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Abstract: In recent years, the effects of androgens on metabolic and body weight regulation systems
and their underlying mechanisms have been gradually revealed in females. In women and exper-
imental animals of reproductive age, androgen excess can adversely affect metabolic functioning,
appetite, and body weight regulation. In addition, excess androgens can increase the risk of metabolic
disorders, such as obesity, insulin resistance, and diabetes. These unfavorable effects of androgens
are induced by alterations in the actions of hypothalamic appetite-regulatory factors, reductions
in energy expenditure, insulin resistance in skeletal muscle, and 3-cell dysfunction. Interestingly,
these unfavorable effects of androgens on metabolic and body-weight regulation systems are neither
observed nor evident in ovariectomized animals and post-menopausal women, indicating that the
adverse effects of androgens might be dependent on the estrogen milieu. Recent findings may provide
novel sex- and age-specific strategies for treating metabolic diseases.

Keywords: androgen; estrogen; PCOS; hypothalamus

1. Introduction

It is well known that reproductive function and energy balance are closely linked in
most species [1-3]. Low energy availability, such as that associated with undernutrition
and obesity, disturbs female reproductive function, and some central and peripheral factors
are known to affect these changes; for example, the upregulation of hypothalamic appetite-
regulatory factors, such as orexin and neuropeptide-Y (NPY), suppresses gonadotrophin-
releasing hormone (GnRH) secretion. Conversely, gonadal steroid hormones (i.e., estrogens
and androgens) also affect the regulation of appetite, energy metabolism, and body weight
regulation in mammals and humans [1,4].

Estrogens, most of which are secreted by the ovary, generally have beneficial effects
on female metabolic and body-weight regulation systems (Table 1); for example, by sup-
pressing food intake and increasing metabolic expenditure, endogenous and exogenous
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estrogens prevent obesity, and several kinds of metabolic disorders in females of both
reproductive and post-menopausal ages [1,5,6]. Most of these effects of estrogens are medi-
ated by changes in hypothalamic appetite-regulatory factors. For example, in female rats,
estrogens suppress hypothalamic orexigenic factors, such as NPY, agouti-related peptide,
prepromelanin-concentrating hormone, and orexin [7,8], and stimulate anorexigenic factors,
such as proopiomelanocortin (POMC) and corticotrophin-releasing hormone [8,9]. In addi-
tion, recent studies by our own and other groups have shown that the effects of estrogens
on metabolic and body weight regulation systems are partially mediated by hypothalamic
oxytocin (OT), which is one of several potent anorexigenic factors [10]. For example, when
hypothalamic gene expression and circulating levels of OT are decreased in ovariectomized
rats, the changes in OT levels are attenuated by estrogen supplementation [11,12]. Similarly,
the administration of exogenous OT has been shown to decrease appetite, body weight,
and fat mass in ovariectomized and perimenopausal female rats [13,14]. In rats, hypotha-
lamic gene expression of OT increases during estrous when serum estrogen levels are at
their highest, and in healthy women, circulating levels of OT are also increased under
periovulatory hyper-estrogenic conditions [12,15].

Table 1. The metabolic effects of androgens and estrogens in females and males.

Androgens Estrogens
Femal Reproductive age Adverse effects Favorable effects
emate Post-menopausal age Controversial Favorable effects
Male Favorable effects

Conversely, the effects of androgens on female metabolic and body weight regula-
tion systems and their underlying mechanisms have not been fully clarified (Table 1),
even though it has been proposed that excess levels of androgens, such as those asso-
ciated with polycystic ovary syndrome (PCOS) which is one of the most common en-
docrine/reproductive disorders in women of reproductive age, may increase the risks of
obesity and some metabolic disorders in women of reproductive age. On the other hand,
the effects of androgens on post-menopausal women are highly controversial; some studies
have shown that circulating levels of Dehydroepiandrosterone sulfate (DHEA-S) are not
related to the risk of cardiovascular disease and mortality, whereas other studies have
indicated that high testosterone levels may increase the risk of cardiovascular disease and
insulin resistance [16,17]. In addition, a recent study has proposed that hyperandrogenism
during reproductive ages may not necessarily increase the risk of cardiovascular disease
and mortality in later life [18,19], indicating that the effects of androgen on metabolic func-
tions might change depending on age and pre- or post-menopausal status. Interestingly,
contrary to the case in females, it has been shown that androgens have favorable effects on
metabolic and body-weight regulation systems in males. Indeed, a deficiency in androgens
predisposes males to diabetes, and androgen replacement has been shown to reduce the
risk of hyperglycemia in men [20-24]. Similarly, an androgen deficiency increases the risk
of visceral obesity, insulin resistance, and metabolic syndrome in men [20,25,26].

In this review, we comprehensively describe the roles of androgens in metabolic
functions in females of reproductive and post-menopausal age. We also discuss a recently
proposed mechanism for explaining the discrepancies in the effects of androgens among
different reproductive ages and sexes.

2. Effects of Androgens in Women of Reproductive Age
2.1. Effects of Endogenous Androgens on Metabolic and Body Weight Regulation Systems

It has been shown that endogenous androgens affect the regulation of metabolic and
body weight regulation systems and that excess amounts of endogenous androgens may
increase the risks of metabolic disturbance, such as visceral obesity, insulin resistance,
diabetes, and metabolic syndrome in women of reproductive age [1]. PCOS is one of the
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most common endocrine/reproductive disorders in women of reproductive age, and the
risks of metabolic-related disorders, such as obesity, type 2 diabetes, metabolic syndrome,
and cardiovascular disease, are increased in women with PCOS compared to healthy
women without PCOS [27-30]. The etiology of this syndrome remains largely unknown,
and there are no corresponding studies in animals, but mounting evidence has shown that
androgen excess may play a key role in the etiology and pathophysiology of PCOS [31-33].
In particular, hyperandrogenic status is strongly associated with the metabolic disorders
typically associated with PCOS; for example, hyperandrogenic women with PCOS have
higher prevalence rates of insulin resistance, abdominal obesity, and adverse metabolic
profiles than women without PCOS and those with non-hyperandrogenic PCOS [27,28,34],
indicating that endogenous androgen excess adversely affects the metabolic profile of
women. However, it has also been reported that the adverse effects of endogenous androgen
excess on metabolic and body weight regulation systems are also observed in women
without PCOS. Specifically, pre-menopausal women with high free androgen indices (FAI)
display higher waist circumference values, fasting glucose and insulin levels, systolic and
diastolic blood pressure levels, serum triglyceride levels, and lower serum high-density
lipoprotein cholesterol levels [35]. In addition, a previous study showed that women
with idiopathic hirsutism displayed greater waist-hip ratios (WHR) than age- and weight-
matched non-hirsute women and that their plasma testosterone levels correlated positively
with WHR [36]. Further, an increase in the percentage of free testosterone and a decrease
in plasma sex hormone-binding globulin capacity has been shown to be accompanied by
increases in WHR, abdominal fat, and plasma insulin and glucose levels, indicating that
an increase in unbound androgens may induce enlargement of abdominal adipocytes and
disturb glucose—insulin homeostasis [37].

