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Pathogenesis of Polycystic Ovary Syndrome: What Is the Role of Obesity?

Marzieh Salehi, Rafael Bravo-Vera, Arsalan Sheikh, Alina Gouller, and Leonid Poretsky

oth obesity and the polycystic ovary syndrome (PCOS) are commonly seen in women of reproductive age. Fifty percent of

ll patients with PCOS are obese, and the presence of obesity affects the clinical manifestations of PCOS. The underlying

athogenetic mechanisms appear to involve insulin resistance and hyperinsulinemia, the magnitude of which is greater in

bese than in non-obese women with PCOS. Specific effects of obesity on the manifestations of PCOS, underlying mecha-

isms of the interactions between obesity and PCOS, and therapeutic implications of these interactions are discussed in this

rticle.

2004 Elsevier Inc. All rights reserved.
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OLYCYSTIC OVARY syndrome (PCOS) is the mo
common endocrinological disorder of reproductive

omen. Although its etiology remains unknown and the pa
enesis is unclear, a variety of theories have been propos
xplain the development of PCOS. These theories class

ncluded the “central hypothesis,” which postulated a prim
efect at the level of the hypothalamus/pituitary, and an “o

an hypothesis,” which proposed a primary defect of stero
enesis in the ovary.
The most recent theories of the pathogenesis of PCOS

ocused also on the role of insulin resistance and hyperins
mia. It has been proposed that, by a variety of mechan
yperinsulinemia increases ovarian androgen production
ontributes to the development of the hallmark abnormali
COS–anovulation. The insights into the role of hyperins
mia in the development of PCOS brought into focus the
f obesity, which is present in about 50% of patients w
COS and which magnifies hyperinsulinemia observe
COS patients. In addition to enhanced hyperinsulinemia,
otential contributions of obesity to the development of PC

nvolve a recently discovered hormone, leptin, produce
dipose tissue, and the enzymatic activity of adipose tiss

t relates to steroid hormone metabolism (eg, aromatase
1�- hydroxysteroid dehydrogenase [11�-HSD]).
In the course of this article, we will first review curre

heories of the development of PCOS and then focus on th
f obesity in its pathogenesis. Specifically, we will review
ontributions of insulin resistance/hyperinsulinemia, leptin,
dipose tissue steroid hormone metabolism to the develop
f PCOS. We will then examine differences between clin
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resentations of PCOS in obese and non-obese women. W
onclude the article by discussing therapeutic approach
COS, focusing, in particular, on therapeutic modalities w
ddress pathogenetic contributions of obesity to the dev
ent of this common disorder.

DEFINITION, GENETICS, AND EPIDEMIOLOGY OF PCOS

In their original description of the syndrome, Stein
eventhal1 reported the condition characterized by enlar
varies, which contained multiple small subcapsular cysts
ere associated with amenorrhea and hirsutism. PCOS, a
nderstood today, is a disorder of unknown and prob
eterogeneous etiology, which is characterized by ch
novulation, menstrual irregularities, evidence of hyperan
enism (either clinical, manifested as hirsutism, acne,
attern balding, or biochemical, manifested by elevated s
drenal and/or ovarian androgen concentration), and excl
f other etiologic factors (nonclassical congenital adrena
erplasia, Cushing’s syndrome, hyperprolactinemia, thy
isease, and androgen-producing tumors).2 These diagnost
riteria, adopted by the 1990 National Institutes of He
onsensus conference on PCOS, do not require pelvic
onography to evaluate ovarian morphology.
Demonstration of polycystic ovaries on ultrasound is

equired for diagnosis of PCOS because, with the introdu
f high-resolution ultrasonography, it became apparent
0% of healthy women have morphologic features of poly

ic ovaries, and only some of them have symptoms of hype
rogenemia.3 Furthermore, while 80% to 100% of women w
COS have polycystic ovaries (which are defined sonogr
ally by the presence of 8 or more small 4 to 8 mm follicle
ach ovary in subcapsular location) so do many women

diopathic hirsutism and other hyperandrogenic disorders.4 Fi-
ally, ovarian vein catheterization studies proved that ova
yperandrogenism may be present with and without polyc
varies.5

Although the etiology of PCOS remains unclear, ther
ncreasing evidence for a genetic component. Givens e6

ere among the first to describe a familial presentation of
isease. The specific genetic defect, if any, causing fam
COS is unknown. Autosomal dominant type of inherita
as been suggested by familial clustering of cases and
revalence of PCOS (close to 50%) among siblings.7,8

PCOS is the most common endocrinopathy in wome

eproductive age with a probable prevalence of 5% to 10%.

Metabolism, Vol 53, No 3 (March), 2004: pp 358-376



A
d
d
P
s
c
c
p
U
o
g
P
a
P

s
m
m
h
k
k

s
O
o
c
e
l
g
m
t
f
r
a
(
a
t
p
d
r
s
t

r
h
f

v
t
P
i
c

a
q

o
u
i
i
h
n
s

d
a
l
b

r
o
r
r
c
r
w
o
t
g
o
s

i
a
P
c
m
p

e
a
p
h

G

h
u
d
d
p

w
n
h
o
h
a
h
p

359POLYCYSTIC OVARY SYNDROME AND OBESITY
vailable data on the prevalence of PCOS are variable, in part
ue to ethnic differences and lack of consistent criteria for
iagnosis. By the end of the 20th century, the prevalence of
COS had ranged from 2% to 20% in general population
tudies.9-11 In 1998, a prospective study that used the above
riteria reported 3.4% prevalence of PCOS in African Ameri-
an and 4.7% in Caucasian women who presented for a routine
re-employment history and physical examination in the
nited States.10 A survey in Greece reported 6.8% prevalence
f PCOS, similar to that seen in the United States.11 In some
enetically homogeneous groups, such as, for example, the
ima Indians, who also have a very high prevalence of obesity
nd diabetes (the latter approaching 50%), the prevalence of
COS has been reported as high as 21%.12

OBESITY, INSULIN RESISTANCE, AND
HYPERINSULINEMIA

Women with PCOS are often insulin resistant and hyperin-
ulinemic.13 Both insulin resistance and hyperinsulinemia are
agnified in the presence of obesity, which is defined by body
ass index (BMI � body weight in kilograms divided by

eight in meters2) of 30 kg/m2 or more. BMI of 25 to 29.9
g/m2 is defined as ‘overweight’ , while BMI of less than 25
g/m2 is considered normal.14

Rabinowitz and Zierler15 were among the first to demon-
trate the presence of insulin resistance in obese individuals.
besity in PCOS is usually of the central variety. Central
besity (also called visceral, android, abdominal, or male-type)
an be diagnosed clinically by measuring the waist circumfer-
nce (WC) or waist-to-hip circumference ratio (WHR).14 WC
arger than 102 cm for men and 88 cm for women or WHR
reater than 0.95 in men and 0.85 in women confer high risk for
etabolic complications in obese individuals with BMI be-

ween 25.0 and 34.9 kg/m2.16 Studies have shown that excess
at in the upper part of the body is associated with increased
isk for diabetes, hyperlipidemia, hypertension, atherosclerosis,
nd insulin resistance17 more often than peripheral fat excess
gynoid, female-type, or peripheral obesity).18-21 Buffington
nd Kitabchi22 studied insulin clearance in obese PCOS pa-
ients and concluded that the hyperinsulinemia may be due, in
art, to defects in insulin clearance and peripheral tissue insulin
egradation. Thus, in addition to its association with insulin
esistance, fat localized in the upper body is correlated with
ignificantly reduced overall clearance of insulin, which con-
ributes to hyperinsulinemia.23

Although the mechanisms by which obesity causes insulin
esistance are not fully understood, the 2 main pathogenetic
ypotheses that have been proposed focus on the roles of free
atty acids (FFAs) and tumor necrosis factor-� (TNF-�).

FFAs, which are released from adipose tissue triglycerides
ia lipolysis, are the key mediators of impaired insulin sensi-
ivity. Elevated circulating levels of FFA have been reported in
COS patients,24 and Ek et al25 showed that visceral adipocytes

n PCOS women exhibit significantly increased cathe-
holamine-induced lipolysis in vitro.

