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Polycystic ovary syndrome (PCOS) is a medical condition that
has brought multiple specialists together. Gynecologists, endo-
crinologists, cardiologists, pediatricians, and dermatologists
are all concerned with PCOS patients and share research data
and design clinical trials to learn more about the syndrome.
Insulin resistance is a common feature of PCOS and is more
marked in obese women, suggesting that PCOS and obesity have
a synergistic effect on the magnitude of the insulin disorder.
Hyperinsulinemia associated with insulin resistance has been
causally linked to all features of the syndrome, such as hyperan-
drogenism, reproductive disorders, acne, hirsutism, and meta-

bolic disturbances. Women with PCOS should be evaluated for
cardiovascular risk factors, such as lipid profile and blood pres-
sure. Modification of diet and lifestyle should be suggested to
those who are obese. Several insulin-lowering agents have been
tested in the management of PCOS. In particular, metformin is
the only drug currently in widespread clinical use for treatment
of PCOS. In a high percentage of patients, treatment with met-
formin is followed by regularization of menstrual cycle, reduc-
tion in hyperandrogenism and in cardiovascular risk factors,
and improvement in response to therapies for induction of
ovulation. (Endocrine Reviews 24: 633–667, 2003)
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I. Introduction

POLYCYSTIC OVARY SYNDROME (PCOS) is the most
common endocrinopathy in women and the most com-

mon cause of anovulatory infertility, affecting 5–10% of the

population. It is characterized clinically by some evidence of
androgen excess, such as hirsutism, seborrhea, acne, elevated
plasma androgen levels, or a combination of these. Its asso-
ciation with menstrual abnormalities and infertility leads
many affected women of reproductive age to attend gyne-
cology and infertility clinics where the syndrome is diag-
nosed (Table 1). In recent years it has been widely recognized
that most women with PCOS have some degree of insulin
resistance (1). Abnormality of insulin secretion and action
has been implicated in the pathophysiology of PCOS (2). As
a consequence of insulin resistance, PCOS patients often
have an atherogenic lipid profile and increased incidence of
cardiovascular risk factors (3). Women with PCOS have the
constellation of symptoms (insulin resistance, obesity, hy-
pertension, and dyslipidemia) defining so-called syndrome
X (4). There is currently much interest in the use of insulin-
sensitizing drugs in women with PCOS. In a good percentage
of cases, treatment with these drugs is followed by regular-
ization of the menstrual cycle, reduction in hyperandro-
genism, reduction in cardiovascular risk factors, and im-
proved response to therapies for induction of ovulation. This
review endeavors to define insulin resistance and its possible
role in the pathogenesis of PCOS. The use of insulin-lowering
drugs in this disorder is summarized.

II. Definition of PCOS

A. Endocrine profile

A lack of uniformity in the criteria used to diagnose PCOS
adds to the confusion surrounding this syndrome. Diagnosis
of PCOS is usually based on clinical symptoms and bio-
chemical markers. The National Institutes of Health Con-
sensus Conference (5) established definite and probable cri-
teria for PCOS, including menstrual abnormalities and

Abbreviations: A, Androstenedione; BMI, body mass index; CVD,
cardiovascular disease; DHEAS, dehydroepiandrosterone sulfate; FFA,
free fatty acids; FSIVGTT, frequently sampled iv glucose tolerance test;
GD, gestational diabetes; G:I ratio, glucose to insulin ratio; hCG, human
chorionic gonadotropin; HDL, high-density lipoprotein; HOMA, ho-
meostatic model assessment; HSD, hydroxysteroid dehydrogenase;
IGFBP, IGF-binding protein; IGT, impaired glucose tolerance; IRS, in-
sulin receptor substrate; IVF, in vitro fertilization; LDL, low-density
lipoprotein; NIDDM, non-insulin-dependent diabetes mellitus; OGTT,
oral glucose tolerance test; 17OHP, 17-hydroxyprogesterone; PAI-1,
plasminogen activator inhibitor-1; PCO, polycystic ovaries; PCOS, poly-
cystic ovary syndrome; PI3K, phosphatidylinositol 3-kinase; PPAR�,
peroxisome proliferator-activated receptor-�; PRL, prolactin; QUICKI,
quantitative insulin-sensitivity check index; T, testosterone.
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androgen excess and excluding adrenal hyperplasia and
other causes of hyperandrogenism. Insulin resistance, ele-
vated LH to FSH ratio, and ultrasonographic signs were
defined as possible criteria.

The endocrine profile of women with PCOS is character-
ized by high plasma concentrations of ovarian and adrenal
androgens, gonadotropin abnormalities, a relative increase
in estrogen levels (especially estrone) derived from conver-
sion of androgens, reduced levels of SHBG, and often high
levels of prolactin (PRL) and insulin.

1. Gonadotropin secretion. Although the pathogenesis of PCOS
is still controversial, an array of plausible pathophysiologies
has emerged over the last several decades of study. Inap-
propriate gonadotropin secretion with elevated LH and rel-
atively low FSH secretion is typical (6).

In women with PCOS, 55–75% have a high LH to FSH ratio
(6–8) due more to increased levels of LH than low levels of
FSH. Administration of GnRH evokes an exaggerated LH
response (9). GnRH stimulation and gonadotropin pulsatility
tests indicate hyperactivity of the hypothalamo-pituitary
axis. It is still unclear whether the high levels of LH depend
on a higher frequency of GnRH pulses, a greater amplitude
of GnRH pulses evoking an increased pituitary response to
GnRH, or a combinations of these (10).

During puberty, women with PCOS showed chronobio-
logical abnormality of LH secretion, characterized by an ap-
proximately 8-h forward shift of the LH surge from the
normal nocturnal sleep period to the afternoon (11). This shift
could indicate primary hypothalamic-pituitary impairment
in the pathogenesis of the syndrome. However, it has been
shown that in women with PCOS, recovery of the LH pul-
satile pattern after inhibition by GnRH agonist closely fol-
lows the pattern observed in normal controls (12), indicating
that high LH levels could be the result of increased androgen
levels. Indeed, other hyperandrogenic states, such as con-
genital adrenal hyperplasia, may exhibit increased LH levels
(13). On the other hand, the evidence that testosterone (T)
administration to eugonadal female-to-male transexuals
lowered LH levels (14) and that antiandrogen treatment was
not always followed by a reduction in LH levels in PCOS
patients argues against the hypothesis that elevated LH se-
cretion is the consequence of hyperandrogenemia.

Similarly, the relative reduction of FSH may be explained
on the basis of a higher frequency of GnRH pulses (15, 16) or
a different action of circulating and paracrine factors on
pituitary function. It is not yet clear whether altered hypo-
thalamo-pituitary function is an intrinsic factor in PCOS or

secondary to steroid hormone anomalies. An altered hypo-
thalamic neuroregulation in PCOS patients has been hypoth-
esized according to the impaired opioid and dopaminergic
tonus that has been shown in PCOS. However, the admin-
istration of naltrexone (an opioid antagonist), bromocriptine
(a dopaminergic agonist), or metoclopramide (a dopaminer-
gic antagonist) induces slight changes in LH pulsatility in
women with PCOS (17, 18). Whatever the cause, an altered
function of the GnRH-LH axis explains some symptoms of
PCOS: 1) relatively low FSH levels may lead to incomplete
or inefficient follicle maturation; and 2) high levels of LH may
lead to theca cell hyperplasia, favoring increased androgen
secretion.

2. Hyperandrogenemia. Hyperandrogenemia is a key feature of
the syndrome; it is mainly of ovarian origin although an
adrenal contribution cannot be excluded. Most, but not all,
women with PCOS have high plasma levels of androgens.
Androstenedione (A) and T are markers of ovarian androgen
secretion, and dehydroepiandrosterone sulfate (DHEAS) is
the best marker of adrenal secretion. Hyperandrogenemia is
not always linked to hyperandrogenic symptoms such as
acne or hirsutism; indeed, ethnic groups such as Asians show
hyperandrogenemia without any skin manifestations
(19, 20).

Ovarian catheterization studies (21, 22), human chorionic
gonadotropin (hCG) stimulation studies (23), and suppres-
sion of gonadotropin secretion with combined estrogen and
progestins (24) or GnRH analog all suggest that polycystic
ovaries (PCO) overproduce androgens. The adrenal contri-
bution, however, should not be ignored, because women
with PCOS have higher plasma concentrations of T, free T,
17-hydroxyprogesterone (17OHP), A, and dehydroepi-
androsterone than normal women (25). Acute administration
of GnRH is followed by 3 times greater 17OHP production
than in normal women (9, 25). This and other observations
have led to the hypothesis that 17-hydroxylase and 17,20-
lyase activities, constituents of the enzyme P450c17, are al-
tered in PCOS. The consequence of the intrinsic dysregula-
tion of this enzyme is a relative inhibition of 17,20-lyase with
respect to 17-hydroxylase and thus an increase in the 17OHP
to A ratio with respect to normal women. The increased
response of 17OHP to stimulation with GnRH or hCG is one
of the best known endocrine features of the syndrome (26–
28). When LH is added to human thecal cell cultures, 17OHP
production increases with respect to A production. Long-
term cultures of replicating thecal cells from PCOS and

TABLE 1. Endocrine profile, signs, and symptoms of PCOS

Hormonal profile Hyperandrogenism Reproductive abnormalities Metabolic disturbances

LH/FSHa Acne Menstrual disturbances Obesity
Androgena Hirsutism Anovulation Dysfibrinolysis
Estrogenb Seborrhea Infertility Dyslipidemia
PRLb Alopecia Miscarriage Diabetes
SHBGc Acanthosis nigricans GD Hypertension
IGFBP-1c Preeclampsia CVD
Hyperinsulinemia

a Increase in.
b No modification or increase in.
c Reduction in.
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healthy women have shown that the former produce T, pro-
gesterone, and 17OHP more abundantly than the latter, even
though the culture medium was free of LH (29). The clear
message from these in vitro studies is that theca cells of PCOS
patients have enhanced steroidogenic potential that is not
limited to 17�-hydroxylase and 17,20-lyase activity. This in
vitro biochemical phenotype may be the result of a stable
metabolic imprint obtained in vivo or an intrinsic genetic
variation.

Recent studies by McAllister and colleagues (30, 31) dem-
onstrated that basal and forskolin-stimulated CYP17 gene
transcription (the gene that encodes the cytochrome P450) is
increased in PCOS theca cells. They established that in-
creased androgen production is a stable phenotype of PCOS
theca cells that not only results from preferentially increased
CYP17 expression but involves the up-regulation of other
steroidogenic enzymes, including CYP11A and 3�-hydrox-
ysteroid dehydrogenase (3�-HSD). A comparison of 17�-
HSD activity (which converts A to T) in normal and PCOS
theca cells demonstrated that androgenic 17�-HSD activity
per theca cell was not different in PCOS theca cells. It is likely
that the increased production of T by PCOS theca cells is
driven by increased androgen precursor production and not
by altered 17�-HSD activity (30).

In women with PCOS, altered granulosa cell function,
characterized by aromatase activity, may be present. Most
studies have found that aromatase activity is higher in poly-
cystic than in normal ovaries, providing a likely explanation
of the hyperestrogenism often observed in this syndrome (9,
26, 30, 31). Women with PCOS are reported to have a sig-
nificantly greater response of estradiol to a single dose of
GnRHa than normal women (26).

Thecal cells of PCO synthesize more androgens than those
of the normal ovary, and granulosa cells have high aromatase
activity that converts this large quantity of substrate into
estrogens. High aromatase activity could therefore be a rea-
son for the normal quantities of androgens found in follicular
fluid from PCOS patients.

It was recently proposed that hyperinsulinemia plays a
role in steroidogenesis. The relationship between steroido-
genesis and insulin resistance in PCOS is discussed below.

B. Reproductive abnormalities

In clinical practice, women with PCOS present with in-
fertility (mean incidence, 74%), menstrual irregularity (dys-
functional bleeding, 29%; amenorrhea, 51%), hyperandro-
genism (69%), and virilization (21%) (32).

Anovulation is usually chronic in PCOS and is associated
with infertility and dysfunctional bleeding such as oligo-
menorrhea or amenorrhea. Periods of regular menses are
also possible. Some women who report normal menses may
be anovulatory. Carmina and Lobo (33) found that approx-
imately 21% of hyperandrogenic women with normal men-
ses were anovulatory. The menstrual irregularity of PCOS
patients typically begins at menarche and although amen-
orrhea may occur, the usual presentation is oligomenorrhea.
The proportion of PCOS patients with regular menses is
thought to increase with age, reaching about 70% at 39–41

yr (34). No longitudinal data, however, are available on this
matter.

Infertility is the presenting problem for about 40% of PCOS
patients (35). If pregnancy is achieved, other reproductive
problems, such as miscarriage, emerge (36, 37). The relation-
ship between PCOS and miscarriage is a complex and un-
resolved area. Excellent papers have been published on this
topic (36, 38–49); consequently the subject is only outlined
here. PCOS is not predictive of miscarriage, but patients who
miscarry have higher plasma levels of androgens than
women with ongoing pregnancies (38). The miscarriage rate
in PCOS is about 30% of all pregnancies, which is double the
rate for early miscarriage in normal women. The exact mech-
anism is unknown. High levels of LH and androgens have
been regarded as a cause for poor reproductive history
(50, 51).

The unfavorable endocrine environment to which ovarian
follicles are exposed could be at least partly responsible for
a low percentage of pregnancies, because it affects oocyte
quality and luteal phase efficiency. However, oocytes of
women with PCOS are nearly always normal and, when
removed from their unfavorable environment, have a similar
fertilization percentage to oocytes of normal women (52).

Insulin resistance in PCOS may be considered a risk factor
for gestational diabetes (GD) (53). Because patients with
PCOS have insulin resistance, albeit with normal glucose
tolerance, they may run a higher risk of diabetes when ex-
posed to the diabetogenic effects of pregnancy. Indeed the
prevalence of GD in PCOS patients has been reported to be
40–46%. The prevalence of PCOS in women with a history
of GD has variously been reported to be as high as 20% (54),
39.4% (55), 41% (56), 44% (57), and 52% (58). Interestingly,
these women showed higher fasting glucose and features
reminiscent of syndrome X, such as higher body mass index
(BMI), higher waist-hip ratio, higher fasting insulin, higher
triglycerides, and lower insulin sensitivity than women with
normal previous pregnancies (58). However, some studies
have failed to find a significantly higher prevalence of PCOS
in women with a history of GD (59, 60).

In a longitudinal study, Paradisi et al. (61) investigated
carbohydrate metabolism in pregnant women with PCOS.
They used oral glucose tolerance test (OGTT) and hyperin-
sulinemic-euglycemic clamp to show that women who de-
veloped GD had lower insulin sensitivity than women who
did not, indicating that GD is associated with impairment of
insulin metabolism as early as the first trimester.

