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The field of endocrinology is inextricably linked to
physiology. The specialty was initially founded when
it became clear that various glands produced hor-
mones that exerted characteristic physiologic effects
on growth, reproduction, and metabolism. Early
descriptions of hormone deficiency syndromes such
as Addison’s disease and myxedema were soon
followed by hormone replacement strategies, often
resulting in dramatic clinical effects. These observa-
tions unleashed intensive efforts to isolate and
characterize the steroid and peptide hormones
produced by the adrenal, thyroid, parathyroid,
pituitary, and pancreatic islets, and other glands.
The success of this era was epitomized by the
isolation of insulin and the successful treatment of
children with type 1 diabetes mellitus in 1922. The
development of radioimmunoassays (RIAs) was a
monumental advance that allowed hormones to be
measured in various physiologic conditions. RIAs
transformed endocrinology more than any other field.
The ability to measure hormone levels during
stimulation and suppression tests firmly established
the principles of feedback regulation and formed the
basis for many current diagnostic algorithms. RIAs
also revealed the natural patterns of hormone
secretion, including circadian rhythms and repro-
ductive cycles, as well as hormonal responses to sleep,
meals, stress, exercise, and other daily life events. Our
understanding of hormone action has been acceler-
ated by studies of their membrane and nuclear
receptors, which convey hormone specificity in
target tissues. The signaling pathways elicited by
these receptors constitute intricate and complex
networks that inform the cell about its external
environment. Recombinant DNA technology has
been essential for cloning the genes and cDNAs that
encode large families of hormones and receptors.
Growth hormone, chorionic gonadotropin, and
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somatostatin were among the first mammalian
c¢DNAs to be cloned. With completion of the human
genome project, all of the genes that encode
hormones and their receptors have, in principle, been
identified. However, many of these receptors remain
“orphans” with still-unknown ligands and incom-
pletely defined functions. Not surprisingly, genetic
advances have revealed remarkable insight into
inherited endocrine disorders.

Most physicians are attracted to the field of
endocrinology because it so beautifully integrates
physiology, biochemistry, and cell signaling with
patient care. Clinical manifestations of endocrine
disorders can usually be explained by understanding
the physiologic role of hormones—whether deficient
or excessive. The conceptual framework for under-
standing hormone secretion, hormone action, and
principles of feedback control provides the clinician
with a logical diagnostic approach that typically
employs appropriate laboratory testing and/or imaging
studies. The fact that many endocrine disorders are
amenable to cure or effective treatment also makes the
practice of endocrinology especially satisfying. Because
most glands are inaccessible to physical examination,
endocrinologists are trained to detect key features of
the medical history and subtle physical signs that point
toward true endocrine disease. Increasingly, the
challenge is to identify endocrine disorders at their
earliest stages rather than when the clinical manifest-
ations are obvious. Terms such as subclinical hypothy-
roidism, impaired glucose tolerance, and incidental
adrenal or pituitary adenoma have crept into our
vocabulary and have changed our approach to patients.
Laboratory testing takes on added importance as we
attempt to diagnose more subtle forms of disease.

Building on this strong foundation of basic science,
the knowledge base in endocrinology continues to
change rapidly. In addition to the dramatic advances
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generated from genetics and molecular biology, the
field has benefited from the introduction of an
unprecedented number of new drugs, particularly
for the management of diabetes and osteoporosis.
Common diseases such as diabetes, hypertension,
obesity, and osteoporosis have also been the subject of
numerous large-scale clinical trials that provide a
powerful evidence base for medical decision-making.

The rapid changes in medicine mandate that
physicians continuously update their knowledge base
and clinical skills. The Encyclopedia of Endocrine
Diseases recognizes this challenge and provides a
remarkable compilation of current knowledge in basic
and clinical endocrinology. This ambitious four-
volume set provides nearly 500 articles on basic and
clinical endocrinology. The topics range from classic
endocrine subjects such as hypothyroidism and
acromegaly to new dimensions of the field including
adipocytokines, ghrelin, and the role of the aldoster-
one receptor in cardiovascular disease. The inter-
national group of authors are experts in their topics,
which have been subdivided to provide in-depth
coverage. Thus, acromegaly is separated into articles
on clinical features, diagnosis, and therapy to provide
the level of detail needed to manage the most
challenging cases. The standardized format and clear
illustrations help to quickly offer answers. It is
difficult to imagine an endocrine topic not covered
in this encyclopedia, which provides a new, compre-
hensive reference for the daunting body of knowledge
in endocrinology.

With a four-volume Encyclopedia of Endocrine
Diseases in hand, it is interesting to speculate about
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the remaining big questions and future discoveries in
endocrinology. What are the genetic and adaptive
elements that cause such a broad normal range for
hormone values? It is humbling to recognize that we
still have an incomplete understanding of the
hormonal control of fundamental processes such as
the onset of puberty, appetite control, gonadal
differentiation into testes or ovaries, islet cell regener-
ation, insulin resistance, and causes of autoimmune
endocrine disease. We still have much to learn about
the optimal way to deliver many hormone therapies to
mimic normal physiology. This topic is prominent in
our efforts to provide intensive insulin replacement,
or to replace growth hormone or cortisol, such that
the beneficial effects outweigh complications. New
therapies, such as intermittent PTH for osteoporosis,
will be subjected to additional clinical trials, and one
can easily imagine emerging questions about how to
cycle the therapy and how to use it in relation to other
treatments that alter osteoblast and osteoclast func-
tion. Gene transfer and stem cell strategies provide
promising treatments for disorders such as diabetes
and osteoporosis. The Encyclopedia of Endocrine
Diseases can help to foster these discoveries by keeping
researchers and clinicians at the cutting edge of
endocrinology.

J. Larry Jameson, M.D., Ph.D.

Irving S. Cutter Professor and Chairman
Department of Medicine

Feinberg School of Medicine
Northwestern University

Chicago, lllinois, United States



Among the most complex constructs in the body,
the endocrine system comprises a group of glands that
secrete hormones directly into the bloodstream, to-
gether with the receptors for these hormones and the
intracellular signaling pathways they invoke. The
endocrine system maintains and regulates stable
functioning by using hormones to control metabol-
ism, temperature, biological cycles, internal fluid
volume, reproduction, growth, and development. For-
tunately, the system is a marvel when functioning
optimally. However, the ways in which its processes,
actions, and functions may go awry are myriad.

"The Encyclopedia of Endocrine Diseases is not meant as
a primer on the subject of endocrinology, but instead
is intended to provide a comprehensive reference
work on the extensive spectrum of diseases and dis-
orders that can occur within the endocrine system.
This groundbreaking encyclopedia is especially
timely, as there have been dramatic discoveries in the
field of endocrinology over the past 10 to 20 years,
particularly with respect to diagnosis techniques
and treatment methods. Indeed, during the time since
the encyclopedia was conceived, new hormones have
been named.

To bring a major reference work of such broad
scope from initial conception to final publication in-
volved a great deal of planning, staging, and organiza-
tion, together with the efforts of innumerable
individuals. At the start, the broadest possible list of
topics was compiled and a distinguished multinational
panel of 14 associate editors was assembled. Through-
out the editorial process, the editors supervised their
subject area of expertise, recommended and corres-
ponded with article contributors, reviewed the subse-
quent manuscripts, and continuously helped to refine
the topics list.

The encyclopedia is intended to serve as a useful
and comprehensive source of information spanning
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the many and varied aspects of the endocrine system.
It consists of nearly 500 topics explored by some 800
eminent clinicians and scientists from around the
world, a veritable who’s who of endocrine research.
Here the interested reader can find articles on newly
discovered hormones such as ghrelin and leptin; art-
icles about such maladies as hypertension, hypogly-
cemia, diabetes, cancer, osteoporosis, kidney stones,
Graves’ disease, Paget’s disease, Alzheimer’s disease,
Noonan syndrome, Langerhans cell disease, Cush-
ing’s syndrome, thyroid and pituitary disorders; and
articles dealing with subjects ranging from the
evolution of the endocrine systems, the mechanisms
of hormone action, and the endocrine failure in aging
to the integration between the nervous and the
endocrine systems.

Written to be accessible to both the clinical and
nonclinical reader, all of the articles are formatted in
similar fashion and each is intended as a stand-alone
presentation. Beginning each article is a glossary list
defining key terms that may be unfamiliar to the
reader and are important to an understanding of the
article. The body of the article begins with a brief
introduction to the subject under discussion, bold
headings lead the reader through the text, and figures
and tables explain and illuminate most articles.
Following the article are reference citations to provide
the reader with access to further in-depth consider-
ations of the topic and cross-references to related
entries in the encyclopedia. A compilation of all gloss-
ary terms appearing in the complete four-volume
work is presented in the final volume as a dictionary
of subject matter relevant to the endocrine system and
its disorders.

It is my hope that the Encyclopedia of Endocrine Dis-
eases proves to be a valuable resource to a deservedly
diverse readership, and particularly to students, many
of whom it may well attract to the rewarding field of
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endocrinology. The project would not have been pos-
sible without cooperation, coordination, and reliance
on e-mail among the key people, who were located
in Japan, The Netherlands, Denmark, Switzerland,
Ttaly, and the United States. I am greatly indebted to
the dedicated and unstinting efforts of my associate
editors, as well as the diligence and generosity of
spirit of the Elsevier/Academic Press personnel who
shepherded the project: Tari Paschall, Chris Morris,
Carolan Gladden, and Joanna Dinsmore. To all of our
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contributors go profound thanks for investing time
and energy to produce their articles, which together
have made the encyclopedia.

Luciano Martini
Editor-in-Chief

Professor of Endocrinology
University of Milan

Milan, Italy
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Gerd Schmitz and Wolfgang Drobnik

University of Regensburg, Regensburg, Germany

Glossary

ATP-binding cassette (ABC) transporters A
family of multispan transmembrane proteins that
mediate the active uptake or efflux of specific substrates
across biological membrane systems.

high-density lipoproteins Plasma lipoprotein sub-
class mediating reverse cholesterol transport.

lipid microdomain Plasma membrane compartments
with a specific lipid composition characterized by a
distinct physical state and insolubility in certain nonionic
detergents.

ABCAI belongs to the family of ATP-binding cassette
transporters, which represent one of the biggest multispan
membrane protein families described by the early 21st century.

INTRODUCTION

ATP-binding cassette (ABC) transporters have at-
tracted much attention because mutations in these mol-
ecules are the cause of various human inherited
diseases. Functional ABC transporters usually consist
of two transmembrane domains (TMDs) and two nu-
cleotide-binding domains (NBDs) or ABCs that are
present either in one polypeptide chain (full-size trans-
porter) or in two polypeptides (half-size transporter).
A signature motif located between both ABCs is
characteristic of each of the seven ABC subfamilies
(ABCA-ABCG) described by the early 21st century.
The majority of these proteins mediate the active
uptake or efflux of specific substrates across various
biological membrane systems, whereby two different
groups of ABC proteins can be distinguished by their
mode of action. The one group of ABC transporters
(e.g., ABCB1 (MDR1), ABCC1 (MRP1)) has strong
ATPase activity, and the resulting free energy is directly
coupled to the movement of molecules across mem-
branes, whereas the other group (e.g., ABCC7 (CFTR),
ABCC9 (SUR2), ABCAL) is characterized by very low
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ATP hydrolysis but conformational change subsequent
to ATP binding, which is linked to regulatory processes
rather than direct transport-pump activity. A multitude
of substrates is transported by the various ABC family
members, including glutathione, glucuronate, or sul-
phate conjugates; xenobiotics; peptides; nucleotides;
ions; and various lipid species. Members of the ABCA
family especially are involved in the transport of ster-
oids and various phospholipid and sphingolipid species,
and the transcriptional control of at least seven ABCA
members is controlled or influenced by lipids. These
data indicate an important role of the whole ABCA
subfamily in cellular lipid transport processes.

ABCA| DEFECTS

ABC defects cause high-density lipoprotein (HDL)
deficiency syndromes. Lipid-rich a-HDL originates
from lipid-poor discoidal apolipoprotein—phospho-
lipid complexes, with apo Al being the main apolipo-
protein (Fig. 1A). Apo Al binds to cells and promotes
vesicle transport and exocytosis of cholesterol and
phospholipids. Cholesterol acquisition followed by
lecithin:cholesterol-acyltransferase (LCAT)-mediated
esterification results in the formation of lipid-rich
spherical a-HDL. The cholesteryl esters associated
with these mature HDL particles could be removed
from the circulation by a scavenger receptor BI-medi-
ated selective uptake into hepatocytes. Disorders of
HDL metabolism could result from mutations in vari-
ous genes along this metabolic pathway, including
LCAT, apo Al, and ABCA1. ABCAL is a 2261 amino
acid protein with a molecular weight of 220kDa that
is expressed in a multitude of human organs, including
liver, adrenal tissues, placenta, and spleen. Mutations
in the ABCALI gene have been identified as a cause for
Tangier disease and other HDL deficiencies. Tangier
disease is a rare inherited disorder of HDL metabol-
ism. It was initially described by D. S. Fredrickson in
1961 and has since been diagnosed in at least 70
patients from 60 families. The patients are character-
ized by a complete deficiency of a-HDL and a severe
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Figure | (A) High-density lipoprotein metabolism. (B) ABCAL: A regulator of lipid rafts, vesicular transport, and filipodia

formation.

reduction of apo Al to 1 to 3% of normal, accompan-
ied by low plasma cholesterol and normal or elevated
triglycerides. The main clinical signs include the ac-
cumulation of cholesteryl esters in various tissues,
hyperplastic orange tonsils, splenomegaly, and relaps-
ing neuropathy. In addition, some Tangier patients
have premature coronary artery disease (CAD),
whereas others, even those over 60 years of age, are
without any clinical symptoms of CAD. The clinical
phenotype of Tangier disease and the biochemical
features (e.g., low HDL) are inherited in an autosomal
recessive mode and a co-dominant mode, respectively.
In 1998, the genetic defect in Tangier disease was
confined to chromosome 9q31, followed by the

demonstration that ABCALI that is contained within
this candidate region is subject to sterol-dependent
regulation. Subsequent studies have shown thathomo-
zygous mutations in ABCAL are the underlying defect
in Tangier disease, whereas heterozygous mutations
are found in patients with the more frequent and less
severe familial HDL deficiency, which is inherited in
a dominant mode and lacks clinical features of Tangier
disease (i.e., at least a subgroup of familial HDL defi-
ciency patients are Tangier heterozygotes). The essen-
tial role of ABCAI in the regulation of HDL
metabolism was further supported by demonstrating
that targeted disruption of the ABCA1 gene in mice
produces a phenotype similar to human Tangier
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disease, whereas overexpression of ABCA1 increased
HDL cholesterol levels. ABCAl-deficient cells are
characterized by a complete loss of apo Al-mediated
cholesterol and phospholipid efflux, indicating that
ABCAL is critically involved in the first step of reverse
cholesterol transport. Without the initial ABCAI-
dependent lipidation, apo Al undergoes rapid degrad-
ation, explaining the extremely low apo Al levels in
"Tangier patients and the increased catabolism of apo
Al and HDL in Tangier patients infused with radiola-
beled normal HDL. In BAC transgenic mice over-
expressing ABCAI, a highly significant correlation
was observed between the increase in cholesterol
efflux from various tissues and the elevation of plasma
HDL. Similarly, in patients with heterozygote
ABCA1 mutations, the reductions in cholesterol efflux
and plasma HDL were closely correlated. Together,
these data provided direct evidence that ABCAI-
dependent cholesterol efflux is a major determinant
of plasma HDL cholesterol levels.

ABCAI: A REGULATOR OF APO
AI-MEDIATED LIPID EFFLUX

The exact cellular processes facilitating and regulating
ABCAIl-dependent lipid efflux are the subject of
intense investigation. Data suggest that apo Al inter-
acts either directly with ABCALI or with lipid domains
in close proximity to ABCA1. This interaction sti-
mulates a Golgi- and energy-dependent vesicular
transport process, resulting in the translocation of
intracellular cholesterol and phospholipids to sites
accessible to the apolipoprotein. Data also suggest
that this apo Al-mediated lipid efflux is a two-step
mechanism, with an initial ABCAl-dependent efflux
of phospholipids and a subsequent ABCA1-independ-
ent efflux of cholesterol to the newly formed apo Al-
phospholipid complex. Moreover, it has been shown
that ABCALI rapidly recycles between the cell surface
and the intracellular compartments, although it is
currently unclear whether this recycling is involved
in the lipid transport process or instead regulates
synthesis and degradation of ABCAIL. Regarding the
direct function of ABCALI, it was initially assumed that
ABCAL1 functions as an active pump translocating
cholesterol from the inner leaflet of the plasma mem-
brane to the outer leaflet, where it is accessible to the
uptake by apo AL. However, in contrast to ABC trans-
porters that exert bona fide pump function (e.g.,
MDR-1), ABCA1, similar to the ABC regulator pro-
teins CFTR and SUR, shows only marginal intrinsic
ATPase activity. Thus, ABCA1 may act as a transport

facilitator rather than as an active pump. Interestingly,
both the C terminus of CFTR and ABCA1 contain a
PDZ domain-binding sequence. By using the yeast-
two-hybrid system, we demonstrated a direct inter-
action of ABCA1 with the PDZ domain-containing
protein B2-syntrophin. Immunoprecipitation con-
firmed these results and identified utrophin as an
ABCAL interaction partner. In analogy to the function
of B2-syntrophin—utrophin complexes in anchoring
insulin-containing secretory granules, it is tempting
to speculate that the interaction of ABCAl with B2-
syntrophin—utrophin regulates the availability of
ABCAL at the cell surface. Additional ABCALI inter-
acting proteins include components of t-SNARE
complexes, which are involved in targeted vesicle
transport and are also known to interact with the
N terminus of CFTR.

REGULATION OF ABCAI EXPRESSION
AND FUNCTION

Several factors have been shown to control the expres-
sion of ABCAL. Since the initial finding that choles-
terol influx into the cell potently induces ABCAL
expression, a number of transcriptional control elem-
ents have been characterized. Tissue-specific regula-
tion of ABCALI is controlled by the transcription
factors Sp1/3, USF1/2, and HNF-1a, and consider-
able attention has been paid to nuclear liver X recep-
tors (LXR) as inducers of ABCAI expression in
response to lipid loading. In addition, the zinc finger
protein ZNF202 appears to function as a major
repressor of ABCA1 transcription, and the oncostatin
M-induced ABCA1 transcription provides a new con-
cept for how members of the IL6 family of cytokines
may regulate lipid transport proteins. Additional
regulators of the ABCAIl-dependent lipid efflux
pathway include cAMP, phospholipase C, phospho-
lipase D, and bioactive sphingolipids such as cera-
mide, sphingosine, and sphingosine-1-phosphate.
The effects of these signaling pathways are probably
cell type dependent, and further work is necessary
to determine the exact mechanisms by which they
control ABCA1-dependent cell function.

ABCA| AND SUSCEPTIBILITY
TO ATHEROSCLEROSIS

Considering the known reverse relationship between
HDL cholesterol levels and the risk of premature
CAD, several groups have investigated the role of
ABCAL1 in atherogenesis. Thus, it has been reported



that homozygote and heterozygote mutations in
ABCALI are associated with an increased prevalence of
premature CAD that correlates to the reduction in
HDL cholesterol. Furthermore, it has been demon-
strated that diet-induced development of atheroscler-
otic lesions is significantly reduced in transgenic mice
overexpressing ABCA1. In contrast, complete inactiva-
tion of ABCALI in apo E7/” and LDL"/" mice had no
effect on the development of atherosclerotic lesions,
although it markedly reduced HDL cholesterol. It was
suggested that the proposed atherogenic effect of com-
plete ABCA1 deficiency may be compensated by a less
atherogenic lipid profile, a hypothesis that may also
partially explain the lack of premature atherosclerosis
in a significant number of Tangier patients. Import-
antly, two independent studies showed that targeted
disruption of ABCAL in leukocytes of LDL/" or apo
E7/" mice resulted in the development of more ad-
vanced atherosclerotic lesions without significantly
affecting HDL levels. Together, these data indicate
that ABCAL1 clearly serves an anti-atherogenic func-
tion, although this may involve properties of ABCA1
that are independent of plasma lipids and HDL levels.

Several factors may account for the protective effect
of ABCAL in atherogenesis. First, ABCAl-mediated
cholesterol efflux may significantly compensate exces-
sive cholesterol uptake by macrophages in the vessel
wall without significantly influencing plasma HDL
levels. Second, ABCA1 has been implicated in the
engulfment of apoptotic cells by macrophages. Thus,
itis conceivable that the ABCA1-mediated phagocytic
activity of lesion macrophages may counteract exces-
sive accumulation of apoptotic material that, in return,
may stimulate the inflammatory response within the
vascular wall. Finally, we have previously hypothesized
that ABCALI function regulates the differentiation, lin-
eage commitment (phagocytic vs dendritic cells), and
targeting of monocytes into the vascular wall or the
RES. This concept has been substantiated by recent
work from our laboratory demonstrating accumula-
tion of macrophages in liver and spleen in LDL recep-
tor-deficient mouse chimeras that selectively lack
ABCAL in their blood cells. The fact that the absence
of ABCAL from leukocytes is sufficient to induce aber-
rant monocyte recruitment into specific tissues identi-
fies ABCALI as a critical leukocyte factor in the control
of monocyte targeting. An interesting clue as to how
ABCALI may be implicated in the control of monocyte/
macrophage trafficking at the cellular level comes from
the observation that apo Al-mediated lipid efflux is
paralleled by the down-regulation of the protein
Cdc42 and filipodia formation, which may mitigate
monocyte recruitment to the artery wall.

ABCA| Defects

ABCAI: A REGULATOR OF MEMBRANE
PROTRUSIONS AND LIPID
MICRODOMAINS

CDCA42 is a member of the family of small GTP-
binding proteins that controls a wide range of cellular
functions, including cytoskeletal modulation, forma-
tion of filipodia, and vesicular processing. Similar to
ABCALI, the protein expression of CDC42 is in-
creased by cholesterol loading of monocytes, whereas
deloading by apo Al and HDL has the opposite effect.
These changes in CDC42 expression are paralleled by
alterations in M-CSF-induced filipodia formation and
fMLP-induced chemotaxis, with an increase on E-
LDL-mediated cholesterol loading and a decrease
in response to apo Al and HDL. ABCA1-deficient
monoyctes from Tangier patients showed reduced
filipodia formation and decreased CDC42 expression.
Thus, the ABCALI pathway is linked to the formation
of membrane protrusions, which may be of significant
relevance for the anti-atherogenic effects of apo Al
and HDL. Further evidence for this functional link
was provided by Matsuzawa and colleagues, who dem-
onstrated that overexpression of ABCAI in HEK293
cells induces formation of filipodia and long mem-
brane protrusions. These ABCALI effects and the apo
Al-mediated lipid efflux in MDCK cells were signifi-
cantly reduced by a dominant negative form of
CDC42. Together with the finding that ABCAI co-
immunoprecipitated with CDC42, the data suggest a
role for CDC42 as a downstream mediator of ABCA1
function. Moreover, it could be imagined that the
principal function of ABCAL is to facilitate the supply
of choline-phospholipids and cholesterol for newly
emerging plasma membrane extensions, which in the
presence of apo Al are transferred to the extracellular
acceptor rather than being used for the formation of
new membrane areas (Fig. 1B). This hypothesis would
be in accordance with the slightly impaired intestinal
cholesterol absorption observed in Abcal™” mice, a
process that involves the microvilli of the enterocyte
brush boarder membrane. Further support is derived
from findings that apo Al preferentially depletes chol-
esterol and phospholipids from a novel type of chol-
esterol-based microdomain called Lubrol raft. Réper
and colleagues showed that these lipid microdomains
are building units for different forms of plasma mem-
brane protrusions and that CDC42 and ABCA1 were
partially localized to these domains. In fibroblasts, apo
Al-induced lipid efflux also involved classical Triton
X-100 rafts, and independent of the cell type, these
domains were also modified by spherical HDL;
(Fig. 1B). Because Triton rafts are recognized as
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platforms of signal transduction and cell regulation,
the observed effect may be of major importance for
the role of HDL in atherogenesis.

See Also the Following Articles

Atherogenesis ® Hypercholesterolemias, Familial Defective
ApoB (FDB) and LDL Receptor Defects ® Low HDL/High
HDL Syndromes
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Glossary

chylomicron Triglyceride-rich lipoprotein made in the
intestine that transports dietary lipid to various tissues
throughout the body.

microsomal triglyceride transfer protein (MTP)
Heterodimeric lipid transfer protein found within the
lumen of the endoplasmic reticulum of enterocytes and
hepatocytes that promotes the transport of triglyceride
and cholesteryl ester between phospholipid membranes
in in vitro lipid transfer assays.

protein disulfide isomerase Multifunctional redox
chaperone protein found within the lumen of the
endoplasmic reticulum that promotes the proper folding
of newly synthesized secretory proteins that contain
disulfide bonds.

very low-density lipoprotein (VLDL) Triglyceride-
rich lipoprotein made in the liver and intestine that
transports lipid to peripheral tissues.

Abetalipoproteinemia is an autosomal recessive disease
caused by mutations in the gene encoding the microsomal
triglyceride transfer protein. Affected individuals have defects
in the production of plasma lipoproteins that contain apolipo-
protein B: chylomicrons, very low-density lipoproteins, and
low-density lipoproteins. As a result of the defect, subjects have
plasma cholesterol and triglyceride levels of approximately 40
and |0mg/dl, respectively. Neuromuscular and retinal degener-
ation occurs due to a secondary deficiency in vitamin E, a fat-
soluble vitamin that depends on lipoproteins for its absorption
and transport throughout the body.

INTRODUCTION

In 1950, F. A. Bassen and A. L. Kornzweig diagnosed a
patient with retinitis pigmentosa, malformed erythro-
cytes, celiac disease, and ataxia. This disease was later
named abetalipoproteinemia when H. B. Salt and col-
leagues associated a similar syndrome with an absence
of plasma lipoproteins with beta electrophoretic

mobility. Subsequently, it was found that many of the
pathological consequences of the disease, particularly
the neurological findings, were related to vitamin
E deficiency. In the 1990s, the molecular basis of the
disease was elucidated when a link between mutations
in the gene encoding the microsomal triglyceride
transfer protein [MTP; a lipid transfer protein lo-
cated at the sites of chylomicron and very low-density
lipoprotein (VLDL) assembly], a defect in lipo-
protein assembly, and abetalipoproteinemia was es-
tablished, thus demonstrating that the proximal
cause of abetalipoproteinemia is a mutation in the
MTP gene.

ABETALIPOPROTEINEMIA IS CAUSED
BY MUTATIONS IN THE MTP GENE

Overview of Lipoprotein Metabolism

Plasma lipids are transported throughout the body in
lipid—protein complexes. Chylomicrons and VLDL
are triglyceride-rich emulsions surrounded by a
monolayer of phospholipid, free cholesterol, and
protein. They transport dietary and endogenously
synthesized triglyceride, respectively, to peripheral
tissues, where it is hydrolyzed to produce free fatty
acids that can be used as an energy source or stored as
fat in adipocytes. Following lipolysis, chylomicron
remnants are rapidly cleared from plasma. Some
VLDL remnants are cleared directly from plasma,
but a portion are converted to cholesterol and cho-
lesteryl ester-rich LDLs, which are subsequently
removed from plasma by a receptor-mediated process.
The primary protein component of VLDL is apoli-
poprotein B (apoB)-100 (4536 amino acids). The pri-
mary protein component of chylomicrons is apoB-48
(2152 amino acids), which is encoded by an edited
version of the mRNA that encodes apoB-100.
High-density lipoproteins (HDLs) are small, dense
particles secreted directly from the liver or made from
excess surface components of chylomicrons and
VLDL following hydrolysis of their triglyceride
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core. HDLs play an important role in the transport of
cholesterol from peripheral tissues to the liver, where
it can be processed and transported out of the body.

Genetic Link between a Defect in MTP,
a Defect in Lipoprotein Assembly, and
Abetalipoproteinemia

The MTP is a heterodimeric lipid transfer protein
found in the lumen of the endoplasmic reticulum
and Golgi apparatus. One subunit is protein disulfide
isomerase, a 58-kDa multifunctional redox chaperone
protein that catalyzes the proper folding of newly
synthesized proteins that contain disulfide bonds
within the endoplasmic reticulum. The second sub-
unit is a novel 97-kDa subunit that confers the lipid
transfer activity to the protein complex. In lipid trans-
fer assays utilizing synthetic membrane substrates,
MTP accelerates the transfer of triglyceride, choles-
teryl ester, and, to a lesser extent, phospholipid
between membranes.

Intestinal biopsies from abetalipoproteinemic sub-
jects were found to be devoid of MTP activity and the
unique large subunit of MTP. Following the cloning
of the MTP large subunit, various missense, nonsense,
frameshift, and splice site mutations were identified in
the gene encoding the MTP large subunit in the
patients studied. All mutations were either homozy-
gous or compound heterozygous and explained the
complete absence of functional MTP protein, consist-
ent with the autosomal recessive transmission of
the disease. These and subsequent studies of specific
inhibitors of MTP lipid transfer activity established
that MTP is required for the assembly of apoB-
containing lipoproteins, and that defects in MTP are
the proximal cause of abetalipoproteinemia.

PATHOLOGICAL CONSEQUENCES OF
A DEFECT IN MTP

Clinical Description
of Abetalipoproteinemia

Abetalipoproteinemic subjects have fat malabsorption
that results in abdominal discomfort, diarrhea, and
steatorrhea following a meal with a normal fat content.
Intestinal enterocytes are fat laden. Subjects also have
malabsorption of fat-soluble vitamins—vitamins E, A,
K, and, to a lesser extent, D. Plasma cholesterol and
triglyceride levels are very low (approximately 40 and
10mg/dl, respectively), and plasma triglyceride levels
do not increase following a meal. Apolipoprotein B,

the major protein component of VLDL and chylo-
microns, is virtually absent. Although HDL levels
may be only moderately decreased, they have an abnor-
mal composition, including an elevated total choles-
terol, free cholesterol/esterified cholesterol ratio, and
sphingomyelin content.

Half or more of the erythrocytes in abetalipo-
proteinemic subjects have irregular cytoplasmic pro-
jections. These abnormal erythrocytes, referred to as
acanthocytes, are thought to arise from an altered
membrane composition. A moderate anemia may
occur due to hemolysis and a shortening of the
red blood cell resident time in the circulation.
Coagulation abnormalities secondary to a deficiency
of vitamin K may occur. Liver biopsies show evidence
of steatosis. Elevated transaminase levels and fibrosis
have been reported. There are also rare reports of
serious liver pathology, including cirrhosis.

The neurological abnormalities are usually the most
severe consequence of the syndrome and include
spinal—cerebellar degeneration and peripheral neuro-
pathies, which can lead to a loss of reflexes, altered
sensation, muscle weakness, and ataxia that can pro-
gress to a point at which the affected individual is
unable to walk. Degenerative pigmentary retinopathy,
retinitis pigmentosa, leads to decreased night and
color vision. If left untreated, this will progress to
blindness.

Treatment

The gastrointestinal side effects of the disease can be
controlled by avoiding high-fat meals. This is particu-
larly important early in life, when severe gastrointest-
inal side effects and malabsorption can result in a
failure to thrive. Therapy for abetalipoproteinemic
subjects includes fat-soluble vitamin supplements, in-
cluding massive levels of vitamin E (up to 20,000mg/
day) and more usual replacement doses of vitamins A
and K. Vitamin D does not usually need to be supple-
mented. The neurological and ophthalmological
manifestations of abetalipoproteinemia are similar to
those found in animals with vitamin E deficiency.
Vitamin E, which plays an important role in prevent-
ing lipid peroxidation, requires chlyomicrons and
VLDL for efficient absorption and transport through-
out the body. Although plasma vitamin E levels
remain far below normal following vitamin E therapy,
tissue levels may increase to near normal levels.
Vitamin E and A therapy may slow the progres-
sion or even stabilize the neurological and retinal
consequences of the disease.



See Also the Following Articles

Anderson’s Disease (Chylomicron Retention Disease) ® Dys-
betalipoproteinemia and Type III Hyperlipidemia ® Familial
Low Cholesterol Syndromes, Hypobetalipoproteinemia ®
Hypercholesterolemias, Familial Defective ApoB (FDB) and
LDL Receptor Defects ®* Low HDL/High HDL Syndromes

Further Reading

Berriot-Varoqueaux, N., Aggerbeck, L. P., Samson-Bouma, M.-E.,
and Wetterau, J. R. (2000). The role of the microsomal
triglyceride transfer protein in abetalipoproteinemia. Annu.
Rev. Nutr. 20, 663-697.

Abetalipoproteinemia

Gordon, D. A, and Jamil, H. (2000). Progress towards understand-
ing the role of microsomal triglyceride transfer protein in
apolipoprotein-B lipoprotein assembly. Biochim. Biophys. Acta
1486, 72-83.

Kane, ]J. P, and Havel, R. J. (1995). Disorders of the biogenesis and
secretion of lipoproteins containing the B apolipoproteins. I
“The Metabolic and Molecular Bases of Inherited Disease”
(C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle eds.),
7th ed., Vol. 2 pp. 1853-1885. McGraw-Hill, New York.

Rader, D. J., and Brewer, H. B., Jr. (1993). Abetalipoproteinemia:
New insights into lipoprotein assembly and vitamin E metabol-
ism from a rare genetic disease. 7. Am. Med. Assoc. 270, 865-869.

Wetterau, J. R., Lin, M. C. M., and Jamil, H. (1997). Microsomal
triglyceride transfer protein. Biochim. Biophys. Acta 1345,
136-150.



iA\cetylation

Paolo Portaleone
University of Turin, Turin, Italy

Glossary

arylalkylamine Ammonia (NH;) derivative with
aromatic (aryl) and aliphatic (alkyl) radicals.

choline Alcoholic molecule derived from phosphati-
dylcholine (or lecitine) supplied by food.

enzyme A protein or proteinaceous substance pro-
duced by a living cell that catalyzes a specific reaction.

histone Eight proteic sequences (octamer) constituting
the core of the nucleosome (chromatin unit) around
which the DNA double helix is wrapped.

peptide hormone Proteic endocrine messenger with
low molecular weight, from 2 to several 10s of amino
acid sequence linked by amino acid bond.

Acetylation is a biochemical reaction, catalyzed by specific
enzymes (acetyltransferases), that consists in the transfer of an
acetyl radical (CH3;—CO-) from a donor (e.g., acetyl coenzyme
A) to an acceptor molecule.

INTRODUCTION

Acetylation is a general metabolic reaction common
to both the plant and animal kingdoms. Nevertheless,
acetyltransferase enzyme systems are involved not
only in the biotransformation of xenobiotics but also
in activating—deactivating processes of endogenous
active agents such as proteins (e.g., histones, peptide
hormones), alcohols, amino acids, and amines (e.g.,
choline, 5-hydroxy-tryptamine).

In this regulatory function, it is evident that acetyla-
tion holds a crucial role in basic processes of cellular
life, from DNA transcription, replication, and repair
to the control of selective messenger information
through neurohormones and neurotransmitters. For
the relevance of the acetyltransferase regulatory role,
its involvement in several pathologies, from functional
or degenerative diseases (e.g., headache, depression,
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Parkinson’s disease, Alzheimer’s disease) to neoplastic
growth, has been suggested.

HISTONE ACETYLATION

The nucleosome, the fundamental unit of chromatin
in eukaryotic cells, holds a core particle consisting of a
proteic histone octamer, two copies each of H2A,
H2B, H3, and H4, around which 146 bp of DNA is
wrapped. The whole chromatin components are re-
sponsible for DNA dynamic behavior, but histone
modifications have the main influence on DNA tran-
scription, repair, and replication. Histones are modi-
fied by means of the addition of several chemical
radicals such as phosphate, methyl, acetyl, ribosyl,
and ubiquitin groups.

Acetylation of core histones is associated with tran-
scriptional activation. In contrast to cotranslational
N-terminal a-acetylation of many proteins, histone
acetylation occurs posttranslationally and reversibly
on the e-NH;" groups of highly conserved lysine
residues of the N-terminal tails of core histones.

The enzymes catalyzing reversible histone acetyla-
tion are histone acetyltransferases (HATs) and deace-
tylases (HDACs). HATs catalyze the transfer of the
acetyl moiety from acetyl coenzyme A (Ac-CoA) to
the e-NH; ™ of lysine residues, whereas in the oppos-
ing deacetylation reaction, HDACs remove the acetyl
groups and thereby reestablish the positive charge in
the histones. Thus, acetylation neutralizes the positive
charge increasing the hydrophobicity of the histones,
leading to “opening up” the chromatin complex
through a reduced affinity of acetylated N-terminal
domains of histones to DNA. Therefore, the modifi-
cation in nucleosomal structure is considered to play
a causative role in activating transcription. Another
possibility, or rather an additional effect, has been
suggested: histone acetylation could represent a signal
“flag” recognized by other molecules linked to
transcriptional activation.

"Two different classes of HATs have been described:
type A and type B. Type A HATS are localized in the
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nuclei and acetylate nucleosomal histones leading to
transcriptional activation, whereas type B HATs can
be found in cytoplasmic fractions and acetylate newly
synthesized histones before chromatin assembly
during DNA replication.

Several known transcriptional regulators in
mammals have been found to possess intrinsic type
A HAT activity, and among them the best understood
family is the Gen5-related N-acetyltransferase
(GNAT) family. No type B HAT has been identified
and characterized in mammals.

Not only nuclear histones are substrates for the
acetyltransferase, but also numerous nonhistone
proteins involved in transcription regulation, such as
p53, E2F1, EKLF, TFIIER, TFIIF, TCF, GATAL,
HMGI(Y), and ACTR, or even non-nuclear proteins,
such as a-tubulin, are substrates for the acetyltrans-
ferase. There are three possible consequences of the
acetylation processes, depending on where acetylation
takes place within the protein: increased or decreased
DNA binding, protein—protein interaction regulation,
and protein stability.

If there has been an explosion of studies on HAT
activity during the past decade or so, only a few lines
of evidence indicate the regulation of the enzymatic
activity of acetylases. A bromodomain (a specific HAT
protein structure) is present in many transcriptional
activators with HAT activity, and it seems to be a
requisite for targeting the enzyme to the substrate.
The regulation of HAT activity is carried out by
proliferation and differentiation signals by means of
phosphorylation or hormonal signaling.

Because acetylation can regulate such wide and
different cellular functions, both nuclear and cytoplas-
mic (including the circadian clock in DNA transcrip-
tion), it is obvious that its dysfunctioning could be at
the origin of the different pathologies.

PEPTIDE HORMONE ACETYLATION

N-terminal acetylation is a nearly selective posttransla-
tional processing event among peptide hormones, and
among the end products of the pro-opiomelanocortin
(POMC) biosynthetic pathway, only a-melanocyte-
stimulating hormone (a-MSH) and B-endorphin
undergo this posttranslational modification. The rele-
vance of the POMC-derived peptide N-acetylating
mechanism, under a phylogenetic point of view, is
supported by its persistence as an “ancestral” mech-
anism throughout vertebrate evolution. In mammals,
a-MSH and B-endorphin, as final products of a set of
cleavage reactions of POMC, were found not only in

Acetylation

secretory granules of pituitary neurointermediate lobe
but also in anterior pituitary lobe and in neurons,
mainly of the hypothalamic arcuate nucleus.

The N-acetylation reaction, which requires acetyl-
CoA as a coenzyme, occurs on the serine-NH, ter-
minal for a-MSH and on the tyrosine-NH, terminal
for B-endorphin. On the basis of the various amino-
terminal targets of N-acetyltransferase (NAT) and its
different regional distributions in the pituitary and brain,
two distinct enzymes, an a-MSH-acetyltransferase
(MAT) and a B-endorphin-acetyltransferase (EAT),
have been proposed. Actually, two forms of NAT
have been found. One enzyme, specifically localized
in secretory granules of the neurointermediate lobe
(NIL) of the pituitary gland with an optimal pH of 6.0
to 6.6, is inhibited by several solubilizing detergents
and possesses similar characteristics in the acetylation
process of both the serine of a-MSH and the tyrosine
of B-endorphin. Therefore, this single NAT capable of
acetylating the opioid and melanotropic peptides
has been termed opiomelanotropin acetyltransferase
(OMAT). A second enzyme, with an optimal pH of
7.4, is inhibited by Mg2+, shows different anatomical
and subcellular (cytosol) distribution, and has a
more general acetyltransferase activity (GAT).

The POMC-derived peptide NAT is coexpressed
with the POMC gene and undergoes the same regu-
latory control of POMC synthesis by inhibitors and
activators (e.g., glucocorticoids, sex steroids, and
dopamine as inhibitors; adrenalectomy, castration,
and dopamine receptor antagonists as activators).

The N-acetylaton of des-acetyl-a-MSH and
B-endorphin substantially alters the physiological re-
sponses produced by both peptides. The acetylated
form of a-MSH, in fact, is about 10 to 100 times
more effective than its des-acetylated form in increas-
ing arousal, memory, and attention in the Y-maze
visual discrimination task and in eliciting excessive
grooming. Moreover, the in vitro lipolytic activity on
rabbit adipose tissue slices and the iz vitro melanotro-
pic activity in frog skin are markedly reduced after
removing the acetyl group from monoacetyl-a-MSH.
Conversely, the acetylaton of B-endorphin com-
pletely eliminates the opiate analgesic activity of the
peptide and markedly reduces its affinity in binding to
opiate receptors. Furthermore, a substantial decrease
of NAT activity has been observed during the life-
time, fitting in with the decreased concentrations of
a-MSH found in rat aged brain.

The physiological role of POMC-derived peptide
NAT, with its ambivalent effects, activating des-acetyl-
a-MSH, and deactivating B-endorphin, is very difficult
to interpret, and the lacking characterization of the
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enzyme, very unstable and ubiquitous, makes the task
arduous. Considering that the POMC-derived peptides
(adrenocorticotropin hormone [ACTH], a-MSH, and
B-endorphin) are the main effectors in the “organized
stress response” coordinating the biological and behav-
ioral adaptive effects, we suggest that the deactivating—
activating N-acetylation regulates the chronology of
the adaptive response sequence with a rapid inactivation
of ACTH and B-endorphin effects and with a potentia-
tion of the a-MSH long-lasting adaptive activity.
The progressively lower synthesis and activating—
deactivating NAT activity of POMC-derived peptides
during aging could be related to the reduced adaptive
capabilities of aged individuals.

CHOLINE ACETYLATION

Acetylcholine (ACh) is the neurotransmitter of the
parasympathetic nervous system and is synthesized
from choline and Ac-CoA in a single-step reaction
catalyzed by the enzyme choline acetyltransferase
(ChAT) that is expressed selectively in cholinergic
neurons, where it serves as a phenotypic marker.
The substrate choline, derived from phospholipids
and the ACh hydrolysis, is taken up by the high-
affinity sodium (Na™)-dependent choline transporter.
The newly synthesized neurotransmitter is accu-
mulated in synaptic vesicles by means of a specific
vesicular acetylcholine transporter (VAChT), a
12-transmembrane domain protein that uses the elec-
trochemical gradient generated by a proton ATPase
to exchange two protons by one ACh molecule.

ChAT is encoded by a single gene and is coex-
pressed with VAChT. The gene of VACKT is embed-
ded in the first intron of the ChAT gene. This unique
organization was named “cholinergic gene locus,”
suggesting reciprocal posttranslational regulation be-
tween the two proteins. In humans, four of the six
identified transcripts translate to the same 69-kDa
protein. The fifth and sixth transcripts yield 82- and
74-kDa forms of ChAT. Until now, the mechanisms
regulating production of these different transcripts
and their physiological roles have not been elucidated.

ChAT exists in two forms in cholinergic nerve ter-
minals: a soluble form (80-90% of the total enzyme
activity) and a membrane-bound form (10-20%).
Moreover, the 82-kDa ChAT has been localized to
the nucleus, whereas the 69-kDa enzyme is largely
cytosolic. Because it is unclear whether ACh synthesis
occurs in the nucleus, different functional roles for
82-kDa ChAT must be considered. The 69-kDa
ChAT is the form more represented and responsible
for the majority of ACh biosynthesis.

The fact that ChAT is not saturated at the substrate
concentrations in iz vitro kinetic studies means that
the enzyme would be in kinetic excess. Based on these
in vitro data, it is accepted that the neuronal ChAT
levels might not be rate limiting in ACh synthesis;
therefore, the availability of the substrates would
regulate ACh production. On the other hand, some
data support the regulatory role of ChAT to maintain
the homeostatic levels of ACh under some conditions
of neuronal activity and demand for ACh synthesis.

Short- and long-term regulation of ChAT activity
has been described. Thomas Dobransky and R. Jane
Rylett reviewed the role of phosphorylation in ChAT
short-term regulation, showing that ChAT is phos-
phorylated by several protein kinases at various sites
of ChAT primary structure in response to different
functional states of neurons. Taken together, these
lines of evidence indicate that phosphorylation of
ChAT is physiologically significant and could serve
as a regulatory mechanism. Neurotropic factors (neu-
rotrophins) such as nerve growth factor (NGF) are
responsible for long-term ChAT regulation, enhan-
cing the enzyme expression and/or its activity.
Clarifying the molecular mechanisms of ChAT
regulation and its dysfunctions may be helpful in ex-
plaining the possible cellular mechanisms responsible
for the loss of cognitive attributes associated with
cholinergic deficit in Alzheimer’s disease.

ARYLALKYLAMINE N-ACETYLATION

The acetylation of serotonin (5-hydroxy-tryptamine
[5-HT]) in the pineal gland is another acetylation
reaction essential to regulating the biological cir-
cadian rhythms in vertebrates by means of the
production of the pineal hormone melatonin.
Melatonin is synthesized from serotonin, which is
acetylated into N-acetylserotonin (NAS) by the ary-
lalkylamine N-acetyltransferase (AA-NAT) and then is
methylated by the hydroxyindole-O-methyltransfer-
ase enzyme (HIOMT). The rate of O-methylation is
largely a function of substrate availability, whereas the
N-acetylation step is regulated by the amount and
activation of AA-NAT protein. Melatonin synthesis
occurs in darkness under the control of norepineph-
rine (NE) that is released from sympathetic fibers ori-
ginating in the superior cervical ganglia and that is
regulated, through a polysynaptic neuronal pathway,
by a circadian oscillator located in the suprachiasmatic
nuclei (SCN). NE activates pinealocytes acting on o-
and B;-adrenergic receptors and subsequent increases
in the intracellular concentration of calcium ions
([Ca®"];) and cyclic AMP (cAMP), respectively, leading
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a strong AA-NAT activation at both the trascrip-
tional and posttrascriptional levels. cAMP-increased
levels induce the phosphorylation protein kinase A-
dependent of the stimulatory transcription factor
cAMP response element-binding protein (CREB).
Phosphorylated CREB binds to a c-AMP response
element (CRE) element in the AA-NAT gene, re-
sulting in increased transcription and accumulation
of AA-NAT mRNA and then in increased expression
and activity of the AA-NAT enzyme. The activation of
a-adrenergic receptors induces increased concentra-
tions of Ca’" and diacylglycerol (DAG), leading to
activation of protein kinase C (PKC) potentiating ;-
adrenergic receptor stimulation of adenylate cyclase
(AC) through a postreceptor mechanism.
Furthermore, there is posttranslational regulation of
AA-NAT protein levels by means of cAMP-dependent
inhibition of proteosomal proteolysis. This mechanism
involves phosphorylation-dependent binding of AA-
NAT to 14-3-3 proteins, shielding the enzyme from
proteolysis. In rodents, cAMP stimulation causes AA-
NAT mRNA to increase more than 150-fold at night,
whereas in ungulates and primates, the night/day ratio
is approximately 1.5. This difference may be explained
by the fact that in ungulates and primates, AA-NAT
protein levels are regulated primarily at the posttransla-
tional level by controlled proteosomal proteolysis.
AA-NAT is a member of a large superfamily of pro-
teins referred to as the GNAT family and acts through
catalysis of the transacetylation of serotonin to N-
acetylserotonin with Ac-CoA as a donor. AA-NAT is a
globular protein with a molecular weight of 23 kDa and
consisting of eight stranded B-sheets containing Ac-
CoA-binding sites. It is described in two different con-
formational states influencing its functional efficiency.
In addition to NE-induced activation of the
melatonin-generating system, several other neuroac-
tive substances have been shown to influence mela-
tonin synthesis. These include vasoactive intestinal
peptide (VIP), pituitary adenylate cyclase-activating
polypeptide (PACAP), and ACh acting on AA-NAT
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mRNA expression and/or on second messenger-
induced AA-NAT stimulation.

It has been hypothesized that alterations in AA-
NAT synthesis and/or activity can represent the
pathophysiological basis not only of circadian rhythm
disturbances but also of several pathologies such as
migraine, depression, and insomnia.
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Glossary

arthropathy Abnormality in the condition of a joint of
the body; enlargement, swelling, degeneration, or other
such disturbance in a joint.

growth hormone (GH) A polypeptide hormone that
is secreted mainly by the pituitary gland, although it is
also produced by other cell types, such as lymphoid
cells. Its actions are related mainly to growth (soft
tissues, long bones, etc.) and to metabolism. It belongs
to a family of hormones that includes prolactin and
placental lactogens as well as other placental factors.
Acromegaly results from GH hypersecretion.
insulin-like growth factor (IGF) One of a class
of hormones structurally related to insulin, but exhibit-
ing proliferative and differentiative, rather than meta-
bolic, effects. IGF-1 overproduction is associated with
acromegaly.

multiple endocrine neoplasia (MEN) syndromes
A group of genetically distinct familial diseases in which
two or more endocrine glands develop excess normal
tissue (hyperplasia) and/or adenoma (tumor).

sleep apnea A sleep disorder in which the subject
has intermittent periods of a failure to automatically
control respiration; these involuntary pauses in breathing
may occur repeatedly during a given period of sleep.

From the purely clinical perspective, acromegaly is the
most spectacular endocrine disease. Humanity has always been
fascinated with giants, and from the biblical Goliath to James
Bond’s foe, Jaws, they populate the lore of virtually every era
and culture.

INTRODUCTION

Acromegaly is due to growth hormone (GH) hyper-
secretion and the resultant secondary overproduction
of insulin-like growth factor-1 (IGF-1). In virtually all
cases (>99%), the source of excessive GH is a benign
pituitary tumor of purely somatotroph or mixed
cellular origin. Rarely, somatotroph tumors arise in
an ectopic pituitary, a remnant of the primitive
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Rathke’s pouch, and are found in the posterior phar-
ynx, sphenoid bone, or sphenoid sinus or even within
the sella, separate from the normal pituitary gland.
Ectopic production of GH-releasing hormone
(GHRH) leads to pituitary somatotroph hyperplasia
with subsequent adenoma formation. Carcinoids and
islet cell tumors are the most frequent sources of
ectopic GHRH. Hypothalamic/pituitary gangliocyto-
mas or choristomas, or in one case the pituitary aden-
oma itself, were shown to be a source of excessive
GHRH production. Ectopic GH secretion was docu-
mented in only two cases: one by a malignant islet cell
tumor and another by a non-Hodgkin’s lymphoma.
Acromegaly may be a part of well-defined MEN syn-
dromes such as MEN-1 (parathyroid, pituitary, pan-
creas), McCune-Albright, and Carney syndromes. In
some instances, the clinical syndrome of acromegaly
may be overshadowed by other manifestations of a
malignant or polyglandular disease.

Clinical manifestations of acromegaly correlate
better with the prevailing levels of IGF-1 than with
GH, and the duration of GH/IGF-1 excess may play
a major role. A clinical and biochemical syndrome
of acromegaly may be transiently expressed during
normal puberty or pregnancy. This is due to physio-
logical overproduction of GH by the normal pituitary
gland during sexual maturation or by the placental
synthesis of the GH variant.

In most cases, acromegaly is an insidious disease,
and its early clinical manifestations usually go un-
noticed by the patient, the patient’s family, and/or
the patient’s family physician. Retrospective question-
naires and the inspection of old photographs usually
set the clinical onset of disease at 5 to 10 years prior to
the diagnosis.

Clinical presentation of acromegaly consists of the
mass effects of the tumor itself, the manifestations of
the abnormal growth affecting virtually all organs and
tissues, and the metabolic derangements effected by
GH itself. Despite the seemingly straightforward
pathophysiological mechanisms, the clinical picture
of acromegaly is often protean, and the correct
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and timely diagnosis requires significant clinical
acumen.

MASS EFFECTS OF THE TUMOR

Most pituitary somatotropinomas (60-80%) are large
at the time of diagnosis (macroadenoma, >10 mm in
the largest diameter) and are often invasive. Visual
field defects were present at diagnosis in 90% of
patients in the past, but this figure decreased to ~10
to 20% due to earlier recognition of the disease.
Ophthalmoplegia (III, IV, VI, and Vi, V, nerves) is
rare and, if present, suggests recent rapid expansion
of the tumor by a hemorrhage. Headache is present in
50 to 60% of patients and may be severe in about half
of them. Headache may be present even in patients
with relatively small tumors, where mass effect is
unlikely to provide an explanation. Hypopituitarism
(ACTH and TSH deficiency) in acromegaly occurs
less frequently than in patients with nonfunctioning
tumors of similar size. However, hypogonadism is
frequent (~50%), likely as a consequence of coexist-
ing hyperprolactinemia and inherent lactogenic effect
of GH itself. Symptomatic pituitary hemorrhage
occurs in less than 5% of patients, but asymptomatic
events may occur in 30 to 40% of the cases.

ABNORMAL GROWTH

Onset of pathological GH hypersecretion before
puberty results in an augmented statural growth.
Concomitant hypogonadism prevents epiphyseal
closures, and gigantism ensues. Postpubertal onset
of disease leads to disproportionate growth and dys-
morphic features, that is, true acromegaly (“large
extremities”). Eventually, even pituitary giants develop
an acromegalic appearance.

Face

A combination of bone and soft tissue overgrowth
leads to a typical “acromegalic” face: large nose,
thick lips, exaggerated nasolabial and frontal skin
furrows, mandibular overgrowth and prognathism,
teeth separation, and frontal bossing. These features
are seen in 98 to 100% of patients (see Fig. 1).

