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that control onset of puberty through regulation of GnRH secretion.
Energy deficit and excess and metabolic stress are associated with disturbed reproductive maturation and timing of pubertal onset.
The early stages of puberty are characterized by nocturnal surges of
LH and FSH. Growth of the testes is usually the first sign of puberty,
reflecting an increase in seminiferous tubule volume. Increasing
levels of testosterone deepen the voice and increase muscle growth.
Conversion of testosterone to DHT leads to growth of the external
genitalia and pubic hair. DHT also stimulates prostate and facial hair
growth and initiates recession of the temporal hairline. The growth
spurt occurs at a testicular volume of about 10–12 mL. GH increases
early in puberty and is stimulated in part by the rise in gonadal steroids. GH increases the level of insulin-like growth factor I (IGF-I),
which enhances linear bone growth. The prolonged pubertal exposure
to gonadal steroids (mainly estradiol) ultimately causes epiphyseal
closure and limits further bone growth.
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Regulation of the Hypothalamic-Pituitary-Testis Axis in Adult Man
Hypothalamic GnRH regulates the production of the pituitary gonadotropins LH and FSH (Fig. 411-2). GnRH is released in discrete pulses
approximately every 2 h, resulting in corresponding pulses of LH and
FSH. These dynamic hormone pulses account in part for the wide
variations in LH and testosterone, even within the same individual.
LH acts primarily on the Leydig cell to stimulate testosterone synthesis. The regulatory control of androgen synthesis is mediated by
testosterone and estrogen feedback on both the hypothalamus and
the pituitary. FSH acts on the Sertoli cell to regulate spermatogenesis
and the production of Sertoli products such as inhibin B, which acts
to selectively suppress pituitary FSH. Despite these somewhat distinct
Leydig and Sertoli cell–regulated pathways, testis function is integrated
at several levels: GnRH regulates both gonadotropins; spermatogenesis
requires high levels of testosterone; and numerous paracrine interactions between Leydig and Sertoli cells are necessary for normal testis
function.
The Leydig Cell: Androgen Synthesis
LH binds to its seven-transmembrane, G protein–coupled receptor
to activate the cyclic AMP pathway. Stimulation of the LH receptor
induces steroid acute regulatory (StAR) protein, along with several
steroidogenic enzymes involved in androgen synthesis. LH receptor mutations cause Leydig cell hypoplasia or agenesis, underscoring the importance of this pathway for Leydig cell development and
function. The rate-limiting process in testosterone synthesis is the
delivery of cholesterol by the StAR protein to the inner mitochondrial
membrane. Peripheral benzodiazepine receptor, a mitochondrial
cholesterol-binding protein, is also an acute regulator of Leydig cell
steroidogenesis. The five major enzymatic steps involved in testosterone synthesis are summarized in Fig. 411-3. After cholesterol
transport into the mitochondrion, the formation of pregnenolone by
CYP11A1 (side chain cleavage enzyme) is a limiting enzymatic step.
The 17α-hydroxylase and the 17,20-lyase reactions are catalyzed by a
single enzyme, CYP17; posttranslational modification (phosphorylation) of this enzyme and the presence of specific enzyme cofactors
confer 17,20-lyase activity selectively in the testis and zona reticularis
of the adrenal gland. Testosterone can be converted to the more potent
DHT by 5α-reductase, or it can be aromatized to estradiol by CYP19
(aromatase). Two isoforms of steroid 5α-reductase, SRD5A1 and
SRD5A2, have been described; all known kindreds with 5α-reductase
deficiency have had mutations in SRD5A2, the predominant form in
the prostate and the skin.
Testosterone Transport and Metabolism In males, 95% of circulating
testosterone is derived from testicular production (3–10 mg/d). Direct
secretion of testosterone by the adrenal and the peripheral conversion
of androstenedione to testosterone collectively account for another
0.5 mg/d of testosterone. Only a small amount of DHT (70 μg/d) is
secreted directly by the testis; most circulating DHT is derived from
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Figure 411-2 Human pituitary gonadotropin axis, structure of
testis, and seminiferous tubule. E2, 17β-estradiol; DHT, dihydrotestosterone; FSH, follicle-stimulating hormones; GnRH, gonadotropinreleasing; LH, luteinizing hormone.
peripheral conversion of testosterone. Most of the daily production
of estradiol (~45 μg/d) in men is derived from aromatase-mediated
peripheral conversion of testosterone and androstenedione.
Circulating testosterone is bound to two plasma proteins: sex
hormone–binding globulin (SHBG) and albumin (Fig. 411-4). SHBG
binds testosterone with much greater affinity than albumin. Only
0.5–3% of testosterone is unbound. According to the “free hormone”
hypothesis, only the unbound fraction is biologically active; however,
albumin-bound hormone dissociates readily in the capillaries and may
be bioavailable. SHBG-bound testosterone also may be internalized
through endocytic pits by binding to a protein called megalin. SHBG
concentrations are decreased by androgens, obesity, diabetes mellitus,
insulin, and nephrotic syndrome. Conversely, estrogen administration, hyperthyroidism, many chronic inflammatory illnesses, infections such as HIV or hepatitis B and C, and aging are associated with
high SHBG concentrations.
Testosterone is metabolized predominantly in the liver, although
some degradation occurs in peripheral tissues, particularly the
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