2.2. Effects of Blockade of Androgens on Metabolic and Body Weight Regulation Systems

Based on the findings of these studies, some studies examined the effects of antian-
drogenic treatments on the metabolic status of women with PCOS. As a result, treatment
with the antiandrogenic drug flutamide for 12 months reduced visceral and subcutaneous
fat and improved lipid profiles and insulin sensitivity in overweight—obese women with
PCOS [38]. Treatment with flutamide had additional favorable effects, such as reductions in
visceral fat and low-density lipoprotein (LDL) cholesterol, when compared to obese women
with PCOS fed a hypocaloric diet [39]. Similarly, administration of spironolactone, another
antiandrogenic drug, also appeared to improve insulin resistance in women with PCOS [40].
These favorable effects of antiandrogenic treatments on metabolic and body weight regula-
tion systems have been reproduced in an animal PCOS model; for example, administration
of flutamide reduces body weight and adipocyte size in a letrozole-induced PCOS mice
model (produced using an aromatase inhibitor), concomitantly with the attenuation of
hyperandrogenemia and restoration of the estrous cycle [41]. Altogether, these findings
illustrate the possibility that androgen signaling plays a key role in the metabolic phenotype
of PCOS and that androgen excess might increase the risk of metabolic disorders.

2.3. Effects of Endogenous Androgens on Appetite

Interestingly, several studies have suggested that androgens might affect food cravings
and food preferences in young, overweight, and obese women. For example, young women
with high FAI exhibited increased craving for certain foods, such as high-fat foods and
fast foods, independent of age, body mass index, and PCOS status [42], and women with
PCOS displayed higher prevalence rates of abnormal eating behaviors, such as bulimic
behavior [43]. Similarly, PCOS women with hyperandrogenism, such as high DHEA-S,
testosterone, and androstenedione levels, have an increased risk of depression and food
craving [44]. These findings were confirmed in a meta-analysis that included 470 women
with PCOS and 390 controls; the risk of eating disorders was higher in women with PCOS
compared to the controls [45]. In addition, women with bulimia nervosa tended to have
higher androgen levels than normal women [46], and antiandrogenic oral contraceptive
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use reduced meal-related hunger and eating behavior in bulimic women [47]. Similarly, it
has been reported that administration of flutamide with or without the serotonin reuptake
inhibitor citalopram reduces binge eating in patients with bulimia nervosa, indicating that
antiandrogen treatment may be a candidate for treating eating disorders in women [48].

2.4. Effects of Exogenous Androgens on Metabolic and Body Weight Regulation Systems

The hypothesis that androgen excess is related to various metabolic disorders has
been supported by studies that evaluated the effects of exogenous androgens on metabolic
functions. Androgen-treated female-to-male transsexual patients exhibited higher home-
ostatic model assessment of insulin resistance values than those who did not receive
hormonal treatment [49], indicating that administration of exogenous androgens might in-
crease insulin resistance. Conversely, another study showed that testosterone-administered
female-to-male transsexual patients exhibit high triglycerides and low high-density lipopro-
tein levels, indicating that exogenous androgen has significant effects on lipid profiles
in women [50]. In addition, the administration of methyltestosterone reduced glucose
uptake during insulin infusions in non-obese pre-menopausal women, suggesting that
hyperandrogenemia induces insulin resistance [51]. These phenomena can be reproduced
in experimental animals by the chronic administration of androgens. For example, chronic
administration of dihydrotestosterone (DHT) (4 weeks) increased visceral adiposity in fe-
male mice of reproductive age [52], and the administration of testosterone (around 2 weeks)
increased visceral and subcutaneous fat weight and body weight in female rats of repro-
ductive age [53,54]. Interestingly, these effects of androgen on fat and body weight are
observed in gonadally intact and estradiol-supplemented ovariectomized rats but not in
non-supplemented ovariectomized rats [53,54]. Animals that were subjected to longer-term
androgen treatment (5 to 19 weeks) displayed increased food intake and body weight gain,
insulin resistance, and hyperlipidemia, as well as irregular estrous cycles and morpho-
logical ovarian changes [33,55-57]. In addition, the chronic administration of testosterone
also increased the preference of female rats of reproductive age for a high-fat diet [58],
indicating that the effects of androgens on feeding behavior, e.g., hyperandrogenic young
women exhibiting an increased craving for high-fat foods and fast foods, can also be repro-
duced in animal models. Interestingly, animals that have received longer-term androgen
administration show PCOS-like phenotypes, such as increased body weight, food intake,
fat mass, metabolic disturbance, and reproductive dysfunction. Recently, these animal
models have been used to evaluate the etiology and pathophysiology of PCOS and to
develop novel treatments for the condition.

3. Effects of Androgens in Women of Post-Menopausal Age

As noted above, the effects of androgens on metabolic functions in post-menopausal
women are controversial. Some studies have implied that androgens have unfavorable
effects on metabolic functions in post-menopausal women. For example, it has been shown
that post-menopausal women aged 57-59 years with impaired glucose tolerance have
higher androgen activity, i.e., lower sex hormone-binding globulin (SHBG) levels and higher
testosterone-to-SHBG ratios than normal, glucose-tolerant post-menopausal women [59]. In
addition, high testosterone levels in post-menopausal women aged 55-89 years have been
used to predict insulin resistance and the future incidence of type 2 diabetes, i.e., bioavail-
able testosterone was positively related to fasting and post-challenge glucose and insulin
levels [60]. Interestingly, higher serum estradiol levels are also strongly related to metabolic
disorders in post-menopausal women. For example, it has been shown that bioavailable
estradiol is positively related to insulin resistance in women aged 57-59 years and that
post-menopausal women with a mean age of 60.3 years with relatively high plasma estra-
diol and testosterone levels have a highly increased risk of type 2 diabetes [61]. As opposed
to endogenous androgens, it has been reported that exogenous androgens may have fa-
vorable effects on metabolic and other functions in postmenopausal women. For example,
testosterone treatment has favorable effects on body composition, bone, cardiovascular
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function, and cognitive performance and improves sexual desire, arousal, and orgasm in
post-menopausal women [62].

4. Mechanisms Underlying the Effects of Androgens on Metabolic and Body Weight
Regulation Systems

4.1. Effects of Androgens on Hypothalamic Functions

It has been shown that an excess of androgens alters the activity and mRNA expression
of some hypothalamic factors and that these alterations might be involved in the unfa-
vorable effects of androgens on metabolic and body weight regulation systems. Chronic
administration of DHT has been shown to reduce the hypothalamic mRNA expression of
POMC, which is an anorectic factor, and to promote visceral adiposity in female mice of re-
productive age [52]. It has been reported that mRNA expression of hypothalamic orexigenic
factors, such as NPY and Agouti-related protein (AgRP), shows sexual dimorphism, i.e., ex-
pression levels of these factors in males were higher than those in females in avians [63]. It
is possible that androgens or estrogens might be related to these sex differences. However,
further studies would be needed to clarify this hypothesis. Similarly, we have shown
that chronic testosterone administration reduced the hypothalamic mRNA expression of
estrogen receptor-« (ER-«) and/or increased the mRNA expression of pro-inflammatory
cytokines, concomitantly with the increases in food intake, body weight, and fat mass
in gonadally intact female rats and/or estradiol-supplemented ovariectomized female
rats [53,54]. It has been established that estrogens have favorable effects on metabolic and
body weight regulation systems in females, and those favorable effects of estrogens are
partly mediated by hypothalamic ER-« [1,5,6]. In addition, it has been reported that low-
grade hypothalamic inflammation undermines homeostatic responses that protect against
obesity [64]. Therefore, the downregulation of ER-o expression and the upregulation of pro-
inflammatory cytokine expression in the hypothalamus, which were observed in gonadally
intact and estradiol-supplemented rats, might underlie androgen-induced metabolic disor-
ders. Interestingly, such alterations in hypothalamic ER-« and pro-inflammatory cytokine
expression, as well as increases in fat mass, in gonadally intact or estradiol-supplemented
ovariectomized rats were not observed in ovariectomized rats [53,54]. Taken together, we
propose that the effects of androgens on metabolic functions might depend on the estrogen
milieu; androgens have unfavorable effects on females of reproductive age, whereas their
effects might be decreased or reversed in post-menopausal females.

