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Insulin resistance and PCOS: chicken or egg?
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Abstract

PCOS is a common and heterogeneous endocrine disorder in women of reproductive age, frequently associated with meta-
bolic abnormalities. It was estimated that about 75% of these subjects have an impairment of insulin action, as measured by
gold standard methods. While the relationship between insulin resistance and PCOS is consistently shown by a number of
studies, the mechanisms underlying its primary origin still remains an unsolved issue. Insulin resistance and the associated
hyperinsulinemia can induce both the endocrine and reproductive traits of PCOS. However, androgen excess, in turn, can
impair insulin action, directly and/or through several changes occurring in different tissues. Body fat excess, which is another
common feature in these women, can contribute to worsening the whole picture. Nevertheless, insulin resistance may also
be found in many normal-weight individuals. Endocrine and metabolic abnormalities can develop in different moments, and
probably there is fetal programming of these alterations. However, a number of vicious circles, with bidirectional relation-
ships between androgen excess and insulin resistance, and with the contribution of several other factors, make it extremely
difficult to understand where this process really originates. This review summarizes available evidence on this topic, in order
to better understand the complex relationships linking hyperandrogenism and impaired insulin action in women with PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is a very common and
heterogeneous endocrine disorder in women of reproductive
age, with several relevant clinical implications. Based on
the generally adopted Rotterdam diagnostic criteria, estab-
lished in a workshop consensus of the American Society for
Reproductive Medicine (ASRM) and the European Society
of Human Reproduction and Embriology (ESHRE) [1], it
was estimated that its prevalence is at least 10% [2].

In its typical expression, PCOS is characterized by hyper-
androgenism and evidence of ovarian dysfunction, such as
chronic oligoanovulation and/or micropolycystic morphol-
ogy of the ovary. However, there are other frequent abnor-
malities in these women, which are not included among the
diagnostic features. In particular, insulin resistance is a very
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common finding in subjects with PCOS. By using the hyper-
insulinemic euglycemic clamp, the gold standard methodol-
ogy for measuring in vivo insulin action on glucose metabo-
lism, and the WHO criteria for defining insulin resistance
(i.e. glucose uptake in the lowest quartile for the background
population under hyperinsulinemic euglycemic clamp condi-
tions [3]), about 75% of these women have impaired insulin
sensitivity [4]. Interestingly, highlighting the clinical impact
of this phenomenon, in a cohort of 137 consecutive PCOS
women, with a mean age of just 23 years and a mean BMI
in the overweight range, about one third of subjects had
metabolic syndrome [5]. These data, obtained in Caucasian
women, fit well with those obtained in a multi-ethnic Ameri-
can sample, despite a substantially higher degree of obesity
[6], suggesting that PCOS per se plays a major role in these
alterations.

While the relationship between insulin resistance and
PCOS is consistently shown by several studies which used
the glucose clamp methodology [7], what the cause is and
what the effect is in this dangerous liaison still remain
unsolved issues.

This question prompts a number of additional queries,
which are relevant in order to try to answer the first one:
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is insulin resistance in these women accounted for by any
PCOS-specific molecular abnormalities? If so, are these
abnormalities due to intrinsic defects or are they rather
induced by PCOS-specific environmental factors? And
again, if the latter hypothesis is correct, when do these fac-
tors come into play during the lifetime of PCOS women?
Unfortunately, we have only vague ideas about these crucial
aspects.

Molecular defects in insulin resistance
associated with PCOS

A key point is to understand whether specific mechanisms
underlie insulin resistance associated with PCOS. In this
regard, about 25 years ago, in cultured cells from a sam-
ple of 14 insulin resistant women with PCOS, Dunaif et al.
reported abnormally increased serine phosphorylation and
reduced tyrosine phosphorylation of the insulin receptor and
its substrate IRS-1, with impaired downstream metabolic
insulin signalling [8]. Nevertheless, this unique abnormality
was not observed in 50% of examined patients, although they
too were insulin resistant, suggesting heterogeneity in the
mechanisms responsible for this phenomenon. Subsequent
research by the same group showed that, unlike metabolic
signalling, mitogenic signalling of insulin was activated in
cultured cells from PCOS women [9]. These findings sug-
gested that either this pathway, or other pathways which are
not defective and remain sensitive to insulin, may account
for increased insulin action—driven by insulin resistance-
induced hyperinsulinemia, on non-metabolic pathways, spe-
cifically androgen production in the ovary [10].

