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Polycystic ovary syndrome

and Bulent O. Yildiz'?

investigational directions of the disorder.

Polycystic ovary syndrome (PCOS) is a common dis-
order in women that is characterized by hyperandro-
genism (that is, evidence of excess male hormone or
androgen effect; for example, clinically, such as hirsut-
ism, and/or biochemically, such as hyperandrogenaemia
or excess levels of androgen), ovulatory dysfunction
(including menstrual dysfunction) and polycystic
ovarian morphology (PCOM; an excessive number of
preantral follicles in the ovaries). The clinical presenta-
tion is heterogeneous and can be categorized in several
phenotypes, depending on the presence or absence of
characteristic features (FIG. 1). Metabolic abnormalities,
mainly insulin resistance and compensatory hyper-
insulinaemia, are evident in a majority of affected
individuals', especially among those women who also
show hyperandrogenism?. Between 1 in 6 and 1 in 20
women of reproductive age (5-20%) are affected by the
disorder worldwide. In 2004, the economic impact of
PCOS exceeded US$4 billion in the United States alone,
even without considering the cost of the increased risk
of obstetrical complications, type 2 diabetes mellitus
(T2DM) and other disorders?.

Although signs and symptoms are most evident in
women of reproductive age, the disorder also carries
risk and symptoms in prepuberty and postmeno-
pause, which are only now beginning to be identified*.
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Abstract | Polycystic ovary syndrome (PCOS) affects 5-20% of women of reproductive age worldwide.
The condition is characterized by hyperandrogenism, ovulatory dysfunction and polycystic ovarian
morphology (PCOM)— with excessive androgen production by the ovaries being a key feature of
PCOS. Metabolic dysfunction characterized by insulin resistance and compensatory
hyperinsulinaemia is evident in the vast majority of affected individuals. PCOS increases the risk for
type 2 diabetes mellitus, gestational diabetes and other pregnancy-related complications, venous
thromboembolism, cerebrovascular and cardiovascular events and endometrial cancer. PCOS is a
diagnosis of exclusion, based primarily on the presence of hyperandrogenism, ovulatory dysfunction
and PCOM. Treatment should be tailored to the complaints and needs of the patient and involves
targeting metabolic abnormalities through lifestyle changes, medication and potentially surgery for
the prevention and management of excess weight, androgen suppression and/or blockade,
endometrial protection, reproductive therapy and the detection and treatment of psychological
features. This Primer summarizes the current state of knowledge regarding the epidemiology,
mechanisms and pathophysiology, diagnosis, screening and prevention, management and future

Children might present with premature pubarche and
adolescents with early signs of androgenization (for
example, acne and hirsutism) and menstrual irregularity.
Postmenopausal women with PCOS carry an increased
risk for metabolic and cardiovascular comorbid-
ities, although hyperandrogenic symptoms ameliorate
during menopause.

Women with PCOS have an increased risk for meta-
bolic abnormalities and T2DM, infertility, obstetrical
complications, endometrial cancer and mood disorders.
These women also probably have an increased risk for
cardiovascular and cerebrovascular events, venous
thromboembolism and ovarian cancer.

Epidemiology

Prevalence

The prevalence of PCOS is remarkably similar world-
wide. The prevalence of clinically evident PCOS in
women of reproductive age from the United States,
Europe, Asia and Australia ranges between 5% and 9%’
based on the original 1990 US National Institutes of
Health (NIH) diagnostic criteria® (BOX 1; FIG. 1). Using the
broader 2003 Rotterdam criteria”® (FIG. 1), now endorsed
by the NTH and accepted internationally, the prevalence
of PCOS ranges from 5.5% to 19.9%”. The larger vari-
ation using the 2003 Rotterdam criteria might be the
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consequence of variation in the sensitivity of the tests
used for detecting the disorder.

The characteristic features of PCOS lead to several
different phenotypes (FIC. 1). The phenotypic distrib-
ution of PCOS in epidemiological studies in unselected
(unbiased) populations is 40-45% for phenotype A and
phenotype B combined, ~35% for phenotype C and ~20%
for phenotype D°. An important point to keep in mind
is that only studies in unselected (medically unbiased)
populations will enable us to clearly identify the true
phenotype of PCOS. Compared with unselected patients,
patients with PCOS in the clinical setting are more obese,
more hirsute, more hyperandrogenaemic and show a
greater proportion of phenotype A and phenotype B’,
reflecting substantial referral bias.

Dermatological abnormalities
Hirsutism, acne and androgenic alopecia are clinical
signs and symptoms of hyperandrogenism. In clin-
ical studies, hirsutism affects ~65-75% of black and
white patients with PCOS, which is dramatically higher
than otherwise expected (0-2%)'. Acne affects 15-25%
of patients with PCOS and varies with ethnicity;
although it is unclear whether the prevalence of acne
is significantly increased in these patients over that
observed in the general population™’.

Although hirsutism is frequently defined visually by
a modified Ferriman-Gallwey (mFG) score of 26, which
corresponds to the 95th percentile of the population
studied, other studies indicate that an mFG score of =3

should be considered abnormal in white or black, and
probably even in Mongoloid or Asiatic, women''. Indeed,
in a study of 228 patients with minimal unwanted hair
growth (with an mFG score of <5), >50% demonstrated
an androgen excess disorder'>. Thus, many women
have excessive or unwanted hair growth but may not
be afforded appropriate evaluation because they are
not deemed to be ‘sufficiently” hirsute.

Metabolic dysfunction

Many women with PCOS demonstrate basal and glucose-
stimulated hyperinsulinaemia and are insulin resist-
ant, independent of body mass index (BMI). Insulin-
mediated glucose disposal, quantitated by euglycaemic
clamp, was on average 35-40% lower in patients with
PCOS than in matched controls™*.

Data indicate that the incidence of metabolic syn-
drome, gestational diabetes mellitus, impaired glucose
tolerance (IGT) and T2DM is increased in premenopausal
women with PCOS compared with age-matched and
BMI-matched controls'. No less than 2% of women with
PCOS progress from baseline normoglycaemia to T2DM
every year and 16% progress from IGT to T2DM'>'®. The
prevalence of T2DM in PCOS continues to increase dur-
ing the late reproductive years'”'®. Data on the prevalence
of T2DM in postmenopausal women with PCOS are lim-
ited, but the few reports available do not demonstrate a
further substantial increase in the incidence of IGT or
T2DM in postmenopausal women with PCOS'*.

In a systematic review and meta-analysis on meta-
bolic syndrome, the prevalence of IGT (odds ratio (OR):
2.4; 95% CI: 1.4-4.5) and T2DM (OR: 4.43; 95% CI:
4.1-4.8) was far higher in patients with PCOS than in
controls and the risk of metabolic disease in those with
PCOS was clearly demonstrated™. In this systematic
review, on subgroup analysis, increased prevalence of
IGT and metabolic syndrome was observed when com-
paring lean women with and without PCOS, although
no study actually compared the prevalence of T2DM in
these populations.

Obesity
The effect of obesity on PCOS and PCOS on obesity is
complex, and strong evidence of an association is cur-
rently lacking. Although PCOS occurs in obese and lean
women, a recent systematic review and meta-analysis
concluded that obesity was more prevalent in women
with PCOS than in women without PCOS*. However,
all but two of the studies reviewed recruited their
patients from hospitals or clinics. By contrast, studies in
unselected (medically unbiased) populations have sug-
gested that BMI distribution was more similar between
patients with PCOS identified in unselected populations
and controls and that BMI was higher than in patients
with PCOS in referral (clinically biased) settings>*'. These
data indicate that much of the obesity in women with
PCOS may be driven by self-referral, as obesity is one of
the primary depressors of quality of life (QOL)**.

In addition, evidence that obesity drives the develop-
ment or prevalence of PCOS is conflicting. A higher
incidence of PCOS was observed among those who were
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obese based on studies of women seeking bariatric sur-
gery or dietary interventions*?*® in a retrospective study
of a national birth cohort using self-reported symptoms?”
and in a community-based longitudinal observational
study®. However, in an unselected population in the
United States, no significant difference in PCOS preva-
lence according to BMI was detected”, although another
similarly designed study in Turkey showed greater rates
of PCOS as mean BMI increased™®. The fact that there is
no relationship between PCOS prevalence in different
countries, which differ in mean population BMI, further
supports that obesity does not drive the development
of PCOS’. In addition, no association between genetic
variants in genes known to be involved in obesity and
genes involved in PCOS has been found**.