A link between insulin resistance and hypertensive dis-
orders in pregnancy has been widely reported. Insulin re-
sistance, obesity, and increased risk of GD in PCOS patients
suggest that hypertensive complications may be common in
pregnancy. Preeclampsia is reported to be more frequent in
PCOS patients than in normal women (62). In a case control
study, the incidence of this disorder was found to be as high
as 28.5% (63). In a recent retrospective study of 99 pregnan-
cies in PCOS patients, it was found that the relative risk for
preeclampsia was 2.2. However, logistic regression analysis
indicated that nulliparity was the only significant risk factor
for preeclampsia and that PCOS had no predictive value (54).
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C. Long-term health consequences

Insulin resistance in young, otherwise healthy women
raises the question of other cardiovascular risk factors, in-
cluding impaired glucose tolerance (IGT), diabetes, hyper-
lipidemia, hypertension, and abdominal obesity as well as
increased cardiovascular disease (CVD) itself (64). Because
PCOS patients tend to be obese with abdominal deposition
of body fat and insulin resistance, it has been proposed that
they may have other metabolic features of so-called syn-
drome X. This syndrome is defined by a constellation of
symptoms such as insulin resistance, obesity, hypertension,
and hyperlipidemia. Indeed PCOS patients tend to have
higher blood pressure, triglycerides, low-density lipoprotein
(LDL)-cholesterol, and total cholesterol, with lower high-
density lipoprotein (HDL)-cholesterol than age-matched
controls (65).

The association between PCOS and endometrial disease
has been reported for many years. Few studies have ad-
dressed the possibility of an association between PCOS and
breast and ovarian cancer. Multiple factors other than insulin
resistance, such as obesity and hormonal imbalance, may
contribute to increase the long-term risks in PCOS. This
makes it difficult to evaluate the independent role of each
single risk factor.

Detailed reviews on long-term health consequences of
PCOS are available (66–72), and thus only a brief overview
will be presented here.

1. Hypertension. A link, independent of obesity, has been
reported between hypertension and insulin resistance (73). A
few studies have shown increased risk for hypertension in
PCOS. Increased risk of arterial hypertension in older
women with a history of PCOS has been repeatedly dem-
onstrated (74, 75). In these retrospective cohort studies, the
prevalence of treated hypertension was 3 times higher in
women with a history of PCOS between the ages of 40 and
59 yr than in healthy controls (74). However, it should be
acknowledged that the subjects included in that study had a
history of PCOS only as documented by wedge resection and
not by other clinical data. A higher prevalence of hyperten-
sion was found in a group of patients with a history of PCOS,
aged 43–62 yr, matched for age and BMI with 56 controls (75).
However, in a study comparing 28 patients with a history of
PCOS aged 45–59 yr with 752 age- and BMI-matched con-
trols, hypertension was diagnosed in 60% PCOS and 39%
controls and the difference was not significant (76).

Normal ambulatory blood pressure was found to be sim-
ilar in PCOS and normal body composition-matched women
(77). However, careful comparison of blood pressure levels
in young women with PCOS revealed an increase in mean
and systolic blood pressure during 24-h blood pressure re-
cording (78). A causal relation has been reported between
insulin resistance and hypertension. Indeed, untreated hy-
pertensive patients exhibited higher fasting and postprandial
insulinemia than normotensive controls, and a direct corre-
lation was found between plasma insulin levels and blood
pressure (79, 80).

2. Dyslipidemia and dysfibrinolysis. Insulin resistance is asso-
ciated with an unfavorable lipid profile with low LDL and

high triglyceride levels (81). Hyperinsulinemia inhibits li-
polysis with a consequent increase in levels of nonesterified
fatty acids. High levels of nonesterified fatty acids led to
increased triglyceride levels and reduced HDL levels.

Several studies have examined the association between
PCOS and dyslipidemia (65, 82–84), showing that PCOS
patients have an atherogenic lipid profile with increased LDL
and triglycerides and decreased HDL levels. Wild et al. (65)
showed that, compared with controls, PCOS patients had
serum levels of triglycerides twice as high and mean HDL
levels 26% lower. Conway et al. (83) and Talbott et al. (85)
showed that lean women with PCOS also had lower levels
of HDL-2 subfraction than weight-matched controls. This
was confirmed by Robinson et al. (86), who compared 11 lean
PCOS patients with 22 BMI-matched controls and found a
significant difference in HDL-2 levels, correlated with insulin
resistance rather than BMI. However, not all studies found
lipid abnormalities in women with PCOS, especially when
they are matched to normal women for weight and body
composition (87).

Insulin resistance is associated with alterations that ac-
centuate thrombosis by increasing coagulation and inhibit-
ing fibrinolysis (88). Plasminogen activator inhibitor-1
(PAI-1) is a potent inhibitor of fibrinolysis. Elevated PAI-1
levels have been reported in obese women (89) and lean
PCOS patients (90), and a direct correlation with insulin
resistance was shown. Elevated levels of fibrinogen, an in-
dependent risk factor for CVD, has been found in PCOS
patients (89).

3. CVD. Women with PCOS display a higher prevalence of
cardiovascular risk factors such as obesity, hyperinsulin-
emia, hypertension, dyslipidemia, and dysfibrinolysis and
seem to be at high risk for developing CVD.

Wild et al. (91) studied 102 consecutive pre- and post-
menopausal women undergoing cardiac catheterization to
investigate chest pain. Coronary artery lesions were detected
in 52 patients; the other 50 had normal coronaries. The
women with artery lesions had a higher incidence of hirsut-
ism and acne than the others, and a high waist-to-hip ratio
was associated with both hirsutism and coronary artery
disease.

Birdsall et al. (92) performed a similar study of 143 pre- and
postmenopausal women undergoing catheterization. They
also performed pelvic ultrasonography to detect PCO. PCO
were detected in 42% of the women. Women with PCO had
more coronary artery segments with stenosis exceeding 50%,
indicating a trend toward greater severity of ischemic heart
disease. They found that the extent of coronary artery disease
was independently associated with PCO. However PCO as
detected by ultrasonography should not be confused with
PCOS. Indeed it has been demonstrated that only 33%
of women with PCOS showed PCO morphology on ultra-
sound (93).

Support for these findings also comes from a long-term
follow-up study of PCOS (94). A small group of women with
PCOS (n � 33) were followed up after ovarian wedge re-
section performed between 1956 and 1965. It was calculated
that PCOS patients had a 7.4-fold greater risk of myocardial
infarction than age-matched controls and increased preva-
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lence of central obesity as well as 7-fold higher prevalence of
diabetes and 3-fold higher prevalence of hypertension.

This, however, contrasts with a recent much larger retro-
spective study by Pierpoint et al. (95), who reported a mor-
tality rate in 1028 women diagnosed with PCOS between
1930 and 1979. There were 59 deaths: 15 resulted from cir-
culatory disease and six from diabetes. The standard mor-
tality rates, both overall and from CVD, were not higher in
women with PCOS than in the general female population.
However, there was a significant increase in mortality from
diabetes.

The same research group (96) recently investigated car-
diovascular mortality in women diagnosed with PCOS be-
fore 1979 and failed to find increased mortality from CVD in
these women. However, PCOS patients had a high preva-
lence of nonfatal cerebrovascular disease.

To evaluate vascular disease in other sites, Guzick et al. (97)
measured intima-to-media thickness of the common and in-
ternal carotid arteries in 16 women more than 40 yr of age
with PCOS. They found a significant increase in carotid in-
tima-media thickness compared with that in healthy women,
but no significant differences in the number of atherosclerotic
plaques. The same group (98) evaluated the presence of sub-
clinical atherosclerosis in 125 women diagnosed with PCOS
between 1970 and 1990. They found that 21.6% had ultra-
sonographic evidence of carotid plaques compared with
15.5% of controls; 72% of PCOS patients also had plaque
thickness exceeding 50% of vessel diameter compared with
0.7% of controls, suggesting that lifelong exposure to this
cardiovascular risk profile may lead to premature athero-
sclerosis in PCOS patients.

In summary, whether PCOS is an independent risk for
CVD remains unclear. The only way to establish whether
PCOS is associated with high cardiovascular morbidity and
mortality would be to conduct a large prospective study
following women with a definitive diagnosis of PCOS for
several decades.

4. Diabetes. Insulin resistance is recognized as a major risk
factor for type 2 diabetes (99). Another risk factor is pancre-
atic �-cell dysfunction (100), which is also found in PCOS
(101), presumably making PCOS patients at increased risk for
type 2 diabetes mellitus.

Multiple factors other than insulin resistance and �-cell
dysfunction, such as obesity and family history of type 2
diabetes, may contribute to increase the diabetes risk in
PCOS. This makes it difficult to evaluate the independent
role of each single risk factor in the development of diabetes.

It has been reported that about 30% of obese women with
PCOS have IGT. In a retrospective study Dahlgren et al. (74)
observed that the prevalence of non-insulin-dependent di-
abetes mellitus (NIDDM) was 15% in PCOS patients com-
pared with 2% in controls. Dunaif (102) suggested that up to
20% of PCOS patients have IGT or NIDDM by the third
decade.

In a recent prospective controlled study performed in 254
women with PCOS (103), it was shown that 31% of patients
had IGT and 7.5% NIDDM compared with 16% and 0%,
respectively, in controls. Women aged 14–44 yr were studied
from 1983–1998, and the prevalence of IGT and NIDDM was

higher over 35 yr of age. By multiple regression, it was found
that fasting glucose, PCOS status, waist-to-hip ratio, BMI,
and age were predictors of glucose intolerance. However, in
this prospective study 78% of patients had a BMI greater than
25 kg/m2 and 73% were obese (BMI � 27 kg/m2). In a recent
European follow-up study (104), the prevalence of diabetes
was investigated in 346 PCOS patients aged 30–55 yr; 2.3%
had diabetes compared with 1% of controls. When the
women were divided into age groups, it was evident that
more than 9% of PCOS patients aged 45–54 yr had diabetes
compared with 2% of controls. The divergence with the U.S.
results is probably due to the different BMI of patients. In the
European study, only 44% of patients had a BMI greater than
25 kg/m2 compared with 78% of patients in the U.S. study.
However, both studies demonstrated that PCOS patients are
at increased risk of IGT or overt diabetes during their third
or fourth decade and that this risk is higher for obese than
for lean patients.

Several studies have demonstrated that a family history of
type 2 diabetes is frequently found in diabetic patients (105).
A positive family history of diabetes is observed in a high
percentage (�80%) of women with PCOS and diabetes com-
pared with 30% among women with only PCOS (106), sug-
gesting that a family history of diabetes may magnify the
severity of insulin metabolism defects associated to PCOS.
Due to the relevant pathogenetic role of insulin resistance in
both PCOS and diabetes, some investigators hypothesized
that among women with type 2 diabetes an higher percent-
age of PCOS should be found (107). Indeed the prevalence of
PCOS among diabetic women seems to be 5-fold higher than
normal (108). In conclusion the risk of type 2 diabetes is 5-
to 10-fold higher in PCOS patients than in normal women.
Obesity, insulin resistance, �-cell dysfunction, and positive
family history may contribute to the increased diabetes risk
in women with PCOS. All PCOS women should be screened
for glucose intolerance. Physicians need to be aware that
PCOS women are at high risk for IGT and type 2 diabetes and
that these abnormalities are present in both lean and obese
subjects.

5. Endometrial disease. The risk of endometrial disease is ad-
versely influenced by several factors including obesity, un-
opposed estrogen, and infertility. All these factors are found
in women with PCOS.

In 1970, Chamlian and Taylor (109) found that 25% of 97
cases of endometrial hyperplasia in women younger than 35
yr presenting with irregular uterine bleeding had sclerocystic
ovaries (a criterion used at that time to support the diagnosis
of PCOS).

Cancer incidence rates in a Mayo Clinic cohort of 1270
women with chronic anovulation, as defined by ovarian ap-
pearance consistent with PCOS and clinical evidence of
chronic anovulation without hypoestrogenemia, were com-
pared with population incidence rates (110). The relative risk
for subsequent endometrial cancer associated with this syn-
drome was 3.1. Increased risk was also noted for premeno-
pausal and postmenopausal cancer. In addition, 14 women
reported concurrent diagnosis of chronic anovulation syn-
drome and endometrial cancer, consistent with a prevalence
of endometrial cancer in this syndrome of approximately 1%.
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A recent prospective study of 56 PCOS patients was con-
ducted with the aim of predicting endometrial hyperplasia
(111). The author found high prevalence of endometrial
hyperplasia in these patients (35.7%). Of the 20 cases of
endometrial hyperplasia, 12, three, and five were simple
hyperplasia, complex hyperplasia, and hyperplasia with
cytological atypia, respectively. Women affected were older
(30–40 yr) and reported amenorrhea of 1–4 yr duration.
Logistic regression analysis revealed that ultrasonographic
endometrial thickness and intermenstrual interval were the
only predictors of hyperplasia.

The true risk of endometrial disease in women with PCOS
is difficult to ascertain. Studies have been limited to a rela-
tively small number of cases of endometrial cancer identified
specifically in PCOS. Furthermore the heterogeneous pre-
sentation of the syndrome makes it impossible to asceratin
which factor (hyperinsulinemia, obesity, hormonal imbal-
ance) has the most relevant role in the increased risk.

Clinically, it is generally accepted that in oligoamenorrheic
or amenorrheic women with PCOS the induction of with-
drawal bleeding to prevent hyperplasia is a prudent
management.

6. Breast and ovarian cancer

Breast cancer is reported to be more common in PCOS
patients (112); conversely, it has been argued that PCOS is
protective against breast cancer (113).

In a large prospective study designed to examine the de-
velopment of breast cancer in postmenopausal women (114),
the prevalence of PCOS was found to be only 1.35%, sug-
gesting that women presenting with the syndrome are not at
increased risk for breast carcinoma. However, in a recent
series of 786 women with a histological diagnosis of PCOS
recorded between 1930 and 1979, breast cancer was the lead-
ing cause of death (95). Mortality was assessed from the
mortality registry of deaths, and standardized mortality rates
were calculated for women with PCOS and the normal pop-
ulation. The standardized mortality rate was 0.91 for all
neoplasms and 1.48 for breast cancer [95% confidence inter-
val (CI) 0.79–2.54] (95).

Few studies address the possibility of an association be-
tween PCOS and ovarian cancer (94, 110). Studies are limited
to a small number of women with PCOS and results are
conflicting.

In conclusion, the association between PCOS and breast
and ovarian cancer has not been demonstrated. Although the
links seem to be probable and logical, epidemiological evi-
dence is still lacking.

D. Summary

PCOS is extremely prevalent and is considered the most
frequently encountered and endocrinopathic condition. A
lack of uniformity in the diagnostic criteria adds to the con-
fusion surrounding the syndrome. The pathogenesis of
PCOS is still controversial. It is likely to involve abnormal-
ities in several systems. There has long been an association
of abnormal gonadotropin secretion with this syndrome.
Although the adrenal gland may contribute, hyperandro-

genemia is principally ovarian in origin. During reproduc-
tive age, PCOS is associated with relevant reproductive
morbidity including menstrual irregularity, anovulation, in-
fertility, increased pregnancy loss, and complications of
pregnancy. Insulin resistance is a common feature of PCOS.
In the general population, insulin resistance and consequent
hyperinsulinemia are associated with hypertension, dyslip-
idemia, dysfibrinolysis, CVD, and high risk of developing
type 2 diabetes (metabolic syndrome X). It is mainly obese
women with PCOS who are characterized by the presence of
central obesity, insulin resistance, and dyslipidemia, which
place them at a higher risk of developing diabetes as well as
the possibility of CVD. However this may be true for a
proportion of lean women.

Biochemical evidence regarding the potential for long-
term risks of CVD is recognized. However, it remains unclear
whether PCOS is associated with high CVD morbidity and
mortality. Women with PCOS cluster risk factors for endo-
metrial, breast, and ovarian cancer. However, the true inci-
dence of endometrial, breast, and ovarian cancer in women
with PCOS is not known.