Extremities

Hands and feet become very “fleshy.” An increase in
finger circumference and a widening of the hands and
teet develop in 98 to 100% of patients. Patients
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Figure | Appearance of a patient with florid acromegaly. Cour-
tesy of Professor Stefan S. Fajans.

routinely recall repeat resizing of rings and changes
in shoe size (mostly widening).

Skin and Appendages

Skin is characteristically thickened because of exces-
sive deposition of the glycosoaminglycans, hyaluronic
acid, chondroitin sulfate, and dermatan sulfate in
the papillary and upper reticular dermis. These com-
pounds are very hydrophylic, causing the appearance
of a nonpitting edema. Skin thickening at the vertex
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causes a peculiar appearance of cutis verticis gyrata
(skin folds at the top of the head). Hair growth is
increased, and women complain of hirsutism. As op-
posed to the androgen-related hirsutism, this is pro-
nounced even on the forearms and forelegs. Many
women with acromegaly have exceedingly thick scalp
hair growth. Hair loss after successful therapy is often
a cause of concern but is essentially a physiological
return to normalcy.

The functional capacity of sweat and sebaceous
glands is increased, resulting in excessive perspiration,
often with offensive odor, and in oily skin. Skin tags
are frequently present, particularly on the neck.
Whether their presence and number can be a marker
for colonic neoplasia is uncertain.

Neuromuscular

The muscle mass is increased, but this is primarily due
to increased intracellular water, so that muscle
strength is either normal or low. In fact, many patients
have clinically obvious proximal myopathy. Muscle
biopsy often shows hypertrophy of type I and/or atro-
phy of type II fibers.

Compression neuropathies are common (30-50%);
the median nerve is most often affected. It was
believed that carpal tunnel syndrome was due to
external compression by the components of the
wrist compartment, but MRI data showed that the
nerve itself is swollen. Occasionally, distal symmetric
polyneuropathy may be present.

Oral

Progathism and widening of the interdental spaces
have already been mentioned. Importantly, the size
of the tongue is usually enlarged and contributes to
the obstruction of the pharynx, with the resultant
sleep apnea and impaired mastication. The abnormal
oral anatomy often results in speech disturbances.
The diameter of the trachea is increased, and the
vocal cords are thickened. Together with grossly en-
larged sinus cavities, this results in a low and hollow
voice pitch. Salivary glands are typically enlarged, and
their size is a convenient measure of the GH effect on
parenchymatous organs.

Articular

GH receptors are present on all major cell types com-
prising the skeletal system: fibroblasts, chondrocytes,
and osteoblasts. These cells readily produce IGF-1 and
are targets for both endocrine and autocrine IGF-1
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effects. Thus, arthropathy is a frequent (60-80%)
symptom of acromegaly, affecting both axial and
appendicular skeleton. The degree and severity of
arthropathy best correlate with the duration of disease.
Joint pain and low back pain may be experienced soon
after the clinical onset of acromegaly but are often fully
reversible with successful therapy. However, clinical
duration of acromegaly in excess of 10 years is often
associated with clinical and radiographical joint
deformities that are only minimally affected by the
GH-lowering therapy.

Appendicular Arthropathy

The knee is the joint most frequently affected,
followed by the shoulder, hip, ankle, elbow, and
small hand joints. Radiographic changes are usually
seen even in clinically unaffected joints. Initially, GH
excess causes cartilage hypertrophy and laxity of the
ligaments. The combination of altered geometry of
the joint and its instability leads to repeat trauma to
the cartilage. The ensuing cartilage fissures are filled
by regenerative fibrocartilage, with the subsequent
calcification, formation of osteophytes, and exposure
of the subchondral bone. Eventually, the articular car-
tilage becomes thinned and the joint space narrows.
The end-stage acromegalic arthropathy looks essen-
tally like degenerative osteoarthritis. Clinical and
radiological reversibility of arthropathy can be seen
after successful therapy in the joints exhibiting cartil-
age thickening, but late stages may require joint
prosthesis for relief of pain and functional mobility.

Axial Arthropathy

Lumbar involvement is most common, followed by
thoracic and cervical arthropathy. Overall, approxi-
mately 50% of patients complain of back pain and
limitation of movements. Thickened intervertebral
discs and lax paraspinal ligaments contribute to ab-
normal joint mobility. End-stage arthropathy is char-
acterized by the narrowing of the intervertebral space.
Ossification of the anterior aspect of the vertebral
bodies with exuberant osteophyte formation often
bridges the disc space, mimicking diffuse idiopathic
skeletal hyperostosis (DISH). Vertebral deformities
often lead to kyphosis that may become almost
grotesque in some patients.

Bone Metabolism

Biochemical markers of bone remodeling are increased
in patients with acromegaly, but histomorphometric
data are conflicting; cortical bone shows predominance
of bone formation over resorption, whereas trabecular
bone has the opposite pattern. Because most patients
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with acromegaly have concomitant hypogonadism,
these data should be interpreted with caution.

Bone density studies are equally controversial, but
overall it appears that cortical bone mineral density
may be normal or even increased, whereas trabecular
bone mineral density is normal or decreased. The
“normalcy” of the latter is questionable because of
the interference by osteophytes. In any case, patients
with acromegaly do not have altered fracture rates, and
the assessment of bone mineral density in acromegaly
may be of academic interest only.

Cardiovascular

Increased mortality of untreated or poorly treated
acromegaly is almost completely attributable to car-
diovascular disease. Hypertension is seen in 20% of
patients and does not appear to be reversible by GH/
IGF-1-lowering therapy. Concentric left ventricular
hypertrophy is seen in approximately two-thirds of
patients, and its occurrence is best related to the
duration of disease. Hypertrophy frequently occurs
even in normotensive patients. Early stages of acro-
megaly, typical of young patients with short disease
duration, are characterized by tachycardia and in-
creased systolic output (hyperkinetic syndrome).
Progressively, cardiac hypertrophy and diastolic dys-
function ensue, and end-stage disease is characterized
by impaired systolic function and heart failure. The
development of hemodynamic abnormalities is aug-
mented by valvular involvement in approximately
20% of patients. Normalization of GH and IGF-1
can reduce the degree of left ventricular hypertrophy
within 2 to 4 weeks.

Rhythm abnormalities, occurring in 40% of pa-
tients, are more ominous. Ectopic beats, paroxysmal
atrial fibrillation, paroxysmal supraventricular tachy-
cardia, sick sinus syndrome, ventricular tachycardia,
and bundle branch blocks all are seen with increased
frequencies in patients with acromegaly and are
exacerbated by physical exercise. Disturbingly, bio-
chemical control of acromegaly might not improve
conduction abnormalities. Late ventricular potentials
(low-amplitude, high-frequency waves in the terminal
phase of QRS complexes) are strong predictors of
future arrhythmic events and are seen in 50% of
patients with active acromegaly.

Sleep Apnea

Sleep apnea occurs in 75% of patients. In most, it is of
an obstructive nature due to soft tissue hypertrophy of
the pharynx. Interestingly, in approximately one-third
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of patients, there is a central component of sleep apnea
with decreased ventilatory drive. The pathogenesis of
central sleep apnea in acromegaly is unknown, but both
subtypes may be ameliorated by GH-lowering therapy.
Sleep apnea is manifested as snoring, daytime sleepi-
ness, fatigue, and headache. It is a strong predictor of
future cardiovascular events, hypertension, or stroke.
Many patients are unaware of their snoring; family
members provide markedly more reliable information.

Renal

Kidney size and glomerular filtration rate are character-
istically increased. Hypercalciuria may lead to kidney
stone formation (in approximately 10% of patients).

Gastrointestinal

Liver and spleen sizes are normal. Hepatomegaly in
patients with acromegaly always should be assumed to
result from another disease process and should be vig-
orously investigated. Similarly, the incidence of chole-
lithiasis is not increased relative to that in the general
population. Patients with acromegaly often suffer from
constipation due to long and tortuous colon. The
incidence of colonic polyps appears to be increased.

METABOLIC

Impaired glucose tolerance is present in 40% of
patients, and frank diabetes (DM-2) is present in
30% of patients. These often improve or vanish al-
together after successful GH-lowering therapy. Other
metabolic abnormalities include hypertriglyceridemia,
hypercalciuria, and hyperphosphatemia. Hypercalce-
mia is not a feature of acromegaly per se, and its
presence should suggest another pathological process.

NEUROPSYCHIATRIC

Similar to any chronic disease associated with physical
discomfort and lifelong therapy, acromegaly is associ-
ated with decreased quality of life. However, there are
no specific neuropsychiatric features attributable to
the disease.

CANCER

Because patients with acromegaly have increased inci-
dence of colonic polyps, some investigators assumed
that the incidence of colonic carcinoma will also be
increased. This was supported by the data from sev-
eral small studies. Large-scale data, however, failed to
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document increased incidence of colon cancer in ac-
romegaly. Similarly, the incidence of breast and pro-
state cancers was not increased. This, of course, does
not apply to patients with genetic forms of acromeg-
aly, such as MEN-1, in which there is a predictable
component of coexisting neoplastic diseases.

See Also the Following Articles
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Glossary

acromegaly Clinical consequence of growth hormone
hypersecretion.

growth hormone (GH) Hormone of the anterior
pituitary lobe that is essential for normal growth in
children. GH is also an important metabolic hormone
in adults.

insulin-like growth factor-1 (IGF-1) Peptide hor-
mone produced in the liver and other tissues following
activation of the GH-receptor.

Endocrinological investigation using hormone measure-
ments and function tests to document active acromegaly is indi-
cated whenever symptoms and clinical stigmata suggestive for the
disease are present. Thus, the diagnosis of acromegaly is made by
measuring elevated, often glucose nonsuppressible, growth
hormone levels and elevated insulin-like growth factor-1 levels.

MEASUREMENT OF GROWTH
HORMONE LEVELS

Growth hormone (GH) levels are measured by im-
munoassay or immunoradiomatric assay. Most centers
use polyclonal antibodies in their assay systems which
measure higher GH levels compared to assay systems
that use oligo- or monoclonal antibodies. Cutoff
values that differentiate between normal and abnor-
mally elevated GH levels are based on polyclonal
assay systems according to the consensus conference
on diagnostic aspects of acromegaly held in Cortina
d’Ampezzo in 1999. Using these systems, fasting
morning or random GH levels are usually clearly
elevated in patients with acromegaly of at least more
than 0.4 ng/ml (Fig. 1). Using the more sensitive and
better standardized assay system with oligo- or mono-
clonal antibodies, these cutoff values will have to be
redefined in the future. Since GH is episodically se-
creted in normal subjects, GH levels considerably

higher than the cutoff levels are not indicative for
acromegaly unless the insulin-like growth factor-1
(IGF-1) level is also elevated. Because of the spontan-
eous fluctuation of GH levels in nonacromegalic sub-
jects, many investigators recommend an oral glucose
tolerance test as a suppression test for GH secretion.

Acromegaly is documented in patients in whom
GH levels are higher than 1.0 ng/ml and who have
elevated IGF-1 levels simultaneously. Blood sugar
measurements during the oral glucose tolerance test
demonstrate the different degrees of carbohydrate
intolerance that are observed in active acromegalics.
Measurement of insulin levels demonstrating insulin
antagonism in active acromegalics is not required for
making the diagnosis. Furthermore, the cumbersome
measurement of GH 24-h profiles is not necessary,
nor is it helpful to document the inappropriate stimu-
lation of GH after thyrotropin releasing hormone
(TRH) or gonadotropin releasing hormone (GnRH)
injection that occurs in 70 and 40% of all active
acromegalics, respectively. Measurement of urinary
GH is also not useful for documentation of a GH
hypersecretory state.

MEASUREMENT OF IGF-1 LEVELS

Serum IGF-1 levels are invariably elevated in active
acromegaly, showing a certain degree of correlation
with GH levels. Since IGF-1 levels are also elevated
during puberty and pregnancy, they are specific for
active acromegaly in the nonpregnant adult. Since
IGFBP-3 is concomitantly produced and secreted
with IGF-1, IGFBP-3 levels are also elevated in acro-
megalic patients. Measurement of the binding pro-
tein, however, does not add to the accuracy of the
diagnosis. This pertains also to the acid labile subunit
(ALS), which is also elevated as part of the ternary
complex consisting of IGF-1, IGFBP-3, and ALS. In
addition, measurement of free IGF-1, which is only
possible in some laboratories, is not required for
making the diagnosis of active acromegaly.

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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Figure | Algorithm for the diagnostic workup of a suspected acromegalic patient. According to the consensus statement

(Giustina et 4l., 2000.)

MEASUREMENT OF PROLACTIN
AND OTHER ANTERIOR
PITUITARY HORMONES

Since some GH-producing tumors also produce
and secrete prolactin (PRL), basal PRL should be
measured in all acromegalics. PRL levels higher than
200 pg/liter are usually indicative of a somatomam-
motrophic adenoma. The identification of a somato-
mammotrophic tumor may be important with regard
to medical therapy since the PRL-cosecreting aden-
omas respond particularly well to dopamine agonists.

Slightly elevated PRL levels can result from im-
pingement of the somatotroph tumor on the pituitary
stalk leading to unrestrained PRL release from the
nontumorous pituitary. Tests to evaluate the other
pituitary functions—the gonadal, adrenal, and thyroid
axis—are also indicated.

DIFFERENTIAL DIAGNOSIS
OF ACROMEGALY

In more than 99% of all patients with acromegaly, a
monoclonal GH-producing tumor is the cause of the

disease (Fig. 2). The imaging method of choice is
magnetic resonance imaging (MRI), which in most
cases allows visualization of a macroadenoma and,
less frequently, a microadenoma. This situation has
been referred to by Losa and von Werder as classical
acromegaly. In contrast to classical acromegaly, there
are rare cases who have extra pituitary lesions causing
GH hypersecretion, leading to the clinical picture of
acromegaly. The ectopic growth hormone-releasing
hormone (GHRH) syndrome is most common
(Fig. 2). In this syndrome, GHRH is secreted from
benign or malignant, often neuroendocrine, tumors,
leading to somatotroph hyperplasia with consecutive
GH hypersecretion. GH and IGF-1 levels are not
different from those of classical acromegaly. On
MRI, no pituitary adenoma can be demonstrated,
although sometimes these patients have suprasellarly
extending lesions due to somatotroph hyperplasia.
The diagnosis of ectopic GHRH syndrome cannot
be made using function tests, although many of these
patients do not respond to exogenous GHRH admin-
istration but show hypersecretion of GH after TRH.
The diagnosis of ectopic GHRH secretion is made by
the measurement of elevated peripheral GHRH levels
(Fig. 1), which are in the nanogram range, in contrast
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Figure 2 Different causes of acromegaly. In more than 99% of all
cases, a monoclonal pituitary tumor can be demonstrated (classical
acromegaly). The ectopic GHRH syndrome is the second most
common cause of GH hypersecretion. Eutopic GHRH secretion
from hypothalamic lesions cannot be differentiated from classical
acromegaly before operative therapy. The extremely rare ectopic
GH syndrome has been demonstrated unequivocally in only two
cases. SRIF, somatotropic hormone release inhibiting factor.

to classical acromegaly, in which GHRH levels do not
exceed 100 pg/ml. Often, the ectopic GHRH source
can be localized by somatostatin receptor scintigraphy
since these tumors seem to express somatostatin
receptor types 2 and 5.
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In contrast, patients with hypoptholamic GHRH-
secreting tumors, so-called eutopic GHRH syn-
drome, do not have elevated GHRH levels in the
periphery (Fig. 2). This diagnosis is usually made
after transsphenoidal operative therapy. In these
cases, no tumors which are separated from the anter-
ior pituitary lobe, but in which somatotroph hyper-
plasia is found, are sometimes intermingled with
neuroendocrine tissue expressing GHRH. Occasion-
ally, GHRH-producing cells are found in the pituit-
ary specimen interspersed within the somatotroph
cells.

The ectopic GH syndrome is extremely rare.
Only two cases, one with pancreatic cancer and the
other with non-Hodgkin lymphoma (both shown to
produce and secrete GH), have been reported. The
diagnosis can be suspected when GH levels are ele-
vated, there is no evidence of a pituitary lesion (either
adenoma or somatotroph hyperplasia), and GHRH
levels are normal.

When there is a family history of acromegaly, one
has to consider familial acromegaly or multiple endo-
crine neoplasia type 1. In the latter case, one needs to
exclude primary hyperparathyroidism and islet cell
tumors.

Occasionally, acromegaly occurs as part of the
McCune-Albright syndrome, with very severe bone
deformations caused by acromegaly accompanied by
osteofibrotic bone disease, which is the hallmark of
this rare syndrome.
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Glossary
arthralgia Pain in a joint.

bradycardia A slower than normal contraction of the
heart muscle causing a pulse of less than 60 beats per
minute.

dopamine A hormone-like substance that is an
important neurotransmitter in both the central and
peripheral nervous systems; occurs as an intermediate
in epinephrine and norepinephrine biosynthesis.

gallstone An amalgamous concretion, commonly of
cholesterol crystals, bilirubin, and protein, that is
formed in the gallbladder or bile duct.

Acromegaly, a somatic growth and proportion disorder, is
a rare and insidious disease caused by growth hormone (GH)-
secreting pituitary tumors or (rarely) extrapituitary disorders.
Elevated levels of GH and insulin-like growth factor-1 (IGF-1)
are the hallmarks of this syndrome. Clinical manifestations
include skeletal and soft tissue growth and deformations as
well as cardiac, respiratory, neuromuscular, endocrine, and
metabolic complications. Early diagnosis and aggressive control
of the disease significantly attenuate or even abolish the in-
creased morbidity and mortality from the disease. Although
transsphenoidal surgery is considered the primary treatment of
choice, it is apparent that complete macroadenoma resection,
especially if invasive, is difficult even for skilled surgeons, hence
their low rate of biochemical control.

INTRODUCTION

When using strict criteria for disease control to define a
cure for acromegaly (e.g., random serum growth hor-
mone [GH] levels <2.5ng/ml, GH levels after oral
glucose tolerance test [OGTT] < 1ng/ml, gender-
and age-matched insulin-like growth factor-1 [IGF-1]
levels in the normal range), approximately 70% of
patients were in remission during the short period
after surgical intervention alone and 40% were in
remission up to 16 years postsurgery. Radiotherapy,

Encyclopedia of Endocrine Diseases, Volume |. © 2004 Elsevier Inc. All rights reserved.

either conventional external deep X-ray or heavy-
particle (proton-beam) irradiation, is reserved mainly
as adjuvant therapy for patients who have failed surgi-
cal or medical treatment. Therefore, pharmacological
treatment has assumed more importance in managing
patients with acromegaly. This article briefly discusses
the pharmacotherapy available for acromegaly, includ-
ing somatostatin analogues, GH receptor antagonists,
and dopamine agonists.

SOMATOSTATIN AND ITS
SYNTHETIC ANALOGUES

Somatostatin, a peptide that suppresses GH secretion,
was discovered in the hypothalamus some 30 years
ago and was shown to reduce GH serum levels. The
two major somatostatins that are enzymatically
cleaved from the large preprosomatostatin precursor
molecule are somatostatin-18 and somatostatin-28.
These are produced in multiple tissues and induce
their variable actions through a family of five major
receptors, SSTR1 to SSTRS. Because GH cell pituit-
ary adenomas express SSTRs (mainly SSTRS5 and
SSTR2 subtypes) that regulate GH secretion, the
pharmacological use of somatostatin binding to these
receptors has been employed for treating these
tumors. Endogenous somatostatin-14 has a high
affinity to all SSTRs, produced locally and rapidly
degraded to prevent systemic effects. Exogenous
administration of the peptide is not applicable for
prolonged treatment of acromegaly due to an ex-
tremely short half-life and multiple side effects. The
synthetic compounds octreotide (SMS201-995) and
lanreotide (BIM23014) offer a greater metabolic sta-
bility and subtype specificity for the treatment of
acromegaly (e.g., high affinity to SSTR2 and SSTRS
and moderate affinity to SSTR3 vs somatostatin-14).

Octreotide is a short-acting molecule, with a half-
life of 2 h, that binds with high affinity to SSTR2 and,
to a lesser extent, to SSTRS5. This analogue was
the first to be used clinically and has been proved
safe and effective for medical therapy of acromegaly.

21
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Reduction of GH levels is achieved with octreotide
doses ranging from 50 to 500 pg given subcutaneously
every 8h (in most patients, 100 ug trice daily). The
drug will achieve its maximal suppressive effect on
GH levels 2 to 6h after injection. With continuous
treatment, the extent by which GH levels rise between
injections is reduced. After 6 months of octreotide
treatment, integrated mean GH levels decreased to
less than 5ng/ml in 53% of 115 patients with acro-
megaly, and IGF-1 levels were normalized in 68% of
the patients. After 30 months of treatment, GH levels
were reduced to less than 5ng/ml in 65% and to less
than 2 ng/ml in 40% of 97 patients. In a summary of
11 studies, serum IGF-1 levels were normalized in
53% (range 42-80%) of 417 patients with acromegaly
treated with 100 to 1500 wg octreotide daily for a
period of 3 to 57 months. Improved clinical symp-
toms, including headache, perspiration, fatigue,
arthralgia, and cystic acne, were observed in up to
78% of 115 patients treated with 750 pg octreotide
for 6 months and in up to 95% of 103 patients in
another study. Adverse drug effects include diarrhea
(60%), abdominal discomfort (45%), loose stool
(32%), nausea, headache, dizziness, flatulence, and
constipation. These symptoms usually subside after 1
to 3 weeks of treatment. Clinically nonsignificant
bradycardia develops in approximately 25% of treated
patients. Asymptomatic cholesterol gallstones form in
approximately 25% of treated patients, usually during
the first 2 years of therapy.

Octreotide LAR is a depot intramuscular prepar-
ation (D,L-lactide-coglycolide-glucose) that provides
sustained slow release of the drug peaking at 28 days.
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Injections of 20 to 30 mg octreotide LAR at 28-day
intervals suppresses GH levels and generally achieves
steady-state drug levels after two or three injections.
As demonstrated in Table I, GH levels are reduced to
less than 2.5 ng/ml in 70 to 90% of patients, and IGF-1
levels are normalized in approximately 65% or even as
many as 88% of patients treated with 20 to 40 mg
octreotide LAR monthly injections for 12 to 30
months. Octreotide responders respond well to the
LAR form. Moreover, reduction of GH levels to less
than 5ng/ml was observed in more patients treated
with octreotide LAR (94%) than in those having re-
ceived subcutaneous octreotide (82%). IGF-1 levels
were normalized in 65% of patients treated with
octreotide LAR, as compared with 50% of those
treated with subcutaneous octreotide. Marked im-
provement of carpal tunnel syndrome, paresthesias,
perspiration, arthralgia, headache, and fatigue was
reported, as was approximately 20% tumor shrinkage.
Adverse effects are mostly mild, last for 1 to 2 days, and
include diarrhea (45%), abdominal pain (32%), and
flatulence (35%). These effects are transient, and their
frequency decreases with treatment extension to 11, 3,
and 8% of patients, respectively. Gallbladder abnor-
malities that were apparent in 26% of patients treated
for 30 months included asymptomatic cholelithiasis,
sediment, sludge, and biliary or gallbladder dilatation.
More recently, a case of probable partial tachyphylaxis
to both depot preparations of somatostatin was
reported along with demonstration of antisomatosta-
tin analogue antibodies.

Slow-release lanreotide is a cyclic octapeptide
somatostatin analogue administered intramuscularly

Table | Summary of Prospective Open-Label Studies on the Effects of Long-Term Treatment (3—89 months) of Patients
with Acromegaly with Octreotide LAR, Lanreotide SR, and Pegvisomant on Serum GH and/or IGF-I Levels

Treatment outcome

Number of patients GH < 5ng/ml GH < 2.5ng/ml Normalized IGF-1

Lanreotide SR 298” 225 (76)

369" 197 (53)

538° 297 (55)
Octreotide LAR 360" 337 (94)

439" 260 (59)

449° 308 (69)
Pegvisomant 208 193 (93)

Note. Percentages are in parentheses.

“Total number of patients who achieved GH levels of < 5 ng/ml.
Total number of patients who achieved GH levels of < 2.5 ng/ml.

“Total number of patients who achieved normal IGF-1 levels.
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at a dose of 30 mg every 10 or 14 days. To summarize
10 open-labeled prospective studies, 71% of patients
treated with lanreotide for atleast 1 year exhibited GH
levels less than 5ng/ml (43% <2.5ng/ml) and 58%
exhibited normal IGF-1 levels. Of 23 newly diag-
nosed, nonoperated or irradiated patients treated
with lanreotide SR, 5 (22%) had significant tumor
shrinkage (> 20%) after 6 months of therapy. Clinical
improvement of perspiration, headache, and tissue
swelling was reported in 4 of 13, 4 of 6, and 5 of 5
patients, respectively, after 1 month of treatment.
Arthralgia improved in 3 of 5 patients after 9 months
of therapy. Patients treated with long-term subcutane-
ous octreotide and then subsequently with lanreotide
reported similar improvement with both therapies,
including improved headache (81% of 22 patients),
paresthesia (73%), and soft tissue swelling (61%).
Lanreotide Autogel, a new delivery formulation of
lanreotide administered by deep subcutaneous injec-
tion at a dose of 60 to 120mg every 28 days, was
introduced recently. Studied in 107 patients with acro-
megaly for 3 months, lanreotide Autogel proved to be
at least as efficacious and well tolerated as 30 mg lan-
reotide. Improvement of clinical symptoms, including
headache (30%), night sweats (20%), and joint pain
(40%), was reported after 3 months of treatment with
both preparations. Similar clinical improvement was
reported with lanreotide SR during long-term treat-
ment. Side effects include mainly diarrhea (38%),
abdominal pain (22%), gallbladder lithiasis or sludge
(27%), and sludge (11%).

GROWTH HORMONE
RECEPTOR ANTAGONIST

Pegvisomant (B2036-PEG) is a genetically engineered
analogue of human GH. This mutated GH not only
prevents the homodimerization of the two GH recep-
tors, thereby preventing signaling, but it also has a
higher affinity to growth hormone-binding protein
(GHBP), thereby prolonging its circulating half-life.
This GH receptor antagonist is not yet approved for
clinical use in the United States. Subcutaneous daily
injection of up to 40mg normalized serum IGF-1
levels in 89% of 80 patients treated for 12 weeks and
in 97% of 152 patients treated for 12 to 18 months.
The biochemical improvement was accompanied by a
clinical alleviation of soft tissue swelling, excessive
perspiration, and fatigue. Serum GH levels were in-
creased nearly twofold in the treated patients, and
serum anti-GH antibodies were detected in 8% of
the patients after 12 weeks of therapy and in 17%
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after longer treatment. Adverse effects included head-
ache (26%); infection (mainly upper respiratory tract
infection) (33 %); injection site reaction (11%); pain in
scalp, neck, shoulders, arms, and/or legs (23%); diar-
rhea (13 %); asthenia (13 %); arthralgia (12 %); sinusitis
(10%); and hypercholesterolemia (14%). In addition,
one patient exhibited a significant increase in transa-
minases levels. No tumor shrinkage was observed;
moreover, two patients had an increase in tumor size
under treatment (1.6- and 1.8-fold increases). Despite
being the most effective of all drugs at reducing IGF-1,
and despite the promising results when used as adju-
vant therapy, there is insufficient data supporting the
use of pegvisomant as primary pharmacotherapy for
acromegaly and safety for long-term treatment.

DOPAMINE AGONISTS

Dopamine agonists decrease GH levels in some pa-
tients with acromegaly in contrast to those in normal
individuals. Bromocriptine, long-acting bromocrip-
tine LAR, pergolide, and carbegoline are ergot deriva-
tive dopamine agonists, whereas quinagolide is a
nonergot derivative. Only bromocriptine and quina-
golide are approved for clinical use in the United
States. In contrast to their dramatic effect on prolac-
tinomas, their effect on GH-secreting adenomas is
limited and largely less effective than somatostatin
analogues. GH levels decreased in 20% and IGF-1
levels decreased in 5 to 10% of patients treated with
high doses of bromocriptine (up to 60 mg daily) and in
34 and 43 % of those receiving carbegoline (up to 7 mg
weekly) and quinagolide (up to 0.6 mg daily), respect-
ively. Because of high drug doses required to achieve
hormone reductions, the incidence of adverse effects
is high and often unacceptable to patients. Side effects
include gastrointestinal discomfort, including transi-
ent nausea and vomiting, dizziness (due to postural
hypotension), headache, nasal congestion, and mood
disorders. Addition of dopamine agonists, especially
longer acting ones, may improve therapeutic efficacy
of other modes of therapy for the treatment of acro-
megaly.

CONCLUSION

The main goal of acromegaly therapy is tight control
of GH and IGF-1 levels, hence reducing GH serum
levels to less than 1ng/ml after OGTT, normalizing
age- and gender-matched IGF-1 levels, and reducing
tumor mass as much as possible. Treatment of the
disease’s complications is also of great importance.
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The preferred primary treatment is transsphenoidal
surgery by an experienced surgeon. Patients who
were not cured by surgery, or who cannot or do not
wish to be operated on, may be controlled by phar-
macotherapy. First choice for medical treatment is the
long-acting somatostatin analogues octreotide LAR
and lanreotide SR. Other somatostatin analogues,
such as SOM203, are at different stages of develop-
ment and are not yet in clinical use. Dopamine agon-
ists can be added, especially if the patient has
coexisting hyperprolactinemia. Until side effects and
efficiency of GH receptor antagonist are better estab-
lished, this treatment is reserved for patients who
cannot be cured by surgery and/or somatostatin and
dopamine agonists.

See Also the Following Articles

Acromegaly, Clinical Features of ® Acromegaly, Diagnosis of
® Growth Hormone (GH) ® Insulin-like Growth Factors ®
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Pathogenesis
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Glossary

adrenocorticotropic hormone (ACTH) A 39-
amino-acid peptide hormone (MW 45,000) that is part
of the proopiomelanocortin precursor molecule. It
controls the function of the adrenal cortex.

proopiomelanocortin (POMC) A precursor mol-
ecule (MW 28,500) that, in the anterior lobe of the
pituitary, is processed to adrenocorticotropic hormone
and B-lipotropin and further processed to (3-endorphin,
an endogenous opioid peptide of 3| amino acids.

Adrenocorticotropin is the hypophyseal hormone that
controls the function of the adrenal cortex.

BIOCHEMISTRY

Adrenocorticotropic hormone (ACTH) is a 39-amino-
acid peptide hormone (MW 45,000) that is part of the
proopiomelanocortin (POMC) precursor molecule
(MW 28,500). The PMOC gene is located on chromo-
some 2. Proopiomelanocortin is expressed in the brain,
skin, and immune system and in the anterior and inter-
mediate lobes of the pituitary gland. In the anterior
lobe, POMC is processed to ACTH and B-lipotropin
(B-LPH), which is further processed to B-endorphin,
an endogenous opioid peptide of 31 amino acids
(Fig. 1). In the intermediate lobe, ACTH is processed
to o-melanocyte-stimulating hormone (a«-MSH)
(ACTH 1-13) and corticotropin-like intermediate
lobe peptide (CLIP) (ACTH 18-39). In species with
developed intermediate lobes (rat and sheep), these
fragments are secreted, whereas in humans they are
normally found only during fetal life. The NH;-
terminal amino acids of ACTH are identical in all
species thus far studied, but there are species differ-
ences in the COOH terminus of the molecule.
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Interestingly, only the first 18 amino acids beginning
with the NH,-terminal amino acids of ACTH are
required for biological activity. In the brain, POMC
is expressed in the arcuate nucleus of the hypothalamus
and the nucleus tractus solitarius of the caudal medulla.
In the brain, POMC generates a range of bioactive
peptides, including ACTH, B-endorphin, and a-, -,
and y-MSH. B-Lipotropin, a fragment with 91 amino
acids, which contains -MSH (41-58), y-LPH (1-58),
and B-endorphin, is secreted in equimolar quantities
with ACTH. The endogenous opioid peptides a-, B-,
and vy-endorphin are derived from POMC and are
composed of amino acids 61-76, 61-91, and 61-77 of
B-LPH, respectively.

The biological effects of POMC-derived peptides
are diverse and are largely mediated through melano-
cortin (MC) receptors (R), five of which have been
described. MCIR, MC2R, and MC5R have estab-
lished roles in the pigmentation in the skin, adrenal
steroidogenesis, and thermoregulation, respectively.
Proopiomelanocortin-derived peptides are also found
in the placenta, pancreas, testes, and gastric antrum.

PATHOLOGY AND EMBRYOLOGY

The synthesis and processing of POMC to ACTH
and to the other POMC derivatives are executed
within the corticotroph cells of the anterior pituitary
lobe. This cell type was originally considered chro-
mophobic and later was shown by light microscopic
studies to be basophilic (Fig. 2). Corticotrophs repre-
sent 15-20% of adenohypophyseal cells. The embryo-
logical origin of corticotrophs is the intermediate
lobe, but groups of cells migrate during development
into regions of the anterior and posterior lobes.
Ultrastructural studies have shown different morphol-
ogies in these two groups of cells, reflecting differences
in the processing enzymes responsible for the pro-
duction of the above-mentioned hormones. The cells
in the anterior lobe appear irregularly shaped with
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Figure | Enzymatic process of POMC in the pituitary.

sparse secretory granules and poor staining, whereas
those of the intermediate and posterior lobes exhibit
dense granulation. In states of glucocorticoid excess
(endogenous or exogenous), corticotrophs undergo
degranulation and microtubular hyalinization, known
as Crooke’s hyaline degeneration. In adrenal insuffi-
ciency, the corticotroph cells in the anterior lobe in-
crease in number and the densely granulated cells of
the intermediate and posterior lobes decrease in
number.

Figure 2 Corticotroph cells in the anterior pituitary, positively
stained immunohistochemically with a basophilic stain.

MEASUREMENT OF ACTH

The radioimmunoassay for the measurement of plasma
ACTH is a highly sensitive and reliable assay for clin-
ical use. Assays using other methodologies are also
widely employed (i.e., enzyme-linked immunosorbent
assay, chemiluminescence). The basal morning con-
centration of ACTH ranges from 9 to 80 pg/ml. The
episodic secretion of ACTH causes fluctuations in
plasma ACTH and cortisol levels. ACTH secretion
has a distinct diurnal rhythm, with peak levels in the
early morning and the lowest levels at approxi-
mately midnight. The interpretation of ACTH values
requires a simultaneous cortisol determination. Pro-
vided that adrenocortical function is intact, plasma
cortisol measurements, from a practical viewpoint,
are a reliable index of ACTH secretion. There are
other assays available for measuring ACTH (bioassays,
radioreceptor assays, cytochemical assays), but meas-
urement of ACTH by these techniques is performed
only for research purposes, because of complexity
and cost. The half-life of ACTH depends on the
assay used for its measurement. Bioactive ACTH dis-
appears from the circulation more rapidly (half-life of
3-9 min) than does immunoreactive ACTH (half-life
of 7-12 min).

PHYSIOLOGY
Control of ACTH Secretion

The secretion of ACTH is controlled by an inherent
diurnal rhythmicity; it is augmented by noxious stim-
uli that are neurally, hormonally, and biochemically
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mediated, which is termed stress (open-loop compon-
ent), and is inhibited by glucocorticoids (closed-loop,
negative feedback). In normal circumstances, the daily
secretion of ACTH and cortisol is episodic and vari-
able. The highest burst of activity is observed in
the early morning hours. Thereafter, the release of
both ACTH and cortisol occurs only in 7-15 episodes
per day and the levels of both hormones gradually
decrease, reaching a nadir at approximately midnight.

Diurnal Rhythmicity

The basis of the diurnal rhythm is poorly understood.
There is evidence for the involvement of at least three
factors in the regulation of the diurnal rhythmicity of
ACTH: (1) intrinsic rhythmicity of the secretion of the
corticotropin-releasing factor (CRH) as well as vaso-
pressin (AVP); (2) light-dark exposure; and (3) feed-
ing times. Diurnal variation frequently disappears
during periods of stress and depression and is also
changed by conditions that affect cortisol metabolism
(liver disease, chronic renal failure, alcoholism).

Intrinsic Rhythmicity of Hypothalamic CRH and AVP

Tests for the evaluation of the CRH secretion pattern
have shown a diurnal intrinsic rhythmicity that per-
sists even in hypophysectomized animals that are de-
prived of ACTH and glucocorticoid feedback. This
hypothalamic rhythmicity appears to be neuronal but
not hormonal. On the other hand, the presence of
diurnal rhythmicity of ACTH in women during preg-
nancy when the increased circulating levels of pla-
centa-derived CRH do not show a nychthemeral
rhythm strongly suggests that hypothalamic AVP
secretion plays a role in this diurnal regulation.

Light-Dark Cycles

Secretory episodes of ACTH increase between the
third and fifth hours of sleep and peak in the morning
during the first several hours of wakefulness. This
rhythm usually appears after the first year of life
but may not be established until the age of 8 years.
Reversal of the normal asleep—awake patterns, as
occurs when an individual moves to a distant time
zone, is followed by a corresponding change in the
diurnal pattern of ACTH secretion over the course of
2 to 3 weeks.

Feeding Cycles

Experiments in rats have shown that feeding schedule
is more important than the light—dark cycle in deter-
mining the glucocorticoid diurnal secretory pattern. It
appears that glucocorticoids tend to be released
during fasting and decrease with feeding. Less is
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known about the effects of feeding schedule on
ACTH release in humans.

Open-Loop Control (Stress)

"The open-loop component of ACTH control may be
initiated by noxious stimuli of various sorts, all of
which represent types of physical or emotional stress,
such as pain, fever, trauma, hypoglycemia, hypoxia,
surgery, anxiety, and depression. All of these stimuli
stimulate the secretion of ACTH via the release of
CRH. Corticotropin-releasing hormone and AVP
are probably the two major physiologic secretagogues
of hypophyseal ACTH. Immunoreactive CRH is
found in the human hypothalamus in the paraventri-
cular, supraoptic, and infundibular nuclei and also in
the human thalamus, cortex, cerebellum, and pons.
However, most human CRH-secreting neurons are
located in the anterior portion of the paraventricular
nucleus and their nerve endings project to the external
layer of the median eminence, where CRH is released
into the portal hypophyseal circulation. The same
neuronal bodies in the paraventricular nucleus also
produce AVP. These AVP neurons are probably the
most important in vasopressin control of ACTH re-
lease, but the major site of vasopressin neurons is the
supraoptic nucleus. These vasopressin neurons are
usually of the magnocellular type and most of them
project to the neural lobe.

There is strong evidence that both «- and
B-adrenergic stimuli, cytokines, angiotensin II, and
opiates are involved in the regulaton of ACTH se-
cretion. During infection, autoimmune processes, or
trauma, a complex cascade of events ensues, charac-
terized by fever, circulation of cytokines, and alter-
ations in acute-phase proteins in plasma that are
important to initiate, propagate, and terminate host
defense mechanisms. In addition, it has been known
for several decades that activation of the hypothal-
amic—pituitary—adrenal (HPA) axis occurs in parallel.
It has become apparent that several mediators of in-
flammation play a major role in this phenomenon.
Among all cytokines, three [tumor necrosis factor «
(TNFw), interleukin-1 (IL-1), and interleukin-6 (IL-
6)] are responsible for most of the stimulation of the
HPA axis that is associated with the immune/inflam-
matory response. These three cytokines are produced
at inflammatory sites and elsewhere in response to
inflammation. Tumor necrosis factor o, which has a
tumoricidal activity and is responsible for cachexia, is
the first to appear in the inflammatory cascade of the
events and stimulates both IL-1 and IL-6; similarly,
IL-1 stimulates both TNFa and IL-6. In contrast,
IL-6, which participates in a major fashion in the
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acute-phase reaction, inhibits the secretion of both of
the other cytokines. All three inflammatory cytokines
have been shown to activate the HPA axis, i.e., ACTH
secretion 72 vivo, alone or in synergy with one another.
This effect can be blocked significantly with CRH-
neutralizing antibodies, glucocorticoids, and prosta-
noid synthesis inhibitors. When administered to
humans, both IL-1 and TNFa« have significant tox-
icity, including fever, general malaise, and hypoten-
sion, at the doses needed to activate the HPA axis. In
the past, it has been demonstrated that IL.-6, with its
ability to inhibit the two other inflammatory cytokines
and its modest toxicity in experimental animals, was a
potent stimulator of the HPA axis in humans, causing
an impressively marked and prolonged elevation of
plasma ACTH and cortisol when administered either
subcutaneously or intravenously. The elevations of
ACTH and cortisol attained after stimulation with
IL-6 were well above those observed with maximal
stimulatory doses of CRH, suggesting that parvocel-
lular AVP and other ACTH secretagogues were
also stimulated by this cytokine. In a dose—response
study, maximal levels of ACTH were seen at doses at
which no peripheral AVP levels were increased. At
higher doses, however, IL-6 stimulated peripheral
elevatdons of AVDP, indicating that this cytokine
might also be able to activate magnocellular AVP-
secreting neurons. This suggested that IL-6 might
be involved in the genesis of the syndrome of inappro-
priate secretion of antidiuretic hormone, which is
observed in the course of infectious or inflammatory
diseases or during trauma. It has been shown that
IL-6, in patients with head trauma (an aseptic inflam-
matory state) and a syndrome of inappropriate secre-
tion of antidiuretic hormone, is quantitatively
correlated with AVP.

In addition to their hypothalamic effects, the in-
flammatory cytokines can apparently directly stimu-
late pituitary ACTH and adrenal cortisol secretion.
"This may be related to the chronicity of the elevation
of the inflammatory cytokines or may be a dose-
related phenomenon. It is noteworthy that IL-1 and
IL-6 are themselves produced in the anterior pituitary
and adrenal glands, where they may have autocrine/
paracrine effects.

Closed-Loop Feedback

The negative feedback control of ACTH secretion is
mediated by cortisol, which exerts inhibitory effects
on both the central nervous system and the pituitary.
Negative feedback occurs via three mechanisms:
(1) fast feedback, which is sensitive to changes in
the levels of circulating cortisol, (2) intermediate
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feedback, and (3) slow feedback, which is sensitive to
the absolute cortisol level. Increased concentrations of
glucocorticoids accelerate the progression from fast to
slow feedback. Both fast feedback and intermediate
feedback appear to be mediated by inhibition of the
release of the existing CRH and ACTH rather than by
inhibition of their synthesis. Slow feedback is charac-
terized by decreased synthesis of ACTH, complete
suppression of POMC gene transcription, and a lack
of responsiveness of the corticotroph to the admin-
istration of CRH. The last result is mediated by the
direct inhibitory effect of cortisol on the pituitary
and there is evidence suggesting that this inhibitory
effect of cortisol at the level of the pituitary consti-
tutes the most important cortisol negative feedback
in the physiological regulaton of ACTH secretion.
Glucocorticoids decrease the hypothalamic content of
CRH and AVP and also decrease AVP mRNA con-
tent, but they have only a minimal effect on CRH
mRNA. Electrophysiological studies have shown that
there are hypothalamic as well as extrahypothalamic
sites of cortisol feedback, which serve to suppress the
release of CRH.

Action of ACTH

The adrenal cortex is the principal target organ for
ACTH. ACTH stimulates the synthesis and release of
steroids by binding to high-affinity plasma membrane
receptors of adrenocortical cells. The ACTH-recep-
tor interaction then activates adenyl cyclase and there-
fore stimulates the production of intracellular cyclic
AMP (cAMP). The cAMP formed activates a number
of intracellular phosphoprotein kinases that mediate
both acute and chronic effects on steroidogenesis.

Acute and Chronic Actions of ACTH

ACTH stimulates the synthesis and release of cortisol
within 2 to 3 min by increasing free cholesterol forma-
tion as a consequence of increased cholesterol esterase
activity and decreased cholesteryl ester synthetase
activity. ACTH rapidly promotes the transport of
cholesterol across the mitochondrial membranes, fa-
cilitates the binding of cholesterol to the cytochrome
P450scc, and facilitates the release of newly synthe-
sized pregnenolone from the mitochondria. ACTH
also stimulates the release of adrenal mineralocorti-
coids and androgens, as well as the release of various
intermediate products. Chronic actions of ACTH
are exerted on both adrenal architecture and steroido-
genesis. ACTH chronically stimulates low-density
lipoprotein (LDL) uptake and metabolism and the
synthesis of the LDL receptor and of other factors, so
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it has tropic effects on all known early steps in steroi-
dogenesis. Chronic effects of ACTH on steroidogen-
esis occur mainly by promoting the transcription of the
genes that encode steroidogenic enzymes and other
factors. ACTH increases the transcription of the
genes for P450scc, P450c17, P450c21, and P450cl1
and stimulates the accumulation of human P450scc
mRNA and human P450scc activity. The exact mech-
anisms of ACTH stimulation of the side-chain cleav-
age enzyme P450scc remain to be elucidated. ACTH
promotes both adrenal cellular hypertrophy and
hyperplasia. ACTH at physiologic concentrations can
promote the synthesis of insulin-like growth factor-II
(IGF-II) and also the synthesis of basic fibroblast
growth factor and epidermal growth factor, which
may act with IGF-II to stimulate adrenal growth.
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Glossary

adrenocorticotropin (ACTH) An anterior pituitary
polypeptide hormone that induces the production of
cortisol by cells of the adrenal cortex.

B-lipotropin (B-LPH) A biosynthetic intermediate
derived from the proopiomelanocortin precursor that
contains the sequence of (-melanocyte-stimulating
hormone and B-endorphin.

melanocortins Adrenocorticotropin, a-melanocyte-
stimulating hormone (MSH), B-MSH, y-MSH, and
8-MSH.

a-melanocyte-stimulating hormone (a-MSH),
B-MSH, y-MSH, 6-MSH Polypeptide hormones
produced in the intermediate pituitary that share the
melanocortin core sequence HFRW.

proopiomelanocortin (POMC) The common pre-
cursor for melanocyte-stimulating hormone-related
polypeptides and (3-endorphin.

Proopiomelanocortin is the common precursor for the
melanocortins and 3-endorphin. This gene is expressed in cor-
ticotropic cells of the anterior pituitary and melanotropic cells
of the intermediate pituitary. As a result of differential post-
translational processing, these two regions of the pituitary will
yield distinct sets of melanocortin-related and (3-endorphin-
related end products.

INTRODUCTION

During the middle portion of the 20th century, prior
to the implementation of immunocytochemistry and
subsequent molecular biology procedures to analyze
endocrine cells, several pituitary polypeptide hor-
mones were biochemically characterized from extracts
of the anterior and intermediate pituitary. These
analyses revealed the surprising observation that adre-
nocorticotropin (ACTH) and B-lipotropin (3-LPH),
polypeptides characterized from the anterior pituitary,
shared the amino acid sequence motif HFRW with
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a-melanocyte-stimulating  hormone (a-MSH) and
B-melanocyte-stimulating hormone (3-MSH), poly-
peptides characterized from the intermediate pituit-
ary. The fact that ACTH contained the complete
sequence of a-MSH and that B-LPH contained the
complete sequence of B-MSH led to the hypothesis
that all of these polypeptides had a common origin.
Later immunocytochemical studies would show
that ACTH-related immunoreactivity and B-LPH-
related immunoreactivity were colocalized in the
corticotropic cells of the anterior pituitary, whereas
a-MSH-related immunoreactivity and p-MSH-
related immunoreactivity were colocalized in the
melanotropic cells of the intermediate pituitary.
From these observations, several research groups in
the 1970s arrived at two conclusions: (1) ACTH,
B-LPH, o«-MSH, and B-MSH must be derived from
a common precursor and (2) the common precursor
must undergo differential posttranslational processing
to yield distinct sets of end products in the anterior
pituitary and intermediate pituitary. The cloning and
characterization of proopiomelanocortin (POMC)
mRNA from the bovine pituitary by Nakanishi and
colleagues in 1979 confirmed the common precursor
hypothesis. In addition, that study revealed the pres-
ence of a third MSH sequence (y-MSH) in the pre-
cursor. Since that time, the POMC gene has been
analyzed in representative species from nearly every
major group of vertebrate. This article focuses on the
changes that have occurred in the POMC gene during
the evolutionary radiation of the vertebrates.

ORGANIZATION OF POMC
IN TETRAPODS

The organization of the POMC precursor is remark-
ably conserved in tetrapods as diverse as amphibians
and mammals. Tetrapod POMC can serve as a good
model to illustrate the distribution of biologically
active sequences and spacer regions within this
precursor and to outline the major issues with respect
to the origin and evolution of the POMC gene within

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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The amino acid sequence of Xenopus lnevis POMC. The deduced amino acid sequence for the pre-pro form of POMC

(Accession No. X59370) is presented. Proposed endoproteolytic cleavage sites are marked by asterisks. MSH core sequences are
underlined. The opioid core sequence for B-endorphin is Y’*?G?**G***F?*. NTS, N-terminal sequence; JP, joining peptide.

the phylum Chordata. Tetrapod POMC can be
divided into three major regions: the 16K fragment
region, the ACTH region, and the B-LPH region
(Fig. 1). The 16K fragment is located in the N-
terminal region of POMC immediately following
the signal sequence. This region can be subdivided
into the N-terminal sequence (NTS), the y-MSH
sequence, and the joining peptide sequence. The
NTS (Q'-I*) contains four cysteine residues at pos-
itions 2, 8, 20, and 24. The number and location of
these cysteine residues represent a feature common to
all gnathostome POMC sequences and undoubtedly
play a role in influencing the three-dimensional struc-
ture of the precursor. Iz vitro studies on developing
mammalian pituitary cells indicate that the N'T'S can
serve as a maturation factor to promote the develop-
ment of prolactin-producing cells. Studies have not
been performed iz wvivo to verify this activity.
However, it is coincidental that in teleosts, vertebrates
in which the anterior pituitary cell types segregate
into zones, ACTH-producing cells are found in
close proximity to prolactin-producing cells. The
joining peptide region (E’°-N''!) is one of the most
variable regions in POMC and is one of the spacer
regions found in this precursor. No function has been
found for this sequence. Located between the N'TS
and the joining peptide is the sequence of y-MSH
(K*-Y"®). y-MSH is one of three sequences within
POMC that contains the MSH core sequence HFRW.
Bioassay studies indicate that y-MSH has weak

melanocyte-stimulating activity at nonphysiological
concentrations. However, studies on rats indicate
that this peptide may be involved in regulating blood
pressure at sites outside of the central nervous system.
The y-MSH sequence is flanked by paired basic
amino acids (R*K* and K’°R”’), and these sites
undergo endoproteolytic cleavage in the intermediate
pituitary but not in the anterior pituitary. In both
mammals and anuran amphibians, the R¥*K* site is
a functional monobasic cleavage site. Hence, for the
Xenopus laevis POMC sequence presented in Fig. 1,
the first residue in the y-MSH sequence is K**. The
reason for this particular cleavage event is not clear.
Often, the presence of a proline residue C-terminal to
a basic amino acid prevents the removal of the basic
amino acid. However, for the R*¥K* sequence, the
position C-terminal to K* is a tyrosine residue. In
fact, as seen in Fig. 2, the tyrosine residue is conserved
at this position in the y-MSH sequences of vertebrates
as diverse as sharks and amphibians. In contrast to the
R*¥K* site, proteolytic cleavage at K’°R”7 follows the
conventional endoproteolytic mechanism and both
amino acids are removed. Many gnathostome v-
MSH sequences have a potential internal cleavage
site at R®R®? that can be cleaved to yield an amidated
form of y-MSH that would correspond to K**-F®.
The ACTH region in the X. laevis POMC
sequence extends from A'" to L'?. ACTH is a
potent stimulator of cortisol production by adrenal
cortical cells. This hormone plays a critical role in
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Figure 2 Comparison of various vertebrate POMC sequences. The deduced amino acid sequences for the POM from POMC
in lamprey (Petromyzon marinus; Accession No. 55629) and the POMC sequences for dogfish (Squalusacanthias; Accession No.
ABO017198), gar (Lepisosteus osseous; Accession No. U59910), sockeye salmon POMC A (Oncorbynchus nerka), Australian lungfish
(Neocerodatus forsteri; Accession No. AF141926), and Xenopus lnevis (Accession No. X59370) are presented. Sites that are identical
in at least five of the six taxa are shown in boldface type. MSH core sequences are underlined. The opioid core sequence is located

at Y3 19F322

the hypothalamus—pituitary—adrenal axis in response
to chronic stress. The ACTH sequence is flanked
by sets of paired basic amino acid proteolytic cleav-
age sites K'"IR"? and RRY™%). In the anterior
pituitary, both of these cleavage sites are removed to
yield ACTH (1-39) as a major end product.

An interesting feature of ACTH is the presence of
four basic amino acids located in the interior of the
ACTH sequence (RBK??RPORYY. In the inter-
mediate pituitary of all vertebrates, endoproteolytic

and exoproteolytic cleavage mechanisms remove
RIZ8K12R1*° However, the presence of P32, aresidue
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found in all vertebrates at this position, apparently
prevents cleavage at R"*'. The result of these proteo-
lytic cleavage events yields ACTH(1-13) amide (A"’
V'#6) and corticotropin-like intermediate lobe peptide
(R"'-L'?) (CLIP) as products. ACTH(1-13) amide
will undergo N-terminal acetylation to form a-MSH,
the second polypeptide sequence in amphibian POMC
that has the MSH core sequence (H''“F'?°R"2'W'22),
a-MSH is a potent stimulator of physiological color
change in several species of amphibians and reptiles.
The function of CLIP is still an enigma.

The final major region of the POMC precursor is
the B-LPH region (Fig. 1). Located in the C-terminal
portion of POMC, this sequence has traditionally
been divided into the y-LPH sequence (EP*-D)
and the B-endorphin sequence (Y?“-Q?*?). The
former sequence contains the B-MSH sequence
(N'®_D'%%)  the third polypeptide with a MSH core
sequence (H'°F''R'?W'??) in tetrapod POMC.
B-MSH has melanocyte-stimulating activity and
appears to work in concert with a-MSH to promote
physiological color change in amphibians and reptiles.
In all vertebrates in which MSH has been studied,
B-MSH is an end product of the intermediate
pituitary, but not of the anterior pituitary.

