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Introduction

The sex steroids testosterone and estradiol, the latter of which is
derived from the former, play important developmental and func-
tional roles in many organs of male and female humans, respec-
tively (1). These roles include actions in the reproductive organs,
brain, bones, heart and vasculature, and liver. However, substan-
tial evidence now indicates that endogenous estrogens in men and
androgens in women are not only integral to health, but can addi-
tionally promote aspects of disease.

Ovaries are the primary source of estrogen in females, and lev-
els fluctuate with phases of the menstrual cycle. Local estrogen pro-
duction is also present in female tissues such as the bone and breast
secondary to aromatization of androgens. In males, both testicu-
lar Leydig and Sertoli cells synthesize estrogen that likely remains
relatively local, while most estrogen in the blood comes from aro-
matization of testosterone in peripheral organs. In both males and
females, estrogens act upon binding either of the two isoforms of
estrogen receptors (ERs), ERa (1) and ERB (2), which then modulate
nuclear transcriptional responses as well as extranuclear kinase and
G protein signaling. This results from multiple cellular pools of ERs
acting both in nuclear and extranuclear locations.

Similarly to estrogen, testosterone is synthesized by both
males and females, albeit in different quantities. Testosterone
production by Leydig cells in the testes of males is 7 to 8 times
higher than that produced by the ovaries in females (3). Testoster-
one is converted to dihydrotestosterone (DHT), and both of these
bind the androgen receptor (AR), although DHT has a greater
affinity and cannot be aromatized to estrogen. Like estrogen,
androgens act in both nuclear and extranuclear domains of many
cells in multiple organs.
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Androgens and estrogens are known to be critical regulators of mammalian physiology and development. While these two
classes of steroids share similar structures (in general, estrogens are derived from androgens via the enzyme aromatase), they
subserve markedly different functions via their specific receptors. In the past, estrogens such as estradiol were thought to

be most important in the regulation of female biology, while androgens such as testosterone and dihydrotestosterone were
believed to primarily modulate development and physiology in males. However, the emergence of patients with deficiencies
in androgen or estrogen hormone synthesis or actions, as well as the development of animal models that specifically

target androgen- or estrogen-mediated signaling pathways, have revealed that estrogens and androgens regulate critical
biological and pathological processes in both males and females. In fact, the concept of “male” and “female” hormones is an
oversimplification of a complex developmental and biological network of steroid actions that directly impacts many organs. In
this Review, we will discuss important roles of estrogens in males and androgens in females.

We propose that the crossover effects of androgens and estro-
gens in females and males, respectively, are likely programmed
through evolution to ensure the health of humans during their
reproductive years, thereby promoting survival. This Review will
examine physiological human estrogen actions in males and andro-
gen actions in females, with a focus on steroid hormone actions in
the bone, reproductive system, CNS, and metabolism. In addition,
we will describe recent data implicating androgen in breast cancer
and estrogen in prostate cancer growth and progression.

Estrogen action in men
Preface. 17-B-estradiol (E2) is the common form of serum and
tissue estrogen in men and women. The CYPI9AI gene encodes
the aromatase enzyme that converts testosterone to E2 in both
sexes (4). Aromatase is expressed in many organs and cells; thus,
local production and action of E2 in men is likely physiological-
ly relevant (5). Strong support for important roles of E2 comes
from studies in men with inactivating mutations of either ERa or
aromatase (6, 7). E2 insensitivity was found in a 28-year-old man
diagnosed with ahomozygous ERa mutation that produced a trun-
cated nonfunctional protein (6). The individual presented with
continued linear growth and tall stature due in part to unfused
epiphyses, despite normal serum testosterone. Significant osteo-
porosis was noted, indicating that endogenous estrogen and ERa
are important in men for normal bone growth and development.
This individual was also overweight for his height and showed
excess abdominal fat. Elevated endogenous estrogen levels in this
individual failed to suppress the pituitary gonadotropins, luteiniz-
ing and follicle-stimulating hormones (LH and FSH, respectively)
in the absence of the functional ERa receptor. Thus, while direct
action of male sex steroids at ARs in the brain may play some role
in negative feedback that regulates LH and FSH, estrogen signal-
ing via ERa is also required.

