rapidly broken down to amino acids. Gluconeogenesis 

briefl y increases once again until cumulative protein loss 

precludes continued survival. Curiously, continued slow loss 

of protein during starvation of the extremely obese individ-

ual may result in death from protein depletion even before 

fat depots are depleted. 
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    Figure 8.13    shows some of the changes in plasma 

hormone concentrations in the transition from the fed to 

the fasting state. Values for cortisol remain unchanged 

or might even decrease somewhat until late in starvation 

refl ecting, perhaps, a decrease in cortisol binding globulin. 

Concentrations of cortisol shown in the table represent 

morning values and change with the time of day in a diurnal 

rhythmic pattern that is not altered by fasting (see Chapter 

4). Even though its concentration does not increase dur-

ing fasting, cortisol nevertheless is an essential component 

of the survival mechanism. In its absence, mechanisms for 

producing and sparing carbohydrates are virtually inopera-

tive, and death from hypoglycemia is inevitable. 

   Th e role of glucocorticoids in fasting is a good exam-

ple of permissive action, in which a hormone maintains the 

instruments of metabolic adjustments so that other agents 

can manipulate those instruments eff ectively. Hypoglycemia 

or perhaps nonspecifi c stress may account for increased cor-

tisol in the terminal stages of starvation. 

   Th e decrease in plasma concentrations of T3 are not 

indicative of decreased secretion of TSH or thyroid hor-

mone, but rather refl ect decreased conversion of plasma T4 

to T3. At least during the fi rst few days of fasting, T4 con-

centrations in plasma remain constant. Th e slight decline 

in T4 seen with more prolonged fasting probably refl ects a 

decrease in plasma binding proteins. Recall that T3, which 

is formed mostly in extrathyroidal tissue, is the biologically 

active form of the hormone (see Chapter 3). Deiodination of 

T4 can lead to the formation of T3 or the inactive metabo-

lite rT3. With starvation, the concentration of rT3 in plasma 

increases, suggesting that metabolism of T4 shifted from 

the formation of the active to the inactive metabolite. Some 

of this increase may also be accounted for by a somewhat 

slower rate of degradation of rT3. Decreased production of 
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T3 results in an overall decrease in metabolic rate and can be 

viewed as an adaptive mechanism for conservation of meta-

bolic fuels. 

   Secretion of GH follows a pulsatile pattern that is exag-

gerated during starvation (see Chapter 11). Fasting increases 

both the frequency of secretory pulses and their amplitude 

( Figure 8.14   ). Th e values for GH shown in  Figure 8.13  

are averages and represent concentrations present in a mixed 

sample of blood that was continuously drawn at a very slow 

rate over a 24-hour period. Th e metabolic changes produced 

by an increase in GH secretion are similar to those that 

result from a decrease in insulin secretion. Growth hormone 

increases lipolysis, decreases glucose utilization in muscle 

and fat, and increases glucose production by the liver. Th ese 

eff ects of GH are relatively small compared to the eff ects 

of diminished insulin secretion. However, persons suff ering 

from a defi ciency of GH may become hypoglycemic dur-

ing fasting, and treatment with GH helps to maintain their 

blood glucose ( Figure 8.15   ). 

   In the nonfasting individual, GH stimulates the liver 

and other tissues to secrete insulin-like growth factor-1 

(IGF-1), which stimulates protein synthesis (see Chapter 11). 

However, the liver becomes insensitive to this eff ect of GH 

during fasting, and plasma concentrations of IGF-1 fall 

dramatically. Th is, too, may be an adaptive mechanism that 

maximizes availability of amino acids for gluconeogenesis 

and replenishment of critical proteins.   

    HORMONAL INTERACTIONS DURING 
EXERCISE 

   During exercise, overall oxygen consumption may increase 

10- to 15-fold in a well-trained young athlete. Th e require-

ments for fuel are met by mobilization of reserves within 

muscle cells by increased activity of AMPK, and from extra-

muscular fuel depots. Rapid uptake of glucose from blood 

can potentially deplete, or at least dangerously lower, glu-

cose concentrations and hence jeopardize the brain unless 

some physiological controls are operative. We can consider 

two forms of exercise: short-term maximal eff ort, character-

ized by sprinting for a few seconds, and sustained aerobic 

work, characterized by marathon running. 
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    Short-term maximal eff ort 

   For the few seconds of the 100-yard dash, endogenous ATP 

reserves in muscle, creatine phosphate, and glycogen are the 

chief sources of energy. Some ATP also is generated by trans-

fer of high energy phosphate from one ADP to another, lead-

ing to accumulation of AMP and activation of AMPK. For 

short-term maximal eff ort, energy must be released from fuel 

anaerobically before circulatory adjustments can provide the 

required oxygen. Activation of AMPK leads to increased glu-

cose transport from extracellular fl uid. Breakdown of glucose 

and glycogen to lactate provides the needed ATP. Calcium 

released from the sarcoplasmic reticulum in response to neu-

ral stimulation not only triggers muscle contraction but also 

activates glycogen phosphorylase. Th ese intrinsic mechanisms 

are reinforced by epinephrine and norepinephrine released 

from the adrenal medullae and sympathetic nerve endings 

in response to central activation of the sympathetic nervous 

system. 

   Th e endocrine system is important primarily for 

maintaining or replenishing fuel reserves in muscle. Th rough 

actions of hormones and the glucose–fatty acid cycle already 

discussed, glycogen reserves in resting muscle are sustained 

at or near capacity, so that muscle always is prepared to 

respond to demands for maximal eff ort. During the recovery 

phase lactate released from working muscles is converted to 

glucose in liver and can be exported back to muscle in the 

classic Cori cycle. Accelerated oxidation of fatty acids and 

increased transport of glucose stimulated by AMPK con-

tribute to restoration of glycogen reserves, and these eff ects 

are reinforced by insulin secreted in response to increased 

dietary intake of glucose or amino acids.  

    Sustained aerobic exercise 

   Glucose taken up from the blood or derived from muscle 

glycogen is also the most important fuel in the early stages 

of moderately intense exercise, but with continued eff ort, 

dependence on fatty acids increases. Although fat is a more 

effi  cient fuel than glucose from a storage point of view, glu-

cose is more effi  cient than fatty acids from the perspective of 

oxygen consumption, and yields about 5% more energy per 

liter of oxygen.  Figure 8.16    shows the changes in fuel con-

sumption with time in subjects exercising at 30% of their 

maximal oxygen consumption. For reasons that are not fully 

understood, working muscles, even in the trained athlete, can-

not derive more than about 70% of their energy from oxida-

tion of fat. Hypoglycemia and exhaustion occur when muscle 

glycogen is depleted. With sustained exercise, the decline in 

insulin coupled with an increase in all the counter-regulatory 

hormones contribute to supplying fat to the working muscles 

and maximizing gluconeogenesis ( Figure 8.17   ). 

   Anticipation of exercise may be suffi  cient to acti-

vate the sympathetic nervous system, which is of critical 

importance, not only for supplying the fuel for the work-

ing muscles, but also for making the cardiovascular adjust-

ments that maintain blood fl ow to carry fuel and oxygen to 

muscle, gluconeogenic precursors to liver, and heat to sites 

of dissipation. Insulin secretion is shut down by sympa-

thetic activity. Th is removes the major inhibitory infl uence 

on production of glucose by the liver, glycogen breakdown 

in muscle, and FFA release from adipocytes. At fi rst glance 

decreasing insulin secretion might seem deleterious for 

glucose consumption in muscle. However, the decrease in 

insulin concentration only decreases glucose uptake by non-

working muscles. Mobilization of GLUT4 and transport 

of glucose across the sarcolemma is stimulated by AMPK, 

whose activity is increased by the increased demand of mus-

cular contractions. Glucose metabolism in working muscles 

therefore is not limited by membrane transport. 

   Increased hepatic glucose production results primarily 

from the combined eff ects of the fall in insulin secretion 

and the rise in glucagon secretion augmented with some 

contribution from catecholamines. Th e contributions of 

the increased secretion of GH and cortisol to this eff ect are 

unlikely to be important initially, but with sustained exer-

cise the contributions of both are likely to increase. Actions 

of both hormones increase the output of FFA and glycerol 

and decrease glucose utilization by adipocytes and non-

working muscles. Additionally, the increased cortisol would 

be expected to increase the expression of gluconeogenic 

enzymes in the liver. 
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   Glycogen reserves of nonworking muscles may provide 

an important source of carbohydrate for working muscles 

during sustained exercise and for restoring muscle glycogen 

after exercise. Epinephrine and norepinephrine stimulate 

glycogenolysis in nonworking as well as working muscles. 

Glucose-6-phosphate produced from glycogen can be bro-

ken down completely to carbon dioxide and water in work-

ing muscles, but nonworking muscles convert it to pyruvate 

and lactate, which escape into the blood. Liver then recon-

verts these 3-carbon acids to glucose, which is returned 

to the circulation and selectively taken up by the working 

muscles ( Figure 8.18   ).   

    LONG-TERM REGULATION OF FUEL STORAGE 

   Long-term regulation of fuel storage is intimately con-

nected with the biology of adipose tissue. Adipose tissue, 

which is diff usely scattered throughout the body in subcuta-

neous and intra-abdominal (visceral) deposits, has an almost 

limitless capacity for fuel storage. Increasing or decreas-

ing the total amount of fat stored is achieved primarily by 

changes in the volume of the fat droplets within each adi-

pocyte by mechanisms of fat deposition and mobilization 

already discussed. In addition, the number of adipocytes is 

not fi xed and may increase throughout life by multiplication 
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and diff erentiation of precursor cells. Conversely, when their 

triglyceride stores are depleted adipocytes may undergo 

dediff erentiation and apoptosis. 

   Although once thought of merely as inert storage 

depots, it is now recognized that adipocytes not only receive 

signals to store or mobilize triglycerides, but also secrete hor-

mones that notify the brain and other parts of the body of 

their state of fullness. In this way, adipocytes are active par-

ticipants in the regulation of fuel storage, food intake, growth 

and development, and reproduction. When increased in 

number and fi lled to excess with triglycerides as occurs in 

obesity, secretions of adipose tissue play a crucial role in devel-

opment of pathological changes including decreased insulin-

sensitivity, type II diabetes, hypertension, atherosclerosis, and 

other characteristics of the so-called  metabolic syndrome . 

    Adipogenesis 

   Adipocytes are derived from multipotential mesenchymal 

stem cells present in adipose tissue stroma. Little is known 

of the factors that commit these pluripotential cells to the 

adipocyte lineage and the formation of preadipocytes, but 

it is likely that paracrine signals released from fat cells that 

have reached their storage capacity trigger the initiation of 

preadipocyte diff erentiation into mature fat cells. Terminal 

diff erentiation of preadipocytes depends on expression of 

key transcription factors that induce expression of genes 

that are characteristic of the fat cell, including the enzy-

matic machinery for fatty acids synthesis, storage, and 

mobilization. A detailed description of the cascade of tran-

scription factors that regulate the complex nuclear events 

controlling adipocye diff erentiation is beyond the scope of 

this text, but can be found in the article by Rosen listed at 

the end of this chapter. 

   Th e crucial nuclear transcription factor required for 

adipogenesis and maintenance of the adipocyte phenotype 

is the  peroxisome proliferator-activated receptor   γ  (PPAR γ ). 

PPAR γ  is a member of the nuclear receptor superfamily that 

also includes receptors for adrenal and thyroid hormones 

(see Chapter 1). Although some arachidonic acid derivatives 

and pharmacological agents of the thiazolidinedione class 

can activate PPAR γ , its endogenous ligand is not known. 

   Adipocyte diff erentiation is infl uenced heavily by the 

balance of pro- and anti-diff erentiation signals delivered by 

locally produced growth factors, cytokines and circulating 

hormones ( Figure 8.19   ). Insulin and cortisol play prominent 

roles in promoting diff erentiation of human preadipocytes. 

Insulin and the related insulin-like growth factor-I (see 

Chapter 11) stimulate proliferation of preadipocytes and 

directly or indirectly increase expression of PPAR γ . Insulin 

is essential for the uptake and synthesis of the triglycer-

ides that form the lipid droplet that is the central feature of 

adipocyte morphology and function. Glucocorticoids also 

increase the expression of PPAR γ  and other transcription 

factors that play a role in diff erentiation. Growth hormone 

either directly, or through production of its surrogate IGF-I 

(see Chapter 11), stimulates preadipocyte proliferation, but 

inhibits diff erentiation of preadipocytes to mature adipocytes 

and limits fat storage. 

   Human preadipocytes also express estrogen recep-

tors and proliferate in response to estrogen, which may 

account for the diff erences in adipose mass and distribution 

in women and men. Estrogens and androgens may also be 

responsible for regional diff erences in sensitivity of mature 

adipocytes to signals for lipolysis. 

   Chronic actions of insulin and GH on adipogenesis 

are consistent with their short-term actions as already dis-

cussed, but the eff ects of cortisol are unexpected in light of 

its short-term eff ects that promote lipolysis and decrease 

fatty acid reesterifi cation. However, the importance of cor-

tisol for formation and maintenance of adipose tissue is 

underscored by the fi nding that removal of the adrenal 

glands in experimental animals prevents or reverses all forms 

of genetic or experimentally induced obesity. Additionally, 

chronic excess production of glucocorticoids in humans is 

associated with increased body fat especially in the torso 

(truncal obesity), the face (moon face), and between the 

scapulae (buff alo hump). 

   It is noteworthy that adipocytes and their precursors 

express the enzyme 11 β  hydroxysteroid dehydrogenase-I 

(HSD-I), which catalyzes the reduction of the inactive 

steroid cortisone to the active hormone cortisol (see 

Chapter 4). Th ese cells thus have the capacity to form 
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 FIGURE 8.19          Adipocyte diff erentiation.  GH      �       growth hormone; 

 IGF-I      �       insulin-like growth factor-I;  TNF- α       �       tumor necrosis factor- α ; 

 PDGF      �       platelet-derived growth factor;  FGF      �       fi broblast growth factor; 

 EGF      �       epidermal growth factor;  TGF- α         �       transforming growth factor- α ; 

 TGF- β       �       transforming growth factor- β .    
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maintaining a nearly constant fuel reserve are overwhelmed 

when caloric supply exceeds demand. It has been argued that 

evolutionary pressures experienced over millennia of uncer-

tain food supply have equipped us with stronger mechanisms 

that favor storage than mechanisms that defend against the 

less likely event of excessive fuel availability. 

   Understanding of the mechanisms that govern long-

term fuel storage requires understanding how energy 

expenditure and food intake are regulated. For most people 

physical activity accounts for only about 30% of daily energy 

expenditure, and 60% is expended at rest for maintenance of 

ion gradients, renewal of cellular constituents, neuronal activ-

ity, and to support cardiopulmonary work. Th e remaining 

10% is dissipated as the thermogenic eff ect of feeding and 

the consequent processes of assimilation. Neither resting nor 

thermogenic energy expenditure are fi xed, but are adjustable 

in a manner that tends to keep body fat reserves constant. 

   In the experiment illustrated in  Figure 8.21   , normal 

human subjects were overfed or underfed in order to increase 

or decrease body weight by 10%. Th ey were then given just 

enough food each day to maintain their new weight at a 

constant level. Energy utilization increased disproportion-

ately in the overfed subjects and decreased disproportion-

ately in the underfed subjects. Th ese compensatory changes 

in energy expenditure opposed maintenance of the change 

from initial body fat content and favored return to the previ-

ous set point. 

   How such changes in energy expenditure are brought 

about are currently subjects of intensive investigation. One 

possibility is that metabolic effi  ciency may be regulated 

by adjusting expression of genes that encode proteins that 

uncouple ATP generation from oxygen consumption (see 

Chapter 3). Decreased effi  ciency in maintaining ion gradients, 

as seen in nonshivering thermogenesis, may also play a role. 

   Studies like those illustrated in        Figures 8.20 and 8.21  

and many older observations gave rise to the idea that the 

mass of the fat storage depot is monitored and maintained 

nearly constant by feedback mechanisms that regulate food 

cortisol locally, and are exposed to higher concentrations 

than prevail in the circulation. Expression of HSD-I is 

upregulated in diff erentiating adipocytes and is greater in 

omental fat than in subcutaneous fat, which may contrib-

ute to the preferential deposition of fat at intra-abdominal 

rather than subcutaneous sites in states of cortisol excess.  

    Hypothalamic control of appetite and 
food intake 

   Th e overall mass of triglyceride stored in adipose tissue is 

determined by the balance between metabolic fuel ingested 

and metabolic fuel consumed, and increases or decreases to 

compensate for imbalances. Prior to the fast food era, body 

fat reserves in most people were maintained at a nearly con-

stant level throughout adult life despite enormous variations 

in daily food consumption and energy expenditure.  Figure 

8.20    summarizes the fi ndings of fi ve independent studies 

of changes in body weight and fat mass with aging in about 

12,000 individuals living in the middle of the twentieth cen-

tury. Although total body fat increased steadily with age, the 

increase was less than a gram per day when averaged over a 

period of 50 years, and corresponds to a daily positive energy 

balance of about 6 calories. Assuming that daily energy 

consumption averaged about 2,000 calories, the intake of 

fuel in a mixed diet matched the rate of energy utilization 

with an error of only 0.3%, consistent with the operation 

of rather precise regulatory mechanisms. However, if these 

studies were repeated in the present era remarkably diff er-

ent results would be found. In the nearly half century that 

elapsed since these data were collected there has been a dra-

matic change, and affl  uent nations now face an epidemic of 

obesity. Ready access to high calorie foods and technology 

that fosters a sedentary lifestyle have so distorted the balance 

between caloric intake and energy expenditure that 30% of 

the adult American population is classifi ed as obese, and an 

even higher percentage is overweight. Th us mechanisms for 
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 FIGURE 8.20          Data showing changes in 

body weight and fat content with aging 

obtained in fi ve independent studies of 

individuals living in the early to middle 

decades of the twentieth century. (From 

Forbes, G.B., Reina, J.C. (1970) Adult lean 

body mass declines with age: Some 

longitudinal observations. Metabolism 

 19 : 653–663.)    
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consumption and energy expenditure ( Figure 8.22   ). Clinical 

observations and studies in experimental animals established 

that the hypothalamus coordinates the drive for food intake 

with such energy consuming processes as temperature regu-

lation, growth, and reproduction. Injuries to a  “ satiety center ”  

in the ventromedial hypothalamus produce insatiable eat-

ing behavior accompanied by severe obesity, and injuries to a 
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mass

Hypothalamus

Food
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 FIGURE 8.22          Hypothetical regulatory system for maintaining constancy 

of adipose mass by monitoring the mass of stored fat. Adjustments in 

energy intake and expenditure are made to maintain constancy. Green 

arrows ( � ) denote increase; red arrows ( � ) denote decrease.    

 “ hunger center ”  in the lateral hypothalamus cause food avoid-

ance and lethal starvation. A complex neural network inter-

connects these centers to each other, to autonomic integrating 

centers in the hypothalamus and brain stem, and to neurons in 

the arcuate and paraventricular nuclei that secrete hypophysi-

otropic hormones (see Chapter 2). Neurons in the arcuate 

nuclei are the primary components of the system that regu-

lates food consumption and energy utilization. Neuropeptide 

transmitters of some of these neurons have been identifi ed 

along with their receptors and the sites of their expression 

have been located. Some of the relevant neuropeptides are: 

      ●       Neuropeptide Y  (NPY) (described in Chapter 6) is 

a 36 amino acid peptide that is abundantly expressed 

in arcuate neurons whose axons project to the para-

ventricular nuclei and the lateral hypothalamic area. 

When delivered to the hypothalamus of rodents, NPY 

increases food intake, lowers energy expenditure, and 

with chronic administration may produce obesity. NPY 

expression is upregulated during fasting. We refer to 

neurons that express NPY as the NPY neurons.  

      ●       Proopiomelanocortin  (POMC), the precursor of 

ACTH in pituitary corticotropes, is also expressed in 

neurons in the arcuate nucleus where post-translational 

processing (see Figure 2.3 in Chapter 2) gives rise to 

 α -melanocyte stimulating hormone (MSH), and the 

neurons that secrete this peptide are called POMC 

neurons. As a neuropeptide,  α -MSH is a potent negative 

regulator of food intake and activates melanocortin 

receptors in neurons in the lateral hypothalamic area, in 

dorsomedial and paraventricular hypothalamic nuclei, 

and in the hindbrain (see Figure 2.7 in Chapter 2). 

Pharmacological blockade or genetic depletion of brain 

melanocortin receptors results in obesity.  

      ●      In the skin,  α -MSH increases expression of a black 

pigment, melanin, in hair follicles. A protein, called 

 agouti , competes with  α -MSH for the melanocortin 

receptor, and under its infl uence, a yellow pigment is 

expressed. Th e observation that a mutation that results 

in ubiquitous inappropriate expression of the agouti 

gene in mice also produces obesity, led to the discovery 

that neurons in the arcuate nucleus express a similar 

protein, the  agouti-related protein  (AGRP) that competes 

with  α -MSH for binding to melanocortin receptors 

in hypothalamic neurons. AGRP and neuropeptide Y 

are coexpressed in arcuate neurons, and their combined 

actions provide a strong drive for food intake.  

      ●      Another appetite-suppressing peptide is the  cocaine 
and amphetamine regulated transcript (CART) , 
whose discovery arose out of studies of drugs of abuse. 

It is widely expressed in the brain including some 
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 FIGURE 8.21          Changes in energy expenditure after increase or decrease 

of body weight. Thirteen normal subjects were overfed a defi ned diet until 

their body weight increased by 10%. Eleven normal subjects were underfed 

until their body weight decreased by 10%. Both groups were then fed just 

enough to maintain their new weights for two weeks, at which time energy 

expenditure and lean body mass were measured. (Drawn from data of 

Leibel, R.L., Rosenbaum, M., Hirsch. (1995) Changes in energy expenditure 

resulting from altered body weight.  N. Engl. J. Med .  332 : 673–674.)    
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neurons in the arcuate nuclei that also express  α -MSH. 

Administration of CART inhibits the feeding response 

to NPY, and mice that are defi cient in CART become 

obese.  

      ●       Melanin concentrating hormone (MCH)  originally was 

described as the factor that opposes the melanophore 

dispersing activity of MSH in fi sh, but MCH also is 

expressed in neurons in the lateral hypothalamus. When 

administered to rodents, MCH stimulates feeding 

behavior and antagonizes the inhibitory eff ects of  α -

MSH. Unlike AGRP, MCH does not bind to the same 

receptor as  α -MSH. Fasting increases MCH expression, 

and absence of the MCH gene in mice results in 

reduction in body fat content.    

    Figure 8.23    illustrates the likely relationship of cells 

that produce and respond to these neuropeptides. In addi-

tion to releasing antagonistic neuropeptides at synapses 

with second order neurons, the NPY neurons form synapses 

with POMC neurons and release the inhibitory neurotrans-

mitter  γ -amino butyric acid (GABA). Other neuropeptides 

including corticotropin releasing hormone (CRH) and thy-

rotropin releasing hormone (TRH) and amine transmit-

ters that originate in the paraventricular nuclei and other 

brain loci also coordinate the complex regulation of feeding 

behavior with such energy-consuming processes as ther-

mogenesis, growth, and reproduction. Th e actions of CRH 

are not limited to activating the pituitary-adrenal axis, but 

CRH also plays an important role in communicating with 

autonomic centers and the dorsal vagal complex.   

    PERIPHERAL INPUT TO HYPOTHALAMIC 
FEEDING AND SATIETY NEURONS 

   Hypothalamic centers that regulate energy homeostasis 

receive input from multiple sources including signals from 

adipose tissue, the pancreas, the gastrointestinal tract, and 

circulating nutrients. Hormones whose production and 

actions are associated with monitoring the mass of adipose 

tissue stores are called  adiposity signals . Fuel intake and dis-

position also are regulated on a meal-by-meal basis, and the 

associated gastrointestinal hormones and neural mecha-

nisms are referred to as  satiety signals . Finally, circulating 

nutrients themselves are monitored by hypothalamic neu-

rons and provide input to energy homeostasis. 

    Adiposity signals 

    Leptin 

   Adipocytes communicate their degree of fullness to the 

hypothalamus and peripheral tissues by secreting a hormone 
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 FIGURE 8.23          Schematic 

drawing of the relationship 

between the principal neurons 

in the arcuate nuclei that control 

fuel consumption and energy 

utilization to each other and 

to their up- and downstream 

eff ectors.  NPY      �       neuropeptide 

Y;  NPYR      �       NPY receptor; 

 AGRP      �       agouti related 

peptide;  MCR4      �       melanocortin 

receptor 4 (MSH receptor); 

 MCH      �       melanin concentrating 

hormone;   α -MSH      �        α -

melanocyte stimulating 

hormone;  CART      �       cocaine and 

amphetamine related transcript; 

 GABA      �       gama amino butyric 

acid;  GnRH      �       gonadotropin 

releasing hormone; 

 CRH      �       corticotropin releasing 

hormone;  TRH      �       thyrotropin 

releasing hormone; 

 GHRH      �       growth hormone 

releasing hormone.    
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called  leptin . Leptin, which means  “ thin, ”  is expressed pri-

marily, but not exclusively, in adipocytes and was discovered 

as the missing factor in the phenotype of severe obesity and 

hyperglycemia in a strain of obese mice. Inactivating muta-

tions of the  ob  gene, which encodes leptin, or the  db  gene, 

which encodes its receptor, results in hyperphagia (excess food 

consumption), obesity, diabetes, impaired temperature regula-

tion, and infertility in rodents. In the very rare cases that have 

been reported in humans, mutation of the genes that code 

either for leptin or its receptor results in hyperphagia, morbid 

obesity, and impaired sexual development. When adminis-

tered to obese, leptin-defi cient mice or their human counter-

parts, leptin decreases body weight by reducing food intake 

and increasing energy utilization ( Figure 8.24   ). 

   Leptin is encoded as a 167 amino acid prohormone 

in the  ob  gene located on chromosome 7. Its tertiary struc-

ture resembles that of the class of cytokines and hormones 

that includes GH and prolactin. Leptin synthesis, storage, 

and mRNA content are highest in large adipocytes and cor-

relate with adipocyte size. Th e cellular mechanisms that are 

activated by fat cell enlargement are not understood. Some 

leptin is stored, perhaps in small submembranous vesicles, 

but processes of storage and secretion are not typical of 

endocrine cells and are incompletely understood. Leptin 

concentrations in blood correlate positively with body fat 

content ( Figure 8.25   ) consistent with its role as an indicator 

of the mass of fat stores. Secretion largely refl ects rates of 

synthesis, augmented by release of stored leptin in response 

to insulin. Insulin and cortisol act synergistically to increase 

leptin mRNA and synthesis, whereas GH, norepinephrine, 

or increased activity of the sympathetic nervous system 

decrease leptin production. 

   Blood levels of leptin also refl ect acute changes in 

nutritional state. Within hours after initiation of fasting, 

leptin concentrations decrease sharply and are restored by 

feeding. It is possible that leptin has an acute as well as a 

chronic function, and that a fall in blood leptin concentra-

tion acts as a starvation signal to increase food intake and 

initiate energy conservation. Plasma concentrations of leptin 

oscillate in a circadian pattern with highest levels found at 

night. Frequent spikes in leptin concentration in blood are 

indicative of synchronized pulsatile secretion, but how secre-

tion by diff usely distributed adipocytes is coordinated is not 

understood. More than 40% of the leptin in blood is bound 

to a soluble fragment of the leptin receptor. Leptin is cleared 

from the blood primarily by the kidney with a half-life of 

about four hours. 

   Th e leptin receptor, like receptors for GH and prolac-

tin, belongs to the class of transmembrane cytokine recep-

tors that signal by activating the cytosolic tyrosine kinase 

JAK2 and regulating gene expression via STAT3, and signal 

acute events downstream from phosphatidyl inositol-3 

kinase (see Chapter 1). Multiple splice variants of the leptin 

receptor mRNA give rise to diff erent isoforms, including one 

that circulates as a soluble protein bound to leptin. Other 

isoforms have truncated cytoplasmic domains, but only the 

form with the full-length cytoplasmic tail appears to be 

capable of signaling. Truncated forms, which are expressed 

in vascular endothelium and the choroid plexus may serve 

a transport function to facilitate passage of leptin across the 

blood–brain barrier and thus deliver leptin to target cells in 

the central nervous system. 
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 FIGURE 8.25          Leptin concentrations in blood plasma correlate with body 

fat content in 500 human subjects. (From Caro, J.F., Sinha, M.K., Kolaczynski, 

J.W., Zhang, P.L., Considine, R.V. (1996) Leptin: The tale of an obesity gene. 

 Diabetes   45 : 1455–1462.)    
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 FIGURE 8.24          Eff ects of leptin in leptin-defi cient mice. Body weights of 

female obese mice treated with saline (Control) or 270        μ g of leptin/day 

were compared to body weights of obese mice treated with saline, but 

were fed an amount of food equal to that consumed by the leptin-treated 

mice (pair-fed). Note that the loss of body weight produced by leptin was 

not accounted for simply by decreased food intake. (From Levin, N., Nelson, 

C., Gurney, A., Vandlen, R., de Sauvage, F. (1996) Pair-feeding studies provide 

compelling evidence that the ob protein exerts adipose-reducing eff ects 

in excess of those induced by reductions in food intake.  Proc. Natl. Acad. Sci. 

USA   93 : 1726–1730.)    
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   Neurons in the arcuate nuclei of the hypothalamus are 

major targets for leptin, but leptin receptors also are found 

in neurons of the paraventricular, ventromedial, and dorso-

medial nuclei of the hypothalamus, in the brainstem, and 

in the hippocampus. Leptin activates nonspecifi c ion chan-

nels in the membranes of POMC neurons causing them to 

depolarize and release  α -MSH and CART from synaptic 

terminals. It also stimulates synthesis of these neuropep-

tides. Simultaneously leptin suppresses synthesis of NPY 

and AGRP in nearby NPY neurons and activates potassium 

channels. Th e resulting hyperpolarization of their plasma 

membranes blocks the synaptic release of NPY and AGRP 

as well as the inhibitory neurotransmitter gamma amino 

butyric acid (GABA). Blockade of GABA release augments 

the stimulation of POMC neurons by removing a restrain-

ing infl uence in a typical push–pull type of mechanism as 

described in Chapter 5. Because projections of these arcuate 

neurons directly or indirectly signal to neurons in the lateral 

hypothalamus, leptin also indirectly inhibits MCH secretion 

and further blunts the drive for food intake. Projections to 

the paraventricular nuclei activate corticotropin releasing 

hormone (CRH) neurons that communicate with autonomic 

centers to stimulate energy utilizing processes. Th e overall 

result of these positive and negative actions is a decrease in 

food intake and an increase in energy expenditure. Further 

communication between leptin target neurons and hypo-

physiotropic neurons in the arcuate and paraventricular 

nuclei integrates nutritional status with pituitary-dependent 

process of growth and development, reproduction, lactation, 

and adrenocortical functions. 

    Other eff ects of leptin 

   Leptin receptors also are found in many cells outside of the 

central nervous system. Adipocytes express leptin receptors 

and increase their rates of lipolysis in response to autocrine 

stimulation. Leptin acts directly on pancreatic beta cells and 

inhibits insulin synthesis and secretion. Leptin and insulin 

are participants of a negative feedback arrangement between 

beta cells and adipocytes in which stimulation of leptin 

secretion by insulin leads to inhibition of insulin secretion 

by leptin. Th is relationship may contribute, albeit weakly, 

to maintenance of regulation of adipose tissue mass, which 

increases in response of insulin. In muscle, leptin activates 

AMPK and thereby increases the oxidation of fatty acids 

and the uptake of glucose. Th e presence of leptin recep-

tors in the gonads suggests that peripheral actions of leptin 

may complement the fertility-promoting eff ects exerted at 

the hypothalamic level. Other peripheral eff ects of leptin 

include actions in bone marrow to promote hematopoiesis 

and actions in capillary endothelium to increase angiogen-

esis (blood vessel formation).   

    Insulin as an adiposity signal 

   Until now we have considered insulin as the promoter of fat 

storage and defender of body fuel reserves. It may therefore 

seem paradoxical that insulin also acts as an adiposity sig-

nal that may limit accumulation of fat reserves. On average, 

plasma concentrations of insulin, like those of leptin, are pro-

portional to adipose mass, and secretion of both hormones is 

reduced during fasting and inhibited by sympathetic nervous 

stimulation. Consistent with other homeostatic negative 

feedback mechanisms, the increase in insulin secretion 

evoked by eating might be expected to limit further food 

intake. It may be recalled that hyperphagia (excessive food 

intake) is one of the hallmarks of untreated insulin defi -

ciency. Actions of insulin on arcuate neurons virtually dupli-

cate the actions of leptin. Both the NPY and the POMC 

neurons express insulin receptors and respond to insulin 

with a decrease in NPY and AGRP release and an increase 

in  α -MSH and CART release. However, insulin cannot 

substitute for leptin as witnessed by the severe consequences 

of leptin defi ciency even in hyperinsulinemic subjects. 

   To serve as an adiposity signal insulin secretion must 

be infl uenced by adipose tissue in a way that is proportion-

ate to its mass. Even in the fed state adipose tissue releases 

some FFA and the total amount that enters the bloodstream 

refl ects the overall mass of adipose tissue. Free fatty acids, 

perhaps acting through G-protein coupled receptors in the 

beta cell membrane, or perhaps through eff ects on beta cell 

metabolism, amplify insulin secretion in response to cir-

culating concentrations of glucose. At the same time, FFA 

decrease the sensitivity of muscle and liver to the eff ects of 

insulin. Increased availability of FFA limits metabolism of 

glucose in muscles and stimulates hepatic gluconeogen-

esis, thereby countering insulin’s inhibitory eff ect on glucose 

production. In addition, adipose tissue secretes a variety of 

peptides that further decrease insulin sensitivity. In compen-

sation, and to maintain plasma glucose concentrations within 

the physiological range ( Figure 8.26   ) pancreatic beta cells 

increase their secretion of insulin. Normal homeostatic regu-

lation of metabolism is maintained as long as the beta cells 

remain competent and can secrete enough insulin to com-

pensate for decreased sensitivity. Failure to keep pace with 

the decrease in sensitivity results in type 2 diabetes mellitus. 

   With the prevalence of obesity in contemporary soci-

ety, it appears that insulin and leptin are not very eff ective in 

maintaining constancy of lipid stores. Two possible expla-

nations have been off ered to account for this. Th e  “ thrifty 

gene ”  hypothesis holds that because mammals evolved in 

environments of nutrient scarcity, mechanisms for storing 

excess calories in the rare times of plenty took precedence 

over maintaining leanness. Traits that promoted nutrient 

storage are essential for successful reproduction and survival, 
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vascular elements, macrophages, and other immune cells that 

populate the adipose depots. Many of these adipokines are 

associated with immune responses, infl ammation, hemosta-

sis, and blood pressure regulation, and have been studied in 

the context of obesity and its pathological sequellae, which 

include type II diabetes (see Chapter 7) and the metabolic 

syndrome. Th eir increased production in obesity may be a 

refl ection of the dysfunctional state of hypertrophied adi-

pocytes and the mild infl ammation that is associated with 

this condition. Adipokines, whose elevated plasma levels are 

associated with cardiovascular complications and type 2 dia-

betes, seem to be produced in greater abundance by visceral 

(intra-abdominal) adipose tissue depots than by subcutaneous 

depots. Th eir roles, if any, in normal physiology and energy 

homeostasis are not understood. We consider only a few of 

these peptides whose physiological roles are apparent in the 

context of energy homeostasis. Th e interested student can 

fi nd additional information concerning these adipose tissue 

products in the reviews listed at the end of this chapter. 

    Tumor Necrosis Factor  α  (TNF- α ) 

   Tumor necrosis factor- α  is a cytokine that usually is asso-

ciated with macrophages and immune and infl ammatory 

responses (see Chapter 4). It is also expressed in adipocytes 

and the macrophages that populate adipose tissue. TNF- α  

is synthesized as a 26       kDa transmembrane protein and is 

cleaved to release a 17       kDa protein that then trimerizes to 

its 51       kDa active form. Increased TNF- α  is associated with 

decreased food intake in a variety of pathological states. 

Although it circulates in blood and can cross the blood–

brain barrier, it does not appear to aff ect hypothalamic feed-

ing centers directly. TNF- α  is overexpressed in obesity, and 

its plasma concentrations correlate with both the mass of 

adipose tissue and degree of insulin resistance. In normal 

physiology, adipocyte-derived TNF- α  acts mainly in an 

autocrine or paracrine capacity that can be viewed as pro-

tecting against expansion of the adipose tissue depots. It 

increases basal lipolysis and the release of FFA and decreases 

uptake and esterifi cation of circulating lipids by downregu-

lating lipoprotein lipase and GLUT4. TNF- α  disrupts insu-

lin signaling by promoting phosphorylation and inactivation 

of insulin receptor substrates. TNF- α  indirectly reduces food 

intake by increasing leptin production and decreasing insulin 

sensitivity.  

    Interleukin-6 (IL-6) 

   Interleukin-6 is another cytokine that is produced by 

immune cells and usually is associated with infl ammation. 

It is a member of the superfamily of cytokines that includes 

leptin, GH, and prolactin, and is produced and secreted in 

proportion to adipose mass. In obesity as much as one-third 
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 FIGURE 8.26          Twenty-four-hour profi les of plasma concentrations of 

glucose and insulin in 15 obese and 14 age- and sex-matched normal 

subjects. The greater excursions of insulin values in the obese despite 

virtually identical levels of blood glucose are indicative of decreased 

sensitivity of liver, muscle, and adipose tissue to the actions of insulin. 

(From Polonsky, K., Given, B.D., and Van Cauter, E. (1988) Twenty-four-hour 

profi les and pulsatile patterns of insulin secretion in normal and obese 

subjects.  J. Clin. Invest.   81 : 442–448.)    

whereas those that favored leanness had little survival value. 

Consequently, leptin and insulin may be eff ective in regu-

lating energy expenditure at the relatively low plasma con-

centrations produced in circumstances ranging from fasting 

to what we would consider normal nutrition. Beyond this 

point, regulatory capacity may be saturated and the higher 

concentrations produced by the overexpanded adipose mass 

may have little eff ect. Alternatively, the high circulating 

concentrations of leptin and insulin may lead to hormone 

resistance at the level of the hypothalamus, much like the 

insulin resistance of peripheral insulin targets.  

    Adipokines 

   In addition to its role as the body’s fuel tank, adipose tis-

sue secretes more than 50 biologically active peptides called 

 adipokines . Some adipokines are produced by the adipocytes 

themselves; others are secreted by the various stromal and 
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of the IL-6 that circulates in plasma arises in adipose tissue. 

IL-6 is synthesized mainly in the stromal and vascular cells 

rather than adipocytes, and is produced more abundantly 

in intraabdominal fat depots than in subcutaneous depots. 

Its production increases acutely in response to eating. IL-

6 acts both as a circulating hormone and a local paracrine 

factor. In adipose tissue, IL-6 increases lipolysis and leptin 

secretion, decreases expression of lipoprotein lipase, and 

interferes with insulin signaling. In the central nervous sys-

tem IL-6 increases energy expenditure, but paradoxically, 

although secretion and plasma concentrations are increased 

in obesity, concentrations of IL-6 within the brain are 

decreased in animal models of obesity.  

    Adiponectin 

   Adiponectin is produced exclusively in adipocytes and is 

more abundant in plasma than any other peptide hormone. 

It was discovered simultaneously in several diff erent labs 

and given diff erent names by each, but adiponectin is now 

its generally accepted name. It is synthesized as a 248 amino 

acid protein including a 16 amino acid signal sequence. 

Prominent structural features include a collagen-like domain 

and a C-terminal globular domain whose three-dimensional 

shape resembles that of the unrelated cytokine, TNF- α . 

Adiponectin monomeric units self-assemble into homotrim-

ers, which are the primary secreted form. Th e trimers in turn 

assemble into high molecular weight complexes of 6, 12, or 

18 monomeric units. 

   Posttranslational processing includes glycosylation 

and hydroxylation that, along with formation of high 

molecular weight complexes, appear to be required for max-

imal biological activity. In sharp contrast to the adipokines 

discussed earlier, adiponectin production and its plasma 

concentrations are highest when the adipose mass is small 

and decrease as the adipose mass increases. TNF- α  and IL-

6 inhibit adiponectin secretion, and their secretion in turn 

may be inhibited by adiponectin. Adiponectin secretion is 

increased by the class of drugs called thiazolidinediones, 

which activate PPAR γ , and are used therapeutically for 

treating type 2 diabetes. 

   Adiponectin has both peripheral and central eff ects 

on energy metabolism. Peripherally, it is an insulin sensi-

tizer. It activates AMPK in muscle and liver and decreases 

plasma glucose, and FFA increases their uptake and oxi-

dation in muscle. Because AMPK blocks production and 

accelerates destruction of malonyl CoA, accumulated lipid 

metabolites are oxidized and their inhibitory eff ects on 

glucose metabolism are reduced. In the liver, adiponectin 

suppresses expression of gluconeogenic enzymes and reduces 

hepatic glucose production. Its autocrine eff ects on adi-

pocytes include enhanced activity of lipoprotein lipase lead-

ing to increased uptake and storage of lipids and decreased 

plasma triglycerides. In combination, these actions increase 

insulin sensitivity and lower circulating concentrations of 

insulin. 

   Adiponectin receptors are present in neurons in the 

paraventricular nucleus. Th ese neurons receive input from 

arcuate POMC and NPY neurons as well as direct input 

from leptin. Paraventricular neurons including corticotro-

pin-releasing hormone (CRH) neurons communicate with 

autonomic centers implicated in energy utilization. When 

injected directly into the brains of experimental obese ani-

mals, adiponectin excited pathways leading to increased 

energy expenditure in much the same manner as leptin, but 

did not inhibit or stimulate food intake. Adiponectin and lep-

tin appear to work in concert to increase energy expenditure.    

    Satiety signals 

   Adiposity signals by and large operate on a long time 

scale and monitor accumulation or depletion of fat stores. 

Storage of excess calories also depends upon the frequency 

and duration of food intake. Food intake is monitored on 

a meal-to-meal basis and is reported to the brain by sig-

nals that arise from the gastrointestinal tract. Chemo- and 

mechanosensors in endocrine cells or neurons embedded in 

the walls of the stomach and intestines monitor volume and 

composition of luminal contents and generate hormonal or 

neural signals ( Figure 8.27   ). Gastrointestinal hormones that 

act as satiety signals are discussed in Chapter 6 and are listed 

in  Table 8.1   . Ghrelin is the only peripheral orexigenic (pro-

moter of food intake) signal thus far known. Its secretion 

GI tract

Energy
expenditure

Food
intake

Pancreas

Brain

Adipocytes

Adiposity

signals

Satiety

signals

Nutrients

Hunger
signal

 FIGURE 8.27          Overall regulation of energy balance. Ghrelin is the only 

known hunger signal arising from gut. All other input from the GI tract 

signal satiety. Leptin and insulin are the principal adiposity signals.    
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increases just prior to eating and, although duodenal glu-

cose and fatty acids inhibit its secretion, factors that increase 

ghrelin secretion are unknown. 

   Except for ghrelin, peripheral satiety factors, both 

hormonal and neuronal, operate to limit meal size. Th e 

sites of integration of satiety signals are in the hind-

brain in regions that include the nucleus of the tractus 

solitarius (NTS), the area postrema, and the dorsal motor 

nucleus of the vagus. Th is region also receives input relat-

ing to gastric or intestinal distension from vagal and spinal 

aff erents, and information regarding the taste, texture, and 

smell of food from cranial nerves. Th ere is strong evidence 

for bidirectional communication between the arcuate and 

paraventricular nuclei and the NTS, and that adiposity sig-

nals modulate responsiveness to satiety signals. Leptin and 

insulin increase sensitivity to the inhibitory eff ects of CCK 

and other hormonal satiety signals on food intake. Neurons 

in the NTS express receptors for leptin and insulin; these 

hormones may modulate satiety responses either through 

direct actions or by way of projections from hypothalamic 

neurons. Th e NTS also receives neural input from  α -MSH 

and GLP-1 secreting neurons, which may be intermediaries 

between the arcuate and hindbrain feeding centers. Eating 

is a voluntary act and input from higher brain centers 

driven by hedonic or emotional impulses converge on the 

hindbrain feeding center ( Figure 8.28   ).  

    Perspective 

   Th e obvious importance of controlling obesity from an 

economic as well as a public health point of view has 

engendered a frenzy of research in this area. In addi-

tion, technological advances that allow targeted knock 

out, knock in, and knock down of specifi c genes provides 

unprecedented capacity to study both central and peripheral 

regulatory mechanisms. Nevertheless, much remains to be 

 TABLE 8.1          Peripheral Satiety Factors  

   Hormone      Source   
 Food 

 Intake  Target Cells   

   Ghrelin  Gastric X/A 

cells 

  ↑   Arcuate NPY cells, 

dorsal vagal complex, 

gastric vagal aff erent 

neurons 

   CCK  Duodenal 

I cells 

  ↓   Vagal aff erent 

neurons and the area 

postrema 

   Glucagon-like 

peptide 1 

 Ileal L cells   ↓   Paraventricular 

nucleus, area 

postrema, nucleus of 

the tractus solatarius, 

vagal aff erent neurons 

   Oxyntomodulin  Ileal L cells   ↓   Arcuate nucleus 

   Peptide YY  Ileal L cells   ↓   Arcuate NPY cells, 

area postrema 

   Pancreatic 

polypeptide 

 Pancreatic 

F cells 

  ↓   Area postrema 

   Amylin  Pancreatic  

β  cells 

  ↓   Area postrema 
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Insulin
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OXM
PYY
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Prl CCK

GLP-1
PPP
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 FIGURE 8.28          Major routes of 

communication in the regulation 

of energy balance. Cross talk 

between the hypothalamus 

and the dorsal vagal complex 

integrates input from adiposity 

and satiety signals. The dorsal 

vagal complex includes the 

area postrema, the nucleus of 

the tractus solitarius, and the 

dorsal motor nucleus of the 

vagus.  IL-6      �       interleukin 6; 

 CRH      �       corticotropin releasing 

hormone;  MCH      �       melanin 

concentrating hormone; 

 OXM      �       oxyntomodulin; 

 PYY      �       peptide YY;  CCK      �       

cholecystokinin;  GLP-1      �        

glucagon-like peptide-1; 

 PPP      �       pancreatic polypeptide.    
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learned, and new and exciting fi ndings are reported with 

increasingly frequency. Students interested in these issues 

are urged to keep abreast of new developments through 

review articles appearing in some of the journals listed at 

the end of this chapter.    
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      Regulation of Salt and Water Balance  

   Sodium and water balance are precisely regu-

lated by the endocrine system. Osmolality      1    of 

the extracellular fl uid is monitored and adjusted 

by regulating water excretion by the kidney 

in response to antidiuretic hormone (ADH), 

which is secreted by the posterior lobe of the 

pituitary gland. Constancy of blood osmolality 

ensures constancy of cellular volume, but if it 

were attained only by adjusting water retention, 

the vascular volume would fl uctuate widely. 

Th erefore, blood volume must also be precisely 

regulated so that it is suffi  cient to ensure per-

fusion of body tissues but not so expanded that 

blood pressure is increased. Because sodium is 

the major electrolyte in extracellular fl uid, main-

tenance of vascular volume depends on main-

tenance of sodium balance. Renal mechanisms 

that govern retention or loss of sodium are 

regulated by the renin-angiotensin-aldosterone 

system and the atrial natriuretic factor. ADH 

also contributes directly to volume regulation, 

and when demands for constancy of osmolal-

ity are in confl ict with demands for constancy 

of volume, the latter prevail. Th ese hormonal 

mechanisms operate largely by regulating renal 

function, but they also regulate salt and water 

intake and vascular tone. 

    GENERAL CONSIDERATIONS 

   All cells of the body have an uninterrupted 

requirement for nutrients and oxygen, and pro-

duce waste materials. In addition, many cells 

must receive signals from other parts of the body 

to perform their specialized tasks, which in some 

cases includes production of some product that 

must be transported to other specialized cells. Th e 

cardiovascular system accommodates these nutri-

tive, excretory, and communicative needs. Blood 

readily equilibrates  with the fl uid that bathes 

each cell and thereby preserves the integrity of 

the extracellular environment, delivers chemical 

messages, and transports excretory and secretory 

products. Th e integrity of the blood is restored 

as it fl ows through organs such as kidneys, lungs, 

and liver, whose specialized functions renew the 

blood’s composition and maintain its constancy. 

   Perfusion of tissues is ensured by main-

taining both a suffi  cient volume of arterial blood 

and adequate pressure to drive it through the 

capillaries. Blood fl ow to a region is matched to 

changing requirements of cells by locally initi-

ated adjustments in arteriolar tone. Circularly 

oriented smooth muscle cells in arterioles relax 

in response to products of cellular metabolism 

and thus decrease resistance to fl ow. Increased 

fl ow washes away accumulated products, and 

with removal of the signal for vasodilation, 

arterioles regain their former tone. Th e circula-

tory system can thus be viewed as a central res-

ervoir of pressurized fl uid that can be tapped on 

  9 

1Osmolality is defi ned as the concentration of a solution 
expressed in osmoles of solute particles per kilogram of 
water. An osmole is the gram molecular weight of a solute 
divided by the number of particles into which it dissociates 
in solution.
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demand at any locale to provide needed renewal of the cel-

lular environment. 

   Several factors go into maintenance of the central res-

ervoir of pressure: (1) the beating of the heart that provides 

energy; (2) a high degree of arteriolar tone that slows dis-

sipation of the energy imparted by each beat of the heart; 

(3) low compliance of the arterial tree that allows pressure 

to build up; and (4) suffi  cient volume of blood that fi lls the 

system. Central control exerted through the autonomic 

nervous system provides the minute-to-minute adjustments 

to cardiac function and arteriolar constriction that main-

tain blood pressure relatively constant. Volume is regulated 

largely by the endocrine system, but volume and pressure are 

closely interrelated. Changes in volume can off set changes 

in arteriolar tone and vice versa to maintain constancy or at 

least adequacy of the central pressure reservoir. It is not sur-

prising, therefore, that hormones that play decisive roles in 

regulating blood volume also constrict or dilate arterioles. 

   Permeability of capillaries to small molecules allows 

blood in the vascular compartment to equilibrate quickly 

with interstitial fl uid. Blood and interstitial fl uid together 

comprise the extracellular compartment, which contains 

about one-third of total body water ( Figure 9.1   ). Water dis-

tributes freely between the vascular compartment and the 

interstitial compartment, usually in a ratio of 1:3. In some 

pathological states, however, the interstitial compartment 

becomes disproportionately enlarged, and  edema  may be 

considerable. Major determinants of this distribution are the 

protein content of plasma (colloid osmotic pressure), princi-

pally albumin, and blood pressure within the capillaries. It 

appears that the volume of the interstitial compartment is 

not directly monitored or regulated. Rather, control of inter-

stitial volume is achieved indirectly by controlling pressure, 

composition, and volume of the vascular compartment. 

   Th e volumes of fl uid in the intracellular and extra-

cellular compartments also are determined by their solute 

contents. With a few important exceptions in the kidney, 

biological membranes are freely permeable to water. Net 

movement of water into or out of cells is determined by the 

osmotic gradient. Osmotic fl ow of water is independent of 

the identity of solutes and responds simply to the discrep-

ancy in number of solute particles (osmolytes) on either side 

of the cell membrane. Addition or depletion of water in one 

compartment therefore is followed by compensatory changes 

in the other. Concentrations of particular solutes on the 

extracellular or intracellular sides of the plasma membrane 

are diff erent, however, and are determined by the properties 

of the membrane. 

   Th e major intracellular cation is potassium, whose 

concentration in cellular water is about 30 times higher than 

that in extracellular water. Th e major extracellular cation is 

sodium, which is present at more than ten times its intracel-

lular concentration. Blood plasma is in osmotic equilibrium 

with interstitial and intracellular fl uids; therefore regulation 

of plasma osmolality regulates total body osmolality. Because 

sodium is the major contributor to the osmolality of blood, 

and because it is largely excluded from the intracellular com-

partment, changes in sodium balance can change both the 

distribution of body water and its total volume. Th us, homeo-

static regulation of blood volume depends on regulation of 

intake and excretion of sodium as well as water.  

    SALT AND WATER BALANCE 

   Salt and water balance are maintained remarkably constant 

despite wide variations in intake and loss of both sodium 

and water. Intake of sodium may vary from almost none in 

salt-poor environments to several grams during a binge of 

potato chips and pretzels. Output is primarily in urine, but 

smaller losses are also incurred in sweat and feces. Large 

losses can result from excessive sweating, vomiting, diarrhea, 

burns, or hemorrhage. Th e kidney is a powerful regulator of 

sodium output and can preserve sodium balance even when 

daily intake varies over the 4,000-fold range between 50       mg 

and 200       g. 

   Under basal conditions the typical adult turns over 

about 1.75 liters of water each day. Most of it originates 

in the diet in the form of solid and liquid foods, and the 

remainder is formed metabolically from the oxidation of 

carbohydrate and fat. Unavoidable losses occur by evapora-

tion from the lungs and skin, as well as by elimination of 
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 FIGURE 9.1          Distribution of body water and principal electrolytes. 

Note that water and electrolytes equilibrate freely between plasma and 

interstitial fl uid, but only water equilibrates between the intracellular and 

extracellular compartments. The electrochemical gradient for sodium is 

maintained by the activity of the sodium/potassium ATPase.    
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wastes in the urine and feces. Environment, climate, daily 

activities, and personal habits impose additional needs for 

either intake or excretion that must be perfectly off set to 

maintain physiological balance. So long as intake exceeds 

obligatory losses, balance can be achieved by controlling 

excretion. Intake, however, is a voluntary act and varies 

widely. Th irst and salt appetite are increased when intake 

falls below the amount needed to maintain balance. 

   Blood volume is monitored indirectly, primarily as a 

function of pressure. Th e concentration of sodium, which 

is the principal osmolyte of plasma and the primary deter-

minant of blood volume, is monitored only indirectly as a 

function of osmolality. Th e kidney is the primary eff ector of 

regulation, and at least four hormones—ADH, aldosterone, 

angiotensin II, and atrial natriuretic factor (also called atrial 

natriuretic peptide, ANP)—are used to signal regulatory 

adjustments. To understand how these hormones regulate 

water and electrolyte balance, we fi rst consider briefl y some 

aspects of renal function. 

   Each human kidney contains about one million  neph-
rons  ( Figure 9.2   ), which are the functional units that adjust 

the composition of the urine, and hence the blood, by selec-

tive reabsorption or secretion of solutes from the ultrafi l-

trate of plasma formed at each  glomerulus . Each glomerulus 

contains a specialized tuft of capillaries situated within the 

swollen proximal end of the nephron. Glomerular capillaries 

lie between two resistance vessels, an  aff erent arteriole , which 

brings blood to them, and an  eff erent arteriole , which carries 

blood away. Eff erent arterioles give rise to a second capillary 

network, the peritubular capillaries in the cortex or the vasa 

rectae in the medulla. 

   Because blood pressure in the glomerular capillaries is 

relatively high and their endothelium is specialized for fi l-

tration, a large volume of nearly protein-free fl uid ( � 180       L/

day) fi lters through the endothelium to become the precur-

sor of the urine. Th e increased concentration of proteins in 

post-glomerular blood provides a strong colloid osmotic 

force for absorption of interstitial fl uid into peritubular 

capillaries and the vasa rectae. About 99% of the glomer-

ular fi ltrate is reabsorbed, driven through the tubular epi-

thelium by the osmotic forces created by active transport of 

sodium. Because so large a volume of fl uid is processed each 
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 FIGURE 9.2          Schematic representation of renal tubules and their component parts. (Modifi ed from Kriz, W. (1988) A standard nomenclature for structures of 

the kidney.  Am. J. Physiol.   254 : F1–F8.)    
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day, changes in tubular transport mechanisms that aff ect 

reabsorption of only a few percent of the fi ltered sodium 

or water are suffi  cient to maintain homeostasis. Likewise, 

small changes in intrarenal blood pressure or fl ow can infl u-

ence both fi ltration and reabsorption and provide an addi-

tional means of regulating renal function. 

   Initial processing of the glomerular fi ltrate takes place 

in the  proximal convoluted tubule  where about two-thirds of 

the sodium and water are reabsorbed isosmotically, driven 

by sodium-coupled transport of glucose, amino acids, phos-

phate, bicarbonate, and other solutes. Th e electrochemical 

gradient for sodium across the luminal membrane of the 

tubular cells provides the driving force for sodium-cou-

pled uptake of these compounds. Energy that maintains 

the sodium gradient is provided by the sodium-potassium 

ATPase located in the basolateral membranes of these cells. 

Th is enzyme  “ pumps ”  out three ions of sodium in exchange 

for two ions of potassium. Passive movements of potassium 

and other ions maintain electrical neutrality, and the passive 

movement of water created by accumulation of solutes in 

the interstitium drives the reabsorption of water. Although 

multiple diff erent cotransporters, exchangers, and ion chan-

nels are present in diff erent portions of the nephron, the 

general pattern of passive uptake of sodium at the luminal 

surface coupled by active sodium/potassium exchange at the 

basolateral surfaces accounts for virtually all of renal tubular 

renal reabsorptive activity. 

   Th e volume of the glomerular fi ltrate is further reduced 

by about 20 to 25% in the  loop of Henle , which is shaped like 

a hairpin, and doubles back on itself in the renal medulla. 

Th e loop of Henle consists of three functionally distinct seg-

ments: the  thin descending limb , which is freely permeable to 

water; the  thin ascending limb , which is permeable to sodium 

but impermeable to water; and the  thick ascending limb , which 

is also impermeable to water and which actively transports 

sodium chloride from the tubular lumen to the interstitium. 

Because sodium chloride is transported while water is held 

back, the solute concentration of the interstitium is increased, 

while the fl uid in the thick ascending limb is diluted. Water 

leaves the thin descending limb and equilibrates rapidly 

with the sodium chloride-enriched interstitial fl uid and 

hence luminal fl uid becomes increasingly concentrated as 

it fl ows by the thick ascending limb. Diff usion of sodium, 

but not water, out of the thin ascending limb increases the 

sodium concentration in the inner medullary interstitium. 

Th e combination of the geometry of Henle’s loop, selective 

permeability to water, active transport of sodium chloride in 

the thick ascending limb, and countercurrent fl ow of fl uid 

through the tubule sets up a  countercurrent multiplier eff ect  
that produces a gradient of increasing osmolality so that 

the interstitial sodium concentration in the inner medulla is 

more than twice that of plasma ( Figure 9.3   ). 

   Further reabsorption of solutes in the distal convo-

luted tubule, the connecting tubule, and the cortical portion 

of the collecting duct is partially under hormonal control 

and provides fi ne-tuning of the ionic composition of the 

urine, and hence the extracellular fl uid. Final steps in the 

processing of urine take place in the collecting ducts, which 

extend from the cortex through the deepest reaches of the 

medulla and empty into the renal pelvis. Fluid in the col-

lecting ducts passes through the interstitial osmotic gradi-

ent, which provides the driving force for water reabsorption 

and the production of a concentrated urine. Hormonally 

regulated permeability of the collecting ducts to water and 

urea determines the fi nal composition of the urine.  