Whether visceral adipose tissue differs from subcutaneous
dipose tissue in the magnitude of FFA flux into liver is not

uite clear. FFA released from the splanchnic bed account for F
nly about 10% of the FFA reaching the liver.26 Recent studies
sing catheterization of the hepatic vein to determine the max-
mal contribution of visceral and mesenteric fat depots to the
ncreased fatty acid release in women with upper body obesity
ave concluded that the major source of FFA in circulation is
ot the visceral depot, but rather upper body nonsplanchnic
ubcutaneous adipose tissue.27

Increased FFA flux into the liver, irrespective of its source,
ecreases hepatic insulin extraction, increases gluconeogenesis,
nd produces hyperinsulinemia.28,29 Additionally, high circu-
ating FFA concentrations lead to peripheral insulin resistance
y reducing glucose uptake by the skeletal muscle.29,30

TNF-� is produced by adipose tissue and leads to insulin
esistance by stimulating the phosphorylation of serine residues
f the insulin receptor substrate-1 (IRS-1). Consequently, ty-
osine kinase activity of the insulin receptor �-subunit, the
ate-limiting component of the insulin receptor signaling cas-
ade, is inhibited.31,32 Serum TNF-� concentrations have been
eported to be high in hyperandrogenic women,33 including
omen with PCOS.33 The nature of the direct effects of TNF-�
n ovarian cells, if any, is not understood. TNF-� was shown
o enhance the proliferative actions of insulin and insulin-like
rowth factor-I (IGF-I) in rat ovarian theca cells,34 but, on the
ther hand, it inhibited gonadotropin-stimulated steroidogene-
is.35

In summary, regardless of its pathogenesis, insulin resistance
s commonly present in obesity, particularly in its central or
ndroid form, which is the characteristic form of obesity in
COS. As will be discussed later in this article (in the section
omparing obese and non-obese women with PCOS), obesity
agnifies insulin resistance and hyperinsulinemia in PCOS

atients.

ENDOCRINE ABNORMALITIES IN PCOS:
THE ROLE OF OBESITY

Based on the putative primary abnormality, 3 major hypoth-
ses of the pathogenesis of PCOS have been proposed. They
re the central (luteinizing hormone [LH]) hypothesis, the
eripheral (ovarian or adrenal) hypothesis, and the insulin
ypothesis (Table 1).

onadotropins and the Central Hypothesis

In 1970 Yen et al36 reported that increased serum luteinizing
ormone (LH) concentration or increased LH to follicle-stim-
lating hormone (FSH) ratio were characteristic of the syn-
rome. The increased LH/FSH ratio became a commonly used
iagnostic criterion in association with a biopsy confirming
olycystic ovarian morphology.
While serum concentrations of FSH in anovulatory women

ith the PCOS are similar to those in the midfollicular phase of
ormal cycle, approximately 75% of women with PCOS ex-
ibit elevated pooled LH serum concentrations compared with
vulatory control women.37 The prevalence of this abnormality
as ranged from 30% to 90%, depending on gonadotropin
ssays used and timing of sampling.38 Gonadotropin-releasing
ormone (GnRH) pulse amplitude and frequency determine the
referential gonadotropin secretion, slower pulses favoring

SH release, while more rapid pulses favoring increased LH
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360 SALEHI ET AL
ecretion. Abnormally rapid GnRH pulse generation is assumed
o underlie abnormal LH secretion in PCOS.36 Studies address-
ng the response of gonadotropins to GnRH have demonstrated
n increased LH responsiveness,39 with no differences in FSH
esponse in PCOS patients when compared with normal
omen. This preferential LH responsiveness may be related to

he elevated circulating concentrations of estrone, which, as
ill be discussed below, are commonly present in PCOS
omen. Conversely, selective suppressive effects on FSH re-

ponse may be related to the effects of estradiol and inhibins,
lthough the role of inhibins in decreased FSH responsiveness
as not been clearly demonstrated in PCOS women.38

Whether the hypothalamic defect, manifested by rapid
nRH pulse generation, is the primary cause of PCOS or
hether this abnormality is secondary to other hormonal phe-
omena, such as hyperinsulinemia, remains to be determined. It
as been shown that insulin augments the effect of GnRH on
onadotropin secretion in vitro.40 However, the ability of either
nsulin or IGFs to enhance gonadotrope sensitivity to GnRH-
eleasing hormone has not been consistently demonstrated in
ivo.40-42

In addition to abnormal GnRH function, other central mech-
nisms involved in the pathogenesis of PCOS may include

Table 1. Theories of t

Theory Primary Defect

Central (LH) hypothesis Increased LH pulse amplitude and
frequency; elevated LH/FSH
ratio.

Peripheral (ovarian or
adrenal) hypotheses54,55

1. Intrinsic ovarian or adrenal
defect leading to
overproduction of androgens
and anovulation.

2. Inhibin B deficiency.

Insulin/IGF hypothesis Insulin resistance and
hyperinsulinemia.

Increase in free IGF-I and
IGF-II.212
bnormalities of neuroendocrine modulators, such as endoge- w
ous opioids and dopamine.38,43 There is evidence suggesting
hat endogenous opioid excess may play a role in sensitization
f the gonadotrope to GnRH and that decreased dopaminergic
nhibition, leading to increased prolactin and LH secretion, is
resent in women with this disorder.43 Further, B-endorphin
dministration increases insulin secretion in humans, and opi-
id antagonists suppress glucose-stimulated insulin secretion,
articularly in patients with central obesity.44 Thus, in obese
COS women, excessive activation of the opioid system may
ontribute to a higher degree of hyperinsulinemia than in non-
bese patients.
Two studies by Arroyo et al45 and Morales et al46 addressed

he role of obesity in the abnormalities of the gonadotropin axis
n PCOS and reported consistent results: accelerated LH pulse
requency is seen in many patients with PCOS, regardless of
ody weight, but obese patients exhibit lower LH pulse ampli-
ude and mean circulating LH values than lean patients. Factors
roposed to account for these differences include variations of
nsulin and leptin levels, as well as differences in cathe-
holamine and endorphine metabolism. The exact mechanism,
owever, remains unclear.
Today, an increased LH/FSH ratio is not required for diag-

osis of PCOS, because this ratio can be elevated in women
3

thogenesis of PCOS

Origin of Abnormality Mechanism

ary abnormality in GnRH
lsatility36 (rapid pulse
neration).

-Increased LH secretion leading to
hyperandrogenism.

sitization of GnRH receptor
GnRH by endogenous
ioids.38,43

uced dopaminergic
ibition of LH release.43

ian theca cell hypertrophy.52

eroidogenic and mitogenic
normalities of granulosa
lls.40

-Dysregulated function of the
p450 C17-alpha in the ovaries
and adrenal glands;54-56,152

autocrine and paracrine local
defects as well as blocked FSH
activity at the ovarian level.40

uct of granulosa cells,
ibin B locally enhances

licular development.211

-Deficiency of inhibin results in
anovulation.211

eceptor defect in insulin
naling.

-Hyperinsulinemia leads to
inhibition of SHBG secretion
and increase in free fraction of
androgens.40

-Direct stimulation of ovarian
steroidogenesis by
hyperinsulinemia.152

-Synergism of insulin with LH
leads to stimulation of theca
cells, hyperandrogenism59 and
large cystic ovaries.210

mic and local excess of
e IGFs.

-Potentiate LH-stimulated
androgen synthesis in theca
cells.153

-Supresses IGFBP-1
synthesis.159,160
he Pa
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361POLYCYSTIC OVARY SYNDROME AND OBESITY
ith other hyperandrogenic disorders, such as, for example,
ongenital adrenal hyperplasia.47

Regardless of the cause, LH hypersecretion, when present, is
hought to contribute to stromal and thecal stimulation with a
esultant increase in ovarian andogen secretion in PCOS.

varian Androgens and the Ovarian Hypothesis

Evidence suggesting a primary ovarian role in androgen
xcess in PCOS women includes the following observations:
ncreased synthesis of testosterone and androstenedione by the
varies, documented by direct sampling of ovarian and adrenal
enous blood48,49; suppression of serum testosterone and an-
rostenedione concentrations in PCOS women treated with
nRH agonists, whereas dehydroepiandrosterone concentra-

ions remains unaltered50; decreased serum androgen concen-
rations after ablation of ovarian interstitial tissue.51

An intrinsic ovarian defect has been postulated as a primary
ause of PCOS. Thecal hypertrophy and overproduction of
ndrogens are characteristic of the PCOS ovary.52 Women with
COS exhibit increased circulating levels of 17-OH progester-
ne, as well as increased ovarian 17-OH-progesterone response
o stimulation with GnRH, GnRH-agonists, or human chorionic
onadotropin (hCG).53 This exaggerated response suggests a
ysregulated function of ovarian P450c-17-�-hydroxylase, an
nzyme with 17-hydroxylase and 17,20-lyase functions. P450c-
7-�-hydroxylase can be selectively induced to increase 17,20-
yase activity (leading to excessive androgen production) by
erine phosphorylation.54-56 Interestingly, almost 50% of
omen with PCOS have been reported to have an abnormally
igh level of serine phosphorylation of the insulin receptor
-subunit13; such insulin-receptor serine phosphorylation in-
ibits insulin receptor signaling. Thus, an abnormality of serine
hosphorylation may account for both insulin resistance and
xcess androgen prodution in some women with PCOS.