Recently, we proposed that hypothalamic OT also be involved in the effects of an-
drogens on metabolic and body weight regulation systems. OT is synthesized in the
hypothalamus and secreted from the posterior lobe of the pituitary gland. The magnocellu-
lar OT neurons project into the posterior pituitary gland and secrete OT into the peripheral
circulatory system, while the parvocellular OT neurons project and secrete OT into several
regions of the central nervous system. In addition to well-established roles in the regulation
of labor and lactation in female mammals [65], recent studies have shown that OT also has
behavioral, psychological, and physiological functions, including metabolism, appetite, and
body weight regulation [13,66,67]. In a previous study, we showed that serum OT levels
were decreased in long-term DHT-administered PCOS model rats and that supplementa-
tion of OT attenuated food intake and body weight in these animals, indicating that OT
might be related to the effects of androgens on appetite and body weight regulation [68]. In-
terestingly, the effects of estrogens on OT are completely the opposite of those of androgens.
For example, we have shown that hypothalamic OT gene expression levels and serum OT
levels were decreased in ovariectomized obese rats and that supplementation of estradiol
in these animals restored both hypothalamic and serum OT levels [12]. Similarly, serum
OT levels were increased under hyper-estrogenic conditions, i.e., during the preovulatory
phase and during ovarian stimulation, in healthy women [15]. These findings indicate that,
in terms of the metabolic and body weight regulation systems in females, OT might have
the opposite effect of both androgens and estrogens.
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4.2. Effects of Androgens on Energy Expenditure

It has been reported that androgen excess reduces energy expenditure, which is associ-
ated with visceral obesity. In female mice of reproductive age, chronic DHT administration
prevented the leptin-induced activation of brown adipose tissue (BAT) thermogenesis,
which reduced energy expenditure and increased visceral fat mass [62]. Similarly, chronic
DHEA administration reduced BAT activity, body temperature, and O, consumption in
female rats of reproductive age, whereas the transplantation of BAT from rats that had not
been administered DHEA negated these DHEA-induced changes and normalized systemic
insulin sensitivity [69]. In addition, numerous studies have shown that BAT has a marked
effect on the manifestation of PCOS symptoms and that increases in BAT mass or activity
by transplantation and compound activation may be effective in the treatment of PCOS [70].
These results indicate that reductions in endogenous BAT activity are closely related to the
adverse effects of androgens on metabolic functions.

4.3. Effects of Androgens on Skeletal Muscle Insulin Resistance and B-Cell Dysfunction

Previous studies have shown that an excess of androgens can induce insulin resistance
in women and female experimental animals. In pre-menopausal women, high testosterone
levels produced insulin resistance that was detected using hyperglycemic and euglycemic
hyperinsulinemic clamp tests [51,71]. Such testosterone-induced insulin resistance is con-
sidered to occur mainly in skeletal muscle [51]. In female rats, the administration of
testosterone also induced insulin resistance in muscles and caused reductions and increases
in the relative numbers of type 1 and type 2 muscle fibers, respectively [72,73]. Although
the detailed mechanisms by which androgens promote muscular insulin resistance remain
unclear, it has been suggested that androgens act as aggravating factors rather than as
initiators of insulin resistance in females. On the contrary, it has been shown that serum
testosterone levels at the normal range are needed to maintain appropriate insulin sensitiv-
ity in male rats and that both castration and high serum testosterone levels are followed
by marked insulin resistance [74]. These results suggest that androgens may be important
regulatory factors of muscular insulin sensitivity and that their actions are maximized at
physiological concentrations.

It has been suggested that an excess of androgens causes a predisposition towards
pancreatic -cell dysfunction by activating 3-cell stressors. Hyperandrogenic women
exhibit (3-cell hyperfunction, which might induce secondary (-cell dysfunction [75]. In
addition, excess testosterone in female mice induced {3-cell dysfunction via an androgen
receptor-dependent mechanism [76], and direct androgen exposure to isolated pancreatic
islets induced an impaired response to glucose stimulation [77,78]. These effects of andro-
gens on [3-cells might be attributed to systemic oxidative stress, low-grade inflammation,
and/or insulin resistance [67,78].

5. Effects of Prenatal Undernutrition on the Metabolic Action of Exogenous
Androgens after Birth

As noted above, PCOS is a common endocrine disorder in women of reproductive age,
and its prevalence rate is around 5-16%. The key phenotype is chronic anovulation and
irregular menses or amenorrhea. In addition, it is well known that metabolic disturbances,
such as obesity, insulin resistance, type 2 diabetes mellitus, hyperlipidemia, and metabolic
syndrome, are commonly associated with PCOS [79-81]. Although it has been speculated
that genetic and environmental factors, such as lifestyle and diet habits, may be involved
in the pathogenesis of PCOS [82-84], the etiology of PCOS remains poorly understood.
Some studies using animal models have shown that prenatal hyperandrogenic condition
may be a possible etiology of PCOS, i.e., androgen exposure in utero or early neonatal
period induces ovulatory dysfunction, hyperandrogenism, polycystic ovaries in female
mammals and some metabolic disorders in later life [55]. However, it remains unclear
whether this hypothesis can be applied to humans. It has been shown that testosterone
and androstenedione levels in pregnant PCOS women were higher than those in non-
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PCOS patients from mid-pregnancy onwards [85]. On the contrary, another human study
evaluating the relationship between early life androgen exposure and PCOS in adolescence
revealed that maternal androgens did not directly program PCOS in the offspring [86].

For a long time, epidemiological, clinical, and experimental studies have shown
that undernutrition in utero alters physiological functions and increases the risk of some
metabolic-related diseases in adulthood. This hypothesis is called developmental origins
of health of disease (DOHaD), and this may have important medical and socioeconomic
implications for the prevention of diseases [87]. Recently, it has been proposed that the
concept of DOHaD can be applied to the evaluation of PCOS etiology, as metabolic de-
rangement with developmental origins is a cardinal feature of PCOS [88,89]. One study
evaluated the prevalence of PCOS in women born as small for gestational age (SGA) [88].
As a result, the prevalence of PCOS was twice as high in women born as SGA than in
women born as appropriate for gestational age (AGA). Similarly, another study evaluated
the relationship between birth characteristics and PCOS symptoms [90]. As a result, this
study revealed that each 100 g increase in birth weight increased the risk of hyperandro-
genism by 5%, supporting the hypothesis that prenatal undernutrition may be linked to the
etiology and/or pathophysiology of PCOS. On the contrary, some studies could not find
the relationship between birth weight and the phenotypes of PCOS. Namely, one study
evaluated the association between body weight at birth and the symptoms of PCOS. As
a result, both birth weight and SGA were not related to the POCS symptoms in adult-
hood [88]. Another study examined the relationship between birthweight and gestational
age and phenotypes of PCOS and showed that birthweight had no substantive association
with metabolic and reproductive phenotypes of PCOS [90]. Most of these studies evaluated
the association between birth weight and PCOS phenotypes, and no study had examined
the relationship between prenatal undernutrition, which is the key factor of DOHaD, and
the onset and phenotype of PCOS after birth. Because the effects of bias and confounding
variables cannot be completely eliminated from epidemiological and retrospective clinical
studies, and reproductive and metabolic organs cannot be explored in human studies,
experimental studies using animal models are useful for the evaluation of the etiology and
pathophysiological mechanisms of PCOS.