The other major product derived from B-LPH is
B-endorphin. This polypeptide is an endogenous
opiate-like chemical signal that functions as an inhibi-
tory neurotransmitter when released from neurons
located in the central nervous system. In the mamma-
lian anterior pituitary, 3-LPH is a major end product
and B-endorphin is a minor end product. In the mam-
malian intermediate pituitary, just the opposite result
is observed. In this tissue, B-LPH serves as a biosyn-
thetic intermediate that is processed to yield N-
terminally acetylated, C-terminally truncated forms
of B-endorphin. The later peptides lack opiate
receptor-binding activity.

The organization of tetrapod POMC is interesting
for a number of reasons. This precursor contains three
polypeptide sequences that have very distinct functions
(ACTH, a-MSH, and B-endorphin). The repeat of the
MSH core sequence appears to be the result of a series of
domain duplication events likely resulting from unequal
crossover. This feature is not unique to POMC. Several
neuropeptide precursors, such as proTRH or proenke-
phalin, contain repeats of a biologically important
sequence. However, the presence of three MSH se-
quences in tetrapod POMC leads to the questions of
when these sequences appeared and which of the poly-
peptides was the ancestral MSH sequence. To address
these questions, a phylogenetic comparison of POMC
sequences is required.
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PHYLOGENETIC ANALYSIS OF
POMC SEQUENCES

The POMC gene has been analyzed in a jawless fish,
two cartilaginous fishes, several ray-finned fishes, two
lobe-finned fishes, several amphibians, and several
mammals. Figure 2 provides a comparison of a few
representative species. These species were selected be-
cause they represent five major taxonomic groups of
vertebrates (i.e., jawless fish, cartilaginous fish, ray-
finned fishes, lobe-finned fish, and tetrapods). The jaw-
less fish were well established over 500 million years
ago (mya) and are represented today by lamprey and
hagfish. In the lamprey, Petromyzon marinus, two dis-
tinct POMC genes are expressed. The POM form of
POMC, a gene expressed in the intermediate pituitary
of this species, is presented in Fig. 2. The jawed verte-
brates (gnathostomes) appear in the fossil record ap-
proximately 420 mya and two distinct groups were
established by 400 million years ago: the cartilaginous
fish, represented in Fig. 2 by the dogfish, and the bony
fish. The bony fish radiated into two major groups: the
ray-finned fish, represented by the gar and sockeye
salmon, and the lobe-finned fish, represented by the
Australian lungfish. The lungfish lineage can be traced
back in the fossil record to 390 mya. Approximately 20
million years later, the first tetrapods were clearly pre-
sent in the fossil record. X. Jaevis was included in Fig. 2
to provide a representative tetrapod POMC sequence.
Two ray-finned fish POMC sequences are also included
in Fig. 2 to illustrate some unique features associated
with the radiation of the POMC gene in this group.
The gar belongs to an older lineage of ray-finned fish
that can be traced in the fossil record back to the
Jurassic era. The sockeye salmon is a teleost, a relatively
recent group of bony fish that first appears in the fossil
record during the Cretaceous period.

A striking feature of the sequences presented in
Fig. 2 is the presence of a-MSH-like, B-MSH-like,
and B-endorphin sequences in all taxa. There has been
considerable divergence of the POMC sequence in
vertebrates and without these conserved sites it would
have been very difficult to align the agnathan POM
sequence to the gnathostome POMC sequences. Even
with these conserved sites, it was still necessary to
insert 11 gaps to facilitate the alignment of the
sequences. The presence of a-MSH-like, 3-MSH-
like sequences in the lamprey precursor indicates
that the POMC gene must have been in the ancestral
chordate. Indeed, this gene may have been in the
ancestral eucoelomates. Based on this data set, it is
not possible to ascertain when the a-MSH/B-MSH
duplication event occurred. One hypothesis would be
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that the ACTH sequence appeared early in eucoelo-
mate evolution and that B-MSH is the result of the
duplication of the a-MSH sequence. In the case of the
lamprey, nucleotide insertions occurred in both the a-
MSH- and the B-MSH-coding regions of the lamprey
POM gene. The gnathostome o-MSH and B-MSH
sequences are highly conserved in the taxa presented
in Fig. 2. In addition, the B-endorphin region con-
tains a remarkable number of conserved sites in all
taxa. There must be selection pressure to retain cer-
tain features of the B-endorphin sequence that is not
being exerted on other regions of the gene.

A sequence that is conspicuously absent from the
lamprey POM sequence is y-MSH. Based on this ob-
servation, it is reasonable to propose that the duplica-
tion event that yielded the y-MSH sequence must have
occurred in the ancestral gnathostomes. Although a -
MSH-like sequence can be detected in dogfish, gar, and
Australian lungfish POMC, this sequence is shorter
than the tetrapod y-MSH sequence. In addition, paired
basic proteolytic cleavage sites are not found C-terminal
to the y-MSH sequence in the gar or lungfish se-
quences. In addition, the gar y-MSH-like sequence
does not have an intact MSH core sequence and the
entire y-MSH sequence is absent in teleost POMC.
Apparently during the radiation of the ray-finned fish,
selection pressures favored the gradual degeneration
and eventual loss of the y-MSH sequence.

Whereas the presence of a-, B-, and y-MSH is a
feature common to many tetrapods, the dogfish
POMC sequence has a fourth MSH sequence: 8-MSH
(D*#-P?*; Fig. 2). This sequence is located in a large
insertion (V2**-A**; Fig. 2) that appears to have oc-
curred during the radiation of the cartilaginous fish and
hence is limited to this group of gnathostomes.

"The uniqueness of the 8-MSH sequence is balanced
by the high degree of primary sequence conservation
observed for ACTH among the gnathostome taxa. For
the gnathostome species presented in Fig. 2, 66% of the
positions are identical in the ACTH sequence. In fact,
88% of the first 25 positions in gnathostome ACTH are
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identical. For the B-endorphin region, 45% of the
positions are identical in all taxa. This percentage rises
to 67% when all gnathostome fish sequences are com-
pared. Clearlyy, ACTH and B-endorphin must be
physiologically important in all vertebrates.

ORIGIN OF POMC

POMC is a member of the opioid/orphanin gene
family that includes the proenkephalin gene, the pro-
dynorphin gene, and the proorphanin gene. A unifying
feature of this family is the presence of at least one
Y(F)GGF sequence in each precursor. To date,
members of this gene family have not been found in
any prokaryotes and it appears that these genes are not
found in pseudocoelomates such as Caenorbabditis ele-
gans. Hence, the gene family appears to have evolved
in the eucoelomates. Although POMC is clearly a
member of this family because of the B-endorphin
sequence, the presence of the melanocortin sequences
(ACTH, «-MSH, B-MSH, y-MSH, and 3-MSH) is a
feature that is unique to the POMC gene. Since
POMC is found in all vertebrate groups and perhaps
is common to all chordates, the origin of the melano-
cortin sequences may provide the key to deciphering
the genesis of this opioid/orphanin gene family.

See Also the Following Articles

ACTH (Adrenocorticotropic Hormone) ® Pituitary Tumors,
ACTH-Secreting
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Glossary

cyclic nucleotide phosphodiesterases (PDEs)
Enzymes that break down cyclic nucleotides into
nucleotide monophosphates.

guanosine-5'-triphosphate (GTP) Required for the
activity of G proteins to modulate effectors such as
adenylyl cyclase; hydrolyzed by G proteins into guano-
sine-5'-diphosphate (GDP) before the GDP is released
and new GTP is bound and effector activation is
resumed (“GTP-ase switch”).

heterotrimeric G proteins A group of proteins that
consist of three subunits (o, 3, y.) and couple cell
surface receptors to their effector enzymes; on
activation of cell surface receptors by their ligands,
heterotrimeric G proteins dissociate into the a-subunit
and the By—complex, both of which regulate the activity
of effector enzymes such as adenylyl cyclase in the cell
membrane.

protein kinases Enzymes that tag proteins with
phosphoryl residues derived from ATP; activity may be
regulated by a variety of intracellular messengers,
protein—protein interactions, or phosphorylation by
other protein kinases.

protein phosphatases Reverse the action of protein
kinase and remove phosphoryl groups from proteins.

second messengers Generated by extracellular stim-
uli arriving at the cell surface; transduce the extracellular
signal toward the interior of the cell.

Adenylyl cyclases (EC 4.6.1.1) are enzymes that generate
the second messenger adenosine-3'5-monophosphate from
ATP.

INTRODUCTION

Adenosine-3’5'-monophosphate (cAMP) was the first
“second messenger” to be discovered in 1956 by Earl
Sutherland. As a prototype and, for a long time, as the
only identified intracellular signaling pathway, the

Encyclopedia of Endocrine Diseases, Volume |. © 2004 Elsevier Inc. All rights reserved.

cAMP cascade was the subject of a large number of
studies until the mid-1980s, when interest shifted
toward novel signaling mechanisms such as polypho-
sphoinositides and receptor tyrosine kinases. The fact
remains, however, that cAMP is a ubiquitous second
messenger from gametogenesis to cognition. The
application of molecular genetics to the field has
highlighted the molecular diversity in the biosynthetic
and catabolic arms (cyclic nucleotide phosphodies-
terase, PDE) of cAMP metabolism. Ten adenylyl
cyclase (AC) genes have been identified in mammals.
Diversification of AC genes is already apparent in
Drosophila  melanogaster and  Caenorbabditis  elegans,
indicating a distinct adaptational advantage of this
feature. Taking into account the currently known
molecular variants of AC and PDE, the turnover of
cAMP in a mammalian cell may occur in up to 500
different ways. The biological significance of this
diversity is only slowly becoming apparent and is
currently under investigation in numerous biological
systems.

ADENYLYL CYCLASE GENE AND
PROTEIN STRUCTURE

Two types of ACs have been identified in mammals: a
membrane-bound species representing 9 of the 10
known ACs and a soluble enzyme. All of the mem-
brane-bound ACs have the same predicted structure
(Fig. 1), resembling that of ion channel/transporter
proteins. The N-terminal end is cytoplasmic and con-
tinues in the M1 intramembrane segment consisting
of six membrane-spanning helices. This is followed by
a large cytoplasmic loop (Cl1), which can be subdiv-
ided into Cla and Cl1b on the basis of the conser-
vation of the Cla segment in other ACs as well as a
corresponding region (C2a) in the second cytoplasmic
domain. The C1b portion of the cytoplasmic loop is a
nonconserved isotype-specific segment. The second
half of the molecule is analogous to the first
half. The six transmembrane helices of the M2
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Figure | Schematic representation of mammalian ACs. N: N-terminal cytoplasmic loop; M1 and M2: intramembrane

domains; Cla and C2a: homologous catalytic domains (thick lines); C1b and C2b: nonhomologous regulatory domains (thin
lines). The Cla and C2a domains must come into physical contact to form the catalytic core. This is facilitated by Gsa that binds
to the C2a domain. Most ACs are inhibited by Gsa that binds to a site on the Cla domain.

intramembrane segment are followed by a cytoplas-
mic tail designated C2, which is usefully divisible into
C2a and C2b because C2a is relatively well conserved
in all known ACs and also shows significant homology
to Cla. Both intramembrane domains are predicted to
be glycosylated on the extracellular surface.

The CI and C2 segments of ACs also show highly
significant homology to guanylyl cyclases. In fact, a
point mutation in the Cla region is sufficient to
change an AC into a guanylyl cyclase enzyme. Note
that for historical reasons, the sequence motif corres-
ponding to the conserved catalytic core in ACs is
called guanylyl cyclase motif in protein structure data-
bases. Mini-protein heterodimers consisting of the
Cla and C2b domains of ACs are catalytically active
and retain numerous regulatory properties of the
holoenzyme. Furthermore, high-resolution X-ray
crystallographic maps of the secondary structure of
Cla and C2a heterodimers have been reported. The
results concur that the catalytic core of the enzyme,
including the substrate binding site, requires both
domains. The heterodimer Cla:C2a is a symmetrical
array; guanosine-5'-triphosphate (GTP)-Gsa is bound
by the Cla domain, whereas forskolin, an alkaloid
known to stimulate ACs, binds to Cla and C2a in
the vicinity of the Gsa binding site in Cla (Fig. 2).
The C1-C2 complex also contains two metal-binding
sites, which under physiological circumstances are
occupied by Mg®*. One of these sites attracts Mg* "

in complex with ATP, whereas the other site binds
Mg”*" and has a preference for Mn”*, explaining
early observations on the stimulatory action of Mn”"
on ACs.

The 10th mammalian AC is a soluble enzyme that
is structurally more closely related to cyanobacterial
ACs than to the membrane-spanning family of mam-
malian ACs. The crystal structure of this enzyme was
not yet published at the time of this writing.

REGULATION OF ADENYLYL CYCLASE
General Considerations

There are currently 10 mammalian AC genes, each of
which encodes a different protein. These are differen-
tially controlled by heterotrimeric G proteins, intra-
cellular Ca®", and protein phosphorylation (Table I).
In addition, ACX is uniquely controlled by bicarbon-
ate ions. Hence, several signaling pathways converge
on ACs, which act as molecular signal integrators. In a
further aspect, AC isotypes have distinct tissue distri-
butions, indicating nonredundant physiological roles.
At the single-cell level, expression of multiple AC
isotypes is the rule rather than the exception. Thus,
polarized distribution of ACs within cellular micro-
domains or compartments is yet another element of
functional diversity in the cAMP signaling cascade.
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Figure 2 The structure of the AC catalytic core. The Cla and C2a domains of dog ACV (VC1) and rat ACII (IIC2) in complex
with GTP-Gsa are shown. Note the pseudo-symmetrical arrangement of a-helices (represented by cylinders) numbered 1 to 7
and B strands (represented by arrows) of the Cla and C2a domains. ATP and forskolin (FSK) are drawn as stick models; Gso is
represented as a cylinder. The S and T denote serine and threonine residues that are putative phosphorylation sites in ACIII and
ACII, respectively. Note that residues from both polypeptide chains are required to form the substrate-binding site. Reproduced
from Tesmer, J. J., and Sprang, S. R. (1998). The structure, catalytic mechanism, and regulation of adenylyl cyclase. Curr: Opin.

Struct. Biol. 8, 714, Elsevier.

G Proteins

The activity of all transmembrane ACs is stimulated
by Gsa combined with GTP. The structure—activity
analysis of the AC catalytic core by various methods
has identified the site of interaction with GTP-Gsa
(Fig. 2) in the cytosolic C2a domain. The binding of
GTP-Gsa to C2a is thought to facilitate the associ-
ation of CI and C2. The activity of some but not all
AC:s is inhibited by Gia (Table I), thereby opposing
the stimulation by Gsa.

In addition to G protein alpha subunits, GBvy sub-
units have a direct influence on the activity of some
ACs. Above all, in the presence of Gsa, activity
of ACII and ACIV is enhanced further by GBy.
Thus, ACII and ACIV are coincidence detectors for
receptors coupled to Gs and Gi/o, respectively. It is
important to note that GBvy derived from Gs or Gq is
unlikely to exert this type of effect given that the ECs
of GBy for this action is approximately 100 nmol/L,
whereas the stimulatory effect of Gsa is already max-
imal at approximately 10 nmol/L and the tissue levels
of this G protein are low compared with those of Gi
and Go. The potential for GBvy to stimulate ACs is
remarkable because it shows that the direction as well

as the magnitude of the effects of hormones on cAMP
synthesis can be dependent on the context of the
stimulus applied. In contrast to ACII and ACIV,
GBy subunits reportedly inhibit the activation of
ACI by Gsa. A summary of the actions of G proteins
is shown in Fig. 3.

Calcium

ACI was the first AC protein to be purified and the
first AC cDNA to be cloned. It is an enzyme stimu-
lated by Ca*"—calmodulin and is highly abundant in
the brain. The calmodulin modulatory site is in the
Clb domain of ACI. The Ca**—calmodulin complex
and GTP-Gsa produce synergistic stimulation of
ACI. ACVIII is also activated by Ca?"—calmodulin,
but apparently through a different, IQ-type, calmo-
dulin-binding domain, and no synergy with Gsa has
been reported. Thus, these enzymes are capable of
directly responding to a rise of intracellular-free
Ca’" from a variety of sources, especially plasma
membrane calcium channels. Another mode of regu-
lation by Ca®" is an apparently direct inhibition of
activity. ACVI is the best characterized example of



Table I Mammalian AC Genes
Human
chromosomal
Cyclase G proteins Calcium-Calmodulin Phosphorylation Facets of tissue distribution localization Other
ACI Gso stimulates, Calmodulin-dependent Inhibition by CaMKIV Mainly in the brain 7p13-pl2 Participates in synaptic
GBy inhibits stimulation, synergy with plasticity
Gsa
ACII Gsa stimulates, Gy Stimulation by protein Brain, lung, uterus pituitary 5pl5.3
synergizes with kinase C in synergy with
Gsa Gsa
ACIII Gsa stimulates Inhibition by CaMKII Brain, kidney, testis, vasculature, 2p24-p22 Important for olfaction,
pancreas beta cells involved in insulin release
ACIV Gso stimulates Inhibition by protein Lungs 14ql11.2 Very little known about this
kinase C enzyme
ACV Gsa stimulates, Direct inhibition by Stimulation by protein Brain, heart 3q13.2-q21 Effect of protein kinase C not
Gia inhibits Ca** kinase C dramatic in vivo, has splice
variant, required for EGF
stimulation of cAMP
ACVI Gsa stimulates, Direct inhibition by Inhibition by protein Widespread, including pituitary, 12q12-q13
Gia inhibits Ca** kinase A and C, adrenal cortex
enhancement by
tyrosine kinase
ACVII Gso stimulates Not known Brain, retina, pituitary, 16q12-q13 Has splice variant
hematopoetic system
ACVIII Gso stimulates Calmodulin-dependent Brain specific 8q24.2 Has splice variants
stimulation
ACIX Gsa stimulates, Inhibited by Widespread, including major 16p13.3 Participates in adrenal
Gia inhibits dephosphorylation endocrine glands, prostate, corticosteroid feedback
pathway involving uterus
calcineurin
ACX N/A Not known Not known Testis, also present in other tissues 1q24 Modulated by bicarbonate,
(soluble) highly expressed in

spermatogonia
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Figure 3 Summary of the control of AC isotypes by G proteins.
Arrows indicate stimulation; T bars indicate inhibition; R indicates
G-protein-coupled receptor.

this control. The inhibition is apparent between sub-
micromolar (>100 nmol/L) to low-micromolar con-
centrations of Ca*". The structural requirements for
direct inhibition of ACs by Ca®" are not known.

Protein Phosphorylation

‘Typically, ACs contain a multitude of potential con-
sensus phosphorylation sites for a variety of protein
kinases. Because these are large molecules that cannot
be assayed reliably in single-cell assays, the character-
ization of control by phosphorylation has been very
slow to appear. The most striking effects have been
reported for ACII and ACVIIL. The activity of both
enzymes is markedly stimulated by protein kinase
C. Whether protein kinase C phosphorylation alone
is sufficient to activate the enzymes in normal cells is
unclear, but synergistic stimulation by GTP-Gsa and

Combinator

Stimulator

Figure 4 Summary of the modulation of AC activity by protein
kinase C. The « and & variants of protein kinase C have been
implicated in the control of ACs.
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Figure 5 Distribution of mRNAs for cytochrome CYP11B2,
which is responsible for the synthesis of aldosterone in the zona
glomerulosa, cytochrome CYP11B1,which in turn is responsible for
the synthesis of corticosterone in the zona fasciculata—reticularis
and various ACs in the rat adrenal gland detected by iz situ hybrid-
ization histochemistry. Animals were treated with vehicle or ACTH
for 10 days before processing of the adrenal gland to iz situ analysis.
Reproduced from Endocrinology (1997), Vol. 138, p. 4596, with
permission of The Endocrine Society, Bethesda, MD.

activators of protein kinase C is well established. In
the case of ACII, the site of phosphorylation has been
localized to the C2b domain. Inhibition of ACVI by
protein kinase C has also been reported; here there are
multiple sites of phosphorylation, one of which is in
the N-terminal segment of the protein. The effects of
protein kinase C activation on ACs are summarized in
Fig. 4. ACVI is also inhibited by protein kinase
A (cAMP-dependent protein kinase), and mutagenesis
studies indicated that the site of phosphorylation is
in the Clb segment. Thus, ACVI is inhibited by
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cAMP-dependent negative feedback. In a similar vein,
ACI is inhibited by calmodulin-dependent protein
kinase IV. Calmodulin-dependent protein kinase II is
inhibitory to ACIII, which appears to be important in
the olfactory system of rodents where very rapid res-
toration of cellular responsiveness is vital. Yet another
mode of Ca’"-mediated inhibition is apparent in the
case of ACIX, which is inhibited by a pathway involv-
ing the Ca’'—calmodulin-dependent protein kinase
calcineurin (protein phosphatase 2B). The nature of
the presumed stimulatory phosphorylation is not
known.

ADENYLYL CYCLASES IN
ENDOCRINE SYSTEMS

It is quite clear that without ACs, hormonal control
would simply not function. Several hypothalamic-
releasing hormones exert their actions through
cAMP, and the effects of the majority of pituitary-
tropic hormones that regulate the peripheral endo-
crine glands are mediated, at least in part, by cAMP.
Interestingly, no obvious endocrine abnormalities
have emerged from the three gene deletion studies
published as of this writing that targeted ACI,
ACIIIL, and ACVIII, respectively. This is plausibly
due to the fact that these ACs are found mainly in
the central nervous system or that, as in the cases
of ACI and ACVIIIL, a double gene deletion was
necessary to demonstrate a clear behavioral phenotype.

Data on the role of AC isotypes in endocrine
systems are very limited indeed. The rat adrenal
gland is the best explored tissue (Fig. 5) from this
respect. There is striking compartmentalization of
the ACs in the medulla and cortex. Furthermore,
within the cortex, there are differences between the

Adenylyl Cyclase

aldosterone-synthesizing zona glomerulosa, which
expresses mainly ACVI and the zona fasciculata,
where the predominant AC appears to be ACIX.
These characteristics are retained and accentuated
after treatment of the animals with adrenocortico-
tropic hormone. It was also shown that sodium
restriction causes a marked increase of ACVI mRNA
expression in the zona glomerulosa. Other studies of
AC expression in endocrine tissues have not been
consistent; however, there is little doubt that similar
segregation of functionally distinct ACs is not
restricted to the adrenal gland.

See Also the Following Articles

G Protein-Coupled Receptors ® G Proteins and Effectors ®
Lipid Second Messengers and Receptors ® Receptor Tyro-
sine Kinase
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Glossary

adipovascular axis Adipose tissue secretes various
vasoactive substances. Dysregulation of these adipocyte-
derived vasoactive molecules in obesity directly contrib-
utes to the development of vascular diseases.

lipodystrophy A disease in which there is disturbed
differentiation of adipocytes. Human generalized lipodys-
trophy and bioengineered mice lacking fully differenti-
ated adipocytes exhibit phenotypes resembling that of
obesity, such as insulin resistance, dyslipidemia, and fatty
liver.

metabolic syndrome The condition characterized by
upper body obesity, insulin resistance, dyslipidemia, and
hypertension. The metabolic syndrome is a common
cause of atherosclerotic vascular diseases.

visceral fat Adipose (fat) tissue located in the
omentum and mesenterium. Accumulation of visceral
fat is a common cause of the metabolic syndrome.

Obesity is a common risk factor for type 2 diabetes and
cardiovascular diseases, and it is a major health problem in
industrialized countries; however, the molecular basis for the
link between obesity and obesity-related diseases has been un-
clear. Traditionally, adipose tissue has been regarded as an organ
passively storing excess energy. However, research on adipo-
cyte biology has found that adipocytes produce and secrete a
variety of biologically active molecules, including growth factors,
cytokines, and complement factors, in the immune system.

INTRODUCTION

The adipocyte-derived factors (Fig. 1) affect the func-
tion of adipocyte in an autocrine and a paracrine fashion
and affect whole body homeostasis through the blood-
stream. These findings indicate that adipose tissue is
an endocrine organ and the adipocyte-derived bioactive
substances are adipocytokines. Because these adipocyte-
derived substances include the molecules belonging to

Encyclopedia of Endocrine Diseases, Volume |. © 2004 Elsevier Inc. All rights reserved.

the strict cytokines, they are also called adipokines.
Every cell type secretes various cytokines and bioactive
substances to the surrounding milieu to maintain
normal functions. The importance of adipocytokines is
highlighted by the fact that adipose tissue is the largest
organ in the body. Although the amount of adipocyto-
kines produced by a single adipocyte is small, the total
amount in the body greatly affects whole body func-
tions. Another notable feature is that adipose tissue is
supplied by the bloodstream, and adipocytokines re-
leased from adipocytes easily flow into the systemic
circulation. Findings obtained from bioengineered
mice with undifferentiated adipose tissue revealed the
importance of adipocytokines in maintaining metabolic
homeostasis. Adipocytokines play a significant role in
the self-defense system against metabolic overload and
probably also in the immune system.

There is substantial evidence that dysregulated
production of adipocytokines is involved in the devel-
opment of obesity-related diseases. Tumor necrosis
factor-a (TNF-a), leptin, and resistin affect insulin
sensitivity in the whole body. Overproduction of
TNF-a has been suggested to contribute at least
in part to the development of insulin resistance,
which is a major clinical feature of obesity. Further-
more, adipose tissue also produces various vasoactive
substances, such as plasminogen activator inhibitor

Growth factors PAI-1
J HB-EGF
Cytokines
Complement
factors
TNF-o. Leptin Adiponectin
Figure | Adipocytokines.
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(PAI-1), an inhibitor of the fibrinolytic system, and
heparin-binding epidermal growth factor-like growth
factor (HB-EGF), a potent growth factor for vas-
cular smooth muscle cells. These factors are also
overproduced in obesity. These findings suggest the
existence of an adipovascular axis in which adipocyte-
derived factors affect vascular functions independent
of the coronary risk factors frequently associated with
obesity.

Although the total amount of adipose tissue is in-
creased in obesity, not all adipocytokines are overpro-
duced. For example, adipsin is factor D of the
complement system. The expression of adipsin in adi-
pose tissue is severely impaired in obesity and results
in the reduction of plasma concentration. The physio-
logical meaning of the decreased plasma adipsin in
obesity is unclear. Next, adiponectin belongs to the
soluble defense collagen superfamily. Although the
protein possesses antiatherogenic and antidiabetic
properties, its plasma concentration is decreased in
obesity. The proteome analysis proved that there is
impaired secretion of various molecules from the adi-
pocytes of obese subjects. Not only hypersecretion of
offense adipocytokines but also hyposecretion of de-
fense adipocytokines affects the development of
obesity-related disorders.

LEPTIN

Leptin is a 16-kDa protein secreted primarily from
adipocytes. Rodents defective in leptin synthesis (06/0b
mice) or leptin receptor function (db/db mice, Zucker
fa/fa rats, and Koletsky rats) are obese and develop
hyperinsulinemia and insulin resistance. Leptin sup-
presses food intake and increases energy expenditure
by enhancing thermogenesis and metabolic rate.
These functions seem to be mediated mainly by the
central nervous system because intracerebroventricu-
lar injection of leptin produced significant effects
with much smaller amounts than those required by
systemic injection.

Leptin receptors (OB-R) are single membrane-
spanning receptors with homology to members of
the cytokine receptor superfamily. Seven different lep-
tin receptors, produced by alternative splicing, have
been identified. The receptors containing transmem-
brane domains can be divided into two groups. One
group has a short amino acid residue intracellular
domain (OB-Ra, OB-Rc, OB-Rd, and OB-Rf). The
other group has a long intracellular domain (OB-Rb).
OB-Rb is mainly expressed in hypothalamus, whereas
the short forms are expressed in a variety of tissues.

Adipocytokines

The long form of the receptor has two Janus kinase
sites in the intracellular domain and the short form
has one. Only the long form can activate the signal
transducers and activators of the transcription family
(STAT). C57B1/Ks db/db mice, which lack the long
form of the receptor and have intact short forms,
exhibited almost identical phenotype to 0b/0b mice,
which lack leptin.

There is accumulating evidence indicating that lep-
tin mimics some of the insulin actions in liver, adipose
tissue, and muscle. In diabetic rats, leptin increased
glucose uptake in muscle and brown adipose tissue
and normalized hyperglycemia. In liver and hepato-
cytes, leptin lowered hepatic glucose production by
decreasing glycogenolysis and increasing glycogen
synthesis.

The physiological significance of leptin was em-
phasized by the successful administration of leptin to
treat the metabolic disorders of lipodystrophy in mice
and humans. Generalized lipodystrophy is a disorder
characterized by a paucity of adipose (fat) tissue ac-
companied by a severe resistance to insulin, leading to
hyperinsulinemia, hyperglycemia, and an enlarged
fatty liver. In the two genetically engineered mouse
models of lipodystrophy, the plasma concentration of
leptin was very low due to the loss of mature adipose
tissues. Leptin supplementation overcame insulin re-
sistance, diabetes, hyperlipidemia, and fatty liver in
both models. These effects were not observed with
chronic food restriction. The results support the
theory that leptin exerts favorable effects on glucose
and lipid metabolism independently of its effect on
food intake. Based on these observations, human lipo-
dystrophy patients were recently treated with leptin,
resulting in an improvement in metabolic disorders
and fatty liver.

TNF-a

It has been shown that the adipose TNF-a mRNA
and plasma TNF-a protein are increased in most
animal models and human subjects with obesity and
insulin resistance. Neutralizing the blood TNF-«a in
obese rats with a soluble TNF-a receptor-IgG fusion
protein markedly improved insulin resistance. These
results indicated that the higher production of
TNF-a in accumulated adipose tissue was causative
for obesity-associated insulin resistance.

TNF-a treatment reduced insulin-stimulated
autophosphorylation of the insulin receptor and
IRS-1 phosphorylation in various tissue cultured
cells, including adipocytes, fibroblasts, and hepatoma
cells. These disturbances of insulin signaling were also
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observed in the muscle and adipose tissues of the
obese and insulin-resistant fa/fa rats. It has been
reported that TNNF-a induces serine phosphorylation
of IRS-1 in cultured adipocytes and hepatocytes. The
serine phosphorylated form of IRS-1 was also in-
creased in the muscle and adipose tissues of fa/fa
rats. The modified IRS-1 inhibited the autokinase
activity of the insulin receptor, resulting in the
deterioration of insulin signaling.

Hotamisligil and colleagues fed wild-type and
TNF-a knockout mice with a high-fat diet. Both
types of mice became similarly obese, but obese
TNF-a(—/—) mice maintained high insulin sensitiv-
ity. These results demonstrated that TNF-a defi-
ciency blocked the development of insulin resistance
associated with diet-induced obesity. In the 0b/0b mice
with targeted mutations in both p55 and p75 TNF-«
receptors, the signaling and function of TNF-a were
completely abolished. Without the changes in body
weight, the 0b/0b mice with null mutations of TNF-«
receptors showed higher insulin sensitivity than the
ob/ob mice with normal TNF-a receptors. These
results further support the theory that the enhanced
TNF-o protein and TNF-a signaling are involved in
obesity-associated insulin resistance.

RESISTIN

Resistin is a 12.5-kDa, cysteine-rich protein identified
by screening for the genes that were induced during
the differentiation of the adipocytes but were down-
regulated in mature adipocytes exposed to glitazone,
an insulin-sensitizing drug. Mouse resistin contains
114 amino acids and circulates as a homodimer
of two peptides. Administration of resistin to mice
impaired glucose tolerance and insulin action.
Plasma concentrations of resistin were higher in
genetic and diet-induced obese mice with insulin
resistance. Administration of the neutralizing anti-
body against resistin increased insulin sensitivity
in obese mice. These results suggest that resistin
is a fat-derived factor causing insulin resistance
in obesity and that the insulin-sensitizing effect
of glitazone can be attributed to its inhibition of
resistin expression.

One study, however, showed contradictory results.
It was reported that resistin expression was decreased
in obese mice and increased in response to glitazone.

The human homologue of resistin is located on
chromosome 19p13.3, a region not previously impli-
cated in the susceptibility to obesity, insulin resist-
ance, or diabetes. Its significance in humans remains
to be clarified.
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PAI-1

PAI-1 is an inhibitor of plasminogen activators and
fibrinolytic activity. Although PAI-1 is synthesized in
endothelial cells and liver, adipose tissue is also a main
source of plasma PAI-1. Expression of PAI-1 is aug-
mented in adipose tissue, especially intraabdominal
visceral fat in obesity. The amount of visceral fat is
positively correlated with the plasma level of PAI-1
and is one of major determinants of plasma PAI-1. It is
well-known that the plasma concentration of PAI-1 is
elevated in subjects with type 2 diabetes and hyper-
triglyceridemia, although the precise mechanism is
unclear. Type 2 diabetes and hypertriglyceridemia
are often associated with visceral fat accumulation.
PAI-1 produced by accumulated visceral fat may ex-
plain the high plasma PAI-1 in these conditions. The
reason why adipocytes secrete PAI-1 has not been
clarified. Adipocytes dramatically change cell size in
response to nutritional conditions. Plasmin works to
destroy the basement membrane to facilitate cell
expansion. PAI-1 may control the activity of plasmi-
nogen activators to prevent the overproduction of
plasmin.

ADIPONECTIN

Adiponectin is an adipocyte-derived factor identified
through the extensive search of adipose tissue tran-
scripts in the human genome project. The expression
of adiponectin mRNA is exclusive in adipose tissue.
The protein is composed of two structurally dis-
tinct domains—the C-terminal collagen-like fibrous
domain and the complement Clg-like globular
domain. Adiponectin is abundant in the circulating
plasma in a multimeric form. Interestingly, plasma
concentrations of adiponectin are decreased in obese
subjects despite its restricted expression in adipocytes.
Plasma adiponectin levels are also lower in patients
with coronary artery disease and type 2 diabetes
than those in body mass index-matched subjects.
Physiologically, adiponectin inhibits the differenti-
ation of adipocytes in a paracrine manner via the
COX-2 pathway. When the endothelial barrier is in-
jured, adiponectin accumulates in the subendothelial
space of the vascular walls. The protein has anti-
atherogenic properties, such as suppression of mono-
cyte attachment to vascular endothelial cells via the
reduced expression of adhesion molecules, suppres-
sion of foam cell formation and TINF-a secretion of
macrophages, and suppression of the growth factor-
induced proliferation of vascular smooth muscle cells.
Administration of adiponectin also improves fatty
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oxidation and insulin resistance in dietary-induced
and genetically obese animals. Adiponectin is
cleaved between fibrous and globular domains. The
globular form of adiponectin has more potent activity
for insulin sensitization than the whole protein. Thus,
adiponectin has a dual function on insulin sensitivity
and vascular functions. Hypoadiponectinemia in
obesity may be a key factor in the metabolic syn-
drome, which is often accompanied by insulin resist-
ance and cardiovascular diseases. Interestingly,
patients with genetic hypoadiponectinemia caused by
a missense mutation in the adiponectin gene also
exhibit the clinical phenotype of the metabolic
syndrome. Studies of mice genetically lacking adipo-
nectin confirmed the significance of adiponectin in
the metabolic syndrome. Two cohort studies of a
specialized population report that hypoadiponectine-
mia is a risk for cardiac death or the developments of
type 2 diabetes. The genetic variation in the adipo-
nectin gene is also associated with an increased risk of
type 2 diabetes in the Japanese population. Further

Adipocytokines

studies are necessary to verify the significance of
adiponetin in the metabolic syndrome and obesity-
related diseases.
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Glossary

adrenal gland Triangular, endocrine, hormone-secret-
ing gland located on top of each kidney.

androgens Sex hormones that stimulate the develop-
ment of secondary masculine characteristics (i.e., deep
voice, facial hair).

receptor Molecule on the cell surface or inside the cell
that recognizes a specific antigen or hormone.

The adrenal androgens (AAs), normally secreted by the
fetal adrenal zone or the zona reticularis, are steroid hormones
with weak androgenic activity. Although AAs do not appear to
play a major role in the fully androgenized adult man, they seem
to play a role in the adult woman and in both sexes before
puberty. Girls, women, and prepubertal boys may be negatively
affected by AA hypersecretion, in contrast to adult men. This
article discusses AA biosynthesis, regulation, physiology, and
biological action.

ADRENAL ANATOMY AND
ANDROGEN BIOSYNTHESIS

Adrenal Gland Anatomy

The adrenal glands, consisting of the cortex and me-
dulla, have a roughly pyramidal shape and lie above
the upper poles of the kidneys. The two zones receive
their blood supply from branches of the phrenic ar-
teries, aorta, and renal arteries. Arterial blood enters
from the outer cortex, flows through fenestrated ca-
pillaries between the cords of cells, and drains into
venules in the medulla. On the right, the adrenal vein
directly enters the inferior vena cava; on the left, it
usually drains into the left renal vein. The adrenal
cortex is divided into three histologic and functional
zones: the outer, aldosterone-secreting zona glomer-
ulosa; the intermediate, cortisol-secreting zona fas-
ciculata; and the inner, androgen-secreting zona
reticularis. Whereas the zona glomerulosa is primarily
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regulated by angiotensin II, both the zona fasci-
culata and the zona reticularis are regulated by
adrenocorticotropic hormone (ACTH).

Fetal Adrenal and Development

The fetal adrenal cortex arises from mesodermal cells
migrating from the celomic epithelium very early in
the embryonic period. It consists of both the adult
adrenal zona glomerulosa and zona fasciculata and an
inner large adrenal zone, which virtually disappears
within weeks after birth. The active secretion of ster-
oids occurs by week 6 from the provisional zone,
which represents the functional cortex in the fetal
period. Remaining cell foci from the fetal adrenal
zone presumably give rise to the adrenal zona reticu-
laris, starting at the age of 4 to 5 years in both sexes.
This zone continues to grow until young adulthood
(20 to 25 years), remains at a plateau for 5 to 10 years,
and regresses gradually after the age of 35 years.
Aging results in a reduction in the size of the zona
reticularis and a relative increase in the outer cortical
zones with no significant difference in the total width
of the cortex.

Biosynthesis

Like all human steroid hormones, AAs are derived
from cholesterol, which can be synthesized within the
adrenal from acetyl coenzyme A, but mainly (80%) is
derived from circulating plasma lipoproteins (low-
density lipoproteins). The major androgens secreted
by the adrenals are dehydroepiandrosterone (DHEA),
DHEA sulfate (DHEAS), and androstenedione (A*-A)
(Fig. 1). Production of testosterone (T') by these glands
is minimal. DHEA and DHEAS are mainly products
of the zona reticularis; A*-A and T are secreted by
both the zona reticularis and the zona fasciculata.
The enzymes responsible for the synthesis are hydro-
xylases, dehydrogenases, isomerases, and desmolases
(Fig. 1), most of which require NADPH or NAD™ as
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Figure |  Adrenal androgen biosynthetic pathway. CYP11A1, cholesterolmside-chain cleavage enzyme; desmolase; CYP17, 17a-
hydroxylase/17,20-lyase; 3B-HSD, 3B-hydroxysteroid dehydrogenase; CYP21A2, 21-hydroxylase; CYP11B1, 11B-hydroxylase;
CYP11B2, aldosterone synthase, corticosterone 18-methylcorticosterone oxidase/lyase.

cofactors. The anatomical alterations of the adrenal
cortex, occurring mainly in the age groups of 20-30
years and 50-60 years, result in a marked decline in
circulating adrenal C,g steroids and their metabolites.

BIOCHEMISTRY

The steroid hormones produced by the adrenal cortex
are members of a large family of compounds derived
from the cyclopentanoperhydrophenanthrene ring
structure that comprises three cyclohexane rings and
one cyclopentane ring. Three 19-carbon compounds
are the principal androgens secreted by the adrenals:
DHEA, DHEAS, and A*-A.

ADRENAL ANDROGEN REGULATION
AND PHYSIOLOGY

Regulation

Adrenal androgens are secreted by the adrenal glands
in response to ACTH. ACTH is a 39-amino-acid
peptide derived from proopiomelanocortin, synthe-
sized and secreted by the anterior pituitary under the
regulation of corticotropin-releasing hormone (CRH)
and arginine—vasopressin (AVP) (Fig. 2). Both CRH
and AVP are produced by parvocellular neurons of the
paraventricular nucleus of the hypothalamus and act
in synergy with each other (Fig. 2). Under ACTH
regulation, adrenal androgens such as DHEA, AY-A,

and T are secreted synchronously with cortisol both
in secretory episodes and in a circadian pattern.
The levels of plasma DHEAS do not exhibit a circa-
dian rhythm because of its much longer circulating
half-life.

Numerous other endocrine signals were proposed
as regulators of adrenal androgen secretion. Glasow
et al. reported the presence of prolactin (PRL) recep-
tors in the human adrenal gland and suggested a direct
effect of PRL on adrenal steroidogenesis that may be
of particular relevance in clinical disorders character-
ized by hyperprolactinemia. Interestingly, adults with

AASF(?)

PRL

Exogenous
androgens

Figure 2 Schematic representation of adrenal androgen
regulation.

Adrenal

Cortisol
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hyperprolactinemia have increased secretion of AAs
by the zona reticularis, which is corrected by reduc-
tion of PRL secretion with bromocriptine. In women
with PRL-secreting tumors, there is a correlation
between PRL levels and DHEAS.

Together with ACTH and/or PRL, other factors
including estrogen, epidermal growth factor, prosta-
glandins, angiotensin, growth hormone, gonadotropins,
B-lipotropin, and B-endorphin may act as stimulators
of androgen secredon. Interleukin-6 (IL-6) is also
known to stimulate mineralocorticoid, glucocorticoid,
and androgen production by acting through specific re-
ceptors expressed in the adrenals, mainly in the zonae
fasciculata and reticularis, but also to a lesser extent
in the zona glomerulosa. The ability of IL-6 to stimu-
late mineralocorticoid, glucocorticoid, and androgen
production suggests that IL-6 might play a role in
coordinating the responses of all adrenocortical zones
and the interaction of the adrenal function with the
immune system.

Both ACTH and PRL stimulate AA secretion by
the fetal adrenal zone. Placental CRH production,
which rises exponentially during human pregnancy,
may also play a key role in promoting DHEAS pro-
duction by the fetal adrenals, leading to an increase in
placental estrogen synthesis and contributing to the
process of parturition in humans.

Physiology

AAs are secreted in small amounts during infancy and
early childhood and their secretion gradually increases
with age, paralleling the growth of the zona reti-
cularis. Adrenarche is the appearance of pubic hair
(pubarche) resulting from a rise in adrenal androgen
levels. The mechanisms by which the zona reticularis
develops with age and by which adrenarche is regu-
lated are not fully known. It was shown that children
with premature pubarche have hormonal responses to
a CRH stimulation test that are similar in magnitude
to those of prepubertal children of comparable age,
ruling out a prominent role for CRH in premature
pubarche. Gell ez 4l. suggested that as children mature,
a decrease in 3B-hydroxysteroid dehydrogenase activ-
ity in the adrenal reticularis occurs, resulting in the
shift of pregnenolone through the 17a-hydroxylase/
17,20-lyase pathway, leading to increased production
of DHEA and DHEAS, as seen during adrenarche.
Locally produced insulin-like growth factor type II
(IGF-II) modulates fetal adrenocortical cell function
by increasing responsiveness to ACTH via activation
of the IGF type I receptor and increases the capacity
of those cells for androgen synthesis by directly
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augmenting the expression of P450c17. Thus, IGF-II
may play a pivotal role in AA production, both physio-
logically in utero and at adrenarche, as well as under
conditions of hyperandrogenemia.

Experiments by Miller and co-workers suggested
that an increased serine phosphorylation of human
P450c17 might play a role in the development of both
human adrenarche and hyperandrogenism of polycys-
tic ovary syndrome (PCOS), resulting in a substantial
increase in 17,20-lyase activity. P450c17 is the key
enzyme that regulates androgen synthesis. It is the
only enzyme known to have the ability to convert
Cy; precursors to the androgen prehormones, the
17-ketosteroids. It is a single enzyme with two
activities, 17-hydroxylase and 17,20-lyase, and serine
phosphorylation appears to modulate its activity. In
particular, it promotes 17,20-lyase activity and at the
same time inhibits the activity of the insulin receptor. It
was postulated that a single abnormal serine kinase
might hyperphosphorylate both P450c17 and the insu-
lin receptor, accounting for the hyperandrogenism
and the hyperinsulinism responsible for both the pre-
mature pubarche and later in life for PCOS. In vitro
studies, however, failed to find evidence for hyperpho-
sphorylation of insulin receptor-B and P450cl7 in
PCOS.

CIRCULATION

Circulating steroid hormones are largely bound to
plasma proteins (binding globulins and albumin).
Approximately 90% of DHEA, DHEAS, and A*-A
is bound to albumin and 3% is bound to sex hor-
mone-binding globulin. The binding globulins have
high affinity and low capacity, whereas albumin has a
low affinity and high capacity for steroids.

ANDROGEN RECEPTOR

The inactive androgen precursors secreted by the ad-
renal, after conversion to T'and 5a-dihydrotestosterone
(DHT), exert their effects in most peripheral tissues
by interacting with high-affinity receptor proteins.
The androgen receptor (AR), encoded by the AR gene
on the X chromosome, is a member of the steroid recep-
tor superfamily. This gene contains a polymorphic CAG
microsatellite repeat within exon 1, which codes for a
variable length of polyglutamine chain at the amino
terminus, the transactivation domain of the AR protein.
Triplet-repeat DNA sequences can be sites of genetic
instability and their expansion in a variety of genes has
been associated with human genetic diseases, such as
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fragile X syndrome and myotonic dystrophy. In the case
of the AR gene, an inverse correlation between the
number of CAG repeats and the risk for prostate cancer
was described and its expansion was documented in
Kennedy’s disease (spinal and bulbar muscular atrophy),
a disorder associated with primary hypogonadism.
In vitro studies showed that progressive expansion of
the repeat length in the AR is associated with a linear
decrease in its transactivation function. These observa-
tions support the idea that there is an optimal number of
repeats that varies in the population from 11 to 31
(average size: 21 + 2 repeats).

Methylation of deoxycytosine residues is another
factor involved in the modulation of gene expression.
Belmont ez 4/. showed that the methylation of Hpall
and Hbal sites near the polymorphic CAG repeats in
the first exon of the human AR (HUMARA) locus
correlated with X inactivation. Patients with idio-
pathic hirsutism were shown to have a normal number
of CAG repeats but with a preponderance of the short-
est and most active alleles. These patients also had a
preferential methylation of the longer AR allele com-
pared to normal subjects, leading to inactivation of the
functionally weaker gene. This skewing could allow
the shorter, more active AR allele to be preferentially
expressed, explaining the peripheral hypersensitivity
to androgens in hirsute patients.

Multiple coactivators that enhance the transcription
of the AR gene have been identified, including AP-1,
Smad3, nuclear factor kB, sex-determining region Y,
and the Ets family of transcription factors. The relative
importance of these coactivators for any particular cell
type remains unclear, since a putative coregulator that
can alter transcriptional activity is typically included
in transient transfection experiments. Although AR
is normally thought to function as a homodimer, it
was also shown to heterodimerize with other nuclear
receptors including the estrogen receptor, glucocorti-
coid receptor, and testicular orphan receptor 4. One
of the major mechanisms through which coregula-
tors might function is by forming a bridge between
the DNA-bound nuclear receptor and the basal tran-
scriptional machinery (type I regulators). Coactivators
may also facilitate ligand binding, promote receptor
nuclear translocation, or mediate signal transduction
(type II coregulators).

The role of corepressors in AR function is poorly
defined. Three corepressors of androgen-bound AR
have been identified thus far: cyclin D1, calreticulin,
and HBO1 [histone acetyltransferase binding to
ORC (origin recognition complex)]. However, rela-
tively little is known about the mechanism(s) of their
repressive effects.

Adrenal Androgens

PERIPHERAL CONVERSION
AND METABOLISM

DHEA, DHEAS, and A*-A are converted to the potent
androgens T and DHT in peripheral tissues. Major
conversions are those of A*-A to T'and of T to DHT
as carried out by the enzymes 17-hydroxysteroid dehy-
drogenase (17B-HSD) and 5a-reductase, respectively.
Major peripheral sites of androgen conversion are the
hair follicles, the sebaceous glands, the prostate, and
the external genitalia.

The active uptake of androgens and in situ estro-
gen synthesis occur in peripheral adipose tissue and
are carried out by the enzymes 17B-HSD and aroma-
tase, respectively. Peripheral conversion contributes
significantly to circulating T levels in women, but
not in men, in whom T is largely produced by the
testis.

The AAs and their metabolites are inactivated
or degraded in various tissues, including the liver
and kidneys. Major biochemical routes for inactiva-
tion and excretion are conjugation of androgens to
glucuronate or sulfate residues to produce hydro-
philic glucuronides or sulfates that are excreted in
the urine.

BIOLOGICAL EFFECTS

In adult men, the conversion of adrenal A*-A to tes-
tosterone accounts for less than 5% of the production
rate of the latter; thus, its role in the physiological
androgenization of the male is negligible. Excessive
AA secretion appears to have no major clinical conse-
quences in the adult man, although this may be a mat-
ter of debate. AA hypersecretion in prepubertal boys,
on the other hand, has clearly been associated with
isosexual precocious puberty.

In adult women, adrenal A*-A and A*-A generated
from the peripheral conversion of DHEA contribute
substantially to total androgen production and its effect.
In the follicular phase of the menstrual cycle, adrenal
precursors account for two-thirds of testosterone pro-
duction and one-half of dihydrotestosterone produc-
tion. At midcycle, the ovarian contribution increases
and the adrenal precursors account for 40% of testos-
terone production. In women, increased AA produc-
tion may be manifested as cystic acne, hirsutism, male
type baldness, menstrual irregularities, oligo-ovulation
or anovulation, infertility, and/or frank virilization.
Excessive adrenal androgen secretion in prepubertal
or pubertal girls can cause heterosexual precocious

puberty.
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Glossary

adrenocorticotropic hormone (ACTH) A 39-
amino acid peptide secreted by the anterior pituitary
that acts primarily on the adrenal cortex, stimulating its
growth and its secretion of corticosteroids.

corticotropin-releasing hormone (CRH) A 4I-
amino acid peptide secreted by the hypothalamus and
the placenta; hypothalamic CRH acts primarily on the
anterior pituitary to stimulate adrenocorticotropic
hormone (ACTH) synthesis and secretion, whereas
placental CRH acts on the fetal adrenals to regulate
corticosteroid secretion and on the reproductive tract
to regulate the processes of parturition.

estrogens Female sex hormones that are responsible
for the development of the female secondary sex
characteristics, the regulation of the menstrual cycle,
the production of an environment suitable for the
implantation of the early embryo, the maintenance of
pregnancy, and the development of fetal and maternal
tissues.

growth factors Secreted proteins that exert diverse
effects on cell growth, metabolism, and differentiation.

Steroids synthesized by the adrenal cortex, in particular
glucocorticoids, play an important role in the maintenance of
pregnancy and the maturation of maternal and fetal tissues
during fetal life and in the adaptation to extrauterine life after
birth. An adequate exposure to glucocorticoids relies on co-
ordinate regulation of adrenal growth, maturation, and steroid
biosynthesis. Anterior pituitary adrenocorticotropic hormone
(ACTH) is believed to be the major trophic regulator of adrenal
development and glucocorticoid synthesis and secretion. How-
ever, because ACTH is not a mitogen per se, it is now generally
accepted that some of the trophic actions of ACTH on the fetal
adrenal cortex are mediated indirectly via tissue growth
factors. In addition, other hormonal factors originating from
the placenta, such as corticotropin-releasing hormone (CRH)
and estrogens, are important for fetal adrenal maturation.

Encyclopedia of Endocrine Diseases, Volume |. © 2004 Elsevier Inc. All rights reserved.

HORMONAL REGULATION
OF ADRENAL GROWTH AND
STEROID BIOSYNTHESIS

Adrenocorticotropic Hormone

Adrenocorticotropic hormone (ACTH) is the main
stimulator of glucocorticoid synthesis and secretion
in the adult. Exposure to robust ACTH secretion is
required for normal adrenal growth and maturation.
Indeed, disruption of the hypothalamo—pituitary—
adrenal (HPA) function in the human fetus, experi-
mental anencephaly in the fetal rhesus monkey or the
fetal rat, or fetal hypophysectomy in sheep inhibits
growth of the fetal adrenal cortex.

ACTH acts through a specific adrenal cortical cell
surface G protein-coupled receptor that activates ade-
nylate cyclase, leading to an increase in intracellular
cyclic adenosine monophosphate (c(AMP) that in turn
activates protein kinase A and initiates the cascade of
intracellular signaling events. In midgestation human
fetal adrenals, ACTH receptor mRNA is localized in
cells from all cortical zones; abundance is higher
in the definitive zone than in the fetal zone. The effect
of ACTH on adrenal growth and/or metabolism
is zone specific. In anencephalic fetuses, the definitive
zone appears to be normal. In fetal monkeys, blockade
of endogenous fetal ACTH secretion by glucocorti-
coid treatment decreases expression of 3B-hydroxys-
teroid dehydrogenase (33-HSD) and eliminates the
transitional zone but has no effect on the size of
the definitive zone. Conversely, ACTH administra-
tion or stimulation of endogenous ACTH secretion
by metyrapone treatment results in stimulation of 38-
HSD expression and in an increase of the width of the
transitional zone but not of the size of the definitive
zone. The growth and the steroidogenic activity of the
fetal zone are also controlled by ACTH. In fetuses
with congenital adrenal hyperplasia, the fetal zone is
hypertrophied and adrenal androgen concentrations
are stimulated dramatically. In monkeys, inhibition of
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endogenous ACTH decreases adrenal 17a-hydrolase/
17-20 lyase (P450c17) expression, whereas metyra-
pone-induced stimulation of ACTH secretion results
in stimulation of P450cl7 gene transcription in the
fetal zone.

The stimulatory effect of ACTH on adrenal
growth and steroid biosynthetic capacities seems to
depend both on the circulating levels of the hormone
and on the sensitivity of the adrenal gland. In add-
ition, these phenomena could be associated given that
it is established that ACTH up-regulates the expres-
sion of its own receptor gene in both adult and fetal
adrenocortical cells.