Similarly, men who are functionally deficient in aromatase
activity, and therefore cannot make estrogens, have abnormalities
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of bone formation, glucose and lipid metabolism (trending toward
the metabolic syndrome), and reproductive tract development
and function (ultimately impairing fertility) (8, 9), many of which
improve with estradiol. These examples in human males confirm
the importance of estrogen in normal male physiology and are
supported by studies in ERa-deficient mice, where similar pheno-
types are observed (6, 7, 10).

Bone development and function. Many studies have shown
important effects of estrogen for bone health in elderly men and
for bone development in young men. In the latter, there is evidence
that estrogen strongly contributes to the closure of the epiphyses,
thus limiting linear growth (11). This role of E2 is consistent with
periosteal bone expansion during puberty, which is also seen with
E2 replacement in men with aromatase gene mutations (8, 9, 11).

In elderly hypogonadal men with elevated markers of bone
resorption characteristic of enhanced osteoclast activity, testos-
terone replacement is minimally effective in suppressing these
markers (12). In contrast, estrogen replacement strongly sup-
presses the increase of bone resorption markers. The authors of
this study conclude that in men, estrogen accounted for approx-
imately 70% of antiresorptive effects on bone, with testoster-
one contributing about 30%. These findings are consistent with
osteopenia/osteoporosis observed in men with either mutated
aromatase or ERa genes (6, 7). Studies in elderly men treated with
an aromatase inhibitor provide additional support for estrogen’s
role in preserving bone (13).

Mechanistically, in mouse models, estrogen suppresses IL-6-
dependent osteoclast differentiation, which then may attenuate
bone loss. However, TNF-a likely is more important for mediating
estrogen deficiency-related bone loss, since ovariectomy increas-
es bone marrow production of TNF-a, accompanied by bone loss,
while ovariectomy in TNF-o-deficient mice does not lead to bone
loss (14). The roles of TNF-a and possibly IL-18 suppression in
mediating the antiresorptive effects of estrogen were confirmed
in studies in women (15). However, comparable studies have not
been done in men. Other purported mediators of osteoclast devel-
opment and/or resorption in females that are inhibited by estro-
gen include activation of NF-kB and sclerostin (16). However,
again, little has been validated in men.

While aromatase in bone cells facilitates the local estrogen
synthesis needed for bone formation in normal men, different
conclusions have been drawn from genetic mouse models of ERa
deletion in osteoblast (bone-forming) precursor cells, suggesting
little contribution by E2 and ERa in male mice. A potential expla-
nation is that estrogen effects in humans are mainly on cortical
bone that comprises approximately 80% of the human skeleton,
whereas cortical bone is quite different in the mouse and may be
regulated differently by estrogens (17). This might be clinically
relevant to prevent osteoporosis-related fractures in long bones of
both human sexes.

An important role for ERp in bone metabolism in humans is
not well supported. Two female mouse models, K/G-ERB-KO (18)
and C-ERB-KO (19), were created. The first model (K/G) showed
increased cortical bone mineral density early in development (20)
and increased cortical and trabecular density at 12 months of age
(21). However, the C-ERB-KO female mouse model showed no dif-
ference in cortical bone thickness and mineral density compared
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with WT mice, while trabecular bone showed increased miner-
alizing surface, likely due to reduced bone resorption (22). The
cortical bone discrepancy may result from completeness of the
ERB deletion. Interestingly, the male K/G mice showed no bone
abnormalities (20). Deletion of ERB in osteoprogenitor cells also
showed increased trabecular but not cortical bone mass in female
mice (23). Overall, these results indicate that ERB has no signifi-
cant effect in male mice, but may restrain trabecular bone miner-
alization that is dependent on ERa in female mice.

In summary, testosterone conversion to estrogen in human
males is important for both normal cortical bone development
and preservation of healthy bone metabolism during aging that
likely reduces fractures.