    ANTIDIURETIC HORMONE (ADH) 

   Antidiuretic hormone (ADH) is another name for arginine 

vasopressin (AVP), discussed in Chapters 2 and 4. ADH is 
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synthesized in magnocellular hypothalamic neurons in the 

supraoptic and paraventricular nuclei. Axons of these cells 

pass down the pituitary stalk and terminate in the poste-

rior lobe of the pituitary gland from whence the hormone is 

secreted. As we have seen, the same peptide also is produced 

by other hypothalamic neurons and may act as a hypophysi-

otropic hormone (see Chapter 4) or as a neurotransmitter. 

ADH is the hormone that signals the kidney to conserve 

water when plasma osmolality is increased or when plasma 

volume is decreased. Th e name ADH describes the prompt 

decrease in urine volume that follows hormone administra-

tion. Th e name AVP refers to the acute increase in blood 

pressure seen as a result of arteriolar constriction produced 

when the hormone is administered in suffi  cient dosage. 

   Antidiuretic eff ects are seen at lower hormone con-

centrations than vasoconstrictor eff ects. Th e two actions of 

the hormone are produced by two diff erent G-protein cou-

pled receptors. Th e V1 receptor is coupled through G α  q  β  γ  

to phospholipase B and therefore signals through the diacyl-

glycerol/inositol trisphosphate second messenger system 

(see Chapter 1) and produces its vasopressor eff ect by con-

stricting vascular smooth muscle. Th e antidiuretic eff ect is 

produced by the V2 receptor, which signals through G α  s  β  γ  

to activate adenylyl cyclase and cyclic AMP production in 

renal tubular cells ( Figure 9.4   ). 

    Antidiuretic eff ect 

   Osmolality of blood plasma can be increased or decreased 

by adjusting the proportion of water relative to solute that 

is excreted in the urine, and thus produce reciprocal changes 

in the osmolality of the urine. Water that is reabsorbed 

or excreted in excess of solute is referred to as free water. 

Conservation of free water lowers, whereas excretion of 

 free water  raises plasma osmolality. As already mentioned, 

the geometry of the nephron and the permeability charac-

teristics of some segments provide a mechanism for vary-

ing water reabsorption without an accompanying change in 

sodium reabsorption. Antidiuretic hormone conserves free 

water by increasing collecting duct permeability to water. 

As a result of sodium chloride reabsorption by the water-

impermeable thick ascending limb and distal tubule, fl uid 

that enters the collecting ducts from Henle’s loop is hypo-

osmolal. As it fl ows through the cortical and medullary 

collecting ducts toward the renal pelvis it passes through 

regions of increasing osmolality, but in the absence of ADH, 

the tubules are impermeable to water and urea so that the 

low solute concentration is preserved, and a relatively large 

volume of dilute urine is excreted. In the presence of ADH, 

the collecting ducts in the cortex and outer medulla become 

permeable to water but remain impermeable to urea. As a 

consequence of water reabsorption, the concentration of 

urea in the terminal regions of the collecting ducts may 

become as high as 700       mM compared to about 15       mM in 

plasma. In this region ADH increases the permeability of 

the principal cells to urea as well as water. Urea can then 

diff use out the collecting ducts and into the interstitium 

where it provides about half of the total osmolytes at the tip 

of the medullary papilla. 

   Plasma membranes of most cells are permeable to 

water because of the presence of specialized proteins, called 

 aquaporins  (AQPs) that form water channels. At least four 

of these proteins (AQP-1,2,3, and 4) are expressed in mam-

malian kidneys. In the proximal convoluted tubule, water and 

solute are reabsorbed proportionally because AQP-1 is abun-

dantly expressed in both the apical and basolateral mem-

branes of tubular cells and because the intercellular junctions 

are leaky. Segments of the nephron that are impermeable to 

water, such as the ascending limb of the loop of Henle, do 

not express AQPs on their luminal surfaces. Aquaporin-3 

and AQP-4 are expressed by the principal cells of the col-

lecting ducts but only in the basolateral membranes. Th ese 

cells also express AQP-2, which may be found in their lumi-

nal membranes or in submembranous vesicles ( Figure 9.5   ). 

ADH stimulates an exocytosis-like process in which the 

AQP-2 bearing vesicles fuse with the luminal membrane 

and thus insert AQP-2 in much the same manner that insu-

lin increases the abundance of GLUT-4 in adipocyte mem-

branes (see Chapter 7). In the absence of ADH, AQP-2 is 

removed from the luminal membrane by endocytosis and 

stored in vesicular membranes. Th e presence of AQP-3 and 

AQP-4 in the basolateral surfaces of the principal cells allows 

intracellular fl uid to equilibrate rapidly with interstitial fl uid. 

   Water channels formed by AQP-2 do not allow pas-

sage of urea. Permeability to urea depends upon the presence 
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receptors signal by way of diff erent G-proteins.    
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of specialized urea transport proteins. ADH promotes the 

insertion of urea transporters into the luminal membranes 

of the principal cells in the terminal portions of the inner 

medullary collecting ducts in much the same way that it 

regulates AQP-2. Th ese eff ects of ADH depend upon the 

formation of cyclic AMP. V2 receptors are found in the 

basolateral membranes of the principal cells of the collect-

ing ducts and the cells of the thick portion of Henle’s loop. 

Substrates for cyclic AMP dependent protein kinase in the 

collecting ducts have not been identifi ed, but are thought to 

include proteins that regulate vesicle traffi  cking, and perhaps 

the urea transporters. Stimulation of water and urea perme-

ability is seen in less than 10 minutes after addition of ADH. 

On a longer time scale ADH increases transcription of the 

genes that encode AQP-2, AQP-3, and the urea transporter. 

   Additionally, ADH stimulates sodium reabsorp-

tion in the thick ascending limb of the loop of Henle and 

thereby increases the formation of the osmotic gradient that 

provides the driving force for water reabsorption in the col-

lecting ducts. In these cells protein kinase A catalyzes the 

phosphorylation and activation of the sodium, potassium, 2-

chloride transporter in the luminal membranes. Sodium that 

enters the cells by this route is extruded into the interstitium 

by the sodium/potassium ATPase, and chloride passes into 

the interstitium through chloride channels in the basolateral 

membranes. Potassium, which is available in luminal fl uid 

at much lower concentrations than sodium or chloride, is 

recycled back to the lumen by way of ROMK channels (see 

Chapter 4) in the luminal membranes. ADH may also stim-

ulate sodium reabsorption at more distal sites in the nephron.  

    Eff ects on blood pressure 

   Vasopressin may be the most potent naturally occurring 

constrictor of vascular smooth muscle. On a molar basis, 

it is at least ten times more active than norepinephrine or 

angiotensin II in stimulating contraction of isolated strips 

of artery. Increases in total peripheral resistance are observed 

at concentrations of ADH that fall within the upper part of 

the range that promotes water reabsorption. Small increases 

in peripheral resistance produced by ADH are not accompa-

nied by increased systemic blood pressure, however, because 

the baroreceptor refl exes mediate compensatory decreases 

in heart rate and cardiac output and because ADH may 

decrease cardiac contractility secondary to coronary arteri-

olar constriction. 

   Because not all arterioles are equally sensitive to it, 

ADH does not increase resistance uniformly in all vascular 

beds. Consequently, there is a redistribution of blood fl ow, 

which decreases most profoundly in skin and skeletal muscle. 

Redistribution can compensate for decreased blood volume 

by making a disproportionate share of the cardiac output 

available to essential tissues such as the brain. Arteriolar con-

striction also changes the distribution of fl uid between the 

vascular and interstitial compartments. It may be recalled that 
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fi ltration and reabsorption of fl uid in the capillaries are bal-

anced largely between the outward hydrostatic force and the 

inward colloid osmotic force. By constricting arterioles, ADH 

lowers downstream capillary and venular blood pressure, and 

thereby promotes net reabsorption of interstitial fl uid in skin 

and skeletal muscle. Intravascular volume increases, therefore, 

at the expense of the interstitial compartment.  

    Regulation of ADH secretion 

    Plasma osmolality 

   Th e most important stimulus for ADH secretion is an 

increase in blood osmolality. Little ADH is secreted so long 

as the osmolality of plasma remains at or below a threshold 

value of about 280       mOsm/liter. Osmoreceptors are exqui-

sitely sensitive and elicit increased secretion of ADH when 

the osmolality increases by as little as 1 to 2%. Above the 

osmolal threshold, the concentration of ADH in plasma 

changes in direct proportion to the increase in plasma osmo-

lality ( Figure 9.6   ) and decreases urine volume signifi cantly. 

   Th e fi nding that injection of a small volume of 

hyperosmotic fl uid into the internal carotid artery elicits 

ADH secretion even though peripheral osmolality remains 

unchanged indicated that osmolality is detected in the region 

of the hypothalamus. In rats, intracarotid injection of concen-

trated saline increased the electrical activity of nerve cells in 

the supraoptic and paraventricular nuclei. Osmoreceptive cells 

are thought to reside in the circumventricular organs, partic-

ularly the  organum vasculosum  and  subfornical organ  located 

in the vicinity of the third ventricle. Th is region lies outside 

the blood–brain barrier and derives its blood supply from 

the internal carotid artery. Axons project from this region to 

make synaptic connections with ADH-producing cells in 

the supraoptic and paraventricular nuclei and stimulate them 

to release hormone from nerve terminals in the posterior 

pituitary gland. Some evidence also indicates that the ADH-

producing neurons themselves may be directly activated by 

increased osmolality. In addition, peripheral input from cells 

in the area drained by the mesenteric and portal veins detect 

changes in osmolality associated with intestinal absorption 

and stimulate or inhibit ADH secretion through a neural 

pathway ( Figure 9.7   ). 

   Osmolality is detected as a change in volume of the 

whole cell or specialized vesicular components. Cells bounded 

by membranes that allow water to pass freely, but restrict 

movement of most solutes swell in a hypoosmotic environ-

ment and shrink when the extracellular fl uid is hyperosmotic. 

Hyperosmolality activates nonselective cation channels and 

causes the membrane to depolarize and generate an action 

potential. Conversely closure of these channels when the cell 

swells results in hyperpolarization. Sodium chloride, which is 

largely excluded from cells, is perhaps the most potent osmo-

lyte, as judged by its ability to increase ADH secretion; a 

more permeant molecule such as urea has only a small eff ect.  

    Blood volume 

   Changes in blood volume are sensed by receptors in both 

arterial (high pressure) and venous (low pressure) sides of 

the circulation. Volume is monitored indirectly as the ten-

sion exerted on stretch receptors located (1) on the arterial 

side, in the carotid sinuses and aortic arch; and (2) on the 

venous side in the atria and perhaps the thoracic veins. Low 

pressure receptors monitor central venous pressure, which 

can vary widely with redistribution of blood, as might occur 

with changes in posture, physical activity, and ambient tem-

perature. Central venous pressure can fall by as much as 10 

to 15% when an individual simply rises from a recumbent 

to an upright posture. Th us there is a wide range over which 

deviations in venous pressure are not reliable indicators of 

true variations in volume. Because of the extensive buff er-

ing capacity of the baroreceptor refl exes, changes in arterial 

pressure are seen only after large decreases in blood volume. 

Th us changes in volume of a few percent are diffi  cult to 

detect and do not elicit acute compensatory adjustments in 

fl uid balance. 
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 FIGURE 9.6          Relation between ADH and osmolality in plasma of 
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Robertson, G.L. and Berl, T. (1996) In  The Kidney , 5th ed., Brenner and Rector, 
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   At normal osmolality, ADH secretion is minimal so 

long as blood volume remains at or above its physiologi-

cal threshold or set point. Because volume receptors are 

not equipped to detect small changes, stimulation of ADH 

secretion is not initiated until a relatively large depletion 

has occurred. Th e minimal change needed for low pressure 

receptors to signal ADH secretion is a 10 to 15% reduc-

tion in volume. Similarly, a loss of 10 to 15% of the blood 

volume can occur before the threshold for high pressure 

volume receptors is reached. Secretion of ADH in response 

to a decrease in volume is thus an emergency response and 

not a fi ne-tuner of blood volume. Retention of free water 

alone is not an eff ective means of defending the plasma vol-

ume. Because it distributes in all compartments, only about 

1       ml of every 12       ml of free water retained remains in the 

vascular compartment. However, if volume falls below a 

critical threshold value, a potentially life-threatening event 

is perceived and vigorous secretion of ADH increases blood 

levels exponentially ( Figure 9.8   ). 

   Because the ADH-secreting cells of the supraoptic 

and paraventricular nuclei are stimulated by two inputs—

increased osmolality and decreased volume—they must be 

able to integrate these signals and respond appropriately. 

Decreases in volume or pressure heighten the sensitivity 

of the osmoreceptors and lower the threshold for ADH 

secretion in response to increased osmolality ( Figure 9.9   ). 

Both volume depletion and increased osmolality, as might 

result from dehydration for example, stimulate ADH secre-

tion and reinforce each other. Situations can arise, how-

ever, when inputs from osmotic and volume receptors are 

confl icting. As a general rule, osmolality is preferentially 

guarded when volume depletion is small. When volume loss 

is large, however, osmolality is sacrifi ced in order to main-

tain the integrity of the circulation.  

    Dysfunctional states 

   Th e disease state associated with a defi ciency of ADH is 

called  diabetes insipidus  and is characterized by copious pro-

duction of dilute urine. With this condition more than 20 

liters of water may be excreted per day. If not balanced by 

water intake, osmolality of body fl uids and the concentration 
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of plasma sodium increase dramatically and catastrophi cally. 

Th e term insipidus, meaning tasteless, was adopted to dis-

tinguish the consequences of ADH defi ciency from those 

of insulin defi ciency (diabetes mellitus) in which there is 

copious production of glucose-laden urine (see Chapter 7). 

 Nephrogenic diabetes insipidus  is the disease that results from 

failure of the kidney to respond to ADH and may result 

from defects in the V2 receptor, aquaporin-2, or any of the 

regulatory proteins that govern cellular responses to ADH. 

In the  syndrome of inappropriate secretion of ADH , ADH 

secretion is increased above baseline despite low plasma 

osmolality. Death may result from a profound dilution of 

plasma electrolytes because of excessive reabsorption of free 

water.    

    THE RENIN-ANGIOTENSIN-ALDOSTERONE
SYSTEM 

   As already described in Chapter 4, aldosterone is an adre-

nal steroid that plays a pivotal role in maintaining salt and 

water balance. Aldosterone is secreted by cells of the zona 

glomerulosa and acts primarily on the principal cells in the 

cortical collecting ducts to promote reabsorption of sodium 

and excretion of potassium. It may be recalled that aldos-

terone does not stimulate a simple one-for-one exchange 

of sodium for potassium in the nephron. Sodium reab-

sorption exceeds potassium excretion by the principal cells. 

However, because sodium and potassium reabsorption are 

governed by additional factors, the net eff ects of adminis-

tered aldosterone on sodium and potassium excretion in the 

urine diff er in diff erent physiological states. Retention of 

sodium obligates simultaneous reabsorption of water by the 

nephron and expands the interstitial and vascular volume 

accordingly. Th e eff ects of aldosterone to promote sodium 

retention by the kidney are augmented by similar eff ects on 

sweat and salivary glands and by a poorly understood eff ect 

on the brain that increases the appetite for sodium chloride. 

   Aldosterone secretion is controlled by  angiotensin II , 
whose complementary actions on a variety of target tis-

sues play a critical role in maintaining the central pressure:

volume reservoir. Angiotensin II is an octapeptide formed 

in blood by proteolytic cleavage of a circulating precursor, 

 angiotensinogen  ( Figure 9.10   ). Angiotensinogen is a glyco-

protein with a mass of about 60,000 to 65,000 depending 

upon its degree of glycosylation, and belongs to the ser-

ine protease inhibitor (SERPIN) superfamily of plasma 

proteins. It is present in blood at a concentration of about 

1       μM, and is constitutively secreted by the liver, which is 

the major, though not exclusive source of angiotensinogen 

in blood. Hepatic production of angiotensinogen varies in 

diff erent physiological conditions, but although its rate of 

cleavage to angiotensin is sensitive to changes in its concen-

tration, it is normally present in adequate amounts to satisfy 

demands for angiotensin production. 

   Th e initial cleavage of angiotensinogen, catalyzed by 

the enzyme  renin , releases the amino terminal decapeptide 

called angiotensin I. Angiotensin I is biologically inactive 

and is rapidly converted to angiotensin II by the angiotensin 

converting enzyme, often called ACE, which removes two 

amino acids from the carboxyl terminus to produce the 

biologically active octapeptide, angiotensin II. Angiotensin 

converting enzyme is an ectopeptidase that is anchored to 

the plasma membranes of endothelial cells by a short tail 

at its carboxyl terminus. It is widely distributed in vascular 

epithelium and may also be secreted into the blood as a sol-

uble enzyme. Angiotensin I is converted to angiotensin II 

mainly during passage through the pulmonary circulation, 

but some angiotensin II also is produced throughout the 

circulation including the glomerular capillaries. Th e reaction 

appears to be limited only by the concentration of angio-

tensin I. Th e rate of angiotensin II formation therefore is 

governed by the rate of release of angiotensin I from angi-

otensinogen, which in turn  is primarily regulated by secretion 
of renin by the kidneys . Angiotensin II has a very short half-

life and may be metabolized further to form angiotensin III 

and angiotensin IV by successive removal of the N terminal 

and C terminal amino acids. Some data indicate that these 

compounds may have biological activity, but their physi-

ological importance has not been established. 

   Renin is an aspartyl protease that is synthesized and 

secreted by the  juxtaglomerular cells , which are modifi ed 

smooth muscle cells in the walls of the aff erent glomerular 

arterioles. Th ese cells and cells of the  macula densa , which 

are located in the wall of the distal convoluted tubule of the 

nephron where it loops back to come in contact with its own 
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glomerulus, make up the  juxtaglomerular apparatus  ( Figure 

9.11   ). Prorenin is encoded by a single gene located on chro-

mosome 1 and is converted to its enzymatically active form 

by removal of a 43 amino acid peptide at the N terminus 

during maturation of its storage granules. Renin is secreted 

along with some prorenin by an exocytotic process that is 

activated in response to a decrease in blood volume. At the 

cellular level, this secretory process is stimulated by cyclic 

AMP and, contrary to most secretory processes, is inhibited 

by increased intracellular calcium. 

   Th ree diff erent, but related inputs signal increased 

secretion of renin: 

      ●      Juxtaglomerular cells are richly innervated by 

sympathetic nerve fi bers. Th ese fi bers are activated 

refl exly by a decrease in arterial pressure that is sensed 

by baroreceptors in the carotid sinuses, aortic arches, 

and perhaps the great veins in the chest. Release of 

norepinephrine from sympathetic nerve terminals 

stimulates cyclic AMP production in juxtaglomerular 

cells by activating beta adrenergic receptors and adenylyl 

cyclase.  

      ●      Blood pressure (volume) also is sensed as tension 

exerted on the smooth muscle cells of the aff erent 

glomerular arterioles. Stretch-activated ion channels in 

the membranes of juxtaglomerular smooth muscle cells 

produce partial membrane depolarization, activation 

of voltage sensitive calcium channels, and increased 

intracellular calcium concentrations. Conversely, a 

decrease in pressure lowers intracellular calcium and 

relieves inhibition of renin secretion.  

      ●      Decreased pressure in the aff erent glomerular arterioles 

also results in decreased glomerular fi ltration, which 

in turn decreases the rate of sodium chloride delivery 

to the distal convoluted tubules. Decreased delivery of 

sodium chloride to the macula densa cells results in 

increased renin secretion from the juxtaglomerular cells 

by mechanisms that are not fully understood. Cells in the 

macula densa take up sodium and chloride in proportion 

to their availability by way of the sodium/potassium/2 

chloride symporter in the luminal membrane. High rates 

of sodium chloride uptake cause the macula densa cells to 

release adenosine, which acts as a paracrine mediator that 

increases intracellular calcium in juxtaglomerular cells and 

inhibits renin release. A fall in sodium chloride uptake 

may result in the release of prostaglandins, which increase 

cyclic AMP in juxtaglomerular cells and increase renin 

release.    

    Actions of angiotensin II 

    Actions on the adrenal cortex 

   Angiotensin II is the primary signal for increased aldoster-

one secretion by adrenal glomerulosa cells (see Chapter 4). 
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 FIGURE 9.10          Two-step formation of angiotensin 

II. Amino acids are represented by the single letter 

amino acid code, D      �      aspartic acid, F      �      phenylalanine, 

H      �      histidine, I      �      isoleucine, L      �      l eucine, P      �      proline, 

R      �      arginine, S-serine, V      �      valine, Y      �      tyrosine.    
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Administration of angiotensin II to normal or sodium-defi -

cient humans increases aldosterone concentrations in blood 

plasma. Conversely drugs that block angiotensin II recep-

tors or that lower angiotensin II concentration by block-

ing the angiotensin converting enzyme (ACE inhibitors) 

decrease plasma concentrations of aldosterone. On a longer 

time scale, angiotensin II causes the volume of the zona 

glomerulosa to increase by stimulating an increase in both 

cell size (hypertrophy) and cell number (hyperplasia). Such 

an eff ect is seen in individuals who maintain high plasma 

levels of angiotensin II as a result of a sodium-poor diet. 

Th ese individuals show an increased sensitivity of aldoster-

one secretion in response to angiotensin II in part because 

of upregulation of angiotensin II receptors, and in part 

because of the increase in both the number of responsive 

cells and the capacity of their biosynthetic machinery.  

    Actions on the kidney 

   In addition to its indirect eff ects to promote salt and water 

reabsorption through stimulation of aldosterone secretion, 

angiotensin II also defends the vascular volume directly 

through actions exerted on both vascular and tubular ele-

ments of the kidney. By constricting renovascular smooth 

muscle it increases vascular resistance in the kidney and 

hence decreases renal blood fl ow and glomerular fi ltration. 

Glomerular fi ltration may be decreased further by constric-

tion of the glomerular  mesangial cells , which decreases the 

eff ective area for fi ltration. By selective constriction of eff er-

ent arterioles, angiotensin II increases the colloid osmotic 

pressure and lowers the hydrostatic pressure in the peritubu-

lar capillaries, thereby increasing their capability to reabsorb 

renal interstitial fl uid. Because reabsorptive mechanisms are 

not 100% effi  cient, a small fraction of the glomerular fi l-

trate is inevitably lost in the urine. Th erefore, by decreasing 

glomerular fi ltration, angiotensin II decreases sodium and 

water excretion. Angiotensin II also directly increases sodium 

bicarbonate reabsorption by stimulating sodium-proton 

exchange in the luminal membranes of proximal tubular cells 

and activating the sodium bicarbonate cotransporter in the 

basolateral membrane of these cells ( Figure 9.12   ).  

    Cardiovascular eff ects 

   Angiotensin II produces profound long- and short-term 

eff ects on the cardiovascular system. Stimulation of angio-

tensin II receptors in vascular smooth muscle activates the 

diacylglycerol/inositol trisphosphate second messenger 

system (see Chapter 1) and results in increased intracellu-

lar calcium concentrations and sustained vasoconstriction. 

Th ese direct eff ects on smooth muscle tone are reinforced by 

activation of vasomotor centers in the brain to increase sym-

pathetic outfl ow to vascular smooth muscle and decrease 

vagal inhibitory input to the heart. Angiotensin II also acts 

directly on cardiac myocytes to increase calcium infl ux and 

therefore cardiac contractility. Th e combination of these 

eff ects and the expansion of vascular volume markedly 

increases blood pressure and makes angiotensin II the most 

potent pressor agent known. Vasoconstrictor eff ects are not 

uniformly expressed in all vascular beds, however, probably 

because of diff erences in receptor abundance. In addition to 

increasing volume and pressure, angiotensin II also redis-

tributes blood fl ow to the brain, heart, and skeletal muscle 

at the expense of skin and visceral organs. However, at high 

concentrations it may also constrict the coronary arteries 

and compromise cardiac output. Chronically high concen-

trations of angiotensin can lead to remodeling of cardiac and 

vascular muscle as angiotensin II may act as a growth factor.  

    Central nervous system eff ects 

   Angiotensin II, acting both as a hormone and as a neuro-

transmitter, stimulates thirst, appetite for sodium, and secre-

tion of ADH through actions exerted on the hypothalamus 

and perhaps other regions of the brain. Blood-borne angio-

tensin II can interact with receptors present on hypotha-

lamic cells in the  subfornical organ  and the  organum vascu-
losum of the lamina terminalis , which project to the supra-

optic and paraventricular nuclei and other hypothalamic 

sites including vasomotor regulatory centers ( Figure 9.7A ). 

In addition, ADH-producing cells in the paraventricular 

nuclei express receptors for angiotensin II and release ADH 

when angiotensin II is presented to them experimentally by 

intraventricular injection or when released from impinging 

axons. Th ese diverse actions of angiotensin II are summarized 

in  Figure 9.13   .    

H2O

HCO3
� H�

H2CO3

CO2

Na�

Lumen

H2OCO2

H2CO3

H�
HCO3

� Na�

2Na�

3K�

AII

3HCO3
�

IP3 � DAG
(�)

(�)

 FIGURE 9.12          Angiotensin II increases sodium reabsorption by stimulating 

sodium proton exchange in the luminal brush border and sodium 

bicarbonate cotransport in the basolateral membrane. Hydrogen ions and 

bicarbonate are regenerated in the cell cytosol from CO 2  and water.    
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    REGULATION OF THE RENIN-ANGIOTENSIN
ALDOSTERONE SYSTEM 

   Th e renin-angiotensin-aldosterone system is regulated by 

negative feedback, but neither the concentration of aldoster-

one, nor angiotensin II, nor the concentration of sodium  per 
se  is the controlled variable. Although preservation of body 

sodium is the central theme of aldosterone action, the con-

centration of sodium in blood does not appear to be moni-

tored directly, and fl uctuations in plasma concentrations have 

little direct eff ect on the secretion of renin. Reabsorption of 

sodium by the kidney results in reabsorption of a propor-

tionate volume of water. Increased blood volume, which is 

the ultimate result of sodium retention, provides the nega-

tive feedback signal for regulation of renin and aldosterone 

secretion ( Figure 9.14   ). It is noteworthy that even though 

angiotensin II directly increases sodium reabsorption and 

exerts a variety of complementary actions that contribute to 

maintenance of the central pressure-volume reservoir, it can-

not sustain an adequate vascular volume to ensure survival in 

the absence of aldosterone. Despite apparent redundancies

in their actions, both aldosterone and angiotensin II are crit-

ical for maintaining salt and water balance. 

   Th e kidney is the primary regulator of the angiotensin 

II concentration in blood, but angiotensin II also is pro-

duced locally in a variety of other tissues including walls of 

blood vessels, adipose tissue, and brain, where it functions 

as a neurotransmitter. Th ese extrarenal tissues synthesize 

angiotensinogen as well as renin and ACE and may form 

angiotensin II intracellularly. Locally produced angiotensin 

II may serve a paracrine function to stimulate prostaglandin 

production and in some instances may act as a local growth 

factor. Th e extent to which such localized production of 

angiotensin II contributes to the regulation of sodium and 

water balance is unclear.  

    ATRIAL NATRIURETIC FACTOR  (ANF)

   Atrial natriuretic factor (ANF) as its name implies promotes

the excretion of sodium (natrium in Latin) in the urine. It 

is synthesized, stored in membrane-bound granules, and 

Angiotensin II

Adrenal
zona glomerulkosa

↑Aldosterone
secretion

Hypothalamus

↑Salt
appetite

↑Thirst ↑ADH
secretion

↑Vasomotor
tone

Kidney

↑Sodium
reabsorption

Arteriolar smooth
muscles

↑Vascular
resistance

Renin

Juxtaglomerular
apparatus

↓Perfusion
pressure

↓Sodium chloride
(macula densa)

↑Sympathetic
stimulation

Heart

Contractility

 FIGURE 9.13          Actions of angiotensin.    
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secreted by exocytosis from cardiac atrial myocytes ( Figure 

9.15   ). A second natriuretic peptide originally isolated 

from pig brain, and therefore called brain natriuretic pep-

tide (BNP), is also produced in the atria and to a greater 

extent in ventricles of the human heart. ANF and BNP are 

products of separate genes, but have similar structures and 

actions. A third gene in this family encodes CNP, which is 

expressed in the central nervous system and in endothelial 

cells. ANF is a 28-amino-acid peptide that corresponds to 

the carboxyl terminus of a 126-amino-acid prohormone 

that is the principal storage form. BNF contains 32 amino 

acids. A 17 amino acid loop structure formed by disulfi de 

linkage of two cysteines is essential for biological activity of 

all three peptides ( Figure 9.16   ). 
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 FIGURE 9.14          Negative feedback control of renin and angiotensin 

secretion. The monitored variable is blood volume detected as decreases 

in sodium chloride at the macula densa, decreased pressure in the aff erent 

arterioles, and decreased pressure in the carotid sinuses, aortic arch, and 

thoracic low pressure receptors. Coordinated actions of angiotensin restore 

plasma volume and abolish the stimuli for renin secretion. Note that 

angiotensin II contributes directly and indirectly to maintenance of blood 

volume, but its infl uence in this regard is inadequate in the absence of 

aldosterone (see Chapter 4).    

 FIGURE 9.15          Electron microscopic section through rat cardiac atrium 

showing working cardiac myocytes (x 4,500).  G       �      Storage granules; 

 GC       �      Golgi complex;  My       �      myofribril;  N       �      nucleus. (From de Bold, A.J. 

and Bruneau, B.G. (2000) Natriuretic peptides. In Fray, J.C.S., ed.  Handbook of 

Physiology, Section VII, The Endocrine System, Volume 3, Endocrine Regulation 

of Water and Electrolyte Balance . American Physiological Society/Oxford 

University Press, 377–409.)    

   Th e biological actions of both ANF and BNP are medi-

ated by natriuretic peptide receptor-A (NPR-A), which forms 

dimers or tetramers in the membranes of target cells. Each 

NPR-A peptide strand has a single membrane-spanning 

region and an extracellular hormone-binding domain. Th e 

cytosolic portion contains a noncatalytic ATP binding region, 

which may have a regulatory function, and a C terminal enzy-

matic domain, which catalyzes the formation of cyclic gua-

nosine monophosphate (cyclic GMP) from GTP. Th e closely 

related NPR-B receptor mediates the actions of CNP and 

also contains a C-terminal guanylyl cyclase. A third receptor, 

NPR-C binds all three peptides, but has only a short cytosolic 

tail that lacks both ATP binding and guanylyl cyclase activity. 

Its internal domain binds and activates the inhibitory  G  pro-

tein inhibitory alpha subunit, although it does not belong to 

the superfamily of  G  protein coupled receptors. 

   NPR-C receptors are abundant and widely distributed. 

In addition to their signaling role in some tissues, they may 

function as  “ clearance ”  receptors that remove ANF, BNP, and 

CNP from blood and extracellular fl uid and deliver them to 

the lysosomes for degradation. However, recent observations 

suggest that NPR-C may also interact with the inhibitory 

alpha  G  protein subunit  G -proteins and have a signaling 

function. ANF disappears from plasma with a half-life of 

about three minutes due in part to the action of the clearance 

receptors and in part to proteolytic cleavage at the brush 

border of renal proximal tubular cells. BNP, which is bound 

less avidly by NPR-C has a half-life of about 20 minutes. 

   ANF and BNF produce their biological eff ects by 

stimulating the formation of cyclic GMP, which may modify 

cellular functions through at least three mechanisms. Cyclic 
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GMP binds to and activates cyclic GMP-dependent protein 

kinase (PKG), which catalyzes the phosphorylation of key 

regulatory proteins. Cyclic GMP also binds to and regulates 

the activity of cyclic nucleotide phosphodiesterases, and 

may therefore lower cellular concentrations of cyclic AMP. 

Finally, cyclic GMP may bind directly to ion channel pro-

teins and regulate their activity. 

    Physiological actions 

   Th e physiological role of ANF is to protect against volume 

overload. Th rough its combined eff ects on the cardiovas-

cular system, the kidneys, and the adrenal glands, it low-

ers mean arterial blood pressure and decreases the eff ective 

blood volume. Its physiological eff ects are essentially oppo-

site to those of angiotensin II ( Figure 9.17   ). 

    Cardiovascular actions 

   Increased concentrations of ANF in blood produce a 

prompt decrease in mean arterial blood pressure through 

modulation of autonomic input and through direct actions 

on vascular smooth muscle. ANP causes resistance vessels to 

relax by increasing cyclic GMP production, which activates 
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PKG and the subsequent decrease in availability of intra-

cellular calcium and sensitivity of the contractile apparatus 

to calcium. Protein kinase G-dependent phosphorylation 

activates potassium channels, hyperpolarizing the cell mem-

brane and thereby preventing entry of extracellular calcium 

through voltage sensitive calcium channels. Phosphorylation 

of a regulatory protein associated with the IP 3  receptor 

inhibits release of calcium from the endoplasmic reticulum. 

Dephosphorylation of a key contractile protein by PKG-

dependent activation of an associated phosphatase further 

contributes to the decrease in vascular tone. 

   Some evidence indicates that ANF may decrease 

calcium-dependent release of norepinephrine from sympa-

thetic nerve endings and the adrenal medullae. An overall 

decrease in sympathetic input to vascular smooth muscle 

attenuates the pressor responses that might otherwise coun-

teract vasodilatory eff ects of ANF. Th e decrease in arteriolar 

tone results in increased capillary pressure and favors net 

fi ltration of fl uid from the vascular to the interstitial com-

partment and thus decreases vascular volume. 

   Decreased sympathetic stimulation of the juxta-

glomerular cells combined with direct inhibitory eff ects of 

ANF on renin secretion lowers circulating levels of angio-

tensin II. Renin secretion is increased by cyclic AMP 

dependent reactions. Th e direct inhibition of renin secre-

tion by ANF probably results from cyclic GMP activation 

of phosphodiesterase and the consequent reduction in cyclic 

AMP in juxtaglomerular cells. Th is eff ect may be aug-

mented, by CNF inhibition of adenylyl cyctase. Th e reduc-

tion in sympathetic activity and in renin secretion enable 

the decrease in blood pressure to be sustained. Cardiac 

rate and contractility are also reduced as a consequence of 

decreased sympathetic stimulation of the heart and by direct 

actions of the natriuretic peptides on cardiac muscle.  

    Renal actions 

   Vascular volume is decreased further by actions on the kid-

ney that promote excretion of water and sodium ( Figure 

9.18   ). ANF relaxes aff erent glomerular arterioles and 

glomerular mesangial cells while constricting eff erent arte-

rioles. Th e resulting increase in capillary hydrostatic pressure 

and surface area amplifi es glomerular fi ltration and accounts 

in large measure for increased urinary loss of salt and water. 

ANF also decreases sodium reabsorption in the proximal 

tubule by inhibiting the eff ects of angiotensin II on sodium 

bicarbonate reabsorption, and perhaps by directly inhibiting 

the sodium-proton antiporter. As a consequence of these 

actions, increased amounts of salt and water reach the loop 

of Henle and partially  “ wash out ”  the osmotic gradient that 

provides the driving force for water reabsorption in the col-

lecting ducts (see the section on ADH). In addition, ANF 

acts directly on the collecting ducts to decrease salt and 

water reabsorption, probably through its ability to decrease 

cyclic AMP levels. Th e net result is increased sodium excre-

tion in a large volume of diluted urine and a reduction in 

blood volume and total body sodium.  

    Eff ects on aldosterone secretion 

   As already discussed in Chapter 4, ANF receptors are 

present in adrenal glomerulosa cells where ANF directly 

inhibits aldosterone synthesis and secretion. ANF blocks 

the stimulatory eff ects of angiotensin II and high potassium 

on aldosterone secretion, possibly through PKG depend-

ent antagonism of the required increase in intracellular cal-

cium. ANF also decreases aldosterone secretion indirectly 

by inhibiting renin secretion and hence the production of 

angiotensin II. Finally, ANF decreases ACTH secretion 

and antagonizes its action by activating a phosphodiesterase 

that degrades cyclic AMP. Th ese actions deprive glomeru-

losa cells of the supportive eff ects of ACTH on the ster-

oid synthetic apparatus. Although the consequences of the 

cardiovascular and renal actions of ANF are apparent with-

out delay, the decrease in blood volume that follows from 
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 FIGURE 9.18          Direct and indirect actions of ANF on the kidney.    
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inhibition of aldosterone secretion is slower in onset and 

depends on the rapidity of cellular degradation of aldoster-

one-induced proteins.  

    Other eff ects 

   Acting on the hypothalamus through mechanisms that are 

not yet understood, ANF inhibits the secretion of ADH. 

Th is eff ect on hypothalamic neurons is reinforced by the 

decrease in circulating angiotensin II. Other hypothalamic 

eff ects include suppression of thirst and salt seeking behav-

ior. All these eff ects are opposite to those of angiotensin II.   

    Regulation of ANF secretion 

   Like most other hormones, secretion of ANF is under nega-

tive feedback control, and like the renin-angiotensin-aldoster-

one system, it is the physiological consequences of its actions, 

rather than a humoral signal, that provides the negative 

input. Under normal physiological circumstances expansion 

of vascular volume increases the rate of right atrial fi lling and 

hence atrial pressure. Th e principal stimulus for secretion of 

ANF is increased stretch of atrial muscle fi bers produced 

by increased atrial pressure. Stretch-activated ion channels 

allow entry of cations and trigger ANF secretion. Increased 

secretion of ANF reduces the eff ective blood volume as 

described earlier, and when blood volume is restored to the 

normal range, secretion returns to basal levels ( Figure 9.19   ).   

    INTEGRATED COMPENSATORY RESPONSES TO
CHANGES IN SALT AND WATER BALANCE 

   Th e three hormones—ADH, angiotensin II, and aldos-

terone—collaborate to maintain or increase the eff ective 

volume of the blood plasma. Th eir properties and charac-

teristics are summarized in  Table 9.1   . In addition to rein-

forcing each other’s eff ects, each of these hormones acts 

at multiple sites to reinforce its own eff ects. Physiological 

responses to these hormones are countered by the natriu-

retic peptides, which act at many of the same target sites. 

To some extent all these hormones are present in the circu-

lation simultaneously, though in diff erent relative amounts. 

Such target cells as vascular smooth muscle and the princi-

pal cells of the cortical collecting ducts must integrate these 

and other confl icting and reinforcing signals. 
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 FIGURE 9.19          Negative feedback regulation of ANF secretion.    
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   Th e following discussion focuses on the endocrine 

adjustments that play decisive roles in maintaining salt 

and water balance. Students should be aware, however, that 

the sympathetic nervous system and a variety of locally 

produced paracrine factors, some of which are listed in 

 Table 9.2   , make important contributions, particularly by 

adjusting arteriolar tone. To gain some understanding of 

how the various endocrine pathways interact, we consider 

several examples of perturbations in salt and water balance 

and the hormonal mechanisms that restore homeostasis. 

Volume changes can take several forms and may or may not 

be accompanied by changes in osmolality (sodium balance), 

as shown in  Table 9.3     . 

 TABLE 9.1          Properties of the Principle Hormones That Regulate Water and Sodium Balance  

   Hormone  Chemistry  Mode of action  Major target cells  Major cellular actions  Physiological responses 

   ADH  Peptide  cAMP; (V2 

receptors) 

 Principal cells of collecting 

ducts 

  ↑ Water and urea permeability;   Water conservation 

       DAG and IP3 

(V1 receptors) 

 Vascular smooth muscle  vasoconstriction   ↑ Blood pressure 

   Aldosterone  Steroid  Gene 

transcription 

(primarily) 

 Principal cells of cortical 

collecting duct 

  ↑ Na  �   reabsorption 

 ↑ K  �   excretion 

 Expand vascular volume 

   ANF  Peptide  cGMP  Vascular smooth muscle  Vasodilation   ↓ Blood pressure 

 ↓ Blood volume 

         Glomerular mesangial cells  Relaxation   ↑ GFR natriuresis, diuresis 

         Proximal tubule cells   ↓ Na �  reabsorption   

         Adrenal glomerulosa   ↓ Aldosterone secretion   

         Hypothalamic neurons   ↓ Vasomotor refl exes 

 ↓ ADH secretion 

  

   Angiotensin II  Peptide  DAG and IP3 (AT1 

receptors) 

 Adrenal glomerulosa   ↑ Aldosterone secretion  (see above) 

         Vascular smooth muscle  Vasoconstriction   ↑ Blood pressure, 

 ↓ GFR 

         Proximal tubule cells   ↑ Na      �      /H �  exchange,  

 ↑ NaHCO 3  reabsorption 

 Na  �   retention 

         Hypothalamic neurons  ↑ ADH secretion 

 ↑ Thirst and salt appetite

 (see above) Salt and water 

ingestion 

 TABLE 9.2          Some Locally Produced Hormone-like Agents That Aff ect 

Cardiovascular Functions Related to Salt and Water Balance  

   Agent  Chemistry  Source  Relevant Actions 

   Nitric Oxide  Gas  Vascular 

endothelium 

 Relax vascular 

smooth muscle 

   Adrenomedullin  Peptide  Ubiquitous  Relax vascular 

smooth muscle 

   Endothelin  Peptide  Ubiquitous  Constrict vascular 

smooth muscle 

   Bradykinin  Peptide  Plasma, 

many tissues 

 Relax vascular 

smooth muscle; 

Natriuresis and 

diuresis 

   Prostaglandins  Arachidonic 

acid 

derivatives 

 Ubiquitous  Constrict or 

relax vascular 

smooth muscle; 

Increase capillary 

permeability 

 TABLE 9.3          Examples of Changes in Fluid Volume    

     Expansion  Contraction 

   Isosmolal   ↑ Salt and water 

ingestion 

 Hemorrhage 

     Hyperaldosteronism  Hypoalbuminemia 

     Heart failure   

   Hypoosmolal  Excessive water 

intake 

 Excessive sweating 

followed by water 

intake 

     Syndrome of 

inappropriate ADH 

secretion 

  

   Hyperosmolal  Excessive salt intake  Dehydration 
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    Hemorrhage 

   With hemorrhage, the vascular volume is decreased without 

a change in osmolality. To cope with blood loss, especially if 

it is large, a three-part strategy usually is followed: preven-

tion of further fl uid loss, redistribution of remaining fl uid to 

maximize its usefulness, and replacement of the water and 

sodium losses. Th e sympathetic nervous system is indispen-

sable for survival during the initial moments after hemor-

rhage. Hormonal contributions may augment the initial 

sympathetic reactions and are largely responsible for mediat-

ing the later aspects of recovery. 

   Th e immediate response to hemorrhage is massive 

vasoconstriction driven by the sympathetic nervous system. 

Th is response sustains arterial pressure and redistributes the 

cardiac output to ensure adequate blood fl ow to essential 

tissues. Renal blood fl ow and glomerular fi ltration are mark-

edly reduced. Although slower in onset, hormonal responses 

nevertheless may contribute to maintenance of arterial blood 

pressure through vasoconstrictor actions of angiotensin II, 

ADH, and adrenomedullary hormones. Th e sum of these 

responses transfers extracellular water to the vascular com-

partment by promoting net fl uid absorption by capillaries 

and venules.  Figure 9.20    shows the pathways that eventually 

lead to restoration of blood volume. Initially, hemorrhage, 

especially if it is severe (30% of blood volume), decreases 

venous return and thereby reduces right atrial pressure. 

Cardiac output thus is decreased, which at least transiently 

decreases arterial blood pressure and triggers the sympa-

thetic response. 

    Response of the renin angiotensin system 

   Decreased arterial pressure is one of the signals for renin 

secretion and is sensed directly by the juxtaglomerular cells 

in the aff erent arterioles. Th is input is nullifi ed if arterial 

pressure is fully restored by the increase in total peripheral 

resistance, but direct sympathetic stimulation of the jux-

taglomerular cells also increases renin secretion. In addi-

tion, decreased renal blood fl ow and glomerular fi ltration 

decrease sodium chloride fl ux through the distal tubule, 

which acts as yet another stimulus for renin secretion. 

Redundant pathways for evoking renin secretion, and there-

fore angiotensin production, ensure that this crucial system 

is activated by hemorrhage. 

   Angiotensin II has a wide variety of temporally and 

spatially separate actions that summate to restore plasma vol-

ume and compensate for hemorrhage. Th is situation is a good 

example of how diff erent actions of a hormone expressed in 

diff erent target cells reinforce each other to produce a cumu-

lative response. Th ey were discussed earlier, and therefore are 
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 FIGURE 9.20          Hormonal responses to hemorrhage.    
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summarized here only in terms of the temporal sequence. 

Constriction of arteries and arterioles occurs within sec-

onds, but the consequent mobilization of extravascular fl uid 

requires several minutes. Also on the order of minutes may 

be direct stimulation of salt and water reabsorption by the 

proximal tubule by angiotensin II. Th e concentration of angi-

otensin II required to activate this mechanism is considerably 

below that required for vasoconstriction, but obviously this 

action is of little consequence when hemorrhage is so severe 

that renal blood fl ow is nearly completely shut down. 

   Other results of angiotensin action are consider-

ably slower to appear. Consequences of stimulating adre-

nal glomerulosa cells to secrete aldosterone are not seen for 

almost an hour. Because aldosterone is not stored, it must 

be synthesized  de novo , and as long as 10 to 15 minutes may 

be required to achieve peak production rates. Furthermore, 

aldosterone, like other steroid hormones, requires a lag 

period of at least 30 minutes before its eff ects are evident. 

Th e fi nal contribution of angiotensin II is stimulation 

of salt appetite, thirst, and fl uid absorption by the colon. 

Depending on the severity of the blood loss and the avail-

ability of water and salt, many hours or even days may pass 

before the renin–angiotensin system can restore the plasma 

volume to prehemorrhage levels.  

    Response of the ADH system 

   Even though osmolality is unchanged, decreased pressure 

sensed by receptors in the atria, aorta, and carotid sinuses 

stimulate ADH secretion. In addition, ADH secretion also 

is increased by angiotensin II. Here we have another case of 

redundancy, as ADH and angiotensin II have overlapping 

actions on arteriolar smooth muscle. Th ese hormones also 

reinforce each other’s actions at the level of the renal tubule, 

as they increase water reabsorption at diff erent sites and by 

diff erent mechanisms. Although ADH is secreted almost 

instantaneously in response to hemorrhage, its physiological 

importance for the early responses is questionable because 

vascular smooth muscle may already be maximally con-

stricted by sympathetic stimulation, which is even faster. In 

addition, when renal shutdown is severe, little urine reaches 

the collecting ducts and hence even maximal antidiuresis 

can conserve little water. ADH, however, is an indispensable 

component of the recovery phase. Th irst and salt-conserv-

ing mechanisms would be of little benefi t without ADH to 

promote renal retention of water.  

    Response of aldosterone 

   Like ADH, aldosterone is of little consequence for the 

immediate reactions to hemorrhage. It acts too slowly. 

Furthermore, decreased glomerular fi ltration is far more 

important quantitatively in conserving sodium. Increased 

secretion of aldosterone, which is initiated promptly by 

the renin–angiotensin system and reinforced by increased 

ACTH secretion, can be regarded as an anticipatory 

response to ensure sodium conservation when renal blood 

fl ow is restored. Aldosterone is indispensable for replenish-

ing blood volume by conserving sodium ingested during 

recovery and probably by stimulating sodium intake.  

    Response of ANF 

   It almost goes without saying that depleted vascular volume 

reduces or eliminates signals for the secretion of ANF. Th is 

situation is the converse of that depicted in  Figure 9.19 . We 

thus have a push–pull mechanism wherein secretion of an 

inhibitory infl uence on the actions of angiotensin II and 

ADH is shut off  by the same events that increase secretion 

of these hormones.   

    Dehydration 

   Dehydration (water defi cit) is a commonly encountered 

derangement of homeostasis and may result from severe 

sweating, diarrhea, vomiting, fever, excessive alcohol inges-

tion (which inhibits ADH secretion), or simply insuffi  -

cient fl uid intake. Because dehydration usually involves a 

greater defi cit of water than solute, both intracellular and 

extracellular osmolality increase. Consequently, the ADH 

Dehydration

↓Volume ↑Osmolality

↑Renin

↑Angiotensin II

↑Thirst

↑Drinking

↑Water absorption
(colon)

↑Na� and water
absorption

(kidney)

↑Aldosterone ↑ADH

↑Free water
absorption

(kidney)

Rehydration

↓ANF

 FIGURE 9.21          Hormonal responses to dehydration.    
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pathway is the principal means for correcting this derange-

ment in water homeostasis. As osmolality increases above 

its threshold value, ADH secretion promptly increases, and 

water is reabsorbed in excess of solute until osmolality is 

restored. Th is action prevents further loss of water in urine, 

but cannot restore the volume defi cit that usually accom-

panies dehydration. Decreased volume stimulates the renin-

angiotensin-aldosterone system to facilitate vascular adjust-

ments, stimulate thirst, and prepare for replenishment from 

increased intake of salt and water. Decreased volume also 

reinforces osmotic stimulation of ADH secretion. Again, 

ANF secretion is not activated and the actions of ADH and 

angiotensin II are unopposed.  Figure 9.21    illustrates the 

endocrine responses to dehydration and the series of events 

that restore osmolality and volume to normal.  

    Salt loading and depletion 

   Although sodium chloride is scarce in many regions of the 

world, it is in oversupply in most Western diets. Th e endo-

crine system plays a pivotal role in maintaining homeo-

stasis and normal blood pressure in the face of salt loading 

or depletion.  Figure 9.22    shows the responses of normal 

human subjects who volunteered to consume diets that 

contained high, low, or standard amounts of sodium. Salt-

loaded subjects excreted more than ten times as much 

sodium in their urine as salt-deprived subjects, but the con-

centration of sodium in plasma and systolic blood pressure 

were nearly identical in all three groups. Although extracel-

lular fl uid volume was expanded on the high salt diet and 

contracted on the low salt diet, osmolality and sodium con-

centration of body fl uids remained remarkably constant. 

0

2

4

6

8

10

12

14

0

2

4

6

8

10

0

0.5

1.0

1.5

2.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0

50

100

150

200
P

la
sm

a 
so

di
um

 (
m

M
)

0

20

40

60

80

0

50

100

150

200

250

300

350

U
rin

e 
so

di
um

 m
M

ol
/d

ay

0.0

0.1

0.2

0.3

0.4

0.5

H
em

at
oc

rit
A

D
H

 (
μU

/m
l)

P
la

sm
a 

pr
ot

ei
n 

(g
/L

)
A

N
F

 (
pg

/m
l)

P
la

sm
a 

re
ni

n 
ac

tiv
ity

A
ld

os
te

ro
ne

 (
nM

ol
/L

)

10 150 350

mMol of sodium ingested per day

10 150 350

mMol of sodium ingested per day

 FIGURE 9.22          Responses of normal 

subjects to low or high intake of sodium 

chloride for fi ve days. Plasma sodium 

concentrations were maintained 

within less than 2% by compensating 

rates of sodium excretion. The small 

increases or decreases in hematocrit and 

plasma protein concentrations indicate 

contraction of the plasma volume in 

the low sodium group and expansion in 

the high sodium group. The changes in 

hormone concentrations are in response 

to the small changes in osmolality and 

volume. Plasma renin activity is a measure 

of renin concentration expressed as ng 

of angiotensin I formed per ml of plasma 

in one hour. (Drawn from the data of 

Sagnella, G.A., Markandu, N.D., Shore, 

A.C., Forsling, M.L., MacGregor, G.A. (1987) 

Plasma atrial natriuretuc peptide: Its 

relationship to changes in sodium intake, 

plasma renin activity and aldosterone 

secretion in man.  Clin. Sci.   72 : 25–30.)    
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   Changes in blood concentrations of angiotensin II 

(as refl ected in renin levels), aldosterone, ADH, and ANF 

elicited by diff erent amounts of sodium intake are shown 

in  Figure 9.22 . Plasma renin activity and aldosterone secre-

tion decreased as sodium intake increased. Th e high rate 

of sodium loss by subjects on the high sodium diet may 

be explained by decreased reabsorption of sodium in the 

proximal tubule as a result of decreased angiotensin II and 

increased ANF, and in the cortical collecting ducts as a 

result of decreased aldosterone. As might be expected, the 

ANF concentration was increased when sodium intake was 

increased and decreased when sodium intake was low. Th e 

reciprocal relation between ANF and angiotensin II acts 

as a push–pull mechanism to promote sodium loss in the 

sodium-loaded individual and sodium conservation in the 

salt-deprived subject. ADH secretion was also increased 

in subjects on high salt intake, probably in response to the 

small increase in plasma osmolality. Th e plasma sodium 

concentration in these subjects was 2% higher than in sub-

jects on the low sodium diet and 1.4% higher than in sub-

jects on the normal diet. ADH secreted in response to the 

osmotic stimulus prevented the loss of water that might 

otherwise have accompanied increased amounts of sodium 

in urine.    
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C H A P T E R

                                    

      Hormonal Regulation of Calcium Balance  

   Adequate amounts of calcium in its ionized 

form, Ca  � 2 , are needed for normal function of 

all cells. Calcium ion regulates a wide range of 

biological processes and is one of the principal 

constituents of bone. In terrestrial vertebrates, 

including humans, maintenance of adequate 

concentrations of calcium ion      1    in the extracel-

lular fl uid requires the activity of two hormones, 

 parathyroid hormone  (PTH) and a derivative 

of vitamin D called  1 α ,25-dihydroxycholecalcif-
erol  (1,25(OH)2D3) or  calcitriol . In more primi-

tive vertebrates living in a marine environment, 

guarding against excessively high concentrations 

of calcium requires another hormone, calcitonin, 

which appears to have only vestigial activity in 

humans. Th ese three hormones collectively are 

called calciotropic hormones. In addition, cal-

cium behaves like a hormone and acts through 

cell surface receptors that directly or indirectly 

regulate the calcium concentration in plasma. 

   Body calcium ultimately is derived from the 

diet, and daily intake usually is off set by urinary 

loss. Th e skeleton acts as a major reservoir of cal-

cium and can buff er the concentration of calcium 

in extracellular fl uid by taking up or releasing 

calcium phosphate. PTH promotes the transfer 

of calcium from bone, the glomerular fi ltrate, and 

intestinal contents into the extracellular fl uid. It 

acts on bone cells to promote calcium mobiliza-

tion and on renal tubules to reabsorb calcium and 

excrete phosphate. It promotes intestinal transport 

of calcium and phosphate indirectly by increasing 

the formation of 1,25(OH)2D3, which increases 

calcium uptake by intestinal cells. Th is vitamin D 

metabolite also promotes calcium mobilization 

from bone and reinforces the actions of PTH on 

this process. In addition, 1,25(OH)2D3 promotes 

reabsorption of calcium and phosphate by renal 

tubules. Th e rate of PTH secretion is inversely 

related to the concentration of blood calcium, 

which directly inhibits secretion by the chief cells 

of the parathyroid glands. Calcitonin inhibits the 

activity of bone-resorbing cells, and thus blocks 

infl ow of calcium to the extracellular fl uid com-

partment. Its secretion is stimulated by high con-

centrations of blood calcium. 

    GENERAL FEATURES OF CALCIUM 
BALANCE 

   Calcium enters into a wide range of cellular and 

molecular processes. Changes of its concentra-

tion within cells regulate enzymatic activities 

and such fundamental cellular events as muscu-

lar contraction, secretion, and cell division. As 

already discussed (see Chapter 1), calcium and 

calmodulin also act as intracellular mediators of 

hormone action. In the extracellular compart-

ment, calcium is vital for blood clotting and 

maintenance of normal membrane function. In 

addition, calcium may act in a hormone-like way 

as an extracellular regulator of a variety of cellular 

  10 

1 Calcium is present in several forms within the body, but 
only the ionized form, Ca�2, is monitored and regulated. 
In this discussion, calcium refers to the ionized form except 
when otherwise specifi ed.
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responses through stimulation of membrane calcium recep-

tors. Calcium is the basic mineral of bones and teeth and thus 

plays a structural as well as a regulatory role. Not surprisingly, 

its concentration in extracellular fl uid must be maintained 

within narrow limits. Deviations in either direction are not 

readily tolerated and, if severe, may be life-threatening. 

   Electrical excitability of cell membranes increases 

when the extracellular concentration of calcium is low, and 

the threshold for triggering action potentials may be lowered 

almost to the resting potential, which results in spontaneous, 

asynchronous, and involuntary contractions of skeletal mus-

cle called tetany. A typical attack of tetany involves muscular 

spasms in the face and characteristic contortions of the arms 

and hands. Laryngeal spasm and contraction of respiratory 

muscles may compromise breathing. Pronounced  hypocalcemia  
(low blood calcium) may produce more generalized muscular 

contractions and convulsions. 

   Increased concentrations of calcium in blood ( hyper-
calcemia ) may cause calcium salts to precipitate out of solu-

tion because of their low solubility at physiological pH. 

 “ Stones ”  form, especially in the kidney, where they may pro-

duce severe painful damage (renal colic), which may lead to 

renal failure and hypertension. 

    Distribution of calcium in the body 

   Th e adult human body contains approximately 1,000 grams of 

calcium, about 99% of which is sequestered in bone, primarily 

in the form of hydroxyapatite crystals (Ca10(PO4) 6 (OH) 2 ). 

In addition to providing structural support, bone serves 

as an enormous reservoir for calcium salts. Each day about 

600 milligrams of calcium is exchanged between bone min-

eral and the extracellular fl uid. Much of this exchange refl ects 

resorption and reformation of bone as the skeleton undergoes 

constant remodeling, but some also occurs by exchange with 

a labile calcium pool in bone. 

   Most of the calcium that is not in bone crystals is 

found in cells of soft tissues bound to proteins within the 

sarcoplasmic reticulum, mitochondria, and other organelles. 

Energy-dependent transport of calcium by these organelles 

and the cell membrane maintains the resting concentra-

tion of free calcium in cytosol at low levels of about 0.1        μ M. 

Cytosolic calcium can increase tenfold or more, however, 

with just a brief change in membrane permeability or affi  n-

ity of intracellular binding proteins. Th e rapidity and mag-

nitude of changes in cytosolic calcium are consistent with 

its role as a biological signal. 

   Th e concentration of calcium in interstitial fl uid is 

about 1.5       mM. Interstitial calcium consists mainly of free, 

ionized calcium, but about 10% is complexed with such 

anions as citrate, lactate, or phosphate. Ionized and com-

plexed calcium pass freely through capillary membranes and 

equilibrate with calcium in blood plasma. Th e total calcium 

concentration in blood is nearly twice that of interstitial 

fl uid because calcium is avidly bound by albumin and other 

proteins. Total calcium in blood plasma is normally about 

10       mg/dL (5       mEq/liter or 2.5       mM), but only the ionized 

component appears to be monitored and regulated. Because 

so large a fraction of blood calcium is protein-bound, dis-

eases that produce substantial changes in albumin concen-

trations may produce striking abnormalities in total plasma 

calcium content, even though the concentration of ionized 

calcium may be normal.  

    Calcium balance 

   Normally, adults are in calcium balance; that is, on average, 

daily intake equals daily loss in urine and feces. Except for 

lactation and pregnancy, deviations from balance refl ect 

changes in the metabolism of bone. Immobilization of a 

limb, bed rest, weightlessness, and malignant disease are 

examples of circumstances that produce negative calcium 

balance whereas growth of the skeleton produces positive 

calcium balance. Dietary intake of calcium in the United 

States typically varies between 500 and 1,500 milligrams 

per day, primarily in the form of dairy products. For exam-

ple, an 8-ounce glass of milk contains about 290 milligrams 

of calcium. Calcium absorbed from the intestine exchanges 

with the various body pools and ultimately is lost in the 

urine so that there is no net gain or loss of calcium in the 

extracellular pool in young adults. Th ese relations are illus-

trated in  Figure 10.1   . It is noteworthy that the entire extra-

cellular calcium pool turns over many times in the course 

of a day. Hence even small changes is any of these calcium 

fl uxes can have profound eff ects. 

