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ix

Harrison’s Principles o  Internal Medicine has been a 
respected source o  medical in ormation  or students, 
residents, internists,  amily physicians, and other health 
care providers  or many decades. T is book, Harrison’s 
Endocrinology, now in its  ourth edition, is a compila-
tion o  chapters related to the specialty o  endocrinol-
ogy, a  eld that includes some o  the most commonly 
encountered diseases such as diabetes mellitus, obesity, 
thyroid disorders, and metabolic bone disease.

Our readers consistently note the practical value o  
the specialty sections o  Harrison’s. Speci cally, these 
sections include a rigorous explanation o  pathophysiol-
ogy as a background  or di erential diagnosis and patient 
management. Our goal was to bring this in ormation to 
readers in a more compact and usable  orm. Because 
the topic is more  ocused, it is possible to improve the 
presentation o  the material by enlarging the text and 
the tables and providing clearly illustrated  gures that 
elucidate challenging concepts. We have also included a 
Review and Sel -Assessment section that includes ques-
tions and answers to provoke re ection and to provide 
additional teaching points.

T e clinical mani estations o  endocrine disorders 
can usually be explained by considering the physiologic 
role o  hormones, which are either de cient or exces-
sive. T us, a thorough understanding o  hormone action 
and principles o  hormone  eedback arms the clini-
cian with a logical diagnostic approach and a concep-
tual  ramework  or treating patients. T e  rst chapter 
o  the book, Approach to the Patient with Endocrine 
Disorders, provides this type o  “systems” overview. 
Using numerous examples o  translational research, this 
introduction links genetics, cell biology, and physiology 
with pathophysiology and treatment. T e integration 
o  pathophysiology with clinical management is a hall-
mark o  Harrison’s, and can be  ound throughout each 
o  the subsequent disease-oriented chapters. T e book is 
divided into six main sections that re ect the physiologic 
roots o  endocrinology: (I) Introduction to Endocrinol-
ogy; (II) Pituitary, T yroid, and Adrenal Disorders; (III) 

Reproductive Endocrinology; (IV) Diabetes Mellitus, 
Obesity, Lipoprotein Metabolism; (V) Disorders A ect-
ing Multiple Endocrine Systems; and (VI) Disorders o  
Bone and Calcium Metabolism.

While Harrison’s Endocrinology is classic in its organi-
zation, readers will sense the impact o  scienti c advances 
as they explore the individual chapters in each section. 
In addition to the dramatic discoveries emanating  rom 
genetics and molecular biology, the introduction o  
an unprecedented number o  new drugs, particularly 
 or the management o  diabetes, hypogonadism, and 
osteoporosis, is trans orming the  eld o  endocrinology. 
Numerous recent clinical studies involving common 
diseases like diabetes, obesity, hypothyroidism, hypo-
gonadism, and osteoporosis provide power ul evidence 
 or medical decision making and treatment. T ese rapid 
changes in endocrinology are exciting  or new students 
o  medicine and underscore the need  or practicing phy-
sicians to continuously update their knowledge base and 
clinical skills. 

Our access to in ormation through web-based jour-
nals and databases is remarkably e cient, but also 
daunting, creating a need  or books that synthesize con-
cepts and highlight important  acts. T e preparation o  
these chapters is there ore a special craf  that requires 
distillation o  core in ormation  rom the ever-expanding 
knowledge base. T e editors are indebted to our authors, 
a group o  internationally recognized authorities who 
are masters at providing a comprehensive overview 
while being able to distill a topic into a concise and inter-
esting chapter. We are also indebted to our colleagues at 
McGraw-Hill. Jim Shanahan is a tireless champion  or 
Harrison’s, and these books were impeccably produced 
by Kim Davis.

We hope you  nd this book use ul in your e ort to 
achieve continuous learning on behal  o  your patients.

J. Larry Jameson, MD, PhD

PREFACE
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NOTICE

Medicine is an ever-changing science. As new research and clinical expe-
rience broaden our knowledge, changes in treatment and drug therapy are 
required. T e authors and the publisher o  this work have checked with 
sources believed to be reliable in their e orts to provide in ormation that is 
complete and generally in accord with the standards accepted at the time o  
publication. However, in view o  the possibility o  human error or changes in 
medical sciences, neither the authors nor the publisher nor any other party 
who has been involved in the preparation or publication o  this work war-
rants that the in ormation contained herein is in every respect accurate or 
complete, and they disclaim all responsibility  or any errors or omissions or 
 or the results obtained  rom use o  the in ormation contained in this work. 
Readers are encouraged to con rm the in ormation contained herein with 
other sources. For example and in particular, readers are advised to check the 
product in ormation sheet included in the package o  each drug they plan to 
administer to be certain that the in ormation contained in this work is accu-
rate and that changes have not been made in the recommended dose or in the 
contraindications  or administration. T is recommendation is o  particular 
importance in connection with new or in requently used drugs.  

T e global icons call greater attention to key epidemiologic and clinical di erences in the practice o  medicine 
throughout the world.

T e genetic icons identi y a clinical issue with an explicit genetic relationship.

Review and sel -assessment questions and answers were taken  rom Wiener CM, 
Brown CD, Houston B (eds). Harrison’s Sel -Assessment and Board Review, 19th ed. 
New York, McGraw-Hill, 2017, ISBN 978-1-259-64288-3 .
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2

J. Larry Jam eson  

T e management o  endocrine disorders requires 
a broad understanding o  intermediary metabo-
lism, reproductive physiology, bone metabolism, and 
growth. Accordingly, the practice o  endocrinology 
is intimately linked to a conceptual  ramework  or 
understanding hormone secretion, hormone action, 
and principles o   eedback control (Chap. 2). T e 
endocrine system is evaluated primarily by measuring 
hormone concentrations, arming the clinician with 
valuable diagnostic in ormation. Most disorders o  the 
endocrine system are amenable to e ective treatment 
once the correct diagnosis is determined. Endocrine 
de ciency disorders are treated with physiologic hor-
mone replacement; hormone excess conditions, which 
usually are caused by benign glandular adenomas, are 
managed by removing tumors surgically or reducing 
hormone levels medically.

SCOPE OF ENDOCRINOLOGY

T e specialty o  endocrinology encompasses the study 
o  glands and the hormones they produce. T e term 
endocrine was coined by Starling to contrast the actions 
o  hormones secreted internally (endocrine) with those 
secreted externally (exocrine) or into a lumen, such as 
the gastrointestinal tract. T e term hormone, derived 
 rom a Greek phrase meaning “to set in motion,” aptly 
describes the dynamic actions o  hormones as they 
elicit cellular responses and regulate physiologic pro-
cesses through  eedback mechanisms.

Unlike many other specialties in medicine, it is not 
possible to de ne endocrinology strictly along anatomic 
lines. T e classic endocrine glands—pituitary, thyroid, 
parathyroid, pancreatic islets, adrenals, and gonads—
communicate broadly with other organs through the 
nervous system, hormones, cytokines, and growth 

 actors. In addition to its traditional synaptic  unctions, 
the brain produces a vast array o  peptide hormones, 
and this has led to the discipline o  neuroendocrinol-
ogy. T rough the production o  hypothalamic releas-
ing  actors, the central nervous system (CNS) exerts 
a major regulatory in uence over pituitary hormone 
secretion (Chap. 3). T e peripheral nervous system 
stimulates the adrenal medulla. T e immune and endo-
crine systems are also intimately intertwined. T e adre-
nal hormone cortisol is a power ul immunosuppressant. 
Cytokines and interleukins (ILs) have pro ound e ects 
on the  unctions o  the pituitary, adrenal, thyroid, and 
gonads. Common endocrine diseases such as autoim-
mune thyroid disease and type 1 diabetes mellitus are 
caused by dysregulation o  immune surveillance and 
tolerance. Less common diseases such as polyglandular 
 ailure, Addison’s disease, and lymphocytic hypophysitis 
also have an immunologic basis.

T e interdigitation o  endocrinology with physi-
ologic processes in other specialties sometimes blurs 
the role o  hormones. For example, hormones play 
an important role in maintenance o  blood pressure, 
intravascular volume, and peripheral resistance in the 
cardiovascular system. Vasoactive substances such as 
catecholamines, angiotensin II, endothelin, and nitric 
oxide are involved in dynamic changes o  vascular tone 
in addition to their multiple roles in other tissues. T e 
heart is the principal source o  atrial natriuretic pep-
tide, which acts in classic endocrine  ashion to induce 
natriuresis at a distant target organ (the kidney). Eryth-
ropoietin, a traditional circulating hormone, is made 
in the kidney and stimulates erythropoiesis in bone 
marrow. T e kidney is also integrally involved in the 
renin-angiotensin axis (Chap. 8) and is a primary target 
o  several hormones, including parathyroid hormone 
(P H), mineralocorticoids, and vasopressin. T e gas-
trointestinal tract produces a surprising number o  

APPROACH TO THE PATIENT WITH  
ENDOCRINE DISORDERS

CHAP TER 1
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3peptide hormones, such as cholecystokinin, ghrelin, 
gastrin, secretin, and vasoactive intestinal peptide, 
among many others. Carcinoid and islet tumors can 
secrete excessive amounts o  these hormones, lead-
ing to speci c clinical syndromes (Chap. 28). Many o  
these gastrointestinal hormones are also produced in 
the CNS, where their  unctions are poorly understood. 
Adipose tissue produces leptin, which acts centrally to 
control appetite, along with adiponectin, resistin, and 
other hormones that regulate metabolism. As hormones 
such as inhibin, ghrelin, and leptin are discovered, they 
become integrated into the science and practice o  med-
icine on the basis o  their  unctional roles rather than 
their tissues o  origin.

Characterization o  hormone receptors  requently 
reveals unexpected relationships to  actors in nonen-
docrine disciplines. T e growth hormone (GH) and 
leptin receptors,  or example, are members o  the cyto-
kine receptor  amily. T e G protein–coupled receptors 
(GPCRs), which mediate the actions o  many peptide 

hormones, are used in numerous physiologic processes, 
including vision, smell, and neurotransmission.

