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provides an opportunity to synthesize a remarkable series of clinically
useful antagonists (e.g., tamoxifen) and selective estrogen response
modulators (SERMs) such as raloxifene. These compounds generate
distinct conformations that alter receptor interactions with components of the transcription machinery (see below), thereby conferring
their unique actions.

PART 16
Endocrinology and Metabolism

HORMONE SYNTHESIS AND PROCESSING
The synthesis of peptide hormones and their receptors occurs through
a classic pathway of gene expression: transcription → mRNA → protein
→ posttranslational protein processing → intracellular sorting, followed
by membrane integration or secretion (Chap. 82).
Many hormones are embedded within larger precursor polypeptides that are proteolytically processed to yield the biologically active
hormone. Examples include proopiomelanocortin (POMC) → ACTH;
proglucagon → glucagon; proinsulin → insulin; and pro-PTH → PTH,
among others. In many cases, such as POMC and proglucagon, these
precursors generate multiple biologically active peptides. It is provocative that hormone precursors are typically inactive, presumably adding
an additional level of regulatory control. Prohormone conversion
occurs not only for peptide hormones but also for certain steroids
(testosterone → dihydrotestosterone) and thyroid hormone (T4 → T3).
Peptide precursor processing is intimately linked to intracellular
sorting pathways that transport proteins to appropriate vesicles and
enzymes, resulting in specific cleavage steps, followed by protein folding and translocation to secretory vesicles. Hormones destined for
secretion are translocated across the endoplasmic reticulum under
the guidance of an amino-terminal signal sequence that subsequently
is cleaved. Cell-surface receptors are inserted into the membrane via
short segments of hydrophobic amino acids that remain embedded
within the lipid bilayer. During translocation through the Golgi and
endoplasmic reticulum, hormones and receptors are subject to a variety of posttranslational modifications, such as glycosylation and phosphorylation, which can alter protein conformation, modify circulating
half-life, and alter biologic activity.
Synthesis of most steroid hormones is based on modifications of the
precursor, cholesterol. Multiple regulated enzymatic steps are required
for the synthesis of testosterone (Chap. 411), estradiol (Chap. 412),
cortisol (Chap. 406), and vitamin D (Chap. 423). This large number of
synthetic steps predisposes to multiple genetic and acquired disorders
of steroidogenesis.
Endocrine genes contain regulatory DNA elements similar to those
found in many other genes, but their exquisite control by hormones
reflects the presence of specific hormone response elements. For
example, the TSH genes are repressed directly by thyroid hormones
acting through the thyroid hormone receptor (TR), a member of
the nuclear receptor family. Steroidogenic enzyme gene expression
requires specific transcription factors, such as steroidogenic factor-1
(SF-1), acting in conjunction with signals transmitted by trophic hormones (e.g., ACTH or LH). For some hormones, substantial regulation occurs at the level of translational efficiency. Insulin biosynthesis,
although it requires ongoing gene transcription, is regulated primarily
at the translational and secretory levels in response to elevated levels
of glucose or amino acids.
HORMONE SECRETION, TRANSPORT, AND DEGRADATION
The level of a hormone is determined by its rate of secretion and its
circulating half-life. After protein processing, 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 for imminent release into the circulation. In most instances,
the stimulus for hormone secretion is a releasing factor or neural signal
that induces rapid changes in intracellular calcium concentrations,
leading to secretory granule fusion with the plasma membrane and
release of its contents into the extracellular environment and bloodstream. Steroid hormones, in contrast, diffuse into the circulation as
they are synthesized. Thus, their secretory rates are closely aligned with
rates of synthesis. For example, ACTH and LH induce steroidogenesis

by stimulating the activity of 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 steroidogenic 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., TSH).
Because somatostatin exerts effects in virtually every tissue, a short
half-life allows its concentrations and actions to be controlled locally.
Structural modifications that impair somatostatin degradation have
been useful for generating long-acting therapeutic analogues such as
octreotide (Chap. 403). In contrast, the actions of TSH are highly specific for the thyroid gland. Its prolonged half-life accounts for relatively
constant serum levels even though TSH is secreted in discrete pulses.
An understanding of circulating hormone half-life is important for
achieving physiologic hormone replacement, as the frequency of dosing and the time required to reach steady state are intimately linked to
rates of hormone decay. T4, for example, has a circulating half-life of
7 days. Consequently, >1 month is required to reach a new steady state,
and single daily doses are sufficient to achieve constant hormone levels. T3, in contrast, has a half-life of 1 day. Its administration is associated with more dynamic serum levels, and it must be administered two
to three times per day. Similarly, synthetic glucocorticoids vary widely
in their half-lives; those with longer half-lives (e.g., dexamethasone)
are associated with greater suppression of the hypothalamic-pituitaryadrenal (HPA) axis. Most protein hormones (e.g., ACTH, GH, prolactin [PRL], PTH, LH) have relatively short half-lives (<20 min), leading
to sharp peaks of secretion and decay. The only accurate way to profile
the pulse frequency and amplitude of these hormones is to measure
levels in frequently sampled blood (every 10 min or less) over long
durations (8–24 h). Because this is not practical in a clinical setting,
an alternative strategy is to pool three to four samples drawn at about
30-min intervals, or interpret the results in the context of a relatively
wide normal range. Rapid hormone decay is useful in certain clinical settings. For example, the short half-life of PTH allows the use of
intraoperative PTH determinations to confirm successful removal of
an adenoma. This is particularly valuable diagnostically when there is a
possibility of multicentric disease or parathyroid hyperplasia, as occurs
with multiple endocrine neoplasia (MEN) or renal insufficiency.
Many hormones circulate in association with serum-binding proteins. Examples include (1) T4 and T3 binding to thyroxine-binding
globulin (TBG), albumin, and thyroxine-binding prealbumin (TBPA);
(2) cortisol binding to cortisol-binding globulin (CBG); (3) androgen
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
fragment of the GH receptor extracellular domain; and (6) activin binding to follistatin. These interactions provide a hormonal reservoir, prevent otherwise rapid degradation of unbound hormones, restrict hormone access to certain sites (e.g., IGFBPs), and modulate the unbound,
or “free,” hormone concentrations. Although a variety of binding
protein abnormalities have been identified, most have little clinical consequence aside from creating diagnostic problems. For example, TBG
deficiency can reduce total thyroid hormone levels greatly but the free
concentrations of T4 and T3 remain normal. Liver disease and certain
medications can also influence binding protein levels (e.g., estrogen
increases TBG) or cause displacement of hormones from binding proteins (e.g., salsalate displaces T4 from TBG). In general, only unbound
hormone is available to interact with receptors and thus elicit a biologic
response. Short-term perturbations in binding proteins change the free
hormone concentration, which in turn induces compensatory adaptations through feedback loops. SHBG changes in women are an exception to this self-correcting mechanism. When SHBG decreases because
of insulin resistance or androgen excess, the unbound testosterone concentration is increased, potentially leading to hirsutism (Chap. 68). The
increased unbound testosterone level does not result in an adequate
compensatory feedback correction because estrogen, not testosterone,
is the primary regulator of the reproductive axis.