Possibly because of increased 17�-hydroxylase activity and
educed aromatase activity (the latter abnormality will be dis-
ussed in more detail later in the article), serum concentrations
f ovarian androgens (testosterone and androstenedione) are
0% to 150% higher in PCOS women than in control popula-
ions.57-59 Further, serum concentration of sex hormone-bind-
ng globulin (SHBG) is decreased because of the inhibitory
ffect of hyperinsulinemia on SHBG production.60 As a result,
ree testosterone concentration is increased out of proportion to
otal testosterone in women with PCOS.40

In a study performed in the United Kingdom, total testoster-
ne and androstenedione concentrations in serum were similar
n obese and non-obese women with PCOS, but serum SHBG
oncentrations were significantly lower and circulating free
estosterone levels higher in obese compared with lean subjects.
n addition, circulating concentrations of androsterone glucuro-
ide, a marker of peripheral 5�-reductase activity, were higher
n obese than in non-obese women.60 These abnormalities may
e due to hyperinsulinemia, which is more pronounced in the
resence of obesity.

drenal Androgens and Cortisol

Many studies have demonstrated adrenocortical hyperfunc-

ion in PCOS. Adrenal uptake of I-131-iodocholesterol and v
erum concentration of dehydroepiandrosterone sulfate
DHEAS) are increased in 20% of women with PCOS.61-63 The
ost common adrenocortical disturbance in this syndrome,

resent in about 50% of women with PCOS, is excessive
HEAS response to adrenocorticotrophic hormone (ACTH)

timulation.63 Adrenal glands may also contribute to the excess
f testosterone and androstenedione in PCOS, because admin-
stration of metyrapone to women with PCOS causes an exces-
ive increase in serum levels of these hormones.64

One of the theories of the pathogenesis of PCOS involves a
ypothesis that increased cortisol metabolism leads to a com-
ensatory increase in corticotropin secretion, in order to main-
ain normal circulating cortisol concentrations. Increased cor-
icotropin secretion, in turn, leads to increased adrenal
roduction of androgens.65 In support of this hypothesis, in-
reased mean serum concentrations and pulse frequency and
mplitude of both ACTH and cortisol during daytime were
oted in PCOS patients.66

Some investigators have proposed that cortisol metabolism
ay be affected in patients with PCOS because of abnormal

ctivity of 11�-HSD. 11�-HSD exists in 2 isoforms: type 1 is
xpressed in liver, gonads, and adipose tissue and in vivo acts
s a reductase generating active cortisol from inactive corti-
one. The type 2 11�-HSD is predominantly present in miner-
locorticoid target tissues, such as placenta and kidney, and
onverts active cortisol to the inactive compound cortisone. In
study by Rodin et al,67 oxidized cortisol metabolites were

ncreased in patients with PCOS when compared with control
ubjects, suggesting dysregulation and increased activity of
ype 2 11�-HSD, possibly leading to excess adrenal androgen
roduction via the increase in corticotropin activity. When
djusted for BMI, however, no significant differences were
ound in the level of cortisol metabolites among obese com-
ared with nonobese PCOS patients.
Plasma cortisol concentrations in obese subjects have often

een found to be lower than in lean individuals.68,69 However,
nvestigators have not been able to find consistently any dif-
erence between obese and non-obese subjects in cortisol re-
ponse either to ACTH stimulation70 or to hypoglycemia.71 The
umber and affinity of glucocorticoid receptors on mononu-
lear leukocytes in women with PCOS, obese or non-obese,
oes not differ from that in control women.72

In summary, although the circulating levels of adrenal an-
rogen dehydroepiandrosterone sulfate (DHEAS) in patients
ith PCOS are often increased, the reason for this abnormality

nd the contribution of obesity, if any, to its development
emain unclear. There is no clear-cut evidence that abnormal
ortisol metabolism is present in either obese or non-obese
COS women.

strogen and Progesterone

Progesterone deficiency and acyclical and continuous estro-
en production are typical of PCOS.73 Women with PCOS
xhibit chronic anovulation, and plasma levels of progesterone
re low. Progesterone acts as an inhibitor of GnRH pulse
requency, and low circulating levels of progesterone in PCOS
omen may contribute to rapid LH pulse frequency and ele-

73
ated serum LH concentrations. Reduction in LH pulse fre-
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362 SALEHI ET AL
uency has been demonstrated in PCOS patients given a vag-
nal progesterone compound74 or estrogen-progesterone
ontaining contraceptives.75 LH pulse frequency was decreased
o a greater degree in normal women compared with PCOS
omen, suggesting reduced hypothalamic sensitivity to ovarian

teroid hormones in PCOS.76

Estrogen production in the ovary requires both theca and
ranulosa cells. Testosterone and androstenedione produced by
heca cells are converted to estradiol and estrone by P450arom
ctivity in granulosa cells. Aromatase cytochrome P450
P450arom) is a unique member of a superfamily of microso-
al enzymes that catalyze the rate-limiting step in the conver-

ion of C19 androgens (testosterone and androstenedione) into
18 estrogens (estradiol and estrone) in a wide variety of

issues, including the ovary, testis, placenta, brain, and adipose
issue.

Aromatase activity of granulosa cells is a function of follic-
lar size.77 PCOS ovaries are characterized by multiple small
ollicles, which enter developmental arrest before selection of a
ominant follicle.40 Because of the lower activity of aromatase
n smaller follicles, follicular fluid from ovaries of women with
COS is characterized by low concentration of estradiol.78 In
ats with experimentally-induced hyperinsulinemia, however,
ystemic aromatase activity appears to be increased.79 There-
ore, low aromatase activity in ovarian cells of PCOS women
uggests the presence of a local aromatase inhibitor that coun-
eracts the stimulatory effect of insulin. Insulin-like growth
actor-binding proteins (IGFBPs), among other molecules,
ave been proposed as candidates for the role of ovarian
romatase inhibitors.40

It has been suggested that reduced aromatase activity may be
esponsible for hyperandrogenism in PCOS women.80 Aro-
atase knockout (ArKO) mice (both female and male) develop

ntra-abdominal obesity due to increased adipocyte size and
umber. Moreover, these mice exhibit lower lean body mass,
yperinsulinemia, and fatty liver.81,82 These features, however,
ave not been consistently observed in humans with aromatase
ene mutation,83,84 a rare disorder characterized in females by
ubertal virilization and multicystic ovaries.85

There are conflicting observations concerning the etiologic
ole of reduced aromatase activity in hyperandrogenism. For
xample, both troglitazone and meformin inhibit aromatase
ctivity, but also reduce systemic hyperandrogenism.86,87 Fur-
her, aromatase inhibitors have been used to induce ovulation in
novulatory women, including women with PCOS.88 Thus, the
ole of reduced aromatase activity in the development of hy-
erandrogenism in PCOS remains controversial.
It has been demonstrated in both in vivo and in vitro studies

hat peripheral aromatase activity is positively correlated with
diposity.89,90 Adipocytes exhibit variable levels of P450arom
ctivity, depending on their location. The highest level of
ctivity is present in the buttocks, next highest in the thighs,
nd the lowest in the subcutaneous abdominal tissue.91 Aro-
atase activity is higher in women with lower body obesity

han in those with upper body obesity.92

An increased peripheral conversion of androgens to estro-
ens, combined with decreased SHBG levels, results in in-
reased circulating bioactive estrogen levels in obesity. These

actors contribute to a state of functional hyperestrogenism in w
bese compared with lean PCOS patients.93 High estrogenic
ctivity, mostly due to elevated levels of estrone, may contrib-
te to positive feedback on LH secretion, leading to enhanced
timulation of androgen production in obese PCOS patients.94

his issue is controversial, however, given the lower mean LH
erum concentrations in obese compared with lean PCOS
omen reported in some studies.45,46

In summary, peripheral aromatase activity in obese PCOS
omen may be increased, contributing to the hyperestrogenic

tate. On the other hand, reduction in ovarian aromatase activ-
ty in PCOS may contribute to hyperandrogenism. Further
tudies are needed to clarify the role of aromatase in the
athogenesis of PCOS in both obese and non-obese women.

eptin

Several decades ago, investigators at The Jackson Labora-
ory postulated the presence of recessive mutations in obese
ob/ob) and diabetes (db/db) mice, which exhibited hyperpha-
ia, morbid obesity, insulin resistance, hypercortisolism, and
nfertility.95 Subsequently, Coleman et al,96 through cross-cir-
ulation studies, demonstrated that the ob gene encoded a factor
hat decreased appetite and increased metabolism, while the db
ene encoded a receptor for this factor. These observations
ere confirmed with the discovery of the ob gene through
ositional cloning in 1994.97 The ob gene encodes a 167-amino
cid protein that acts as a circulating feedback signal to the
rain to regulate adipose mass. Based on its ability to reduce
he body weight, ob gene product was named “ leptin” (from the
reek root “ leptos,” meaning “ thin” ). The human ob gene is

ocated on chromosome 7q32 and consists of 3 exons and 2
ntrons.97

Leptin is synthesized in adipose tissue. Its synthesis is reg-
lated by many factors, including the state of nutrition and a
ariety of hormonal influences.95,98 Leptin circulates in plasma
n free and bound form. It can be bound to plasma proteins (5%
o 20%) or to complexes with soluble leptin receptors (Ob-R).95

ultiple variants of Ob-R mRNA, encoding at least 6 different
eptin receptor isoforms, have been identified. All Ob-R iso-
orms share an identical extracellular ligand-binding domain at
he N-terminus, but differ at the C terminus. Ob-Rb, the long
eceptor isoform, is the only receptor isoform that is able to
ctivate janus kinase signal transduction and translation (JAK/
TAT) pathway, the signaling system for the intracellular por-

ion of the leptin receptor.95

Obesity in animals defective in leptin or leptin-receptor
enes (ob,db, fa, and cp rodents) resembles hypothalamic obe-
ity induced by ventromedial lesions,99,100 suggesting that the
norexic actions of leptin are exerted mainly at the level of the
ypothalamus.
In common forms of human obesity (unlike in leptin-defi-

ient ob/ob mouse), leptin mRNA and circulating protein levels
re high, indicating leptin resistance in obese subjects.101-103

eptin resistance may be secondary to defects in leptin trans-
ort or abnormalities in leptin signaling.104 Excessive amounts
f insulin or high-fat diets may cause leptin resistance.105,106

n acute increase in caloric intake causes an increase of cir-
ulating leptin up to 40% over baseline levels within 12 hours,

