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Preface to the Fourth Edition

'The body of knowledge in endocrinology
has expanded enormously since the first 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. This
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. The 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. The 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 identified gene products. The 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 define func-
tions of individual proteins within intact animals.
Though 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 findings 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 finan-
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 significantly 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 finding 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
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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 different from its predeces-
sors thanks to technological advances that allow affordable
introduction of color. Virtually all the figures 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 figures 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 sufficient
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



Preface to the First Edition

'This volume is the product of more than
25 years of teaching endocrine physiology to
first-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 sufficient 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 first principles. Thorough,
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 offer 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 field and those areas where
new developments are likely to occur while
hopefully avoiding the pitfall of burying key
points in details and qualifications.

The text is organized into three sections.
The first 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 IT) and growth and reproduc-
tion (Part III). Neuroendocrinology is integrated
into discussions of specific 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 insufficiently
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 findings. 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 specific topics, review
articles are listed at the end of each chapter.

H. Maurice Goodman
1988
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Preface to the Second Edition

In the five years that have passed since
the first 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. The
receptor molecules that initiate responses to
virtually all of the hormones have been charac-
terized and significant progress has been made
in unraveling the events that lead to the final
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,
differentiation, 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 five 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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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. The intent is to provide a suf-
ficient 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. The 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. The decade has also
witnessed the discovery of new hormones and
expanded our appreciation of the physiological
importance of extraglandular metabolism of hor-
mones. The 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. The 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 scientific 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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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. These signals may
be simple molecules such as modified 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

Introduction

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 fluid and reach
their destinations by simple diffusion through
extracellular fluid. 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 diffusion 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 define 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 fine-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 fluid, achiev-
ing meaningful concentrations (1071 to 1077 M)
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FIGURE 1.1 Chemical communication between cells. A: Local. Secretory
product, shown as red dots, reaches nearby target cell by diffusion
through extracellular fluid (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 diffusion across the synaptic cleft.

usually requires coordinated secretion by a mass of cells, an
endocrine gland. The secretory products of endocrine glands
are released into the extracellular space and diffuse 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 fluid 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, differentiation, and even programmed
cell death (apoprosis). These agents act locally in a paracrine
or autocrine manner, but may also enter the circulation and
affect the functions of distant cells, and hence behave as
hormones. Many of these secretions produce effects 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
different from those of the classical hormones, and so our
narrow definitions 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. This mechanism, of course, is
how nerve cells communicate with each other or with effec-
tor cells. By releasing their signals (neurotransmitters) so
close to receptive cells, nerve cells achieve both exquisite spec-
ificity 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 diffuse beyond the
synaptic cleft to affect 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



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 fields of modern biology are both artificial and impre-
cisely drawn. Endocrinology has benefited enormously from
recent advances in other fields, 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 identification and measurement of vari-
ous molecular species.

The 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 first 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
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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
WHOLE BODY LEVEL
Regulation and integration of:
lonic and fluid balance
energy balance (metabolism)
coping with the environment
growth and development
reproduction
MOLECULAR LEVEL HORMONE CELLULAR LEVEL

Regulation of:

Regulation of:
Gene transcription

/ ACTIONS \

4 ! Cell division
protein synthesis differentiation
and degradation death (apoptosis)
enzyme activity motility

protein conformation
and protein:protein
interactions

secretion
nutrient uptake

FIGURE 1.2 Levels at which hormone actions are considered.

on molecules within those cells. We therefore consider the
actions of hormones on all three levels (Figure 1.2).
Throughout 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

find the following outline of goals and objectives helpful.

1

L Bt B -




Basic Medical Endocrinology

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
¢. 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

BIOSYNTHESIS OF HORMONES

'The classical hormones fall into three categories (Table 1.2):

e Derivatives of the amino acid tyrosine

e Steroids, which are derivatives of cholesterol

TABLE 1.2 Chemical Nature of the Classic Hormones

Tyrosine derivatives  Steroids

Epinephrine Testosterone Oxytocin
Norepinephrine Estradiol Vasopressin
Dopamine Progesterone Angiotensin
Triiodothyronine Cortisol

Aldosterone Somatostatin

Vitamin D

Thyroxine

Gastrin

Cholecystokinin

Peptides (<20 amino acids)

Melanocyte-stimulating hormone

Thyrotropin-releasing hormone

e 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 sufficiently 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 five-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). The 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

Proteins (>20 amino acids)
Insulin

Glucagon
Adrenocorticotropic hormone
Thyroid-stimulating hormone

Secretin

Motilin

Follicle-stimulating hormone
Luteinizing hormone
Gonadotropin-releasing hormone
Growth hormone

Prolactin

Corticotropin-releasing hormone
Growth hormone-releasing hormone
Parathyroid hormone

Calcitonin

Chorionic gonadotropin

Choriosomatomammotropin
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FIGURE 1.3 Composition of DNA. DNA is a polymer of the five-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 five carbons of deoxyribose are shown at the top
of the figure. 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.

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. The 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. The 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
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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 differ in structure only by the presence of the methyl group (CHs)
found in thymine.

ribosomes, in the messenger ribonucleic acid (mRNA) tem-
plate. RNA differs 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. The
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 sranscription. The 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. The 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 fransactivating factors, which bind to
regulatory sites that are usually upstream from the promoter
and stimulate or repress gene transcription. These 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 flanking sequence
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factors and transcription
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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.

Primary RNA transcript
5HEE B 2 . o
1 2 3 4 5

/— Alternatively spliced mRNAs-\

I IS | s
1 2, 3 4 5 1 2 4 5 1 2 3

Primary protein translation products

v

NEETTEEEENC N Cc N e
2 3 4 5 2 4 5 2 3

FIGURE 1.6 Alternative splicing of mRNA can give rise to different
proteins. Numbers indicate exons. Exon 1 is untranslated. N = amino
terminus; C = carboxyl terminus.

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 modified 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 final 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.

Upon export from the nucleus, the mRNA tran-
scripts attach to ribosomes where they are #ranslated 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. The translation initia-
tion site begins with the codon for methionine. Each codon
designates a specific 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. The 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 mRINA. 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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FIGURE 1.7 Translation. A molecule of transfer RNA (tRNA) charged with
its specific 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 specific 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 mMRNA 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.)

Protein and peptide hormones are synthesized as
larger molecules (prohormones and preprohormones) than
the final secretory product. Proteins destined for secretion
have a hydrophobic sequence of 12 to 30 amino acids at their
amino terminals (Figure 1.8). This 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 final 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
disulfide 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 different genes, as seen with the
pituitary glycoproteins (see Chapter 2). Glycosylation begins
in the endoplasmic reticulum and is completed in the Golgi
complex, but final processing of peptide chains takes place in
the secretory granules.
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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 final stages of processing take place.

The 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. These 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 fluid, 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 disulfide 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 final matura-
tion of many hormones. Because these processing reactions
take place in secretory granules, peptide fragments, enzymes
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and fragments of the secretogranins, and other molecules are
secreted along with the hormone. Incompletely processed or
intact probormones also escape into the circulation, sometimes
in large amounts. This 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 effects may be the first manifes-
tation of neoplasia. Some rare inherited diseases are attribut-
able to defects in processing of normal precursor molecules.
Postsynthetic processing to the final 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). These 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 exocyzosis
(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 fluid, (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. The 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 microfilaments. 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 fine 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 modifications 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. Therefore, synthesis and secretion are aspects
of the same process, and the lipid-soluble steroid hormones
apparently diffuse across the plasma membrane as rapidly as
they are formed. The synthetic process proceeds sufficiently
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~ M) or even picomolar (1012 M), concen-
trations. Steroid hormones and thyroid hormones, whose
solubility in water is limited, circulate bound specifically
to large carrier proteins synthesized in the liver. Some pro-
tein and peptide hormones also circulate complexed with

specific binding proteins (see Chapters 11 and 14). Bound
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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, acidification 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 fluid.

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 buffers changes in free hor-
mone concentrations. In some instances binding proteins
may affect 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

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 10min.The
half-life of a hormone in blood is defined 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 fluids in extravascular compartments. This 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. The half-life of a hormone in blood must
be distinguished from the duration of its hormonal effect.
Some hormonal effects are produced virtually instantaneously
and may disappear as rapidly as the hormone is cleared from

1
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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.

the blood. Other hormonal effects are seen only after a lag
time that may last minutes or even hours, and the time of
maximum effect may bear little relation to the time of maxi-
mum hormone concentration in the blood. Additionally, the
time for decay of a hormonal effect 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 effects. The 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

The 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 influence 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.

Specificity

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 specificity 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 define 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 specific
information from other cells and the external environment.
The mechanisms by which receptors operate and are regu-
lated are not unique to endocrinology.



FIGURE 1.11 Specificity 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)

Characteristics of receptors

Hormone receptors are proteins or glycoproteins that are
able to

e Distinguish their hormone from other molecules that
may have very similar structures

e Bind to the hormone (sometimes called a /igand) even
when its concentration is exceedingly low (107810712 M)

e Undergo a conformational change when bound to the
hormone

e Catalyze biochemical events or transmit changes in
molecular conformation to adjacent molecules that
produce a biochemical change

These aspects of receptor function may reside within
a single molecule or in separate subunits of a receptor com-
plex. The 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. The 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
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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.

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 confined 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 confined 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 fixed. 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 modifications
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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 different 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

The 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.
The thyroid hormones, which are a-amino acids, have large
nonpolar constituents and may penetrate cell membranes by
diffusion, but carrier-mediated transport appears to be the
primary means of entry. These hormones bind to receptors
that are located in the cell nucleus or cytoplasm and pro-
duce most, but not all, of their effects by altering rates of
gene expression. Receptors bound to steroid hormones, in
turn, bind to specific nucleotide sequences in DNA, called
hormone response elements (HREs), located upstream of the
transcription start sites of the genes they regulate. The end
result of stimulation with these hormones is a change in
genomic readout, which may be expressed in the formation
of new proteins or modification of the rates of synthesis of
proteins already in production. This 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 identified in the human genome. Many of these are
called orphan receptors because their ligands have not yet
been identified. The 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). This
region contains two molecules of zinc, each coordinated with
four cysteine residues so that two loops of about 12 amino
acids each are formed. These so-called zinc fingers can insert
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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 specific
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.

in a half-turn of the DNA helix and grasp the DNA at the
site of the HRE. The 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, differs
both in size and amino acid sequence for each receptor.

The 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. These proteins
are thought to keep the receptor in a configuration 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. The bound



Introduction
Activation Activation Dimerization
domain 1 DNA binding domain  Hinge domain 2 domain
NH B . . I COOH
Hypervariable N terminal domain (C. € €. ©C Ligand binding domain
Zn] Zn]
Znc)Jc° € €

finger

FIGURE 1.14 Schematic view of a nuclear receptor. The zinc fingers 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 = 70kDa heat shock protein.

receptor then forms a dimer with another liganded recep-
tor molecule and undergoes a conformational change that
increases its affinity 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 different steroid hor-
mones bind to the identical HRE, and yet each governs
expression of a unique complement of genes. Expression of
genes that are specific 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. These 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. These 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 five 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. The final 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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As blood levels decline, intracellular concentrations of
hormone decline. Because binding is reversible, hormones
dissociate from receptors and are cleared from the cell by
diffusion into the extracellular fluid, 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. The proteins
are degraded with half-lives that may range from seconds to
days. Thus, just as there is delay in onset, effects 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 effects 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 identified,
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

'The protein and peptide hormones and the amine deriva-
tives of tyrosine cannot readily diffuse across the plasma
membranes of their target cells. These hormones produce
their effects 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 effector
sites that bring about the hormonal response.

The G-protein coupled receptors

"The 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 effector molecules. This 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 different G-protein coupled receptors may
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subunits

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 a-subunit bound to a 3/~ component. The cc and ~ subunits
are tethered to the membrane by lipid groups.

be expressed in humans. About 30% of all effective 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 a-helices
(Figure 1.16). The 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. The amino terminal tail is extracellular,
and along with the external loops may contain covalently
bound carbohydrate. The carboxyl tail lies within the cyto-
plasm. The lengths of the loops and the carboxyl and amino
terminal tails vary in characteristic ways among the different
families and subfamilies of these receptors. Outward facing
components of the receptor, including parts of the a-helices,
contribute to the hormone recognition and binding site. The
cytosolic loops and carboxyl tail bind to specific G-proteins
near the interface of the membrane and the cytosol.

G-proteins are heterotrimers comprised of -, 3-, and
~-subunits. Lipid moieties covalently attached to the a- and
~-subunits insert into the inner leaflet of the plasma mem-
brane bilayer and tether the G-proteins to the membrane
(Figure 1.17). The o-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 a-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 a-subunit of the G-protein
in a way that causes the a-subunit to release the GDP in
exchange for a molecule of GTP, and to dissociate from
the B~-subunits, which remain tightly bound to each other.
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FIGURE 1.17 Activation of '

G-protein coupled receptor. (1)

Though tethered to the membrane, the dissociated subunits
can move laterally along the inner surface of the membrane.
In its GTP-bound state, the a-subunit interacts with and
modifies the activity of membrane-associated enzymes that

initiate the hormonal response. The liberated B~-complex
can also bind to cellular proteins and modify their activities,
and both the free a-subunit and the 3~-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 a-subunit allowing it to reassociate with the (3~-
subunits to reconstitute the heterotrimer. GTPase activity of
the ai-subunit is relatively slow. Consequently, the a-subunit
may interact multiple times with effector 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. These characteristics provide mechanisms for amplifica-
tion of the signal. That 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 different classes of G-protein a-subunits
are involved in transduction of hormonal signals. Each class

Resting state. (II) Hormone binding
produces a conformational change
in the receptor that causes (Ill) the
a subunit to exchange ADP for GTP,
dissociate from the 3/~-subunit and
interact with its effector molecule.
The 3/~-subunit also interacts

with its effector molecule. (IV) The
o subunit converts GTP to GDP,
which allows it to reassociate with
the B/~-subunit, and the hormone
dissociates from the receptor,
restoring the resting state. (l).

includes the products of several closely related genes. Alpha
(stimulatory) class (Goy) stimulate the
transmembrane enzyme, adenylyl cyclase, to catalyze the syn-

«»

subunits of the “s

thesis of cyclic 3',5" adenosine monophosphate (cyclic AMP
or cAMP) from ATP (Figure 1.18). Alpha subunits of the 1"
(inhibitory) class (Gay) inhibit the activity of adenylyl cyclase.
Alpha subunits belonging to the “q” class stimulate the activity
of the membrane-bound enzyme phospholipase C-3 (PLC-
B), 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).
The a-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 trafficking of
intracellular vesicles, and cytoskeletal rearrangements. Like
the a-subunits, the small G-proteins are GT Pases that are in
their active state when bound to GTP and in their inactive
state when bound to GDP. Unlike the a-subunits, the small
G-proteins do not interact directly with hormone receptors
or associate with 3~-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. They remain activated as they slowly
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FIGURE 1.18 Formation and degradation of cyclic adenosine monophosphate (cyclic AMP).
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FIGURE 1.19 Phosphatidylinositol-bisphosphate gives rise to inositol
1,4,5 trisphosphate (IP3) and diacylglycerol (DAG) when cleaved by
phospholipase C. R1 and R2 = long chain fatty acids. The numbered
angles in the hexagon represent carbon atoms of inositol.

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
a-subunit, and promotes binding to a cytoplasmic protein

of the B-arrestin family. Binding to (-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 scaffolds 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.

The second messenger concept

For a hormonal signal that is received at the cell surface
to be effective it must be transmitted to the intracellular
organelles and enzymes that produce the cellular response.
To reach intracellular effectors, 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 first 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. The 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



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 zyrosine kinases.
The 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 specific 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 specific genes in much
the same way as discussed for the nuclear receptors. These
responses require the same time-consuming processes as are
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needed for nuclear receptor-mediated changes and are seen
only after a delay.

Although a very large number of hormones and other
first messages act through surface receptors, to date only a
tew substances have been identified as second messengers.
This is because receptors for many different extracellular
signals utilize the same second messenger. When originally
proposed, the hypothesis that the same second messenger
might mediate different actions of many different hor-
mones, each of which produces a unique pattern of cellular
responses, was met with skepticism. The 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. Thus
when activated, a hepatic cell makes glucose, and a smooth
muscle cell contracts or relaxes.

The cyclic AMP system

The first of the second messengers to be recognized is cyclic
AMP. The broad outlines of cyclic AMP-mediated cellu-
lar responses to hormones are shown in Figure 1.20. Cyclic
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FIGURE 1.20 Effects of cyclic AMP. 1. 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. Il. Cyclic AMP also binds to the a-subunits of cyclic nucleotide-gated ions channels (lower portion of the figure)
causing them to open and allow influx of sodium and calcium. lll. 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 firmly bound to a dimer of regulatory subunits
that keeps the tetrameric holoenzyme in the inactive state.
'The 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 effects 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.