III. Insulin Resistance in PCOS

A. Definition and prevalence

Insulin resistance has been defined as a state (of a cell,
tissue, or organism) in which a greater than normal amount
of insulin is required to elicit a quantitatively normal re-
sponse (115). It leads to increased insulin secretion by �-cells
and compensatory hyperinsulinemia. As long as hyperinsu-
linemia overcomes insulin resistance, glucose levels remain
normal. If �-cell compensatory response declines, relative or
absolute insulin insufficiency develops. Insulin secretion
cannot keep pace with the underlying insulin resistance,
which may lead to glucose intolerance and type 2 diabetes.
Type 2 diabetes develops only in subjects with insulin re-
sistance and concomitant �-cell dysfunction. A number of
abnormalities are recognized as associated with insulin re-
sistance. Reaven (100) defined this constellation of abnor-
malities as syndrome X. It is intended to refer to subjects with
insulin resistance, hyperinsulinemia, and dyslipidemia. Pa-
tients often have elevated triglycerides and decreased HDL-
cholesterol with high blood pressure. Other frequent abnor-
malities are high plasma levels of PAI-1, uric acid, and
fibrinogen, together with endothelial dysfunction, which
make for a high risk of CVD.

In 1921 Achard and Thiers (116) first reported a relation-
ship between hyperandrogenism and insulin metabolism in
their description of “diabetes des femmes à barbe.” The sub-
sequent description in 1976 (117) of virilization in young
women with severe insulin resistance led to further inves-
tigations of insulin metabolism in PCOS patients.

Both obese and lean women with PCOS have a greater
insulin response to oral glucose load than healthy women
(118, 119). Dunaif et al. (1) used the euglycemic glucose clamp
technique to demonstrate that PCOS-associated hyperinsu-
linemia was caused by insulin resistance. They recruited
obese and nonobese PCOS patients and showed that insulin-
stimulated glucose utilization, whether expressed per kilo-
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gram total weight or per kilogram fat-free mass, was signif-
icantly lower than normal in both, indicating a type of insulin
resistance that was independent of obesity and changes in
body composition. With the development of easier tech-
niques than the euglycemic clamp, such as the iv glucose
tolerance test, more researchers have investigated insulin
resistance in PCOS patients.

Approximately 60–70% of PCOS patients are obese, and it
is well known that obesity is associated with insulin resis-
tance. However, PCOS patients have evidence of insulin
resistance beyond that of obese women in the general pop-
ulation. Most studies have shown that impaired insulin sen-
sitivity is present without obesity (1, 119–122); however, any
degree of obesity further impairs insulin action.

Although it is universally accepted that overweight PCOS
patients are insulin resistant and their insulin sensitivity is
lower than that of obese non-PCOS patients, contradictory
results emerged for lean women with PCOS. On the whole,
European studies have failed to find insulin resistance in
nonobese women with PCOS (123–127), whereas North
American studies have either found (1, 119, 122) or not found
(128) impaired insulin sensitivity in lean women with PCOS.
This discrepancy may be partly due to ethnic, genetic, nu-
tritional, and lifestyle differences.

A high percentage of women with PCOS have abnormal-
ities of carbohydrate metabolism, such as IGT or NIDDM.
Indeed, in a large prospective study by Legro et al. (103), it
was shown that 38.6% of PCOS patients had either IGT
(31.1%) or diabetes (7.5%) compared with 14% and 0% of
controls, respectively. Lean PCOS patients had IGT in 10% of
cases and diabetes in 1.5%. Similar results were reported by
Ehrmann et al. (129). They found IGT in 35% and NIDDM in
10% of cases.

In conclusion, although insulin resistance is associated
with obesity, it is also found in normal-weight women with
PCOS. Both obese and nonobese women with PCOS seem to
be more insulin resistant and hyperinsulinemic than age- and
weight-matched normal women. Because insulin resistance
is implicated in the pathophysiology of diabetes, women
with PCOS seem to be at high risk for abnormalities of
carbohydrate metabolism such as IGT and NIDDM.

B. Diagnosis

Clinical assessment of insulin resistance relies on several
tests, which include determination of insulin levels, either at
baseline or after OGTT, assessment of sequential plasma
glucose levels after iv administration of insulin (insulin tol-
erance test), estimation of an index of insulin sensitivity by
applying the minimal model technique to data obtained from
the so-called frequently sampled iv glucose tolerance test
(FSIVGTT), and measurement of in vivo insulin-mediated
glucose disposal by the euglycemic hyperinsulinemic clamp
procedure (for review see Ref. 130). Recently, simple meth-
ods have been elaborated for assessing insulin sensitivity,
such as homeostatic model assessment (HOMA) (131) and
quantitative insulin-sensitivity check index (QUICKI) (132).

The most common assessment is done after oral glucose
load, which represents a normal meal. The homeostatic re-
sponse includes an increase in insulin secretion and insulin-

dependent processes that lower glycemia. Although mea-
surement of glycemia and insulinemia after OGTT is easy
and readily available, OGTT results are difficult to reproduce
and may be influenced by factors such as time of day, phys-
ical inactivity, previous carbohydrate or alcohol intake, and
fasting interval before test (133). Furthermore, the results of
this test must be interpreted in the context of plasma glucose
levels. Indeed, any degree of hyperglycemia indicates im-
paired insulin secretion, further exacerbating insulin resis-
tance and invalidating insulinemia as an index of insulin
resistance. After oral glucose the increments in insulin do not
depend entirely on glucose, but also on factors such as gut
hormones and neural stimulation. Glycemia also changes in
relation to gastric emptying and absorption.

The glucose clamp is regarded as the gold standard for
assessing insulin action, and several studies have demon-
strated insulin resistance in women with PCOS (Fig. 1). It is
somewhat difficult to perform, requiring special equipment
and trained personnel. Insulin is infused at a constant rate to
achieve physiological suprabasal levels. Glycemia is moni-
tored frequently and glucose is infused at variable rates to
maintain a constant level of glycemia. When the glucose
infusion rate has stabilized, this rate divided by the insulin
level is defined as insulin sensitivity.

The FSIVGTT is another common technique used to assess
insulin sensitivity in PCOS patients. It requires an iv injection
of a fixed amount of glucose followed by frequent blood
sampling for 180 min thereafter and subsequent modeling of
the relevant plasma glucose and insulin data to derive in-
dices of insulin sensitivity. FSIVGTT with minimal model
analysis is a mathematical model with few parameters that
has good fit with the insulin-mediated glucose disposal rate
as determined by euglycemic hyperinsulinemic clamp (134).

Most data on insulin resistance in PCOS patients have been
obtained by OGTT, euglycemic clamp, or FSIVGTT. Other

FIG. 1. Mean insulin sensitivity index (M/I, �mol/kg�min/mU�liter),
glucose oxidation (black section), and nonoxidation (open section) in-
dices expressed as �mol/kg�min/mIU�liter during the euglycemic hy-
perinsulinemic clamp in PCOS and controls. Indirect calorimetry was
performed with a computerized flow-through canopy gas analyzer
system in connection with the euglycemic clamp to reveal insulin-
stimulated glucose metabolism, e.g., the rates of glucose oxidation and
nonoxidation. During the euglycemic clamp, the M/I tended to be
lower in lean PCOS (LPCOS) and obese PCOS (OPCOS) subjects
compared with the lean controls (LC) and obese controls (OC), re-
spectively. [Adapted with permission from L. C. Morin-Papunen et al.:
Hum Reprod: 15:1266–1274, 2000 (127). © European Society of Hu-
man Reproduction and Embryology. Reproduced by permission of
Oxford University Press/Human Reproduction.]
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available techniques have not been used because of high
incidence of adverse events (insulin tolerance test and insulin
suppression test). Except for OGTT, techniques such as eu-
glycemic clamp and FSIVGTT are time-, labor- and cost-
intensive measures and are not feasible for large-scale screen-
ing of the population.

To avoid complex procedures or widely changing glucose
levels, the HOMA focuses on basal fasting insulin and glu-
cose levels (RHOMA: glucose � insulin/22.5). It has been
demonstrated that the correlation between HOMA and
clamp-derived insulin sensitivity is surprisingly good con-
sidering the simplicity of the formula (131). A recent formula
defined as QUICKI has been elaborated (132). Similar to
HOMA, QUICKI is a formula based on fasting insulin and
glucose values [QUICKI � 1/(log insulin � log glucose)]. It
has been shown to strongly correlate with insulin sensitivity
as measured by HOMA (132).

The characteristics of the most common tests for assess-
ment of insulin sensitivity are summarized in Table 2.

To facilitate the determination of the presence of insulin
resistance in PCOS patients, simple fasting markers of im-
paired insulin sensitivity have been correlated with dynamic
insulin tests. The fasting glucose to insulin (G:I) ratio may be
useful as a screening test for insulin resistance in obese white
PCOS patients (135). The G:I ratio was significantly corre-

lated with insulin sensitivity calculated by FSIVGTT (r �
0.73). A fasting G:I ratio below 4.5 predicted insulin resis-
tance with a sensitivity of 95%, a specificity of 84%, a positive
predictive value of 87%, and a negative predictive value of
94%. The main limit of this parameter is that it was derived
from the data of a group of obese women and, therefore, is
unlikely to be a good measure of insulin resistance in nono-
bese PCOS patients. Baseline fasting G:I ratio was previously
shown to have good correlation with NIDDM (136). How-
ever, more studies on large groups are needed to validate its
utility for predicting insulin resistance in PCOS patients.
Simple prediction models for insulin sensitivity in women
with PCOS were recently developed. Mathematical models
predicting insulin sensitivity as measured by euglycemic
clamp have been constructed (137) (Fig. 2). The three models
were based on waist-circumference and fasting insulin, se-
rum triglycerides, or subscapular skin fold. Of the three
models, the one based on waist circumference and fasting
insulin best predict insulin resistance. The mathematical
models were derived from an unselected population of PCOS
patients with BMIs of 17.6–37.4 kg/m2, making this model
applicable to both lean and obese patients.

As a significant correlation has been found between in-
sulin resistance and abnormalities in ovarian function, it has
been proposed that the higher the insulin resistance in PCOS

FIG. 2. Nomograms indicating the relationship between waist girth and the insulin sensitivity index (M/I), obtained during a euglycemic
hyperinsulinemic clamp, for different values of fasting insulin or serum triglycerides in women with PCOS. Models were constructed on 72
women with PCOS; insulin sensitivity was measured by the euglycemic hyperinsulinemic clamp. The normal ranges of insulin sensitivity were
calculated from 81 nonhirsute, normally menstruating women with normal ovaries and similar BMIs and ages as the women with PCOS. Left
axis, Predicted values of M/I; right axis, prediction error at that level of M/I. The nomograms also report the fifth percentile (dashed lines) of
the distribution of the insulin sensitivity index for the reference group of normal women (4.9 U). Taking into account the prediction errors in
a model based on fasting insulin predicted values of M/I less than 3.8 would indicate insulin resistance, whereas the M/I threshold for a model
based on triglycerides would be 3.5. [Reproduced with permission from G. Gennarelli et al.: Hum Reprod 15:2098–2102, 2000 (137). © European
Society of Human Reproduction and Embryology. Reproduced by permission of Oxford University Press/Human Reproduction.]

TABLE 2. Characteristics of the most common tests for assessment of insulin sensitivity

Glucose clamp G:I ratio OGTT Insulin tolerance test Insulin suppression test FSIVGTT HOMA QUICKI

Quantitative Yes Yes Yes No No Yes Yes Yes
Invasive Yes No No Yes Yes Yes No No
Simple ��� ��� �� �� �� ��� ���
Economical No Yes Yes Yes Yes No Yes Yes
Reproducible ��� � � �� � �� � �
Ability to measure glucose tolerance � � �� �� � �� � �
Correlation with the clamp Not good Not good Good Good Good Good Good

���, High; ��, moderate; �, low.
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patients, the lower the probability of spontaneous ovulation
(138). This implies that moderate or severe insulin resistance
is associated with severe oligomenorrhea or amenorrhea.

Clinical and biochemical findings usually associated with
insulin resistance are reported in Table 3. These findings may
help clinicians to identify women at high risk for impaired
insulin sensitivity.

In conclusion, the choice of a test to assess insulin sensi-
tivity depends upon several considerations; however, a cor-
relation can be drawn to relate the complexity of a test to the
quality and quantity of information generated. For research
purposes, the most informative techniques, such as the eu-
glycemic clamp or the iv glucose tolerance test, should be
preferred. In daily practice, the clinician could use simpler
indices such as fasting insulin levels, OGTT, G:I HOMA, and
QUICKI indices.

C. Pathogenesis of insulin resistance

As mentioned above, insulin resistance is defined as a
pathological condition in which target cells fail to respond to
ordinary levels of circulating insulin. At the molecular level,
impaired insulin signaling results from mutations or post-
translational modifications of the insulin receptor or any of
its downstream effector molecules. Insulin resistance could
be accounted for by a defect in insulin binding to its receptor
or to a shortage of insulin receptors; however, there is recent
evidence to suggest that insulin resistance is most often due
to a postbinding defect in insulin action.

1. Insulin receptor. Insulin binds the extracellular part of its
receptor, which is heterotetrameric, consisting of two �- and
two �-subunits. Binding activates intracellular tyrosine ki-
nase in the transmembrane �-subunits. Receptor autophos-
phorylation triggers receptor kinase activity toward intra-
cellular protein substrates (110), defined as insulin receptor
substrates (IRSs).

The IRS family is composed of four related proteins (IRS-1
to -4) (144). These activated intermediates bind and activate
other molecules, amplifying and diversifying the signal gen-
erated by insulin binding to its receptor. By activating dif-
ferent intermediates, insulin stimulates glucose and amino
acid uptake, glycogen synthesis, lipogenesis, and mitogen-
esis. Any change in one of these processes (in binding of
insulin to its receptor or in the postbinding signal cascade)
could theoretically lead to a reduced cellular response to
insulin, causing insulin resistance.

Insulin receptors are expressed in all ovarian compart-
ments (for review see Ref. 145). Insulin receptor has been

demonstrated in granulosa and thecal cells and stromal tis-
sues (146, 147). Insulin itself, IGFs, sex steroids, and other
circulating factors are involved in insulin receptor expression
and regulation in the ovary (145).

2. Insulin binding. Although the pathogenesis of insulin re-
sistance in PCOS is unclear, there is evidence that it springs
from many defects, not always coexisting. A reduction in
cell-surface insulin receptors has been reported in studies
performed with blood cells of PCOS patients (148, 149). Al-
though blood cells are not a classic insulin target, this finding
was recently confirmed in adipocytes from lean and obese
PCOS patients (150). Indeed, a marked reduction in adipo-
cyte insulin receptor binding was found in both groups, and
this appeared to be due to a reduction in insulin receptor
number as opposed to a reduction in receptor affinity. How-
ever, when the study was repeated with cultured skin fi-
broblasts from PCOS patients, this observation was not con-
firmed (151). Although a significant reduction in adipocyte
GLUT-4 (an insulin-regulated glucose transporter) content
has been observed in PCOS, independent of obesity (152),
this defect could be secondary to abnormal insulin receptor
signaling.