In human fetuses, the maximal rate of adrenal
growth occurs during the time the plasma ACTH con-
centration is the lowest. In baboons, there is a temporal
parallelism between ACTH receptor mRINA expres-
sion in the fetal zone and ACTH-stimulable dehy-
droepiandrosterone (DHEA) formation. It has been
suggested that the increase in 3B-HSD expression
and cortisol production observed during late gesta-
tion results from the ACTH receptor-mediated deve-
lopment and enhanced functional capacity of the
transitional/definitive zone.

In sheep, between embryonic day 90 (E90) and
E120, adrenal growth and adrenal cell division occurs
at the lowest rate compared with any other time during
gestation, and there is a decreased expression of ster-
oidogenic enzymes. Between E130 and postnatal day 2
(P2), there is a phase of rapid adrenal growth and
functional maturation. Circulating ACTH increases
steadily between E110 and E145, whereas plasma cor-
tisol concentrations are low between E110 and E130
and increase abruptly between E130 and E145.
Interestingly, the lowest level of adrenal expression of
the ACTH receptor occurs at E90, whereas there is
increased ACTH receptor mRNA, ACTH binding,
and ACTH-induced adenylate cyclase activity after
E125. The ACTH sensitivity of fetal adrenal cells
incubated in vitro parallels the evolution of the density
of ACTH binding sites. Ovine fetuses that have under-
gone hypothalamo—pituitary disconnection at E115
show decreased ACTH and cortisol secretion at E126
but normal ACTH and decreased cortisol secretion at
E145. Hypophysectomy in ovine fetuses induces a
decrease in adrenal expression of the side-chain cleav-
age enzyme (P450ssc), 3B-HSD, and P450c17 mRNAs
that is reversed by ACTH; ,4 infusion. Other
pro-opiomelanocortin (POMC)-derived peptides can
participate in adrenal maturation because, in fetal
sheep, infusion of N-POMC 1-77 stimulates ad-
renal growth and 21-hydrolase (P450c21) mRINA
expression.

Adrenal Cortex Development, Regulation of

In fetal rats, plasma corticosterone levels rise pro-
gressively from E16 to E19. The pattern of plasma
ACTH levels parallels that of corticosterone, indicat-
ing that the observed adrenal hyperactivity during late
gestation is driven by increased ACTH secretion from
the corticotropes. In newborn rats, circulating ACTH
levels are low during the first 10 days after birth, the
so-called stress hyporesponsive period, and the dens-
ity of adrenal ACTH-binding sites and basal and
ACTH-stimulated adenylate cyclase activity are de-
creased in the adrenals of P7 rats. Chronic adminis-
tration of ACTH or POMC-derived peptides (e.g.,
Lys-ys;-melanocyte-stimulating hormone) during this
period has a trophic effect on the adrenal and potenti-
ates the subsequent corticosterone response to stress
or to ACTH injection.

Angiotensin |l

In adults, angiotensin II, acting through membrane
G protein-coupled receptors, is one of the most
important factors involved in the regulation of aldos-
terone biosynthesis and secretion. Two subtypes of
angiotensin II receptors have been described: AT,
and AT,.

AT, and AT, receptors are present on human
gestational week 16 (W16) to W18 fetal adrenocorti-
cal cells. AT receptors, which mediate most of the
known actions of angiotensin II, are located in the
definitive zone, whereas AT, receptors are present
throughout the gland, with a predominant labeling
in the fetal zone. It has been proposed that AT, recep-
tors are involved in the apoptotic process observed in
the human fetal adrenal gland and could participate,
after birth, in the involution of the fetal zone.

In sheep, isolated adrenal cells obtained from E40
to E90 fetuses secrete aldosterone and respond to rela-
tively high doses of angiotensin II. At E100 to E130,
adrenal glands become unresponsive to angiotensin II.
In vive, during late gestation, fetuses are less responsive
to infused angiotensin II, in terms of aldosterone
secretion, than are adult sheep. In addition, in vitro,
angiotensin IT inhibits ACTH-induced cortisol secre-
tion and P450c17 expression. This phenomenon may
be mediated via AT receptors. The mRNA coding for
the AT receptor is first detected in the unzoned gland
as early as E40 and is present at high levels in the zona
glomerulosa and, to a lesser extent, in the zona fasci-
culata at E60 to E105. During late gestation (E120-
E135), the AT receptor hybridization signal decreases
before showing a further increase to reach adult values
by P2. The fall in AT receptor expression during late
gestation could allow ACTH to override angiotensin
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II-induced inhibition of cortisol secretion and
P450c17 expression. The mRNA for the AT, receptor
is present in the same location from E40 to E130 and
declines to extremely low levels after E140.

In the rat adrenal zona glomerulosa, angiotensin II
receptor content decreases from very high levels at
birth to adult levels by P20. This decrease is due to a
decline in AT, receptors. In P7 rats, aldosterone
secretion is more sensitive to the stimulatory effect

of ACTH than of angiotensin II.

Placental Factors

Functional interactions exist between the placenta
and the fetal adrenals. The placenta synthesizes cor-
ticotropin-releasing hormone (CRH), the major hy-
pothalamic neuropeptide that stimulates anterior
pituitary POMC synthesis and ACTH secretion.
Estrogens, which originate mainly from the placental
conversion of fetal DHEA sulfate (DHEA-S), have a
direct effect on fetal adrenal activity and regulate
placental metabolism of maternal glucocorticoids

(Fig. 1).

Corticotropin-Releasing Hormone

In primates, CRH and POMC synthesized in the pla-
centa are released in both the maternal and fetal circu-
lations. Plasma CRH increases exponentially during
gestation, peaking at labor. The role of placental
CRH in the regulation of fetal adrenal function is not
clear. A circulating binding protein is present in the
human fetal circulation and is capable of inactivating a
large amount of CRH. CRH may modulate fetal
adrenal function indirectly by stimulating placental
or fetal anterior pituitary ACTH and POMC-derived
peptide release, or it may do so directly by regulating
the fetal adrenal cortex. Indeed, human midgesta-
tion fetal adrenals express CRH receptor mRNA.
CRH stimulates DHEA-S and cortisol production,
stimulates P450ssc and P450c17 expression, and in-
creases ACTH responsiveness in cultured human fetal
adrenocortical cells.

Estrogens

Estrogens play an important role in regulating, either
directly or indirectly, cortisol and DHEA synthesis
and secretion. The primate fetal adrenal begins to
synthesize cortisol de novo from cholesterol between
mid- and late gestation. As a consequence, at midges-
tation, most if not all of the glucocorticoids in the fetal
circulation originate from the mother. Maternal glu-
cocorticoids are metabolized in the placenta, which
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Figure | Hormonal regulation of fetal adrenal growth and ster-

oid biosynthesis. It is proposed that fetal anterior pituitary adreno-
corticotropic hormone (ACTH), either directly or mediated by
growth factors, and pro-opiomelanocortin (POMC)-derived pep-
tides have a stimulatory effect on fetal adrenal growth and steroid
biosynthesis. Placental estrogens, originating from local conversion
of the fetal adrenal androgen precursor dehydroepiandrosterone
(DHEA), can regulate fetal adrenal metabolism directly or can act
through a modulation of placental 11B-hydroxysteroid dehydrogen-
ase (11B-HSD) activity. Between early and midgestation, 113-HSD
shows preferential reduction of cortisone to cortisol, leading to
decreased pituitary ACTH secretion and subsequent reduced
adrenal maturation and cortisol biosynthesis. With advancing
gestation, the increase in estrogen production enhances placental
11B-HSD oxidation of cortisol to cortisone, leading to decreased
cortisol feedback at the fetal pituitary level and acceleration of
adrenal maturation and stimulation of cortisol and DHEA secre-
tion, thereby creating a positive feedback loop. Placental cortico-
tropin-releasing hormone (CRH) may modulate fetal adrenal
function indirectly by stimulating fetal anterior pituitary ACTH
and POMC-derived peptide release or directly by regulating fetal
adrenal cortex. IGF-II, insulin-like growth factor-II; EGF, epider-
mal growth factor; VEGE, vascular endothelial growth factor;
FGF-2, fibroblast growth factor-2; TGF-Bs, members of the trans-
forming growth factor-g family; DHEA-S, dihydroepiandrosterone
sulfate; E2, estradiol.

synthesizes the two isoforms of 11-B-hydroxysteroid
dehydrogenase (118-HSD). 118-HSD-1, which is
expressed in placental intermediate trophoblast cells
and in the vascular endothelium, has both oxidase
(active cortisol-to-inactive cortisone) and reductase
(cortisone-to-cortisol) activities. 113-HSD-2, which
is present in placental syncytiotrophoblast cells, ex-
hibits only oxidase activity. Because 11B-HSD activity
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Table | Main Characteristics of the Major Growth Factors Involved in Fetal Adrenal Growth and Steroidogenesis
Growth Receptors Role in Role in
factor Site of synthesis location growth steroidogenesis Regulated by
IGF-II C,DZ,TZ,FZ DZ, TZ,FZ Stimulates FZ proliferation Stimulates P450ssc and ACTH
P450c17 activity
EGF Mediated by TGF-a DZ, ¥Z Stimulates FZ and Stimulates 3B-HSD acivity ND
DZ proliferation; in DZ and TZ;
synergistic with IGF-II stimulates cortisol and
aldosterone secretion
VEGF Mainly FZ ND Angiogenic factor ND ACTH forskolin
FGF-2 Cortex ND Stimulates FZ and ND ACTH cAMP
DZ proliferation;
synergistic with IGF-II
TGF-B1 ND Neocortex Inhibits basal and Inhibits P450ssc and ND
EGF-stimulated P450c17 activity;
growth of FZ and TZ inhibits cortisol and
DHEA secretion
Activin DZ, TZ DZ,FZ Inhibits basal and Inhibits cortisol secretion ACTH

EGF-stimulated
FZ proliferation

Note. IGF-II, insulin-like growth factor-II; EGE, epidermal growth factor; VEGE, vascular endothelial growth factor; FGF-2, fibroblast growth
factor-2; TGF-B1, transforming growth factor-B1; C, capsule; DZ, definitive zone; TZ, transitional zone; FZ, fetal zone; P450ssc, side-chain
cleavage enzyme; P450c17, enzyme complex having 17a-hydrolase and 17,20-lyase activities; 33-HSD, 3B-hydroxysteroid dehydrogenase;
DHEA, dehydroepiandrosterone; ACTH, adrenocorticotropie hormone; cAMP, cyclic adenosine monophosphate; ND, not determined.

shows preferential reduction of cortisone to cortisol
between early and midgestation, increased circulating
fetal cortisol leads to decreased pituitary ACTH syn-
thesis and secretion and to subsequent reduced adrenal
maturation and cortisol biosynthesis capacity. With
advancing gestation, the increase in estrogen produc-
tion enhances placental 113-HSD oxidation of corti-
sol to cortisone, leading to decreased cortisol feedback
at the fetal pituitary level. The subsequent increase in
anterior pituitary ACTH synthesis and secretion in-
duces acceleration of adrenal maturation and stimula-
tion of cortisol secretion by the definitive zone and of
DHEA production by the fetal zone, creating a posi-
tive feedback loop. In addition to their effects on pla-
cental glucocorticoid metabolism, estrogens can act
directly at the adrenal level. Indeed, the primate fetal
adrenal contains estrogen receptors B. Also, in vivo,
estrogen treatment increases the responsivity of the
fetal adrenal gland to ACTH, presumably through
stimulation of protein kinase A activity.

In sheep, during late gestation, estrogens also have a
stimulatory effect on fetal ACTH and cortisol secretion.
However, unlike in primates, the stimulatory effect of
estrogens on the HPA axis takes place at the central
nervous system level, that is, on the hypothalamic
ACTH secretagogues arginine vasopressin and CRH.

ROLE OF GROWTH FACTORS

As mentioned previously, ACTH is the primary regu-
lator of adrenal growth and steroid biosynthesis.
However, because ACTH is not a mitogen per se, it
is now generally accepted that some of the trophic
actions of ACTH on the fetal adrenal cortex are medi-
ated indirectly via tissue growth factors such as insulin-
like growth factors (IGF-I and IGF-II), epidermal
growth factor (EGF), vascular endothelial growth
factor (VEGF), fibroblast growth factor-2 (FGF-2),
members of the transforming growth factor-f
(TGF-B) family, and adrenomedullin (Table I).

Insulin-like Growth Factors

IGF-I and IGF-II are mitogenic peptides, structurally
related to proinsulin, that affect growth and function
in a wide variety of cell types and can act as autocrine,
paracrine, or endocrine factors. The biological actions
of IGF-I and IGF-II are modulated by insulin-like
growth factor-binding proteins (IGFBPs). IGF-I me-
diates many of the somatotropic actions of growth
hormone, whereas IGF-II is important in the regula-
tion of fetal development. The effect of IGFs on
adrenal cortical cells is most likely mediated through
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IGF type 1 receptors because this subtype has been
identified in both adult human and fetal nonhuman
primate adrenal glands and because IGF type 2
receptor does not bind IGF-II.

Circulating concentrations of IGF-II are high
during fetal life in several species (e.g., primates,
sheep, rodents) and decrease after delivery. IGF-I
and IGF-II mRNAs are present in adrenals from mid-
gestation human fetuses. IGF-I mRNA is detected
only in the capsule and not in the cortical zones,
whereas IGF-II mRNA is detected in the definitive
and fetal zones as well as in the capsule. The IGF-II
mRNA is present in high abundance in human fetal
adrenals and is barely detectable in adult adrenals,
whereas the mRNA encoding IGF-I is expressed at
low levels in fetus adrenals and at high levels in adult
adrenal glands. In adrenals obtained from nonhuman
primates, IGF-II mRNA is abundant from early (E60)
to late (E165) gestation and is localized in the defini-
tive, transitional, and fetal zones. The mRNAs coding
for IGFBP-2 and IGFBP-6, which have been shown
to bind preferentially IGF-II, are expressed in adre-
nals obtained from monkey fetuses in the definitive,
transitional, and fetal zones. In the developing ovine
adrenal, IGF-II mRNA is highest in E60 fetuses,
decreases slightly between E60 and E100, remains
relatively constant untl term, and decreases signifi-
cantly after birth, with IGF-I mRNA being expressed
at very low levels. At all gestational ages, IGF-II
mRNA and protein are localized in the capsule and
mesenchymal cells surrounding the gland and in the
steroidogenic cells of the zona glomerulosa and zona
fasciculata.

IGFs have profound effects on adrenal growth.
Transgenic mice that are IGF-I, IGF-II, or IGF
type 1 receptor-deficient have intrauterine growth re-
tardation. However, IGF-II-deficient mice have near-
normal postnatal growth due to IGF-I. In ovine
fetuses, chronic infusion of either IGF-I or IGF-II
between E120 and E130 results in an increase in ad-
renal growth. In vitro, IGF-I and/or IGF-II stimulate
proliferation of fetal adrenocortical cells obtained
from sheep or human fetuses. As mentioned previ-
ously, IGF-II may mediate the trophic actions of
ACTH on the fetal adrenal gland. Treatment of rhesus
monkey fetuses with metyrapone, which likely in-
creases pituitary ACTH secretion, induces in the adre-
nals hypertrophy of all cortical zones together with an
increase in the concentrations of IGF-II and IGF
type 1 receptor mRNAs. In vitro, in human fetal ad-
renal cells in culture, ACTH increases IGF-II mRNA
levels. In addition to its effects on adrenal growth,
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IGF-II regulates adrenal steroidogenesis. It has been
demonstrated, using primary cultures of adrenal cor-
tical cells obtained from human midgestation fetuses,
that IGF-I and IGF-II stimulate basal and ACTH-,
forskolin-, or cAMP-induced cortisol and DHEA
production. Under the same experimental conditions,
IGF-II increases adrenocortical responsiveness to
ACTH without any effect on ACTH receptor
mRNA, suggesting that IGF-II modulates ACTH
sensitivity in fetuses by increasing ACTH signal trans-
duction at some point distal to the ACTH receptor.
In addition, IGF-II increases ACTH-stimulated
abundance of P450ssc and P450c17 mRNAs, thereby
augmenting the potential for adrenal androgen
synthesis.

Epidermal Growth Factor

Human cord blood EGF levels have been shown to
increase with progressive gestation, suggesting a func-
tional role for EGF during the perinatal period.
Knockout mice for the EGF receptor have intrauter-
ine growth retardation. However, EGF and EGF pre-
cursor mRINA are expressed as low levels, and tissue
EGF immunoreactivity appears late in rodent fetuses.
Therefore, it has been proposed that TGF-a, a
member of the EGF family, is the ligand for the fetal
EGF receptor. TGF-B has been identified in steroi-
dogenic cells of adult adrenal cortex. EGF receptor
concentrations increase steadily from E15 until birth
in several mouse tissues. EGF receptors have been
identified in both the definitive and fetal zones from
midgestation human adrenal fetuses. EGF has been
shown to stimulate the proliferation of human fetal
adrenal cells iz vitro and to act cooperatively
with IGF-I and IGF-II. Late-gestation EGF-treated
monkey fetuses show an increase in adrenal weight
due to a hypertrophy of the definitive zone and stimu-
lation of 3B-HSD immunoreactivity in the definitive
and transitional zones. In EGF-infused fetal sheep,
adrenal cortical hypertrophy is accompanied by in-
creased cortisol and aldosterone secretion. EGF may
act directly at the adrenal level or indirectly through
stimulation of the hypothalamo-pituitary axis be-
cause EGF increases the secretion of CRH from the
hypothalamus and of ACTH from the anterior pituit-
ary. It has been demonstrated that, in fetal monkeys,
EGF acts on the hypothalamic—pituitary axis to modu-
late adrenal cortical growth and functional matura-
tion of the transitional zone, whereas EGF can act
independently of the hypothalamic—pituitary axis to
stimulate functional maturation of the definitive zone.
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Vascular Endothelial Growth Factor

VEGFs are a family of direct-acting endothelial cell
mitogens and angiogenic factors that derive from
a single gene by alternative splicing. The mRNAs
coding for the four isoforms of VEGF and for the
two VEGF receptors have been identified in the adult
mouse adrenal gland. VEGF mRNA and protein have
been detected in the adrenal cortex from midgestation
human fetuses, predominantly in the fetal zone. The
predominant staining for VEGF in the fetal zone cor-
relates with the extensive vasculature of this zone. In
primary cultures of human fetal adrenal cortical cells,
ACTH and forskolin increase both VEGF mRNA
levels and VEGF protein secretion.

Fibroblast Growth Factor-2

FGEF-2 (also called basic FGF) is a potent angiogenic
molecule that belongs to the family of the FGF and
interacts with four cell surface receptor subtypes.
FGF-2 is synthesized by human W16 fetal adrenal
cortex and is stimulated by ACTH and cAMP. FGF-2
mRNA increases steadily during gestation in adrenal
glands obtained from nonhuman primate fetuses.
In vitro, FGF-2 stimulates the proliferation of human
fetal adrenal cells from the definitive or fetal zone, with
its effect being additive to those of IGF-I and IGF-II.

Transforming Growth Factor-3

TGF-Bs are a family of potent multifunctional cyto-
kines that modulate a wide variety of cellular activities.
Members of the superfamily include TGFB-1, activin,
and inhibin.

TGF-BI
TGF-B1 immunoreactivity has been detected in the
adrenal cortex from adult and neonatal mice. How-
ever, expression of TGF-B1 in human adrenals during
development remains to be determined. TGF-B1-
binding sites have been identified in fetal human
cortical cells. Several reports indicate that TGF-g1
inhibits basal and EGF-stimulated growth of human
fetal cortical cells, in both the definitive and fetal
zones, possibly through a stimulation of apoptosis.
This inhibitory effect is significantly blunted by
ACTH. TGF-B1 is also a potent inhibitor of adrenal
steroidogenesis. Incubation of primary cultures of
human fetal cortical cells with TGF-B1 results in a
decrease of both basal and ACTH-induced DHEA
secretion and P450cl7 gene expression. In fetal
sheep, adrenal TGF-B1 has an inhibitory effect on
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basal P450ssc expression and on ACTH-induced cor-
tisol secretion and P450c17 activity. The interplay
between TGF-B1 and ACTH in regulating adrenal
growth and steroid production does not involve
mutual control of their respective receptors because
TGF-B1 does not influence ACTH receptor gene
expression and because ACTH increases TGF-B1
binding in the fetal adrenal cortex.

Inhibins

Inhibins are dimers of an a-subunit and either a B4-
or a Bg-subunit, whereas activins are homo- or het-
erodimers of either a Bs- or a Bg-subunit. a-, Ba-, or
Bp-subunit immunoreactivity and mRNAs, as well
as activin type I/II receptor and inhibin receptor
mRNAs, have been detected in the definitive and
fetal zone of adrenals from midgestation human
fetuses. In vitro, activin A inhibits basal and EGF-
stimulated fetal zone proliferation, possibly through
enhanced apoptosis, whereas inhibin A has no appar-
ent mitogenic effect. The inhibitory effect of activin
A on fetal adrenal cell proliferation is additive to that
of TGF-B. In addition, ACTH has a stimulatory
effect on o and B, subunit mRNA levels and inhibin
A/B secretion from primary cultures of human fetal
adrenal cells.

Adrenomedullin

Adrenomedullin is a multifunctional peptide, initially
purified from an adrenal tumor of the medulla, that
shows structural homology with calcitonin gene-
related peptide (CGRP). In mice, adrenomedullin
mRNA and protein are present in the adrenal primor-
dia as early as E12. The observations that antagonism
of adrenomedullin function during rat pregnancy
causes fetal growth restriction, and that proadreno-
medullin N-terminal 20 peptide enhances prolifer-
ation of adult rat zona glomerulosa cells by acting
through CGRP1 receptors, suggest that proadre-
nomedullin-derived peptides may be important in
regulating adrenal growth during development.
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Glossary

adrenal cortex The outer portion of the adrenal
gland. It produces glucocorticoid and mineralocorticoid
hormones and adrenal androgens.

adrenal gland A pair of small glands, each of which is
located on top of one of the kidneys.

cortisol The major natural glucocorticoid in humans
and the primary stress hormone.

The adrenal gland was first described by Bartholomeus
Eustachius in 1563. However, it was Thomas Addison in 1855
who first recognized the importance of the adrenal glands, and
in 1856 Charles Edward Brown-Séquard showed by bilateral
adrenalectomy in experimental animals that the function of
these glands was necessary for life. Using histochemical tech-
niques developed in the mid-19th century, it was demonstrated
that the adrenal medulla and the adrenal cortex have divergent
cellular and functional properties.

HISTOLOGY

Whereas the fetal cortex mainly consists of the zona
fetalis, the adult adrenal cortex consists of at least
three anatomically distinct zones: the outer zona
glomerulosa, which is the site of mineralocorticoid
production (e.g., aldosterone); the central zona fasci-
culata, which is predominantly responsible for gluco-
corticoid production; and the inner zona reticularis,
where adrenal androgens [predominantly dehydroe-
piandrostenedione (DHEA), DHEA sulfate, and
androstenedione] are located and some glucocorticoid
synthesis (cortisol and corticosterone) occurs (Fig. 1).
In rats, a fourth zone, the zona intermedia, can be
discerned that is believed to contain adrenocorticoid
stem cells and to be the region in which adrenocyte
differentiation begins.

The adrenal cortex synthesizes exclusively ster-
oid hormones, which are derived from various
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modifications of the precursor cholesterol. Glucocor-
ticoids are secreted during the course of stress regula-
tion and act mainly on intermediary metabolism and
the immune system. Mineralocorticoids exert their
main action on salt and water homeostasis. Adrenal
androgens show a testosterone-like effect but can also
be precursors for aromatization to estrogens. The
human adrenal cortex is able to synthesize more than
50 steroids, but not all of them are secreted into the
blood circulation or are biologically active. In add-
ition, adrenocortical cells can secrete active peptides,
cytokines, and other hormones.

At the ultrastructural level, cells of the zona glo-
merulosa are rounded and smaller than the polyhedral
cells of the zona fasciculata, which gradually extend
into the zona reticularis. The latter zone consists of
cells that appear identical to those of the zona fasci-
culata and also those of another type of smaller cells
with a dark-staining nucleus. The cells of the adrenal
cortex are arranged in a cord-like manner, extending
from the adrenal capsule to the medulla and are sur-
rounded by a capillary network. In adrenocortical
cells, the mitochondria are particularly numerous,
and the smooth endoplasmic reticulum is especially

Figure | Cross-section of a human adrenal gland double
immunostained for 17a-hydroxylase and chromogranin A. zM, ad-
renal medulla; zR, zona reticularis; zF, zona fasciculata; zG, zona
glomerulosa; C, adrenal capsule.

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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Figure 2 Adrenal gland double immunostained for 17a-hydro-
xylase (zona reticularis and zona fasciculata, gray) and for tyrosine
hydroxylase (adrenal medulla, black). Black islets of medullary cells
are located in the gray adrenal cortex, and gray islets of adrenocortical
cells are located in the black medulla.

abundant and forms a network of anastomosing
tubules.

The classic view of a strict separation between the
steroid-producing adrenal cortex and the catechol-
amine-producing medulla has been shown to be an
oversimplification; displaced chromaffin cells have
been found in all zones of the adult adrenal cortex
and, similarly, cortical cells are found in the medulla
(Fig. 2). The close anatomic colocalization of the
cortical and medullary cells has been suggested to be
a prerequisite for paracrine interactions.

BLOOD SUPPLY

Relative to its small size, the adrenal gland is one of the
most extensively vascularized organs in the body, with
an estimated flow rate of 5 ml per minute. Each gland
may be supplied by as many as 50 arterial branches, or
arterioles, that arise directly from the aorta, the renal
arteries, and the inferior phrenic arteries. The subcap-
sular arteriolar plexus receives this blood supply and
distributes it via two types of vessels. Through the
sinusoids, both the adrenal cortex and medulla are
supplied, and through the medullary arteries there is
a direct blood supply to the medulla. Blood converges
at the corticomedullary junction, and through the
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Figure 3 Adrenocortical endothelial cells (arrow) immunostained
for CD31.

central adrenal vein it is drained directly or indirectly
(via the renal vein) into the inferior vena cava (Fig. 3).

INNERVATION

The adrenal cortex receives extensive afferent inner-
vation, with evidence of direct contact between nerve
terminals and cortical cells. A possible efferent inner-
vation has been reported, with the presence of baro-
receptors and chemoreceptors in the adrenal cortex.

Adrenal innervation influences compensatory ad-
renal hypertrophy and has been implicated in the
regulation of the diurnal variation of cortisol secre-
tion. Moreover, splanchnic nerve activation has been
demonstrated to regulate adrenal steroid release
(Fig. 4).

Figure 4 Nerve cells and fibers (arrow) silver stained.
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Figure 5 Lymphocytes (arrows) immunostained for CD45.

IMMUNE CELLS

Macrophages are found within the adrenal cortex.
Not only do they possess the ability to act as pha-
gocytic cells but also they are able to produce and
secrete a variety of different compounds, such as cyto-
kines [interleukin-1 (IL-1), IL-6, and tumor necrosis
factor-a) and neuropeptides (VIP), that influence
adrenocortical function. It has been demonstrated
that lymphocytes infiltrate the adrenal cortex and
have the ability to produce ACTH-like substances
(Fig. 5). In addition, a cytokine-independent cell-
cell-mediated regulation of adrenal androgen release
has been demonstrated.

See Also the Following Articles

ACTH (Adrenocorticotropic Hormone) ® Adrenal Andro-
gens ® Adrenal Cortex, Development ® Adrenal Cortex De-
velopment, Regulation of ® Adrenal Cortex, Physiology ®
Adrenal Insufficiency ® Adrenal Suppression

Further Reading

Bornstein, S. R., Ehrhart-Bornstein, M., Scherbaum, W. A., Pfeif-
fer, E. F,, and Holst, J. J. (1990). Effects of splanchnic nerve
stimulation on the adrenal cortex may be mediated by chromaf-
fin cells in a paracrine manner. Endocrinology 127, 900-906.

Bornstein, S. R., Gonzilez-Hernindez, J. A., Ehrhart-Bornstein,
M., Adler, G., and Scherbaum, W. A. (1994). Intimate contact

of chromaffin and cortical cells within the human adrenal gland
forms the cellular basis for important intraadrenal interactions.
7. Clin. Endocrinol. Metab. 78, 225-232.

Dallman, M. F,, Engeland, W. C., and McBride, M. H. (1977). The
neural regulation of compensatory adrenal growth. Ann. N. Y.
Acad. Sci. 297, 373-392.

Dijkstra, 1., Binnekade, R., and Tilders, F. J. H. (1996). Diurnal
variation in resting levels of corticosterone is not mediated by
variation in adrenal responsiveness to adrenocorticotropin but
involves splanchnic nerve integrity. Endocrinology 137, 540-547.

Dinarello, C. A. (1992). The biology of interleukin 1. In
“Interleukins: Molecular Biology and Immunology” (T.
Kishimoto, ed.), pp. 1-32. Karger, Basel.

Ehrhart-Bornstein, M., Hinson, J. P, Bornstein, S. R., Scherbaum,
W. A,, and Vinson, G. P. (1998). Intraadrenal interactions in the
regulation of adrenocortical steroidogenesis. Endocr: Rev. 19(2),
101-143.

Gonzilez-Hernandez, J. A., Bornstein, S. R., Ehrhart-Bornstein,
M., Geschwend, J. E., Adler, G., and Scherbaum, W. A.
(1994). Macrophages within the human adrenal gland. Morpho-
logical data for a possible local immune-neuroendocrine inter-
action. Cell Tissue Res. 278, 201-205.

Ottaway, C. A. (1991). Vasoactive intestinal peptide and immune
function. In “Psychoneuroimmunology” (R. Ader, D. L. Felten,
and N. Cohen, eds.), pp. 225-262. Academic Press, San Diego.

Vinson, G. P, Hinson, J. P, and Téth, I. E. (1994). The neuroen-
docrinology of the adrenal cortex. 7. Neuroendocrinol. 6,
235-246.

Wolkersdérfer, G. W., Lohmann, T., Marx, C., Schroder, S.,
Pfeiffer, R., Stahl, H.-D., Scherbaum, W. A., Chrousos, G. P,
and Bornstein, S. R. (1999). Lymphocytes stimulate dehydroe-
piandrosterone production through direct cellular contact
with adrenal zona reticularis cells: A novel mechanism of
immune-endocrine interaction. 7. Clin. Endocrinol. Metab. 84,
4220-4227.



iA\chenal Cortex, Development

Michel Grino

Université de la Méditerranée, Marseille, France

Glossary

embryogenesis Differentiation of the fertilized ovum
during the period of most rapid development, i.e., after
the long axis appears until all major structures are
represented.

nuclear receptor Ligand-inducible transcription
factor that specifically regulates the expression of target
genes involved in metabolism, development, and repro-
duction.

pregnancy or gestation The condition of having a
developing embryo or fetus in the body. Duration of
pregnancy is 266 days in women, 184 days in baboons,
165 days in rhesus monkeys, 145150 days in sheep, 21
days in rats, and 18.5 days in mice.

steroid hormones Lipophilic molecules, having a C,7
ring as the basis of their chemical structure, that freely
cross the cell membrane and interact with nuclear
receptors.

transcription factor Protein that directly affects the
initiation of transcription of specific genes.

Maturation of the hypothalamic—pituitary—adrenal (HPA)
axis, which is characterized by increased activity during late
gestation, is essential for the development of the fetus and plays
a critical role in preparing for its transition to extrauterine life.
The fetal adrenal cortex synthesizes and secretes androgens
and glucocorticoids. In primates, androgens are necessary for
placental conversion to estradiol, a hormone that is crucial for
the maintenance of pregnancy, the maturation of the fetal and
maternal tissues, and immunosuppression, leading to implant-
ation of the placenta and the fetus. Glucocorticoids are essen-
tial for the maturation of brain, lung, liver, gut, kidney, and the
adrenal itself. In some species, a surge in fetal glucocorticoid
secretion has been suggested as being integral to the cascade of
events leading to the onset of parturition. However, premature
or abnormal exposure of fetuses or newborns to high levels of
glucocorticoids permanently programs the HPA axis, leading to
an increased prevalence of metabolic and cardiovascular dis-
ease. This article details both morphological and functional
aspects of adrenal cortex development in several types of
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mammals, including primates, ruminants, and rodents. In
particular, the role of nuclear receptors and transcription
factors in the regulation of adrenocortical organogenesis and
steroidogenesis is examined.

EMBRYOGENESIS, DEVELOPMENT
AND GROWTH

Figure 1 depicts the major milestones of adrenal
cortex development in primates, sheep, and rodents.

In Primates

Human adrenal development begins at approximately
the fourth week of gestation and continues into adult
life. Adrenocortical cells derive from a single cell
lineage that originates in the celomic epithelium in
the notch between the primitive urogenital ridge and
the dorsal mesentery. These cells are also the origin of
gonadal and kidney structures. Five landmark phases
have been described:

* Condensation of the celomic epithelium (3—4
weeks of gestation).

* Proliferation and migration of celomic epithelial
cells (weeks 4-6) that stream medially and cranially,
accumulating at the cranial end of the mesonephros,
forming the adrenal blastema.

* Morphological differentiation of fetal adrenal
cortical cells into two distinct zones (weeks 8-10):
the fetal zone and the definitive zone. The fetal zone
is an inner cluster of large, eosinophilic cells and
represents the largest part (80-90%) of the adrenal
cortex. The definitive zone is a thin outer band of
small basophilic cells, densely packed, showing struc-
tural characteristics of proliferative cells that appear to
function as a reservoir of progenitor cells that may
populate the remainder of the gland. A third zone,
located between the fetal and definitive zones, has
been called the transitional zone. By week 30 of ges-
tation, the definitive and transitional zones resemble
the adult zona glomerulosa and the zona fasciculata,
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respectively. A period of rapid growth begins at ap-
proximately week 10 and continues to term. The fetal
zone grows by hypertrophy and limited proliferation,
whereas growth in the definitive zone occurs mainly
by hyperplasia. Several lines of morphological evi-
dence indicate that the human fetal adrenal gland
is a dynamic organ, in which proliferating cells
located at the periphery migrate, differentiate, and
finally undergo senescence in the central part of the
gland.

* Decline and disappearance of the fetal zone (first
3 postnatal months); by this period, the primate ad-
renal cortex remodeling involves apoptosis of the fetal
zone and expansion of the preexisting zona glomeru-
losa and zona fasciculata. Following the involution of
the fetal zone, chromaffin elements, derived from the
fetal ectoderm, begin to cluster around the central
vein. The medulla acquires an adult-like pattern by
12-18 months.

¢ Establishment and stabilization of the adult
zonal pattern (10-20 years of age); this leads to indi-
vidualization of the three distinct cell layers: the outer
zona glomerulosa, the central zona fasciculata, and the
inner zona reticularis.

In Sheep

In the ovine fetus, the adrenal gland can be identified
as early as embryonic day (E) 28. Its development
occurs during three phases, reflecting the interactions
of the cellular kinetic phenomena of hyperplasia and
hypertrophy:

¢ Establishment of functional zonation (E50-
E90): this first growth phase is characterized by the
separation of the medullary and cortical portions and
the presence of a well-defined zona glomerulosa at
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approximately E50 and zona fasciculata at approxi-
mately E90. During this period, the zona fasciculata
grows mainly by hyperplasia.

* Quiescence and reactivation (E90-E125): during
this period, adrenal growth and adrenal cell division
occur at the lowest rate compared to any other time in
gestation.

* Structural and functional maturation [E130 to
postnatal day 2 (P2)]: this second growth phase is
characterized by an increase in the rate of cell growth
and cell division of the zona fasciculata, with the rate
of increase in the volume of steroidogenic cells be-
coming greater than at any other stage. Cellular
hypertrophy precedes cellular hyperplasia. The zona
reticularis does not become apparent before 1 month

of life.

In Rodents

In mice, the adrenal gland starts to develop on E11
from the celomic epithelium, when the anlage of the
adrenal cortex is formed. On E12, the cortical cells are
found close to the adrenal medulla sympathoblasts.
The capsule and the cortical capillaries have com-
pleted their development by E15, when the adrenal
gland has become a morphologically distinct struc-
ture. The individualization of the different layers of
the adrenal cortex is nearly completed by birth. The
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mouse adrenal possesses a transient developmental
zone between the cortical zones and the adrenal me-
dulla: the X zone, which becomes histologically dis-
tinct at P10-P14 and enlarges until P21. The X zone
subsequently degenerates. The function of the rodent
X zone remains unclear.

ONTOGENY OF STEROID
BIOSYNTHESIS

The adrenals synthesize several classes of steroids:
androgens, glucocorticoids, and mineralocorticoids.
The major human adrenal steroidogenic pathways
are summarized in Fig. 2. Schematically, the process
of adrenal steroidogenesis has two major components.
The first is quantitative; i.e., it regulates how much
steroid can be made at a given moment. The second is
qualitative; i.e. it regulates which particular steroid
is made.

* First step: Conversion of cholesterol to pregneno-
lone. This step involves the delivery of the substrate
cholesterol to the inner mitochondrial membrane,
driven by steroid acute regulatory protein (StAR),
and the conversion of cholesterol to pregnenolone,
catalyzed by P450 steroid chain cleavage (P450ssc),
adrenodoxin, and adrenodoxin reductase.

Cholesterol
StAR Zona
P450ssc glomerulosa
A\ 4 3B-HSD P450c21 P450AS
Pregnenolone =——————3 Progesterone =3P 11-Deoxycorticosterone¢ =———3p Aldosterone
Adrenal
carlex P450c17 P450c17 Sona
v 3p-HSD v P450c21 P450c11p tasciculata
170H-Pregnenclone we—3p 170H-Progesterone s  11-De0oXycortisol =3 Cortisol
P450c17 P450c17
Zona
\4 3p-HSD \4 reticularis
DHEA » Androst di
P450arom
P Estrone
17p-HSD 173-HSD
17p-HSD
Periphery Y 3p-HSD 2 e p l

Androstenediol =————1J Testosterone =—————3p Estradiol

Figure 2 Schematic view of human adult adrenal and peripheral steroidogenic pathways. StAR, steroid acute regulatory
protein; P450ssc, side-chain cleavage enzyme; P450c17, enzyme complex having 17a-hydrolase and 17,20-lyase activities; 173-
HSD, 17B-hydroxysteroid dehydrogenase; 33-HSD, 3B-hydroxysteroid dehydrogenase; P450c21, 21-hydroxylase; P450AS,
aldosterone synthase (contains 11B-hydroxylase, 18-hydroxylase, and 18B-hydroxysteroid dehydrogenase activities); P450c11,

11B-hydroxylase; P450arom, aromatase.
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Table | Localization and Relative Expression of the
Enzymes Involved in Fetal Adrenal Steroid Biosynthesis

Human < Week 25 > Week 25

DZ TZ FZ DZ TZ FZ
P450ssc + + + + T +
3B-HSD - - - ++  ++ -
P450c17 - T = +H+ 4
P450c21 ++ o+t + ++ o+t +
p4sorig - — + - 4+
Sheep E50 E90 E130

Whole cortex 7G ZF 7G ZF
P450ssc +++ + + +++ 44+
3-HSD  + + ++ o+t ++
P450c17 44+ - ++ - S—
P450c21  + e e e S
P45011p o+ ++

Whole Cortex

Rodents E16.5 E18.5 E21 P1 P10 P25

P450ssc + ++ +++ o+ +++ A+
3g-HSD  + ++ +++ o+ ++ +++
P450cl7  + - - - - _
P450c21  ND + ND + + ++
P450118  ND + ++ + ++ +++

Note. E, day of gestation; P, postnatal day; DZ, definitive zone; TZ,
transitional zone; FZ, fetal zone; P450ssc, side-chain cleavage
enzyme; 3B-HSD, 3B-hydroxysteroid dehydrogenase; P450cl7,
enzyme complex having 17a-hydrolase and 17,20-lyase activities;
P450c21, 21-hydroxylase; P450c11B, 11B-hydroxylase; ND, not
determined.

e Second step: Transformation of pregnenolone to
active hormones. The coordinate regulation of sev-
eral enzymes will direct the transformation of preg-
enenolone toward a given class of steroid
hormone—androgens, glucocorticoids, and miner-
alocorticoids. During adrenal cortex development,
the synthesis of these various steroids is not tem-
porally coordinated, is zone-dependent, and is
species-specific. Table I summarizes the localization
and relative expression of the enzymes involved in
fetal adrenal steroid biosynthesis.

Androgens

The conversion of cholesterol to pregnenolone is
mature in the fetal zone during early pregnancy in
humans. High levels of 17a-hydroxylase/17,20-lyase
(P450c17) are present in the fetal zone very early (as
soon as 44 days postconception). As a consequence,
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the fetal zone produces dihydroepiandrosterone
(DHEA), the bulk of which appears to be secreted as
a 3-sulfoconjugate DHEA sulfate (DHEAS) that is
formed by the action of DHEA sulfotransferase and
the cofactor 3’-phosphoadenosine 5’-phosphosulfo-
nate. DHEAS is used by the placenta for conversion
to estrogens. By term, the fetal zone produces approxi-
mately 200mg DHEA per day. In fetal sheep and
rodents, the adrenals do not synthesize DHEA.

Glucocorticoids

In Primates

Assays of steroids in cord blood have suggested that
human fetus can synthesize cortisol as early as the
10th week of gestation. This hypothesis is supported
by clinical and biological observations in patients with
congenital adrenal hyperplasia (CAH) caused by defi-
ciency of 21-hydroxylase (P450c21),3B-hydroxyster-
oid dehydrogenase (3B-HSD), or 11B-hydrolase
(P450c11B). Patients with this disorder have impaired
glucocorticoid production with a compensatory in-
crease in pituitary adrenocorticotropic hormone
(ACTH) secretion and subsequent stimulation of
DHEA synthesis. Interestingly, female infants with
CAH have ambiguous external genital development,
indicating that, in unaffected female fetuses, cortisol is
synthesized by the adrenal by the time of external
genital differentiation, a process that is sensitive to
androgens and begins at approximately week 10.
These observations do not necessarily indicate that
the week 10 fetal adrenal is able to synthesize cortisol
de novo from cholesterol. Although StAR and P450ssc
immunoreactivities are expressed in the cytoplasm of
human fetal adrenocortical parenchymal cells of the
transitional zone as soon as week 14, in early gestation
the fetal adrenal can synthesize cortisol using placen-
tal progesterone as substrate, since high levels of pro-
gesterone are present in the fetal circulation. P450c21
and P450c11B immunoreactivities have been detected
in the transitional zone of human fetal adrenals as
soon as weeks 13-14 and P450c17 mRNA is present
in the transitional zone of week 22 human fetal ad-
renal. This is consistent with the observation that
progesterone infusion into human fetuses between
weeks 16 and 18 results in cortisol synthesis. As a
consequence, the key enzyme for the production of
cortisol de novo from cholesterol during early gesta-
tion is 3B-HSD. It has been reported that 38-HSD
immunoreactivity and mRNA could not be detected
in human adrenals before weeks 22-24, suggesting
that the transitional zone of human fetus adrenals is
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able to synthesize de movo cortisol beginning at week
24. Similarly, in nonhuman primates, 3B-HSD
mRNA is undetectable during early gestation, starts
to increase at midgestation, and is further stimulated
at late gestation. 33-HSD protein expression in the
transitional zone of adrenals from fetal rhesus
monkeys follows a comparable developmental pattern.

In Sheep

Adrenal cortisol synthesis and secretion in ovine fetuses
follow a triphasic pattern. P450ssc and P450c17 are
expressed at a relatively high level in the whole adrenal
cortex as early as E40-E60. In the zona fasciculata, the
levels of P450ssc and P450c17 decrease between E90
and E120 before showing a further elevation between
E130 and P2. At E90, P450c17 expression is confined
to the zona fasciculata. 3-HSD is present at uniformly
moderate levels in the zona fasciculata at mid and late
gestation. P450c21 mRNA shows a steady increase
throughout gestation. Intense P450c11f immunoreac-
tivity is consistently detected throughout the adrenal
cortex as early as E90 and remains constant until birth.
Cortisol is secreted from adrenal cells from E50
tetuses. Basal cortisol secretion decreases at E100 and
increases subsequently, between E130 and E145.

In Rodents
Adult mouse and rat adrenal cortex, which lack
P450c17, produce mainly corticosterone. P450ssc
and adrenodoxin are expressed at midgestation in the
rodent adrenal cortex (E15-E16). 3-HSD mRNA
and protein have been detected in the fetal rat adrenal
as early as E16; their labeling in the reticular and
fascicular zones is at a higher level than in the glom-
erular zone at E18. P450c21 and P450¢11B immunor-
eactivity and mRNA are present in the fetal rat
adrenal at E18. P450c17 mRNA and activity are de-
tectable in the adrenals of mouse fetuses at E12.5,
increase in abundance from E12.5 to E14.5, and are
then lost between E16.5 and E18.5, suggesting that
the fetal mouse adrenal is able to synthesize cortisol
during late gestation. Although the ontogeny of StAR
expression in the rodent embryonic adrenal remains
to be elucidated, it is known that fetal rat adrenals
synthesize and secrete corticosterone as early as E13.
The corticosterone contents of the fetal rat adrenal
are high from E16 to E20 and plasma corticosterone
concentrations rise progressively from E16 to E19.
This phenomenon occurs following activation of pi-
tuitary ACTH and the hypothalamic neuropeptides
that control ACTH synthesis and secretion.

During the first 10 days after birth, there is a
marked decrease in adrenal corticosterone contents
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and both basal and stress-induced circulating corticos-
terone levels. This period has been called the “stress
hyporesponsive period” (SHRP). These low-circulat-
ing glucocorticoid levels are believed to be essential
for normal brain and behavioral development.
A decrease in the steroidogenic capacity of the new-
born adrenal cortex may account, at least in part, for
the SHRP. It has been demonstrated that St AR mRNA
and protein are highly expressed in the adrenals at
birth, decrease subsequently until P14, and increase
thereafter. The level of expression of P450ssc is
comparable to that of P1 in adults. At birth, adrenal
3B-HSD activity is low at P1, increases at P10, and
remains stable until adulthood. P450c21 activity is low
(approximately half of the adult values) on P1 and P10.
P450c11B immunoreactivity has been detected in the
adrenals of newborn rats and did not change during
neonatal development. In P7 rats, P450c11p mRNA is
present at high levels only in the zonae fasciculata and
reticularis.

Mineralocorticoids

In Primates

Regarding the ontogeny of aldosterone secretion,
assays of steroids in cord blood have suggested that
human fetus can synthesize aldosterone as early as
weeks 16-20. However, in vitro experiments have
demonstrated that at midgestation human fetal ad-
renal tissues do not produce detectable levels of aldos-
terone, under basal or stimulated conditions. The
primary steps in aldosterone synthesis, i.e., those
driven by StAR, P450ssc, 3-HSD, and p450c21, are
mature in the definitive zone in human fetal adrenals
at the end of the midgestation period. However, in
human fetal adrenals obtained from second-trimester
abortuses, aldosterone synthase (P450AS) immunor-
eactivity is absent in the definitive zone and P450AS
mRNA is weakly detectable in the whole cortical zone.
Similarly, P450AS immunoreactivity is absent in the
definitive zone of fetal rhesus monkey adrenal until
near term. Activation of the late gestation fetal rhesus
monkey HPA axis (obtained after treatment with
metyrapone, a compound that inhibits P450c11p)
was able to induce P450AS expression. Taken together,
these data indicate that in the primate fetal adrenal
gland, the definitive zone has the capacity to synthesize
aldosterone, but not until term.

In Sheep
In the fetal sheep, levels of aldosterone synthesis and
secretion are very low until the final part of gestation.
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Although P450AS is expressed as early as E90 in the
fetal zona glomerulosa, there is weak 3B-HSD
staining until term.

In Rodents

In rats, P450AS immunoreactivity is detected in E16
adrenals, in small clusters of cells, dispersed through-
out the gland. By E18-E19, the number of P450AS-
labeled cells increases and these cells become localized
in the outer cortex. P1 adrenals have a pattern of
P450AS staining comparable to that of the adult
gland. In P7, rats, P450AS mRNA is confined to the
subcapsular zona glomerulosa. Aldosterone content in
tetal adrenal homogenates increases between E17 and
P1 and remains stable thereafter.

ROLE OF NUCLEAR RECEPTORS AND
TRANSCRIPTION FACTORS

The complex cascade of the development and dif-
ferentiation of the adrenal cortex, from the formation
of the urogenital ridge to the zonation of the fetal
adrenal, involves several nuclear receptors and
transcription factors (Table II).

Adrenal Cortex, Development

WTI and WNT4

"Two genes are crucial for the development of the uro-
genital ridge: WT1 (Wilm’s tumor suppressor gene 1),
which encodes a protein having many characteristics of
a transcription factor, and WNt4 (wingless-related
mouse mammary tumor virus integration site 4), a
member of the WNt family of developmentally regu-
lated signaling molecules. WT1 is developmentally
one of the earliest known genes that specifies kidney,
gonadal, and adrenal cell lineages. Mice fetuses
knocked out for Wtl and rescued with a YAC (yeast
artificial chromosome) construct spanning the Wtl
locus have adrenal-like structures that are greatly re-
duced in size and express lower levels of P450ssc
mRNA than wild-type mice. Wn'T4 is involved in the
development of the kidney, pituitary gland, female
reproductive system, and mammary gland. Wnt4 is
expressed next to the anterior site of the mouse meso-
nephros on E11.5 and in the developing adrenal cortex
from E12.5 onward. Adrenals of Wnt4 knockout mice
are morphologically comparable to those of wild-type
animals. However, Wnt4 knockout animals have re-
duced adrenal P450c21 and P450AS mRNA concen-
trations and decreased aldosterone production.

Table Il Transcription Factors and Nuclear Receptors Involved in Adrenal Differentiation and Steroidogenesis

Transcription factor or First detected
nuclear receptor on

Phenotype of
rodent KO

Genes that are regulated
in adrenal cells

WT1 Mouse: E9

WnT4 Mouse: E11.5; human: E33

SF-1 Mouse: E11; human: E33

DAX-1 Mouse: E10.5

Lethal: lacks adrenals, kidneys, and gonads

Abnormal kidney and adrenal development

DAX-1

P450c21
P450AS

Lethal: lacks adrenals and gonads StAR

P450ssc
3B-HSD
P450cl17
P450c21
P450AS
P450c11B
ACTH-R
DAX-1

Lack of X zone regression StAR

P450c17
P450c21
ACTH-R

Note. WT-1, Wilm’s tumor suppressor gene 1; Wn'T4, wingless-related mouse mammary tumor virus integration site 4; SF-1, steroidogenic
factor-1; DAX-1, dosage-sensitive sex reversal adrenal hypoplasia congenita critical region on the X chromosome, gene 1; E, day of gestation;
StAR, steroid acute regulatory protein; P450ssc, side-chain cleavage enzyme; P450c17, enzyme complex having 17a-hydrolase and 17,20-lyase
activites; 17B-HSD, 17B-hydroxysteroid dehydrogenase; 33-HSD, 3B-hydroxysteroid dehydrogenase; P450c21, 21-hydroxylase; P450AS,
aldosterone synthase; P450c11B, 11B-hydroxylase; ACTH-R, adrenocorticotropic hormone receptor.
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SF-1, DAX-1, and GATA Proteins

Several transcription factors, such as steroidogenic
factor-1 (SF-1), dosage-sensitive sex-reversal adrenal
hypoplasia congenita critical region on the X chromo-
some, gene 1 (DAX-1), and GATA proteins, play
major roles in the development of the adrenal primor-
dium, its functional zonation, and the regulation of
fetal adrenal steroidogenic capacities.

SF-1

SF-1, also called Ad4BP or NR5A1, belongs to the
orphan receptor class of nuclear receptors. It has been
proposed that SF-1 acts through recruitment of cofac-
tors, including both coactivators (CREB-binding pro-
tein, WT1, and nuclear receptor coactivator 1) and
corepressors (nuclear receptor corepressor, DEAD/H
box polypeptide 20, COP9 constitutive photomor-
phogenic subunit 2, nuclear receptor-interacting pro-
tein 1, and DAX-1). In mouse, Sf-1 mRNA was
detected in the adrenal primordium from E11. From
E14-E14.5 onward, Sf-1 mRNA is restricted to the
steroidogenic cells in the cortex. In humans, SF-1 was
expressed as early as E33 in the presumptive adrenal
primordium. Newborn Sf-1 knockout mice are devoid
of adrenals and die from adrenocortical insufficiency
shortly after birth. However, Sf-1 heterozygous mice
(SF-17"7) are viable but show adrenal disorganization
(reduced adrenal size and hypoplastic zona fasciculata
and adrenal medulla), altered adrenal gene expression
(increased StAR mRNA and decreased ACTH recep-
tor mRNA), and impaired basal and stress-induced
glucocorticoid secretion. Studies of SF-1 gene muta-
tions in humans demonstrated that SF-1 regulates
adrenal development in a dose-dependent manner.
A number of studies have demonstrated that SF-1
acts a global regulator of the proteins involved in
adrenal steroidogenesis (StAR, P450ssc, 3B-HSD,
P450c21, P450AS, P450118, and P450cl7). In
addition, Sf-1 regulates adrenal ACTH sensitivity
through a cell-specific modulation of both constitu-
tive and cyclic AMP-induced expression of the ACTH
receptor gene. In the late-gestation ovine fetus,
Sf-1 mRNA is present in adrenal extracts; its expres-
sion is positively regulated by a pituitary-dependent
factor, which is not ACTH.