However, confirmation of these molecular findings has
been elusive. Indeed, other studies have suggested that
molecular defects underlying insulin resistance in PCOS
may not be related to alterations in the proximal portion of
the insulin signalling cascade [11-13], and that an impaired
rather than stimulated mitogenic pathway, with reduced lev-
els of activated MEK1/2 and ERK1/2, can be associated
with increased androgen production in the ovary, independ-
ent of insulin action [14]. In a recent study, carried out in
muscle biopsies of lean women with PCOS, who had whole
body insulin resistance and impaired insulin-induced glu-
cose oxidation in euglycemic clamp studies, proximal insulin
signalling cascade did not show any alterations [13]. Inter-
estingly, in this study, reduced expression and activity of
AMP-activated protein kinase (AMPK) was found, associ-
ated with increased testosterone and lowered adiponectin
levels. AMPK is an enzyme that plays a key role in cellular
energy homeostasis, activating substrate uptake and oxida-
tion when cellular energy is low. Based on these findings,
direct or indirect effects of androgen excess on energy sens-
ing signalling were hypothesized in subjects with PCOS.
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Yet, another study, carried out in skeletal muscle of obese
insulin-resistant PCOS women, failed to detect any altera-
tions in the AMPK pathway [12]. As a whole, available data
on the molecular defects underlying insulin resistance in
these women are inconsistent, suggesting possible hetero-
geneity in the mechanisms involved.

Hindrances in assessing what comes
first in the relationship between insulin
resistance and PCOS

Unfortunately, a number of factors limit most existing infor-
mation that is needed to establish which comes first in the
association between PCOS and insulin resistance. An impor-
tant point is that clear identification of actors playing in the
scene is often imprecise. PCOS is a heterogeneous condi-
tion, and its diagnosis is based on unspecific features which
are generally measured by inaccurate methods, especially
in terms of serum androgen levels. And also insulin resist-
ance is rarely measured by appropriate techniques, being
generally estimated by rough surrogate indexes. Moreover,
in order to answer the question, we would need to under-
stand the chronological sequence of events in the process.
However, while there is evidence of potential fetal program-
ming of the syndrome [15], PCOS can be diagnosed only
in reproductive age, and there is a lack of prospective stud-
ies. Finally, there are interesting animal models of PCOS,
but they do not completely mirror the human condition. So,
transferring their results to humans requires caution.

As regards heterogeneity of PCOS, a contribution came
from the adoption of current diagnostic criteria, established
in the Rotterdam workshop consensus [1]. According to
these criteria, diagnosis is based on any combination of at
least two of three clinical features, i.e. hyperandrogenism
(clinical and/or biochemical), chronic oligoanovulation, and
micropolycystic ovarian morphology at ultrasound exami-
nation. However, other disorders that can potentially cause
these alterations, in particular other hyperandrogenic condi-
tions, must be excluded before diagnosis. Adoption of these
criteria means that, under the general term of PCOS, there
are women with different clinical phenotypes. In particular,
there are women with hyperandrogenism plus oligoanovu-
lation, the so-called classic phenotype of PCOS, but also
women who have only one of these two main abnormali-
ties, hyperandrogenism or oligoanovulation, combined with
the micropolycystic aspect of the ovary, from which the
ovulatory and the normoandrogenic phenotypes originate,
respectively. There is also the possibility that all three clini-
cal features coexist, but this complete phenotype is barely
distinguishable from the classic one. It is noteworthy that the
2012 NIH workshop on PCOS, while confirming the Rotter-
dam criteria for diagnosis, has recommended distinguishing
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women with these phenotypes [16]. Actually, it is important
to make a distinction between the different phenotypes of
PCOS, as they differ in several ways, including in insulin
resistance. A comparison of insulin-induced glucose uti-
lization in euglycemic clamp studies has shown that this
figure is strikingly reduced in PCOS women with the clas-
sic/complete phenotype, but it is normal in those with the
normoandrogenic phenotype, while showing intermediate
values in subjects with the ovulatory phenotype (Fig. 1) [5].

Another obvious influential issue is the amount of body
fat, which is increased in many of these women. In our
cohort of patients, about two thirds among 375 subjects
with PCOS, referred to the outpatient clinics of the Verona
City Hospital for hirsutism and/or menstrual dysfunction,
were overweight or obese [4]. In this sample, as expected,
frequency of insulin resistance, as measured by the hyper-
insulinemic euglycemic clamp, was higher in patients with
body fat excess. However, insulin resistance was also pre-
sent in many lean individuals. In this cohort about 60% of
normal weight subjects showed impaired insulin sensitiv-
ity (Fig. 2). Remarkably, there is evidence that the effect
of increased BMI in worsening insulin resistance may be
proportionally more evident in PCOS women, as compared
with control women [17, 18]. This could possibly be due to
a preferential visceral distribution of fat in these subjects,
even in normal weight individuals [19, 20], and/or to the
presence of dysfunctional adipocytes [21]. Notably, the
association between body fat and hyperandrogenism, in
these subjects, seems to be to a large extent explained by
insulin resistance [22]. However, there is evidence of a
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Fig. 1 Insulin-induced glucose utilization during the hyperinsuline-
mic euglycemic clamp in women with the different clinical pheno-
types of PCOS and in control subjects. Reproduced with permission
from Moghetti et al. [5]
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Fig.2 Frequency of insulin resistance, measured by the hyperinsu-
linemic euglycemic clamp technique, in women with PCOS of the
Verona 3P Study cohort subdivided according to BMI categories