Regarding the DOHaD, metabolic and reproductive changes caused by prenatal un-
dernutrition can be reproduced in some experimental models. Namely, mice and rats
exposed to prenatal undernutrition exhibit obesity and insulin resistance in adulthood.
In addition, female rats exposed to prenatal undernutrition show delayed puberty by
the decrease of hypothalamic kisspeptin actions [3]. Similarly, female rats exposed to
prenatal undernutrition show ovaries with large cystic structures, reduced corpora lutea,
and premature reproductive senescence [91]. As noted above, animals that have received
longer-term androgen administration show PCOS-like phenotypes, and these animal mod-
els have been used to evaluate the etiology and pathophysiology of PCOS. Among these
PCOS models, chronically DHT-administered mice and rats are commonly used as they
reproduce the typical features of PCOS, such as obesity, adiposity, anovulation, and atyp-
ical follicles [32,55]. Based on the above background, we proposed the hypothesis that
DOHaD might be involved in the etiology or pathophysiology of PCOS and evaluated
the effects of prenatal undernutrition on the phenotypes of the PCOS model induced by
chronic DHT administration [57]. As a result, prenatal undernutrition exacerbated the
DHT-induced metabolic change, i.e., it increased body weight gain, food intake, fat weight,
and adipocyte size in PCOS model rats. Prenatal undernutrition also exacerbated the up-
regulation of inflammatory cytokines in adipose tissue and increased the gene expressions
of hypothalamic orexigenic factor. On the contrary, prenatal undernutrition attenuated
the DHT-induced reproductive change, i.e., it attenuated the irregular cyclicity, polycystic
ovaries, and disturbed gene expression of ovarian steroidogenic enzymes. In addition,
prenatal undernutrition did not affect metabolic and reproductive functions in non-DHT-
administered control rats. These results indicate that prenatal undernutrition alters the
phenotype of the DHT-induced PCOS model, i.e., it exacerbates the metabolic phenotypes
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and attenuates the reproductive phenotypes, whereas prenatal undernutrition itself cannot
produce the PCOS phenotypes without the postnatal hyperandrogenic condition. From
an evolutionary perspective, it has been speculated that PCOS might provide a survival
advantage under prehistoric conditions of undernutrition [92,93]. Insulin resistance can
protect from protein loss and increase the survival rate under prolonged starvation, and
reduced fecundity due to ovulatory disorders might provide a survival advantage. Because
genetic studies revealed that PCOS may have existed 50,000 years ago, the genetic factors
related to PCOS might be beneficial for survival under past harsh environments [93]. It is
assumed that these PCOS-related mechanisms cannot be adapted to the rapid improvement
of nourished conditions and that they became pathogenic factors of metabolic and repro-
ductive diseases during the past few decades. Our data suggests that not only long-term
evolutional changes but also changes with DOHaD may modify the PCOS phenotype;
namely, prenatal undernutrition exacerbates the metabolic phenotypes of PCOS to survive
the expected starved condition after birth. However, more precise experimental studies
and epidemiological and clinical studies with large sample sizes are needed to clarify this
hypothesis.

6. Conclusions

This review highlights the effects of androgens on metabolic and body weight regula-
tion systems and their underlying mechanisms. Excess levels of endogenous and exogenous
androgens in reproductive age can induce several unfavorable effects on metabolic func-
tions and increase the risks of metabolic-related diseases. Basic studies using laboratory
animals indicate that some central and peripheral factors and changes in physiological
functions might be related to these adverse effects of androgens (Figure 1). Conversely,
the effects of androgens on metabolic and body weight regulation systems in females of
post-menopausal age are highly controversial.

Androgen excess
in reproductive age

| 4 )’

Changes of central factors Changes of peripheral factors
* Decrease of anorexigenic factors * Decrease of energy expenditure
(POMC |, Oxytocin |) (BAT activity |, O, consumption])
* Decrease of estrogens’ action * Decrease of thermogenesis
(ER-a |) (Body temperature |)
* Increase of inflammatory cytokines * Increase of insulin resistance in muscle
(IL-11) (unknown mechanism)
* Increase for high-fat-diet preference * B-cell dysfunction
(unknown mechanism) (B-cell stressors 1)

v " 4

Metabolic disorders
Eating disorders

Figure 1. The effects of androgen excess on metabolic and body weight regulations in reproductive
age. POMC; proopiomelanocortin, ER; estrogen receptor, IL; interleukin, BAT; brown adipose tissue.

Funding: This research was funded by the MHLW Comprehensive Research for Women’s Healthcare
Program (Grant No.: JPMH22FB1001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2023, 24, 16567 9of12

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hirschberg, A.L. Sex hormones, appetite and eating behavior in women. Maturitas 2012, 71, 248-256. [CrossRef]

Iwasa, T.; Noguchi, H.; Aoki, H.; Tamura, K.; Maeda, T.; Takeda, A.; Uchishiba, M.; Arakaki, R.; Minato, S.; Kamada, S.; et al.
Effects of undernutrition and low emergy availability on reproductive functions and their underlying neuroendocrine mechanisms.
Endocr. J. 2022, in press. [CrossRef]

Iwasa, T.; Minato, S.; Imaizumi, J.; Yoshida, A.; Kawakita, T.; Yoshida, K.; Yamamoto, Y. Effects of low energy availability on
female reproductive function. Reprod. Med. Biol. 2021, 21, e12414. [CrossRef]

Zhao, Z.; Gobrogge, K. Neurodevelopmental model explaining associations between sex hormones, personality, and eating
pathology. Brain Sci. 2023, 13, 859. [CrossRef]

Blaustein, ].D.; Wade, G.N. Ovarian influences on the meal patterns of female rats. Physiol. Behav. 1976, 17, 201-208. [CrossRef]
Asarian, L.; Geary, N. Sex differences in the physiology of eating. Am. J. Regul. Integr. Comp. Physiol. 2013, 305, R1215-R1267.
[CrossRef]

Bonavera, J.J.; Dube, M.G,; Kalra, P.S.; Kalra, S.P. Anorectic effects of estrogen may be mediated by decreased neuropeptide-Y
release in the hypothalamic paraventricular nucleus. Endocrinology 1994, 134, 2367-2370. [CrossRef]

Santollo, J.; Yao, D.; Neal-Perry, G.; Etgen, A.M. Middle-aged female rats retain sensitivity to the anorexigenic effect of exogenous
estradiol. Behav. Brain. Res. 2012, 232, 159-164. [CrossRef]

Pelletier, G.; Li, S.; Luu-The, V.; Labrie, F. Oestrogenic regulation of pro-opiomelanocortin, neuropeptide Y and corticotrophin-
releasing hormone mRNAs in mouse hypothalamus. J. Neuroendocrinol. 2007, 19, 426-431. [CrossRef]

Kerem, L.; Lawson, E.A. The effects of oxytocin on appetite regulation, food intake and metabolism in humans. Int. . Mol. Sci.
2021, 22, 7737. [CrossRef]

Nishimura, K.; Yoshino, K.; Ikeda, N.; Baba, K.; Sanada, K.; Akiyama, Y.; Nishimura, H.; Tanaka, K.; Sonoda, S.; Ueno, H.; et al.
Oestrogen-dependent hypothalamic oxytocin expression with changes in feeding and body weight in female rats. Commun. Biol.
2022, 5, 912. [CrossRef]