DAX-1

DAX-1 is an orphan nuclear receptor that regulates
both adrenal development and functional zonation.
Mutations in the DAX-1 gene are responsible for
X-linked adrenal hypoplasia congenita, an inherited
disorder in humans that is characterized by hypoplasia
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of the fetal adrenal glands with absence of the defini-
tive zone and persistence of the fetal zone. DAX-1 has
been postulated to bind to hairpin loops of the StAR
promoter and/or to function as an RNA-binding pro-
tein. In human fetuses, DAX-1 is expressed in the
adrenal primordium as early as E33. In mouse, it has
been shown that Dax-1 is colocalized with Sf-1 in the
developing adrenal and that Sf-1 expression precedes
or coincides with expression of Dax-1, suggesting that
these two molecules could cooperate in regulating
adrenal development. In vitro, Dax-1 inhibited Sf-1-
induced stimulation of transcription of the adrenal
promoter of StAR, P450c17, Dax-1 itself, possibly
through interactions with Sf-1, and transcriptional
corepressors such as NcoR and Alien, whereas Sf-1
stimulated expression of the Dax-1 promoter. Iz vivo,
male mice with a single Dax-1-deleted allele (Dax-1"")
have normal zona glomerulosa, but the zona fasci-
culata is less well developed and shows decreased
staining for 3B-HSD and the X zone fails to regress.
Dax-1""¥ animals have increased stress-induced corti-
costerone secretion and enhanced adrenal responsive-
ness to exogenous ACTH stimulation, most probably
following increased adrenal P450c21 and ACTH
receptor expression. Dax-1""Y animals have normal
expression of Sf-1 and expression of Dax-1 is main-
tained in Sf-1""~ mice. The absence of Dax-1 partially
reverses adrenal growth defects in Sf-17" mice.
However, the precise mechanisms governing the
interplay between Sf-1 and Dax-1 in regulating
adrenal development and steroidogenesis are not

known.

GATA Proteins

GATA proteins are transcription factors that bind to
the consensus sequence (A/T)GATA(A/G) in the pro-
moter and enhancer regions of their target genes.
GATA-4 is present in human adrenocortical carcin-
oma and in a transgenic mouse model developing
adrenocortical tumors. GATA-4 and GATA-6 are de-
tectable from E14 and week 19 onward in the mouse
and human adrenal cortex, respectively. After birth,
GATA-4 expression decreases, whereas GATA-6 con-
tinues to be expressed. Studies in chimeric mouse
embryos demonstrated that GATA-4 is not essential
for early adrenocortical differentiation. The exact role
of GATA-6 in adrenal development remains to be
determined.

See Also the Following Articles

ACTH (Adrenocorticotropic Hormone) ® Adrenal Androgens
® Adrenal Cortex, Anatomy ® Adrenal Cortex Development,
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ciency ® Adrenal Suppression ® Thyroid Gland Development,
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Glossary

adrenocorticotropic hormone or corticotropin
(ACTH) Synthesized as part of a 24l|-amino acid
precursor, proopiomelanocortin. Usually, ACTH derives
from the pituitary gland to stimulate the adrenal glands
through the melanocortin-2 receptor (rarely, ACTH is
produced ectopically, i.e., in ectopic Cushing’s syndrome).

corticotropin-releasing hormone (CRH) Hy-
pothalamic 41-amino acid peptide that usually stimulates
the pituitary to release ACTH.

hypothalamic-pituitary-adrenal (HPA) axis Hy-
pothalamic-releasing factors including CRH are influ-
enced by central nervous system afferents. For instance,
stress can trigger CRH release. The major secretagogue
of CRH is ACTH, which subsequently stimulates the
adrenals to produce and release cortisol. Cortisol, on
the other hand, can inhibit further release of CRH and
ACTH in a negative feedback loop.

steroids Hormones produced by the adrenal gland.
Members of a large family of compounds that are
derived from the cyclopentanperhydrophenanthrene
ring structure that consists of three cyclohexane rings
and one cyclopentane ring. The nomenclature denotes
rings by a letter and the individual carbon atoms by a
number. Gonane is the unsaturated |7-carbon ring
structure. Estranes are steroids with 18 carbons (CI18
steroids) by adding a methyl group at C|3. Androstane
is a C19 steroid with two methyl groups. Pregnane is a
C21 steroid with methyl and ethyl groups. The ending-
ene denotes a double bond of the parent compound.

The Tabulae Anatomicae mention Bartholomeo Eustachius,
who apparently first described the anatomy of the adrenal
glands in 1563. A central physiologic role for the adrenals was
presented in 1849 by Thomas Addison, and today Addison’s
disease refers to adrenal insufficiency, a life-threatening condi-
tion. To better understand pathophysiologic states of the ad-
renal glands, one must recall their normal anatomy and
physiology. The adrenal glands are divided into cortex and
medulla. The adrenal cortex is composed of three zones—
the glomerulosa, fasciculata, and reticularis. The largest and
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most important zone is the fasciculata, where glucocorticoids
including cortisol are produced. Extracellular volume status is
influenced by aldosterone, the hormone of the zona glomer-
ulosa. Androgens such as dehydroepiandrosterone are pro-
duced by the zona reticularis, which starts to grow at
approximately age 4, shortly before adrenarche occurs. Corti-
cotropin, usually coming from the pituitary, is the principal
stimulus for cortisol secretion and is released under stress
and other stimuli through hypothalamic corticotropin-releasing
hormone (CRH) secretion. Corticotropin can also stimulate
the zona glomerulosa (to a minor extent) and reticularis to
secrete aldosterone and adrenal androgens. A feedback loop
exists between the hypothalamus (H), pituitary (P), and adrenal
gland (A)—the HPA axis. High peripheral cortisol levels inhibit
further release of CRH and corticotropin. At the extreme (e.g.,
in conditions of supraphysiologic exogenous glucocorticoid
administration), the secretion of hypothalamic CRH and pituit-
ary corticotropin becomes severely suppressed, with subse-
quent atrophy of the adrenal glands due to the lacking stimulus
corticotropin. The adrenal medulla forms postnatally and
exerts effects on the adrenal cortex and vice versa. Adreno-
medullary chromaffin cells are intermingled with the adrenal
cortex, facilitating an interaction between the two.

FETAL ADRENAL GLAND
Fetal Adrenal Steroidogenesis

The fetal adrenal cortex plays a critical role in regu-
lating intrauterine homeostasis and the maturation of
fetal organ systems that are necessary for extrauterine
life. The important mediators for these functions are
steroid hormones from the fetal adrenal. Throughout
gestation and postnatally, the fetal adrenal gland
undergoes morphological and functional changes
during its transformation to the adult adrenal gland.
The progenitor cells of the adrenal cortex stem from a
cell lineage that also leads to steroid-secreting cells of
the gonads. By week 8 of gestation, the adrenal cortex-
forming progenitor cells build an inner cluster (the
fetal zone) consisting of large eosinophilic steroid-
secreting cells that express high levels of steroid
17a-hydroxylase (CYP17) and an outer zone (the de-
finitive zone) consisting of cells that do not express

Encyclopedia of Endocrine Diseases, Volume |. Published by Elsevier Inc.
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CYP17. Between the fetal and definitive zone lies the
transitional zone, which is composed of cells similar
to those of the zona fasciculata of the adult adrenal
gland. At gestational week 8, chromaffin cells enter
the rudimentary adrenal gland and remain there as
discrete islands until day 8 postnatally, before they
form a rudimentary adrenal medulla. During gesta-
tion, the fetal zone represents 85% of the cortical
volume and produces large amounts of dehydroepian-
drosterone (DHEA) sulfate, a hormone that serves as
a precursor for other androgens synthesized in the
periphery. Before birth, DHEAS is used by the pla-
centa to synthesize estrogen. Placental estrogen, on
the other hand, supports the fetal adrenal to synthe-
size cortisol. Several endocrine, paracrine, and auto-
crine factors influence the steroidogenesis of the fetal
adrenal cortex. Within the first postnatal year, the
fetal zone degenerates. During the third trimester,
aldosterone production starts by the zona glomeru-
losa, derived from the outer zone of the fetal adrenal
cortex (without CYP17). A transitional area between
the inner and outer zones gives rise to the zonae fasci-
culata and reticularis, which secrete glucocorticoids
and DHEA sulfate under stimulation and control by
corticotropin. Certain transcription factors (e.g., ster-
oidogenic factor 1, DAX1, and WT1) are essential in
adrenal development. Adrenal dys- or agenesis with
subsequent adrenal insufficiency and death can result
from nonfunction of these factors, for instance, by
mutations in the steroidogenic factor 1.

Growth Factors

During the first trimester of pregnancy, human chori-
onic gonadotropin (HCG) regulates the growth of the
fetal adrenal. Adrenocorticotropic hormone (ACTH)
is critical for growth, steroidogenesis, and differenti-
ation of the fetal adrenal gland and becomes the main
force for further growth after the fifth month of ges-
tation. ACTH deficiency leads to increased apoptosis
and subsequent atrophy of the adrenal glands, whereas
ACTH excess (e.g., in Cushing’s syndrome or con-
genital adrenal hyperplasia) can cause hyperplastic
adrenal glands. In addition to HCG, ACTH, and its
receptor ACTHR, local growth factors are important
for steroidogenesis, growth, and development of the
adrenal gland.

Insulin-like growth factors 1 and 2 (IGF-1 and
IGF-2), their receptors, and binding proteins are all
expressed in the fetal adrenal. IGF-1 not only amplifies
the effect of ACTH on the adrenal but also enhances
steroid production of the adrenal gland by increasing
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the activities of 17a, 21-, and 11B-hydroxylase.
Similarly, IGF-2 promotes ACTH action. In addition,
IGF-2 helps the fetal adrenal to synthesize cortisol
and androgen by regulating the enzymes p450scc,
p450cl7, and 3B-hydroxysteroid dehydrogenase.

Basic fibroblast growth factor is a mitogenic pro-
tein and is more effective (stimulating proliferation)
on adrenal cells of the definitive zone than those of the
fetal zone. Epidermal growth factor (EGF) and trans-
forming growth factor-a (T'GF-a) are growth factors
with sequence homology that both activate the EGF
receptor. This may lead to hypertrophy of the fetal
adrenal. Although EGF stimulates hypothalamic cor-
ticotropin-releasing hormone (CRH) release, it does
not cause subsequent ACTH secretion from the pitu-
itary. The TGF-B family of growth factors, including
activin, inhibin, and T'GF-B;, are paracrine/autocrine
regulators of growth and steroidogenesis in the fetal
adrenal cortex. Activin increases ACTH-stimulated
cortisol production but not DHEAS production in
fetal zone cells. In the adult adrenal cortex, activin
has no effect on growth or steroidogenesis. In fact,
activin may lead to apoptosis and involution of the
fetal adrenal cortex postnatally. TGF-B; appears to
decrease fetal and definitive zone cell proliferation
and steroidogenesis.

Nuclear Receptors

Steroidogenic factor 1 (SF-1), DAX-1, and the estro-
gen receptor (ER) belong to the nuclear receptor
superfamily. Members of this family are transcription
factors that are important for regulating expression of
genes involved in cellular growth control and differ-
entiation. SF-1 is classified as an orphan receptor
because its ligand is unknown. The human cDNA
sequence of SF-1 is highly homologous (>95%) to
murine and bovine sequences. Human adrenal cortex,
ovaries, testes, and spleen show high SF-1 mRNA
expression. In human placenta, SF-1 is not or only
minimally expressed. SF-1 plays an essential role in
the organogenesis of the fetal adrenal gland and also
in regulating genes that code for steroidogenic
enzymes. SF-1 stimulates the promoter activities of
genes encoding steroidogenic acute regulatory (StAR)
protein, the scavenger receptor-type class BI (SR-BI),
and the ACTH receptor. StAR protein is critical in
the translocation process of cholesterol from the outer
to the inner mitochondrial membrane. In contrast to
the adult adrenal gland, the fetal adrenal uses low-
density lipoprotein (LDL) rather than high-density

lipoprotein cholesterol as the main source for steroid
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biosynthesis. It appears that SR-BI binds to LDL with
high affinity. SF-1 influences the constitutive activity
of the human ACTH receptor gene promoter and
regulates steroid hydroxylase enzymes. In addition,
SF-1 regulates the genes coding for the B-subunit of
luteinizing hormone, the a-subunit of the glyco-
protein hormones, gonadotropin-releasing hormone
receptor, prolactin receptor, oxytocin, Mullerian
inhibiting substance, and aromatase. Furthermore,
SF-1 interacts with other proteins and cofactors.

Gene deletions at Xp21/22, where the DAX-1 gene
is located, may lead to X-linked adrenal hypoplasia
congenita, glycerol kinase deficiency, hypogonadotro-
pic hypogonadism, and/or Duchenne’s muscular atro-
phy. DAX-1 (dosage-sensitive sex reversal, adrenal
hypoplasia congenita, X-linked) is highly expressed
in the fetal and adult adrenal gland, hypothalamus,
pituitary, testes, and ovaries. Together with SF-1, it
may coregulate steroidogenesis as well as adrenal and
gonadal organogenesis. DAX-1 can block steroido-
genesis by inhibiting the activity of StAR and the
expression of p450scc and 3B-hydroxysteroid dehy-
drogenase.

Estrogens are important in cell differentiation,
growth, and function of various tissues. Estrogen recep-
tors are members of the steroid receptor superfamily
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and mediate the action of estrogens. ERB is highly
expressed in the fetal adrenal gland, in contrast to
ERa. As mentioned previously, estrogen is critical in
fetal steroidogenesis and organogenesis.

ADULT ADRENAL CORTEX

Steroid Biosynthesis and Regulation of
Cortisol Production

The normal adult human adrenal gland weighs ap-
proximately 5 g. Ninety percent of this weight is due
to the adrenal cortex, which is composed of three
zones (from outside to inside): the zona glomerulosa,
the zona fasciculata, and the zona reticularis. The
adrenal medulla forms postnatally and is composed
of chromaffin cells, some of which may still be inter-
mingled and spread within the adrenal cortex. The
adult adrenal cortex produces glucocorticoids, miner-
alocorticoids, and adrenal androgens (Fig. 1 and
Table I). The blood flow in the adrenal gland is cen-
tripetal (from outside to inside), which exposes the
inner zones and the adrenal medulla to increasing
concentrations of adrenal steroids. High cortisol
levels in the medulla are needed to induce enzymes
for epinephrine biosynthesis. Seventy-five percent

Z Glom Z Fas Z Ret
Cholesterol
P450scc P450c17 P450c17
(Desmolase) (17-Hydroxylase) (17/20 Lyase)
Pregnenolone ——— 17-OH-Pregnenolone ——»Dehydroepiandrosterone
3pB-OH-steroid 50-Red
dehydrogenase I/ll 17B-HSD Ili/1l 1& 1
Progesterone ——— 17-OH-Progesterone — > Androstenedione <«———— > Testosterone— Dihydrotestosterone
P450c21 P450aro 17B-HSD
(21-Hydroxylase) (19-H) I/ P450aro
Deoxycorticosterone 11-Deoxycortisol Estrone ~— > Estradiol
P450c11
(11-Hydroxylase)
Corticosterone Cortisol
P450c11
(18-Hydroxylase)
18-OH-Corticosterone
P450c11
(18-Oxidase)
Aldosterone
Figure | Adrenal steroidogenesis. Z Glom, zona glomerulosa; Z Fas, zona fasciculata; Z Ret, zona reticularis; 19-H = 19-

hydroxylase; HSD, hydroxysteroid dehydrogenase; P450aro, aromatase; Sa-Red, Sa-reductase. The three adrenal cortex zones
Z Glom, Z Fas, and Z Ret are listed above the hormones that are produced in the respective zones. The steroidogenic enzymes
on the left, starting with P450scc (desmolase), are listed in order of vertical and horizontal reading—that is, desmolase converts
cholesterol to pregnenolone, 3B-OH-steroid dehydrogenase I/II convert pregnenolone to progesterone, 17-OH-pregnenolone
converts progesterone to 17-OH-progesterone, P450c11 converts deoxycorticosterone to 18-OH-corticosterone and

11-deoxycortisol to cortisol, etc.
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Table | Key Human Steroidogenic Enzymes and Cofactor Proteins’
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Chromosomal
Protein Gene locus Substrate Activities
StAR STAR 8pl1.2 Cholesterol flux within mitochondria Sterol delivery to P450scc
P450-OR CPR 7pl5-q35 Microsomal P450s Electron transfer
Cytochrome bs CYBS 18q23 Aids P450c17 Augments 17,20-lyase activity
Adrenodoxin reductase ~ ADR 17q24-25 Mitochondrial P450s Electron transfer
Adrenodoxin ADX 11q22 Mitochondrial P450s Electron transfer
11 B-HSDI HSDI11B1 1 Cortisol, cortisone, corticosterone, 11 B-Ketosteroid dehydrogenase
11-De B
118-HSD I HSDI11B2 16p22 Cortisol, corticosteron 11B-Hydroxysteroid dehydrogenase
Sa-Reductase Type I SRD5A1 5pls Testosterone, C21-steroids Sa-Reduction
Sa-Reductase Type 11 SRD5A2 2p23 Testosterone, C21-steroids Sa-Reduction
178-HSDI HSDI17B1 17q21 Estrone 17B-Ketosteroid reductase
178-HSD I HSDI17B2 16q24 Testosterone, estradiol, DHT 17B-Hydroxysteroid dehydrogenase
17B-HSD III HSD17B3 9q22 Androstenedione 17B-Ketosteroid reductase
178-HSD V HSD17B5 10p14-15 Androstenedione, DHT, 3a-asdiol, asone  17B-Ketosteroid reductase
Asdione, 3a-androstan 3a-Hydroxysteroid
Dehydrogenase
3-HSD I HSDBI 1p13 Preg, 170H-Preg, DHEA, adiol 3B-Dehydrogenase
DHEA, asdiol 5/4-Isomerase
3B-HSD II HSDB2 1pl3 Preg, 170H-Preg, DHEA, asdiol 3B-Dehydrogenase
5/4-Isomerase
P450scc CYPI1A1 15q23-24 Cholesterol 22R-Hydroxylase
Hydroxysterols 20, 22-Lyase
20R-Hydroxylase
P450c17 CYPI7 10q24.3 Preg, 170H-Preg 17a-Hydroxylase
Prog, DHEA 17,20 Lyase
P450c21 CYP21B 6p21.1 Prog, 170H-Prog 21-Hydroxylase
P450c11pB CYPI1B1 8q21-22 11-Deoxycortisol 11-Hydroxylase
11-DOC
P450c11AS CYPB2 8q21-22 Corticosterone 11-Hydroxylase
11-DOC 18-Hydroxylase
P450aro CYPI9 15q21.1 Androstenedione 19-Hydroxylase
Testosterone 19-Oxidase, aromatization

“Modified from Auchus and Miller (2001). Androstan, androstanediol; Preg, pregnenolone; Prog, progesterone; DOC, deoxycorticosterone;
HSD, hydroxysteroid deydrogenase; DH'T, dihydrotestosterone; 11-De B, 11-dehydrocorticosterone B; 170H-Prog, 17a-hydroxyprogester-
one; 3a-Asdiol, 3a-androstandediol; Asdione, androstanedione.

of the adrenal gland weight is due to the zona fasci-
culata, the largest zone and the one that synthesizes
glucocorticoids. The zona fasciculata also produces
DHEA and DHEAS, whereas the zona reticularis
also produces cortisol. In contrast to the zona fasci-
culata, the zona reticularis is small and not very
involved in adrenal androgen production until adre-
narche (approximately 6 years of age). The precursor
for glucocorticoid production is cholesterol, which in
a first step is converted to pregnenolone in the adrenal
cortex. Steroids derive from the cyclopentanoper-
hydrophenanthrene four-ring hydrocarbon nucleus,
a relatively inert structure. Depending on the presence

of several enzymes in the respective adrenal cortex
zone, several steroid hormones can then be synthe-
sized. Cytochromes P450 are categorized into two
classes: type 1 enzymes that reside in the mitochondria
and type 2 enzymes located at the smooth endoplasmic
reticulum (Table IT).

The secretion and synthesis of cortisol are regu-
lated by the hypothalamic—pituitary—adrenal (HPA)
axis. Certain stimuli including stress lead to the
release of CRH in the hypothalamus. CRH then
stimulates ACTH release from the pituitary (Fig. 2).
ACTH binds to ACTH receptors located on adreno-
cortical cells and stimulates them to release cortisol
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Figure 2 The HPA axis. Modified from Koch and Chrousos (2001).

through cAMP. Cortisol can then increase energy-
providing compounds, including glucose, free fatty
acids, and free amino acids. As mentioned previously,
ACTH is also growth promoting on the adrenal
cortex; that is, continuous stimulation by ACTH
may cause adrenal hypertrophy, whereas a lack of
ACTH may lead to adrenal atrophy. The HPA axis
is very sensitive to exogenous glucocorticoid adminis-
tration, which can easily lead to ACTH suppression
through a negative feedback loop on CRH. In normal
individuals who are not working in (night) shifts, there
is a diurnal variation of cortisol production, with
serum cortisol being highest in the morning and
lowest at midnight. In patients with Cushing’s syn-
drome (hypercortisolism), these normal physiologic
circuits are disturbed (i.e., there is no suppression of

Table Il Locations of Steroidogenic Proteins
Endoplasmic reticulum Cytoplasm Mitochondria
113-HSD I and II 3a-HSD 33-HSD I
Sa-Reductase T and II 178-HSD V StAR
17-HSD I-II1 178-HSD I Adrenodoxin
reductase
3-HSD I 3-HSD I P450c11AS
Cytochrome bs StAR P450c11B
P450 oxidoreductase Adrenodoxin P450scc
P450aro
P450c21
P450c17

Modified from Auchus and Miller (2001).

the HPA axis and cortisol production by administra-
tion of exogenous glucocorticoids such as dexametha-
sone). Prolonged (7-48 h) increases in ACTH lead
to an increased synthesis of all the steroidogenic
enzymes, especially P450scc, as well as an increased
uptake of cholesterol from the circulation. Chronic
lack of ACTH (e.g., through exogenous gluco-
corticoid administration) leads to adrenal atrophy.
Therefore, the exogenous glucocorticoid has to be
tapered to allow the pituitary and adrenal gland to
recover in order to synthesize normal levels of cortisol
on its own. Depending on the level of suppression,
this may take weeks or months.

Biosynthesis and Regulation of
Aldosterone Production

Aldosterone, the major human mineralocorticoid, is
produced in the zona glomerulosa of the adrenal
cortex. Its secretion is stimulated mainly by angio-
tensin II (and III) through the renin-angiotensin—
aldosterone system and, to a lesser extent, by
ACTH. Chronic infusion of ACTH stimulates aldos-
terone secretion for only 24 h. Less potent stimulators
of aldosterone secretion are endothelin and serotonin.
Also, increases in potassium concentrations stimulate
aldosterone production. An increase in serum potas-
sium of 0.1 mmol/liter can elevate plasma aldosterone
by 35%. On the other hand, a decrease in serum
potassium of 0.3 mmol/liter can reduce plasma aldos-
terone by 46%. Aldosterone decreases the absorption
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of potassium and promotes sodium reabsorption and
fluid retention, thereby increasing the extracellular
fluid volume. However, after a few days of extracellu-
lar fluid expansion by increased aldosterone levels,
the individual will be protected from continuous ex-
pansion through a so-called “escape” mechanism that
denotes attaining a new sodium balance and the
formation of a new steady state.

"Target tissues of aldosterone, including kidney (dis-
tal tubules and cortical collecting ducts), colon, and
salivary glands, have mineralocorticoid receptors that
bind aldosterone. In the distal nephron, cortisol is a
potent agonist at the mineralocorticoid receptor.
Among inhibitors of aldosterone secretion are atrial
natriuretic peptide (ANP) and dopamine. ANP
strongly inhibits stimulated (e.g., low sodium intake)
aldosterone secretion, with much less effect on basal
(e.g., normal or high sodium intake) activity. Chronic
sodium restriction leads to increased activity of aldos-
terone synthase and a higher content of this enzyme in
the zona glomerulosa. The first steps of aldosterone
biosynthesis are identical to those of cortisol biosyn-
thesis (Fig. 1). The synthesis of cortisol, however,
depends on 17a-hydroxylation of pregnenolone by
17a-hydroxylase (P450c17), which is exclusively ex-
pressed in the zona fasciculata. On the other hand,
aldosterone synthase is normally expressed only in the
zona glomerulosa.

Regulation of Adrenal
Androgen Production

At approximately 4 years of age, in both sexes the zona
reticularis forms and continues to grow until the mid-
20s. After age 40, this zone gradually regresses.
Corticotropin and prolactin stimulate adrenal andro-
gen secretion in the fetal adrenal zone. Postnatally, the
zona reticularis responds to ACTH, as exemplified in
congenital adrenal hyperplasia in which ACTH and
androgen hypersecretion can occur. During infancy,
only small amounts of androgens are secreted, and it is
unknown how adrenarche, the time point at which a
slight amount of pubic hair develops, is regulated.
Seventy percent of circulating testosterone in women
with normal menstrual cycles derives from the con-
version of adrenal DHEA. The principal androgens
secreted by the adrenals are DHEA, DHEAS, andros-
tenedione, and (minimally) testosterone. DHEAS per
se has only weak androgenic effects. Peripheral con-
version of the aforementioned precursors leads to
more potent androgens, such as testosterone and
dihydrotestosterone. Major conversion sites include
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the hair follicles, sebaceous glands, external genitalia,
and prostate. Peripheral adipose tissue can convert
androgens into estrogens by the highly active enzymes
aromatase and 17-ketosteroid reductase. Glucocorti-
coids stimulate aromatase. Inactivation or degradation
of androgens and their metabolites occur at different
sites, including the liver and kidneys. Exogenous
adrenal androgen administration can suppress gona-
dotropin secretion. Excess endogenous androgen pro-
duction can be caused by several conditions, including
congenital adrenal hyperplasia and adrenal tumors.

Impact of the Sympathoadrenal System on
the Regulation of Adrenocortical Function

Adrenocortical steroid hormones influence the differ-
entiation and hormone production of adrenal
chromaffin cells. On the other hand, the sympathoa-
drenomedullary system modulates diurnal variations
of steroidogenesis in the adrenal cortex. The adrenal
cortex is innervated by neurons originating in cell
bodies within the adrenal medulla and by nerves that
have cell bodies outside the adrenal, reaching the
cortex via blood vessels. Adrenal chromatfin cells con-
tain many neuropeptides that regulate adrenocortical
steroid production in many species. Adrenomedullary
cells are found throughout the adrenal cortex, which
facilitates the paracrine action of their products.
Another avenue for adrenomedullary secretory
products reaching the adrenal cortex is the lymphatics.

CONCLUSION

The adrenal cortex fulfills important functions before
and after birth. Prenatally, the fetal adrenal cortex is
large and mainly consists of the fetal zone, which
produces high amounts of DHEAS, a hormone that
serves as a precursor for other androgens. DHEAS is
used by the placenta to synthesize estriol and to regu-
late intrauterine homeostasis as well as maturation of
fetal organ systems that are necessary for life after
birth. Postnatally, the adrenal cortex becomes a
three-zoned structure, with the largest zone being
the zona fasciculata. From outside to inside, the
three zones are the zona glomerulosa, the zona fasci-
culata, and the zona reticularis. The zona glomerulosa
produces aldosterone. Production of this hormone is
stimulated by angiotensin II and, to a lesser extent,
ACTH, potassium, endothelin, and serotonin.
Aldosterone secretion is inhibited by dopamine and
atrial natriuretic peptide. The zona fasciculata
produces mainly cortisol, the stress hormone.
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Secretion of this hormone is regulated by the HPA
axis. Chronic stress can overstimulate the HPA axis,
leading to depression. The zona reticularis produces
adrenal androgens and can be stimulated by ACTH.
All three zones gradually regress during the life span.
Interaction between the adrenal cortex and the ad-
renal medulla exists and is facilitated by the intermin-
gling of adrenomedullary chromaffin cell islets with
the adrenal cortex. The adrenal medulla matures
within the first 18 months postnatally and produces
the stress hormones epinephrine and norepinephrine
as well as other catecholamines.
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Glossary

Cushing’s syndrome A condition caused by increased
adrenocortical secretion of cortisol resulting from
adrenocortical hyperplasia or tumor and characterized
by obesity, acne, amenorrhea, hypertension, abdominal
pain, and weakness.

HIV infection Human immunodeficiency virus, the
causative agent of AIDS.

thrombosis The formation, development, or presence
of a thrombus, or blood clot, in a blood vessel or the
heart.

Adrenal insufficiency is a disorder characterized by
impaired adrenocortical function and decreased production of
mineralocorticoids, glucocorticoids, and/or adrenal androgens.

INTRODUCTION

Adrenal insufficiency can be caused by diseases
affecting the adrenal cortex (primary), the pituitary
gland and the secretion of adrenocorticotropic hor-
mone (ACTH) (secondary), or the hypothalamus and
the secretion of corticotropic-releasing hormone
(CRH) (tertiary). This article provides a brief over-
view of the etiology, clinical manifestations, diagnosis,
and treatment of adrenal insufficiency.

CAUSES OF ADRENAL INSUFFICIENCY
Primary Adrenal Insufficiency

Autoimmune Adrenalitis

This condition is the result of an autoimmune process
that destroys the adrenal cortex. Both humoral and
cell-mediated immune mechanisms directed at the ad-
renal cortex are involved. Antibodies that react with
several steroidogenic enzymes as well as all three
zones of the adrenal cortex are detected in 60-75%
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of patients with autoimmune primary adrenal in-
sufficiency but only rarely in patients with other
causes of adrenal insufficiency or normal subjects.
Approximately 50% of patients with autoimmune
adrenal insufficiency have one or more other auto-
immune endocrine disorders, whereas patients with
the more common autoimmune endocrine disorders,
such as type 1 diabetes mellitus, chronic autoimmune
thyroiditis, or Graves’ disease, rarely develop adrenal
insufficiency. The combination of autoimmune
adrenal insufficiency with other autoimmune endo-
crine disorders is referred to as the polyglandular
autoimmune syndromes types I and II (Table I).

Infectious Adrenalitis

Many infectious agents may affect the adrenal gland
and result in adrenal insufficiency, including tube-
rculosis, disseminated fungal infections, and HIV
infection.

Hemorrhagic Infarction

Bilateral adrenal infarction caused by hemorrhage
or adrenal vein thrombosis may lead to adrenal
insufficiency. Adrenal hemorrhage has been mostly
associated with meningococcemia (Waterhouse—
Friderichsen syndrome) and Pseudomonas aeruginosa
infection.

Drugs

Drugs may cause adrenal insufficiency by inhibiting
cortisol biosynthesis, particularly in individuals with
limited pituitary and/or adrenal reserve, or by accel-
erating the metabolism of cortisol and most synthetic
glucocorticoids following induction of hepatic mixed
function oxygenase enzymes.

Secondary and Tertiary Adrenal
Insufficiency

Secondary adrenal insufficiency may be caused by any
disease process that affects the anterior pituitary and
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Table | Etiology of Adrenal Insufficiency

Primary adrenal insufficiency
Autoimmune (polyglandular failure)

Tuberculosis

Sarcoidosis, amyloidosis, hemochromatosis

Hemorrhage (meningococcemia, anticoagulants, and trauma)
Fungal infections

Metastatic neoplasia/infiltration

Congential adrenal hyperplasia

Congenital adrenal hypoplasia

Congenital unresponsiveness to ACTH (glucocorticoid
deficiency and ACTH resistance)

Adrenoleukodystrophy/adrenomyeloneuropathy
Acquired immunodeficiency syndrome
Bilateral adrenalectomy

Steroid synthesis inhibitors (e.g., metyrapone, ketoconazole,
and aminoglutethimide)

Adrenolytic agents (0,p'DDD, suramin)
Glucocorticoid antagonists (RU486)
Secondary and tertiary adrenal insufficiency

Following discontinuation of exogenous glucocorticoids
or ACTH

Following the cure of Cushing’s syndrome
Pituitary and hypothalamic lesions
Tumors
Inflammation
Infections
Autoimmune lesions
Granulomatous infilitration
Trauma
Congenital aplasia, hypoplasia, dysplasia, ectopy
Pituitary-hypothalamic surgery
Pituitary-hypothalamic radiation
Pituitary-hypothalamic hemorrhage (apoplexy)
Acquired isolated ACTH deficiency
Familial corticosteroid-binding globulin deficiency

interferes with ACTH secretion. The ACTH defi-
ciency may be isolated or occur in association with
other pituitary hormone deficits (Table I). On the
other hand, tertiary adrenal insufficiency can be
caused by any process that involves the hypothalamus
and interferes with CRH secretion. The most
common causes of tertiary adrenal insufficiency are
abrupt cessation of high-dose glucocorticoid therapy
and treatment of Cushing’s syndrome.

CLINICAL MANIFESTATIONS OF
ADRENAL INSUFFICIENCY

The clinical manifestations of adrenal insufficiency
depend on the extent of loss of adrenal function and
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whether mineralocorticoid production is preserved.
The onset of adrenal insufficiency is often gradual
and may go undetected until an illness or other stress
precipitates an adrenal crisis.

Adrenal Crisis

Adrenal crisis or acute adrenal insufficiency may com-
plicate the course of chronic primary adrenal insuffi-
ciency and may be precipitated by a serious infection,
acute stress, bilateral adrenal infarction, or hemor-
rhage. It is rare in patients with secondary or tertiary
adrenal insufficiency. The main clinical manifestation
of adrenal crisis is shock, but patients may also have
nonspecific symptoms, such as anorexia, nausea,
vomiting, abdominal pain, weakness, fatigue, lethargy,
confusion, or coma. Hypoglycemia is rare in acute
adrenal insufficiency but more common in secondary
adrenal insufficiency. Hypoglycemia is a common
manifestation in children and thin women with the
disorder. Hyperpigmentation due to chronic ACTH
hypersecretion and weight loss are indicative of
long-standing adrenal insufficiency, and additional
symptoms and signs relating to the primary cause of
adrenal insufficiency may also be present.

The major factor precipitating an adrenal crisis is
mineralocorticoid deficiency and the main clinical
problem is hypotension. Adrenal crisis can occur in
patients receiving appropriate doses of glucocorticoid
if their mineralocorticoid requirements are not met,
whereas patients with secondary adrenal insufficiency
and normal aldosterone secretion rarely present in
adrenal crisis.

Chronic Primary Adrenal Insufficiency

Patients with chronic primary adrenal insufficiency
may have symptoms and signs of glucocorticoid,
mineralocorticoid, and androgen deficiency. In con-
trast, patients with secondary or tertiary adrenal in-
sufficiency usually have normal mineralocorticoid
function. The onset of chronic adrenal insufficiency
is often insidious and the diagnosis may be difficult in
the early stages of the disease.

The most common clinical manifestations of
chronic primary adrenal insufficiency include general
malaise, fatigue, weakness, anorexia, weight loss,
nausea, vomiting, abdominal pain, diarrhea that may
alternate with constipation, hypotension, electrolyte
abnormalities (hyponatremia, hyperkalemia, or meta-
bolic acidosis), hyperpigmentation, autoimmune
manifestations (vitiligo), decreased axillary and pubic
hair, and loss of libido and amenorrhea in women.
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Secondary or Tertiary Adrenal
Insufficiency

The clinical features of secondary or tertiary adrenal
insufficiency are similar to those of primary adrenal
insufficiency. However, hyperpigmentation is not
present because ACTH secretion is not increased.
Also, because the production of mineralocorticoids
by the zona glomerulosa is mostly preserved, dehydra-
tion and hyperkalemia are not present, and hypo-
tension is less prominent. Hyponatremia and
increased intravascular volume may be the result of
an “inappropriate” increase in vasopressin secretion.
Hypoglycemia is more common in secondary adrenal
insufficiency, possibly due to concomitant growth
hormone insufficiency, and in isolated ACTH
deficiency. Clinical manifestations of a pituitary or
hypothalamic tumor, such as symptoms and signs of
deficiency of other anterior pituitary hormones,
headache, or visual field defects, may also be present.

DIAGNOSIS

The clinical diagnosis of adrenal insufficiency can be
confirmed by demonstrating inappropriately low cor-
tisol secretion, determining whether the cortisol defi-
ciency is secondary or primary and, hence, dependent
or independent of ACTH deficiency, and detecting
the cause of the disorder.

Cortisol Secretion

The diagnosis of adrenal insufficiency depends on the
demonstration of inappropriately low cortisol secre-
tion. Serum cortisol concentrations are normally
highest in the early morning hours (4:00-8:00 am)
and increase further with stress. Serum cortisol con-
centrations of less than 3 wg/dl (80 nmol/liter) at 8:00
AM are strongly suggestive of adrenal insufficiency,
whereas values less than 10 pg/dl (275 nmol/liter)
make the diagnosis likely. Basal urinary cortisol and
17-hydroxycorticosteroid excretion is low in patients
with severe adrenal insufficiency but may be low-
normal in patients with partial adrenal insufficiency.
Generally, baseline urinary measurements are not rec-
ommended for the diagnosis of adrenal insufficiency.

ACTH Secretion

Inappropriately low serum cortisol concentrations
in association with increased plasma ACTH concen-
trations determined simultaneously are suggestive of
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primary adrenal insufficiency. On the other hand, in-
appropriately low baseline morning cortisol and
ACTH concentrations indicate secondary or tertiary
disease. Given that plasma ACTH measurements
depend on proper preparation of the sample and
may not be readily available, confirmation of the diag-
nosis requires stimulation of the adrenal glands with
exogenous ACTH.

Short ACTH Stimulation Tests

A short ACTH stimulation test should be performed
in all patients suspected of having adrenal insuffi-
ciency. It involves the intravenous administration of
synthetic ACTH(1-24) (cosyntropin), which has the
full biologic potency of native ACTH(1-39), and sub-
sequent measurement of serum cortisol concentra-
tions at regular intervals for up to 1 h (usually at 0,
30, and 60 min).

High-Dose ACTH Stimulation Test

This test consists of determining serum cortisol re-
sponses immediately before and 30 and 60 min after
intravenous administration of 250 pg of cosyntropin.
This dose of cosyntropin results in pharmacologic
plasma ACTH concentrations for the 60-min dur-
ation of the test, which may be too high to detect
cases of chronic partial and mild pituitary ACTH
deficiency. Therefore, this test may miss mild cases
of adrenal insufficiency. Also, in early acute secondary
or tertary adrenal insufficiency, as in Sheehan syn-
drome, the test is not reliable because it takes several
days for the adrenal cortex to atrophy. The advantage
of the high-dose test is that the cosyntropin can be
injected intravenously or intramuscularly since phar-
macologic plasma ACTH concentrations can be
achieved by either route.

An increase in serum cortisol concentration after
30 or 60 min to a peak of 18-20 wg/dl (500-550 nmol/
liter) or more is considered a normal response to the
high-dose ACTH stimulation test and excludes the
diagnosis of primary adrenal insufficiency and almost
all cases of secondary adrenal insufficiency. However,
if secondary adrenal insufficiency is of recent onset,
the adrenal glands will have not yet atrophied and will
still be capable of responding to ACTH stimulation
normally. In these cases, a low-dose ACTH test or
insulin-induced hypoglycemia may be required to
confirm the diagnosis.

Low-Dose ACTH Stimulation Test
This test theoretically provides a more sensitive
index of adrenocortical responsiveness because it
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results in physiologic plasma ACTH concentrations.
It is performed by measuring serum cortisol concen-
trations immediately before and 30 min after intra-
venous injection of cosyntropin in a dose of 1.0 pg
(160 mIU) per 1.73 m?. This dose stimulates maximal
adrenocortical secretion up to 30 min postinjection
and, in normal subjects, results in a peak plasma
ACTH concentration approximately twice that of in-
sulin-induced hypoglycemia. A value of 18 pg/dl (500
nmol/liter) or more at any time during the test is
indicative of normal adrenal function. The advantage
of this test is that it can detect partial adrenal insuffi-
ciency that may be missed by the standard high-dose
test. The low-dose test is also preferred for patients
with secondary or tertiary adrenal insufficiency.

Prolonged ACTH Stimulation Tests

Prolonged ACTH stimulation tests are rarely per-
formed because the history and physical examination,
the CRH test, and/or determination of cortisol and
ACTH concentrations in association with the low-
dose ACTH test may provide all necessary informa-
tion. Prolonged stimulation with exogenous ACTH is
used to differentiate between primary and secondary
or tertiary adrenal insufficiency. In secondary or ter-
tiary adrenal insufficiency, the adrenal glands display
cortisol secretory capacity following prolonged stimu-
lation with ACTH, whereas in primary adrenal insuf-
ficiency, the adrenal glands are partially or completely
destroyed and do not respond to ACTH.

Eight-Hour ACTH Stimulation Test

This test consists of administering 250 pg (40 IU) of
cosyntropin intravenously as an infusion for 8 h and
determining serum cortisol and 24-h urinary cortisol
and 17-hydroxycorticoid (17-OHCS) concentrations
before and after the infusion. In normal subjects, the
24-h urinary 17-OHCS excretion increases three- to
fivefold above the baseline. Serum cortisol concentra-
tions reach 20 wg/dl (550 nmol/liter) at 30-60 min
and exceed 25 pg/dl (690 nmol/liter) 6-8 h after
initiation of the infusion.

Two-Day ACTH Stimulation Test

The 2-day ACTH stimulation test is similar to the 8-
h infusion test, except that 250 pg of ACTH(1-24) is
infused for more than 24 h on 2 (or 3) consecutive
days. This test may be helpful in distinguishing pri-
mary from secondary/tertiary adrenal insufficiency. In
primary adrenal insufficiency there is no or a minimal
response of plasma or urinary cortisol and urinary
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17-OHCS. Increases in these values during the 2 or
3 days of the test are indicative of a secondary/tertiary
cause of adrenal insufficiency.

CRH Stimulation Test

This test is used to differentiate between secondary
and tertiary adrenal insufficiency. In both conditions,
cortisol levels are low at baseline and remain low after
CRH. In patients with secondary adrenal insuffi-
ciency, there is little or no ACTH response, whereas
in patients with tertiary disease there is an exaggerated
and prolonged response of ACTH to CRH stimula-
tion, which is not followed by an appropriate cortisol
response.

Additional methods to identify the cause of adrenal
insufficiency vary depending on whether the disease is
primary, secondary, or tertiary.

TREATMENT

Adrenal insufficiency is a potentially life-threatening
condition. Treatment should be initiated as soon as
the diagnosis is confirmed or sooner if the patient
presents in adrenal crisis.

Adrenal Crisis

Adrenal crisis is a life-threatening emergency that
requires immediate treatment. If the diagnosis is sus-
pected but not known, blood samples should be
obtained for measurement of cortisol concentrations.

Initial Treatment

The aim of initial management in adrenal crisis is to
treat hypotension (i.e., to correct hypovolemia) and to
reverse the electrolyte abnormalities and cortisol defi-
ciency. Large volumes of normal saline solution
should be given intravenously. The glucocorticoid
deficiency should be treated by immediate intra-
venous administration of dexamethasone sodium
phosphate or hydrocortisone sodium succinate.
Dexamethasone may be preferred because it has a
long duration of action and does not interfere with
the measurements of serum or urinary steroids during
subsequent ACTH stimulation tests. After the initial
treatment is provided, the cause of the adrenal crisis
should be sought and treated.

Subsequent Treatment
Once the patient’s condition is stable and the diag-
nosis has been confirmed, parenteral glucocorticoid
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therapy should be tapered over 3 or 4 days and con-
verted to an oral maintenance dose. Patients with
primary adrenal insufficiency require life-long gluco-
corticoid and mineralocorticoid replacement therapy.

Chronic Adrenal Insufficiency

One of the important aspects of the management
of chronic primary adrenal insufficiency is patient
and family education. Patients should understand
the reason for life-long replacement therapy and
the need to increase the dose of glucocorticoid
during minor or major stress and to inject hydro-
cortisone, methylprednisolone, or dexamethasone in
emergencies.

Emergency Precautions

Patients should wear a medical alert (Medic Alert)
bracelet or necklace and carry the Emergency
Medical Information Card, which should provide in-
formation on the diagnosis, medications and daily
doses, and the physician involved in the patient’s man-
agement. Patients should also have supplies of dexa-
methasone sodium phosphate and should be educated
about how and when to administer them.

Glucocorticoid Replacement Therapy

Patients with adrenal insufficiency should be treated
with hydrocortisone, the natural glucocorticoid. The
hydrocortisone daily dose is 25-30 mg (10-15 mg/m”
body surface area) and can be given in two or three
divided doses. A longer acting synthetic glucocorti-
coid, such as prednisolone, prednisone, or dexametha-
sone, may be employed but should be avoided because
their longer duration of action may produce mani-
festations of chronic glucocorticoid excess, such as
loss of lean body mass and bone density and gain
of visceral fat. The usual oral replacement dosages
are 5-7.5 mg of prednisolone or prednisone or
0.25-0.75 mg of dexamethasone once daily.

Glucocorticoid Replacement during Minor

lliness or Surgery

During minor illness or surgical procedures, the
dosage of glucocorticoid can be increased up to
three times the usual maintenance dosage for 3 days.
Depending on the nature and severity of the illness,
additional treatment may be required.
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Glucocorticoid Replacement during Major
lliness or Surgery

During major illness or surgery, high doses of gluco-
corticoid up to 10 times the daily production rate
are required to avoid an adrenal crisis. A continuous
infusion of 10 mg of hydrocortisone per hour or
the equivalent amount of dexamethasone or predniso-
lone eliminates the possibility of glucocorticoid
deficiency. This dose can be halved on postoperative
day 2, and the maintenance dose can be resumed on
postoperative day 3.

Mineralocorticoid Replacement Therapy
Mineralocorticoid replacement therapy is required to
prevent sodium loss, intravascular volume depletion,
and hyperkalemia. It is given in the form of fludro-
cortisone (9a-fluorohydrocortisone) in a dose of 0.1
mg daily. The dose of fludrocortisone is titrated indi-
vidually based on the findings of clinical examination
(mainly body weight and arterial blood pressure) and
the levels of plasma renin activity. Patients receiving
prednisone or dexamethasone may require higher
doses of fludrocortisone to lower their plasma renin
activity to the upper normal range, whereas patients
receiving hydrocortisone, which has some mineralo-
corticoid activity, may require lower doses. The
mineralocorticoid dose may have to be increased
during the summer, particularly if patients are
exposed to temperatures higher than 29°C (85 °F).

Androgen Replacement

In women, the adrenal cortex is the primary source
of androgen in the form of dehydroepiandrosterone
and dehydroepiandrosterone sulfate. Although the
physiologic role of these androgens in women has
not been fully elucidated, their replacement is being
increasingly considered in the treatment of adrenal
insufficiency.

Chronic Secondary and Tertiary
Adrenal Insufficiency

Glucocorticoid replacement in chronic secondary
or tertiary adrenal insufficiency is similar to that in
primary adrenal insufficiency. However, measurement
of plasma ACTH concentration cannot be used
to titrate the optimal glucocorticoid dose.
Mineralocorticoid replacement is rarely required,
whereas replacement of other anterior pituitary
deficits may be necessary.
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Glossary

ACTH (adrenocorticotropic hormone) A hor-
mone synthesized and secreted by the anterior pituitary
that is primarily responsible for the regulation of
cortisol and adrenal androgen secretion.

adrenal crisis A medical emergency in which the
subject is affected by an extreme state of adrenal
insufficiency, with symptoms resembling shock or coma;
considered to be life-threatening and requiring immedi-
ate administration of fluids, electrolytes, glucose, and
intravenous glucocorticoids. May occur in situations of
extreme stress or after the abrupt cessation of a period
of glucocorticoid therapy.

Cushing’s syndrome A metabolic disorder relating to
the chronic oversecretion of adrenal glucocorticoids
(mainly cortisol); may be associated with the long-term
administration of pharmacological amounts of synthetic
glucocorticoids. A condition first described by U.S.
neurosurgeon Harvey Cushing in 1912.

HPA axis An anatomical complex consisting of the
hypothalamus, the pituitary gland, and the adrenal
cortex; ultimately controls the secretion of glucocorti-
coids from the adrenal cortex and thus plays a key role
in various neuroendocrine, behavioral, autonomic, and
immune responses to alterations in homeostasis.

Glucocorticoids are produced by the cortices of the
adrenal glands and secreted into the systemic circulation in
a circadian fashion and in response to stressful stimuli. These
steroid hormones play pivotal roles in the regulation of
intermediary metabolism, maintenance of cardiovascular func-
tion, stimulation of behavior, and control of the immune
inflammatory reaction.

INTRODUCTION

The major endogenous glucocorticoid in humans is
cortisol, the synthetic form of which has traditionally

Encyclopedia of Endocrine Diseases, Volume |. Published by Elsevier Inc.

been called hydrocortisone. Cortisone, the 2-keto
form of cortisol, was first used therapeutically in the
management of rheumatoid arthritis by Hench and
coworkers in 1949. Since then, a large number of syn-
thetic compounds with glucocorticoid activity have
been developed, and glucocorticoids (administered
systemically or in a compartmental fashion) have
been used in the therapy of a broad spectrum of
nonendocrine and endocrine diseases.

One of the adverse effects of long-term glucocorti-
coid therapy in supraphysiologic doses is suppression
of the hypothalamic—pituitary—adrenal (HPA) axis,
which can render the adrenal glands unable to gener-
ate sufficient cortisol if glucocorticoid treatment is
abruptly stopped, and the patient may develop gluco-
corticoid deficiency manifestations. The true preva-
lence of clinically significant adrenal insufficiency is
not known since physicians usually discontinue high
glucocorticoids gradually to allow recovery of the
HPA axis.

Some of the risk factors for HPA axis suppression
are clearly defined, whereas others are less certain.
Systemic glucocorticoid therapy is more likely to
suppress the HPA axis than compartmentalized
use of glucocorticoids, with the possible exception
of intra-articular steroids. Systemic glucocorticoid
potency is also known to correlate with risk for
adrenal insufficiency.

Glucocorticoid treatment in endocrine and none-
ndocrine disorders, the side effects of these medica-
tions, their concomitant use and interactions with
other drugs, adrenal suppression, and the glucocorti-
coid withdrawal syndrome are discussed in detail in
this article.

PHYSIOLOGY OF THE HPA AXIS

The adrenal cortex consists of three anatomic zones:
the outer zona glomerulosa, the intermediate zona
fasciculata, and the inner zona reticularis. The zona
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glomerulosa is responsible for the production of
aldosterone, the zona fasciculata for the production
of cortisol, and the zona reticularis for the pro-
duction of adrenal androgens. Corticotropin
(ACTH), synthesized and secreted by the cortico-
tropes of the anterior pituitary, is the primary regula-
tor of cortisol and adrenal androgen secretion.
Hypothalamic control of ACTH secretion is exerted
primarily by corticotropin-releasing hormone (CRH),
a 41-amino acid peptide produced by parvocellular
neurons of the paraventricular nucleus and secreted
into the hypophyseal portal system.

There are several regulatory negative feedback
loops that function to constrain the activity of the
HPA axis. Prominent negative feedback loops are
those exerted by glucocorticoids on CRH and
ACTH secretion. The adrenal cortisol secretion rate
under basal conditions is 12-15 mg/m?/day. In normal
individuals, the highest plasma cortisol levels occur
between 6:00 and 8:00 am and the lowest at
approximately midnight. Cortisol secretion increases
two- to fourfold under stress. Plasma cortisol con-
centrations are elevated during physical and/or
emotional stress, including illness, trauma, surgery,
and starvation.

ADRENAL INSUFFICIENCY

Adrenal insufficiency results from inadequate adre-
nocortical function, which may be due to destruction
of the adrenal cortex (primary adrenal insufficiency;
Addison’s disease), deficient pituitary ACTH secretion
(secondary adrenal insufficiency), or deficient hypo-
thalamic secretion of CRH or other ACTH secretago-
gues (terdary adrenal insufficiency). Primary and
secondary adrenal insufficiency related to natural
causes are uncommon, whereas iatrogenic, tertiary
adrenal insufficiency caused by suppression of HPA
function by glucocorticoid administration is common.

PATHOGENESIS OF
GLUCOCORTICOID-INDUCED
ADRENAL SUPPRESSION

Glucocorticoid treatment may not suppress the HPA
axis at all, or it may cause central suppression or
complete adrenal gland atrophy. Supraphysiologic
glucocorticoid doses inhibit both CRH production
in the hypothalamus and ACTH production in the
pituitary gland. When this inhibition lasts longer than
the duration of the glucocorticoid exposure, it is
called adrenal suppression.

Adrenal Suppression

The most severely affected glucocorticoid-treated
patients have complete HPA axis suppression, charac-
terized by functional adrenal gland atrophy. Cortisol
production seems to depend on intermittent but con-
sistent exposure to circulating ACTH. In states of
profound or prolonged ACTH deficiency, the adrenal
glands atrophy and are unable to generate cortisol in
response to exogenous ACTH. However, in reality,
adrenal suppression is a central nervous system prob-
lem. The rate-limiting step in HPA axis recovery from
suppression is located in the brain. Thus, chronic
administration of ACTH does not accelerate recovery,
even though it may return cortisol production to
normal while administered.

SYNTHETIC GLUCOCORTICOIDS

Since the introduction of glucocorticoids in the treat-
ment of rheumatoid arthritis in 1949, intense efforts
have been made by science and industry to maximize
the beneficial effects and to minimize the side effects
of glucocorticoids. Thus, many synthetic compounds
with glucocorticoid activity have been manufactured
and tested. The pharmacologic differences among
these chemicals result from structure alterations of
their basic steroid nucleus and its side groups. These
changes may affect the bioavailability of these com-
pounds (including their gastrointestinal or parenteral
absorption, plasma half-life, and metabolism in the
liver, fat, or target tissues) and their abilities to inter-
act with the glucocorticoid receptor and to modulate
the transcription of glucocorticoid-responsive genes.
In addition, structural modifications diminish the
natural cross-reactivity of glucocorticoids with the
mineralocorticoid receptor, eliminating their undesir-
able salt-retaining activity. Other modifications
increase glucocorticoids’ water solubility for paren-
teral administration or decrease their water solubility
to enhance topical potency.

Thus, prednisolone has the structure of cortisol
with an additional double bond between C1 and C2,
which increases its glucocorticoid and decreases
its mineralocorticoid activity. Introduction of an
a-fluoro group at C9, on the other hand, enhances
both glucocorticoid and mineralocorticoid activity,
whereas addition of a hydroxyl or methyl group at
C16 practically eliminates mineralocorticoid activity.
Dexamethasone, a potent synthetic glucocorticoid
that has a double bond at Cland C2, a fluoro group
at C9, and an a-methyl group at C16, has 25-50 times
the glucocorticoid potency of cortisol and a minimal
mineralocorticoid effect. A double bond between C2
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and C3 and methylation at the C2 or C16 positions
significantly prolong the plasma half-life of a com-
pound. A keto group at Cl11 is normally reduced
by liver enzymes to an 11B-hydroxyl group, which
is necessary for glucocorticoid activity. In contrast,
a CI1 hydroxyl group is oxidized to a keto group
in the kidney, minimizing the access of the com-
pound to the mineralocorticoid receptor, and thus its
salt-retaining effect.