The 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. The concentration of free calcium in cyto-
plasm of resting cells is very low, about one ten-thousandth
of its concentration in extracellular fluid. This 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. This is accomplished by release of calcium from
intracellular storage sites primarily in the endoplasmic retic-
ulum and by influx of calcium through activated calcium
channels in the plasma membrane. Although calcium can
directly affect 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 configuration of
calmodulin is modified in a way that enables it to bind to
protein kinases and other enzymes and activate them. The
behavior of calmodulin-dependent protein kinases is quite
similar to that of protein kinase A. Calmodulin kinase
IT 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.

The 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 diffuses 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-specific effects.
IP3 binds to its receptor in the membrane of the endoplasmic reticulum
causing release of Ca?*, 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 affinity 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.
The 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.

'The phosphatidylinositol precursor of IP3 and DAG
also contains a 20-carbon polyunsaturated fatty acid called
arachidonic acid (Figure 1.22). This 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). These compounds, which are produced in vir-
tually all cells, diffuse across the plasma membrane and
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behave as local regulators of nearby cells. Thus the same
hormone:receptor interaction that produces DAG and 1P3
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, class of enzymes that can be activated
by calcium, phosphorylation by PKC, and by 3~-subunits of
G-proteins.

Cyclic GMP

Though 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 different 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 effectors 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. The 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.

The 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 modifications 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 configuration 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 specific
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. There are multiple SH2 groups that recognize phos-
phorylated tyrosines in different contexts. Typically, multiple
tyrosines are phosphorylated so that several different SH2-
containing proteins are recruited and initiate multiple signal-
ing pathways.

Although some responses to activation of tyrosine
kinases include modifications of cellular metabolism with-
out nuclear participation, they often involve a change in
genomic readout that promotes cell division (mitogenesis)
or differentiation. 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. The effector
for the Ras that is thus activated is the enzyme Raf kinase,
which phosphorylates and activates the first of a cascade of
MAP kinases that ultimately result in phosphorylation of
nuclear transcription factors.

'The gamma form of phospholipase C is another effec-
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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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 ~ isoform

of phospholipase C (PLC~) 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.



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. The
Stat proteins are transcription factors that reside in the
cytosol in their inactive state. They 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 specific 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. These large pro-
teins are phosphorylated at multiple tyrosine residues and

Nucleus

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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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;). 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. The enzymes activated by
associating with PIP; are protein kinases that regulate cellu-
lar metabolism, vesicle trafficking, cytoskeletal changes, and
other responses. These 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 effects. As noted for the actions
of the cyclic AMP dependent hormones, the nature of the
final 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 oft at precisely the
right times. The 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. The
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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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. This is
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FIGURE 1.25 Components of a hormone response system. Responses
produced by hormones generally are sensed by whatever apparatus
activated the secretion and usually decrease further secretion.
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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. This 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 effects
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. This 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 efficient 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 effective in guarding against upward
or downward deviations from some predetermined set point,

FIGURE 1.26 Negative feedback
of hepatic glucose production

by glucagon. (-) = inhibits,

(+) = stimulates.
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but changing environmental demands often require tempo-
rary deviation from constancy. This 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 afferent 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 satisfied, 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

Glucagon
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event. A good example of a positive feedback system involves
oxytocin and its other effect: 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 unaffected by the consequences of
the changes they evoke, and simply are shut oft 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 fluid. Chemical detection of hor-
mones in blood is difficult. 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 identified chemically they were quantitated in
units of the biological responses they produced. For exam-
ple, a unit of insulin is defined 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

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).

species. Small differences in amino acid sequence, which
may not affect 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 different. 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 differently when subjected to electrophore-
sis or adsorption to charcoal or other substances. A typical
radioimmunoassay takes advantage of the fact that iodine of
high specific radioactivity can be incorporated readily into



tyrosine residues of peptides and proteins and thereby per-
mits detection and quantitation of tiny amounts of hormone.
Hormones present in biological fluids 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.
'The unlabeled hormone present in the plasma competes with
the iodine-labeled hormone for binding to the antibody. The
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.
The 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 fluid samples (Figure 1.29).

Although this procedure originally was devised for
protein hormones, radioimmunoassays are now available for
all the known hormones. Production of specific antibodies to
nonprotein hormones can be induced by first 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 fluorescent
tags or other labels that can be detected with great sensitivity.

The 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. Thus 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 difficul-
ties and in several cases even led to increased understanding.

Immunometric assays

Even greater sensitivity and specificity in hormone detec-
tion has been attained with the development of assays that
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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
in the hormone-antibody (H-Ab) complex and the ratio of bound/free
labeled hormone (B/F) decreases B. A typical standard curve used to
estimate the amount of hormone in the biological sample. A B/F ratio

of 50% corresponds to 12 ng/ml in this example.

can take advantage of exquisitely sensitive detectors that can
be coupled to antibodies. Such assays require the use of two
different antibodies that recognize different 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. The
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 1.30 Sandwich type assay. The first (capture) antibody is linked
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.

can be bound by the antibody. The second antibody, linked
to a fluorescent 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 first 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. These 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 fluc-
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 confirmed. 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. This
subject is discussed further in Chapter 12. It is noteworthy
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FIGURE 1.31 Changes in hormone concentrations in blood may follow
different patterns. A. Daily rhythm in testosterone secretion. (From Bremer
et al. (1983) J. Clin. Endocrinol. Metab. 56: 1278.) B. Hourly rhythm of LH
secretion. (From Yamaiji et al. (1972) Endocrinology 90: 771.) C. Episodic
secretion of prolactin. (From Hwang et al. (1971) Proc. Natl. Acad. Sci.

USA 68:1902))

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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The 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. The 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

'The pituitary gland is located in a small depres-
sion in the sphenoid bone, the se/la 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 adenobypophysis, which derives
embryologically from an outgrowth of the prim-
itive foregut, called Rathkes pouch. The cells at
the junction of the two lobes comprise the inter-
mediate lobe, which is not readily identifiable as
an anatomical entity in humans (Figure 2.1).

Pituitary Gland

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 immunofluorescent 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. The 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.

The posterior lobe consists of two major
portions: the infundibulum, or stalk, and the
infundibular process, or neural lobe (Figure
2.1). The posterior lobe is richly endowed with
nonmyelinated nerve fibers that contain elec-
tron-dense secretory granules. The cell bod-
ies from which these fibers arise are located in
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FIGURE 2.1 Mid-sagittal section of the human pituitary gland and adjacent hypothalamic structures. (From Netter, FH. (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.)

the bilaterally paired supraoptic and paraventricular nuclei
of the hypothalamus. These 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 fibers lie in close proximity
to the rich capillary network whose fenestrated endothelium
allows secretory products to enter the circulation readily.

The vascular supply and innervation of the two lobes
reflect their different embryological origins and provide
important clues that ultimately lead to an understand-
ing of their physiological regulation. The anterior lobe is
sparsely innervated and lacks any secretomotor nerves. This
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.

The 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). The 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
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k W vessels
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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
of portal vessels break up into sinusoidal capillaries in the anterior lobe.
(From Netter, FH. (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.)



down the infundibular stalk to deliver their blood to capil-
lary sinusoids interspersed among the secretory cells of the
anterior lobe. The inferior hypophyseal arteries supply a
similar capillary plexus in the lower portion of the infundib-
ular stem. These 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.
The 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.

The portal arrangement of blood flow is important
because blood that supplies the secretory cells of the anterior
lobe first 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 flow represents only a tiny fraction of the car-
diac output, only minute amounts of neural secretions are
needed to achieve biologically effective 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. This arrangement also pro-
vides a measure of specificity to hypothalamic secretion, as
pituitary cells are the only ones exposed to concentrations

that are high enough to be physiologically effective.

PHYSIOLOGY OF THE ANTERIOR

PITUITARY GLAND

‘There are six anterior pituitary hormones whose physiologi-
cal importance is clearly established. They include the hor-
mones that govern the function of the thyroid and adrenal
glands, the gonads, the mammary glands, and bodily growth.
They have been called “trophic” or “tropic” from the Greek
trophos, to nourish, or fropic, 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 (T'SH). Because its effects are
exerted throughout the body (so7a 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. The various anterior pituitary
cells are named for the hormones they contain. Thus we have
thyrotropes, corticotropes, somatotropes, and lactotropes.

Pituitary Gland

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. The two gonadotropins are found
in a single cell type, called gonadotropes.

All the anterior pituitary hormones are proteins or
glycoproteins. They are synthesized on ribosomes and trans-
located through various cellular compartments where they
undergo posttranslational processing. They are packaged in
membrane-bound secretory granules and secreted by exo-
cytosis. The pituitary gland stores relatively large amounts
of hormone, sufficient to meet physiological demands for
many days. Over the course of many decades these hor-
mones were extracted, purified, 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

The 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. The actions of these hormones are discussed in
detail in Chapters 12 and 13.

The 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). The 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. The beta subunits of each are
somewhat larger than the alpha subunit and confer physi-
ological specificity. Both alpha and beta subunits contribute
to receptor binding and both must be present in the receptor
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TABLE 2.1 Hormones of the Anterior Pituitary Gland

Hormone Target Major actions in humans
Glycoprotein family
Thyroid-stimulating hormone (TSH), also called Thyroid gland Stimulates synthesis and secretion of thyroid
thyrotropin hormones
Follicle-stimulating hormone (FSH) Ovary Stimulates growth of follicles and estrogen
secretion
TFsiis Acts on Sertoli cells to promote maturation of
sperm
Luteinizing hormone (LH) Ovary Stimulates ovulation of ripe follicle and
formation of corpus luteum; stimulates estrogen
and progesterone synthesis by corpus luteum
Tesiis Stimulates interstitial cells of Leydig to

Growth hormone/prolactin family

Growth hormone (GH), also called somatotropic
hormone (STH)

Prolactin
Proopiomelanocortin family (POMC)

Adrenocorticotropic hormone (ACTH), also
known as adrenocorticotropin or corticotropin

B-Lipotropin
Tissue

Gonadotropins E—
p

-

HCG
Placenta

—
TSH FSH LH
L Pituitary basophils -1

FIGURE 2.3 The glycoproteins. The three glycoproteins of pituitary origin
and the placental HCG all share a common alpha subunit.

binding pocket to produce a biological response. Beta sub-
units are encoded in separate genes located on different chro-
mosomes: T'SH 3 on chromosome 1, FSH 3 on chromosome
11, and LH (3 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

Most tissues

Mammary glands

Adrenal cortex

Adipose

synthesize and secrete testosterone

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

Promotes milk secretion and mammary growth

Promotes synthesis and secretion of adrenal
cortical hormones

Physiological role not established

and continues in the Golgi apparatus, where processing of
carbohydrate components of the subunits is completed. The
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.

'The placental hormone, human chorionic gonadotro-
pin (hCQG), 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. The alpha chain is a
product of the same gene as the alpha chain of pituitary glyco-
protein hormones. The 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).



Growth hormone and prolactin

Growth hormone (GH) is required for attainment of nor-
mal adult stature (see Chapter 11) and produces metabolic
effects that may not be directly related to its growth-
promoting actions. Metabolic effects include mobilization of
free fatty acids from adipose tissue and inhibition of glucose
metabolism in muscle and adipose tissue. The 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. The human pituitary gland
stores between 5 and 10mg 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). The functions of
PRL in men or nonlactating women are not firmly estab-
lished, but a growing body of evidence suggests that it may
stimulate cells of the immune system. These 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. The 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). These genes are
similar in the arrangement of their transcribed and nontran-
scribed portions as well as their nucleotide sequences. All are
comprised of five exons separated by four introns located at
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FIGURE 2.4 The growth hormone/prolactin family.

Pituitary Gland

homologous positions. All three hormones are large single-
stranded peptides containing two internal disulfide bridges
at corresponding parts of the molecule. PRL also has a third
internal disulfide 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. The 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. The 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 differs 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. This requirement of primates for pri-
mate GH is an example of species specificity, 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 specificity, human GH
was in short supply until the advent of recombinant DNA
technology, which made possible an almost limitless supply.

Adrenocorticotropin family

The adrenal corticotropic hormone (ACTH), which is also
called corticotropin or adrenocorticotropin, controls hormone
production by the cortex of the adrenal glands. This fam-
ily of pituitary peptides includes a-, -, and ~-melanocyte-
stimulating hormones (MSH), 8- and ~-lipotropin (LPH),
and B-endorphin (Figure 2.5), but ACTH is the only prod-
uct of corticotropes with an established physiological role
in humans. The MSHs, which disperse melanin pigment in
melanocytes in the skin of lower vertebrates, are not secreted
in significant 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 affect pigmentation. However, ACTH and both (-
and ~-lipotropin contain the sequence of seven amino acids
that produces the melanocyte stimulating effect of MSH.
'This likely accounts for the darkening or bronzing of the skin
when these hormones are secreted in excess. a- and 3-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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B-LPH is named for its stimulatory effect on mobilization
of lipids from adipose tissue in rabbits, but the physiologi-
cal importance, if any, of this action in humans is uncertain.
The 91-amino-acid chain of 3-LPH contains at its carboxyl
end the complete amino acid sequence of 3-endorphin (from
endogenous morphine), which excites the same receptors as
morphine in various cells.

The 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. The gene
product is called pro-opiomelanocortin (POMC) and consists
of 239 amino acids after removal of the 26 amino acid sig-
nal peptide. The 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 five other enzymes
produce other posttranslational modifications. Tissue-specific
differences in expression of processing enzymes account for
the differences in final 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). The predominant products
of human corticotropes are ACTH and 3-LPH. Because final
processing of POMC occurs in the secretory granule, 3-LPH
is secreted along with ACTH. Cleavage of 3-LPH also occurs
to some extent in human corticotropes, so that some 3-endor-
phin may also be released, particularly when ACTH secretion
is brisk.

Development of the anterior
pituitary gland

The 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 specific transcription factors
in different combinations appears to determine the different
cellular lineages (Figure 2.6). Deficiencies in expression of
two of these factors account for several mutant dwarf mouse
strains and for human syndromes of Combined Pituitary
Hormone Deficiency. Development of thyrotropes, lac-
totropes, and somatotropes share a common dependence
upon the homeodomain transcription factors called prop-I
and pir-1. Prop-1 appears transiently early in the devel-
opment process and appears to foretell expression of the
pituitary specific Pit-1, and its name derives from “prophet
of Pit-1”. Pit-1 is the transcription factor that is required
not only for differentiation of these cell lineages, but also
for continued expression of GH, PRL, and the 3-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 deficiencies of these three hor-
mones as well as deficiencies in gonadotropin production.
Cells destined to become corticotropes constitute a separate
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FIGURE 2.5 Proteolytic processing of pro-opiomelanocortin (POMC). Sections of the intact POMC molecule representing the different final 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
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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 differentiation, and are the first 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. The persistent high rate of secre-
tion of PRL under these circumstances indicates not only
that the pituitary glands can revascularize and survive in a
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proliferation

Lineage precursors
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Tpit :| Transcription
l LIF factors

Corticotropes

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.

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 reflecting 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 reflected 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. These neurosecretions are called Aypophysiotropic

2
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TABLE 2.2 Hypophysiotropic Hormones

Hormone Amino acids
Corticotropin releasing hormone (CRH) 41
Gonadotropin releasing hormone (GnRH), 10
originally called luteinizing hormone-releasing

hormone (LHRH)

Growth hormone-releasing hormone (GHRH) 44
Growth hormone releasing peptide (ghrelin) 28
Somatotropin release-inhibiting factor (SRIF); 14 or 28
somatostatin (SST)

Prolactin-stimulating factor (?) ?

Prolactin inhibiting factor (PIF) Dopamine
Thyrotropin-releasing hormone (TRH) 3

Arginine vasopressin (AVP) 9

Hypothalamic source

Parvoneurons of the paraventricular
nuclei

Arcuate nuclei

Arcuate nuclei

Arcuate nuclei

Anterior hypothalamic periventricular
system

?
Tuberohypophyseal neurons

Parvoneurons of the paraventricular
nuclei

Parvoneurons of the paraventricular
nuclei

Physiological actions on the
pituitary

Stimulates secretion of ACTH, and
B-lipotropin

Stimulates secretion of FSH and LH

Stimulates GH secretion

Increases response to GHRH and may
directly stimulate GH secretion

Inhibits secretion of GH

Stimulates prolactin secretion(?)
Inhibits prolactin secretion

Stimulates secretion of TSH and
prolactin

Acts in concert with CRH to stimulate
secretion of ACTH

hormones and are listed in Table 2.2. The neurons that secrete
these hormones are clustered in discrete hypothalamic nuclei
(Figure 2.7). The fact that only small amounts of the hypo-
physiotropic hormones are synthesized, stored, and secreted
frustrated efforts to isolate and identify them for nearly
25 years. Their 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 first of the hypothalamic neurohormones to
be characterized, is a tripeptide. It was isolated, identified,
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. Guillemins laboratory pro-
cessed 25 kg of sheep hypothalami to obtain 1mg of TRH.
Schally’s laboratory extracted 245,000 pig hypothalami to
yield only 8.2mg of this tripeptide. The 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, FH. (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.)