Tokui, T.; Kawakita, T.; Yanagihara, R.; Kamada, S.; Minato, S.; Takeda, A.; Imaizumj, J.; Yamamoto, Y.; Yoshida, K.; Kato, T.; et al.
Effects of gonadal status and the estrogen milieu on hypothalamic oxytocin gene expression and serum oxytocin levels in female
rats. Horm. Behav. 2021, 133, 105005. [CrossRef]

Iwasa, T.; Matsuzaki, T.; Mayila, Y.; Yanagihara, R.; Yamamoto, Y.; Kawakita, T.; Kuwahara, A.; Irahara, M. Oxytocin treatment
reduced food intake and body fat and ameliorated obesity in ovariectomized female rats. Neuropeptides 2019, 75, 49-57. [CrossRef]
Erdenebayar, O.; Kato, T.; Kawakita, T.; Kasai, K.; Kadota, Y.; Yoshida, K.; Iwasa, T.; Irahara, M. Effects of peripheral oxytocin
administration on body weight, food intake, adipocytes, and biochemical parameters in peri- and postmenopausal female rats.
Endocr. J. 2021, 68, 7-16. [CrossRef]

Tachibana, A.; Yamamoto, Y.; Noguchi, H.; Takeda, A.; Tamura, K.; Aoki, H.; Minato, S.; Uchishiba, M.; Yamamoto, S.;
Kamada, S.; et al. Changes in serum oxytocin levels under physiological and supraphysiological gonadal steroid hormone
conditions in women of reproductive age: A preliminary study. Nutrients 2022, 14, 5350. [CrossRef]

Yasui, T.; Matsui, S.; Tani, A.; Kunimi, K.; Yamamoto, S.; Irahara, M. Androgen in postmenopausal women. J. Med. Investig. 2012,
59, 12-27. [CrossRef]

van der Ham, K.; Koster, M.P.H.; Velthuis, B.K.; Budde, R.P].; Fauser, B.C.].M.; Laven, J.S.E.; Louwers, Y.V. Change in androgenic
status and cardiometabolic profile of middle-aged women with polycystic ovary syndrome. J. Clin. Med. 2023, 12, 5226. [CrossRef]
Gunning, M.N.; Fauser, B.C.].M. Are women with polycystic ovary syndrome at increased cardiovascular disease risk later in life?
Climacteric 2017, 20, 222-227. [CrossRef]

Forslund, M.; Schmidt, J.; Brannstrom, M.; Landin-Wilhelmsen, K.; Dahlgren, E. Morbidity and mortality in PCOS: A prospective
follow-up up to a mean age above 80 years. Eur. |. Gynecol. Reprod. Biol. 2022, 271, 195-203. [CrossRef]

Navarro, G.; Allard, C.; Wu, W.; Mauvais-Jarvis, F. The role of androgens in metabolism, obesity, and diabetes in males and
females. Obesity 2015, 23, 713-719. [CrossRef]

Corona, G.; Monami, M,; Rastrelli, G.; Aversa, A.; Sforza, A.; Lenzi, A.; Forti, G.; Mannucci, E.; Maggi, M. Type 2 diabetes mellitus
and testosterone: A meta-analysis study. Int. J. Androl. 2011, 34, 528-540. [CrossRef]

Kumari, K.; Kumar, R.; Memon, A.; Kumari, B.; Tehrim, M.; Kumari, P.; Shehryar, M.; Islam, H.; Khatri, M.; Kumar, S.; et al.
Treatment with testosterone therapy in type2 diabetic hypogonadal adult males: A systematic review and meta-analysis. Clin.
Pract. 2023, 13, 454-469. [CrossRef]

Kumar, S.; Khatri, M.; Memon, R.A.; Velastegui, ].L.; Podaneva, K.Z.; Gutierrez, D.B.; Nadeem, B.; Anumolu, A.R.; Azhar, M;
Zain, A. Effects of testosterone therapy in adult males with hypogonadism and T2DM: A meta-analysis and systematic review.
Diabetes Metab. Syndr. 2022, 16, 102588. [CrossRef]

Corona, G.; Rastrelli, G.; Vignozzi, L.; Barbonetti, A.; Sforza, A.; Mannucci, E.; Maggi, M. The role of testosterone treatment in
patients with metabolic disorders. Expert. Rev. Clin. Pharmacol. 2021, 14, 1091-1103. [CrossRef]


https://doi.org/10.1016/j.maturitas.2011.12.016
https://doi.org/10.1507/endocrj.EJ22-0426
https://doi.org/10.1002/rmb2.12414
https://doi.org/10.3390/brainsci13060859
https://doi.org/10.1016/0031-9384(76)90064-0
https://doi.org/10.1152/ajpregu.00446.2012
https://doi.org/10.1210/endo.134.6.8194462
https://doi.org/10.1016/j.bbr.2012.04.010
https://doi.org/10.1111/j.1365-2826.2007.01548.x
https://doi.org/10.3390/ijms22147737
https://doi.org/10.1038/s42003-022-03889-6
https://doi.org/10.1016/j.yhbeh.2021.105005
https://doi.org/10.1016/j.npep.2019.03.002
https://doi.org/10.1507/endocrj.EJ19-0586
https://doi.org/10.3390/nu14245350
https://doi.org/10.2152/jmi.59.12
https://doi.org/10.3390/jcm12165226
https://doi.org/10.1080/13697137.2017.1316256
https://doi.org/10.1016/j.ejogrb.2022.02.020
https://doi.org/10.1002/oby.21033
https://doi.org/10.1111/j.1365-2605.2010.01117.x
https://doi.org/10.3390/clinpract13020041
https://doi.org/10.1016/j.dsx.2022.102588
https://doi.org/10.1080/17512433.2021.1938548

Int. . Mol. Sci. 2023, 24, 16567 10 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zitzmann, M. Testosterone deficiency, insulin resistance and the metabolic syndrome. Nat. Rev. Endocrinol. 2009, 5, 673-681.
[CrossRef]

Mauvais-Jarvis, F. Estrogen and androgen receptors: Regulators of fuel homeostasis and emerging targets for diabetes and obesity.
Trends. Endocrinol. Metab. 2011, 22, 24-33. [CrossRef]

Moran, L.; Teede, H. Metabolic features of the reproductive phenotypes of polycystic ovary syndrome. Hum. Reprod. Update.
2009, 15, 477-488. [CrossRef]

Escobar-Morreale, H.E. Polycystic ovary syndrome: Definition, aetiology, diagnosis and treatment. Nat. Rev. Endocrinol. 2018, 14,
270-284. [CrossRef]

Zhang, H.; Wang, W.; Zhao, J.; Jiao, P.; Zeng, L.; Zhang, H.; Zhao, Y.; Shi, L.; Hu, H.; Luo, L.; et al. Relationship between body
composition, insulin resistance, and hormonal profiles in women with polycystic ovary syndrome. Front. Endocrinol. 2023, 13,
1085656. [CrossRef]

Fighera, T.M.; Dos Santos, B.R.; Spritzer, PM. Lean mass and associated factors in women with PCOS with different phenotypes.
PLoS ONE 2023, 18, €0292623. [CrossRef]

Harada, M. Pathophysiology of polycystic ovary syndrome revisited: Current understanding and perspectives regarding future
research. Reprod. Med. Biol. 2022, 21, €12487. [CrossRef]