bidirectional link between obesity and PCOS, as suggested
by genetic, epidemiologic, and experimental data [23].

Some studies have suggested that the association
between obesity and PCOS may be inflated by significant
referral bias [24]. Nevertheless, a couple of recent stud-
ies, which used bidirectional Mendelian randomization
analysis to explore the causal relationships between obe-
sity and PCOS, in large cohorts of subjects of European
and Chinese origin, respectively, have found that known
single nucleotide polymorphisms associated with BMI
predicted increased risk of PCOS [25, 26]. In these analy-
ses, the reverse was not true. However, as regards this
latter aspect, it should not be forgotten that our knowledge
of the genetic basis of PCOS is still limited. In another
recent study, that used polygenic risk prediction to analyse
the phenome-wide comorbidity patterns in a very large
cohort of subjects across different genetic origins, a high
level of shared biology was identified between PCOS and
a range of metabolic outcomes, in particular obesity and
diabetes [27].

Interestingly, PCOS is clearly associated with an
increased risk of diabetes, especially type 2 diabetes, as
indicated by a number of population and case—control stud-
ies, both cross-sectional and prospective [28—31]. However,
studies carried out in premenopausal women with overt type
2 diabetes did not clearly support this association. While
some small studies reported consistent findings, others
reported increased frequency of polycystic ovarian mor-
phology, but not of PCOS [32-35]. It was argued that these
discordant findings may dispute the role of insulin resist-
ance, which is a typical characteristic of type 2 diabetes, as a
primary actor in the pathogenesis of PCOS. However, other
potential explanations can be hypothesized. Indeed, many
physicians do not assess glucose tolerance in young women
with normal fasting glucose. As a consequence, type 2 dia-
betes may be underdiagnosed in women with this condition,
limiting the apparent frequency of PCOS among diabetic
subjects. In addition, this inconsistency may also reflect the
reduction of insulin levels typically found in subjects with
overt diabetes, due to pancreatic beta-cell glucotoxicity and
other mechanisms [36].
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Current diagnostic criteria of PCOS do not distinguish
between clinical and biochemical hyperandrogenism. How-
ever, it was recently proposed that the definition of hyperan-
drogenism should consider androgen excess and hirsutism
separately, because their pathophysiological mechanisms
may differ [37]. Unfortunately, assessment of biochemical
hyperandrogenism, which is a key aspect of the syndrome
and is fundamental in understanding the pathophysiology of
PCOS, is often biased by major problems. Methods gener-
ally available in routine clinical laboratories for assaying
serum androgens are both inaccurate and imprecise, and
when using these assays there is a striking overestimation
of hormone concentrations, as compared with measures
obtained by gold standard methods, i.e. liquid chromatog-
raphy-tandem mass spectrometry and equilibrium dialysis
[38]. In particular, the low precision of currently available
commercial methods is a major obstacle, from both a clini-
cal and speculative point of view. In actual fact, with rou-
tine assays many women may be misclassified in terms of
biochemical hyperandrogenism. We have found that about
30% of subjects with PCOS were erroneously classified by
these methods as hyperandrogenemic or normoandrogen-
emic, with the assignment of many patients to the incorrect
clinical phenotypes and, thus, also inappropriate estimation
of their metabolic risk [38].

Another important point is that, although current diag-
nostic criteria of PCOS do not clearly discriminate between
different hormones, androgens cannot be considered equal
in terms of action. Testosterone and its derivative DHT have
a much greater affinity with the androgen receptor as com-
pared with other circulating androgens, such as androsten-
edione and DHEA, which can be considered pro-hormones
[39]. Interestingly, inclusion of free testosterone, as meas-
ured by gold standard methods, in the panel of assessed
serum androgens substantially increases the fraction of
PCOS women recognized as hyperandrogenemic, and makes
the contribution of other androgens in distinguishing these
subjects negligible [38]. Remarkably, in these women, insu-
lin resistance is highly correlated with serum free testoster-
one (Fig. 3), whereas the relationships with total testosterone
or other androgens are weaker.