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 difliculty 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. The 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. These com-
plex events are discussed in detail in Chapters 12 and 13.

The 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.

Pituitary Gland

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. The 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. The
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. The somatostatin gene is widely
expressed in neuronal tissue as well as in the pancreas (see
Chapter 6) and the gastrointestinal tract. Similarly, the five
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. The 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)

'This 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). The 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

The 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 affect
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 T'SH. The physiological mean-
ing of this experimental finding 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 significance of this action is
not understood. With disease states, specificity of responses
of various pituitary cells for their own hypophysiotropic
hormones may break down, or cells might even begin to
secrete their hormones autonomously.

The neurons that secrete the hypophysiotropic hor-
mones are not autonomous. They 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 influx of cal-
cium, which triggers and sustains the process of exocytosis.
The 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 effects of releasing hormones
and inhibitory effects 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
influences; 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 influenced 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



Environmental factors

O\ /)
~ = Hypothalamus -«
’ S AVEVACO N
1 \
A ()
\
\
oy
\\ \
Pituitary gland \ 1
\l

| |

Target |
gland I
Hormone

Tropic
hormone

-)

Target gland

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.

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
effect both on pituitary corticotropes where they decrease
transcription of POMC and on hypothalamic neurons
where they decrease CRH synthesis and secretion (see
Chapter 4). The rate of CRH secretion is also profoundly
affected by changes in both the internal and external
environment. Physiologically, CRH is secreted in increased
amounts in response to nonspecific stress. This effect is seen
even in the absence of the adrenal glands, and the inhibi-
tory effects of its hormones, indicating that CRH secretion
must be controlled by positive inputs as well as the negative
effects of adrenal hormones.

Control of GH secretion is more complex because it
is under the influence 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

Pituitary Gland

growth factor (IGF), which mediates the growth-promot-
ing actions of GH. IGF exerts powerful inhibitory effects 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 eftects 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. The physiological importance
of such short-loop feedback systems has not been estab-
lished, nor has that of the postulated wu/trashort-loop feedback
in which high concentrations of hypophysiotropic hor-
mones may inhibit their own release.

PHYSIOLOGY OF THE POSTERIOR PITUITARY

The posterior pituitary gland secretes two hormones. They
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 differ by only two amino
acid residues (Figure 2.9). A disulfide 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. The 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 2.9 Structures of the hormones of the neurohypophysis and their prohormone precursors. Because final processing of the prohormones takes
place in the secretory granules, the neurophysins and the glycopeptide fragment are cosecreted with oxytocin or vasopressin, but have no known
physiological actions. Amino acid sequences of oxytocin and vasopressin are shown in the single letter code: C = cysteine, Y = tyrosine, F = phenylalanine,
I = isoleucine, Q = glutamine, N = asparagine. P = proline, R = arginine, L = leucine, G = glycine.

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). These two effects are mediated by two different
G-protein coupled receptors. The V receptors signal vascular
muscle contraction by means of the inositol tris-phosphate/
diacylglycerol pathway (Chapter 1), whereas V, receptors
utilize the cyclic AMP system to produce the antidiuretic
effect 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 final secreted products.
The 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 sufficient 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). The neurophysins are
cosecreted with AVP or oxytocin, but have no known hor-
monal actions. The neurophysins, however, play an essential
role in the posttranslational processing of the neurohypo-
physeal hormones. The 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 deficiencies
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
sufficiently. Oxytocin, like AVDP, 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,
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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 satisfied and stops suckling. Further details are given in Chapter 14.

trigger an influx 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). The importance of neural input to oxytocin secre-
tion is underscored by the observation that it may also be
secreted in a conditioned reflex. 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 findings that oxytocin is secreted during
orgasm suggest a role in ejaculation of sperm. Signals for
vasopressin secretion in response to increased osmolality
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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.

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. These receptors relay information to the cen-
tral nervous system in afferent neurons in the vagus nerves.
'The 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 fluctuate in a diurnal rhythmic pattern
that closely resembles that of ACTH.
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In the adult human, normal operation of a wide
variety of physiological processes affecting 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 affects virtually every
system in the body in this way, it is difficult to
give a simple, concise answer to the naive but
profound question: What does thyroid hormone
do? The response of most endocrinologists would
be couched in terms of consequences of hormone
excess or deficiency. Indeed, deranged function
of the thyroid gland is among the most prevalent
of endocrine diseases and may affect 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

The human thyroid gland is located at the base
of the neck and wraps around the trachea just

Thyroid Gland

below the cricoid cartilage (Figure 3.1). The 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 finger-like projection extending
headward from the isthmus. The thyroid gland
in the normal human being weighs about 20g
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.

The 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 flow 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. The gland is also endowed with a rich
lymphatic system that may play an important
role in delivery of hormone to the general circula-
tion. The 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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'The functional unit of the thyroid gland is the fo//i-
cle, which is composed of epithelial cells arranged as hol-
low vesicles of various shapes ranging in size from 0.02 to
0.3mm in diameter; it is filled with a glycoprotein colloid
called ¢hyroglobulin (Figure 3.2). There 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-defined 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. The
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FIGURE 3.1 Gross anatomy of the thyroid gland. (From Netter, FH.
(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.)

FIGURE 3.2 Low power photomicrograph of a rat thyroid gland. The
thyroid follicles shown in cross section are filled 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.)

functional state of one lobule may differ 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. These
cells arise from the ultimobranchial body associated with

the fifth branchial arch.

THYROID HORMONES

The thyroid hormones are a-amino acid derivatives of tyro-
sine (Figure 3.3). The 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. Thyroxine was the first 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. Thyroxine contains four atoms of
iodine and is abbreviated as T4; triiodothyronine, which has
three atoms of iodine, is abbreviated as T'3.

o- o- C-C-COOH
NH,

Thyroxine
3,5,3,5"-tetraiodothyronine (T4)

@ C-C-COOH
NH,

3,5,3-triiodothyronine (T3)

o Do e

3,3,5™-triiodothyronine
Reverse T3 (rT3)

FIGURE 3.3 Thyroid hormones.



Biosynthesis

Several aspects of the production of thyroid hormone are
unusual:

1 Thyroid hormones contain large amounts of iodine.
Biosynthesis of active hormone requires adequate
amounts of this scarce element. This need is met by an
efficient energy-dependent transport mechanism that
allows thyroid cells to take up and concentrate iodide.
'The thyroid gland is also the principal site of storage of
this rare dietary constituent.

2 'Thyroid hormones are partially synthesized extracellularly
at the luminal surface of follicular cells and stored in an
extracellular compartment, the follicular lumen.

3 'The 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 'Thyroxine, 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.

lodine 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. The 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-
stum 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
diffusion of potassium maintains the membrane potential.
Like other transporters, the sodium iodide symporter has
a finite capacity and can be saturated. Consequently, other
anions, such as perchlorate, pertechnetate, and thiocyanate,
which compete for binding sites on the sodium iodide
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symporter, can block the uptake of iodide. This property can

be exploited for diagnostic or therapeutic purposes.

Thyroglobulin synthesis

'Thyroglobulin is the other major component needed for syn-
thesis of thyroxine and triiodothyronine. Thyroglobulin 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
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FIGURE 3.4 Thyroid hormone biosynthesis and secretion. lodide

(I7) is transported into the thyroid follicular cell by the sodium/iodide
symporter (NIS) in the basal membrane and diffuses 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,0,) produced in the luminal
membrane by thyroid oxidase (TO), the thyroid peroxidase (TPO) oxidizes
jodide, which reacts with tyrosine residues in TG in the follicular lumen to
produce monoiodotyrosy! (MIT) and diiodotyrosy! (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

Todide that enters at the basolateral surfaces of the fol-
licular cell must be delivered to the follicular lumen where
hormone biosynthesis takes place. Iodide diffuses 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 first be converted to some higher
oxidized state. This step is catalyzed by the thyroid-specific
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.
Thyroperoxidase 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. Thyroperoxidase 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 organification. Thyroglobulin 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 sufficient 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 configuration of
thyroglobulin to increase its ability to be iodinated, iodina-
tion and hormone formation do not appear to be particularly
efficient. 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. The 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

'The final stage of thyroxine biosynthesis is the coupling of
two molecules of DIT to form T4 within the peptide chain.
This 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 T'4.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 sufficient 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

'The 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. The
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

Thyroglobulin stored within follicular lumens is separated
from extracellular fluid 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 T'SH, long strands of protoplasm (pseudopodia)



Thyroglobulin

FIGURE 3.5 Hypothetical coupling scheme for intramolecular formation
of T4 based on model reaction with purified thyroid peroxidase. (Modified
from Taurog, A. (2000) In Braverman, L.E. and Utiger, R.D,, eds. Werner

and Ingbar’s The Thyroid, 8th ed., p. 71. Lippincott Williams and Wilkins,
Philadelphia.)

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. The 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

Thyroid Gland

FIGURE 3.6 Scanning electron micrographs of the luminal microvilli

of dog thyroid follicular cells. A. TSH secretion suppressed by feeding
thyroid hormone; magnification 36,000x. B. At 1 hr after TSH; magnification
16,500x. (From Balasse, PD., Rodesch, FR., Neve, PE. 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)

are released into the bloodstream, in a ratio of about 20:1,
perhaps by a process of simple diffusion down a concentra-
tion gradient.

Monoiodotyrosine and DIT cannot be utilized for
synthesis of thyroglobulin and are rapidly deiodinated by
a specific 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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is therefore of great significance in hormone biosynthesis.
Patients who are genetically deficient in thyroidal tyrosine
deiodinase readily suffer symptoms of iodine deficiency 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. These 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. The
physiological mechanisms for such traffic control are not yet
understood.

CONTROL OF THYROID FUNCTION

Effects 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. The 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 o-subunit that is also found in FSH, and LH. The
B-subunit is the part of the hormone that confers thyroid-
specific stimulating activity, but free 3-subunits are inactive,
and stimulate the thyroid only when linked to c-subunits
in a complex three-dimensional configuration.

'Thyroid-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. The TSH receptor is the product of a single gene, but
it is comprised of two subunits held together by a disulfide
bond. It appears that after the molecule has been prop-
erly folded and its disulfide bonds formed, a loop of about
50 amino acids is excised proteolytically from the extracellular
portion of the receptor. The a-subunit includes about 300
residues at the amino terminus and contains most of the
TSH binding surfaces. The (3-subunit contains the seven
membrane-spanning alpha helices and the short carboxyl
terminal tail in the cytoplasm. Reduction of the disulfide
bond may lead to release of the a-subunit into the extra-
cellular fluid, 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 Gag and phospholipase C
through Gay 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 effects 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; and DAG are redundant
mediators that reinforce the effects 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 flow 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 effect 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. Thus even when increased iodide
transport is blocked with a drug that specifically affects 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 specific for the
organification 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. These effects are exerted through cooperative
interactions of TSH activated nuclear proteins with thyroid-
specific transcription factors whose expression is also
enhanced by TSH. TSH appears to increase blood flow 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.



Effects of the thyroid-stimulating
immunoglobulins

Overproduction of thyroid hormone, Ayperthyroidism, 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. This paradox was resolved when it was
found that blood plasma of affected individuals contains a
substance that stimulates the thyroid gland to produce and
secrete thyroid hormone. This substance is an immunoglob-
ulin secreted by lymphocytes and is almost certainly an
antibody to the TSH receptor. Thyroid-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. This fact indicates that all the information needed
to produce the characteristic cellular response to TSH
resides in the receptor rather than the hormone. The role of
the hormone therefore must be limited to activation of the
receptor. Similar effects 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.
This effect of iodide has been exploited clinically to produce
short-term suppression of thyroid hormone secretion. This
inhibitory effect 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 effects 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-specific 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 effects of thyroglobulin include increased
transcription of pendrin, which delivers iodide from the
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follicular cell to the lumen. Thus thyroglobulin may have
significant effects in regulating its own synthesis and may
temper the stimulatory effects 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 firmly to three plasma proteins, #hyroxine-binding
globulin (TBG), transthyretin (I'TR), 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 affinity
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 filtration
by the kidney so that virtually no thyroid hormone appears
in urine, and little crosses the capillary endothelium. The
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.

'The 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. Thus
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 effect on the concentration of hormone that is unbound.
These considerations seem to rule out changes in thyroid hor-
mone secretion as effectors 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 affected significantly 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 diffuse out of
the vascular compartment and into cells where it can pro-
duce its biological effects or be degraded. Consequently, it
is not surprising that the half-time for disappearance of an
administered dose of ?°I-labeled T3 is only one-sixth of
that for T4, or that the lag time needed to observe effects
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 deficiency 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.
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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, JH. et al. (1972) Simultaneous
measurement of thyroxine and triiodothyronine peripheral turnover
kinetics in man. J. Clin. Invest. 51: 473.)

Observations in human subjects confirm that T3 actu-
ally is formed extrathyroidally and can account for most of
the biological activity of the thyroid gland. Thyroidectomized
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 pg of T3 is replaced daily, even though the thyroid
gland secretes only 5 g each day. Thus nearly 85% of the T3
that turns over each day must be formed by deiodination of
T4 in extrathyroidal tissues. This extrathyroidal formation of
T3 consumes about 35% of the T4 secreted each day. The
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 different enzymes called
iodothyronine deiodinases (Figure 3.8). These enzymes are
seleno-proteins and share the unusual feature of having the
rare amino acid seleno-cysteine in their active sites. The
type-1 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. The 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. The type
I deiodinase can remove an iodine molecule either from
the outer (phenolic) ring of T4, or from the inner (tyrosyl)
ring. Todines in the phenolic ring are designated 3’ and 5’;
iodines in the inner ring are designated simply 3 and 5.
The 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.

The 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 diffusion driven by blood levels



of free hormone. However, circulating levels of T3 normally
remain fairly constant, whereas tissue demands for hor-
mone vary with changing physiological demands. The type
IT 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. The 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). These
characteristics support the idea that this enzyme may pro-
vide T3 to meet local demands.

The 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
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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
rT'3 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. The 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. Thyroid 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. This 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. Thyroxine is one of the
few naturally occurring hormones that is sufficiently resistant
to intestinal and hepatic destruction that therapeutic doses
can readily be given by mouth.
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3,5-diiodothyronine

FIGURE 3.8 Metabolism of thyroxine. About 90% of
thyroxine is metabolized by sequential deiodination catalyzed
by deiodinases (types |, Il, and Ill); the first 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 effects 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 effect 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. Their pro-
gression from undifferentiated precursors, through mature
and hypertrophic stages are all influenced 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. They also
promote bone growth indirectly by actions on the pituitary
gland and hypothalamus. Thyroid hormone is required for
normal growth hormone synthesis and secretion.

Skeletal maturation is distinct from skeletal growth.
Maturation of bone results in the ossification and eventual
fusion of the cartilaginous growth plates, which occurs with
sufficient predictability in normal development that indi-
viduals can be assigned a specific “bone age” from radiologi-
cal examination of ossification centers. Thyroid hormones
profoundly affect skeletal maturation. Bone age is retarded
relative to chronological age in children who are deficient in
thyroid hormone and is advanced prematurely in hyperthy-
roid children. Uncorrected deficiency 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

'The importance of the thyroid hormones for normal devel-
opment of the nervous system is well established. Thyroid
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 deficiencies in postnatal

neural development, but direct effects of maternal thyroid
deficiency 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. The decrease in size may be partially
accounted for by a decrease in axonal density and dendritic
branching.

Thyroid hormone deficiency also leads to specific
defects in cell migration and differentiation. In human
infants the absence or deficiency 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.