Subfertility

PCOS is the primary cause of anovulatory subfertil-
ity, with major health and economic costs; however,
community-based data are limited on prevalence and
treatment trends in infertility in PCOS. Most infertil-
ity and PCOS data are based on selected populations
managed in hospital or in fertility clinics, and national
funding policies on assisted reproduction vary substan-
tially, making comparisons difficult. In a community-
based study, the self-reported prevalence of PCOS was
5.8%. Infertility was noted by 72% of women reporting
PCOS compared with 16% of those not reporting PCOS
(P<0.001); infertility was 15-fold higher in women
reporting PCOS, independent of BMI**. One retro-
spective study followed a cohort of 786 women with
PCOS who were diagnosed >30 years ago from hospital
records®. In this selected population, 66% of women
reported infertility. Overall, PCOS seems to be the most
common cause of anovulatory infertility and further
studies are needed on the natural history of this feature
in community-based samples.

Psychological manifestations

Depression and anxiety are more common and more
severe in women with PCOS than in women without
the disorder®, regardless of the phenotype of PCOS
or the presence of obesity*”*. Interestingly, depression
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scores seem to be significantly correlated with the
degree of insulin resistance*. A meta-analysis of
28 studies including 2,384 patients with PCOS and
2,705 controls found that more-severe emotional dis-
tress was present in women with PCOS than in con-
trols**. However, even though the hirsutism, obesity and
infertility associated with the syndrome were shown to
be in some way linked to severe emotional distress in
women with PCOS, these factors alone did not fully or
consistently account for the high prevalence of anxiety
and depression®.

Long-term morbidity

In addition to the complications of subfertility, meta-
bolic dysfunction and dysglycaemia, and psychological
dysfunction, patients with PCOS are at long-term risks
for additional disorders.

Obstetrical complications. Patients with PCOS are at
risk of experiencing complications during pregnancy.
A population-based study of singleton births among
3,787 women with PCOS and >1 million without
PCOS registered in the Swedish medical birth regis-
try between 1995 and 2007 indicated that pregnan-
cies in women with PCOS had significantly higher
rates of pre-eclampsia, very preterm birth (defined as
<32 weeks of gestation in the study) and gestational dia-
betes mellitus*!. Infants born to women with PCOS had
a higher risk of being large for gestational age, having
meconium aspiration syndrome (in which the stool of
the infant defecated into the amniotic fluid, generally
under stress, is inhaled) and having a low (<7) Apgar
score (which assesses the condition of the newborn
by valuing breathing effort, heart rate, muscle tone,
reflexes and skin colour) at 5 minutes. The increased
risk of adverse pregnancy and birth outcomes could not
be fully explained by the use of assisted reproductive
technologies, which are used more frequently by women
with PCOS*.. Other studies have confirmed these find-
ings**, regardless of the criteria used to define PCOS.
Metformin treatment in pregnant women with PCOS
does not seem to reduce pregnancy complications in
the disorder®.

1990 US NIH criteria

e ™ 2006 AE-PCOS criteria
e ™ 2003 Rotterdam criteria
4 A
Phenotype A Phenotype B Phenotype C Phenotype D
Hyperandro.gen!sm Present Present Present Absent
and hirsutism
Ovulatory dysfunction Present Present Absent Present
relyeysie avEran Present Absent Present Present

morphology

Figure 1| Diagnostic criteria and phenotypes of PCOS. Polycystic ovary syndrome (PCOS) is classified into
four separate phenotypes (A-D), according to the presence or absence of three characteristics: hyperandrogenism

(either biochemical or clinical), ovulatory dysfunction and polycystic ovarian morphology. Only phenotype A requires
all three features of PCOS to be present. The various diagnostic criteria currently available for PCOS include a greater
or fewer number of PCOS phenotypes. AE-PCOS, Androgen Excess-PCOS Society; NIH, National Institutes of Health.
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Cardiovascular and cerebrovascular complications.
Cardiovascular disease (CVD) markers (for example,
vascular calcification and the thickness of the vas-
cular wall) point to a higher risk of CVD in women
with PCOS than in controls, although an increased
number of actual cardiovascular events has been diffi-
cult to demonstrate®s. Compared with healthy controls,
significant coronary calcification is more prevalent in
women with PCOS**; the thickness of the intimal layer
of the carotid wall has been reported to be greater in
women with PCOS**; the incidence of aortic calcifi-
cation was reported to be higher in one study*, and
the Dallas heart study showed that arterial stenosis was
more prevalent in women with PCOS based on coro-
nary angiography®'. Questions have been raised as to
whether these findings indicate a true increase in actual
cardiovascular mortality.

Data on cardiovascular events (for example, myo-
cardial infarctions) in PCOS are conflicting. The inci-
dence of CVD strongly increases after 50 years of age in
the general population, and a similar increase is expected
to be present after menopause in women with PCOS*.
The few follow-up studies available do not demonstrate
a greater number of cardiovascular events in women
with PCOS who are of late reproductive age than in age-
matched controls®*, although the number of patients
followed is too few to be able to detect small changes
in incidence. Hospitalization data in PCOS have indi-
cated that the number of cardiovascular events might be
increased during late reproductive years, although these
studies have many biases®. Two small studies®>*” and one

Box 1 | Diagnostic criteria for PCOS*

1990 US NIH criteria*

Patients are diagnosed with polycystic ovary syndrome
(PCOS) if they have all of the following criteria:

e Oligo-anovulation

e Clinical and/or biochemical signs of androgen excess

2003 Rotterdam criteria®
Patients are diagnosed with PCOS if they have two of the
following three criteria:

* Oligo-anovulation
e Clinical and/or biochemical signs of androgen excess

* Polycystic ovarian morphology (PCOM)

2006 Androgen Excess-PCOS Society criteriall
Patients are diagnosed with PCOS if they have all of the
following criteria:

e Clinical and/or biochemical signs of androgen excess

e Ovarian dysfunction, including oligo-anovulation
and/or PCOM

*All criteria require the exclusion of similar, mimicking
disorders, such as thyroid dysfunction, hyperprolactinaemia,
adrenal hyperplasia, androgen-secreting tumours and
iatrogenic androgen excess, among others. *See REF. 6.
SCriteria proposed by the European Society for Human
Reproduction and Embryology and the American Society

for Reproductive Medicine expert conference held in
Rotterdam’®. ICriteria proposed by an expert Task Force of the
Androgen Excess and PCOS Society'*. NIH, National Institutes
of Health.

20-year retrospective cohort study® reported increased
risk of myocardial infarction in patients with PCOS as
compared with controls.

In addition, in women with the more-severe pheno-
type of PCOS (that is, phenotype A and phenotype B),
the relative risk for CVD was reported to be 1.3 (REF. 59).
However, negative studies have also been reported;
Wild et al.*° did not find any difference in cardiovascu-
lar mortality in women with PCOS versus controls when
controlling for BMI. The Mayo Clinic cohort did not
reveal any increase in cardiovascular morbidity, includ-
ing myocardial infarction®'. A 21-year longitudinal study
in Sweden demonstrated that the incidence of cardio-
vascular events was comparable between women with
PCOS and controls®. To date, studies investigating the
risk of cardiovascular events in PCOS are derived from
clinical cohort studies and are, therefore, subject to refer-
ral bias’. In addition, substantial variability in ethnicity,
PCOS criteria and study design confound the findings.

The incidence of cerebrovascular events was slightly
increased in older women with PCOS compared
with the general population®®’. The risk of venous
thromboembolisms is increased (OR: 1.5) compared
with BMI-matched controls®, with the risk of venous
thromboembolisms being twofold higher in women with
PCOS who take oral contraceptive pills (OCPs) than in
the general population®*®.

Risk of malignancies. Not unexpectedly, considering the
concurrence of hyperoestrogenic anovulation and hyper-
insulinaemia, women with PCOS have an increased risk
for endometrial cancer (OR: 2.7). They may also have
an increased risk for ovarian cancer, although the OR
for this malignancy is unclear. However, no associated
increased risk of breast cancer has been shown®.

Mechanisms/pathophysiology

The pathophysiology and intrinsic mechanisms under-
lying PCOS are complex because aetiologies vary and
the different features are considerably intertwined
(FIG. 2). The interplay between these mechanisms results
in and perpetuates the clinical features of PCOS, includ-
ing hyperandrogenism, PCOM and ovulatory dysfunc-
tion, in addition to the associated mood disturbances,
psychosexual dysfunction and long-term morbidities.
In addition, the development of PCOS has a strong
genetic component.