An intriguing additional problem arises from the
acknowledgement that there are other circulating androgens,
apart from the classic androgens that are generally measured.
Interestingly, some recent studies showed that serum con-
centrations of 11-oxygenated androgens, which are mainly
produced in the adrenals and converted to active hormones
(11-ketotestosterone and 11-ketodihydrotestosterone) in
peripheral tissues, are higher in PCOS subjects, as com-
pared with healthy women [40]. This could be biologically
relevant, as recent data in cultured cells transfected with
the androgen receptor showed that 11-ketotestosterone may
effectively bind and activate this receptor, with a potency of

@ Springer

2.0 A
1.8 - L
1.6 4 °® 1=-0.502, p<0.0001
144 o
12
1.0
0.8
0.6
0.4
0.2

Free testosterone (ng/dl)

0 0.02 0.04 0.06 0.08 0.10  0.12
Mppn/I (mg/Kg x min! x mU/L)

Fig.3 Relationship between serum free testosterone, as measured
by liquid chromatography-mass spectrometry and equilibrium dialy-
sis, and glucose utilization during the hyperinsulinemic euglycemic
clamp. Reproduced with permission from Tosi et al. [22]

action that, in this in vitro model, was about 75% as com-
pared with testosterone [41]. In this regard, it is noteworthy
that in women with PCOS serum 11-ketotestosterone was
found to be 3-5 times higher than testosterone [40]. Other
studies showed that 11-oxygenated androgens may be the
predominant circulating androgens also in other conditions,
such as during normal and premature adrenarche [41] and
in women with 21-hydroxylase deficiency [42]. Moreover,
comparison of activated genes after stimulation of cultured
cells with either 11-ketotestosterone or testosterone indi-
cated that the biological effects may to some extent differ
[41]. Our knowledge on the clinical implications of these
aspects is still extremely limited.

Unfortunately, the accurate assessment of insulin resist-
ance is another difficult task. Therefore, in clinical studies
surrogate indexes, such as the HOMA index, are generally
used. Indeed, in PCOS women, these indexes revealed fair
correlations with direct measures of in vivo insulin action [4,
43]. Nevertheless, it is necessary to be aware that using these
surrogate indexes to categorize an individual PCOS woman
as insulin resistant or insulin sensitive may be misleading
and should be avoided. In actual fact, there may be a striking
mismatch in this classification when using the glucose clamp
and the HOMA index, or other surrogate indexes [4]. Indeed,
these indexes have a good positive predictive power, but a
poor negative predictive power. In other words, in individual
subjects with PCOS these indexes can be used to rule in, but
not rule out, insulin resistance.

An interesting point is that insulin levels, which mainly
drive these surrogate indexes, depend on several factors,
not only insulin sensitivity and glucose levels. In par-
ticular, beta-cell function, insulin metabolism and obe-
sity also play a major role. Among these factors, insulin
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clearance might be an important issue in women with
PCOS, which has been little investigated. Indeed, plasma
insulin concentrations depend on both the insulin secre-
tion rate from beta-cells and the metabolic clearance rate
of insulin from the plasma compartment. Insulin degra-
dation follows the insulin-receptor complex internaliza-
tion in target cells, and is carried out, in the cytoplasm,
by the insulin-degrading enzyme and other lysosomal
enzymes [44]. Interestingly, an early study, by Buffington
and Kitabchi, showed marked reduction of endogenous
insulin clearance in women with PCOS, compared with
either lean or obese healthy controls, as estimated by the
fasting plasma C-peptide over insulin ratio [45]. In this
study, impaired in vitro insulin degradation was also found
in cultured lymphocytes from PCOS women. Moreover,
in cultured lymphocytes obtained from healthy controls,
testosterone showed a biphasic effect on both insulin bind-
ing and insulin degradation. In particular, both binding
and degradation of insulin were impaired at moderately
high concentrations of testosterone, corresponding to those
found in hyperandrogenic women, whereas they returned
to normal at higher concentrations, corresponding to those
found in men. The authors hypothesized that this phenom-
enon could contribute to the sexual dimorphism in the
metabolic effect of androgens.