ICF
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Secretion
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10,000 mg
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Urine
100 mg

Accretion,
exchange, and
reabsorption

600 mg 

Bone
990,000
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 FIGURE 10.1          Daily calcium balance in a typical adult.    
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    Intestinal absorption 

   Calcium is taken up along the entire length of the small 

intestine, but uptake is greatest in the duodenum and jeju-

num. Secretions of the gastrointestinal tract are rich in cal-

cium and add to the minimum load that must be absorbed 

to maintain balance. Net uptake is usually in the range 

of 100 to 200       mg per day. Absorption of calcium requires 

metabolic energy and the activity of specifi c carrier mol-

ecules in the luminal membrane (brush border) of intestinal 

cells. Although detailed understanding is not yet at hand, it 

appears that carrier-mediated transport across the brush bor-

der determines the overall rate. Calcium is carried down by 

its concentration gradient into the cytosol of intestinal epi-

thelial cells and is extruded from the basolateral surfaces in 

exchange for sodium, which must then be pumped out at 

metabolic expense. Overall transfer of calcium from the intes-

tinal lumen to interstitial fl uid proceeds against a concentra-

tion gradient and is largely dependent on 1,25(OH) 2 D3 (see 

later). Although some calcium is taken up passively, simple 

diff usion is not adequate to meet body needs even when the 

concentration of calcium in the intestinal lumen is high.  

    Bone 

   Understanding regulation of calcium balance requires at 

least a rudimentary understanding of the physiology of bone. 

Metabolic activity in bone must satisfy two needs. Th e skel-

eton must attend to its own structural integrity through 

continuous remodeling and renewal, and it must respond 

to systemic needs for adequate amounts of calcium in the 

extracellular fl uid. By and large, maintenance of adequate 

concentrations of calcium in blood takes precedence over 

maintenance of structural integrity of bone. However, the 

student must recognize that these two homeostatic functions, 

though driven by diff erent forces, are not completely inde-

pendent. Diseases of bone that disrupt skeletal homeostasis 

may have consequences for overall calcium balance; and, con-

versely, inadequacies of calcium balance lead to inadequate 

mineralization of bone. 

   Th e  extracellular matrix  is the predominant compo-

nent of bone. One-third of the bony matrix is organic, and 

two-thirds is comprised of highly ordered mineral crystals. 

Th e organic component, called  osteoid , is composed pri-

marily of collagen and provides the framework on which 

bone mineral is deposited. Collagen molecules in osteoid 

aggregate and cross-link to form fi brils of precise struc-

ture. Spaces between the ends of collagen molecules within 

fi brils provide initiation sites for crystal formation. Most 

calcium phosphate crystals are found within collagen fi brils 

and have their long axes oriented in parallel with the fi brils. 

   Cortical (compact) bone is the most prevalent form 

and is found in the shafts of long bones and on the surfaces 

of the pelvis, skull, and other fl at bones. Th e basic unit of cor-

tical bone is called an  osteon  and consists of concentric lay-

ers, or lamellae, of bone arranged around a central channel 

( haversian canal  ), which contains the capillary blood supply. 

Osteons are usually 200 to 300       mm in diameter and several 

hundred millimeters long. Th ey are arranged with their long 

axes oriented in parallel with the shaft of bone. Other canals, 

which run roughly perpendicularly, penetrate the osteons and 

form an anastomosing array of channels through which blood 

vessels in haversian canals connect with vessels in the  perios-
teum . Tightly packed osteons are surrounded on both inner 

and outer aspects by several lamellae that extend circumfer-

entially around the shaft. Th e entire bone is surrounded on 

its outer surface by the periosteum and is separated from the 

marrow by the  endosteum . 

   Cancellous (trabecular) bone is found at the ends of the 

long bones, in the vertebrae, and in the internal portions of 

the pelvis, skull, and other fl at bones. It is also called spongy 

bone, a term which well describes its appearance in section 

( Figure 10.2   ). Although only about 20% of the skeleton is 

comprised of trabecular bone, its sponge-like organization 

provides at least fi ve times as much surface area for metabolic 

exchange as compact bone. Th e trabeculae of spongy bone are 

not penetrated by blood vessels, but the spaces between them 

are fi lled with blood sinusoids or highly vascular marrow. Th e 

trabeculae are completely surrounded by endosteum. 

   Distributed throughout the lamellae of both forms of 

bone are tiny chambers, or lacunae, each of which houses 

an  osteocyte . Th e lacunae are interconnected by an extensive 

network of canaliculi, which extend to the endosteal and 

periosteal surfaces. Osteocytes receive nourishment and bio-

logical signals by way of cytoplasmic processes that extend 

through the canaliculi to form gap junctions with each other 

Compact
bone

Cancellous
bone

 FIGURE 10.2          A thick ground section of the tibia illustrating cortical 

compact bone and the lattice of trabeculae of cancellous bone. (From 

Fawcett, D.W. (1986)   A Textbook of Histology , 11th ed., 201. Saunders, 

Philadelphia.)    
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and cells of the endosteum or periosteum ( Figure 10.3   ). 

Th e space in the lacunae and canaliculi that lies between the 

osteocytes and the bone matrix is fi lled with fl uid. Th e sur-

face area of bone matrix that is in contact with this pool of 

bone extracellular fl uid has been estimated to be between 

1,000 to 5,000 square meters and therefore represents a 

major site for mineral exchange between soluble and crys-

tallized calcium phosphate. 

   It is important to recognize that the mineralized 

matrix in both forms of bone and the bone extracellular fl uid 

are separated from the extracellular compartment of the rest 

of the body by a continuous layer of cells sometimes called 

the  bone membrane . Th is layer of cells is comprised of endos-

teum, periosteum, osteocytes, and cells that line the haver-

sian canals. Crystallization or solubilization of bone mineral 

is determined by physicochemical equilibria related to the 

concentrations of calcium, phosphate, hydrogen, and other 

constituents in bone water. Th e fl uxes of calcium and phos-

phate into or out of the bone extracellular fl uid involve active 

participation of the cells of the bone membrane. Hormones 

regulate the calcium concentration in the extracellular fl uid 

compartment and the mineralization of bone by regulating 

the activities of these cells. 

    Osteoblasts  are the cells responsible for formation of 

bone. Th ey arise from progenitors in connective tissue and 

marrow stroma and form a continuous sheet on the surface of 

newly forming bone. When actively laying down bone, oste-

oblasts are cuboidal or low columnar in shape. Th ey have a 

dense rough endoplasmic reticulum consistent with synthesis 

and secretion of collagen and other proteins of bone matrix. 

Osteoblasts probably also promote mineralization, but their 

role in this regard and details of the mineralization process 

are somewhat controversial. Under physiological conditions, 

calcium and phosphate are in metastable solution. Th at is, 

their concentrations in extracellular fl uid would be suffi  -

ciently high for them to precipitate out of solution were it not 

for other constituents, particularly pyrophosphate, which sta-

bilize the solution. During mineralization osteoblasts secrete 

alkaline phosphatase, which cleaves pyrophosphate and 

thus removes a stabilizing infl uence, and at the same time 

increases local concentrations of phosphate, which promotes 

crystallization. In addition, during bone growth and per-

haps during remodeling of mature bone, osteoblasts secrete 

calcium-rich vesicles into the calcifying osteoid. 

   During growth or remodeling of bone, some oste-

oblasts become entrapped in matrix and diff erentiate into 

osteocytes. Osteocytes are the most abundant cells in bone 

and are about ten times as abundant in human bone as oste-

oblasts. Upon completion of growth or remodeling, surface 

osteoblasts dediff erentiate to become the fl attened, spindle-

shaped cells of the endosteum that lines most of the surface 

of bone. Th ese cells may be reactivated in response to stimuli 

for bone formation. Th us osteoblasts, osteocytes, and quies-

cent lining cells represent three stages of the same cellular 

lineage and together comprise most, or perhaps all, of the 

bone membrane. In subsequent discussion these cells along 

with their stromal and periosteal precursors are referred to 

as  osteoblastic cells . 
    Osteoclasts  are responsible for bone resorption. Th ey are 

large cells that arise by fusion of mononucleated hemato-

poietic cells; they may have as many as 20 to 40 nuclei. 

Precursors of osteoclasts originate in bone marrow and 

migrate through the circulation from thymus and other retic-

uloendothelial tissues to sites of bone destined for resorption. 

Diff erentiation and activation of osteoclasts require direct 

physical contact with osteoblastic cells that govern these 

processes by producing at least two indispensable cytokines. 

Osteoclasts arise from the cellular lineage that also gives rise 

to macrophages, and which express receptors for  macrophage 
colony stimulating factor  (m-CSF) on their surface membranes. 

Osteoblastic cells secrete m-CSF. Osteoclasts and their pre-

cursors also express  receptor activators of NF-kB (RANK)  on 

their surfaces. Nuclear factor-kB is a transcription factor that 

translocates from the cytosol to the nucleus upon activation 

(see Chapter 4). Th ese receptors belong to the tumor necrosis 

factor- α  (TNF- α ) family of cytokine receptors. 

   Osteoblastic cells also express a membrane-bound 

cytokine called  RANK ligand  (RANKL). Th is cytokine is also 

a member of the TNF- α  family of cytokines. It binds to and 

activates RANK on the surface of osteoclasts or their precur-

sors that come in contact with osteoblastic cells. Members 

Osteoblasts

Osteoclast

Osteocytes

Canaliculi

 FIGURE 10.3          Cross-section through a bony trabecula. The pale blue 

area indicates mineralized matrix.    
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of this cytokine family are transmembrane proteins, some 

of which are sometimes cleaved at the cell surface by an 

exopeptidase to release soluble forms. In immune responses 

or infl ammatory conditions activated T cells may release 

soluble RANKL and cause osteoclast diff erentiation and 

activation, but under usual conditions of bone remodeling 

it appears that RANKL remains membrane-bound. Steps 

in the diff erentiation of osteoclasts are illustrated in  Figure 

10.4   . Another receptor of the TNF- α  receptor family exerts 

negative control over osteoclast formation and activity. Th is 

compound, called  osteoprotegerin  (OPG), binds RANKL with 

high affi  nity. Unlike typical members of the TNF- α  receptor 

family, OPG lacks a transmembrane domain, and is secreted 

as a soluble protein. Osteoprotegerin, which is produced by 

many diff erent cells, competes with RANK for RANKL on 

the surface of osteoblastic cells and thereby limits osteoclast 

formation and activity. An unusual and confusing aspect of 

osteoclast regulation is the seemingly inverted participation 

of a membrane-bound ligand (RANKL) and a soluble recep-

tor (OPG). Although the factors that regulate expression of 

RANK and m-CSF are known (see later), the factors that 

regulate expression of OPG have not been identifi ed. 

   In histological sections, osteoclasts usually are found 

on the surface of bone in pits created by their erosive action. 

Integrins on the surface of osteoclasts form tight bonds with 

 osteocalcin ,  osteopontin , and other proteins of the bone matrix 

and create a sealed off  region of extracellular space between 

the osteoclasts and the surface of the bony matrix. Th e spe-

cialized part of the osteoclast that faces the bony surface 

bone is thrown into many folds called the  ruffl  ed border . Th e 

ruffl  ed border sweeps over the surface of bone, continuously 

changing its confi guration as it releases acids and hydrolytic 

enzymes that dissolve the mineral crystals and the protein 

matrix. Small bone crystals often are seen in phagocytic ves-

icles deep in its folds. Upon completion of resorption, osteo-

clasts are inactivated and lose some of their nuclei. Complete 

inactivation involves fi ssion of the giant, polynucleated cell 

back to mononuclear cells, which may undergo apoptosis, 

but some multinuclear cells remain quiescent on the bone 

surface interspersed among the lining cells. 

   Resorption of bone is precisely coupled with bone 

formation. Th e pattern of events in bone remodeling typi-

cally begins with diff erentiation and activation of osteo-

clasts followed sequentially by bone resorption, osteoblast 

activation and migration to the site of bone resorption, and 

fi nally bone formation. Details of the signaling mechanisms 

that couple bone formation with bone resorption are not yet 

known, but it appears that osteoblasts secrete a variety of 

autocrine and paracrine growth factors that are trapped and 

stored in the bone matrix during osteogenesis. Resorption 

of the matrix by osteoclastic activity appears to release these 

factors, which in turn may activate quiescent osteoblasts. In 

addition, these growth factors promote diff erentiation of 

new osteoblasts from progenitor cells that are attracted to 

the site by peptide fragments of partially degraded osteoid.  

    Kidney 

   Ionized and complexed calcium pass freely through 

glomerular membranes. Normally 98 to 99% of the 10,000 

milligrams of calcium fi ltered by the glomeruli each day is 

reabsorbed by the renal tubules. About two-thirds of the 

reabsorption occurs in the proximal tubule, tightly coupled 

to sodium reabsorption and, for the most part, dragged pas-

sively along with water. Much of the remaining calcium is 

resorbed in the loop of Henle and is also tightly coupled to 

sodium reabsorption. Reabsorption of calcium in this part 

of the nephron is subject to regulation by the plasma cal-

cium concentration and to a limited extent by hormones. 

Normally only about 10% of the fi ltered calcium reaches 

the distal nephron. Reabsorption of calcium in the vicinity 

of the junction of the distal convoluted tubules and the col-

lecting ducts is governed by an active, saturable process that 

is independent of sodium reabsorption. Active transport of 

calcium in this region is the principal target of hormonal 

regulation of calcium excretion (see later).   
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 FIGURE 10.4          Diff erentiation and activation of 

osteoclasts. c-Fms      �      receptor for macrophage 

colony stimulating factor. M-CSF      �      macrophage 

colony stimulating factor. RANK      �      receptor 

activator of NF-kB. RANKL      �      RANK ligand. 

OPG      �      osteoprotegerin. (Modifi ed from Khosla, S. 

(2001) Minireview: The OPG/RANKL/RANK system. 

Endocrinology 142: 5050–5055.)    
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    Phosphorus balance 

   Because of their intimate relationship, the fate of calcium 

cannot be discussed without also considering phosphorus. 

Calcium usually is absorbed in the intestines accompanied 

by phosphorus, and deposition and mobilization of calcium 

in bones always occurs in conjunction with phosphorus. 

Phosphorus is as ubiquitous in its distribution and physi-

ological role as calcium. Th e high-energy phosphate bond 

of ATP and other metabolites is the coinage of biological 

energetics. Phosphorus is indispensable for biological infor-

mation transfer. It is a component of nucleic acids and sec-

ond messengers such as cyclic AMP and IP3, and as the 

addend that increases or decreases enzymatic activities or 

guides protein–protein interactions. 

   About 90% of the 500 to 800       g of phosphorus in 

the adult human is deposited in the skeleton. Much of the 

remainder is incorporated into organic phosphates distrib-

uted throughout soft tissues in the form of phospholip-

ids, nucleic acids, and soluble metabolites. Daily intake of 

phosphorus is in the range of 1,000 to 1,500       mg, mainly in 

dairy products. Organic phosphorus is digested to inorganic 

phosphate before it is absorbed in the small intestine by 

both active and passive processes. Net absorption is linearly 

related to intake and appears not to saturate . Th e concen-

tration of inorganic phosphate in blood is about 3.5       mg/dL. 

About 55% is present as free ions, about 35% is complexed 

with calcium or other cations, and 10% is protein-bound. 

   Phosphate concentrations are not tightly controlled

and may vary widely under such infl uences as diet, age, and 

sex. Ionized and complexed phosphate pass freely across 

glomerular and other capillary membranes. Phosphate in the 

glomerular fi ltrate is actively reabsorbed by a sodium-coupled

cotransport process in the proximal tubule. Th ese relations in 

daily phosphorus balance are shown in  Figure 10.5   .   

    PARATHYROID GLANDS AND PARATHYROID 
HORMONE 

   Parathyroid hormone is the principal regulator of the extra-

cellular calcium pool. It increases the calcium concentration 

and decreases the phosphate concentration in blood by vari-

ous direct and indirect actions on bone, kidney, and intestine. 

In its absence, the concentration of calcium in blood, and 

hence interstitial fl uid, decreases dramatically over a period of 

several hours while the concentration of phosphate increases. 

Hypoparathyroidism may result from insuffi  cient production 

of active hormone or defects in the responses of target tissues; 

acutely, all the symptoms of hypocalcemia are seen including 

tetany and convulsions. Chronically, neurological, ocular, and 

cardiac defi ciencies may also be seen. Hyperparathyroidism 

results in kidney stones and excessive demineralization 

leading to weakening of bone. 

   Although peptides closely related to PTH are found 

in bony fi sh, it appears that discreet clusters of cells form-

ing parathyroid glands arose relatively recently in vertebrate 

evolution, coincident with the emergence of ancestral forms 

onto dry land. Parathyroid glands are seen in amphibians 

such as the salamander only after metamorphosis to the 

land-dwelling form. Th e importance of the parathyroids in 

normal calcium economy was established during the latter 

part of the nineteenth century when it was found that para-

thyroidectomy resulted in lethal tetany. Diseases arising in 

the parathyroid glands and resulting in overproduction or 

underproduction of PTH (primary hypo- or hyperparathy-

roidism) are relatively uncommon, but deranged parathyroid 

function (secondary hypo- or hyperparathyroidism) may 

accompany other ailments such as renal failure. 

   Human beings typically have four parathyroid glands, 

but as few as two and as many as eight have been observed. 

Each gland is a fl attened ellipsoid measuring about 6 milli-

meters in its longest diameter. Th e aggregate mass of the adult 

parathyroid glands is about 120 milligrams in men and about 

140 milligrams in women. Th ese glands adhere to the poste-

rior surface of the thyroid gland or occasionally are embedded 

within thyroid tissue. Th ey are well vascularized and derive 

their blood supply mainly from the inferior thyroid arteries. 

Parathyroid glands are comprised of two cell types ( Figure 

10.6   ).  Chief cells  predominate and are arranged in clusters or 

cords. Th ey are the source of PTH and have all the cytological 

characteristics of cells that produce protein hormones: rough 

endoplasmic reticulum, prominent Golgi apparatus, and some 

membrane-bound storage granules.  Oxyphil cells , which appear 
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 FIGURE 10.5          Daily phosphorus balance in a typical adult.    
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singly or in small groups, are larger than chief cells and con-

tain a remarkable number of mitochondria. Oxyphil cells have 

no known function and are thought by some to be degener-

ated chief cells. Th eir cytological properties are not character-

istic of secretory cells, but they are sometimes able to produce 

small amounts of PTH. Few oxyphil cells are seen before 

puberty, but their number increases thereafter with age. 

    Biosynthesis, storage, and secretion of PTH 

   PTH is a simple straight-chain peptide of 84 amino 

acids. It is the product of a single copy gene located on 

chromosome 11, and is expressed as a larger 115 amino acid 

preprohormone ( Figure 10.7A)   . Initial processing includes 

the cotranslational removal of the 25 amino acid leader 

sequence in the endoplasmic reticulum followed by cleavage 

of the adjacent hexapeptide after transfer to the Golgi appa-

ratus. PTH then is packaged into secretory granules along 

with proteolytic enzymes, called cathepsins that normally 

are found in lysosomes. Synthesis of PTH is regulated at 

both transcriptional and at posttranscriptional sites. Cyclic 

AMP, acting through the cyclic AMP response element 

binding protein (CREB), upregulates PTH gene transcrip-

tion, whereas vitamin D (and high levels of intracellular 

calcium) downregulates transcription. Low plasma calcium 

concentrations prolong the survival time of the mRNA 

transcript, whereas low concentrations of plasma phosphate 

accelerate message degradation. How extracellular ion con-

centrations produce these eff ects is not understood. PTH 

is synthesized continuously, but the glands store little hor-

mone, only enough to sustain maximal secretion rates for 

about 90 minutes. 

   Parathyroid cells are unusual in the respect that horm-

one degradation as well as synthesis is adjusted according 

to physiological demand. As much as 90% of the hormone 

synthesized may be metabolized within the chief cells, which 

cleave PTH into fragments at an accelerated rate when 

plasma calcium concentrations are high. Cleavage by cathep–

sins is between residues 33 and 34, between residues 36 and 

37, and possibly at other sites in the middle region of the 

hormone with the result that a complex mixture of fragments 

containing the carboxyl terminus is present along with intact 

PTH in the secretory granules. Th e amino terminal frag-

ments produced in this way appear to be completely degraded 

in lysosomes. In addition, a short stretch of amino acids is 

clipped from the amino terminus of PTH 1-84 to produce 

a PTH derivative that lacks the fi rst six amino acids (PTH 

7-84). Th e ratio of fragments to intact hormone released into 

the circulation increases when plasma calcium is high and 

decreases when it is low. Similar fragments also are produced 

by metabolism of PTH in the liver and released into the 

blood. PTH fragments are cleared from blood by fi ltration at 

the glomeruli, but remain in the circulation hours longer than 

intact hormone, which has a half-life of only about two to 

four minutes. As a result less than 20% of the PTH peptides 

circulating in blood is the intact hormone. Intact PTH and 

PTH 7-84 are also degraded in target cells following recep-

tor mediated endocytosis. 

   Homeostatic regulation of calcium balance by the 

actions of PTH described next appears to be attributable 

to the intact 84 amino acid peptide, which is the only form 

secreted with its amino terminus intact. Experimental dele-

tion of as many as 50 amino acid residues from the carboxyl 

terminus does not compromise biological potency of PTH 

in standard laboratory assays, but removal of just the ser-

ine at the amino terminus severely inactivates the hormone, 

whereas removal of the fi rst two amino acids completely 

inactivates it. Consequently, synthetic PTH consisting of 

amino acids 1-34 has been used both experimentally and 

therapeutically as a surrogate of PTH on the assumption 

that the 60% of the molecule at the carboxyl end is irrel-

evant. Recent observations, however, indicate that the mid-

dle and carboxyl portions of the PTH molecule may not be 

biologically inert, and may modulate or even antagonize the 

actions of the intact form of PTH. 

   Th e complex mixture of intact PTH and its fragments 

in the circulation has confounded immunoassays. Any par-

ticular antibody detects only a short sequence of amino acids 

called an epitope. Th e mixture of antibodies in any serum 

detects a mixture of epitopes scattered throughout the PTH 

molecule. Consequently, early radioimmunoassays of PTH 

Capsule

Chief cells

Oxyphil cells

 FIGURE 10.6          Drawing of a section through a human parathyroid gland 

showing small chief cells and larger oxyphil cells. The cells are arranged in 

cords surrounded by loose connective tissue. (Modifi ed from Borysenko 

and Beringer. (1984)  Functional Histology , 2nd ed., 316. Little, Brown, 

Boston.)    
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with antibodies that recognized epitopes in the central or 

carboxyl parts of the molecule failed to distinguish fragments 

from intact hormone and overestimated the concentration 

of active PTH in blood. Subsequent immunoassays revealed 

the abundant presence of C-terminal fragments, but only 

recently, with the introduction of a two-site immunometric 

or  “ sandwich ”  assay (see Chapter 1) that recognizes only the 

epitope that contains the serine, valine, and serine tripeptide 

at the amino terminus ( Figure 10.7B ) has it become evident 

that long, N-terminally truncated PTH molecules also circu-

late in blood. Although understanding of the importance of 

PTH fragments for calcium homeostasis is still evolving, it 

is now evident that these fragments are not irrelevant as was 

long believed.  

    Mechanisms of parathyroid 
hormone actions 

   Binding of PTH to G-protein coupled receptors on the sur-

faces of target cells increases the formation of the second mes-

sengers cyclic AMP, IP3, and diacylglycerol (see Chapter 1). 

Th e PTH receptor is coupled to adenylyl cyclase through 

a stimulatory G-protein (G α  s ) and to phospholipase C 

through G α  q . Consequently, protein kinases A and C also 

are activated and intracellular calcium is increased. Rapid 

responses result from protein phosphorylation, and delayed 

responses result from altered expression of genes regulated by 

CREB (cyclic AMP-response element binding protein). It is 

likely that the two second messenger pathways activated by 

PTH are redundant and reinforce each other. Th e critical role 

of cyclic AMP for the action of PTH is underscored by the 

occurrence of a rare disease called  pseudohypoparathyroidism , 

in which patients are unresponsive to PTH. About one-half 

of the reported cases of unresponsiveness to PTH are attrib-

utable to a genetic defect in the GTP-binding protein (G α  s ) 

that couples the hormone receptor with adenylyl cyclase. 

Th ese patients also have decreased responses to some other 

cyclic AMP-dependent signals, but because there are four 

distinct genes for G α  s , each expressed with particular recep-

tors, not all cyclic AMP-dependent responses are aff ected.  

    Physiological actions of PTH 

    Actions on bone 

   Increases in PTH concentration in blood result in mobiliza-

tion of calcium phosphate from the bone matrix due primar-

ily, and perhaps exclusively, to increased osteoclastic activity. 
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 FIGURE 10.7          A. Posttranslational metabolism of PTH. The leader sequence (–31 to –6) is removed cotranslationally in the endoplasmic reticulum. 
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Th e initial phase is seen within one to two hours and results 

from activation of preformed osteoclasts already present 

on the bone surface. A later and more pronounced phase 

becomes evident after about 12 hours and is character-

ized by widespread resorption of both mineral and organic 

components of bone matrix particularly in trabecular bone. 

Evidence of osteoclastic activity is refl ected not only by cal-

cium phosphate mobilization, but also by increased urinary 

excretion of hydroxyproline and other products of colla-

gen breakdown. Although activity of all bone cell types is 

aff ected by PTH, it appears that only cells of osteoblastic 

lineage express receptors for PTH. Osteoclasts and their 

precursors are thus not direct targets for PTH. 

   Activation, diff erentiation, and recruitment of osteo-

clasts in response to PTH results from increased expres-

sion of at least two cytokines by cells of osteoblastic lineage. 

PTH induces osteoblastic cells to synthesize and secrete 

m-CSF and to express RANKL on their surfaces ( Figure 10.8   ). 

Th ese cytokines stimulate the diff erentiation and activity of 

osteoclasts and protect them from apoptosis. In addition, 

PTH may decrease osteoblastic expression of OPG, the 

competitive inhibitor of RANK for binding RANKL. PTH 

also induces retraction of osteoblastic lining cells and thus 

exposes bony surfaces to which osteoclasts can attach. 

   Synthesis and secretion of collagen and other matrix 

proteins by osteoblasts are inhibited in the early phases of 

PTH action, but are reactivated subsequently as a result of bio-

logical coupling discussed earlier, and new bone is laid down. 

At this stage PTH stimulates osteoblasts to synthesize and 

secrete growth factors including insulin-like growth factors I 

and II (IGF-I, IGF-II), transforming growth factor- β  

(TGF- β ) that are sequestered in the bone matrix and also act 

in an autocrine or paracrine manner to stimulate osteoblast 

progenitor cells to divide and diff erentiate. At least part of 

the stimulus for osteoblastic activity that follows osteoclastic 

activity may come from liberation of growth factors that were 

sequestered in the bone matrix when the bone was laid down. 

With prolonged continuous exposure to high concentrations 

of PTH, as seen with hyperparathyroidism, osteoclastic activ-

ity is greater than osteoblastic activity, and bone resorption 

predominates. However, a therapeutic regimen of intermit-

tent stimulation with PTH leads to net formation of bone by 

mechanisms that are incompletely understood. 

   In addition to its critical role in maintaining blood 

calcium concentrations, PTH is also important for skeletal 

homeostasis. As already mentioned, bone remodeling con-

tinues throughout life. Remodeling of bone not only ensures 

renewal and maintenance of strength, but also adjusts bone 

structure and strength to accommodate the various stresses 

and strains of changing demands of daily living. Increased 

stress leads to bone formation strengthening the aff ected 

area, and weightlessness or limb immobilization leads to 

mineral loss. Osteocytes entrapped in the bony matrix are 

thought to function as mechano-sensors that signal remod-

eling through release of prostaglandins, nitric oxide, and 

growth factors. In animal studies these actions are facili-

tated and enhanced by PTH.  

    Actions on kidney 

   In the kidney, PTH produces three distinct eff ects, each of 

which contributes to the maintenance of calcium homeo-

stasis. In the distal nephron it promotes the reabsorption of 

calcium, and in the proximal tubule it inhibits reabsorption 

of phosphate and promotes hydroxylation, and hence acti-

vation of vitamin D (see later). In producing these eff ects, 

PTH binds to G-protein coupled receptors in both the 

proximal and distal tubules and stimulates the production 

of cyclic AMP, diacylglycerol, and IP3. Some cyclic AMP 

escapes from renal tubular cells and appears in the urine. 

About one-half of the cyclic AMP found in urine arises in 

the kidney and is attributable to the actions of PTH. 

    Calcium reabsorption 

   Th e kidney reacts quickly to changes in PTH concentrations 

in blood and is responsible for minute-to-minute adjust-

ments in blood calcium. PTH acts directly on the distal por-

tion of the nephron to decrease urinary excretion of calcium 

well before signifi cant amounts of calcium can be mobi-

lized from bone. Because about 90% of the fi ltered calcium 

is reabsorbed before the fi ltrate reaches distal reabsorptive 

mechanisms, PTH can provide only fi ne-tuning of calcium 

Osteoblast

PTH

Osteoclast
precursor

Osteoclast

Digestion

Bone matrix
(osteoid)

Osteoblast
precursor

Ca2� � PO4
3�

Synthesis and
deposition of

growth factors

Released
growth factors

M-CSF
RANKL

Multiplication and
differentiation

 FIGURE 10.8          Eff ects of PTH on bone. PTH acts on cells of osteoblastic 

lineage to stimulate production of M-CSF (macrophage colony stimulating 

factor) and RANKL (receptor activator of N-kappa B ligand), which results 

in osteoclast formation and activation. Digestion of the bone matrix 

releases calcium and phosphorus and growth factors that were deposited 

by osteoblasts when the matrix was laid down, Growth factors stimulate 

osteoblast precursors to multiply, diff erentiate, and lay down new bone 

matrix.    



206

Basic Medical Endocrinology

excretion. Even small changes in the fraction of calcium reab-

sorbed from the glomerular fi ltrate, however, can be of great 

signifi cance. Hypoparathyroid patients whose blood calcium 

is maintained in the normal range excrete about three times 

as much urinary calcium as normal subjects. 

   Parathyroid hormone stimulates calcium reabsorp-

tion by the principal cells located primarily in the distal 

convoluted tubules and the connecting tubules (see Chapter 

9, Figure 9.2). Th ese cells express an abundance of PTH 

receptors in their basolateral membranes. Transfer of cal-

cium across the tubular epithelium is energy-dependent, 

and occurs by secondary active transport that can best be 

described in three steps. Calcium passes through the lumi-

nal membranes of the principal cells through two closely 

related isoforms of calcium channels called TRPV5 and 

TRPV6, or more simply, epithelial calcium channels 

(ECaC). Entry into the principal cells is driven by the 

steep electrochemical gradient that exists between the fi l-

trate and the cytoplasm. Principal cells are protected from 

harmful eff ects of increased intracellular free calcium by a 

cytosolic protein called calbindin 28, which associates with 

ECaC and binds calcium as it enters ( Figure 10.9   ). Th e 

loaded calbindin diff uses across the cell and delivers its 

calcium to the basolateral surface for export to the intersti-

tium. Extrusion of calcium against its concentration gradi-

ent is accomplished by the actions of calcium ATPases and 

sodium/calcium exchangers in the basolateral membrane. 

Th e sodium/calcium exchanger is powered by the sodium 

gradient, which is maintained by the activity of the sodium/

potassium ATPase. 

   Parathyroid hormone stimulates calcium reabsorption 

by accelerating both the uptake at the luminal surface and 

extrusion at the basolateral surface ( Figure 10.9 ). PTH rap-

idly increases the insertion of ECaC containing vesicles into 

the luminal membrane and simultaneously stimulates the 

activity of the sodium/calcium exchanger and the calcium 

ATPase. It may also stimulate the activity of the sodium/

potassium ATPase. Th ese actions are mediated by protein 

kinases A and C activated by cyclic AMP and the DAG/

IP3 second messengers. Details of the intervening molecular 

events are unresolved. On a longer time scale, PTH increases 

the synthesis of both isoforms of ECaC, calbindin 28, 

the sodium/calcium exchanger, and the calcium ATPase. 

Th ese actions are reinforced by vitamin D, whose synthesis 

also is stimulated by PTH. 

   To a modest extent PTH may also contribute to the 

passive reabsorption of calcium in the thick ascending limb 

of Henle’s loop. In this part of the nephron calcium passes 

from tubular fl uid to the interstitium through intercellu-

lar junctions driven by the lumen-positive electrochemical 

potential created by the sodium reabsorptive mechanism 

(see Chapter 9). Cells in this portion of the nephron express 

PTH receptors, and respond to PTH with increased pro-

duction of cyclic AMP. Phosphorylation of the sodium/

potassium/2 chloride transporter in the luminal membrane 

increases transport of these three ions. Back leakage of pos-

itively charged potassium to the lumen through ROMK 

(renal outer medulla potassium) channels produces the pos-

itive potential of the lumen (see Chapter 9). 

   Paradoxically, an increase in urinary calcium is seen in 

late phases of PTH action. PTH increases plasma calcium 

concentrations in blood and therefore increases the concen-

tration of calcium in the glomerular fi ltrate. Consequently, the 

rate at which calcium reaches the distal tubule may increase 

dramatically and exceed the limited capacity for reabsorp-

tion, even when maximally stimulated by PTH. Calcium that 

cannot be reabsorbed passes into the urine. Regardless of the 

absolute amount excreted, however, PTH decreases the frac-

tion of fi ltered calcium that escapes in the urine.  

    Phosphate excretion 

   Parathyroid hormone powerfully inhibits tubular reabsorp-

tion of phosphate and thus increases the amount excreted 

in urine. Th is eff ect is seen within minutes after injection 

of PTH and is exerted on the proximal tubules, where the 

bulk of phosphate reabsorption occurs. Proximal tubule cells 

contain an abundance of PTH receptors on both their api-

cal and basolateral surfaces. PTH reaches its receptors via 

diff usion from the peritubular capillaries and is also present 

in the glomerular fi ltrate. Phosphate ions (HPO4
2�) cross 
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 FIGURE 10.9          Eff ects of PTH on the principal cells in the distal nephron. 

PTH stimulates insertion of epithelial calcium channels in the luminal 

membrane and calcium extrusion mechanisms in the basolateral 

membrane. G α S      �      the stimulatory G protein; AC      �      adenylyl cyclase; 

cAMP      �      cyclic adenosine monophosphate; PKA      �      protein kinase A.    
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the luminal membranes of proximal tubule cells on carrier 

molecules that cotransport three ions of sodium with each 

ion of phosphate. Phosphate ions then are extruded across 

the basolateral membrane by unknown mechanisms, and the 

sodium gradient is restored by the activity of the sodium/

potassium ATPase. Decreased reabsorption of phosphate 

results from decreased abundance of sodium-phosphate 

cotransporters in luminal membranes of tubular cells. PTH 

decreases the number of sodium-phosphate cotransporters 

in the brush border of proximal tubule cells by stimulat-

ing their internalization and transfer to lysosomes ( Figure 

10.10   ). Replenishment of the cotransporters depends upon 

de novo synthesis and insertion in the membrane. 

   Sodium-phosphate coupled cotransporters are stabi-

lized in the luminal membrane by their attachment to a sub-

membranous protein called the sodium-hydrogen exchange 

regulatory factor (NERF). Phosphorylation of NERF by 

protein kinases A and C releases the cotransporters, allow-

ing them to migrate in the plane of the membrane to clathrin 

coated pits where they are internalized by endocytosis. PTH 

that acts through receptors on the basolateral surfaces primar-

ily stimulates formation of cyclic AMP and the activation of 

protein kinase A. PTH that reaches receptors in the luminal 

membrane acts predominately through phospholipase C and 

the activation of protein kinase C by DAG and calcium.   

    Eff ects on intestinal absorption 

   Calcium balance ultimately depends on intestinal absorption 

of dietary calcium. Calcium absorption is severely reduced 

in hypoparathyroid patients and dramatically increased in 

those with hyperparathyroidism. Within a day or two after 

treatment of hypoparathyroid subjects with PTH, calcium 

absorption increases. Intestinal uptake of calcium is stimu-

lated by an active metabolite of vitamin D. PTH stimulates 

the renal enzyme that converts vitamin D to its active form 

(see next), but has no direct eff ects on intestinal transport of 

either calcium or phosphate.   

    PTH fragments 

   As already mentioned, an intact amino terminus is required 

for productive PTH binding to its receptor and the activa-

tion of adenylyl cyclase. PTH molecules devoid of the fi rst 

three amino acid residues are not just inactive, but actually 

inhibit the eff ects of the intact molecule on plasma calcium 

and phosphate. For example, PTH 7-84 binds to the PTH 

receptor without activating it, but is just as eff ective as intact 

PTH in causing receptor internalization and downregulation. 

   Th e ability of PTH 7-84 to downregulate PTH recep-

tors only partially accounts for its ability to inhibit PTH 

responses. Amino acid sequences downstream may also con-

fer biological activity. Emerging evidence indicates that some 

of the C-terminal fragments discussed earlier bind with high 

affi  nity to the same target cells as PTH and antagonize the 

actions of the intact molecule. As of this writing neither the 

postulated receptor(s) for the C terminal fragments nor its 

mode of action have been identifi ed.  

    Parathyroid hormone-related 
peptide (PTHrP) 

   A substance closely related to PTH, called  parathyroid hor-
mone related peptide (PTHrP) , is found in the plasma of 

patients suff ering from certain malignancies and accounts for 

the accompanying hypercalcemia. Th e gene for PTHrP was 

isolated from some tumors and found to encode a peptide 

whose fi rst 13 amino acid residues are remarkably similar to 

the fi rst 13 amino acids of PTH; thereafter the structures of 

the two molecules diverge. Th e similarities of the N-terminal 

primary sequence and presumably the secondary structure 

of subsequent segments allows PTHrP to bind with high 
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 FIGURE 10.10          Eff ects of PTH on proximal tubule cells. Phosphorylation of 

NERF (sodium hydrogen exchange regulatory factor) releases PT (sodium 

phosphate cotransporter) from anchoring sites in the membrane. PTs 

migrate in the plane of the membrane to clathrin coated pits where they are 
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affi  nity to the PTH receptor and therefore produce the same 

biological eff ects as PTH. PTH and PTHrP are immuno-

logically distinct and do not cross-react in immunoassays, but 

both appear to be the natural ligands for the PTH receptor. 

PTHrP is synthesized in a wide range of tissues and acts 

locally as a paracrine factor to regulate processes that are 

largely unrelated to regulation of calcium concentrations in 

extracellular fl uid. PTHrP causes vascular smooth muscle to 

relax, chondrocytes in developing bone to grow and diff er-

entiate, and stimulates placental uptake of calcium from the 

maternal circulation. Except during lactation (see Chapter 14) 

little or no PTHrP is found in blood plasma of normal indi-

viduals. PTHrP thus appears to function in calcium home-

ostasis during lactation when secretion of milk may drain as 

much as 300       mg of calcium from the mother ’ s body each day.  

    Regulation of PTH secretion 

   Chief cells of the parathyroid glands are exquisitely sensitive 

to changes in extracellular calcium and rapidly adjust their 

rates of PTH secretion in a manner that is inversely related 

to the concentration of ionized calcium ( Figure 10.11   ). Th e 

resulting increases or decreases in blood levels of PTH pro-

duce either positive or negative changes in the plasma calcium 

concentration and thereby provide negative feedback signals 

for regulation of PTH secretion ( Figure 10.12   ). Th e acti-

vated form of vitamin D, whose synthesis depends on PTH, 

is also a negative feedback inhibitor of PTH synthesis (see 

later). Although blood levels of phosphate also are aff ected by 

PTH, high phosphate appears to have little or no eff ect on 

the secretion of PTH, but may exert some direct and indirect 

eff ects on hormone synthesis. Under experimental conditions 

the concentration of magnesium in plasma may infl uence 

PTH secretion, but the concentration range in which mag-

nesium inhibits secretion is well beyond that seen physiologi-

cally. A decrease in ionized calcium in blood appears to be the 

only physiologically relevant signal for PTH secretion. 

   Chief cells are programmed to synthesize and secrete 

PTH unless inhibited by extracellular calcium, but secretion 

is not totally suppressed even when plasma concentrations 

of calcium are very high. Th rough mechanisms that are not 

understood, normal individuals secrete PTH throughout 

the day in bursts of 1 to 3 pulses per hour. Blood levels of 

PTH also follow a diurnal pattern with peak values seen 

shortly after midnight and minimal values seen in late 

morning. Diurnal fl uctuations appear to arise from endog-

enous events in the chief cells, and may promote anabolic 

responses of bone to PTH. 

   Th e cellular mechanisms by which extracellular calcium 

regulates PTH secretion are poorly understood. Th ese cells 

are equipped with calcium-sensing receptors in their plasma 

membranes and can adjust secretion in response to as little 

as a 2 or 3% change in extracellular calcium concentration. 

Calcium-sensing receptors are members of the G-protein 

coupled receptor superfamily (see Chapter 1) and bind cal-

cium in proportion to its concentration in extracellular fl uid. 

Because they are coupled to adenylyl cyclase through G α i, 

activation of these receptors decreases constitutive production 
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and PTH secretion. (Redrawn and modifi ed from Brown, E.B. (1983) Four 

parameter model of the sigmoidal relationship between parathyroid 

hormone release and extracellular calcium concentration in normal and 
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of cyclic AMP. Th ese receptors also signal through phospho-

lipase C, and stimulate production of DAG and IP3 through 

activation of G α q, and perhaps also directly activate mem-

brane calcium channels. Cytosolic calcium rises as a result 

of IP3-mediated release from intracellular stores and infl ux 

through membrane channels. 

   Paradoxically, in chief cells, unlike most other secre-

tory cells, increased intracellular calcium inhibits rather than 

stimulates hormone secretion. Inhibition of PTH secretion 

coincides with the decline in cyclic AMP and the activity of 

protein kinase A, but the cellular mechanisms that decrease 

secretion are not known. Increased extracellular calcium 

also increases cleavage of PTH to the C terminal fragments 

described earlier. Th us, as the secretion of PTH peptides 

decreases, the proportion of C terminal peptides increases. 

Th ese events are summarized in  Figure 10.13   .   

    CALCITONIN 

    Cells of Origin 

   Calcitonin is sometimes also called   thyrocalcitonin   to 

describe its origin in the parafollicular cells of the thyroid 

gland. Th ese cells, which are also called C cells, occur singly 

or in clusters in or between thyroid follicles. Th ey are larger 

and stain less densely than follicular cells in routine prepa-

rations ( Figure 10.14   ), and like other peptide hormone-

secreting cells, contain membrane-bound storage granules. 

Parafollicular cells arise embryologically from neuroecto-

dermal cells that migrate to the last branchial pouch, and, in 

submammalian vertebrates, give rise to the  ultimobranchial 
glands . In addition to producing calcitonin, parafollicular 

cells can take up and decarboxylate amine precursors and 

thus have some similarity to pancreatic alpha cells and cells 

of the adrenal medulla. Parafollicular cells give rise to a 

unique neoplasm,  medullary carcinoma of the thyroid , which 

may secrete large amounts of calcitonin.  

    Biosynthesis, secretion, and metabolism 

   Calcitonin consists of 32 amino acids and has a molecular 

weight of about 3,400. Except for a seven-member disulfi de 

ring at the amino terminus, calcitonin has no remarkable 

structural features. Immunoreactive circulating forms are 

heterogeneous in size, refl ecting the presence of precursors, 

partially degraded hormone, and disulfi de-linked dimers 

and polymers. Th e active hormone has a half-life in plasma 

of about 5 to 10 minutes and is cleared from the blood pri-

marily by the kidney. Th e gene that encodes calcitonin also 

encodes a neuropeptide called calcitonin gene related pep-

tide (CGRP). Th is gene contains six exons, but only the fi rst 

four are represented in the mRNA transcript that codes for 

the precursor of calcitonin. As a result of alternate splicing 

the portion of the RNA transcript corresponding to exon 4 

is deleted and replaced by exons 5 and 6 in the mRNA that 

codes for CGRP. Since the fi rst exon codes for a nontrans-

lated region, and the peptide corresponding to exons 2 and 3 
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 FIGURE 10.13          Regulation of parathyroid hormone secretion by 

calcium (Ca2�  ). Heptihelical calcium receptors on the surface of chief 

cells communicate with  Ca2�    channels, adenylyl cyclase (AC), and 

phospholipase C (PLC) by way of guanosine nucleotide binding proteins 

(G α i and G α q). The resulting increase in Ca2�     and decrease in cyclic AMP 

(cAMP) concentration decreases protein kinase A (PKA) mediated events 

that lead to secretion. IP3      �      inositol trisphosphate. The increase in calcium 

also accelerates cleavage of PTH to C-terminal fragments.    
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point to parafollicular cells. The colloid-fi lled thyroid follicle is surround by 

cuboidal epithelial cells. (Courtesy of Dr. John Cooke, Department of Cell 

Biology, University of Massachusetts Medical School)     
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is removed in posttranslational processing, the mature prod-

ucts have no common amino acid sequences ( Figure 10.15   ).  

    Physiological actions of calcitonin 

   Calcitonin escaped discovery for many years because no 

obvious derangement in calcium balance or other homeo-

static function results from defi cient or excessive production. 

Th yroidectomy does not produce a tendency toward hyper-

calcemia, and thyroid tumors that secrete massive amounts of 

calcitonin do not cause hypocalcemia. Attention was drawn 

to the possibility of a calcium-lowering hormone by the 

experimental fi nding that direct injection of a concentrated 

solution of calcium into the thyroid artery in dogs caused 

a more rapid fall in blood calcium than parathyroidectomy. 

Indeed, calcitonin promptly and dramatically lowers the 

blood calcium concentration in many experimental animals. 

Calcitonin is not a major factor in calcium homeostasis in 

humans, however, and does not participate in minute-to-

minute regulation of blood calcium concentrations. Rather, 

the importance of calcitonin may be limited to protection 

against excessive bone resorption. 

    Actions on bone 

   Calcitonin lowers blood calcium and phosphate primarily, 

and perhaps exclusively, by inhibiting osteoclastic activity. 

Th e decrease in blood calcium produced by calcitonin is 

greatest when osteoclastic bone resorption is most intense 

and is least evident when osteoclastic activity is minimal. 

Interaction of calcitonin with receptors on the osteoclast 

surface promptly increases cyclic AMP formation, and 

within minutes the expanse and activity of the ruffl  ed border 

diminishes. Osteoclasts pull away from the bone surface and 

begin to dediff erentiate. Synthesis and secretion of lysosomal 

enzymes is inhibited. In less than an hour fewer osteoclasts 

are present, and those that remain have decreased bone-

resorbing activity. 

   Osteoclasts are the principal, and probably only, tar-

get cells for calcitonin in bone. Osteoblasts do not have 

receptors for calcitonin and are not directly aff ected by it. 

Curiously, although they mediate opposite eff ects on osteo-

clast activity, receptors for PTH and calcitonin are closely 

related and have about a third of their amino acid sequences 

in common, suggesting they evolved from a common ances-

tral receptor molecule. Because of the coupling phenom-

enon in the cycle of bone resorption and bone formation 

discussed earlier, inhibition of osteoclastic activity by calci-

tonin eventually decreases osteoblastic activity as well. All 

cell types appear quiescent in histological sections of bone 

that was chronically exposed to high concentrations of cal-

citonin. Although they express an abundance of receptors 

for calcitonin, osteoclasts quickly become insensitive to the 

hormone because continued stimulation results in massive 

down regulation of receptors.  

    Actions on kidney 

   At high concentrations calcitonin may increase urinary 

excretion of calcium and phosphorus, probably by acting on 

the proximal tubules. In humans these eff ects are small, last 

only a short while, and are not physiologically important for 

lowering blood calcium. Renal handling of calcium is not 

disrupted in patients with thyroid tumors that secrete large 

amounts of calcitonin. Kidney cells  “ escape ”  from prolonged 

stimulation with calcitonin and become refractory to it, 

probably as a result of downregulation of receptors.   

    Regulation of secretion 

   Circulating concentrations of calcitonin are quite low 

when blood calcium is in the normal range or below, but 

are increased when ionized calcium concentrations exceed 

a threshold of about 1.2       mM. Parafollicular cells respond 

directly to ionized calcium in blood and express the same 

G-protein coupled calcium sensing receptor in their surface 

membranes as the parathyroid chief cells. Both cell types 

respond to extracellular calcium over the same concentra-

tion range, but their secretory responses are opposite, pre-

sumably because of diff erences in the secretory apparatus. 
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Although little information is available concerning intracel-

lular mechanisms in parafollicular cells, the relation between 

stimulation and secretion is more typical of endocrine cells 

than the regulation of PTH secretion. 

   In addition to the direct stimulation by high concentra-

tions of calcium, calcitonin secretion may also increase after eat-

ing. Gastrin, produced by the gastric mucosa (see Chapter 6), 

stimulates parafollicular cells to secrete calcitonin. Other 

gastrointestinal hormones including cholecystokinin, gluca-

gon, and secretin have similar eff ects, but gastrin is the most 

potent of these agents. Secretion of calcitonin in anticipation 

of an infl ux of calcium from the intestine is a feed-forward 

mechanism that may guard against excessive concentrations 

of plasma calcium after calcium ingestion by decreasing oste-

oclastic activity. Th is phenomenon is analogous to the antici-

patory secretion of insulin after a carbohydrate-rich meal in 

response to incretin release (see Chapters 6 and 7). Although 

the importance of this response in humans is not established, 

sensitivity of parafollicular cells to gastrin has been exploited 

clinically as a provocative test for diagnosing medullary 

carcinoma of the thyroid.   

    THE VITAMIN D-ENDOCRINE SYSTEM 

   A derivative of vitamin D3, 1,25-dihydroxycholecalciferol 

(1,25(OH)2D3), is indispensable for maintaining adequate 

concentrations of calcium in the extracellular fl uid and 

adequate mineralization of bone matrix. Vitamin D defi -

ciency leads to inadequate calcifi cation of bone matrix 

manifested as severe softening of the skeleton, called osteo-

malacia, and may result in bone deformities and fractures. 

Osteomalacia in children is called rickets and may produce 

permanent deformities of the weight-bearing bones (bowed 

legs). Although vitamin D now often is called the vitamin 

D-endocrine system, when it was discovered as the factor 

in fi sh oil that prevents rickets, its hormone-like nature was 

not suspected. 

   One important distinction between hormones and 

vitamins is that hormones are synthesized within the body 

from simple precursors, but vitamins must be provided in the 

diet. Actually, vitamin D 3  can be synthesized endogenously 

in humans, but the rate is limited by a nonenzymatic reaction 

that requires radiant energy in the form of light in the near-

ultraviolet range—hence the name  sunshine vitamin . Th e 

immediate precursor for vitamin D 3 , 7-dehydrocholesterol, 

is synthesized from acetyl coenzyme A (CoA) and is stored 

in skin. Conversion of 7-dehydrocholesterol to vitamin D 3  

proceeds spontaneously in the presence of sunlight that pene-

trates the epidermis to the outer layers of the dermis. Vitamin 

D defi ciency became a signifi cant public health problem as 

a by-product of industrialization. Urban living, smog, and 

increased indoor activity limit exposure of the populace to 

sunshine and hence endogenous production of vitamin D 3 . 

Th is problem is readily addressed by adding vitamin D to 

foods, particularly milk. 

   1,25-dihydroxy-vitamin D 3  also fi ts the description of 

a hormone in the respect that it travels through the blood in 

small amounts from its site of production to aff ect cells at 

distant sites. Another major diff erence between a vitamin and 

a hormone is that vitamins usually are cofactors in metabolic 

reactions, whereas hormones behave as regulators and inter-

act with specifi c receptors. 1,25(OH)2D 3  produces many of 

its biological eff ects in a manner characteristic of steroid hor-

mones (see Chapter 1). It binds to a specifi c nuclear receptor 

that is a member of the steroid/thyroid hormone superfamily. 

    Synthesis and metabolism 

   Th e form of vitamin D produced in mammals is called 

cholecalciferol, or vitamin D3; it diff ers from vitamin D 2   

(ergosterol), which is produced in plants, only in the length 

of the side chain. Irradiation of the skin results in photo-

lysis of the bond that links carbons 9 and 10 in 7-dehydro-

cholesterol, and thus opens the B ring of the steroid nucleus 

( Figure 10.16   ). Th e resultant cholecalciferol is biologi-

cally inert but, unlike its precursor, has a high affi  nity for a 

vitamin D-binding protein in plasma. 

   Vitamin D 3  is transported by the blood to the liver, 

where it is oxidized to form 25-hydroxycholecalciferol 

(25OH-D 3 ) by the same P450 mitochondrial enzyme that 

oxidizes cholesterol on carbons 26 and 27 in the formation 

of bile acids. Th is reaction appears to be controlled only by 

the availability of substrate. 25OH-D 3  has high affi  nity for 

the vitamin D-binding protein and is the major circulat-

ing form of vitamin D. It has little biological activity. In the 

proximal tubules of the kidney, a second hydroxyl group is 

added at carbon 1 by another p450 enzyme to yield the com-

pound 1,25(OH) 2 D 3 , which is about 1,000 times as active as 

25OH-D 3 , and probably accounts for all the biological activ-

ity of vitamin D. 1,25(OH) 2 D 3  is considerably less abun-

dant in blood than its 25 hydroxylated precursor and binds 

less tightly to vitamin D-binding globulin than 25OH-D 3 . 

Consequently, 1,25(OH) 2 D 3  has a half-life in blood of 15 

hours compared to 15 days for 25OH-D 3 .  

    Physiological actions of 1,25(OH) 2 D 3  

   Overall, the principal physiological actions of 1,25(OH) 2 D 3  

increase calcium and phosphate concentrations in extra-

cellular fl uid. Th ese eff ects are exerted primarily on intes-

tine and bone, and to a lesser extent on kidney. Vitamin D 
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receptors are widely distributed, however, and a variety of 

other actions that are not obviously related to calcium bal-

ance have been described or postulated. Since these latter 

eff ects are not germane to regulation of calcium balance 

they are not discussed further. 

    Actions on intestine 

   Uptake of dietary calcium and phosphate depends on 

active transport by epithelial cells lining the small intestine. 

Defi ciency of vitamin D severely impairs intestinal transport 

of both calcium and phosphorus. Although calcium uptake 

usually is accompanied by phosphate uptake, the two ions are 

transported by independent mechanisms, both of which are 

stimulated by 1,25(OH) 2 D 3 . Increased uptake of calcium is 

seen about two hours after 1,25(OH) 2 D 3  is given to defi cient 

subjects and is maximal within four hours. A much longer time 

is required when vitamin D is given, presumably because of the 

time needed for sequential hydroxylations in liver and kidney. 

   Calcium uptake by duodenal epithelial cells is illus-

trated in  Figure 10.17   . Calcium enters passively down its 

electrochemical gradient through the same two forms of 

epithelial calcium channels (ECaC) that are expressed in 

the principal cells of the kidney. Upon entry into the cytosol 

calcium is bound virtually instantaneously by calcium bind-

ing proteins, mainly calbindin 9, and carried through the 

cytosol to the basolateral membrane where it is extruded 

into the interstitium by calcium ATPase and sodium/

calcium antiporters. 

   In addition to shuttling calcium across cells, calbindin 

keeps the cytosolic calcium concentration low and thus main-

tains a gradient favorable for calcium infl ux while aff ording 

protection from deleterious eff ects of high concentrations 
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of free calcium. 1,25(OH) 2 D 3  increases the expression of 

ECaCs and calbindin by activating gene transcription, and 

increases the amount or activity of calcium ATPase and 

sodium/calcium exchangers in the basolateral membranes. 

Similarly, 1,25(OH) 2 D 3  is thought to regulate expression of 

sodium phosphate transporters in the luminal membrane, but 

the mechanisms governing phosphate absorption are not well 

understood. 

   Some evidence obtained in experimental animals and 

in cultured cells indicates that 1,25(OH) 2 D 3  may also pro-

duce rapid actions that are not mediated by altered genomic 

expression. Among these are rapid transport of calcium 

across the intestinal epithelium by a process that may 

involve both IP3-DAG and cyclic AMP second messenger 

systems (see Chapter 1) and activation of membrane cal-

cium channels. Th e physiological importance of these rapid 

actions of 1,25(OH) 2 D 3  and the nature of the receptor that 

signals them are not known.  

    Actions on bone 

   Although the most obvious consequence of vitamin D defi -

ciency is decreased mineralization of bone, 1,25(OH) 2 D 3  is 

not directly required for bone formation or calcium phos-

phate deposition in osteoid. Rather, mineralization of oste-

oid occurs spontaneously when adequate amounts of these 

ions are available. Ultimately, increased bone mineralization 

is made possible by increased intestinal absorption of cal-

cium and phosphate. Bone mineralization can be restored 

nearly to normal with large amounts of dietary calcium in 

humans that lack vitamin D or the vitamin D receptor. 

   Paradoxically, perhaps, 1,25(OH) 2 D 3  acts on bone 

to promote resorption in the much same manner as PTH 

and appears to be redundant. Like PTH, 1,25(OH) 2 D 3  

increases both the number and activity of osteoclasts. As 

seen for PTH, osteoblasts rather than mature osteoclasts 

have receptors for 1,25(OH) 2 D 3 . Like PTH, 1,25(OH) 2 D 3  

stimulates osteoblastic cells to express m-CSF and RANK 

ligand as well as a variety of other proteins. Sensitivity of 

bone to PTH decreases with vitamin D defi ciency; con-

versely, in the absence of PTH, 30 to 100 times as much 

1,25(OH) 2 D 3  is needed to mobilize calcium and phosphate. 

Th e molecular site(s) of cooperative interaction of these two 

hormones in osteoblasts is (are) not known.  

    Actions on kidney 

   When given to vitamin D-defi cient subjects, 1,25(OH) 2 D 3  

increases reabsorption of both calcium and phosphate from 

the glomerular fi ltrate. Th e eff ects on phosphate reabsorp-

tion are probably indirect. PTH secretion is increased in 

vitamin D defi ciency (see later), and hence tubular rea-

bsorption of phosphate is restricted. Replenishment of 

1,25(OH) 2 D 3  decreases the secretion of PTH and thus 

allows proximal tubular reabsorption of phosphate to 

increase. Eff ects of 1,25(OH) 2 D 3  on calcium reabsorption 

are probably direct. 

   Specifi c receptors for 1,25(OH) 2 D 3  are found in 

the distal nephron, probably in the same cells in which 

PTH stimulates calcium uptake. Th ese cells express the 

same vitamin D-dependent proteins as found in intestinal 

cells, and are likely to respond to 1,25(OH) 2 D 3  in the same 

manner as intestinal epithelial cells. Th ese eff ects and distal 

tubular calcium reabsorption also seem to overlap with the 

actions of PTH. However, it is unlikely that 1,25(OH) 2 D 3  

regulates calcium balance on a minute-to-minute basis. 

Instead, it may support the actions of PTH, which is the 

primary regulator. Th e molecular basis for this interaction 

has not been elucidated.  