PATHOLOGIC MECHANISMS OF 
ENDOCRINE DISEASE

Endocrine diseases can be divided into three major 
types o  conditions: (1) hormone excess, (2) hormone 
de ciency, and (3) hormone resistance (Table 1-1).

CAUSES OF HORMONE EXCESS
Syndromes o  hormone excess can be caused by neo-
plastic growth o  endocrine cells, autoimmune dis-
orders, and excess hormone administration. Benign 
endocrine tumors, including parathyroid, pituitary, 
and adrenal adenomas, o en retain the capacity to pro-
duce hormones, perhaps re ecting the  act that these 

TABLE 1 -1  
CAUSES OF ENDOCRINE DYSFUNCTION

TYPE OF ENDOCRINE DISORDER  EXAMPLES

Hyp erfun ct ion
Neoplastic
 Benign

 Malignant
 Ectopic
 Multiple endocrine neoplasia (MEN)
Autoimmune
Iatrogenic
In ectious/in ammatory
Activating receptor mutations

Pituitary adenomas, hyperparathyroidism, autonomous thyroid or adrenal nodules, 
pheochromocytoma

Adrenal cancer, medullary thyroid cancer, carcinoid
Ectopic ACTH, SIADH secretion
MEN 1, MEN 2
Graves’ disease
Cushing’s syndrome, hypoglycemia
Subacute thyroiditis
LH, TSH, Ca2+, PTH receptors, Gsα

Hyp o fu n ct ion
Autoimmune
Iatrogenic
In ectious/in ammatory
Hormone mutations
Enzyme de ects
Developmental de ects
Nutritional/vitamin de ciency
Hemorrhage/in arction

Hashimoto’s thyroiditis, type 1 diabetes mellitus, Addison’s disease, polyglandular  ailure
Radiation-induced hypopituitarism, hypothyroidism, surgical
Adrenal insuf ciency, hypothalamic sarcoidosis
GH, LHβ, FSHβ, vasopressin
21-Hydroxylase de ciency
Kallmann syndrome, Turner’s syndrome, transcription  actors
Vitamin D de ciency, iodine de ciency
Sheehan’s syndrome, adrenal insuf ciency

Ho rm on e  Resistan ce
Receptor mutations
 Membrane
 Nuclear
Signaling pathway mutations
Postreceptor

GH, vasopressin, LH, FSH, ACTH, GnRH, GHRH, PTH, leptin, Ca2+

AR, TR, VDR, ER, GR, PPARγ
Albright’s hereditary osteodystrophy
Type 2 diabetes mellitus, leptin resistance

Abbrevia tions: ACTH, adrenocorticotropic hormone; AR, androgen receptor; ER, estrogen receptor; FSH,  ollicle-stimulating hormone; GHRH, growth 
hormone–releasing hormone; GnRH, gonadotropin-releasing hormone; GR, glucocorticoid receptor; LH, luteinizing hormone; PPAR, peroxisome proli er-
ator activated receptor; PTH, parathyroid hormone; SIADH, syndrome o  inappropriate antidiuretic hormone; TR, thyroid hormone receptor; TSH, thyroid-
stimulating hormone; VDR, vitamin D receptor.
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4 tumors are relatively well di erentiated. Many endo-
crine tumors exhibit subtle de ects in their “set points” 
 or  eedback regulation. For example, in Cushing’s dis-
ease, impaired  eedback inhibition o  adrenocortico-
tropic hormone (AC H) secretion is associated with 
autonomous  unction. However, the tumor cells are not 
completely resistant to  eedback, as evidenced by AC H 
suppression by higher doses o  dexamethasone (e.g., 
high-dose dexamethasone test) (Chap. 8). Similar set 
point de ects are also typical o  parathyroid adenomas 
and autonomously  unctioning thyroid nodules.

T e molecular basis o  some endocrine tumors, such 
as the multiple endocrine neoplasia (MEN) syndromes 
(MEN 1, 2A, 2B), have provided important insights 
into tumorigenesis (Chap. 29). MEN 1 is characterized 
primarily by the triad o  parathyroid, pancreatic islet, 
and pituitary tumors. MEN 2 predisposes to medullary 
thyroid carcinoma, pheochromocytoma, and hyper-
parathyroidism. T e MEN1 gene, located on chromo-
some 11q13, encodes a putative tumor-suppressor gene, 
menin. Analogous to the paradigm  rst described  or 
retinoblastoma, the a ected individual inherits a mutant 
copy o  the MEN1 gene, and tumorigenesis ensues a er a 
somatic “second hit” leads to loss o   unction o  the nor-
mal MEN1 gene (through deletion or point mutations).

In contrast to inactivation o  a tumor-suppressor 
gene, as occurs in MEN 1 and most other inherited can-
cer syndromes, MEN 2 is caused by activating muta-
tions in a single allele. In this case, activating mutations 
o  the RET protooncogene, which encodes a receptor 
tyrosine kinase, leads to thyroid C cell hyperplasia in 
childhood be ore the development o  medullary thyroid 
carcinoma. Elucidation o  this pathogenic mechanism 
has allowed early genetic screening  or RET mutations 
in individuals at risk  or MEN 2, permitting identi-
 cation o  those who may bene t  rom prophylactic 
thyroidectomy and biochemical screening  or pheo-
chromocytoma and hyperparathyroidism.

Mutations that activate hormone receptor signal-
ing have been identi ed in several GPCRs. For example, 
activating mutations o  the luteinizing hormone (LH) 
receptor cause a dominantly transmitted  orm o  male-
limited precocious puberty, re ecting premature stimula-
tion o  testosterone synthesis in Leydig cells (Chap. 11). 
Activating mutations in these GPCRs are located pre-
dominantly in the transmembrane domains and induce 
receptor coupling to Gsα even in the absence o  hormone. 
Consequently, adenylate cyclase is activated, and cyclic 
adenosine monophosphate (AMP) levels increase in a 
manner that mimics hormone action. A similar phenom-
enon results  rom activating mutations in Gsα. When 
these mutations occur early in development, they cause 
McCune-Albright syndrome. When they occur only in 
somatotropes, the activating Gsα mutations cause GH-
secreting tumors and acromegaly (Chap. 5).

In autoimmune Graves’ disease, antibody interac-
tions with the thyroid-stimulating hormone ( SH) 
receptor mimic  SH action, leading to hormone over-
production (Chap. 7). Analogous to the e ects o  acti-
vating mutations o  the  SH receptor, these stimulating 
autoantibodies induce con ormational changes that 
release the receptor  rom a constrained state, thereby 
triggering receptor coupling to G proteins.

CAUSES OF HORMONE DEFICIENCY
Most examples o  hormone de ciency states can be 
attributed to glandular destruction caused by autoim-
munity, surgery, in ection, in ammation, in arction, 
hemorrhage, or tumor in ltration ( able  1-1). Auto-
immune damage to the thyroid gland (Hashimoto’s 
thyroiditis) and pancreatic islet β cells (type 1 diabe-
tes mellitus) is a prevalent cause o  endocrine disease. 
Mutations in a number o  hormones, hormone recep-
tors, transcription  actors, enzymes, and channels can 
also lead to hormone de ciencies.

HORMONE RESISTANCE
Most severe hormone resistance syndromes are due to 
inherited de ects in membrane receptors, nuclear recep-
tors, or the pathways that transduce receptor signals. 
T ese disorders are characterized by de ective hormone 
action despite the presence o  increased hormone levels. 
In complete androgen resistance,  or example, muta-
tions in the androgen receptor result in a  emale phe-
notypic appearance in genetic (XY) males, even though 
LH and testosterone levels are increased (Chap. 29). In 
addition to these relatively rare genetic disorders, more 
common acquired  orms o   unctional hormone resis-
tance include insulin resistance in type 2 diabetes mel-
litus, leptin resistance in obesity, and GH resistance in 
catabolic states. T e pathogenesis o   unctional resis-
tance involves receptor downregulation and postrecep-
tor desensitization o  signaling pathways;  unctional 
 orms o  resistance are generally reversible.

CLINICAL EVALUATION OF ENDOCRINE 
DISORDERS
Because most glands are relatively inaccessible, the physi-
cal examination usually  ocuses on the mani estations o  
hormone excess or de ciency as well as direct examina-
tion o  palpable glands, such as the thyroid and gonads. 
For these reasons, it is important to evaluate patients in 
the context o  their presenting symptoms, review o  sys-
tems,  amily and social history, and exposure to medica-
tions that may a ect the endocrine system. Astute clinical 
skills are required to detect subtle symptoms and signs 
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5suggestive o  underlying endocrine disease. For example, 
a patient with Cushing’s syndrome may mani est speci c 
 ndings, such as central  at redistribution, striae, and 
proximal muscle weakness, in addition to  eatures seen 
commonly in the general population, such as obesity, 
plethora, hypertension, and glucose intolerance. Simi-
larly, the insidious onset o  hypothyroidism—with men-
tal slowing,  atigue, dry skin, and other  eatures—can be 
dif cult to distinguish  rom similar, nonspeci c  ndings 
in the general population. Clinical judgment that is based 
on knowledge o  disease prevalence and pathophysiology 
is required to decide when to embark on more extensive 
evaluation o  these disorders. Laboratory testing plays an 
essential role in endocrinology by allowing quantitative 
assessment o  hormone levels and dynamics. Radiologic 
imaging tests such as computed tomography (C ) scan, 
magnetic resonance imaging (MRI), thyroid scan, and 
ultrasound are also used  or the diagnosis o  endocrine 
disorders. However, these tests generally are employed 
only a er a hormonal abnormality has been established 
by biochemical testing.