Consistent results have been reported in a recent study,
carried out in 190 women with PCOS of the Verona 3P
cohort. In this study, metabolic clearance of insulin was
calculated as the insulin infusion rate divided by the serum
insulin concentrations during the steady state period of
euglycemic hyperinsulinemic clamp studies. Interestingly,
insulin clearance proved to be strikingly impaired in PCOS
women, as compared with reference values in healthy con-
trols (Fig. 4), and this reduction was confirmed after adjust-
ment for several potentially confounding factors [46]. More-
over, in multivariate analysis, body fat, estimates of insulin
secretion and serum androgen levels were independent pre-
dictors of insulin clearance, all with negative relationships.
However, insulin sensitivity did not show an independent
association with insulin clearance. Conversely, age, insulin
clearance and insulin sensitivity, with inverse relationships,
and body fat, with a direct relationship, were independent
predictors of insulin secretion, while serum androgens were
not. These data suggest that, in women with PCOS, obesity
contributes to hyperinsulinemia by both increasing secretion
and lowering metabolism of insulin, whereas age and insulin
resistance regulate insulin secretion, and serum androgens
specifically regulate insulin clearance. There appears to be
also a reciprocal modulation between secretion and degra-
dation of insulin. Thus, androgens could mainly contrib-
ute to generating hyperinsulinemia, in women with PCOS,
by reducing insulin degradation, although the underlying
mechanisms remain unclear.
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Fig.4 Comparison of metabolic clearance rate of insulin in women
with PCOS and healthy controls. Reproduced with permission from
Tosi et al. [33]

Genetic and epigenetic mechanisms
underlying the origin of endocrine
and metabolic PCOS traits

Interestingly, several family studies showed that PCOS and
its typical traits are frequent in female relatives of PCOS
women [47-49]. Moreover, metabolic features are frequent
in both male and female relatives of these subjects [50], sug-
gesting a common genetic background of these alterations.

A large study in twins estimated that genetic heritability
may explain about 80% of the origin of PCOS [51]. These
findings prompted a series of genetic studies, initially by
analysis of candidate genes and more recently by large-scale
genome-wide association studies, carried out in women with
either Han Chinese, Korean or European ancestry [52]. In
these studies, 19 genetic loci associated with risk of PCOS
have been identified, of which several are common to dif-
ferent ancestries. A recent meta-analysis, conducted in
women with European ancestry (10,074 PCOS cases and
103,164 controls), confirmed association with 11 previously
reported loci and also identified three novel loci. However,
it has been estimated that they may explain just 10% of
predicted heritability [53]. Although the biological signifi-
cance of these findings remains little understood, identified
variants were found to be associated with hyperandrogenism
and gonadotropin regulation in PCOS women. Moreover,
linkage disequilibrium score regression analysis showed
genetic correlations with obesity, serum insulin and lipid
levels, type 2 diabetes and cardiovascular disease, suggest-
ing shared genetic architecture between metabolic traits and
PCOS. Interestingly, Mendelian randomization analysis of
these data suggested that genetic variants linked to some
features typically associated with PCOS, such as body fat
excess, hyperinsulinemia, but also late menopause timing
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and depression, as well as genetic variants linked to male
pattern balding, which is a putative male phenotype [54],
may be causally linked to the syndrome [53]. These intrigu-
ing findings require further functional research.

Nevertheless, association within families of women with
this syndrome of both PCOS traits and metabolic abnor-
malities does not necessarily prove that genetic mechanisms
play the major role in the origin of PCOS and the associated
insulin resistance. Indeed, epigenetic mechanisms could be
of greater relevance in these phenomena. In this regard, an
interesting hypothesis is that the intrauterine environment
may play a key role in the development of PCOS phenotype,
as strongly suggested by studies in animal models in which
androgen administration during gestation induced several
PCOS traits in female progeny [15], as further discussed
below.

MicroRNAs (miRNAs) are short non-coding RNAs
which participate in the post-transcriptional regulation of
gene expression. Some studies suggested that PCOS women
may have alterations in their miRNA pattern, in the blood
and in the ovary and other tissues [55]. However, available
data are limited and do not allow us to understand whether
these changes may be a cause or a consequence of PCOS
abnormalities. Interestingly, in a recent study, a number
of miRNA transcripts with different expression in PCOS
women and controls were identified in skeletal muscle biop-
sies [56]. While the pathophysiological significance of these
alterations remains uncertain, it is noteworthy that, in func-
tional studies, the expression of several of these miRNAs
was affected by either insulin or testosterone, suggesting a
relationship with the endocrine and metabolic features of
PCOS. In another study, which compared the non-targeted
circulating miRNA profile in women with PCOS, control
women and men, who were similar in terms of BMI, the
expression of 38 miRNAs proved to be different between
groups [57]. In particular, the differences in 15 miRNAs
followed a pattern suggestive of androgenisation, as their
expression was similar in PCOS women and men but dif-
ferent from control women. Conversely, the expression of
13 miRNAs was similar in PCOS and control women but
different from men, suggesting sexual dimorphism. Finally,
5 miRNAs were expressed differently in women with PCOS
as compared with both control women and men, suggesting
PCOS-specific abnormalities. Interestingly, the expression
levels of many of these circulating miRNAs were associ-
ated with hyperandrogenism, body fat excess and metabolic
alterations.