Discrepancies in studies investigating insulin receptor
binding may be due to methodological difficulties. Apart
from adipocytes, insulin binding has been studied in blood
cells and fibroblasts, which are not insulin target tissues.
Insulin binding may depend partly on the hormonal and
metabolic environment of the subjects. Hence, differences in
BMI, glucose levels, insulin levels, and insulin sensitivity
between studies may lead to different results. Insulin binding
defects are not generally thought to play a major role in the
pathogenesis of PCOS-associated insulin resistance.

3. Insulin signaling defects. Greater attention has been paid to
postbinding defects in signal transduction. In an attempt to
characterize postbinding defects of insulin signaling, Dunaif
(153) found that increased insulin receptor serine phosphor-
ylation decreased its protein kinase activity. Studies of in-
sulin receptors purified from PCOS skin fibroblasts have
shown reduced insulin-stimulated receptor autophosphor-
ylation, which appears to be the consequence of serine phos-
phorylation. Purification studies suggest that a factor extrin-
sic to the receptor (perhaps serine kinase) was responsible for
serine phosphorylation (154).

Interestingly, serine phosphorylation modulates the ac-
tivity of the key enzyme, P450c17, that regulates sex steroid
synthesis. This suggests that a single genetic defect involving
serine protein kinase could be a common cause of insulin
resistance and androgen hyperproduction (155) but this hy-
pothesis has not been confirmed. Furthermore, the defect in
postbinding signaling in PCOS seems to be selective, because
fibroblast cell lines from women with PCOS have signifi-
cantly decreased insulin-stimulated glucose incorporation
into glycogen but similar insulin-stimulated thymidine in-
corporation, suggesting that the defect in insulin action in
PCOS is limited to the metabolic, and does not involve the
mitogenic, action of insulin. In the original report, only 50%
of PCOS patients exhibited a marked increase in insulin
receptor �-subunit phosphoserine (154), but PCOS patients

TABLE 3. Clinical and biochemical findings suggesting insulin
resistance

Finding Ref.

Obesity 103, 126, 127, 139
Waist-to-hip ratio � 0.85 137, 139
Subscapularis skin fold � 50 mm 137
Acanthosis nigricans 140–143
Fasting insulin � 30 mU/liter 126, 137
G:I � 4.5 135
Serum triglycerides � 5.5 mmol/liter 137
Amenorrhea 138
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with “normal” insulin receptors may be highly insulin re-
sistant. This indicates that there may be other defects in the
postbinding signaling that produce insulin resistance.

Indeed, a significant decrease in skeletal muscle insulin-
mediated activation of IRS-1-associated phosphatidylinosi-
tol 3-kinase (PI3K) was recently demonstrated (156). Current
evidence suggests that IRS-mediated activation of PI3K con-
trols insulin-stimulated glucose transport and carbohydrate
metabolism (157). Interestingly, the authors found greater
expression of IRS-2 in skeletal muscle of PCOS patients than
controls, suggesting a compensatory change. However in-
sulin-mediated glucose uptake was lower in PCOS, suggest-
ing that IRS-2-PI3K activity did not completely compensate
for defective IRS-1-PI3K activity.

Lower insulin-stimulated insulin receptor tyrosine auto-
phosphorylation was recently observed in PCOS ovaries
with respect to normal ovaries (158). This could be signifi-
cant, because ovaries are the main organ implicated in PCOS.
Different patterns of IRS-1 and-2 expression in normal and
polycystic ovaries has subsequently been demonstrated
(159). IRS-1 expression is reduced in granulosa cells of ova-
ries from women with PCOS, and IRS-2 expression is in-
creased in thecal cells.

Studies with adipocytes isolated from PCOS patients dem-
onstrated reduced insulin sensitivity for induction of glucose
transport, although the number of receptors and insulin af-
finity were unchanged (160). Treatment of adipocytes with
an adenosine agonist normalized insulin sensitivity. Aden-
osine is thought to act as an autocrine/paracrine factor
binding to G protein-linked receptors. Hence, adenosine
pathways may modulate a serine protein kinase that phos-
phorylates insulin receptors or substrates (160, 161).

In conclusion, there may be multiple changes in the cel-
lular pathways that mediate insulin action and signaling that
underlie insulin resistance in PCOS (Fig. 3). It is therefore
possible that different genetic mutations and consequently
different molecular abnormalities result in the same
phenotype.

4. Insulin resistance as key to the syndrome. Whatever the patho-
genesis of insulin resistance, the resulting hyperinsulinemia
is seen as a cause of the main features of PCOS, namely
hyperandrogenism and anovulation. The first problem was
to explain why the ovaries of an insulin-resistant subject
remained sensitive to hyperinsulinemia. A first possibility
was that insulin acted via IGF-I receptors. This theory was
soon jettisoned because it was shown that insulin only binds
these receptors at very high concentrations that never occur
in PCOS patients. It has now been demonstrated that defects
in insulin signaling may exist in some, but not all, tissues of
an individual, so such hypotheses could be no longer nec-
essary. Indeed, it was recently shown that the action of in-
sulin on the ovaries is mediated by inositolglycan mediators
and is therefore distinct from the insulin-activated tyrosine
phosphate cascade that enhances glucose utilization (162).
This indicates that the pathways of induction of insulin sig-
naling are also separate in the ovaries and that the action of
insulin on steroidogenesis is maintained even in cases of
insulin resistance.

Hyperinsulinemia may increase androgen production in

PCOS by stimulating the ovaries directly, or indirectly
through stimulation of LH secretion and inhibition of IGF
binding protein (IGFBP) and SHBG synthesis and secretion.
Finally, insulin may also stimulate adrenal androgen secre-
tion (Fig. 4).

a. Insulin and the ovary. Human ovaries have specific re-
ceptors for insulin (146, 163), which suggests that the hor-
mone has a role in regulating ovarian function. A series of in
vitro studies (145) demonstrate that insulin stimulates ste-
roidogenesis by granulosa and thecal cells. The direct action
of insulin on granulosa cells, and hence on aromatase, seems
to be minor (164), whereas its effect on FSH-induced estradiol
production by granulosa cells is more pronounced (164).

Studies on thecal cells are more interesting and show that
insulin acts as a cogonadotropin in steroidogenesis (165).
Insulin has been shown to stimulate proliferation of thecal
cells (166), to increase LH-stimulated androgen secretion
(167–169), to increase P450c17 mRNA levels (170), to up-
regulate LH receptors (171), and to up-regulate ovarian IGF-I
receptors (145).

Although in vitro studies have generally shown major ef-
fects of insulin on ovarian steroidogenesis, in vivo studies
tend to be divergent. The results of studies involving infusion
of insulin in vivo followed by measurement of plasma levels
of androgens have been both negative (172–175) and positive
(176–179). The reason is probably related to the brief dura-
tion of the studies; a few hours is not long enough to detect
insulin-induced steroidogenesis. Studies in which circulat-
ing levels of insulin were reduced by administration of dia-
zoxide (180), somatostatin (181), acarbose (182), metformin
(183, 184), and troglitazone (185) are more convincing. As
illustrated in Section IV, reduction of hyperinsulinemia may
be followed by a decrease in basal plasma levels of androgens
in response to administration of GnRH (183, 186, 187) or hCG
(28).

FIG. 3. Multiple defects in the cellular pathways that mediate insulin
action and signaling may underlie insulin resistance in PCOS. In-
crease in serine phosphorylation and decrease in tyrosine phosphor-
ylation and in IRS expression and activation may be involved in the
pathogenesis of PCOS-associated insulin resistance.
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b. Insulin and gonadotropin. There is evidence to suggest that
insulin of pancreatic origin penetrates the brain (188), and
insulin receptors have been identified in various brain re-
gions, particularly the hypothalamus (189). In mice with
neuron-specific disruption of the insulin receptor gene, a
reduction in circulating LH and enhancement of LH response
to GnRH have been observed (190). This suggests that insulin
signaling in the brain could be essential for normal regulation
of the hypothalamic-pituitary-ovarian axis. Insulin receptors
have also been identified in the pituitary (189), and insulin
has been demonstrated to modulate pituitary activity in vitro
(191). In the well-known study of Adashi et al. (192), insulin
was shown to stimulate both basal and GnRH-stimulated
release of LH and FSH in rat pituitary cells.

In vivo studies, however, have not completely clarified the
role of insulin in gonadotropin secretion. Those based on
insulin infusion have failed to demonstrate changes in go-
nadotropin responses to GnRH or pulsatile gonadotropin
release (178). Correlation studies suggest that LH levels and
pulse amplitudes are inversely related to insulin levels and
to the degree of insulin resistance (122, 193). Insulin could
therefore inhibit, rather than stimulate, gonadotropin secre-
tion. Indeed, obese hyperinsulinemic women with PCOS
have decreased LH levels compared with lean women
(193, 194).

Studies in which insulin levels were reduced by means of
drugs are more univocal. As illustrated below, insulin-
lowering drugs, according to some but not all authors, bring
about a reduction in basal levels of LH (195–198) and of the
LH response to GnRH (183, 186, 187). However, it should not
be forgotten that spontaneous or induced ovulations rapidly
lower LH levels and may be a confounding factor.

c. Insulin and IGF- and sex hormone-binding proteins. Insulin
regulates androgen metabolism, not only affecting synthesis
and secretion, but also indirectly regulating circulating levels
of SHBG, which has high affinity for sex hormones. As

plasma concentrations of SHBG become lower, the free or
bioavailable androgen fraction becomes greater.

In vitro studies indicate that insulin suppresses SHBG pro-
duction by cultured hepatoma cells (199), and in vivo studies
indicate an inverse correlation between insulinemia and
SHBG plasma levels in hyperandrogenic women and also in
the general population (200–203). A reduction in hyperin-
sulinemia in PCOS patients leads to a significant increase in
circulating levels of SHBG, which is certainly a main reason
for improvement of hyperandrogenism in response to ther-
apy (185, 202, 204).

Insulin also inhibits liver production of IGFBP-1, which in
turn leads to an increase in the free fraction of IGF-I. Insulin
suppresses IGFBP-1 gene transcription. An inverse relation-
ship between fasting insulin and IGFBP-1 has been demon-
strated in PCOS patients and the general population (205–
207). Insulin reduces not only hepatic synthesis of IGFBP-1
but also the intraovarian pool (166).

Several studies have found a significant increase in the
IGF-I to IGFBP-1 ratio in women with PCOS (208–210). As
a consequence, increased bioavailability of IGF-I to thecal
tissue may subserve a cogonadotropin role, inducing hy-
perandrogenism by autocrine and paracrine mechanisms;
indeed, IGF-I has been shown to stimulate estrogen produc-
tion by granulosa cells (211) and to act synergistically with
FSH and LH in controlling granulosa cell aromatase levels
(212, 213). IGF-I synergizes with LH to stimulate androgen
production (165, 167), probably via its receptors on thecal
cells (165).

Furthermore IGF-I, like insulin, could indirectly control
ovarian steroidogenesis by affecting hypothalamic-pituitary
function. Indeed, IGF-I has been shown to positively regulate
GnRH gene expression (214, 215) and to increase basal and
GnRH-stimulated pituitary gonadotropin release (216). In-
sulin-lowering treatment increases IGFBP-1 plasma levels,
thereby leading to a reduction in the IGF-I to IGFBP-1 ratio

FIG. 4. Pathogenesis of insulin resistance
and role of hyperinsulinemia in the patho-
physiology of PCOS. Genetic predisposition,
obesity, and body fat location may have in-
dependent effects on insulin sensitivity. Hy-
perinsulinemic insulin resistance could have
a central role in the pathogenesis of PCOS.
Hyperinsulinemia may increase androgen
levels by stimulating ovarian steroidogenesis
and inhibiting IGFBP and SHBG synthesis
and secretion. A role for insulin on adrenal
steroidogenesis has been hypothesized.
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and reducing the free fraction of IGF-I available in peripheral
tissues (217, 218).

d. Insulin and the adrenal. As mentioned above, adrenal
hyperandrogenism has been considered a characteristic fea-
ture of PCOS. Because insulin resistance is a main component
of the endocrine pattern of PCOS, many studies have eval-
uated the hypothesis that adrenal hyperandrogenism could
be secondary to hyperinsulinemia. The key enzyme of an-
drogen synthesis, P450c17, is expressed both in the gonads
and adrenals and is encoded by the same gene (219); there-
fore, the same factor (i.e., insulin) probably regulates enzyme
activity at both sites.

Physiological concentrations of insulin and IGF-I were
found to increase P450c17 mRNA levels irrespective of
ACTH, in cultured adrenocortical cells (170, 220, 221). Insulin
and IGF-I also increased type II 3�-HSD mRNA levels and
had less effect on 21-hydroxylase mRNA levels (170).

Alternatively, some in vitro studies have shown a stimu-
latory effect of insulin on adrenal steroid production (222),
and others have shown inhibitory effects (223). Nor do the
findings of in vivo studies agree. Indeed, an inverse corre-
lation has been shown between plasma levels of insulin and
DHEAS in human males (224), and certain epidemiological
studies have shown low levels of DHEAS in states charac-
terized by insulin resistance and hyperinsulinemia, such as
obesity (225). Moreover, acute insulin infusion in healthy
women is reported to cause a drop in DHEAS levels (175).
Short-term insulin infusion resulted in an increased response
of some steroid intermediates to ACTH stimulation and sug-
gested that insulin may drive an increase in 17-hydroxylase
and relative impairment of 17,20-lyase activity (226).

Hyperinsulinemia in women with PCOS affects adrenal
androgen production; the response of A and 17OHP to
ACTH was greater in hyperinsulinemic women than in nor-
moinsulinemic women with PCOS (227). Studies in which
circulating levels of insulin are reduced by administration of
metformin (187, 228) confirmed that insulin has a role in
regulating adrenal steroidogenesis. Metformin administra-
tion was followed by a significant reduction in the response
of 17OHP, T, and A to ACTH (228), indicating reduced ad-
renal steroidogenesis in response to lower circulating insulin
levels. Pharmacological reduction of insulin levels was as-
sociated with a significant decrease in 3�-HSD activity in C21
steroids (which converts 17OHP into 17OH pregnenolone),
in 17�-HSD activity (which converts T to A), and an increase
in 17,20-lyase activity in the D4 pathway (which converts A
to 17OHP) (187). No changes in 3�-HSD activity in C19
steroids and 17,20-lyase activity in the D5 pathway were
observed. These observations may indicate a stimulating
effect of insulin on 3�-HSD and 17�-HSD activity and an
inhibiting effect on 17,20-lyase activity.

As in the case of the ovaries, the major abnormalities in
adrenal steroid secretion seem to be dysregulation of 17-
hydroxylase and 17,20-lyase activities. As in the ovaries,
insulin may largely affect the regulation of adrenal
steroidogenesis.

5. Role of obesity. Acquired factors seem to play an important
role in the pathogenesis of PCOS-associated insulin resis-
tance. Indeed, obese PCOS patients are more insulin resistant

than lean ones. Although the association of obesity and in-
sulin resistance is universally accepted, the mechanisms by
which increased adipose tissue causes insulin resistance re-
main unknown. It is significant that the sites of adiposity are
not equal in this regard. Intraabdominal fat deposits (central
obesity) are much more strongly associated with impaired
insulin sensitivity. Central obesity is thought to induce in-
sulin resistance by expressing and secreting several peptide
hormones and cytokines. Increased production of free fatty
acids (FFA) may inhibit insulin clearance and induce defects
in cell uptake of glucose and glycogen synthesis (229, 230).

a. Emerging role of TNF-�. Adipocytes are well known for
their relevant role as energy storage depots. New data have
established an additional role for adipocytes, that of secre-
tory cell. Adipocytes secrete peptide hormones and cyto-
kines, including TNF-�, which helps maintain hemostasis.