107
ithout any change in BMI. Starvation-induced reduction of
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363POLYCYSTIC OVARY SYNDROME AND OBESITY
irculating leptin levels has been reported as well.108 Insulin,
lucocorticoids, and TNF-� stimulate leptin secretion.95 The
timulatory effect of insulin on leptin synthesis, however, is
een only long-term.109 It appears that under steady-state en-
rgy balance conditions circulating leptin concentrations reflect
he amount of triglyceride stored in adipocytes, while in non-
teady-state conditions, leptin acts as a sensor of energy bal-
nce.95

Almost a century ago, Marshall and Peel110 observed that
over-fat” animals were sterile. The sterility was reversible
ith starvation.110 In 1922, Evans and Bishop111 reported that

nadequate nutrition also affected reproduction. Frisch112 ob-
erved that menarche occurs only when a certain “critical”
ass of body weight is reached. The mechanism of the rela-

ionship between reproduction and body weight was a mystery
ntil the discovery of leptin. Leptin treatment reverses the
ypogonadism in ob/ob mouse independently of the effect on
ody weight.113 Similarly, leptin ameliorates starvation-in-
uced hypogonadism.114 Moreover, leptin accelerates puberty
n normal mice115 and its circulating levels increase before
uberty.116-118 Thus, it has been proposed that leptin acts as a
ignal from adipose tissue to the brain indicating that the
ritical amount of fat mass necessary for initiation of puberty
nd maintenance of reproductive function has been reached.
lthough Ob-Rs have been found in the ovaries and the testes,

t remains unknown whether the effect of leptin on reproduc-
ion is mediated by its central action (on hypothalamus), pe-
ipheral action (on gonads), or both.

Most studies have shown that serum leptin concentrations in
omen with PCOS do not differ from those in normal women
ith similar adiposity.119-122 Besides, serum leptin concentra-

ions did not correlate with circulating androgen levels in most
tudies.119,120 Studies of the relationship between leptin and
irculating insulin concentrations produced variable results,
rom no correlation120,123 to positive correlation.119,121 The
ame lack of consistency was seen in studies that examined
orrelation between leptin and circulating LH levels.119-121,123

Insulin sensitizers seem to have no effect on circulating
eptin levels in women with PCOS if the weight of the subject
emains stable. For example, troglitazone treatment did not
ffect the level of leptin in PCOS patients.120 Metformin ther-
py reduced the level of leptin in both control women and in
COS patients in some studies, but the values of circulating

eptin levels in these studies were not corrected for weight
eduction.124,125

In summary, the circulating concentrations of leptin in
omen with PCOS do not appear to differ from those in
eight-matched, normal women. Thus, the role of leptin in
COS and, particularly, in the development of hyperandro-
enism in PCOS remains under debate.

nsulin and the IGF System

Endogenous insulin has a circulatory half-life of 3 to 5
inutes. The normal circulating concentration of insulin ranges

rom approximately 10 �U/mL in the fasting state to approx-
mately 50 �U/mL postprandially. In insulin-resistant condi-
ions, such as PCOS or type 2 diabetes, circulating insulin

oncentrations can be as high as 35 �U/mL in a fasting state p
nd 180 �U/mL postprandially. In syndromes of extreme in-
ulin resistance caused, for example, by a mutation in the
nsulin receptor gene, circulating insulin levels can be increased
any-fold.40

Insulin action is initiated by insulin binding to its receptor on
he surface membrane of target cells. Insulin receptors are
eterotetrameric glycoproteins composed of 4 subunits. Two
arger �-subunits are extracellular and bind the insulin mole-
ule, while two smaller �-subunits are mainly cytoplasmic and
ontain a tyrosine kinase, the main signaling component of the
nsulin receptor. Tyrosine kinase becomes activated following
nsulin binding to the �-subunits. A cascade of intracellular
rotein phosphorylation, beginning with two members of the
nsulin receptor substrate (IRS) protein family (IRS-1 and -2),
s then initiated. Subsequent activation of phosphatidylinositol-
-kinase (PI-3 kinase) leads to increased glucose transport by
lucose transporter-4 (GLUT-4) proteins.
Some actions of insulin may involve inositol-glycan second
essengers, which are produced by the insulin-sensitive hy-

rolysis of a glycolipid in the plasma membrane. The inositol-
lycan pathway may participate in the mediation of insulin
ffects on ovarian steroidogenesis40,126 (Fig 1).

As mentioned above, many women with PCOS are insulin
esistant and therefore exhibit compensatory hyperinsulin-
mia.127 The etiology of insulin resistance in PCOS is not
ompletely understood. The defect of insulin receptor action
ppears to be at postbinding level and to involve a unique
bnormality of postreceptor insulin signaling and glucose trans-
ort, distinct from that seen in patients with type 2 diabetes.128

Several molecular mechanisms have been suggested to ex-
lain the origin of insulin resistance in PCOS: lower content of
LUT4 glucose transporter,129 excessive phosphorylation of

nsulin receptor on serine residues (which reduces signal trans-
uction), or depletion of cellular adenosine.130 Dunaif et al130

emonstrated that many obese women with PCOS have defect
n tyrosine autophosphorylation of the insulin receptor. It ap-

Fig 1. Insulin receptor and its signaling pathways. See text for

etails. (Adapted and reprinted from Poretsky et al40 with permis-

ion. © The Endocrine Society.)
ears that the basal unstimulated phosphorylation is occurring
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364 SALEHI ET AL
n serine, rather than tyrosine residues, and that the tyrosine
hosphorylation is decreased.128

Archard and Thiers131 original description of “diabetes of
earded women” in the 1920s suggested a link between insulin
nd ovarian function. In one of the first studies addressing the
elationship between insulin resistance and hyperandrogenism,
urghen et al132 observed that circulating insulin levels corre-

ated with circulating testosterone levels in obese women with
COS. Kitabchi et al133 later found that the direct correlation
etween hyperinsulinemia and gonadal hyperandrogenemia
ight be a race-related phenomenon, possibly limited to Afri-

an American women with PCOS.
The hypothesis suggesting that hyperandrogenism causes

ignificant insulin resistance has been proposed. Indeed,
hronic excessive use of androgen in powerlifters134 or in
emale-to-male transsexuals135 has been shown to decrease
nsulin sensitivity. A study involving use of oxymetholone, a
estosterone-like compound, has demonstrated a positive cor-
elation between its use and the presence of insulin resis-
ance.136 However, oophorectomy,137,138 GnRH agonists,139,140

r antiandrogenic agents141 do not produce a significant change
n insulin sensitivity in most studies despite eliminating hy-
erandrogenism in PCOS patients. Further, the degree of insu-
in resistance produced by androgens appears to be much less
evere than that seen, for example, in women with hyperan-
rogenemia associated with syndromes of insulin resistance
nd acanthosis nigricans.142,143 Finally, some PCOS women do
ot exhibit insulin resistance despite hyperandrogenism.144

Evidence of possible salutary effects of hyperandrogenism of
drenal origin, as opposed to ovarian origin, on insulin sensi-
ivity was developed by Schriock et al.145 Their study evaluated
he insulin response to standard oral glucose tolerance test
OGTT) in 26 women, finding divergent correlations of circu-
ating DHEAS and testosterone with insulin levels and insulin
eceptor binding to erythrocytes. The investigators concluded
hat, unlike testosterone, DHEAS might enhance insulin bind-
ng and action.