Effects 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
reflex time increased in hypothyroid individuals. The 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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FIGURE 3.9 Effects of thyroid therapy on growth and development of

a child with no functional thyroid tissue. Daily treatment with thyroid
hormone began at 4.5 years of age (green arrow). Bone age rapidly
returned toward normal, and the rate of growth (height age) paralleled the
normal curve. Mental development, however, remained infantile. (From
Wilkins, L. (1965) The Diagnosis and Treatment of Endocrine Disorders in
Childhood and Adolescence. Charles C Thomas, Springfield, lllinois.)

sympathetic nervous system. Thyroid hormones increase the
abundance of receptors for epinephrine and norepinephrine
(B-adrenergic receptors) in the myocardium and some other
tissues. Thyroid hormones may also increase expression of
the stimulatory G-protein (Ga) associated with adrenergic
receptors and downregulate the inhibitory G-protein (Go).
Either of these effects results in greater production of cyclic
AMP (see Chapter 1). Furthermore, through the agency of
cyclic AMP, sympathetic stimulation activates the type 1I
deiodinase, which accelerates local conversion of T4 to T3.
Because thyroid hormones exaggerate a variety of responses
mediated by 3-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 effects produced through inter-
action with the sympathetic nervous system, thyroid hor-
mones directly influence several aspects of cardiovascular
function. Both the contraction and relaxation phases of the
cardiac cycle are accelerated in the hyperthyroid heart as a

Thyroid Gland

result of increased rates of release of calcium from the sarco-
plasm reticulum and its reuptake. Opposite effects are seen
in hypothyroidism. Thyroid 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 deficiency. 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
filling (preload). The decrease in peripheral resistance also
decreases resistance to ventricular emptying (afterload). These
effects may be indirect, but when combined with the direct
effects 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 effects on oxidative metab-
olism in humans. The so-called basal metabolic rate (BMR),
which is a measure of oxygen consumption under defined
resting conditions, is highly sensitive to thyroid status. A
decrease in oxygen consumption results from a deficiency 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 effects 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. The underlying mechanisms for increased oxygen
consumption are incompletely understood.

Oxygen consumption ultimately reflects 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. Thus oxygen consumption and
heat production are intimately related, and the effects 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 effects
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FIGURE 3.10 Effects of thyroxine on oxygen consumption by various
tissues of thyroidectomized rats. Note in A the abscissa is in units of hours
and in B the units are days. (Redrawn from Barker, S.B. and Klitgaard, H.M.
(1952) Metabolism of tissues excised from thyroxine-injected rats. Am. J.
Physiol. 170: 81.)

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. Thyroid hormones increase oxygen con-
sumption and heat production by increasing the rate of ATP
breakdown and decreasing the efficiency of ATP synthesis.
Among the ATP-consuming processes that I3 appears
to accelerate are the maintenance of cellular ionic gradients.
The 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. These changes in calcium dynamics may account
for the stiffness and delayed reflexes 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.

‘Thyroid hormones decrease the efficiency 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 identified in mitochondrial membranes of various
tissues. All three appear to be upregulated by T3. Although
the physiological importance of UCP-1 is firmly established
(see later) the physiological roles of UCP-2 and UCP-3
remain uncertain.

'The calorigenic effects 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 effects
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. The 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 efficient mobilization of stored carbohy-
drate and fat needed to fuel the shivering response and to



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 flow
through the skin. Piloerection in animals increases the thick-
ness of the insulating layer of fur. These 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.
This 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 efficacy of norepinephrine to
release fatty acids from stored triglycerides and thus provides
tuel 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 effects 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
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FIGURE 3.11 Effects 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
concentrations of glucose. Blue bars show effects of glucose in the
presence of a low (1079 M) concentration of T3 . Red bars indicate that
the effects of glucose were exaggerated when cells were grown in a high
concentration of T3 (1078 M). (From Mariash, G.N. and Oppenheimer, JH.
(1982) Thyroid hormone-carbohydrate interaction at the hepatic nuclear
level. Fed. Proc. 41: 2674.)

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 identified 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 specific 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 amplifier 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 effect on enzyme induction when there was no glucose
but amplified the effectiveness of glucose as an inducer of
genetic expression. This 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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of fatty acids from storage depots in adipocytes is compro-
mised in the thyroid-deficient subject and increased above
normal when thyroid hormones are present in excess. Once
again, T3 amplifies physiological signals for fat mobilization
without itself acting as such a signal.

Increased blood cholesterol (Aypercholesterolemia),
mainly in the form of low density lipoproteins (LDL), typi-
cally is found in hypothyroidism. Thyroid 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 effects 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 deficiency
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 effect, 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 T'SH,
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 o~ and 3-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 effects of T4 and T3,
which inhibit synthesis and secretion of TSH (Figure 3.12).
The contribution of free T4 in blood is quite significant 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
arrow = stimulation. Red arrow = inhibition.
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downregulates expression of genes for TRH receptors (TRHR) and
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upregulation of TSH gene expression, enhanced TSH glycosylation, and
accelerated secretion. TR = thyroid hormone receptor.

while high concentrations of free T3 and T4 accompanied
by high concentrations of TSH reflect 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. The
resulting activation of phospholipase C generates the sec-
ond messengers inositol trisphosphate (IP;) and diacylglyc-
erol (DAG). IP; promotes calcium mobilization, and DAG
activates protein kinase C, both of which rapidly stimulate
release of stored hormone. This effect is augmented by the
influx 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
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FIGURE 3.14 Effect of treatment of normal young men with

thyroid hormones for 3 to 4 weeks on the response of the pituitary to
thyrotropin-releasing hormone (TRH) as measured by changes in plasma
concentrations of thyroid-stimulating hormone (TSH). The six subjects
received 25mg of TRH at time 0 as indicated by the green arrow. Values
are expressed as means=SEM. (From Snyder, PJ. and Utiger, RD. (1972)
Inhibition of thyrotropin response to thyrotropin-releasing hormone by
small quantities of thyroid hormones. J. Clin. Invest. 52: 2077.)

deiodinase. T3 enters the nucleus, binds to its receptors, and
downregulates transcription of the genes for both the a-
and B-subunits of TSH and for TRH receptors. In addition,
T3 inhibits release of stored hormone and accelerates TRH
receptor degradation. The 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 different aspects of function may be
affected in different 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). Thyroid hormone receptors are members of
the nuclear receptor superfamily of transcription factors and
bind T3 about ten times more avidly than T4. They 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).

‘The biology of thyroid hormone receptors is complex
and incompletely understood, and much of what is known
has been learned from genetically manipulated mice. Thyroid
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hormone receptors are encoded in two genes, designated
TRa and TRE. The TRa gene resides on chromosome 17
in humans and gives rise to two isoforms, TRa; and TRa,.
Alternate RNA splicing deletes the T3 binding site from the
TRay, 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 TRa gene, Aoy
and Aoy, arise by transcription from a downstream promoter
and lack both DNA and ligand binding domains. Their
physiological role is uncertain, but they may act as inhibitors
of TRay. The human TR gene maps to chromosome 3 and
also gives rise to two isoforms, TRB3; and TR3,, by alternate
splicing, and both contain the hormone binding site. TRy
and TRB; are distributed widely throughout the body and
are present in different ratios in the nuclei of all target tis-
sues examined, but TR3, appears to be expressed primarily
in the anterior pituitary gland and the brain.

Unlike most other nuclear receptors, thyroid hor-
mone receptors bind to specific nucleotide sequences (thy-
roid response elements or TREs) in the genes they regulate
whether or not the hormone is present. They 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 configuration that
bars access of transcription activators or RNA polymerase.
Upon binding T3, the configuration of the receptor is modi-
fied 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.

The 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
THRa« or B genes in mouse embryos. Mice that lack both
TRpB isoforms are fertile, exhibit no obvious behavioral
abnormalities, and have minimal developmental deficien-
cies except for retinal and cochlear development. However,
these animals have abnormally high concentrations of T'SH,
T4, and T3 in their blood presumably because TR32 medi-
ates the negative feedback action of T3. These 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. Their thyroid glands are enlarged (goiter)
in response to the high TSH levels, but they suffer none of
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FIGURE 3.15 Models of the effects 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),
which recruits factors that remodel chromatin such as histone deacetylase
(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.

the consequences of T4 hypersecretion. This disease typi-
cally results from mutations in the TR3 gene.

Manipulation of the gene for TR« so that only the a2
isoform can be expressed produced no deleterious effects on
lifespan or fertility even though this isoform cannot bind T3.
However, lack of the TRal isoform in these mice resulted
in low heart rate and low body temperature. When the TRa
gene was knocked out so that neither the a1 nor the o2 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 o2 isoform produced devastating effects, suggesting that
products of the TRa gene play critical, though perhaps T3-
independent, roles in gene transcription and development.

It is possible that the o and 3 forms of the receptors
regulate different complements of genes as suggested in the
mouse studies, but the observed effects may simply reflect



differences in distribution of the o and f thyroid hormone
receptors in the various affected cell types. The combined
absence of TRal, TRB1, and TR32 produces more pro-
nounced symptoms of hypothyroidism than lack of either
TRal or the TRB 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. These 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 effects. Thus 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 specific 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
effects 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. Thyroid hormones are critical factors in both
prenatal and anti-natal development and participate in a
wide range of homeostatic processes, perhaps playing differ-
ent roles at different 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.

Thyroid Gland
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The 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. The hormones of the outer region, or
cortex, are steroids 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. There are three major catego-
ries of adrenal steroid hormones: mineralocorti-
coids, whose actions defend the body content of
sodium and potassium; glucocorticoids, whose
actions affect 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 affect almost every physiological process
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. 'The
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.

Adrenal Glands

'The 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. The cortical hormones
thus tend to be modulators rather than initia-
tors of responses.

MORPHOLOGY

'The adrenal glands are bilateral structures situ-
ated above the kidneys. They 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). The
medulla is a modified sympathetic ganglion that,
in response to signals reaching it through cholin-
ergic, preganglionic fibers, releases either or both
of its two hormones, epinephrine and norepine-
phrine, into adrenal venous blood. The cortex
arises from mesodermal tissue and produces a
class of lipid soluble hormones derived from cho-
lesterol, called steroids. The 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
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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.

the bulk of the cortex, rows of lipid-laden cells are arranged
radially in bundles of parallel cords (fasces). The inner region
of the cortex consists of a tangled network of cells and is
called the zona reticularis. The fasciculata and reticularis,
which produce both cortisol and the adrenal androgens, are
functionally separate from the zona glomerulosa.

The 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. These arteries penetrate the adrenal capsules and
divide to form the subcapsular plexus from which small
arterial branches pass centripetally toward the medulla. The
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. Insufficiency 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 insufficiency, 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 insufficient amounts of glucose in
the blood (hypoglycemia).

Adprenal cortical hormones have been divided into two
categories based on their ability to protect against these two
causes of death. The so-called mineralocorticoids are nec-
essary for maintenance of sodium and potassium balance.

Mineralocorticoids

(I:HZOH ?HQOH
O, c=0 c=0
Ho_~SH
o} o}
Aldosterone 11-Deoxycorticosterone (DOC)

Glucocorticoids

CIHZOH CIIHZOH
Cc=0 C=0
HO -OH HO
(0] (0]
Cortisol Corticosterone
Androgens

O O

HO (0]

Dehydroepiandrosterone (DHEA) Androstenedione

FIGURE 4.2 The principal adrenal steroid hormones.

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 effects as
well. The adrenal cortex also produces androgens, which, as
their name implies, have biological effects 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 4.3 Conversion of cholesterol to pregnenolone, the rate determining reactions in steroid hormone biosynthesis. Carbons 20 and 22 are
sequentially oxidized (in either order) followed by oxidative cleavage of the bond between them (green arrow). All three reactions are catalyzed by a single

enzyme, cytochrome P450sc.

by junctions of lines that represent chemical bonds. The
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 flat,
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 prefix 3. Those that
project away from the reader are designated by « and are
shown diagrammatically with dashed lines.

The 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).
The location of the double bond is designated by the Greek
letter A followed by one or more superscripts to indicate
the location. The presence of a hydroxyl group (OH) is indi-
cated by the ending -0/, and the presence of a keto group
(O) by the ending -one. Thus 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 A5 pregnenolone.

The 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. They contain a heme group
covalently linked through a sulfur-iron bond and absorb
light in the visible range. The name P450 derives from the
property of these pigments to absorb light at 450 nmeters

when reduced by carbon monoxide. The 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.

The 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).This 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. The
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 first be released from its esterified storage form in
the cytosol by the action of an esterase. The 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. The 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

4
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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(3-hydroxysteroid
dehydrogenase (33-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.’The exact sequence of hydroxylations may vary, and some
of the reactions may take place in a different order than that
presented in the figure. The specific 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 differ-
ent P450 enzymes that catalyze the hydroxylation of carbon
11. They are encoded in separate genes that occupy adjacent
loci on chromosome 8. The 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.
The other enzyme (P450c11B) 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 17o-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 17a-hydroxy-progesterone.
When reducing equivalents are delivered to P450c17 rapidly
enough, the reaction continues beyond the 17a-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 modification of the steroid nucleus
determines its physiological activity.

The physiologically important steroid hormones of
the 21-carbon series are as follows.

e Progesterone has the simplest structure and can serve as
a precursor molecule for all the other steroid hormones.
Note that the only modifications 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).

e The presence of a hydroxyl group at carbon 21 of
progesterone is the minimal change required for
adrenal corticoid activity. This 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.

e 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. This
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.

e Corticosterone is a precursor of aldosterone, which is
produced in cells of the zona glomerulosa by oxidation
of carbon 18 to an aldehyde. The oxygen at carbon 18
increases the mineralocorticoid potency of corticosterone
by a factor of 200 and only slightly decreases gluco-

corticoid activity.

e Cortisol differs 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). These compounds are also called 17-keto-

steroids. The principal testicular androgen is testosterone,
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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 17a-hydroxylation in
the adrenals and the gonads, cleavage of the bond linking
carbons 17 and 20 in the adrenals normally occurs to a
significant extent only after puberty, and then is confined
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

Cc=0
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P450c17
> /=5
o) (0]

Androstenedione

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
confined to the zona reticularis.
Structural changes produced in each
reaction are shown in red.
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FIGURE 4.5 The principal estrogens.

(Figure 4.5). This reaction takes place principally in ovaries
and placenta, but can also occur in a variety of nonendocrine
tissues.

”
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Control of adrenal cortical hormone synthesis
Effects 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-
fies their activity. In the zonae fasciculata and reticularis this
results in accelerated deesterification 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). Thus 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. These 19 carbon steroids
are produced primarily in the zona reticularis. Their pro-
duction is limited first 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 a-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. The reticularis with its unique complement

of enzymes develops shortly before puberty. The arrival of
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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. This pattern of androgen secretion is
quite different 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 17a-hydroxylase/lyase-enzyme (Figure
4.7). These findings have led some investigators to propose
separate control of adrenal androgen production, possibly
by another, as yet unidentified 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.

Effects 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 flow to the adrenal glands possibly by stimulating
release of arachaidonic acid-derived vasodilators from cells
of the zona glomerulosa. Increased blood flow 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.
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FIGURE 4.7 Average plasma concentrations of cortisol and dehydro-
epiandrosterone sulfate (DHEAS) throughout life. DHEAS is abundant in fetal
plasma (see Chapter 14) and declines precipitously after birth as the fetal
zone of the adrenal involutes. DHEAS increases during adrenarche as the zona
reticularis increases in mass. Although both the ovaries and testes contribute
to circulating DHEAS, the difference in plasma levels between males and
females reflects the greater contribution of the testes. Cortisol is secreted by
the fetal adrenal cortex only in the latter part of pregnancy. Average adult
levels are reached shortly after birth and remain within a constant range
throughout life. (Adapted from Rainey, W.E, Carr, BR,

Sasano, H., Suzuki, T, and Mason, J.. (2002) Dissecting human adrenal
androgen production. Trends in Endocrinology and Metabolism 13: 234-239.)

Adrenal Glands

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 diftuse through the plasma membrane and enter the
circulation through simple diffusion 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 20mg of cortisol, about 2mg of corticosterone, 10 to
15mg of androgens, and about 150 pg of aldosterone each
day, but with sustained stimulation they can increase this out-

put manyfold.