Most synthetic glucocorticoids (e.g., methylpred-
nisolone and dexamethasone) are minimally bound to
cortisol-binding globulin (transcortin) and circulate
mostly bound to albumin or in the free form.
The percentage of such glucocorticoids bound to
plasma proteins is relatively constant, and because
binding is concentration independent, the metabolic
clearance rate of glucocorticoids remains constant
regardless of dose. Table I shows the relative gluco-
corticoid and mineralocorticoid potencies of com-
monly used systemic glucocorticoids and their
approximate plasma and biologic effect half-lives.
Glucocorticoid activity has been mostly defined in
rat bioassays and may not always pertain to human
responses, especially the growth-suppressing proper-
ties of synthetic glucocorticoids, which have been
markedly underestimated. Based on the biologic
effect half-life of glucocorticoids, they are classified
as short, intermediate, or long acting based on the
duration of corticotropin suppression after a single
dose of the compound.
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SYSTEMIC GLUCOCORTICOID
ADMINISTRATION

Therapeutic Indications

Glucocorticoids may be administered as replacement
therapy in patients with primary or secondary adrenal
insufficiency, as adrenal suppression therapy in
congenital adrenal hyperplasia and glucocorticoid
resistance, and as anti-inflammatory or immunosup-
pressant therapy in a broad range of mostly nonendo-
crine disorders affecting many different systems.
Thus, glucocorticoids are used in endocrine, auto-
immune, collagen, renal, gastrointestinal, respiratory,
nervous, hematologic, and ophthalmic diseases and
are used in the suppression of the host versus graft
and graft versus host reaction in cases of organ
transplantation. Neoplastic disorders of the lymphoid
system, such as leukemia and lymphomas, are
also treated with glucocorticoids, along with the
appropriate chemotherapy.

Acute administration of pharmacologic doses of
glucocorticoids is necessary in a small number of
nonendocrine diseases, such as malignant hyperther-
mia, and in patients with craniospinal trauma or
brain tumors or in those who are undergoing major
neurosurgical operations to decrease the temperature
and prevent destruction of neural tissue from the local
edema and inflammatory reaction, respectively. In
addition, glucocorticoids have been used in the

Table |  Glucocorticoid Equivalencies’
Equivalent Glucocorticoid Mineralocorticoid Plasma Biologic
dose (mg) potency potency half-life (min) half-life (h)
Glucocorticoids
Short acting
Cortisol 20.0 1.0 2 90 8-12
Cortisone 25.0 0.8 2 80-118 8-12
Intermediate acting
Prednisone 5.0 4.0 1 60 18-36
Prednisone 5.0 4.0 1 115-200 18-36
Triamcinolone 4.0 5.0 0 30 18-36
Methylprednisolone 4.0 5.0 0 180 18-36
Long acting
Dexamethasone 0.5 25-50 0 200 36-54
Betamethasone 0.6 25-50 0 300 36-54
Mineralocorticoids
Aldosterone — 0.3 300 15-20 8-12
Fluorocortisone 2.0 15.0 150 200 18-36
Desoxycorticosterone acetate — 0.0 20 70 —

“From Liapi and Chrousos (1992).
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prevention of the respiratory distress syndrome in the
premature neonate, when delivery is anticipated
before week 34 of gestation. In this case, treatment
of the pregnant woman with 12 mg of betamethasone,
tollowed by 12 mg 18-24 h later, stimulates the pro-
duction of pulmonary surfactant and the maturation
of the fetal lungs.

Recently, glucocorticoid therapy has been re-
introduced in the treatment of adult acute respiratory
distress syndrome. The recommended methyl-
prednisolone doses are moderate and treatment is
given continuously during the course of the disease.
Significantly improved morbidity and mortality
have been observed. Similar glucocorticoid treatment
is being studied in patients with systemic inflamma-
tion syndrome, septic shock, and multiple organ
dysfunction with promising results.

Side Effects

Side effects occur only with supraphysiologic doses of
glucocorticoids and not with proper replacement,
which is equivalent to 12-15 mg of hydrocortisone/
m’ body surface area/day. Major complications are
unlikely for short-term treatment (<2 weeks) with
high doses of glucocorticoids, although sleep disturb-
ances and gastric irritation are common complaints,
and depression, mania, or psychosis may be infre-
quently precipitated. On the other hand, many side
effects are associated with long-term daily adminis-
tration of pharmacologic amounts of glucocorticoids
(Table II), including the development of varying
degrees of Cushing’s syndrome manifestations during
therapy and secondary adrenal insufficiency (adrenal
suppression) after discontinuation of treatment.
Growth retardation is one of the major side effects
of long-term daily glucocorticoid therapy in children.

The degree of cushingoid features and the severity
and length of adrenal suppression depend on the type
and dose of the specific compound used, the duration
of treatment, the idiosyncrasy, and the stress status of
the patient. Most complications of glucocorticoid
treatment are totally or partially reversible after dis-
continuation of glucocorticoid administration, with
the exception of posterior subcapsular cataracts and
advanced bone necrosis.

High doses of glucocorticoids suppress the
immune defenses of the organism. Thus, individuals
on glucocorticoid therapy are particularly susceptible
to viral diseases against which they have not been
vaccinated or naturally immunized (e.g., varicella,
which can be devastating). Also, such individuals are
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Table Il
Therapy*

Effects of Long-Term Glucocorticoid

Endocrine and metabolic
Suppression of HPA axis (adrenal suppression)

Growth failure in children
Carbohydrate intolerance
Hyperinsulinemia
Insulin resistance
Abnormal glucose tolerance test
Diabetes mellitus
Cushingoid features
Moon facies, facial plethora
Generalized and truncal obesity
Supraclavicular fat collection
Posterior cervical fat deposition (buffalo hump)
Glucocorticoid-induced acne
Thin and fragile skin, violaceous striae
Impotence, menstrual disorders
Decreased thyroid-stimulating hormone and triiodothyronine
Hypokalemia, metabolic alkalosis
Gastrointestinal system
Gastric irritation, peptic ulcer
Acute pancreatitis (rare)
Fatty infiltration of liver (hepatomegaly) (rare)
Hemopoietic system
Leukocytosis
Neutrophilia
Increased influx from bone marrow and decreased
migration from blood vessels
Monocytopenia
Lymphopenia
Migration from blood vessels to lymphoid tissue
Eosinopenia
Immune system
Suppression of delayed hypersensitivity
Inhibition of leukocyte and tissue macrophage migration
Inhibition of cytokine secretion or action
Suppression of the primary antigen response
Musculoskeletal system
Osteoporosis, spontaneous fractures
Aseptic necrosis of femoral and humoral heads and other bones
Myopathy
Ophbthalmic
Posterior subcapsular cataracts (more common in children)
Elevated intraocular pressure or glaucoma
Neuropsychiatric disorders
Sleep disturbances, insomnia
Euphoria, depression, mania, psychosis

Pseudotumor cerebri (benign increase of intracranial pressure)

“From Laue et al. (1989).
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susceptible to contract or to sustain activation of dor-
mant tuberculosis. Individuals treated with massive
doses of glucocorticoids can also develop saprophytic,
fungal, or protozoan infections such as those seen in
patients with severe immunodeficiency.

Nonfluorinated glucocorticoids (cortisone, corti-
sol, prednisone, and prednisolone) cross the placenta
poorly. Fluorinated steroids, on the other hand, cross
the placenta readily and should be given cautiously to
women during pregnancy. The ratio of maternal-fetal
plasma concentration gradients is approximately 10:1
for cortisol and prednisolone and approximately 2.5:1
for betamethasone and dexamethasone. Newborns
exposed to high doses of synthetic fluorinated corti-
costeroids in wutero should be checked for signs of
adrenal insufficiency, and a Cortrosyn stimulation
test should be performed to assess the need for glu-
cocorticoid replacement. Special precautions should
be taken for premature infants because some glu-
cocorticoid preparations containing benzyl alco-
hol have been associated with a fatal “gasping”
syndrome.

To avoid complications, alternate-day administra-
tion of intermediate-acting glucocorticoids should be
used, when possible, if long-term therapy is necessary.
Frequently, such a regimen can control the activity of
the disease under therapy without causing Cushing’s
syndrome, growth retardation, or adrenal suppres-
sion. Termination of long-term daily therapy (>2
weeks) should be gradual to prevent development of
acute adrenal insufficiency and to avoid reactivation
of the disease under therapy. Switching to daily
hydrocortisone replacement or to alternate-day ad-
ministration of intermediate-acting glucocorticoids
is an acceptable method for weaning patients from
glucocorticoid therapy.

COMPARTMENTAL
GLUCOCORTICOID ADMINISTRATION

Topical Glucocorticoids

Glucocorticoids are quite effective when applied top-
ically and are nontoxic to the skin in the short term.
The factors that determine local penetration are the
structure of the compound employed, the vehicle, the
basic additives, occlusion versus open use, normal skin
versus diseased skin, and small areas versus large areas
of application. Fluorinated steroids (e.g., dexametha-
sone, triamcinolone acetonide, betamethasone, and
beclomethasone) penetrate the skin better than non-
fluorinated  steroids, such as hydrocortisone.
However, fluorinated steroids also cause more local
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complications and may be associated with systemic
absorption and side effects.

The complications of chronic topical skin use
of glucocorticoids are mostly local (e.g., epidermal
atrophy and hypopigmentation, telangiectasia, or
acne and folliculitis) or infrequently systemic, with
the classic manifestations of Cushing’s syndrome,
growth retardation in children, and adrenal suppres-
sion. The frequency of systemic effects by topical
corticosteroids is increased in newborns and small
children compared to adolescents and adults because
glucocorticoids penetrate the skin of newborns and
small children more easily and in larger amounts.
Systemic effects may also be observed in patients
with hepatic disease or idiosyncratically because of
decreased drug metabolism. Although most types of
dermatitis are generally responsive to topical gluco-
corticoids, there are rare cases in which intralesional
injections might be considered (e.g., hypertrophic
scars, acne cysts, or prurigo nodularis).

Ophthalmic Glucocorticoids

Patients with autoimmune or idiopathic inflammation
of the anterior segment of the eye (e.g., iritis and
uveitis) may benefit from local administration of
glucocorticoids. Also, patients with postsurgical or
traumatic inflammation are given topical glucocorti-
coids to prevent local destruction from edema. Special
care should be taken to avoid treating patients with
herpes simplex conjunctivitis or keratitis during the
infectious stage of the disease because major spread of
the infection may be precipitated.

Inhaled Glucocorticoids

Glucocorticoid inhalation therapy is widely used in
patients with bronchial asthma and croup. The
existing preparations at the recommended doses have
a remarkable therapeutic effect without causing mani-
festations of Cushing’s syndrome, growth retardation,
or clinically significant adrenal suppression. Systemic
effects may be observed, however, as a result of in-
creased intake of such preparations or altered steroid
metabolism.

Inhaled glucocorticoids have also been used in
ventilator-dependent preterm infants to reduce the
severity of respiratory distress syndrome and to facili-
tate weaning from mechanical ventilation of infants
with bronchopulmonary dysplasia. Their effect on the
function of the immature HPA axis of these preterm
neonates is unclear.
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Nasal Glucocorticoids

Aerosols containing glucocorticoids are available
for the treatment of allergic rhinitis. Frequent and
chronic use should be avoided to prevent local and
systemic complications.

Intra-articular Glucocorticoids

The intra-articular injection of glucocorticoids may
be of value in carefully selected patients if strict
aseptic techniques are used and repeated and frequent
injections are avoided.

MONITORING OF PATIENTS
RECEIVING GLUCOCORTICOID
TREATMENT

Patients receiving long-term treatment with gluco-
corticoids should adhere to a high-protein, calorie-
restricted diet. The diet should also be rich in potas-
sium and calcium and low in sodium. Adequate
ambulation or exercise should be recommended to
prevent muscular atrophy and osteopenia. Patients
should concurrently take antacids or histamine antag-
onists to prevent gastric irritation or peptic ulcers.
Young children should have their growth monitored
every 3 months (until age 5), and older children
should have their growth monitored every 6 months.
For all patients, body weight, length or height, blood
pressure, fasting and 2-hpostprandial blood glucose,
serum electrolytes, and bone maturation and density
should be measured. Because glucocorticoids decrease
the organism’s response to infection, care should be
taken to determine whether latent infections, such as
mycobacterial disease, are present before treatment
begins.
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CONCOMITANT USE OF
GLUCOCORTICOIDS WITH
OTHER DRUGS

Special attention is required for the concomitant use
of glucocorticoids with other drugs because of poten-
tial interactions and because some drugs may affect
the metabolism of the steroids, which may lead to a
decreased or increased glucocorticoid effect on their
target tissues. Such interactions and effects are shown

in Tables ITI-V.

PREDICTING GLUCOCORTICOID-
INDUCED HPA AXIS SUPPRESSION

Several predictors of glucocorticoid-induced HPA
axis suppression have been discussed. The following
are the most important:

1. Kind of steroid used and glucocorticoid po-
tency: The synthetic analogs of glucocorticoids are
much better tolerated as anti-inflammatory agents
because they cause significantly less sodium retention
at supraphysiologic doses than hydrocortisone and
cortisone acetate. Glucocorticoid potency (Table I)
correlates positively with risk for adrenal insufficiency.
Thus, hydrocortisone and cortisone acetate are the
least potent and, therefore, least suppressive agents.
Prednisone, prednisolone, methylprednisolone, and
triamcinolone are moderately suppressive, and
dexamethasone suppresses ACTH the longest.

2. Systemic vs compartmental therapy: Systemic
glucocorticoid therapy is more likely to suppress the
HPA axis than are intra-articular, inhalational, or
topical glucocorticoids.

3. Alternate-day therapy: There is evidence that
patients are at lower risk for adrenal insufficiency if
they can take glucocorticoids on alternate days from
the outset or if they can convert to alternate-day
therapy before the HPA axis is suppressed.

Table Ill Interactions of Glucocorticoids with Other Drugs®

Drug Side effect Comment

Amphotericin B Hypokalemia Monitor potassium levels frequently

Digitalis glycosides Digitalis toxicity Monitor potassium levels frequently
Hypokalemia

Growth hormone Ineffective —

Potassium-depleting diuretics Hypokalemia Monitor potassium levels frequently

Vaccines from live attenuated viruses

Severe generalized infections

“From Liapi and Chrousos (1992).
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Table IV Effects of Glucocorticoids on Blood Levels of Other Drugs’

Drug Drug blood levels Comments

Aspirin Decreased Increased metabolism or clearance; monitor salicylate levels
Coumarin anticoagulants Decreased Frequent control of prothrombin levels

Cyclophosphamide Increased Inhibition of hepatic metabolism; adjust the dosage of the drug
Cyclosporine Increased Inhibition of hepatic metabolism

Insulin Decreased Adjust the dosage of the drug

Tsoniazid Decreased Increased metabolism and clearance

Oral hypoglycemic agents Decreased Adjust the dosage of the drug

“From Liapi and Chrousos (1992).

4. Once-a-day dosing in the morning or mimick-
ing normal diurnal cortisol rhythms: Since evening
doses of glucocorticoids tend to suppress the normal
early morning surge of ACTH secretion, it is better,
whenever possible, to cure patients with a single
morning dose. Once-a-day dosing is usually feasible
for prednisone, triamcinolone, and dexamethasone.
The short-acting hydrocortisone and cortisone
acetate are usually given twice a day, at waking and
at approximately 5 pm. To mimic normal diurnal
cortisol rhythms, the morning dose is two-thirds
and the afternoon dose is one-third of the total
daily dose.

5. Duration and cumulative dose of glucocorticoid
treatment: Although traditionally the duration of
glucocorticoid therapy and the cumulative dose of
glucocorticoid received have been considered as
predictive of the likelihood of HPA axis suppression,
several studies suggest that they only roughly predict
HPA axis suppression. Adrenal insufficiency is
extremely rare in patients treated for 1 week or less.

Perhaps the best predictor of HPA axis suppression
is the patient’s current glucocorticoid dosage. A strong
correlation has been found between prednisone main-
tenance doses >5 mg/day and a subnormal ACTH
stimulation test result.

WEANING PATIENTS FROM
GLUCOCORTICOID THERAPY

Termination of long-term daily glucocorticoid ther-
apy (>2 weeks) should be gradual to prevent develop-
ment of adrenal insufficiency and to avoid reactivation
of the disease under therapy. The likelihood of the
latter depends on the activity and natural history of
the disorder. When there is a chance that the under-
lying illness may recur, the glucocorticoids should be
withdrawn slowly over a period of weeks to months,
with frequent reassessment of the patient’s condition.
Daily hydrocortisone replacement or double or triple
replacement of intermediate-acting glucocorticoids

Table V  Effect of Drugs on Plasma Glucocorticoid Concentrations’

Drug Glucocorticoid blood levels Comments

Antacids Decreased Possible physical adsorption to antacid

Carbamazepine Decreased Increased cytochrome P450 activity

Cholestyramine Decreased Decreased gastrointestinal absorption of glucocorticoids
Colestipol Decreased Decreased gastrointestinal absorption of glucocorticoids
Cyclosporine Increased Inhibition of hepatic metabolism

Ephedrine Decreased Probably increased metabolism

Erythromycin Increased Impaired elimination

Mitotane Decreased, with elevated transcortin Total plasma cortisol unreliable; adjust glucocorticoid levels

Oral contraceptives Increased Impaired elimination, increased protein binding

Phenobarbital Decreased Increased cytochrome P450 activity; adjust glucocorticoid dosage
Phenytoin Decreased Increased cytochrome P450 activity; adjust glucocorticoid dosage
Rifampin Decreased Increased cytochrome P450 activity(?); adjust glucocorticoid dosage
Troleandomycin Increased Partially resulting from impaired elimination

“From Liapi and Chrousos (1992).
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given on alternate days are acceptable methods for
weaning patients from glucocorticoid therapy.

ACUTE ADRENAL CRISIS

Recovery of the HPA axis can take 12 months or
longer. Abrupt cessation of glucocorticoid treatment
or quick tapering can precipitate an acute adrenal
insufficiency crisis. The main symptoms range from
anorexia, fatigue, nausea, vomiting, dyspnea, fever,
arthralgia, myalgia, and orthostatic hypotension to
dizziness, fainting, and circulatory collapse.
Hypoglycemia is occasionally observed in children
and very thin adults. The diagnosis is a medical
emergency, and treatment should consist of immedi-
ate administration of fluids, electrolytes, glucose, and
parenteral glucocorticoids.

GLUCOCORTICOID WITHDRAWAL
SYNDROME

Glucocorticoid withdrawal can present as an acute
adrenal crisis or with symptoms of chronic glucocor-
ticoid deficiency. Thus, patients may suffer from
anorexia, myalgia, nausea, emesis, lethargy, headache,
fever, skin desquamation, arthralgias, weight loss, and
postural hypotension. In addition, they may experi-
ence exacerbation of a previously present autoimmune
disease (e.g., rheumatoid arthritis, atopic dermatitis,
and asthma) or develop a new autoimmune disease
(e.g., Hashimoto’s thyroiditis and Graves’ disease).
Amatruda er al. first defined the steroid withdrawal
syndrome as a symptom complex resembling true
adrenal insufficiency, with nonspecific symptoms
such as weakness, nausea, and arthralgias, occurring
in patients who have completed a dosage reduction of
glucocorticoid therapy and who respond normally to
HPA axis testing.

The occurrence of the subjective component of
the steroid withdrawal syndrome does not depend on
the absence of cortisol from the circulation or an
impairment of the HPA axis because these symptoms
may occur while the patient is on proper glucocorti-
coid replacement or when the patient has a normal
cortisol response to Cortrosyn. In this instance,
the steroid withdrawal syndrome may be a result of
difficulties in withdrawing from the high levels of
glucocorticoids—a phenomenon that appears to be
idiosyncratic.

However, when patients become ill after a dosage
reduction, the physician should consider a differential
diagnosis that includes true adrenal insufficiency, a
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flare of the disease being treated, and steroid with-
drawal syndrome. All three conditions resolve after
patients are restarted on the glucocorticoid regimen
that previously controlled their symptoms.

BIOCHEMICAL DIAGNOSIS OF
ADRENAL INSUFFICIENCY

As previously mentioned, glucocorticoid treatment
may not suppress the HPA axis at all, or it may cause
central suppression and adrenal gland atrophy of
varying degrees. The insulin tolerance test and
the metyrapone test have been employed in the diag-
nosis of adrenal suppression and are quite sensitive.
However, the risks involved with both tests do not
justify their use when a rapid ACTH stimulation
test can distinguish clinically significant adrenal
suppression.

"To evaluate the adequacy of HPA axis recovery, the
rapid Cortrosyn (or high-dose ACTH stimulation
test) is most commonly used. An intravenous bolus
of 250 pg of corticotropin 1-24 is administered, and
cortisol is measured after 30 or 60 min or both.
A plasma cortisol concentration >18-20 pg/dL at
these times indicates adequate recovery of the HPA
axis. This test can also be done intramuscularly.

A modified Cortrosyn test has been recommended
in lieu of the standard test. Only 1 pg of corticotropin
1-24 is administered instead of 250 pg. This test
is fraught with technical errors as a result of multi-
ple dilutions of the Cortrosyn preparations and adhe-
sion of Cortrosyn to the tubing system. Its purported
increased sensitivity may not necessarily signify a
greater clinical prediction of adrenal suppression.

See Also the Following Articles

ACTH (Adrenocorticotropic Hormone) ® Adrenal Cortex,
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Glossary

adrenocorticotropic hormone or corticotropin
(ACTH) Stimulates the adrenal gland.

first hit According to Knudson’s two-hit model of
tumorigenesis, in tumor suppressor gene-related
tumors, the first hit is the germ-line mutation of the
defective tumor suppressor gene. The second hit
consists most commonly of a deletion of the wild-type
allele of the tumor suppressor gene in question and can
cause biallelic inactivation of this gene with subsequent
tumor formation in the affected cell and organ.

hyperaldosteronism State of aldosterone excess,
The most common cause in primary hyperaldosteron-
ism is an aldosterone-oversecreting adrenocortical mass
that can lead to secondary hypertension in the affected
patient.

incidentaloma Mass (e.g.,, in the adrenal gland)
detected by chance during radiologic imaging workup.

loss of heterozygosity (LOH) This can occur
through deletion of the wild-type allele of a gene that
has a germ-line mutation in hereditary tumor syn-
dromes or through deletion of a gene that has a somatic
mutation in sporadic tumors. This will move the affected
cell into the homozygous state for the respective gene.

Adrenal tumors are found in up to 9% of autopsy studies.
Modern imaging modalities facilitate better detection of adrenal
masses than in the past but also detect adrenal incidentalomas
in patients who are not evaluated for adrenal tumors. Assessing
such patients for the presence of subclinical disease caused by
adrenal incidentalomas and the potential for malignancy is
challenging. Although there are radiological (e.g., intratumor
necrosis, irregular margins, and local metastases), histopatho-
logical (e.g., Weiss criteria), and genetic (e.g., overexpression of
IGF2 and loss of heterozygosity at 17p|3) criteria to predict
malignancy, no absolute specific marker and feature exist to
reliably distinguish benign and malignant adrenal lesions, ex-
cluding pure adrenal ganglioneuroma, which by definition is
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always benign. Although adrenal tumors have been observed
in several familial syndromes, the majority of these lesions
occur sporadically. If the gene defect in familial syndromes is
known, timely identification of family members already affected
by or at risk for the development of an adrenal tumor is
possible by genetic screening tools including germ-line muta-
tion analysis. Despite these molecular advances and tools, the
pathogenesis of adrenal tumors remains widely unknown. The
elucidation of adrenal tumorigenesis may be facilitated by
studying adrenal tumors of patients with hereditary syn-
dromes since in these tumors at least one hit, the inherited
gene defect, is known and presumably represents the “first hit”
in tumor evolution. In contrast, sporadic tumors have an un-
known first hit, making it more difficult to determine the
sequence of genetic events or hits. In this article, we discuss
the molecular pathogenesis in hereditary and sporadic adrenal
tumors.

ADRENOMEDULLARY TUMORS
Pheochromocytoma

Von Hippel-Lindau Syndrome

Von Hippel-Lindau (VHL) syndrome consists of a
variety of masses, including renal carcinomas, heman-
gioblastomas, and pheochromocytomas. It affects ap-
proximately 1 in 36,000 individuals and is caused by
mutations in the VHL tumor suppressor gene located
at chromosome 3p25-26. Less than 26% of patients
with a VHL germ-line mutation develop a pheochro-
mocytoma, and up to one-third of these patients
do not suffer from symptoms of catecholamine excess
since they may have “silent” (not catecholamine-
oversecreting) pheochromocytomas. Most VHL-
associated pheochromocytomas have loss of function
(LOH) at 3p25-26, leading to biallelic inactivation of
the VHL gene, thereby following Knudson’s two-hit
model of tumorigenesis. A small subset of VHL pheo-
chromocytomas have LOH at 1p or chromosome 11.
VHL protein leads to degradation of certain proteins,
most in the 26S proteasome complex (Table I).
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Table | Gene Alterations in Pheochromocytoma“®
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Gene

Chromosomal location

Gene alteration

Prevalence

Tumor suppressor genes

VHL

NF1

SDHD

p33

MENI
RASSF1A4

ple6

Oncogenes
RET

Ras

GNAS1
EGFR

3p25.5

17q11.2

11923

17p13

11q13
3p2l

9p21

10q11.2

11p15 (H-ras)
12p11 (K-ras)
20q13.2

Tpl2

LOH of the wild-type allele in VHL tumors
LOH in MEN2 tumors

Somatic mutations in MEN2 tumors
Somatic mutations in VHL tumors

Somatic mutations in sporadic tumors

LOH in sporadic tumors

LOH of the wild-type allele

LOH in sporadic tumors

Absent neurofibromin expression

Reduced or absent neurofibromin expression
LOH in sporadic tumors

Somatic mutations

Somatic mutations

LOH

LOH of the wild-type allele

Somatic mutations

Hypermethylation

LOH

Duplication of the mutant RET allele in
trisomy 10 or loss of the wild-type allele in
MEN2 tumors

LOH in MEN2 tumors

Gain at 10q or 10 in sporadic tumors
LOH in sporadic tumors

Somatic mutations in MEN2 tumors
Somatic mutations in VHL tumors
Somatic mutations in sporadic tumors

Somatic mutations

Somatic mutations

Overexpression

33/46

10/18

3/21

0/36

1/20

35/102 benign, 3/10 malignant
3/7

1/6

6/6

1/4 sporadic, 5/14 MEN-2, 1/2 VHL
13/18

1/18

6/55

10/46

2/2

0/23

5/23

0726

7/9

0/13

2/10 malignant, 3/42 benign
2/38 benign, 1/10 malignant
173

0/41

17/149 benign, 1/29 malignant
0/8

0/8

0/10

4/7

“Modified from Koch, Pacak, and Chrousos (2002).

Multiple Endocrine Neoplasia Types | and 2

Multiple endocrine neoplasia type 1 (MENI) is an
autosomal dominant tumor syndrome caused by
germ-line mutations in the gene menin located at
chromosome 11q13. Characteristic endocrine tumors
occur in the pituitary, parathyroid gland, and pan-
creas. Genotype—phenotype correlations in patients
with germ-line mutations in the MEN1 gene do not
exist. Adrenal nodules occur in patients with MEN1
approximately four times more often than in individ-
uals without MEN1, suggesting a pathogenetic link.
Pheochromocytomas in patients with MENI germ-
line mutations have rarely been reported. LOH

at 11q13 in these tumors has been observed in
pheochromocytomas.

Multiple endocrine neoplasia type 2 (MEN2) is
caused by germ-line mutations in the RET protoon-
cogene located at chromosome 10q11.2. It is an auto-
somal dominantly inherited cancer syndrome and
affects approximately 1 in 40,000 individuals. MEN2
is characterized by the presence of medullary thyroid
carcinoma, pheochromocytoma, and parathyroid
hyperplasia. Approximately 50% of patients with
germ-line mutations in RET develop a pheochromo-
cytoma during their lifetime. There is a clear geno-
type—phenotype correlation in patients with MEN?2.
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Other events

Target cell (e.g., chromaffin "cell")

Figure | Model for tumorigenesis in MEN2-associated pheo-
chromocytomas. In an individual with MEN2, each cell of the
target organs (e.g., adrenal medulla) carries a RET germ-line muta-
tion in the heterozygous state with one intact wild-type RET allele.
Selected chromaffin cells undergo a second hit through duplication
of the mutant RETallele in trisomy 10 or loss of the wild-type allele,
giving these cells overrepresention of mutant RET and a growth
advantage with subsequent tumor formation. M, mutant RET allele;
WT, wild-type RET allele; C10, chromosome 10. Modified from
Koch, Pacak, and Chrousos (2002).

The same germ-line mutation in RET may lead to the
development of a pheochromocytoma in one patient
but not in another patient. Similarly, one patient with
MEN?2 may develop medullary thyroid carcinoma in
the first month of life, whereas another patient with
the same germ-line mutation in RET may develop
medullary thyroid carcinoma at his or her 83rd birth-
day. It is therefore puzzling how germ-line mutations
in RET lead to tumor formation in patients with
MEN?2. Recently, the model of a “second hit” in
such patients was introduced. Selected cells in the
target organs, such as the chromaffin cells and the
C cells of the thyroid gland, may gain a growth ad-
vantage by overrepresentation of mutant RET by
duplication of mutant RET in trisomy 10, loss of
wild-type RET, or tandem amplification (Fig. 1).
A subset of MEN2-related pheochromocytomas have
somatic VHL gene alterations, possibly leading to an
overrepresentation of RET. LOH at 1p has been
reported in some MEN2-related pheochromocyto-
mas, highlighting the developmental relationship
between pheochromocytoma and neuroblastoma
(neuroblastomas frequently have LOH at 1p). Also,
reduced neurofibromatosis type 1 (NF1) expression
occurs in a subset of MEN2 pheochromocytomas,
suggesting a role for the ras pathway in tumor
formation.

Neurofibromatosis Type |

Although this inherited tumor syndrome affects 1 in
4000 individuals, pheochromocytomas occur in less
than 2% of patients with NF1. The NF1 gene maps
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to chromosome 17q11.2 and encodes neurofibromin,
which is involved in controlling the 7as signaling path-
way. Mice heterozygous for one mutant NF1 allele
develop pheochromocytoma in 50% of cases. LOH at
17q11 has been observed in a subset of NF1 pheo-
chromocytomas. Because of the rarity of NF1-related
pheochromocytomas, there is a lack of larger genetic
studies and the molecular pathogenesis of NF1
pheochromocytomas is largely unknown.

SDHX Syndromes

Pheochromocytomas are also referred to as adrenal
paragangliomas (“nextto the ganglia”). Paragangliomas
can be of sympathetic and parasympathetic origin.
Sympathetic paragangliomas are mainly located in
the retroperitoneum. Parasympathetic paraganglio-
mas are often located in the neck from the skull base
down to the aortic arch. Head and neck paraganglio-
mas usually do not oversecrete catecholamines,
whereas those below the neck commonly do. Carotid
body paragangliomas develop from the carotid body, a
structure that serves as an oxygen-sensing organ.
Chronic hypoxia has been shown to be associated
with enlargement of the carotid bodies, an observa-
tion that drew the attention of investigators to pos-
sible genetic defects of the oxygen-sensing and
oxygen-signaling pathways. Subsequently, germ-line
mutations in the succinate—ubiquinone oxidoreduc-
tase subunit D gene (SDHD), a gene belonging to
the mitochondrial complex II that is involved in the
Krebs cycle and in the aerobic electron transport
chain, have been identified in extraadrenal pheochro-
mocytomas. Researchers have also analyzed adrenal
pheochromocytomas for mutations in SDHD. Subse-
quent investigations on genes encoding for the other
three subunits of mitochondrial complex II led to the
detection of germ-line mutations in SDHB and SDHC
in patients with hereditary pheochromocytomas.
To date, germ-line mutations in SDHA, the gene
encoding for the flavoprotein, have not been found in
adrenal pheochromocytomas or in “paragangliomas.”
Of the five mitochondrial complexes (I-V), complex
II is the only one with no subunits encoded by the
mitochondrial genome. The SDHD gene is located at
11923 and consists of four exons. Mutation analysis in
pheochromocytomas has revealed missense and non-
sense mutations. SDHD encodes for the small (cybS)
subunit of cytochrome b in the succinate-ubiquinone
oxidoreductase (complex II). Functional analysis
revealed that inactivation of cybS by a nonsense mu-
tation (R22X) abolishes the enzymatic activity of
mitochondrial complex II and activates the hypoxia
pathway (e.g., through increased expression of
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VEGF). The SDHB gene is located at 1p35-36 and
consists of eight exons. Mutation analysis showed
inactivating mutations in hereditary pheochromocy-
tomas and paragangliomas. SDHB encodes for the
iron sulfur protein in the succinate—ubiquinone oxi-
doreductase (complex II). The SDHC gene is located
at 1q21 and consists of six exons. Mutation analysis
revealed a G-to-A transition in exon 1 in one family
with paragangliomas. SDHC encodes for the large
(cybL) subunit of cytochrome b in the succinate—
ubiquinone oxidoreductase (complex II).

Sporadic Pheochromocytomas

Allele losses at 1p, 3p, 3q, 17p, and 22q are commonly
found in pheochromocytomas. Their role in tumori-
genesis and tumor progression, however, remains un-
clear. Less than 10% of sporadic pheochromocytomas
have somatic mutations in RET, VHL, SDHD, or
SDHB. Among 91 sporadic pheochromocytomas in-
vestigated for SDHD mutations, only 1 carried a som-
atic mutation. Mutation analysis of SDHB in 24
sporadic pheochromocytomas revealed only 1 with a
germ-line mutation. Mutations in SDHC have not
been identified.

Notably, apparently sporadic pheochromocytomas
may be part of a familial syndrome with germ-line
mutations in VHL, RET, SDHD, or SDHB. In a recent
study of 271 patients, Neumann et 4/. reported up to
24% of such cases. This may justify screening all
patients presenting with a pheochromocytoma for
germ-line mutations in the previously mentioned
genes. Somatic mutations and genetic alterations in
other genes, such as p53, NFI, RASSFIA, c-erbB-2,
and EGFR, have been observed in sporadic pheochro-
mocytomas, suggesting a role in the pathogenesis of
these tumors. No markers reliably distinguish benign
and malignant pheochromocytomas. The only criter-
ion is clinical: the presence of metastases at locations
at which there is usually no chromaffin tissue (e.g.,
liver, bone, and lung). Telomerase expression does not
predict malignancy. Clonal analyses of adrenomedul-
lary nodules in patients with a RET germ-line
mutation suggest that these nodules are monoclonal.

Ganglioneuromas and
Ganglioneuroblastomas

Ganglioneuromas are neuroectodermal tumors related
to neuroblastoma. Rarely, these tumors occur in the
adrenal gland and are entirely benign except for mixed
or so-called composite tumors, such as ganglioneuro-
blastomas. Most neuroblastomas show LOH at 1p36
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and have a less favorable prognosis. Ganglioneuromas
as mature tumors are not expected to reveal LOH
at 1p36. A few tumors have low p53 content. The
pathogenesis of these adrenal lesions is unclear.

ADRENOCORTICAL TUMORS
Li—Fraumeni Syndrome

"This autosomal dominant familial cancer syndrome is
associated with breast cancer, brain tumors, soft tissue
sarcomas, leukemia, and adrenocortical carcinoma.
Adrenal cancer occurs in approximately 1% of pa-
tients with the classic Li—Fraumeni syndrome.
Germ-line mutations in p53 at chromosome 17p13
are responsible for this syndrome and can lead to
adrenocortical tumors as the sole manifestation.
Frequently, adrenal tumors of patients with germ-
line mutations in p53 show LOH at 17p13 and, there-
fore, evidence of biallelic inactivation of this tumor
suppressor gene (Table II).

Beckwith—Wiedemann Syndrome

"This syndrome shows variable expressivity and occurs
sporadically. Affected patients are at increased risk
for developing adrenal cancer. The gene locus is at
11p15.5, a chromosomal region that includes the
IGF2 and the p57/KIP2genes. p57 is a negative regula-
tor of cell proliferation and inhibits G1 cyclin/cyclin-
dependent kinase (CDK) complexes. Adrenocortical
tumors in this syndrome show overexpression of
IGF?2, probably related to uniparental paternal isodis-
omy for the IGF2 locus. Duplication of the paternal
11p15 allele containing the IGF2 gene locus and/or
loss of the maternal allele are frequently found in ad-
renal cancer. This is in contrast to adrenocortical
lesions that are classified as benign and frequently do
not demonstrate overexpression of IGF2.

Carney Complex

First described in 1980, this autosomal dominant
hereditary syndrome comprises primary pigmented
nodular adrenocortical disease, growth hormone-
secreting pituitary tumors, spotty skin pigmentations,
atrial and peripheral myxomas, and psammoma-
tous melanotic schwannomas. Adrenocortical disease
occurs in approximately 26% of patients with this
complex. At least two chromosomal loci have been
identified: 2p16 and 17q22-24. A subset of patients
with Carney complex have germ-line mutations in
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Table Il  Genetic Alterations in Adrenocortical Tumors®
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Chromosomal Prevalence
Gene location Gene alteration (tumors)
Tumor suppressor genes
p53 17p13 LOH at the wild-type allele in 13/17
Li-Fraumeni syndrome
LOH in sporadic 22/39 cancers
tumors 26/97
Somatic mutations in sporadic 16/42 cancers
tumors 11/57
Gain at 17 in sporadic tumors 6/26 cancers
9/38
MENI1 11q13 LOH of the wild-type allele in MEN1 tumors 1/13
LOH at 11q13 in sporadic tumors 11/13 cancers
28/126
Somatic mutations in sporadic tumors 0/18 cancers
2/90
p57/kip2 and H19 11pl5 LOH in sporadic tumors 21/38 cancers
35/155
Somatic mutations in sporadic tumors 0/61
Low expression in sporadic tumors 16/17 cancers
8/19
p21 6p21 Overexpression in sporadic tumors 29/49 cancers
pl6 9p21 LOH in sporadic tumors and low expression 1/7
3/7 cancers
Oncogenes
RET 10q11.2 Somatic mutations in sporadic tumors 1/23
RET/PTCI rearrangement 2/23
RAS 1p13.2 (N-7as) Somatic mutations in sporadic tumors 0733
12p11.2 (K-ras) 0/17
11p15.5 (H-ras) 3/24 cancers
10/50
Overexpression of K-ras 6/18

Growth factors
IGF2

EGFR
EGF
TGF-a
Signal transduction molecules
GNAS1
GNAI2
ACTH-R

ATRI

PRKARIA

Calcium-dependent protein kinase C

11p15.5
7pl2
4q25
2p13
20q13.2
3p21
18p11.2
3q21-25
17q22-24

17q22-23 (o)
13p21 (3)

Overexpression in sporadic tumors with
duplication of the paternal allele

Overexpression
Expression
Overexpression

Somatic mutations in sporadic tumors
Somatic mutations in sporadic tumors
Somatic mutations

Deletion

Somatic mutations

Moderate to high expression

LOH in tumors associated with Carney complex

Increased activity by cAMP stimulation
Normal activity

51/57 cancers
31/161

68/69 cancers
10/23

0/5 cancers
0/26

5/5 cancers

8/55

3/47

0/16

3/45

0/17

0/1 cancer
21/76

2/2

3/3

17/17

“Modified from Koch, Pacak, and Chrousos (2002).
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PRKARIA, a gene that encodes protein kinase
A regulatory subunit la.

Multiple Endocrine Neoplasia Type |

Approximately 35% of patients with MEN1 have ad-
renal nodules, most of which are adrenocortical. LOH
at 11q13, the menin locus, has been identified in some
adrenocortical tumors, but the precise pathogenesis
of adrenal lesions in patients with MEN1 remains
obscure.

Familial Hyperaldosteronism

Hyperaldosteronism can occur in at least two familial
syndromes: familial hyperaldosteronism type 1,
caused by the formation of a hybrid gene with fusion
of the corticotropin-regulated promoter of the 11B-
hydroxylase gene and the angiotensin II-regulated
aldosterone synthase gene at 8q24, and familial hyper-
aldosteronism type 2, which does not respond to
dexamethasone administration by decreasing cortico-
tropin (ACTH) secretion and whose responsible gene
is linked to chromosomal subband 7p22 but is still
unidentified. The molecular pathogenesis of adrenal
nodule development in patients with hyperaldoster-
onism is unknown.

Congenital Adrenal Hyperplasia

Almost all patients with this autosomal recessive dis-
order have germ-line mutations in the gene coding for
21-hydroxylase at 6p21.3. This genetic defect leads to
impaired cortisol secretion with subsequent elevation
of ACTH. Almost half of heterozygous carriers have
macronodular adrenal disease, the rationale basis for
investigators to search for mutations in the 21-hydro-
xylase gene in patients with apparently sporadic ad-
renal tumors. How these adrenal nodules develop
remains unknown.

McCune-Albright Syndrome

This syndrome is a sporadic postzygotic genetic
disease that includes growth hormone-secreting pitui-
tary adenomas and nodular adrenocortical disease.
Somatic mutations in the a chain of the stimulatory
G protein GNASI at 20q13.2 are responsible for this
syndrome and result in stimulation of cAMP.
Mutations in the cAMP inhibitory GNAI2 gene occur
in only a few adrenocortical tumors. The precise
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mechanisms of adrenal nodule formation are
unknown.

Ectopic G Protein-Coupled Receptors

Aberrant expression of ectopic membrane hormone
receptors, including gastric inhibitory polypeptide,
B-adrenergic agonists, luteinizing hormone, vasopres-
sin, and interleukin-1, has been found in some adrenal
adenomas but not in adrenal cancer.

Sporadic Tumors

Cell replication errors may lead to numerical changes
of chromosomes, chromosomal translocations, ampli-
fication and/or loss of genes, somatic sequence alter-
ations in specific genes including DNA repair genes,
and other genomic changes. An important step in
analyzing adrenal and other tumors is to determine
whether they are mono- or polyclonal. The cellular
origin of adrenocortical tumors is unknown, although
clonal analyses of adrenal cortex lesions have helped
better define the nature of these tumors. Usually, the
development of cancer and tumors in general is
regarded as a multistep process. One tumor-initiating
mutation in a single cell may equip the cell with a
selective growth advantage, enabling it to become a
tumor. This tumor would then be called monoclonal
since it derived from a single genetically aberrant cell.
In contrast, a polyclonal tumor would develop from a
group of aberrant cells arising in parallel. Only one of
three studies on the clonal analysis of adrenocortical
tumors noted the duration of follow-up for patients
with benign adrenal adenomas/hyperplasias, even
though this feature is important because differences
in the rate of growth may distinguish benign from
malignant adrenocortical tumors. It appears that adre-
nocortical carcinomas are monoclonal, whereas the
majority of benign adrenocortical lesions are polyclo-
nal. It can be speculated that tumorigenesis develops
from polyclonal adrenocortical cell aggregates, some
of which gain a selective growth advantage, giving rise
to a monoclonal tumor. However, considering the
issues of clonality interpretation, it is unclear whether
a clonality assay helps differentiate benign and
malignant adrenocortical lesions.

Comparative genomic hybridization (CGH) stud-
ies and allele typing using microsatellite markers to
detect involvement of genes with tumor suppressor or
oncogenic function may help in elucidating the patho-
genesis of adrenocortical tumors. Studies on adreno-
cortical tumors must be considered carefully because
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many investigators do not refer to a specific follow-up
time; the natural history is important in classifying an
adrenocortical tumor as benign or malignant. Sidhu
et al. reported an equal distribution of chromosomal
gains and losses in benign and malignant adrenocor-
tical tumors, although the genetic events in both
groups were quite different. Limitations of this study
are the classification of benign vs malignant tumors,
which was not based on the presence of metastases
but rather on modified Weiss histologic criteria, and
the variable follow-up period for the group of
benign tumors, which was up to 41 months. These
investigators analyzed 18 benign and 13 malignant
adrenocortical tumors. Benign adrenal masses <5 cm
frequently had gains in chromosome 4, whereas ma-
lignant (>5 cm) adrenal tumors had gains in chromo-
somes 5, 12, and 19. Losses in the benign group were
limited to chromosome 3q, whereas they occurred at
chromosomes 1p, 11, 17p, and 22 in the malignant
group. This is in contrast to earlier CGH studies
showing gains at chromosome 4 mainly or exclusively
in malignant tumors. Sidhu et 4/. proposed activation
of a protooncogene on chromosome 4 as an early
event in adrenocortical tumorigenesis and that the
presence of four or more CGH alterations in one
tumor is suggestive of the malignant phenotype.

To elucidate the pathogenesis of adrenocortical
tumors, the precise definition of adenoma vs carcin-
oma is of utmost importance, as is the identification of
precursor lesions. Without this critical information, it
is difficult to determine the sequence of events from
tumor initiation to progression. The assumption that
putative oncogenes at regions of chromosomal gain
represent the first step in tumor development, and
regions of chromosomal loss represent putative
tumor suppressor genes allowing subsequent steps
of tumor progression, may seem plausible to many
investigators but it is speculative.

Candidate genes believed to be involved in tumor
formation of sporadic adrenal tumors are those that
are known to be associated with hereditary tumor
syndromes, such as p53, GNASI, MENI, and IGF2,
and genes and receptors involved in signal transduc-
tion systems. Mutations or other genetic alterations in
the angiotensin II type 1 receptor and corticotropin
receptor gene have rarely been found. Biallelic inacti-
vation of the MENI gene in sporadic adrenocortical
tumors has not been identified, although either som-
atic mutation in MENI or LOH at its locus 11q13
have been reported.

The roles of IGF2, H19, and p57/KIP2, all located
at 11pl5, in the pathogenesis of adrenocortical
tumors were previously mentioned. Overexpression
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of IGF2 is frequently found in malignant sporadic
adrenocortical tumors. Genetic alterations in p57/
KIP2 (CDK inhibitor 1C) were sought in adrenocor-
tical tumors because adrenal cancers frequently
showed allelic loss at 11p15. However, no somatic
mutations were found in this gene in 75 sporadic
adrenocortical tumors, but low p57/KIP2 expression
was demonstrated in 3 of 10 adrenal adenomas and
6 of 6 carcinomas. Reduced or absent function of this
gene seems to lead to enhanced activity of G1 CDK
complexes with possibly subsequent promotion of cell
proliferation. Consequently, investigators examined
adrenocortical tumors for abnormalities in other in-
hibitors of CDKs. One such protein, P16, whose gene
is located at 9p21, is an inhibitor of the CDK 24 gene.
One of 7 benign and 3 of 7 malignant adrenocortical
tumors showed loss of one p16 allele and absent p16
protein by immunohistochemistry. P21, a CDK in-
hibitor that can be induced by p53, was overexpressed
in 70% (25/38) of adrenocortical cancer samples.
Downregulation of p21, however, did not affect the
prognosis of patients with adrenal cancer. This sug-
gests a role for these CDK inhibitors in only a small
subset of adrenocortical cancers.

In addition to IGF2, epidermal growth factor
(EGF) is very important. Its receptor, EGFR, has
been studied in a small number of adrenal tumors.
By immunohistochemistry, EGFR was overexpressed
in benign and malignant adrenocortical tumors,
whereas EGF was not detected. Instead, transforming
growth factor-a (TGF-a) was overexpressed in
adrenal cancer. TGF-a is a natural ligand for EGFR.

The p53 gene has been studied in many tumors,
including adrenocortical tumors, because of its fre-
quent mutation in cancers and its known role in regu-
lating the cell cycle. p53has been classified as a tumor
suppressor gene and is mutated in the germ line of
most patients with Li—-Fraumeni syndrome. Since this
syndrome is associated with adrenocortical tumors, it
is conceivable that p53 may also play a role in the
pathogenesis of sporadic adrenal tumors. Although
allelic loss at 17p13, the locus for the p53 gene, and
somatic p53 mutations frequently occur in adrenal
cancer, they are uncommon in benign adrenocortical
tumors, suggesting that genetic alterations in p53 are
involved in tumor progression rather than initiation.
Only one study from Taiwan reported p53 mutations
in adrenocortical adenomas, but the classification of
benign vs malignant adrenal tumors, including the
follow-up period of the affected Taiwanese patients,
remains unclear. In contrast, p53 mutations (predom-
inantly in exons 5-8) were reported in up to 70% of
adrenal cancers. However, it is unknown whether
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biallelic inactivation of p53 occurred in these tumors
since investigators reported either allelic loss at 17p13
or somatic p33 mutations and not whether both events
(biallelic inactivation of p53) took place in the respect-
ive tumor. Nevertheless, LOH at 17p13 has been
suggested as a molecular prognostic marker for
sporadic adrenocortical tumors.

The ras gene family encodes G proteins, which are
involved in signaling pathways through modification
of intracellular cAAMP concentrations. Overexpression
of 7as may lead to constitutive signal transduction
and/or cell proliferation. 7as mutations were first
identified in 12.5% of adrenocortical tumors with an
equal prevalence in benign and malignant tumors.
A subsequent study reported somatic K-7as mutations
and an overexpression of K-ras in 33% of benign
adrenocortical tumors, whereas somatic H-7as muta-
tions were not detected. However, previous studies
did not find this prevalence rate of 74s mutations.

The RET protooncogene at chromosome 10q11.2
encodes a tyrosine kinase receptor that is involved in
the control of cell differentiation and proliferation.
Germ-line mutations in RET are found in almost all
patients with MEN2. Importantly, RET is only ex-
pressed in certain tissues, such as the neural crest-
derived parafollicular C cells in the thyroid gland
and extra- and intraadrenal chromaffin cells.
Overrepresentation of mutant RET may initiate
tumorigenesis of medullary thyroid carcinoma and
pheochromocytoma. Although adrenocortical tumors
are not part of MEN2, they may have genetic alter-
ations involving RET. Analysis of 21 sporadic adreno-
cortical tumors revealed 1 aldosterone-producing
tumor with a point mutation in RET and RET/PTC1
rearrangements in 2 tumors—one cortisol-producing
and one aldosterone-producing.

"Telomerase is the ribonucleoprotein enzyme that
elongates telomeres (i.e., chromosomal DNA ends).
In most normal somatic cells, telomerase is repressed,
whereas this enzyme is reactivated in transformed
cells. Recently, a considerable amount of data have
been obtained on telomerase activity in human
cancers, including endocrine tumors. In general, the
presence or absence of telomerase activity in adreno-
cortical tumors does not seem to be a prognostic
marker, although some studies suggest that malignant
adrenal tumors have increased telomerase activity.

CONCLUSION

Most adrenal tumors are sporadic and associated with
numerous somatic genetic alterations. The exact
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order and time frame of these genetic events are diffi-
cult to determine. Therefore, one cannot make pre-
cise statements about the pathogenesis of tumor
initiation and tumor progression. Identifying reliable
genetic prognostic markers is also a challenge and
strongly depends on the follow-up period of patients
with adrenal tumors that are classified as benign or
malignant. Focusing on adrenal tumors that occur in
hereditary syndromes may facilitate the determination
of their pathogenesis since in these adrenal masses at
least one genetic hit, the inherited gene defect, is
known. Subsequent genetic alterations may then be
easier to place into context. In MEN2-associated
pheochromocytomas, a second hit model leading
to overrepresentation of mutant RET as a possible
tumor-initiating event has been proposed. Somatic
mutations in genes that are known to be involved in
hereditary syndromes, such as p53, VHL, and RET, are
rarely found in sporadic adrenal tumors. Future stud-
ies should focus not only on single genes and genetic
alterations but also on the interaction of their encoded
protein products.
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Glossary

adrenarche Initiation of function of the reticular zone
of the adrenal gland.

congenital adrenal hyperplasia A disorder resulting
from enzymatic defects in the pathway of cortisol
synthesis.

CYP2l A gene encoding the steroidogenic enzyme
2|-hydroxylase.

gonadarche Initiation of function of the hypothalamic—
pituitary—gonadal axis.

premature pubarche The appearance of pubic hair,
with or without axillary hair growth or increased
apocrine odor, in the absence of other secondary sexual
characteristics, occurring prior to age 8 in girls and age 9
in boys.

Premature adrenarche refers to the premature activation
of the zona reticularis of the adrenal gland, clinically manifested
by pubic hair development.

INTRODUCTION

Although more than 60 years have elapsed since the
endocrinologist F. Albright coined the term adre-
narche, the mystery of the mechanisms involved in
its development has not yet been unraveled. In study-
ing girls with gonadal dysgenesis, a natural experi-
mental model of agonadism, Albright observed that
pubic hair can develop under the influence of adrenal
androgens and in the absence of gonadal hormones.
He was thus the first to distinguish between gonadal
and adrenal puberty (gonadarche and adrenarche, re-
spectively). Subsequent studies of other clinical proto-
types, including hypogonadotropic hypogonadism
and isolated premature thelarche, confirmed his ob-
servation. Dissociation between adrenal androgens
and cortisol secretion has also been documented by
demonstrating that a rise in dehydroepiandrosterone
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sulfate (DHEAS) during puberty is not accompanied
by a rise in cortisol. Moreover, the rise in adreno-
corticotropin hormone (ACTH) and cortisol in
Cushing’s syndrome occurs without an analogous
increase in DHEAS.

ADRENARCHE
Definition

Adrenarche refers to the activation of the zona reticu-
laris (ZR) of the adrenal gland, biochemically marked
by a rise in dehydroepiandrosterone (DHEA) and
DHEAS but not in other androgens. The clinical
manifestation of adrenarche is termed pubarche and
is characterized by the development of pubic hair with
or without axillary hair growth or apocrine odor. The
decline in the function of the ZR, later in life, is
termed adrenopause.