Thus, it appears that hyperandrogenism of ovarian origin
ay produce mild reduction of insulin sensitivity and may

ontribute to the development of insulin resistance in PCOS.
owever, because significant hyperandrogenism develops in
omen whose insulin resistance is clearly a primary phenom-

non, for example, in women with mutations of insulin receptor
r with insulin-receptor antibodies,143,146 the hypothesis pro-
osing that hyperinsulinemia may affect ovarian function has
een developed.142 Insulin receptors and IGF receptors are
xpressed in all types of ovarian cells, and multiple theories of
ffects of insulin and IGFs in the ovary have been pro-
osed.147,148

In early studies, Channing et al149 examined the effects of
nsulin on porcine granulosa cells. They found increased re-
ponsiveness of granulosa cells to gonadotropin stimulation in
he presence of insulin. Other investigators have reported in-
ulin-induced stimulation of androgen, estrogen, and proges-
erone production by both granulosa and theca cells.150,151 In
itro, insulin directly stimulates ovarian androgen secretion via
ts effects on 17-�-hydroxylase, 17,20-lyase, and p450 en-

152
ymes. Insulin also directly stimulates LH secretion from p
ultured pituitary cells and sensitizes gonadotrophs to GnRH
timulation.59,153

Despite the in vitro evidence that insulin can stimulate ovar-
an steroidogenesis, in vivo studies which examined the effects
f acute administration of insulin on androgen production in
ormal women and in PCOS patients have rendered conflicting
esults (ranging from increased circulating androgen levels to
o change to a decline in circulating androgens).40 On the other
and, studies in which reduction of circulating insulin levels
as achieved (such as those involving weight loss, metformin,

hiazolidinediones, or diazoxide) have consistently reported a
eduction in circulating androgen levels.40

The fact that supraphysiologic concentrations of insulin,
ften many-fold higher than found in PCOS individuals, are
equired in some in vitro studies to stimulate ovarian steroido-
enesis, suggested that insulin may cross-react with type 1 IGF
eceptor to activate steroidogenesis in ovarian cells. Studies
sing anti-insulin receptor and anti-IGF-1 receptor antibodies,
owever, have demonstrated that insulin action in ovarian cells
rom both normal and PCOS women is usually mediated by the
nsulin receptor,40,126 although nonclassical insulin receptor
ignaling mechanisms can be involved in the ovarian effects of
nsulin.154 For example, PI-3 kinase, an enzyme whose activa-
ion is crucial for glucose transport, may not be needed for
nsulin-induced stimulation of progesterone synthesis or for
nhibition of IGFBP-1 production in human ovarian cells.154

ctivation of mitogen-activated protein kinase (MAPK), an-
ther key enzyme which is phosphorylated following insulin
eceptor activation and which is responsible for the growth-
romoting effects of insulin,155 may not be necessary for some
f the ovarian effects of insulin. In support of this hypothesis,
recent study addressing insulin and IGF-I signaling pathways

nvolving MAPK, demonstrated that while MAPK participated
n IGF-I-induced progesterone synthesis and inhibition of
GFBP-1 production in human granulosa cells, insulin-induced
timulation of progesterone or inhibition of IGFBP-1 did not
equire MAPK activation.156 Involvement of alternate path-
ays of insulin action, as well as insulin activation of type I

GF-I receptor in cases of extreme hyperinsulinemia, explains
hy the ovary may remain sensitive to insulin, while classical
rgans for insulin action (liver, fat, and muscle) are insulin
esistant.157,158

The IGF-system is closely related to insulin and participates
n the regulation of ovarian function. In vitro studies have
hown that IGF-I, a 70-amino acid polypeptide homologous
ith proinsulin, affects ovarian function in animal and human

ells.79 IGF-II, a 67-amino acid polypeptide with 70% homol-
gy with IGF-� and 50% homology with proinsulin, appears to
e the principal IGF peptide in the human ovary, with effects
imilar to those of IGF-�. It appears that the effects of both IGF
eptides (IGF-I and IGF-II) in the ovary are mediated by the
ype 1 IGF receptor.40 Hyperinsulinemia may enhance IGF
ction in the ovary by upregulating ovarian type 1 IGF recep-
ors.40,79

The activity of IGFs is modulated by low-molecular weight-
inding proteins, called IGFBPs, which bind IGFs with high
ffinity. Synthesis of one of these proteins, IGFBP-1, is inhib-
ted by insulin.159 Hyperinsulinemia may contribute to hy-

erandrogenism through inhibition of ovarian IGFBP-1 synthe-
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365POLYCYSTIC OVARY SYNDROME AND OBESITY
is,160 because low intrafollicular levels of IGFBP-1 may lead
o increased intraovarian concentration of unbound IGFs. Be-
ause circulating IGFBP-1 is derived from the liver, where its
roduction is also under inhibitory control of insulin, serum
GFBP-1 levels are negatively correlated with insulin in PCOS
atients.161. Thus, in the presence of hyperinsulinemia, both
irculating and intraovarian concentrations of bioavailable
GFs are increased, possibly contributing to stimulation of
teroidogenesis.40

Body weight affects the growth hormone (GH)/IGF-I system
n PCOS patients. In non-obese PCOS patients (whose insulin
esistance, although present, is not as significant as in obese
COS women) IGF bioavailability seems to be increased, not
nly as a result of insulin-induced IGFBP-1 suppression, but
lso because of excessive GH-induced stimulation of hepatic
GF-I production.40,162 Indeed, increased GH pulse amplitude
as been found in lean PCOS women.46 On the other hand, in
bese patients, reduced GH pulse amplitude and 24-hour mean
irculating GH levels have been reported.94 This decrease in
irculating GH levels is probably caused by decreased pituitary
esponsiveness to growth hormone-releasing hormone (GHRH)
n obese PCOS patients.46 The reduced circulating GH concen-
rations in obese PCOS women are probably related to obesity
tself, as demonstrated by studies in obese patients without
COS.163 Further, increased GH clearance in obese subjects
ontributes to the decreased GH/IGF system activity.164

These findings have led to a hypothesis proposing that,
lthough both hyperinsulinemia and excessively activated IGF
ystem participate in the development of PCOS in non-obese
nd obese women, the IGF system is more important in the
athogenesis of PCOS in non-obese women, while hyperinsu-
inemia is more important for the development of PCOS in the
resence of obesity94 (Table 2).

OBESE AND NON-OBESE PCOS PATIENTS:
DIFFERENCES IN CLINICAL MANIFESTATIONS

Onset of clinical symptoms in PCOS usually occurs peri-
enarcheally, often in association with obesity. Women with
COS have a wide range of phenotypic manifestations, most

ikely because of underlying genetic differences in etiology.
A hallmark feature of PCOS is irregular, infrequent, and

Table 2. Insulin Effects

Insulin Effect

Directly stimulates steroidogenesis
Acts synergistically with LH and FSH to stimulate steroidog
Stimulates 17-�-hydroxylase
Stimulates or inhibits aromatase
Upregulates LH receptors
Promotes ovarian growth and cyst formation (synergisticall
Downregulates insulin receptors
Upregulates type 1 IGF receptors or hybrid insulin/type 1 IG
Inhibits IGFBP-1 production
Inhibits SHBG production
Potentiates the effect of GnRH on LH and FSH

Adapted and reprinted from Poretsky et al.40 © The Endocrine Soc
npredictable uterine bleeding. Some patients experience
leeding less than 6 times per year, while in others, it may
ccur monthly, but with lack of ovulation.
The most common symptom in young women is excessive

acial hair growth (hirsutism), followed by acne. These symp-
oms are present in about 80% of patients. The Ferriman-
allwey score can be used to assess the degree of hirsutism

Fig 2).165

Many patients present with infertility due to anovulation.1

ecent evidence suggests that there is increased prevalence of
iscarriage among patients with PCOS.166,167 In addition, the

ate of pregnancy is lower than the rate of ovulation induction,
hich may be a reflection of inefficient fertilization in
COS.168

Overall, approximately 50% of women with PCOS are
bese.169,170 As discussed above, obese women with PCOS
ypically exhibit an increased WHR characteristic of an android
r central pattern of obesity.171

The prevalence of obesity in PCOS varies between studies
nd between ethnic groups. A prospective study from Spain, for
xample, reported that the prevalence of PCOS in Spain was
imilar to that in the US population, but the prevalence of
besity in Spanish PCOS women was considerably lower than
n most studies from North America, with a mean BMI in
panish patients of 23 kg/m2.172 Asian PCOS patients exhibit

ess obesity and hirsutism than their US counterparts, even
hough the prevalence of biochemical hyperandrogenism is
imilar in these 2 groups.173

Distinct clinical presentations observed in different ethnic
roups of PCOS patients are sometimes attributed to the dif-
erences in the prevalence of obesity among populations. For
xample, a high prevalence of obesity in Pima Indians may
roduce features of PCOS in this population that are different
rom those of a lean Japanese population. A recent study
oncluded that both the prevalence and the degree of insulin
esistance were higher in Mexican American women with
COS than in Caucasian PCOS patients.174

The differences in biochemical and clinical features between
bese and non-obese PCOS patients allow to determine, to
ome degree, the contributions of obesity to the clinical man-
festations of PCOS (Table 3).

ed to Ovarian Function

Organ

Ovary
s Ovary

Ovary
Ovary, adipose tissue
Ovary

h LH and hCG) Ovary
Ovary

eptors Ovary
Ovary, liver
Liver
Hypothalanmus, pituitary
Relat

enesi

y wit

F rec
Differences in menstrual function have been reported, with
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366 SALEHI ET AL
bese patients exhibiting a greater prevalence of oligoamenor-
hea and anovulation than non-obese women.94

In a large study of 1,741 patients by Balen et al,175 the
resence of obesity was associated with an increased preva-
ence of infertility. This finding is consistent with the results of

recent study by Gill et al,176 who reported higher rates of
uccessful ovulation in response to pulsatile GnRH administra-
ion among lean PCOS patients than among obese PCOS sub-
ects.