Control of aldosterone synthesis

The 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 11, 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 specific 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. The ligand-bound angiotensin
receptor associates with G, and activates phospholipase C
to release IP3 (see Chapter 1) and diacyl glycerol (DAG)
from membrane phosphatidylinositol bisphosphate. GOLq
may also interact directly with potassium channels and cause
them to close. The resulting depolarization of the membrane
opens voltage-gated calcium channels and allows calcium to
enter. Simultaneously, the 3~ 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 final reactions in aldosterone

67




68

Basic Medical Endocrinology

cart POs___ prc<«—DAG
a

Nucleus
AN NN/\E

a2+

c
StAR mRNA CAM kinase I e/

\ / Cholesterol
Ribosomes PO,

~_

Endoplasmic
reticulum

x Ca2+

Pregnenolone
I

/ Progesterone

FIGURE 4.8 Stimulation of
aldosterone synthesis by angiotensin
Il (All). All accelerates the conversion
of cholesterol to pregnenolone

and 11- deoxycorticosterone to

Cholesterol

Aldosteﬂtrone

aldosterone. aug, a3~ = subunits

of the guanine nucleotide-binding
protein. PLC = phospholipase C.
DAG = diacylglycerol; IP3 = inositol

Mitochondrion \

trisphosphate; PKC = protein
kinase C; CAM kinase Il =

synthesis. The 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
fluid 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%. This exquisite
sensitivity is largely attributable to the abundance in the
plasma membranes of two-pore potassium channels that
allow outward “leak” of potassium. The 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

\»

calcium,calmodulin-dependent
protein kinase Il; StAR = steroid
acute regulatory protein.

sensitivity to changes in membrane potential, producing fur-
ther entry of calcium, and amplifies 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 effect on glomerulosa cells or the rate of
aldosterone secretion. However, sodium profoundly affects
aldosterone synthesis indirectly through its role as the major
determinant of blood volume. Decreases in the effective
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 ANE, 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 AN, catalyze the conversion of
guanosine triphosphate to cyclic guanosine monophosphate
(cyclic GMP). Precisely how an increase in cyclic GMP



TABLE 4.1 Plasma Concentrations and Secretion Rates of the Principal
Adrenocortical Hormones

8 A.M.Plasma Secretion

concentration Rate Half-life

(pg/dl) (mg/day) (minutes)
Cortisol 15 15 100
Corticosterone 1 3 30
Deoxycocticosterone 0.07 0.6 40
Aldosterone 012 0.15 15
DHEA 05 4% <20
DHEAS 150 15% 1,200
Androstenedione 0.12 1.5% <20

(DHEA = dehydroepiandrosterone; DHEAS = dehydroepiandrosterone sulfate)
*About 30% originates in the gonads

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 specific 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 pM 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 affinity 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

'The cortisol/cortisone shuttle

Metabolic transformations of steroid hormones are not con-
fined 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
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FIGURE 4.9 The cortisol-cortisone shuttle. Two enzymes, 11-hydroxy-
steroid dehydrogenase (HSD | and HSD II) catalyze the oxidation of
cortisol to cortisone. HSD | can also catalyze the reaction in the reverse
direction converting the inactive cortisone to cortisol.

in steroid target tissues. Among these are two isoforms of
the enzyme 113 hydroxysteroid dehydrogenase (113HSD I
and 113HSD II). The two enzymes are products of different
genes and have different catalytic properties. 113HSD 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. 113HSD II cata-
lyzes only the oxidation of cortisol to the inactive cortisone.
These 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 classified
based upon their affinity and selectivity for mineralo- or gluco-
corticoids. The mineralocorticoid receptors, also called type 1
receptors, have a high and nearly equal affinity for aldoster-
one and cortisol. The type II, or glucocorticoid receptors, have
a considerably greater afhinity for cortisol than for aldoster-
one. Expression of mineralocorticoid receptors is confined
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 affinity, 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 reflect the availability of aldo-
sterone. This is due in part to differences 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 diffuses into mineralocorticoid
target cells. Access to the mineralocorticoid receptor, however,
is guarded by the enzyme HSD II, which colocalizes with
mineralocorticoid receptors and defends mineralocorticoid
specificity. The high efficiency of this enzyme inactivates
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cortisol by converting it to cortisone, which is released into
the blood (Figure 4.10). The 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). The kid-

Mineralocorticoid
receptor

.
1
" e

>

Aldosterone Cortisol Cortisone

FIGURE 4.10 Oxidation of cortisol to cortisone renders the steroid
incapable of binding to the mineralocorticoid receptor.

CH,OH H
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Ho_ HC / _Hc
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Aldosterone Aldosterone hemiacetal

FIGURE 4.11 Formation of a hemiacetal with the aldehyde on carbon 18
protects the 11 hydroxyl group of aldosterone from oxidation by HSD (11
hydroxysteroid dehydrogenase) Il.
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neys, which are the major targets for aldosterone, are a major
source of circulating cortisone. Persons with a genetic defect
in HSD II suffer 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
effective 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. This 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).

OH

Testosterone

P450,,,

OH

FIGURE 4.12 Pathways of extra-adrenal
synthesis of testosterone and estrogens from
DHEAS (dehydroepiandrosterone sulfate).

Estradiol 178 Enzyme-catalyzed changes are shown in red.



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. The 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). The term intracrinology has been used to
describe production of hormones by the cells in which they
act without escaping into the extracellular fluid. 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. The 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
effects, 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 fluid (see Chapter 9). It may be recalled that the
kidney adjusts the volume and composition of the extracellu-
lar fluid by processes that involve formation of an ultrafiltrate
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

Adrenal Glands

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 fluid, 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 fluid, 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 effects
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 deficiency, partly as a result
of deranged potassium balance and partly from lack of the
direct effects 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 filtered at the renal glomeruli; even
in its absence, about 98% of the filtered sodium is reabsorbed.
However, 2% of the sodium filtered each day corresponds to
the amount present in about 3.5 liters of extracellular fluid.
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.

Effects of aldosterone on the kidney

Initial insights into the action of aldosterone on the kidney
were obtained from observations of the effects 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
effects 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
effects lasted only for the first 15 days, but increased excretion
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FIGURE 4.13 Effects of continuous
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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 fluid retention and hence an
increase in body weight. The subject “escaped”
from the sodium-retaining effects 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

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 offset sustained
effects of aldosterone on sodium absorption in the otherwise
normal subjects (see Chapter 9).

The million or so tubules (nephrons) in each kidney
reabsorb nearly all 180 liters of plasma ultrafiltrate 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 filtrate remains
by the time it reaches this distal segment, and hence aldoster-
one influences reabsorption of only a small fraction of the fil-
tered sodium. Throughout 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, diffuses
out passively through channels located in the basolateral
membranes.

normal subjects to large amounts of aldosterone.
J.Clin. Invest. 37:1549-1559.)

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 diffuses 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 fluid and the composition and rate of flow of tubular
fluid (Figure 4.14A).

Aldosterone increases the entry of sodium into the
principal cells by increasing the abundance of functional
epithelial sodium channels (En,C) in the luminal mem-
branes of the principal cells. This 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). That 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 En,C depends equally on
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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 (Ey,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 Ey,C in luminal membranes by phosphorylating and inactivating the ubiquitin ligase
Nedd4-2 that initiates Ey,C retrieval. SGK1 also phosphorylates and increases the activity of ROMK channels. MR = mineralocorticoid receptor; HSD Il = 11
hydroxysteroid dehydrogenase Il. C. Later effects 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.

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 E,C. Epithelial sodium channels are composed
of a, B, and ~ 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. The channels are
retrieved from the luminal membrane by endocytosis after
a relatively short half-life. Retrieval of Ex,C 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 En,C in the luminal membrane (Figure
4.14B). Aldosterone upregulates expression of the En,C «
subunit, and therefore the abundance and availability of the
channels. The rate of entry of sodium at the luminal surface
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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.

The 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 effect are too rapid to be depen-
dent on transcription and may be mediated by membrane-
bound rather than nuclear receptors (Figure 4.14D). This
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 identified.
Transcriptional changes in the intercalated cells also con-
tribute to these effects. 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) effect pro-
duced by the principal cells. Decreases in plasma hydrogen
ion concentrations cause cells to release hydrogen ions into
the extracellular fluid in exchange for potassium ions, which
are taken up from the extracellular fluid. This effect may be
augmented by the rapid nongenomic effect 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. The 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 fluid as it flows 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 significant. Persons suffering
from adrenal insufficiency 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-
Iytic 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 affer-
ent glomerular arterioles. The 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.

The 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 fluctuations in plasma concentrations have lit-
tle direct effect 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. The 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 conflicting demands. Integration is achieved
largely through the modulating effect of potassium on the
response to angiotensin II. Reinforcement intensifies 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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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).

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 fluid favor potassium reab-
sorption. The 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 affected by an excess
or deficiency 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 suffering from adrenal insufh-
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.

Effects 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
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TABLE 4.2 Some Effects of Glucocorticoids.

Tissue Effects

Central nervous system Taste, hearing and smell: Tin
acuity with adrenal cortical
insufficiency and | in Cushing's
disease

1 Corticotropin releasing hormone
(CRH) synthesis and secretion

| ADH secretion

Cardiovascular system Maintains sensitivity to epinephrine
and norepinephrine

T Sensitivity to vasoconstrictor
agents

Maintains microcirculation

Gastrointestinal tract 1 Gastric acid secretion

| Gastric mucosal cell proliferation

Liver T Gluconeogenesis

Lungs T Maturation and surfactant
production during fetal
development

Pituitary | ACTH secretion and synthesis

Kidney 1 Glomerular filtration rate (GFR)
Required for excretion of dilute
urine (free water clearance)

Bone T Resorption
| Formation

Muscle | Fatigue (probably secondary to

cardiovascular actions)
1 Protein catabolism

| Glucose oxidation

| Insulin sensitivity

| Protein synthesis

Immune System (see text) 1 Mass of thymus and lymph nodes

| Blood concentrations of
eosinophils, basophils, and
lymphocytes

| Cellular immunity

Connective tissue | Activity of fibroblasts

| Collagen synthesis

lipid are inseparable components of overall energy balance
and the fates of protein and fat are inexorably intertwined
with that of carbohydrates. This complex topic is considered
turther 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 4.16 Principal effects of glucocorticoids on glucose production
and the metabolism of body fuels.

forces these individuals to rely almost exclusively on die-
tary sugars to meet their carbohydrate needs. Their 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 flow 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 insufficiency, reflecting 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. These effects 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, reflecting 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 (buffalo hump), and in the abdomen (truncal
obesity). These tissues are particularly sensitive to the effects
of glucocorticoids on fat cell differentiation (see Chapter 8).

Effects on water balance

In the absence of the adrenal glands, renal plasma flow and
glomerular filtration are reduced and it is difficult to pro-
duce either concentrated or dilute urine. One of the diag-
nostic tests for adrenal cortical insufficiency 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. The mechanism for this
effect is still debated. It has been suggested that glucocor-
ticoids may maintain normal rates of glomerular filtration
by acting directly on glomeruli or glomerular blood flow,
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.

Effects 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



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 final months of pregnancy does fetal
production of glucocorticoids become sufficient 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 effects 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 suffering from rheumatoid
arthritis. This observation, in addition to leading to the award
of a Nobel Prize, called attention to the anti-inflammatory
effects of glucocorticoids, which have been considered
by some investigators to be pharmacological side-effects
because supraphysiological concentrations are needed to
produce these effects therapeutically. As understanding of
the anti-inflammatory actions has increased, however, it has
become clear that glucocorticoids are physiological modula-
tors of the inflammatory 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
inflammation. In addition, upregulation of 11 B-hydroxy-
steroid dehydrogenase I by inflammatory mediators results
in conversion of circulating cortisone to cortisol within the
inflammatory 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 inflam-
matory conditions, and various autoimmune diseases. The
latter reflects their related ability to diminish the immune
response.

Anti-inflammatory effects

Inflammation is the term used to encompass the various
responses of tissues to injury. It is characterized by redness,
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heat, swelling, pain, and loss of function. Redness and heat
are manifestations of increased blood flow 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.

The initial pattern of the inflammatory response is
independent of the injurious agent or causal event. This
response is presumably defensive and may be a necessary
antecedent of the repair process. Increased blood flow 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 flow also facilitates
dissemination of chemo-attractants to white blood cells and
promotes their migration to the site of injury. In addition,
increased blood flow 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 fluid 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 beneficial effects, it is apparent
that some aspects of inflammation may actually cause or
magnify tissue damage. Liysosomal 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 fluid from the microvasculature at the site of
the injury may increase blood viscosity, slowing its flow, and
even leaving some capillaries clogged with stagnant red blood
cells. Decreased perfusion may cause further cell damage. In
addition, massive disseminated fluid 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 inflammatory response from becoming
destructive. We may regard the physiological role of the glu-
cocorticoids to modulate inflammatory 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
inflammation and provides the therapeutic efficacy of phar-
macological treatment.

Inflammation is initiated, sustained, and amplified 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

=

77




78

Basic Medical Endocrinology

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 inflammation, or have a mixture of pro- and
anti-inflammatory effects 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.
They may also produce either pro- or anti-inflammatory
effects 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 inflammation 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 inflammatory response by multiple tissue-specific
actions that modulate synthesis, secretion, and actions of
inflammatory 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.
These compounds play a central role in the inflammatory
response. They 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 fibers to other
mediators of inflaimmation such as histamine, serotonin,
bradykinin, and substance P, thereby increasing sensitivity to
touch (hyperalgesia).

The 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.
'The physiology of arachidonate metabolites is complex, and
a thorough discussion is not possible here. There are a large
number of these compounds with different biological
activities. Although some eicosinoids have anti-inflammatory
actions that may limit the overall inflammatory response,
arachidonic acid derivatives are major contributors to
inflammation.

Arachidonic acid is released from membrane phos-

pholipids by phospholipase A2 (PLA2; see Chapter 1), which
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FIGURE 4.17 Synthesis and structures of some arachidonic acid
metabolites. R may be choline, inositol, serine, or ethanolamine. PLA,=
phospholipase A,. COX = cyclo-oxygenase. PG = prostaglandin.

LT = leukotriene. TX = thromboxane. The designations E, or Fycx 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.

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. The first
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
inflammatory 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 effects on prosta-
glandin synthesis. Nonsteroidal anti-inflammatory drugs such
as indomethacin and aspirin also block the cyclooxygenase
reaction catalyzed by both COX 1 and COX 2. Some of the
newer anti-inflammatory drugs specifically block COX 2.
Because prostaglandins produce varied and widespread
effects, blockade of their production with cyclooxygenase
inhibitors may produce undesirable long-term consequences.



Glucocorticoids and cytokines

'The 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-q, -3, =), 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-specific growth factors. It is not clear just how many
of these hormone-like molecules are produced. Not all have
a role in inflammation, and a general discussion of cytokine
biology is beyond the scope of this text. However, two
cytokines, IL-1 and TNFq, are particularly important in the
development of inflammation, and in the physiology of the
glucocorticoids. The intracellular signaling pathways and bio-
logical actions of these two cytokines are remarkably similar.
They enhance each other’s actions in the inflammatory
response, which differ only in the respect that TNFa 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 inflammatory/immune response. They are illustrated
in Figure 4.18. Many of the consequences of these actions
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can be recognized from personal experience as nonspecific
symptoms of viral infection.

TNFa 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 TNFa and their receptors are increased by some
of the cytokines and other mediators of inflammation whose
production they increase, so that an amplifying positive
teedback cascade is set in motion. Some products of these
cytokines also feed back on their production in a negative
way to modulate the inflammatory response. Glucocorticoids
play an important role as negative modulators of 1L-1 and
TNFa« effects 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-inflammatory cytokines as
well, including IFN-~, IL-2,IL-6, and IL-8, among others.

Production of IL-1 and TNFa and many of their
effects on target cells are mediated by activation of genes by
the transcription factor, Nuclear Factor kappa B (NF-rB). In
the unactivated state NF-kB resides in the cytoplasm bound
to NF-kB inhibitor protein (I-«B). Stimulation of the sig-
naling cascade by some tissue insult or the binding of IL-1
and TNF« to their respective receptors is initiated by acti-
vation of a kinase (I-xK) that phosphorylates I-«xB, which
causes it to dissociate from NF-kB and to be degraded. Free
NF-kB 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, TNFq, 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 proinflammatory
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FIGURE 4.18 Effects of interleukin-1(IL-1).
PG = prostaglandin. LT = leukotriene.

79



Basic Medical Endocrinology

/

1-<B-PO, \

I-NF-KB<

,»TNFa—( \ NEcB

l;

1

| Tissue I-B Kinase

- insult

| / I-xB

I 1

| 4

’

]

{ Cortisol @

|

|

1 Prostaglandins PLA
Thromboxanes { 2

I Leukotrienes COX;

\\ <« NO <«—— iNOS

‘o IL-1

TNFo
Other cytokines

Wy

FIGURE 4.19 Anti-inflammatory actions of cortisol. Cortisol induces

the formation of the inhibitor of nuclear factor kB (I-kB), which binds

to nuclear factor kB (NF-kB) and prevents it from entering the nucleus
and activating target genes. The activated glucocorticoid receptor (GR)
also interferes with NF-xB binding to its response elements in DNA thus
preventing the induction of phospholipase A2 (PLA2), cyclo-oxygenase 2
(COX2), and the inducible nitric oxide synthase (iNOS). By blocking further
production of TNFax (tumor necrosis factor-ar) and IL-1 (interleukin-1)
glucocorticoids disrupt the positive feedback cycle involving these
cytokines. NO = nitric oxide.

cytokine that acts on the hypothalamus, liver, and other tis-
sues. IL-8 plays an important role as a leukocyte attractant.
Nitric oxide is important as a vasodilator and may have
other effects as well.