Recent studies have shown that circular RNAs, long non-
coding RNAs and RNA-binding proteins are other potential
intermediate actors in the interaction between androgens and
insulin action, possibly modulating the expression of key
genes involved in this relationship [58—60]. However, these
studies are still in the early stages.
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Some studies reported altered DNA methylation, another
fundamental mechanism of epigenetic control, in blood cells
and in some tissues of women with PCOS [61]. However,
available data are extremely limited. A study which com-
bined genome-wide DNA methylation analysis and gene
expression patterns, in ovarian tissue from a very small sam-
ple of PCOS and control women, reported that there were
almost 8,000 differentially methylated CpG sites, about 3%
of total sites, and several hundreds differential transcripts
in PCOS compared to normal ovary [62]. Moreover, in tis-
sue from PCOS subjects, 54 genes showed methylated lev-
els which correlated with gene transcription. Another pilot
study, carried out by profiling the methylation levels of the
DNA extracted from umbilical cord blood of PCOS and
control women submitted to in vitro fertilization, reported a
different methylation status, of prevalent hypomethylation,
affecting 918 genes. Network analysis showed relationships
between these genes and several pathways, including those
of glucose and lipid metabolism, and inflammation [63].
These findings suggested that the maternal PCOS environ-
ment may affect the epigenetic programming in utero of the
developing embryo, inducing changes in genomic regions
involved in the PCOS phenotype. The authors hypothesized
a key role for this epigenetic signature in perpetuating the
maternal endocrine and metabolic alterations, typical of
PCOS, in the progeny. More recently, sex-specific differ-
ences in the DNA methylation patterns were found in the
promoter regions of some reproductive and metabolic genes,
selected on the basis of their potential pathophysiological
role in PCOS, in blood cells from 2—3 months old sons or
daughters of PCOS and control women [64]. Interestingly,
metformin treatment of PCOS mothers during pregnancy
prevented some of these changes, whereas, in the whole
group of daughters, the maternal BMI was associated with
the methylation level of one CpG site of the androgen
receptor gene promoter. Likewise, studies in animal models
strongly support a role for epigenetic modifications in the
pathophysiology of PCOS, also providing potential links
between endocrine and metabolic alterations [15].

Evidence of a developmental origin of PCOS

While investigations into epigenetic aspects are still in their
early stages, there is consistent evidence, especially in ani-
mal models, that developmental factors underlie suscep-
tibility to PCOS and to the phenotypic expression of this
condition. Indeed, an altered maternal endocrine-metabolic
environment could permanently program the physiology of
the fetus, with changes that emerge in early reproductive
life [15].

Many intriguing results have come from androgen-
induced animal models of PCOS, in particular as regards
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the effect of global or tissue-specific loss of androgen recep-
tor signalling on the development of PCOS traits. In this
regard, in rodent, sheep and primate models, administra-
tion of testosterone or DHT, either prenatally or postnatally,
may induce different reproductive, endocrine and metabolic
PCOS traits [65]. Interestingly, in DHT-induced mice mod-
els, although global loss of the androgen receptor reversed
all the reproductive and metabolic features of PCOS, its
selective knockout in theca cells improved the reproduc-
tive effects only, whereas in granulosa cells it had minimal
effects. However, selective brain loss of androgen receptors
totally or partially abolished many of the reproductive and
metabolic traits of PCOS, suggesting the importance of neu-
roendocrine mechanisms [66]. It should be noted that andro-
gen receptors are expressed in several brain areas, especially
in the hypothalamus. However, the specific neurons targeted
by androgens, and the mechanisms involved in these altera-
tions remain unclear [67].

Some data in animal models also indicate potential sex-
specific effects of androgens on beta cells. Interestingly, in
female mice, DHT administration induced insulin resistance
and hyperinsulinemia, which were reversed in animals with
selective loss of the androgen receptor in these cells [68].
Moreover, in isolated islets from both humans and mice,
while insulin response to glucose was increased by DHT,
this response was abolished by either an androgen recep-
tor antagonist or rapamycin, suggesting involvement of an
androgen receptor dependent mTORC pathway [68].

Against this background, another intriguing finding is
that serum androgens are higher in PCOS women, as com-
pared to controls, even during pregnancy [69]. Moreover,
it was recently reported that serum AMH as well is higher
in pregnant PCOS women, especially in those who are lean
and hyperandrogenic, than in pregnant healthy controls [70].
These abnormalities may have relevant implications in the
neuroendocrine mechanisms underlying the origin of PCOS,
as it was demonstrated that both androgens and AMH can
persistently alter the intrinsic firing rate of GnRH neurons,
favouring LH oversecretion and ovarian androgen produc-
tion [70, 71].