Expression of the cytokine TNF-� is greater in adipose
tissue and muscle of obese animals. The degree of TNF-�
expression is correlated positively with the degree of obesity
(231). Circulating levels of this factor are elevated in obese
subjects and decrease with weight reduction (232).

TNF-� has many effects on adipocyte function including
inhibition of lipogenesis and stimulation of lipolysis. TNF-�
exerts a direct effect on insulin signaling by stimulating
serine phosphorylation of IRSs with consequent impairment
of cellular response to insulin (233). Interestingly, high cir-
culating TNF-� has been reported in normal-weight PCOS
patients and even higher levels in obese PCOS patients (234,
235). Thus, increased circulating TNF-� may be involved in
the pathogenesis of insulin resistance associated with PCOS.

D. Summary

Hyperinsulinemic insulin resistance is characteristic of
many, if not all, women with PCOS. Women with this syn-
drome also display a high prevalence of glucose intolerance
and type II diabetes. Generally, the euglycemic hyperinsu-
linemic clamp is considered the gold standard for the mea-
surement of insulin sensitivity in vivo. Because of its cost,
time, and technical demands, other simpler methods, such as
HOMA and QUICKI, may be used in clinical practice. Some
clinical and biochemical findings may be useful to detect the
presence of insulin resistance.

Pathogenesis of insulin resistance in PCOS is still a matter
of debate. Defects in insulin binding to its receptor or, most
probably, defects in downstream effectors of the insulin re-
ceptor may be the molecular sites of insulin resistance in
PCOS. Obesity and body fat location have important inde-
pendent effects on insulin sensitivity. Adipocyte-derived fac-
tors (FFA and TNF-�) seem to directly affect the cellular
action of insulin.

Hyperinsulinemic insulin resistance is considered to have
a central role in the pathogenesis of PCOS. Hyperinsulinemia
may lead to inappropriate gonadotropin secretion and to
adrenal hyperandrogenism. However, experimental evi-
dence suggests that hyperinsulinemia could produce hy-
perandrogenism by directly increasing ovarian androgen
synthesis and reducing SHBG plasma levels.
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IV. Insulin-Lowering Strategies

On the basis of the theory that insulin resistance and hy-
perinsulinemia may be a relevant contributor to the patho-
physiology of PCOS, it has been hypothesized that insulin-
lowering agents, by reducing hyperinsulinemia, might
improve endocrine and reproductive abnormalities with
PCOS.

A. Metformin

There is now a large body of data documenting the clinical
efficacy of metformin in the treatment of PCOS-associated
insulin resistance. Metformin is an “old” drug (Fig. 5), mainly
used to lower blood sugar in NIDDM. Its mechanism of
action is still not entirely understood. Metformin and phen-
formin were introduced in 1957. Phenformin was withdrawn
from clinical use in many countries in the late 1970s, when
an association with lactic acidosis was recognized. Met-
formin became available for use in the United States in 1995.
It is administered orally and improves insulin sensitivity that
is impaired in NIDDM. Its efficacy is considered similar to
that of sulfanilylurea.

1. Mechanism of action

a. Effect on glucose production. Metformin has been shown
to significantly reduce basal hepatic glucose production in
subjects with NIDDM (236, 237). It inhibits hepatic glucose
production by 9% to 30%. In isolated hepatocytes, therapeu-
tic concentrations of metformin enhance the suppression of
gluconeogenesis by insulin and reduce glucagon-stimulated
gluconeogenesis (238, 239). Even if the glucose-lowering ef-
fect of metformin is attributed to decreased hepatic glucose
production and increased peripheral glucose utilization,
other factors could contribute. Indeed, metformin therapy
has been associated with a reduction in FFA levels due to
decreased adipose tissue release (240, 241). FFA have been
implicated in the pathogenesis of insulin resistance because
of their effect in increasing hepatic gluconeogenesis and in-
hibiting glucose uptake and oxidation in skeletal muscle
(242). Some studies found a small but significant decrease in
body weight, which seems due to reduced calorie intake (243,
244). Metformin could reduce hepatic glucose production

and fatty acid levels through genetic mechanism. Indeed,
when hepatocytes were cultured in the presence of met-
formin, expression of genes for regulatory proteins of fatty
acid oxidation and gluconeogenesis decreased, whereas ex-
pression of genes encoding proteins involved in glycolysis
increased (245).

b. Effect on peripheral glucose utilization. Metformin increases
insulin-stimulated glucose utilization (estimated by means of
the hyperinsulinemic clamp) by up to 50% in subjects with
NIDDM (246) or normoglycemic insulin resistance (247).
This effect has been predominantly attributed to an increase
in nonoxidative glucose metabolism (240) with glucose ox-
idation being less affected. Nonoxidative glucose metabo-
lism includes storage as glycogen, conversion to lactate, and
incorporation into triglycerides (Table 4).

Metformin seems to facilitate the translocation of glucose
transporters (GLUT) from intracellular sites to the plasma
membrane, enhancing insulin-stimulated glucose transport
into cells (248, 249). In cultures of skeletal muscle cells from
insulin-resistant subjects, metformin increases insulin-stim-
ulated glucose transport (250).

c. Effect on insulin levels and insulin receptor. A significant
reduction in insulin and proinsulin levels in lean and over-
weight patients with NIDDM has been reported (251, 252).
This effect may be secondary to the glucose-lowering effect
of metformin. A report of the Biguanide and the Prevention
Risk of Obesity has indicated that metformin significantly
reduces fasting insulin levels in nondiabetic subjects. After 12
months, 164 patients taking metformin showed a reduction
in plasma insulin of about 36 pmol/liter (253). Insulin bind-
ing to its receptor is reduced in NIDDM. Attempts have been
made to determine the effect of metformin on the extent of
insulin binding. Some studies have reported improved bind-
ing of insulin on erythrocytes and monocytes in healthy
subjects and in obese and lean patients with NIDDM (254).

Other studies, however, found no change in either the
number of insulin receptors on erythrocytes and monocytes
or the affinity of insulin for its receptor (246, 255). Moreover,
the extent of insulin receptor binding did not appear to be

TABLE 4. Effects of metformin on glucose metabolism and
side effects

Glucose utilization
Peripheral glucose utilizationa

Oxidative glucose metabolisma

Nonoxidative glucose metabolisma

Glucose transporter expressiona

Intracellular glucose transporta

Glucose production
Hepatic glucose productionb

Insulinemia and insulin receptor
Insulinemiab

Insulin receptor bindinga

Insulin receptor tyrosine kinase activitya

Side effects and toxicity
Diarrhea
Nausea
Abdominal discomfort
Lactic acidosis
a Increase in.
b Reduction in.FIG. 5. Chemical structures of metformin and troglitazone.
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correlated with the clinical and metabolic response to met-
formin, indicating that these effects are probably mediated at
the intracellular level (256). Indeed, it has recently been
shown that metformin enters the cell and directly stimulates
the tyrosine kinase activity of the intracellular portion of the
�-subunit of the insulin receptor (257).

d. Side effects and toxicity. Reversible gastrointestinal side
effects occur in about 30% of patients taking metformin.
These effects include diarrhea, nausea, abdominal discom-
fort, anorexia, and a metallic taste in the mouth. These effects
are not severe and can be avoided by taking metformin with
food or by commencing therapy with a low dose. The newly
available sustained-release formulations seem to be associ-
ated with a reduction in gastrointestinal side effects (258).

Reduced gastrointestinal folic acid and vitamin B12 has
been reported, although without clinical symptoms (259).
The worst toxic effect of metformin is probably lactic acido-
sis, which is fortunately not common. The US Food and Drug
Administration recently reported a rate of five cases/100,000
treated patients (260). Lactic acidosis due to metformin ther-
apy is associated with a mortality rate of about 50%. Mor-
tality increases with the degree of renal impairment. Thus,
strict observation of the exclusion criteria for metformin
treatment should reduce this risk. Exclusion criteria include
liver disease, heart or respiratory failure, alcohol abuse, and
kidney disease. Metformin should not be administered if
serum creatinine is above 1.5 mg/dl for men and 1.4 mg/dl
for women. A case of metformin-induced hepatitis was re-
cently described, probably a rare idiosyncratic reaction, with
high serum transaminase and intrahepatic cholestasis (261).

Metformin does not seem to have teratogenic activity. In
a recent study, its embryotoxicity was investigated in mice
(262). Toxicity manifested at concentrations of at least 100
�g/ml, which is never achieved in vivo. Indeed, during con-
trolled clinical trials, plasma levels of metformin do not ex-
ceed 5 �g/ml, even at maximum doses.

2. Effects on insulin resistance. Improvement in insulin resis-
tance is generally accompanied by an improved metabolic
profile, a significant reduction in hyperandrogenemia, and
an improvement in ovarian function and menstrual cycles. In
most studies, insulin resistance has been evaluated by OGTT
(Fig. 6) (184, 186, 187, 195, 198, 218, 263–269) or methods
based on tolerance to insulin or glucose infusion (264, 270,
271). Neither method, however, is regarded as reproducible,
so it is preferable to consider only studies that evaluated
insulin resistance by euglycemic clamp (263, 272, 273). In the
study by Diamanti-Kandarakis et al. (272), 13 women with
PCOS (mean BMI, 33.6 � 6 kg/m2) took 850 mg metformin
twice a day for 6 months. The euglycemic clamp showed a
significant increase in glucose utilization rate, irrespective of
changes in body weight. The same results were obtained by
the Finnish group (263), which found a significant reduction
in fasting glucose and fasting insulin and an increase in
fasting glucose oxidation and rates of glucose utilization
during the clamp. The authors suggest that the reduction in
hyperinsulinemia observed may be due to improvements in
hepatic extraction and insulin sensitivity during therapy
with metformin. They also found that metformin reduced
basal levels of FFA, which, as mentioned above, have a role

in reducing glucose disposal in skeletal muscle, leading to
impaired insulin sensitivity. Because the waist-to-hip ratio of
the patients decreased after therapy, they concluded that the
reduction in insulin resistance induced by metformin was
secondary to its effects on adipose tissue.

Twenty-three young women (mean BMI, 30 � 1.1 kg/m2)
were randomly assigned to treatment with metformin (500
mg 3 times a day) or placebo for 6 months. Euglycemic clamp
carried out before and after therapy showed a significant
improvement in insulin sensitivity. Insulin-stimulated glu-
cose uptake increased from 0.14 to 0.2 �mol/kg�min (cor-
rected for ambient plasma insulin). This increase was inde-
pendent of changes in body weight (273).

Two original papers investigating the effect of metformin
on insulin resistance in women with PCOS report negative
results (264, 270). The reasons for partly conflicting results
are not clear. A possible explanation (as discussed in Section
IV.A.5.a) is that only about 50% of women with PCOS re-
spond to metformin and this could be why some studies did
not report benefits from metformin therapy. In the study of
Ehrmann et al. (270), the effects of metformin therapy were
evaluated for 3 months in 14 women with PCOS (65% Cau-
casian and 35% Afro-American). Insulin sensitivity was mea-
sured by IVGTT. A slight but significant reduction in the
response of total T to leuprolide was found, but metformin
therapy did not improve insulin resistance. A possible ex-
planation may be the obesity of this particular population
(mean BMI, 39 � 7.7 kg/m2). Substantial reductions in BMI
are reported to be necessary to improve insulin sensitivity in
subjects with BMI exceeding 30 kg/m2 (274). The balance of
opinion seems to favor beneficial effect of metformin over
and above those due to weight loss only.

3. Effects on hyperandrogenism. Most studies on this subject
suggest that insulin-lowering agents may affect the entire

FIG. 6. Integrated insulin response to OGTT was significantly lower
after 6 months of metformin therapy in women with PCOS (single
line, PCOS women before therapy; dotted line, PCOS women after
therapy). *, P � 0.05. AUC ins, Area under the curve insulin. [Adapted
with permission from L. C. Morin-Papunen et al.: J Clin Endocrinol
Metab 85:3161–3168, 2000 (263). © The Endocrine Society.]
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spectrum of endocrine, metabolic, and reproductive abnor-
malities in PCOS patients. However, not all studies that have
assessed the effects of metformin in hyperandrogenic women
have confirmed these findings (264, 270). Interestingly,
where insulin levels were reduced by treatment, serum an-
drogens were lowered as well. The two studies that did not
find changes in insulin levels likewise did not report changes
in circulating levels of androgens (264, 270).

In an uncontrolled trial that assessed 26 obese women with
PCOS before and after treatment with 1500 mg metformin/d
for 8 wk, a reduction in insulin concentrations and in serum-
free T was reported (275). Serum SHBG increased by 23%.
After this report, a number of mostly uncontrolled short-
term studies assessed the effects of this drug in insulin-
resistant hyperandrogenic women. Nestler and Jakubowicz
(183) reported a controlled study in 25 obese women with
PCOS, many with acanthosis nigricans, a marker of severe
insulin resistance. After 4–8 wk of metformin therapy, sig-
nificant reductions in serum insulin, free T, and LH and an
increase in SHBG were observed. The women also showed
a reduction in 17OHP response to GnRH stimulation, a hall-
mark of ovarian hyperandrogenism. These effects were in-
dependent of changes in body weight. The observation that
the effects of metformin were independent of body weight
was subsequently confirmed (184).

Control studies available to date indicate that treatment
with 1500–1700 mg metformin/d for at least 2–3 months is
associated with a significant reduction in plasma levels of
various androgens: total T (from �25 to �60%) (184, 198, 218,
268, 269, 276), free T (from �20 to �73%) (183, 184, 218, 265,
271, 273), A (from �25 to �50%) (184, 218), and 17OHP
(�50%) (183). Only two studies of the 10 available report a
significant reduction in basal levels of DHEAS (from �28%
to �40%) (184, 218).

The favorable effect of metformin on hyperandrogenism in
PCOS may be due to 1) reduced pituitary secretion of LH; 2)
reduced ovarian secretion of androgens; 3) reduced adrenal
secretion; or 4) increased levels of SHBG.

Metformin therapy was followed by a significant reduc-
tion in basal levels of LH (from 8.5 to 2.8 mIU/ml). Admin-
istration of GnRH analog was followed by a reduced LH
response at the end of treatment (183). Hence, hyperinsu-
linemia associated with PCOS enhances both endogenous
(basal) and exogenous (leuprolide-stimulated) release of LH.
Increased ovarian steroidogenesis may be due to an insulin-
induced abnormality in the dynamics of gonadotropin se-
cretion rather than to direct stimulation of ovarian steroido-
genesis by insulin. The same results were obtained in lean
women with PCOS (184). A significant reduction in basal
levels of LH has also been reported in other studies (195–198,
266), and the reduced response to GnRH has been confirmed
as well (186, 187). However, there have been numerous stud-
ies that did not find any change in basal (28, 271, 277, 278)
or GnRH-stimulated levels of LH (271, 273).

The reduction of plasma levels of LH is not a primary event
in the reduction of hyperandrogenism induced by met-
formin. Indeed, many studies have reported a reduction in
plasma androgens but not a concomitant reduction in LH,
indicating that in these cases the reduction of steroid syn-
thesis cannot be secondary to reduced stimulation of LH. On

the other hand, it is possible that spontaneous or induced
ovulation or a reduction in androgens may lead to a sec-
ondary reduction in LH. Indeed, it has been demonstrated
that androgens returned to pretreatment levels when met-
formin was suspended and that this rise preceded the rise in
LH, sustaining the hypothesis that a primary disorder of
androgen hypersecretion is the cause of LH hypersecretion
(196).