    Actions on the parathyroid glands 

   Th e chief cells of the parathyroid glands are physiological 

targets for 1,25(OH)2D3 and respond to it in a manner that 

is characteristic of negative feedback. In this case, negative 

feedback is exerted at the level of synthesis rather than secre-

tion. Th e promoter region of the PTH gene contains a vita-

min D response element. Binding of the liganded receptor 

suppresses transcription of the gene and produces a decline 

in preproPTH mRNA. Because the chief cells store relatively 

little hormone, decreased synthesis rapidly leads to decreased 
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secretion. In a second negative feedback action, 1,25(OH)2D3 

indirectly decreases PTH secretion by virtue of its actions to 

increase plasma calcium concentration. Consistent with the 

crucial role of calcium in regulating PTH secretion, the neg-

ative feedback eff ects of 1,25(OH)2D3 on PTH synthesis are 

modulated by the plasma calcium concentration. In responses 

mediated through the calcium sensing receptor, nuclear 

receptors for 1,25(OH)2D3 are upregulated when the plasma 

calcium concentration is high and downregulated when it 

is low.   

    Regulation of 1,25(OH)2D3 production 

   As true of any hormone, the concentration of 1,25(OH)2D3 

in blood must be appropriate for prevailing physiological 

circumstances if it is to exercise its proper role in maintain-

ing homeostasis. Production of 1,25(OH)2D3 is subject 

to feedback regulation in a fashion quite similar to that of 

other hormones ( Figure 10.18   ). PTH increases synthesis 

of 1,25(OH)2D3, which exerts a powerful inhibitory eff ect 

on PTH gene expression in the parathyroid chief cells. Th e 

most important regulatory step in 1,25(OH)2D3 synthesis 

is the hydroxylation of carbon 1 by cells in the proximal 

tubules of the kidney. Th e rate of this reaction is determined 

by the availability of the requisite P450 enzyme, which has 

a half-life of only about two to four hours. In the absence 

of PTH, the concentration of 1 α -hydroxylase in renal cells 

quickly falls. PTH regulates transcription of the gene that 

codes for the 1 α -hydroxylase by increasing production of 

cyclic AMP. Several cyclic AMP response elements (CRE) 

are present in its promoter region. Activation of protein 

kinase C through the IP3/ DAG second messenger system 

also appears to play some role in upregulation of this enzyme. 

   Th rough a  “ short ”  feedback loop, 1,25(OH)2D3 also 

acts as a negative feedback inhibitor of its own production 

by rapidly downregulating 1 α -hydroxylase expression. At 

the same time, 1,25(OH)D3 upregulates expression of the 

enzyme that hydroxylates vitamin D metabolites on car-

bon 24 to produce 24,25(OH)2D3 or 1,24,25(OH)3D3. 

Hydroxylation at carbon 24 is the initial reaction in the deg-

radative pathway that culminates in the production of cal-

citroic acid, the principal biliary excretory product of vitamin 

D. Upregulation of the 24 hydroxylase by 1,25(OH)2D3 is 

not confi ned to the kidney, but also is seen in all 1,25(OH)D3 

target cells. Finally, the results of its actions, increased calcium 

and phosphate concentrations in blood, directly or indirectly 

silence the two activators of 1,25(OH)2D3 production, PTH 

and low phosphate.   

    CALCIUM REGULATION OF PLASMA CALCIUM
CONCENTRATIONS 

   Parathyroid hormone, calcitonin, and vitamin D generally 

have been referred to as calcitropic hormones. Th e growth 

of information about the calcium sensing receptor and its 

role in normal calcium homeostasis highlight the hormone-

like actions of calcium itself as a fourth calcitropic hormone. 

At high concentrations calcium plays more of a hormone-

like role than calcitonin in lowering its plasma concen-

trations. Reabsorption of calcium in the kidney is at least 

partially controlled by the plasma calcium concentration 

( Figure 10.19   ). About 25% of the fi ltered calcium is reab-

sorbed by the thick ascending limb of Henle’s loop, driven 

by the positive luminal voltage created as a consequence
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reabsorption in the thick ascending limb of Henle’s loop. In this portion 

of the nephron calcium passes through the cellular junctions driven 

by a positive luminal voltage. The calcium receptor signals through the 

guanosine nucleotide binding protein G α q to activate PLC (phospholipase 

C) and form DAG (diacylglycerol), which activates PKC (protein kinase 

C). Back diff usion of potassium through renal outer medullary potassium 

channels (ROMK) is inhibited, which decreases the positive potential of 

luminal fl uid and limits reabsorption of sodium and chloride. The receptor 

also signals through G α i, thus inhibits adenylyl cyclase (AC) reduces any 

cyclic AMP dependent stimulation of the sodium/potassium/2 chloride 

cotransporter. (PKA      �      protein kinase A)     

of active reabsorption of sodium chloride. Sodium chlo-

ride enters these tubular cells along with potassium on the 

neutral sodium/potassium/2 chloride cotransporters in the 

luminal membranes. Sodium chloride exits through the 

basolateral membranes, but potassium ions carrying their 

positive charge recycle back into the lumen through ROMK 

(for renal outer medullary potassium) channels. Th e posi-

tive voltage thus created drives luminal calcium ions across 

intercellular junctions, and into the interstitium.  

  Th e basolateral surfaces of cells of the thick ascend-

ing limb of Henle’s loop express the same calcium sensing 

receptors as the parathyroid chief cells. Th e calcium recep-

tor couples with both G α i and G α q, and when activated, 

decreases cyclic AMP formation and increases produc-

tion of DAG and IP3. Th e resulting diminution of pro-

tein kinase A activity lowers its stimulatory actions on the 

sodium/potassium/2 chloride cotransporter. Th e increase in 

DAG activates protein kinase C which phosphorylates and 

decreases the activity of ROMK channels. Th e combination 

of eff ects decrease reabsorption of both sodium chloride 

and calcium. Because of the limited capacity of downstream 

calcium reabsorbing mechanisms, more calcium is lost in 

urine, and plasma calcium levels fall. 

   We already have discussed how high concentrations 

of calcium act as receptor mediated signals to decrease 

PTH secretion and to increase secretion of calcitonin. Th e 

calcium sensing receptor also is expressed in luminal mem-

branes of renal proximal tubules and moderate the eff ects 

of PTH on phosphate reabsorption. Although physiologi-

cal roles have not been defi ned, the calcium receptor also is 

found in intestinal cells and in bone cells, the other princi-

pal targets of the calcitropic hormones. High concentrations 

of calcium can substitute for vitamin D at these sites, but 

the role of the calcium sensing receptor in these responses 

is uncertain. Th e importance of receptor mediated eff ects 

of calcium to overall calcium balance is underscored by the 

human diseases that result from activating (hypocalcemia) 

or inactivating (hypercalcemia) mutations.  

    INTEGRATED ACTIONS OF CALCITROPIC
HORMONES 

    Response to a hypocalcemic challenge 

   Because some calcium is always lost in urine, even a short 

period of total fasting can produce a mild hypocalcemic chal-

lenge. More severe challenges are produced by a diet defi cient 

in calcium or anything that might interfere with calcium 

absorption by renal tubules or the intestine. Th e parathy-

roid glands are exquisitely sensitive to even a small decrease 

in ionized calcium and promptly increase PTH secretion 

( Figure 10.20   ). Eff ects of PTH on calcium reabsorption 

ECF pool
of calcium 

Kidney

Urinary calcium

Bone

1,25 (OH)2D3

PTH

Calcitonin

GI tract

 FIGURE 10.19          Overall regulation of calcium balance by PTH, calcitonin, 

and 1,25(OH)2D3. Solid green arrows indicate stimulation; dashed arrows 

represent inhibition.    
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from the glomerular fi ltrate coupled with some calcium 

mobilization from bone are evident after about an hour, pro-

viding the fi rst line of defense against a hypocalcemic chal-

lenge. Th ese actions are adequate only to compensate for a 

mild or brief challenge. When the hypocalcemic challenge is 

large and sustained, additional delayed responses to PTH are 

needed. After about 12 to 24 hours, increased formation of 

1,25(OH)2D3 increases the effi  ciency of calcium absorption 

from the gut. Osteoclastic bone resorption in response to 

both PTH and 1,25(OH)2D3 taps the almost inexhaustible 

reserves of calcium in the skeleton. If calcium intake remains 

inadequate, skeletal integrity may be sacrifi ced in favor of 

maintaining blood calcium concentrations.  

    Response to a hypercalcemic challenge 

   Hypercalcemia is rarely seen under normal physiological 

circumstances, but it may be a complication of a variety of 

pathological conditions usually accompanied by increased 

blood concentrations of PTH or PTHrp. An example of 

hypercalcemia that might arise under physiological circum-

stances is the case of a person who has been living for some 

time on a low calcium diet and then ingests a large amount 

of calcium-rich food. Under the infl uence of high concen-

trations of PTH and 1,25(OH)2D3 that would result from 

calcium insuffi  ciency, osteoclastic transfer of bone mineral 

to the extracellular fl uid and calcium absorptive mecha-

nisms in the intestine and renal tubules are stimulated to 

their maximal effi  ciency. Consequently ingested calcium 

is absorbed effi  ciently and blood calcium is increased by a 

few tenths of a milligram per deciliter. Calcitonin secre-

tion is promptly increased and would provide some benefi t 

through suppression of osteoclastic activity. PTH secretion 

promptly decreases and its eff ects on calcium and phosphate 

transport in renal tubules quickly diminish. Th e propor-

tion of PTH fragments released from the glands increases 

promptly, but several hours pass before hydroxylation of 

25OH-D3 and osteoclastic bone resorption diminish. Even 

after its production is shut down, many hours are required 

for some responses to 1,25(OH)2D3 to decrease. 

   Although some calcium phosphate may crystallize in 

demineralized osteoid, renal loss of calcium is the princi-

pal means of lowering blood calcium. Th e rate of renal loss 

by PTH sensitive mechanisms, however, is limited to only 

about 10% of the calcium present in the glomerular fi ltrate, 

or about 40 milligrams per hour, even after maximum shut-

down of PTH secretion. Decreased reabsorption of calcium 

in the thick ascending limb triggered by the calcium sens-

ing receptor, however, would quickly facilitate further cal-

cium excretion. 

   Th e eff ects of the calcitropic hormones and calcium 

are summarized in  Table 10.1   .   

    OTHER HORMONES THAT INFLUENCE 
CALCIUM BALANCE 

   In addition to the primary endocrine regulators of calcium 

balance just discussed, many other endocrine and paracrine 

factors infl uence calcium balance. Most of the calcium reab-

sorbed from the glomerular fi ltrate is by passive processes 

driven by active reabsorption of sodium. Th erefore, renal con-

servation of calcium is intimately related to sodium balance, 

and adjustments of sodium reabsorption discussed in Chapter 

9 are accompanied by changes in renal calcium reabsorption. 

For example, volume expansion results in increased glomeru-

lar fi ltration and decreased sodium reabsorption in the proxi-

mal tubule. Th e proximal tubule accounts for the bulk of the 

calcium reabsorbed, and hence even small changes at this 

level can result in signifi cant calcium loss. Antidiuretic hor-

mone increases sodium reabsorption in the thick ascending 

limb of Henle’s loop, and therefore decreased ADH results in 

 TABLE 10.1          Comparison of the Major eff ects of Calcitropic Hormones 

and Calcium  .

   Eff ects  PTH  PTHrP  D3  Calcium 

   Intestine 

    Calcium absorption 

    Phosphate absorption 

  
  
  

  
  
  

  
   ↑  

   ↑  

  
         ↑  

  

   Kidney 

    Proximal tubule 

    Phosphate reabsorption 

    1 α -hydroxylase activity 

  
  
     ↓  

     ↑  

  
  
       ↓  

       ↑  

  
  
   ↑  

   ↓  

  
  
  
         ↓  

   Thick ascending limb 

    Calcium reabsorption 

    Distal tubule 

    Calcium reabsorption 

  
     ↑  

  
     ↑  

  
       ↑  

  
       ↑  

  
  
  
   ↑  

  
         ↓  

  
  

   Bone 

    Osteoblasts 

    Production of 

 osteoclast 

 diff erentiation factors 

    Precursor multiplication 

 and development 

    Matrix formation and 

 mineralization 

  
  
     ↑  

     ↑  

     ↑  

  
  
       ↑  

       ↑  

       ↑  

  
  
   ↑  

   ↑  

  

  
  

  
  

  
       

↑  

   Chondrocytes 

     Multiplication and 

diff erentiation 

  
  

  
       ↑  

  
  

  
  

   Parathyroid chief cells 

    PTH synthesis 

    PTH secretion 

    PTH metabolism to 

 fragments 

  
  
  
  

  
  
  
  

  
   ↓  

   ↓  

  

  
         ↓  

         ↓  

         ↑  
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decreased reabsorption of calcium at this level of the neph-

ron. Conversely, volume contraction secondarily increases cal-

cium reabsorption through increased reabsorption of sodium 

and water resulting from increased production of angiotensin 

II and ADH. 

   Bone remodeling profoundly aff ects the fl ux of cal-

cium into or out of the mineralized matrix and is control-

led by a still incompletely understood interplay of local and 

circulating factors in addition to the calcitropic hormones 

discussed earlier. Insulin-like growth factor-1, growth 

hormone (see Chapter 11), the cytokines interleukin 1 

(see Chapter 4), interleukin-6, and interleukin 11, tumor 

necrosis factor  α , transforming growth factor  β , and 

doubtless many others play a role. Th e prostaglandins (see 

Chapter 4) also have calcium mobilizing activity and stim-

ulate bone lysis. Production of prostaglandins and inter-

leukins is increased in a variety of infl ammatory conditions 

and can lead to systemic or localized destruction of bone 

and the resulting release of calcium into the plasma. 

   Many of the systemic hormones directly or indi-

rectly aff ect calcium balance. Obviously, special demands 

are imposed on overall calcium balance during growth, 

pregnancy, and lactation. All of the hormones that govern 

growth—namely growth hormone, the insulin-like growth 

factors, thyroidal and gonadal hormones (see Chapter 11)—

directly or indirectly infl uence the activity of bone cells and 

calcium balance. Th e gonadal hormones, particularly estro-

gens, play a critical role in maintaining bone mass, which 

decreases in their absence, leading to  osteoporosis . Th is condi-

tion is common in postmenopausal women. Osteoblastic cells 

express receptors for estrogens that stimulate proliferation of 

osteoblast progenitors and inhibit production of cytokines 

such as interleukin-6 which activates osteoclasts. Conse-

quently in the absence of estrogens, osteoclastic activity is 

increased and osteoblastic activity is decreased, and there is 

net loss of bone ( Figure 10.21   ). 

   Defects in calcium metabolism also are seen in hyper-

thyroidism and in conditions of excess or defi ciency of adre-

nal cortical hormones. Excessive thyroid hormone accelerates 

activity of both the osteoclasts and osteoblasts and often 

results in net bone resorption and a decrease in bone den-

sity. Th is action may produce a mild hypercalcemia and sec-

ondarily suppress PTH secretion and hence 1,25(OH)2D3 

production. Th ese hormonal changes result in increased 

urinary loss of calcium and decreased intestinal absorption. 

Excessive glucocorticoid concentrations also decrease skel-

etal mass. Although glucocorticoids stimulate the diff erentia-

tion of osteoclast progenitors, they decrease proliferation of 

these progenitor cells, which ultimately leads to a decrease in 

active osteoblasts. Glucocorticoids increase PTH synthesis 

and secretion and also antagonize the actions and formation 

of 1,25(OH)2D3 by some unknown mechanism. Th ey also 

directly inhibit calcium uptake in the intestine, leading to 

further increases in PTH secretion and stimulation of osteo-

clasts. Conversely, adrenal insuffi  ciency may lead to hypercal-

cemia due largely to decreased renal excretion of calcium.   
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                                         Hormonal Control of Growth  

   Th e simple word  growth  describes a variety of 

processes, both living and nonliving, that share 

the common feature of increase in mass. For pur-

poses of this chapter we limit the defi nition of 

growth to mean  the organized addition of new tis-
sue that occurs normally in development from infancy 
to adulthood . Th is process is complex and depends 

on the interplay of genetic, nutritional, and envi-

ronmental infl uences as well as actions of the 

endocrine system. Growth of an individual or an 

organ involves increases both in cell number and 

cell size, diff erentiation of cells to perform highly 

specialized functions, and tissue remodeling that 

may require apoptosis as well as new cell forma-

tion. Most of these processes depend on locally 

produced growth factors that operate through 

paracrine or autocrine mechanisms. Many con-

tinue to operate throughout life providing not 

only for cell renewal, but also for adaptations to 

meet changing physiological demands. Dozens 

of families of growth factors have been described 

and an unknown number of others await dis-

covery. Regulation of growth by the endocrine 

system can be viewed as coordination of local 

growth processes with overall development of the 

individual and with external environmental infl u-

ences. Th is chapter describes the hormones that 

play important roles in growth and their interac-

tions at critical times in development. 

   Growth is most rapid during prenatal 

life. In only nine months body length increases 

from just a few micrometers to almost 30% 

of fi nal adult height. Th e growth rate deceler-

ates after birth but during the fi rst year of life 

is rapid enough that the infant increases half 

again in height to about 45% of fi nal adult stat-

ure. Th ereafter growth decelerates and continues 

at a slower rate, about 2 inches per year until 

puberty. Steady growth during this juvenile 

period contributes the largest fraction, about 

40%, to fi nal adult height. With the onset of 

sexual development, growth accelerates to about 

twice the juvenile rate and contributes about 

15 to 18% of fi nal adult height before stopping 

altogether (       Figures 11.1 and 11.2     ). 

   Our understanding of hormonal infl u-

ences on growth is limited largely to the juve-

nile and adolescent periods, but emerging 

information is providing insight into regulation 

of prenatal growth, which is largely independent 

of the classic hormones. During the juvenile 

period, the infl uence of growth hormone (GH) 

is preeminent, but appropriate secretion of thy-

roid and adrenal hormones and insulin is essen-

tial for optimal growth. Th e adolescent growth 

spurt refl ects the added input of androgens and 

estrogens, which speed up growth, and the mat-

uration of bone that brings it to a halt. 

    GROWTH HORMONE 

   Growth hormone, which is also called somatotro-

pin (STH), is the single most important hor-

mone required for normal growth. Attainment 

of adult size is absolutely dependent on GH; in 

its absence growth is severely limited. 

  11 
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    Pituitary dwarfi sm  is the failure of growth that results 

from lack of GH during childhood. Pituitary dwarfs typi-

cally are of normal weight and length at birth and grow 

rapidly and nearly normally during early infancy. Before the 

end of the fi rst year, however, growth is noticeably below 

normal and continues slowly for many years. Left untreated, 

they may reach heights of around 4 feet. Typically the 

pituitary dwarf retains a juvenile appearance because of the 

retention of  “ baby fat ”  and the disproportionately small size 

of maxillary and mandibular bones. 

   Pituitary dwarfi sm is not a single entity and may 

encompass a range of defects. Th e defi ciency in GH may be 

accompanied by defi ciencies of several or all other anterior 

pituitary hormones ( panhypopituitarism ) as might result from 

defects in pituitary development (see Chapter 2). Alternatively, 

traumatic injury to the pituitary gland or a tumor that either 

destroys pituitary cells or their connections to the hypotha-

lamus also might interfere with normal pituitary function. 

Th ese individuals do not mature sexually and suff er from 

inadequacies of thyroid and adrenal glands as well. Th e lack 

of GH also might be an isolated inherited defect, with no 

abnormalities in other pituitary hormones. Aside from their 

diminutive height, such individuals are normal in all respects 

and can reproduce normally. Causes of  isolated GH defi ciency  

are multiple, and include derangements in synthesis, secretion, 

and end-organ responsiveness. 

   Overproduction of GH may occur either as a result 

of some derangement in mechanisms that control secretion 

by normal pituitary cells or from tumor cells that secrete 

GH autonomously. Overproduction of GH during child-

hood results in  gigantism , in which an adult height in excess 

of 8 feet occasionally has been reported. Overproduction 

of GH during adulthood, after the growth plates of long 

bones have fused (see later), produces growth only by stim-

ulation of responsive osteoblastic progenitor cells in the 

Hormone dependence

0.0

10

20

30

40

50

60

70

80

90

100 Adolescence
ages 10–14 (girls)

12–16 (boys)

Juvenile
1–12 years

Infantile
birth �1 year

Prenatal�
9 months

til birth

Percent of
adult height

Stage IGFs GH T3 Sex
steroids

Insulin

 FIGURE 11.1          Hormonal regulation of growth at diff erent stages 

of life.  IGFs       �      insulin-like growth factors;  GH       �      growth hormone; 

 T3       �      triiodothyronine.    

180

A

Girls

Boys
160

140

120

H
ei

gh
t i

n 
ce

nt
im

et
er

s

100

80
0 5 10

Age in years

15 20

 FIGURE 11.2           A . Typical growth curves for boys and girls. Note that 

growth is not linear and that it proceeds at the same rate in juvenile boys 

and girls. At puberty, which begins earlier in girls than in boys, there is a 

spurt in growth that immediately precedes growth arrest.  B . Nonlinearity of 

growth is more clearly evident when plotted as changes in growth velocity 

over time. Note that growth, which is very rapid in the newborn, slows 

during the juvenile period and accelerates at puberty.      

10

8

6

4

G
ro

w
th

 v
el

oc
ity

 (
cm

/y
ea

r)

2

0

0 5 10

Age in years

15 20

B



11

221

Hormonal Control of Growth

periosteum. Th ere is thickening of the cranium, the man-

dible, and enlargement of some facial bones and bones in 

the hands and feet. Growth and deformities in these acral 

parts gives rise to the name  acromegaly  to describe this con-

dition. Persistence of responsive cartilage progenitor cells 

in the costochondral junctions leads to elongation of the 

ribs to give a typical barrel-chested appearance. In acrome-

galic patients there is also thickening of the skin and dis-

proportionate growth of some soft tissues including spleen 

and liver. 

   When thinking about giants and dwarfs, it is important 

to keep in mind the limitations of GH action. Th e pediatric 

literature makes frequent use of the term  genetic potential  in 

discussions of diagnosis and treatment of disorders of growth. 

Predictions of how tall a child will be as an adult usually are 

based on the average of parental height plus 2.5 inches for 

boys or minus 2.5 inches for girls. We can think of GH as 

the facilitator of expression of genetic potential for growth 

rather than as the primary determinant. Th e entire range over 

which GH can infl uence adult stature is only about 30% of 

genetic potential. A person destined by his genetic makeup 

to attain a fi nal height of 6 feet will attain a height of about 

4 feet even in the absence of GH and is unlikely to exceed 

8 feet in height even with massive overproduction of GH 

from birth. We do not understand what determines genetic 

potential for growth, but it is clear that although both arise 

from a single cell, a hypopituitary elephant is enormously 

larger than a giant mouse. Within the same species, some-

thing other than aberrations in GH secretion accounts 

for the large diff erences in size of miniature and standard 

poodles or Chihuahuas and Great Danes. 

    Synthesis, secretion, and metabolism 

   Although the anterior pituitary gland produces at least six 

hormones, more than one-third of its cells synthesize and 

secrete GH. In humans the 5 to 10       mg of stored GH make 

it the most abundant hormone in the pituitary, accounting 

for almost 10% of the dry weight of the gland. More than 

ten times as much GH is produced and stored as any other 

pituitary hormone. Ninety percent of the GH produced by 

somatotropes is comprised of 191 amino acids and has a 

molecular weight of about 22,000. Th e remaining 10%, called 

20K GH, has a molecular weight of 20,000 and lacks the 15 

amino acid sequence corresponding to residues 32 to 46. 

Both forms are products of the same gene and result from 

alternate splicing of the RNA transcript. Both forms of hor-

mone are secreted and have similar growth-promoting activ-

ity, although metabolic eff ects of the 20K form are reduced. 

   About half the GH in blood circulates bound to a pro-

tein that has the same amino acid sequence as the extracellular

domain of the GH receptor (see later). In fact, the plasma 

GH binding protein is a product of the same gene that 

encodes the GH receptor and originates by proteolytic 

cleavage of the receptor at the outer surface of target cells. 

It is thought that the binding protein provides a reservoir 

of GH that prolongs its half-life and buff ers changes in free 

hormone concentration. Free GH can readily cross capillary 

membranes, but bound hormone is restricted to the vascular 

compartment. Th e half-life of GH in blood is about 20       min.

GH that crosses the glomerular membrane is reabsorbed 

and destroyed in the kidney, which is the major site of GH 

degradation. Less than 0.01% of the hormone secreted 

each day reaches the urine in recognizable form. GH also 

is degraded in its various target cells following uptake by 

receptor mediated endocytosis.  

    Mode of action 

   Like other peptide and protein hormones GH binds to 

its receptor on the surface of target cells. Th e GH recep-

tor is a glycoprotein that has a single membrane-spanning 

region and a relatively long intracellular tail that neither has 

catalytic activity nor interacts with G-proteins. Th e GH 

receptor binds to a cytosolic enzyme called Janus kinase-2 

( JAK-2), which catalyzes the phosphorylation of the recep-

tor and other proteins on tyrosine residues (see Chapter 1). 

Growth hormone activates a signaling cascade by binding 

sequentially to two GH receptor molecules to form a recep-

tor dimer that sandwiches the hormone between the two 

receptor molecules. Such dimerization of receptors also is 

seen for other hormone and cytokine receptors of the super-

family to which the GH receptor belongs. Dimerization of 

receptors brings the bound JAK-2 enzymes into favorable 

alignment to promote tyrosine phosphorylation and activa-

tion of their catalytic sites. In addition, dimerization may 

also recruit JAK-2 molecules to unoccupied binding sites on 

the receptors. Tyrosine phosphorylation provides docking 

sites for other proteins and facilitates their phosphorylation. 

   One group of target proteins, called STATs (signal 

transduction and activation of transcription), migrate to 

the nucleus and activate gene transcription (see Chapter 

1). Another target group, the mitogen activated protein 

(MAP) kinases, also is thought to have a role in promot-

ing gene transcription. Other proteins include the insulin 

receptor substrates and their downstream kinases including 

PI3 kinase and protein kinase B (see Chapter 7). Activation 

of the GH receptor also results in an infl ux of extracellular 

calcium through voltage regulated channels and may further 

promote transcription of target genes. All in all, GH pro-

duces its eff ects in various cells by stimulating the transcrip-

tion of specifi c genes.  
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    Physiological actions of growth hormone 

    Eff ects on skeletal growth 

   Th e ultimate height attained by an individual is determined 

by the length of the skeleton and, in particular, the vertebral 

column and long bones of the legs. Growth of these bones 

occurs by a process called  endochondral ossifi cation , in which 

proliferating cartilage is replaced by bone. Th e ends of long 

bones are called  epiphyses  and arise from ossifi cation centers 

that are separate from those responsible for ossifi cation of 

the  diaphysis , or shaft. In the growing individual the epiphy-

ses are separated from the diaphysis by cartilaginous regions 

called  epiphyseal plates , in which continuous production of 

chondrocytes provides the impetus for diaphyseal elonga-

tion. Chondrocytes in epiphyseal growth plates are arranged 

in orderly columns in parallel with the long axis of the bone 

refl ecting the vectorial nature of their mitotic divisions 

( Figure 11.3   ). Frequent division of small, fl attened chondro-

cyte precursors in the germinal zone at the distal end of the 

growth plate provides for continual elongation of columns 

of chondrocytes. As they grow and mature, chondrocytes 

produce the mucopolysaccharides and collagen that consti-

tute the cartilage matrix. Cartilage cells hypertrophy, become 

heavily vacuolated, and degenerate as the surrounding matrix 

becomes calcifi ed. Ingrowth of blood vessels and migration 

of osteoblast progenitors from the marrow results in replace-

ment of calcifi ed cartilage with true bone. 

   Proliferation of chondrocytes at the epiphyseal border 

of the growth plate is balanced by cellular degeneration at 

the diaphyseal end, so in the normally growing individual 

the thickness of the growth plate remains constant as the 

epiphyses are pushed further and further outward by the 

elongating shaft of bone. Eventually, progenitors of 

chondrocytes are either exhausted or lose their capacity to 

divide. As remaining chondrocytes go through their cycle 

of growth and degeneration, the epiphyseal plates become 

progressively narrower and ultimately are obliterated when 

diaphyseal bone fuses with the bony epiphyses. At this time, 

the epiphyseal plates are said to be closed, and the capacity 

for further growth is lost. 

   In the absence of GH there is severe atrophy of the 

epiphyseal plates, which become narrow as proliferation of 

cartilage progenitor cells slows markedly. Conversely, after 

GH is given to a hypopituitary subject, resumption of cellu-

lar proliferation causes columns of chondrocytes to elongate 

and epiphyseal plates to widen. Th is characteristic response 

has been used as the basis of a biological assay for GH in 

experimental animals. 

   Growth of bone requires that diameter as well as 

length increase. Th ickening of long bones is accomplished 

by proliferation of osteoblastic progenitors from the connec-

tive tissue sheath ( periosteum ) that surrounds the diaphysis. 

As it grows, bone is also subject to continual reabsorption 

and reorganization, with the incorporation of new cells 

that originate in both the periosteal and endosteal regions. 

Remodeling, which is an intrinsic property of skeletal 

growth, is accompanied by destruction and replacement of 

calcifi ed matrix, as described in Chapter 10. Treatment with 

GH often produces a transient increase in urinary excretion 

of calcium, phosphorus, and hydroxyproline, refl ecting bone 

Epiphyseal
plate

Metaphysis

Diaphysis

Epiphysis

Epiphyseal
bone

Stem cells

Proliferating
chondrocytes

Prehypertrophic
chondrocytes

Metaphyseal
bone

Hypertrophied
chondrocytes

Resting or
germinal
zone

Proliferative
zone

Hypertrophic
zone

 FIGURE 11.3          Schematic representation of the tibial epiphyseal growth plate.   (Modifi ed from Nilsson, O., Marino, R., De Luca, F., Phillip, M., and Baron, J. 

(2005) Endocrine regulation of the growth plate.  Hormone Research   64 : 157–165.)    
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remodeling. Hydroxyproline derives from breakdown and 

replacement of collagen in bone matrix. 

    Th e somatomedin hypothesis 

   Th e epiphyseal growth plates are obviously stimulated after 

GH is given to hypophysectomized animals, but little or no 

stimulation of cell division, protein synthesis, or incorpora-

tion of radioactive sulfur into mucopolysaccharides of car-

tilage matrix was observed when epiphyseal cartilage taken 

from hypophysectomized rats was incubated with GH. In 

contrast, when cartilage taken from the same rats was incu-

bated with blood plasma from hypophysectomized rats that 

had been treated with GH, there was a sharp increase in 

matrix formation, protein synthesis, and DNA synthesis. 

Blood plasma obtained from normal rats produced similar 

eff ects, but plasma from hypophysectomized rats had little 

eff ect unless they were fi rst treated with GH. 

   Th ese experiments gave rise to the hypothesis that 

GH may not act directly to promote growth but, instead, 

stimulates the liver to produce an intermediate, blood-

borne substance that activates chondrogenesis and perhaps 

other GH-dependent growth processes in other tissues. 

Th is substance was later named  somatomedin  ( somato tropin 

 mediator ), and upon subsequent purifi cation, was found to 

consist of two closely related substances that also produce 

the insulin-like activity that persists in plasma after all the 

authentic insulin is removed by immunoprecipitation. Th ese 

substances now are called  insulin-like growth factors , or IGF-I 

and IGF-II. Of the two, IGF-I is the more important 

mediator of the actions of GH, and has been studied more 

thoroughly. Although some aspects of the original somato-

medin hypothesis have been discarded (see later), the crucial 

role of IGF-I as an intermediary in the growth-promoting 

action of GH is now fi rmly established. 

   In general, plasma concentrations of IGF-I refl ect the 

availability of GH on the rate of growth. Th ey are higher 

than normal in blood of persons suff ering from acromeg-

aly and are very low in GH-defi cient individuals. Children 

whose growth is more rapid than average have higher than 

average concentrations of IGF-I, whereas children at the 

lower extreme of normal have lower values. When GH is 

injected into GH-defi cient patients or experimental animals, 

IGF-I concentrations increase after a delay of about 4 to 6 

hours and remain elevated for more than a day. Children or 

adults who are resistant to GH because of a receptor defect 

have low concentrations of IGF-I in their blood despite 

high concentrations of GH. Growth of these children is 

restored to nearly normal rates following daily administra-

tion of IGF-I ( Figure 11.4   ). Disruption of the IGF-I gene 

in mice causes severe growth retardation despite high con-

centrations of GH in their blood. Daily treatment with 

even large doses of GH does not accelerate their growth. 

Similarly, a child with a homozygous deletion of the IGF-I 

gene suff ered severe pre- and postnatal growth retardation 

that was partially corrected by daily treatment with IGF-I. 

   Although overwhelming evidence indicates that 

IGF-I stimulates cartilage growth in the epiphyseal plates 

and many other tissues and accounts for much and perhaps 

all of the growth promoting actions of GH, the somatome-

din hypothesis as originally formulated has been modifi ed 

to conform with recent experimental fi ndings. Production 

of IGF-I is not limited to the liver, and may be increased 

by GH in many tissues including cells in the epiphyseal 

growth plate. Direct infusion of small amounts of GH into 

epiphyseal cartilage of the proximal tibia in one leg of hypo-

physectomized rats was found to stimulate tibial growth of 

that limb, but not of the contralateral limb. Only a direct 

action of GH on osteogenesis can explain such localized 

stimulation of growth, because IGF-I that arises in the liver 

is equally available in the blood supply to both hind limbs. 

   It is now apparent that GH stimulates prechondro-

cytes and other cells in the epiphyseal plates to synthe-

size and secrete IGFs, which act locally in an autocrine or 

paracrine manner to stimulate cell division, chondrocyte 

maturation, secretion of extracellular matrix proteins, and 

bone growth. Further evidence to support this conclusion 

includes fi ndings of receptors for both GH and IGF-I 

in chondrocytes in the epiphyseal plates along with the 

GH-dependent increase in mRNA for IGFs and IGF-I 

receptors. Th e failure of GH to increase cartilage formation 
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 FIGURE 11.4          Insulin-like growth factor-I ( IGF-I ) treatment of children with 

growth hormone ( GH ) insensitivity due to a receptor defi ciency compared 

to GH treatment of children with GH defi ciency.   (Plotted from data of 

Guevara-Aguirre, J., Rosenbloom, A.L., Vasconez, O., Martinez, V, Gargosky, 

S., Allen, L., Rosenfeld, R. (1997) Two-year treatment of growth hormone 

(GH) receptor defi ciency with recombinant insulin-like growth factor-I in 22 

children: Comparison of two dosage levels to GH-treated defi ciency.  J. Clin. 

Endocrinol. Metab.   82 : 629–633.)    
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in the original studies may have been due to inadequacies in 

the  in vitro  culture conditions. 

   Growth of the long bones might be stimulated by 

IGF-I that reaches them either through the circulation or by 

diff usion from local sites of production or some combina-

tion of the two. A genetic engineering approach was adopted 

to evaluate the relative importance of locally produced and 

blood-borne IGF-I. A line of mice was developed in which 

the IGF-I gene was selectively disrupted only in hepato-

cytes. Concentrations of IGF-I in the blood of these animals 

were severely reduced, but their growth and body propor-

tions were no diff erent from those of control animals that 

produced normal amounts of IGF-I in their livers and had 

normal blood levels of IGF-I. Th ese fi ndings indicate that 

locally produced IGF-I may be suffi  cient to account for nor-

mal growth and that IGF-I in the circulation plays only a 

minor role in stimulating growth. However, the average con-

centration of GH in the blood of these genetically altered 

mice was considerably increased, consistent with the nega-

tive feedback eff ect of IGF-I on GH secretion. 

   Th e current view of the relationship between GH 

and IGF-I is summarized in  Figure 11.5   . GH acts directly 

on both the liver and its peripheral target tissues to promote 

IGF-I production. Liver is the principal source of IGF in 

blood, but target tissues also make some contributions to cir-

culating IGF. Stimulation of longitudinal growth is provided 

primarily by locally produced IGF-I acting in an autocrine/

paracrine manner, but circulating IGF-I produced primarily 

in liver also contributes to overall bone growth, particularly 

in increasing bone diameter and thickening of the cortical 

region. A major function of blood-borne IGF is to regulate 

GH secretion.  

    Properties of the insulin-like growth factors 

   IGF-I and IGF-II are small, unbranched peptides that have 

molecular masses of about 7,500 daltons. Th ey are encoded 

in separate genes located on chromosomes 12 and 11, 

respectively, and are expressed in a wide variety of cells. 

Although the regulatory elements and exon/intron archi-

tecture of their genes diff er signifi cantly, protein structures 

of the IGFs are very similar to each other and to proinsulin 

(see Chapter 7), both in terms of amino acid sequence and 

in the arrangement of disulfi de bonds ( Figure 11.6   ). Th e 

IGFs share about 50% amino acid identity with the cor-

responding A and B chains of insulin. In contrast to insu-

lin, however, the region corresponding to the connecting 

peptide (the C chain) is retained in the mature form of the 

IGFs, which also have a C-terminal extension referred to as 

the D chain. Both IGF-I and IGF-II are present in blood 

at relatively high concentrations throughout life although 

the absolute amounts diff er at diff erent stages of life. Th e 

concentration of IGF-II is usually about three times higher 

than that of IGF-I. 

   Two receptors for the IGFs have been identifi ed. Th e 

IGF-I receptor, which binds IGF-I with greater affi  nity 

than IGF-II, is remarkably similar to the insulin receptor. 

Like the insulin receptor (see Figure 5.18 in Chapter 5), 

it is a tetramer that consists of two membrane-spanning 

 β  subunits connected by disulfi de bonds to two extracellular  

α  subunits, which contain the IGF binding domain. As in 
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 FIGURE 11.5          The roles of growth hormone ( GH ) 

and insulin-like growth factor-I ( IGF-I ) in promoting 

growth. GH stimulates IGF-I production in liver and 

epiphyseal growth plates. Epiphyseal growth is 

stimulated primarily by autocrine/paracrine actions 

of IGF-I. IGF-I produced by the liver accounts for 

growth in diameter of bones and acts as a negative 

feedback regulator of GH secretion. Liver is the 

principal source of IGF-I in blood, but other GH target 

organs may also contribute to the circulating pool.    
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the insulin receptor, the  β  subunits have intrinsic protein 

tyrosine kinase activity that is activated by ligand binding 

and catalyzes the phosphorylation of some of its own tyro-

sine residues and tyrosines on many of the same proteins 

that mediate the intracellular responses to insulin: the insu-

lin receptor substrates, phosphatidylinositol-3-kinase, and 

so on (see Figure 7.19). 

   Cells that coexpress both insulin and IGF-I recep-

tors may also produce  “ hybrid receptors ”  that have one 

 α  and one  β  subunit of the insulin receptor coupled to one 

 α  one  β  subunit of the IGF-I receptor. Th ese receptors 

behave more like IGF-I receptors than like insulin receptors. 

Th eir physiological importance has not been established. 

Both IGF-I and IGF-II are thought to signal through the 

IGF-I receptor. 

   Th e IGF-II receptor is structurally unrelated to the 

IGF-I receptor and binds IGF-II with a very much higher 

affi  nity than IGF-I. It consists of a single membrane-

spanning protein with a short cytosolic domain that until 

recently was thought to function as a clearance receptor 

lacking signaling capabilities. Recent fi ndings, however, sug-

gest it may have a novel signaling mechanism. Curiously, the 

IGF-II receptor is identical to the mannose-6-phosphate 

receptor that binds mannose-6-phosphate groups on newly 

synthesized lysosomal enzymes and transfers them from 

the trans-Golgi vesicles to the endosomes and thence to 

lysosomes. It may also transfer mannose-6-phosphate con-

taining glycoproteins from the extracellular fl uid to the 

lysosomes by an endocytotic process. Th e IGF-II receptor 

plays an important role in clearing IGF-II from extracel-

lular fl uids.  

    Th e IGF binding proteins 

   Th e IGFs circulate in blood tightly bound to IGF binding 

proteins (IGFBPs). Six diff erent closely related IGFBPs, 

each the product of a separate gene, are found in mammalian 

plasma and extracellular fl uids. Th eir affi  nities for both IGF-I 

and IGF-II are considerably higher than the affi  nity of 

IGF-I receptors for either IGF-I or IGF-II. Th e circulating 

IGFBPs act both as reservoirs for these growth factors and 

as regulators of their delivery across capillary endothelia. Th e 

combined binding capacity of all the plasma IGFBPs is about 

twice that needed to bind all of the IGFs in blood, and there-

fore there is essentially no  “ free ”  IGF in plasma. Because of 

its small molecular size, free IGF could readily cross capillary 

endothelia and potentially produce indiscriminate, unregu-

lated multiplication of the wide variety of cells that express 

its receptors. In addition, by stimulating either IGF or insulin 

receptors, IGFs produce hypoglycemia. Th e IGF binding pro-

teins provide mechanisms for controlled delivery of IGF to 

discreet cellular populations. Th e same binding proteins also 

are produced and secreted along with the IGFs by extrahe-

patic cells and are therefore found in extracellular fl uid in var-

ious tissues where they act as regulators of IGF bioavailability. 

   IGFBP-3 is the most abundant of the IGF binding 

proteins in blood and also has the highest affi  nity for the 

IGFs. Its concentration in plasma is somewhat lower than 

the sum of the concentrations of IGF-I and IGF-II, and 

hence its binding capacity is normally saturated. IGFBP-3 

and its cargo of IGF form a large 150 kDa ternary complex 

that includes an 88 kDa glycoprotein called the  acid-labile 
subunit  (ALS). Growth hormone stimulates the synthesis of 

all three components of this complex in the liver, and con-

sequently, their concentrations are quite low in the blood of 

GH-defi cient subjects and increase upon treatment with GH. 

Th e complex, which is too large to cross capillary endothelia, 

readily has a half-life of about 15 hours. 

   About 25% of the IGFs in plasma are distributed 

among the other IGFBPs, which, except for IGFBP-5, 

do not bind to ALS, and hence form complexes that are 

small enough to escape across the capillary endothelium. 

Of these, IGFBP-2 is the most important quantitatively. Its 
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concentration in blood is increased in plasma of GH-defi -

cient patients and is decreased by GH, but rises dramatically 

after administration of IGF-I. Plasma levels of IGFBP-1, 

the next in importance quantitatively, are regulated by insu-

lin, which suppresses its formation. Although the binding 

capacity of IGFBP-3 is saturated, the other IGFBPs have 

free binding sites and readily associate with IGFs that are 

released from IGFBP-3 after proteolytic  “ clipping ”  by pro-

teases present in plasma lowers its binding affi  nity. IGFs 

complexed with other IGFBPs escape to the extracellular 

fl uid and remain sequestered until destroyed or targeted to 

specifi c locales. 

   Th e IGFBPs are synthesized locally in conjunction 

with IGF in a wide variety of cells and are distributed exten-

sively in extracellular fl uid. Th eir biology is complex and not 

completely understood. It may be recalled that the IGFs 

mediate localized growth in response to a variety of sig-

nals in addition to GH. Many diff erent cells both produce 

and respond to IGF-I, which is a small and readily diff us-

ible molecule. Th e IGFBPs in interstitial fl uid may provide a 

means of restricting the extent of cell growth to the precise 

location dictated by physiological demand. Because their 

affi  nity for both IGFs is so much greater than the affi  nity 

of the IGF-I receptor, the IGFBPs can compete successfully 

for binding free IGF and thus restrict its bioavailability. 

Conversely, IGFBPs may also enhance the actions of IGF-I. 

Some of the IGFBPs bind to extracellular matrices where 

they may provide a localized reservoir of IGFs that might 

be released by proteolytic modifi cation of the IGFBPs. 

   Binding to the cell surface lowers the affi  nity of some 

of the IGFBPs and thus provides a means of targeted delivery 

of free IGF-I to receptive cells. Th e affi  nities of the IGFBPs 

also are modifi ed by phosphorylation and partial proteolysis, 

both of which may provide mechanisms for local control IGF 

bioavailability. Some evidence also suggests that IGFBPs may 

produce biological eff ects that are independent of the IGFs. 

Th e complex physiology of the IGFBPs continues to be a 

subject of active research.  

    IGFs and prenatal growth 

   In addition to serving as mediators of GH-induced growth 

postnatally, IGF-I and IGF-II appear to be the major regu-

lators of GH-independent growth during fetal life. Whereas 

human infants or mouse pups born with inactivating muta-

tions of GH or the growth hormone receptor are of nor-

mal birth weight, absence of IGF-I, IGF-II, or the IGF-I 

receptor results in severe prenatal growth retardation that 

persists through postnatal life. Both IGFs acting through 

the IGF-I receptor stimulate cell division and diff erentia-

tion in fetal tissues and their actions in these regards appear 

to be modulated by the IGFBPS. Studies in rodents suggest 

that IGF-II is critical for growth of the placenta, which in 

turn aff ects growth of the fetus through its infl uence on 

nutrient availability. Although the IGFs and their binding 

proteins play a central role in stimulating fetal growth, little 

is known of how their production and actions are regulated.   

    Eff ects of GH/IGF-I on body composition 

   Th e bodies of growth hormone-defi cient animals and 

human subjects have a relatively high proportion of fat, 

compared to water and protein, in their bodies. Treatment 

with GH changes the proportion of these bodily constitu-

ents to resemble the normal juvenile distribution. Body 

protein stores increase, particularly in muscle, and there is 

a relative decrease in fat. Despite their relatively higher fat 

content, subjects who are congenitally defi cient in GH or 

unresponsive to it actually have fewer total adipocytes than 

normal individuals. Th eir adiposity is due to an increase in 

the amount of fat stored in each cell. Treatment with GH 

restores normal cellularity by increasing proliferation of 

fat cell precursors through autocrine stimulation by IGF-

I. Curiously, however, GH also restrains the diff erentiation 

of fat cell precursors into mature adipocytes. Th e overall 

decrease in body fat produced by GH results from decreased 

deposition of fat, accelerated mobilization and increased 

reliance of fat for energy production (see Chapter 8). 

   Most internal organs grow in proportion to body size, 

except liver and spleen, which may be disproportionally 

enlarged by prolonged treatment with GH. Th e heart may also 

be enlarged in acromegalic subjects, in part from stimulation 

of cardiac myocyte growth by GH or IGF, and in part from 

hypertension, which is frequently seen in these individuals. 

Conversely, GH defi ciency beginning in childhood is associ-

ated with decreased myocardial mass due to decreased thick-

ness of the ventricular walls. Treatment of these individuals 

with GH leads to increased myocardial mass and improved 

cardiac performance. Skin and the underlying connective tis-

sue also increase in mass, but GH does not infl uence growth 

of the thyroid, gonads, or reproductive organs. 

   Changes in body composition and organ growth have 

been monitored by studying changes in the biochemical 

balance of body constituents ( Figure 11.7   ). When human 

subjects or experimental animals are given GH repeatedly 

for several days, there is net retention of nitrogen, refl ecting 

increased protein synthesis. Urinary nitrogen is decreased, 

as is the concentration of urea in blood. Net synthesis of 

protein is increased without an accompanying change in 

the net rates of protein degradation. Increased retention of 

potassium refl ects the increase in intracellular water that 

results from increased cell size and number. An increase in 

sodium retention and the consequent expansion of extra-

cellular volume is characteristic of GH replacement, but 

understanding of the mechanisms involved remains elusive. 
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Increased phosphate retention refl ects expansion of the cel-

lular and skeletal mass and is brought about in part by acti-

vation of sodium phosphate cotransporters in the proximal 

tubules and activation of the 1 α -hydroxylase that catalyzes 

production of calcitriol (see Chapter 10). 

    Comparison of the growth promoting actions of 

GH and IGF-I 

   Although IGF-I fi gures prominently as an intermediary in 

the actions of GH, not all the eff ects of GH are mediated 

by the IGFs. Clinical experience indicates that IGF-I is less 

eff ective than GH in promoting skeletal growth ( Figure 11.4 ), 

but more eff ective than GH in stimulating growth of some 

soft tissues. In muscle, GH appears to promote growth pri-

marily by stimulating protein synthesis with little eff ect on 

protein degradation, whereas IGF-I strongly inhibits protein 

degradation. Whether these observations refl ect intrinsic dif-

ferences in the actions of GH and IGF or simply inadequate 

emulation of local production of IGF by systemic administra-

tion of IGF remains to be resolved. Some aspects of growth 

stimulated by GH are independent of IGF-I, although their 

physiological importance is unknown. It is important to rec-

ognize that treatment with IGF-I reproduces most of the 

eff ects of GH on body size and composition in patients who 

are insensitive to GH because of a receptor defect. 

   In other respects clear diff erences in the actions of GH 

and IGF-I are apparent. For example, hepatocytes and mature 

adipocytes lack IGF-I receptors, but GH nevertheless modi-

fi es expression of a variety of their genes. Growth hormone 

increases lipolysis in adipocytes (see Chapter 8), but IGF-I, 

when present at concentrations high enough to activate insu-

lin receptors, inhibits lipolysis. Although treatment with 

either GH or IGF-I decrease body fat, they do so by diff erent 

mechanisms. GH acts directly on adipocytes to mobilize free 

fatty acids. IGF-I decreases adipocyte fat content probably as 

a consequence of its inhibitory eff ects on insulin secretion. In 

contrast, GH increases insulin secretion and decreases insulin 

sensitivity, whereas IGF-I behaves as an insulin sensitizer.    

    Regulation of GH secretion 

   Growth is a slow, continuous process that takes place over 

more than a decade. It might be expected, therefore, that con-

centrations of GH in blood would be fairly static. In contrast 

to such expectations, however, frequent measurements of GH 

concentrations in blood plasma throughout the day reveal 

wide fl uctuations indicative of multiple episodes of secre-

tion. Because the rate of degradation of GH is thought to be 

invariant, changes in plasma concentration imply changes in 

secretion. In male rats, GH is secreted in regular pulses every 

3.0 to 3.5 hours in what has been called an  ultradian rhythm . 

In humans, GH secretion is also pulsatile, but the pattern of 

changes in blood concentrations is usually less obvious than 

in rats. Frequent bursts of secretion occur throughout the 

day, with the largest being associated with the early hours of 

sleep ( Figure 11.8   ). In addition, stressful changes in the inter-

nal and external environment can produce brief episodes of 

hormone secretion. Little information or diagnostic insight 
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 FIGURE 11.7          Eff ects of human growth hormone ( hGH ) on nitrogen, sodium, potassium, and phosphorus balances in an 11.5-year-old girl with 

pituitary dwarfi sm. Changes above the control baseline represent retention of the substance; changes below the line represent loss.   (From Hutchings, J.J., 

Escamilla, R.F., Deamer, W.C. et al. (1959) Metabolic changes produced human growth hormone in a pituitary dwarf.  J. Clin. Endocrinol. Metab.   19 : 759–764.)    
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can therefore be obtained from a single random measurement 

of the GH concentration in blood. Because secretory episodes 

last only a short while, multiple, frequent measurements are 

needed to evaluate functional status or to relate GH secretion 

to physiological events. Alternatively, it is possible to with-

draw small amounts of blood continuously over the course of 

a day, and by measuring GH in the pooled sample, to obtain 

a 24-hour integrated concentration of GH in blood. 

   Th e possible physiological signifi cance of intermit-

tent as compared to constant secretion of GH has received 

much attention experimentally. Pulsatile administration of 

GH to hypophysectomized rats is more eff ective in stimulat-

ing growth than continuous infusion of the same daily dose. 

However, similar fi ndings have not been made in human 

subjects, whose rate of growth, like that of experimental ani-

mals, can be restored to normal or near normal with single 

daily or every other day injections of GH. Although expres-

sion of some hepatic genes appears to be sensitive to the pat-

tern of changes in plasma GH concentrations in rodents, 

there is neither evidence for comparable eff ects in humans 

nor an obvious relationship of the aff ected genes to growth 

of rodents. In normal human adults the same total amount 

of GH given either as a constant infusion or in eight equally 

spaced brief infusions over 24 hours increased expression 

IGF-I and IGFBP-3 to the same extent. 

    Eff ects of age 

   Using the continuous sampling method, it was found that 

GH secretion, though most active during the adolescent 

growth spurt, persists throughout life, long after the epi-

physes have fused and growth has stopped ( Figure 11.9   ). 

In mid-adolescence the pituitary secretes between 1 and 2 

milligrams of GH per day. Between ages 20 and 40 years, 

the daily rate of secretion gradually decreases in both men 

and women, but remarkably, even in middle age the pituitary 

continues to secrete about 0.1 milligram of GH every day. 

Low rates of GH secretion in the elderly may be related to 

loss of lean body mass in later life. Changes in GH secretion 

 FIGURE 11.8          Growth hormone concentrations in blood sampled at 

10-minute intervals over a 24-hour period in a normal man (panel A) and 

a normal woman (panel B). The large pulse in A coincides with the early 

hours of sleep. Note that the pulses of secretion are more frequent and of 

greater amplitude in the woman.   (From Asplin, C.M., Faria, H.C.S., 

Carlsen, E.C. et al. (1989) Alterations in the pulsatile mode of growth 

hormone release in men and women with insulin-dependent diabetes 

mellitus.  J. Clin. Endocrinol. Metab.   69 : 239–245.)      
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 FIGURE 11.9          Relation between the integrated plasma concentration 

of GH and age in 173 normal males and females.   (From Zadik, Z., 

Chalew, S.A., McCarter, R.J. Jr, Meistas, M., Kowarski, A.A. (1985) The infl uence 

of age on the 24-hour integrated concentration of growth hormone in 

normal individuals.  J. Clin. Endocrinol. Metab.   60 : 513–516.)    
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with age primarily refl ect changes in magnitude of secretory 

pulses ( Figure 11.10   ).  

    Regulators of GH secretion 

   In addition to spontaneous pulses, secretory episodes are 

induced by such metabolic signals as a rapid fall in blood 

glucose concentration or an increase in certain amino acids, 

particularly arginine and leucine. Th e physiological signifi -

cance of these changes in GH secretion is not understood, 

but provocative tests using these signals are helpful for 

judging competence of the GH secretory apparatus ( Figure 

11.11   ). Traumatic and psychogenic stresses are also power-

ful inducers of GH secretion in humans and monkeys, but 

whether increased secretion of GH is benefi cial for coping 

with stress is not established and is not universally seen in 

mammals. In rats, for example, GH secretion is inhibited 

by the same signals that increase it in humans. However, 

regardless of their signifi cance, these observations indicate 

that GH secretion is under minute-to-minute control by 

the nervous system. Th at control is expressed through the 

hypothalamo-hypophysial portal circulation, which deliv-

ers GH-releasing hormone (GHRH) and somatostatin to 

the somatotropes (see Chapter 2). It is likely that a third 

hormone, ghrelin (see Chapters 2 and 6), which is produced 

in arcuate neurons and the gastric mucosa, is also involved 

in regulating GH secretion. Somatotropes express receptors 

for all three neurohormones. 

   Growth hormone releasing hormone provides the pri-

mary drive for GH synthesis and secretion. It is a 44 amino 

acid polypeptide member of the secretin/glucagon family 

(see Chapter 6). In the absence of GHRH, or when a lesion 

interrupts hypophysial portal blood fl ow, secretion of GH 

ceases. Defective hypothalamic production or secretion of 

GHRH may be a more common cause of GH defi ciency 

than defects in the pituitary gland. GH concentrations in 

plasma are restored to normal in many GH-defi cient indi-

viduals after treatment with GHRH, suggesting that their 

somatotropes are competent but not adequately stimulated. 

   Release of somatostatin from neurons in the periven-

tricular and paraventricular nuclei into the hypophysial por-

tal circulation reduces or blocks secretion of GH in response 

to GHRH, but has little or no infl uence on GH synthesis. 

Nearly constant secretion of somatostatin restrains secretion 

of GH throughout most of the day. Periodic interruptions 

in secretion or sudden withdrawal of somatostatin produces 

a rebound release of GH and may contribute to the pulsatile 
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nature of GH secretion. Defects in somatostatin synthe-

sis or secretion are not known to be responsible for disease 

states, but acromegaly is sometimes associated with an inac-

tivating mutation of the somatostatin receptor. Long-acting 

analogs of somatostatin are used to decrease GH secretion 

in patients with acromegaly. 

   Ghrelin secreted by neurons in the arcuate nuclei 

reaches the pituitary by way of the hypophysial por-

tal circulation and augments responses of somatotropes 

to GHRH. Ghrelin, or synthetic peptides that stimulate 

the same receptor, increase GH secretion by somatotropes 

in tissue culture, but  in vivo  stimulation of GH secretion 

by ghrelin requires costimulation by GHRH. In addi-

tion to their expression by somatotropes, ghrelin receptors 

are also expressed by GHRH secreting neurons suggesting 

that ghrelin may increase GHRH as well as GH secretion. 

Fluctuations in ghrelin concentrations in the general circu-

lation refl ect its secretion mainly by the gastric mucosa and 

do not coincide with changes in plasma GH concentrations. 

It is unlikely that ghrelin of gastric mucosal origin partici-

pates in regulating GH secretion. 

   In addition to neuroendocrine mechanisms that adjust 

secretion in response to changes in the internal or external 

environment, secretion of GH is under negative feedback 

control. As with other negative feedback systems, products 

of GH action, principally IGF-I, act as inhibitory signals 

( Figure 11.12   ). IGF-I acts on the pituitary to decrease GH 

synthesis and secretion in response to GHRH. Increased 

plasma concentrations of FFA or glucose, which are related 

to GH’s metabolic action, exert inhibitory eff ects on GH 

secretion, probably by increasing somatostatin secretion, but 

fasting, which also is associated with increased FFA, inhibits 

somatostatin secretion. Growth hormone also inhibits its own 

secretion by a short loop negative feedback eff ect that involves 

inhibition of GHRH secretion and stimulation of somato-

statin secretion. Th ese eff ects are illustrated in  Figure 11.13   . 

   Negative feedback control sets the overall level of 

GH secretion by regulating the amounts of GH secreted in 

each pulse. Th e phenomenon of pulsatility and the circadian 

variation that increases the magnitude of the secretory pulses 

at night are entrained by neural mechanisms. Pulsatility 
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appears to be the result of reciprocal intermittent secretion 

of both GHRH and somatostatin. It appears that bursts of 

GHRH secretion are timed to coincide with interruptions 

in somatostatin secretion. Experimental evidence obtained in 

rodents indicates that GHRH secreting neurons in the arcuate 

nuclei communicate with somatostatin secreting neurons in 

the periventricular nuclei either directly or through interneu-

rons, and conversely, somatostatinergic neurons communicate 

with GHRH neurons. However, understanding of how recip-

rocal changes in secretion of these two neurohormones are 

brought about is still incomplete.   

    Actions of GHRH, somatostatin, IGF-I, 
and ghrelin on the somatotrope 

   Th e complex interplay of GHRH, somatostatin, ghrelin, 

and IGF-I on somatotropes is illustrated in  Figure 11.14   . 

Receptors for GHRH and somatostatin are coupled to sev-

eral G-proteins and express their antagonistic eff ects on GH 

secretion in part through their opposing infl uences on cyclic 

AMP production, cyclic AMP action, and cytosolic calcium 

concentrations. GHRH activates adenylyl cyclase through a 

typical G α  s -linked mechanism (see Chapter 1). Cyclic AMP 

activates protein kinase A, and phosphorylation of the cyclic 

AMP response element binding protein (CREB). Activation 

of CREB promotes expression of the transcription factor, Pit 

1, which in turn increases transcription of genes for both GH 

and the GHRH receptor. In addition, cyclic AMP-dependent 

phosphorylation of voltage-sensitive calcium channels is 

thought to lower their threshold and increase their probabil-

ity of opening. Voltage-sensitive calcium channels are acti-

vated by a G-protein-dependent mechanism that depolarizes 

the somatotrope membrane by activating sodium channels 

and inhibiting potassium channels. Th e resulting increase in 

cytosolic calcium concentration triggers exocytosis of GH. 