Glucocorticoids interfere with the NF-kB-dependent
effects of IL-1 and TNF« in two ways. They promote the
synthesis of I-xB, which traps NF-xB in the cytosol, and
they interfere with the ability of NF-kB that enters the
nucleus to activate target genes. The mechanism for inter-
ference with gene activation is thought to invoke protein:
protein interaction between the glucocorticoid receptor
and NF-kB so that access of NF-kB, coactivators, or the
RNA polymerase to the promoter regions of affected genes
is blocked. Glucocorticoids also interfere in similar ways
with IL-1 or TNFa-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 effect 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 inflammatory
mediators

Granulocytes, mast cells, and macrophages contain vesicles
filled with serotonin, histamine, or degradative enzymes, all
of which contribute to the inflammatory response. These
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 effects are unknown.

Glucocorticoids and the immune response

'The 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 differentiation 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. They 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



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 specific 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-~,
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.
The physiological implications of the suppressive
effects 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. Thus, excessive anti-immune or anti-inflammatory
influences are just as damaging as unchecked immune or
inflammatory responses. Under normal physiological cir-
cumstances, these influences are balanced and protective.
Nevertheless, the immunosuppressive property of gluco-
corticoids is immensely important therapeutically, and high
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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 =
interleukinll; IFN-y = interferon-y.

Adrenal Glands

doses of glucocorticoids often are administered to combat
rejection of transplanted tissues and to suppress various
immune and allergic responses.

Other effects 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. The 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-
nificance 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). This
decrease is partly due to the cytolytic effects 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 final action of glucocorticoids relevant to inflammation and
the response to injury is maintenance of sensitivity of vascular
smooth muscle to vasoconstrictor effects of norepinephrine
released from autonomic nerve endings or the adrenal
medulla. By counteracting local vasodilator effects of inflam-
matory mediators, norepinephrine decreases blood flow and
limits the availability of fluid to form the inflammatory exu-
date. In addition, arteriolar constriction decreases capillary
and venular pressure and favors reabsorption of extracellular
fluid, thereby reducing swelling. The vasoconstrictor effect of
norepinephrine is compromised in the absence of glucocorti-
coids. The 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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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 affect adrenal cor-
tical function but, rather, increases the output of ACTH
from the pituitary gland (see later). In fact, stress often is
defined 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.
The 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. These findings
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 effects of stress
and permits expression of expected responses to stimuli. This
finding introduced the idea that glucocorticoids act in a nor-
malizing, or permissive, way. That 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
suffering from pituitary insufficiency or who have undergone
hypophysectomy have severe difficulty 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 suffering
from adrenal insufficiency 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 fit the general
pattern of steroid hormone action described in Chapter 1.
The gene for the glucocorticoid receptor gives rise to two
isoforms as a result of alternate splicing of RNA. The 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. The beta
isoform cannot bind hormone, is constitutively located in
the nucleus, and apparently cannot bind to DNA. The 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 effects that depend upon activating or
suppressing transcription of specific genes. The ability to reg-
ulate different genes in different tissues presumably reflects
differing accessibility of glucocorticoid-responsive genes to
the activated glucocorticoid receptor in each differentiated
cell type, and presumably reflects the presence or absence of
different coactivators and corepressors as well as differences
in chromatin configuration. As described for NFkB, glu-
cocorticoids also inhibit expression of some genes that lack
glucocorticoid response elements. Such inhibitory effects
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.
Through actions on histone acetylation glucocorticoids may
also modulate the accessibility of gene promoters to tran-
scription regulators or to the RNA polymerase complex. The
glucocorticoid receptor can be phosphorylated to various
degrees on serine residues. Phosphorylation may modulate its
affinity for hormone, or DNA, or for coactivators or repres-
sors. Finally, glucocorticoids may also affect 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 effects
on the inner zones of the adrenal cortex were described



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. They stimulate the pituitary to
secrete ACTH by releasing CRH into the hypophyseal por-
tal capillaries (see Chapter 2). Vasopressin (AVP) also exerts
an important influence 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 different 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 effects both on CRH neurons
in the hypothalamus and on corticotropes in the anterior
pituitary. These effects are mediated by the glucocorticoid
receptor. The negative feedback effects on secretion depend
upon transcription of genes that code for proteins that either
activate potassium channels or block the effects of PKA
catalyzed phosphorylation on these channels and may also
act at the level of secretory vesicle trafficking. Initial actions

of glucocorticoids suppress secretion of CRH and ACTH
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FIGURE 4.21 Negative feedback control of glucocorticoid secretion.
CRH = corticotropin-releasing hormone; AVP = arginine vasopressin
(+) = stimulates. (=) = inhibits.
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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. This 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. The result-
ing increase in cyclic AMP activates protein kinase A, which
directly or indirectly inhibits potassium outflow 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 influx 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 effects of protein
kinase A on secretory vesicle trafficking 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. This action of AVP has little effect on ACTH
secretion in the absence of CRH, but amplifies the effects
of ACTH on ACTH secretion without affecting 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. These effects are summarized in Figure 4.22.

The 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 deficient in CRH by disruption of
the CRH gene. These CRH knockout mice secrete normal
amounts of ACTH and glucocorticoid under basal condi-
tions, and their corticotropes express normal levels of mRNA
tor 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. These animals also suffer a severe impair-
ment, but not total lack of ACTH secretion in response
to stress. Thus 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 4.22 Hormonal interactions

that requlate ACTH secretion by pituitary
corticotrope. Glucocorticoids produce their
negative feedback effects by interfering

with POMC gene expression and membrane
depolarization. CRH = corticotropin releasing
hormone; AVP = arginine vasopressin;

AC = adenylyl cyclase; PLC = phospholipase C;
ATP = adenosine triphosphate; cAMP = cyclic
adenosine monophosphate; PKC = protein
kinase C; DAG = diacylglycerol; IP3 = inositol
trisphosphate; PKA = protein kinase A;

CREB = cyclic AMP response element binding
protein; ER = endoplasmic reticulum; AP-1 =

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. This 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). This 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 different times of day.

Decreased sensitivity to inhibitory effects 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. The cellular

mechanisms underlying the periodic changes in set point

activator protein-1; GR = glucocorticoid
receptor; POMC = proopiomelanocortin;
VSCC = voltage sensitive calcium channels.
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FIGURE 4.23 Variations in plasma concentrations of ACTH and cortisol at
different times of day. (From Matsukura, S., West, C.D,, Ichikawa, Y, Jubiz, W.,
Harada, G, Tyler, FH. (1971) A new phenomenon of usefulness in the
radioimmunoassay of plasma adrenocorticotropic hormone. J. Lab. Clin.
Med. 77: 490-500.)

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. Different
mechanisms appear to apply at different stages of the stress



response. With the imposition of a stressful stimulus, there
is a sharp increase in ACTH secretion driven by CRH and
AVP. The rate of ACTH secretion is determined by both
the intensity of the stimulus to CRH-secreting neurons and
the negative feedback influence 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 different cel-
lular mechanisms. During the first few minutes the inhibi-
tory effects 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 unaffected by inhibitors of protein synthesis. Its molecu-
lar basis is unknown, but receptors for steroids in neuronal
membranes have been described. The negative feedback effect
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:

e Basal secretion of ACTH follows a diurnal rhythm
driven by CRH.

e Stress increases CRH and AVP secretion through neural
pathways.

e ACTH secretion is subject to negative feedback control
under basal conditions and during the response to most
stressful stimuli.

e Cortisol inhibits secretion of both CRH and ACTH.

Some observations suggest that cytokines produced by
cells of the immune system may directly affect 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 effects of CRH and

Adrenal Glands
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FIGURE 4.24 Negative feedback regulation of the hypothalamic-pituitary-
adrenal axis by inflammatory cytokines. CRH = corticotropin releasing
hormone.

the inhibitory effects 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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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.

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 effect 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.
"The whole system can be brought into proper balance by giv-
ing sufficient glucocorticoids to decrease ACTH secretion
and therefore remove the stimulus for androgen production.

ADRENAL MEDULLA

The 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 affinity for chromium salts
in histological preparations and hence are called chromaffin
cells. They 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 chromaffin cells. Chromaffin cells are thus
modified postganglionic neurons. Their 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 chromaftin
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 chromaffin tissue. The 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 affect 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

The 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 3-hydroxylation
of dopamine to form norepinephrine resides within the
secretory granule. Dopamine is pumped into the granule by
an energy-dependent, stereospecific 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
final methylation reaction. The 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. The vascular arrangement
in the adrenals is such that interstitial fluid surrounding
cells of the medulla can equilibrate with venous blood that
drains the cortex and therefore has a much higher content of
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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, 3-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
chromaffin cell membrane. The resulting influx of sodium
ions depolarizes the plasma membrane, leading to an influx
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

Adrenal Glands
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v FIGURE 4.26 Biosynthetic sequence for

HO 'C.'.CH epinephrine E and norepinephrine N in adrenal
a NH;  medullary cells. TH = tyrosine hydroxylase;

HO CH;  AAD = aromatic L-amino acid decarboxylase (also

called DOPA decarboxylase); DBH = dopamine
betahydroxylase; PNMT = phenylethanolamine-
N-methyltransferase.

and norepinephrine. As yet, the physiological significance
of opioid secretion by the adrenals is not known, but it
has been suggested that the analgesic effects 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 diffusion from sympa-
thetic synapses. The 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. Significant 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 (MAOQO). This 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 4.27 Catecholamine degradation. MAO = monoamine oxidase;
COMT = catechol-O methyltransferase; AD = alcohol dehydrogenase.
AO = aldehyde oxidase; (From Cryer 1987; in Endocrinology and
Metabolism, 2nd ed.,, Felig et al., eds. McGraw Hill, New York.)

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, chiefly 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

The 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, fight, or flight.”
Responsive tissues make no distinctions between blood-
borne catecholamines and those released locally from nerve
endings. In contrast to adrenal cortical hormones, effects 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. The cortex
and medulla together, however, provide an effective “one—two
punch,” with cortical hormones maintaining and even ampli-
fying the effectiveness 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). These
so-called adrenergic receptors originally were divided into
two categories, o and 3, based on their activation or inhibi-
tion by various drugs. Subsequently, the o and 3 receptors
were further subdivided into al, o2, 81, 32, and (33 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 (3 receptors activates ade-
nylyl cyclase, but subtle differences distinguish them.
Beta-adrenergic responses typically result from increased
production of cyclic AMP, but 33 receptors may couple to
both G, and G; heterotrimeric proteins, and hence give a
less robust response. From a physiological perspective, the
only difference between (31 and (32 receptors is the low
sensitivity of the (32 receptors
Stimulation of a2 receptors inhibits adenylyl cyclase and

to norepinephrine.

may block the increase in cyclic AMP produced by other
agents. For a2 effects, the receptor communicates with
adenylyl cyclase through the inhibitory G protein (G;).
Responses initiated by the ol receptor, which couples with
G, are mediated by the inositol trisphosphate-diacylglycerol
mechanism (see Chapter 1). Glucocorticoids increase
responses to catecholamines in some tissues by upregulating
B adrenergic receptors or the aG; subunit.

Some of the physiological effects of catecholamines
are listed in Table 4.3. Although these actions may seem
diverse, in actuality they constitute a magnificently coordi-
nated set of responses that Cannon aptly called “the wisdom
of the body.” When producing their effects, catecholamines
maximize the contributions of each of the various tissues
to resolve challenges to survival. On the whole, cardiovas-
cular effects maximize cardiac output and ensure perfusion
of the brain and working muscles. Metabolic effects ensure
an adequate supply of energy-rich substrate. Relaxation of
bronchial muscles facilitates pulmonary ventilation. Ocular
effects increase visual acuity. Effects on skeletal muscle and
transmitter release from motor neurons increase muscular
performance, and quiescence of the gut permits diversion of
blood flow, oxygen, and fuel to reinforce these effects.



TABLE 4.3 Typical Responses to Stimulation of the Adrenal Medulla

Target Responses
CARDIOVASCULAR SYSTEM
Heart 1 Force and rate of contraction
1 Conduction
1 Blood flow (dilation of coronary
arterioles)
1 Glycogenolysis
Arterioles
skin Constriction
mucosae Constriction
skeletal muscle Constriction
Dilation
METABOLISM
Fat T Lipolysis
1 Blood FFA and glycerol
Liver T Glycogenolysis and gluconeogenesis
1 Blood sugar
Muscle T Glycogenolysis
1 Lactate and pyruvate
release

RESPIRATORY SYSTEM Relaxation of bronchial muscle

STOMACH AND T Motility
INTESTINES 1 Sphincter contraction
1 Sphincter contraction
URINARY BLADDER
SKIN T Sweating
EYES Contraction of radial muscle of
the iris
SALIVARY GLAND T Amylase secretion
T Watery secretion
KIDNEY T Renin secretion
T Sodium reabsorption
SKELETAL MUSCLE T Tension generation

T Neuromuscular transmission
(defatiguing effect)

Regulation of adrenal medullary
function

'The 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
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FIGURE 4.28 Changes in blood concentrations of epinephrine and
norepinephrine in response to hypoglycemia. Insulin, which produces
hypoglycemia, was injected at the time indicated by the arrow. (From
Garber, AJ, Bier, DM, Cryer, PE, and Pagliara, A.S. (1976) Hypoglycemia
in compensated chronic renal insufficiency. Substrate limitation of
gluconeogenesis. J. Clin. Invest. 58: 7-15.)

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 effective 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 first 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 conflicting 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. Therefore, 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 flavor 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;
second messenger system. The 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 affect the degree to which each of
these hormones is secreted. At times the action
of hormone B will prevail; at other times it will
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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 « stimulatory subunit Gag. Hormone C binds to its G-protein coupled receptor, which inhibits
adenylyl cyclase through the inhibitory subunit Gey;, and activates phospholipase C through the Goyg subunit, resulting in cleavage of phosphatidylinositol
bis-phosphate (PIP,) and the release of diacylglycerol (DAG) and inositol trisphosphate (IP3). 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.

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 influence 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. Thyroid hormones increase expres-
sion of adrenergic receptors in some tissues, and cortisol
appears to increase expression of adrenergic receptors, as
well as Gay, and other components of G-protein signaling.
Consequently, in states of thyroid or adrenal insufficiency,
responses to epinephrine are blunted or deficient, 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 final expres-
sion of the cellular response. Two or more hormones may
produce overlapping effects in some target cells, and when
present simultaneously may produce a final 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 effects may simply sum-
mate. However, if they compete for some shared compo-
nent of their signaling pathways of final effector 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,
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FIGURE 5.2 Synergistic effects 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 effective 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, LR, Honeyman, TW, 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.)

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
effects. This 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 effects of each (Figure 5.2). Synergism is often seen,



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 effect that neither can
produce alone. This 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. The
underlying molecular mechanisms are not understood, but
probably relate to hormone effects on the expression of many
genes that maintain normal cellular economy.

Maintaining signal fidelity

There are more hormones than there are signaling pathways,
and virtually no signaling pathway is used exclusively by any
one hormone. Many different hormones appear to signal
by activating the same molecules or molecular complexes,
and yet the final 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 fidelity are not always understood,
several factors appear to contribute to the specificity of hor-
mone actions in cells that express receptors for different
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 final out-
come. It is now recognized that protein molecules involved in
complex intracellular signal transmission do not float around
freely in a cytoplasmic “soup,” but are anchored at specific
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 specific regions in the cell by specialized proteins called
AKAPs (A kinase anchoring proteins), which may also act as
scaffolds 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
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are represented in the human genome in multiple forms,
often referred to as isoforms. In addition to being products of
separate genes, different isoforms may arise by alternate splic-
ing of mRNA from the same gene or by different 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 different isoforms of Gay, some isoforms of adenylyl
cyclase are also activated or inhibited by different members of
the protein kinase C family, or by calcium, or by some of the
more than 50 possible combinations of G-protein 3 subu-
nit isoforms. There 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 different
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 influence 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 fluid 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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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 mMRNA
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.

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 effective concentrations
are maintained. In addition to the plasma concentration,
the rate of delivery of a hormone to the extracellular fluid
bathing its target cells also depends upon the rate of blood
flow, 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. The 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 different 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.

The 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).
The 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. The lowest amount or concen-
tration of hormone that produces a measurable response
usually is called the #hreshold. The response is considered to
be at a maximum when no further changes can be produced
by further increases in hormone concentration. The 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 modified by the
actions of hormones or changes in physiological conditions.
Because it is difficult 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 ECs,.

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 reflects 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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FIGURE 5.6 Concentration response relationships showing different
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.

Dose-response curves that reflect 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. The
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 1ng/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). The 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. The effects 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. This 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
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FIGURE 5.7 The effects of up or down regulation of receptor number on
sensitivity to hormonal stimulation. Note that the abscissa is plotted on a
logarithmic scale.

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. The 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.
The phenomenon of rachyphylaxis, 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 modifications
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 effects 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. This 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).

