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Maintenance of normal reproductive function is depen-
dent on the coordinated release of hormones in the hy-
pothalamic—pituitary—gonadal cascade. Gonadotropin-re-
leasing hormone (GnRH) is released intermittently into
the pituitary portal blood from neuroendocrine cells in the
basal hypothalamus and acts to stimulate gonadotropes in
the anterior pituitary to synthesize and release two peptide
hormones, follicle-stimulating hormone (FSH) and lutein-
izing hormone (LH), into the general circulation. Follicle-
stimulating hormone and LH are glycoproteins that con-
sist of two subunits, an alpha subunit, which is also
shared by pituitary thyroid-stimulating hormone and pla-
cental chorionic gonadotropin in humans, and unique beta
subunits that confer biological activity. All the subunits
are encoded by separate genes on different chromosomes,
permitting differential control of gene activity. The genes
for rodent and human gonadotropin subunits have been
cloned and characterized and used to investigate mecha-
nisms of hormonal regulation. The gonadotropins act to
maintain gonadal function, including germ cell formation
in males, ovarian cyclicity in females, and steroid (andro-
gens, estrogens, progestins) and gonadal peptide (activins,
inhibins) production in both sexes. The cascade is main-
tained by steroid and peptide feedback at both the hy-
pothalamic and pituitary level (Fig. 1).

Steroid Hormone Receptors

Actions of the reproductive hormones are dependent on
the proper expression of receptors in target tissues. The
two classes of hormones involved in reproductive func-
tion act through different mechanisms. The peptide hor-
mones GnRH, LH, FSH, activin, and inhibin act via
cell-surface receptors. Hormone binding to receptors ac-
tivates ion channels and second-messenger signaling
pathways that alter both hormone secretion and gene ex-
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pression from target cells. In contrast, steroid hormone
receptors belong to a family that includes thyroid hor-
mone, vitamin D, and retinoic acid receptors and that is
localized to the cell nucleus and acts directly as ligand-
activated transcription factors (Evans, 1988). The lipo-
philic nature of steroid hormones allows them to pass into
the nucleus where they are able to bind to their specific
receptor. The hormone-receptor complexes then dimerize
and bind specific DNA recognition sequences (hor-
mone-response elements) in the promoter regions of ste-
roid-regulated genes. Once bound, these complexes pro-
mote structural changes in DNA and interact with proteins
involved in transcription to enhance or inhibit gene ex-
pression. Estrogen (E) and testosterone (T) bind to spe-
cific estrogen and androgen receptors (ER and AR, re-
spectively) that recognize different DNA sequences (Fig.
2). Thus, E and T would not be assumed to act identically
or to have the same target genes. Recent studies have
identified different isoforms and splice variants for both
AR and ER, thus providing another level of regulation for

steroid-responsive genes.

Steroid Hormones and Sexual Development

Fetal testes, but not ovaries, express the androgen syn-
thetic enzyme 3-B-hydroxysteroid dehydrogenase, thus
conferring to testes the exclusive ability to produce T.
Testosterone, its Sa reduced form, dihydrotestosterone
(DHT), and Miillerian-inhibiting substance (MIS) from
the fetal testes are important determinants of sexual phe-
notype. Miillerian-inhibiting substance prevents the for-
mation of the female Miillerian duct system and thus pre-
vents the female urogenital phenotype. However, expres-
sion of a male phenotype is dependent on secretion of T
and expression of AR. For example, removal of the go-
nads in indifferent rabbit embryos leads to a female phe-
notype (Jost, 1972). Similarly, treatment of rat embryos
with antiandrogens prevents expression of a male phe-
notype (Neumann et al, 1970). Defects in T synthesis
from fetal testes can also lead to varying degrees of in-
complete virilization in humans, up to and including ex-
pression of a female phenotype in genetic males (Wilson
and Goldstein, 1975). However, since production of MIS
is normal, no uterus or fallopian tubes are formed. An-
drogen receptor mutations lead to a similar testicular fem-
inization (Tfm) phenotype. With this X-linked mutation,
genetically male mice have normal testes in the abdomen
and produce MIS and T but have no virilization in the
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FIG. 1. Feedback sites of estrogen (E) and testosterone (T) on the
hypothalamic-pituitary axis.

urogenital tract (Quigley et al, 1995). Similar androgen
insensitivity has been well characterized in men (Quigley
et al, 1995). No direct effect of E in male sexual devel-
opment has been defined, although in adults both T and
E have important roles in the regulation of gonadotropin
levels and normal fertility.