Genetic factors

Familial clustering and the results from twin studies
strongly support an underlying genetic basis for PCOS.
For example, having a mother or sister with PCOS con-
veys a 30-50% risk of developing PCOS*-%. The corre-
lation for PCOS between monozygotic twin sisters was
twice as high as the dizygotic twin correlation. Genetic
factors were suggested to explain 66% of the variance
according to the univariate genetic model®. To date, large
numbers of genetic studies have identified almost 100
susceptibility genes related to PCOS. Although the can-
didate gene approach is reasonable to explore the genetic
origin of PCOS, it is neither an efficient nor a consistent
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Figure 2| The pathophysiology of PCOS. The pulsatile release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus is often disturbed in polycystic ovary
syndrome (PCOS), leading to luteinizing hormone (LH) hypersecretion by the pituitary
gland, which induces ovulary dysfunction and hyperandrogenism. This perturbed
secretion of LH seems to arise early in puberty and is related to disturbed inhibition of
GnRH secretion by progesterone. Although serum follicle-stimulating hormone (FSH)
levels are generally normal, follicles seem to be more resistant to FSH in women with
PCOS than in controls. This effect might be due to increased levels of intra-ovarian
anti-Mdillerian hormone (AMH). Notably, genetic and epigenetic variants contribute
considerably to susceptibly for most of these alterations. Environmental factors
contribute somewhat less, most by exacerbating insulin resistance and dysregulated
gonadotropin secretion. PCOM, polycystic ovarian morphology; SHBG, sex
hormone-binding globulin.

method for such a complex polygenetic disease” (BOX 2).
High-throughput genome-wide association studies
(GWAS) provide a more comprehensive, unbiased,
discovery-driven approach to explore the genetic basis
of complex disorders (TABLE 1).

Two GWAS in Han Chinese women with PCOS
identified 11 susceptibility loci””2. Some of these genes,
such as INSR, FSHR and C9orf3, have been confirmed
in subsequent family-based studies””*. A genome-wide
association study in a population of white women with
European ancestry identified two novel loci in the region
of GATA4-NEIL2 and FSHB-ARLI4EP”. The loci near
C9orf3, which was also observed in Han Chinese studies,
was also confirmed. In a second genome-wide association
study including white women of European descent, three
novel susceptibility genes — ERBB4, RAD50 and KRR1
— were observed with genome-wide significance. The
Mendelian randomization analyses suggested a causal
role of PCOS risk single-nucleotide polymorphisms for
higher BMI, insulin resistance and lower levels of sex
hormone-binding globulin (SHBG) in PCOS. Other
previously reported genes, namely, YAPI, THADA and
FSHB, were also replicated’. Notably, the loci identified
in GWAS so far account for perhaps no more than 10%
of the heritability of the disorder”.

PRIMER

Phenotypes associated with the variants discovered
may also provide an insight into the pathophysiol-
ogy conferred by the susceptibility genes. Genotype-
phenotype correlation studies in Han Chinese women
with PCOS demonstrated that the THADA and
DENNDIA variants were associated with endocrine and
metabolic disturbances’. In populations of European
ancestry, DENNDIA was observed to be a risk allele for
androgen excess and anovulation”, a variant near FSHR
was associated with lower levels of follicle-stimulating
hormone (FSH)” and a variant near RAB5B seemed to
be associated with glucose metabolism dysfunction®.

Studies in women with a single PCOS clinical feature
identified a specific genetic association for LHCGR and
INSR with anovulation, and THADA and DENNDIA
with polycystic ovaries. C9orf3 and rs4385527 con-
ferred a particular risk for all three of the definitive
manifestations of PCOS (that is, hyperandrogenism,
ovulatory dysfunction and PCOM), which suggests
their fundamental role in the aetiology of the disorder®'.
In silico analysis based on data from GWAS is another
approach that may assist in deciphering the mech-
anisms underlying PCOS. According to pathway analy-
sis, INS, GNAQ, PLCB3, STXBP1, SMC3, PLCB2 and
PLCZ]1 are significantly associated with oocyte meiosis
and the regulation of insulin secretion®.

In addition, functional studies focusing on the loci
elucidated by GWAS have been performed. A recent
study measured DNA methylation and gene expres-
sion of 11 Chinese GWAS risk loci in subcutaneous
adipose tissue of patients with PCOS. This study found
that the genetic variants in LHCGR and INSR might
have changed the expression level via modification on
methylation. Hypomethylation of LHCGR was con-
cordant with LHCGR overexpression in non-obese
patients, but not in the obese ones, whereas hyper-
methylation of INSR was not associated with different
gene expression between obese and non-obese women
with PCOS. In this study, no significant difference was
found in genes of other GWAS loci, after correction for
multiple testing®.

Despite the vast progress in the identification of
PCOS loci, the quantitative traits associated with the
disorder and the underling mechanisms are still largely
unknown. However, the elucidation of genotype-
phenotype associations should be the aim in the
‘post-GWAS’ era.

Gonadotropic derangements

In normal circumstances, immature oocytes mature
under the influence of several hormones, most
notably FSH, and ovulation as well as final maturation
occur upon luteinizing hormone (LH) stimulation.
A neuroendocrine abnormality in PCOS may include
increased gonadotropin-releasing hormone (GnRH)
pulse frequency, which increases the frequency and
pulse amplitude of LH over FSH production. This
abnormality results in increased circulating LH/FSH
ratio and is frequently observed in lean, but not obese,
women with PCOS**®. The finding that increased
LH pulses and enhanced daytime LH pulse secretion
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Box 2 | Selected genetic variants associated with PCOS

Candidate gene studies’ have identified genes involved in:

* Androgen biosynthesis: CYP1A1, CYP11A, CYP17A1, CYP19 and HSD17B6
* Androgen action: AR, SHBG, SRD5A1 and SRD5A2

* Insulin signalling: INSR, IRS1, IRS2, PPARG and CAPN10

¢ Metabolism: ADIPOQ and FTO

¢ Folliculogenesis: FSHR, LHCGR and AMHR2

e Inflammation: IL1A, IL1B, IL6, IL18, PAI1, FBN3, TNF and MEP1A

are already observed early during puberty in girls
with hyperandrogenism indicates that abnormalities
in the pulsatile release of GnRH might underlie the
development of PCOS, at least in some patients®. The
increased LH/FSH ratio, and the resistance to FSH
in the ovaries (see below), further enhances hyper-
secretion of androgens in theca cells in ovarian follicles,
which impairs follicular development®® and reduces
the inhibition of GnRH pulse frequency by proges-
terone, further promoting the development of the
PCOS phenotype®.

Ovarian follicular arrest
The coordination and interaction of LH, FSH, insulin-
like growth factor 1 (IGF1), anti-Millerian hormone
(AMH), enzymes involved in androgen conversion and
possibly other factors are disturbed in PCOS — leading
to oligo-ovulation (irregular ovulation) or anovulation
(the absence of ovulation)®’ (FIG. 2). In PCOS, the selec-
tion of a dominant follicle (that is, the follicle that
proceeds to ovulation in each cycle) does not occur
regularly®®, which is a consequence of insufficient
secretion of FSH and local inhibition of FSH action.
Follicular FSH resistance might be caused by other
intra-ovarian regulators of FSH action. One such factor
is the increased levels of AMH in PCOS, which might
reduce the FSH sensitivity of individual ovarian folli-
cles® and block the conversion of androgens to oestro-
gens via the inhibition of aromatase activity, thereby
further contributing to hyperandrogenism. Finally,
genetic variations from normal in the FSH molecule
itself and in its receptor might be partially responsible
for some of the differences in FSH sensitivity between
patients with PCOS and healthy controls®.
Increased circulating levels of AMH arise as a
consequence of an increased number of small antral
(maturing) follicles and increased production of AMH
per follicle®’. Although reduced levels of AMH in small
primordial and transitional follicles of women with
anovulatory PCOS can initially promote the recruit-
ment of additional growing follicles®?, hypersecretion
of AMH in granulosa cells of more-mature small antral
follicles could subsequently impair further follicular
growth by inhibiting FSH and aromatase action®®.
Thus, in patients with anovulatory PCOS, circulat-
ing FSH levels, although at low-to-normal concen-
trations, generally will not be enough to overcome
the inhibition of aromatase activity by AMH in the
antral follicle®.