Various studies have been conducted with the aim of test-
ing the hypothesis that the reduction in hyperinsulinemia
induced by metformin is followed by a reduced ovarian
response in terms of steroid secretion. The stimulations most
used in these studies were GnRH and hCG. Women with
PCOS generally have increased P450c17 activity as shown by
increased 17�-hydroxylase and, to an lesser extent, increased
17,20-lyase activity, resulting in excessive ovarian androgen
production. A hallmark of increased ovarian P450c17 activity
is an exaggerated 17OHP response to stimulation by GnRH
(9, 25). In a randomized controlled trial, Nestler and
Jakubowicz (183) hypothesized and demonstrated that hy-
perinsulinemia stimulates ovarian cytochrome P450c17. One
month of metformin therapy was followed by a reduced
response of 17OHP to GnRH stimulation. However, met-
formin administration led to a reduction in LH response to
GnRH. The decline in androgen production was attributed to
the direct effect of insulin on ovarian enzymes but it may also
have been due to a reduction in LH response to GnRH. The
link between hyperinsulinemia and supranormal activity of
cytochrome P450c17 was recently demonstrated by using
hCG challenge, which is a more direct ovarian stimulus than
GnRH for detecting modifications in ovarian steroidogenesis
(28, 279). Metformin therapy was associated with reduced
17OHP response to hCG, confirming results obtained pre-
viously (183) (Fig. 7). The observation of a reduced ovarian
steroidogenic response to GnRH has subsequently been con-
firmed (184, 186, 187, 273).

The reduced secretion of ovarian androgens after met-
formin therapy has been ascribed, therefore, to reduced cir-
culating levels of insulin, although other mechanisms may
also be involved. Indeed, the reduction in insulin levels after
metformin therapy in PCOS patients is closely correlated
with an increase in IGFBP-1 and a decrease in IGF-I to
IGFBP-1 ratio, indicating a reduction of IGF available to
peripheral tissue (217) (Fig. 8). A significant increase in
IGFBP-1 after metformin therapy was recently confirmed (218).

Furthermore, a direct effect of metformin on androgen
production by thecal cells cannot be excluded. It was dem-
onstrated recently that metformin has a direct inhibitory
effect on A production by human ovarian theca-like tumor
cells (280). Treated with metformin, these cells showed re-
duced expression of steroidogenic acute regulatory protein,
which is considered the rate-limiting step in steroid hormone
production in the gonads. As metformin is known to directly
increase insulin receptor tyrosine activity (281), the authors
speculated that the decrease in androgen production could
be due to an increase in tyrosine activity in metformin-
treated cells and subsequently to a decrease in steroidogenic
enzyme activity.

As mentioned previously, adrenal steroidogenic pathways
are regulated much like those in the ovary. Insulin and IGF-I
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seem to regulate adrenal synthesis and secretion in a positive
manner. The effect of metformin therapy on adrenal secre-
tion in response to ACTH was recently investigated (228) in
nonovariectomized PCOS women, and a significantly re-
duced response of 17OHP and A was found, which is com-
patible with a reduction in adrenal cytochrome P450 activity.
Utilizing the ratios of substrates to products to indicate en-
zyme activity before and after metformin administration, the
reduction in hyperinsulinemia was associated with a de-
crease in 17�-hydroxylase and 17,20-lyase activities.

Insulin influences androgen status not only by affecting
ovarian and adrenal production, but also by regulating liver
production of SHBG. This protein has a high affinity for
binding T, the free fraction of which is responsible for steroid
action in peripheral tissues. By reducing SHBG levels, hy-
perinsulinemia increases delivery of T to the tissues. Met-
formin therapy is generally associated with an increase in
SHBG levels. A month of metformin therapy was followed
by an increase in SHBG from 29 nmol/liter to 80 nmol/liter
(183). An increase in SHBG levels after metformin therapy
has also been reported in many other (184, 186, 197, 198, 218,

228, 265, 271, 272, 276, 277) but not all studies (196, 267, 263,
270, 273). The reasons for this discrepancy are not simple to
identify. This may indicate, therefore, that the principal
mechanism by which hyperandrogenism is reduced in PCOS
is via reduced glandular synthesis and is reduced only sec-
ondarily by increased SHBG.

4. Acne and hirsutism. Despite the reduction in circulating
levels of androgens, short-term treatment with metformin
seems to have little effect on the skin manifestations of hy-
perandrogenemia in PCOS patients. A significant improve-
ment in acanthosis nigricans, as diagnosed by the presence
of papillomatous hyperpigmentation at the nape of the neck
and/or in the axillae, was found in patients treated with
metformin for 6 months. However, no objective criteria were
available to assess the improvement (272).

Administration of metformin for 3 months was found to
reduce the acne score by 14%, indicating that insulin-sensi-
tizing therapy has little effect on acne, which is one of the
main reasons young women with PCOS seek medical inter-
vention (277).

FIG. 7. 17-OHP response to hCG administration
was significantly lower (*, P � 0.05) after metformin
administration than before. Metformin was given at
a dose of 500 mg three times a day for 30–32 d. AUC,
Area under the curve. [Reproduced with permission
from A. la Marca et al.: Hum Reprod 15:21–23, 2000
(28). © European Society of Human Reproduction
and Embryology. Reproduced by permission of Ox-
ford University Press/Human Reproduction.]

FIG. 8. Plasma IGF-I and IGFBP-1 levels before
(black) and after (gray) metformin treatment. (*, P �
0.05). IGF-I to IGFBP-1 ratio before (black) and after
(gray) metformin treatment (*, P � 0.05). Metformin
was given at a dose of 500 mg three times a day for 1
month. [Reproduced with permission from V. De Leo
et al.: J Clin Endocrinol Metab 85:1598–1600, 2000
(217). © The Endocrine Society.]
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Six months of metformin therapy in adolescent girls with
PCOS was reported to be associated with a significant re-
duction in Ferriman-Gallwey score (from 16.16 to 10.7) (186,
197). However, only 3 months after the end of therapy, the
score returned to its previous values. Long-term use of met-
formin does not bring about a reduction in hirsutism, despite
the striking improvement in androgenemia and menstrual
regularity (273).

When metformin is compared with the classical combi-
nation of ethinyl estradiol and cyproterone acetate, its rela-
tive inefficacy on skin manifestations of PCOS is apparent
(263).

5. Reproductive function

a. Menstrual cycle and ovulation. The effect of metformin
therapy on menstrual cyclicity has been extensively inves-
tigated (Table 5). Menstrual irregularity is a main symptom
of PCOS, and its severity reflects the degree of insulin re-
sistance of these patients (138).

A significant improvement in the frequency of menstrual
cycles has been reported. In 1997 Velazquez et al. (195) eval-
uated the effect of 6 months of metformin therapy in 22
women with PCOS and irregular cycles. At the end of ther-
apy, 21 of 22 women observed an improvement in menstrual
frequency with 86% of ovulatory cycles, as assessed by pro-
gesterone measurement. Similar improvement has also been
reported in other small uncontrolled studies (186, 196, 267,
272, 276, 285).

Metformin administration for 5 wk led to ovulatory cycles

in 34% of women compared with 4% in the placebo group
(265). In a recent trial (273), 23 PCOS patients were randomly
assigned in double-blind fashion to treatment with met-
formin or placebo for 6 months. After treatment, the mean
frequency of menstruation increased due to a striking im-
provement in about 50% of subjects. Menstrual frequency
increased from 0.22 to 0.59 cycles per month (Fig. 9). Assay
of progesterone in luteal phase showed that 79% of cycles
were ovulatory. Patients were divided into “responders” and
“nonresponders” according to whether or not regular cycles
were achieved. Multiple logistic regression analysis of the
data revealed that responders to metformin had high insulin
levels, less severe menstrual abnormalities, and lower serum
A levels before therapy. The reason why about half the
women did not respond is probably due to the heterogeneity
of the pathogenesis of PCOS. It is hypothesized that only
patients in whom hyperinsulinemia plays a major pathoge-
netic role in anovulation can benefit from therapy with in-
sulin-lowering drugs.

b. Ovulation induction. The first pharmacological approach
to induction of ovulation in women with PCOS is clomiphene
citrate. About 75% of patients ovulate in response to this
drug, and most do so at a dose of 50 or 100 mg; the maximum
dose is generally regarded as 250 mg/d. The number of
nonresponders is therefore high. These women are defined
as “clomiphene resistant” and are generally obese and more
insulin resistant than responders (290). Because increasing
obesity is associated with increasing hyperinsulinemia, the

TABLE 5. Summary of studies on the effect of metformin on reproductive function in women with PCOS

Authors (Ref.) Dose and duration Design and
dimension

Regular
cycles

Ovulation
rate

Ovulation
induction

Pregnancy
rate

Pregnancy
outcome

Velazquez et al. (275) 1.5 g/d � 8 wk O, n � 26 1 1 1
Velazquez et al. (195) 1.5 g/d � 8 wk O, n � 40 1 1 1
Ehrmann et al. (270) 2.55 g/d � 12 wk O, n � 20 � �
Diamanti-Kandarakis

et al. (272)
1.7 g/d � 6 months O, n � 16 1 1

Morin-Papunen et al. (267) 1.5 g/d � 4–6 months O, n � 31 1
Nestler et al. (265) 1.5 g/d � 5 wk RP, n � 61 1 1
Glueck et al. (276) 1.5–2.25 g/d � 1.5–24 months O, n � 43 1
De Leo et al. (282) 1.5 g/d � 4–8 wk CO, n � 20 1
Unluhizarci et al. (271) 1 g/d � 12 wk O, n � 17 1
Pirwany et al. (196) 1.7 g/d � 8 wk O, n � 20 1 1
Moghetti et al. (273) 1.5 g/d � 6 months RPDB, n � 23 1 1
Kolodziejczyk et al. (277) 1.5 g/d � 12 wk O, n � 39 1
Pasquali et al. (268) 1.7 g/d � 6 months RPDB, n � 20 1
Morin-Papunen et al. (263) 1 g/d 1st–3rd; 2 g/d 4th–6th months R, n � 32 1
Ibanez et al. (186) 1.275 g/d � 6 months O, n � 10 1
Glueck et al. (283) 1.5–2.55 g/d throughout pregnancy O, n � 22 1a

Vandermolen et al. (278) 1.5 g/d � 7 wk RPDB, n � 28 1
Stadtmauer et al. (284) 1–1.5 g/d � 3–4 wk before IVF Retro, n � 46 1 1
Kowalska et al. (198) 1.5 g/d � 4–5 wk O, n � 23 1
Vrbikova et al. (187) 1 g/d � 5–6 months O, n � 24 1
Ibanez et al. (197) 1.275 g/d � 6 months O, n � 18 1 1
Glueck et al. (285) 1.5–2.55 g/d � 5–26 months O, n � 11 1 1
Kocak et al. (286) 1.7 g/d � 3–4 wk RPDB, n � 56 1 1
Jakubowicz et al. (287) 1.5 g/d throughout pregnancy Retro, n � 65 1a

Fleming et al. (288) 1.7 g/d � 14 wk RPDB, n � 94 1 1
Glueck et al. (289) 2.55 g/d throughout pregnancy O, n � 33 1b

O, Observational; R, randomized; RP, randomized, placebo; CO, cross-over; RPDB, randomized, placebo, double-blind; Retro, retrospective.
1, Increase in; 2, reduction in; �, no modification in.

a Reduced first trimester abortions.
b Reduced incidence of GD.
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high degree of hyperinsulinemia in obese women with PCOS
may account for their low responsiveness to clomiphene.

Presuming that the pathogenetic basis of clomiphene re-
sistance was hyperinsulinemia, Nestler et al. (265) investi-
gated the effect of metformin therapy on the response of
PCOS patients to induction of ovulation with clomiphene.
Sixty-one obese PCOS patients were pretreated for 5 wk with
metformin or placebo and then given clomiphene citrate (50
mg for 5 d) to induce ovulation. Compared with placebo,
metformin therapy resulted in a more than 10-fold increase
in clomiphene-induced ovulation (90% of women ovulated).

Significant improvements in ovulation and pregnancy
rates as a result of clomiphene treatment after metformin in
women with clomiphene-resistant PCOS were recently re-
ported in a randomized, double-blind, placebo-controlled
trial (278). The women recruited for the study were unre-
sponsive to 5-d courses of 150 mg clomiphene/d and were
given increasing doses of clomiphene from 50 to 150 mg/d
if they were still anovulatory after taking metformin. In the
metformin and placebo groups, nine of 12 women (75%) and
four of 15 women (27%) ovulated and six of 11 (55%) and one
of 14 (7%) conceived, respectively. After these good results,
the authors suggested that metformin treatment should pre-
cede ovulation induction with gonadotropins in women with
clomiphene-resistant PCOS, because the first treatment is
less expensive and has a lower risk of multiple births.

It has been shown that the risk of ovarian hyperstimulation
syndrome in PCOS increases with increasing insulin resis-
tance. This again emphasizes the important role of insulin as
follicle growth factor (291).

Based on this concept, a reduction in insulin resistance by
means of metformin therapy was associated with a more
“physiological” ovarian response to exogenous gonadotro-
pins (282). Indeed, combined metformin-FSH therapy was
followed by recruitment of fewer follicles and by lower es-
tradiol levels at the moment of hCG administration. The
percentage of cycles in which hCG was withheld because of

excessive follicular development was therefore significantly
lower in cycles treated with metformin (282).

In PCOS patients undergoing in vitro fertilization (IVF)-
embryo transfer or intracytoplasmic sperm injection, com-
bined metformin-gonadotropin treatment has been shown to
be better than gonadotropin alone (284) with recruitment of
fewer follicles and lower plasma concentrations of estradiol.
The authors also showed that metformin treatment was as-
sociated with an increased number of mature oocytes and
four-cell embryos on d 3 of transfer. Fertilization rates and
clinical pregnancy rates were better in the metformin group
(increases from 43% to 64% and 30% to 70%, respectively). If
these results are confirmed in future trials, routine use of
metformin with gonadotropins will have to be seriously con-
sidered for PCOS patients undergoing IVF-embryo transfer.

In conclusion, metformin administration increases both
spontaneous and clomiphene-induced ovulation by greater
than 8- to 10-fold. In women undergoing gonadotropin ovu-
lation induction, pretreatment with metformin may allow a
reduced rate of hyperstimulation and may reduce the risk of
multiple gestations. Evidence for improved fertilization rates
and clinical pregnancy rates is accumulating.

c. Pregnancy. Because metformin therapy improves spon-
taneous and clomiphene- or gonadotropin-induced ovula-
tion and conception rates in women with PCOS, the safety of
metformin administration during pregnancy has to be
proven. It is classified as a category B drug, which means that
in vitro studies did not demonstrate teratogenicity.

A high miscarriage rate has been reported in PCOS pa-
tients (36, 37, 50, 51). It has been shown that metformin
administration during pregnancy was associated with an
early pregnancy loss rate of 8.8%, as compared with 41.9% in
the nontreated PCOS women (287).