It is known that obesity has a direct relationship with the
egree of hirsutism in PCOS patients. In a study performed in
he United Kingdom in 1990, for example, obese women with
COS had a greater prevalence of hirsutism than non-obese
atients (73% compared with 56%).60

Stuart et al177 found significant correlations between hy-
erandrogenism, insulin resistance, and the presence of acan-
hosis nigricans. On physical examination, acanthosis nigricans
s found with greater frequency in obese than in non-obese
atients with PCOS,169,178 probably reflecting a higher preva-
ence and magnitude of insulin resistance among obese PCOS
atients.
As discussed above, women with the PCOS have a higher

revalence and degree of both hyperinsulinemia and insulin
esistance than weight-matched controls. Both lean and obese
omen with the syndrome have evidence of reduced insulin

ensitivity, but insulin resistance is most marked when obesity
s present.171 Impaired glucose tolerance and type 2 diabetes
ellitus are more prevalent in PCOS patients compared with
eight-matched controls, with the highest risk in obese PCOS
atients.169 In a prospective study that included 254 PCOS
atients, 31% of obese subjects had impaired glucose tolerance,
nd 7.5% had overt diabetes. By comparison, 10% of non-
bese PCOS patients had impaired glucose tolerance, and 1.5%
ad diabetes, prevalence rates still 3 times higher than in an
ge-matched control population.179

Along with the increased risk for diabetes mellitus, the
revalence of dyslipidemia is increased in women with the

yndrome. Elevated circulating levels of triglycerides, very–
ow-density lipoprotein (VLDL), and total cholesterol, accom-
anied by low levels of high-density lipoprotein (HDL), have
een reported in PCOS. Dyslipidemia is present in both obese
nd non-obese patients, but higher BMI correlates with higher
riglyceride levels.180

The association of PCOS with hypertension has not been
rmly established. Initial studies noted higher blood pressure
mong PCOS patients, but the difference was not statistically
ignificant after adjustment for BMI.169 A cross-sectional study
nvolving non-obese PCOS patients undergoing ambulatory
lood pressure monitoring demonstrated no increase in the
revalence of hypertension.181 Thus, the available evidence
uggests that hypertension in patients with PCOS is related to
besity rather than to PCOS itself.
Overall, given the prevalence of risk factors for atheroscle-

osis in women with PCOS, a higher prevalence of cardiovas-
ular events in these patients can be expected. Some studies
uggest that this might be true,182 but definitive, prospective

Table 3. Clinical and Biochemical Features of Obese Versus

Non-Obese Patients With PCOS

Features
Obese
PCOS

Lean
PCOS

Hirsutism60 �� �

Total testosterone/androstenedione ratio60 1 1

Sex hormone-binding globulin60 2 Normal
Free testosterone60 _ 1

Androsterone glucuronide60 _ 1

Oligomenorrhea/anovulation94 �� �

Infertility175 �� �

Acanthosis nigricans169,178 �� �

Insulin resistance171 �� �

IGT/diabetes mellitus169,179 �� �

Hyperlipidemia180 � �

Hypertension169,181 � (?) �

Cardiovascular risk182 �� (?) � (?)
Endometrial carcinoma risk9 �� �

Fig 2. Grading the severity of

hirsutism. Grade 1, minimal;

grade 4, virilization. (Adapted

and reprinted with permis-

sion.58)
Abbreviation: IGT, impaired glucose tolerance.
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367POLYCYSTIC OVARY SYNDROME AND OBESITY
tudies are lacking. Recent studies have demonstrated higher
lasma homocysteine and tissue plasminogen activator (t-PA)
oncentrations44,183 in PCOS subjects, suggesting that early
evelopment of atherosclerosis in this syndrome may not de-
end exclusively on abnormal lipid levels.
With obesity being a risk factor for endometrial carcinoma,

bese PCOS patients have higher prevalence of this malig-
ancy than non-obese PCOS women.9 Anovulation, unopposed
strogen stimulation, and hyperinsulinemia may play a role in
he increased risk of this gynecologic carcinoma in PCOS
atients. The data for other malignancies in PCOS are less
onclusive.

Recently, an association of PCOS with obstructive sleep
pnea has been reported.184 Even in lean PCOS subjects, the
revalence of obstructive sleep apnea was higher than in
eight-matched controls. Obese PCOS patients had a higher
revalence of sleep apnea than non-obese patients (19% v 8%).
he reason for the association between sleep apnea and PCOS

emains unknown.184

The clinical course of pregnancy in PCOS patients is af-
ected by the presence of obesity. Gjonnaess et al185 and Urman
t al186 studied PCOS patients who conceived after ovarian
lectrocautery; an 8% prevalence of gestational diabetes was
ound, higher than the 2% to 5% seen in control populations.
his increased prevalence of gestational diabetes was found
nly in overweight PCOS women, but not among non-obese
COS patients.185,186

Obesity itself is a risk factor for preeclampsia and gestational
on-proteinuric hypertension.187 In the study by Gjonnaess
entioned above, an increased risk of preeclampsia was found

mong obese PCOS patients, but not among lean women with
COS. On the contrary, in a retrospective analysis of 81 preg-
ant PCOS patients in the Netherlands, De Vries et al188 found

Table 4. Selected Studies of Therapeutic Moda

Therapeutic Modality/
References Year

Insulin
Sensitivity

Weight loss
Kiddy et al190 1992 1

Guzick et al191 1994 1

Huber-Buchholz et al189 1999 1

Metformin
Velazquez et al192 1994 1

Acbay et al195 1996 7

Nestler et al152 1996 1

Moghetti et al194 2000 1

Pasquali et al124 2000 1

Arslanian et al193 2002 1

Troglitazone
Dunaif et al196 1996 1

Ehrmann et al197 1997 1

Antiandrogens
Diamanti-Kandarakis204 1995 7

De Leo et al203 1998 7

Oral contraceptive agents
Pasquali et al206 1999 1

Cibula et al207 2001 7

Abbreviations: NS, not studied; 1, increase; 2, decline; 7, no cha
hat an increased risk of preeclampsia was present even after a
djustment for BMI. Thus, the respective roles of BMI and
COS in the development of hypertension during pregnancy
emain unclear.

In summary, the presence of obesity in PCOS has implica-
ions for some of the clinical features and biochemical abnor-
alities of the disease. Specifically, obesity appears to play a

ole in the prevalence of hirsutism, hyperandrogenism, men-
trual irregularities and infertility, glucose intolerance and overt
iabetes mellitus, endometrial carcinoma, the level of bioactive
strogen activity, and hypertension. In other areas, such as
yperlipidemia and pregnancy, the role of obesity is less clear.
rospective studies are needed to clarify whether the presence
f PCOS, with or without obesity, represents a cardiovascular
isk factor.

THERAPY OF PCOS: IMPACT OF OBESITY (Table 4)

eight Loss

There have been numerous studies of the effects of weight
oss in obese women with PCOS. Many of these studies,
owever, were uncontrolled, had a small sample size, and were
onducted over a short period of time. Even with these limita-
ions, the studies showed fairly consistently that weight loss
esulted in the improvement of hormonal and menstrual param-
ters in obese PCOS patients. These benefits appear to be
elated to the improvement in insulin sensitivity that occurs
ith weight loss.
Huber-Buchholz et al189 found a 71% improvement in insu-

in sensitivity index and a 33% reduction in fasting circulating
nsulin concentration in anovulatory obese PCOS women who
esponded to weight loss with ovulation. Kiddy et al190 found a
eduction in fasting circulating insulin concentrations in pa-
ients who achieved greater than 5% weight loss. Guzick et

191

and Their Effects in Obese Women With PCOS

T Free T SHBG Other

7 2 1

2 2 1

7 7 7 LH 2

2 2 1 LH 2
7 7 7

2 2 1 LH 2
2 2 NS
2 2 7 Leptin 2
2 2 7

2 2 1 LH 2
2 2 7

7 7 NS DHEAS 2
2 2 1 LH 2

2 NS 1

2 NS 1
lities
l randomized 12 obese PCOS women to 12 weeks of
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368 SALEHI ET AL
reatment with a weight-reduction diet or to 12 weeks with
eight-maintaining diet. Fasting insulin levels declined mark-

dly in the weight-loss group; there was no change of circula-
ory insulin concentrations in the control group.191 Thus, the
bove studies demonstrated that calorie restriction leading to
eight loss produces a reduction in circulating insulin levels in
bese women with PCOS, suggesting an improvement in insu-
in sensitivity.