LH hypersecretion is also detrimental to normal fol-
licular growth and might cause premature luteinization
of granulosa cells (leading to hypertrophy, lipid accu-
mulation and other changes in the follicle that normally
occur after ovulation)¥. Follicular growth often resumes
following the replacement of oestradiol and progester-
one during the luteal phase of the menstrual cycle in
women with PCOS characterized by anovulation, which
might be related to the reduction in the LH/FSH ratio
and ovarian FSH resistance®.

Similarly, reduction in negative-feedback mech-
anisms at the level of the pituitary gland by adminis-
trating anti-oestrogens or by reducing the conversion of
androgens to oestrogens through the administration
of aromatase inhibitors will lead to increased release of
FSH and subsequent resumption of follicular growth
in anovulatory PCOSY. Overstimulation of LH induces
hypersecretion of theca cell-derived androgens, which
further impairs follicular maturation by promoting the
initiation of primordial follicle growth and increas-
ing the number of growing small antral follicles®.
Overstimulation of theca cells by LH is further exacer-
bated by the gonadotropic action of insulin on theca
cells, acting either directly through the insulin receptor
or indirectly through the IGF1 receptor”.

Intra-ovarian factors that modulate follicular
recruitment and growth, including members of the
transforming growth factor-p family (for example,
AMH, inhibins, activins, bone morphogenetic pro-
teins and growth differentiation factors (GDFs)), other
growth factors and cytokines might also contribute to
the abnormal follicle development and function seen
in PCOS¥. The oocyte and its surrounding granulosa
cells produce many of these factors®. For example,
oocyte-derived GDF9 is crucial for normal follicu-
logenesis and is dysregulated in women with PCOS”.
Although inhibins, activins, follistatin and IGF1 all have
a crucial role in folliculogenesis, their possible permis-
sive role in the pathophysiology of ovarian dysfunction
in women with PCOS remains to be demonstrated®.

Insulin resistance and hyperinsulinaemia

Under normal circumstances, as insulin sensitivity
decreases, insulin secretion increases to maintain a
constant hyperbolic relationship, a relationship that is
expressed by the Disposition Index'®. In women with
PCOS, basal insulin secretion rates are increased'”’,
although insulin secretory responses to a glucose load
are generally inadequate, resulting in a lower Disposition
Index than age-matched and BMI-matched control
women'*'"'%, Thus, despite the presence of hyperinsulin-
aemia, women with PCOS have relative pancreatic -cell
dysfunction'®. Women with PCOS also demonstrate
decreased hepatic extraction of insulin'®!%, which
contributes to their hyperinsulinaemia.

The molecular mechanisms that drive insulin
resistance in PCOS differ from those in other common
insulin-resistant states, such as obesity and T2DM.
In muscle, serine phosphorylation of the insulin recep-
tor and of insulin receptor substrate 1 (IRS1) is incre-
ased'”, resulting in impaired insulin signalling'*%!%
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and in constitutive activation of MEK1 and MEK2
(MEK1/2) in PCOS"®!"! (FIG. 4). The PCOS-associated
insulin resistance is selective, affecting metabolic, but
not mitogenic, signalling pathways''*2, which might
explain the paradox of the persistent reproductive
actions of insulin in the face of systemic insulin resist-
ance. Defects in insulin signalling persist in cultured
cells'”!3, Two studies have suggested that skeletal
muscle is no longer insulin resistant in long-term cul-
ture''>!*, whereas one study found persistent defects in
insulin responsiveness in cultured PCOS myotubes'".
The reasons for these discrepant findings are unclear,
although these observations suggest that both intrin-
sic abnormalities and extrinsic factors in the in vivo
environment account for insulin resistance in skeletal
muscle of women with PCOS"*!4, Abnormalities in
insulin action are also observed in adipose tissue and
adipocytes in women with PCOS, although the nature
of the defects differs'*!".

Adipose tissue dysfunction
Although women with PCOS can show little differ-
ence in fat distribution and possibly in overall BMI,

PRIMER

strong evidence supports that adipocytes and adipo-
cyte function are aberrant in PCOS, favouring insulin
resistance and subclinical inflammation. The periph-
eral insulin resistance observed in PCOS might be the
result, at least in part, of adipocyte dysfunction (FIC. 5).
For example, inflammatory cytokines (such as tumour
necrosis factor and IL-6) suppress insulin-mediated glu-
cose transport more in adipocytes derived from patients
with PCOS than in adipocytes derived from matched
controls''®. Women with PCOS seem to have larger
adipocytes'”’, lower lipoprotein lipase activity''” and
impaired catecholamine-induced lipolysis''® compared
with matched controls.

Inflammatory cytokines also suppress adiponectin
secretion to a greater degree in adipocytes derived from
patients with PCOS than in matched controls, favouring
the development of a more pro-inflammatory, insulin-
resistant environment''®. Glucose transporter 4 (GLUT4;
also known as SLC2A4) protein expression is decreased
in adipocytes in PCOS'?, similar to levels observed in
adipocytes derived from patients with T2DM'20-122,
Opverall, adipocyte functioning, including the stimula-
tion of glucose transport'”, GLUT4 production''%,

Table 1| Current genome-wide association studies in PCOS

Number (cases; controls) Susceptibility Mapped genes SNPs Refs

loci
Han Chinese ethnicity
Discovery set: 744; 895 2p16.3 LHCGR rs13405728 72
First replication set: 2,840; 5,012  2p21 THADA rs12478601 and rs13429458
Second replication set: 498; 780  9q33.3 DENND1A rs2479106 and rs10818854
Discovery set: 2,254; 3,001 2p16.3 FSHR rs2268361 and rs2349415 71
Replication set: 8,226; 7,578 9q22.32 C9orf3 rs3802457 and rs4385527

119221 YAP1 rs1894116

12q13.2 RAB5B and SUOX rs705702

12q14.3 HMGA2 rs2272046

16q12.1 TOX3 rs4784165

19p13.2 INSR rs2059807

20q13.2 SUMO1P1 rs6022786
European ancestry
Discovery set: 984; 2,964 8p32.1 GATA4-NEIL2 rs804279 75
Replication set: 1,799; 1,231 11p14.1 KCNA4-FSHB rs11031006

9q22.32 C9orf3 rs10993397
Discovery set: 5,184; 82,759 2934 ERBB4 rs1351592 76
Replication set: 7,229*; 181,645  11q22.1 YAP1 rs11225154

2p21 THADA rs9563201

11p14.1 FSHB rs11031006

5g31.1 RAD50 rs13164856

12q21.2 KRR1 rs1275468

12q13.2 ERBB3 rs7312770

17q12 ERBB2 rs7218361

9qg33.3 DENND1A rs10760321

PCOS, polycystic ovary syndrome; SNP, single-nucleotide polymorphism. *Cases were defined by either the 1990 US National

Institutes of Health (NIH) criteria or the 2003 Rotterdam criteria.
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Figure 3 | Ovarian follicular maturation arrest in PCOS. Normal ovulation is the result of synchronized signalling
between centrally released gonadotropins and factors produced in the developing follicle of the ovary. Anovulation in
women with polycystic ovary syndrome (PCOS) is characterized by arrested follicle growth at the early antral stage.
Hypersecretion of luteinizing hormone (LH) and insulin-like growth factor 1 (IGF1) leads to hyperandrogenism, which
results in follicular maturation arrest®. In addition, high levels of anti-Millerian hormone (AMH) in PCOS block follicle-
stimulating hormone (FSH) action, contribute to hyperandrogenism and inhibit the recruitment of further primordial
follicles. Dashed line indicates androgen to oestrogen conversion.

and insulin-stimulated inhibition of lipolysis'**'%, are
defective in PCOS. Epigenetic dysregulation of adipo-
cyte function has been observed in PCOS, primarily of
microRNA-93 (miR-93) and miR-223, which seem to
have a role in suppressing GLUT4 content and alter-
ing glucose transport'*'%. In contrast to myocytes,
no defects have been found in the classic insulin signal-
ling pathway in adipocytes in PCOS, including in insulin

binding and in insulin receptor expression'®.