Of particular interest, in this pathophysiological sce-
nario, are recent findings in animal models in which AMH
was administered during pregnancy. In these animals,
while the mother developed androgen excess and impaired
reproductive capacity, the female offspring showed subtle
masculinization at birth and, more importantly, PCOS-
like neuroendocrine changes, which persisted in adult life
[70]. Remarkably, these effects were prevented by the co-
administration of GnRH-antagonists, suggesting that AMH,
which cannot cross the placental barrier, exerts its effects
on the maternal brain. However, to further complicate the
interpretation of the chain of events underlying the relation-
ship between hyperandrogenism and insulin resistance, in

an androgen-induced sheep model of PCOS, it was reported
that the administration of the insulin sensitizer rosiglitazone
may prevent the GnRH-stimulated LH hypersecretion [72].

Pathophysiological links
between hyperandrogenism and insulin
resistance

Consistent with data indicating that insulin may play a key
role in the origin of PCOS, young women who have either
congenital or acquired primary severe insulin resistance,
such as those with type A or type B insulin resistance syn-
drome, i.e. with a genetic defect of the insulin receptor or the
presence of autoantibodies impairing insulin receptor func-
tion, show all the typical symptoms of PCOS, i.e. marked
hyperandrogenism, menstrual dysfunction and polycystic
ovarian morphology [73]. Moreover, in women with these
autoantibodies, immunosuppression induces remission of
hyperandrogenism [74].

Interestingly, in a mouse model of diet-induced obesity
and hyperinsulinemia, which shows impaired fertility and
increased serum testosterone, mimicking human PCOS,
selective knockout of the insulin receptor in theca cells
showed no effect in lean normoinsulinemic animals. How-
ever, it improved the reproductive and endocrine features in
obese hyperinsulinemic animals [75], suggesting that direct
insulin effects on the ovary play a key role in determining
these PCOS-like traits.

These findings are consistent with data in humans. Insulin
stimulates androgen secretion in cultured theca cells from
healthy subjects, and this phenomenon is strongly enhanced
in cells from women with PCOS [76], suggesting intrinsic
abnormalities. In vivo, exposure to increased insulin lev-
els, obtained by a prolonged hyperinsulinemic euglycemic
clamp, increases androgen response to GnRH agonist stimu-
lation [77]. In addition, adrenal androgen secretion, under
ACTH stimulation, is also greater when stimulation is car-
ried out during hyperinsulinemia, induced by the glucose
clamp procedure, than at baseline insulin levels [78, 79].
As a whole, these findings suggest that insulin may enhance
androgen secretion in both the ovary and the adrenals.

Thus, available data support the conclusion that in women
with PCOS insulin excess, secondary to still undetermined
defects in metabolic insulin action, acts at several levels,
ovary, adrenal, possibly pituitary, liver and also periph-
eral tissues, increasing androgen production and lowering
SHBG synthesis, thus inducing higher free androgen lev-
els. In accordance with this hypothesis there is also con-
sistent evidence that insulin sensitizers, such as metformin,
can improve the reproductive aspects of PCOS [80]. How-
ever, it should be noted that, among PCOS women, there
are responders and non responders to metformin [81],
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suggesting, once more, potential heterogeneity in underly-
ing pathogenic mechanisms.

Nevertheless, there are also data supporting the hypoth-
esis that insulin resistance may indeed be the effect, and
not the cause, in PCOS. In this regard, a couple of stud-
ies, carried out using multi-step hyperinsulinemic glucose
clamps, showed a rapid onset of insulin resistance after sup-
raphysiological androgen administration in women [82, 83].
Also in this perspective there are some supporting data from
intervention studies in PCOS women, although findings are
not fully consistent. In a two-step glucose clamp study, as
expected, insulin-induced glucose uptake was impaired in
hyperandrogenic women as compared to healthy controls.
However, interestingly, this alteration improved, at least
in part, after different treatments aimed at reducing either
androgen levels or androgen action, which supports an effect
of hyperandrogenism on insulin sensitivity [84].