Reproduction. Although only a few men with aromatase gene
mutation have been studied, these individuals consistently show
oligospermia and at least one presented with infertility (24).
These reproductive abnormalities may reflect the loss of estrogen
production in testicular Leydig cells. Severely decreased sperm
motility was also noted in the man with mutated ERa and in ERa
genetically deleted male mice (6, 8), suggesting that signaling via
ERa regulates spermatogenesis. These findings are supported by
more recent mouse studies, wherein loss of membrane or nuclear
ERa in the testes results in abnormal sperm production and func-
tion, leading to infertility as the male mice advance in age (25).
Mechanistically, loss of ERa results in excessive fluid accumula-
tion in the epididymis, which may contribute to abnormal sperm
morphology and function (26).

In contrast to male ERa KO mice, male mice with KO of ERB
retain relatively normal fertility in two different models (18, 19).
Surprisingly, however, a small number of male humans with muta-
tions in ERP are associated with 46, XY disorders of sex develop-
ment, showing markedly abnormal or absent gonads (27). These
differences between mice and men with mutated or no ERp high-
light the importance of studying estrogen signaling in both mouse
models and human patients.

Interestingly, a gain-of-function mutation of the aromatase
gene CYPI9A1, which causes increased levels of the estrogen
estrone, is linked to familial gynecomastia in young males (28).
This perturbation of the normal ratio of testosterone to estrogen in
men underlies most forms of gynecomastia.

Additional studies suggest that estrogen contributes to libido
and sexual performance in men. For example, 202 healthy men
given an analogue of gonadotropin-releasing hormone (GnRH)
to inhibit endogenous androgen production had loss of sexual
drive and erectile function. These men then received testosterone
replacement without or with an aromatase inhibitor (anastrozole)
for 16 weeks. Although testosterone administration significant-
ly improved these functions, addition of the aromatase inhibitor
attenuated improvement in both libido and penile erections (29).

It is well recognized that nitric oxide (NO) formation in penile
blood vessels is necessary for vasodilation and erection (30).
Estrogen acting at both ERa and ERP strongly stimulates several
isoforms of the NO synthase enzyme to produce NO in endothe-
lial and other vascular cells (31-33), which may explain the erec-
tile dysfunction associated with loss of estradiol production from
testosterone. Once NO production is impaired from penile arte-
rial disease, such as in diabetes, perhaps estrogen can no longer
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promote vasodilation, as the sex steroid appears to prevent early
arterial disease in mouse models. Thus, estradiol in men func-
tions both in the brain (libido) and the gonads (erection) to mod-
ulate male reproduction.

CNS. Studies in animals and in humans have demonstrated
that estrogen’s actions in the CNS play critical roles in aggression
and in sexual behavior in males, most likely due to local production
of estradiol by aromatase. For example, treatment of macaques
with aromatase inhibitors leads to decreased sexual motivation
and ejaculatory actions (34). Human males with aromatase muta-
tions have decreased libido and reduced sexual behavior, despite
high testosterone levels, and estrogen treatment enhances libi-
do and sexual activity (35). Similarly, as mentioned, testosterone
replacement in the presence of an aromatase inhibitor in hypo-
gonadal males leads to only a partial decrease in sexual function
compared with testosterone replacement alone (29). Interestingly,
aromatase expression is abundant in numerous brain nuclei of both
females and males (36, 37), and local estradiol production in these
regions appears to be critical in mediating aggressive and sexual
behaviors. For example, mouse models of aromatase deficiency
have shown that its actions in the hypothalamus and amygdala are
important for male aggression (38, 39). Furthermore, male mice
lacking AR expression in the CNS still exhibit male sexual and ter-
ritorial actions (40), indicating that aromatization of androgens to
estrogens, followed by estrogen actions on ERs, plays an essential
role in what are commonly thought to be “male” behaviors.

Finally, estrogen may play a critical role in male brains beyond
its actions in sexual and aggressive behavior. Local production of
estradiol in the male cerebellum appears to be important for ves-
tibular-ocular reflex adaptation (41), which coordinates eye and
head movements to help stabilize vision. Estrogen also enhances
spatial memory in females via hippocampus ERa, but through ERp
in the hippocampus of male mice (42). These studies indicate that
estrogen production and actions in the CNS are diverse and that
more estrogen-mediated processes will likely be discovered.