Th ese eff ects of GHRH are augmented by ghrelin, whose 

receptors also are coupled to G-proteins and increase intra-

cellular calcium through activation of phospholipase C and 

the DAG/IP3 second messenger system. 

   Somatostatin acts through the inhibitory guanine 

nucleotide binding protein (G i ) to antagonize activation 

of adenylyl cyclase and activates a protein phosphatase 

through a G-protein-dependent mechanism. Th e inhibi-

tory eff ects of somatostatin on GH secretion are not lim-

ited to reduction of the cyclic AMP pathway of activating 

of the secretory apparatus. Somatostatin also inhibits cal-

cium channels and activates potassium channels through 

G-protein mediated mechanisms. Activation of potas-

sium channels hyperpolarizes the plasma membrane and 

prevents activation of voltage-sensitive calcium channels. 

In a similar manner, the increased intracellular calcium

concentration each secretory event by activating cal-

cium-sensitive potassium channels, which restores the 

resting membrane potential and closes voltage-sensitive 

calcium channels. 

   Th e negative feedback eff ects of IGF-I are slower in 

onset than the G-protein mediated eff ects of GHRH and 

somatostatin, and require tyrosine phosphorylation-initi-

ated changes in gene expression that downregulate GHRH 

receptors and GH synthesis.   

    THYROID HORMONES 

   As already mentioned in Chapter 3, growth is stunted in 

children suff ering from unremediated defi ciency of thyroid 

hormones. Treatment of hypothyroid children with thyroid 

hormone results in rapid  “ catch up ”  growth and accelerated 

AC

cAMP

CREBPIT-1

PKA

GHRHR

GH

Ca2�

Ca2�

SSTGHRHIGF-1

Secretory
apparatus

PPase

Ghrelin

GHRH

SST

SST

Na�

K�

PLC

IP3

GH

 FIGURE 11.14          Eff ects of growth hormone releasing hormone ( GHRH ) ,  

insulin-like growth factor-I ( IGF-I ), somatostatin ( SST ), and ghrelin on 

the somatotrope.  GHRHR       �      GHRH receptor.  cAMP       �      cyclic adenosine 

monophosphate;  CREB       �      cAMP response element binding protein; 

 PKA       �      protein kinase A;  PIT-1       �      pituitary-specifi c transcription factor-1; 

 PPase       �      protein phosphatase;  PLC       �      phospholipase C;  IP3       �      inositol 

trisphosphate. Green arrows indicate activation; red arrows indicate 

inhibition. Opposing eff ects of GHRH and SST on Na  �   and K  �   lead to 

depolarization and activation of voltage-sensitive Ca 2 �   channels (GHRH) or 
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maturation of bone. Conversely, hyperthyroidism in children 

increases their rate of growth, but because of early epiphy-

seal closure, the maximum height attained is not increased. 

Th yroidectomy of juvenile experimental animals produces 

nearly as drastic an inhibition of growth as hypophysec-

tomy, and restoration of normal amounts of triiodothyro-

nine (T3) or thyroxine (T4) promptly reinitiates growth. 

Young mice grow somewhat faster than normal after treat-

ment with thyroxine, but although attained earlier, adult 

size is no greater than normal. 

   Th e eff ects of thyroid hormones on growth are inti-

mately entwined with GH. T3 and T4 have little, if any, 

growth-promoting eff ect in the absence of GH. Plasma 

concentrations of both GH ( Figure 11.15   ) and IGF-I 

( Figure 11.16   ) are reduced in hypothyroid children and 

adults and restored by treatment with thyroid hormone. Th is 

decrease is due to decreased amplitude of secretory pulses of 

GH and possibly also to a decrease in frequency consistent 

with impairments at both the hypothalamic and pituitary 

levels. Insulin-induced hypoglycemia and other stimuli for 

GH secretion produce abnormally small increases in the 

concentration of GH in plasma of hypothyroid subjects. 

Such blunted responses to provocative signals probably 

refl ect decreased sensitivity to GHRH as well as depletion 
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 FIGURE 11.16          Eff ects of thyroxine on the plasma concentrations 

of IGF-I and IGF-II (Panel A) and IGF binding protein-3 (Panel B) in 10 

thyroidectomized subjects following cessation and resumption of 

thyroxine ( T4 ) treatment. Note the long delay in responses to both 

hormone deprivation and recommenced treatment.   (From Miell. J.P., Zini, 

M., Quin, J.D., Jones, J., Portioli, I., and Valcavi, R. (1994) Reversible eff ects 

of cessation and recommencement of thyroxine treatment on insulin-

like growth factors (IGFs) and IGF-binding proteins in patients with total 

thyroidectomy.  J. Clin. Endocrinol. Metab .  79 : 1507–1512.)      
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of GH stores. Curiously, GH secretion in response to a test 

dose of GHRH is decreased when there is either a defi -

ciency or an excess of thyroid hormone ( Figure 11.17   ). 

    Dependence of GH synthesis and 
secretion on T3 

   Th e promoter region of the rodent GH gene contains a thy-

roid hormone response element and its transcriptional activ-

ity is enhanced by T3. Furthermore T3 increases the stability 

of the GH messenger RNA transcripts. GH synthesis comes 

to an almost complete halt and the somatotropes become 

severely depleted of GH only a few days after thyroidectomy. 

Th e human GH gene lacks the thyroid hormone response 

element, and its transcription is not directly activated by 

T3. However, thyroid hormones aff ect synthesis of human 

GH indirectly. Blunted responses to GHRH in hypothyroid 

children and adults probably result from decreased expres-

sion GHRH receptors by somatotropes. Th yroidectomy also 

decreases the abundance of GHRH receptors in rodent soma-

totropes, and hormone replacement increases GHRH mRNA 

and restores both receptors. Similarly, thyroid hormones 

increase expression of ghrelin receptors by rat somatotropes.  

    Importance of T3 for expression of 
GH actions 

   Failure of growth in thyroid-defi cient individuals is due 

largely to a defi ciency of GH, which may be compounded by a 

decrease in sensitivity to GH. Treatment of thyroidectomized 

animals with GH alone can reinitiate growth, but even large 

amounts cannot sustain a normal rate of growth unless 

some thyroid hormone also is given. In rats that were both 

hypophysectomized and thyroidectomized, T4 decreased 

the amount of GH needed to stimulate growth (increased 

sensitivity) and exaggerated the magnitude of the response 

(increased effi  cacy). Th yroid hormone receptors are expressed 

by chondrocytes in the reserve and proliferating zones of the 

growth plate and mediate increased synthesis of matrix pro-

teins. Th ese cells also express the type 2 deiodinase and can 

convert T4 to T3 (see Chapter 3). Treatment of thyroid defi -

cient animals with T3 or T4 increases expression of GH and 

IGF-I receptors in growth plate cartilage and other tissues. 

Th e decrease in concentration of IGF-I seen in the blood of 

hypothyroid individuals is due in part to decreased circulating 

GH and in part to decreased hepatic responsiveness to GH.   

    INSULIN 

   Although neither GH nor thyroxine appear to be impor-

tant determinants of fetal growth, many investigators have 

suggested that insulin may serve as a growth-promoting 

hormone during the fetal period. Infants born of diabetic 

mothers often are larger than normal, especially when 

the diabetes is poorly controlled. Because glucose read-

ily crosses the placenta, high concentrations of glucose in 

maternal blood increase fetal blood glucose and stimulate the 

fetal pancreas to secrete insulin. In the rare cases of congeni-

tal defi ciency of insulin that have been reported, fetal size is 

below normal. Structurally, insulin is closely related to IGF -I 

and IGF-II ( Figure 11.6 ), and when present in adequate 

concentrations can activate IGF-I receptors. It is likely that 

at least some of the eff ects of insulin on fetal growth are 

mediated by IGF-I receptors or by hybrid insulin/IGF-I 

receptors. 

   Optimal concentrations of insulin in blood are 

required to maintain normal growth during postnatal life, 

but it has been diffi  cult to obtain a precise defi nition of the 

role of insulin. Because life cannot be maintained for long 

without insulin, dramatic eff ects of sustained defi ciency 

on fi nal adult size are not seen. However, growth often is 

retarded in insulin-dependent diabetic children, particularly 

in the months leading up to the diagnosis of full-blown 

disease. Studies in pancreatectomized rats indicate a direct 

relation between the eff ectiveness of GH and the dose of 

insulin administered. Treatment with GH sustained a rapid 

rate of growth so long as the daily dose of insulin was ade-

quate, but growth progressively decreased as the dose of 

insulin was reduced ( Figure 11.18   ). Conversely, insulin can-

not sustain a normal rate of growth in the absence of GH. 
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   Th e eff ects of insulin on postnatal growth cannot be 

attributed to changes in GH secretion, which, if anything, is 

increased in human diabetics. Although insulin sometimes 

was used diagnostically to provoke GH secretion, it is the 

resulting hypoglycemia, rather than insulin per se, that stim-

ulates GH release. Expression of IGF-I mRNA in liver and 

other tissues is decreased in diabetes and in low insulin states 

such as fasting or caloric restriction, consistent with the pos-

sibility that insulin is permissive for growth. Insulin stimu-

lates protein synthesis and inhibits protein degradation, and 

in its absence, protein breakdown is severe. Consequently, 

without insulin, normal responses to GH are not seen. Th e 

anabolic eff ects of GH on body protein either cannot be 

expressed or are masked by simultaneous, unchecked cata-

bolic processes.  

    GONADAL HORMONES 

   Awakening of the gonads at the onset of sexual maturation 

is accompanied by a dramatic acceleration of growth. Th e 

adolescent growth spurt, like other changes at puberty, is 

attributable to steroid hormones of the gonads and perhaps 

the adrenals. Because the development of pubic and axil-

lary hair at the onset of puberty is a response to increased 

secretion of adrenal androgens, this initial stage of sexual 

maturation is called  adrenarche . Th e physiological mecha-

nisms that trigger increased secretion of adrenal androgens 

and the awakening of the gonadotropic secretory appara-

tus are poorly understood. Th ey are considered further in 

Chapter 12. At the same time that gonadal steroids pro-

mote linear growth, they accelerate closure of the epiphy-

ses and therefore limit the fi nal height that can be attained. 

Children who undergo early puberty and hence experience 

their growth spurt while their contemporaries continue to 

grow at the slower prepubertal rate are likely to be the tall-

est and most physically developed in grade school or junior 

high but among the shortest in their high school graduat-

ing class. Defi ciency of gonadal hormones, if left untreated, 

delays epiphyseal closure, and despite the absence of a 

pubertal growth spurt, such hypogonadal individuals tend 

to be tall and have unusually long arms and legs. 

   In considering the relationship of the gonadal hor-

mones to the pubertal growth spurt it is important to 

understand that: 

      ●      Androgens and estrogens are produced and secreted by 

both the ovaries and the testes.  

      ●      Androgens are precursors of estrogens and are converted 

to estrogens in a reaction catalyzed by the enzyme P450 

aromatase in the gonads and extragonadal tissues (see 

Chapter 4).  

      ●      Estrogens produce their biological eff ects at hormone 

concentrations that are more than 1,000 times lower than 

the concentrations at which androgens produce their 

eff ects.    

   Until recently it was generally accepted that androgens pro-

duce the adolescent growth spurt in both sexes. Th is idea 

was rooted in the observations that even at the relatively low 

doses used therapeutically in women, administration of estro-

gens inhibits growth, whereas administration of androgens 

stimulates growth. Some  “ experiments of nature ”  that have 

come to light in recent years have challenged this idea and 

lead to the opposite conclusion. Girls with ovarian agenesis 

(congenital absence of ovaries) have short stature and do not 

experience an adolescent growth surge. Th eir growth is 

increased by treatment with very low doses of estrogen, below 

the threshold needed to cause breast development. In nor-

mal girls the adolescent growth spurt usually occurs before 

estrogen secretion is suffi  cient to initiate growth of breasts. 

   Patients of either sex who have a homozygous disrup-

tion of the P450 aromatase gene do not experience a puber-

tal growth spurt despite supranormal levels of androgens, 

and continue to grow at the juvenile rate well beyond the 
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time of normal epiphyseal fusion unless estrogens are given. 

Although sexual development cannot occur in girls with 

this extremely rare defect, aff ected males develop normally. 

A man with a homozygous disruption of the  α  estrogen 

receptor similarly had normal sexual development, but failed 

to experience an adolescent growth spurt ( Figure 11.19   ). At 

age 28, when he was diagnosed, he was 6 feet 8 inches tall 

and his epiphyses had still not closed. In contrast, patients 

with nonfunctional androgen receptors experience a normal 

pubertal growth spurt and their epiphyses close at the nor-

mal time. Th ese observations established that estrogen rather 

than androgen is responsible for both acceleration of growth 

at puberty and maturation of the epiphyseal plates. 

   It is noteworthy that estrogen concentrations increase 

in the plasma of both boys and girls early in puberty, and 

reach similar concentrations at the onset of the growth spurt. 

Th e well-established growth promoting eff ect of androgens 

administered to children whose epiphyses are not yet fused is 

likely attributable to their conversion to estrogen. Synthetic 

androgens that are chemically modifi ed in ways that prevent 

aromatization produce only a small and brief stimulation of 

linear growth even though other aspects of androgen activity 

(see Chapter 12) are fully evident. 

    Eff ects of estrogens on epiphyseal 
growth plates 

   Cartilage progenitor cells in the epiphyseal plates express 

receptors for estrogens, which respond initially with 

increased rates of diff erentiation and hypertrophy. In what 

has been called accelerated senescence, estrogen stimula-

tion of stem cell maturation depletes the pool of cartilage 

stem cells, perhaps by interfering with their replacement in 

response to GH, or perhaps by directly causing them to lose 

their capacity to divide. In any case, with continued stimu-

lation, the growth plate becomes progressively narrower and 

is ultimately obliterated when the bony epiphysis fuses with 

the metaphysis.  

    Eff ects on growth hormone secretion 
and action 

   Most, and possibly all, of the increase in height stimulated 

by estrogens or androgens at puberty is due to increased 

secretion of GH, which coincides with maximal growth 

velocity in mid to late puberty ( Figure 11.20   ). Th is increase 

in growth velocity is accompanied by increased plasma con-

centrations of IGF-I presumably in response to increased 

GH. During the pubertal growth spurt or when andro-

gens are given to prepubertal children, there is an increase 

in amplitude, duration, and sometimes frequency of secre-

tory pulses of GH refl ecting increased release of GHRH by 

arcuate neurons ( Figure 11.21   ). Increased secretion of GH 

at puberty, like the maturation of the growth plate, is trig-

gered by estrogens but not androgens. Aromatase activity is 

detectable in the hypothalamus and may explain the fi nd-

ings that only estrogens and aromatizable androgens can 

produce the pubertal increase in GH secretion. 

   We still do not understand the complexities of the 

interactions of estrogens and GH. At the same concentra-

tions that estrogens increase GH secretion, they inhibit 

responses to GH, and, as we have seen ( Figure 11.7 ), plasma 

concentrations of GH are higher in women than in men. In 

addition, the GH secretory apparatus tends to be more sen-

sitive to environmental infl uences in women than in men. 

Circulating concentrations of GH tend to rise more read-

ily in women in response to provocative stimuli. Estrogens 

appear to interfere with the actions of GH at the level of 

its target cells. Estrogens, which are not catabolic, antago-

nize eff ects of GH on nitrogen retention and minimize the 

increase in IGF-I in blood of hypophysectomized or hypo-

pituitary individuals treated with GH.  

70

210
205
200
195
190
185
180
175
170
165
160
155
150
145
140
135
130
125
120
115
110
105
100
95
90
85
80
75

Age in years
5 10 15 20 25

�1 SD

�2 SD

�1 SD

�2 SD

�3 SD

H
ei

gh
t i

n 
ce

nt
im

et
er

s

 FIGURE 11.19          Growth curves of men with inactivating mutations of 

the alpha estrogen receptor (red line) or P450 aromatase (green line). 

Compared to normal (blue line). Standard deviations above and below 

normal are shown.   (From Smith, E.P., Boyd, J., Frank, G.R., Takahashi, H., 

Cohen, R.M., Specker, B., Williams, T.C., Lubahn, D.B., Korach, K.S. (1994) 

Estrogen resistance caused by a mutation in the estrogen-receptor gene in 

a man.  N. Engl. J. Med.   331 : 1056–1061; and Morishima, A., Grumbach, M.M., 

Simpson, E.R., Fisher, C., Qin, K. (1995) Aromatase defi ciency in male and 

female siblings caused by a novel mutation and the physiological role of 

estrogens.  J. Clin. Endocrinol. Metab.   80 : 3689–3698.)    
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    Eff ects of androgens 

   Although most of the growth-promoting eff ects of andro-

gens result from activation of estrogen receptors following 

aromatization to estrogen, some stimulation of growth is 

attributable to activation of androgen receptors. Men gen-

erally are taller and have larger skeletons than women. Th e 

greater height of males is due in part to the later onset of 

puberty in boys, and to the greater maximal rate and dura-

tion of growth achieved in adolescence. Cartilage cells in 

all zones of human tibial growth plates express androgen 

receptors whose activity may modulate estrogenic eff ects on 

epiphyseal closure. Androgens also increase bone diameter 

and thickening of cortical bone by stimulating periosteal 

intramembranous bone formation. Th is may account for the 

larger diameter of bones in men. 

   Androgens stimulate growth of muscle, particularly 

in the upper body. Androgen secretion during puberty in 

boys produces a doubling of muscle mass by increasing 

the size and number of muscle cells. Such growth of mus-

cle can occur in the absence of GH or thyroid hormones 

and is mediated by the same androgen receptors that are 

expressed in other androgen-sensitive tissues (see Chapter 

12). Stimulation of muscle growth by androgens is most 

pronounced in androgen-defi cient or hypopituitary subjects, 

and only small eff ects, if any, are seen in men with normal 

testicular function except when very large doses of so-

called anabolic steroids are used. It is this action of andro-

gens that lead to their abuse by athletes seeking to enhance 

performance.   

 FIGURE 11.21          Eff ects of testosterone in a boy with short stature and delayed puberty.  A.  Before testosterone.  B.  During therapy with long-acting 

testosterone. Note the increase in frequency and amplitude of growth hormone secretory episodes in the treated subjects.   (From Link, K., Blizzard, R.M., 

Evans, W. S., Kaiser, D.L., Parker, M.W., Rogol, A.D. (1986) The eff ect of androgens on the pulsatile release and the twenty-four-hour mean concentration of 

growth hormone in peripubertal males.  J. Clin. Endocrinol. Metab.   62 : 159–164.)      
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 FIGURE 11.20          Changes in plasma IGF-I and GH concentrations in the 

peripubertal period in normal boys. Bars in the lower panel indicate 24 

hour integrated concentrations of GH. The blue curve is the idealized 

growth velocity curve for North American boys.   (Upper panel from Juul, 

A., Dalgaard, P., Blum, W.F., Bang, P., Hall, K., Michaelsen, K.F., Muller, J., 

Skakkebaek, N.E. (1995) Serum levels of insulin-like growth factor (IGF)-

binding protein-3 (IGFBP-3) in healthy infants, children, and adolescents: 

The relation to IGF-I, IGF-II, IGFBP-1, IGFBP-2, age, sex, body mass index, and 

pubertal maturation.  J. Clin. Endocrinol. Metab.   80 : 2534–2542. Lower panel 

from Martha, P.M. Jr., Rogol, A.D., Veldhuis, J.D., Kerrigan. J.R., Goodman. D.W., 

Blizzard, R.M. (1989) Alterations in pulsatile properties of circulating growth 

hormone concentrations during puberty in boys.  J. Clin. Endocr. Metab.   69 : 

563–570.)    
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    GLUCOCORTICOIDS 

   Normal growth requires secretion of glucocorticoids, whose 

widespread eff ects promote optimal function of a variety of 

organ systems (see Chapter 4), a sense of health and well-

being, and normal appetite. Glucocorticoids are required for 

synthesis of GH and have complex eff ects on GH secre-

tion. When given acutely, they may enhance GH gene 

transcription and increase responsiveness of somatotropes 

to GHRH. However, GH secretion is reduced by excessive 

glucocorticoids, probably as a result of increased somatosta-

tin production. Children suff ering from overproduction of 

glucocorticoids (Cushing’s disease) experience some stunt-

ing of their growth. In a recently reported case involving 

identical twins, the unaff ected twin was 21 centimeters 

taller at age 15 than her sister whose disease was untreated 

until around the time of puberty. Similar impairment of 

growth is seen in children treated chronically with high 

doses of glucocorticoids to control asthma or infl ammatory 

disorders. Consistent with their catabolic eff ects in mus-

cle and lymphoid tissues, glucocorticoids also antagonize 

the actions of GH. Hypophysectomized rats grew less in 

response to GH when cortisone was given simultaneously 

( Figure 11.22   ). Glucocorticoids similarly blunt the response 

to GH administered to hypopituitary children. Th e cellular 

mechanisms for this antagonism are not yet understood. 

Hepatic production of IGF-I may be reduced by treatment 

with glucocorticoids. 

   Glucocorticoid receptors are present in the growth 

plates and are most abundant in the hypertrophic zone. 

Glucocorticoids inhibit division of stem cells and increase 

apoptosis of hypertrophied chondrocytes. In animal stud-

ies, glucocorticoids also decrease expression of GH and 

IGF-I receptors. Curiously, suppression of growth during 

exposure of the growth plates to excessive amounts of glu-

corticoids is followed by a period of supranormal growth 

when glucocorticoid concentrations are restored to normal. 

Th is so-called catch-up growth has been explained with 

the proposal that the potential for growth at the epiphy-

seal plates may be determined by the cumulative number 

of stem cell divisions. By suppressing stem cell proliferation 

excessive glucocorticoids may delay the age-related decrease 

in capacity to proliferate so that rapid cell division follows 

release of suppression. Catch-up growth is rarely com-

plete. It is not limited to relief from glucocorticoid excess, 

but also is seen after correction of GH or thyroid hormone 

defi ciency or malnutrition. Eff ects of the various hor-

mones on the epiphyseal growth plates are summarized in 

 Figure 11.23   .  
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 FIGURE 11.22          Eff ects of cortisone on growth in 

hypophysectomized rats given GH replacement. 

The growth-promoting response to GH, measured 

as a change in either body weight or length, 

decreased progressively as the dose of cortisone 

was increased from 0.1 to 1.0       mg per day. The 

decrease in body weight seen when 1.0       mg per day 

of cortisone was given probably results from net 

breakdown of muscle mass (see Chapter 4).   (From 

Soyka, L.F. and Crawford, J.D. (1965) Antagonism 

by cortisone of the linear growth induced in 

hypopituitary patients and hypophysectomized 

rats by human growth hormone.  J. Clin. Endocrinol. 

Metab.   25 : 469–475.)    
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                                      Hormonal Control of Reproduction

in the Male  

   Th e testes serve the dual function of produc-

ing sperm and hormones. Th e principal testicu-

lar hormone is the steroid testosterone, which 

has an intratesticular role in sperm production 

and an extratesticular role in promoting deliv-

ery of sperm to the female genital tract. In this 

respect, testosterone promotes development 

and maintenance of accessory sexual structures 

responsible for nurturing gametes and ejecting 

them from the body, development of secondary 

sexual characteristics that make men attractive 

to women, and those behavioral characteristics 

that promote successful procreation. Testicular 

function is driven by the pituitary through 

the secretion of two gonadotropic hormones: 

follicle-stimulating hormone (FSH) and lutein-

izing hormone (LH). Secretion of these pituitary 

hormones is controlled by the central nervous sys-

tem through intermittent secretion of the hypo-

thalamic hormone gonadotropin releasing hor-

mone (GnRH), and by the testes through the

secretion of testosterone and inhibin. Testosterone, 

its potent metabolite 5 α -dihydrotestosterone, and 

an additional testicular secretion called antimülle-

rian hormone, also function as determinants of 

sexual diff erentiation during fetal life. 

    MORPHOLOGY OF THE TESTES 

   Th e testes are paired ovoid organs located in 

the scrotal sac outside the body cavity. Th e 

extra-abdominal location coupled with vascular 

countercurrent heat exchangers and muscular 

refl exes that retract the testes to the abdomen, 

permits testicular temperature to be maintained 

constant at about 2 o C below body temperature. 

For reasons that are not understood, this small 

reduction in temperature is crucial for normal 

 spermatogenesis  (sperm production). Failure of 

the testes to descend into the scrotum results in 

failure of spermatogenesis, although production 

of testosterone may be maintained. 

    Leydig cells and seminiferous 
tubules 

   Th e two principal functions of the testis, sperm 

production and steroid hormone synthesis, are 

carried out in morphologically distinct compart-

ments. Sperm are formed and develop within 

 seminiferous tubules , which comprise the bulk of 

testicular mass. Testosterone is produced by the 

 interstitial cells of Leydig , which lie in clusters 

between the seminiferous tubules ( Figure 12.1   ). 

Th e entire testis is encased in an inelastic fi brous 

capsule consisting of three layers of dense con-

nective tissue and some smooth muscle. 

   Blood reaches the testes primarily through 

paired spermatic arteries and fi rst is cooled by 

heat exchange with returning venous blood in 

the  pampiniform plexus . Th is complex tangle of 

blood vessels is formed by highly tortuous and 

convoluted venules that surround and come in 

close apposition to the spermatic artery before 

converging to form the spermatic vein. Th is 

arrangement provides a large surface area for 

  12 
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warm arterial blood to transfer heat to cooler venous blood 

across thin vascular walls. Rewarmed venous blood returns to 

the systemic circulation primarily through the internal sper-

matic veins. 

   Leydig cells are embedded in loose connective tissue 

that fi lls the spaces between semi-niferous tubules. Th ey are 

large polyhedral cells with an extensive smooth endoplasmic 

reticulum characteristic of steroid-secreting cells. Although 

extensive at birth, Leydig cells virtually disappear after the 

fi rst six months of postnatal life, only to reappear more than 

a decade later with the onset of puberty. In the adult, Leydig 

cells comprise 10 to 20% of testicular mass. 

   Seminiferous tubules are highly convoluted loops that 

range from about 120 to 300 μm in diameter and from 30 

to 70       cm in length. Th ey are arranged in lobules bounded by 

fi brous connective tissue. Each testis has hundreds of such 

tubules that are connected at both ends to the  rete testis  
( Figure 12.2   ). It has been estimated that, if laid end to end, 

the seminiferous tubules of the human testis would extend 

more than 500 meters. Th e seminiferous epithelium that 

lines the tubules consists of three cell types:  spermatogonia , 

which are stem cells;  spermatocytes  which are in the process of 

becoming sperm; and  Sertoli cells , which nurture developing 

sperm and secrete a variety of products into the blood and 

the lumina of seminiferous tubules. Seminiferous tubules are 

surrounded by a several layers of peritubular myoid-epithe-

lial cells, which are contractile and help propel the nonmo-

tile sperm through the tubules toward the rete testis. 

   Spermatogenesis goes on continuously from puberty 

to senescence along the entire length of the seminiferous 

tubules. Th ough a continuous process, spermatogenesis can 

be divided into three discrete phases: 

    1 Mitotic divisions , which maintain a stem cell population 

of spermatogonia and provide the cells destined to 

become mature sperm. 

    2 Meiotic divisions , which reduce the chromosome number 

and produce a cluster of haploid spermatids. 

   3 Transformation of spermatids into mature spermatozoa 

( spermiogenesis ), a process involving the loss of most of the 

cytoplasm and the development of fl agella ( Figure 12.3   ). 

   Th e fully formed spermatozoa are then released into 

the tubular lumina ( spermiation ). Th ese events occur along the

length of the seminiferous tubules in a defi nite temporal 

and spatial pattern. A  spermatogenic cycle  includes all the 
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 FIGURE 12.1          Histological section of human testis. The transected tubules show various stages of spermatogenesis. (From di Fiore, M.S.H. (1981)  Atlas of 

Human Histology , 5th ed., 209. Lea  &  Febiger, Philadelphia.)    
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 FIGURE 12.2          Diagrammatic representation of the human testicular 

tubules. (From Netter, F.H. (1997)  Atlas of Human Anatomy , 2nd edition, 

plate 362. Novartis, East Hanover.)    
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transformations from spermatogonium to spermatozoan 

and requires about 64 days. As the cycle progresses, germ 

cells move from the basal portion of the germinal epithe-

lium toward the lumen. Successive cycles begin before the 

previous one has been completed, so that diff erent stages of 

the cycle are seen at any given point along a tubule at dif-

ferent depths of the epithelium. Spermatogenic cycles are 

synchronized in adjacent groups of cells, but the cycles are 

slightly advanced in similar groups of cells located immedi-

ately upstream, so that cells at any given stage of the sper-

matogenic cycle are spaced at regular intervals along the 

length of the tubules. 

   Th is complex series of events ensures that mature 

spermatozoa are produced continuously. About 2 million 

spermatogonia, each giving rise to 64 sperm cells, begin 

this process in each testis every day. More than 200 million 

spermatozoa are thus produced daily, or about 6 	 10 14  in 

the six or more decades of reproductive life. 

   Sertoli cells are remarkable polyfunctional cells 

whose activities are intimately related to many aspects of 

the formation and maturation of spermatozoa. Th ey extend 

through the entire thickness of the germinal epithelium 

from basement membrane to lumen and in the adult take 

on exceedingly irregular shapes determined by the chang-

ing conformations of the 10 to 12 developing sperm cells 

embedded in their cytoplasm ( Figure 12.4   ). Diff erentiating 

sperm cells are isolated from the bloodstream and intersti-

tial fl uid, and must rely on Sertoli cells for their sustenance. 

Adjacent Sertoli cells arch above the clusters of spermato-

gonia that nestle between them at the level of the basement 

membrane. A series of tight junctions binds each Sertoli 

cell to the six adjacent Sertoli cells and limits passage of 

physiologically relevant molecules into or out of seminifer-

ous tubules. 

   Th is so-called  blood–testis barrier  actually has selec-

tive permeability that allows rapid entry of testosterone, for 

example, but virtually completely excludes cholesterol. Th e 

physiological signifi cance of the blood–testis barrier has not 

been established, but it is probably of some importance that 

spermatogonia are located on the blood side of the barrier, 

whereas developing spermatids are restricted to the lumi-

nal side. In addition to harboring and nurturing developing 

sperm, Sertoli cells secrete the watery fl uid that transports 

spermatozoa through the seminiferous tubules and into the 

 epididymis , where 99% of the fl uid is reabsorbed. Sertoli 

cells also take up and degrade the residual bodies of cyto-

plasm shed by the developing spermatocytes.  

    Male reproductive tract 

   Th e remaining portion of the male reproductive tract con-

sists of modifi ed excretory ducts that ultimately deliver 

sperm to the exterior along with secretions of accessory 

glands that promote sperm survival and fertility. Sperm 

leave the testis through multiple  ductuli eff erentes  whose cili-

ated epithelium facilitates passage from the rete testis into 
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 FIGURE 12.3          The formation of mammalian germ cells. Each primary 

spermatogonium ultimately gives rise to 64 sperm cells. Cytokinesis is 

incomplete in all but the earliest spermatogonial divisions, resulting in 

expanding clones of germ cells that remain joined by intercellular bridges. 

Maturing spermatids are closely associated with and enfolded by the 

Sertoli cells.    
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 FIGURE 12.4          Ultrastructure of the Sertoli cell and its relation to the germ 

cells. The spermatocytes and early spermatids occupy niches in the sides 

of the columnar supporting cell, whereas late spermatids reside in deep 

recesses in its apex. (From Fawcett, D.W. (1986)  A Textbook of Histology , 11th 

ed., 834. W.B. Saunders, Philadelphia.)    
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the highly convoluted and tortuous duct of the epididymis. 

Passage through the epididymis requires about 10 days, dur-

ing which the sperm acquire increased capacity for motil-

ity and fertilization. Th e epididymis is the primary area for 

storage of sperm, which may remain viable within its con-

fi nes for months. 

   Sperm are advanced through the epididymis, par-

ticularly during sexual arousal, by rhythmic contractions of 

circular smooth muscle surrounding the duct. At ejacula-

tion, they are expelled into the  vas deferens  and ultimately 

through the  urethra . An accessory storage area for sperm 

lies in the ampulla of the vas deferens, posterior to the 

 seminal vesicles . Th ese elongated, hollow evaginations of the 

deferential ducts secrete a fl uid rich in citric acid and fruc-

tose that provides nourishment for the sperm after ejacula-

tion. Metabolism of fructose provides the energy for sperm 

motility. Citrate and a variety of enzymes are added to the 

ejaculate by the  prostate , which is the largest of the accessory 

secretory glands. Sperm and the combined secretions of the 

accessory glands make up the  semen , of which less than 10% 

is sperm.   

    CONTROL OF TESTICULAR FUNCTION 

   Physiological activity of the testis is governed by two pitui-

tary gonadotropic hormones, follicle stimulating hormone 

(FSH) and luteinizing hormone (LH) (see Chapter 2). 

Th e same gonadotropic hormones are produced in pitui-

tary glands of men and women, but because their physiol-

ogy has been studied more extensively in women, the names 

that have been adopted for them describe their activity in 

the ovary (see Chapter 13). FSH and LH are closely related 

glycoprotein hormones that consist of a common  α  subunit 

and unique  β  subunits that confer FSH or LH specifi city. 

Th e three subunits are the products of three genes that are 

regulated independently. Both gonadotropins are synthe-

sized and secreted by a single class of pituitary cells, the 

gonadotropes. Th eir sites of stimulation of testicular func-

tion, however, are discrete: LH acts on the Leydig cells and 

FSH acts on the Sertoli cells in the germinal epithelium. 

    Leydig cells 

   Th e principal role of Leydig cells is synthesis and secre-

tion of testosterone in response to stimulation by LH. 

Testosterone is an important paracrine regulator of intrates-

ticular functions as well as a hormonal regulator of a variety 

of extratesticular cells. In addition to stimulating steroido-

genesis, LH controls the availability of its own receptors 

(downregulation) and governs growth and diff erentiation 

of Leydig cells. After hypophysectomy of experimental ani-

mals, Leydig cells atrophy and lose their extensive smooth 

endoplasmic reticulum where the bulk of testosterone syn-

thesis takes place. LH restores them to normal and can 

produce frank hypertrophy if given in excess. Leydig cells, 

which are abundant in newborn baby boys, regress and die 

shortly after birth. Secretion of LH at the onset of puberty 

causes dormant Leydig cell precursors to proliferate and 

diff erentiate into mature steroidogenic cells. In the fetus, 

growth and development of Leydig cells and secretion of 

testosterone depend initially on the placental hormone,  cho-
rionic gonadotropin , which is present in high concentrations 

in early pregnancy. Later, after development of the pituitary, 

testosterone secretion and maintenance of Leydig cell func-

tion are taken over by LH secreted by the fetal pituitary 

gland. LH and hCG stimulate the same receptors. 

   Th e LH receptor is a member of the superfamily of 

receptors that are coupled to heterotrimeric G-proteins. LH 

stimulates the formation of cyclic AMP (see Chapter 1), 

which in turn activates protein kinase A and the subsequent 

phosphorylation of proteins that promote steroidogenesis, 

gene transcription, and other cellular functions. As with the 

adrenal cortex (see Chapter 4), the initial step in the synthe-

sis of testosterone is the conversion of cholesterol to preg-

nenolone. Th is reaction requires mobilization of cholesterol 

from storage droplets and its translocation from cytosol to 

the intramitochondrial compartment, where cleavage of 

the side chain occurs. Access of cholesterol to the P450scc 

enzyme in the mitochondria is governed by the action of 

the steroid acute regulatory protein (StAR) whose expres-

sion and phosphorylation are accelerated by cyclic AMP. 

Stored cholesterol may derive either from  de novo  synthe-

sis within the Leydig cell or from circulating cholesterol, 

which enters the cell by receptor-mediated endocytosis of 

low density lipoproteins. 

   Th e biochemical pathway for testosterone biosynthe-

sis is shown in  Figure 12.5   . Neither LH nor cyclic AMP 

appears to accelerate the activity of any of the four enzymes 

responsible for conversion of the 21 carbon pregnenolone to 

testosterone. It may be recalled that the rate of steroid hor-

mone synthesis and secretion is determined by the rate of 

conversion of cholesterol to pregnenolone. In maintaining 

the functional integrity of the Leydig cells, LH maintains 

the levels of all steroid transforming enzymes. Transcription 

of the gene that encodes P450c17, the enzyme responsi-

ble for the two-step conversion of 21 carbon steroids to 19 

carbon steroids, appears to be especially sensitive to cyclic 

AMP. Testosterone released from Leydig cells may diff use 

into nearby capillaries for transport in the general circula-

tion, or it may diff use into nearby seminiferous tubules 

where it performs its essential role in spermatogenesis. 
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   Th e testes also secrete small amounts of estradiol and 

some androstenedione, which serves as a precursor for extra-

testicular synthesis of estrogens. Leydig cells are the chief 

source of testicular estrogens, but immature Sertoli cells have 

the capacity to convert testosterone to estradiol. In addi-

tion, developing sperm cells express the enzyme P450 arom  

(aromatase) and may also convert androgens to estrogens. 

Estradiol is present in seminal fl uid and is essential for fl uid 

reabsorption in the rete testis. Th e presence of estrogen recep-

tors in the epididymis and several testicular cells, including 

Leydig cells, suggests that estradiol may have other impor-

tant actions in normal sperm formation and maturation.  
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    Germinal epithelium 

   Th e function of the germinal epithelium is to produce large 

numbers of sperm that are capable of fertilization. Th e 

Sertoli cells, which are interposed between the developing 

sperm and the vasculature, harbor and nurture sperm as 

they mature. Sertoli cells are the only cells known to express 

FSH receptors in human males and therefore are the only 

targets of FSH. FSH increases Sertoli cell proliferation and 

diff erentiation in the immature testis and maintains the 

functional state of the stable population of Sertoli cells in 

the mature testis. In its absence testicular size is severely 

reduced and sperm production, which is limited by Sertoli 

cell availability, is severely restricted. 

   It has been known for many years that FSH, LH, 

and testosterone all play vital roles in spermatogenesis. It is 

likely that FSH indirectly regulates development and mul-

tiplication of spermatogonia by stimulating Sertoli cells to 

produce both growth and survival factors that prevent germ 

cell apoptosis. Withdrawal of FSH and LH arrests sperma-

togonial development, which is the major rate-limiting step 

in spermatogenesis. Once formed, spermatocytes progress 

through meiosis normally in the absence of gonadotropic 

support. Although both FSH and testosterone are required 

for initiation of normal rates of spermatogenesis, sperm 

formation can be maintained indefi nitely with very high 

doses of testosterone alone or with suffi  cient LH to stimu-

late testosterone production. 

   Sertoli cells lack receptors for LH but are richly 

endowed with androgen receptors, indicating that the actions 

of LH on Sertoli cell function are indirect, and are mediated 

by testosterone, which reaches them in high concentration 

by diff usion from nearby Leydig cells. Testosterone readily 

passes through the blood–testis barrier and is found in high 

concentrations in seminiferous fl uid. However, the absence 

of androgen receptors in the developing human sperm cells 

indicates that support of sperm cell development by testos-

terone also is exerted indirectly by way of the Sertoli cells. 

Peritubular myoid epithelial cells express androgen recep-

tors and may secrete peptide factors that may also mediate 

indirect eff ects of LH and testosterone on the seminiferous 

epithelium. 

   Although testosterone is critically important for sper-

matogenesis, it is ineff ective in this regard when administered 

to testosterone-defi cient individuals in amounts suffi  cient to 

restore normal blood concentrations. For reasons that are not 

understood, the intratesticular concentration of testosterone 

needed to support spermatogenesis is many times higher than 

needed to saturate androgen receptors. Th e concentration of 

testosterone in testicular venous blood is 40 to 50 times that 
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found in peripheral blood and its concentration in aspirates 

of human testicular fl uid is more than 100 times higher than 

the concentration found in peripheral blood plasma. 

   Th e FSH receptor is closely related to the LH recep-

tor, and when stimulated, activates adenylyl cyclase through 

the agency of the stimulatory alpha G-protein (G α  s ; see 

Chapter 2). Th e resulting activation of protein kinase A cata-

lyzes phosphorylation of proteins that regulate the cytoskel-

etal elements that enable developing spermatids to migrate 

through the Sertoli cytoplasm toward the lumen. Cyclic 

AMP-dependent activities also regulate production of the 

membrane glycoproteins that govern adherence to developing 

sperm and expression of proteins that directly and indirectly 

regulate germ cell development ( Figure 12.6   ). Some of the 

proteins secreted by Sertoli cells into the seminiferous tubules 

are thought to facilitate germ cell maturation in the epidi-

dymis and perhaps more distal portions of the reproductive 

tract. Upon stimulation by FSH, Sertoli cells may also secrete 

paracrine factors that enhance Leydig cell responses to LH. 

   FSH and testosterone have overlapping actions on 

Sertoli cells and act synergistically, but the precise actions 

of each remain unknown. Some evidence implicates testo-

sterone in the adherence of developing sperm cells to the 

Sertoli cell membrane and their release during spermiation. 

Recently described  “ experiments of nature ”  have shed some 

light on the relative importance of FSH and testosterone in 

spermatogenesis. Inactivating mutations of the  β  subunit of 

LH in humans or rodents result in total failure of sperma-

togenesis, despite normal prenatal sexual development (see 

later), suggesting that testosterone is indispensable. In con-

trast, inactivating mutations of the gene for the FSH recep-

tor did not prevent aff ected men or mice from fathering 

off spring. Th us FSH apparently is not absolutely required 

for spermatogenesis, but the patients and rodents with 

inactive FSH receptors had small testes, low sperm counts, 

and a preponderance of defective sperm. Th us stimulation 

by FSH at some period of life is required for production of 

normal quantity and quality of sperm.   

    TESTOSTERONE 

    Secretion and metabolism 

   Testosterone is the principal androgen secreted by the 

mature testis. Normal young men produce about 7       mg each 

day, of which less than 5% is derived from adrenal secre-

tions. Th is amount decreases somewhat with age, so that 

by the seventh decade and beyond, testosterone produc-

tion may have decreased to 4       mg per day, but in the absence 

of illness or injury, there is no sharp drop in testosterone 

production akin to the abrupt cessation of estrogen produc-

tion in the postmenopausal woman. As with the other steroid 

hormones, testosterone in blood is largely bound to plasma 

protein, with only about 2 to 3% present as free hormone. 

About half is bound to albumin, and slightly less to sex 

hormone-binding globulin (SHBG), which is also called 

testosterone-estradiol-binding globulin (TeBG). 

   Th is glycoprotein binds both estrogen and testosterone, 

but its single binding site has a higher affi  nity for testoster-

one. Its concentration in plasma is decreased by androgens. 

Consequently, SHBG is more than twice as abundant in the 

circulation of women than men. In addition to its functions 

as a carrier protein, SHBG may also act as an enhancer of 

hormone action. Persuasive evidence has been amassed to 

indicate that SHBG binds to specifi c receptors on cell mem-

branes, and increases the formation of cyclic AMP when its 

steroid binding site is occupied. Th e nature of the receptor 

has not been characterized, nor has the physiological impor-

tance of this action been established. Although testosterone 

decreases expression of SHBG in hepatocytes, both testos-

terone and FSH increase transcription of the same gene in 

Sertoli cells where its protein product was given the name 

androgen binding protein (ABP) before its identity with 

SHBG was known. ABP is secreted into the lumens of semi-

niferous tubules. 

   Testosterone that is not bound to plasma proteins dif-

fuses out of capillaries and enters nontarget as well as target 

cells. In some respects, testosterone can be considered to be 

a prohormone, because it is converted in extra-testicular tis-

sues to other biologically active steroids. Testosterone may 

be reduced to the more potent androgen, 5 α -dihydrotestos-

terone, in the liver in a reaction catalyzed by the enzyme 

5 α -reductase type I and returned to the blood. Th is enzyme 

is a component of the steroid hormone degradative pathway 

and also reduces 21 carbon adrenal steroids. Testosterone 

also is reduced to 5 α -dihydrotestosterone in the cytoplasm 

of its target cells mainly through the catalytic activity of 

5 α -reductase type II whose abundance is upregulated by is 

testosterone in these cells. Dihydrotestosterone is only about 

5% as abundant in blood as testosterone, and is derived pri-

marily from extratesticular metabolism. Some testosterone 

is also metabolized to estradiol ( Figure 12.7   ) in both andro-

gen target and nontarget tissues. 

   A variety of cells, including some in brain, breast, and 

adipose tissue, can convert testosterone and androstenedi-

one to estradiol and estrone which produce cellular eff ects 

that are diff erent from, and sometimes opposite to, those 

of testosterone. Th e concentration of estrogens in blood 

of normal men is similar to that of women in the early 

follicular phase of the menstrual cycle (see Chapter 13). 

About two-thirds of these estrogens are formed from 

androgen outside of the testis. Although less than 1% of 
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the peripheral pool of testosterone is converted to estro-

gens, it is important to recognize that estradiol produces its 

biological eff ects at concentrations that are far below those 

needed for androgens to produce their eff ects. In other tis-

sues, including liver, reduction catalyzed by 5 β -reductase 

destroys androgenic potency. Liver is the principal site of 

degradation of testosterone and releases water-soluble sul-

fate or glucuronide conjugates into blood for excretion in 

the urine.  

    Mechanism of action 

   Like other steroid hormones, testosterone penetrates the target 

cells whose growth and function it stimulates. Androgen target 

cells generally convert testosterone to 5 α -dihydrotestosterone 

before it binds to the androgen receptor. Th e androgen recep-

tor is a ligand-dependent transcription factor that belongs to 

the nuclear receptor superfamily (see Chapter 1). It binds both 

testosterone and dihydrotestosterone, but the dihydro- form 

dissociates from the receptor much more slowly than testos-

terone and therefore is the predominant androgen associated 

with DNA. It is likely that the higher affi  nity of dihydrotes-

tosterone for the androgen receptor accounts for its greater 

biological potency compared to testosterone. Upon binding 

testosterone or dihydrotestosterone, liganded receptors shed 

their associated proteins and form homodimers that bind to 

androgen response elements in specifi c target genes. In con-

junction with a cell-specifi c array of transcription factors and 

coactivators, androgen receptors regulate expression of cadres 

of genes that are characteristic of each particular target cell. 

Th ese events are summarized in  Figure 12.8   . 

   Some  “ nongenomic ”  actions of testosterone also have 

been described and include rapid increases in intracellular cal-

cium. We do not understand the cellular mechanisms of these 

eff ects or their physiological importance. One of the proteins 

whose expression in the prostate is stimulated by dihydrotes-

tosterone is the so-called  prostate specifi c antigen  (PSA), which 

is found in blood in high concentrations in patients affl  icted 

with prostate cancer. Its abundance in plasma is now widely 

used diagnostically as a marker of prostate cancer. PSA is a 

serine protease that is synthesized in the columnar cells of the 

glandular epithelium and secreted into the semen. Cleavage 

of  seminogelin  by PSA causes liquifaction of the ejaculate and 

is thought to increase sperm mobility.  

    Eff ects on the male genital tract 

   Testosterone promotes growth, diff erentiation, and function 

of accessory organs of reproduction. Its eff ects on growth 
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 FIGURE 12.8          Action of testosterone. Testosterone ( T ) enters its target cell 

and binds to its nuclear androgen receptor ( AR ) either directly or after it is 

converted to 5 α -dihydrotestosterone ( DHT ). The thickness of the arrows 

refl ects the quantitative importance of each reaction. The hormone–receptor 

complex binds to DNA along with a variety of cell-specifi c nuclear 

regulatory proteins to induce formation of the RNA that encodes the 

proteins that express eff ects of the hormone. Not shown: Testosterone may 

also bind to membrane receptors and initiate rapid ionic changes that may 

reinforce its genomic eff ects. Testosterone may also produce rapid changes 

in cyclic AMP production through the binding of the sex hormone binding 

globulin (SHBG) to surface receptors.    
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 FIGURE 12.7          Metabolism of testosterone. Most of the testosterone 

secreted each day is degraded in the liver and other tissues by reduction 

of the A ring, oxidation of the 17 hydroxyl group, and conjugation with 

polar substituents. Conversion to 5- α  dihydrotestosterone takes place 

in target cells catalyzed mainly by the type II dehydrogenase and in 
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of the genital tract begin early in embryonic life (see later), 

and are not completed until adolescence, after an interrup-

tion of more than a decade. Maintenance of normal repro-

ductive function in the adult also depends on continued 

testosterone secretion. Th e secretory epithelia of the semi-

nal vesicles and prostate atrophy after castration but can be 

restored with injections of androgen. Prolonged stimulation 

of the prostate epithelium leads to continued growth of the 

prostate, and in many men results in a condition known as 

 benign prostatic hyperplasia  (BPH). It may be recalled that 

the prostate is located just below the urinary bladder and 

completely surrounds the urethra. Benign prostate hyper-

plasia may partially obstruct the urethra, interfering with 

the fl ow of urine and creating diffi  culty in emptying the 

bladder. In extreme cases urine fl ow may be completely 

obstructed. Inhibition of 5 α -hydroxylase provides successful 

pharmacologic treatment for BPH in some men.  

    Eff ects on secondary sexual characteristics 

   In addition to its eff ect on organs directly related to trans-

port and delivery of sperm, testosterone aff ects a variety 

of other tissues and thus contributes to the morphologi-

cal and psychological components of masculinity. Th ese 

characteristics are clearly an integral part of reproduction, 

for they are related to the attractiveness of the male to the 

female. During early adolescence androgens that arise from 

the adrenals and later from the testes stimulate growth of 

pubic hair. Growth of chest, axillary, and facial hair is also 

stimulated, but scalp hair is aff ected in the opposite man-

ner. Recession of hair at the temples is a typical response to 

androgen, and adequate amounts allow expression of genes 

for baldness. Growth and secretion of sebaceous glands in 

the skin are also stimulated, a phenomenon undoubtedly 

related to the acne of adolescence. Dihydrotestosterone is 

the important androgen for recession of scalp hair and stim-

ulation of the sebaceous glands. 

   Androgen secretion at puberty stimulates growth of 

the larynx and thickening of the vocal chords and thus low-

ers the pitch of the voice. At this time also the characteristic 

adolescent growth spurt results from the interplay of testos-

terone and growth hormone (see Chapter 11) that promotes 

growth of the vertebrae and long bones. Development of the 

shoulder girdle is pronounced. Th is growth is self-limiting, as 

androgens, after extragonadal conversion to estrogens, accel-

erate epiphyseal closure (see Chapter 11). Androgens pro-

mote growth of muscle, especially in the upper torso. Indeed, 

men have almost half again as much muscle mass as women. 

In some animals the temporal and masseter muscles are par-

ticularly sensitive to androgenic stimulation. Growth and 

nitrogen retention, of course, are also related to stimulation 

of appetite and increased food intake. Accordingly, andro-

gens bring about increased physical vigor and a feeling of 

well-being. Testosterone also stimulates red blood cell pro-

duction by direct eff ects on bone marrow and by stimulat-

ing secretion of the hormone  erythropoietin  from the kidney. 

Th is action of androgens accounts for the higher hematocrit 

in men than women. In both men and women androgens 

increase sexual drive ( libido ).   

    SEXUAL DIFFERENTIATION 

   Regardless of its chromosomal makeup, the early embryo 

has the potential to form either testes or ovaries and develop 

either the male or female phenotype. By about fi ve weeks 

after fertilization primordial gonads and the precursors of 

both male and female reproductive tracts have diff erentiated 

from cells of the primitive mesonephros, which also gives 

rise to the adrenal glands and the kidneys. Diff erentiation of 

the primitive tubular structures into male or female genital 

tracts depends upon stimulation or repression by humoral 

factors arising in the primitive testes. 

   Diff erentiation of the testes from the ambipotential 

gonadal primordia depends upon the transient expression of 

a single gene on the Y chromosome ( Figure 12.9   ). Th e sex-

determining gene (called SRY, for sex-determining region of 

the Y chromosome) has no homologous counterpart on the 

X chromosome. It encodes a transcription factor that elicits 

expression of some genes and repress expression of others. 

SRY is expressed only in the primitive indiff erent gonads in 

those cells that are destined to become Sertoli cells. It initi-

ates a diff erentiation program that channels these cells to the 

Sertoli development pathway and away from the potential 

alternate fate of diff erentiation into ovarian granulosa cells 

(see Chapter 13). 

   Understanding of how SRY brings about Sertoli cell 

diff erentiation is still incomplete and is based largely upon 

studies in rodents. One of the primary downstream eff ects of 

the SRY gene product is the expression of a related transcrip-

tion factor called SOX9, which plays a crucial role in regulat-

ing expression of other genes in the diff erentiation pathway. 

Early in testicular diff erentiation Sertoli cells release extra-

cellular signals including prostaglandin D2, which recruits 

additional cells to the Sertoli cell diff erentiation pathway, and 

fi broblast growth factor-9 (FGF9), which acts as a positive 

feedback activator of SOX9 expression. At around the sev-

enth week after fertilization, developing Sertoli cells aggregate 

around clusters of primordial germ cells and arrange them-

selves into cords that will become the seminiferous tubules. 

   In response to cues from the Sertoli cells, the rap-

idly proliferating primordial germ cells stop dividing and 
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diff erentiate into prospermatogonia, which do not resume 

mitotic activity until after birth. Under the infl uence of 

paracrine signals released from the developing Sertoli cells, 

nearby cells proliferate and give rise to precursors of per-

itubular myoid cells, endothelial cells that form the male-

specifi c vasculature, and Leydig cells. Secretions of Sertoli 

cells that induce diff erentiation into Leydig and peritubular 

cells include FGF9, platelet derived growth factor (PDGF), 

desert hedgehog (DHH), and other factors that are not yet 

identifi ed. Human chorionic gonadotropin (hCG) produced 

in great abundance by the placenta at this time (see Chapter 

14), probably also participates in Leydig cell diff erentia-

tion and stimulates the newly diff erentiated cells to secrete 

testosterone. 

   Th e diff erentiation program that transforms the indif-

ferent gonad to an ovary unfolds in the absence of the SRY 

gene product and its downstream eff ectors. Although some 

signaling pathways are known, the steps that lead to ovarian 

development are not yet understood. Development of ovaries 

is delayed relative to testicular development. Seminiferous 

cords are fully formed by seven weeks and Leydig cells are 

fully competent by nine weeks after conception, but primor-

dial follicles that become the functional units of the ovary 

only start to appear after the eleventh week of gestation. 

Germ cells continue to divide and folliculogenesis continues 

until the seventh month. Diff erentiation into primary oocytes 

begins with mitotic arrest and entry into the fi rst phase of 

meiosis, at which time the oocytes become surrounded by 

a single layer of follicular cells to form primordial follicles. 

Oocytes in primordial follicles remain arrested at the diplo-

tene stage of meiosis until ovulation, which for some follicles 

may not occur for a half century. In contrast with spermato-

gonia, which divide thousands of times between puberty and 

senescence, oogonia complete their proliferation before they 

are incorporated into primordial follicles, and do not multi-

ply after birth. 

    Development of internal reproductive 
ducts and their derivatives 

   Th e wolffi  an ducts, which originate as excretory ducts of the 

primitive kidney, appear in the vicinity of the gonadal pri-

mordia of both sexes shortly after their formation. Wolffi  an 

ducts are progenitors of the upper male genital tract and 

give rise to the epididymis, vasa deferentia, and seminal 

vesicles. Soon after the wolifi an ducts appear, a second pair 

of ducts, called the müllerian ducts, form in the adjacent

space ( Figure 12.10   ). Th e müllerian ducts are the progeni-

tors of the upper female genital tract and develop into the 

fallopian tubes at their cranial ends and fuse to form the 

uterus and upper part of the vagina at their caudal ends (see 

Chapter 13). Th e lower portions of the genital tract, which 

include the prostate gland, the penis, and scrotum in males, 

and the lower portion of the vagina, clitoris, and labia in the 

female, arise from the urogenital sinus and genital tuber-

cle present in both sexes. Th us, regardless of its genetic sex, 

the embryo has the potential to develop outwardly either 

as male or female. As for the primordial gonads, the female 

pattern of development of the internal and external genitalia 

is expressed unless overridden by secretions of the fetal testis. 

   At around the time the seminiferous cords form in the 

testes, the Sertoli cells begin to secrete the  antimüllerian hor-
mone  (AMH), which, as its name implies, causes epithelial 

cells of the müllerian ducts to undergo apoptosis. Under its 

infl uence, the müllerian ducts degenerate and are completely 

resorbed. A similar fate awaits the wolffi  an ducts unless 

they are rescued by testosterone produced by the develop-

ing Leydig cells. Testosterone not only protects the wolffi  an 
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 FIGURE 12.9          Development of the testes and ovaries from common 

precursors in the genital ridges.  SRY,  (the sex-determining region of the Y 

chromosome), is the gene expressed only in cells that develop into Sertoli 

cells. In the absence of SRY these cells develop into follicle cells. Sertoli 

cells express SOX 9 and other transcription factors and the autocrine 

factor  FGF9  (fi broblast growth factor 9) that lead to diff erentiation and 

multiplication of Sertoli cells. Enclosure of the primordial germ cells 

by Sertoli cells to form the primitive spermatic cords and unequivocal 

recognition of the primitive gonads as testes occurs as early as the 

seventh week. Subsequent recruitment of mesenchymal cells and their 

diff erentiation into Leydig cells takes place in response to the secreted 

factors  DHH  (desert hedgehog) and  PDGF  (platelet-derived growth factor). 

Newly diff erentiated Sertoli cells also secrete  AMH  (antimüllerian hormone) 

and inhibin. The fi rst primordial follicles do not appear in the primitive 

ovary until the eleventh week.    
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duct cells from degeneration, but also stimulates them to 

diff erentiate into male reproductive structures. Both AMH 

and testosterone reach their target cells in the müllerian and 

wolffi  an ducts by the paracrine rather than the endocrine 

route. It is possible that some testosterone travels through 

the tubular lumina to reach target cells near the distal ends 

of the wolffi  an ducts. In experiments in which only one tes-

tis was removed from embryonic rabbits, the müllerian duct 

regressed only on the side with the remaining gonad, indi-

cating that antimüllerian hormone must act locally as a para-

crine factor. Th e wolffi  an duct regressed on the opposite side 

suggesting that testosterone too must act locally to sustain 

the adjacent wolffi  an duct, as the amounts that reached the 

contralateral duct through the circulation were inadequate to 

prevent its regression ( Figure 12.11   ). 

   Sertoli cell production of AMH is not limited to the 

embryonic period, but continues into adulthood. AMH is 

present in adult blood and in seminal plasma where it binds 

to sperm and may increase their motility. Plasma concen-

trations of AMH are highest in the prepubertal period 

and fall as testosterone concentrations rise. Its secretion is 

stimulated by FSH and strongly inhibited by testosterone. 

In the testis AMH inhibits Leydig cell diff erentiation and 

expression of steroidogenic enzymes, particularly P450c17. 

AMH also is expressed in the adult ovary and is found in 

the plasma of women as well as men. No extragonadal role 

for AMH in adults has yet been established. 

   AMH is a member of the transforming growth factor-

 β  (TGF- β ) family of growth factors. As for other members 

of the TGF- β  family, AMH signals by way of membrane 
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 FIGURE 12.10          Development of the male and 

female internal genitalia. (From Jaff e, R. B. (1986) 

Disorders of sexual development. In  Reproductive 
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 FIGURE 12.11          Normal development of the male and female reproductive tracts. Tissues destined to form the male tract are shown in blue; tissues 

that develop into the female tract are shown in pink. Bilateral castration of either male or female embryos results in development of the female pattern. 