Hyperandrogenism

The increased ovarian androgen production observed
in PCOS is mainly due to enhanced androgen synthe-
sis by follicular theca cells, which show an increased
expression of several genes encoding steroidogenic
enzymes'”. A recent study reported that a candidate
gene for PCOS, DENNDIA, was overexpressed in theca
cells obtained from patients with PCOS'?, further sup-
porting the notion that, at least in some patients, ovarian
androgen excess is a genetically determined feature of
PCOS. In addition, the expression of the gene encod-
ing the rate-limiting enzyme in androgen biosynthesis
(CYP17A1) is increased in theca cells obtained from
women with PCOS, which might contribute to a higher
conversion of progestogen precursors to androgens'?’.
Theca cells isolated from women with PCOS are more
responsive in terms of androgen secretion to insulin
and LH than theca cells of healthy controls”. In addi-
tion to directly stimulating ovarian androgen secretion,
hyperinsulinaemia contributes to hyperandrogenism in
PCOS by reducing hepatic synthesis of SHBG, leading
to increased free testosterone fractions'™.

Although the ovaries are the main source of hyper-
androgenism in PCOS, between 20% and 30% of
patients also show adrenal androgen excess suggesting
adrenocortical hyperfunction'?. Adrenocortical dys-
function in PCOS might be secondary to a generalized
exaggeration in the responsivity, but not sensitivity, to
adrenocorticotropic hormone, but genetics might have
arole.

One of the consequences of hyperandrogenism
is hirsutism. Androgens, primarily testosterone and
dihydrotestosterone, through their effect on the andro-
gen receptor, stimulate, among other factors, ornithine
decarboxylase synthesis in the hair follicle, which in
turn stimulates polyamine production. Polyamines are
multifunctional cationic amines that are indispensable
for cellular proliferation, including hair growth in the
hair follicle.

Mood disturbances and psychosexual dysfunction
Causal factors underpinning the mood disturbance in
PCOS remain unclear. The complex hormonal milieu
might contribute, although the clinical features of PCOS
seem to also adversely affect mood**'**'*. Further poten-
tial contributors might include delayed diagnosis, poor
diagnostic experience and the chronic and complex
nature of the condition'*""*2,

Diagnosis, screening and prevention

Diagnosis

There are currently three main diagnostic criteria for
defining PCOS (BOX 1; FIG. 1). The evaluation of PCOS
entails determining the presence or absence of: hyper-
androgenism, ovulatory dysfunction and PCOM.
Hyperandrogenism is clinically determined based on
the presence of hirsutism using a visual scoring system,
such as the mFG method", and biochemically measur-
ing the levels of circulating androgens. The clinical
detection of ovulatory dysfunction is generally based on
a history of polymenorrhoea or oligo-amenorrhoea, or
by assessing ovulatory function using luteal phase pro-
gesterone levels in hirsute women who are otherwise
eumenorrhoeic. Ovarian ultrasonography (FIC. 6) is used
to identify PCOM.

All current criteria also call for the exclusion of
related or mimicking disorders. Hyperprolactinaemia
and thyroid dysfunction, which can result in ovulatory
dysfunction, should be excluded. Non-classic adre-
nal hyperplasia, androgen-secreting neoplasias, rare
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syndromes of insulin resistance, with or without lipo-
dystrophy, and the use of anabolic or androgenic drugs
and idiopathic hirsutism, which can also present with
signs and symptoms of androgen excess, should also be
excluded. Regardless of the criteria used to define PCOS,
greater emphasis should be given to defining the actual
phenotypes of PCOS (FIC. 1). Different diagnostic criteria
take different phenotypes into account. Phenotypes A-C
are considered hyperandrogenic, whereas phenotype D
is non-hyperandrogenic. In addition, phenotype A
and phenotype B and, to a somewhat lesser extent,
phenotype C, are associated with a higher risk of con-
comitant metabolic dysfunction, which is less so for
phenotype D'**"1%. Overall, most investigators today use
the broader 2003 Rotterdam criteria for PCOS, but stress
that the specific phenotypes included must be clearly
recognized and documented as they differ substantially.

Screening and prevention of PCOS
As the cause of PCOS is still unclear, and is probably
multifactorial, a specific plan for early risk prediction
of diagnosis and treatment is not yet possible. However,
studies in at-risk paediatric populations, principally
first-degree female relatives of women with PCOS, have
elucidated various features that will facilitate the clini-
cian to identify those at risk for developing PCOS (BOX 3).
Given that longitudinal studies are few and generally
short term, the exact extent to which these factors deter-
mine the risk of PCOS, particularly in families without
other first-degree relatives with PCOS, is not well defined.
To what extent early prediction and treatment of
PCOS can ameliorate the disorder is unclear. Early treat-
ment of excess weight gain, hyperandrogenic symptom
and menstrual dysfunction will result in clinical improve-
ment, although it is unclear whether this will prevent
further progression of the disorder. One study reported
on the possibility that early treatment with metformin
might reduce progression to PCOS in girls with low
birth weight and precocious pubarche'”’. Further studies
of early markers of disease and early intervention trials of
at-risk children and adolescents are crucially needed.

Screening for associated morbidities

Rigorous international evidence-based guidelines clearly
recognize the need to routinely screen for metabolic
(glucose tolerance and lipid status) and psychological
(anxiety and depression) features associated with
PCOS* 1, Screening of metabolic abnormalities should
not include testing fasting insulin levels in routine
practice as available assays lack adequate accuracy and
sensitivity®. Fasting blood glucose levels alone to detect
dysglycaemia is not recommended as they seem to under-
diagnose IGT and T2DM in PCOS, in which patients
primarily demonstrate skeletal muscle-based and adipo-
cyte tissue-based insulin resistance, rather than hepatic
resistance’®'”. Although visually evident acanthosis
nigricans (hypertrophy of the basal layers of the epider-
mis of the skin, usually in body folds) seems to be a good
predictor of insulin resistance and hyperinsulinaemia,
well-controlled prospective studies of the predictive value
of this dermatological sign are lacking.

PRIMER

Current recommendations are to screen all women
with PCOS for glucose intolerance using a 2-hour oral
glucose tolerance test. Frequency of testing remains
to be determined and ranges from every other year
in all patients with PCOS to recurrent testing only in
those with additional diabetes risk factors, including
0besity36’138_140.

Assessment of general CVD risk factors, including
age, BMI, sleep apnoea, smoking status, family history,
lipid and liver enzyme profiles and blood pressure, is rec-
ommended at diagnosis. Subsequent assessment should
be based on individual overall risk, with the frequency
of re-testing still under discussion®*'***>!*!, For women
with a long history of irregular menstrual cycles with-
out endometrial protection, screening for endometrial
hyperplasia might also be relevant, given the high risk
of endometrial cancer in women with PCOS*®.

Screening for psychological features is important
given their high prevalence. Effective, readily available
screening questionnaires have been developed to assist
screening for mood disorders in PCOS in clinical prac-
tice®. If depression, anxiety and psychological features
are detected, treatment also includes conventional treat-
ment for mood disorders and treatment of factors that
could affect QOL, such as hirsutism and excess weight?.

Management

Therapy of PCOS should be tailored to the individ-
ual patient, and is often multifactorial. Lifestyle inter-
ventions are first-line treatment for PCOS, and small
lifestyle changes can improve metabolic dysfunction,
ovulation, fertility and mood'*2. Other management
options are aimed at improving metabolic dysfunc-
tion, hyperandrogenism, reproductive therapy, and
psychological and emotional status.

Insulin

Myocyte

=<

s—@®
s—@®

[ Metabolic effects } { Mitogenic effects }

of insulin signalling of insulin signalling
Figure 4 | Molecular mechanisms of insulin resistance
in muscle in PCOS. In myocytes (and fibroblasts),
constitutive activation of MEK1/2 leads to increased
phosphorylation (P) of serine (S) residues on the insulin
receptor and on insulin receptor substrate 1 (IRS1), which
hampers insulin signalling in the metabolic, but not the
mitogenic, pathways. PCOS, polycystic ovary syndrome;
Y, tyrosine.
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Metabolic dysfunction and obesity

Lifestyle modification. Lifestyle intervention is the
primary treatment of metabolic dysfunction in PCOS
and also improves fertility'*. Lifestyle intervention pro-
grammes improve ovulation in 40-50% of women with
PCOS, 30-40% of whom are able to achieve a spontane-
ous pregnancy'*!. Reduction of body weight in women
with PCOS who are overweight or obese improves
their metabolic profile and induces ovulatory cycles'*.
A small reduction in body weight (of at least 5%) can
improve ovulation, suggesting that the results depend
more on energy restriction or changes in fat distribution
than on weight loss per se'*.