Fat and the metabolic syndrome. Men with aromatase mutations
often display low HDL cholesterol, high LDL cholesterol, increased
triglycerides and visceral fat, and impaired glucose homeostasis
(8, 24). These lipid abnormalities are reversed by treatment with
estrogen (8). Aromatase-deficient men and the previously dis-
cussed individual with an ERo mutation show reduced endothelial
function and premature atherosclerosis, including plaque forma-
tion. Estrogen replacement resolved these conditions in one indi-
vidual (24). The hepatic steatosis reported in several of these men
may be the result of elevated triglycerides (24).

Increased visceral fat has been noted in many of the men with
aromatase or ERa mutations, as well as in young men who received
GnRH agonists to prevent testosterone synthesis. In the latter
group, testosterone supplementation promoted increased muscle
mass and diminished body fat development, but inhibition of vis-
ceral fat formation was not seen when testosterone and the aro-
matase inhibitor anastrazole together were given, suggesting that
estrogen mediates this outcome (29). Estrogen inhibits visceral
fat formation in mammals in several ways. Most notably, in mice,
estrogen through ERa suppresses pluripotent stem cell commit-
ment to the adipocyte lineage (43). Because aromatase actions in
adipose tissue are the major source of circulating estrogen in men,
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it appears that local estrogen signaling in adipocytes may play a
major role in modulating its own production (44). Estrogen may
also directly affect weight and fat formation by regulating ener-
gy intake and output. In genetic mouse models, loss of ERa from
specific hypothalamic regions results in excessive food intake
and decreased energy expenditure (45). Furthermore, studies in
ERo-deficient mice demonstrate that estrogen enhances insulin
action in the liver, muscle, and fat of both males and females (46).

In addition to regulating insulin signaling, estrogens also
modulate B cell function in the pancreas. ERa in pancreatic islets
suppresses fatty acid synthesis via STAT3-mediated suppression
of the fatty acid synthase gene in male rats, contributing to the
prevention of B cell failure (47). In both sexes of aromatase-gene-
deficient mice given streptozotocin (which causes  cell apoptosis),
estrogen/ERa sustains insulin secretion by mitigating p cell death
(48). Nuclear ERa in the CNS helps to maintain insulin sensitivity
in female mice, while loss of nuclear ERa impairs the ability of glu-
cose injected into the carotid artery to stimulate brain regulation
of insulin secretion only in male mice (49). These findings indicate
roles for ERa to positively regulate normal glucose homeostasis in
both male and female mice. This is consistent with impaired glu-
cose homeostasis in men with aromatase gene mutations (9, 11).
However, both in ERo deletion models in mice and the aforemen-
tioned male humans, there is no evidence of diabetes, indicating a
moderate regulatory role for the sex steroid receptor.

Aromatase-deficient men and the ERa mutant male also
showed indications of the metabolic syndrome, including hyper-
tension. Estrogen administration reversed many of these disor-
ders, including improvements in insulin resistance and glucose
intolerance (24). Interestingly, ERB-KO male and female mice
(specifically C-ERB-KO) become hypertensive with aging (32),
suggesting that this ER isoform may also contribute to normaliza-
tion of blood pressure. In mice, deletion of ERa confined to adipo-
cytes resulted in increased markers of fibrosis and inflammation
in the fat niche, as well as impaired overall glucose homeostasis,
effects that were more pronounced in males (50).

In summary, various aspects of the metabolic syndrome are
clearly improved in male mouse models of disease, but, while sugges-
tive, whether this extends to men requires additional determination.