HORMONE MEASUREMENTS AND 
ENDOCRINE TESTING
Immunoassays are the most important diagnostic tool 
in endocrinology, as they allow sensitive, speci c, and 
quantitative determination o  steady-state and dynamic 
changes in hormone concentrations. Immunoassays use 
antibodies to detect speci c hormones. For many peptide 
hormones, these measurements are now con gured to 
use two di erent antibodies to increase binding af nity 
and speci city. T ere are many variations o  these assays; 
a common  ormat involves using one antibody to cap-
ture the antigen (hormone) onto an immobilized sur ace 
and a second antibody, coupled to a chemiluminescent 
(immunochemiluminescent assay [ICMA]) or radioac-
tive (immunoradiometric assay [IRMA]) signal, to detect 
the antigen. T ese assays are sensitive enough to detect 
plasma hormone concentrations in the picomolar to 
nanomolar range, and they can readily distinguish struc-
turally related proteins, such as P H  rom P H-related 
peptide (P HrP). A variety o  other techniques are used 
to measure speci c hormones, including mass spectros-
copy, various  orms o  chromatography, and enzymatic 
methods; bioassays are now rarely used.

Most hormone measurements are based on plasma or 
serum samples. However, urinary hormone determina-
tions remain use ul  or the evaluation o  some conditions. 
Urinary collections over 24 h provide an integrated assess-
ment o  the production o  a hormone or metabolite, many 
o  which vary during the day. It is important to assure com-
plete collections o  24-h urine samples; simultaneous mea-
surement o  creatinine provides an internal control  or the 
adequacy o  collection and can be used to normalize some 

hormone measurements. A 24-h urine  ree cortisol mea-
surement largely re ects the amount o  unbound cortisol, 
thus providing a reasonable index o  biologically available 
hormone. Other commonly used urine determinations 
include 17-hydroxycorticosteroids, 17-ketosteroids, vanillyl-
mandelic acid, metanephrine, catecholamines, 5-hydroxyin-
doleacetic acid, and calcium.

T e value o  quantitative hormone measurements lies 
in their correct interpretation in a clinical context. T e 
normal range  or most hormones is relatively broad, 
o en varying by a  actor o  two- to ten old. T e normal 
ranges  or many hormones are sex- and age-speci c. 
T us, using the correct normative database is an essential 
part o  interpreting hormone tests. T e pulsatile nature o  
hormones and  actors that can a ect their secretion, such 
as sleep, meals, and medications, must also be consid-
ered. Cortisol values increase  ve old between midnight 
and dawn; reproductive hormone levels vary dramati-
cally during the  emale menstrual cycle.

For many endocrine systems, much in ormation 
can be gained  rom basal hormone testing, particularly 
when di erent components o  an endocrine axis are 
assessed simultaneously. For example, low testoster-
one and elevated LH levels suggest a primary gonadal 
problem, whereas a hypothalamic-pituitary disorder is 
likely i  both LH and testosterone are low. Because  SH 
is a sensitive indicator o  thyroid  unction, it is gener-
ally recommended as a  rst-line test  or thyroid disor-
ders. An elevated  SH level is almost always the result 
o  primary hypothyroidism, whereas a low  SH is most 
o en caused by thyrotoxicosis. T ese predictions can be 
con rmed by determining the  ree thyroxine level. In 
the less common circumstance when  ree thyroxine and 
 SH are both low, it is important to consider second-
ary hypopituitarism caused by hypothalamic-pituitary 
disease. Elevated calcium and P H levels suggest 
hyperparathyroidism, whereas P H is suppressed in 
hypercalcemia caused by malignancy or granulomatous 
diseases. A suppressed AC H in the setting o  hyper-
cortisolemia, or increased urine  ree cortisol, is seen 
with hyper unctioning adrenal adenomas.

It is not uncommon, however,  or baseline hormone 
levels associated with pathologic endocrine conditions 
to overlap with the normal range. In this circumstance, 
dynamic testing is use ul to separate the two groups  ur-
ther. T ere are a multitude o  dynamic endocrine tests, 
but all are based on principles o   eedback regulation, and 
most responses can be rationalized based on principles 
that govern the regulation o  endocrine axes. Suppres-
sion tests are used in the setting o  suspected endocrine 
hyper unction. An example is the dexamethasone sup-
pression test used to evaluate Cushing’s syndrome 
(Chaps. 5 and 8). Stimulation tests generally are used 
to assess endocrine hypo unction. T e AC H stimula-
tion test,  or example, is used to assess the adrenal gland 
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6 TABLE 1 -2  
EXAMPLES OF PREVALENT ENDOCRINE AND METABOLIC DISORDERS IN THE ADULT

DISORDER

APPROX. 
PREVALENCE IN 
ADULTSa SCREENING/TESTING RECOMMENDATIONSb CHAPTER(S)

Obesity  34% BMI ≥30
68% BMI ≥25

Calculate BMI
Measure waist circum erence
Exclude secondary causes
Consider comorbid complications

Chap . 21

Type 2 diabetes mellitus  >7%  Beginning at age 45, screen every 3 years, or earlier in high-risk groups:
Fasting plasma glucose (FPG) >126 mg/dL
Random plasma glucose >200 mg/dL
An elevated HbA1c
Consider comorbid complications

Chap . 23

Hyperlipidemia  20–25%  Cholesterol screening at least every 5 years; more o ten in high-risk 
groups

Lipoprotein analysis (LDL, HDL)  or increased cholesterol, CAD, diabetes
Consider secondary causes

Chap . 27

Metabolic syndrome  35%  Measure waist circum erence, FPG, BP, lipids Chap . 22
Hypothyroidism  5–10%, women

0.5–2%, men
TSH; con rm with  ree T4
Screen women a ter age 35 and every 5 years therea ter

Chap . 7

Graves’ disease  1–3%, women
0.1%, men

TSH,  ree T4 Chap . 7

Thyroid nodules and 
neoplasia

2–5% palpable
>25% by ultrasound

Physical examination o  thyroid
Fine-needle aspiration biopsy

Chap . 7

Osteoporosis  5–10%, women
2–5%, men

Bone mineral density measurements in women >65 years or in post-
menopausal women or men at risk

Exclude secondary causes

Chap . 35

Hyperparathyroidism  0.1–0.5%, women  
> men

Serum calcium
PTH, i  calcium is elevated
Assess comorbid conditions

Chap . 34

In ertility  10%, couples  Investigate both members o  couple
Semen analysis in male
Assess ovulatory cycles in  emale
Speci c tests as indicated

Chap s. 11, 
13

Polycystic ovarian 
syndrome

5–10%, women  Free testosterone, DHEAS
Consider comorbid conditions

Chap . 13

Hirsutism  5–10%  Free testosterone, DHEAS
Exclude secondary causes
Additional tests as indicated

Chap . 17

Menopause  Median age, 51  FSH Chap. 16
Hyperprolactinemia  15% in women with 

amenorrhea or 
galactorrhea

PRL level
MRI, i  not medication-related

Chap . 5

Erectile dys unction  10–25%  Care ul history, PRL, testosterone
Consider secondary causes (e.g., diabetes)

Chap . 19

Hypogonadism, male  1–2%  Testosterone, LH Chap. 11
Gynecomastia  15%  O ten, no tests are indicated

Consider Kline elter’s syndrome
Consider medications, hypogonadism, liver disease

Chap . 11

Kline elter’s syndrome  0.2%, men  Karyotype
Testosterone

Chap . 10

Vitamin D de ciency  10%  Measure serum 25-OH vitamin D
Consider secondary causes

Chap . 32

Turner’s syndrome  0.03%, women  Karyotype
Consider comorbid conditions

Chap . 10

aThe prevalence o  most disorders varies among ethnic groups and with aging. Data based primarily on U.S. population.
bSee individual chapters  or additional in ormation on evaluation and treatment. Early testing is indicated in patients with signs and symptoms o  disease 
and in those at increased risk.
Abbrevia tions: BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; DHEAS, dehydroepiandrosterone; FSH,  ollicle-stimulating hor-
mone; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LH, luteinizing hormone; MRI, magnetic resonance imaging; PRL, prolactin; PTH, para-
thyroid hormone; TSH, thyroid-stimulating hormone.
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7response in patients with suspected adrenal insuf ciency. 
Other stimulation tests use hypothalamic-releasing  ac-
tors such as corticotropin-releasing hormone (CRH) 
and growth hormone–releasing hormone (GHRH) to 
evaluate pituitary hormone reserve (Chap. 5). Insulin-
induced hypoglycemia also evokes pituitary AC H and 
GH responses. Stimulation tests based on reduction or 
inhibition o  endogenous hormones are now used in re-
quently. Examples include metyrapone inhibition o  
cortisol synthesis and clomiphene inhibition o  estrogen 
 eedback.

SCREENING AND ASSESSMENT OF 
COMMON ENDOCRINE DISORDERS
Many endocrine disorders are prevalent in the adult 
population (Table 1-2) and can be diagnosed and man-
aged by general internists,  amily practitioners, or other 
primary health care providers. T e high prevalence and 
clinical impact o  certain endocrine diseases justi es 
vigilance  or  eatures o  these disorders during routine 
physical examinations; laboratory screening is indicated 
in selected high-risk populations.
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J. Larry Jam eson  

CLASSES OF HORMONES

Hormones can be divided into  ve major types: (1) 
amino acid derivatives such as dopamine, catechol-
amine, and thyroid hormone; (2) small neuropeptides 
such as gonadotropin-releasing hormone (GnRH), thy-
rotropin-releasing hormone ( RH), somatostatin, and 
vasopressin; (3) large proteins such as insulin, luteiniz-
ing hormone (LH), and parathyroid hormone (P H); 
(4) steroid hormones such as cortisol and estrogen that 
are synthesized  rom cholesterol-based precursors; 
and (5) vitamin derivatives such as retinoids (vitamin 
A) and vitamin D. A variety o  peptide growth factors, 
most o  which act locally, share actions with hormones. 
As a rule, amino acid derivatives and peptide hormones 
interact with cell-sur ace membrane receptors. Steroids, 
thyroid hormones, vitamin D, and retinoids are lipid-
soluble and interact with intracellular nuclear receptors, 
although many also interact with membrane receptors 
or intracellular signaling proteins as well.