Improved insulin sensitivity is associated with reduction of
yperandrogenism. Kiddy et al190 evaluated the effects of long-
erm calorie restriction in 24 obese PCOS women. Thirteen
omen who had lost more than 5% of weight had an increase

n circulating concentrations of SHBG and a decrease in cir-
ulating free testosterone compared with 11 women who lost
ess than 5% of weight; the latter group exhibited no significant
hanges in these values.190

Confirming that weight loss is necessary to achieve an im-
rovement in hyperandrogenism, Huber-Buchholz et al190 eval-
ated obese women with PCOS who were treated with diet and
xercise, but achieved no significant weight loss. The investi-
ators found no statistically significant changes in the circulat-
ng concentrations of SHBG and free testosterone in these
omen.189

Nevertheless, hypocaloric diet, with or without weight loss,
ppears to be associated with an improvement of menstrual
unction in women with PCOS. In a study by Huber-Buchholz
t al,189 after a 6-month diet and exercise program that pro-
oted a healthy lifestyle, but produced no rapid weight loss, 9

f 18 obese PCOS patients ovulated; of these, 2 became preg-
ant. In a study by Kiddy et al,190 9 of 11 patients who had lost
t least 5% of weight had improvement in menstrual function,
anifested by regular menstrual periods and conception.
uzick et al191 evaluated serum progesterone values to assess
vulation in 6 obese PCOS women treated with weight reduc-
ion. Four of these women acheived ovulatory circulating pro-
esterone levels compared with only 1 of 6 obese PCOS
atients with no weight loss.191

Several groups of investigators have studied the effects of
eight loss on serum LH concentrations and found inconsistent

esponses. Some studies showed no changes in either basal LH
evels or in LH pulse frequency or amplitude,190,191 even with
mprovement in reproductive function.190 Alternatively, a 39%
ecline in circulating LH levels in obese PCOS women who
esponded to weight loss with ovulation was reported; women
ho did not resume ovulation did not exhibit significant

hanges in circulating LH concentration.189

In summary, most studies show that weight loss in obese
omen with PCOS leads to hormonal, menstrual, and meta-
olic improvement. Weight loss, especially more than 5% of
he baseline weight, is associated with increased serum con-
entrations of SHBG and reduced serum concentrations of free
estosterone in obese women with PCOS. The mechanism by
hich weight loss leads to a reduction of hyperandrogenism

ppears to involve improved insulin sensitivity with a resultant
ecline in circulating insulin levels. Exercise, even in the
bsence of weight loss, also has some beneficial effects, prob-
bly because of associated reduction in insulin resistance. Ex-

rcise may lead to changes in body fat distribution, with a t
ecrease in abdominal fat and an increase in lean muscle mass,
ut with no change in weight.

nsulin Sensitizers

Metformin. Metformin, which belongs to the biguanide
lass of oral antihyperglycemic agents, has been shown to
mprove the metabolic, hormonal, and menstrual parameters in
bese women with PCOS.
In the first major study of metformin in obese PCOS women,

elazquez et al192 followed for 8 weeks 26 women with PCOS
ho had mean BMI of 29 kg/m2. The women received 1,500
g metformin daily. The effect of metformin on insulin secre-

ion and glucose metabolism was assessed by an OGTT. After
weeks of treatment, there was no significant change in the

rea under the glucose curve, but there was a 35% decrease in
he area under the insulin curve. The insulin area to glucose
rea ratio decreased by 31%, demonstrating an improvement in
nsulin sensitivity with metformin.192 In a study by Arslanian et
l,193 15 obese adolescents with PCOS and impaired glucose
olerance, diagnosed using an OGTT, were treated with 850 mg
etformin twice a day for 3 months. After this course of

reatment, OGTT parameters improved in 8 patients. The glu-
ose area under the curve and the insulin area under the curve
eclined, but there were no differences in steady-state circulat-
ng glucose or insulin concentrations before and after treat-
ent.193 In a study of obese PCOS women treated with met-

ormin, Nestler and Jacubowicz152 demonstrated a reduction of
he mean area under the insulin curve after oral glucose chal-
enge.

Not all studies have shown consistent improvement of insu-
in sensitivity with metformin therapy. In a double-blind study
y Moghetti et al,194 23 women were randomly assigned to
reatment with metformin (1,500 mg/d) or placebo for 6
onths. Eighteen of these patients and 14 additional patients
ere subsequently given metformin in an open trial for 11
onths. The mean BMI was 30 kg/m2. At baseline, both groups

ad similar fasting glucose and insulin plasma concentrations.
fter 6 months of metformin therapy, fasting plasma insulin

oncentration decreased in the metformin-treated group; there
ere no changes in the placebo group. Insulin sensitivity,

ssessed by a euglycemic-hyperinsulinemic glucose clamp, im-
roved. There was, however, no statistically significant differ-
nce between circulating glucose or insulin levels before and
fter treatment when the patients underwent 2-hour OGTT.194

cbay and Gundogdu195 followed 16 women with PCOS who
ere treated with placebo for 8 weeks followed by metformin

or 10 weeks. Insulin sensitivity was assessed by an intravenous
nsulin tolerance test. There was no difference in BMI or in the
reas under the curve for insulin or glucose in metformin versus
lacebo groups.196

As with weight loss, the reduction in insulin resistance
chieved with metformin in most studies was associated with
mproved hormonal and menstrual parameters,193,194 In the
tudy by Velazquez et al,192 at baseline, all patients had abnor-
al menstrual cycles, 90% exhibited hirsutism, and 85% had

levated circulating concentration of free testosterone. After
reatment with metformin, mean circulating levels of free tes-

osterone declined by 52%, total testosterone declined by 44%,
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369POLYCYSTIC OVARY SYNDROME AND OBESITY
ndrostenedione declined by 29%, DHEAS declined by 21%,
ree androgen index was reduced by 49%, and LH declined by
5%. Concurrently, circulating SHBG concentration increased
y 33% and FSH increased by 95%. Three patients became
regnant.192

Adrenal steroidogenesis can also be affected by metformin,
uggesting that hyperinsulinemia may contribute to the in-
reased adrenal androgen production in PCOS. In a study by
estler et al,152 12 women with PCOS were randomly assigned

o receive metformin, while 13 received placebo. In the met-
ormin group, mean basal serum concentration of 17-�-hy-
roxyprogesterone decreased by 51% and peak 17-�-hy-
roxyprogesterone serum concentration after leuprolide
njection decreased by 38%; no changes were observed in the
lacebo group.152 After 3 months of metformin treatment,
rslanian et al193 reported significantly lower plasma concen-

rations of androstenedione, 17-hydroxyprogesterone, and 17-
ydroxypregnenelone in response to ACTH stimulation in
omen with PCOS.
Studies of the combined effects of metformin and hypoca-

oric diets leading to weight loss have been performed. Pasquali
t al124 evaluated the effects of combined hypocaloric diet and
etformin in 40 obese PCOS patients. All patients followed a

ow-calorie diet for 1 month prior to being randomized to
etformin or placebo in a double-blind design for 6 months.
he metformin-treated group demonstrated improvement in
enstrual cycles and hirsutism compared with the placebo

roup. Fasting plasma insulin concentrations declined signifi-
antly in both treatment arms, but glucose-stimulated insulin
ecretion decreased only in patients treated with metformin.
he area under the curve for insulin decreased in PCOS pa-

ients treated with metformin, but not in the placebo arm. There
ere no changes in LH, FSH, DHEAS, or progesterone, but a
ecline in circulating total testosterone concentration in the
COS patients treated with metformin was observed. Circulat-

ng leptin levels also decreased in patients treated with met-
ormin in contrast to the placebo group.124

Kowalska et al125 examined the combined effects of a hy-
ocaloric diet and metformin in 23 obese PCOS patients, 19
bese patients without PCOS, and 11 normal-weight healthy
omen. The obese patients were treated with a hypocaloric diet

nd metformin for 4 to 5 months. Fasting insulin, LH, and
estosterone serum concentrations decreased significantly only
n obese PCOS patients treated with diet and metformin. Cir-
ulating leptin levels declined in both groups of PCOS patients,
ut not in normal-weight healthy women. Six of the 11 obese
COS patients developed more regular menstrual cycles, and 2
atients conceived.125 Both of these studies demonstrated that
etformin therapy, combined with weight loss, could improve

nsulin sensitivity, hyperandrogenism, and menstrual irregular-
ty in patients with PCOS.

In summary, treatment with metformin in most studies was
ssociated with an improvement in insulin sensitivity. Im-
roved insulin sensitivity, in turn, was associated with a reduc-
ion in circulating androgen levels and improvement in men-
trual and ovulatory symptoms. However, not all studies have
hown consistent results, with a few showing no improvement
n insulin sensitivity with metformin treatment. Possible expla-

ations for this discrepancy may be the variability in the doses c
f metformin and the effect of metformin on BMI. Metformin,
sed in conjuction with weight loss, appears to produce a more
onsistent effect on insulin sensitivity and androgen profile
han metformin without weight loss.