Phylogenetic Data on Adrenarche

Adrenarche and adrenopause appear to be phenomena
that are unique to the highest order of primates and,
therefore, represent a recent evolutionary develop-
ment. The serum levels of DHEA, DHEAS and A4-
adrostenedione (A4A) remain unchanged during
sexual maturation in rats, hamsters, guinea pigs,
sheep, pigs, goats, horses, and cows. Modest (twofold)
changes in DHEA are observed in rabbits and dogs
only after their sexual maturation. In primates, the
phenomenon of adrenarche is observed only in the
chimpanzee and not in other types (e.g., the rhesus
monkey).

Ontogenetic Data on Adrenarche

During the fifth gestational week, cells from the celo-
mic epithelium migrate to the cephalic part of the
mesonephros and form the distinct adrenal primor-
dium. The central part of this primordium consists of
large, eosinophilic cells that constitute the so-called
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fetal zone, whereas the outer zone consists of densely
packed cells that form the definitive zone. By the
second trimester of pregnancy, the fetal zone of the
human adrenal cortex represents approximately 80—
90% of the fetal adrenal. In the fetal zone, CYP11A
and CYP17 [but not 3B-hydroxysteroid dehydrogen-
ase (3p-HSD)] and dehydroepiandrosterone sulfo-
transferase are expressed. The adult ZR, which also
lacks 3B-HSD and expresses dehydroepiandrosterone
sulfotransferase activity, is considered the equivalent
of the fetal adrenal zone (Fig. 1). During the third
trimester of pregnancy, the definitive zone of the
fetal adrenal forms two, functionally separate units:
the outer unit is the zona glomerulosa and the inner
unit comprises the zona fasciculata and the ZR (Fig. 1).
It must be underscored that the cortisol- and andro-
gen-producing parts of the adrenal and the adrenal
medulla are related ontogenetically, anatomically,
and functionally, suggesting a possible link between
adrenomedullary function and adrenarche.

Postnatal Development of the
Reticular Zone

During the first postnatal months in humans, the fetal
zone regresses and almost disappears. Focal islands of
the ZR are noted in the adrenals at the age of 3 years
and a continuous ZR starts to develop at the age of 6,
an age at which adrenal Cjy steroids begin to rise.
Adrenarche is initiated at approximately age 6 in girls
and approximately age 7 in boys and this is reflected in
a gradual rise of the adrenal androgens DHEA and
DHEAS. The driving force of these evolutionary
events has not been determined.

The serum levels of DHEA and DHEAS start
to rise approximately 2 years prior to the gonadal
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Transitional
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Aldosterone

Cortisol

DHEA and
DHEA “sulfate”
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activation (gonadarche), reaching their peak values at
20-25 years. Thereafter, the serum concentrations of
the adrenal androgens gradually decline and in elderly
people are 10-20% of those encountered in young
adults (adrenopause). The DHEAS reduction in the
elderly is coupled with a decrease in the width of
the ZR without any impact on the size of the rest of
the adrenal cortex. The values of cortisol and aldoster-
one do not show analogous changes. This observation
strongly indicates that the events described are unique
to the ZR. Some of the mechanisms involved in
these alterations of the ZR are outlined herein.
A histological study of adrenal samples from individ-
uals between the ages of 4 months and 56 years
showed a decrease in the enzymatic activity of 3B-
HSD in the ZR, beginning at the age of 8-13 months
with a further progressive decline up to the age of
25-26 years. Longitudinal clinical data obtained
from subjects aged 2.9 to 12.3 years have demon-
strated a progressive, age-related increase in the
DHEAS values (approximately 22% per year) in par-
allel with an increased activity in 17,20-lyase and a
decreased activity in 3B-HSD (an enzymatic profile
encountered in both the fetal and the adult reticular
zones). These changes are already evident at the pre-
adrenarcheal stage of development. It can thus be
deduced from this study that adrenarche is not the
result of a sudden change in the activity of adrenal
enzymes, at a particular period of time; it rather re-
flects a gradual maturational process that begins in
early childhood. When controlled for chronological
age, no association between weight, body mass index
(BMI), and DHEAS (a marker of adrenarche) was
evident. Nevertheless, changes in the nutritional
status, measurable by changes in BMI, have been
suggested as an important physiological regulator of
adrenarche.

Adult

Zona glomerulosa

}
- ] Zona fasciculata

Zona reticularis

} Medulla

Figure | The zones in the fetal and adult adrenal gland. Modified from Topical Endocrinology 21, p. 18, with permission of

the publisher.
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Origin, Regulation, and Biological
Significance of Adrenarche

Origin and Regulation

The extra- or intra-adrenal factors involved in the
development and function of the ZR have not yet
been fully elucidated. It has long been postulated
that a distinct pituitary factor [adrenal androgen-
stimulating hormone (AASH)] conducts the develop-
ment and function of the ZR, but this factor has not
been isolated.

Studies of natural human models have provided
valid data on the putative developmental and/or func-
tional factors that influence the ZR. Among these
models are anencephalic fetuses, patients with con-
genital adrenal hypoplasia (ACTH receptor defect),
combined pituitary hormone deficiency, hypogonado-
tropic hypogonadism, or isolated premature the-
larche, and subjects with precocious gonadarche on
gonadotropin-releasing hormone analogue (GnRHa)
suppression. The study of adrenal androgens in these
models suggests that DHEA and DHEAS synthesis
and secretion are dependent on an intact cortico-
tropin-releasing hormone (CRH)-ACTH axis, not
only later in life but also in the latter part of preg-
nancy. It is most probable that the CRH-ACTH
complex exerts a permissive effect and acts in synergy
with a putative extra-adrenal factor to successfully
orchestrate the development and function of the ZR.

An interesting model in which low DHEAS levels
have been detected, despite the normal ACTH-
adrenal axis, is the pituitary insufficiency associated
with the Propl gene defect. The low level of DHEAS
in these patients may indicate that the pituitary tran-
scription factor Propl is necessary for the normal
synthesis of the putative factor (AASH) that initiates
adrenarche. Alternatively, the low DHEAS level in
patients with the Propl gene defect could simply
represent an early marker of incipient ACTH insuffi-
ciency, which is known to occur later in life in a
number of these patients.

In additon to CRH-ACTH and the putative
AASH, other extra-adrenal factors have been impli-
cated in the development and function of the ZR:
prolactin, estrogens, the epidermal growth factor, angio-
tensin, gonadotropins, proopiomelanocortin-related
peptides, growth hormone (GH), insulin growth
factor-I (IGF-I), insulin, and possibly adipose tissue
factors. None of these factors, however, have been con-
clusively shown to regulate androgen secretion by the
adrenal gland.

Age-related alterations in the expression of the ad-
renal enzymes have also been proposed as a mechanism
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for the development and function of the ZR (intra-
adrenal factors). These changes not only refer to the
relative activity of the adrenal enzymes but also to their
responsiveness to ACTH. Specifically, the increase in
17-hydroxylase and 17,20-lyase activity occurs along
with a decrease in 3B-HSD activity, primarily evident
in the developing ZR. It must be stressed, however,
that these biochemical changes alone cannot fully
explain the initiation of adrenarche.

Biological Significance of Adrenarche

Since a human model of isolated absence of the ZR
has not thus far been identified, the exact biological
role of the ZR and the implications of its absence or
insufficiency still remain enigmatic.

A small, transient increase in growth rate occurring
at approximately age 7 (midchildhood growth spurt)
has been attributed to the initiation of adrenarche.
However, a cause and effect relationship between
adrenarche and the midchildhood growth spurt has
been disputed. It has also been shown that adrenarche
is not a sine qua non for gonadarche since gonadal
puberty proceeds normally in clinical entities in which
adrenarche is absent.

The decline of DHEA coincides with signs of
aging and has therefore been interpreted to indicate
that aging is, at least in part, a DHEA deficiency
syndrome. This observation has prompted studies on
the effect of DHEAS replacement in the elderly and in
young subjects with DHEAS deficiency of various
etiologies, with equivocal results.

PREMATURE
ADRENARCHE-PUBARCHE

Definitions

Premature adrenarche (PA) and premature pubarche
(PP) are frequently used interchangeably. Neverthe-
less, they are not synonymous. PA refers to premature
activation of the ZR of the adrenals and is marked by
levels of DHEA and DHEAS that are high for the
chronological age (CA) but appropriate for the stage
of pubic hair development. PP is the term applied to
characterize the clinical expression of PA, namely, the
appearance of pubic hair, usually at the labiae, with or
without axillary hair growth or increased apocrine
odor, in the absence of other secondary sexual charac-
teristics, prior to age 8 in girls and 9 in boys. This age
cut-off point has been called into question but is still
accepted. PP occurs more frequently in girls than in
boys, with a male to female ratio of 1/5 to 1/10, for no
apparent reason.
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The term “exaggerated adrenarche” has been
coined to describe a form of PP in which androgen
levels, basal or post-ACTH stimulation, are above
those expected for the stage of pubic hair development.

Etiology of Premature Pubarche

Premature pubarche may be caused by: (1) premature
activation of the ZR without any apparent pathological
condition (idiopathic), (2) congenital adrenal hyper-
plasia (CAH), (3) virilizing adrenal or ovarian tumor,
and (4) increased end-organ sensitivity to androgens.

In idiopathic PP, increased BMI or a sudden rise in
BMI may constitute a trigger factor for its induction.
Nevertheless, BMI and leptin levels only partially ex-
plain the increased DHEAS values. The GH-IGF-I
axis and especially hyperinsulinism, as a consequence
of insulin resistance, have been implicated in androgen
production by the ZR and generally in the mechanism
of PP initiation.

The most frequent pathological condition under-
lying PP, and the one usually creating diagnostic di-
lemmas, is defective adrenal steroidogenesis and, in
particular, nonclassical CAH (NC CAH). This aspect
of PP has been quite controversial. Based on the
determination of basal and ACTH-stimulated adrenal
androgen levels, defective steroidogenesis, indicative
of the NC CAH (caused by 21-hydroxylase or 3B-
HSD deficiency), ranges from 0 to 54% in the various
published series. These huge differences are probably
due to the variety of criteria used for recruitment
and evaluation of the subjects participating and,
most important, in the lack of confirmation by mo-
lecular analysis. In a study by Dacou-Voutetakis and
Dracopoulou, 48 consecutive cases of PP were evalu-
ated by molecular analysis of the CYP21 gene as well
as by basal and ACTH-stimulated 17-OH progester-
one (170HP) values. A significantly increased inci-
dence of mutations in the CYP21 gene was detected in
PP children in comparison to the general population
(heterozygous 37.5% and homozygous 8.3%). The
170HP values on the ACTH test showed an overlap
between carriers and noncarriers. The application of
the receiver operating curve (ROC) curve in this study
showed that the sum of the basal plus 60 min value of
170HP was the best indicator of heterozygosity. For
children over the cut-off point of 5ng/ml (15 nmol/
liter), there is a 76.5% certainty of heterozygosity for
a CYP21 mutation. By using the nomogram proposed
by New ez al., the heterozygote’s values fell in the
expected area, but this was also the case for the major-
ity of normal values. A value of 170OHP 60 min post-
ACTH stimulation equal to or greater than 10 ng/ml
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(30 nmol/liter) was indicative of a homozygous muta-
tion and occurred in 8.3% of the cases. The latter
finding is accepted by most investigators. An in-
creased incidence of CYP21 heterozygosity in either
PP or functional hyperandrogenism in adolescents has
also been reported by Witcell et 4/. and has been
postulated by Knorr et 4/., based on hormonal evalu-
ation. Contrary to these findings, Potau ez 4/. did not a
find higher incidence of CYP21 carriers in Spanish
subjects with a history of PP. It is not possible to
determine whether or not PP CYP21 heterozygote
subjects have a higher probability of manifesting
hyperandrogenism and the clinical syndrome related
to this entity than PP girls who are not CYP21 car-
riers. Only a long-term follow-up study of such cases
will provide a definitive answer to these important
questions. Mutations in the 3B-HSD gene have also
been detected in girls with PP, though infrequently.
The new hormonal criteria for the diagnosis of
3BHSD deficiency in children with PP are as follows:
(1) baseline 170H pregnenolone (17P) and 17P/
cortisol ratio >29 nmol/liter and >103, respectively,
and (2) ACTH-stmulated 17P and 17P/cortisol ratio
>294 nmol/liter and >363, respectively.

Androgen-producing tumors of the adrenals or
ovaries are rarely a cause of PP, but they should be
considered in the differential diagnosis.

Finally, in some children with PP, no androgen
excess for either CA or pubertal stage is detected
and the pubic hair growth is attributed to increased
end-organ sensitivity to androgens.

Long-Term Consequences of Premature
Adrenarche—Pubarche

Growth and Pubertal Development

At presentation, children with PP show an acceler-
ation of linear growth and skeletal maturation. In
some children, the difference between their bone age
(BA) and CA (ABA—CA) can be up to 2 years, whereas
in others the BA is comparable to CA. Long-term
follow-up of children with PP has not shown impaired
growth potentials: the final height (FH) attained is
comparable to target height (TH). It seems that the
linear growth pattern in children with PP is modified
in that height velocity in the period preceding PP
diagnosis is higher than that of controls, peak height
velocity occurs at an earlier age, and growth during
puberty is compromised. Despite reports indicating
good FH prognosis, the physician must individualize
the approach for each child with PP and closely watch
patients with so-called “exaggerated adrenarche” and/
or those who have BA advancement greater than 1
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year, for the possibility of an unfavorable effect of PP
on growth potentials, namely, a predicted height
below the TH. The age of gonadarche and menarche
in children with PP is not different than in the general
population.

Functional Ovarian Hyperandrogenism and
Polycystic Ovary Syndrome

In a percentage of girls with PP, functional ovarian
hyperandrogenism (FOH) (excessive response of an-
drogens to GnRHa), along with an increased incidence
of anovulation, hirsutism, and menstrual irregularities
[characteristics of polycystic ovary syndrome (PCOS)],
has been reported to occur already in late adolescence.
It seems that girls with an exaggerated response of
170HP to ACTH at the time of PP diagnosis are
more likely to develop FOH and/or PCOS.

Insulin Resistance, Hyperinsulinism, and the
Metabolic Syndrome

Acanthosis nigricans, decreased insulin sensitivity and
consequent hyperinsulinism, and dyslipidemia have
been found in a number of girls with PA. Pertinent
data in boys are inconsistent. In certain studies, the
hyperinsulinemia is already evident at the prepubertal
stage, possibly conferring a higher risk for later devel-
opment of diabetes mellitus type 2 (DM2). Contrary
to the above findings, other investigators found no
differences in glucose tolerance, insulin resistance in-
dices, or lipid values between PP girls and control
girls studied 5 years after menarche. It is quite pos-
sible that the stated differences reflect differences in
the population (ethnic) groups studied and this must
be seriously considered in the study and follow-up of
PP girls. The contribution of intrauterine growth
retardation to the occurrence of later adverse conse-
quences, and especially FOH in girls with PP, is highly
controversial and most authors have not found such
an association.

Does PA Represent a
Pathologic Condition?

The question of whether or not PP is a benign condi-
tion, simply reflecting premature activation of the
ZR without long-term adverse consequences, cannot
be convincingly answered yet. A number of girls with
PP later present insulin resistance and hyperinsulin-
ism, low sex hormone-binding globulin (SHBG),
FOH, increased hirsutism, acne, or polycystic ovary-
like syndrome with possible later occurrence of DM2
or the metabolic syndrome. Pertinent data in boys are
not consistent.
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No specific features at PP diagnosis have yet been
identified to predict the child at risk of developing
these pathological entities. Nevertheless, it seems that
some of the late consequences are, to a large extent,
restricted to certain population (ethnic) groups. In
addition to ethnic group, other factors, such as obesity
and a family history of DM2, might contribute to the
occurrence of adverse consequences. Exaggerated
adrenarche as well as low SHBG (an index of insulin
resistance and free androgen levels) and glucose/insu-
lin ratio <4.5 at the time of PP diagnosis might confer
a higher risk for the later development of FOH and/or
the metabolic syndrome in children with PP.

Evaluation, Management, and Follow-up
of the Child with PP

Clinical Evaluation

The clinical evaluation of the child with PP at
presentation should include measurements of height,
weight, waist circamference, BMI estimation, BA
determination, and recording of relevant family his-
tory. Predicted height, TH, and the stage of pubertal
development should also be assessed. The presence of
acne, hirsutism, or virilization (clitoral enlargement)
should be noted. If ABA—CA is less than 1 year and the
predicted height falls within the height range expected
from parental height (TH), the possibility of isolated
premature activation of the ZR is quite high (Fig. 2).

Hormonal Determinations

If basal values of 17OHP, Aj-androstenedione, testos-
terone, and DHEAS taken at 8 am fall into the range
expected for the pubic hair developmental stage, the
diagnosis of idiopathic PP is fairly well confirmed. If
basal adrenal androgen levels are higher than the
levels for the corresponding pubertal stage and are
accompanied by advanced BA (ABA—CA > 1), the
main possibilities are as follows: (1) exaggerated adre-
narche, (2) defective adrenal steroidogenesis, or (3)
virilizing tumor (adrenal or ovarian). In such cases,
an intravenous Synachten test (ACTH) is carried out
(250 pg, 150 wg/m?, or 10 wg/m?, the last dose being
infrequently used). Blood samples, primarily for
170HP determination, are obtained at 0 and 60 min.
A 60min value of 170HP >10ng/ml strongly sug-
gests a homozygous mutation of the CYP21 gene (NC
form) and CYP21 gene analysis should be considered
(Fig. 3). There is a 75% probability of existence of
heterozygosity if the sum value of 0 and 60 min post-
Synacthen is >5ng/ml (15 nmol/liter). Obviously,
the latter information is of no immediate practical
significance and may be of value only for genetic
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Figure 2 Possible pathogenetic mechanisms of premature pubarche (PP). IUGR, intrauterine growth retardation.

counseling. Determination of glucose/insulin value,
SHBG, and ovarian sonography might constitute a
good baseline record but should not be regarded as
necessary diagnostic tools. It must be stated that an
increased prevalence of sonographic findings of
PCOS has been reported in girls with PP at the
prepubertal stage, but the diagnostic and prognostic
value of such a finding remains unclear. The dexa-
methasone suppression test or some form of imaging

Clinical and laboratory data

ABA-CA < 1 year
Predicted height within target

v

DHEAS, A4A, testosterone, 1770HP: Basal values

v

e Within normal limits for CA

study is rarely indicated for the remote possibility of a
virilizing tumor. This latter possibility is much higher
if pubarche occurs very early and there is an increased
level of serum testosterone.

Management and Follow-up

The therapeutic approach for children with PP will be
determined by the pathogenetic mechanism involved
and the clinical findings. In most cases, however, drug

Diagnostic possibilities

High probability of idiopathic PP

Increased end-organ sensitivity

e Within the range of pubertal stage —— » Idiopathic PP

——» Exaggerated adrenarche

¢ Above the values for pubertal stage - p Defective adrenal steroidogenesis

and ABA-CA > 1

v

Synachten test

60'170H Progesterone > 30nmol/L —» NC-CAH (CYP21)
60'170H Pregnenolone > 294 nmol/L ——» NC-CAH (38-HSD)

L Virilizing tumor

Figure 3 Premature pubarche (pp): diagnostic steps.
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intervention is not required. A follow-up of children
with PP must be assured, especially during puberty
and the immediate postpubertal years. In general,
both the child and the parents should be made aware
of the good prognosis of most patients. Instructions
concerning dietary habits and exercise should be given
in cases with borderline or elevated BMI or a positive
family history of DM2.

The physician should be aware of the possible
long-term consequences of PP and should individual-
ize the care and follow-up, keeping in mind that PP, in
certain cases, might not represent an innocent tem-
poral deviation of sexual maturation but, possibly, an
early manifestation of a complex metabolic abnormal-
ity. Fasting glucose/insulin ratio <4.5, low SHBG
values, and exaggerated adrenarche might constitute
early markers conferring an increased risk for later
development of FOH, PCOS, DM2, or the metabolic
syndrome. However, it must be underscored that such
recommendations are not strictly evidence based,;
rather, they constitute extrapolation from still contro-
versial published data. Moreover, data related to long-
term consequences seem to apply to certain population
(ethnic) groups. The physician in charge, being aware
of the trends concerning prognosis of PP, will deter-
mine the diagnostic studies necessary at presentation
of the patient, as well as the frequency and duration of
the follow-up visits.

See Also the Following Articles

Adrenal Androgens ® Congenital Adrenal Hyperplasia, Pre-
natal Diagnosis and Therapy ® Congenital Adrenal Hypo-
plasia Syndromes ® Delayed Puberty and Hypogonadism,
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Female ® Hypergonadotropic Hypogonadism ® Precocious
Puberty, Central (Female) ® Steroid Metabolism and the
Metabolic Syndrome
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Glossary

energy balance A dynamic matching of bodily
demands and supplies of metabolic fuels (e.g., glucose
[GLU], free fatty acids [FFAs]); this balance is accom-
plished by a variety of internally and externally
generated signals processed by numerous, redundant,
and widely distributed central and peripheral circuits
controlling feeding behavior, cellular energy metabolism,
and the stored and circulating GLU/FFA levels.

glucoprivic state A state of diminished intracellular
metabolism of glucose [GLU] that may be produced
by (I) a reduction in circulating GLU levels, (2) reduced
access of circulating GLU to the intracellular metabolic
machinery, or (3) agents that compete with GLU
metabolic pathways (thereby inhibiting cellular
GLU use) such as 2-deoxy-glucose (2-DG) and
5-thio-D-glucose (5-TG); systemic or central injections
of these agents produce glucoregulatory responses
(hyperglycemia and feeding) in mammals.

Adrenergic systems (ASs) are neural and endocrine
circuits that use epinephrine (adrenaline [EPI]) and/or norepin-
ephrine (noradrenaline [NE]) as neurotransmitters. The ASs
include (I) EPI- and NE-producing neurons in the central
nervous system (CNS-AS), (2) NEergic postganglionic sympa-
thetic neurons, and (3) EPI- and NE-producing cells of the
adrenal medulla. These systems play critical roles in mechan-
isms coordinating homeostatic responses to environmentally
and systemically generated challenges.

INTRODUCTION

The catecholamines norepinephrine (noradrenaline
[NE]) and epinephrine (adrenaline [EPI]) have been
identified as neurotransmitters crucially involved in
the control of cognitive, emotional, arousal, and
memory processes. In addition, they have a role in
reproductive, aggressive, and ingestive activities;
in pain regulation; and in thermal, energetic, car-
diovascular, and osmoregulatory functions. The
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postganglionic sympathetic neurons and adrenal
adrenergic systems (ASs) constitute the major effec-
tor mechanisms that elicit rapid visceral/metabolic
adjustments in response to homeostatic challenges,
originated internally or externally, that prepare the
organism to engage in energetically demanding be-
haviors. Central nervous system (CNS)-ASs are cru-
cially involved in the integration of viscerosensory
information and in the coordination of neuroendo-
crine, autonomic, and behavioral responses to these
challenges. This article concentrates on some of the
neuroanatomical and neurophysiological information
relevant to the role of CNS-ASs in mechanisms
controlling energy balance.

CENTRAL ADRENERGIC PATHWAYS:
NEUROANATOMICAL OUTLINE

Simultaneous immunoreactivity for tyrosine hydroxy-
lase (TH), the first and rate-limiting enzyme in the
catecholamine synthetic pathway, and for phenyletha-
nolamine-N-methyltransferase (PNMT), the enzyme
that converts NE into EPI, has been used to identify
EPI-synthesizing cells, whereas the absence of PNM'T
in cells that express TH and dopamine B-hydroxylase
(DBH, which converts dopamine into NE) identifi-
es NE-synthesizing neurons. During the past two
decades or so, P. E. Sawchenko and colleagues have
shown that important adrenergic influences on neu-
roendocrine/autonomic functions are originated in (1)
brainstem NE-synthesizing cell groups referred to as
Al, A2, and A5, located in the caudal ventrolateral
medulla (¢VLM), the nucleus of the solitary tract
(NTS), and the ventrolateral pons, respectively, and
(2) in EPI-synthesizing neurons that are found in
the C1, C2, and C3 groups, located in the rostral
VLM (rVLM), the NTS, and the rostral dorsomedial
medulla, respectively. The A2/C2 neurons are innerv-
ated by primary visceroceptive afferents carried by the
vagus and the glossopharyngeal nerves that convey
information from mechano- and chemoreceptors

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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related to cardiovascular, pulmonary, and gastrointest-
inal systems (Fig. 1). N'T'S neurons receiving visceral
afferents in turn project to Al and CI neurons. Des-
cending projections from C1 cells to the spinal cord
innervate sympathetic preganglionic neurons and so
can directly activate catecholaminergically mediated
responses to visceral changes.

Ascending projections from A1/Cl and A2/C2
cells travel through the ventral adrenergic bundle
and terminate in several limbic nuclei and hypo-
thalamic areas. AS terminals are found in the ven-
tromedial (VMH), arcuate (ARH), dorsomedial
(DMH), and lateral (LHA) hypothalamic nuclei, and
a particularly dense innervation reaches the para-
ventricular nucleus (PVH). Neurons in these nuclei
(particularly in the PVH and LHA) are in turn con-
nected to (1) endocrine (pituitary) mechanisms (e.g.,
driving pituitary—adrenal and pituitary—thyroid activ-
ities), (2) mesencephalic and prosencephalic limbic
nuclei (thereby influencing the expression of behav-
ioral, learning/memory, and emotional responses), (3)
premotor and preganglionic autonomic neurons
(thereby controlling autonomic outflow), and (4) A1/
C1/A2/C2 neurons (where they can modulate visceral
reflexes mediated by these cells). These relationships
are summarized in Fig. 1.

Other hypothalamic hypophysiotropic (somatos-
tatin- and luteinizing hormone-releasing hormone
[LHRH]-synthesizing) and neurosecretory (arginine
vasopressin  [AVP]- and oxytocin [OT]-containing)
neurons are also innervated by EPI/NE terminals.
These terminals provide the substrate for relevant
adrenergic control of pituitary secretion of growth
hormone/somatomedins (deeply affecting the balance
between energy mobilization and storage in peripheral
tissues in addition to the thyroid-stimulating hormone
[TSH]- and adrenocorticotropic hormone [ACTH]-
related mechanisms mentioned previously) as well as
of the plasmatic levels of luteinizing hormone/follicle-
stimulating hormone (LH/FSH), AVP, and OT. Also
important to point out is that although terminals from
A6 (the locus ceruleus) NE-synthesizing neurons are
ubiquitous in the CNS, these neurons have limited
direct input to the hypothalamic circuitry. The locus
ceruleus receives a major, essentially inhibitory innerv-
ation from EPI- and NE-producing medullary
neurons, through which the latter ASs gain access to
a “brain-wide web” of NE-mediated modulation of
cognitive and arousal functions as well as to indirect
influences on neuroendocrine mechanisms through
prosencephalic limbic nuclei.
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CENTRAL ADRENERGIC SYSTEM
MECHANISMS CONTROLLING
FEEDING AND FUEL HOMEOSTASIS

Brainstem EPI- and NE-Synthesizing Cells
Manifest Glucoreceptive Mechanisms

Sue Ritter, Kadhija Yettefti, and their colleagues have
independently gathered convincing evidence for
glucoreceptive activity in medullary EPI/NE cells.
Single-unit recording studies have identified neurons
sensitive to peripheral or local changes of glucose
(GLU) levels in Al/Cl and A2/C2 cell groups,
whose responses are depressed by locally applied clo-
nidine (an a2-adrenoceptor agonist). Both feeding
and blood GLU increases were observed after local
GLU deficits evoked by injections of 5-thio-D-glu-
cose (5-TQG), a glucoprivic agent, into the C1 and C2
areas. Systemic injections of 2-deoxy-glucose (2-DG),
another glucoprivic agent, provoked feeding, hyper-
glycemia, and Fos expression predominantly in C1
and C2 (but also in Al and A2) cells. Thus, these
neurons are in a position to mediate metabolic and
behavioral responses to central or systemic changes in
GLU levels. A1/C1 and A2/C2 cells are also activated
by other stressful situations such as hemorrhage,
immune challenge, noise, restraint, and forced swim.
In each case, activation of medullary ASs occurs either
directly through visceral afferents or subsequent to
higher level processing of the stressful stimulus and
may recruit different, possibly stressor-specific A1/C1
and A2/C2 cell subpopulations. Thus, these circuits
may be of importance under different conditions of
stress and energy demand.

NE and EPI Influences on Hypothalamic
Circuits Regulating Fuel Homeostasis

Feeding Behavior

After the pioneering work by S. P. Grossman during
the early 1960s, and thanks mainly to the systematic
efforts of Sara Leibowitz, Paul Wellman, and their
colleagues over the past 20 years or so, CNS-AS inputs
to the hypothalamus were established as crucial to the
control of feeding behavior and fuel metabolism. The
PVH is by far the most sensitive (and the most studied)
area with regard to feeding-related AS activity.
Injections of NE or EPI, as well as injections of NE
reuptake blockers (which increase local extracellular
NE levels), into the PVH promptly elicit feeding.
These effects are mediated by a2-adrenoceptors,
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whereas activation of a; receptors suppresses food
intake. NE release within the PVH reaches a max-
imum immediately before the active (dark) period
and is positively correlated with the intense feeding
that occurs at this time. The reactivity to exogenous
NE and the number of a2-adrenoceptors in the PVH
also increase at the beginning of the dark period.
Furthermore, extracellular NE increases into the
PVH were positively correlated with meal size and
with the carbohydrate content of the meal.
Conversely, decreases in NE release into the medial
hypothalamus were observed after intraduodenal
nutrientinfusions. Thus, itis possible that endogenous
NE acts in an a,-receptor-enriched PVH mainly
to increase carbohydrate intake and restore bodily
reserves of this macronutrient.

Ritter and her colleagues suggested that these me-
dullary ASs may represent the main origin of NE/EPI
inputs to the PVH that provoke feeding in response to
glucoprivic situations. They showed that injections
into the PVH of the toxin saporin conjugated to an
antibody against DBH, DSAP (which is retrogradedly
transported to cell bodies and selectively destroys
NE/EPI terminals and perikaria), dramatically re-
duced the number of TH-containing neurons in the
Al, C1, A2, C2, and C3 groups and abolished 2-DG-
induced feeding and Fos expression in the PVH.
Neurons of the Al group project mainly to hypothal-
amic magnocellular neurosecretory cell groups (which
produce AVP and OT) either within or outside the
PVH, whereas C1, C2, and A2 neurons project
densely to parvocellular PVH neurons (whose termin-
als release corticotropin-releasing hormone [CRH]
and thyrotropin-releasing hormone [TRH] into the
median eminence and into premotor and preganglio-
nic autonomic neurons). Thus, this circuit is in a
position to regulate autonomic outflow as well as
neuro- and adrenohypophyseal activities related to
energy balance (as well as to other functional
domains).

NE injections into the VMH acutely induce hyper-
phagia, and chronic infusions of NE into this nucleus
provoke weight gain associated with a GLU-
intolerant, diabetic-like state in normal rats. Further-
more, increases in NE levels and/or activity have been
observed in this nucleus in a variety of animal models
of insulin-resistant obesity. Extracellular NE increases
into the VMH were observed after systemic 2-DG
injections, suggesting a role for NE-mediated VMH
circuits in behavioral and humoral responses to glu-
coprivic situations. Grossman’s seminal study pointed
to the DMH as a site where NE injections also in-
crease food intake. Push—pull canulla studies revealed
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substantial increases in the DMH content of EPI
(and, to a lesser extent, of NE) during intense feeding
episodes but not during other maintenance behaviors.
NE/EPI neurons densely innervate the ARH, which is
populated by neurons producing the orexigenic agents
agouti gene-related protein (AGRP) and neuropep-
tide Y (NPY) and which is rich in leptin receptors.
Systemic 2-DG injections induce activation of these
AGRP and NPY neurons of the ARH, and 2-DG-
induced increases in AGRP expression are inhibited
by DSAP lesions in this nucleus, pointing to an im-
portant role for ASs in the control of feeding-related
functions of the ARH.

Contrary to what is observed in medial hypothal-
amic nuclei, CNS-AS inputs to the LHA have hypo-
phagic effects. NE and EPI injected into the
perifornical nucleus (PF) of the LHA inhibit food
intake, a response that is mediated by B2-adrenocep-
tors. On the other hand, activation of a-adrenoceptors
in this area enhances feeding responses. The amphet-
amine-induced hypophagic effect is strongly associ-
ated with increases in extracellular levels of NE in the
PF. Increases in NE release in the LHA appear to be
associated with satiation signals brought about by a
meal. NE release in the LHA increase after intraduo-
denal nutrient infusions, whereas food deprivation
and systemic injections of 2-DG evoke a decrease in
extracellular levels of NE. It is important to note that
many LHA neurons have shown to express peptide
systems involved in feeding behavior, including the
melanin-concentrating hormone (MCH), the co-
caine-amphetamine-regulated transcript (CART),
dynorphin (Dyn), and orexins (Orx). These LHA
neurons give rise to afferents to limbic, basal ganglia,
and cortical structures and represent major output
mechanisms by which AS-mediated inputs are trans-
lated into feeding/metabolic responses in addition to
the pituitary- and autonomic-directed PVH outputs

(Fig. 1).

Blood Glucose and Free Fatty Acids

Data obtained by A. J. Scheurink and colleagues, as
well as by Leibowitz’s group, suggest an importantrole
for CNS-AS-mediated circuits in the hypothalamic
integration of blood levels of metabolic fuels to feeding
responses. EPI or NE administration into the PVH
(as well as into the DMH and preoptic area) has been
shown to induce a potent hyperglycemic response
in resting rats. Furthermore, injections of an
a-adrenoceptor blocker in the PVH and VMH sup-
press the exercise-induced increase in blood GLU
levels. Physiological evidence for a catecholaminergic
mechanism in the hypothalamic circuitry controlling
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lipolysis in rats has also been described. Intracerebro-
ventricular (ICV) administration of NE, as well as
infusion of EPI or NE into the VMH or DMH, evokes
an increase in plasma free fatty acid (FFA) concentra-
tion. In contrast, infusion of EPI or NE into the LHA
decreased or left unchanged plasma FFAs, respectively.
The increase in plasma FFAs evoked by swimming is
potentiated by injections of an a-adrenoceptor antag-
onist (phentolamine) into the VMH, whereas the infu-
sion of a P-adrenoceptor antagonist (timolol)
provoked a delay in this response. These data suggest
the existence of an extensive hypothalamic catechola-
minergic circuitry involved in an integrated control of
fuel homeostasis.

However, AS-originated inputs to PVH might not
be essential for 2-DG-induced hyperglycemia.
Injections of DSAP into the PVH, which abolished
2-DG-induced feeding, failed to affect 2-DG-evoked
hyperglycemia. DSAP injections into the spinal cord
abolished 2-DG-induced hyperglycemia (but not
feeding responses) and also deleted TH-containing
cells in the AS, A6, A7, C1, and C3 neurons, indicat-
ing that glucoprivic-induced feeding and the glycemic
response are mediated by different subpopulations
of hindbrain catecholamine neurons. An important
participation of ASs in VMH mechanisms of fuel
control has been shown by A. Cincotta and col-
leagues. Chronic infusions of NE in the VMH
increased plasma insulin, glucagon, leptin, triglycer-
ide, abdominal fat, and lipogenic/lipolytic activities
and also evoked insulin resistance and glucose intoler-
ance. Furthermore, extracellular concentrations of
NE in the VMH increased during insulin-induced
hypoglycemia.

Are There Functional Central Pathways
That Use EPI as a Neurotransmitter?

The studies on central AS roles in neuroendocrine/
autonomic mechanisms have focused on NE-
mediated pathways rather than EPI-mediated path-
ways. Such a disregard for EPI central mechanisms
may be related to the intimate neurochemical, neuro-
anatomical, and pharmacological correspondence
between these catecholamines. EPI and NE systems
(1) share most of their synthetic pathways, pre- and
postsynaptic fates, and receptor mechanisms, (2) show
considerable anatomical overlap in the brainstem and
hypothalamus, and (3) have their central actions
poorly differentiated by the available pharmacological
tools. Furthermore, the presence of PNMT in a
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neuron does not necessarily mean that it uses EPI as
neurotransmitter. For example, A. F. Sved found very
low EPI levels in the thoracic cord, which is densely
innervated by TH-, DBH- and PNMT-containing C1
neurons. However, C. Routledge and C. A. Marsden
showed that stimulation of the C1 region increases
extracellular EPI (but not NE, as observed by intracer-
ebral microdialysis with high-performance liquid
chromatography [HPLC] detection) in the posterior
hypothalamus of adrenalectomized animals. Leibowitz
and colleagues showed that, at maximally effective
doses, the hyperphagic and hyperglycemic effects of
EPI injections into the PVH are twice those of NE,
and EPI is even more potent than NPY in eliciting an
increase in food intake. Ritter and colleagues demon-
strated that 2-DG-evoked Fos expression affects pre-
dominantly EPI neurons. Although these data support
the existence of functional pathways innervating the
hypothalamus that use EPI as a neurotransmitter, the
functional attributes of AS actions in central circuits
actually attributable to EPI or NE systems are poorly
understood.

A Comparative Note

A role for CNS-ASs in feeding and fuel homeostasis is
also evident in nonmammalian vertebrates with dispar-
ate feeding habits and metabolic demands. Research by
our group, as well as by others, has indicated remark-
able parallels between avian and mammalian AS-
mediated energy balance mechanisms. The existence
of medullary NE and EPI cell groups anatomically
comparable to mammalian A1/C1 and A2/C2 with
ascending projections to a hypothalamic paraventri-
cular nucleus (PVN) corresponding to the mammalian
PVH was observed in pigeons. Injections of NE or EPI
into the PVN of pigeons evoke intense, a-adrenocep-
tor-mediated feeding responses. Similar to what was
observed in rats, hyperphagic responses after intra-
PVN EPI injections in pigeons are significantly higher
than those observed after injections of equimolar doses
of NE. Also in pigeons, ICV or intra-PVN injections
of EPI evoke a B-adrenoceptor-mediated increase in
blood glucose (with no effect on FFA levels), whereas
ICV injections of NE raise plasma FFA levels. These
responses are mediated by both autonomic and pitu-
itary mechanisms. These functional and anatomical
attributes may represent a mechanism highly con-
served during amniote (reptiles, birds, and mammals)
evolution, possibly present in the last common ances-
tor of these vertebrate classes and probably still playing
a fundamental role in the control of fuel homeostasis.
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Glossary

a-adrenoceptor Membrane-bound G protein-coupled
receptor that mediates physiological and neuro-
physiological responses to epinephrine and norepin-
ephrine; characterized by order of agonist potencies
for stimulation: epinephrine — norepinephrine —
isoproterenol.

B-adrenoceptor Membrane-bound Gprotein-
coupled receptor that mediates physiological and
neurophysiological responses to epinephrine and
norepinephrine; characterized by order of agonist
potencies for stimulation: isoproterenol — epinephrine
— norepinephrine.

arrestin Intracellular protein that, when bound to an
adrenoceptor, promotes the receptor uncoupling from
G proteins and receptor desensitization.

autonomic nervous system A component of the
nervous system that is primarily involved in internal
body functions and behavior.

Adrenergic receptors are membrane-bound proteins that
mediate the peripheral and central actions of norepinephrine
and epinephrine. By virtue of their location, either presynapti-
cally or postsynaptically on neurons or effector organs such
as the heart, vasculature, and adipose tissue, this class of re-
ceptors mediates a wide range of important homeostatic
responses. Adrenergic receptors were originally divided into
two major groups: a- and (3-adrenoceptors (ARs). a-ARs dem-
onstrate weak responses to the synthetic agonist isoproterenol
but are very responsive to epinephrine and norepinephrine. In
contrast, 3-ARs respond potently to isoproterenol and are less
sensitive to epinephrine and norepinephrine. During more
recent years, both new pharmacological tools and the cloning
of genes have revealed nine different AR subtypes: three
al-ARs (alA, alB, and alD), three a2-ARs («2A/D, 2B,
and a2c), and three 3-ARs (B I, B2, and 33).
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B-ADRENOCEPTORS

Peripherally, B1-adrenoceptors (ARs) are localized to
cardiac and adipose tissue, whereas $2-ARs are found
primarily in smooth muscle, liver, and human white
cells but have also been localized on cardiac tissue. In
the rat central nervous system (CNS), both B1- and
B2-ARs are found with high densities in the cerebral
cortex, caudate, and cerebellum. In amphibian and rat
brains, B-ARs are located primarily on the postsynap-
tic membrane. B3-ARs were not cloned until 1989,
and receptor density appears to vary among species.
Immunohistochemical and radioligand-binding stud-
ies suggest that B3-AR mRNA is localized in both
white and brown adipose cells as well as in skeletal
muscle. Activation of this class of B-ARs is thought
to mediate lipolysis and play a role in thermogenesis
in these tissues. There is also evidence that B3-ARs
can be expressed in human atrial and ventricular
cardiomyocytes under certain conditions.

B1- and B2-Adrenoceptors

The postsynaptic mechanisms of Bl- and B2-ARs
have been studied the most extensively. B1 receptors
have approximately equal affinities for epinephrine
and norepinephrine. Conversely, B2 receptors have a
higher affinity for epinephrine than for norepineph-
rine, suggesting that tissues with a predominance of
B2 receptors respond quickly to circulating epineph-
rine. B-AR stimulation leads to activation of adenylate
cyclase and elevation of intracellular cyclic AMP
(cAMP). This receptor effector system consists of
three components: the B-AR, a guanine nucleotide
regulatory protein that links the receptor to adenylate
cyclase, and adenylate cyclase. When the G protein is
in the stimulatory configuration, the binding of a
neurotransmitter to the B-AR results in increased
production of cAMP from adenosine triphosphate
(ATP). In cardiac muscle, increased levels of cAMP

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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in turn activate protein kinase A (PKA), calcium chan-
nels are phosphorylated, and calcium entry increases
through the sarcolemma, promoting a positive
inotropic effect. Phospholamban is phosphorylated,
promoting an increased rate of calcium reuptake into
the sarcoplasmic reticulum and increasing the rate of
myocardial relaxation (lusitropic effect). In addition,
there is an increased rate of sinus node depolarization
or a positive chronotropic effect. Cardiac B2-ARs
may also interact with an inhibitory G protein and
may possibly modulate several G protein-independent
pathways, including a possible link to a phosphati-
dylinositol 3’ kinase pathway that has been linked
with antiapoptotic mechanisms. In smooth muscle,
the B-AR-stimulated increase in intracellular cAMP
promotes relaxation through increased calcium reup-
take into the sarcoplasmic reticulum and calcium
extrusion to the extracellular space. B-receptor
stimulation of smooth muscle also triggers acti-
vation of calcium-dependent potassium channels that
hyperpolarize the membrane.

Prolonged agonist exposure to B-AR stimulation
leads to receptor internalization and diminished re-
sponse to subsequent stimulation. This process of
down-regulation of the receptor primarily affects
B1-ARs and is mediated by increased activity of B1-
adrenergic kinase (B1-ARK) during prolonged B1
agonist activity. B1-ARK in turn phosphorylates the
Bl-receptor. In the presence of Bl-arrestin, the re-
ceptor becomes uncoupled from the stimulatory G
protein and is internalized. In failing human ven-
tricles, B1-ARK levels are elevated and the ratio of
B1:B2 receptors decreases as B1-receptors are intern-
alized. In addition, there may be a functional
uncoupling of remaining receptors. Although this
mechanism of down-regulation is thought to be
protective against the adverse effects of prolonged
increased intracellular levels of cAMP and calcium,
including apoptosis, the net outcome is a reduced
response to B-receptor stimulation and systolic dys-
function. Transgenic mice with overexpression of
human B1- or B2-ARs develop cardiomyopathic phe-
notype, including systolic dysfunction and chamber
dilation, suggesting that overactivation of either re-
ceptor subtype can trigger internal pathways in-
volved in receptor desensitization. The link between
prolonged B-receptor stimulation and up-regulation
of B1-ARK also appears to be critical to the devel-
opment of heart failure. Inhibition of B1-ARK
activity with a peptide inhibitor both enhances con-
tractility in the normal heart and prevents the de-
velopment of cardiomyopathy in a murine model of
heart failure.
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[33-Adrenoceptors

B3-ARs have also been linked to cardiac function. In
B3-knockout mice, the inotropic response to isopro-
terenol is greater than that observed in wild-type
controls. Alternatively, cardiac-specific overexpression
of B3-ARs results in a reduction in left ventricular
function. Evidence suggests that B3-ARs are up-
regulated in human heart failure, whereas B1-ARs
are down-regulated, suggesting that B3-ARs may
constitute an opposing role to the excitatory effects
of the other two B-ARs. The postsynaptic mechan-
isms of B3-AR stimulation in cardiovascular tissue
remains to be fully defined, yet there is evidence of
coupling to both stimulatory and inhibitory G pro-
teins as well as activation of nitric oxide synthase.
It does not appear that B3-ARs are targeted for intra-
cellular phosphorylation or that they bind B-arrestin.
As a result, B3-ARs are relatively resistant to long-
term down-regulation, although this resistance may
be tissue specific.

B-ARs are also extremely important in thermogen-
esis and lipolysis in adipocytes and possibly skeletal
muscle. All three B-ARs appear to be present on
brown and white adipocytes. Activation of B-ARs
produces biphasic changes in intracellular cAMP
(reflecting the coupling of the B2 and B3-ARs to
both stimulatory and inhibitory G proteins) and
activates a mitochondrial uncoupling protein (UPC-1
in brown adipose tissue) that is important for the
purpose of heat generation (thermogenesis) at the
expense of coupled ATP production. In animals,
stimulation of B3-ARs has antiobesity and antidiabetic
properties by decreasing fat content, increasing
muscle glucose uptake, and decreasing hepatic glucose
output. There is also a link between B3-AR activation
and decreased leptin expression and secretion from
white adipose tissue. The mechanism underlying
interaction between B3-AR stimulation and leptin
has yet to be fully determined but may involve B-AR
activation of cAMP-dependent protein kinases.
Alternatively, in animal models of obesity such as the
ob/ob mouse and Zucker fatty (fa/fa) rat, where leptin
release or receptor binding is dysfunctional, there is
a decrease in both B3- and B1-AR expression. The
mismatch between leptin levels and B-AR function
may be related to sympathetically mediated B-AR
down-regulation. However, in humans, the profound
effect of B-AR down-regulation in obesity has yet to be
linked specifically to B3-AR deletion. The relative
numbers of B3-ARs in metabolically active tissues
of rodents versus humans may explain these differ-
ences. Furthermore, there is evidence of significant
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redundancy in the system given that deletion of all
three B-AR subtypes is necessary to generate mice
that are intolerant to cold exposure.

a-ADRENOCEPTORS

a-ARs mediate most (but not all) of the excitatory
effects of catecholamines, including contraction of
vascular smooth muscle, contraction of uterine
muscle, contraction of the urethra, and pupillary dila-
tion. In general, al-ARs are involved in mediating
responses at effector organs. The a2-ARs are located
primarily on the presynaptic terminal and modulate
transmitter release, although they also are present
postsynaptically and contribute to effector organ
responses. Responses at many effector organs are
mediated by more than one AR subtype. For example,
several a-AR subtypes are expressed in the vasculature
and mediate different aspects of vascular function.
Moreover, the relative roles of these subtypes vary
among different vascular beds, at different levels of
individual blood vessels, and are species dependent.

o |-Adrenoceptors

The al-ARs are distributed in various organs and
tissues, including the vasculature, heart, lung, kidney,
liver, and brain. Within the brain, radioligand binding
and autoradiographic techniques have indicated rich
localization of al-ARs in the rat cerebral cortex,
hippocampus, certain thalamic nuclei (dorsal lateral
geniculate), and dorsal raphe nucleus. Peripherally,
this class of receptors is thought to be involved im-
portantly in the control of vascular tone. The three
different subtypes (a1A, a1B, and «1D) all have been
implicated in vascular smooth muscle contraction,
with varied roles depending on the species and the
vascular bed. It appears that the alA subtype may
be involved more in the maintenance of basal tone,
whereas the a1B subtype may participate more in the
response to exogenous agonists. Different physio-
logical conditions can influence the response to
activation of these receptors, and expression of the
different subtypes can be affected independently
under different physiological and pathophysiological
situations. It appears that expression of the a1B sub-
type may be especially subject to changes in level of
expression. Thus, it is possible that this receptor may
be involved in altered responses under different
physiological and pathophysiological conditions.

The «al-ARs are G protein-coupled receptors,
coupled primarily to Gg/11. Activation of this system
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stimulates activity of phospholipase C, resulting in
the formation of 1,4,5-trisphosphate and diacyl-
glycerol. These molecules subsequently stimulate an
increase in cytosolic Ca*" and activation of protein
kinase C. Although this is the primary coupling sys-
tem for most al-AR-mediated responses, evidence
suggests that these receptors can also be coupled
to other G proteins. Thus, it is likely that activation
of al-ARs is capable of influencing a number of dif-
ferent signaling pathways and of modulating many
different types of responses.

An important aspect of a1-AR function, similar to
B-ARs, is that they are highly subject to desen-
sitization. Prolonged exposure to an agonist results
in reduced responsiveness to subsequent stimulation
of the receptor. The reduction in response to agonist
stimulation appears to be due to binding of arrestin
proteins to the receptor, which favors its uncoupling
from the G protein. In addition, receptors are intern-
alized within the cell, also contributing to decreased
receptor activity. Phosphorylation of the receptor via
activation of G protein receptor kinases is a primary
event in the process of desensitization/internalization
of these receptors.

a2-Adrenoceptors

a2-ARs generally are considered to be located pre-
synaptically, modulating neurotransmitter release.
However, they also are present postsynaptically and
on non-neuronal tissues. Like the al1-ARs, they are
located both peripherally and throughout the central
nervous system. The a2-ARs are important in a wide
variety of responses, including inhibition of neuro-
transmitter release, control of vascular tone, regula-
tion of renin release, inhibition of insulin secretion,
inhibition of lipolysis, and platelet aggregation.
Within the central nervous system, a2-ARs influence
the control of arterial pressure, modulation of growth
hormone release, sedation, analgesia, and a variety
of effects on behavior and cognition. Prominent
locations within the CNS are in cardiovascular
regions such as the nucleus tractus solitarius and
rostral ventrolateral medulla as well as the locus
coeruleus. Central stimulation of a2-ARs can result
in hyperpolarization and neuronal inhibition.
Peripherally, it is clear that the a2-ARs, like the
al-receptors, mediate vasoconstriction. The primary
subtype involved in vasoconstrictor responses is the
a2A/D receptor, although there are contributions
from the other subtypes as well, in particular a2B
receptors. Interestingly, the a2B-AR also appears to
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be the dominant subtype that mediates the central
hypotensive response to a2-AR agonists. Thus, the
same receptor subtype appears to mediate vaso-
constriction peripherally and hypotension centrally;
however, the hypotensive response predominates. An
interesting aspect of the vasoconstrictor effects of
a2-ARs is that they appear to be the primary AR
involved in the contraction of veins. Depending on
the species and vascular bed, this venous constriction
is mediated by different subtypes, primarily the a2A/
D-ARs and the a2C-AR:s.

The presynaptic effects of a2-ARs appear to be
mediated predominantly by the «2A/D subtype,
although some studies suggest that the a2C sub-
type also may be involved. These receptors act as
autoreceptors, primarily mediating inhibition of
transmitter release. They are present widely in the
brain as well as in peripheral tissues, including
the heart, kidney, and vasculature. These presynaptic
receptors are thought to contribute, at least in part,
to the hypotensive, sedative, and analgesic effects of
a2-AR agonists.

The o2-ARs primarily are negatively coupled to
adenylate cyclase. In addition, cellular effects of
a2-ARs may be mediated through inhibition of volt-
age gated Ca”" channels, activation of inwardly recti-
fying K" channels, activation of phospholipase C,
increased Ca’" release from intracellular sources,
and stimulation of mitogen-activated protein kinase
(MAP kinase). Thus, activation of a2-ARs has the
capacity to influence a number of signaling pathways,
providing a modulatory effect on a variety of cellular
functions.

Ac]renocorticotropic Hormone
see ACTH
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Glossary

antioxidant A substance that chemically inhibits
oxidation reactions.

caloric restriction Eating fewer calories than ad
libitum while achieving adequate or optimal nutrition.
This has extended both mean and maximum life span in
various animal models.

Gompertz function A mathematical model de-
veloped by B. Gompertz in 1825 of the age-related
increase in mortality during the adult life span.

juvenile hormone An insect hormone that is se-
creted by the corpora allata and plays a role in
reproduction, gene expression, and metabolism.

mitochondria Any of various round or long cellular
organelles of most eukaryotes that are found outside
the nucleus, produce energy for the cell through
oxidative processes, and are rich in fats, proteins, and
enzymes.

nuclear DNA DNA found within the nucleus of
the cell.

oxidative theory of aging The theory that declines in
physiological function with age are due to damage
accumulated from reactive oxygen species.

superoxide disumutase (SOD) A potent intracellu-
lar antioxidant.

telomere The natural end sequence of a eukaryotic
chromosome.

Aging and longevity are fundamental characteristics of
human populations. Aging typically means the loss with in-
creased chronological age of the functional capability of differ-
ent organs of the body due to the operation of a general
process of biological senescence. Aging, or senescence, is usu-
ally viewed as distinct from major chronic diseases, such as
cancer or cardiovascular diseases, although there may be
shared exposure factors or mechanisms (e.g., oxidative pro-
cesses causing mutations in DNA). Often, aging is defined at
the cellular level, such as the replicative senescence of cells
whose telomere reaches a critical length, or related to
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mitochondrial dysfunction in energy production due to the
accumulated damage of reactive oxygen species. Longevity, the
number of years lived, is generally viewed as being determined
by senescent processes reaching their end stage. However, it is
clear that there are multiple determinants of longevity, and the
correlation of life span with the progression of the different
dimensions of senescence is more complex and plastic than
had been previously thought and is not well understood.

CELL-BASED SENESCENCE

Biological models of human aging and longevity have
often focused on the senescence and death of the
individual cell—the fundamental building block of
the human organism. For example, one model of sen-
escent-limited longevity is based on a model of genetic
restrictions on the number of cell replications that can
occur under the so-called Hayflick limit. The physical
basis for this phenomena is believed to be the telomere,
the end sequence of the chromosome that tends to
decrease in length with each replication of the cell.
These cell-based models tend to underplay the
significance of endocrine and growth factors.