Several mechanisms may potentially underlie these
effects of androgens. In ovariectomized rats made hyperan-
drogenemic by testosterone treatment, with serum androgens
similar to those found in PCOS women, insulin increased
and in vivo insulin action was impaired. Interestingly, in
this model, skeletal muscle fibres had shifted toward a less
insulin sensitive type 2 phenotype and there was also a
reduction in muscle capillary density [85]. These findings
are consistent with the observation that cardiorespiratory
fitness may be impaired in lean PCOS women, as compared
with healthy controls [86]. Notably, in these subjects serum
free testosterone, measured by gold standard methods, was
an independent predictor of this impairment, after adjusting
for insulin sensitivity and other confounding factors, i.e. the
higher the serum free testosterone, the lower maximal oxy-
gen consumption during exercise. These results are consist-
ent with the hypothesis that androgens can modify the skel-
etal muscle fibre phenotype, shifting from the slow-oxidative
to the fast-glycolytic phenotype.

Another target of androgen action with relevant potential
implications in terms of altered insulin sensitivity is adi-
pose tissue. In cultured subcutaneous adipocytes, insulin-
induced glucose uptake was lowered by testosterone in
a dose-dependent manner [87]. Notably, this effect was
reversed by androgen receptor blockade, proving that this
effect of testosterone was mediated by androgen receptor
activation. Very interesting data have recently been reported
by O’Reilly et al., using the in vivo microdialysis technique
in subcutaneous adipose tissue. These authors reported that
PCOS women had increased mRNA expression, in this tis-
sue, of AKR1C3, the key enzyme synthesizing testosterone
from its precursor androstenedione [88]. Interestingly, PCOS
women, as compared to controls, had increased testosterone
levels both in serum and, to a greater extent, in adipose tis-
sue. Moreover, in PCOS women, testosterone over andros-
tenedione ratio, index of androgen activation, was strikingly
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higher in subcutaneous adipocytes than in serum, proving
that synthesis of activated androgens occurs in peripheral
tissues of these subjects. In addition, this study showed that
androgens determined activation of lipogenesis and reduc-
tion of lipolysis and fatty acid oxidation in subcutaneous
adipocytes, which differs from previous findings in visceral
adipocytes [89]. These alterations favour lipid accumulation
and increased fat mass, and may potentially contribute to
the insulin resistance of PCOS women. Interestingly, insu-
lin excess, in turn, may boost this process, by increasing
AKRI1C3 expression in adipocytes [88], which is another
example of the many vicious circles linking androgen excess
and insulin resistance in these women.

Gonzalez and coworkers have carried out, in the last few
years, a series of studies on the short-term effects of experi-
mental hyperandrogenism in healthy women. Interestingly,
in these subjects, they observed an increase, both at fasting
and after oral glucose, of the expression in mononuclear
cells of activated NF-kB, a molecule that plays a key role in
metabolic inflammation [90]. In accordance with this find-
ing, plasma TNFalpha also increased. These data support the
hypothesis that androgen excess may induce inflammation,
both directly and by enhancing the effects of nutrients on
this phenomenon, providing evidence of another androgen-
driven mechanism that can potentially contribute to impair-
ing insulin action.

Another typical finding in subjects with insulin resistance
is metabolic inflexibility, i.e. an impairment in the ability of
the mitochondria to switch from fat to carbohydrate oxida-
tion, and vice versa, in response to changes in physiological
conditions. This phenomenon was also found in women with
PCOS, as compared with healthy controls [91], indicating
that these subjects have persistent oxidation of a mixture of
glucose and fatty acids, regardless of the nutritional condi-
tion. This may imply an alteration in energy homeostasis
and cellular dysfunction. Notably, in these women metabolic
inflexibility was independently associated with serum tes-
tosterone, suggesting that androgens may play a role also in
this metabolic abnormality.

Interestingly, the hypothesis that androgens may have
a primary role in the association with insulin resistance is
also supported by recent results obtained using genome-wide
association analyses, in 425,097 individuals of European
ancestry included in the UK Biobank. This study concluded
that genetic determinants of higher testosterone predicted
metabolic diseases in women, independent of SHBG [92].

Conclusions

Putting together all the pieces of this complex puzzle, unfor-
tunately we are unable to conclude which is the chicken and
which is the egg in the association between insulin resistance
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and PCOS. This condition is heterogeneous, and the differ-
ent phenotypes of PCOS could indeed have different origins.
We know that insulin resistance and the associated hyper-
insulinemia have the capacity to induce both the endocrine
and reproductive traits of PCOS. However, androgen excess,
in turn, may impair insulin action, directly and/or through
several changes occurring in different body sites, especially
muscle and adipose tissue. Moreover, body fat excess itself
can contribute to worsening the whole picture. These altera-
tions may develop in different moments, and probably there
is fetal programming of these alterations, in which andro-
gens and AMH may play a key role. However, there are a
number of vicious circles in this process, with bidirectional
relationships between androgen excess, adipose dysfunction,
insulin resistance, and other actors, such as inflammation
and oxidative stress, which crowd the scene and make it
extremely difficult to understand where the guilt lies.
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