Different hypocaloric diets with various macronutri-
ent compositions have been used with no significant dif-
ferences in results'"”. In some patients, high-protein diets
might be better tolerated and lead to more satiety'**'*,
However, long-term results of any diet are poor because
of early dropout and low long-term compliance.

Physical exercise can also help to reduce body
weight'®®, but most studies only show modest or no
weight loss in women with PCOS, even with intensified
exercise programmes'*"'*2, However, physical exercise
improved insulin resistance, promoted changes in fat
distribution and reduced cardiovascular risk in women
with PCOS', but should be performed at least 30 min-
utes per day for at least 5 days per week. An effective
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Figure 5| Molecular mechanisms of insulin resistance in adipose tissue in PCOS.
Although adipose tissue accounts for only 10% of insulin-stimulated whole-body glucose
uptake?, this tissue is crucial in determining systemic glucose homeostasis. For example,
adipose tissue controls plasma free fatty acid (FFA) levels and secretes adipokines,
among other substances, that substantially modulate insulin action and control systemic
insulin sensitivity, energy balance and metabolic homeostasis. Adipocyte dysfunction in
polycystic ovary syndrome (PCOS) results in decreased levels of insulin-stimulated
glucose transport, decreased glucose transporter 4 (GLUT4; also known as SLC2A4)
production, decreased insulin-stimulated inhibition of lipolysis and altered microRNA
(miRNA) expression. IRS1, insulin receptor substrate 1; TG, triglyceride. Image courtesy
of Y.-H. Chen, Augusta University, Augusta, Georgia, USA.

lifestyle programme should always include psychological
support, social support and avoidance of toxic substances
(for example, smoking, alcohol and drugs).

Bariatric surgery. For those women who fail to control
their weight on diet alone, bariatric surgery is an impor-
tant option, but should be reserved for women with
PCOS with severe obesity (a BMI of >40) or with mod-
erate obesity (a BMI of >35) who also have additional
health issues. A meta-analysis of 13 primary studies has
shown that bariatric surgery decreased the incidence
of PCOS symptoms from 45.6% to 7.1%, with a mean
weight loss of 57.2%'>.

Medical treatment. Several pharmacological interven-
tions can be used when lifestyle modifications fail to
manage metabolic dysfunction and dyslipidaemia in
women with PCOS. Many of these may also have indirect
beneficial effects on the hyperandrogenism and ovula-
tory dysfunction of the disorder. Metformin, a biguanide
approved for the treatment of T2DM that suppresses
hepatic gluconeogenesis and improves peripheral insulin
sensitivity, can be used for the prevention of T2DM and
impaired glucose tolerance when lifestyle modification
fails. Metformin improves body composition and insu-
lin levels in women with PCOS who are not obese, but
has no significant effect on BMI, fasting glucose or lipid
levels'*. A recent systematic review and meta-analysis
suggests that the combination of lifestyle modification
with metformin reduced BMI in women with PCOS to a
greater degree than lifestyle modification alone'®.

Thiazolidinediones (peroxisome proliferator-
activated receptor agonists or activators) are more effec-
tive than metformin in lowering fasting insulin and in
improving insulin resistance in PCOS™, yet less effec-
tive in reducing BMI and triglyceride levels'””. Owing to
potentially serious adverse effects, thiazolidinediones are
not currently recommended for the routine treatment of
insulin resistance in PCOS"1%,

Inositol isomers (secondary messengers involved
in several signalling pathways, including the insulin
pathway), in particular, combinations of myo-inositol
and p-chiro-inositol, have been shown to have insulin-
mimetic properties and to lower post-prandial blood
glucose. In PCOS, treatment with inositol isomers has
been shown to significantly improve the regularity of the
menstrual cycle, the endocrine and metabolic parameters
and insulin resistance'”. However, controversy remains
regarding the extent of the benefit and the exact dosing
of these substances'®.

A meta-analysis evaluating acarbose (an a-glucosidase
inhibitor) treatment in PCOS demonstrated significant
improvement in lipid profile, but an inconclusive effect
on BMI'".

Statins (3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, which reduce choles-
terol synthesis) can be used according to standard indi-
cations in PCOS. Statins are more effective than placebo
in reducing total cholesterol and triglyceride levels in
PCOS'®. In combination with metformin, they further
improve dyslipidaemia and markers of inflammation,
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but the combination is less effective in improving
insulin sensitivity than metformin alone'®. The risk
of statins in human pregnancy remains controversial
and current guidelines recommend discontinuing use
before conception.

Various pharmacological agents have been approved
for use in weight loss'®. The use of orlistat (a lipase
inhibitor that reduces the intestinal absorption of fat)
is associated with a reduction in BMI in women with
PCOS, but its effect on insulin sensitivity remains con-
troversial'®. Several studies have been conducted on
the use of vitamin D in PCOS, but data from a recent
meta-analysis does not support the suggestion that vit-
amin D supplementation improves insulin sensitivity in
the disorder'.

Hyperandrogenism

Suppression of ovarian androgen secretion. Combin-
ation OCPs and the less commonly used transdermal
combination contraceptives effectively suppress ovarian
androgen excess and are recommended as first-line man-
agement for the treatment of menstrual abnormalities,
hirsutism and acne in women with PCOS who are not
seeking fertility'*®. OCPs suppress gonadotropin release
and consequently inhibit ovarian androgen secretion
in women with PCOS. The oestrogen in OCPs also
stimulates hepatic production of SHBG, which in turn
reduces the free (active) fraction of circulating andro-
gens (and oestrogens) (an effect that is not achieved by
transdermal contraceptive preparations). Progestins in
OCPs can also directly inhibit androgen biosynthesis and
impair androgen receptor binding'”’. In addition, OCP
use considerably reduces the risk of endometrial hyper-
plasia and endometrial cancer®, while providing effective
contraception when anti-androgen therapy is also used.

The most widely prescribed OCPs contain ethinyl
estradiol and progestin, although there is no evidence
that any one formulation is superior to any other for the
treatment of PCOS™8. Whether increased risk of cardio-
vascular, venous thromboembolism and metabolic
comorbidities associated with OCP use should be con-
sidered, especially as women with PCOS are already at
increased risk, remains controversial'®®!%°. Appropriate
contraindications should be elucidated and excluded
before starting OCP use'”°.

Other medical avenues to suppress ovarian steroido-
genesis in patients with PCOS include continuous treat-
ment with progestin® or administration of a long-acting
GnRH analogue'”, but these are used much less fre-
quently than OCPs. Insulin-sensitizing agents (for
example, metformin and thiazolidinediones) also provide
modest improvement in hyperandrogenism'”>.

In addition to medical therapy, ovarian surgery can
reduce ovarian steroidogenesis. For example, ovarian
wedge resection (surgical removal of part of an ovary)
decreases the number of antral follicles, suppresses the
secretion of androgens, improves the endocrine status
of other intra-ovarian factors and enables many patients
with PCOS to achieve regular ovulatory cycles'”. More
recently, laparoscopic ovarian drilling (LOD; in which
10-15 small holes are burned into the surface of the
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Figure 6 | Typical polycystic ovarian morphology.
Polycystic ovarian morphology is characterized by
enhanced central thecal-stromal volume and increased
numbers of preovulatory follicles ringing the ovarian
cortex. Image courtesy of J.S.E.L.

ovary in patients with PCOS via laparoscopy) has been
suggested as an alternative treatment to ovarian wedge
resection because of the lower risk of complications,
including pelvic adhesions and premature ovarian
failure'*. However, LOD only modestly suppresses
androgen production in PCOS'”.

Anti-androgens. Drugs that block the action of andro-
gens are off-label medications used in the management
of PCOS"¢'% and availability varies internationally. This
group includes androgen receptor blockers (for example,
spironolactone, flutamide and cyproterone acetate) and
5a-reductase inhibitors (for example, finasteride)!7®!%3
(TABLE 2). Anti-androgens need to be prescribed along
with secure contraception owing to their teratogenic
potential (that is, risk of feminization of a male fetus)'”’.
Anti-androgens also have variable adverse effect profiles,
which can be considerable in the case of finasteride and
flutamide. A combination therapy of anti-androgens with
OCPs should be considered after failure to achieve the
desired outcome with the OCP alone, or as initial ther-
apy in more-severe cases of hirsutism. Improvement in
hirsutism is usually observed after >6 months. Most anti-
androgens can be used in adolescents, but the efficacy and
safety of spironolactone and finasteride have not been
well established in these younger patients. In addition to
anti-androgens, a topical solution of eflornithine (also
known as a-difluoromethylornithine) hydrochloride —
an irreversible inhibitor of follicle ornithine decarboxylase
— can be used to treat unwanted facial hair growth'®.