Early unilateral castration of male embryos results in development of the normal male duct system on the side with the remaining gonad, but female 

development on the contralateral side. This pattern develops because both testosterone and antimüllerian hormone act as paracrine factors. (Modifi ed from 

Jost. A. (1971) Embryonic sexual diff erentiation. In  Hermaphroditism, Genital Anomalies and Related Endocrine Disorders , 2nd ed., Jones, H.W. and Scott, W.W., 

eds., 16, Williams  &  Wilkins, Baltimore.)    
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receptors that have intrinsic enzymatic activity that cata-

lyzes phosphorylation of proteins on serine and threonine 

residues. Th e AMH receptor consists of two nonidentical 

subunits, each of which has a single membrane-spanning 

region and an intracellular kinase domain. After binding 

AMH the specifi c primary receptor forms a complex with 

and phosphorylates a secondary signal transducing subunit 

that may also be a component of receptors for other ago-

nists of the TGF- β  family. Th e activated receptor complex 

associates with and phosphorylates cytosolic proteins called 

Smads, which enter the nucleus and activate transcription of 

specifi c genes ( Figure 12.12   ).  

    Development of the external genitalia 

   Th e urogenital sinus and the genital tubercle give rise to 

the external genitalia in both sexes. Masculinization of 

these structures to form the penis, scrotum, and prostate 

gland depends on secretion of testosterone by the fetal 

testis and its conversion to 5 α -dihydrotestosterone in these 

target cells. Unless stimulated by androgen these structures 

develop into female external genitalia. When there is insuf-

fi cient androgen in male embryos, or too much androgen in 

female embryos, diff erentiation is incomplete and the exter-

nal genitalia are ambiguous. Diff erentiation of the masculine 

external genitalia depends on the more potent dihydrotes-

tosterone rather than testosterone. Th e 5 α -reductase type II 

responsible for conversion of testosterone to 5 α -dihydrotes-

tosterone is present in tissues destined to become external 

genitalia even before the testis starts to secrete testosterone. 

In contrast, this enzyme does not appear in tissues derived 

from the wolffi  an ducts until after they diff erentiate, indi-

cating that testosterone rather than dihydrotestosterone is 

the signal for diff erentiation of the wolffi  an derivatives. 

   Th e importance of androgen action in sexual devel-

opment is highlighted by a fascinating human syndrome 

called  androgen insensitivity , which can be traced to an 

inherited defect in the single gene on the X chromosome 

that encodes the androgen receptor. Affl  icted individuals 

have the normal female phenotype, but have sparse pubic 

and axillary hair and no menstrual cycles. Genetically, 

they are male and have intraabdominal testes and circulat-

ing concentrations of testosterone and estradiol that are 

within the range found in normal men, but their tissues are 

totally unresponsive to androgens. Th eir external genitalia 

are female because, as already mentioned, the primordial 

tissues develop in the female pattern unless stimulated by 

androgen. Because AMH production and responsiveness 

are normal and their wolffi  an ducts are unable to respond 

to androgen, both of these duct systems regress and nei-

ther male nor female internal genitalia develop. Secondary 

sexual characteristics including breast development appear 

at puberty in response to unopposed action of estrogens 

formed extragonadally from testosterone.  

    Testicular descent into the scrotum 

   Th e testes develop in the abdominal cavity adjacent to the 

kidneys, but must descend into the scrotum for normal 

spermatogenesis to take place. Testicular descent occurs 

in two stages, an initial transabdominal movement to the 

inguinal ring, and a later migration through the inguinal 

canal into the scrotum. As the primordial gonad develops 

into a testis it is held in place by the  cranial suspensory liga-
ment , which links its upper pole to the dorsal abdominal 

wall and a second ligament, the  gubernaculum testis , that 

links the lower pole of the testis to the scrotum. At about 

the twelfth week after fertilization, involution of the cra-

nial suspensory ligament allows the gubernaculum, which 
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 FIGURE 12.12          Antimüllerian hormone ( AMH ) signaling pathway. AMH 

binds to its specifi c primary receptor ( II ), which then forms a heterodimer 

with and phosphorylates the secondary signal transducing subunit ( I ). 

The activated receptor complex then catalyzes phosphorylation of  Smad  

proteins on serine and threonine residues causing them to bind  Smad 

4 , which carries them into the nucleus where transcription of specifi c 

genes results in expression of an apoptotic program and resorption of the 

müllerian duct cells.    
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is shortening and thickening, to pull the testis down to the 

inguinal ring where it remains until shortly before birth. 

Th e cranial suspensory ligament regresses in response to 

androgen, but in female fetuses, it develops further to retain 

the ovary in the abdominal cavity and support the ovarian 

vasculature. Developmental changes in the gubernaculum 

are orchestrated by a peptide called insulin-like factor 3 

(INSL3). As its name implies INSL3 is structurally related 

to insulin. It is secreted by the Leydig cells. Final passage of 

the testis through the inguinal canal and into the scrotum 

depends upon remodeling of the gubernaculum and is also 

dependent upon testosterone.  

    Postnatal development 

   Aside from a brief surge in androgen production during the 

immediate neonatal period, the Leydig cells regress, and tes-

ticular function enters a period of quiescence. Further devel-

opment of the male genital tract is arrested until the onset 

of puberty and the reappearance of Leydig cells. Increased 

production of testosterone at puberty promotes growth of 

the penis and scrotum and increases pigmentation of the 

genitalia as well as the depth of rugal folds in scrotal skin. 

Further growth of the prostate, seminal vesicles, and epidi-

dymis also occurs at this time. Although diff erentiation of 

the epididymis and seminal vesicles is independent of dihy-

drotestosterone during the early fetal period, later acquisi-

tion of 5 α -reductase type II makes this more active androgen 

the dominant form that stimulates growth and secretory 

activity during the pubertal period. At puberty FSH stimu-

lates a transient burst of proliferation by Sertoli cells and 

in the mature testis it maintains their functional integrity. 

In response to FSH the Sertoli cells begin to secrete fl uid, 

which opens lumens in the seminiferous cords, and converts 

them to the seminiferous tubules. 

   Th e importance of some of the foregoing information 

is highlighted by another interesting genetic disorder that 

has been described as  penis at twelve . Aff ected individuals 

have a deletion or inactivating mutation in the gene that 

codes for 5 α -reductase type II, and hence they cannot con-

vert testosterone to 5 α -dihydrotestosterone in derivatives of 

the genital tubercule. Although testes and wolffi  an deriva-

tives develop normally, the prostate gland is absent, and at 

birth external genitalia are ambiguous or overtly feminine. 

Aff ected children have been raised initially as females. 

With the onset of puberty, testosterone production increases 

dramatically. Testosterone is converted to 5 α -dihydrotes-

tosterone by 5 α -reductase type I in liver and skin and 

released into the plasma. Th ough delayed by a decade or 

more, stimulation of the underdeveloped penis accounts for 

its growth.  

    Anomalies of sexual diff erentiation 

   Anomalies of sexual diff erentiation result from inactivating 

mutations in genes that are critical for normal sexual diff er-

entiation. As already stated, in the absence of a functional 

testis the female phenotype develops in embryos carrying 

either XX or XY chromosomes. Mutations in genes that 

code for transcription factors that are critical for gonadal 

diff erentiation result in the birth of apparently normal girls 

whose XY genotype and gonadal dysgenesis are not apparent 

until puberty or in some cases, a clinical workup for infer-

tility. In individuals with a single X chromosome primor-

dial follicles usually degenerate before birth. Mutations in 

either AMF or its receptor result in persistence of müllerian 

derivatives in an otherwise normal male. Inactivating muta-

tions of P450c17, the LH receptor, or the androgen receptor 

result in total absence of both wolffi  an and müllerian duct 

derivatives and female external genitalia, because wolffi  an 

duct development requires androgen stimulation, and AMF 

secretion induces regression of the müllerian ducts. Finally, 

as we have seen, the boy who lacks the 5 α  dehydrogenase II 

will have normal internal genital development except for the 

prostate, and ambiguous or feminine external genitalia until 

puberty when suffi  cient 5 α -dihydrotestosterone can be pro-

duced to induce growth and development of male genitalia. 

Th ese phenomena are summarized in  Figure 12.13   . 

   As indicated in Chapter 4, anomalies of sexual devel-

opment may also result from defects in the synthesis of 

21 carbon adrenal steroids. Th e resulting overproduction of 

adrenal androgens can masculinize the external genitalia of 

female babies and cause overdevelopment of the genitalia in 

male infants.   

    REGULATION OF TESTICULAR FUNCTION 

   Testicular function, as we have seen, depends on stimulation 

by two pituitary hormones, FSH and LH. Without them, 

the testes lose spermatogenic and steroidogenic capaci-

ties, and either atrophy or fail to mature. Secretion of these 

hormones by the pituitary gland is driven by the central 

nervous system through its secretion of the gonadotropin-

releasing hormone (GnRH), which reaches the pituitary by 

way of the hypophysial portal blood vessels (see Chapter 2). 

Separation of the pituitary gland from its vascular linkage 

to the hypothalamus results in total cessation of gonado-

tropin secretion and testicular atrophy. Th e central nervous 

system and the pituitary gland are kept apprised of testicu-

lar activity by signals related to each of the testicular func-

tions: steroidogenesis and gametogenesis. Characteristic 

of negative feedback, signals from the testis are inhibitory. 
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Castration results in a prompt increase in secretion of both 

FSH and LH. Th e central nervous system also receives and 

integrates other information from the internal and external 

environments and modifi es GnRH secretion accordingly. 

    Gonadotropin releasing hormone and the 
hypothalamic pulse generator 

   Gonadotropin-releasing hormone is a decapeptide pro-

duced by a diff use network of about 2,000 neurons whose 

perikarya are located primarily in the arcuate nuclei in the 

medial basal hypothalamus, and whose axons terminate 

in the median eminence in the vicinity of the hypophysial 

portal capillaries. GnRH-secreting neurons also project to 

other parts of the brain and may mediate some aspects of 

sexual behavior. GnRH is released into the hypophysial 

portal circulation in discrete pulses at regular intervals rang-

ing from about one every hour to one every three hours or 

longer. Each pulse lasts only a few minutes and the secreted 

GnRH disappears rapidly with a half-life of about four 

minutes. GnRH secretion is diffi  cult to monitor directly 

because hypophysial portal blood is inaccessible and because 

its concentration in peripheral blood is too low to measure 

even with the most sensitive assays. Th e pulsatile nature of 

GnRH secretion has been inferred from results of frequent 

measurements of LH concentrations in peripheral blood 

( Figure 12.14   ). FSH concentrations tend to fl uctuate much 

less, largely because FSH has a longer half-life than LH, 

two to three hours compared to 20 to 30 minutes. 
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 FIGURE 12.13          Anomalies in male sexual 

development due to single gene mutations. 

 A.  Normal production of AMH (antimüllerian 

hormone), testosterone, and  DHT  (5 α -

dihyrdrotestosterone) results in regression 

of the female internal organs and the 

development of internal and external male 

organs.  B.  Absence or defect in  SRY  (sex-

determining region of the Y chromosome) 

leads to ovarian agenesis and the otherwise 

normal development of female internal and 

external genitalia and the absence of any male 

characteristics.  C.  Absence of AMH leads to the 

development of both male and female internal 

genitalia and normal male external genitalia 

except that in some cases the presence of the 

female organs interferes with normal testicular 

descent into the scrotum.  D.  Absence of 

17 α -hydroxylase or the androgen receptor 

results in an individual without an internal 

male or female reproductive tract, and 

with female external genitalia.  E.  Absence 

of 5 α -dehydrogenase II results in normal 

development of male internal organs, except 

the prostate, and normal regression of female 

internal sex organs. The external organs may be 

overtly female or ambiguous.    
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 FIGURE 12.14          LH secretory pattern observed in a normal 36 year old man. 
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   Pulsatile secretion requires synchronous fi ring of many 

neurons, which therefore must be in communication with 

each other and with a common pulse generator. Because pul-

satile secretion of GnRH continues even after experimental 

disconnection of the medial basal hypothalamus from the 

rest of the central nervous system, the pulse generator must 

be located within this small portion of the hypothalamus. 

Pulsatile secretion of GnRH by neurons maintained in tissue 

culture indicate that episodic secretion is an intrinsic property 

of GnRH neurons. Th ere is good correspondence between 

electrical activity in the arcuate nuclei and LH concentrations 

in blood as determined in rhesus monkeys fi tted with per-

manently implanted electrodes. Th e frequency and amplitude 

of secretory pulses and corresponding electrical activity can 

be modifi ed experimentally ( Figure 12.15   ) and are regulated 

physiologically by gonadal steroids and probably by other 

information processed within the central nervous system. 

   Th e signifi cance of the pulsatile nature of GnRH 

secretion became evident in studies of reproductive func-

tion in rhesus monkeys whose arcuate nuclei had been 

destroyed. Secretion of LH and FSH therefore came to a 

halt. When GnRH was given as a constant infusion in an 

eff ort to replace hypothalamic secretion, gonadotropin 

secretion was restored, but only for a short while. FSH and 

LH secretion soon decreased and stopped even though 

the infusion of GnRH continued. Only when GnRH was 

administered intermittently for a few minutes of each hour 

was it possible to sustain normal gonadotropin secretion 

in these monkeys. Similar results have been obtained in 

human patients. Persons who are defi cient in GnRH fail to 

experience pubertal development and remain sexually juve-

nile. Treating GnRH defi ciency with the aid of a pump that 

delivers GnRH under the skin in intermittent pulses every 

two hours induces pubertal development and normal repro-

ductive function. Treating them with a long-acting analog 

of GnRH that provides constant stimulation to the pitui-

tary is ineff ective in restoring normal function. Treatment 

with a long-acting analog of GnRH desensitizes the pitui-

tary gland and blocks gonadotropin secretion. Th is regimen 

has been used successfully to arrest premature sexual devel-

opment in children with precocious puberty. 

   Th e cellular mechanisms that account for the complex 

eff ects of GnRH on gonadotropes are not fully understood. 

Th e GnRH receptor is a G-protein coupled heptihelical 

receptor that activates phospholipase C through G α  q  (see 

Chapter 1). Th e resulting formation of inositol trisphos-

phate (IP3) and diacylglycerol (DAG) results in mobiliza-

tion of intracellular calcium and activation of protein kinase 

C. Transcription of genes for FSH- β , LH- β , and the com-

mon  α -subunit depends upon increased cytosolic calcium 

and several protein kinases whose activation pathways are 

not understood. Secretion of gonadotropins depends upon 

the increase in cytosolic calcium achieved by mobilizing 

calcium from intracellular stores and by activating mem-

brane calcium channels. Desensitization of gonadotropes 

after prolonged uninterrupted exposure to GnRH appears 

to result from the combined eff ects of downregulation of 

GnRH receptors, downregulation of calcium channels asso-

ciated with secretion, and a decrease in the releasable stor-

age pool of gonadotropin.  

 FIGURE 12.15          Recording of multiple unit activity (MUA) in the arcuate nuclei of conscious  (A)  and anesthetized  (B)  monkeys fi tted with permanently 

implanted electrodes. Simultaneous measurements of LH in peripheral blood are shown in the upper tracings. (From Wilson, R.C., Kesner, J.S., Kaufman, J.N. 

et al. (1984) Central electrophysiologic correlates of pulsatile luteinizing hormone secretion in the rhesus monkey.  Neuroendocrinology   39 : 256.)      
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    Negative feedback regulators 

   Th e hormones FSH and LH originate in the same pitui-

tary cell whose secretory activity is stimulated by the same 

hypothalamic hormone, GnRH. Nevertheless secretion of 

FSH is controlled independently of LH secretion by nega-

tive feedback signals that relate to the separate functions 

of the two gonadotropins. Although castration is followed 

by increased secretion of both FSH and LH, only LH is 

restored to normal when physiological amounts of testoster-

one are given. Failure of testicular descent into the scrotum 

( cryptorchidism ) may result in destruction of the germinal epi-

thelium without aff ecting Leydig cells. With this condition 

blood levels of testosterone and LH are normal, but FSH is 

elevated. Th us testosterone, which is secreted in response to 

LH, acts as a feedback regulator of LH and hence of its own 

secretion. By this reasoning, we would expect that sperma-

togenesis, which is stimulated by FSH, might be associated 

with secretion of a substance that refl ects gamete production. 

Indeed, FSH stimulates the Sertoli cells to synthesize and 

secrete a glycoprotein called  inhibin,  which acts as a feed-

back inhibitor of FSH. 

    Inhibin and testosterone 

   Inhibin, which originally was purifi ed from follicular fl uid 

of the pig ovary, is a disulfi de-linked heterodimer comprised 

of an  α  subunit and either of two forms of a  β  subunit,  β  A  

or  β  B  ( Figure 12.16   ). Th e physiologically important form of 

inhibin secreted by the human testis is the  α  β  B  dimer called 

inhibin B. Its concentration in blood plasma is refl ective of 

the number of functioning Sertoli cells and spermatogene-

sis. Both inhibin A and inhibin B are produced by the ovary 

(see Chapter 13). Little is known about the signifi cance 

of alternate  β  subunits or the factors that determine when 

each form is produced. Th e three subunits are encoded in 

separate genes, and presumably are regulated independently. 

Th ey are members of the same family of growth factors that 

includes AMH and TGF- β . 

   Of additional interest is the fi nding that dimers 

formed from two  β  subunits produce eff ects that are oppo-

site those of the  α  β  dimer, and stimulate FSH release from 

gonadotropes maintained in tissue culture. Th ese compounds 

are called  activins , and function in a paracrine mode in the 

testis and many other tissues. Although the production of 

the  α  subunit is confi ned largely to male and female gonads, 

 β  subunits are produced in many extragonadal tissues where 

activins mediate a variety of functions that are unrelated to 

FSH secretion. Activins produced in the pituitary appear to 

play a supportive role in FSH production. Th e pituitary, ova-

ries, and other tissues also produce an unrelated protein called 

 follistatin , which binds activins and blocks their actions. 

   Th e feedback relations that fi t best with current 

understanding of the regulation of testicular function in 

the adult male are shown in  Figure 12.17   . Pulses of GnRH 

originating in the arcuate nuclei evoke secretion of both 

FSH and LH by the anterior pituitary. FSH and LH are 

positive eff ectors of testicular function and stimulate release 

of inhibin and testosterone, respectively. 

   Testosterone has an intratesticular action that rein-

forces the eff ects of FSH. It also travels through the cir-

culation to the hypothalamus, where it exerts its negative 

feedback eff ect primarily by slowing the frequency of 

GnRH pulses. Because secretion of LH decreases with 

frequency of stimulation (see Figure 13.14 in Chapter 13), 

decreases in GnRH pulse frequency lowers the ratio of LH 

to FSH in the gonadotropic output. In the castrate mon-

key the hypothalamic pulse generator discharges once per 
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Inhibin A Inhibin B

Activin AB Activin AActivin A

-S-S-α βB

-S-S- βBβB
-S-S-βA βA
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 FIGURE 12.16          The activins and inhibins are disulfi de bonded dimers of 

the products of three separate genes. Inhibin B is the major circulating 

form in the human male, and is comprised of an alpha subunit and the 

beta B subunit. Activins are comprised of two beta subunits.    
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 FIGURE 12.17          Negative feedback regulation of testicular function. Green 

arrows      �      Stimulation. Red arrows      �      Inhibition. Blue arrows      �      crosstalk.    
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hour and slows to once every two hours after testosterone is 

replaced. Th is rate is about the same as that seen in normal 

men. Th e higher frequency in the castrate triggers more fre-

quent bursts of gonadotropin secretion, resulting in higher 

blood levels of both FSH and LH. 

   Testosterone also exerts its negative feedback eff ects at 

the pituitary level by decreasing the amount of LH secreted 

in each pulse, probably as a result of decreasing sensitivity of 

the gonadotropes to GnRH. In high enough concentrations, 

testosterone may inhibit GnRH release suffi  ciently to shut 

off  secretion of both gonadotropic hormones. Th e negative 

feedback eff ects of testosterone on the pituitary depend in 

large measure on its aromatization to estradiol by the gona-

dotropes. Dihydrotestosterone, which cannot be aromatized, 

has little feedback eff ect, and men who lack aromatase have 

abnormally high circulating amounts of LH. Th e negative 

feedback eff ect of inhibin appears to be exerted exclusively on 

gonadotropes. Inhibin decreases transcription of the FSH- β  

gene and reduces FSH secretion in response to GnRH. Some 

evidence indicates that inhibin may also exert local eff ects on 

Leydig cells to enhance testosterone production and thereby 

may indirectly aff ect hypothalamic release of GnRH.   

    Prepuberty 

   Testicular function is critical for development of the nor-

mal masculine phenotype early in the prenatal period. All 

the elements of the control system are present in the early 

embryo. GnRH and gonadotropins are detectable at about 

the time that testosterone begins stimulating wolffi  an duct 

development. Th e hypothalamic GnRH pulse generator and 

its negative feedback control are functional in the newborn. 

Both the frequency and amplitude of GnRH and LH pulses 

are similar to those observed in the adult. After about the 

sixth month of postnatal life and for the remainder of the 

juvenile period, the GnRH pulse generator is restrained 

and gonadotropin secretion is low. Th e amplitude and fre-

quency of GnRH pulses decline, but do not disappear, and 

responsiveness of the gonadotropes to GnRH diminishes. It 

is evident that negative feedback regulation remains opera-

tive, however, because blood levels of gonadotropins increase 

after gonadectomy in prepubertal subjects and fall with 

gonadal hormone administration. 

   Th e system is extremely sensitive to feedback inhibi-

tion during this time, but suppression of the pulse genera-

tor cannot be explained simply as a change in the set point 

for feedback inhibition. Th e plasma concentration of gona-

dotropins is high in juvenile subjects whose testes failed to 

develop and who consequently lack testosterone, but rise 

even higher when these subjects reach the age when puberty 

would normally occur. Th us restraint of the GnRH pulse 

generator imposed by the central nervous system diminishes 

at the onset of puberty.  

    Puberty 

   Early stages of puberty are characterized by the appearance 

of high-amplitude pulses of LH during sleep ( Figure 12.18   ). 

Testosterone concentrations in plasma follow the gonado-

tropins, and there is a distinct day–night pattern. As puberty 

progresses, high-amplitude pulses are distributed through-

out the day at the adult frequency of about one every two 

hours. Sensitivity of the pituitary gland to GnRH increases 

during puberty possibly as a result of a self-priming eff ect of 

GnRH on gonadotropes. GnRH increases both the abun-

dance of its receptors on the gonadotrope surface and the 

amount of releasable FSH and LH in the gonadotropes. 

   Th e underlying neural mechanisms for suppression 

of the GnRH pulse generator in the juvenile period are not 

understood. Increased inhibitory input from NPY (neu-

ropeptide Y) and GABA ( γ -amino butyric acid) secreting 

neurons has been observed, but neither the factors that pro-

duce nor terminate such input are understood. Recently it 

was found that some individuals with hypogonadotropic 

hypogonadism who fail to undergo puberty carry a muta-

tion in the gene for a G-protein coupled receptor called 

GPR54. Th e ligand for this receptor was found to be a 

54 amino acid peptide called kisspeptin, which had been 

studied earlier as a possible suppressor of tumor metasta-

sis. Kisspeptin is expressed in abundance in neurons in the 

arcuate nuclei, and its receptors are expressed in GnRH 

neurons. It now appears likely that kisspeptin-secreting 
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 FIGURE 12.18          Plasma LH and testosterone measured every 20 minutes 

reveal nocturnal pulsatile secretion of GnRH in a pubertal 14-year-old 

boy. (From Boyer, R.M., Rosenfeld, R.S., Kapen, S. et al. (1974) Simultaneous 

augmented secretion of luteinizing hormone and testosterone during 

sleep.  J. Clin. Invest.   54 : 609.)    
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neurons provide positive input to GnRH neurons and that 

it is activation of these neurons that awakens and sustains 

the GnRH pulse generator. It is likely that kisspeptinergic 

neurons may also be the targets of the negative feedback 

eff ects of gonadal steroids. However, the factors that lead to 

awakening of these neurons are not understood. 

   Clearly, the onset of reproductive capacity is infl u-

enced by, and must be coordinated with, metabolic fac-

tors and attainment of physical size. In this regard, as we 

have seen (see Chapter 11), puberty is intimately related 

to growth. Onset of puberty, especially in girls has long 

been associated with adequacy of body fat stores, and it 

appears that adequate circulating concentrations of lep-

tin (see Chapter 8) are permissive for the onset of puberty. 

Nevertheless, we still do not understand how genetic, devel-

opmental, and nutritional factors are integrated to sig-

nal readiness for reproductive development and function 

and how that readiness is transmitted to kisspeptinergic 

neurons.    
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C H A P T E R

                                   Hormonal Control of Reproduction in the 

Female: The Menstrual Cycle  

   Th e ovaries serve the dual function of produc-

ing eggs and the hormones that support repro-

ductive functions. Unlike men, in whom large 

numbers of gametes are produced continuously 

from stem cells, women release only one gam-

ete at a time from a limited pool of preformed 

gametes in a process that is repeated at regular 

monthly intervals. Each interval encompasses 

the time needed for the ovum to develop, for 

preparation of the reproductive tract to receive 

the fertilized ovum, and the time allotted for 

that ovum to become fertilized and pregnancy 

established. If the ovary does not receive a sig-

nal that an embryo has begun to develop, the 

process of gamete maturation begins anew. 

   Th e principal ovarian hormones are the 

steroids  estradiol  and  progesterone , and the pep-

tide inhibin, which orchestrate the cyclic series 

of events that unfold in the ovary, pituitary, and 

reproductive tract. As the ovum develops within 

its follicle, estradiol stimulates growth of the 

structures of the reproductive tract that receive 

the sperm, facilitate fertilization, and ultimately 

house the developing embryo. Estradiol along 

with a variety of peptide growth factors pro-

duced in the developing follicle acts within the 

follicle to stimulate proliferation and secre-

tory functions of granulosa cells, and thereby 

enhances its own production. Progesterone is 

produced by the corpus luteum that develops 

from the follicle after the egg is shed. It pre-

pares the uterus for successful implantation and 

growth of the embryo and is absolutely required 

for the maintenance of pregnancy. 

   Ovarian function is driven by the two 

pituitary gonadotropins, follicle-stimulating 

hormone (FSH) and luteinizing hormone (LH), 

which stimulate ovarian steroid production, 

growth of the follicle, ovulation, and develop-

ment of the corpus luteum. Secretion of these 

hormones depends on stimulatory input from 

the hypothalamus through the gonadotropin 

releasing hormone (GnRH) and complex inhib-

itory and stimulatory input from ovarian steroid 

and peptide hormones. 

    FEMALE REPRODUCTIVE TRACT 

    Ovaries 

   Th e adult human ovaries are paired, fl attened 

ellipsoid structures that measure about 5       cm in 

their longest dimension. Th ey lie within the pel-

vic area of the abdominal cavity attached to the 

broad ligaments that extend from either side of 

the uterus by peritoneal folds called the  meso-
varia . Both the gamete producing and hormone 

producing functions of the ovary take place in 

the outer or cortical portion. It is within the 

ovarian cortex that the precursors of the female 

gametes, the oocytes, are stored and develop into 

ova (eggs). Th e functional unit is the  ovarian fol-
licle , which initially consists of a single oocyte 

surrounded by a layer of  granulosa cells  enclosed 

within a basement membrane, the  basal lamina , 

that separates the follicle from cortical stroma. 

  13 
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When they emerge from the resting stage, follicles become 

ensheathed in a layer of specialized cells called the  theca 
folliculi . Follicles in many stages of development are found 

in the cortex of the adult ovary along with structures that 

form when the mature ovum is released by the process of 

 ovulation . Ovarian follicles, in which the ova develop, and 

corpora lutea derived from them are also the sites of ovar-

ian hormone production. Th e inner portion of the ovary, 

the medulla, consists chiefl y of vascular elements that arise 

from anastomoses of the uterine and ovarian arteries. A rich 

supply of unmyelinated nerve fi bers also enters the medulla 

along with blood vessels ( Figure 13.1   ). 

    Folliculogenesis 

   In contrast to the testis, which produces hundreds of mil-

lions of sperm each day, the ovary normally produces a single 

mature ovum about once each month. Th e testis must con-

tinuously renew its pool of germ cell precursors throughout 

reproductive life in order to sustain this rate of sperm pro-

duction, whereas the ovary needs to draw only upon its initial 

endowment of primordial oocytes to provide the approxi-

mately 400 mature ova ovulated during the four decades of a 

woman’s reproductive life. Although ovulation, the hallmark 

of ovarian activity, occurs episodically at 28-day intervals, 

examination of the ovary at any time during childhood or the 

reproductive life of a mature woman reveals continuous activ-

ity with multiple follicles at various stages in their life cycle. 

   Folliculogenesis begins in fetal life. Primordial germ 

cells multiply by mitosis and begin to diff erentiate into pri-

mary oocytes and enter meiosis between the eleventh and 

twentieth weeks after conception. Primary oocytes remain 

arrested in prophase of the fi rst meiotic division until meio-

sis resumes at the time of ovulation, and is not completed 

until the second polar body is extruded at the time of fer-

tilization, which may be more than four decades later for 

some oocytes. Around the twentieth week of fetal life there 

are about 6 to 7 million oocytes available to form primor-

dial follicles, but the human female is born with about 

only 300,000 to 400,000 primordial follicles in each ovary. 

Oocytes that fail to form into primordial follicles are lost by 

apoptosis, and many primordial follicles are also lost during 

fetal life in a process called  atresia . Th e vast majority of pri-

mordial follicles remain in a resting state for many years. By 

some seemingly random process, perhaps because they are 

relieved of inhibition or are activated by still unknown fac-

tors, some follicles enter into a growth phase and begin the 

long journey toward ovulation, but the vast majority become 

atretic and die at various stages along the way. Th is process 

begins during the fetal period and continues until  menopause  
at around age 50, when all the follicles are exhausted. 

   As primordial follicles emerge from the resting 

stage the oocyte grows from a diameter of about 20        μ m to 

about 100        μ m and a layer of extracellular mucopolysaccha-

rides and proteins called the  zona pellucida  forms around it 
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 FIGURE 13.1          Drawing of a human ovary showing the progression of the various stages of follicular and luteal development. (From Netter, F.H. (1997)  Atlas 

of Human Anatomy , 2nd ed., plate 349. Novartis, Hanover, NJ.)    
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( Figure 13.2   ). Granulosa cells change in morphology from 

squamous to cuboidal. Th is early step in the process is esti-

mated to require more than 120 days. Growth of primary 

follicles is accompanied by migration and diff erentiation 

of mesenchymal cells to form the  theca folliculi . Its inner 

layer, the  theca interna , is composed of secretory cells with 

an extensive smooth endoplasmic reticulum characteristic 

of steroidogenic cells. Th e  theca externa  is formed by reor-

ganization of surrounding stromal cells. At this time also 

a dense capillary network develops around the follicle. Th e 

oocyte completes its growth by accumulating stored nutri-

ents and the messenger RNA and protein synthesizing 

apparatus that will be activated upon fertilization. As the 

follicle continues to grow, granulosa cells increase in number 

and begin to form multiple layers. Th e innermost granulosa 

cells are in intimate contact with the oocyte through cellu-

lar processes that penetrate the zona pellucida and form gap 

junctions with its plasma membrane. Granulosa cells also 

form gap junctions with each other and function as nurse 

cells supplying nutrients to the oocyte, which is separated 

from direct contact with capillaries by the basal lamina and 

the granulosa cells. 

   Follicular development continues with further pro-

liferation of granulosa cells and gradual elaboration of fl uid 

within the follicle. Follicular fl uid is derived from blood 

plasma and contains plasma proteins, including hormones, 

and various proteins and steroids secreted by the granulosa 

cells and the ovum. Accumulation of follicular fl uid brings 

about further enlargement of the follicle and the formation 

of a central fl uid-fi lled cavity called the  antrum . Follicular 

growth up to this stage is independent of pituitary hor-

mones, but without support from follicle stimulating hor-

mone (FSH; see Chapters 2 and 12) further development 

is not possible and the follicles become atretic. Any follicle 

can be arrested at any stage of its development and undergo 

the degenerative changes of atresia. Atresia is the fate of 

all the follicles that enter the growth phase before puberty, 

and more than 99% of the 200,000 to 400,000 remaining 

at puberty. Th e physiological mechanisms that control this 

seemingly wasteful process are poorly understood. 

   In the presence of FSH antral follicles continue to 

develop slowly for about two months until they reach a criti-

cal size. About 20 days before ovulation a group or cohort of 

six to 12 of these follicles enters into the fi nal rapid growth 

phase, but in each cycle normally only one survives and ovu-

lates, while the others become atretic and die ( Figure 13.3   ). 

Th e surviving follicle has been called the 259dominant fol-

licle because it may contribute to the demise of other devel-

oping follicles. As the dominant follicle matures, the fl uid 

content in the antrum increases rapidly, possibly in response 

to increased colloid osmotic pressure created by partial 

hydrolysis of dissolved mucopolysaccharides. Th e ripe, pre-

ovulatory follicle reaches a diameter of 20 to 30       mm and 

bulges into the peritoneal cavity. At this time it consists of 

about 60 million granulosa cells arranged in multiple layers 

around the periphery. Th e ovum and its surrounding layers 

of granulosa cells, the  corona radiata , are suspended by a nar-

row bridge of granulosa cells (the  cumulus oophorus ) in a pool 
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 FIGURE 13.2          Development of ovarian follicles. 

 A . Primordial follicle.  B . Primary follicle, the ovum 

has grown to full size, and there has been some 

proliferation of granulosa cells.  C . Secondary follicle. 

Follicular cells have multiplied, and the theca intern 

is apparent.  D . Early antral follicle. Granulosa cells 

have proliferated further, the theca has thickened, 

and a small amount of fl uid has begun to appear. 

The follicle is now sensitive to FSH.  E . Mature 

preovulatory follicle. Continued accumulation 

of fl uid and further proliferation of granulosa 

cells have increased the follicle diameter some 

twentyfold. (Redrawn from Erickson, G.F. (1995) 

 Endocrinology and Metabolism,  3rd ed., 973–1015. 

McGraw Hill, New York, with permission of the 

McGraw-Hill Companies.)    
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   Following ovulation there is ingrowth and diff eren-

tiation of the remaining mural granulosa cells, thecal cells, 

and some stromal cells, which fi ll the cavity of the collapsed 

follicle to form a new endocrine structure, the  corpus luteum . 

Th e process by which granulosa and thecal cell are converted 

to luteal cells is called  luteinization  (meaning yellowing) and 

is the morphological refl ection of the accumulation of lipid. 

Luteinization also involves biochemical changes that enable 

the corpus luteum to become the most active of all steroid-

producing tissues per unit weight. Th e corpus luteum con-

sists of large polygonal cells containing an extensive smooth 

endoplasmic reticulum and smaller steroid secreting cells 

thought to be derived from the theca interna. Its metabolic 

needs are served by a rich supply of fenestrated capillaries. 

Unless pregnancy ensues, the corpus luteum regresses after 

two weeks, leaving a scar on the surface of the ovary.   

    Oviducts and uterus 

   Th e primitive müllerian ducts that develop during early 

embryonic life give rise to the duct system that in primitive 

animals provides the route for ova to escape to the outside 

( Figure 13.5   ). In mammals these tubes are adapted to pro-

vide a site for fertilization of ova and nurture of embryos. 

In female embryos the müllerian ducts are not subjected to 

the destructive eff ects of the antimüllerian hormone (see 
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 FIGURE 13.3          Follicular development at various stages of a woman’s life. (Adapted from McGee, E.A. and Hsueh, A.J.W. (2000)  Endocr. Rev.   21 : 200–214, with 

permission of the Endocrine Society.)    

 FIGURE 13.4          Ovulation in a rabbit. Follicular fl uid, granulosa cells, some 

blood, and cellular debris continue to ooze out of the follicle even after 

the egg mass has been extruded. (From Hafez, E.S.E. and Blandau, R.J. 

(1969) Gamete transport-comparative aspects. In  The Mammalian Oviduct , 

Hafez, E.S. E. and Blandau, R.J., eds. University of Chicago Press, Chicago.)    

of more than 6       ml of follicular fl uid. At ovulation a point 

opposite the ovum in the follicle wall, called the  stigma , 

erodes and the ovum with its accompanying granulosa cells 

(the cumulus oophorus complex) is extruded into the peri-

toneal cavity in a bolus of follicular fl uid ( Figure 13.4   ). 
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Chapter 12) and, instead, develop into the oviducts, uterus, 

and upper portion of the vagina. Unlike the development of 

the sexual duct system in the male fetus, this diff erentiation 

is independent of gonadal hormones. 

   Th e paired oviducts ( fallopian tubes ) are a conduit for 

transfer of the ovum to the uterus (see Chapter 14). Th e 

proximal end comes in close contact with the ovary and has 

a funnel-shaped opening, the  infundibulum , surrounded by 

fi nger-like projections called  fi mbriae . Th e oviduct, partic-

ularly the infundibulum, is lined with ciliated cells whose 

synchronous beating plays an important role in egg trans-

port. Th e lining of the oviduct also contains secretory cells 

whose products provide nourishment for the zygote (ferti-

lized ovum) in its three- to four-day journey to the uterus. 

Th e walls of the oviducts contain layers of smooth muscle 

cells oriented both longitudinally and circularly. 

   Distal portions of the müllerian ducts fuse to give 

rise to the uterus. In the nonpregnant woman the uterus is 

a small, pear-shaped structure extending about 6 to 7       cm in 

its longest dimension. It is capable of enormous expansion, 

partly by passive stretching and partly by growth, so that 

at the end of pregnancy it may reach 35       cm or more in its 

longest dimension. Its thick walls consist mainly of smooth 

muscle and are called the  myometrium . Th e secretory epithe-

lial lining is called the  endometrium  and varies in thickness 

with changes in the hormonal environment, as discussed 

later. Th e oviducts join the uterus at the upper, rounded end. 

Th e caudal end constricts to a narrow cylinder called the 

 uterine cervix , whose thick wall is composed largely of dense 

connective tissue rich in collagen fi bers and some smooth 

muscle. Th e cervical canal is lined with mucus-producing 

cells and usually is fi lled with mucus. Th e cervix bulges into 

the upper reaches of the vagina, which forms the fi nal link 

to the outside. Th e lower portion of the vagina, which com-

municates with the exterior, is formed from the embryonic 

urogenital sinus.   

    OVARIAN HORMONES 

   Th e principal hormones secreted by the ovary are estrogens 

( estradiol-17 β   and  estrone ) and  progesterone . Th ese hormones 

are steroids and are derived from cholesterol by the series of 

reactions depicted in  Figure 13.6   . Th eir biosynthesis is intri-

cately interwoven with the events of the ovarian cycle and is 

discussed in the next sections. In addition, the ovary produces 

a large number of biologically active peptides, most of which 

act within the ovary as paracrine growth factors, but at least 

two, inhibin and relaxin, are produced in suffi  cient amounts 

to enter the blood and produce eff ects in distant cells. 

    Estrogens 

   Unlike humans, of whom it has been said,  “ eat when they are 

not hungry, drink when they are not thirsty, and make love at 

all seasons of the year, ”  most vertebrate animals mate only at 

times of maximum fertility of the female. Th is period of sex-

ual receptivity is called  estrus , derived from the Greek word 

for vehement desire. Estrogens are compounds that promote 

estrus and originally were isolated from follicular fl uid of sow 

External os

Cervix

Endometrium
Myometrium
Broad ligament

Uterine vesels

Suspensory ligament

Fimbriae

Infundibulum

Broad ligament

Graafian folllicle

Corpus albicans

Corpus luteum

Ampulla

Isthmus

Uterine
ostium

Ovarian
ligament

Cervical canal

Vaginal fornix
Vagina

Ovary

Corpus
luteum

Uterine
fundus

Ovarian
ligament

Broad ligament

 FIGURE 13.5          Uterus and associated female reproductive structures. The right side of the fi gure has been sectioned to show the internal structures. Insert 
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ovaries. Characteristic of steroid-secreting tissues, little hor-

mone is stored within the secretory cells themselves. Estrogens 

circulate in blood loosely bound to albumin and tightly bound 

to the  testosterone-estrogen-binding globulin  (TeBG), which is 

also called the  sex hormone-binding globulin  (see Chapter 12). 

Plasma concentrations of estradiol are considerably lower than 

those of other gonadal steroids and vary over an almost 

20-fold range during the cycle. 

   Liver is the principal site of metabolic destruction of 

the estrogens. Estradiol and estrone are completely cleared 

OHOH

HO

C�O

CH3

Pregnenolone Progesterone

O

17 α−Progesterone
OHO

17 α−Pregnenolone

P450c17

P450c17

P450scc

H
O

3βHSD

3βHSD

O

Androstenedione

OHO

O

Dehydroepiandrosterone

3βHSD

Testosterone

O

HO HO

H
O

CYP19
(aromatase)

17βHSD

17βHSD

O

Estrone Estradiol-17β

1

2

3

5
7

8

9

10

11
12

13

14 15

16

1718

19

C�O

CH3

C�O

CH3

C�O

CH3

HO

20
21 22

23

24

25

26

27

A B

C D

4 6

Cholesterol

P450c17

CYP19
(aromatase)

P450c17

 FIGURE 13.6          Biosynthesis of ovarian hormones. Cleavage of the cholesterol side chain between carbons 21 and 22 gives rise to 21-carbon progestins. 
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from the blood by a single passage through the liver and are 

inactivated by hydroxylation and conjugation with sulfate 

and glucuronide. About half the protein-bound estrogens in 

blood are conjugated with sulfate or glucuronide. Although 

the liver may excrete some conjugated estrogens in the bile, 

they are reabsorbed in the lower gut and returned to the 

liver in portal blood in a typical enterohepatic circulatory 

pattern. Th e kidney is the chief route of excretion of estro-

genic metabolites.  

    Progesterone 

   Pregnancy, or  gestation , requires the presence of another 

ovarian steroid hormone, progesterone. In the nonpregnant 

woman progesterone secretion is confi ned largely to cells of 

the corpus luteum, but because it is an intermediate in the 

biosynthesis of all steroid hormones, small amounts may 

also be released from the adrenal cortex. Some progester-

one also is produced by granulosa cells just before ovula-

tion. Th e rate of progesterone production varies widely. Its 

concentration in blood ranges from virtually nil during the 

early preovulatory part of the ovarian cycle to as much as 

2       mg/dL after the corpus luteum has formed. Progesterone 

circulates in blood in association with plasma proteins and 

has a high affi  nity for the corticosteroid-binding globulin 

(CBG). Liver is the principal site of progesterone inactiva-

tion, which is achieved by reduction of the A ring and the 

keto groups at carbons 3 and 20 to give  pregnanediol , which 

is the chief metabolite found in urine. Considerable degra-

dation also occurs in the uterus.  

    Inhibin 

   As discussed in Chapter 12, inhibin is a 32       kDa disulfi de-

linked dimer of an  α  subunit and either of two  β  subunits,  β  A  

or  β  B , and enters the circulation as either inhibin A ( α / β  A ) 

or inhibin B ( α / β  B ). Expression of the  β  A  subunit is greatest 

in luteal cells, and expression of the  β  B  subunit is a product 

of granulosa cells. Consequently, blood levels of inhibin B 

are highest during the periods of preovulatory growth and 

expansion of granulosa cells, and blood levels of inhibin A 

are highest during peak luteal cell function. In addition to 

serving as a circulating hormone, inhibin probably exerts 

paracrine actions in the ovary, and activin formed by dimeri-

zation of two  β  subunits also exerts important intraovarian 

paracrine actions. Th e activin-binding peptide  follistatin , 

which blocks activin action, also plays an important intra-

ovarian role. Although some activin is found in the circu-

lation, its concentrations do not change during the ovarian 

cycle, and its source is primarily extraovarian.  

    Relaxin 

   Th e corpus luteum secretes a second peptide hormone 

called  relaxin , which was named for its ability to relax the 

pubic ligament of the pregnant guinea pig. In other spe-

cies including humans it also relaxes the myometrium and 

plays an important role in parturition by causing softening 

of the uterine cervix. Relaxin is encoded in two nonallelic 

genes (H1 and H2) on chromosome 9. Its peptide structure, 

particularly the organization of its disufi de bonds, and gene 

organization place it in the same family as insulin, the insu-

lin-like growth factors, and INSL3. Although both relaxin 

genes are expressed in the prostate, only the H2 gene is 

expressed in the ovary. A physiological role for relaxin in 

the nonpregnant woman has not been established.   

    CONTROL OF OVARIAN FUNCTION 

   Follicular development beyond the antral stage depends 

on two gonadotropic hormones secreted by the anterior 

pituitary gland: FSH and LH. In addition to stimulating 

follicular growth, gonadotropins are required for ovula-

tion, luteinization, and steroid hormone formation by both 

the follicle and the corpus luteum. Th e relevant molecu-

lar and biochemical characteristics of these glycoprotein 

hormones are described in Chapters 2 and 12. Follicular 

growth and function also depend on paracrine eff ects of 

estrogens, androgens, possibly progesterone as well as pep-

tide paracrine factors including IGF-II, activin, members 

of the transforming growth factor- β  family, and others. Th e 

sequence of rapid follicular growth, ovulation, and the sub-

sequent formation and degeneration of the corpus luteum 

is repeated about every 28 days and constitutes the ovarian 

cycle. Th e part of the cycle devoted to the fi nal rapid growth 

of the ovulatory follicle lasts about 14 days and is called the 

 follicular phase . Th e remainder of the cycle is dominated by 

the corpus luteum and is called the  luteal phase . It too, lasts 

about 14 days. Ovulation occurs at midcycle and requires 

only about a day. Th ese events are orchestrated by a com-

plex pattern of pituitary and ovarian hormonal changes, and 

although ovulation and the events that surround it are the 

focus of these hormonal changes, preparations are under- 

way in the background to set the stage for the next cycle in 

the event that fertilization does not occur. 

   Early growth of follicles from the primordial to the 

preantral stage is independent of pituitary hormones, and 

likely is governed by paracrine factors produced by the 

ovum itself as well as by granulosa and thecal cells. Follicular 

sensitivity to gonadotropins begins at the early antral stage 

and gradually increases as individual follicles in each cohort 



264

Basic Medical Endocrinology

slowly increase from about 0.2 to 2       mm in diameter, at which 

time they are capable of undergoing the rapid growth and 

development that lead to ovulation. Approximately 85 days 

elapse between entry of a cohort of follicles into the gona-

dotropin responsive stage and ovulation. During this time 

all follicles in both ovaries are exposed to wide swings in 

gonadotropin concentrations, but their capacity to respond 

is limited by their degree of development. Ovulation occurs 

at the midpoint of the third cycle after the follicles reach the 

antral stage and have been growing in response to gonado-

tropins. Consequently as the ovulatory follicle completes its 

fi nal maturation, the next two cohorts already are being pre-

pared to ovulate. Th e number of follicles with the potential 

to ovulate in each cohort is reduced by atresia at all stages of 

development. 

   Under normal circumstances only one follicle ovulates 

in each cycle and appears randomly on either the right or 

left ovary. Usually six to 12 follicles in each ovary are mature 

enough to enter into the fi nal preovulatory growth period 

near the end of the luteal phase of the preceding cycle and 

begin to grow rapidly in response to the increase in FSH 

that occurs at that time. Th e ovulatory or  “ dominant ”  fol-

licle from this group appears early in the follicular phase 

that leads to its ovulation. Th e physiological mechanisms 

for selection of a single dominant follicle are incompletely 

understood (see later). Recruitment of the next cohort of 

follicles does not begin as long as the dominant follicle or 

its resultant corpus luteum is present and functional. 

   Experimental destruction of either the dominant fol-

licle or the corpus luteum is followed promptly by selection 

and development of a new ovulatory follicle from the next 

cohort. Clearly at the end of the luteal phase and in the fi rst 

few days of the follicular phase multiple follicles have the 

potential to ovulate, and can be rescued by treatment with 

supraphysiological amounts of FSH. Th is accounts for the 

high frequency of multiple births following some therapies 

for infertility. Producing multiple ova in this way is used for 

harvesting eggs for  in vitro  fertilization technologies. 

    Eff ects of FSH and LH on the developing 
follicle 

    Estradiol production 

   Granulosa cells in antral follicles are the only targets for FSH. 

No other ovarian cells are known to have FSH receptors. 

Granulosa cells of the ovulatory follicle are the major 

and virtually only source of estradiol in the follicular phase of 

the ovarian cycle and secrete estrogens in response to FSH. 

Until about the middle of the follicular phase LH receptors 

are found only in cells of the theca interna and the stroma. 

LH stimulates thecal cells to produce androstenedione. 

Follicular synthesis of estrogen depends on complex inter-

actions between the two gonadotropins and between theca 

and granulosa cells. 

   Cooperative interaction of both cell types is required 

for physiologically relevant rates of estradiol production 

in the follicular phase. Neither granulosa nor theca cells 

express the full complement of enzymes needed for synthe-

sis of estradiol. Granulosa cells are limited in their capac-

ity to produce pregnenolone because they have little access 

to cholesterol delivered by the circulation in the form of 

low density lipoproteins (LDL), express few LDL recep-

tors, and have minimal levels of P450scc needed to convert 

cholesterol to pregnenolone ( Figure 13.4 ). Th eca cells have 

a direct capillary blood supply and express high levels of 

LDL receptors, and high levels of P450scc and P450c17. 

Th eca cells thus can metabolize the 21 carbon pregnenolone 

to the 19 carbon androstenedione, but lack aromatase, and 

hence cannot synthesize estrogens. Granulosa cells, on the 

other hand, express ample aromatase, but cannot produce its 

19 carbon substrate because they lack P450c17. However, 

granulosa cells readily aromatize androgens provided by dif-

fusion from the theca interna. Th is two-cell interaction is 

illustrated in  Figure 13.7   . Th e participation of two diff erent 
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 FIGURE 13.7          Theca and granulosa cell cooperation in estrogen synthesis. 

Theca cells produce androgens in response to luteinizing hormone  (LH) . 

Granulosa cells respond to follicle-stimulating hormone  (FSH)  mainly by 

aromatizing androgens to estrogens and to some extent by producing 

pregnenolone from cholesterol.  LDL,  low density lipoproteins;  cAMP , 

cyclic adenosine monophosphate.  PKA , protein kinase A;  CREB , cyclic 

AMP response element binding protein;  StAR , steroid acute regulatory 

protein;  P450c17 , 17 α -hydroxylase/lyase;  17 β HSD , 17 β -hydroxysteroid 

dehydrogenase.    
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cells, each stimulated by its own gonadotropin, accounts for 

the requirement of both pituitary hormones for adequate 

estrogen production and hence for follicular development.  

    Follicular development 

   Under the infl uence of FSH, granulosa cells in the follicle 

destined to ovulate increase by more than 100-fold and the 

follicle expands about tenfold in diameter, mainly because of 

the increase in follicular fl uid. Diff erentiation of granulosa 

cells leads to increased expression of many genes including 

the gene for the LH receptor. In early antral follicles granu-

losa cells have few if any receptors for LH and are unrespon-

sive to it ( Figure 13.8   ). By about the middle of the follicular 

phase granulosa cells in the dominant follicle begin to express 

increasing amounts of LH receptors, which become quite 

abundant just prior to ovulation. Acquisition of LH receptors 

in response to FSH enables these cells to respond to both 

FSH and LH. Induction of LH receptors and other actions 

of FSH on follicular development are amplifi ed by paracrine 

actions of peptide growth factors and steroid hormones. In 

response to FSH, granulosa cells secrete insulin-like growth 

factor-II (IGF-II), inhibin, activin, and other growth fac-

tors including vascular endothelial growth factor (VEG-F), 

which greatly increases vascularization around the theca. 

IGF-II not only stimulates the growth and secretory capac-

ity of granulosa cells, but also acts synergistically with LH to 

increase synthesis of androgens by cells of the theca interna. 

Similarly, inhibin produced by granulosa cells in response to 

FSH also stimulates thecal cell production of androgens, and 

activin enhances FSH-induced expression of P450 aromatase 

in the granulosa cells. Th us even though theca cells lack FSH 

receptors, they nevertheless respond indirectly to FSH with 

increased production of the androgens required by the gran-

ulosa cells for estrogen secretion. Similarly, by stimulating 

thecal cells to produce androgens, LH augments growth and 

development of granulosa cells through the paracrine actions 

of both estrogens and androgens whose receptors are abun-

dantly expressed in these cells. 

   Th ese events constitute a local positive feedback cir-

cuit that gives the dominant follicle progressively greater 

capacity to produce estradiol and makes it increasingly sen-

sitive to FSH and LH as it matures. However, some mecha-

nism must exist to maintain balance between androgen 

production in thecal cells and their aromatization in granu-

losa cells, as accumulation of androgens prevents ovulation.  

    Cellular actions of FSH and LH 

   Follicle stimulating hormone and LH each bind to specifi c 

G-protein coupled receptors on the surface of granulosa 

or theca cells and activate adenylyl cyclase in the man-

ner already described (Chapters 1 and 12). Th eir eff ects 

are thus additive in this regard. Increased concentrations 

of cyclic AMP activate protein kinase A, which catalyzes 

phosphorylation of cyclic AMP response element binding 

(CREB) protein and other nuclear and cytoplasmic pro-

teins that ultimately lead to increased transcription of genes 
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 FIGURE 13.8          Proliferation of granulosa cells during follicular development. Initially, granulosa cells are few and have receptors only for FSH ( FR ) on their 
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to secrete suffi  cient estradiol to trigger the ovulatory surge of gonadotropins.    
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that encode growth factors and other proteins critical for 

cell growth and steroid hormone production. As described 

for adrenal cortical (see Chapter 4) and Leydig cells (see 

Chapter 12), the rate-limiting step in steroid hormone 

synthesis requires synthesis of the steroid acute regulatory 

(StAR) protein to deliver cholesterol to the intramitochon-

drial enzyme P450scc that converts it to pregnenolone 

( Figure 13.7 ). In addition, activation of protein kinase A 

results in increased expression of P450c17 in theca cells and 

P450 aromatase in granulosa cells ( Figure 13.7 ). Along with 

increased expression of growth factors, the ripening follicle 

also expresses increased amounts of a protease that specifi -

cally cleaves insulin-like growth factor binding protein-4 

(IGFBP-4) that is present in follicular fl uid, and thereby 

increases availability of free IGF-II.   

    Eff ects on ovulation 

   Luteinizing hormone is the physiological signal for ovula-

tion. Its concentration in blood rises sharply and reaches 

a peak about 16 hours before ovulation (see later). Blood 

levels of FSH also increase at this time, and although large 

amounts of FSH can also cause ovulation, the required 

concentrations are not achieved during the normal repro-

ductive cycle. Th e events that lead to follicular rupture and 

expulsion of the ovum are complex and not fully under-

stood, but the process is known to be initiated by increased 

production of cyclic AMP in theca and granulosa cells in 

response to LH and the consequent release of paracrine fac-

tors and enzymes. To date more that 88 ovulation-related 

genes are known to be activated by LH at this time. Many 

of the changes associated with ovulation resemble changes 

associated with infl ammation including expression of such 

infl ammatory cytokines as tumor necrosis factor  α  (TNF-

 α ), and interleukins 1 and 6. 

   As the follicle approaches ovulation, it accumulates 

follicular fl uid, but despite the preovulatory swelling, intra-

follicular pressure does not increase. Th e follicular wall 

becomes increasingly distensible due to activity of proteo-

lytic enzymes that digest the collagen framework and other 

proteins of the intercellular matrix. Because of their newly 

acquired receptors, granulosa cells of the preovulatory follicle 

respond to LH by secreting progesterone just prior to ovu-

lation. Progesterone, which is essential for ovulation, acts as 

an autocrine stimulator of granulosa cells. In response to 

progesterone granulosa cells secrete plasminogen activa-

tor, which activates the proteolytic enzyme plasmin that has 

accumulated in follicular fl uid in the form of its inactive pre-

cursor, plasminogen. Progesterone also upregulates expression 

of cyclooxygenase 2 (COX-2), and hence the formation of 

prostaglandins (see Chapter 4). 

   Th e fi ndings that pharmacological blockade of either 

prostaglandin or progesterone synthesis prevents ovulation 

indicate that these agents play essential roles in the ovulatory 

process. Prostaglandins appear to activate release of lyso-

somal proteases in a discrete region of the follicle wall called 

the  stigma . In addition, progesterone stimulates granulosa 

cells to secrete matrix metalloproteinases (MMPS), which 

digest collagenase and other supporting proteins in the 

follicular wall. One of these MMPS, called ADAMTS-1 

(A Disintegrin and Metalloproteinase with Th romboSpondin 

repeats) increases more than tenfold and causes the cumu-

lus oophorous complex to expand and break loose from the 

granulosa cells of the follicle wall. Expansion of the cumu-

lus oophorous complex also facilitates ovum transport in the 

fallopian tubes. As a result of these actions the extracellular 

matrix of the theca and the surface epithelium break down 

and the ovum and its surrounding cumulus oophorous are 

extruded into the abdominal cavity. 

   Although little or no progesterone is produced 

throughout most of the follicular phase, stimulation of gran-

ulosa cells of the preovulatory follicle by LH endows them 

with the capacity to produce progesterone. LH upregulates 

expression of LDL receptors, P450scc, and doubtless other 

relevant proteins required for uptake of cholesterol and its 

conversion to pregnenolone. Because the capacity to remove 

the side chain at carbon 17 remains limited, 21-carbon ster-

oids are formed faster than they can be processed to estra-

diol, and hence are secreted as progesterone. Further more, as 

granulosa cells acquire the ability to respond to LH, they also 

begin to lose aromatase activity. Th is is refl ected in the abrupt 

decline in estrogen production that just precedes ovulation.  

    Eff ects on corpus luteum formation 

   Luteinizing hormone was named for its ability to induce 

formation of the corpus luteum after ovulation. However, as 

already mentioned, luteinization may actually begin before 

the follicle ruptures. Granulosa cells removed from mature 

follicles complete their luteinization in tissue culture without 

further stimulation by gonadotropin. Nevertheless, lutein-

ization within the ovary depends on LH and is accelerated 

by the increased concentration of LH that precedes ovula-

tion. Formation of the corpus luteum results largely from 

hypertrophy of granulosa cells whose cytoplasm increases 

about tenfold as they acquire about a 100-fold increase in 

their capacity to produce steroid hormones. Occasionally 

luteinization occurs in the absence of ovulation and results 

in the syndrome of luteinized unruptured follicles, which 

may be a cause of infertility in some women whose repro-

ductive cycles seem otherwise normal. 

   Development of a vascular supply is critical for devel-

opment of the corpus luteum and its function. Although 
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granulosa cells of the preovulatory follicle are avascular, 

the corpus luteum is highly vascular, and when fully devel-

oped, each steroidogenic cell appears to be in contact with 

at least one capillary. After extrusion of the ovum, infold-

ing of the collapsing follicle causes the highly vascular theca 

interna to interdigitate with layers of granulosa cells that 

line the follicular wall. Under the infl uence of LH, granulosa 

cells express high levels of vascular epithelial growth factor 

(VEGF), which stimulates growth and diff erentiation of 

capillary endothelial cells. It has been estimated that vascular 

endothelial cells make up fully half of the cells of the mature 

corpus luteum.  

    Eff ects on oocyte maturation 

   Granulosa cells not only provide nutrients to the ovum, 

but also may prevent it from completing its meiotic divi-

sion until the time of ovulation. Granulosa cells are thought 

to secrete a substance called oocyte maturation inhibitor 

(OMI) into follicular fl uid. LH triggers resumption of mei-

osis at the time of ovulation perhaps by blocking production 

of this factor or interfering with its action.  