Steroid Feedback on the Gonadotropin Axis—
Hypothalamic vs. Pituitary Action

Steroid modulation of the gonadotropin axis has been
studied most intensively in rodent models in which gon-
adectomy dramatically elevates levels of serum LH and
FSH, and E or T replacement suppresses these levels to
those of intact animals (Gharib et al, 1990b). These
changes may result from removal of negative feedback at
the level of the pituitary or, indirectly, at the level of the
hypothalamus. Changes in sex steroid levels result in vari-
ations in GnRH pulse frequency and amplitude, which
alter gonadotropin secretion and subunit mRNA levels
(Gharib et al, 1990b; Haisenleder et al, 1990; Shup-
nik,1990). At the level of the pituitary, hormonal modu-
lation may occur by changes in GnRH or steroid receptor
number or subtype, thus altering or enhancing pituitary
responsiveness to hormones, or by direct modification of
gonadotropin gene activity.

The rise in serum gonadotropins 1-2 weeks after ste-
roid removal is mirrored by increases in both steady-state
mRNA levels and transcription rates of the gonadotropin
genes (Gharib et al, 1990b) and occurs more rapidly in
males (3—7 days) than in females (21 days) (Gharib et al,
1987; Wierman and Wang, 1990). Administration of E or
T to males first decreases elevated gonadotropin gene
transcription within 1 hour, but complete suppression re-
quires between 1-3 days of treatment. The long time-
course suggests indirect effects on the hypothalamic—pi-
tuitary axis, and this view is supported by the failure of
E or T to suppress gonadotropin secretion, mRNA levels,
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FIG. 2. Modulation of specific genes bearing either androgen-re-
sponse elements (ARE) or estrogen-response elements (ERE) in their
promoter regions. Regulation occurs by binding of ligand to specific an-
drogen and estrogen receptors (AR and ER) directly to the DNA se-
quence. Estradiol and dihydrotestosterone (DHT) exert their actions only
through ER or AR, respectively, but testosterone may be converted to
estradiol and act throught both receptor pathways.

or gene transcription in isolated pituitary cells. In fact, E
treatment specifically stimulates rat LHB gene transcrip-
tion directly via an ER-binding site in the gene promoter,
while having no effect on the a-subunit or FSHB genes
(Shupnik and Rosenzweig, 1991). Parallel studies with
mouse, rat, and human gonadotropin promoters in re-
porter-gene constructs have found no direct suppressive
effects of E on promoter activity in transfected pituitary
cells or cell lines (Keri et al., 1991).

Definitive demonstrations of negative steroid feedback
at the hypothalamic level has come from transgenic
mouse experiments using gonadotropin reporter-gene
constructs and the promoters for rat LHB (Fallest et al,
1995), bovine LHB (Keri et al, 1994), and human a (Keri
et al, 1991) genes. The resultant transgenic animals ex-
pressed the reporter enzymes in pituitary cells; promoter
activity was increased after castration and restored to lev-
els in intact controls after injections of E to males and
females and T or DHT to males. Treatment with GnRH
antagonists prevented the castration-induced rise in pro-
moter activity for all three genes, and inhibitory steroid
effects could be overcome by pulsatile administration of
GnRH. Because the gonadotropin promoters used cannot
respond to steroids directly, suppression of reporter-gene
activity must have occurred via extrapituitary mecha-
nisms and probably by alterations in GnRH pulses. This
interpretation is supported by in vivo studies in male rats
in which suppression of GnRH pulses, gonadotropin se-
cretion, and subunit mRNA levels by T implants could
be overcome by exogenous GnRH pulses (Haisenleder et
al, 1990). Thus, negative steroid feedback in rats appears
to occur primarily at the level of the hypothalamus. Be-
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cause the GnRH neurons themselves appear to have no
or at least very few ER or AR, the mechanisms by which
pulses are altered is presently unknown.

Steroids act directly on pituitary cells to modulate the
numbers, or the subtypes, of steroid and GnRH receptors.
Several groups have demonstrated that E treatment in-
creases pituitary GnRH-receptor number (Kaiser et al,
1993; Colin et al, 1996) and that increased receptor den-
sity results in increased differential responsiveness of the
gonadotropin subunit genes in vitro (Kaiser et al, 1995).
Orchidectomy had no effect on the responsiveness of cul-
tured male rat pituitary cells to GnRH, but positive T
effects could occur via aromatization to E. Modulation of
steroid responsiveness also occurs with changes in steroid
treatment. Estrogen and T, but not DHT, administration
induces a truncated, pituitary-specific form of ER, which
may modulate E-induced gene transcription (Friend et al,
1995). Thus, steroids may be increasing pituitary sensi-
tivity to both GnRH and E while altering GnRH pulses
and the overall physiological response results from inte-
gration of these pathways.