Prostate cancer. In the normal human prostate, both ERa and
ERB are expressed mainly in the stroma and epithelium, respec-
tively (51). ERa is generally felt to be proproliferative in normal and
malignant prostate, contributing to the development of premalig-
nant lesions and cancer in rodent models. In contrast, ERB main-
tains epithelial differentiation while inhibiting proliferation caused
by ERa, thereby promoting normal development and at least ini-
tially acting as a suppressor of prostate cancer development. A syn-
thetic estrogen, diethylstilbestrol (DES), was used to successfully
treat prostate cancer in the 1960s and 1970s, suppressing andro-
gen production through feedback upon the hypothalamic-pituitary
axis (52). However, due to its prothrombotic effects, a high number
of myocardial infarctions resulted in DES-treated patients. Nev-
ertheless, these studies suggested targeting ER in prostate cancer
could be therapeutically advantageous.

Clinical trials using an ERa agonist (53) or a selective ER mod-
ulator (54) have not generated sufficiently impactful evidence
for the treatment of prostate cancer to justify comprehensive
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studies in this malignancy. This may reflect the complexity of the
nuclear ER working in conjunction with the nuclear AR in myriad
ways, depending upon the stage of the tumor. In addition, there
are various ERp isoforms that have either tumor-suppressive or
tumor-promoting functions (55). ERf isoform switching has been
observed in castration-resistant and metastatic prostate cancer in
men, perhaps explaining the dichotomy of ERp actions in various
types of this malignancy. Interestingly, recent studies in humans
show that a high expression of ERB occurs in many prostate can-
cers and correlates to a favorable prognosis (56), whereas high
levels of estradiol or estrone are significantly associated with a
shorter time to the development of castration-resistant prostate
cancer, presumably through actions at ERa. (57). In aromatase-KO
mice, an ERP agonist induces apoptosis of stromal, luminal, and
epithelial cells within the prostate. Agonists for this receptor also
induce apoptosis in stroma and epithelial progenitor cells using
patient-derived, Gleason-7 xenograft tissues in mice. This process
is mediated by TNF-o-mediated upregulation of caspase-8 (58).
Realizing the importance of ER in the prostate, interventional par-
adigms continue to be developed.

Androgen action in women

Preface. While estrogens are considered the dominant sex steroid
in women, in fact, serum androgen levels in women are higher
than estrogen levels most of the time. The exception is during the
preovulatory and midluteal phases of the menstrual cycle, when
androgen and estrogen levels are similar. Therefore, it is reason-
able to consider that androgens might have important physiologic
effects in women. However, there are many difficulties relating
androgen levels to physiological or disease processes, primarily
due to unknowns about steroid metabolism and inefficiencies in
accurately measuring testosterone levels. With regard to steroid
metabolism, most androgen actions are likely mediated by intra-
cellular conversion to DHT; thus, it is unclear whether serum tes-
tosterone levels truly reflect active androgen levels. In addition,
testosterone is readily converted to E2 by aromatase in most tis-
sues; therefore, observations associated with high testosterone
levels might really reflect estrogen actions.

Even more troubling is determining how to measure testos-
terone. First, most testosterone immunoassays are inaccurate
below approximately 100 ng/ml, which is where testosterone
levels in women rest. In fact, even in hypogonadal men with tes-
tosterone levels in the 100-200 ng/ml range, immunoassays
are not accurate. Second, it is unclear which testosterone moiety
should be measured. More than 98% of testosterone is bound to
proteins, either tightly to sex hormone-binding globulin (SHBG)
(about 66%) or weakly to other proteins such as albumin (about
33%) (59). Therefore, it is not clear which measurement (total tes-
tosterone, free testosterone, or bioavailable testosterone— non-
SHBG-bound) is most meaningful. The answer is still not known;
however, the Endocrine Society suggests that total testosterone
measured by liquid chromatography/mass spectroscopy in a quali-
fied laboratory is most useful, although other validated assays may
be appropriate in some instances (60, 61).