5
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Spare receptors

Another determinant of sensitivity is the affinity of a recep-
tor for its hormone. Hormones reversibly associate with their
receptors according to the law of mass action. Affinity reflects
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 quantified in terms of the concentration
of hormone at which half of the available receptors are occu-
pied by hormone. Although the affinity 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 affinity.

Biological responses do not necessarily parallel hor-
mone binding, and therefore are not always limited by
the affinity 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 affinity of the receptor for insulin. Recall that sen-
sitivity is measured in terms of a biological response, which
is the physiologically meaningful parameter, whereas affin-
ity of the receptor is independent of the postreceptor events
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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.

that produce the biological response. The 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 five
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 affinity. Postreceptor modulation may affect
any of the steps in the biological pathway through which
hormonal effects are produced. Up- or downregulation of
effector 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. Therefore, 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.



These 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. Therefore, 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 reflected 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).
This change in sensitivity to FSH reflects 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 different tissues, sometimes in response to different
conditions, thus produce the same end result. When present
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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
al and (3 receptors.

simultaneously, their effects summate, so the overall response
depends on both. When one is deficient 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 a-1 adrenergic receptors,
epinephrine activates phospholipase 3 and the resulting pro-
duction of diacylglycerol (DAG) and inositoltrisphosphate
(IP3). Calcium released from intracellular stores due to the
effects of IPj also activates phosphorylase (Figure 5.10).

Redundant mechanisms not only assure that a criti-
cal process will take place, but they also offer opportunity
for flexibility and subtle fine-tuning of a process. Though
redundant in the respect that two different hormones may
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FIGURE 5.11 Idealized representation of the effects of epinephrine and
growth hormone on plasma concentrations of free fatty acids.

have some overlapping effects, 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 effects of epinephrine as increased heart rate.

Two hormones that produce common effects 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 effect dis-
sipates as rapidly when epinephrine secretion is stopped.
Growth hormone similarly increases blood concentrations of
FFA, but its effects 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. These processes, as might be expected, have
different 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. This 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. Thus functional deficiencies may be masked
by redundant mechanisms and be evident only in subtle
ways. Some deficiencies 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 effect since indepen-dent adjust-
ments in redundant pathways may completely compensate
for the intervention.

Reinforcement

It is an oversimplification to think of any hormone as sim-
ply having a single unique effect. In accomplishing any end,
most hormones act at several locales either within a single
cell, or in different tissues or organs to produce separate but
mutually reinforcing responses. In some cases, a hormone
may produce radically different responses at different 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:

e Increases uptake of cholesterol, which serves as a
substrate for hormone synthesis.

e Activates the esterase enzyme needed for mobilization of
cholesterol from storage droplets.

e 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.

e Increases adrenal blood flow, 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 effects 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 different ways in different tissues to produce
complementary effects. 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 5.12 Push-pull mechanism. Epinephrine inhibits insulin secretion
while promoting glucagon secretion. This combination of effects on the
liver stimulates glucose production while simultaneously relieving an
inhibitory influence. (+) = increases; (—) = decreases

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. The 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).

Principles of Hormonal Integration
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FIGURE 5.13 Push-pull mechanism to activate glycogen phosphorylase
while simultaneously inhibiting glycogen synthase.

The effect of adding a stimulatory influence while simul-
taneously removing an inhibitory influence is a rapid and
large response, more rapid and larger than could be achieved
by simply affecting either hormone alone, or than could
be accomplished by the direct glycogenolytic effect 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). The net reaction rate is determined
by the balance of the activity of the two enzymes. The 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.

>
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Hormones of the Gastrointestinal Tract

'The 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 identified, 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. These 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. The 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 influx of nutrients, and informs the brain of
the need to initiate or terminate feeding. This
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

The 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). The 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. The 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.

Throughout its length, the wall of the GI
tract is composed of concentric layers of tis-
sue, which vary in thickness and complexity in
the different segments. The 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. The
mucosa consists of a single layer of epithelial
cells supported by a lamina propria and is
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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. The 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.

The 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 crypss 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 enterochromaffin cells. Enterochromaffin 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,

Pancreas

Pancreatic duct

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. €. The intestines.
The duodenum is about 30cm 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 differentiating cells that renew the mucosal surface are all
‘open”to the lumen and come in direct contact with the luminal contents.
The ECL (enterochromaffin-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 enterochromaffin 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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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 Gl tract. Enteric neurons communicate with sensory and motor vagal fibers and with sympathetic postganglionic fibers, which also directly innervate
blood vessels, intestinal smooth muscle and mucosal secretory cells. (Redrawn from Johnson, L.R. (2003) Essential Medical Physiology, 3rd ed., 469. Elsevier,

Academic Press, San Diego.)

but are absent from the ansral mucosa. Gastric glands in the
oxyntic mucosa also contain chief cells, which produce pep-
sinogen and lipase, mucus-secreting cells, enterochromayfin-
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 differentiate into all
these cell types replace and regenerate the rapidly turning-
over and exfoliating luminal lining of the intestinal tract.

The GI tract is extensively innervated with affer-
ent and efferent 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. They 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. These 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. The 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 6.4 \ago-vagal reflexes. Sensory signals arising directly from
vagal chemo- or mechanoreceptors or transmitted to vagal afferents

from enteric neurons pass up the vagus nerve trunks to neurons in the
nucleus of the solitary tract, which communicate with efferent neurons in
the dorsal motor nucleus and the nucleus ambiguous (vagal integrating
centers). Efferent signals travel down the vagal trunks to activate or inhibit
secretion or contraction directly or indirectly by way of the enteric nervous
system.

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 fibers that are also present in the vagus
nerves. These reflexes are called vago—vagal reflexes because
both afferent and efferent signals are carried by fibers in the
vagus nerve trunks (Figure 6.4). Many of the responses that
are governed by these reflexes also are produced by gastroin-
testinal hormones. In addition, vagal afferent fibers express
receptors for some of these hormones. Consequently, some
effects of gastrointestinal hormones are produced both indi-
rectly by reflexes and directly by stimulation of receptors
on target cells. Additionally, hormonal stimulation of vagal
afferents 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. The 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. The resulting liquefied 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.

The 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 fibers. Most of the
organic nutrients, water, salts, vitamins, and minerals are
absorbed in the small intestine. The remaining chyme then
passes into the colon, which carries out the final 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. The 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.
Those peptides that depend upon the general circulation to
reach their target cells meet the classical definition of hor-
mones presented in Chapter 1. Others act locally in a para-
crine manner, reaching their target cells by diffusion through
interstitial fluid. 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 6.5 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, | = 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.

or they may excite receptors on afferent vagal neurons and
initiate systemic responses through vaso—vagal reflexes. Some
peptide secretions may diffuse through the interstitium to
excite neurons of the enteric nervous system, which may
respond by producing local effects or by transmitting signals
to distant portions of the GI tract. A few may be secreted
into the intestinal lumen and produce their effects 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. The 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). The
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.
The 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.
The 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.

The 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 effects of gastrin. The 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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located six residues upstream from the carboxyl terminal of
gastrin may also be sulfated, the sulfate ester in this position
has little influence on gastrin activity. About equal amounts
of nonsulfated (gastrin-I) and sulfated (gastrin-II) normally
are produced.

The close structural and evolutionary relationship
between gastrin and CCK is also reflected in their receptors,
which have about 50% sequence identity. These receptors origi-
nally were studied and characterized in CCK target tissues,
and are still called CCK receptors. The receptors that were
found in rodent pancreatic acini bind CCK with an affinity
that is about 500 to 1,000 times higher than for gastrin. They
are called CCKA or CCK1 receptors (CCK1-R). Receptors
of the type ubiquitously distributed throughout the brain bind
CCK and gastrin with nearly equal affinity, and are called
CCKB or CCK2 receptors (CCK2-R). The sulfated tyrosine
7 residues upstream from the carboxyl terminus is required for
high affinity 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 Gayyqq and phospholipase C and sig-
nal through the diacylglycerol/inositol-trisphosphate second
messenger system and intracellular calcium. The CCK1-R,
but not CCK2-R, is also coupled to Goy and signals some
responses by way of increased cyclic AMP. The 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, purified, and chemically synthe-
sized, that its status as a hormone and its role in gastric acid
secretion finally 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. The predominant form secreted by antral G-cells
is the 17 amino acid peptide (G-17) called little gastrin. The
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 effect 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. The postganglionic parasympathetic neurotransmit-
ter that activates the ECL cell is probably the neuropeptide
called PACAP (pituitary adenylcyclase activating peptide; see
later). Blockade of histamine H, receptors nearly eliminates
acid secretion evoked by gastrin and acetylcholine as well as
by histamine. The interplay of histamine, gastrin, and ace-
tylcholine in stimulating acid production is a good example
of synergy in which the combined effects of agents that act
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FIGURE 6.6 Stimulation of gastric acid secretion. Histamine secreted

by enterochromaffin-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.



through different signal transduction pathways exceeds the
sum of their individual effects. Acting through its H, recep-
tors, which are coupled to adenylyl cyclase through Gay, 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 (IP3)/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. There is some
overlap in the cellular substrates for these kinases. The pat-
terns of protein phosphorylations produced by the different
kinases presumably are complementary, with the result that
histamine greatly amplifies 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

Cytoskeletal rearrangements
CamK-Il——p» Membrane trafficking
Activation of:
K" and CI~ channels
HCO3 /ClI~ exchanger
Insertion of K*/H" ATPase,

Parietal cell HCI

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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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 wesicular 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
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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 IP5 (inositol
trisphosphate)/DAG (diacylglycerol phosphate) pathway and increase
intracellular Ca?*. IP5 stimulates release of Ca?* 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’™* 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. They, or
perhaps the parietal cells, may be the source of growth fac-
tors that control stem cell proliferation and differentiation.

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
fibers 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. The
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. The 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 reflexes. 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. There is little direct information
concerning how G cells detect these metabolites. The 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 nzes-
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. The 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 effects indirectly by stimulating D cells in
the gastric mucosa to secrete somatostatin. In addition, vago-
vagal reflexes triggered by the same stimuli shut down GRP
release in the antral mucosa, and relieve vagal inhibition of
somatostatin secretion in the oxyntic mucosa (Egure 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 reflexes, which result in decreased release of GRP and
decreased cholinergic inhibition of D cells.



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 disulfide 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 (15min
vs. ~2min). Consistent with its widespread distribution,
somatostatin serves a variety of functions mediated by five
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
specific ion channels.

The D cells that are present in the oxyntic and antral
mucosae differ somewhat in their anatomical and physi-
ological characteristics. The 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
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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. They named it cholecystokinin, meaning “that
which excites or moves the gall bladder.” About 15 years later
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FIGURE 6.10 Effects 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 Gl 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. The active substance
in the extract was named pancreozymin (PZ). Only after puri-
fication 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. The 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 five minutes
for CCK-58.The kidney is the major site of CCK clearance.

Physiological actions of CCK
Pancreatic enzyme secretion

Efficient 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. The pan-
creas maintains the highest rates of protein synthesis in the
body, and in a normal day may release as much as 15g 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
fluid to carry the secreted enzymes through the pancreatic
duct system. The 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 five to
tenfold within 30 minutes after eating a typical meal contain-
ing protein and fat (Figure 6.11). The 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
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FIGURE 6.11 Effects 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, RA,, Goldfine, I.D, Rosen, M.S, Taplitz, RA., 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.)

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
effect 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 affer-
ent neurons express CCK-1 receptors, which, upon binding
CCK, initiate the reflex that activates cholinergic secretomo-
tor efferent neurons in the pancreas (Figure 6.12). Although

it is clear that acetylcholine released from parasympathetic
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FIGURE 6.12 Actions of CCK on pancreatic secretion and bile flow. Major direct actions are indicated by solid blue arrows. Effects of questionable

physiological significance are indicated by the dotted blue arrows.

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 detoxified metabolites. Hepatocytes secrete bile into
bile canaliculi, which converge to form interlobular ductules,
and ultimately the common hepatic bile duct. The cystic duct,
which carries bile to and from the gall bladder, branches oft 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 fluid 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. The 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 flow of bile into the gall bladder where the organic
constituents are concentrated as much as 20-fold by selective

reabsorption of water and electrolytes. The 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 fib-
ers. The 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 efferent 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 (IM3) 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 afferent neurons, and
their stimulation by CCK initiates a reflex that duplicates
and reinforces the direct action of CCK on the gall bladder.
Thus 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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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 effects of CCK

Although CCK can bind to the same receptors as gastrin
(CCKR-2) on ECL and parietal cells, its net effect in the
stomach is to inhibit rather than stimulate acid secretion. The
inhibitory effect 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 effects 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 reflexes initiated by CCK acting on vagal
afferent neurons play an important role. Stimulation of vagal
afferents by CCK is also likely to contribute to the inhibitory
effect of CCK on food intake and its role in limiting meal
size. The 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 effects of CCK are
direct or are mediated by vaso—vagal reflexes 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 effects 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). The 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 /fuminal 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. Through mechanisms that are incom-
pletely understood, exposure of I cells to fatty acids causes
intracellular calcium concentrations to increase sufficiently
to trigger CCK secretion. Some evidence suggests that fatty
acids may produce this effect 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, effect 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. This effect 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

The 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. The 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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K = lysine, L = leucine, M = methionine, N = asparagine, P = proline, Q = glutamine, R = arginine, S = serine, T = threonine, V = valine, W = tryptophan,

Y = tyrosine.

are found only in lizards and encode four peptides (exen-
dins 1-4) that closely resemble GLP-1 and PACAP. These
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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and belong to the branch of the G-protein-coupled receptor
superfamily that includes the visual receptor, rhodopsin. They
appear to have coevolved with their ligands by duplications of
the gene for an ancient receptor progenitor, and produce their
effects through activating G-protein-coupled receptors that
signal through the cyclic AMP second messenger system.

Secretin

'The 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. These investiga-
tors found that instilling acid into an isolated loop of dog
jejunum resulted in the secretion of pancreatic fluid even
though all nervous connections were severed. They subse-
quently obtained the same results by injecting dogs with an
extract of duodenal mucosa. They 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. The 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 bufters 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 effects 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, different
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). These cells are linked by junctional complexes that
are permeable to water and selectively permeable to ions. The
driving force for electrolyte transfer is the steep electrochemi-
cal sodium gradient between the cytosol and extracellular flu-
ids. The 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
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FIGURE 6.15 Actions of secretin on bicarbonate secretion by pancreatic
and bile duct epithelial cells. Stars indicate processes that are stimulated
by secretin through increased cyclic AMP formation and protein kinase
A-dependent phosphorylation (see text for explanation).

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 fluid. The
negatively charged bicarbonate creates an electrical gradient
that provides the driving force for sodium to diffuse through
intercellular junctions. The resulting increase in sodium bicar-
bonate concentration creates the osmotic force that drives
water through and between the epithelial cells. The 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 fluid 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 fibro-
sis transmembrane regulator (CFTR), is activated by protein
kinase A-catalyzed phosphorylation. Activation of this chan-
nel is a critical component of fluid secretion. Genetic defects
in the CFTR chloride channel severely impair secretory
processes not only in the pancreas, but also in the bronchiolar



mucosa and elsewhere, and are the cause of the devastating
disease, cystic fibrosis.

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 fluid 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. The alkaline intracellular environment favors dis-
sociation of carbonic acid to bicarbonate and hydrogen ions.
The hydrogen ions are eliminated by exchange for sodium
and by an ATP-dependent hydrogen ion pump in the baso-
lateral membrane. The 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. The net effect 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 fluid, a bicarbonate concentration that is as much as
fivefold 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
fluid. These agents alone have little effect 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). The 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 effects are more subtle.

Other effects of secretin

The principal outcome of stimulating bicarbonate produc-
tion by pancreatic and bile ducts is neutralization of chyme
in the duodenum. This effect 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
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FIGURE 6.16 Synergistic effects 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 fluids 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.)

to secrete somatostatin. Somatostatin inhibits acid secre-
tion by its effects on G cells, ECL cells, and parietal cells as
already described. Some evidence indicates that secretin and
CCK may have synergistic effects on somatostatin secre-
tion. In addition, by activating receptors on vagal afferent
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
effects 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. The secretin
releasing factor in rodents is a small peptide, but the human
counterpart has not been identified. 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 6.17 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.