HORMONE AND RECEPTOR FAMILIES
Hormones and receptors can be grouped into  amilies, 
re ecting structural similarities and evolutionary ori-
gins (Table 2-1). T e evolution o  these  amilies gener-
ates diverse but highly selective pathways o  hormone 
action. Recognition o  these relationships has proven 
use ul  or extrapolating in ormation gleaned  rom one 
hormone or receptor to other  amily members.

T e glycoprotein hormone  amily, consisting o  thy-
roid-stimulating hormone ( SH),  ollicle-stimulating 
hormone (FSH), LH, and human chorionic gonado-
tropin (hCG), illustrates many  eatures o  related hor-
mones. T e glycoprotein hormones are heterodimers 
that share the α subunit in common; the β subunits are 
distinct and con er speci c biologic actions. T e over-
all three-dimensional architecture o  the β subunits is 
similar, re ecting the locations o  conserved disul de 

bonds that restrain protein con ormation. T e cloning 
o  the β-subunit genes  rom multiple species suggests 
that this  amily arose  rom a common ancestral gene, 
probably by gene duplication and subsequent diver-
gence to evolve new biologic  unctions.

As hormone  amilies enlarge and diverge, their 
receptors must co-evolve to derive new biologic  unc-
tions. Related G protein–coupled receptors (GPCRs), 
 or example, have evolved  or each o  the glycoprotein 
hormones. T ese receptors are structurally similar, and 
each is coupled predominantly to the Gsα signaling 
pathway. However, there is minimal overlap o  hormone 
binding. For example,  SH binds with high speci city 
to the  SH receptor but interacts minimally with the 
LH or FSH receptors. Nonetheless, there can be subtle 
physiologic consequences o  hormone cross-reactivity 
with other receptors. Very high levels o  hCG during 
pregnancy stimulate the  SH receptor and increase 
thyroid hormone levels, resulting in a compensatory 
decrease in  SH.

Insulin and insulin-like growth  actor I (IGF-I) and 
IGF-II have structural similarities that are most appar-
ent when precursor  orms o  the proteins are compared. 
In contrast to the high degree o  speci city seen with 
the glycoprotein hormones, there is moderate cross-talk 
among the members o  the insulin/IGF  amily. High 
concentrations o  an IGF-II precursor produced by cer-
tain tumors (e.g., sarcomas) can cause hypoglycemia, 
partly because o  binding to insulin and IGF-I receptors 
(Chap. 34). High concentrations o  insulin also bind to 
the IGF-I receptor, perhaps accounting  or some o  the 
clinical mani estations seen in conditions with chronic 
hyperinsulinemia.

Another important example o  receptor cross-talk 
is seen with P H and parathyroid hormone–related 
peptide (P HrP) (Chap. 34). P H is produced by the 
parathyroid glands, whereas P HrP is expressed at high 
levels during development and by a variety o  tumors 
(Chap. 31). T ese hormones have amino acid sequence 

MECHANISMS OF HORMONE ACTION

CHAP TER 2
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similarity, particularly in their amino-terminal regions. 
Both hormones bind to a single P H receptor that 
is expressed in bone and kidney. Hypercalcemia and 
hypophosphatemia there ore may result  rom excessive 
production o  either hormone, making it di cult to 
distinguish hyperparathyroidism  rom hypercalcemia 
o  malignancy solely on the basis o  serum chemistries. 
However, sensitive and speci c assays  or P H and 
P HrP now allow these disorders to be distinguished 
more readily.

Based on their speci cities  or DNA binding sites, 
the nuclear receptor  amily can be subdivided into 
type 1 receptors (glucocorticoid receptor, mineralo-
corticoid receptor, androgen receptor, estrogen recep-
tor, progesterone receptor) that bind steroids and type 
2 receptors (thyroid hormone receptor, vitamin D 

receptor, retinoic acid receptor, peroxisome proli erator 
activated receptor) that bind thyroid hormone, vitamin 
D, retinoic acid, or lipid derivatives. Certain  unctional 
domains in nuclear receptors, such as the zinc  nger 
DNA-binding domains, are highly conserved. However, 
selective amino acid di erences within this domain 
con er DNA sequence speci city. T e hormone-binding 
domains are more variable, providing great diversity 
in the array o  small molecules that bind to di erent 
nuclear receptors. With  ew exceptions, hormone bind-
ing is highly speci c  or a single type o  nuclear recep-
tor. One exception involves the glucocorticoid and 
mineralocorticoid receptors. Because the mineralo-
corticoid receptor also binds glucocorticoids with high 
a nity, an enzyme (11β-hydroxysteroid dehydroge-
nase) in renal tubular cells inactivates glucocorticoids, 
allowing selective responses to mineralocorticoids such 
as aldosterone. However, when very high glucocorticoid 
concentrations occur, as in Cushing’s syndrome, the 
glucocorticoid degradation pathway becomes saturated, 
allowing excessive cortisol levels to exert mineralocor-
ticoid e ects (sodium retention, potassium wasting). 
T is phenomenon is particularly pronounced in ecto-
pic adrenocorticotropic hormone (AC H) syndromes 
(Chap. 8). Another example o  relaxed nuclear recep-
tor speci city involves the estrogen receptor, which can 
bind an array o  compounds, some o  which have little 
apparent structural similarity to the high-a nity ligand 
estradiol. T is  eature o  the estrogen receptor makes 
it susceptible to activation by “environmental estro-
gens” such as resveratrol, octylphenol, and many other 
aromatic hydrocarbons. However, this lack o  speci c-
ity provides an opportunity to synthesize a remarkable 
series o  clinically use ul antagonists (e.g., tamoxi en) 
and selective estrogen response modulators (SERMs) 
such as raloxi ene. T ese compounds generate dis-
tinct con ormations that alter receptor interactions 
with components o  the transcription machinery (see 
below), thereby con erring their unique actions.

HORMONE SYNTHESIS AND PROCESSING
T e synthesis o  peptide hormones and their receptors 
occurs through a classic pathway o  gene expression: 
transcription → mRNA → protein → posttranslational 
protein processing → intracellular sorting,  ollowed by 
membrane integration or secretion.

Many hormones are embedded within larger precur-
sor polypeptides that are proteolytically processed to 
yield the biologically active hormone. Examples include 
proopiomelanocortin (POMC) → AC H; progluca-
gon → glucagon; proinsulin → insulin; and pro-P H → 
P H, among others. In many cases, such as POMC and 
proglucagon, these precursors generate multiple bio-
logically active peptides. It is provocative that hormone 

TABLE 2 -1  
EXAMPLES OF MEMBRANE RECEPTOR FAMILIES AND 
SIGNALING PATHWAYS

RECEPTORS  EFFECTORS
SIGNALING 
PATHWAYS

G Pro te in –Co up led  Seven -Tran sm em b ran e  Recep to r 
(GPCR)
β-Adrenergic, LH, 
FSH, TSH

Glucagon, PTH, 
PTHrP, ACTH, 
MSH, GHRH, CRH
α-Adrenergic, 
somatostatin

TRH, GnRH

GSα, adenylate 
cyclase

Ca2+ channels

Giα

Gq, G11

Stimulation o  
cyclic AMP pro-
duction, protein 
kinase A

Calmodulin, 
Ca2+-dependent 
kinases

Inhibition o  cyclic 
AMP production

Activation o  K+, 
Ca2+ channels

Phospholipase C, 
diacyl-glycerol, 
IP3, protein 
kinase C, voltage-
dependent Ca2+ 
channels

Recep to r Tyrosin e  Kin ase
Insulin, IGF-I

EGF, NGF

Tyrosine kinases, 
IRS

Tyrosine kinases, 
ras

MAP kinases, PI 
3-kinase; AKT

Ra , MAP kinases, 
RSK

Cyto kin e  Recep to r–Lin ked  Kin ase
GH, PRL  JAK, tyrosine 

kinases
STAT, MAP kinase, 
PI 3-kinase, IRS-1

Serin e  Kin ase
Activin, TGF-β, MIS  Serine kinase  Smads

Abbrevia t ions: IP3, inositol triphosphate; IRS, insulin receptor substrates; 
MAP, mitogen-activated protein; MSH, melanocyte-stimulating hormone; 
NGF, nerve growth  actor; PI, phosphatidylinositol; RSK, ribosomal S6 
kinase; TGF-β, trans orming growth  actor β. For all other abbreviations, 
see text. Note that most receptors interact with multiple ef ectors and 
activate networks o  signaling pathways.
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10 precursors are typically inactive, presumably adding an 
additional level o  regulatory control. Prohormone con-
version occurs not only  or peptide hormones but also 
 or certain steroids (testosterone → dihydrotestosterone) 
and thyroid hormone ( 4 →  3).

Peptide precursor processing is intimately linked to 
intracellular sorting pathways that transport proteins to 
appropriate vesicles and enzymes, resulting in speci c 
cleavage steps,  ollowed by protein  olding and trans-
location to secretory vesicles. Hormones destined  or 
secretion are translocated across the endoplasmic retic-
ulum under the guidance o  an amino-terminal sig-
nal sequence that subsequently is cleaved. Cell-sur ace 
receptors are inserted into the membrane via short 
segments o  hydrophobic amino acids that remain 
embedded within the lipid bilayer. During transloca-
tion through the Golgi and endoplasmic reticulum, 
hormones and receptors are subject to a variety o  post-
translational modi cations, such as glycosylation and 
phosphorylation, which can alter protein con ormation, 
modi y circulating hal -li e, and alter biologic activity.

Synthesis o  most steroid hormones is based on 
modi cations o  the precursor, cholesterol. Multiple 
regulated enzymatic steps are required  or the synthe-
sis o  testosterone (Chap. 11), estradiol (Chap. 13), 
cortisol (Chap. 8), and vitamin D (Chap. 32). T is 
large number o  synthetic steps predisposes to multiple 
genetic and acquired disorders o  steroidogenesis.