Cosmetic treatments. Hormonal suppression of andro-
gen secretion and peripheral androgen blockade will
ameliorate the effects of androgens on hair follicles,
minimizing the progression and further development
of the dermatological symptoms of the disorder, includ-
ing hirsutism, acne and androgenic alopecia. However,
these therapies will be less effective for the treatment of
these features once established. Consequently, hormonal
therapy should be combined with counselling regarding
the use of cosmetic treatments for hirsutism (for example,
shaving, depilation, laser epilation and electrology),
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Box 3 | Risk factors for the development of PCOS

Family history is the most important risk factor for
developing PCOS®-%, Other risk factors, depending
on age, include:
e Before birth

- Small for gestational age*
e Childhood and peripuberty

- Early-onset obesity?!*%%

- Increased dehydroepiandrosterone sulfate levels

during the onset of puberty?'*?

- Premature pubarche???%

- Hyperinsulinaemia?*-?2?
* Adolescence?> %

- Obesity, overweightness or rapid weight gain?*22

- Irregular menstrual or oligo-amenorrhoea?*%%

- Presence of polycystic ovarian morphology?*2%

- High androgen levels?*-2%

- Development of unwanted terminal hair growth on

the face or body**®

*Although some investigators have suggested that girls born
small for their gestational age are at higher risk for insulin
resistance and possibly PCOS?®, other studies have indicated
that most women with PCOS are actually born of normal or
large size for gestational age? .

acne (for example, topical antibacterials, and topical or
oral retinoids) and androgenic alopecia (for example,
minoxidil and hair transplantation)'®.

Endometrial protection

Owing to their hyperinsulinaemic hyperoestrogenic
anovulatory state, patients with PCOS are at increased
risk for endometrial hyperplasia and/or endometrial car-
cinoma. They are also at increased risk for unpredictable
abnormal uterine bleeding, which, in addition to being
disruptive and a nuisance, can result in bouts of severe
dysfunctional uterine bleeding and consequent anae-
mia. As such, protecting the endometrium from exces-
sive uncontrolled oestrogenic proliferation is crucial in
patients with PCOS. This can be readily achieved by treat-
ing the patients with a progestogenic agent, most often in
the form of a combination OCP or a cyclic progestogen
(such as oral micronized progesterone and medroxy-
progesterone acetate). Although some agents, such as
insulin-sensitizing agents, might seem to improve the
regularity of vaginal bleeding, this alone is not a guarantee
that the bleeding is resulting from regular progesterone-
induced withdrawals (for example, ovulation) and that
the patient’s endometrium is protected.

Reproductive therapy

Women with PCOS should be counselled to seek preg-
nancy earlier rather than later, unless further data
regarding the possibility of a prolonged reproductive
window owing to improved ovarian reserve emerge.
In either case, timely intervention will allow optimal pre-
conception, amelioration of risk factors for pregnancy
complications and adequate time to pursue effective, but
relatively safe, and affordable treatment strategies rather
than at a later stage.

The goal of fertility treatment in women with PCOS
is to restore monofollicular ovulation and achieve single-
ton pregnancy, given the predisposition of women with
PCOS to adverse pregnancy outcomes, including pre-
eclampsia, gestational hypertension, gestational diabetes
mellitus and preterm labour'®. Fertility treatment should
start with counselling about success rates, discontinu-
ation of harmful habits (especially smoking), screening
for medical comorbidities and treating excess weight.
Pursuing ‘low-tech’ therapies, such as lifestyle modifi-
cation and/or dose escalation of oral medications (for
example, clomifene or letrozole; see below) to achieve
ovulation, often requires patience of both the clin-
ician and the patient. The chance of conceiving is only
5-10% per ovulatory cycle in women with PCOS (versus
10-15% per cycle in women without PCOS)!%"15,

Medical treatment. First-line treatment for infertility is
aimed at restoring ovulation by interfering with inappro-
priate oestrogen feedback mechanisms (for example, clo-
mifene citrate, a selective oestrogen receptor modulator)
or oestrogen production in adipose tissue (for example,
letrozole, an aromatase inhibitor). Letrozole is superior
to clomifene at achieving a live birth by 40-50%'%*,
although the benefit might be greater in obese women
with PCOS. Multiple pregnancy rates with these med-
ications are in the range of 3-8% (that is, 3-8% of the
pregnancies are not singletons).

Metformin is a relatively ineffective infertility agent
in PCOS. When used alone, it has the lowest pregnancy
rates compared to other oral agents, but also the lowest
multiple pregnancy rates'**. Thus, metformin tends to be
used in combination with other medications. For exam-
ple, the combination of clomifene and metformin may
be superior to treatment with clomifene alone'®'®. The
optimal number of ovulatory cycles with oral ovulatory
agents without achieving a pregnancy before moving on
to other therapies is unknown, but is probably no more
than five or six'$"1%,

Second-line treatment tends to be gonadotropin ther-
apy (either as a combination of LH and FSH, or FSH
only), which is used in a low-dose regimen to minimize
the risk of multiple pregnancies and ovarian hyperstimu-
lation syndrome (OHSS). The risk of OHSS is increased
in PCOS owing to a higher chance of multiple follicu-
lar recruitment. Gonadotropin therapy in expert hands
with strict cancellation guidelines if evidence of exces-
sive ovarian follicular recruitment is observed can result
in low multiple pregnancy rates (<5%)'**'"'. Pregnancy
rates with gonadotropins are probably higher than with
first-line oral treatment'®, although the greater expense
and higher potential risks outweigh their choice as
first-line option.

Ovarian surgery. Ovarian surgery can also be used to
induce ovulation. Although bilateral ovarian wedge
resection is relatively effective at inducing ovulation in
patients with PCOS who are resistant to clomifene'”
and can be performed laparoscopically'®, LOD has
become the preferred surgical alternative because of the
lower risk of complications, particularly postoperative
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adhesion formation'”*'”>. LOD is generally recommended
in patients with increased levels of LH, clomifene citrate
resistance, an inability or unwillingness to proceed to
gonadotropin ovulation induction and/or needing to
undergo laparoscopy for other indications'”*'**. Long-
term complications of LOD mainly include adhesion
formation and diminished ovarian reserve, especially
when a large amount of drilling is performed'®.

In vitro fertilization. Third-line therapy for women
with PCOS is in vitro fertilization (IVF). If IVF is used,
women with PCOS have similar or better pregnancy
rates than women with other indications, and long-
term follow-up studies suggest that, over a lifetime,
fecundity of women with PCOS may match population
means'®®. In the United States, IVF is associated with
multiple pregnancy rates of ~30%. This rate will prob-
ably be lower in other countries in which single embryo
transfer is recommended, possibly even lower than the
multiple pregnancy rates observed using other ovulation
induction methods.

Several modifications to IVF have been proposed
to prevent multiple births and OHSS in patients with
PCOS, including in vitro maturation (IVM) of immature
oocytes that are retrieved without gonadotropin stimula-
tion'” and elective cryopreservation of all embryos and
transfer in a subsequent frozen embryo transfer cycle
after ovarian recovery. Pregnancy rates are lower with
IVM than with IVF"*%, although IVF results might be
better overall with elective cryopreservation than with
fresh IVF embryo transfer*”. However, randomized
trials in women with PCOS are lacking for both of these
IVF modifications. Metformin treatment in patients
with PCOS undergoing IVF might also reduce the risk
Of OHSSZOI,ZOZ.

Quality of life

Health-related QOL is a multidimensional concept that
includes domains related to physical, mental, emotional
and social functioning in response to the effects of

PRIMER

specific diseases, treatments, and short-term and long-
term disabilities from the perspective of the patient®®”.
The QOL of patients with PCOS is significantly reduced
in all domains (including functional ability, physical
aspects, general health perception, vitality, social and
emotional aspects and mental health) compared with
healthy women?®*’. Important negative determinants
of the QOL of patients with PCOS include the pres-
ence of obesity, hirsutism, androgenic alopecia, acne,
menstrual dysfunction and infertility, among others.

The PCOS health-related QOL questionnaire
(PCOSQ) developed by Cronin et al.* is the only
validated PCOS-specific tool and includes items in five
domains, including body hair, emotions, weight, infertil-
ity and menstrual problems®®. A modified version of the
questionnaire, adding four acne-related items, has been
proposed™®. Studies using the PCOSQ or the modified
version of this tool consistently report reduced QOL
with different contributing factors, including menstrual
disturbances, hirsutism, acne, obesity and infertility?.
Interestingly, although depression scores are signifi-
cantly correlated with insulin resistance, PCOSQ scores
are not*.