One problem with this perspective is that an ex-
perimental analysis of the decline in the number of
replications that a cell can perform (often estimated at
50-60) per year of age in vitro was estimated to be 0.2/
year in humans aged 30-80, implying that this mech-
anism limited the human life span to 250-300 years.
The highest reliable age reported at death is currently
that of Madame J. Calment, who died at age 122.
A second problem is that although the Hayflick limit
may explain longevity bounds, it does not explain loss
of function with age.

A recent analysis showed that in healthy human
subjects, and controlling for the biopsy site, there
was no significant negative correlation between the
cell’s replicative capacity in a given tissue and subjects’
age in vitro. As a consequence, questions are raised
about the importance and exact role of the loss of cell
replicative capacity as a limiting factor in human lon-
gevity. Additionally, studies have found the correlation

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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of telomere length with replicative senescence to be
complex because it varies across tissue types and
because the telomere may have additional cellular
functions, such as monitoring oxidative cell damage.
Further complicating analysis of the mechanisms
controlling longevity is the fact that most tissues, in-
cluding the brain, are now thought to have a small
proportion of stem cells from which new cells can
generate. It has been demonstrated that new neurons
are generated in the human brain at all ages. Aerobic
exercise may stimulate production of new cells in the
hippocampus. One specific interesting stem cell is the
SHED stem cell found in teeth. This stem cell has
been shown to have the potential to form cells of a
variety of tissue types. The intrinsic potential for re-
generation of each tissue type and the tissue-specific
hormonal and growth factor triggers that may cause
new cell growth (or may restrict growth, e.g., the
myostatin gene discovered in 1995) are not well
understood with respect to their role in regulating
senescence and determining human longevity.

OXIDATIVE STRESS AND
MITOCHONDRIAL INFLUENCES
ON AGING

Another promising model of the cellular mechanisms
limiting the human life span is the senescence of the
human mitochondria. This is a specific form of the
general theory of an oxidative basis for aging originally
proposed by Harman. Mitochondrial DNA (mtDNA)
has fewer error monitoring and correcting mechan-
isms than does nuclear DNA (nDNA). Furthermore,
since the mitochondria is the primary center of energy
production in cells, the organelle is thought to be
especially vulnerable to the oxidative stress of reactive
oxygen species (ROS), which are produced in the
respiratory processes centered in the mitochondria.

Because the mutation rate of mtDNA is much
greater (approximately 10-fold) than that of nDNA,
in a variant of the oxidative theory of aging, “aging” of
the mitochondria has been suggested to be the physio-
logical process limiting human longevity to a maximum
of 130 years. This is a more plausible limit than that
derived from the Hayflick limit in 7 vizro studies focus-
ing on the loss of replicative capacity of the cell and
its correlation with the age of the cell donor.

Of interest is that the production of many mitochon-
drial proteins in humans has been taken over by nDNA,
with 47 of 60 mitochondrial proteins produced in the
nucleus, in which error monitoring and corrective mech-
anisms are more complete. An interesting corollary of
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this model is that as aging degrades the efficiency of
energy production, the physical activity of the organism
is degraded, inducing a correlation of functional loss and
longevity. Cell-specific failure can be communicated sys-
tematically by cytokines such as interleukin-8, which is
increased by stress due to ROS, and interleukin-6, which
is a proinflammatory cytokine.

EXOGENOUS MODULATORS OF
MITOCHONDRIAL FUNCTION

Problems arise with this model of longevity and senes-
cence when one considers how “external” factors affect
the process of mitochondrial senescence and func-
tional degeneration. A common model for life-expect-
ancy extension is caloric restriction. In this case, the
lowering of caloric consumption is thought to de-
crease basal metabolism, reduce oxidative stress, and
retard age-related degeneration. Since this involves
energy production and metabolism, it is reasonable
to consider the mitochondria as the focal point of
these processes. Such an intervention has been shown
to increase life expectancy in experimental models of
rodents and other lower organisms. Additionally, sev-
eral genetic mutations in Cuenorhabditis elegans and
Drosophila have shown that slowing metabolism, and
reducing growth and reproduction, can significantly
extend the life span. It is believed that longevity-
extending mutations in these organisms either protect
against ROS species (e.g., genes controlling SOD2
production) or alter insulin and insulin growth
factor-1 pathways and signaling.

A significant counterexample to these experimental
models is Apis mellifera, the common honeybee. Both
bee workers and queens have identical genotypes.
Their polyphenotypic differentiation occurs due to
differences in larval nutrition whereby larva destined
to become queens are fed royal jelly, which contains
juvenile hormone that alters the developmental trajec-
tory, increases body size and respiration/metabolic
rate, increases life expectancy 15- to 30-fold over
that of the worker bee, and increases the level of
royal jelly produced in queens.

Juvenile hormone seems to affect basal metabolic
rate by increasing the production of mitochondrial
transcription factors and certain mitochondrial en-
zymes (Cox-1 and Cytc-C) involved in the respiratory
process. Thus, juvenile hormone in bees appears to
play roles similar to those of thyroid hormones in
humans, which can also affect the developmental
process as well as the mitochondrial energy produc-
tion function. Of interest is that the nuclear receptors
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for thyroid hormone T; also code for the type of
mitochondrial translation proteins elevated in queen
bees. One of the crucial findings of experimental
studies of the queen bee was that the increases in
respiration rate were due to enhanced mitochondrial
function and not to increased numbers of mitochon-
drial organelles. The queen bee model raises the ques-
tion of how thyroid hormones in humans might
regulate senescence and affect longevity by control-
ling mitochondrial behavior and function (a process
not extensively studied), especially regarding how nu-
tritional and physical activity (energy expenditure)
factors may affect mitochondrial function.

There is significant evidence that nutritional or
dietary factors can alter mitochondrial function and,
indeed, changes in mitochondrial functions with age in
animal models. Studies of mitochondrial efficiency in
experimental animal models suggest that oral inges-
tion of acetyl-L-carnitine (a substrate for fatty acid
membrane transport in mitochondria) and a-lipoic
acid (a fat-soluble antioxidant) increased oxidative
efficiency of the mitochondria in elderly experimental
animals, increased their physical activity level, and
improved memory. Thus, the age-related level of
accumulated oxidative stress and degradation of mito-
chondrial function may be partly reversed by appro-
priate nutritional supplementation in these model
systems. It is not known how such interventions
perform in humans.

TISSUE INTERDEPENDENCE
AND HORMONAL CONTROL
IN LONGEVITY

Any model that attempts to explain human longevity
and senescence solely at a cellular or molecular level is
likely to fail as an oversimplified representation of the
physiological and molecular mechanisms involved.
The fact is that the molecular functioning of a cell is
important not only for its internal maintenance but
also for the functioning of the organism. Thus, part of
the question of the relation of senescence and longev-
ity concerns the biological complexity of the organism
due to the functional differentiation of tissue and
organs and the hormonal synchronization of the wide
variety of heterogeneous physiological functions that
need to be performed.

One way to model such biological complexity is to
explicitly introduce the effects of the endocrine system
into a model of human aging and longevity. Although
certain hormonal factors have been studied in experi-
mental models of aging, they have not explicitly been

Aging and Longevity of Human Populations

introduced in mathematical models of human aging
and longevity in populations.

To illustrate, the two hazard functions most often
used to describe the age trajectory of mortality in
humans are the Gompertz and Weibull. One theoret-
ical justification for these functions is that they may
describe increases in the risk of death as a function
of the thermodynamics of protein denaturation. As a
consequence, the lowering of body temperature is
thought to significantly increase human longevity;
for example, a several-degree (centigrade) decline in
body temperature is projected to increase longevity by
approximately 20 years. Not specified in these models
are the physiological mechanisms controlling core
body temperature (possibly the thyroid gland), its
effects on thermogenics, and its regulation by feed-
back through other endocrine organs. Thyroid hor-
mone (T3) effects energy production by regulating
mitochondrial respiratory function and proliferation.

The hormone and signaling pathways studied most
intensively for their effects on longevity and aging
are insulin, insulin-like growth factor 1 (IGF-1), and
growth hormone (GH) because of the experimental
observation of increases in longevity due to caloric
restriction. Among the experimental models most fre-
quently used in such studies are C. elegans, Drosophila
melangocaster, yeast, and rodents. IGF-1 and GH have
been intensively studied because of the conceptual
attractiveness of the oxidative theory of aging and
because of the effects of caloric restriction on life
span in experimental models (e.g., rodents), which
are believed to be mediated, in part, by IGF-1, insulin,
and/or GH. The logic of the relation is that caloric
restriction slowed metabolism, the production of
ROS, the accumulation of oxidative damage, and
thus the aging rate. Genetic mutations that increased
the production of antioxidants, such as catalase or
SOD2, were also associated with significant increases
in longevity in various experimental models.

It is unclear, however, whether such interventions
work in the same way in humans because of their
greater histological (especially hormonal) complexity.
Genetic mutations that altered IGF-1 and GH pro-
duction and reduced metabolic functions, although
associated in simple experimental models with in-
creased longevity, have been associated in humans
with a number of adverse conditions, such as obesity
and lipid dysfunction, resulting in a higher risk of
death from circulatory disease and cancer.

An additional rationale for this line of research is
reasoning based on evolutionary models that there is a
trade-off of energy expended in growth and reproduct-
ive function and somatic maintenance. Reduced
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somatic maintenance during periods of scarce food
supplies causes metabolism in C. elegans to decrease
and reduces the requirement for energy and may cause
organisms to enter a quiescent, or dauer, state. This
quiescent, low-energy consumption state is often
associated with reduced oxidative stress and increased
longevity but a lower rate of reproduction and less
growth.

Hormonal control, however, is more complex in
humans than in these experimental models. The
IGF-1/insulin effect in the fly and the worm may
favor localized hormonal actions. In worms and
flies, there was a single receptor that favored local
system actions of insulin and IGF peptides, permitting
aging regulation to be dominated by a single tissue
type (e.g., the neuroendocrine tissue of C. elegans).
In tetrapods, in contrast, there are four candidate
receptors—IGF-1, IGF-2, IR, and RR. This may
have led to the developmental differentiation of insulin
to control metabolic factors and IGF-1 to control
mechanisms of growth in humans. As a consequence,
in humans, caloric restriction may have become disas-
sociated from factors controlling longevity, with
factors linked to human longevity (e.g., DHEA, insu-
lin, and body temperature) no longer simply associ-
ated with caloric restriction. Indeed, recent animal
studies show that intermittent starvation, as opposed
to caloric restriction, leads to preservation of growth
while having even greater effects on insulin and
insulin sensitivity and, consequently, on longevity.
Another recent experiment in mice is also of interest.
Mice were raised without a gene for the insulin recep-
tor in adipose tissue. These mice were found to have
greater longevity (+18%) than control mice. In ad-
dition, the gene knockout mice were lighter and much
leaner than the control mice, even though they con-
sumed more food. This suggests that they had a
higher rate of respiration along with their greater
average and maximal longevity. This study suggests
the primary effect of caloric respiration in rodents is
not in reducing oxidative processes but in reducing
body fat. Indeed, increasing the efficiency of mito-
chondrial function and energy production appears to
increase longevity. Thus, both insulin regulation and
thyroid function appear to be factors that can strongly
regulate human longevity and perhaps senescence,
suggesting systematic multiorgan regulation of long-
evity rather than simple, universal cellular “clocks.”

Whereas insulin, IGF-1, and GH have been exten-
sively studied, one endocrine system’s effects on aging
and longevity that has not been well studied is that of
the thyroid. Thus, an interesting future focus of hor-
monal research on human longevity and aging is on
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the effects of thyroid hormone, T3, on energy produc-
tion in the mitochondria. A recent review suggested it
has at least three effects. The first, occurring within
30 min, is up-regulation of the energy production of
the mitochondria by altering their membrane structure
and enhancing their efficiency in energy production.
A second change, occurring within 12 h, stimulated
production of proteins in the mitochondria to further
enhance energy production (e.g., by altering the lipid
composition of the inner membrane of the mitochon-
dria). The third effect, not evident for at least 24 h, was
the stimulation of nuclear and mitochondrial DNA to
produce necessary protein for mitochondrogenesis.
Thus, there are fundamental interactions between
mitochondrial performance and growth and T3 hor-
mone. The action of T3 also seems to be involved in
tissue differentiation so that there is a direct linkage of
metabolic level and thyroid hormone and the energy
demands of organism development. The relation of
these factors in controlling human longevity and
development/senescence needs extensive study.

Also significantly involved in senescence and lon-
gevity is the endocrine control of immune function
during aging by the hypothalamic—pituitary—adrenal
axis. Hormones play many roles in cytokine produc-
tion, and cytokines perform a number of important
tasks. It is thought that the level of interleukin-6
(IL-6) increases with age. IL-6 controls inflammatory
processes in part by stimulating C-reactive protein
production in the liver. However, this mechanism is
controversial as a model of aging, disability, and lon-
gevity because IL-6 is not clearly elevated in centenar-
ians. It appears that in the age range 85-96 years,
mortality selection on genetic factors eliminates
persons predisposed to certain types of immunosenes-
cence. There is interest in IL-6 because it causes dys-
function of muscle tissue by catabolism, promoting a
direct linkage of functional loss and mortality. IL-6 is
also implicated in the neurodegenerative process
of Alzheimer’s disease. It is of interest that anti-
inflammatory compounds such as NSAIDS (especially
ibuprofen) and statins seem to be highly effective in
reducing the risk of neurodegenerative processes (e.g.,
Alzheimer’s disease) through multiple pathways, as
may certain steroid hormones (e.g., testosterone).

A MODEL LINKING HUMAN
REPRODUCTION AND GROWTH
WITH SENESCENCE AND MORTALITY

"To adequately model the physiology of such complex
hormonal effects and interactions, more sophisticated
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quantitative population models of human survival and
physiological function are necessary. Based on evolu-
tionary arguments, much of the linkage of senescence
and development and reproduction is due to the need
to compromise between the energy demands of
growth and reproduction, on the one hand, and som-
atic maintenance, on the other hand, both of which
require considerable expenditure of energy. No cur-
rent model of aging and longevity/human mortality
effectively links the age-changing linkage of these
processes over the life span, and it is likely in the
complex linkage of these processes that endocrine
control systems are involved in complex ways.

One candidate model uses a series of three random
walk equations for an individual in a state variable
space of j dimensions, where each state variable is
denoted by «;. The first describes the temporal trajec-
tory of a person progressing/developing through 7
dimensions due to both deterministic forces and
stochastic influences (modeled as the process w):

d(x,t) = B(x, t)w(v) (1)

where ¢ is the age or time, d is change, and B is the
position-specific rate of change.

The second describes the change in the probability
of mortality conditional on the position in the state
space and stochastic factors:

M(x,t) = P, (x, t)w(x) (2)

The third describes the probability of a birth for a
female at that position in the state space:

B(x, 1) = Py(x, t)w(x) (3)

The advantage of this model is that the energy
devoted to reproduction is correlated with the risk of
death for a person of a given age and physical state
through the state dynamic process in x, (Eq. 1). The
stochastic process, x; (?), linking fertility and mortality
is the system through which hormonal control factors
may work as indexed by physiological measurements x.

"To apply this model, we need to generate equations
for the change in the state space distribution of a
population of such individuals. For change in the
state variables over time, we need a second-order
dynamic equation, or

X1 =ty + Ry + C(xtl “x) +e 4)

This includes not only the cross-temporal dependency
of factors but also interaction terms, which suggests
that the effects of risk factors over time are functions of
the values on other variables. This reflects various
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“field” effects in which trajectories are affected by
multiple variables. The e term reflects stochasticity in
these cross-temporal relations.

To model mortality and its dependence on state
variables, we use an age-dependent quadratic form, or

pr(ait) = (] Ma,)e® (5)

The risk of death is a function of age, ¢, and risk factor
values. The matrix M are hazard coefficients. The
term ¢” reflects the effects of unobserved factors cor-
related with age of mortality. To the extent that meas-
ured factors reflect age dependence, the value of 6 will
decrease.

From Eq. (5), we can estimate cause-specific func-
tions, W, to reflect the different relation of risk factors
to each of a set of C distinct causes of death. All cause-
specific mortality functions, and the birth function, will
be related through the stochastic dynamic process x;.

The next component of the model is the birth
function. This is modeled as a quadratic function of
the same set of risk factors (where B are the birth

probability coefficients),
b(xit) = (] Bx,)e™

where the values of x; reflect the physiological state of
the mother prior to birth. Thus, both mortality and
birth are linked to a common multidimensional state
variable process with age functions & and 6 that reflect
different latent states affecting the potential for sur-
vival and reproduction. The measurable cross-age
effects of endocrinological factors are represented in
the stochastic process «;.

"To understand how this model could be applied, we
use as an example our analysis of the 46-year follow-up
of the Framingham Heart Study, in which every 2 years
a number of factors were measured, including systolic
and diastolic blood pressure, left ventricular hyper-
trophy, pulse rate, body mass index (BMI), vital
capacity index, smoking or nonsmoking, serum chol-
esterol, and blood glucose, as well as demographic
variables such as gender and chronological age.

These factors describe a wide range of physiological
effects. Blood glucose is connected to diabetes and
hence insulin function. This effect is modulated by
BMI, which is related to thyroid function and lepitin
as well as other hormonal factors. Blood pressure indi-
cates, among other things, how hormonal factors affect
arterial endothelium and renal function. Implicitin the
interrelation of the variables is the interaction of a wide
range of endocrinological factors. For example, blood
glucose, hypertension, and cholesterol have been
jointly implicated in Reaven’s metabolic syndrome X.
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Other patterns of change may reflect features of
endocrine control of multiple variables.

Obviously, in the model it would be best to have
direct sequential hormonal measures (e.g., corticoster-
oid, T3, T4, insulin, GH, and leptin), but using the
data that are usually available on large, representative
human populations, we must infer their effects on
aging and longevity from their joint temporal path-
ways and evolution. The more detailed measures may
be obtained in the future for large, longitudinally rep-
resentative populations, such as the 2004 National
Long Term Care Survey, as the technology for protein
assays improves. One of the critical hypotheses sug-
gested by the previously mentioned model is that lon-
gevity and fertility are correlated through the state
variables. Such a model could be evaluated in, for
example, the Framingham Heart Study, in which two
offspring cohorts have been assessed in addition to the
original cohort. The age, timing and number of births
may be factors in determining longevity, as demon-
strated by Promislow in British aristocratic families.
Effective intervention should take into account how
various profiles of risk factor relations are changed.

CONCLUSION

As the biological complexity of organisms increases,
hormonal factors increase in importance as determin-
ants of the correlation of senescence and mortality.
Since no single organ dominates survival, the coor-
dination and communication between organ systems
becomes more crucial to survival and successful func-
tioning. Because of the increased biological complexity
of humans, the linkage of GH, IGF-1, and insulin
observed in many studies of simple organisms likely
does not function in the same way in humans. The
role of thyroid hormones, especially their ability to
cause the cell nucleus to produce mitochondrial pro-
teins, must be further studied as a fundamental factor
in senescence and longevity. It is reasonable to assume
hormonal factors significantly affect human longevity
and related aging processes in a variety of complex ways,
that these are altered by exogenous factors such as
nutrition, physical activity, by genetic polymorphisms,
and that, if understood, could indicate how to better
control senescent loss of function and overall survival.
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Glossary

andropause An age-related decline in serum testos-
terone in older men to levels below the normal range
for young men; associated with symptoms and signs
consistent with androgen deficiency.

erectile dysfunction Difficulty obtaining an erection
of sufficient quality to allow for sexual intercourse.

hypogonadism Failure of testicular production of
testosterone, spermatozoa, or both.

libido Sexual desire.

Compared to women, men experience a more variable,
gradual, and progressive decline in reproductive function as
they age. Male reproductive system aging is notable for reduc-
tions in testicular secretion of testosterone; alterations in
hypothalamic/pituitary regulation of testicular function; struc-
tural changes in the testis, penis, and accessory sexual glands;
and alterations in sexual function, spermatogenesis, and fertil-
ity. The significance of most of these age-related changes in
male reproductive physiology is unclear, although erectile dys-
function and some consequences of the age-related decline in
testosterone levels may have a major negative impact on quality
of life in aging men.

INTRODUCTION

Variability is a hallmark of male reproductive system
aging and the aging process in general. Whereas some
older men exhibit relatively normal reproductive
function, others develop significant impairments in
testosterone production, spermatogenesis, or erectile
function with aging. Age-associated interindividual
variability has important implications for the study
and management of male reproductive aging.
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PHYSIOLOGY OF AGING

Decline in Serum Testosterone Levels
with Aging

In longitudinal studies, serum testosterone levels de-
cline progressively with aging in healthy men begin-
ning in the third decade, and approximately 20% of
men older than 60 years of age and half of men older
than 80 years of age have total testosterone levels
below the normal range for young men. However,
even higher percentages of older men have bioavail-
able testosterone levels below normal levels for young
men. This is because levels of sex hormone-binding
globulin (SHBG; the major serum-binding protein
for testosterone) increase with aging, and SHBG
binds testosterone with high affinity. Therefore, bioa-
vailable non-SHBG-bound testosterone, comprising
free testosterone and testosterone weakly bound to
serum albumin, declines more than total testosterone
with aging.

"Testosterone is metabolized to estradiol and 5a-
dihydrotestosterone (DHT) (Fig. 1). Like testoster-
one, bioavailable estradiol levels decline with aging in
men, reflecting both the decline in its substrate, tes-
tosterone, and the increase in serum SHBG levels
with aging. Serum total DHT levels are unchanged
or slightly decreased with aging, but bioavailable
DHT appears to decrease as a consequence of the
age-related increase in SHBG.

In many older men, the age-related decline in
testosterone levels is exacerbated by the effects of
comorbid illnesses (e.g., diabetes mellitus, renal
failure, and alcohol abuse), malnutrition, and medica-
tions (e.g., psychoactive medications and glucocorti-
coids) that further suppress testosterone levels.
Elderly men with serious chronic illnesses, residents
in nursing homes, and patients in inpatient rehabili-
tation units have significantly lower testosterone
levels than healthy older men and a higher prevalence
of testosterone levels below the normal range for
young men.

Encyclopedia of Endocrine Diseases, Volume |. Published by Elsevier Inc.
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Figure | Schematic diagram of age-related changes in hypothal-
amic—pituitary—testicular axis function. Dashed lines denote nega-
tive feedback effects. Arrows denote aging effects on hormone levels
or spermatogenesis, large arrowheads denote increased androgen
feedback sensitivity, and arrows in parentheses denote age-related
changes in bioavailable but not total hormone levels. Note that
although luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH) levels may be normal or increased with aging, they
are inappropriately low in comparison to those of young men with
similar reductions in testosterone levels. Also note that the effect
of aging on gonadotropin-releasing hormone (GnRH) secretion
is inferred from observation of peripheral hormone levels. N,
unchanged; T, testosterone; E2, estradiol; DHT, S5a-dihydro-
testosterone.

Decline in Testicular and Hypothalamic
Regulation

The age-related decline in testosterone levels is a
consequence of both primary testicular failure and
impaired hypothalamic secretion of gonadotropin-
releasing hormone (GnRH) that results in relatively
suppressed pituitary secretion of luteinizing hormone
(LH) (Fig. 1). Age-related primary testicular dysfunc-
tion is manifested by decreases in the number and
volume of Leydig cells (testosterone-producing cells)
in the aging testis, in basal testosterone secretion
rates, and in maximal testosterone secretion after ad-
ministration of human chorionic gonadotropin (an
LH-like hormone). Metabolic clearance of testoster-
one is also decreased with aging, partially offsetting
the decrease in testosterone production.
Spermatogenesis is also adversely affected by aging.
Histologic studies show a decrease in spermatogenesis
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with advancing age, although sperm concentration in
ejaculated semen is unchanged or increased as a result
of longer periods of abstinence compared with that of
younger men. In addition, the number of Sertoli cells
that support spermatogenesis in the seminiferous
tubules is decreased with aging. There is a correspond-
ing age-associated decrease in serum levels of inhibin
B, which is secreted by Sertoli cells and mediates feed-
back inhibition of pituitary follicle-stimulating hor-
mone (FSH) secretion. This decline in inhibin B is
thought to reflect changes in spermatogenesis in the
aging testis. However, most of the decline in inhibin
B levels occurs by middle age, with little additional
decline in late life. Functionally, sperm fertilizing cap-
acity as determined by in vitro sperm penetration is
well preserved with aging, although the percentage
of sperm with normal morphology and motility is de-
creased. Fertility rates decrease with aging, but this is
due primarily to a decrease in sexual activity.

Impairment of hypothalamic GnRH secretion
with aging is thought to lead to a relative decrease in
pituitary gonadotropin secretion and to contribute
to impairment in testicular function. In turn, the age-
related decline in serum testosterone levels is associ-
ated with a gradual increase in serum FSH and, to a
lesser degree, LH levels as a result of diminishing tes-
tosterone negative feedback. However, gonadotropin
levels often remain within normal limits for younger
men. Even when levels of LH and FSH are elevated,
they may remain inappropriately low in comparison
to those of younger men with similar reductions in
testosterone levels, suggesting hypothalamic—pituitary
dysfunction (secondary hypogonadism).

Although hypothalamic GnRH secretion cannot be
assessed directly in man, several lines of evidence
indicate that age-related secondary hypogonadism is
due to a defect at the level of the hypothalamus. First,
although gonadotropin responses to acute GnRH ad-
ministration are mildly impaired with aging, older
men exhibit intact LH and FSH responses to pro-
longed pulsatile administration of GnRH, suggesting
unimpaired pituitary gonadotropin secretion with
aging. Second, the frequency of pulsatile LH secre-
tion (an indicator of hypothalamic GnRH pulse gen-
erator activity) is decreased in healthy elderly men.
Third, the circadian variation of serum testosterone
levels with highest levels in the morning is attenuated
in older compared to young men, suggesting an age-
related impairment in the hypothalamic circadian
pacemaker mechanism. Finally, the sensitivity of
gonadotropin suppression to testosterone negative
feedback is increased with aging. Taken together,
these findings suggest that the decline in testicular
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function with aging is due to both primary testicular
failure and impaired hypothalamic GnRH regulation
of gonadotropin secretion.

POSSIBLE CONSEQUENCES OF
AGING-ASSOCIATED ANDROGEN
DEFICIENCY

The term andropause has been coined to denote an
age-related decline in circulating testosterone to levels
below normal for young men, associated with symp-
toms and signs consistent with androgen deficiency.
Many of the physiological changes associated with
advancing age are similar to the symptoms associated
with hypogonadism in younger men, including de-
creases in muscle mass and strength, bone mass,
libido, sexual activity, body hair, and hematopoiesis
and increased fat mass. In young hypogonadal men,
these symptoms improve with testosterone replace-
ment. It has been hypothesized that in aging men,
these problems are due at least in part to declining
testosterone levels.

Epidemiological Studies

Descriptive studies involving older men provide some
support for this hypothesis. Testosterone levels and
total or abdominal fat mass are inversely related in
most studies of elderly men, and some studies report a
positive correlation between testosterone levels and
lean body or muscle mass and strength. In addition,
low testosterone levels are associated with depressed
mood and reduced performance on spatial cognition
and some memory tasks in older men. Some longitu-
dinal studies in healthy older men report a modest
correlation between testosterone levels and sexual
activity, whereas other studies find no association.
Based on the observation that men have a higher
incidence of coronary heart disease than women of
similar age, it has been suggested that testosterone
predisposes to coronary heart disease. However,
most studies report a favorable or neutral correlation
between testosterone levels and coronary heart disease
in men.

Many of the peripheral effects of testosterone are
mediated at least in part by its active metabolites
estradiol and DHT (Fig. 1). As noted previously,
bioavailable estradiol and DHT levels decline with
aging. In older men, decreased bone mineral density
and fracture risk are more strongly correlated with
low estradiol than with low testosterone levels, sug-
gesting an important role of estradiol in developing
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and maintaining normal bone mass in men. Local
production of the androgen DHT in the skin and
prostate plays an important role in the development
of male pattern baldness and prostate disorders, in-
cluding benign prostatic hyperplasia with aging, but
the significance of age-related changes in circulating
DHT levels is unclear.

Controlled Clinical Studies of
Testosterone Treatment in Older Men

Potentially Beneficial Effects

Changes in lean body mass and fat mass are among
the most consistently reported effects of testosterone
supplementation. In trials of up to 3 years, lean body
mass increased and total body and visceral fat mass
decreased in healthy older men with low-normal or
mildly decreased testosterone levels. Bone mineral
density of the lumbar spine and hip increased in
older men with low testosterone levels but not in
men with testosterone levels in the normal range.
However, fracture rates have not been reported to
decrease in older men receiving testosterone.

"Total and low-density lipoprotein cholesterol levels
generally decreased with testosterone supplementa-
tion, whereas high-density lipoprotein cholesterol
levels were unchanged. Most trials involving older
men with coronary heart disease have reported de-
creased exercise-induced coronary ischemia with
acute or chronic testosterone administration, although
effects on angina were variable. The long-term effects
of testosterone treatment on cardiovascular disease
risk in older men are unknown.

Libido, sexual activity, energy, and subjective well-
being improved with testosterone treatment in some
studies but were unchanged in others. Studies in small
numbers of subjects reported improvements in some
aspects of cognition, including spatial ability and
spatial, working, and verbal memory. However, in
another trial testosterone appeared to impair verbal
fluency. Testosterone therapy had no effect on clinical
depression in one study.

Testosterone’s effects on strength and functional
status in older men were variable. In healthy older
men, testosterone increased upper and lower extrem-
ity strength in some studies but not in others.
Performance on functional tasks was unchanged in
healthy men treated for 3 years, although testosterone
appeared to prevent a decline in self-assessed physical
function in these men. In frail older men undergoing
inpatient rehabilitation, testosterone improved some
measures of strength and functional status. However,
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the effects of testosterone treatment in the prevention
and treatment of frailty, and on health-related quality
of life, remain largely unexplored.

Adverse Effects

Testosterone supplementation was generally well
tolerated by older men treated for up to 3 years. The
most consistently reported adverse effect of testoster-
one was the development of hematocrit elevations
above the normal range in 6-25% of older men. In
most studies, the mean hematocrit increased 2.5-5%
over baseline values during treatment. Erythrocytosis
occurred during both parenteral and transdermal
testosterone supplementation, although it was less
common with transdermal administration.

Voiding symptoms and prostate examination ab-
normalities did not increase during treatment, al-
though prostate size increased slightly in one study.
Although most studies found no significant change in
prostate-specific antigen (PSA), in a few studies PSA
levels increased slightly during testosterone treat-
ment, mostly within the normal range. However, the
long-term risks of clinically significant prostatism or
overt prostate cancer in men receiving testosterone
therapy are unknown.

Sleep apnea has been reported as a potential com-
plication of testosterone therapy in younger hypogo-
nadal men, but it has not been observed in controlled
studies of testosterone treatment.

CONCLUSION

The foregoing evidence suggests that the age-related
decline in testosterone levels contributes to some of the
physiological changes associated with aging in men.
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However, the available data are insufficient to assess
the long-term benefits and risks of testosterone supple-
mentation. Furthermore, age-associated physiological
alterations such as altered body composition and sexual
dysfunction are usually multifactorial in origin.
Therefore, clinicians must identify and treat all poten-
tially treatable or reversible contributory factors.
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Glossary

DNA sequencing Technique used to determine the
sequence of nucleotide bases present in a DNA
molecule or fragment.

epithelial Layers of cells forming the outer surface of
the body and also lining its internal cavities.

mutagenesis Causing a permanent heritable change in
the nucleotide sequence of a chromosome.

phenotype Observable characteristics of a cell or an
organism.

transgenesis The stable introduction of a cloned gene
into a plant or an animal, allowing its transmission to
future generations.

Scientists interested in exploring fundamental mechanisms
of aging need to judiciously choose animal models of aging most
appropriate for their area of research. Similarly, great care must
be taken when using animal models for the study of disease
processes that tend to occur in late life. The establishment of
funding agencies devoted to aging research (e.g., U.S. National
Institute on Aging [NIA] in 1974) and a growing general inter-
est in aging have led to an unprecedented increase in the use of
aging models and in resulting publications. Although research-
ers are now able to choose from a broad variety of vertebrate
and invertebrate models, most such research is still conducted
using a very limited number of rat or mouse strains. Because no
one single species or strain is optimal for all aging questions and
studies, care must be given to the choice of the most appropri-
ate animal aging model. Moreover, other animal-related issues,
such as the presence of confounding disease, genetic back-
ground, diet, housing, husbandry, microbial status, and exercise,
all can greatly influence experimental results. Thus, when
designing aging studies, these factors must be given the same
considerations as is the determination of an outcome measure
of primary interest to investigators. Fortunately, although im-
portant issues still remain unresolved, researchers are now
able to base their decisions on a reasonable body of experience
and knowledge.
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GENERAL PRINCIPLES OF
AGING RESEARCH

As described by Weindruch, animal models have been
used in five general categories of aging studies. Many
investigators have used cross-sectional and (less com-
monly) longitudinal study designs to examine the in-
fluence of normal aging on parameters that are
thought to either cause aging or be the consequence
of aging processes. One major pitfall of this type of
study is attributing observed differences to normal
aging without taking into account the presence of
confounding disease processes. Other difficulties
arise from an inappropriate choice of ages. For
example, an investigator comparing very young (e.g.,
newborn) rats with older adult (e.g., middle-aged) rats
may be studying maturational rather than aging pro-
cesses, and a failure to include intermediate ages be-
tween young and old may cause the investigator to
miss important changes that may herald the aging
process. Interestingly, the absence of appropriate life
tables for the determination of survival curves has
been the limiting factor in the use of some potentially
useful aging models.

Other, more comparative studies examine species
with widely different longevity to identify factors as-
sociated with longevity and aging. Similarly, different
strains within the same species (e.g., congenic mice)
may possess major differences in longevity. Finally,
animal models of accelerated aging (e.g., senescence
accelerated mouse) and models of decelerated aging
(e.g., Drosophila overexpressing catalase or superox-
ide dismutase) both have proved to be useful in aging
studies.

THE LABORATORY RAT

NIA’s decision to provide the Fischer 344 (F344) rat
strain to the scientific community has played a major

Encyclopedia of Endocrine Diseases, Volume I. © 2004 Elsevier Inc. All rights reserved.
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role in its great popularity for aging studies. Many
investigators also welcomed this inbred strain because
the commonly used outbred Sprague-Dawley strain
tended to become grossly obese in old age and ex-
hibited tremendous variability when purchased from
different suppliers. Unfortunately, although inbred
F344 rats have the advantage of being genetically iden-
tical, this also results in their frequent development of
tumors (testicular interstitial cell and pituitary) as well
as renal failure from nephropathy. Although these
tumors are rarely metastatic or secretory, screening is
important because both the tumors and renal failure
could confound research data. Fortunately, the NIA
also offers the inbred Brown Norway (BN) rat, as well
as an F1 hybrid (F344/BN), through a contractual
arrangement. Caloric restriction still remains the best
validated and most robust means of extending longev-
ity in rodents while also decreasing their burden of
disease (including F344 nephropathy), and all three
rat strains provided by the NIA are also available
from a caloric-restricted colony. Many investigators
have argued for the use of rodents that have undergone
modest caloric restriction because such animals tend to
be healthier in old age, minimizing the confounding
effect of illness and disability. Interestingly, some
investigators have used the heterogeneity present in
other outbred strains (e.g., Wistar, Long—Evans) to
great advantage in aging studies. For example, Long—
Evans rats remain relatively healthy into old age and
exhibit great variability in their spatial memory
performance on a Morris water maze test.

The rat is a popular model for examining endo-
crine and reproductive issues in old age. Although this
has resulted in the availability of considerable infor-
mation regarding this model, great caution must be
exercised when extrapolating from these studies to
human conditions. For example, unlike women
whose ovaries cease to produce estrogens past meno-
pause, rat ovaries appear to be capable of normal or
near-normal function throughout their life span. In
contrast to human menopause, reproductive senes-
cence in rats is associated with the development of
irregular cycles. This is followed by a period constant
estrus in nearly one-half of the animals, which then
proceed to a state of persistent diestrus, whereas the
other half proceeds immediately to persistent diestrus.
As a result, approximately one-half of 2-year-old rats
will be in a state of constant estrus with a minimum of
three consecutive epithelial vaginal smear cycles,
whereas the other half will proceed to a state of per-
sistent diestrus with a minimum of three leucocytic
smears. Interestingly, estrogen levels are only slightly
higher in the former group. As discussed previously,
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a high prevalence of pituitary and testicular tumors,
particularly in aged F344 rats, also needs to be con-
sidered when using this strain in aging studies.

THE LABORATORY MOUSE

Being smaller than rats, mice provide investigators
with smaller amounts of tissue, and systemic physio-
logical studies can sometimes be difficult. However,
mouse genetics are extremely well known, and the
ability to create genetically modified mice has become
an important tool for studying aging and age-related
processes. The presentation of a phenotype in any
organism is a composite of the interactions between
its genetic complement and the environment in which
it is placed. Although the process of aging is a complex
phenotype, it is no exception to this generally
accepted biological principle. In contemporary bio-
medical research, the laboratory mouse has become a
premier model organism to study processes important
to human biology. This surge in mouse-related re-
search has been driven largely by the ability to develop
genetically engineered mice both by transgenesis via
pronuclear injection and with gene targeting using
embryonic stem (ES) cells. In addition, large muta-
genesis programs have been initiated to isolate new
mutations associated with a wide variety of biological
processes. These activities have been complemented
with other technological advances, including the initi-
ation of a DNA sequencing effort to completely se-
quence the mouse genome and the development of
microarray technology. Although the promise of these
efforts in contributing to the genetic dissection of
complex biological processes is extraordinary, having
the appropriate model to which one can apply these
emerging technologies is paramount to a successful
and productive outcome.

Although the mouse has many advantages, it is
not without its disadvantages. It must be recognized
that not all discoveries or observations made with
the mouse will have direct parallels in the human.
Furthermore, with a life span of many months as
compared with days in a species such as Drosophila,
another powerful genetic model, data collection is
inherently slower. Finally, housing costs and the oper-
ation of a barrier facility is a major consideration in
the selection of this model.

The mouse model provides an opportunity for in-
vestigators to control both the nutrition and housing
environments for their experiment animals. It has been
well documented that caloric restriction can substan-
tially lengthen the life span of laboratory mice. This
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principle seems to be true not only for mice and other
rodents but also for insects, worms, and nonhuman
primates, with possible implications for humans.
Clearly, continued work with genetic models such as
Drosophila and the mouse will uldmately reveal the
genetic basis for this phenomenon. In the design of an
aging study, the program for housing animals should
be evaluated carefully. Caging style, light—dark cycle,
ambient temperature, and the number of mice housed
per cage all are obvious concerns. Other factors for
consideration include extraneous noise and consist-
ency in caretaker handling of the animals. Careful
training of caretakers for uniformity in handling of
the mice during cage-changing activities should not
be underestimated.

Infectious diseases have long been known to have a
potential impact on experimental analyses in mice. It
is important to be able to determine whether the onset
of a disease state is a function of the aging process or
the result of a pathogen infection in the colony. In this
context, the development and maintenance of specific
pathogen-free (SPF) colonies for aging studies is es-
sential. A researcher is also aided in this area by the
existence of a large literature base on diseases in mice
and on variations in susceptibility to diseases in spe-
cific lines or strains. The SPF status of study animals
should be defined and maintained by careful hus-
bandry practices. Frequently, an SPF barrier facility
equipped with micro-isolator caging is employed to
minimize the risk of an unwanted pathogen entering
the colony. Access to such barriers is limited, and
strict protocols for entry and animal-handling prac-
tices are mandated for staff working in such areas.
A carefully designed sentinel program is essential for
monitoring the health status of the colony and should
be associated with a careful plan to respond if a break
in the SPF status should occur.

Many inbred strains of mice have been developed
and maintained by brother—sister matings for numer-
ous generations. One major advantage of an inbred
strain is genetic uniformity from one generation to
the next. This feature permits an experiment to be
repeated in both time and space with an identical or
nearly identical genetic environment. In addition, a
wealth of information on individual strain characteris-
tics has been accumulated through years of research
with these lines. Several inbred strains have been used
in aging studies and can be obtained from a variety of
sources. Inbred mice currently available through the
NIA include BALB/cBy, CBA, C57BL/6, and DBA/2.
Hybrids and calorically restricted mice will be increas-
ingly available in future years. However, genetic uni-
formity of the inbred strain does not come without a
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price in that certain lines come with their own particu-
lar set of problems that can affect an aging study. In the
selection of a particular strain for analysis, previous
work with that strain, the nature of the aging question
being addressed, and potential strain idiosyncrasies
must be evaluated. Fortunately, databases that allow
rapid electronic access to much of this information
have been developed to assist investigators with strain
selection.

One approach to reduce the potential problems
associated with the use of inbred strains is the produc-
tion of an F1 hybrid mouse that is created by mating
individuals from two different inbred strains. These
F1 animals have the virtue of being genetically identi-
cal as well as being potentially heterozygous at most
loci (F1 mice will be homozygous only for loci that
happened to be identical in their inbred parents),
reducing the impact of certain idiosyncrasies found
in their inbred parents.

The number of variants at individual genetic loci
has grown precipitously as a function of genetic en-
gineering and focused mutagenesis programs that
have been initiated relatively recently. Because de-
signer variants and many spontaneous mutations are
often isolated on different or mixed genetic back-
grounds, breeding programs are frequently conducted
to place each variant in a defined genetic background.
This is accomplished by a series of back-crosses of
the variant locus to a selected inbred strain such as
C57BL/6. Lines established in this fashion are re-
ferred to as congenic strains. To avoid the compli-
cations of studying a variant in an inbred setting, a
second congenic line in a different inbred strain can
be created. By crossing these two congenic strains, a
particular variant can be analyzed in an F1 hybrid and
compared with the phenotype in the inbred strain.

Although the inbred strains and F1 hybrids allow
rigid control of the genetic environment in a set of
experimental animals, not all researchers agree with
this approach. Concerns about the lack of genetic
variance in these experimental paradigms (inbred
lines and F1 hybrid) has led some researchers to favor
experimental systems that provide more genetic het-
erogeneity. One experimental paradigm involves F2
hybrids. In this model, experimental mice are obtained
by mating two F1 mice of the same type (e.g., F1 mice
produced by crossing C57BL/6 mice with C3H mice).
Alternatively, F2 animals can be developed using the
four-way breeding scheme. This breeding program
involves the mating of two different F1 parents. In
this type of mating system, the resulting F2 animals
have four different grandparents, whereas they have
only two different grandparents if the F1 parents are
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of the same type. In either system, the F2 mice
are genetically heterogeneous, yet the genetic makeup
of the population is defined and reproducible from
laboratory to laboratory.

INVERTEBRATE MODEL SYSTEMS
IN AGING

Saccharomyces cerevisine (yeast), Caenorbabditis elegans
(nematode), and Drosophila melanogaster (fruit fly) are
the leading invertebrate model systems used in aging
research. Their great advantages include ease of main-
tenance, short life spans, advanced molecular and
genetic tools, and availability of their complete geno-
mic sequences. Genetic screens have already identified
a number of genes that appear to be involved in the
aging process. Genetic and molecular characterization
of these genes has provided valuable information
about the physiological pathways that may be import-
ant in the aging process. Furthermore, the molecular
conservation that has been so widely observed among
yeast, C. elegans, Drosophila, and mammalian model
systems such as mice and rats suggests that informa-
tion obtained in these “simpler” systems is certain to
facilitate our understanding of aging.

The budding yeast, S. cerevisiae (a single-cell organ-
ism), has been used in aging research since 1959, when
Mortimer and Johnson described an increase in
volume and number of scars as an aging phenotype.
Aging of the yeast is measured as the average number
of cell divisions that a mother cell can undergo or as
the survival of nondividing cells during the stationary
phase. The asymmetric cell divisions result in a larger
mother cell and smaller daughter cells that can be
easily separated, leaving behind the scar. Average
cell divisions can range from 15 to 30 generations,
depending on the strain. During the past decade,
more than 16 longevity genes have been discovered
in yeast, many of which are now being found to be
important in the aging process of other invertebrates
and mammals.

The nematode, C. elegans, is a very valuable tool
in aging research. Some of the specific advantages
of nematodes are their easy maintenance; small size
(~1 mm as adult), short life span (~15 days at 20°C),
and ability to be frozen indefinitely in liquid nitrogen
and revived. Moreover, this relatively simple transpar-
ent organism is the only multicellular animal whose
developmental anatomy has been described in great
detail. The exact lineage of every cell in the body
has been fully mapped out by direct observation of
the developing animal from a single-cell egg to a
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multicellular adult. Its genome has been completely
sequenced. Recently developed microsurgical and gen-
etic approaches can be applied to dissect the genetic
control of specific developmental mechanisms.

C. elegans is a hermaphrodite, allowing for self-
fertilization. As a result, a single heterozygous worm
can produce homozygous progeny, an important fea-
ture that helps to make this organism exceptionally
convenient for genetic studies. Meanwhile, genetic
crosses are also possible given that the nematode can
be mated with males. During normal development,
C. elegans hatches from the egg as a first-stage larvae
L1. After three more larval stages, it becomes sexually
mature. Crowding, high level of pheromones, and food
limitation induce entering of L2 to the dauer larval
stage, an alternative L3 form that allows nematodes to
survive difficult conditions. Dauer is a developmen-
tally arrested form characterized by a lower metabolic
rate, accumulations of fat, an increased level of antioxi-
dant enzymes, and a longer life span. A nematode can
survive during the dauer stage for up to 6 months.
When conditions improve, the nematode develops
into an L4 stage with a normal life span. Mutations in
several genes extend the life span and affect dauer
formation. Molecular and genetic characterizations of
these genes reveal that some of them are components
of the insulin-signaling pathway regulating both dauer
formation and life span.

D. melanogaster or closely related species have been
used to study aging since at least since 1915. There
are numerous advantages such as the fact that fruit
flies are not expensive to breed, are easy to maintain,
and have a relatively short life span. D. melanogaster
live about 2 months at 25°C. There are a number of
environmental and genetic manipulations that can
alter the life span of Drosophila. For instance, flies
live about 3 months at 18°C and live only 1 month at
29°C. Also of interest is that a majority of the cells of
adult fruit flies are postmitotic, with exceptions of
some gut cells and gonads. Finally, the molecular
genetic tools that have been developed over the past
90 years or so of Drosophila research have reached a
point where experimenters have great control over the
molecular genetic life of the fly. Through a combin-
ation of various already available techniques, it is
possible to alter, increase, or decrease the level of
expression of any gene or set of genes in any cell or
group of cells at any time in life, from development to
old age.

Reproduction has a strong negative effect on
longevity in D. melanogaster. Both virgin female and
male flies live significantly longer than do fully mated
ones. The costs of reproduction in flies include energy
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allocation for courtship and mating, egg production
and egg laying, and direct toxic effects of mating.
Although egg production does not play a role in
aging in C. elegans, a signal from the germ line is
involved in limiting life span such that removal of this
signal results in an increase in life span. In addition to
the reproductive system, other hormones, such as the
insulin/insulin-like growth factor-1 (IGF-1) signaling
pathways, have been shown to affect life span in nema-
todes and flies as well as in mice. Mutations in com-
ponents of the highly conserved insulin pathway in
C. elegans and Drosophila result in life-span extension.

NONHUMAN PRIMATES

The high cost and small availability of aged nonhuman
primates have limited their use to selected research
centers. Further compounding the difficulties in con-
ducting research with these animals is their long life
span and a lack of good survival data. At the same time,
the phylogenetic proximity of these primates to
humans makes these highly attractive, and in some
cases even indispensable, models for the study of
human aging and disease. For example, true menstru-
ation occurs only among some primate species, making
some nonhuman primates invaluable models for the
study of female human menopause. Another area is
brain structure, where only nonhuman primates repre-
sent adequate models for the study of many aspects of
higher cortical structure and physiology.
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Glossary

antigen A substance that can elicit an immune
response following recognition by T cells or B cells.
Antigens can be proteins, carbohydrates, nucleic acids,
lipids, or hormones. The immune system usually res-
ponds only against foreign antigens (e.g., from patho-
gens), but it can also react against self-antigens as if
they were foreign, which can result in autoimmune
diseases.

B cells A population of white blood lymphocytes found
in bone marrow, lymph nodes, and blood circulation.
B cells are generated and mature in the bone marrow;
their role is to produce antibodies to bind and neutralize
pathogens and toxins. Each antibody is strictly specific to
only one antigen.

cytokines Proteins synthesized by cells of the immune
system. Cytokines include an extensive range of
mediators (interleukins, interferons, chemokines, and
growth factors) with various functions (e.g., immuno-
stimulatory or immunosuppressive).

immunosenescence Deterioration of the immune
system or its function with time.

T cells A population of white blood lymphocytes found
in the thymus, lymph nodes, and blood circulation. T-cell
precursors are generated in the bone marrow; following
their maturation in the thymus, naive T cells are
exposed to foreign antigens and produce memory
T cells, which are long-lived antigen-experienced cells
that respond rapidly to a subsequent exposure with the
same antigen. T cells have many functions, including the
elimination of foreign pathogens or infected cells and
the regulation of the immune response by assisting or
suppressing other cells of the immune system.

Immunology is the study of the immune system or immu-
nity, a range of defenses developed by humans, for example,
to protect against infection by surrounding microorganisms
(viruses, bacteria, fungi, and other parasites) and related dan-
gerous pathologies. Immunogerontology is the study of the
immune system in the context of aging (i.e., in the elderly).
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INTRODUCTION

"The study of our native immunity began in the late 18th
century and has led to incredible discoveries regarding
the role of our immune system and the mechanisms
through which pathogens attempt to penetrate our de-
fenses. In comparison, immunogerontology is a rela-
tively new field that is gradually becoming more
relevant because the older population is increasing at
an unprecedented rate due to progress in health care,
especially in developed countries, where life expectancy
has nearly doubled during the past century. The aging of
the human population represents a considerable chal-
lenge to public health authorities, raising both health
care-related and socioeconomic issues.

The functional capacity of the immune system gra-
dually declines with age so that the immune system
cannot respond as quickly or as efficiently to stimuli,
particularly new antigens. This deterioration, referred
to as immunosenescence, is reflected by deregulation
of the immune system, including changes in cellular
phenotype and function, and alterations of whole
organs. These changes are believed to contribute to
the increased susceptibility to and severity of infec-
tious disease, cancer, and autoimmune disease, which
characterize individuals of advanced age. Research on
the immunology of aging is needed to increase our
understanding of the immunosenescence process and
potentially to develop therapeutic intervention.

IMMUNE ALTERATIONS ASSOCIATED
WITH AGING

Hayflick Limit

In 1961, Hayflick and Moorhead showed that cultures
of fetal human fibroblasts could reach an irreversible
state of growth arrest—the first evidence for replica-
tive senescence. Accumulating evidence suggests that
the so-called Hayflick limitis not restricted to cultured
human fibroblasts but applies also to the cells of the
immune system, which may have a limited replicative
life span iz vive. The concept of limited replicative life
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span is important in the context of aging and immu-
nosenescence. The occurrence of replicative senes-
cence is primarily related to the number of cell
divisions, varying according to cell type and cellular
environment. A commonly used marker of replicative
history is the length of the telomeres (DNA repeats
at the end of chromosomes), which is reduced after
each cell division. Cells that have reached a state of
replicative senescence have short telomeres.

Hematopoiesis

All the cells that constitute our immune system ori-
ginate from hematopoietic stem cells (in the bone
marrow) that differentiate and commit themselves to
a specific cellular lineage (e.g., myeloid or lymphoid)
to continuously generate new granulocytes or naive
lymphocytes. Aging appears to resultin a deregulation
of hematopoiesis: Progenitor cells in elderly individ-
uals are present in lower numbers and exhibit a
decline in their ability to generate new cells. Hema-
topoietic stem cell telomeres appear to be shorter in
adults than in the cord blood of newborns. Moreover,
granulocytes and naive T cells show a shortening in
telomere length associated with age, suggesting that
this also applies to stem cells. Increasing evidence
supports the hypothesis that stem cells have a limited
replicative potential so that their capacity to replenish
the cell population of the immune system is restricted.
Although there is debate regarding whether this
phenomenon has a real consequence on the immune
function in aging, it implies that the capacity of
the immune system is not unlimited and can reach
exhaustion over time.

T Cells

During the past two decades, Graham Pawelec, Rita
Effros, and others have provided strong evidence that
aging results in important alterations of the T-cell
function.

Thymus Involution

The thymus is the organ in which T-cell precursors
mature into naive T cells capable of mounting an
immune response against foreign antigens. With
aging, the thymus naturally atrophies, a process called
thymic involution. At birth, the thymus is involved in
massive generation of T'cells to fill the immunological
space and provide the elements necessary to protect
the host against pathogens. T cells are produced con-
tinuously throughout life; however, over time pro-
gressive decay of the thymus results in decreased
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production of T cells and a lower number of naive
Tcells in the elderly.

Post-Thymic Development

When encountering a foreign antigen, naive T cells
become activated and differentiate into antigen-
experienced T cells that exhibit direct effector func-
tions and can expand greatly to eliminate foreign
antigens from the body. The ratio of naive to antigen-
experienced T cells differs substantially in young and
old subjects; it is high in newborns but decreases with
age. Aging is also associated with a variety of chan-
ges in the characteristics and function of antigen-
experienced T cells: (i) changes in T-cell receptor
signal transduction and in the expression of cell
surface receptors, including the loss of costimulatory
receptors (e.g., CD27 and CD28) involved in acti-
vation; (ii) changes in the profile of cytokine expres-
sion (e.g., decreased production of interleukin-2,
which is necessary for proliferation); (iii) reduced
capacity to expand upon stimulation, associated with
shorter telomere length, and increased susceptibility
to undergo activation-induced cell death; and (iv)
restricted T-cell repertoire so that T cells recognize
a narrower range of antigens. All these functional
changes have been postulated to play a role in the
decreased immunocompetence associated with age.
Interestingly, these characteristics may reflect a change
in the T-cell subset composition, with a shift toward
more differentiated antigen-experienced T cells that
exhibit these characteristics (Fig. 1).

Features associated
with aging
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