    Eff ects on corpus luteal function 

   Maintenance of steroid production by the corpus luteum 

depends on continued stimulation with LH. Decreased pro-

duction of progesterone and premature demise of the corpus 

luteum is seen in women whose secretion of LH is blocked 

pharmacologically. In this respect, LH is said to be  luteotropic . 
Th e corpus luteum has a fi nite lifespan, however, and about 

a week after ovulation becomes progressively less sensitive to 

LH and fi nally regresses despite continued stimulation with 

LH. Estradiol and prostaglandin-F 2  α   , which are produced by 

the corpus luteum, can hasten luteolysis and may be responsi-

ble for its demise. We do not understand the mechanisms that 

limit the functional lifespan of the human corpus luteum.  

    Eff ects on ovarian blood fl ow 

   Luteinizing hormone also increases blood fl ow to the ovary 

and produces ovarian hyperemia. Luteinization is accom-

panied by production of VEGF and other angiogenic fac-

tors that increase vascularization. Blood fl ow may be further 

enhanced by release of histamine or perhaps prostaglan-

dins. Increased ovarian blood fl ow increases the opportunity 

for delivery of steroid hormones to the general circulation 

and for delivery to the ovary of cholesterol-laden LDL 

needed to support high rates of steroidogenesis. Increased 

blood fl ow to the developing follicle may also be important 

for preovulatory swelling of the follicle, which depends on 

increased elaboration of fl uid from blood plasma.   

    PHYSIOLOGICAL ACTIONS OF OVARIAN 
STEROID HORMONES 

   As just described, intraovarian actions of estradiol and pro-

gesterone are intimately connected to ovulation and forma-

tion of the corpus luteum. In general, extraovarian actions 

of these hormones ensure that the ovum reaches its poten-

tial to develop into a new individual. Ovarian steroids act 

on the reproductive tract to prepare it for fulfi lling its role in 

fertilization, implantation, and development of the embryo, 

and they induce changes elsewhere that equip the female 

physically and behaviorally for conceiving, giving birth, and 

rearing the child. Although estrogens, perhaps in concert 

with progesterone, drive females of subprimate species to 

mate, androgens, rather than estrogens, are responsible for 

libido in humans of either sex. Estrogens and progesterone 

tend to act in concert and sometimes enhance or antagonize 

each other’s actions. Estradiol secretion usually precedes 

progesterone secretion and primes target tissues to respond 

to progesterone. Estrogens induce the synthesis of proges-

terone receptors; and without estrogen priming, proges-

terone has little biological eff ect. Conversely, progesterone 

downregulates its own receptors and estrogen receptors in 

some tissues and thereby decreases responses to estrogens. 

    Eff ects on the reproductive tract 

   At puberty estrogens promote growth and development of 

the oviducts, uterus, vagina, and external genitalia. Estrogens 

stimulate cellular proliferation in the mucosal linings as well as 

in the muscular coats of these structures. Even after they have 

matured, maintenance of size and function of internal repro-

ductive organs requires continued stimulation by estrogen and 

progesterone. Prolonged deprivation after ovariectomy results 

in severe involution of both muscular and mucosal portions. 

Dramatic changes are also evident, especially in the mucosal 

linings of these structures, as steroid hormones wax and wane 

during the reproductive cycle. Th ese eff ects of estrogen and 

progesterone are summarized in  Table 13.1   .  

    Menstruation 

   Nowhere are the eff ects of estrogen and progesterone 

more obvious than in the endometrium. Estradiol secreted 

by the developing follicle increases the thickness of the 

endometrium by stimulating growth of epithelial cells in 

terms of both number and size. Endometrial glands form 

and elongate. Endometrial growth is accompanied by 

increased blood fl ow, especially through the spiral arteries, 

which grow rapidly under the infl uence of estrogens. Th is 

stage of the uterine cycle is known as the  proliferative phase  
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and coincides with the follicular phase of the ovarian cycle. 

Progesterone secreted by the corpus luteum causes the newly 

proliferated endometrial lining to diff erentiate and become 

secretory. Th is action is consistent with its role of preparing 

the uterus for nurture and implantation of the newly ferti-

lized ovum if successful mating has occurred. Th e so-called 

uterine milk secreted by the endometrium is thought to 

nourish the blastocyst until it can implant. Th is portion of 

the uterine cycle is called the  secretory phase  and coincides 

with the luteal phase of the ovarian cycle ( Figure 13.9   ). 

   Maintaining the thickened endometrium depends 

on the continued presence of the ovarian steroid hormones. 

After the regressing corpus luteum loses its ability to produce 

adequate amounts of estradiol and progesterone, the outer 

portion of the endometrium degenerates and is sloughed into 

the uterine cavity. Th e mechanism for shedding the uterine 

lining is incompletely understood, although prostaglandin-

F 2 α   appears to play an important role, perhaps in producing 

vascular spasm and ischemia, and in stimulating release of 

lysosomal proteases. Loss of the proliferated endometrium is 

accompanied by bleeding. Th is monthly vaginal discharge of 

blood is known as  menstruation . Th e typical menstrual period 

lasts three to fi ve days and the total fl ow of blood seldom 

exceeds 50       ml. Th e fi rst menstrual bleeding, called  menarche , 
usually occurs at about age 13. Menstruation continues at 

monthly intervals until menopause, normally interrupted 

only by periods of pregnancy and lactation. 

   In the myometrium, estradiol increases expression of 

contractile proteins, gap junction formation, and spontane-

ous contractions. In its absence, uterine muscle is insensitive 

 TABLE 13.1            Eff ects of Estrogen and Progesterone on the Reproductive Tract  

   Organ  Estrogen  Progesterone 

   Oviducts     ↑ Cilia formation and activity   ↓ Contractility 

     Lining   ↑ Secretion   ↓ Secretion 

          Muscular wall     ↑ Contractility   
   Uterus     
            Endometrium     ↑ Proliferation     ↑ Diff erentiation and secretion 

            Myometrium     ↑ Growth and contractility     ↓ Contractility 

            Cervical glands    Watery secretion    Dense, viscous secretion 

   Vagina     ↑ Epithelial proliferation     ↑ Epithelial diff erentiation 

        ↑ Glycogen deposition     ↓ Epithelial proliferation 

Developing follicles Mature
follicle

Ruptured
follicle Corpus luteum

Vein

Spiral artery
Gland

Venous
lakes

Menstruation

28144 Days Days

Follicular phase Luteal phaseOvulation

 FIGURE 13.9          Endometrial changes during a typical menstrual cycle. Simultaneous events in the ovary are also indicated. The endometrium thickens 

during the follicular phase, uterine glands elongate, and spiral arteries grow to supply the thickened endometrium. During the early luteal phase there is 

further thickening of the endometrium, marked growth of the coiled arteries, and increased complexity of the uterine glands. As the corpus luteum wanes, 

endometrial thickness is reduced by loss of ground substance. Increased coiling of spiral arteries causes ischemia and fi nally sloughing of endometrium. The 

upper portion of the fi gure shows the corresponding events in the ovary. (Modifi ed from Hansen, J.T. and Koeppen, B.W., eds. (2002)  Netter’s Atlas of Human 

Physiology , 206. Icon Learning Systems, Teterboro, N.J.)    
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to stretch or other stimuli for contraction. Further estrogen 

stimulation increases the irritability of uterine smooth mus-

cle and, in particular, increases its sensitivity to oxytocin, in 

part as a consequence of inducing uterine oxytocin receptors 

(see Chapter 14). Th e latter phenomenon may be of signifi -

cance during parturition. Progesterone counteracts these 

eff ects and decreases both the amplitude and frequency 

of spontaneous contractions. Withdrawal of progesterone 

prior to menstruation is accompanied by increased myome-

trial prostaglandin formation. Myometrial contractions in 

response to prostaglandins are thought to account for the 

discomfort that precedes menstruation.  

    Eff ects on the mammary glands 

   Development of the breasts begins early in puberty and is 

due primarily to estrogens, which promote development of 

the duct system and growth and pigmentation of the nip-

ples and areolar portions of the breast. In cooperation with 

progesterone, estradiol may also increase the lobuloalveo-

lar portions of the glands, but alveolar development also 

requires the pituitary hormone prolactin (see Chapter 14). 

Secretory components, however, account for only about 20% 

of the mass of the adult breast. Th e remainder is stromal tis-

sue and fat. Estrogens also stimulate stromal proliferation 

and fat deposition. It is important to recognize that the ova-

ries are not the only source of the estradiol that is available 

to the breast. Aromatization of abundant adrenal androgens, 

dihydroepiandrosterone and androstenedione by breast tis-

sues is a major source of estrogens, particularly in postmeno-

pausal women. Responsiveness of all breast tissue elements 

to growth-promoting eff ects of estrogens is a signifi cant fac-

tor in neoplastic breast disease. Some forms of breast cancer 

remain partially or completely dependent on estrogens for 

growth. Pharmacological blockade of aromatase or treat-

ment with estrogen antagonists therefore have life-prolong-

ing benefi ts in patients affl  icted with such tumors.  

    Other eff ects of ovarian hormones 

   Estrogens also act on the body in ways that are not neces-

sarily related to reproduction. In this regard it is important 

to remember that estrogens are formed locally as well as in 

the ovaries and that many of these actions are not limited 

to women. As already indicated (see Chapter 11), estrogens 

contribute to the pubertal growth spurt by directly stimulat-

ing growth of cartilage progenitors, closure of the epiphyseal 

plates, and increased growth hormone secretion. In adoles-

cent females and males estrogens increase bone density, and 

in the adult they contribute to the maintenance of bone den-

sity by stimulating osteoblastic activity and inhibiting bone 

resorption. Estrogens can also cause selective changes in bone 

structure, especially widening of the pelvis, which facilitates 

passage of the infant through the birth canal. Th ey promote 

deposition of subcutaneous fat particularly in the thighs and 

buttocks and increase hepatic synthesis of steroid- and thy-

roid hormone-binding proteins. Based on epidemiological 

evidence, estrogens are considered to have cardiovascular pro-

tective eff ects, although recent studies of hormone replace-

ment therapy in postmenopausal women have challenged 

this idea. Nevertheless, estrogen receptors are present in both 

endothelium and vascular smooth muscle, as well as cardiac 

muscle, and estrogens can acutely decrease vascular tone. 

Additionally, estrogens have been found to alter plasma lipid 

profi les, and may protect against atherogenesis. Estradiol 

also acts on various cells in the central nervous system and is 

responsible for some behavioral patterns, especially in lower 

animals. More recently evidence has been brought forth that 

estrogens may protect cognitive functions. 

   Progesterone also acts on the central nervous sys-

tem. In addition to its eff ects on regulation of gonadotropin 

secretion (see later), it may produce changes in behavior or 

mood. Progesterone has a mild thermogenic eff ect and may 

increase basal body temperature by as much as 1°F. Because 

the presence of progesterone indicates the presence of a 

corpus luteum, a woman can readily determine when ovula-

tion occurred, and hence the time of maximum fertility, by 

monitoring her temperature daily. Th is simple, noninvasive 

procedure has been helpful for couples seeking to conceive 

a child or who are practicing the  “ rhythm method ”  of con-

traception. Progesterone also increases the sensitivity of the 

respiratory center to carbon dioxide and therefore causes 

mild hyperventilation. It is curious that more dramatic 

eff ects may result from withdrawal of progesterone than 

from administering it. Th us withdrawal of progesterone may 

trigger menstruation, lactation, parturition, and the postpar-

tum psychologic depression experienced by many women.  

    Mechanism of action 

   Estrogens and progesterone, like other steroid hormones, 

readily penetrate cell membranes and bind to receptors that 

are members of the nuclear receptor superfamily of tran-

scription factors (see Chapter 1). In addition, various rapid 

nongenomic eff ects of both hormones have been reported, 

but the molecular processes involved in these actions are 

incompletely understood. Two separate estrogen receptors, 

designated ER α  and ER β , are products of diff erent genes 

and are expressed in many diff erent cells in both reproduc-

tive and nonreproductive tissues of both men and women. 

Th eir DNA binding domains are almost identical. Although 

some diff erences are present in their ligand binding domains, 

ER α  and ER β  diff er mainly in the amino acid sequences 
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and PRB expression are induced by prior exposure of cells to 

estrogens, and can repress the activity or expression of ER α .   

    REGULATION OF THE REPRODUCTIVE CYCLE 

   Ovulation is the central and signature event of each ovarian 

cycle. It follows selection and maturation of the dominant 

follicle, and is triggered by a massive increase in blood LH 

concentration. Th is surge of LH secretion must be timed to 

occur when the ovum and its follicle are ready. Th e corpus 

luteum must secrete its hormones to optimize the oppor-

tunity for fertilization and establishment of pregnancy. Th e 

period after ovulation during which the ovum can be ferti-

lized is brief, lasting less than 24 hours. If fertilization does 

not occur, a new follicle must be prepared. Coordination of 

these events requires two-way communication between the 

pituitary and the ovaries, and between the ovaries and the 

reproductive tract. Examination of the changing pattern of 

hormones in blood throughout the ovarian cycle provides 

some insight into these communications. 

    Pattern of hormones in blood during the 
ovarian cycle 

    Figure 13.10    illustrates daily changes in the concentrations 

of major hormones in a typical cycle extending from one 

menstrual period to the next. Th e most remarkable feature 

of the profi le of gonadotropin concentrations is the dra-

matic peak in LH and FSH that precedes ovulation. Except 

for the two to three days of the midcycle peak, LH con-

centrations remain at nearly constant low levels throughout 

the follicular and luteal phases. Th e concentration of FSH 

is also low through much of the cycle, but begins to rise to 

a secondary peak late in the luteal phase, two or three days 

before the onset of menstruation, before declining again in 

the early follicular phase. 

   Th e ovarian hormones follow a diff erent pattern. 

Early in the follicular phase the concentration of estradiol 

is low. It then gradually increases at an increasing rate until 

it reaches its zenith about 12 hours before the peak in LH. 

Th ereafter estradiol levels fall abruptly and reach a nadir 

just after the LH peak. During the luteal phase there is a 

secondary rise in estradiol concentration, which then falls 

to the early follicular level a few days before the onset of 

menstruation. Progesterone is barely or not at all detectable 

throughout most of the follicular phase and then begins 

to rise along with LH at the onset of the ovulatory peak. 

Progesterone continues to rise and reaches its maximum 

concentration several days after the LH peak. Progesterone 

levels remain high for about seven days and then gradually 

of their activation function (AF) domains. Th erefore they 

interact with diff erent transcriptional coactivator and other 

nuclear regulatory proteins to control expression of diff erent 

sets of genes. Upon binding ligand, ER α  and EB β  may form 

homo- or heterodimers before binding to DNA in estrogen 

sensitive genes. Th e resulting synthesis of new messenger 

RNA is followed in turn by the formation of a variety of 

proteins that modify cellular activity. 

   Both receptors can also be activated by phosphoryla-

tion in the absence of ligand, and both receptors can modu-

late the transcription activating properties of other nuclear 

regulatory proteins without directly binding to DNA. 

Estrogen receptors, like most other hormone receptors tol-

erate minor variations in the structures of the ligands they 

bind. Estrogen receptors have the interesting property of 

assuming diff erent conformational changes depending upon 

the structure of the particular ligand that is bound. Because 

the conformation of the liganded receptor profoundly 

aff ects its ability to interact with other transcription regula-

tors whose expression is cell type specifi c, some compounds 

produced in plants ( phytoestrogens ) or pharmaceutically 

manufactured antiestrogens may interfere with the expres-

sion of estrogen eff ects in some tissues without compromis-

ing estrogen actions in other tissues. 

   Additionally some compounds may activate ER α , but 

antagonize actions of ER β . Th ese properties have given rise 

to a very important category of drugs called  selective estro-
gen receptor modulators  (SERMs), which, for example, may 

block the undesirable proliferative or neoplastic actions of 

estrogens on the breast or uterus while mimicking desirable 

eff ects on maintenance of bone density in postmenopausal 

women. One of these compounds, tamoxifen, which blocks 

estrogen action on the breast, has been used widely in 

treatment of estrogen-sensitive breast cancers. However, 

the perfect SERM has not yet been found, and aromatase 

inhibitors, which are more eff ective in suppressing breast 

cancers, are gaining favor and are used increasingly. Selective 

receptor modulation (SRM) is not limited to estrogen 

receptors, but also is seen with other nuclear receptors 

including the progesterone and androgen receptors. 

   Two isoforms of the progesterone receptor, PRA and 

PRB, are expressed by progesterone responsive cells. Th ey are 

products of the same gene, which is transcribed from alter-

nate promoters, and translated starting at two diff erent sites 

in the mRNA. PRA and PRB diff er by the presence of an 

additional sequence of 164 amino acids at the amino termi-

nus of PRB. Th is extension provides an additional region for 

interacting with nuclear regulatory proteins. Liganded PRs 

bind to the DNA of target genes as homodimers or het-

erodimers and in diff erent combinations may activate diff er-

ent subsets of genes. When expressed together in some cells, 

liganded PRA can repress the activity of PRB. Both PRA 
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fall and reach almost undetectable levels a day or two before 

the onset of menstruation. 

   Inhibin B concentrations are low early in the follicu-

lar phase and then rise and fall in parallel with FSH. Th e 

apparent peak that coincides with ovulation is thought to 

result from the absorption of inhibin B already present in 

high concentration in the expelled follicular fl uid rather 

than concurrent secretion by granulosa cells. Concentrations 

of inhibin A reach their highest levels in the luteal phase 

before declining in parallel with progesterone.  

    Regulation of FSH and LH secretion 

   At fi rst glance, this pattern of hormone concentrations is 

unlike anything seen for other anterior pituitary hormones 

and the secretions of their target glands. Indeed there are 

unique aspects, but during most of the cycle gonadotropin 

secretion is under negative feedback control similar to that 

seen for TSH (see Chapter 3), ACTH (see Chapter 4), and 

the gonadotropins in men (see Chapter 12). Th e ovulatory 

burst of FSH and LH secretion is brought about by a posi-

tive feedback mechanism unlike any we have considered. 

Secretion of FSH and LH also is controlled by GnRH, 

which is released in synchronized pulsatile bursts from neu-

rons whose cell bodies reside in the arcuate nuclei and the 

medial preoptic area of the hypothalamus (see Chapters 2 

and 12). 

    Negative feedback aspects 

   As we have seen, FSH and LH stimulate production of 

ovarian hormones ( Figure 13.7 ). In the absence of ovarian 

hormones, after ovariectomy or menopause, concentrations 

of FSH and LH in blood may increase as much as fi ve- to 

tenfold. Treatment with low doses of estrogen lowers circu-

lating concentrations of gonadotropins to levels seen during 

the follicular phase. When low doses of estradiol are given 

to subjects whose ovaries are intact, inhibition of gona-

dotropin secretion results in failure of follicular develop-

ment. Progesterone alone, unlike estrogen, is ineff ective in 

lowering high levels of FSH and LH in the blood of post-

menopausal women, but it can synergize with estrogen to 

suppress gonadotropin secretion. Th ese fi ndings exemplify 

classic negative feedback. 

   Inhibin may also provide some feedback inhibition 

of FSH secretion during the follicular phase, and may con-

tribute the low level of FSH during the luteal phase, but 
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its eff ects are probably small ( Figure 13.11   ). In ovariec-

tomized rhesus monkeys the normal pattern of gonadotro-

pin concentrations can be reproduced by treating with only 

estradiol and progesterone. Th e secondary rise in FSH con-

centration at the end of the luteal phase most likely results 

from relief of feedback inhibition by estrogen, progesterone, 

and inhibin. Th roughout the follicular and luteal phases of 

the cycle, steroid concentrations appear to be suffi  cient to 

suppress LH secretion. 

   Although the ovarian steroids and inhibin sup-

press FSH and LH secretion, estrogen and progesterone 

concentrations change during the cycle in ways that seem 

independent of gonadotropin concentrations. For example, 

estrogen rises dramatically as the follicular phase progresses, 

even though LH remains constant and FSH is diminishing. 

Th e mechanism for this increase in estradiol is implicit in 

what has already been presented and is consistent with neg-

ative feedback. Estrogen production by the maturing follicle 

increases without a preceding increase in gonadotropin con-

centration because the mass of responsive theca and granu-

losa cells increases as does their sensitivity to gonadotropins. 

In fact, the decrease in FSH during the transition from 

early to late follicular phase probably results from feedback 

inhibition by the increasing concentration of estradiol, per-

haps in conjunction with inhibin B. 

   Although luteinizing cells do not divide, progesterone 

and estrogen concentrations continue to increase during the 

early luteal phase, well after FSH and LH have returned 

to basal levels. Increasing steroid hormone production at 

this time refl ects completion of the luteinization process. 

Conversely, the gradual loss of sensitivity of luteal cells to 

LH accounts for the decrease in progesterone and estro-

gen secretion during the latter part of the luteal phase. Th us 

one of the unique features of the female reproductive cycle 

is that changes in steroid hormone production result more 

from changes in the number or sensitivity of competent tar-

get cells than from changes in gonadotropin concentrations 

(see Chapter 5).  

    Selection of the dominant follicle 

   Th e negative feedback aspects of regulation of the ovar-

ian cycle play a critical role in follicular development and 

probably in selection of the dominant follicle, although 

the mechanism for selection remains speculative. Th e 

next cohort of follicles begins its preovulatory growth in 

response to the increased secretion of FSH that results from 

relief of feedback inhibition by estradiol and progesterone 

as the corpus luteum declines ( Figure 13.12   ). Although 

the increase in FSH seen at this time is considerably 

less dramatic than the surge that precedes ovulation, it 

is suffi  cient to reach the required stimulatory threshold. 

Although perhaps 10 or more follicles have the poten-

tial to respond to FSH, their development is not precisely 

synchronized. 
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   It may be recalled that recruitment of primordial fol-

licles from their dormant state to preantral growth is inde-

pendent of gonadotropin and occurs randomly. Even small 

diff erences in development enable the most advanced follicle 

to respond more readily to FSH and produce estradiol and 

other factors that synergize with FSH to accelerate granu-

losa cell multiplication and development. Consequently, as 

this follicle grows it becomes increasingly sensitive to FSH 

and secretes increasing amounts of estradiol and inhibin. 

Negative feedback eff ects of these secretions cause FSH 

concentrations in plasma to fall below the threshold needed 

to sustain growth of the other, less developed follicles, which 

become atretic and die. Increasing sensitivity of granulosa 

cells in the ovulatory follicle to LH as well as FSH presum-

ably compensates for declining concentrations of FSH and 

permits continued development to the preovulatory stage.  

    Positive feedback aspects 

   Th e sustained increase in estradiol in the late follicu-

lar phase triggers the massive burst of LH secretion that 

just precedes ovulation. Th is LH surge can be duplicated 

experimentally in monkeys and women given suffi  cient 

estrogen to raise their blood levels above a critical threshold 

level for two to three days. Th is compelling evidence impli-

cates increased estrogen secretion by the ripening follicle as 

the causal event that triggers the massive release of LH and 

FSH from the pituitary ( Figure 13.11 , midcycle). It can be 

considered positive feedback because LH stimulates estro-

gen secretion, which in turn stimulates more LH secretion 

in a self-generating explosive pattern. 

   Progesterone concentrations begin to rise about six 

hours before ovulation. Th is change is probably a response to 

the increase in LH rather than its cause. It is signifi cant that 

when given in large doses progesterone blocks the estrogen-

induced surge of LH, which may account for the absence of 

repeated LH surges during the luteal phase, when the con-

centrations of estrogen might be high enough to trigger the 

positive feedback eff ect ( Figure 13.11 , luteal phase). Th is 

action of progesterone, which may contribute to the decline 

in the LH surge, also contributes to its eff ectiveness as an 

oral contraceptive agent. In this regard, progesterone also 

inhibits follicular growth. 

   Synthetic progestins are the basic ingredient of hor-

monal contraceptives and may be administered alone or in 

combination with estrogens. Synthetic compounds devised 

for this use bind to progesterone receptors, but are consider-

ably more resistant to hepatic degradation than their natural 

counterparts. Most synthetic progestins are derivatives of 

androgens. In addition to blocking the LH surge, progestins 

stimulate production of a thick cervical mucus, which pro-

vides a barrier to the entry of sperm into the uterine cavity.  

    Neural control of gonadotropin secretion 

   It is clear that secretion of gonadotropins is infl uenced to 

a large measure by ovarian steroid hormones. It is equally 

clear that secretion of these pituitary hormones is controlled 

by the central nervous system. Gonadotropin secretion 

ceases after the vascular connection between the anterior 

pituitary gland and the hypothalamus is interrupted or 

after the arcuate nuclei of the medial basal hypothalamus 

are destroyed. Less drastic environmental inputs includ-

ing rapid travel across time zones, stress, anxiety, and other 

emotional changes can also aff ect reproductive function in 

women, presumably through neural input to the medial 

basal hypothalamus. As discussed in Chapter 12, secretion 

of gonadotropins requires the operation of a hypothalamic 

pulse generator that produces intermittent stimulation of 

the pituitary gland by GnRH.  

    Sites of feedback control 

   Th e ovarian steroids might produce their positive or negative 

feedback eff ects by acting at the level of the hypothalamus or 
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the anterior pituitary gland, or both. Th e GnRH pulse gen-

erator in the medial basal hypothalamus drives gonadotropin 

secretion regardless of whether negative or positive feedback 

prevails. Gonadotropin secretion falls to zero after bilateral 

destruction of the arcuate nuclei in rhesus monkeys and can-

not be increased by either ovariectomy or treatment with the 

same amount of estradiol that evokes a surge of FSH and 

LH in normal animals. When such animals are fi tted with 

a pump that delivers a constant amount of GnRH in brief 

pulses every hour, the normal cyclic pattern of gonadotropin 

is restored and the animals ovulate each month. 

   Identical results have been obtained in women suf-

fering from Kallman’s syndrome in which there is a 

developmental defi ciency in GnRH production by the 

hypothalamus ( Figure 13.13   ). In both cases administration 

of GnRH in pulses of constant amplitude and frequency 

was suffi  cient to produce normal ovulatory cycles. Because 

both positive and negative feedback aspects of gonadotropin 

secretion can be produced even when hypothalamic input is 

clamped at constant frequency and amplitude, these eff ects 

of estradiol must be exerted at the level of the pituitary. 

   Although changes in amplitude and frequency of 

GnRH pulses are not necessary for the normal pattern of 

gonadotropin secretion during an experimental or thera-

peutic regimen, variations in frequency and amplitude 

nevertheless occur physiologically in a way that comple-

ments and reinforces the intrinsic pattern already described. 

During the normal reproductive cycle, GnRH pulses are 

considerably less frequent in the luteal phase than in the 

follicular phase. Slowing the frequency of GnRH pulses 

from one per hour to one per three hours decreases LH 

secretion and increases FSH secretion ( Figure 13.14   ). Th is 

eff ect of pulse frequency may contribute to the rise and 

fall in plasma FSH concentrations in the luteal-follicular 

transition despite minimal changes in LH concentrations. 

Progesterone may slow the frequency of GnRH pulses by 

stimulating hypothalamic production of endogenous opi-

oids or perhaps by direct eff ects on kisspeptinergic neurons 

in the arcuate nuclei (see Chapter 12). 

   In addition to its negative feedback eff ects on the 

gonadotropes, estradiol may decrease the amplitude of 

GnRH pulses while increasing their frequency, but these 

eff ects are small and not always observed. Th us feedback 

eff ects of estradiol appear to be exerted primarily but not 
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exclusively on the pituitary, and those of progesterone pri-

marily but probably not exclusively on the hypothalamus. 

   We do not yet understand the intrapituitary mecha-

nisms responsible for the negative and positive feedback 

eff ects of estradiol. As seen with the ovary, changes in hor-

mone secretion may be brought about by changes in the 

sensitivity of target cells, as well as by changes in concen-

tration of a stimulatory hormone. Women and experimen-

tal animals are more responsive to a test dose of GnRH at 

midcycle than at any other time. An increase in the number 

of receptors for GnRH at this time has been reported, and 

there is evidence that the high concentrations of estradiol 

that precede the LH surge upregulate GnRH receptors and 

stimulate LH synthesis and storage.    

    TIMING OF REPRODUCTIVE CYCLES 

   Although the pacemaker for rhythmic release of GnRH 

resides in the hypothalamus, the timekeeper for the slower 

monthly rhythm of the ovarian cycle resides in the ovary. As 

already indicated, the corpus luteum has a built-in lifespan 

of about 12 days and involutes despite continued stimula-

tion with LH. A new cohort of follicles cannot arise so long 

as the corpus luteum remains functional. Its demise appears 

to relieve inhibition of FSH secretion and follicular growth. 

Th us the interval between the LH surge and the emergence 

of the new cohort of follicles is determined by the ovary. Th e 

principal event around which the menstrual cycle revolves is 

ovulation, which depends on an ovulatory surge of LH. Th e 

length of the follicular phase may be somewhat variable and 

may be infl uenced by extraovarian events, but the timing of 

the LH surge resides in the ovary. It is only when the devel-

oping follicle signals its readiness to ovulate with sustained 

high blood levels of estradiol that the pituitary secretes the 

ovulatory spike of gonadotropin. Hence throughout the 

cycle it is the ovary that notifi es the pituitary and hypotha-

lamus of its readiness to proceed to the next stage. 

   Th e beginning and end of cyclic ovarian activity, called 

menarche and menopause, occur on a longer time scale. Th e 

events associated with the onset of puberty were considered 

in Chapter 12. Although we still do not know what biologi-

cal phenomena signal readiness for reproductive development 

and the end of the juvenile period, it appears that the time-

keeper for this process resides in the central nervous system, 

which initiates sexual development and function by activat-

ing the GnRH pulse generator. Termination of cyclic ovar-

ian activity coincides with the disappearance or exhaustion of 

primordial follicles, but during the fi nal decade of a woman’s 

reproductive life there is a paradoxical doubling of the rate 

of loss of follicles by atresia. Aging of the GnRH pacemaker 

may be a factor in this acceleration of follicular loss, as studies 

in normally cycling women indicate that both the amplitude 

of LH pulses and the interval intervening between pulses 

increases with increased age.   
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                                             Hormonal Control of Pregnancy 

and Lactation  

   Successful reproduction depends not only on 

the union of eggs and sperm but also on survival 

of adequate numbers of the new generation to 

reach reproductive age and begin the cycle again. 

In some species parental involvement in the 

reproductive process ends with fertilization of 

the ova; thousands or even millions of embryos 

may result from a single mating, with just a 

few surviving long enough to procreate. Higher 

mammals, particularly humans, have adopted 

the alternative strategy of producing only few 

or a single fertilized ovum at a time. Prolonged 

parental care during the embryonic and neona-

tal periods substitutes for huge numbers of unat-

tended off spring as the means for increasing the 

likelihood of survival. Estrogen and progesterone 

prepare the maternal body for successful inter-

nal fertilization and hospitable acceptance of the 

embryo. Ovarian hormones and subsequently 

hormones arising from the placenta direct 

maternal adaptations that enable the mother to 

meet day-to-day challenges while ensuring opti-

mal conditions for fetal development. Th e con-

ceptus then takes charge. After lodging fi rmly 

within the uterine lining and gaining access to 

the maternal circulation, it secretes protein and 

steroid hormones that ensure continued maternal 

acceptance, and it directs maternal functions to 

provide for its development. Simultaneously, the 

conceptus withdraws whatever nutrients it needs 

from the maternal circulation. At the appropri-

ate time, the fetus signals its readiness to depart 

the uterus and initiates the birth process. While 

 in utero , placental hormones prepare the mam-

mary glands to produce the milk needed for 

nurture after birth. Finally, suckling stimulates 

continued milk production. 

    FERTILIZATION AND IMPLANTATION 

    Gamete transport 

   Fertilization takes place in a distal portion of 

the oviduct called the  ampulla , far from the site 

of sperm deposition in the vagina. To reach the 

ovum, sperm must swim through the cervical 

canal, cross the entire length of the uterine cavity, 

and then travel up through the muscular isthmus 

of the oviduct. Even with the aid of contractions 

of the female reproductive tract, the journey is 

formidable. Only about one of every million 

sperm deposited in the vagina reach the ampulla; 

here, if they arrive fi rst, they await the arrival of 

the ovum. Sperm usually remain fertile within 

the female reproductive tract for one to two days, 

but as long as four days is possible. Access to the 

upper reaches of the reproductive tract is heavily 

infl uenced by ovarian steroid hormones. 

   Estradiol is secreted in abundance late 

in the follicular phase of the ovarian cycle and 

prepares the reproductive tract for effi  cient 

sperm transport ( Figure 14.1   ). Glycogen depos-

ited in the vaginal mucosa under its infl uence 

provides substrate for the production of lactate, 
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which lowers the pH of vaginal fl uid. An acidic environ-

ment increases motility of sperm, which is essential for their 

passage through the cervical canal. In addition, the copious 

watery secretion produced by cells lining the cervical canal 

under the infl uence of estrogen increases access to the uter-

ine cavity. When estrogen is absent or when its eff ects are 

opposed by progesterone, the cervical canal is fi lled with a 

viscous mucus that resists sperm penetration. Vigorous con-

tractions of the uterus propel sperm toward the oviducts, 

where they may appear anywhere from 5 to 60 minutes 

after ejaculation. Prostaglandins present in seminal plasma 

and oxytocin released from the pituitary in response to 

intercourse may stimulate contraction of the highly respon-

sive estrogen-dominated myometrium.  

    Role of the oviducts 

   Th e oviducts are uniquely adapted for facilitating transport 

of sperm toward the ovary and transporting the ovum in the 

opposite direction toward its rendezvous with sperm. It is 

also within the oviducts that sperm undergo a process called 

 capacitation , which prepares them for a successful encounter 

with the ovum and its adherent mass of granulosa cells,  the 
cumulus oophorus . Capacitation is an activation process that 

involves both enhancement of fl agellar activity and the bio-

chemical and structural changes in the plasma membrane 

of the sperm head that prepares sperm to undergo the  acro-
somal reaction . Th e acrosome is a membranous vesicle that 

is positioned at the tip of the sperm head. It is fi lled with 

several hydrolytic enzymes. Contact of the sperm head with 

the  zona pellucida  that surrounds the ovum initiates fusion 

of the acrosomal membrane with the plasma membrane and 

the exocytotic release of enzymes that digest a path through 

the zona pellucida clearing the way for sperm to reach the 

ovum. 

   Th e acrosome reaction and the events that produce 

it are highly reminiscent of the sequelae of hormone recep-

tor interactions, and involve activation of membrane cal-

cium channels, tyrosine phosphorylation, phospholipase C, 

and other intracellular signaling mechanisms. Initiation of 

the acrosomal reaction is facilitated by progesterone secreted 

by the mass of cumulus cells that surround ovum. Th e sperm 

plasma membrane contains progesterone receptors that 

trigger infl ux of calcium within seconds. Th ese membrane-

associated receptors diff er from the classical nuclear 

receptors. 

   In response to estrogens or perhaps other local sig-

nals associated with impending ovulation, muscular activity 

in the distal portion of the oviduct brings the infundibulum 

into close contact with the surface of the ovary. At ovula-

tion, the ovum, together with its surrounding granulosa cells, 

is released into the peritoneal cavity and is swept into the 
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 FIGURE 14.1          Actions of estrogen to promote gamete transport. The decrease in pH and increase in glycogen in vaginal tissue promote sperm motility, and 

the decrease in viscosity of cervical mucus facilitates access to the uterine cavity. Increased contractions of the body of the uterus propel sperm toward the 

fallopian tubes where fertilization takes place. Ciliary activity of the infundibular epithelium and muscle contractions of the fallopian tubes propel the ovum 

and its associated cells toward the ampulla. (Drawing adapted from Netter, F.H. (1997)  Atlas of Human Anatomy , 2nd ed., plate 346. Novartis, Hanover, NJ.)    
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ostium of the oviduct by the vigorous, synchronous beating of 

cilia on the infundibular surface. Development of cilia in the 

epithelial lining and their synchronized rhythmic activity are 

consequences of earlier exposure to estrogens. Movement of 

the egg mass through the ampulla toward the site of fertiliza-

tion near the ampullar-isthmic junction depends principally 

on currents set up in tubal fl uid by the beating of cilia and to 

a lesser extent by contractile activity of the ampullar wall to 

produce a churning motion. 

   Propulsion of sperm through the isthmus toward the 

ampulla is accomplished largely by muscular contractions 

of the tubal wall. Circular smooth muscle of the isthmus is 

innervated with sympathetic fi bers and has both  α -adrenergic 

receptors, which mediate contraction, and  β -adrenergic 

receptors, which mediate relaxation. Under the infl uence 

of estrogen, the  α  receptors predominate. Subsequently, as 

estrogenic eff ects are opposed by progesterone, the  β  recep-

tors prevail, and isthmic smooth muscles relax. Th is reversal 

in the response to adrenergic stimulation may account for the 

ability of the oviduct to facilitate sperm transport through 

the isthmus toward the ovary and subsequently, to promote 

passage of the embryo in the opposite direction toward the 

uterus. 

   After fertilization, the oviduct retains the embryo for 

about three days and nourishes it with secreted nutrients 

before facilitating its entry into the uterine cavity. Th ese com-

plex events, orchestrated by the interplay of estrogen, pro-

gesterone, and autonomic innervation, require participation 

of the smooth muscle of the walls of the oviduct as well as 

secretory and ciliary activity of the epithelial lining. As cru-

cial as these mechanical actions may be, however, the oviduct 

does not contribute in an indispensable way to fertility of 

the ovum or sperm or to their union, as modern techniques 

of  in vitro  fertilization bypass it with no ill eff ects. 

   Th e period of fertility is short; from the time the ovum 

is shed until it can no longer be fertilized is only about six to 

24 hours. As soon as a sperm penetrates the ovum, the sec-

ond polar body is extruded and the fertilized ovum begins to 

divide. By the time the fertilized egg enters the uterine cav-

ity, it has reached the blastocyst stage and consists of about 

100 cells. Timing of the arrival of the blastocyst in the uter-

ine cavity is determined by the balance between antagonistic 

eff ects of estrogen and progesterone on the contractility of 

the oviductal wall. Under the infl uence of estrogen, circularly 

oriented smooth muscle of the isthmus is contracted and bars 

passage of the embryo to the uterus. As the corpus luteum 

organizes and increases its capacity to secrete progesterone, 

 β -adrenergic receptors gain ascendancy, muscles of the isth-

mus relax, and the embryonic mass is allowed to pass into the 

uterine cavity. Ovarian steroids can thus  “ lock ”  the ovum or 

embryo in the oviduct or cause its delivery prematurely into 

the uterine cavity.  

    Implantation and the formation of the 
placenta 

   Th e blastocyst fl oats freely in the uterine cavity for about a 

day before it implants, normally on about the fi fth day after 

ovulation. From the time the ovum is shed until the blasto-

cyst implants, metabolic needs are met by secretions of the 

oviduct and the endometrium. Experience with  in vitro  fer-

tilization indicates that there is about a three-day period of 

uterine receptivity in which implantation leads to full-term 

pregnancy. It should be recalled that this period of endome-

trial sensitivity coincides with the period of maximal pro-

gesterone output by the corpus luteum ( Figure 14.2   ). In the 

late luteal phase of the menstrual cycle, the outer layer of the 

endometrium diff erentiates to form the  decidua . Decidualized 

stromal cells enlarge and transform from elongated spindle 

shape to a rounded morphology with an accumulation of gly-

cogen. Decidualization requires high concentrations of pro-

gesterone, and may be enhanced by activity of cytokines and 

relaxin. Decidual cells express several proteins that may facili-

tate implantation but the precise roles of these proteins either 

in implantation or pregnancy have not been determined 

defi nitively. One such protein is the hormone prolactin, 

which continues to be secreted throughout pregnancy. Another 

is the IGF-I binding protein, IGFBP-1. 
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   At the time of implantation, the blastocyst consists of 

an inner mass of cells destined to become the fetus and an 

outer rim of cells called the  trophoblast . It is the trophoblast 

that forms the attachment to maternal decidual tissue and 

gives rise to the fetal membranes and the defi nitive pla-

centa ( Figure 14.3   ). Cells of the trophoblast proliferate and 

form the multinucleated  syncytiotrophoblast  whose special-

ized functions enable it to destroy adjacent decidual cells 

and allow the blastocyst to penetrate deep into the uterine 

endometrium. Killed decidual cells are phagocytosed by the 

trophoblast as the embryo penetrates the subepithelial con-

nective tissue and eventually becomes completely enclosed 

within the endometrium. Products released from degenerat-

ing decidual cells produce hyperemia and increased capillary 

permeability. Local extravasation from damaged capillaries 

forms small pools of blood that are in direct contact with 

the trophoblast and provide nourishment to the embryo 

until the defi nitive placenta forms. 

   Th e syncytiotrophoblast and an inner  cytotrophoblast  
layer of cells soon completely surround the inner cell mass 

and send out solid columns of cells that further erode the 

endometrium and anchor the embryo. Th ese columns of 

cells diff erentiate into the  placental villi . As they digest the 

endometrium, pools of extravasated maternal blood become 

more extensive and fuse into a complex labyrinth that drains 

into venous sinuses in the endometrium. Th ese pools expand 

and eventually receive an abundant supply of arterial blood. 

By the third week the villi are invaded by fetal blood vessels 

as the primitive circulatory system begins to function. 

   Although much uncertainty remains regarding details 

of implantation in humans, it is perfectly clear that proges-

terone secreted by the ovary at the height of luteal function 

is indispensable for all these events to occur. Removal of 

the corpus luteum at this time or blockade of progesterone 

secretion or progesterone receptors prevents implantation. 

Progesterone is indispensable for maintenance of decidual 

cells, quiescence of the myometrium, and the formation of 

the dense, viscous cervical mucus that essentially seals off  

the uterine cavity from the outside. It is noteworthy that 

the implanting trophoblast and the fetus are genetically dis-

tinct from the mother and yet the maternal immune sys-

tem does not reject the implanted embryo as a foreign body. 

Progesterone plays a decisive role in immunological accep-

tance of the embryo. It promotes tolerance by regulating 

accumulation of lymphocyte types in the uterine cavity, by 

suppressing lymphocyte toxicity, and inhibiting the produc-

tion of cytolytic cytokines. Th e importance of progesterone 

for implantation and retention of the blastocyst is under-

scored by the development of a progesterone antagonist 

(RU486, mifepristone) that prevents implantation or causes 

an already implanted conceptus to be shed along with the 

uterine lining.   

    THE PLACENTA 

   Th e placenta is a complex multifunctional organ that (1) 

anchors the developing fetus to the uterine wall; (2) provides 

the maternal/fetal interface for the exchange of nutrients, 

respiratory gases, and fetal wastes; and (3) directs maternal 

homeostatic adjustments to meet changing fetal needs by 

secreting hormones and other substances into the maternal 

circulation. It is a disc-shaped organ that measures about 

22 centimeters in diameter and has an average thickness of 

about 2.5       cm at the end of pregnancy. Th e surface facing the 

developing fetus is called the  chorionic plate . It is penetrated 

near its center by the umbilical artery and veins, which 
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 FIGURE 14.3           A . Six-day-old blastocyst settles on endometrial surface.  B . By the eighth day the blastocyst has begun to penetrate the endometrium. The 

expanding syncytiotrophoblast invades and destroys decidualized endometrial cells.  C . By 12 days the blastocyst has completely embedded itself in the 

decidualized endometrium, and a clot or plug has formed to cover the site of entry. The trophoblast has continued to invade the endometrium and has 

eroded uterine capillaries and glands. A network of pools extravasated blood (lacunar network) has begun to form. (Adapted from Khong, T.Y. and Pearce J.M. 

(1987) Development and investigation of the placenta and its blood supply. In Lavery, J.P., ed.  The Human Placenta: Clinical Perspectives , 26. Aspen Publishers, 

Rockville, MD.)        
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branch repeatedly to perfuse the functional units, the tree-

like  placental villi , with fetal blood. Th e villi are rooted in 

the chorionic plate and extend toward the  basal plate , which 

is comprised of maternal decidual cells and extravillous 

syncytiotrophoblast. 

   Th e mature placenta contains 60 to 70 villous trees, 

each of which, through repeated branching of the secondary 

and tertiary villi, gives rise to more than 100,000 intermedi-

ate and terminal villi. Th e villi, whose combined length is 

estimated to be 90       km, contain increasingly fi ner branches 

of arterioles and venules that terminate as clusters of grape-

like outgrowths comprised largely of sinusoidal dilated cap-

illaries. Th e entire villous tree is ensheathed in a continuous 

layer of syncytiotrophoblast, which overlays a discontinu-

ous layer of the cytotrophoblastic cells. Th e chorionic plate 

is fused at its edges with the basal plate to form a hollow 

cavity, the  intervillous space , which is perfused with mater-

nal blood that enters through multiple spiral arteries that 

branch off  the radial arteries in the myometrium and exits 

by way of the uteroplacental veins ( Figure 14.4   ). 

   Th e syncytiotrophoblast is endowed with versatile 

biosynthetic capacity and is the source of the placental 

peptide and steroid hormones. Th ese placental hormones 

are largely responsible for orchestrating adjustments in 

maternal physiology as pregnancy progresses. Th e plasma 

membranes of the syncytiotrophoblast contain a rich array 

of channels and transport molecules that enable effi  cient 

exchange of nutrients and waste products between fetal and 

maternal blood.  Either because of its permeability proper-

ties or its enzymatic makeup, the syncytiotrophoblast also 

acts as a barrier to the transfer of some hormones and other 

molecules from the mother to the fetus.  

    PLACENTAL HORMONES 

   Th e placenta is the most recently evolved of all mammalian 

organs, and its endocrine function is most highly developed in 

primates. It is unique among endocrine glands in that, as far 

as is known, its secretory activity is autonomous and not sub-

ject to regulation by maternal or fetal signals. In experimental 

animals such as the rat, pregnancy is terminated if the pitui-

tary gland is removed during the fi rst half of gestation or if 

the ovaries, and consequently the corpora lutea, are removed 

at any time. In primates the pituitary gland and ovaries are 

essential only for a brief period after fertilization. After about 

seven weeks, the placenta produces enough progesterone 

to maintain pregnancy. In addition, it also produces large 

amounts of estrogens, human chorionic gonadotropin (hCG), 

and human chorionic somatomammotropin (hCS), which is 

also called human placental lactogen (hPL). It also secretes 
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 FIGURE 14.4          Schematic representation of the 

human placenta. Placental villi are tree-like structures 

bathed in maternal blood in the intravillous space that 

is formed between the basal and chorionic plates. 

The insert shows a terminal villus consisting of fetal 

capillaries encased in a sheath of syncytiotrophoblast. 

The green arrows show the direction of blood fl ow into 
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a form of growth hormone (hGHV) that is the product 

of a diff erent gene than expressed in the pituitary (see 

Chapter 2), thyroid-stimulating hormone (TSH), adreno-

corticotropic hormone (ACTH), gonadotropin releasing 

hormone (GnRH), corticotropin releasing hormone (CRH), 

and a long list of other biologically active peptides. During 

pregnancy, there is the unique situation of hormones secreted 

by one individual, the fetus, regulating the physiology of 

another, the mother. By extracting needed nutrients and add-

ing hormones to the maternal circulation, the placenta redi-

rects many aspects of maternal function to accommodate the 

growing fetus. 

    Human chorionic gonadotropin (hCG) 

   As already discussed (see Chapter 13), the functional life of 

the corpus luteum in infertile cycles ends by the twelfth day 

after ovulation. About two days later the endometrium is 

shed, and menstruation begins. For pregnancy to develop, the 

endometrium must be maintained, and therefore the ovary 

must be notifi ed that fertilization has occurred. Th e signal 

to the ovary in humans is a luteotropic substance secreted by 

the conceptus and called hCG. Human chorionic gonadotro-

pin rescues the corpus luteum (i.e., extends its life span) and 

stimulates it to continue secreting progesterone and estrogens, 

which in turn maintain the endometrium in a state favorable 

for implantation and placentation ( Figure 14.5   ). Continued 

secretion of luteal steroids and inhibin notifi es the pituitary 

gland that pregnancy has begun and inhibits secretion of the 

gonadotropins that would otherwise stimulate development 

of the next cohort of follicles. 

   Pituitary gonadotropins remain virtually undetect-

able in maternal blood throughout pregnancy as a result of 

the negative feedback eff ects of high circulating concentra-

tions of estrogens and progesterone. Secretion of relaxin by 

the corpus luteum increases in early pregnancy, becomes 

maximum at around the end of the fi rst trimester, and then 

declines somewhat, but continues throughout pregnancy. 

Relaxin may synergize with progesterone in early pregnancy 

to suppress contractile activity of uterine smooth muscle, 

and in concert with estrogens may have a role in orchestrat-

ing adaptative changes in maternal circulation (see later). 

   Human chorionic gonadotropin is a glycoprotein 

that is closely related to the pituitary glycoprotein hor-

mones (see Chapter 2). Although there are wide variations 

in the carbohydrate components, the peptide backbones of 

the glycoprotein hormones are closely related and consist 

of a common  α  subunit and activity-specifi c  β  subunits. In 

humans seven genes or pseudogenes code for hCG  β , but 

only two or three of them are expressed. Th e  β  subunit of 

hCG is almost identical to the  β  subunit of LH, diff ering 

only by a 32 amino acid extension at the carboxyl terminus 

of hCG. It is not surprising, therefore, that hCG and LH 

act through a common receptor and that hCG has LH-like 

bioactivity. Human chorionic gonadotropin contains con-

siderably more carbohydrate, particularly sialic acid residues, 

than its pituitary counterparts, which accounts for its 

extraordinary stability in blood. Th e half-life of hCG is more 

than 30 hours, as compared to just a few minutes for the 

pituitary glycoprotein hormones. Th e long half-life facili-

tates rapid build-up of adequate concentrations of this vital 

signal produced by a few vulnerable cells. 

   Trophoblast cells of the developing placenta begin to 

secrete hCG early, with detectable amounts already present 

in blood by about the eighth day after ovulation, when luteal 

function under the infl uence of LH is still at its height. 

Production of hCG increases dramatically during the early 

weeks of pregnancy ( Figure 14.6   ). Blood levels continue to 

rise and during the third month of pregnancy reach peak 

values that are perhaps 200 to 1,000 times that of LH at 

the height of the ovulatory surge. Presumably because of its 

high concentration, hCG is able to prolong the functional 

life of the corpus luteum whereas LH, at the prevailing con-

centrations in the luteal phase of an infertile cycle, cannot. 

Additionally, hCG concentrations remain constantly high, 

whereas LH concentrations rise and fall every three hours 

with each pulse of secretion. High concentrations of hCG at 

this early stage of fetal development are also critical for male 

sexual diff erentiation, which occurs before the fetal pituitary 

can produce adequate amounts of LH to stimulate test-

osterone synthesis by the developing testis (see Chapter 12). 

Stimulation of the fetal adrenal gland by hCG may aug-

ment estrogen production later in pregnancy (see later). 
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 FIGURE 14.5          Maternal responses to hCG.    
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   Finally, it is the appearance of hCG in large amounts 

in urine that is used as a diagnostic test for pregnancy. 

Because its biological activity is like that of LH, urine con-

taining hCG induces ovulation when injected into estrous 

rabbits in the classical rabbit test. Th is test has been replaced 

by a simple sensitive immunological test for hCG in urine 

that can detect pregnancy even before the next expected 

menstrual period. 

   Secretion of signifi cant amounts of progesterone 

by the corpus luteum diminishes after about the eighth 

week of pregnancy despite continued stimulation by hCG. 

Measurements of progesterone in human ovarian venous 

blood indicate that the corpus luteum remains functional 

throughout most of the fi rst trimester, and although some 

capacity to produce progesterone persists throughout preg-

nancy, continued presence of the ovary is not required for 

a successful outcome. Well before the decline in luteal ste-

roidogenesis, placental production of progesterone becomes 

adequate to maintain pregnancy.  

    Human chorionic somatomammotropin 
(hCS) 

   Th e other placental protein hormone that is secreted in large 

amounts is hCS. Like hCG, hCS is produced by the syncy-

tiotrophoblast and becomes detectable in maternal plasma 

early in pregnancy. Its concentration in maternal plasma 

increases steadily from about the third week after fertiliza-

tion and reaches a plateau by the last month of pregnancy 

( Figure 14.6 ) when the placenta produces about 1       g of hCS 

each day. Th e concentration of hCS in maternal blood 
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 FIGURE 14.6          Changes in plasma concentrations of pregnancy-related hormones during normal gestation. (Data for hCG, progesterone, estrogens, and 
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at this time is about 100 times higher than that normally 

seen for other protein hormones in women or men. Human 

chorionic somatomammotropin has a short half-life and, 

despite its high concentration at parturition, is undetectable 

in plasma after the fi rst postpartum day. 

   Despite its abundance and its ability to produce a variety 

of biological actions in the laboratory, the physiological role 

of hCS has not been established defi nitively. Human chori-

onic somatomammotropin has strong prolactin-like activity 

and can induce lactation in test animals, but lactation nor-

mally does not begin until long enough after parturition for 

hCS to be cleared from maternal blood. However, it is likely 

that hCS promotes mammary growth in preparation for 

lactation. It is also likely that hCS contributes to the avail-

ability of nutrients for the developing fetus by operating like 

GH to mobilize maternal fat and decrease maternal glucose 

consumption (see Chapter 8). In this context, hCS may be 

at least partially responsible for the decreased glucose tol-

erance, the so-called  gestational diabetes , experienced by 

many women during pregnancy (see later). Although secre-

tion of hCS is directed predominantly into maternal blood, 

appreciable concentrations also are found in fetal blood in 

midgestation. Receptors for hCS are present in human fetal 

fi broblasts and myoblasts, and these cells release IGF-II 

when stimulated by hCS. As already discussed (see Chapter 

11), fetal growth is independent of GH, but the role of hCS 

in this regard is unknown. 

   Despite these observations, evidence from genetic 

studies makes it unlikely that hCS is indispensable for 

the successful outcome of pregnancy. Human chorionic 

somatomammotropin is a member of the growth hormone-

prolactin family (see Chapter 2) and shares large regions of 

structural homology with both of these pituitary hormones. 

In humans fi ve genes of this family are clustered on chro-

mosome 17, including three that encode hCS and two that 

encode GH. Two of the hCS genes are expressed and code 

for identical secretory products. Th e third hCS gene appears 

to be a pseudogene whose transcription does not produce 

fully processed mRNA. No adverse consequences for preg-

nancy, parturition, or early postnatal development were seen 

in some cases in which a stretch of DNA that contains both 

hCS genes and one hGH gene was missing from both chro-

mosomes. No immunoassayable hCS was present in mater-

nal plasma, but it is possible that the remaining hCS gene 

or pseudogene was expressed under these circumstances 

or that recombination of remaining fragments of these 

genes produced a chimeric protein with hCS-like activity. 

Regardless of whether or not hCS is indispensable for nor-

mal gestation, important functions often are governed by 

redundant mechanisms, and it is likely that hCS contributes 

in some way to a successful outcome of pregnancy.  

    Progesterone 

   As progesterone secretion by the corpus luteum declines, 

the trophoblast becomes the major producer of progester-

one. Placental production of progesterone increases as preg-

nancy progresses, so that during the fi nal months upward of 

250       mg may be secreted per day. Th is huge amount is more 

than ten times the daily production by the corpus luteum at 

the height of its activity, and may be even greater in women 

bearing more than one fetus. Th e placenta has little capac-

ity to synthesize cholesterol, and must import it from the 

maternal circulation in the form of low density lipoproteins 

(LDL). In late pregnancy progesterone production con-

sumes an amount of cholesterol equivalent to about 25% of 

the daily turnover in a normal nonpregnant woman. 

   Production of progesterone by the placenta is not 

subject to regulation by any known extra placental factors 

other than availability of substrate. As in the adrenals and 

gonads the rate of conversion of cholesterol to pregnenolone 

by P450scc determines the rate of progesterone production. 

In the adrenals and gonads ACTH and LH stimulate syn-

thesis of the steroid acute regulatory (StAR) protein, which 

is required for transfer of cholesterol from cytosol to the 

mitochondrial matrix where P450scc resides (see Chapter 4). 

Th e placenta does not express StAR protein. Access of cho-

lesterol to the interior of mitochondria is thought to be 

provided by a similar protein, called MLN64, that is consti-

tutively expressed in the trophoblast. Consequently, placental 

conversion of cholesterol to pregnenolone bypasses the step 

that is regulated in all other steroid hormone-producing tis-

sues. Ample expression of 3 β -hydroxysteroid dehydrogenase 

allows rapid conversion of pregnenolone to progesterone. 

All the pregnenolone produced is either secreted as pro-

gesterone or exported to the fetal adrenal glands to serve as 

substrate for adrenal steroidogenesis ( Figure 14.7   ).  

    Estrogens 

   Th e human placenta is virtually the only site of estrogen 

production after the corpus luteum declines. However, the 

placenta cannot synthesize estrogens from cholesterol or 

use progesterone or pregnenolone as substrate for estrogen 

synthesis. Th e placenta does not express P450c17, which 

cleaves the C20,21 side chain to produce the requisite 19 

carbon androgen precursor. Reminiscent of the dependence 

of granulosa cells on thecal cell production of androgens in 

ovarian follicles (see Chapter 13), estrogen synthesis by the 

trophoblast depends on import of 19 carbon androgen sub-

strates, which are secreted by the adrenal glands of the fetus, 

and to a lesser extent, the mother ( Figure 14.7 ). Th e tro-

phoblast expresses an abundance of P450 aromatase, whose 



285

Hormonal Control of Pregnancy and Lactation 14

activity is suffi  cient to aromatize all the available substrate. 

Th e cooperative interaction between the fetal adrenal and the 

placenta has given rise to the term  fetoplacental unit  as the 

source of estrogen production in pregnancy. 

   Th e placental estrogens are estradiol, estrone, and 

estriol, which diff ers from estradiol by the presence of an 

additional hydroxyl group on carbon 16. Of these, estriol is 

by far the major estrogenic product. Its rate of synthesis may 

exceed 45 mg/day by the end of pregnancy. Despite its high 

rate of production, however, concentrations of unconjugated 

estriol in blood are lower than those of estradiol ( Figure 14.6 ) 

due to its high rate of metabolism and excretion. Although 

estriol can bind to estrogen receptors, it contributes little to 

overall estrogenic bioactivity as it is only about 1% as potent 

as estradiol and 10% as potent as estrone in most assays. 

However, estriol is almost as potent as estradiol in stimulating 

uterine blood fl ow. It is possible that the fetus uses this elabo-

rate mechanism of estriol production to ensure that uterine 

blood fl ow remains adequate for its survival  (Figure 14.8).    

    The role of the fetal adrenal cortex 

   Th e fetal adrenal glands play a central role in placental ste-

roidogenesis and hence maintenance of pregnancy, and may 

also have a role in provoking the onset of labor at the end of 

pregnancy. Th e adrenal glands of the fetus diff er signifi cantly 

in both morphology and function from the adrenal glands 

of the adult. Th ey are bounded by a thin outer region, called 

the defi nitive cortex, which will become the zona glomeru-

losa; and a huge, inner  “ fetal zone ” , which regresses and 

disappears shortly after birth. Th e transitional zone at the 

interface of the two zones gives rise to the fasciculata, and 

reticularis of the adult (see Chapter 4). In midpregnancy the 

fetal adrenals are large—larger in fact than the kidneys—

and the fetal zone constitutes 80% of its mass. 