Osuka, S.; Nakanishi, N.; Murase, T.; Nakamura, T.; Goto, M.; Iwase, A.; Kikkawa, F. Animal models of polycystic ovary
syndrome: A review of hormone-induced rodent models focused on hypothalamus-pituitary-ovary axis and neuropeptides.
Reprod. Med. Biol. 2018, 18, 151-160. [CrossRef]

Kamada, S.; Yamamoto, Y.; Aoki, H.; Tamura, K,; Takeda, A.; Minato, S.; Masaki, R.; Yanagihara, R.; Hayashi, N.; Yano, Y. A novel
PCOS rat model and an evaluation of its reproductive, metabolic, and behavioral phenotypes. Reprod. Med. Biol. 2021, 21, e12416.
[CrossRef]

Goverde, A.J.; van Koert, A.].B.; Eijkemans, M.J.; Knauff, E.A.H.; Westerveld, H.E.; Fauser, B.C.].M.; Broekmans, E]J. Indicators for
metabolic disturbances in anovulatory women with polycystic ovary syndrome diagnosed according to the Rotterdam consensus
criteria. Hum. Reprod. 2009, 24, 710-717. [CrossRef]

Korhonen, S.; Hippelainen, M.; Vanhala, M.; Heinonen, S.; Niskanen, L. The androgenic sex hormone profile is an essential
feature of metabolic syndrome in premenopausal women: A controlled community-based study. Fertil. Steril. 2003, 79, 1327-1334.
[CrossRef]

Evans, D.J.; Barth, ].H.; Burke, C.W. Body fat topography in women with androgen excess. Int. ]. Obes. 1988, 12, 157-162.
Evans, D.J. Relationship of androgenic activity to body fat topography, fat cell morphology, and metabolic aberrations in
premenopausal women. J. Clin. Eendocrinol. Metab. 1983, 57, 304-310. [CrossRef]

Gambineri, A.; Patton, L.; Vaccina, A.; Cacciari, M.; Morselli-Labate, A.M.; Cavazza, C.; Pagotto, U.; Pasquali, R. Treatment with
flutamide, metformin, and their combination added to a hypocaloric diet in overweight-obese women with polycystic ovary
syndrome: A randomized, 12-month, placebo-controlled study. J. Clin. Endocrinol. Metab. 2006, 91, 3970-3980. [CrossRef]
Gambineri, A.; Pelusi, C.; Genghini, S.; Morselli-Labate, A.M.; Cacciari, M.; Pagotto, U.; Pasquali, R. Effect of flutamide and
metformin administered alone or in combination in dieting obese women with polycystic ovary syndrome. Clin. Endocrinol. 2004,
60, 241-249. [CrossRef]

Long, T.; Zhang, Y.; Zeng, C.; Zheng, S.; Zhou, L.; Liu, H. Effects of low-dose spironolactone combined with metformin or either
drug alone on insulin resistance in patients with polycystic ovary syndrome: A pilot study. Int. J. Endocrinol. 2022, 2022, 9927240.
[CrossRef]

Ryan, G.E.; Malik, S.; Mellon, PL. Antiandrogen treatment ameliorates reproductive and metabolic phenotypes in the letrozole-
induced mouse model of PCOS. Endocrinology 2018, 159, 1734-1747. [CrossRef]

Lim, S.S.; Norman, R.J.; Clifton, PM.; Noakes, M. Hyperandrogenemia, psychological distress, and food cravings in young
women. Physiol. Behav. 2009, 98, 276-280. [CrossRef]

McCluskey, S.; Evans, C.; Lacey, ].H.; Pearce, ].M.; Jacobs, H. Polycystic ovary syndrome and bulimia. Fertil. Steril. 1991, 55,
287-291. [CrossRef]

Stefanaki, K.; Karagiannakis, D.S.; Raftopoulou, M.; Psaltopoulou, T.; Paschou, S.A.; Ilias, I. Obesity and hyperandrogenism are
implicated with anxiety, depression and food cravings in women with polycystic ovary syndrome. Endocrine 2023, 82, 201-208.
[CrossRef]

Lee, I.; Cooney, L.G.; Saini, S.; Sammel, M.D.; Allison, K.C.; Dokras, A. Increased odds of disordered eating in polycystic ovary
syndrome: A systematic review and meta-analysis. Eat. Weight. Disord. 2019, 24, 787-797. [CrossRef]

Sundblad, C.; Bergman, L.; Eriksson, E. High levels of free testosterone in women with bulimia nervosa. Acta. Psychiatr. Scand.
1994, 90, 397-398. [CrossRef]

Naessen, S.; Carlstrom, K.; Bystrom, B.; Pierre, Y.; Hirschberg, A.L. Effects of an antiandrogenic oral contraceptive on appetite and
eating behavior in bulimic women. Psychoneuroendocrinology 2007, 32, 548-554. [CrossRef]

Sundblad, C.; Landen, M.; Eriksson, T.; Bergman, L.; Eriksson, E. Effects of the androgen antagonist flutamide and the serotonin
reuptake inhibitor citalopram in bulimia nervosa: A placebo-controlled pilot study. J. Clin. Psychopharmacol. 2005, 25, 85-88.
[CrossRef]


https://doi.org/10.1038/nrendo.2009.212
https://doi.org/10.1016/j.tem.2010.10.002
https://doi.org/10.1093/humupd/dmp008
https://doi.org/10.1038/nrendo.2018.24
https://doi.org/10.3389/fendo.2022.1085656
https://doi.org/10.1371/journal.pone.0292623
https://doi.org/10.1002/rmb2.12487
https://doi.org/10.1002/rmb2.12262
https://doi.org/10.1002/rmb2.12416
https://doi.org/10.1093/humrep/den433
https://doi.org/10.1016/S0015-0282(03)00347-9
https://doi.org/10.1210/jcem-57-2-304
https://doi.org/10.1210/jc.2005-2250
https://doi.org/10.1111/j.1365-2265.2004.01973.x
https://doi.org/10.1155/2022/9927240
https://doi.org/10.1210/en.2017-03218
https://doi.org/10.1016/j.physbeh.2009.05.020
https://doi.org/10.1016/S0015-0282(16)54117-X
https://doi.org/10.1007/s12020-023-03436-1
https://doi.org/10.1007/s40519-018-0533-y
https://doi.org/10.1111/j.1600-0447.1994.tb01613.x
https://doi.org/10.1016/j.psyneuen.2007.03.008
https://doi.org/10.1097/01.jcp.0000150222.31007.a9

Int. . Mol. Sci. 2023, 24, 16567 11 0f12

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Baba, T.; Endo, T.; Ikeda, K.; Shimizu, A.; Honnma, H.; Ikeda, H.; Masumori, N.; Ohmura, T.; Kiya, T.; Fujimoto, T.; et al.
Distinctive features of female-to-male transsexualism and prevalence of gender identity disorder in Japan. J. Sex. Med. 2011, 8,
1686-1693. [CrossRef]

Cupisti, S.; Giltay, E.J.; Gooren, L.J.; Kronawitter, D.; Oppelt, P.G.; Beckmann, M.W,; Dittrich, R.; Mueller, A. The impact of
testosterone administration to female-to-male transsexuals on insulin resistance and lipid parameters compared with women
with polycystic ovary syndrome. Fertil. Steril. 2010, 94, 2647-2653. [CrossRef]

Diamond, M.P;; Grainger, D.; Diamond, M.C.; Sherwin, R.S.; Defronzo, R.A. Effects of methyltestosterone on insulin secretion and
sensitivity in women. J. Clin. Endocrinol. Metab. 1998, 83, 4420-4425. [CrossRef]