Endocrine genes contain regulatory DNA elements 
similar to those  ound in many other genes, but their 
exquisite control by hormones re ects the presence o  
speci c hormone response elements. For example, the 
 SH genes are repressed directly by thyroid hormones 
acting through the thyroid hormone receptor ( R), a 
member o  the nuclear receptor  amily. Steroidogenic 
enzyme gene expression requires speci c transcription 
 actors, such as steroidogenic  actor-1 (SF-1), acting in 
conjunction with signals transmitted by trophic hor-
mones (e.g., AC H or LH). For some hormones, sub-
stantial regulation occurs at the level o  translational 
e ciency. Insulin biosynthesis, although it requires 
ongoing gene transcription, is regulated primarily at the 
translational and secretory levels in response to elevated 
levels o  glucose or amino acids.

HORMONE SECRETION, TRANSPORT, AND 
DEGRADATION
T e level o  a hormone is determined by its rate o  
secretion and its circulating hal -li e. Af er protein pro-
cessing, peptide hormones (e.g., GnRH, insulin, growth 
hormone [GH]) are stored in secretory granules. As 
these granules mature, they are poised beneath the 
plasma membrane  or imminent release into the cir-
culation. In most instances, the stimulus  or hormone 

secretion is a releasing  actor or neural signal that 
induces rapid changes in intracellular calcium con-
centrations, leading to secretory granule  usion with 
the plasma membrane and release o  its contents into 
the extracellular environment and bloodstream. Ste-
roid hormones, in contrast, di use into the circulation 
as they are synthesized. T us, their secretory rates are 
closely aligned with rates o  synthesis. For example, 
AC H and LH induce steroidogenesis by stimulating 
the activity o  the steroidogenic acute regulatory (StAR) 
protein (transports cholesterol into the mitochondrion) 
along with other rate-limiting steps (e.g., cholesterol 
side-chain cleavage enzyme, CYP11A1) in the steroido-
genic pathway.

Hormone transport and degradation dictate the 
rapidity with which a hormonal signal decays. Some 
hormone signals are evanescent (e.g., somatostatin), 
whereas others are longer-lived (e.g.,  SH). Because 
somatostatin exerts e ects in virtually every tissue, a 
short hal -li e allows its concentrations and actions 
to be controlled locally. Structural modi cations that 
impair somatostatin degradation have been use ul  or 
generating long-acting therapeutic analogues such as 
octreotide (Chap. 5). In contrast, the actions o   SH are 
highly speci c  or the thyroid gland. Its prolonged hal -
li e accounts  or relatively constant serum levels even 
though  SH is secreted in discrete pulses.

An understanding o  circulating hormone hal -li e is 
important  or achieving physiologic hormone replace-
ment, as the  requency o  dosing and the time required 
to reach steady state are intimately linked to rates o  hor-
mone decay.  4,  or example, has a circulating hal -li e 
o  7 days. Consequently, >1 month is required to reach 
a new steady state, and single daily doses are su cient 
to achieve constant hormone levels.  3, in contrast, has 
a hal -li e o  1 day. Its administration is associated with 
more dynamic serum levels, and it must be adminis-
tered two to three times per day. Similarly, synthetic glu-
cocorticoids vary widely in their hal -lives; those with 
longer hal -lives (e.g., dexamethasone) are associated 
with greater suppression o  the hypothalamic-pituitary-
adrenal (HPA) axis. Most protein hormones (e.g., AC H, 
GH, prolactin [PRL], P H, LH) have relatively short 
hal -lives (<20 min), leading to sharp peaks o  secretion 
and decay. T e only accurate way to pro le the pulse  re-
quency and amplitude o  these hormones is to measure 
levels in  requently sampled blood (every 10 min or less) 
over long durations (8–24 h). Because this is not practi-
cal in a clinical setting, an alternative strategy is to pool 
three to  our samples drawn at about 30-min intervals, 
or interpret the results in the context o  a relatively wide 
normal range. Rapid hormone decay is use ul in certain 
clinical settings. For example, the short hal -li e o  P H 
allows the use o  intraoperative P H determinations 
to con rm success ul removal o  an adenoma. T is is 
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11particularly valuable diagnostically when there is a pos-
sibility o  multicentric disease or parathyroid hyperplasia, 
as occurs with multiple endocrine neoplasia (MEN) or 
renal insu ciency.

Many hormones circulate in association with serum-
binding proteins. Examples include (1)  4 and  3 bind-
ing to thyroxine-binding globulin ( BG), albumin, and 
thyroxine-binding prealbumin ( BPA); (2) cortisol 
binding to cortisol-binding globulin (CBG); (3) andro-
gen and estrogen binding to sex hormone–binding 
globulin (SHBG); (4) IGF-I and -II binding to multiple 
IGF-binding proteins (IGFBPs); (5) GH interactions 
with GH-binding protein (GHBP), a circulating  rag-
ment o  the GH receptor extracellular domain; and (6) 
activin binding to  ollistatin. T ese interactions provide 
a hormonal reservoir, prevent otherwise rapid degrada-
tion o  unbound hormones, restrict hormone access to 
certain sites (e.g., IGFBPs), and modulate the unbound, 
or “ ree,” hormone concentrations. Although a variety 
o  binding protein abnormalities have been identi ed, 
most have little clinical consequence aside  rom creat-
ing diagnostic problems. For example,  BG de ciency 
can reduce total thyroid hormone levels greatly but the 
 ree concentrations o   4 and  3 remain normal. Liver 
disease and certain medications can also in uence 
binding protein levels (e.g., estrogen increases  BG) or 
cause displacement o  hormones  rom binding proteins 
(e.g., salsalate displaces  4  rom  BG). In general, only 
unbound hormone is available to interact with recep-
tors and thus elicit a biologic response. Short-term per-
turbations in binding proteins change the  ree hormone 
concentration, which in turn induces compensatory 
adaptations through  eedback loops. SHBG changes in 
women are an exception to this sel -correcting mecha-
nism. When SHBG decreases because o  insulin resis-
tance or androgen excess, the unbound testosterone 
concentration is increased, potentially leading to hir-
sutism (Chap. 17). T e increased unbound testosterone 
level does not result in an adequate compensatory  eed-
back correction because estrogen, not testosterone, is 
the primary regulator o  the reproductive axis.

An additional exception to the unbound hormone 
hypothesis involves megalin, a member o  the low-
density lipoprotein (LDL) receptor  amily that serves 
as an endocytotic receptor  or carrier-bound vitamins 
A and D and SHBG-bound androgens and estrogens. 
Af er internalization, the carrier proteins are degraded 
in lysosomes and release their bound ligands within the 
cells. Membrane transporters have also been identi ed 
 or thyroid hormones.

Hormone degradation can be an important mecha-
nism  or regulating concentrations locally. As noted above, 
11β-hydroxysteroid dehydrogenase inactivates glucocorti-
coids in renal tubular cells, preventing actions through the 
mineralocorticoid receptor. T yroid hormone deiodinases 

convert  4 to  3 and can inactivate  3. During develop-
ment, degradation o  retinoic acid by Cyp26b1 prevents 
primordial germ cells in the male  rom entering meiosis, 
as occurs in the  emale ovary.

HORMONE ACTION THROUGH RECEPTORS
Receptors  or hormones are divided into two major 
classes: membrane and nuclear. Membrane receptors 
primarily bind peptide hormones and catecholamines. 
Nuclear receptors bind small molecules that can di use 
across the cell membrane, such as steroids and vita-
min D. Certain general principles apply to hormone-
receptor interactions regardless o  the class o  receptor. 
Hormones bind to receptors with speci city and an 
a nity that generally coincides with the dynamic range 
o  circulating hormone concentrations. Low concentra-
tions o   ree hormone (usually 10−12 to 10−9 M) rapidly 
associate and dissociate  rom receptors in a bimolecular 
reaction such that the occupancy o  the receptor at any 
given moment is a  unction o  hormone concentration 
and the receptor’s a nity  or the hormone. Receptor 
numbers vary greatly in di erent target tissues, pro-
viding one o  the major determinants o  speci c tissue 
responses to circulating hormones. For example, AC H 
receptors are located almost exclusively in the adrenal 
cortex, and FSH receptors are  ound predominantly in 
the gonads. In contrast, insulin and  Rs are widely dis-
tributed, re ecting the need  or metabolic responses in 
all tissues.

MEMBRANE RECEPTORS
Membrane receptors  or hormones can be divided into 
several major groups: (1) seven transmembrane GPCRs, 
(2) tyrosine kinase receptors, (3) cytokine receptors, 
and (4) serine kinase receptors (Fig. 2-1). T e seven 
transmembrane GPCR family binds a remarkable array 
o  hormones, including large proteins (e.g., LH, P H), 
small peptides (e.g.,  RH, somatostatin), catechol-
amines (epinephrine, dopamine), and even minerals 
(e.g., calcium). T e extracellular domains o  GPCRs 
vary widely in size and are the major binding site  or 
large hormones. T e transmembrane-spanning regions 
are composed o  hydrophobic α-helical domains that 
traverse the lipid bilayer. Like some channels, these 
domains are thought to circularize and  orm a hydro-
phobic pocket into which certain small ligands  t. Hor-
mone binding induces con ormational changes in these 
domains, transducing structural changes to the intracel-
lular domain, which is a docking site  or G proteins.