   Growth, diff erentiation, and secretory activity of the 

fetal adrenals are controlled by ACTH, whose actions are 

augmented by a variety of fetal growth factors including 

insulin-like growth factor II (IGF-II). Th e fetal pituitary 

is the main source of ACTH, but the placenta also secretes 

some ACTH. In addition, the placenta secretes corticotro-

pin releasing hormone (CRH), which not only stimulates the 

fetal pituitary to secrete ACTH, but also  directly stimulates  
steroidogenesis by the fetal adrenal glands. 

   Th e chief product of the fetal zone is the 19 car-

bon androgen dehydroepiandrosterone (DHEA), which is 

secreted as the biologically inert sulfate ester (DHEAS). 

Sulfation protects against masculinization of the genita-

lia in female fetuses and prevents aromatization in extra-

gonadal fetal tissues. Th e fetal zone produces DHEAS at an 

increasing rate that becomes detectable by about the eighth 
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week of pregnancy, well before cortisol and aldosterone are 

produced by the defi nitive and transitional zones. At term, 

secretion of DHEAS may reach 200       mg per day. Th e cho-

lesterol substrate for DHEAS production is synthesized in 

both the fetal liver and fetal adrenals. It is likely that preg-

nenolone released into the fetal circulation by the placenta 

also provides substrate. 

   Much of the DHEAS in the fetal circulation is oxi-

dized at carbon 16 in the fetal liver to form 16 α -DHEAS 

and then exported to the placenta. Th e placenta is highly effi  -

cient at extracting 19 carbon steroids from both maternal and 

fetal blood. It is rich in sulfatase and converts 16 α -DHEAS 

to 16 α -DHEA prior to aromatization to form estriol. 

Because synthesis of estriol refl ects the combined activities 

of the fetal adrenals, the fetal liver, and the placenta, its rate 

of production, as refl ected in maternal estriol concentrations, 

has been used as an indicator of fetal well-being. DHEAS 

that escapes 16 α -hydroxylation in the fetal liver is converted 

to androstenedione or testosterone in the placenta after 

hydrolysis of the sulfate bond, and then aromatized to form 

estrone and estradiol.  

    The role of progesterone and estrogens in 

sustaining pregnancy 

   As its name implies progesterone is essential for maintain-

ing all stages of pregnancy, and pharmacologic blockade of its 

actions at any time terminates the pregnancy. Progesterone 

sustains pregnancy by opposing the forces that conspire 
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to increase uterine contractility and expel the fetus. One of 

these forces is physical stretch of the myometrium by the 

growing fetus. Stretch or tension coupled with estrogens and 

progesterone promotes myometrial growth and hypertrophy 

in parallel with growth of the conceptus. Estrogens promote 

expression of genes that code for contractile proteins, gap 

junction proteins that electrically couple myometrial cells, 

oxytocin receptors, receptors for prostaglandins, ion channels, 

and doubtlessly many other proteins that directly or indirectly 

tend to increase contractility. 

   Th roughout pregnancy, estrogens act through a posi-

tive feedback mechanism not only to increase their own pro-

duction, but also to increase synthesis of progesterone, which 

suppresses their excitatory eff ects ( Figure 14.9   ). Estrogens 

accelerate progesterone synthesis by increasing the delivery 

of cholesterol to the trophoblast through increased uterine 

blood fl ow and by upregulating LDL receptors and P450scc. 

Pregnenolone and LDLs that cross the placenta and enter 

the fetal circulation serve as substrate for adrenal production 

of DHEAS. DHEAS is then converted by the placenta to 

estrogens in what amounts to a positive feedback system that 

progressively increases estrogen production in parallel with 

progesterone production.    

    MATERNAL ADAPTATIONS TO PREGNANCY 

   In the approximately 265 days that elapse between fertiliza-

tion and delivery of a full-term infant the mother provides 

all the resources required to transform a single pluripotential 

cell to a complete new individual weighing about 3.5       kg and 

comprised of more than 600 billion highly specialized cells. 

Th roughout pregnancy maternal homeostatic control mech-

anisms ensure a hospitable environment of constant tem-

perature, oxygen supply, waste disposal, and availability of 

nutrients, minerals, and vitamins. Supporting the growth and 

development of the fetus and the placenta with its extraor-

dinary metabolic activity imposes signifi cant challenges to 

maternal homeostasis and requires adjustments in the func-

tion of virtually every organ system. 

   Maternal adaptations to pregnancy are driven largely 

by hormones secreted into the maternal circulation by the 

placenta. Changes in maternal physiology must accommo-

date the metabolic needs of the fetus without substantially 

compromising her ability to make homeostatic adjust-

ments that ensure her survival and survival of the fetus in 

the face of changing environmental demands. Physiological 

changes during pregnancy must also prepare the mother to 

withstand the arduous birthing process, and to provide sus-

tenance for her newborn baby. It is important to note that 

all the regulatory and feedback mechanisms that maintain 

homeostasis in the nonpregnant woman remain operative 

during pregnancy, but the sensitivity to physiological signals 

or the set points of feedback systems are modifi ed. 

    Cardiovascular adaptations 

   Maternal and fetal blood do not mix or come in direct contact. 

Passage of nutrients and gases takes place across a diff usion 

barrier comprised of a layer of syncytiotrophoblast, basal lam-

ina, and endothelial cells in the terminal placental villi. In late 

pregnancy the diff usion barrier is about 5 μm thick and has 

a surface area of about 12 square meters. Maintaining steep 

concentration gradients between maternal and fetal blood 

is essential for rapid active and passive exchange across this 

diff usion barrier. Th e capacity for nutrient and gas exchange 

must be adequate to satisfy not only the needs of the grow-

ing fetus, but also of the highly metabolically active placenta, 

which extracts its required nutrients as they diff use across 
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the syncytiotrophoblast before reaching the fetal blood that 

perfuses the villi. Metabolic demands of the placenta in late 

pregnancy are nearly equal to demands of the fetus. Conse-

quently, very high rates of maternal blood fl ow must perfuse 

the intervillous spaces to ensure adequate fetal nutrition and 

oxygen supply. 

   Uterine blood fl ow increases more than twentyfold 

from the midluteal phase of the menstrual cycle to late 

pregnancy, a rate that corresponds to more than 20% of the 

maternal cardiac output. Th is high rate of fl ow results mainly 

from a profound decrease in vascular resistance. Arterioles 

in the gravid uterus are maximally dilated under basal con-

ditions and are insensitive to vasoconstrictor agents. In addi-

tion, resting cardiac output increases by about 50% and mean 

arterial pressure decreases somewhat, indicative of an overall 

decrease in peripheral vascular resistance. 

   Th e decrease in vascular resistance is not limited to 

the shunt-like behavior of the uterine-placental circulation, 

but is due also to a decrease in tone of arterioles and larger 

arteries of the mesenteric, limb, cutaneous, and especially 

the renal (see later) circulations ( Figure 14.10   ). In these vas-

cular beds vasoconstrictor responses to angiotensin II and 

norepinephrine are attenuated, but despite these changes 

baroreceptor refl exes remain operative and maintain blood 

pressure constant over a wide range of changing environ-

mental demands, though at a lower set point. 

   Th e basis for the decrease in vascular resistance remains 

a topic of active research. Infusion of estrogens in nonpreg-

nant human and animal subjects acutely decreases vascular 

resistance and produces changes that are similar, though less 

pronounced, to those seen in normal pregnancy. Human vas-

cular endothelial cells express both  α  and  β  estrogen recep-

tors, which when stimulated, rapidly initiate production 

of vasodilating agents such as nitric oxide and prostacyclin 

(prostaglandin I 2 ; see Chapter 4). Some studies suggest a sim-

ilar action of progesterone, alone or in the presence of high 

levels of estrogens. Recently, studies in rodents have focused 

on the vasodepressor eff ects of relaxin (see Chapter 13), 

which is secreted by the corpus luteum throughout pregnancy. 

Its concentrations in blood increase in the early days of pre-

gnancy in response to hCG ( Figure 14.6 ). Administration 

of relaxin to rodents reproduces many of the changes in renal 

and mesenteric blood fl ow seen in early pregnancy. In these 

animals relaxin stimulates endothelial cell production of nitric 

oxide, especially in the renal and mesenteric vascular beds, but 

comparable results have not been found in humans.  

    Renal adaptations 

   Th e decline in resistance of the renal vasculature is remark-

able. Renal blood fl ow increases by as much as 70%, and 

glomerular fi ltration increases by about 50%. Th e resulting 

increase in the amount of sodium fi ltered might lead to pro-

found sodium loss in nonpregnant women. In pregnancy, 

however, there is net retention of about 100       mg of sodium 

each day between the eighth and twentieth weeks of preg-

nancy, resulting in a 40 to 50% increase in blood volume 

( Figure 14.10 ). As discussed in Chapter 9, blood volume is 

regulated by the renin, angiotensin, aldosterone, antidiuretic 

hormones (ADH), which increase salt and water retention 

when plasma volume is low, and by the atrial natriuretic fac-

tor (ANF), which promotes salt and water loss when vascu-

lar volume is increased. Maternal homeostatic mechanisms 

respond to pregnancy in much the same way as they would 

to a decrease in blood volume. Hormonal signals to increase 

sodium conservation are activated early in pregnancy, at about 

the same time that peripheral resistance begins to decline. 
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   It is possible that the decrease in arterial pressure 

and the increase in compliance of the thoracic vasculature 

unloads the volume receptors or that estrogen and proges-

terone decrease the sensitivity of these stretch receptors. 

Alternatively, these hormones may act directly on neurons 

in the vasomotor center to adjust the set point for volume 

regulation. In any event, the renin-angiotensin-aldoster-

one system is activated while volume lowering mechanisms 

involving ANF are blunted. However, acute deviations from 

the pregnancy-adjusted set point of plasma volume trigger 

normal increases or decreases in renin, aldosterone, ADH, 

and ANF secretion, which continue to regulate vascular 

volume throughout pregnancy at the higher set point. 

   Th e expansion of plasma volume is accompanied by 

changes in the composition of the blood. Although erythro-

cyte formation increases, expansion of the red cell mass does 

not keep pace with the increase of plasma volume, and the 

hematocrit declines. Th e resulting  “ anemia of pregnancy ”  is not 

a refl ection of compromised capacity for red blood cell forma-

tion (erythropoiesis), which increases normally in response 

to hemorrhage or relocation to high altitude. Red blood cell 

formation is driven by the hormone erythropoietin, which is 

secreted by renal interstitial cells. Th ese cells monitor oxygen 

tension and increase hormone secretion when oxygen tension 

falls. Th e lower hematocrit may refl ect an increase in sensitiv-

ity of these cells to prevailing levels of oxygen. Alternatively, 

the increase in renal blood fl ow may deliver suffi  cient oxygen 

to compensate for red cell dilution and the increased oxygen 

demand imposed by the increased workload of the kidney. 

   Expansion of plasma volume also dilutes the plasma 

proteins, especially albumin, whose synthesis by the liver does 

not keep pace with the increase in plasma volume. Albumin 

synthesis is driven by plasma oncotic pressure, which is 

monitored by hepatocytes. Th e sustained lower concentra-

tion of albumin indicates that the feedback mechanism that 

regulates hepatic albumin production is reset to a lower level, 

probably in response to placental steroids. Although estro-

gens stimulate hepatic production of clotting factors and 

binding proteins for thyroxine and steroid hormones, the low 

concentrations of these proteins have little eff ect on plasma 

colloid osmotic pressure. Th e importance of lowered plasma 

oncotic pressure for maintenance of normal pregnancy is not 

known, but the reduction in blood viscosity that results from 

lower protein and red cell concentrations contributes to the 

decrease in vascular resistance. 

    Osmoregulation and thirst 

   Osmolality of body fl uids is monitored by hypothalamic 

osmoreceptors, which regulate both water intake (thirst) and 

renal conservation of water through adjustments in the rate 

of ADH secretion (see Chapter 9). Under basal conditions 

the concentration of sodium in the plasma of pregnant 

women is 3 to 5 mEq per liter lower than in plasma of non-

pregnant women, and plasma osmolality is nearly 10 mos-

mols lower. Although the set point of negative feedback 

regulation is lowered, pregnancy does not interfere with the 

ability to increase or decrease ADH secretion in response 

to water deprivation or water loading. In accordance with 

increased sensitivity of the osmolar receptors, at any level of 

osmolality the rate of ADH secretion is greater in pregnant 

than in nonpregnant women ( Figure 14.11   ). Pregnancy 

shifts the relationship between osmolality and thirst to a 

similar extent. Th us osmolal regulation remains intact dur-

ing pregnancy, but operates at a lower set point. 

   Th e factors that bring about changes in sensitiv-

ity of the osmoreceptor system have not been identifi ed and 

understanding of the underlying mechanism is incomplete. 

A similar but less pronounced shift in the relationship between 

ADH secretion and plasma osmolality is seen in nonpreg-

nant women during the luteal phase of the menstrual cycle. 

Progesterone, relaxin, or some other product of the corpus 

luteum that continues to circulate at high levels throughout 

pregnancy may thus be responsible for adjusting osmoregu-

lation. In nonpregnant individuals, the relationship between 

AVP secretion and osmolarity changes with changes in plasma 

volume. A leftward shift in the AVP/osmolality relationship 

similar to that shown in  Figure 14.11  occurs in hypovolemia 

(reduced plasma volume), whereas hypervolemia tends to shift 

the relationship in the opposite direction. Th us it seems that 

the hypervolemia of pregnancy appears as hypovolemia to the 

volume regulating mechanisms that govern AVP secretion. 
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 FIGURE 14.11          Relationship between plasma osmolality and ADH 

concentrations in eight women before and at the end of the third month 
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cause regulatory centers to interpret the increase in plasma 

volume and the decrease osmolality in pregnancy as normal 

and to defend these altered states. 

    Figure 14.12    summarizes the cardiovascular and renal 

changes produced in the fi rst trimester and continued 

throughout gestation. Hormonal signals arising in the tro-

phoblast and/or the ovary and acting directly on vascular 

smooth muscle and the osmoreceptors initiate the series of 

changes that ultimately increase placental perfusion. It is 

likely, but not established that these peripheral eff ects are 

reinforced by complementary eff ects on regulatory centers 

in the brain. Th e adaptive value of most of these changes 

appears to reside in ensuring adequacy of uteroplacental 

perfusion while maintaining suffi  cient circulatory reserve to 

service the needs of the mother. Th e adaptive value of the 

increase in GFR is unknown, but it may facilitate excretion 

of fetal wastes and dietary toxins.   

    Respiratory adjustments 

    Gas exchange 

   Despite the rapid growth and intense metabolic activity of 

the placenta, little increase in maternal oxygen consumption 

is evident in the fi rst three months of pregnancy because the 

fetoplacental mass is so small. Th ereafter oxygen consump-

tion and CO 2  production increase steadily in parallel with 

increasing fetal mass to reach a level that is about 20% above 

the nonpregnant level. However, the fl ow of air into and out 

of the lungs (pulmonary ventilation) begins to increase in 

the luteal phase of the menstrual cycle and increases stead-

ily after conception until the baby is delivered. By the end of 

gestation, alveolar ventilation is about 40% greater than the 

prepregnant rate. Breathing in excess of metabolic demand is 

called  hyperventilation , and is evident throughout pregnancy. 

With hyperventilation there is excessive excretion of carbon 

dioxide (CO 2 ) and a reduction in plasma CO 2  and bicarbo-

nate, and a slight alkalinization of the blood. Because hemo-

globin is nearly saturated with oxygen at rates of pulmonary 

ventilation seen in nonpregnant women, hyperventilation 

adds little to the oxygen content of blood. 

   Th e hyperventilation of pregnancy is attributable to 

the high circulating concentrations of progesterone, which 

produces similar eff ects within a few hours after progester-

one is given to nonpregnant subjects of either sex. Arterial 

CO 2  is monitored by chemoreceptors in the brain stem 

and carotid bodies. Progesterone increases ventilatory drive 

by increasing the sensitivity of these chemoreceptors to 
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CO 2 . As seen with other pregnancy-related adjustments to 

homeostatic mechanisms, the set point is decreased but the 

ability to adjust alveolar ventilation upward or downward in 

response to changes in arterial or inspired CO 2  is not com-

promised. Resetting the steady state level of CO 2  in mater-

nal blood facilitates transfer of CO 2  from the fetal to the 

maternal circulation, and indirectly facilitates oxygenation 

of fetal blood.   

    Metabolic adjustments 

   Th e energy cost to the mother of the nine months of preg-

nancy is about 85,000 calories ( � 300 C/day), which must 

be derived from the diet or fat reserves. Only about one-

third of this energy consumption supports fetal growth and 

metabolic activities. About one-third supports placental 

biosynthetic and transfer processes, and most of the remain-

der fuels the additional workload imposed on the maternal 

heart, respiratory muscles and kidneys, with a small fraction 

fueling growth of the uterus and breasts. 

   Adipose tissue increases in the early months of preg-

nancy as a result of increased food intake and hyperre-

sponsiveness of the pancreatic bets cells to nutrient intake. 

Fuel reserves built up at this time anticipate later metabolic 

demands of the mature placenta, the rapidly growing fetus, 

and the even later demands of lactation. Consistent with the 

increase in maternal adipose tissue, plasma concentrations 

of leptin increase during pregnancy. Leptin also is secreted 

by the placenta, but despite its increasing blood concentra-

tions, food intake continues to increase throughout gesta-

tion along with the increasing metabolic requirements of 

the placenta and fetus. Th is has led to the idea that preg-

nancy decreases sensitivity to leptin. Th e role of leptin in 

pregnancy is unknown. 

   In the early months of pregnancy, insulin sensitivity 

is normal or perhaps slightly increased over prepregnant 

levels, but insulin resistance develops as gestation advances. 

Plasma concentrations of insulin double as insulin secre-

tion increases in compensation for decreased sensitivity. In 

most women glucose concentrations are maintained within 

the normal range. Th e secretory capacity of the beta cells 

increases along with a 10 to 15% increase in their mass and 

can satisfy the insulin requirements in most women, but 

limited compensatory capacity in some women results in 

transient diabetes mellitus (gestational diabetes). Even when 

compensated, the rate of disposition of ingested nutrients is 

diminished. Greater and longer-lasting elevations in mater-

nal blood glucose concentration after each meal facilitate 

transfer of glucose from the maternal to the fetal circula-

tion. Placental uptake of glucose is independent of insulin, 

and depends upon facilitated diff usion driven by the favor-

able concentration between maternal and fetal plasma. 

   Although direct evidence in humans is scant, most of 

the pregnancy-induced changes in maternal metabolism are 

likely to be driven by placental hormones. Increased concen-

trations of progesterone and hCS are thought to stimulate 

hypothalamic neurons that regulate appetite (see Chapter 8). 

Th e decrease in insulin sensitivity may be caused, at least in 

part, by the high concentrations of placental GH present in 

maternal plasma in the second half of gestation ( Figure 14.6 ). 

Placental GH binds to the same receptors as the pituitary 

form and, like its pituitary counterpart, decreases insulin sen-

sitivity both by direct actions and through increased lipoly-

sis. Unlike the intermittent pulses of GH secreted by the 

pituitary, placental GH is secreted tonically so that mater-

nal tissues are exposed to constant high levels of hormone. 

HCS also binds to GH receptors. It is likely that both hor-

mones contribute to the decrease in insulin sensitivity. Both 

of these hormones and perhaps prolactin contribute to beta 

cell hypertrophy and increased secretion of insulin. Lactogens 

and GH stimulate growth of rodent beta cells and enhance 

their responsiveness to nutrient stimulation.  

    Calcium balance 

   By the end of gestation the fetal skeleton accumulates about 

30 g of calcium, mainly during the fi nal months when as 

much as 300       mg of calcium are transferred from the mother 

each day. However, neither the concentration of ionized cal-

cium in maternal blood nor the density of calcium in her 

bones decreases. Virtually all the calcium delivered to the 

fetus is derived from dietary sources. Intestinal absorption 

of calcium doubles in response to increased plasma 1,25 

dihydroxycholecalciferol (1,25(OH) 2 D 3 ; see Chapter 10), 

augmented perhaps, by prolactin and hCS. Plasma concen-

trations of 1,25(OH) 2 D 3  begin to increase soon after con-

ception to about twice the prepregnant level by the twelfth 

week, and remain doubled for the remainder of pregnancy. 

Intestinal absorption of calcium increases long before it can 

be sequestered in the fetal skeleton, but hypercalcemia is 

prevented by increased renal calcium excretion and perhaps 

modest deposition in maternal bones. 

   In men and nonpregnant women PTH is the signal 

for increased formation of 1,25(OH) 2 D 3  in the kidneys (see 

Chapter 10). However, in pregnancy, plasma concentrations 

of PTH decline as 1,25(OH) 2 D 3  increases, and remain low 

until the fi nal months of gestation. Th e increased concentra-

tion of 1,25(OH) 2 D 3  may inhibit PTH secretion through 

negative feedback eff ects on PTH synthesis ( Figure 14.13   ). 

Increased formation of 1,25(OH) 2 D 3  appears to result from 

upregulation of the renal 1 α -hydroxylase enzyme by PTH 

related peptide (PTHrP) secreted by both the maternal and 

fetal components of the placenta, and by the high levels 
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of estrogens, hCS, and prolactin. Although bone turno-

ver is accelerated, the high concentrations of estrogen, and 

perhaps IGF-1 and hCS may prevent net bone loss dur-

ing pregnancy. In addition the somewhat elevated levels of 

plasma calcium increase calcitonin secretion, but there is no 

evidence that calcitonin defends against bone loss in human 

pregnancy. 

   Maternal adaptations to pregnancy are summarized 

in  Figure 14.14   .   

    PARTURITION 

   Th e process of birth, or  parturition , is the expulsion of a 

viable baby from the uterus at the end of pregnancy and 

is the culmination of all the processes discussed in this 

and the previous two chapters. A surprising array of strat-

egies has been adopted by diff erent mammalian species 

to regulate parturition. Humans and the great apes have 

evolved mechanisms that appear to be unique. Th e scarcity 

of experimental models that employ similar strategies as 

humans therefore has hampered eff orts to study underlying 

mechanisms of timing and initiating parturition in humans. 
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Consequently, our understanding of the processes that bring 

about this climactic event in human reproductive physiol-

ogy is still incomplete. 

   Successful delivery of the baby can take place only after 

the myometrium acquires the capacity for forceful, coordi-

nated contractions and the cervix softens and becomes dis-

tensible (called ripening) so that uterine contractions can 

drive the baby through the cervical canal. Th ese changes 

refl ect the triumph of the excitatory eff ects of estrogens over 

the suppressive eff ects of progesterone that prevailed hitherto. 

Indeed, in most mammals parturition is heralded by a decline 

in progesterone production coincident with an increase in 

estrogen production. In humans and higher primates there is 

neither an abrupt increase in plasma concentrations of estro-

gens nor a fall in progesterone at the onset of parturition. 

Rather, multiple gradual changes, gaining momentum over 

days or weeks, tip the precarious estrogen/progesterone bal-

ance in favor of estrogen dominance. 

   In normal deliveries, it is the fetus, which essentially 

has controlled events during the rest of pregnancy, that 

signals its readiness to be born, but maternal factors includ-

ing limited distensibility of the uterus also play a role. In 

sheep, the triggering event for parturition is an ACTH-

dependent increase in cortisol production by the fetal 

adrenals. In this species, cortisol stimulates expression of 

P450c17 in the placenta and thereby shifts production of 

steroid hormones away from progesterone and toward estro-

gens. Although there is neither a stimulation of P450c17 

expression in the human placenta nor a fall in progesterone 

in humans, the dialog between the fetal adrenals and the 

placenta nevertheless plays the decisive role in orchestrating 

the events that lead up to human parturition. 

    The role of corticotropin releasing 
hormone (CRH) 

   As already mentioned, CRH produced in the placenta drives 

steroid synthesis in the fetal zone of the adrenal glands. 

Although the ability to secrete 19 carbon androgens is 

acquired early in gestation, the capacity to produce signifi -

cant amounts of cortisol is not acquired until about the thir-

tieth week of gestation. An abundant supply of cortisol in the 

fi nal weeks of pregnancy is indispensable for maturation of 

the lungs, the GI tract, and other systems, and prepares the 

fetus for extra uterine life. Cortisol also antagonizes the sup-

pressive eff ects of progesterone on CRH production in the 

placenta and hence increases transcription of the CRH gene. 

Consequently, placental production of CRH increases about 

100-fold in the fi nal weeks of gestation. Th is eff ect of corti-

sol on placental expression of CRH is opposite to its negative 

feedback eff ects on CRH production in the hypothalamus. 

Instead of suppressing CRH production, fetal production 

of cortisol initiates a positive feedback loop ( Figure 14.15   ). 

It may be recalled that CRH not only stimulates the fetal 

pituitary to secrete ACTH, but also  directly  stimulates ste-

roidogenesis in the fetal adrenal cortex. Consequently, there 

is an increasing drive to the adrenal to increase production 

of cortisol and DHEAS. Accelerated secretion of DHEAS 

accounts for the steep rise in estrogen concentrations in 

maternal blood in the last weeks of pregnancy shown in 

 Figure 14.6 . 

   CRH also stimulates formation of prostaglandins F α  

and E by fetal membranes by direct actions and by indirect 

actions mediated by cortisol. Th ese prostaglandins not only 

participate in or initiate events that lead to rupture of the 
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fetal membranes, softening of the uterine cervix, and con-

traction of the myometrium, but they also stimulate pla-

cental production of CRH and thereby establish a second 

positive feedback loop ( Figure 14.16   ). Prostaglandins also 

stimulate CRH secretion by the fetal hypothalamus, increas-

ing ACTH secretion, and providing further drive for cortisol 

secretion and the consequent further stimulation of CRH 

secretion. We might expect cortisol to oppose prostaglandin 

formation in the fetus as it does in extrauterine tissues (see 

Chapter 4), but in fetal membranes cortisol paradoxically 

increases expression of the prostaglandin synthesizing 

enzyme, COX2, and inhibits expression of the principal 

prostaglandin degrading enzyme. Prostaglandin synthe-

sis also is increased indirectly by cortisol, which stimulates 

the maturing fetal lungs to produce surfactant proteins and 

phospholipids (see Chapter 4). When these compounds 

escape into amniotic fl uid they produce a mild infl amma-

tion of the fetal membranes and stimulate macrophages to 

secrete infl ammatory cytokines and prostaglandins. 

   As pregnancy progresses concentrations of CRH 

increase exponentially in maternal plasma, but ACTH and 

free cortisol concentrations increase only about fourfold. 

Discordance between CRH concentrations and pituitary and 

adrenal secretory activity is due largely to the CRH binding 

protein (CRH-BP), which is present in plasma of pregnant 

as well as nonpregnant women. Additionally, pituitary re-

sponsiveness to CRH is decreased during pregnancy possibly 

because of down regulation of CRH receptors in cortico-

tropes. However, despite the somewhat blunted sensitivity to 

CRH, ACTH secretion follows the normal diurnal rhythmic 

pattern and increases appropriately in response to stress (see 

Chapter 4). Until about three to four weeks before parturi-

tion, concentrations of CRH-BP in maternal plasma vastly 

exceed those of CRH and there is little or no free CRH 

( Figure 14.17   ). For reasons that are not understood, CRH-

BP concentrations fall dramatically at the same time that 

CRH concentrations rise most rapidly so that they exceed 

the binding capacity of CRH-BP. Free CRH in maternal 

plasma stimulates prostaglandin production in the myo-

metrium and cervix and increases contractility and cervical 

ripening. 

   Although the increase in cortisol in fetal plasma in the 

last weeks of gestation is essential for maturation of the pul-

monary and gastrointestinal systems in preparation for postna-

tal life, exposure of the fetus to maternal glucocorticoids earlier 

in gestation has deleterious eff ects. Excessive glucocorticoids 

may retard growth of the placenta and the fetus and may  “ pro-

gram ”  the fetus for increased susceptibility to hypertension and 

type 2 diabetes in adulthood. Th e enzyme 11 β -hydroxysteroid 

dehydrogenase type 2 (11 β HSD-2) in the syncytiotropho-

blast provides a barrier to passage of cortisol from the mater-

nal to the fetal circulation by converting it to the inactive 

steroid, cortisone (see Chapter 4). Defi ciency of placental 

11 β HSD-2 is associated with low birth-weight and increased 

incidence of health problems in later life. Prostaglandins pro-

duced in the fi nal weeks of gestation increase the abundance 

and activity of the type 1 isoform of 11 β HSD in the chorio-

allantoic membranes. Th is isoform catalyzes the conversion of 

cortisone to cortisol, which not only supports fetal maturation, 

but also contributes to further formation of prostaglandins in 

yet another positive feedback loop. 

   Th ough there appears to be no single event that precip-

itates parturition, the various processes that are set in motion 

weeks earlier gradually build up to overwhelm progester-

one dominance and unleash excitatory forces that expel the 

fetus. Because circulating concentrations of progesterone do 

not decline until after delivery of the placenta, the concept 

of  “ functional progesterone withdrawal ”  has been advanced 

 FIGURE 14.17          Changes in plasma concentrations of corticotropin 

releasing hormone (CRH) and its binding protein (CRH-BP) in the days 

leading up to parturition. (From McLean, M., Bisits, A., Davies J., Woods, R. 

Lowry, P. and Smith, R. (1995) A placental clock controlling the length of 

human pregnancy.  Nature Med.   1 : 460–463.)    
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to account for the decline in progesterone eff ectiveness in the 

fi nal days of gestation. Underlying changes in expression of 

progesterone receptors, cofactor distribution and interactions, 

and local changes in progesterone metabolism have been pro-

posed to explain its declining infl uence. In any event, uterine 

changes in preparation for parturition brought about by pros-

taglandins, probably relaxin, and perhaps local paracrine fac-

tors include release of matrix metalloproteinases that digest 

the collagen framework of the cervix and increase its disten-

sibility. Cessation of uterine growth that accommodated the 

expanding mass of the fetus and placenta at earlier stages of 

gestation renders the myometrium less compliant and more 

resistant to stretch. Th e contractile apparatus gains strength 

and irritability due to increased synthesis of contractile 

proteins and changes in its complement of potassium and 

calcium channels. Connectivity between myocytes increases 

with the expression of connexins and the formation of gap 

junctions. Th ese changes enable the myometrium to contract 

forcefully and synchronously, empowering it to dilate the cer-

vix and expel the fetus.  

    The role of oxytocin 

   Oxytocin is a neurohormone secreted by nerve endings in 

the posterior lobe of the pituitary gland in response to neu-

ral stimuli received by cell bodies in the paraventricular and 

supraoptic nuclei of the hypothalamus (see Chapter 2). It 

stimulates powerful slow and prolonged contractions of the 

myometrium at the end of pregnancy, when uterine muscle is 

highly sensitive to it. Oxytocin sometimes is used clinically 

to induce labor. As parturition approaches, responsiveness 

to oxytocin increases in parallel with estrogen-induced 

increases in oxytocin receptors in both the endometrium 

and myometrium. 

Oxytocin is not the physiological trigger for parturi-

tion, however, as its concentration in maternal blood normally 

does not increase until after labor has begun. It is secreted in 

a neuroendocrine refl ex in response to stretching of the uter-

ine cervix as described in Chapter 1, but it probably has little 

role in initiating parturition. As a consequence of its stimu-

lation of myometrial contraction, oxytocin protects against 

hemorrhage after expulsion of the placenta. Intense contrac-

tion of the newly emptied uterus acts as a natural tourniquet 

to control loss of blood from the dilated endometrial spiral 

arteries after the placenta separates from the uterine lining.   

    LACTATION 

   Th e mammary glands are specialized secretory structures 

derived from the skin. As the name implies, they are unique 

to mammals. Th e glandular portion is arranged in lobules 

comprised of branched tubules, the  lobuloalveolar ducts , from 

which multiple evaginations or  alveoli  emerge in an arrange-

ment resembling a bunch of grapes. Th e alveoli are the sites 

of milk production and consist of single layers of secretory 

epithelial cells surrounded by a meshwork of contractile 

 myoepithelial cells  ( Figure 14.18   ). Many lobuloalveolar ducts 

converge to form a  lactiferous duct , which carries the milk to 
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the nipple. Each mammary gland contains 10 to 15 lobules, 

each with its own lactiferous duct opening separately to the 

outside. In the inactive, nonlactating gland, alveoli are present 

only in rudimentary form, and the entire glandular por-

tion consists almost exclusively of lobuloalveolar ducts. Th e 

mammary glands have an abundant vascular supply and are 

innervated with sympathetic nerve fi bers and a rich supply of 

sensory fi bers to the nipples and areolae. 

    Growth and development of the 
mammary glands 

   Prenatal growth and development of the mammary glands 

are independent of sex hormones and genetic sex. Until the 

onset of puberty, there are no diff erences in the male and 

female breast. With the onset of puberty, the duct system 

grows and branches, and the surrounding stromal and fat 

tissues proliferate in response to estrogens. Following estro-

gen priming, progesterone promotes growth and branch-

ing of the lobuloalveolar tissue, but for these steroids to be 

eff ective, prolactin, growth hormone, IGF-I, and cortisol 

must also be present. Lobuloalveolar growth and regres-

sion occur to some degree during each ovarian cycle. Th ere 

is pronounced growth, diff erentiation, and proliferation of 

alveoli during pregnancy, when estrogen, progesterone, pro-

lactin, and hCS circulate in high concentrations.  

    Milk production 

   Developmental changes in alveolar epithelial cells during 

pregnancy prepare the glands for full lactation after partu-

rition. Some capacity to synthesize and secrete casein and 

lactose is acquired by midgestation, but full production of 

milk is prevented by the high circulating concentrations of 

progesterone and to a lesser extent, estrogens. During preg-

nancy and in the immediate postpartum period the alveoli 

are  “ leaky ”  and allow passage of small molecules into and 

out of the alveolar lumens between epithelial cells. One of 

the fi nal events that marks full development of the secre-

tory apparatus after parturition is the formation of tight 

junctions between these cells and the separation of luminal 

and extracellular fl uids. All the constituents of milk, except 

water, thereafter are secreted by epithelial cells by multiple 

simultaneous active secretory processes. 

   Once the secretory apparatus has developed, produc-

tion of milk depends primarily on continued episodic stim-

ulation with high concentrations of prolactin, but adrenal 

glucocorticoids and insulin are also important in a permis-

sive sense that needs to be defi ned more precisely. All these 

hormones and hCS are present in abundance during late 

stages of pregnancy, yet lactation does not begin until after 

parturition. High concentrations of progesterone and estro-

gens in maternal blood inhibit lactation by interfering with 

the actions of prolactin, including its ability to upregulate 

its receptors in the mammary epithelium. With parturition, 

the precipitous fall in progesterone levels relieves this inhi-

bition, and prolactin receptors in alveolar epithelium may 

increase as much as 20-fold. Th e fall in progesterone con-

centrations triggers the onset of milk production. Initially 

the mammary glands secrete only a watery fl uid called  colos-
trum , which is rich in protein but poor in lactose and fat. It 

takes about 2 to 5 days for the mammary glands to secrete 

mature milk with a full complement of nutrients. It is not 

clear if this delay refl ects a slow acquisition of secretory 

capacity or a regulated sequence of events timed to coincide 

with the infant’s capacity to utilize nutrients. 

   Milk secreted by the mammary glands provides nour-

ishment to off spring during the immediate postnatal period 

and for varying times thereafter, depending on culture and 

custom. Milk provides all the basic nutrition, vitamins, min-

erals, fats, carbohydrates, and proteins needed by the infant 

until the teeth erupt. In addition, milk contains maternal 

immunoglobulins that are absorbed intact by the immature 

intestine and provide passive immunity to common patho-

gens. Th e extraordinarily versatile cells of the mammary 

alveoli simultaneously synthesize large amounts of proteins, 

fat, and lactose, and secrete these constituents by diff erent 

mechanisms, along with a large volume of aqueous medium 

whose ionic composition diff ers substantially from blood 

plasma. Human milk consists of about 1% protein, princi-

pally in the form of casein and lactalbumin, about 4% fat, 

and about 7% lactose. Each liter of milk also contains about 

300       mg of calcium. After lactation is established, the well-

nourished woman suckling a single infant may produce 

about a liter of milk per day and as much as 3 liters per 

day if suckling twins. It should be apparent therefore that, 

in addition to events in the mammary glands, regulation of 

milk production must extend to extramammary compensa-

tory adjustments in intermediary metabolism (see Chapters 

6, 7, and 8), salt and water balance (see Chapter 9), and cal-

cium balance (see Chapter 10). Prolactin, acting through 

hypothalamic receptors, stimulates appetite and increases 

dietary intake, which largely compensates for the transfer 

of energy-rich fuels from the mother to the baby through 

the milk. Th e large amounts of calcium needed for miner-

alization of the infant skeleton, however, are derived largely 

from the maternal skeleton.  

    Lactation and maternal calcium balance 

   Each liter of human milk contains about 10 mmoles of cal-

cium, about a third of which is present as free ionic Ca 2 �  . 
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Most of the remainder is complexed with casein and other 

proteins. In comparison, extracellular fl uid contains about 1 

mmole of ionized Ca 2 �   per liter, and intracellular fl uid con-

tains about 100 nmoles per liter. We still do not understand 

how mammary epithelial cells accomplish the formidable task 

of transporting such large amounts of calcium transcellularly 

against a substantial concentration gradient. Calcium secre-

tion into milk is independent of vitamin D, and diff ers from 

the vitamin D-sensitive mechanisms employed by intestinal 

and renal cells. Several steps are required for calcium to reach 

the alveolar lumens: calcium must enter the alveolar cells at 

their basolateral surfaces and then cross to the apical mem-

branes without disrupting cellular calcium balance, and then 

be transferred into the lumens. Th e molecular apparatus that 

transfers interstitial calcium across the basolateral membranes 

has not been identifi ed. Some of the calcium enters the alve-

olar lumens in secretory vesicles complexed to lipid or casein. 

Calcium ATPases pump calcium into the Golgi stacks, where 

it binds to casein as it is packaged in vesicles. Th e remainder 

may reach the apical surface by diff usion through the cister-

nae of the endoplasmic reticulum and is pumped across the 

apical membrane by additional calcium ATPases. 

   Th e lactating mammary gland ensures its supply of 

calcium by coopting control of the calcium concentration 

in extracellular fl uid ( Figure 14.19   ). Th e mammary glands 

behave like endocrine organs and secrete parathyroid hormone 

related peptide (PTHrP) into the circulation. PTHrP other-

wise is a local paracrine factor secreted by many tissues, and is 

not found in blood except in pregnancy or in certain malig-

nancies when its concentration is well below 1% of that seen 

during lactation. It may be recalled that PTHrP binds to the 

same receptors on osteoblasts as PTH, and thus stimulates 

absorption of bone minerals (see Chapter 10). Its eff ectiveness 

in this regard is enhanced by the virtual absence of estrogens 

due to the suppression eff ects of prolactin on gonadotropin 

secretion (see later). During lactation ionized calcium con-

centrations in plasma is at the high end of the normal range. 

As a result, PTH secretion is suppressed, and its plasma 

concentrations decline to low levels. Plasma concentrations 

of calcitriol (1,25(OH) 2 D 3 ), which were elevated in preg-

nancy, return to nonpregnant levels. Hence, intestinal uptake 

of calcium is not accelerated. Th ough substantial, calcium 

loss from the maternal skeleton is reversible and replenished 

within several months after weaning, and has no impact on 

development of osteoporosis later in life. 

   Th e factors that regulate synthesis of PTHrP and stim-

ulate its secretion are not known. It is possible that secretion 

of PTHrP is a constitutive property of the fully diff erenti-

ated alveolar epithelium, or alternatively, that synthesis and 

secretion are directly upregulated by prolactin or some down-

stream product of prolactin action. Th e basolateral mem-

branes of alveolar epithelial cells contain the same calcium 

sensing receptor (CaR) as found in parathyroid and renal 

tubular cells, and can thus monitor extracellular calcium con-

centrations (see Chapter 10). As with PTH secretion by para-

thyroid cells (see Chapter 10), detection of elevated levels of 

calcium by the CaR results in inhibition of PTHrP secre-

tion. Th e CaR also regulates the activity of the apical calcium 

ATPase, and increases the rate of calcium transport into the 

alveolar lumen to match the plasma concentration of calcium. 

Th e calcium receptor thus regulates the availability of calcium 

to the alveolar epithelium and simultaneously adjusts the rate 

of calcium transfer into milk to match its availability.  

    Mechanism of prolactin action 

   Prolactin acts on alveolar epithelial cells to stimulate expres-

sion of genes for milk proteins such as casein and lact-

albumin, enzymes needed for synthesis of lactose and 

triglycerides, and the proteins that govern the various steps 

in the diff erent secretory processes. Th e prolactin receptor is 

a large peptide with a single membrane-spanning domain. 

It is closely related to the GH receptor and transmits its 

signal by activating tyrosine phosphorylation of intracellular 

proteins as described for the GH receptor (see Chapter 11). 

Binding of prolactin causes two receptor molecules to 

dimerize and activate the cytosolic enzyme, JAK-2. Some of 

the proteins thus phosphorylated belong to the STAT fam-

ily (for signal transduction and activation of transcription), 

which then dimerize and migrate to the nucleus where 

they activate transcription of specifi c genes. Prolactin may 

also signal through activation of a cytosolic tyrosine kinase 
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 FIGURE 14.19          Relation of hormonal events in lactation to calcium 

metabolism. Secretion of prolactin inhibits hypothalamic secretion of the 

gonadotropin releasing hormone ( GnRH ) and stimulates secretion of the 

parathyroid hormone related peptide ( PTHrP ). PTHrP actions on bone, 

unopposed by estrogens, increase calcium (Ca 2 �  ) concentrations in blood 
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stimulatory (green) or inhibitory (red) pathways that are blocked.    
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related to the src oncogene and by activating membrane ion 

channels. Th e signaling cascades set in motion the various 

events that accompany growth of the secretory alveoli and 

production of milk.  

    Neuroendocrine mechanisms 

   Continued lactation requires more than just the right com-

plement of hormones. Milk must also be removed regularly 

by suckling. Failure to empty the mammary alveoli brings 

lactation to a halt within about a week and results in invo-

lution of the lobuloalveolar structures. Involution results not 

only from prolactin withdrawal, but also from inhibitory 

factors in milk that block secretion if allowed to remain 

in alveolar lumens. Suckling triggers two neuroendocrine 

refl exes critical for the maintenance of lactation: surges of 

prolactin secretion and the so-called  milk let-down refl ex .  

    Milk let-down refl ex 

   Because each lactiferous duct has only a single opening to the 

outside and alveoli are not readily collapsible, application of 

negative pressure at the nipple does not cause milk to fl ow. 

Th e milk let-down refl ex, also called the milk ejection refl ex, 

permits the suckling infant to obtain milk. Th is neuroendo-

crine refl ex involves the hormone oxytocin, which is secreted 

in response to suckling. Oxytocin stimulates contraction of 

myoepithelial cells that surround each alveolus creating posi-

tive pressure of about 10 to 20       mm mercury in the alveoli and 

the communicating duct system. Suckling merely distorts the 

valve-like folds of tissue in the nipple and allows the pres-

surized milk to be ejected into the infant’s mouth. Sensory 

input from nerve endings in the nipple is transmitted to the 

hypothalamus by way of thoracic nerves and the spinal cord 

and stimulates neurons in the supraoptic and paraventricular 

nuclei to release oxytocin from terminals in the posterior lobe 

( Figure 14.20   ). Th ese neurons can also be activated by higher 

brain centers, so that the mere sight of the baby or hearing 

it cry is often suffi  cient to stimulate milk let-down ( Figure 

14.21   ). Conversely, stressful conditions may inhibit oxytocin 

secretion, preventing the suckling infant from obtaining milk 

even though the breast is full.  

    Cellular actions of oxytocin 

   Th e oxytocin receptor is expressed principally in uterine 

smooth muscle and myoepithelial cells that surround mam-

mary alveoli. It is a typical G-protein coupled receptor that 

signals through G α q to phospholipase C- β  and the formation 

of inositol trisphosphate (IP3) and diacylglycerol (DAG). 

Inositol trisphosphate stimulates calcium release from intra-

cellular stores, and DAG activates protein kinase C, which 

may phosphorylate and activate membrane calcium channels. 

Increased intracellular calcium binds to calmodulin and acti-

vates myosin light chain kinase, which initiates contraction of 

myoepithelial or myometrial cells.  

    Control of prolactin secretion 

   Suckling is also an important stimulus for secretion of pro-

lactin. During suckling, the prolactin concentration in blood 

may increase by tenfold or more within just a few minutes 
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 FIGURE 14.20          Control of oxytocin secretion during lactation.    
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 FIGURE 14.21          Relation of blood oxytocin concentrations to suckling. 

Note that the initial rise in oxytocin preceded the initial period of suckling. 

(From McNeilly, A.S., Robinson, I.C.A., Houston, M.J. et al. (1983) Release of 

oxytocin and prolactin in response to suckling.  Br. Med. J.   286 : 257.)    
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( Figure 14.22   ). Although suckling evokes secretion of both 

oxytocin and prolactin, the two secretory refl exes are pro-

cessed separately in the central nervous system, and the two 

hormones are secreted independently. Emotional signals 

that release oxytocin and produce milk let-down are not 

followed by prolactin secretion. It is unlikely that prolactin 

secreted during suckling can act quickly enough to increase 

milk production to meet current demands. Rather, such 

episodes of secretion are important for producing the milk 

needed for subsequent feedings. Milk production thus is 

related to frequency of suckling, which gives the newborn 

some control over its nutritional supply, and is an extension 

into the postnatal period of the self-serving control over 

maternal function that the fetus exercised  in utero . 

   Increased secretion of prolactin and even milk produc-

tion do not require a preceding pregnancy. Repeated stimu-

lation of the nipples can induce lactation in some women 

who have never borne a child. In some cultures postmeno-

pausal women act as wet nurses for infants whose mothers 

produce inadequate amounts of milk. Th is fact underscores 

the lack of involvement of the ovarian steroids in lactation 

once the glandular apparatus has formed. 

   Prolactin is unique among the anterior pituitary hor-

mones in the respect that its secretion is increased rather than 

decreased when the vascular connection between the pitui-

tary gland and the hypothalamus is interrupted. Prolactin 

secretion is controlled primarily by an inhibitory hypophysio-

tropic hormone, dopamine ( Figure 14.23   ). Dopamine is syn-

thesized by sequential hydroxylation and decarboxylation of 

tyrosine, and is an intermediate in the synthetic pathway for 

epinephrine and norepinephrine (see  Figure 4.26 ). Surgical 

transection of the pituitary stalk increases plasma prolactin 

concentrations in peripheral blood ( hyperprolactinemia ) and 

may lead to the onset of lactation. Suckling evokes prolactin 

secretion through a neural pathway that inhibits dopamine 

release into the hypophyseal portal circulation by dopamin-

ergic neurons whose cell bodies are located in the arcuate 

nuclei. It has been shown experimentally that abrupt relief 

from dopamine inhibition is followed by a surge of prolactin 

secretion. It is possible that prolactin secretion is also under 

positive control by a yet-to-be-identifi ed prolactin-releasing 

factor. Experimentally and in some pathological states thyro-

tropin-releasing hormone (TRH) increases pro-lactin secre-

tion, but in spite of its potency as in this regard, it is unlikely 

that TRH is a physiological regulator of prolactin secre-

tion. Normally, TSH and prolactin are secreted independ-

ently. TSH secretion does not increase during lactation, but 

occasionally prolactin secretion is increased in hypothyroid 

individuals. 

   Lactotropes express estrogen receptors. Estradiol acts 

at the genomic level to increase production of prolactin and 

stimulates proliferation and hypertrophy of lactotropes. Th e 

high concentrations of estrogens are probably responsible 

for the increased number of lactotropes in the pituitary and 

their high prolactin content during pregnancy. Estrogens may 

therefore increase prolactin secretion by increasing its avail-

ability. Although it decreases the sensitivity of lactotropes 

to the inhibitory eff ects of dopamine, estradiol does not act 

directly as a prolactin-releasing factor. Paradoxically, estradiol 

increases dopamine synthesis in the hypothalamus and there-

fore increases its availability for secretion ( Figure 14.23 ). 
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 FIGURE 14.22          Plasma prolactin concentrations during nursing and 

anticipation of nursing. Note that although anticipation of nursing 

apparently resulted in oxytocin secretion, increased prolactin secretion did 

not occur until after suckling began. (From Noel, G.L., Suh, H.K., and Franz, 

A.G. (1974) Prolactin release during nursing and breast stimulation 

in postpartum and non-postpartum subjects.  J. Clin. Endocrinol. Metab.  

 38 : 413.)    

Suckling
stimulus

StressSleep

Hypothalamus

Dopamine

Lactotrope

Prolactin

TRH
PRL releasing

Factors??

Estradiol

 FIGURE 14.23          Control of prolactin secretion. Red arrows indicate 

inhibition and green arrows indicate stimulation. A physiological role 

for  TRH  (thyrotropin releasing hormone) and other postulated releasing 

hormones has not been established. Estradiol stimulates prolactin synthesis 

and may interfere with the inhibitory action of dopamine.    
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   To date, there is no known product of prolactin action 

that feeds back to regulate prolactin secretion. Th e eff ects of 

suckling and estrogen on prolactin secretion are open loops. 

Experiments in animals suggest that prolactin itself may act 

as its own  “ short-loop ”  feedback inhibitor by stimulating 

dopaminergic neurons in the arcuate nucleus. It is not cer-

tain that such an eff ect is applicable to humans. If prolactin 

is a negative eff ector of its own secretion, it is not clear what 

mechanisms override feedback inhibition to allow prolactin 

to rise to high levels during pregnancy.  

    Cellular regulation of prolactin secretion 

   As in most other endocrine cells secretory activity of lac-

totropes is enhanced by increased cytosolic concentrations 

of calcium and cyclic AMP ( Figure 14.24   ). Dopamine binds 

to G-protein coupled receptors and inhibits prolactin secre-

tion through several temporally distinct mechanisms. Initial 

inhibitory eff ects are detectable within seconds and result 

from activation of G-protein-gated potassium channels and 

the resulting hyperpolarization of the plasma membrane. 

Hyperpolarization deactivates voltage-sensitive calcium 

channels, blocking calcium entry, and intracellular calcium 

concentrations decline. Minutes later there is a decrease in 

cyclic AMP, which leads to decreased transcription of the 

prolactin gene. Estrogens are thought to decrease respon-

siveness to dopamine by uncoupling dopamine receptors 

from G-proteins. On a longer time scale, dopamine antag-

onizes the proliferative eff ects of estrogen by mechanisms 

that is not understood.  

    Prolactin in blood 

   Prolactin is secreted continuously at low basal rates 

throughout life regardless of sex. Its concentration in blood 

increases during nocturnal sleep in a diurnal rhythmic pat-

tern. Basal values are somewhat higher in women than in 

men and prepubertal children, presumably refl ecting the 

eff ects of estrogens. Episodic increases in response to eating 

and stress are superimposed on this basal pattern ( Figure 

14.25   ). Prolactin concentrations rise steadily in maternal 

blood throughout pregnancy to about 10 times the non-

pregnant value ( Figure 14.6 ). After delivery, prolactin con-

centrations remain elevated, even in the absence of suckling, 

and slowly return to the prepregnancy range usually within 

less than two weeks. Prolactin also increases in fetal blood 

as pregnancy progresses, and during the fi nal weeks reaches 

levels that are higher than those seen in maternal plasma. 

Th e fetal kidney apparently excretes prolactin into the amni-

otic fl uid where at midpregnancy the prolactin concentra-

tion is fi ve to 10 times higher than that of either maternal 
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women. Acute elevation of prolactin level occurs shortly after onset of 
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or fetal blood. Although some of the prolactin in maternal 

blood is produced by uterine decidual cells, prolactin in fetal 

blood originates in the fetal pituitary and does not cross the 

placental barrier. Th e high prolactin concentration seen in 

the newborn decreases to the low levels of childhood within 

the fi rst week after birth. Th e physiological importance of 

any of these changes in prolactin concentration in either 

prenatal or postnatal life is not understood.  

    Lactation and resumption of 
ovarian cycles 

   Menstrual cycles resume as early as 6 to 8 weeks after deliv-

ery in women who do not nurse their babies. With breast-

feeding, however, the reappearance of normal ovarian cycles 

may be delayed for many months. Th is delay, called  lacta-
tional amenorrhea , serves as a natural, but unreliable, form 

of birth control. Lactational amenorrhea is related to high 

plasma concentrations of prolactin, which appear to sup-

press the GnRH pulse generator. Delayed resumption of 

fertile cycles therefore is most pronounced when breast milk 

is not supplemented with other foods, and consequently the 

frequency of suckling is high. Ovarian activity is limited to 

varying degrees of incomplete follicular development; even 

in those women who ovulate, luteal function is defi cient. 

Hyperprolactinemia often results from a small prolactin-

secreting pituitary tumor (microadenoma), and is now rec-

ognized as a common cause of infertility and abnormal or 

absent menstrual cycles. Treatment with bromocriptine, a 

drug that activates dopamine receptors, suppresses prolac-

tin secretion, and restores normal reproductive function. Th e 

delay in resumption of cyclicity results from decreased ampli-

tude and frequency of GnRH release by the hypothalamic 

GnRH pulse generator (see Chapter 13). Pulsatile admin-

istration of GnRH to lactating women promptly restores 

ovulation and normal corpus luteal function.    
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maintenance  ,   81   
 cytokine interactions  ,   79   
 energy metabolism eff ects  ,   75  ,   76f   
 growth regulation  ,   237  ,   237f   
 immune response  ,   80  ,   81   
 injury response  ,   77   
 lung development eff ects  ,   76   
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 dietary eff ects on secretion  ,   117f   
 secretion regulation  ,   118   
 structure  ,   113f   
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 energy utilization  ,   152   
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 regulation of secretion  ,   38–39  ,   267   
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 activation  ,   15f   
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 nucleotide exchange factors  ,   15–16   
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 Growth hormone (GH)  
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 insulin-like growth factor comparison  , 

  227   
 overproduction  ,   220–221   
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 secretion regulation  

 age eff ects  ,   228  ,   229f   
 regulators  ,   229  ,   230f   
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 thyroid hormone in action  ,   233    
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 growth hormone secretion regulation  , 
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 somatotrope actions  ,   229  ,   231   
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 GRPP  ,  see    Glicentin-related pancreatic 
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 hCG  ,  see    Human chorionic gonadotropin   
 hCS  ,  see    Human chorionic somammotropin   
 Hemorrhage, hormone response  

 aldosterone  ,   193   
 arginine vasopressin  ,   193   
 atrial natriuretic factor  ,   193   
 overview  ,   192f   
 renin-angiotensin system  ,   192    

 Heptahelical receptors  ,  see    G-protein 
coupled receptors   

 Hormone  
 binding proteins  ,   10f   
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 defi nition  ,   1–2   
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 levels of action  ,   3f   
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 IL-1  ,  see    Interleukin-1   
 IL-6  ,  see    Interleukin-6   
 Ileal brake  ,   120  ,   120f   
 Immunometric assay  ,   25   
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 hyperglycemia  ,   135   
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 polyphagia  ,   136   
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 dietary eff ects on secretion  ,   117f   
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  142f   
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 secretion regulation  

 cellular events  ,   146   
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 hormonal and neural control  ,   146  , 

  146f   
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 metabolites  ,   145    

 synthesis and metabolism  ,   134    
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 JAK-2  ,  see    Janus kinase 2   
 Janus kinase  ,   2  ,   19–20  ,   21f   
 Juxtaglomerular apparatus  ,   183–184  ,   184f   

 Ketogenesis  ,   133   
 Kidney  

 angiotensin II eff ects  ,   185  ,   185f   
 atrial natriuretic factor eff ects  ,   189   
 calcitonin actions  ,   210   
 calcium balance role  ,   201   
 parathyroid hormone actions  

 calcium reabsorption  ,   205   
 phosphate excretion  ,   206    

 pregnancy adaptations  ,   288  ,   290f   
 vitamin D3 actions  ,   213   
 water balance  ,  see    Salt and water balance    

 Lactation  ,  see also    Mammary glands  
 calcium balance  ,   296   
 let-down refl ex  ,   298   
 milk production  ,   296   
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 oxytocin receptor  ,   298   
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 receptor and signaling  ,   297   
 secretion control  ,   298  ,   300  ,   299f     
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 Lipogenesis  ,   133  ,   142f   
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  142f   
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 positive feedback  ,   273    

 structure  ,   32f   
 synthesis  ,   31    

 Male reproduction  
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development  ,   248  ,   249f   
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 germinal epithelium  ,   244   
 gonadotropin-releasing hormone  , 

  252   
 Leydig cells  ,   242   
 negative feedback regulators  ,   254  , 

  254f   
 prepuberty  ,   255   
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 histology  ,   240f   
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 genital tract eff ects  ,   246   
 mechanism of action  ,   246  ,   246f   
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 MAO  ,  see    Monoamine oxidase   
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kinase   
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appetite regulation  ,   168   
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 gonadotropin secretion regulation  

 dominant follicle selection  ,   272  ,   273f   
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 negative feedback  ,   271  ,   272f   
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 structure  ,   121f   
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 Neurotensin  ,   122   
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 Oocyte, maturation  ,   267   
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 progesterone  ,   263   
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 synthesis  ,   39    
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 Pancreas  

 enzyme secretion eff ects of 
cholecystokinin  ,   110  ,   111f  ,   
115   
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 synthesis and secretion  ,   203    
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(PTHrP)  ,   207   
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 oxytocin role  ,   295    
 PC  ,  see    Prohormone convertase   
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carboxykinase   
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 γ  (PPAR γ )  ,   165   
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 hypophysiotropic hormones  ,   35  ,   36t   
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 morphology  ,   29  ,   30f   
 posterior pituitary  
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 vascular supply  ,   30f  ,   31    
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 POMC  ,  see    Proopiomelanocortin   
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 maternal adaptations  
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 overview  ,   292f   
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 atrial natriuretic peptide  ,  see    Atrial 

natriuretic factor   
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 renal function  ,   176  ,   177f  ,   178f   
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 Seminal vesicle  ,   242   
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 Sex hormone-binding globulin  ,   261–262   
 Sexual diff erentiation  

 anomalies  ,   251   
 external genitalia development  ,   250   
 growth factors  ,   247–248   
 internal reproductive duct development  , 
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 postnatal development  ,   251   
 SOX9 role  ,   247   
 SRY role  ,   247   
 testicular descent  ,   250    

 SH2  ,  see    SRC homology 2 domain   
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 SNARE proteins  ,   8   
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 receptor signaling  ,   57  ,   58f   
 regulation of secretion  ,   56   
 secretion  ,   46   
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 UCP  ,  see    Uncoupling protein   
 Ultradian rhythm  ,   227–228  ,   228f   
 Ultrashort-loop feedback  ,   39   
 Uncoupling protein (UCP)  ,   54  ,   55   
 Ureogenesis  ,   133   
 Uterus  ,   260  ,   261f   

 Vago–vagal refl exes  ,   103–104  ,   104f   
 Vas deferens  ,   242   
 Vasoactive intestinal peptide (VIP)  

 structure  ,   113f   
 synthesis  ,   113–114    

 Vasopressin  ,  see    Arginine vasopressin   
 VIP  ,  see    Vasoactive intestinal peptide   
 Vitamin D 3   

 actions  
 bone  ,   213   
 intestine  ,   212  ,   213f   
 kidney  ,   213   
 parathyroid glands  ,   213    

 regulation of production  ,   214  ,   214f   
 synthesis and metabolism  ,   211  ,   212f    

 Water balance  ,  see    Salt and water balance   
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