Bone development and function. In humans, the role of testos-
terone in female bone formation is still not well understood. As
mentioned, it is clear that the majority of testosterone’s effects in

REVIEW

the bone depends on its aromatase-mediated conversion to estra-
diol. However, men still have bigger bones, suggesting that andro-
gens may play an independent role in regulating bone size. Data
from humans and mouse models suggest that androgens enhance
bone size by maintaining cancellous (trabecular) bone mass (62).
Rodent models also suggest that androgens enhance bone size by
promoting periosteal bone apposition (63). However, in one aro-
matase-deficient human male with high testosterone levels, quan-
titative CT demonstrated decreased periosteal bone apposition
that improved upon estradiol therapy (11); thus, the role of andro-
gens versus estrogens in human periosteal bone apposition is still
not clearly defined. Notably, individuals with complete androgen
insensitivity (e.g., XY individuals with inactivating mutations in
ARs) have decreased bone size and density (including trabecu-
lar bone) relative to both normal males and females, yet have no
increase in fracture rate (64). Accordingly, in AR-KO male mice,
cancellous/trabecular bone volumes are smaller and less dense,
even though androgen and estradiol levels are normal (65). Simi-
larly, in male mice, specific inactivation of the AR in bone-forming
osteoblasts confers no change in cortical bone, but a significant
reduction in trabecular bone volume (66), again suggesting that
androgens maintain trabecular/cancellous bone mass. AR defi-
ciency has less dramatic effects on the bones of female mice, but
these mice still display reduced cortical bone mass and signifi-
cantly altered cancellous bone architecture (66, 67). These obser-
vations indicate that, in females, androgens may have estrogen-
independent effects on bone metabolism and growth via the AR.

Reproduction. It is established that androgens are important
in female reproduction. For example, the most common cause of
infertility in women is polycystic ovary syndrome (PCOS), which
is characterized by androgen excess, oligomenorrhea or amenor-
rhea, and polycystic ovaries. While two out of these three are suf-
ficient for diagnosis, the majority of PCOS patients have androgen
excess and ovulatory dysfunction, and androgens are thought to be
a critical mediator of the reproductive dysfunction (68). The patho-
physiology is unclear, but in part, it involves a powerful positive
feedback loop whereby ovarian androgens increase the frequency
of hypothalamic GnRH pulsations. This activity favors pituitary LH
over FSH secretion, resulting in the loss of an estradiol and sub-
sequent LH surge, leading to anovulation and even more ovarian
androgen production (69, 70). In addition, excess androgens have
direct effects on the ovary, perhaps promoting increased or unreg-
ulated follicle growth, which then prevents normal selection of a
single follicle for ovulation (71). In fact, KO of the AR in mouse fol-
licular theca cells slightly protects cycling in hyperandrogenic mice
(72), suggesting that AR signaling in theca cells may partially drive
the abnormal reproductive phenotype seen in PCOS.

Whereas androgen excess clearly impairs female fertility,
physiologic androgen levels play a positive role. For many years,
work in vitro and in animal models suggested that androgens
might play an important role in follicle growth, perhaps acting to
enhance FSH-mediated signaling (73, 74). Proof of this concept
came with the description of a female mouse in which the AR was
specifically ablated in ovarian granulosa cells (75). These mice
have decreased ovulation rates, smaller litter sizes, and premature
ovarian failure, primarily due to the loss of AR-mediated signals
that prevent follicle atresia and augment FSH-mediated follicle
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Figure 1. Estrogens act through ERa and ERp at the plasma membrane and in the nucleus to regulate functions of many organs in men. Estrogen
inhibits excessive fat cell development and lipid synthesis in adipocytes and hepatocytes, thereby contributing to metabolic health. Estrogen stimulation
of bone or blood vessel cell functions preserves the integrity of the organ, preventing disease. In pathological states, such as prostate cancer, complicated
actions mediated through different ER isoforms underlie both stimulating and suppressing actions in the various cells that make up the tumor.

growth (76). These findings in mice are consistent with observa-
tions in women with diminished ovarian reserve, in whom studies
suggest that androgen pretreatment improves fertilization rates
(77). The human studies are small and not always well controlled;
thus, larger randomized placebo-controlled studies are necessary.
However, the concept that a tightly balanced androgen milieu in
the ovary is necessary for normal fertility is now well established.