T e large  amily o  G proteins, so named because 
they bind guanine nucleotides (guanosine triphosphate 
[G P], guanosine diphosphate [GDP]), provides great 
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diversity  or coupling receptors to di erent signaling 
pathways. G proteins  orm a heterotrimeric complex that 
is composed o  various α and βγ subunits. T e α subunit 
contains the guanine nucleotide–binding site and hydro-
lyzes G P → GDP. T e βγ subunits are tightly associ-
ated and modulate the activity o  the α subunit as well 
as mediating their own e ector signaling pathways. G 
protein activity is regulated by a cycle that involves G P 
hydrolysis and dynamic interactions between the α and 
αβ subunits. Hormone binding to the receptor induces 
GDP dissociation, allowing Gα to bind G P and disso-
ciate  rom the αβ complex. Under these conditions, the 
Gα subunit is activated and mediates signal transduction 
through various enzymes, such as adenylate cyclase and 
phospholipase C. G P hydrolysis to GDP allows reas-
sociation with the βγ subunits and restores the inactive 
state. As described below, a variety o  endocrinopathies 
result  rom G protein mutations or  rom mutations in 
receptors that modi y their interactions with G proteins. 
G proteins interact with other cellular proteins, including 
kinases, channels, G protein–coupled receptor kinases 
(GRKs), and arrestins, that mediate signaling as well as 
receptor desensitization and recycling.

T e tyrosine kinase receptors transduce signals  or 
insulin and a variety o  growth  actors, such as IGF-I, 
epidermal growth  actor (EGF), nerve growth  actor, 
platelet-derived growth  actor, and  broblast growth 
 actor. T e cysteine-rich extracellular ligand-binding 
domains contain growth  actor binding sites. Af er ligand 
binding, this class o  receptors undergoes autophosphor-
ylation, inducing interactions with intracellular adap-
tor proteins such as Shc and insulin receptor substrates 
(IRS). In the case o  the insulin receptor, multiple kinases 

are activated, including the Ra -Ras-MAPK and the Akt/
protein kinase B pathways. T e tyrosine kinase receptors 
play a prominent role in cell growth and di erentiation 
as well as in intermediary metabolism.

T e GH and PRL receptors belong to the cytokine 
receptor  amily. Analogous to the tyrosine kinase recep-
tors, ligand binding induces receptor interaction with 
intracellular kinases—the Janus kinases (JAKs), which 
phosphorylate members o  the signal transduction and 
activators o  transcription (S A )  amily—as well as 
with other signaling pathways (Ras, PI3-K, MAPK). 
T e activated S A  proteins translocate to the nucleus 
and stimulate expression o  target genes.

T e serine kinase receptors mediate the actions o  activ-
ins, trans orming growth  actor β, müllerian-inhibiting 
substance (MIS, also known as anti-müllerian hormone, 
AMH), and bone morphogenic proteins (BMPs). T is 
 amily o  receptors (consisting o  type I and II subunits) 
signals through proteins termed smads ( usion o  terms 
 or Caenorhabditis elegans sma + mammalian mad). Like 
the S A  proteins, the smads serve a dual role o  trans-
ducing the receptor signal and acting as transcription 
 actors. T e pleomorphic actions o  these growth  actors 
dictate that they act primarily in a local (paracrine or 
autocrine) manner. Binding proteins such as  ollistatin 
(which binds activin and other members o  this  amily) 
 unction to inactivate the growth  actors and restrict their 
distribution.

NUCLEAR RECEPTORS
T e  amily o  nuclear receptors has grown to nearly 
100 members, many o  which are still classi ed as 

Activin/MIS/BMP
TGF-β Se rine  kinase

Growth factor
Tyros ine  kinase

Membrane

Nucleus

Targe t gene

Cytokine /GH/PRL
Insulin/IGF-I
Tyros ine  kinase

G prote in–coupled
Seven transmembrane

G prote in
PKA, PKC

Ras /Raf
MAPK

JAK/STAT

Smads

FIGURE 2 -1
Mem b ran e  recep to r sig n a lin g . MAPK, mitogen-activated protein kinase; PKA, C, protein kinase A, C; TGF, trans orming growth  actor. 
For other abbreviations, see text.
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orphan receptors because their ligands, i  they exist, 
have not been identi ed (Fig. 2-2). Otherwise, most 
nuclear receptors are classi ed on the basis o  their 
ligands. Although all nuclear receptors ultimately act 
to increase or decrease gene transcription, some (e.g., 
glucocorticoid receptor) reside primarily in the cyto-
plasm, whereas others (e.g.,  R) are located in the 
nucleus. Af er ligand binding, the cytoplasmically 
localized receptors translocate to the nucleus. T ere is 
growing evidence that certain nuclear receptors (e.g., 
glucocorticoid, estrogen) can also act at the membrane 
or in the cytoplasm to activate or repress signal trans-
duction pathways, providing a mechanism  or cross-
talk between membrane and nuclear receptors.

T e structures o  nuclear receptors have been stud-
ied extensively, including by x-ray crystallography. T e 
DNA binding domain, consisting o  two zinc  ngers, 
contacts speci c DNA recognition sequences in target 
genes. Most nuclear receptors bind to DNA as dimers. 
Consequently, each monomer recognizes an individ-
ual DNA moti , re erred to as a “hal -site.” T e steroid 
receptors, including the glucocorticoid, estrogen, pro-
gesterone, and androgen receptors, bind to DNA as 
homodimers. Consistent with this two old symmetry, 
their DNA recognition hal -sites are palindromic. T e 
thyroid, retinoid, peroxisome proli erator activated, 
and vitamin D receptors bind to DNA pre erentially as 
heterodimers in combination with retinoid X receptors 
(RXRs). T eir DNA hal -sites are typically arranged as 
direct repeats.

T e carboxy-terminal hormone-binding domain 
mediates transcriptional control. For type II recep-
tors such as  R and retinoic acid receptor (RAR), co-
repressor proteins bind to the receptor in the absence o  
ligand and silence gene transcription. Hormone bind-
ing induces con ormational changes, triggering the 
release o  co-repressors and inducing the recruitment 
o  coactivators that stimulate transcription. T us, these 
receptors are capable o  mediating dramatic changes 
in the level o  gene activity. Certain disease states are 
associated with de ective regulation o  these events. For 
example, mutations in the  R prevent co-repressor dis-
sociation, resulting in an autosomal dominant  orm o  
hormone resistance (Chap. 7). In promyelocytic leuke-
mia,  usion o  RARα to other nuclear proteins causes 
aberrant gene silencing that prevents normal cellular 
di erentiation.  reatment with retinoic acid reverses 
this repression and allows cellular di erentiation and 
apoptosis to occur. Most type 1 steroid receptors inter-
act weakly with co-repressors, but ligand binding still 
induces interactions with an array o  coactivators. X-ray 
crystallography shows that various SERMs induce dis-
tinct estrogen receptor con ormations. T e tissue-
speci c responses caused by these agents in breast, 
bone, and uterus appear to re ect distinct interactions 
with coactivators. T e receptor-coactivator complex 
stimulates gene transcription by several pathways, 
including (1) recruitment o  enzymes (histone ace-
tyl trans erases) that modi y chromatin structure, (2) 
interactions with additional transcription  actors on 
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+–  +–+–Basal
Hormone  Receptor

Homodimer Steroid
Receptors

ER, AR, PR, GR

Ligand induces
coactiva tor binding

Ligand dissocia tes  corepressors
and induces  coactiva tor binding

Cons titutive  activa tor
or repressor binding

Heterodimer Receptors

TR, VDR, RAR, PPAR

Orphan Receptors

SF-1, DAX-1, HNF4α

Activa ted  Activa ted

Silenced

Activa ted

FIGURE 2 -2
Nu clea r recep to r sig n a lin g . AR, androgen receptor; DAX, dos-
age-sensitive sex-reversal, adrenal hypoplasia congenita, X-chro-
mosome; ER, estrogen receptor; GR, glucocorticoid receptor; 
HNF4α, hepatic nuclear  actor 4α; PPAR, peroxisome proli erator 

activated receptor; PR, progesterone receptor; RAR, retinoic acid 
receptor; SF-1, steroidogenic  actor-1; TR, thyroid hormone recep-
tor; VDR, vitamin D receptor.
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14 the target gene, and (3) direct interactions with compo-
nents o  the general transcription apparatus to enhance 
the rate o  RNA polymerase II–mediated transcrip-
tion. Studies o  nuclear receptor-mediated transcription 
show that these are dynamic events that involve rela-
tively rapid (e.g., 30–60 min) cycling o  transcription 
complexes on any speci c target gene.

FUNCTIONS OF HORMONES

T e  unctions o  individual hormones are described in 
detail in subsequent chapters. Nevertheless, it is use-
 ul to illustrate how most biologic responses require 
integration o  several di erent hormone pathways. T e 
physiologic  unctions o  hormones can be divided into 
three general areas: (1) growth and di erentiation, (2) 
maintenance o  homeostasis, and (3) reproduction.

GROWTH
Multiple hormones and nutritional  actors mediate the 
complex phenomenon o  growth (Chap. 3). Short stat-
ure may be caused by GH de ciency, hypothyroidism, 
Cushing’s syndrome, precocious puberty, malnutrition, 
chronic illness, or genetic abnormalities that a ect the 
epiphyseal growth plates (e.g., FGFR3 and SHOX muta-
tions). Many  actors (GH, IGF-I, thyroid hormones) 
stimulate growth, whereas others (sex steroids) lead 
to epiphyseal closure. Understanding these hormonal 
interactions is important in the diagnosis and man-
agement o  growth disorders. For example, delaying 
exposure to high levels o  sex steroids may enhance the 
e cacy o  GH treatment.

MAINTENANCE OF HOMEOSTASIS
Although virtually all hormones a ect homeostasis, the 
most important among them are the  ollowing:

1. T yroid hormone—controls about 25% o  basal 
metabolism in most tissues

2. Cortisol—exerts a permissive action  or many hor-
mones in addition to its own direct e ects

3. P H—regulates calcium and phosphorus levels
4. Vasopressin—regulates serum osmolality by con-

trolling renal  ree-water clearance
5. Mineralocorticoids—control vascular volume and 

serum electrolyte (Na+, K+) concentrations
6. Insulin—maintains euglycemia in the  ed and  asted 

states

T e de ense against hypoglycemia is an impressive 
example o  integrated hormone action (Chap. 26). In 
response to the  asting state and  alling blood glucose, 
insulin secretion is suppressed, resulting in decreased 

glucose uptake and enhanced glycogenolysis, lipoly-
sis, proteolysis, and gluconeogenesis to mobilize  uel 
sources. I  hypoglycemia develops (usually  rom insu-
lin administration or sul onylureas), an orchestrated 
counterregulatory response occurs—glucagon and epi-
nephrine rapidly stimulate glycogenolysis and gluco-
neogenesis, whereas GH and cortisol act over several 
hours to raise glucose levels and antagonize insulin 
action.