Nohara, K.; Laque, A.; Allard, C.; Munzberg, H.; Mauvais-Jarvis, F. Central mechanisms of adiposity in adult female mice with
androgen excess. Obesity 2014, 22, 1477-1484. [CrossRef]

Iwasa, T.; Matsuzaki, T.; Tungalagsuvd, A.; Munkhzaya, M.; Yiliyasi, M.; Kato, T.; Kuwahara, A.; Irahara, M. Effects of chronic
testosterone administration on body weight and food intake differ among pre-pubertal, gonadal-intact, and ovariectomized
female rats. Behav. Brain. Res. 2016, 309, 35-43. [CrossRef]

Iwasa, T.; Matsuzaki, T.; Yano, K.; Yanagihara, R.; Tungalagsuvd, A.; Munkhzaya, M.; Mayila, Y.; Kuwahara, A.; Irahara, M. The
effects of chronic testosterone administration on body weight, food intake, and adipose tissue are changed by estrogen treatment
in female rats. Horm. Behav. 2017, 93, 53-61. [CrossRef]

Walters, K.A.; Allan, C.M.; Hndelsman, D.]. Rodent models for human polycystic ovary syndrome. Biol. Reprod. 2012, 86, 149.
[CrossRef]

Iwasa, T.; Matsuzaki, T.; Tungalagsuvd, A.; Munkhzaya, M.; Mayila, Y.; Kato, T.; Kuwahara, A.; Irahara, M. Effects of chronic
DHEA treatment on central and peripheral reproductive parameters, the onset of vaginal opening and the estrous cycle in female
rats. Gynecol. Endocrinol. 2016, 32, 752-755. [CrossRef]

Iwasa, T.; Matsuzaki, T.; Yano, K.; Mayila, Y.; Yanagihara, R.; Yamamoto, Y.; Kuwahara, A.; Irahara, M. Prenatal undernutrition
affects the phenotypes of PCOS model rats. J. Endocrinol. 2018, 239, 137-151. [CrossRef]

Iwasa, T.; Matsuzaki, T.; Yano, K.; Mayila, Y.; Kuwahara, A.; Matsui, S.; Irahara, M. Effects of chronic testosterone administration
on the degree of preference for a high-fat diet and body weight in gonadal-intact and ovariectomized female rats. Behav. Brain.
Res. 2018, 349, 102-108. [CrossRef]

Larsson, H.; Ahren, B. Androgen activity as a risk factor for impaired glucose tolerance in postmenopausal women. Diabetes Care
1996, 19, 1399-1403. [CrossRef]

Oh, ].Y.; Barrett-Connor, E.; Wedick, N.M.; Wingard, D.L. Endogenous sex hormones and the development of type 2 diabetes in
older men and women: The Rancho Bernardo study. Diabetes Care 2002, 25, 55-60. [CrossRef]

Ding, E.L.; Song, Y.; Manson, J.E.; Rifai, N.; Buring, J.E.; Liu, S. Plasma sex steroid hormones and risk of developing type 2
diabetes in women: A prospective study. Diabetologia 2007, 50, 2076-2084. [CrossRef]

Davis, S.R. Androgen therapy in women, beyond libido. Climacteric 2013, 16 (Suppl. 1), 18-24. [CrossRef]

Caughey, S.D.; Wilson, PW.; Mukhtar, N.; Brocklehurst, S.; Reid, A.; D’Eath, R.B.; Boswell, T.; Dunn, I.C. Sex differences in basal
hypothalamic anorectic and orexigenic gene expression and the effect of quantitative and qualitative food restriction. Biol. Sex.
Differ. 2018, 9, 20. [CrossRef]

Thaler, ].P; Guyenet, S.J.; Dorfman, M.D.; Wisse, B.E.; Schwartz, M.W. Hypothalamic inflammation: Marker or mechanism of
obesity pathogenesis? Diabetes 2013, 62, 2629-2634. [CrossRef]

Hannan, FM; Elajnaf, T.; Vandenberg, L.N.; Kennedy, S.H.; Thakker, R.V. Hormonal regulation of mammary gland development
and lactation. Nat. Rev. Endocrinol. 2022, 19, 46-61. [CrossRef]

Kosfeld, M.; Heinrichs, M.; Zak, PJ.; Fischbacher, U.; Fehr, E. Oxytocin increases trust in humans. Nature 2005, 435, 673-676.
[CrossRef]

Liu, C.M.; Spaulding, M.O,; Rea, ].].; Noble, E.E.; Kanoski, S.E. Oxytocin and food intake control: Neural, behavioral, and
signaling mechanisms. Int. J. Mol. Sci. 2021, 22, 10859. [CrossRef]

Yamamoto, S.; Noguchi, H.; Takeda, A.; Arakaki, R.; Uchishiba, M.; Imaizumi, J.; Minato, S.; Kamada, S.; Kagawa, T,
Yoshida, A.; etal. Changes in endogenous oxytocin levels and the effects of exogenous oxytocin administration on body
weight changes and food intake in polycystic ovary syndrome model rats. Int. J. Mol. Sci. 2022, 23, 8207. [CrossRef]

Yuan, X.; Hu, T.; Zhao, H.; Huang, Y.; Ye, R.; Lin, J.; Zhang, C.; Zhang, H.; Wei, G.; Zhou, H.; et al. Brown adipose tissue
transplantation ameliorates polycystic ovary syndrome. Proc. Natl. Acad. Sci. USA 2016, 113, 2708-2713. [CrossRef]

Zhang, Q.; Ye, R.; Zhang, Y.Y.; Fan, C.C.; Wang, J.; Wang, S.; Chen, S.; Liu, X. Brown adipose tissue and novel management
strategies for polycystic ovary syndrome therapy. Front. Endocrinol. 2022, 13, 847249. [CrossRef]

Polderman, K.H.; Gooren, L.J.; Asscheman, H.; Bakker, A.; Heine, R.J. Induction of insulin resistance by androgens and estrogens.
J. Clin. Endocrinol. Metab. 1994, 79, 265-271.

Holmang, A.; Larsson, B.M.; Brzezinska, Z.; Bjorntorp, P. Effects of short-term testosterone exposure on insulin sensitivity of
muscles in female rats. Am. . Physiol. 1992, 262, E851-E855. [CrossRef]

Holmang, A.; Svedberg, J.; Jennische, E.; Bjorntorp, P. Effects of testosterone on muscle insulin sensitivity and morphology in
female rats. Am. J. Physiol. 1990, 259, E555-E560. [CrossRef]

Holmang, A.; Pjorntorp, P. The effects of testosterone on insulin sensitivity in male rats. Acta. Physiol. Scand. 1992, 146, 505-510.
[CrossRef]


https://doi.org/10.1111/j.1743-6109.2011.02252.x
https://doi.org/10.1016/j.fertnstert.2010.03.048
https://doi.org/10.1210/jc.83.12.4420
https://doi.org/10.1002/oby.20719
https://doi.org/10.1016/j.bbr.2016.04.048
https://doi.org/10.1016/j.yhbeh.2017.05.008
https://doi.org/10.1095/biolreprod.111.097808
https://doi.org/10.3109/09513590.2016.1163672
https://doi.org/10.1530/JOE-18-0335
https://doi.org/10.1016/j.bbr.2018.02.021
https://doi.org/10.2337/diacare.19.12.1399
https://doi.org/10.2337/diacare.25.1.55
https://doi.org/10.1007/s00125-007-0785-y
https://doi.org/10.3109/13697137.2013.801736
https://doi.org/10.1186/s13293-018-0178-6
https://doi.org/10.2337/db12-1605
https://doi.org/10.1038/s41574-022-00742-y
https://doi.org/10.1038/nature03701
https://doi.org/10.3390/ijms221910859
https://doi.org/10.3390/ijms23158207
https://doi.org/10.1073/pnas.1523236113
https://doi.org/10.3389/fendo.2022.847249
https://doi.org/10.1152/ajpendo.1992.262.6.E851
https://doi.org/10.1152/ajpendo.1990.259.4.E555
https://doi.org/10.1111/j.1748-1716.1992.tb09452.x