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. Their function is to prepare the body
for an impending influx of nutrients and to facilitate the dis-
position of those nutrients through accelerating and amplify-
ing the availability of insulin. The original demonstration of
the incretin effect 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. The concentration of GIP in peripheral blood
increases abruptly after a meal rich in carbohydrates and fat
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FIGURE 6.18 The incretin effect. Infusion of a solution of 500 mg.of
glucose intrajejunally produces a smaller increase in plasma glucose
concentration than infusion of the same amount of glucose intravenously
(upper panel), but the jejunal infusion elicits a much greater increase
(55-fold vs. 12-fold) in insulin secretion. (Reproduced from McIntyre, N.,
Holdsworth, C.D., and Turner, D.S. (1965) Intestinal factors n the control of
insulin secretion. J. Clin. Endocrinol. Metab. 25: 1317.)
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FIGURE 6.19 Effects of different 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 effect 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 difference 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 effect. (Redrawn from the data of Elliot, RM., Morgan, LM, Tredger, LA, 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.)

(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. The 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 effective
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 diffusion, is not an effective 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.
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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.

The 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). The
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. These 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
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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)

The glucagon gene encodes three biologically important
peptides—glucagon, glucagon-like peptide-1, and glucagon-
like peptide-2—each in a separate exon. The 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. The 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. The nature and length of the final 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 specific peptide bonds proceed at dif-
ferent rates, creating a potential for about 15 different 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). The 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. The carboxyl terminal peptide, which is not
further processed in pancreatic alpha cells, was aptly named
the major proglucagon fragment. Of these products of alpha

158

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 final products of pancreatic alpha cells and
intestinal L cells are determined by the presence
of different convertases in the two cell types.
GRPP = Glicentin-related pancreatic peptide;
GLP-2 = glucagon-like peptide-2.

185
58



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.

'The 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. The
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. They 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.

The 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.

Hormones of the Gastrointestinal Tract

Physiological actions of GLP-1

'The 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.

Effects 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 effects
on pancreatic beta cells are additive. The glucagon secreting
pancreatic alpha cells also respond to both GLP-1 and GIP.
Insulin lowers plasma glucose concentrations, and glucagon
has the opposite effect. GLP-1 inhibits glucagon secretion
and thereby increases the effectiveness 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 differentiation of new insulin-producing
beta cells, and reduces beta cell apoptosis. These actions and
their implications are discussed further in Chapter 7.

Effects 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. These effects require intact vagal innervation. GLP-1
may retard gastric emptying by stimulating vagal afferent
neurons to initiate vago—vagal reflexes, 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.

Effects 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. These 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
afferent vagal neurons. By slowing gastric emptying, GLP-1
contributes to a feeling of fullness that also limits meal size.
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FIGURE 6.21 Effects 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 effects in healthy humans.
Am. J. Physiol. Endocrinol. Metab. 273: E981-£988.)

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). The 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.
The abundant presence of L cells in the distal ileum and
colon positions them well to gauge the efficiency of nutrient
absorption in more proximal sections of the small intestine.
Fatty acids rather than glucose may be more important for
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FIGURE 6.22 The ileal brake. (GLP-1 = glucagon-like peptide-1)

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 reflexes, 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 effects on gastric
motility and acid production as GLP-1, but has little or no
effect on insulin secretion. Its principal biological target is the
intestinal mucosa, where it has a trophic effect to stimulate
cell proliferation and inhibit apoptosis. The 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



membranes. GLP-2 also promotes mucosal repair, reduces
inflammatory 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,
myofibroblasts, and enteric neurons. The absence of GLP-2
receptors in enterocytes and stem cells in the mucosal crypts
indicates these effects are produced indirectly and mediated
by unknown growth factors. Promising results of clinical trials
suggest that GLP-2 may have important therapeutic effects
in treatment of patients with inflammatory 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. The 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). The 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. Their 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

Pancreatic
polypeptide (PPP)

Peptide YY(PYY)

Neuropeptide Y (NPY)

Hormones of the Gastrointestinal Tract

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. The similarity of the terti-
ary structures of the PP-fold peptides allows them to bind to
the same subfamily of receptors, but with different affinities.
Five distinct G-protein coupled receptor isoforms distributed
widely in the brain and intestinal tract mediate the actions of

these peptides.

Physiological effects 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).
'This 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 effects of CCK and secretin on
pancreatic enzyme secretion and gall bladder contraction.
Additionally, PYY slows the movement of chyme along the
intestine. These effects on the GI tract and the inhibitory

FIGURE 6.23 Amino acid sequences

of the PPY (PPfold) family of peptides

using the single letter amino acid code.
Residues shown in red are identical in
corresponding positions in all three
peptides. Residues shown in cyan or green
are identical with those in corresponding
positions in two family members.

A = alanine, C = cysteine, D = aspartic
acid, E = glutamic acid, F = phenylalanine,
G = glycine, H = histidine, | = 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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effects on delivery of pancreatic and hepatic secretions to
the intestine are produced mainly through vagal reflexes.
Finally, PYY, especially the 3-36 truncated form, may act
as a satiety signal to the brain to limit meal size. Such an
effect, 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 affect

insulin or glucagon secretion.

Neurotensin

The 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 effective (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 effect on
the intestinal mucosa, stimulating mucosal proliferation and
repair. Although neurotensin receptors have been identified
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 reflexes 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 enterobepatic circulation.
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FIGURE 6.24 The effects of isocaloric test meals of carbohydrate, protein,
and fat on plasma concentrations of neurotensin in healthy young adult
subjects. (Redrawn from Rosell, S. and Rokaeus, A. (1979) The effect of
ingestion of amino acids, glucose and fat on circulating neurotensin-like
immunoreactivity (NTLI) in man. Acta. Physiol. Scand. 107: 263-267.)

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. The two peptides have the same four amino
acid sequence at their carboxyl terminals and bind to the same
receptors. Consequently, they produce the same effects on the
intestine, but neuromedin is considerably less effective due to
its lower affinity for the receptor. The gastrointestinal receptor
for neurotensin (NTR1) belongs to the G-protein-coupled
superfamily and signals by way of the IP;/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

The 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. The 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. The amino acid
sequences of ghrelin and motilin are about 30% identical.
The 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 6.25 The motilin ghrelin family. A. Post-translational processing of prepromotilin and preproghrelin. Cleavage of proghrelin releases ghrelin from
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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.

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. These 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

The stomach is quiescent between emptying and the onset
of the next meal, except for brief episodes of contractions
spaced about 90 minutes apart. These 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. The waves of
contractions continue through the duodenum and jeju-
num with diminishing intensity. These contractions coin-
cide with, and are probably initiated by, motilin secreted by
enteroendocrine cells in the duodenum and upper jejunum
(Figure 6.26). Other effects of motilin include stimulation
of enzyme secretion by the stomach and pancreas, and con-
tractions of the gall bladder. This constellation of effects 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
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FIGURE 6.26 Effects of motilin on gastric muscle tone. An intragastric
balloon was placed in the stomachs of normal fasted volunteers and filled
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 effect 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, |,
Janssens, J,, and Tack, J. (2006) Influence of motilin on gastric fundus tone
and on meal-induced satiety in man: Role of cholinergic pathways. Am. J.
Gastroenterol. 101: 804-811))

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. They are found on
afferent 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. This finding has led
to the development of orally effective agents for treatment of
delayed gastric emptying encountered in some disease states.
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Discovery of ghrelin

The 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. The success in producing potent growth hormone releas-
ing peptides (GHRPs) fueled efforts to identify the receptor
that mediates this activity in the pituitary and hypothalamus.
The search uncovered a G-protein-coupled receptor that is
highly conserved among vertebrate animals and is closely
related to the motilin receptor. Efforts to find the natural
ligand for this receptor resulted in the isolation of a peptide
from extracts of the rat stomach. The 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
efforts to enhance secretion of growth hormone. This effect
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. The role of ghrelin in regulating
growth hormone secretion is discussed in Chapter 11.

The 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. These 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 afferent neurons
in the gastrointestinal wall initiates vago—vagal reflexes and
local reflexes of the enteric nervous system. Analogous
actions on colonic contractions involve reflexive release of
acetylcholine from pelvic nerves. However, no gastrointes-
tinal abnormalities were reported for mice lacking ghrelin,
suggesting that its effects are not essential, or that redun-
dant mechanisms compensate for its absence.

Ghrelin concentrations in plasma increase during
interdigestive periods. They rise just before eating and are
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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.)

suppressed by ingestion of fat and carbohydrates (Figure
6.27). 'This 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. The 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 differences 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.
The 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 effects listed.



Hormones of the Gastrointestinal Tract

TABLE 6.1 Hormones and Neuropeptides That Regulate Gastric Functions.
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TABLE 6.2 Hormones and Neuropeptides That Regulate Pancreatic and Hepatic Function.

TABLE 6.3 Hormones and Neuropeptides That Regulate Intestinal Function.
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The principal pancreatic hormones are insu-
lin and glucagon, whose opposing effects 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 B-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
somatostatin 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 effects of insulin. Because com-
pensatory changes in secretion of all these hor-
mones are readily made, states of glucagon excess
or deficiency 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 insufficient 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.

The Pancreatic Islets

MORPHOLOGY OF THE ENDOCRINE
PANCREAS

The 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. They 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 flows
through an anastomosing network of capillaries
before exiting at the opposite pole. This pattern
of blood flow in human islets differs from the
classic description of islet blood flow derived
from studies in rodents.

The islets are richly innervated with
both sympathetic and parasympathetic fibers
that terminate on or near the secretory cells.
Parasympathetic preganglionic fibers 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 fibers originate in the hypothalamus and
synapse with postganglionic nerves in the celiac
and paravertebral ganglia. These neurons secrete
norepinephrine and several neuropeptides. The
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islets also contain a rich complement of sensory fibers 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 fifth cell type that
secretes ghrelin has been identified 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.
This cytoarchitecture contrasts sharply with that of rodent
islets in which beta cells occupy the central region, and are

somatostatin

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, PO., 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.)

surrounded by a mantle of alpha cells. However, in humans
as well as rodents the close contacts between the different
cell types is thought to favor paracrine communication and
may have a role in regulating islet cell function.

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. The 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. This differ-
ence reflects 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. The kidney
is another important site of degradation, and a consider-
able fraction of circulating glucagon is destroyed by plasma
peptidases.

Physiological actions of glucagon

The 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 (keogenesis) by direct-
ing metabolism of long-chain fatty acids toward oxidation



and away from esterification 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 effects 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 first 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. This arrangement sets up substrate cycles that
would spin futilely in the absence of some regulatory influ-
ence exerted on either or both opposing reactions. These
reactions are often strategically situated at or near branch
points in metabolic pathways and can therefore direct flow
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). This enzyme,
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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
tor 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.
Thus 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 7.3 Role of protein kinase A (cyclic AMP-dependent protein kinase) in
glycogen metabolism.

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.
'This compound, when present even in tiny amounts, acti-
vates phosphofructokinase and inhibits fructose-1,6-bisphos-
phatase, thereby directing flow 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. This
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 flows
toward glucose production.

'The other important regulatory step in gluconeogen-
esis is phosphorylation and dephosphorylation of pyruvate
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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 flow 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.

(cycle 1V in Figure 7.2). It is here that 3- and 4-carbon
fragments enter or escape from the gluconeogenic pathway.
The 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



Acetyl CoA
carboxylase-PO4
(Inactive)™

\ Fatty acyl CoA
Mito-
PKA l chondrial
! Palmitoyl matrix
/ carnitine
Acetyl CoA ¢ transferase
Carboxylase
(Active) > \Fatty acyl
P RN / carnitine
/ N/
Acetyl Malonyl Long chain
CoA CoA — T 7 fatty acids

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.

1,6 bisphosphate. Thus, activation of protein kinase A has
the duel effect 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 effect 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 first 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 effect
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

The alternate fate of pyruvate in mitochondria is decarboxy-
lation to form acetyl CoA (Figure 7.6). This 2-carbon acetyl
unit is the building block of fatty acids and eventually finds
its way back to the cytosol where fatty acid synthesis (/ipo-
genesis) takes place. Lipogenesis is the principal competitor
of gluconeogenesis for 3-carbon precursors. The first com-
mitted step in fatty acid synthesis is the carboxylation of
acetyl CoA to form malonyl CoA. Acetyl Cod 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
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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. The same reaction that inhibits fatty acid synthesis
promotes fatty acid oxidation and consequently kezogen-
esis (ketone body formation) (Figure 7.6). Long-chain fatty
acid molecules that reach the liver can be either oxidized or
esterified and exported to adipose tissue as the triglyceride
component of low density lipoproteins. To be esterified,
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. The
ketone bodies, (-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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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

The concentration of glucose in blood is the most impor-
tant determinant of glucagon secretion in normal indi-
viduals. When the plasma glucose concentration exceeds
200mg/dL, glucagon secretion is maximally inhibited.
Inhibitory effects 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 90mg/dL. This set point for glucose
concentration thus falls well within the range over which
glucagon secretion is regulated, so alpha cells can respond
to fluctuations 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 effects of glu-
cose. A precipitous decline in insulin secretion in response
to hypoglycemia may trigger glucagon release. In persons
suffering from insulin deficiency (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 influences 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

Amino acids Glucose
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CCK GLP-1
Alpha cell
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FIGURE 7.7 Stimulatory and inhibitory signals for glucagon secretion.

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 fibers. These 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. The sympathetic response to hypoglycemia also
stimulates the adrenal medulla to secrete epinephrine and
norepinephrine (see Chapter 4). These 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 influx of amino acids. The
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 effects of insulin,
whose secretion is simultaneously increased by amino acids
(see later).

Biosynthesis, secretion, and metabolism

Insulin is composed of two unbranched peptide chains
joined together by two disulfide bridges (Figure 7.8). The
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 disulfide 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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of two endopeptidase enzymes called prohormone conver-
tases 2 and 3. The 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 fluid. 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.

'The 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. Their 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. The first step in insulin deg-
radation is receptor-mediated internalization by an endo-
somic mechanism. Degradation may take place following
fusion of endosomes with lysosomes. The 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. The liver may
thus regulate the amount of insulin that enters the systemic
circulation. The kidneys account for destruction of about half
the circulating insulin following receptor-mediated uptake
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both from the glomerular filtrate and from postglomerular
blood plasma. Normally, little or no insulin is found in urine.
'The 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. The 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

Effects of insulin deficiency

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 effects 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 affects 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 1,000mg/dL on occasion. Diabetics have par-
ticular difficulty 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. The
diabetic, however, is intolerant of glucose, and the ability to
remove it from plasma is severely impaired.

/
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FIGURE 7.9 Idealized glucose tolerance tests in normal and diabetic
subjects. Subjects are given a standardized solution of glucose to drink and
blood samples are taken at the indicated times thereafter. An impairment
of glucose disposition results in a greater than normal and prolonged
increase in blood glucose concentration.

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 filtered at the glomeruli so that
little or none escapes in the urine. Because of hyperglycemia,
however, the concentration of glucose in the glomerular fil-
trate is so high that it exceeds the capacity of renal glucose
transporters and glucose “spills” into the urine, causing g/y-
cosuria (excretion of glucose in urine).

Polyuria

Polyuria is defined as excessive production of urine. Because
more glucose is present in the glomerular filtrate 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 filtrate.
The abnormally high volume of fluid that remains cannot
be reabsorbed by more distal portions of the nephrons, with
the result that water excretion is increased (osmotic diuresis).
Increased flow through the nephron increases urinary loss
of sodium and potassium as well.

Polydipsia

Dehydration results from the copious flow of urine and
stimulates thirst, a condition called polydipsia, or excessive
drinking. The untreated diabetic is characteristically thirsty
and consumes large volumes of water to compensate for
water lost in urine. Polydipsia is often the first 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 effort to compensate for urinary loss
of glucose. The condition is called polyphagia (excessive food

consumption).

Weight loss

Despite increased appetite and food intake, however, insulin
deficiency 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 /Zipemia (high concentration of lipids in blood).
Fatty acid oxidation by the liver results in increased produc-
tion of the ketone bodies (kefosis), which are released into
the blood and cause kefonemia. Because ketone bodies are
small, readily filtrable 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.

The 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.

The net effect 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 effects on different cells. Even
within a single cell it produces multiple actions that are



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 Aypoglycemic 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. The
decrease in potassium results from stimulation of the
sodium/potassium ATPase (sodium pump) in the plasma
membranes of muscle, liver, and fat cells. The physiological
significance of this response to insulin is not understood.

Effects 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 (esterification); (3) breakdown of triglycer-
ides to release glycerol and long chain fatty acids (Zipolysis);
and (4) uptake of fatty acids from the lipoproteins of blood.
'The relevant biochemical pathways are shown in Figure 7.10.

Lipolysis and esterification 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. The 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. The 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 reesterified to triglyceride.

Fatty acid esterification requires a source of glycerol
that is phosphorylated in its o-carbon; free glycerol cannot
be used. Because adipose tissue lacks the enzyme a-glycerol
kinase, all of the free glycerol that is produced by lipolysis
escapes into the blood. The a-glycerol phosphate used for
esterification of fatty acids is derived primarily from phos-
phoryla<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>