Although  ree-water clearance is controlled primar-
ily by vasopressin, cortisol and thyroid hormone are 
also important  or  acilitating renal tubular responses 
to vasopressin (Chap. 6). P H and vitamin D  unc-
tion in an interdependent manner to control calcium 
metabolism (Chap. 32). P H stimulates renal synthesis 
o  1,25-dihydroxyvitamin D, which increases calcium 
absorption in the gastrointestinal tract and enhances 
P H action in bone. Increased calcium, along with vita-
min D,  eeds back to suppress P H, thus maintaining 
calcium balance.

Depending on the severity o  a speci c stress and 
whether it is acute or chronic, multiple endocrine and 
cytokine pathways are activated to mount an appropri-
ate physiologic response. In severe acute stress such as 
trauma or shock, the sympathetic nervous system is 
activated and catecholamines are released, leading to 
increased cardiac output and a primed musculoskel-
etal system. Catecholamines also increase mean blood 
pressure and stimulate glucose production. Multiple 
stress-induced pathways converge on the hypothala-
mus, stimulating several hormones, including vasopres-
sin and corticotropin-releasing hormone (CRH). T ese 
hormones, in addition to cytokines (tumor necrosis 
 actor α, interleukin [IL] 2, IL-6) increase AC H and 
GH production. AC H stimulates the adrenal gland, 
increasing cortisol, which in turn helps sustain blood 
pressure and dampen the in ammatory response. 
Increased vasopressin acts to conserve  ree water.

REPRODUCTION
T e stages o  reproduction include (1) sex determina-
tion during  etal development (Chap. 10); (2) sexual 
maturation during puberty (Chaps. 11 and 13); (3) 
conception, pregnancy, lactation, and child rearing 
(Chap. 13); and (4) cessation o  reproductive capability 
at menopause (Chap. 16). Each o  these stages involves 
an orchestrated interplay o  multiple hormones, a phe-
nomenon well illustrated by the dynamic hormonal 
changes that occur during each 28-day menstrual cycle. 
In the early  ollicular phase, pulsatile secretion o  LH 
and FSH stimulates the progressive maturation o  the 
ovarian  ollicle. T is results in gradually increasing 
estrogen and progesterone levels, leading to enhanced 
pituitary sensitivity to GnRH, which, when combined 
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15with accelerated GnRH secretion, triggers the LH surge 
and rupture o  the mature  ollicle. Inhibin, a protein 
produced by the granulosa cells, enhances  ollicular 
growth and  eeds back to the pituitary to selectively 
suppress FSH without a ecting LH. Growth  actors 
such as EGF and IGF-I modulate  ollicular responsive-
ness to gonadotropins. Vascular endothelial growth 
 actor and prostaglandins play a role in  ollicle vascular-
ization and rupture.

During pregnancy, the increased production o  pro-
lactin, in combination with placentally derived steroids 
(e.g., estrogen and progesterone), prepares the breast  or 
lactation. Estrogens induce the production o  progester-
one receptors, allowing  or increased responsiveness to 
progesterone. In addition to these and other hormones 
involved in lactation, the nervous system and oxytocin 
mediate the suckling response and milk release.

HORMONAL FEEDBACK REGULATORY 
SYSTEMS

Feedback control, both negative and positive, is a  unda-
mental  eature o  endocrine systems. Each o  the major 
hypothalamic-pituitary-hormone axes is governed 
by negative  eedback, a process that maintains hor-
mone levels within a relatively narrow range (Chap. 3). 
Examples o  hypothalamic-pituitary negative  eedback 
include (1) thyroid hormones on the  RH- SH axis, 
(2) cortisol on the CRH-AC H axis, (3) gonadal ste-
roids on the GnRH-LH/FSH axis, and (4) IGF-I on the 
growth hormone–releasing hormone (GHRH)-GH axis 
(Fig. 2-3). T ese regulatory loops include both posi-
tive (e.g.,  RH,  SH) and negative (e.g.,  4,  3) compo-
nents, allowing  or exquisite control o  hormone levels. 
As an example, a small reduction o  thyroid hormone 
triggers a rapid increase o   RH and  SH secretion, 
resulting in thyroid gland stimulation and increased 
thyroid hormone production. When thyroid hormone 
reaches a normal level, it  eeds back to suppress  RH 
and  SH, and a new steady state is attained. Feedback 
regulation also occurs  or endocrine systems that do not 
involve the pituitary gland, such as calcium  eedback on 
P H, glucose inhibition o  insulin secretion, and leptin 
 eedback on the hypothalamus. An understanding o  
 eedback regulation provides important insights into 
endocrine testing paradigms (see below).

Positive  eedback control also occurs but is not well 
understood. T e primary example is estrogen-mediated 
stimulation o  the midcycle LH surge. Although 
chronic low levels o  estrogen are inhibitory, gradu-
ally rising estrogen levels stimulate LH secretion. T is 
e ect, which is illustrative o  an endocrine rhythm 
(see below), involves activation o  the hypothalamic 
GnRH pulse generator. In addition, estrogen-primed 

gonadotropes are extraordinarily sensitive to GnRH, 
leading to ampli cation o  LH release.

PARACRINE AND AUTOCRINE CONTROL
T e previously mentioned examples o   eedback control 
involve classic endocrine pathways in which hormones 
are released by one gland and act on a distant target 
gland. However, local regulatory systems, of en involv-
ing growth  actors, are increasingly recognized. Para-
crine regulation re ers to  actors released by one cell that 
act on an adjacent cell in the same tissue. For example, 
somatostatin secretion by pancreatic islet δ cells inhibits 
insulin secretion  rom nearby β cells. Autocrine regula-
tion describes the action o  a  actor on the same cell  rom 
which it is produced. IGF-I acts on many cells that pro-
duce it, including chondrocytes, breast epithelium, and 
gonadal cells. Unlike endocrine actions, paracrine and 
autocrine control are di cult to document because local 
growth  actor concentrations cannot be measured readily.

Anatomic relationships o  glandular systems also 
greatly in uence hormonal exposure: the physical 
organization o  islet cells enhances their intercellular 
communication; the portal vasculature o  the hypotha-
lamic-pituitary system exposes the pituitary to high con-
centrations o  hypothalamic releasing  actors; testicular 
semini erous tubules gain exposure to high testosterone 
levels produced by the interdigitated Leydig cells; the 
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FIGURE 2 -3
Feed b ack reg u la t io n  o f en d o crin e  axes. CNS, central ner-
vous system.
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16 pancreas receives nutrient in ormation and local exposure 
to peptide hormones (incretins)  rom the gastrointestinal 
tract; and the liver is the proximal target o  insulin action 
because o  portal drainage  rom the pancreas.

HORMONAL RHYTHMS
T e  eedback regulatory systems described above are 
superimposed on hormonal rhythms that are used  or 
adaptation to the environment. Seasonal changes, the 
daily occurrence o  the light-dark cycle, sleep, meals, 
and stress are examples o  the many environmental 
events that a ect hormonal rhythms. T e menstrual 
cycle is repeated on average every 28 days, re ecting 
the time required to  ollicular maturation and ovu-
lation (Chap. 13). Essentially all pituitary hormone 
rhythms are entrained to sleep and to the circadian 
cycle, generating reproducible patterns that are repeated 
approximately every 24 h. T e HPA axis,  or example, 
exhibits characteristic peaks o  AC H and cortisol pro-
duction in the early morning, with a nadir during the 
night. Recognition o  these rhythms is important  or 
endocrine testing and treatment. Patients with Cush-
ing’s syndrome characteristically exhibit increased 
midnight cortisol levels compared with normal indi-
viduals (Chap. 8). In contrast, morning cortisol levels 
are similar in these groups, as cortisol is normally high 
at this time o  day in normal individuals. T e HPA axis 
is more susceptible to suppression by glucocorticoids 
administered at night as they blunt the early-morning 
rise o  AC H. Understanding these rhythms allows 
glucocorticoid replacement that mimics diurnal pro-
duction by administering larger doses in the morning 
than in the af ernoon. Disrupted sleep rhythms can 
alter hormonal regulation. For example, sleep depriva-
tion causes mild insulin resistance,  ood craving, and 
hypertension, which are reversible, at least in the short 

term. Emerging evidence indicates that circadian clock 
pathways not only regulate sleep-wake cycles but also 
play important roles in virtually every cell type. For 
example, tissue-speci c deletion o  clock genes alters 
rhythms and levels o  gene expression, as well as meta-
bolic responses in liver, adipose, and other tissues.

Other endocrine rhythms occur on a more rapid time 
scale. Many peptide hormones are secreted in discrete 
bursts every  ew hours. LH and FSH secretion are exqui-
sitely sensitive to GnRH pulse  requency. Intermittent 
pulses o  GnRH are required to maintain pituitary sen-
sitivity, whereas continuous exposure to GnRH causes 
pituitary gonadotrope desensitization. T is  eature o  
the hypothalamic-pituitary-gonadotrope axis  orms the 
basis  or using long-acting GnRH agonists to treat cen-
tral precocious puberty or to decrease testosterone levels 
in the management o  prostate cancer. It is important to 
be aware o  the pulsatile nature o  hormone secretion and 
the rhythmic patterns o  hormone production in relat-
ing serum hormone measurements to normal values. For 
some hormones, integrated markers have been developed 
to circumvent hormonal  uctuations. Examples include 
24-h urine collections  or cortisol, IGF-I as a biologic 
marker o  GH action, and HbA1c as an index o  long-
term (weeks to months) blood glucose control.