Limited available data indicate that weight loss in
overweight or obese women with PCOS achieved by diet-
ary restriction alone or combined with exercise improves
both depressive symptoms and PCOS-specific QOL
scores, except for the scores in the body hair domain'*.
An observational study of metformin treatment in
women with PCOS reported improvements in health-
related QOL scores and emotional well-being, and these
improvements significantly correlated with body weight
reduction and menstrual cycle normalization®”. However,
subsequent randomized controlled trials have not sup-
ported this observation, and the addition of metformin
to lifestyle modification did not seem to have an effect on
QOL*, Similarly, a randomized trial assessing lifestyle
modification programme combined with OCP use in
obese adolescents with PCOS showed an improvement
in PCOSQ scores, whereas the addition of metformin

Table 2 | Anti-androgens available for use in PCOS

Agent Mechanism of action US FDA-approved indication Adverse effects Refs
Spironolactone  Competitive inhibitor Treatment of low renin Dyspepsia; dry skin; decreased libido; hypotension; 178,
of AR binding, hypertension, hypokalaemia and polyuria; menstrual irregularity and polymenorrhoea 179
antimineralocorticoid, limits  Conn syndrome when not administered with an OCP; teratogenic in
suppression of 5a-reductase early pregnancy, principally on male fetuses; rare skin
activity and suppresses LH sensitivity to sunlight; and rare hypokalaemia
Cyproterone Competitive inhibitor of AR Palliative treatment of patients with  Breast swelling; amenorrhoea; decreased libido; 180
acetate binding, limits suppression  advanced prostatic carcinoma teratogenic in early pregnancy, principally on
of 5a-reductase activity and male fetuses; rare liver toxicity; rare reduced
decreases LH-dependent adrenal response to ACTH stimulation; and rare
androgen secretion oestrogen-related osteoporosis
Flutamide Competitive antagonist of Management of locally confined Dry skin; discoloured (green) urine; decreased libido; 176,
AR and reduces synthesis stage B2—stage C and stage D2 teratogenic in early pregnancy, principally on male 181
of DHT metastatic carcinoma of the prostate  fetuses; and rare liver toxicity (occasionally fulminant)
Finasteride Competitively binds to Treatment of benign prostatic Dry skin; headache; decreased libido; 182
and inhibits steroid type Il hyperplasia and teratogenic in early pregnancy, principally
5a-reductase on male fetuses

ACTH, adrenocorticotropic hormone; AR, androgen receptor; DHT, dihydrotestosterone; LH, luteinizing hormone; OCP, oral contraceptive pill; PCOS, polycystic
ovary syndrome.
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to the lifestyle modification programme combined
with OCPs did not influence PCOSQ scores further?®,
Finally, OCP use improves hirsutism and menstrual dis-
turbances along with PCOSQ scores, but without any
significant change in depression or anxiety symptoms”*.

Women with PCOS also have a more negative body
image than women without PCOS, worsened by the
presence of hirsutism and weight gain'*’, which is associ-
ated with greater depression and anxiety?! and a lower
QOL. Likewise, the prevalence of eating disorders, which
are in turn also significantly associated with depression
and anxiety, is increased in PCOS*. Women with PCOS
also suffer from greater psychosexual dysfunction, which
correlates with poor QOL, sexual dissatisfaction and
reduced feminine identity*”*'>. Overall, mood disorders
seem to be more common and more severe in women
with PCOS, and clinician awareness and corresponding
screening are important.

Outlook

Although important advances have been made in our
understanding of PCOS in the past two decades, much
remains to be elucidated. We highlight some, although
certainly not all, areas in which research is needed.

Metabolic dysfunction

Currently, limited data are available on the tissue-
specific aetiologies of the metabolic dysfunction under-
lying PCOS, and further studies are needed to better
understand the molecular and genetic aetiologies of
these pathologies in muscle, fat and other tissues.
Furthermore, we need improved understanding of how
metabolic dysfunction relates, in a temporal manner,
to the development of the other clinical features of the
disorder (for example, ovarian dysfunction), perhaps
through prospective studies of at-risk children.

Future studies should also focus on the development
of preventive therapies to minimize the development of
obesity in peripubertal and adolescent girls. In addition,
greater clarity is needed regarding the effect of metabolic
dysfunction on the cardiovascular and cerebrovascu-
lar complications associated with PCOS, and whether
managing metabolic complications might reduce the
risk of these complications. In addition, well-controlled
prospective studies concerning the predictive value of
acanthosis nigricans as a predictor of insulin resistance
and hyperinsulinaemia in PCOS are needed.

Finally, as it is clear that insulin resistance alone is
not sufficient to induce the full metabolic dysfunction
of PCOS, better understanding of what other aetio-
logical factors are necessary or permissive is also needed.
Furthermore, a male phenotype of PCOS, most notably
around defects of metabolic action, is likely to exist,
based on the absence of sex linkage?'*~*'é; however, this
potential syndrome remains to be demonstrated, better
characterized and its risks defined.

Reproductive dysfunction

A better understanding of the dose-response relation-
ships between the amount of weight loss and improve-
ments in ovulation is needed. Establishing low-cost

ovulation induction therapies, with a low risk of adverse
events including multiple pregnancies, is also desir-
able. These therapies might involve repurposing other
drugs (such as those developed for T2DM, breast cancer
or psychiatric indications) or developing new drugs
specifically for PCOS. For example, a neurokinin recep-
tor antagonist has been shown to suppress sex steroid
levels through alteration in gonadotropin modulation®"”.
Further candidate genes identified by GWAS in women
with PCOS offer supposition about potential pathways,
including through phosphoinositide 3-kinase and
mitogen-activated protein kinase, among other path-
ways'?’. Such strategies could also potentially be used
for other reproductive disorders

Hyperandrogenism
Although the skin complications are often viewed as
purely cosmetic aspects of the disorder, these features
are among the most injurious of the traits of PCOS, sub-
stantially affecting self-esteem, psychosocial adaption
and QOL. Future studies must focus on better under-
standing of the physiology and mechanism underlying
hair follicle cycling and hair growth, and the impact of
androgens, other steroid hormones, skin environment,
as well as identifying how this process can be targeted,
including defining the period and mechanisms by which
this process becomes irreversible. These studies will per-
mit the elucidation of novel approaches to the inhibition
and treatment of unwanted excess hair terminalization
(hirsutism) or miniaturization (androgenic alopecia).
The development of novel and improved peripheral
androgen receptor blockers, particularly those that do
not have systemic effects, is necessary. Anti-androgens
are needed that can be administrated, even topically,
without the need for concomitant OCPs or other forms
of contraception. In addition, approval of the use of
current and novel anti-androgens from the appropri-
ate government agencies is urgently needed, as the lack
of such approvals has a negative impact on their use in
many parts of the world.

Evolutionary aspects of PCOS

Every aspect of human health and disease has emerged
through evolutionary processes, including natural
selection, and many of the current ailments affecting
our society stem directly from evolutionary maladap-
tation. PCOS seems to be an evolutionary-conserved
disorder: PCOS is a relatively common disorder with a
uniform prevalence worldwide, is heritable with similar
genetic variants across ethnicities and was described
in the medical literature as early as 1,000 years ago®'s.
An evolutionary biology approach to studying PCOS
that focuses on factors leading to its development and
persistence might help to elucidate its fundamental
pathophysiology.

When considering the evolutionary aspects of PCOS,
it is peculiar that the condition has persisted given its
effect on reproduction. This paradoxical feature might
be explained by a vulnerability to PCOS, which refers
to the inherent potential for pathology to be embed-
ded within biological characteristics associated with
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normal physiological development and function. For
example, a vulnerability to PCOS, although detri-
mental to the fertility of affected individuals, could be
associated with improved fertility or fetal outcomes, or
other fitness-enhancing physiological phenomenon, in
most of the other related women within a population.
Ultimately, novel insights into the evolutionary origins
of PCOS will emerge through a broad consideration of
the potential adaptive and beneficial aspects of vulner-
ability to the disorder. For example, the study of iso-
lated populations of people who have uncontrolled
fertility, high levels of exposure to natural pathogens
and low consumption of processed carbohydrates might

be instrumental.
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