2378 Steroid Hormone Actions Both estrogen and progesterone play critical

PART 16
Endocrinology and Metabolism

roles in the expression of secondary sexual characteristics in women
(Chap. 400e). Estrogen promotes development of the ductule system in the breast, whereas progesterone is responsible for glandular
development. In the reproductive tract, estrogens create a receptive
environment for fertilization and support pregnancy and parturition
through carefully coordinated changes in the endometrium, thickening of the vaginal mucosa, thinning of the cervical mucus, and uterine
growth and contractions. Progesterone induces secretory activity in
the estrogen-primed endometrium, increases the viscosity of cervical
mucus, and inhibits uterine contractions. Both gonadal steroids play
critical roles in the negative and positive feedback controls of gonadotropin secretion. Progesterone also increases basal body temperature
and has therefore been used clinically as a marker of ovulation.
The vast majority of circulating estrogens and androgens are carried in the blood bound to carrier proteins, which restrain their free
diffusion into cells and prolong their clearance, serving as a reservoir.
High-affinity binding proteins include sex hormone–binding globulin
(SHBG), which binds androgens with somewhat greater affinity than
estrogens, and corticosteroid-binding globulin (CBG), which also
binds progesterone. Modulations in binding protein levels by insulin,
androgens, and estrogens contribute to high bioavailable testosterone
levels in PCOS and to high circulating estrogen and progesterone levels during pregnancy.
Estrogens act primarily through binding to the nuclear receptors,
estrogen receptor (ER) α and β. Transcriptional coactivators and corepressors modulate ER action (Chap. 400e). Both ER subtypes are
present in the hypothalamus, pituitary, ovary, and reproductive tract.
Although ERα and -β exhibit some functional redundancy, there is also
a high degree of specificity, particularly in expression within cell types.
For example, ERα functions in the ovarian theca cells, whereas ERβ is
critical for granulosa cell function. There is also evidence for membrane-initiated signaling by estrogen. Similar signaling mechanisms
pertain for progesterone with evidence of transcriptional regulation
through progesterone receptor (PR) A and B protein isoforms, as well
as rapid membrane signaling.
Ovarian Peptides
Inhibin was initially isolated from gonadal fluids based on its ability to selectively inhibit FSH secretion from pituitary cells. Inhibin
is a heterodimer composed of an α subunit and a βA or βB subunit
to form inhibin A or inhibin B, both of which are secreted from the
ovary. Activin is a homodimer of inhibin β subunits with the capacity
to stimulate the synthesis and secretion of FSH. Inhibins and activins
are members of the transforming growth factor β (TGF-β) superfamily of growth and differentiation factors. During the purification of
inhibin, follistatin, an unrelated monomeric protein that inhibits FSH
secretion, was discovered. Within the pituitary, follistatin inhibits FSH
secretion indirectly through binding and neutralizing activin.
Inhibin B is secreted from the granulosa cells of small antral follicles, whereas inhibin A is present in both granulosa and theca cells and
is secreted by dominant follicles. Inhibin A is also present in luteinized
granulosa cells and is a major secretory product of the corpus luteum.
Inhibin B is constitutively secreted by granulosa cells and increases in
serum in conjunction with recruitment of secondary follicles to the
pool of actively growing follicles under the control of FSH. Inhibin B
has been used clinically as a marker of ovarian reserve. Inhibin B is an
important inhibitor of FSH, independent of estradiol, during the menstrual cycle. Although activin is also secreted from the ovary, the excess
of follistatin in serum, combined with its nearly irreversible binding of
activin, make it unlikely that ovarian activin plays an endocrine role
in FSH regulation. However, there is evidence that activin plays an
autocrine/paracrine role in the ovary, in addition to its intrapituitary
role in modulation of FSH production.
AMH (also known as müllerian-inhibiting substance) is important
in ovarian biology in addition to the function from which it derived its
name (i.e., promotion of the degeneration of the müllerian system during embryogenesis in the male). AMH is produced by granulosa cells
from small follicles and, like inhibin B, is a marker of ovarian reserve.
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AMH inhibits the recruitment of primordial follicles into the follicle
pool and counters FSH stimulation of aromatase expression.
Relaxin, which is produced by the theca lutein cells of the corpus
luteum, is thought to play a role in decidualization of the endometrium
and suppression of myometrial contractile activity, both of which are
essential for the early establishment of pregnancy.

Hormonal Integration of the Normal Menstrual Cycle
The sequence of changes responsible for mature reproductive function
is coordinated through a series of negative and positive feedback loops
that alter pulsatile GnRH secretion, the pituitary response to GnRH,
and the relative secretion of LH and FSH from the gonadotrope. The
frequency and amplitude of pulsatile GnRH secretion differentially
modulate the synthesis and secretion of LH and FSH, with slow frequencies favoring FSH synthesis and increased amplitudes favoring
LH synthesis. Activin is produced in both pituitary gonadotropes
and folliculostellate cells and stimulates the synthesis and secretion
of FSH. Inhibins function as potent antagonists of activins through
sequestration of the activin receptors. Although inhibin is expressed
in the pituitary, gonadal inhibin is the principal source of feedback
inhibition of FSH.
For the majority of the cycle, the reproductive system functions in
a classic endocrine negative feedback mode. Estradiol and progesterone inhibit GnRH secretion, and the inhibins act at the pituitary to
selectively inhibit FSH synthesis and secretion (Fig. 412-7). This negative feedback control of FSH is critical for development of the single
mature oocyte that characterizes normal reproductive function in
women. In addition to these negative feedback controls, the menstrual
cycle is uniquely dependent on estrogen-induced positive feedback to
produce an LH surge that is essential for ovulation of a mature follicle. Estrogen negative feedback in women occurs primarily at the
hypothalamus with a small pituitary contribution, whereas estrogen
positive feedback occurs at the pituitary with hypothalamic GnRH
secretion playing a permissive role.
The Follicular Phase
The follicular phase is characterized by recruitment of a cohort of
secondary follicles and the ultimate selection of a dominant preovulatory follicle (Fig. 412-8). The follicular phase begins, by convention,
on the first day of menses. However, follicle recruitment is initiated
by the rise in FSH that begins in the late luteal phase of the previous
cycle in conjunction with the loss of negative feedback of gonadal
steroids and likely inhibin A. The fact that a 20–30% increase in FSH
is adequate for follicular recruitment speaks to the marked sensitivity
of the resting follicle pool to FSH. The resultant granulosa cell proliferation is responsible for increasing early follicular phase levels of
inhibin B. Inhibin B in conjunction with rising levels of estradiol, and
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Figure 412-7 The reproductive system in women is critically
dependent on both negative feedback of gonadal steroids and inhibin
to modulate follicle-stimulating hormone (FSH) secretion and on
estrogen positive feedback to generate the preovulatory luteinizing
hormone (LH) surge. GnRH, gonadotropin-releasing hormone.
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