Thiazolidinediones. The thiazoledinediones are a group of
nsulin-sensitizing medications commonly used in the treat-
ent of type 2 diabetes mellitus. The effects of one thiazo-

idinedione, troglitazone, have been studied in PCOS patients.
study by Dunaif et al,196 in which 25 women with PCOS

ere randomized to receive either 200 mg or 400 mg troglita-
one and were compared with 12 normal (control) women,
eported an improvement in insulin sensitivity and reduction in
irculating DHEAS and estrone levels in the groups that re-
eived 200 mg or 400 mg troglitazone daily. The group that
eceived 400 mg troglitazone daily also exhibited a decline in
irculating free testosterone, androstenedione, and LH concen-
rations and an increase in circulating SHBG levels. In 2
atients, ovulatory menses resumed.196 In a study of 13 obese
omen with PCOS who were treated with 400 mg troglitazone

or 12 weeks, Ehrmann et al197 reported a significant decrease
n fasting and 2-hour plasma glucose concentration during
GTT, improvement in insulin sensitivity, and a decrease in

otal and free serum testosterone concentrations. Leuprolide-
timulated serum levels of 17-OH progesterone, androstenedi-
ne, and total testosterone were also significantly reduced with
reatment.198

In a randomized, double-blind, controlled study of rosiglita-
one and metformin in lean patients with PCOS, preliminary
esults showed a greater increase in ovulation with metformin
lone versus rosiglitazone alone, and no greater benefit with
ombination therapy. Serum free testosterone decreased in the
etformin group and also in the rosiglitazone group.198 Mer-

ado-Asis et al199 reported that patients previously treated with
roglitazone maintained normal menses when their therapy was
hanged to rosiglitazone, and newly diagnosed patients treated
ith rosiglitazone also had restoration of menses within 6
eeks of initiating treatment. In a preliminary report of a

andomized, double-blind, placebo-controlled trial of 40
omen with PCOS, administration of 30 mg pioglitazone for 3
onths resulted in a reduction of fasting serum insulin levels,

ncreased insulin sensitivity, reduction in free androgen index,
ncrease in SHBG, and resumption of ovulatory function.200

It appears, therefore, that troglitazone has beneficial effects
n obese PCOS women. Since troglitazone has been removed
rom the market because of liver toxicity, definitive studies
ith other thiazolidinediones need to be completed.
D-chiro-inositol. Inositol-phosphoglycans are involved in
ediating insulin action.202 It has been proposed that, at least in

ome patients, insulin resistance in PCOS may be due to a
eficiency of D-chiro-inositol-phosphoglycan mediators.201,202

estler et al202 hypothesized that repletion of D-chiro-inositol
tores would lead to improved insulin sensitivity. Forty-four
bese women with PCOS were given either 1,200 mg D-chiro-
nositol daily or placebo for 6 to 8 weeks. The treatment group
emonstrated a significant reduction in the mean area under the
nsulin curve after oral glucose load, a 55% decrease in free
estosterone, a 47% reduction in DHEAS, and reduction in
irculating triglyceride levels; an increase in circulating SHBG

oncentrations was also observed. The placebo group demon-
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370 SALEHI ET AL
trated none of these changes. There were no changes seen in
asal LH concentrations in either group. Nineteen of the 22
omen treated with D-chiro-inositol ovulated versus only 6 of

he 22 patients in the placebo group.202 Thus, D-chiro-inositol
olds promise for the treatment of insulin resistance and hy-
erandrogenism in patients with PCOS.

ntiandrogens

Antiandrogens, such as flutamide or spironlactone, are ben-
ficial in the treatment of the hyperandrogenism associated
ith PCOS and may improve insulin sensitivity. In a study of
teenagers given flutamide for 6 months, De Leo et al203

eported significant reductions in circulating levels of LH,
ndrostenedione, and free and total testosterone, an increase in
erum SHBG, and resumption of regular menses. In a study by
iamanti-Kandarakis et al,204 10 obese and 8 lean PCOS
omen and 13 lean control women were treated with flutamide,
50 mg/d, for 3 months. Patients in the flutamide-treated group
xhibited significant improvement in hirsutism and reduction in
irculating androstenedione and DHEAS levels, in contrast to
he control group. There were no changes in circulating free
estosterone levels and no improvement in insulin sensitivity in
ither group.204 In a study of hyperandrogenic patients treated
ith anyone of 3 agents (spironolactone, flutamide, or busere-

in) Moghetti et al205 found an improvement in insulin sensi-
ivity, with lean patients responding better than obese patients.

ral Contraceptive Agents

Oral contraceptive agents have been used extensively in
he treatment of PCOS. Pasquali et al206 studied 37 obese
atients with PCOS approximately 10 years after their initial
valuation. Sixteen women took estrogen-progesterone com-
ination and 21 women did not. In the treatment group,
irculating basal insulin levels and fasting C-peptide levels
ecreased, but no change was found in the insulin area under
he curve during OGTT in comparison to baseline. The
ontrol group exhibited no changes in basal insulin levels,
ut demonstrated an increase in the insulin area under the
urve and in both fasting and stimulated C-peptide levels
ompared with baseline. Serum SHBG concentrations in-
reased only in the estrogen-progesterone group, but there
ere no changes in total testosterone in either group. Thus,

his study demonstrated that estrogen-progesterone combi-
ation can enhance insulin sensitivity and that, if left un-
reated, insulin resistance in obese PCOS patients tends to
rogress.206 In a comparison of combined oral contraceptives in
ean versus obese PCOS women, Cibula et al207 found significant
mprovements in hyperandrogenism in lean PCOS patients with
nly a moderate improvement in the obese PCOS patients.
Estrogen has been combined with the antiandrogen cyprot-

rone acetate. Dahlgren et al208 compared the effects of ethi-
ylestradiol plus cyproterone versus the antiandrogen goserelin
n 32 women with PCOS over a 6-month period. In the ethi-
ylestradiol-cyproterone-treated group, serum androgen con-
entrations decreased and hirsutism improved, but there was a
eduction in insulin sensitivity. Patients treated with goserelin
ad an improvement in both circulating androgen levels and

nsulin sensitivity. The investigators speculated that the estro- s
en component of the combined therapeutic regimen was re-
ponsible for the reduction in insulin sensitivity.208

In a study comparing metformin versus ethinylestradiol plus
yproterone in obese PCOS women, Morin-Papunen et al209

eported a reduction in circulating insulin concentrations, im-
rovement in glucose utilization, and improvement in insulin
ensitivity in the metformin-treated group, in contrast to an
ncrease in the glucose area under the curve and no improve-
ent in insulin sensitivity in the ethinylestradiol-cyproterone-

reated group.
Thus, oral contraceptives may improve the androgen profile

f PCOS patients, with a greater benefit in lean than obese
COS patients; their effects on insulin sensitivity are contro-
ersial.

ummary

In summary, many studies assessing the role of diet,
xercise, and multiple therapeutic agents in the treatment of
COS have been published (Table 4). Although many of

hese studies are not double-blind, randomized, or long-
erm, they show benefits of treating obese women with
COS with a variety of approaches. Because insulin resis-

ance and hyperinsulinemia may contribute to the pathogen-
sis of PCOS, weight loss as first-line therapy will benefit
bese patients with PCOS by reducing circulating insulin
oncentration and, consequently, androgen levels, and pro-
ucing a resumption of regular ovulatory periods. Metformin
an be suggested as a second-line treatment for most obese
omen with PCOS. Further studies of D-chiro-inositol in
COS women will demonstrate whether this agent is safe
nd effective for the treatment of insulin resistance and
yperandrogenism in PCOS patients. Antiandrogens and
ral contraceptives are effective in reducing androgen levels,
ut their effects on insulin sensitivity are inconsistent. The
ffects of rosiglitazone, pioglitazone, and other thiazo-
idinediones in PCOS patients need to be studied in detail.

CONCLUSIONS

PCOS is a common disorder, which, in all likelihood, is
tiologically diverse. Obesity is present in approximately
0% of PCOS patients. The differences in clinical manifes-
ations between obese and non-obese PCOS patients are
ostly quantitative in nature. Although obese PCOS patients

o not exhibit manifestations that are not seen in non-obese
omen with PCOS, obesity contributes to the manifestations
f PCOS by increasing the magnitude of hyperandrogenism
nd by increasing the rates of anovulatory cycles and infer-
ility.

The pathophysiologic mechanisms by which obesity
akes these contributions to the clinical picture of PCOS

ppear to be related to hyperinsulinemia which, in turn, is
nduced by insulin resistance. Although insulin resistance is
resent in both obese and non-obese PCOS patients, the
agnitude of both insulin resistance and hyperinsulinemia is

reater in obese than in non-obese women with PCOS.
yperinsulinemia impacts ovarian function and morphology
ot only by stimulating androgen production directly and in

ynergism with gonadotropins, but also by activating the
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371POLYCYSTIC OVARY SYNDROME AND OBESITY
varian IGF-system (specifically by inducing expression of
varian-type 1 IGF receptors and by inhibiting IGFBP-1
roduction in both liver and ovary), by inhibiting SHBG
roduction in the liver, and by contributing to ovarian
rowth and cyst formation.40,210 Therapeutic modalities di-

ected at the reduction of hyperinsulinemia (weight loss or
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