Androgens may also play a role in the maintenance of pregnan-
cy, especially with regard to parturition. Total testosterone levels
reportedly increase slightly during pregnancy (78); however, due
to the use of less accurate immunoassays, along with increased
SHBG production during pregnancy, it is unclear whether free tes-
tosterone levels change during pregnancy. In contrast, androgen
levels are higher in pregnant women with PCOS, with a report-
ed increase in the incidence of preterm labor (79). Treatment of
female primates with the androgen androstenedione triggers
premature uterine contractions in some but not all studies (80,
81). Animal models support a potential role for androgen in par-
turition, as androgen actions through the AR promote collagenase
expression in the cervix, leading to cervical remodeling critical for
normal delivery (82, 83). In animals and in humans, AR levels are
high in myometrial cells early in pregnancy but are reduced by par-
turition (84, 85). Studies in rodents suggest that androgen signal-
ing via the AR suppresses myometrial contractility by modulating
calcium signaling in a transcription-independent fashion; thus, as
myometrial AR levels drop at the end of gestation, suppression of
myometrial contractions may be reduced, which, in combination
with the aforementioned cervical remodeling, leads to parturition
(85-87). More studies on androgen actions during pregnancy are
needed; however, combined with the studies on ovarian function,
androgens appear important for female reproduction from follicle
development through parturition.

CNS. Like estradiol, testosterone levels in women decrease
with age, although postmenopausal serum testosterone levels drop
only 2-fold, while estradiol levels drop 10-fold (88). Nonetheless,
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this decrease in testosterone has been implicated in postmeno-
pausal decreases in libido, and possibly to hypoactive sexual desire
disorder (HSDD), defined as a deficiency of sexual fantasies and
desire for normal sexual activity that causes significant stress or
interpersonal difficulty (89). In general, some studies suggest a
correlation between serum testosterone levels and sexual desire
(90, 91), but others do not (92, 93). These discrepancies may in
part be related to the varying methods used to measure testoster-
one; thus, to date, no clear evidence exists that definitively relates
androgen levels to sexual desire. Several randomized placebo-
controlled studies have suggested that androgen treatment (either
testosterone or dehydroepiandrosterone [DHEA]) improves sexual
desire and performance (94, 95) independently of androgen levels,
especially in HSDD (96, 97). However, most of these studies are
small, demonstrate large placebo effects, and are based on surveys
rather than concrete quantitative measurements.

After careful examination of the available data, the recom-
mendations of the Endocrine Society are against making a diag-
nosis of androgen deficiency in women (98). Furthermore, the
Society recommends against prescribing testosterone for women
except those with HSDD. Notably, such replacement medications
are not available in many countries, including the United States,
and long-term safety data are not known. Care with monitoring for
signs of androgen excess (e.g., hirsutism, acne, thinning of scalp
hair) should be taken, and testosterone should be stopped if no
significant improvement is seen.

Fat and the metabolic syndrome. As mentioned, women with
PCOS have androgen excess and reduced fertility. In addition,
PCOS is closely linked with obesity, insulin resistance, and the
metabolic syndrome. Studies suggest that obesity, insulin resis-
tance, and subsequent hyperinsulinemia lead to androgen excess,
perhaps in part via selective insulin sensitivity in the ovaries that
results in excessive insulin-mediated androgen production (99,
100). However, androgen treatment of mice and rats can also
promote weight gain and insulin resistance in female mice, ulti-
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Figure 2. Androgens (including testosterone [T] and DHT) act through AR at the plasma membrane and in the nucleus to regulate many functions in
women. In the brain, androgens may improve sexual desire and performance, most notably in women with HSDD. In bone, androgens regulate bone size,
perhaps by controlling cancellous bone volume. In the uterus, androgens may regulate parturition by modifying myometrial contractility and cervical
remodeling. In the ovary, at physiologic concentrations, androgens promote normal follicular development, though high concentrations of androgens
dysregulate follicle development. In breast, androgens have little effect on normal mammary development. In breast cancer, however, androgens may
suppress growth when the ratio of AR/ERa signaling is low, but may promote growth when AR/ERa signaling is high. Finally, in the pancreas, androgens

may promote insulin release

mately leading to hyperglycemia. This androgen-induced phe-
nomenon is substantially attenuated in female mice with the AR
knocked out specifically in B cells (101), suggesting a positive
feedback loop whereby, in PCOS, insulin from B cells promotes
ovarian androgen production, which in turn stimulates more
insulin production by the f cell.