Estrogen and Testosterone—Identical and Divergent
Feedback Pathways

Estrogen and T effects in whole animals are often iden-
tical, particularly with T-E conversion in target tissues.
However, some divergent biological actions have been
noted with T and DHT, particularly on FSH secretion and
the FSHPB gene and may be important under specific phys-
iological circumstances. Serum FSH is higher in intact
male than in female rats, and the castration effect on se-
rum FSH and FSHB mRNA is much less than on LH and
LHB. In contrast to the suppressive effects of E on all
three subunit mRNAs in castrated males, T and DHT se-
lectively fail to suppress FSHB mRNA in vivo. Because
androgens act directly at the level of the hypothalamus to
decrease GnRH pulses, these data could be explained by
opposing effects of androgens on the hypothalamus ver-
sus the pituitary. Treatment of cultured male rat pituitary
cells with T or DHT selectively and specifically stimulate
FSH secretion and FSHB mRNA (Gharib et al, 1990a);
similar results were obtained in vivo in male rats treated
with a GnRH antagonist (Wierman and Wang, 1990). This
process appears to occur by some stimulation of gene
transcription and significant decreases in mRNA turnover,
resulting in a much longer FSHB mRNA half-life. Thus,
elimination of hypothalamic influences revealed positive
subunit-specific feedback of T at the pituitary -level. Fer-
tility in males might thus be maintained with high phys-
iological levels of T. However, an important species-spe-
cific difference in steroid regulation exists between the
rodent and human FSHP subunit genes. In male trans-
genic mice bearing regulatory and coding regions of the
hFSH@ (human) gene, castration increases expression of
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both endogenous mFSHP (mouse) and transgenic hFSHB
genes, but treatment of these animals with T or E sup-
presses hFSHB selectively. Treatment of cultured pituitary
cells from these male transgenic mice with steroids and
in vivo experiments in hypogonadal mice containing the
human transgene demonstrates that the human gene is di-
rectly suppressed by T and DHT, even without changes
in GnRH (Kumar and Low, 1995). These data, coupled
with the demonstration of an androgen-sensitive suppres-
sive element in the human a-subunit gene (Clay et al,
1993), suggest that in humans androgens can act directly
at the level of both the hypothalamus and the pituitary to
suppress FSH synthesis.

Additional insight into the relative roles of E and T can
be obtained from a number of genetic models or clinical
cases in which the ER or AR are mutated. Androgen-
resistant patients have elevated serum T and gonadotropin
levels. Similarly, Tfm male mice have elevated gonado-
tropins and are completely infertile. Recent work has
highlighted a surprising requirement for E in normal male
physiology and fertility. Targeted disruption of the ER
gene in mice results in complete infertility in homozygous
males and females (Lubahn et al, 1993). Serum levels of
E and LH are elevated, and the mRNAs for all three go-
nadotropin subunit genes are increased. In males, serum
FSH is elevated, T levels are within the normal range,
and testicular atrophy and seminiferous tubule dysmor-
phogenesis occur. Overall, these studies suggested little
role for E in fetal development, some role for E in sexual
development, and a major role for E in regulation of go-
nadotropin levels. Some data interpretation has been com-
plicated by the recent discovery of a fully functional ER
isoform, termed ERB, in rodents and humans (Kuiper et
al, 1996). Estrogen receptor B is found at particularly high
levels in testes, prostate, and ovaries, with significant lev-
els of its mRNA in pituitary and other reproductive tis-
sues. Specific developmental effects of E may be receptor
specific, and tissue-specific effects of E may have at least
some foundation in the presence of specific receptor sub-
types. In humans, a single case of E resistance has been
reported, in which a homozygous mutation of the ER
gene results in a truncated, inactive protein (Smith et al,
1995). The 28-year-old male exhibited normal masculin-
ization, with elevated E, LH, and FSH, and normal T
serum levels. Fertility was not assessed; however, the pa-
tient had severe osteoporosis and tall stature due to failure
of epiphyseal fusion. These results agree with those re-
ported in patients with aromatase mutations that effec-
tively abolish E synthesis. In one sibling pair with this
defect, brother and sister had elevated T, LH, and FSH
with tall stature, wrist osteopenia, and osteoporosis (Mor-
imisha et al, 1995).
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Summary

Both T and E play important roles in the regulation of
reproductive function at the cellular and tissue levels in
males. In addition to a causal role in the development of
the male reproductive phenotype, androgens provide feed-
back regulation to the hypothalamus and to the pituitary
in humans. Estrogen action is critical for normal bone
fusion and mineralization in both men and women, and
E action appears to play an important role in hypothalam-
ic suppression of gonadotropin levels.
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