Of en, one must interpret endocrine data only in 
the context o  other hormones. For example, P H lev-
els typically are assessed in combination with serum 
calcium concentrations. A high serum calcium level in 
association with elevated P H is suggestive o  hyper-
parathyroidism, whereas a suppressed P H in this situ-
ation is more likely to be caused by hypercalcemia o  
malignancy or other causes o  hypercalcemia. Similarly, 
 SH should be elevated when  4 and  3 concentrations 
are low, re ecting reduced  eedback inhibition. When 
this is not the case, it is important to consider second-
ary hypothyroidism, which is caused by a de ect at the 
level o  the pituitary.
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Sh lom o Melm ed   ■    J. Larry Jam eson  

T e  nterior pituit ry o en is re erred to  s the “  s-
ter gl nd” bec use, together with the hypoth l  us, it 
orchestr tes the co plex regul tory  unctions o    ny 
other endocrine gl nds. T e  nterior pituit ry gl nd 
produces six   jor hor ones: (1) prol ctin (PRL), (2) 
growth hor one (GH), (3)  drenocorticotropic hor-
 one (AC H), (4) luteinizing hor one (LH), (5) 
 ollicle-sti ul ting hor one (FSH),  nd (6) thyroid-
sti ul ting hor one ( SH) (Table 3-1). Pituit ry hor-
 ones  re secreted in   puls tile   nner, re ecting 
sti ul tion by  n  rr y o  speci c hypoth l  ic rele s-
ing   ctors. E ch o  these pituit ry hor ones elicits spe-
ci c responses in peripher l t rget tissues. T e hor on l 
products o  those peripher l gl nds, in turn, exert  eed-
b ck control  t the level o  the hypoth l  us  nd pitu-
it ry to  odul te pituit ry  unction (Fig. 3-1). Pituit ry 
tu ors c use ch r cteristic hor one excess syndro es. 
Hor one de ciency   y be inherited or  cquired. 
Fortun tely, there  re e c cious tre t ents  or   ny 
pituit ry hor one excess  nd de ciency syndro es. 
Nonetheless, these di gnoses  re o en elusive; this 
e ph sizes the i port nce o  recognizing subtle clini-
c l   ni est tions  nd per or ing the correct l bor tory 
di gnostic tests. For discussion of disorders of the pos-
terior pituitary, or neurohypophysis, see Chap. 6.

ANATOMY AND DEVELOPMENT

ANATOMY
T e pituit ry gl nd weighs ~600  g  nd is loc ted 
within the sell  turcic  ventr l to the di phr g   sell ; 
it consists o   n to ic lly  nd  unction lly distinct 
 nterior  nd posterior lobes. T e bony sell  is contigu-
ous to v scul r  nd neurologic structures, including 
the c vernous sinuses, cr ni l nerves,  nd optic chi s . 
T us, exp nding intr sell r p thologic processes   y 

h ve signi c nt centr l   ss ef ects in  ddition to their 
endocrinologic i p ct.

Hypoth l  ic neur l cells synthesize speci c rele s-
ing  nd inhibiting hor ones th t  re secreted directly 
into the port l vessels o  the pituit ry st lk. Blood sup-
ply o  the pituit ry gl nd co es  ro  the superior  nd 
in erior hypophyse l  rteries (Fig. 3-2). T e hypoth -
l  ic-pituit ry port l plexus provides the   jor blood 
source  or the  nterior pituit ry,  llowing reli ble tr ns-
 ission o  hypoth l  ic peptide pulses without signi -
c nt syste ic dilution; consequently, pituit ry cells  re 
exposed to rele sing or inhibiting   ctors  nd in turn 
rele se their hor ones  s discrete pulses into the sys-
te ic circul tion (Fig. 3-3).

T e posterior pituit ry is supplied by the in e-
rior hypophyse l  rteries. In contr st to the  nterior 
pituit ry, the posterior lobe is directly innerv ted by 
hypoth l  ic neurons (supr opticohypophyse l  nd 
tuberohypophyse l nerve tr cts) vi  the pituit ry st lk 
(Chap. 6). T us, posterior pituit ry production o  v so-
pressin ( ntidiuretic hor one [ADH])  nd oxytocin 
is p rticul rly sensitive to neuron l d   ge by lesions 
th t  f ect the pituit ry st lk or hypoth l  us.

PITUITARY DEVELOPMENT
T e e bryonic dif erenti tion  nd   tur tion o   nte-
rior pituit ry cells h ve been elucid ted in consider-
 ble det il. Pituit ry develop ent  ro  R thke’s pouch 
involves   co plex interpl y o  line ge-speci c tr n-
scription   ctors expressed in pluripotent precursor 
cells  nd gr dients o  loc lly produced growth   ctors 
(  ble  3-1). T e tr nscription   ctor Prop-1 induces 
pituit ry develop ent o  Pit-1-speci c line ges  s 
well  s gon dotropes. T e tr nscription   ctor Pit-1 
deter ines cell-speci c expression o  GH, PRL,  nd 
 SH in so  totropes, l ctotropes,  nd thyrotropes. 

CHAP TER 3

ANTERIOR PITUITARY: PHYSIOLOGY OF PITUITARY 
HORMONES
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Expression o  high levels o  estrogen receptors in cells 
th t cont in Pit-1   vors PRL expression, where s 
thyrotrope e bryonic   ctor ( EF) induces  SH 
expression. Pit-1 binds to GH, PRL,  nd  SH gene 
regul tory ele ents  s well  s to recognition sites on 
its own pro oter, providing    ech nis   or   in-
t ining speci c pituit ry hor one phenotypic st bil-
ity. Gon dotrope cell develop ent is  urther de ned 
by the cell-speci c expression o  the nucle r receptors 
steroidogenic   ctor (SF-1)  nd d os ge-sensitive sex 
revers l, a dren l hypopl si  critic l region, on chro-
 oso e X, gene 1 (DAX-1). Develop ent o  corti-
cotrope cells, which express the proopio el nocortin 
(POMC) gene, requires the  -Pit tr nscription   ctor. 
Abnor  lities o  pituit ry develop ent c used by 
 ut tions o  Pit-1, Prop-1, SF-1, DAX-1,  nd  -Pit 
result in   r re, selective or co bined pituit ry hor-
 one de cit syndro es.

ANTERIOR PITUITARY HORMONES

E ch  nterior pituit ry hor one is under unique con-
trol,  nd e ch exhibits highly speci c nor  l  nd dys-
regul ted secretory ch r cteristics.

PROLACTIN
Synthesis

PRL consists o  198   ino  cids  nd h s    olecul r 
  ss o  21,500 kD ; it is we kly ho ologous to GH  nd 
hu  n pl cent l l ctogen (hPL), re ecting the duplic -
tion  nd divergence o    co  on GH-PRL-hPL pre-
cursor gene. PRL is synthesized in l ctotropes, which 
constitute  bout 20% o   nterior pituit ry cells. L cto-
tropes  nd so  totropes  re derived  ro    co  on 
precursor cell th t   y give rise to   tu or th t secretes 
both PRL  nd GH. M rked l ctotrope cell hyperpl si  
develops during pregn ncy  nd the  rst  ew  onths o  
l ct tion. T ese tr nsient  unction l ch nges in the l c-
totrope popul tion  re induced by estrogen.

Secretion

Nor  l  dult seru  PRL levels  re  bout 10–25 µg/L in 
wo en  nd 10–20 µg/L in  en. PRL secretion is puls -
tile, with the highest secretory pe ks occurring during 
r pid eye  ove ent sleep. Pe k seru  PRL levels (up 
to 30 µg/L) occur between 4:00  nd 6:00 a .m. T e circu-
l ting h l -li e o  PRL is  bout 50  in.

PRL is unique   ong the pituit ry hor ones in 
th t the predo in nt centr l control  ech nis  is 

TABLE 3 -1  
ANTERIOR PITUITARY HORMONE EXPRESSION AND REGULATION

CELL  CORTICOTROPE  SOMATOTROPE  LACTOTROPE  THYROTROPE  GONADOTROPE

Tissue-speci c-
transcription 
 actor

T-Pit  Prop-1, Pit-1  Prop-1, Pit-1  Prop-1, Pit-1, TEF  SF-1, DAX-1

Fetal appearance  6 weeks  8 weeks  12 weeks  12 weeks  12 weeks
Hormone  POMC  GH  PRL  TSH  FSH, LH
Protein  Polypeptide  Polypeptide  Polypeptide  Glycoprotein 

α, βsubunits
Glycoprotein  
α, βsubunits

Amino acids  266 (ACTH 1–39)  191  199  211  210, 204
Stimulators  CRH, AVP, gp-130 

cytokines
GHRH, ghrelin  Estrogen, TRH, 

VIP
TRH  GnRH, activins, 

estrogen
Inhibitors  Glucocorticoids  Somatostatin, IGF-I  Dopamine  T3, T4, dopamine, soma-

tostatin, glucocorticoids
Sex steroids, inhibin

Target gland  Adrenal  Liver, bone, other 
tissues

Breast, other 
tissues

Thyroid  Ovary, testis

Trophic ef ect  Steroid 
production

IGF-I production, 
growth induction, 
insulin antagonism

Milk production  T4 synthesis and 
secretion

Sex steroid pro-
duction,  ollicle 
growth, germ cell 
maturation

Normal range  ACTH, 4–22 pg/L  <0.5 µg/La M <15 µg/L;  
F <20 µg/L

0.1–5 mU/L  M, 5–20 IU/L,  
F (basal), 5–20 IU/L

aHormone secretion integrated over 24 h.
Abbrevia tions: M, male; F,  emale. For other abbreviations, see text.
Source: Adapted  rom I Shimon, S Melmed, in S Melmed, P Conn (eds): Endocrinology: Basic and Clinical Principles. Totowa, NJ, Humana, 2005.
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