An independent risk factor for miscarriage in PCOS
women is hypofibrinolysis associated with high levels of PAI
activity (42). Metformin therapy has been found to normalize
PAI activity levels in women with familiar thrombophilia
and thrombofibrinolysis, reducing the incidence of miscar-
riage in the first trimester (292). The same authors admin-
istered metformin before conception and continued it into
pregnancy and found a much lower incidence of miscarriage
in the first trimester (from 73% to 10%).

Metformin therapy is associated with a significant increase
in circulating levels of glycodelin (218), a protein whose
circulating concentrations may reflect endometrial function
(293). Glycodelin is thought to inhibit endometrial immune
response to the embryo (294). In patients treated with met-
formin, follicular and luteal phase serum glycodelin exhib-
ited 20-fold and 3-fold increases, respectively, compared
with placebo. The resistance index of uterine spiral arteries
also decreased significantly after metformin treatment. This
reduction is thought to favor embryo implant and mainte-
nance of pregnancy (295).

In aggregate, the above studies suggest that metformin
therapy before conception and during pregnancy might not
only reduce miscarriage rate, but also other frequent com-
plications, such as GD.

In a recent prospective study (289), it was observed that
metformin administration during pregnancy was associated

FIG. 9. Boxplot of the differences in frequency of menstruation (cycles
per month) before and after therapy in the metformin (1.5 g/d for 6
months) and the placebo groups (P � 0.002 between groups). The
heavy bars represent the median values; the lower and upper limits
of the boxes represent the interquartile range (25th and 75th percen-
tiles, respectively); the I bars indicate the extreme values. [Adapted
from P. Moghetti et al.: J Clin Endocrinol Metab 85:139–146, 2000
(273). © The Endocrine Society.]
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with a 10-fold reduction in GD. Thirty-three nondiabetic
obese PCOS women conceived while taking metformin. Of
these patients, 28 took metformin throughout pregnancy. GD
developed in one of 33 (3%) women with metformin therapy
and in 22 of 72 (31%) women without metformin (P � 0.0009).
The odds ratio for GD in women taking metformin vs.
those who did not was 0.093 (95% confidence interval,
0.011–0.795). Authors observed a significant reduction in
body weight in women taking metformin before conception
(from 102 to 88 kg; BMI from 33.9 to 30.3 kg/m2). No mod-
ifications in BMI were observed during pregnancy. Further-
more, all women were instructed in a 1500-cal diet (with 44%
of calories as carbohydrate). Body weight loss before preg-
nancy and caloric restriction during pregnancy may have
contributed largely to reduced development of GD, con-
founding the interpretation that metformin, rather than
weight loss alone, was responsible for the positive results.

6. Metabolic disturbances. PCOS is associated with a series of
metabolic disorders that together confer increased risk of
CVD. Treatment with insulin-lowering drugs should there-
fore lead to an improved metabolic profile in these women.
A reduction in mean systolic and diastolic blood pressure in
PCOS patients after metformin treatment has been reported
(275, 276). However, 4–6 months of therapy were not fol-
lowed by significant changes in blood pressure (267). Apart
from the studies of Ibanez and co-workers (186, 197), which
indicate a reduction in total and LDL-cholesterol in quite
young women with PCOS, metformin generally seems to
have little effect on lipid profile.

B. Thiazolidinediones

1. Troglitazone: mechanism of action. Troglitazone is the first of
a new group of oral antidiabetic drugs (Fig. 5) that act by
enhancing insulin effects at peripheral target sites. In March
2000, troglitazone was withdrawn from the market due to
liver toxicity. As troglitazone is not available, the primary
goal of this section is to discuss the pathophysiology of
insulin in PCOS using such a drug as probe.

a. Effect on peripheral glucose utilization. Its main indication
was the treatment of type 2 diabetes mellitus. Available clin-
ical trials with troglitazone consistently show improvement
in glycemic control, as well as reduction in insulinemia. The
mechanism of action of troglitazone has not been fully elu-
cidated (Table 6). It may improve insulin sensitivity by a
direct effect on peripheral tissue sites (such as skeletal muscle
and adipose tissue) or by indirect effects on other metabolic
parameters. At the cellular level, troglitazone binds and
activates the peroxisome-proliferator-activated receptor-�
(PPAR�), a hormone receptor located in the cell nucleus
(296). PPAR� is predominantly expressed in adipose tissue
(297), muscle, and liver (298). It regulates the transcription of
several insulin-responsive genes involved in the control of
glucose and lipid metabolism. In rats, by activating PPAR�,
troglitazone is thought to promote adipocyte differentiation,
increasing the number of small adipocytes that exhibit higher
insulin sensitivity than large adipocytes (299). The resulting
increased glucose uptake by small adipocytes may contrib-

ute to the improvement of glucose disposal observed in di-
abetic rats treated with troglitazone (299).

However, activation of PPAR� does not explain all the
effects of troglitazone on glucose metabolism. Indeed, var-
ious preclinical studies have demonstrated an acute effect of
troglitazone on glucose metabolism (PPAR� independent).
Troglitazone acutely decreased plasma glucose in diabetic
animals (300) and increased glucose disposal in hyperinsu-
linemic clamp studies (301). Hepatic gluconeogenesis is
acutely reduced by troglitazone in isolated hepatocytes (302).

Troglitazone exerts additional effects at the cellular level
that may prove to be clinically important. Indeed, it de-
creases the release of FFA and TNF-� (299, 303). FFA sup-
press glucose uptake in skeletal muscle and increase glucose
production by the liver. TNF-� interferes with insulin action
by reducing insulin-stimulated tyrosine phosphorylation of
insulin receptors (304). Therefore the reduction of FFA and
TNF-� release from adipose tissue may be a way by which
troglitazone improves glucose disposal in skeletal muscle
and decreases hepatic glucose production.

b. Side effects and toxicity. Troglitazone is generally well
tolerated. The most frequently reported side effects include
diarrhea, nausea, headache, increase in body weight, edema,
and weakness, which rapidly reverse when the drug is dis-
continued (305). Patients receiving the drug as monotherapy
are not at risk for hypoglycemia. Troglitazone produces
small reductions in neutrophil count, hemoglobin, and he-
matocrit, which are thought to be the result of a dilution
effect (306).

A major side effect of troglitazone is liver toxicity. Up to
November 1997, 135 cases of severe hepatotoxicity and six
deaths were reported. The UK Medicine Control Agency
withdrew the drug on the grounds that the risks over-
weighed the benefits. By March 2000, 60 patients had died as
a result of liver dysfunction and 10 had received liver trans-
plants. The incidence of troglitazone-induced acute liver fail-
ure has been estimated at 1 in 8,000–20,000 patients treated
(307).

The U.S. Food and Drug Administration recommended
monthly monitoring of liver function in the first 6 months of

TABLE 6. Effects of troglitazone on glucose metabolism and
side effects

Glucose utilization
Peripheral glucose utilizationa

Glucose transporter expressiona

Intracellular glucose transporta

Adipose PPAR� activation
Glucose production

Hepatic glucose productionb

Insulinemia and insulin receptor
Insulinemiab

Pancreatic �-cell dyfunctiona

Side effects and toxicity
Weight gain
Edema
Diarrhea
Nausea
Headache
Liver toxicity
a Increase in.
b Reduction in.
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therapy and every 2 months for the rest of the first year of
therapy; however, in March 2000 troglitazone was with-
drawn from the market. Troglitazone is a category B drug,
which means that no teratogenicity has been found in vitro.

2. Effects on insulin resistance. Available data on the effect of
troglitazone on insulin resistance in PCOS come from a small
number of studies all conducted in the United States (185,
204, 308). In a randomized study, Dunaif et al. (185) examined
the effect of two doses of the drug (200 and 400 mg/d)
administered for 3 months in very obese patients (mean BMI,
42.9 kg/m2). The author found a significant reduction in
fasting and 2 h postglucose load insulin levels and that in-
tegrated insulin response to glucose decreased. A frequently
sampled IV glucose tolerance test (FSIVGTT) was performed
before and at the end of troglitazone administration. Insulin
sensitivity increased significantly in both groups (200 and
400 mg/d), but improvement of insulin sensitivity was much
more marked at the higher dose.

Subsequently, Ehrmann et al. (204) did a similar study in
which 13 very obese PCOS patients (mean BMI, 39.9 kg/m2)
took 400 mg troglitazone/d for 3 months. BMI was un-
changed at the end of therapy, but there was a significant
reduction in fasting glucose, glucose response to OGTT (Fig.
10), fasting insulin, and integrated insulin response to glu-
cose load. Insulin sensitivity, as determined by FSIVGTT,
showed a marked improvement (Fig. 11). Three different
doses of troglitazone (150, 300, and 600 mg/d) were com-
pared (308). The highest dose of troglitazone, 600 mg/d,
reduced fasting insulin by 53%, fasting glucose by 5.7%,
glucose response to OGTT by 12.2%, and insulin response to

OGTT by 44.9%. At the lowest dose, the beneficial effects on
insulin resistance were much smaller.

3. Effects on hyperandrogenism. All studies that examined the
effects of troglitazone on PCOS-associated hyperandro-
genism have reported positive results. After 3 months of
therapy with 400 mg troglitazone/d, free T dropped 25–35%
and SHBG increased by 25–66% (185, 204). A significant
reduction in A, estradiol, estrone, and DHEAS with no
change in plasma levels of LH has been reported (185). The
same positive effects have also been found in populations of
different ethnic groups, such as Japanese women (309). The
women recruited in the latter study had a BMI of 28.7 kg/m2

and were therefore much less obese than the women in the
North American studies. Doses of 300 and 600 mg/d were
associated with 26.6% and 37.8% reductions in free T and 45%
and 71.5% increases in SHBG, respectively. No modifications
were observed for LH, FSH, and total T (308).

Like metformin, troglitazone may affect hyperandro-
genism by 1) reducing pituitary gonadotropin secretion; 2)
reducing ovarian androgen secretion; 3) reducing adrenal
androgen secretion; and 4) increasing plasma levels of SHBG.
Ehrmann et al. (204) examined pituitary reserve by the GnRH
analog test before and after troglitazone treatment. LH and
FSH response to leuprolide was not affected by insulin-low-
ering treatment. The absence of changes in LH levels and the
observation of significant correlations between reduction in
insulin resistance and reduction in androgen response to
GnRHa (204) indicate that the reduction in ovarian steroi-
dogenesis plays a major role in improving hyperandro-
genism after troglitazone therapy. The therapeutic effect of
the drug is probably mediated by the reduction in insulin
resistance and hyperinsulinemia. However, the drug could
also have a direct effect on the ovaries. Indeed, troglitazone
inhibits cholesterol biosynthesis in cultured hamster ovary
cells (310) and inhibits P450c17 enzyme activity (311). PPAR�

FIG. 10. Troglitazone administration (400 mg daily for 12 wk) was
followed by a significant reduction (P � 0.05) in both glucose and
insulin response to OGTT (closed circles, PCOS women before ther-
apy; open circles, PCOS women after therapy). [Reproduced with
permission from D. A. Ehrmann et al.: J Clin Endocrinol Metab
82:2108–2116, 1997 (204). © The Endocrine Society.]

FIG. 11. Measures derived from the FSIVGTT before (solid) and after
(hatched) treatment with troglitazone (400 mg daily for 12 wk). The
insulin sensitivity (Si) and the disposition index (a measure of �-cell
secretory function adjusted for insulin sensitivity) significantly in-
creased after troglitazone treatment. AIRg, First-phase insulin se-
cretion. [Reproduced with permission from D. A. Ehrmann et al.:
J Clin Endocrinol Metab 82:2108–2116, 1997 (204). © The Endocrine
Society.]
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receptors were recently demonstrated in pig ovaries. Addi-
tion of troglitazone to cultures of porcine theca cells resulted
in a 53–69% decrease in LH- and/or insulin-stimulated A
and T production (312).

Adrenal changes in response to troglitazone therapy have
not yet been studied; however, it seems that treatment for 12
wk with this drug is associated with a reduction in DHEAS
(185), a hormone of primarily adrenal origin. In addition to
reduced ovarian, and possibly adrenal, secretion of andro-
gens, the increase in plasma concentrations of SHBG cer-
tainly plays a role in reducing plasma levels of androgens
during troglitazone therapy. Once again, the only available
data are from the multicenter trial (308), which, due to the
high number of patients, is the only study having great
significance.

A dose-related decrease in Ferriman-Gallwey score during
troglitazone treatment has been reported (308). The mean
percentage reduction was 7% for women treated with 300
mg/d and 17% for women treated with 600 mg/d.

4. Reproductive abnormalities

a. Menstrual cycle and ovulation. Summary of studies on the
effects of troglitazone administration on reproductive func-
tion in PCOS is reported in Table 7. The best data on this
aspect come from the PCOS/troglitazone study group (308).
In this multicenter study, three doses of troglitazone (150,
300, and 600 mg/d) were given for 44 wk. The mean rate of
ovulation increased in a dose-related fashion and was 0.62
and 0.47 for the high and intermediate doses, respectively. In
all, 57% of PCOS patients treated with the highest dose of
troglitazone ovulated more than 50% of the time, compared
with 12% in the placebo group. In the 600 mg/d group, about
60% of cycles were ovulatory. The mean number of days to
first ovulation was 53 d and 107 d for women treated with
troglitazone and placebo, respectively (Fig. 12). An im-
provement in the menstrual cycle was expected after the
improvement in ovulation, and indeed, the improvement in
menstrual cycle regularity mirrored that of ovulation.

An interesting analysis done by the authors was to deter-
mine factors that may be predictive of ovulation after tro-
glitazone treatment. Patients with a higher ovulatory rate
were older and less obese and had more episodes of vaginal
bleeding before entering the study, lower fasting insulin
levels, lower free T, and higher SHBG levels than patients
with low ovulatory rates. This indicates that the women who
are more affected are also less responsive to treatment. This
is further evidence that the relationship between insulin lev-
els and response remains unclear. About 5% of patients
achieved pregnancy after treatment with 600 mg troglita-
zone/d, in comparison with 1.9% of patients receiving pla-
cebo (314).

b. Ovulation induction. Two reports are available on the
effects of troglitazone on the response of PCOS patients to
clomiphene (309, 313). Both are nonrandomized, uncon-
trolled studies. In the study by Hasegawa et al. (309), 13 PCOS
patients (mean BMI, 28.7 kg/m2) took troglitazone for 12 wk.
If ovulation did not occur, the patients took clomiphene.
During troglitazone administration, 37 cycles (26 on trogli-
tazone alone and 11 on combined troglitazone and clo-
mifene) were obtained. On the combined treatment, ovula-
tion was confirmed in about 73% of the cycles, whereas in the
troglitazone-only cycles, the ovulation rate was about 43%.
In the study by Mitwally et al. (313), 18 clomiphene-resistant
PCOS patients were recruited. They were followed for a total
of 68 treated cycles. Almost half the treatment cycles (n � 33)
involved troglitazone alone. In these cycles ovulatory rate
was 61%. In combined clomiphene-troglitazone cycles, ovu-
lation rate was 68.5%. Troglitazone used alone or concomi-
tantly with clomiphene induced ovulation in a total of 83%
of patients. Seven patients (39%) achieved pregnancy. Two
patients miscarried during the first trimester; the others de-
livered healthy full-term babies.