Breast cancer. The role of ARs in breast cancer has been dis-
cussed for years but has recently returned to the limelight. ARs are
expressed in many different breast cell types, and androgens have
long been considered “stop” signals during normal estrogen- and
progesterone-mediated breast development, which might explain
why men do not develop breasts unless testosterone levels are low.
AR signaling, however, may only be a minor contributor to nor-
mal breast development, as global AR null female mice have sub-
tle to no changes in their mammary glands (65). With regard to
breast cancer, up to 90% of tumors express ARs. In general, AR
expression is considered a positive prognostic factor for breast
cancer, especially when tumors are both ERa and AR positive
(102-104). Accordingly, androgens were once used to treat breast
cancer, with general efficacy in blocking cancer progression (105,
106). These observations are consistent with postulated antipro-
liferative effects of androgens on normal breast development. In
contrast, only 50% of ERa-negative breast cancers express ARs,
and AR expression seems to have a neutral to possibly negative
effect on prognosis (102, 107). Finally, approximately 30% of tri-
ple-negative breast cancers (ERa, PR, and ERB2/Her2 negative)
are AR positive, and AR expression again predicts a neutral to
worse outcome (108-110). In vitro studies suggest that AR signal-
ing suppresses growth in ERa-positive breast cancer cells but pro-
motes growth in ERa-negative cells. Even in the presence of ERa,
if AR is overexpressed, or if breast cancer cells become resistant to
tamoxifen suppression, androgens become promoters of prolifera-
tion (111, 112). These studies suggest a complex crosstalk between

AR and ERa signaling (113, 114) whereby the higher the ratio of
AR to ER, either in terms of levels or activities, the more sensitive
cells become to AR-mediated growth. Interestingly, antiandrogen
treatment of ER*/AR* breast cancer cell lines reduces ER-mediat-
ed proliferation both in vitro and in xenograft models (115), again
indicating a complex crosstalk between AR and ER signaling. Fur-
thermore, AR/HER?2 crosstalk has been reported: antiandrogen
treatment suppresses HER2 phosphorylation and activation in
vitro, and combined antiandrogen/anti-HER2 suppresses xeno-
graft growth more than either treatment individually (116, 117).
Clinically, a phase II clinical trial using the AR antagonist
bicalutamide to treat ERo/progesterone-receptor-negative tumors
demonstrates a 19% clinical benefit rate (progression-free survival)
over 6 months (118). A second phase II clinical trial using the more
potent anti-AR drug enzalutamide in AR, triple-negative tumors
demonstrates a similar 25% clinical benefit rate at 16 weeks (119).
Finally, a phase II trial using the CYPI7 inhibitor abiraterone, which
suppresses androgen production, in AR’, triple-negative breast
cancer demonstrates a similar 6-month clinical benefit rate of 20%
(120). Thus, antiandrogen treatment holds promise for the treat-
ment of triple-negative breast cancer, though randomized place-
bo-controlled studies are needed to truly address their benefit.

Conclusions

In summary, significant evidence demonstrates that estrogens
and androgens play important roles in male and female biology,
respectively (Figures 1 and 2). This may include effects in the
CNS and bone as well as in the reproductive and cardiovascu-
lar systems. While abundant evidence has been shown in rodent
models, conclusive evidence in humans has not yet been estab-
lished. One pattern that appears to be present in many tissues in
both women and men is that estrogen signaling through ERs and
androgen signaling through ARs are always important; however,
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the physiologic response can vary tremendously depending on the
ratio of ER/AR signaling, as well as the amount of steroid metab-
olism occurring locally. Together, the examples presented here, as
well as many others, suggest that traditional views whereby sex-
ual dimorphisms between women and men are explained almost
exclusively by the presence of estrogens in women and androgens
in men must be modified to reflect the complexities of steroid hor-
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