Int. . Mol. Sci. 2023, 24, 16567 12 0of 12

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Goodarzi, M.O.; Erickson, S.; Port, S.C.; Jennrich, R.I.; Korenman, S.G. Beta-cell function: A key pathological determinant in
polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2005, 90, 310-315. [CrossRef]

Liu, S.; Navarro, G.; Mauvais-Jarvis, F. Androgen excess produces systemic oxidative stress and predisposes to beta-cell failure in
female mice. PLoS ONE 2010, 5, e11302.

Roland, A.V.; Nunemaker, C.S.; Keller, S.R.; Moenter, S.M. Prenatal androgen exposure programs metabolic dysfunction in female
mice. J. Endocrinol. 2010, 207, 213-223. [CrossRef]

Gonzalez, F.; Rote, N.S.; Minium, J.; Kirwan, ].P. Increased activation of nuclear factor kappaB triggers inflammation and insulin
resistance in polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2006, 91, 1508-1512. [CrossRef]

Dunaif, A. Insulin resistance and the polycystic ovary syndrome: Mechanism and implications for pathogenesis. Endocr. Rev.
1997, 18, 774-800.

Moran, L.J.; Misso, M.L.; Wild, R.A.; Norman, R.J. Impaired glucose tolerance, type 2 diabetes and metabolic syndrome in
polycystic ovary syndrome: A systematic review and meta-analysis. Hum. Reprod. Update 2010, 16, 347-363. [CrossRef]
Millan-de-Meer, M.; Luque-Ramirez, M.; Nattero-Chavez, L.; Escobar-Morreale, H.F. PCOS during the menopausal transition and
after menopause: A systematic review and meta-analysis. Hum. Reprod. Update 2023, 29, 741-772. [CrossRef]

Franks, S.; McCarthy, M.I.; Hardy, K. Development of polycystic ovary syndrome: Involvement of genetic and environmental
factors. Int. |. Androl. 2006, 29, 278-285. [CrossRef]

Rosenfield, R.L.; Ehrmann, D.A. The pathogenesis of polycystic ovary syndrome (PCOS): The hypothesis of PCOS as functional
ovarian hyperandrogenism revisited. Endocr. Rev. 2016, 37, 467-520. [CrossRef]

Dong, J.; Rees, D.A. Polycystic ovary syndrome: Pathophysiology and therapeutic opportunities. BM] Med. 2023, 2, e000548.
[CrossRef]

Peigne, M.; Simon, V.; Pigny, P.; Mimouni, N.E.H.; Martin, C.; Dewailly, D.; Catteau-Jonard, S.; Giacobini, P. Changes in circulating
forms of anti-Mutillerian hormone and androgens in women with and without PCOS: A systematic longitudinal study throughout
pregnancy. Hum. Reprod. 2023, 38, 938-950. [CrossRef]

Hickey, M.; Sloboda, D.M.; Atkinson, H.C.; Doherty, D.A.; Franks, S.; Norman, R.J.; Newnham, J.P.; Hart, R. The relationship
between maternal and umbilical cord androgen levels and polycystic ovary syndrome in adolescence: A prospective cohort study.
J. Clin. Endocrinol. Metab. 2009, 94, 3714-3720. [CrossRef]

Godfrey, K.M.; Barker, D.]. Fetal nutrition and adult disease. Am. |. Clin. Nutr. 2000, 71, 13445-1352S. [CrossRef]

Melo, A.S.; Vieira, C.S.; Barbieri, M.A.; Rosa-E-Silva, A.C.; Silva, A.A.; Cardoso, V.C.; Reis, R.M.; Ferriani, R.A.; Silva-de-Sa,
M.E; Bettiol, H. High prevalence of polycystic ovary syndrome in women born small for gestational age. Hum. Reprod. 2010, 25,
2124-2131. [CrossRef]

Davies, M.J.; March, W.A.; Willson, K.J.; Giles, L.C.; Moore, V.M. Birthweight and thinness at birth independently predict
symptoms of polycystic ovary syndrome in adulthood. Hum. Reprod. 2012, 27, 1475-1480. [CrossRef]

Legro, R.S.; Roller, R.L.; Dodson, W.C.; Stetter, C.M.; Kunselman, A.R.; Dunaif, A. Associations of birth weight and gestational
age with reproductive and metabolic phenotypes in women with polycystic ovarian syndrome and their first-degree relatives. J.
Clin. Endocrinol. Metab. 2010, 95, 789-799. [CrossRef]

Khorram, O.; Keen-Rinehart, E.; Chuang, T.D.; Ross, M.G.; Desai, M. Maternal undernutrition induces premature reproductive
senescence in adult female rat offspring. Fertil. Steril. 2015, 103, 291-298. [CrossRef]

Fessler, D.M.T.; Natterson-Horowitz, B.; Azziz, R. Evolutionary determinants of polycystic ovary syndrome: Part 2. Fertil. Steril.
2016, 106, 42—-47. [CrossRef]

Unluturk, U; Sezgin, E.; Yildiz, B.O. Evolutionary determinants of polycystic ovary syndrome: Part 1. Fertil. Steril. 2016, 106,
33-41. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1210/jc.2004-1006
https://doi.org/10.1677/JOE-10-0217
https://doi.org/10.1210/jc.2005-2327
https://doi.org/10.1093/humupd/dmq001
https://doi.org/10.1093/humupd/dmad015
https://doi.org/10.1111/j.1365-2605.2005.00623.x
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1136/bmjmed-2023-000548
https://doi.org/10.1093/humrep/dead050
https://doi.org/10.1210/jc.2009-0544
https://doi.org/10.1093/ajcn/71.5.1344s
https://doi.org/10.1093/humrep/deq162
https://doi.org/10.1093/humrep/des027
https://doi.org/10.1210/jc.2009-1849
https://doi.org/10.1016/j.fertnstert.2014.09.026
https://doi.org/10.1016/j.fertnstert.2016.05.016
https://doi.org/10.1016/j.fertnstert.2016.05.010

	Introduction 
	Effects of Androgens in Women of Reproductive Age 
	Effects of Endogenous Androgens on Metabolic and Body Weight Regulation Systems 
	Effects of Blockade of Androgens on Metabolic and Body Weight Regulation Systems 
	Effects of Endogenous Androgens on Appetite 
	Effects of Exogenous Androgens on Metabolic and Body Weight Regulation Systems 

	Effects of Androgens in Women of Post-Menopausal Age 
	Mechanisms Underlying the Effects of Androgens on Metabolic and Body Weight Regulation Systems 
	Effects of Androgens on Hypothalamic Functions 
	Effects of Androgens on Energy Expenditure 
	Effects of Androgens on Skeletal Muscle Insulin Resistance and -Cell Dysfunction 

	Effects of Prenatal Undernutrition on the Metabolic Action of Exogenous Androgens after Birth 
	Conclusions 
	References