5. Metabolic disturbances. Unlike metformin, troglitazone ther-
apy is not associated with significant changes in blood pres-
sure in PCOS patients (185, 204). The effects of troglitazone
on lipids in clinical trials of patients with NIDDM have
generally been variable and minor, with the notable excep-
tion of substantial reductions (13–26%) in triglyceride levels
(315, 316). Troglitazone increased HDL- and LDL-cholesterol
levels, and the LDL to HDL ratio did not change significantly.
No significant change in total cholesterol, LDL, HDL, or
triglycerides was observed after short-term therapy with
troglitazone in PCOS (204, 309). A limited reduction in FFA
levels was observed (309). However, troglitazone therapy

FIG. 12. Median time to first ovulation in women with PCOS treated
with troglitazone (TGZ) 600 and TGZ 300 was significantly less (P �
0.05) than women treated with placebo (white) [Adapted with per-
mission from R. Azziz et al.: J Clin Endocrinol Metab 86:1626–1632,
2001 (308). © The Endocrine Society.]

TABLE 7. Summary of studies on the effect of troglitazone on reproductive function in women with PCOS

Author (Ref.) Dose and duration Design and
dimension

Regular
cycles

Ovulation
rate

Ovulation
induction

Pregnancy
rate

Pregnancy
outcome

Dunaif et al. (185) 200–400 mg/d � 3 months RDB, n � 25 1 1
Mitwally et al. (313) 400 mg/d � 12 wk Retro, n � 66 1 1
Hasegawa et al. (309) 400 mg/d � 12 wk O, n � 13 1 1
Azziz et al. (308) 150–600 mg/d � 44 wk RPDB, n � 410 1 1

O, Observational; RDB, randomized, double-blind; RPDB, randomized, placebo, double-blind; Retro, retrospective. 1, Increase in.
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has been associated with significant reductions in PAI-1 and
tissue plasminogen activator (tPA) plasma levels (204),
which correlated with the reduction in insulin levels.

6. Rosiglitazone and pioglitazone. Rosiglitazone and pioglita-
zone are new drugs of the thiazolidine class released in the
United States for the treatment of type 2 diabetes. They
significantly reduce plasma levels of glucose in diabetics,
improving insulin sensitivity (317–320). Like other thiazoli-
dines, rosiglitazone and pioglitazone activate nuclear PPAR�
receptors, which are mainly expressed in fatty tissue; these
receptors cause reduced release of FFA and TNF-�, which are
both involved in the pathogenesis of insulin resistance
(321, 322).

7. Clinical efficacy. Few studies investigating the efficacy of
rosiglitazone and pioglitazone have been conducted. Both
drugs lower fasting plasma glucose, HbA1c, fasting insulin,
and C peptide levels when administered in patients with
type 2 diabetes. Both drugs increase levels of HDL and LDL
and lower FFA levels, but only pioglitazone significantly
lowers triglyceride levels (323–327).

Only one case report (328) concerning the use of rosigli-
tazone in PCOS is available. A 25-yr-old woman with oli-
gomenorrhea, hirsutism, and a BMI of 25.0 kg/m2 took 4 mg
rosiglitazone/d for 5 months. Before treatment, total T levels
were 47 ng/dl, and free T was 9.5 pg/ml; after treatment,
they dropped to 41 ng/dl and 7.6 pg/ml, respectively. In-
sulin sensitivity was tested before and after treatment by the
somatostatin suppression test, which revealed a drop in
steady-state glucose infusion rate from 244 mg/dl to 178
mg/dl. This indicated a marked improvement in insulin
sensitivity. The menstrual cycle became regular and ovula-
tory. Treatment was suspended because the patient achieved
pregnancy.

These results indicate that rosiglitazone improved insulin
sensitivity in this PCOS patient, reducing free T levels by 20%
and restoring ovulation. Obviously randomized control tri-
als are needed to confirm these effects.

Dose-dependent weight gain of 0.5–3.7 kg has been noted
in the trials. Weight gain is likely to be multifactorial and
could be the result of increased adipogenesis, increased ap-
petite, and edema (323, 324, 329). Some studies report that the
weight gain is associated with a reduction in waist-to-hip
ratio, supporting the hypothesis that there is a shift of fat
distribution from visceral to sc adipose depots, which may
confer less cardiovascular risk (320, 324). Rosiglitazone and
pioglitazone administration is associated with an increase in
plasma volume of 6–7% and is contraindicated in patients
with heart failure. To date, hepatotoxicity does not appear to

be a significant problem with these newer agents; however,
the product information for both drugs states that rosiglita-
zone and pioglitazone are contraindicated in patients with
alanine aminotransferase levels more than 2.5 times the nor-
mal value.

C. Other drugs

Several insulin-sensitizing and insulin-lowering drugs
have been tested as medical therapy of PCOS (Table 8). Some
of these drugs have not had a role in clinical practice; dia-
zoxide and somatostatin could be used only in a research
setting as physiological probes.

1. Diazoxide. Dioxazide lowers circulating insulin levels (330)
and has been used in studies investigating the link between
hyperinsulinemia and PCOS (180, 331).

a. Mechanism of action. Dioxazide is a benzothiadiazine
derivative, like thiazide diuretics, but does not have diuretic
properties as it lacks a sulfonamide group. Dioxazide causes
hyperpolarization of artery smooth muscle cells, activating
ATP-sensitive potassium channels, followed by relaxation of
vascular smooth musculature (332). In vivo, the drug acts
exclusively on arterioles, with reflex activation of the sym-
pathetic nervous system with water and salt retention. Heart
output may double if heart rate and myocardial contractility
are stimulated. Renin secretion increases, and the combina-
tion of increased output, water, and salt retention and high
concentrations of angiotensin II counteracts the antihyper-
tensive effects of diazoxide. Diazoxide directly suppresses
plasma insulin. Its mechanism of action is via �-adrenergic
stimulation of pancreatic �-islet cells (333).

b. Clinical efficacy. Diazoxide was found to significantly
reduce plasma levels of insulin in five PCOS patients (180).
After 100 mg diazoxide/d for 10 d, serum insulin levels
decreased by about 80% with respect to pretreatment values,
fasting glucose increased by 25%, and insulin levels dropped
by 30%. These results were confirmed in a more recent study
by Krassas et al. (334), who examined eight obese PCOS
patients, evaluating insulin, glucose, leptin, androgen, and
SHBG levels before and after treatment with diazoxide for
10 d. Insulin decreased by about 30% and glucose increased
by 30%. Leptin showed a significant increase, androgens
decreased, and SHBG increased.

A significant reduction in insulin and total and free T levels
has been found in the five obese women with PCOS treated
with diazoxide (180). Levels of A, DHEAS, estradiol, estrone,
and progesterone did not change, and the A to estrone ratio
dropped significantly. These results indicate that diazoxide

TABLE 8. Mechanism of action and side effects of other insulin-sensitizing and insulin-lowering drugs tested in PCOS

Drug Mechanism of action Side effects

Diazoxide Insulin secretiona Hyperglycemia, salt retention, hyperuricemia,
hot flushes, palpitations

Acarbose Carbohydrate digestiona Abdominal discomfort
Somatostatin analog Insulin secretiona Abdominal discomfort
D-Chiro-inositol Insulin post-binding signalingb Not reported
Rosiglitazone and pioglitazone PPAR� activation Weight gain, edema

a Reduction in.
b Increase in.
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does not have a direct effect on ovarian synthesis of andro-
gens, but has an indirect effect through suppression of in-
sulin secretion.

The main side effects of diazoxide are water and salt re-
tention and hyperglycemia. Diazoxide administration in
PCOS women led to an increase in BMI of 1.5 kg/m2 due to
water retention (180). BMI returned to initial values on sus-
pension of treatment. Water and salt retention seems to be the
result of stimulation of the renal sympathetic nerves and
hemodynamic changes in the kidneys. Diazoxide also in-
creases plasma concentrations of FFA by stimulating lipol-
ysis through circulating catecholamines. It causes hyperuri-
cemia by inhibiting excretion of uric acid by the renal tubules
(335). Patients complained of hot flushes, palpitations, and
dyspnea (331). Thus, diazoxide is not clinically useful due to
its side effect profile.

2. Acarbose

a. Mechanism of action. Acarbose is a synthetic disaccharide
that reversibly inhibits �-glucosidase activity of intestinal
villi. It therefore slows digestion of complex carbohydrates
and the more readily absorbed mono- and disaccharides.
Inhibition of this enzyme causes a reduction in glucose ab-
sorption and therefore a decrease in postprandial hypergly-
cemia (336, 337).

b. Clinical efficacy. Only eight randomized placebo-con-
trolled studies have examined the effect of acarbose on in-
sulin sensitivity in patients with glucose intolerance or type
2 diabetes (338–345). The drug (100 mg, three times a day for
4 months) reduced steady-state plasma glucose by about 20%
in an insulin suppression test with somatostatin, glucose, and
insulin infusions. Laube et al. (344) reported that acarbose
treatment (100 mg, three times a day) for 12 wk increased
steady-state glucose infusion rate by 45% as assessed by
hyperglycemic clamp. Acarbose therefore seems to improve
insulin resistance in subjects with glucose intolerance and
hyperinsulinemia, probably by reducing postprandial hy-
perglycemia. Studies in diabetes type 2 patients, however,
did not show any improvement in insulin resistance, despite
a reduction in postprandial hyperglycemia (343, 345).

There are little data in the literature on the effects of acar-
bose on hyperandrogenism. In hyperinsulinemic hyperan-
drogenic premenopausal women treated with acarbose, a
significant reduction in postprandial hyperglycemia, hyper-
insulinemia, and androgen levels was observed (346). The
effects of acarbose therapy (300 mg/d for 3 months) on
hirsutism, androgen concentrations, and insulin levels in
hyperinsulinemic PCOS patients was investigated (182). All
showed a reduction in acne and seborrhea, and menstrual
regularity was restored in eight of 30 women. This clinical
improvement was associated with a significant reduction in
insulin response to glucose load, a significant reduction in
LH, total T, and A, and a significant increase in SHBG. Serum
concentrations of FSH, DHEAS, PRL, and 17OHP did not
show significant changes. The reduction in androgen con-
centrations was probably caused by a reduction in ovarian
cytochrome P450 activity. The reduction in LH may be re-
lated to the reduction in insulin levels.

The abnormal state of nutrient digestion induced by acar-

bose therapy also accounts for its distinctive profile of ad-
verse events, which hinders compliance and continuance of
therapy in some patients. The main side effects reported for
acarbose are gastrointestinal; these include malabsorption,
flatulence, and abdominal bloating (341, 344). Most with-
drawals are due to gastrointestinal symptoms. Few studies
investigating the effect of acarbose in women with PCOS
have been conducted; hence there is no reason to recommend
acarbose therapy in women with PCOS rather than other
insulin-lowering drugs.

3. Somatostatin

a. Mechanism of action. Somatostatin is a 14-amino acid
peptide found in tissues of the central and peripheral ner-
vous system, pancreatic D cells, and glandular epithelium. In
the pituitary, it inhibits secretion of GH and TSH and, under
certain conditions, also PRL and ACTH. It inhibits all endo-
crine and exocrine secretions of the pancreas, intestine, and
gallbladder. Like most peptide hormones, it acts by binding
specific membrane receptors, of which there are various sub-
types, some specific for certain tissues (347). Receptor bind-
ing leads to activation of G proteins, inhibiting cAMP pro-
duction and reducing intracellular concentrations of free
calcium.

Because of its wide range of effects, use of somatostatin has
been proposed for the therapy of various diseases; however,
its brief half-life (2–3 min) and ubiquitous action greatly
reduce the possibility of pharmacological use. In 1982, Bauer
et al. (348) synthesized an octapeptide, indicated as SMS
201–995 or octreotide, that proved to be 45 times more active
than native somatostatin at inhibiting GH secretion in rats
and 11 times more active in inhibiting glucagon. Ocreotide
has a long half-life (90–120 min after sc administration) re-
lated to its rigid conformational structure.

b. Clinical efficacy. In 1990, Prelevic et al. (181) treated 10
PCOS patients, seven obese (BMI � 25 kg/m2), with oct-
reotide (100 �g sc, two times a day for 7 d) and observed a
significant reduction in insulin response to OGTT. Basal in-
sulin and C peptide were substantially unchanged. Similar
results were reported in 1992 (349), after short-term treat-
ment of 12 PCOS patients, eight of whom were obese (BMI �
25 kg/m2). These results demonstrate the capacity of oct-
reotide to reduce insulin levels in PCOS patients. A signif-
icant reduction in insulin response to OGTT after short-term
treatment with octreotide was recently confirmed (350).

Short-term treatment of PCOS patients with octreotide
induced a significant reduction in the amplitude of LH pul-
satility, without affecting frequency of release (181, 349). LH
secretion induced by buserelin was significantly reduced
after octreotide treatment. Estradiol, T, and A showed sig-
nificant reductions after treatment and reduced secretion
after buserelin stimulation. Octreotide therefore reduces hy-
perandrogenism, inhibiting pituitary secretion of LH, and
also lowers insulin levels. A reduction in LH release after
administration of GnRH was observed in hyperinsulinemic
PCOS patients; normoinsulinemic PCOS patients did not
show such a reduction. This finding means that octreotide
does not directly inhibit pituitary secretion of LH.

Administration of octreotide also caused a significant re-
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duction in IGF-I and an increase in IGFBP-3 (351). Recent
evidence shows that long-term treatment with octreotide
significantly reduces adrenal response to ACTH and CRH. In
a small observational study, combined human menopausal
gonadotropin-somatostatin treatment was found to be asso-
ciated with regular and balanced follicle growth (349) and
with reduced risk of ovarian hyperstimulation. This means
that if octreotide is added to gonadotropins in a combined
treatment, it improves ovarian performance in PCOS.

The most frequent side effects of short-term octreotide
treatment are reported to be diarrhea and intestinal cramps
(352, 353).

4. d-Chiro-inositol

a. Mechanism of action. d-Chiro-inositol is a new insulin-
sensitizing drug. The sponsor has recently discontinued
studies of this drug for PCOS. This sugar is incorporated in
a cell-membrane phospholipid, inositolphosphoglycan, in-
volved in intracellular insulin signal transduction. Interac-
tion of insulin with its receptor may activate this alternative
transduction pathway, causing hydrolysis of the phospho-
lipid and formation of intracellular messengers involved in
oxidative rather than nonoxidative metabolism of glucose
(354). Various studies (355, 356) have confirmed the involve-
ment of this system in insulin-dependent glucose metabo-
lism, showing reduced urinary excretion of d-chiro-inositol
in subjects with reduced glucose tolerance or type 2 diabetes.
Other authors (357, 358) have observed less of this sugar in
muscle of subjects with type 2 diabetes than in controls. In
an experimental study (355), administration of d-chiro-ino-
sitol reduced hyperglycemia in diabetic rats and improved
glucose tolerance in normal rats. These results suggested that
the mechanism of insulin resistance may be partly due to a
deficit of the phospholipid containing d-chiro-inositol. In-
sulin acts via the phosphatidylinositol system even in ovar-
ian thecal cells, where it stimulates T synthesis (162).

b. Clinical efficacy. Administration of d-chiro-inositol (1200
mg/d) to 22 obese PCOS patients for 6–8 wk was reported
to reduce the insulin curve after OGTT from 13,417 � 11,572
to 5,158 � 6,714 U/ml�min (359). Diastolic and systolic blood
pressure dropped by 4 mm Hg and plasma triglycerides
decreased from 184 � 19 to 110 � 13 mg/dl. The women
showed a significant reduction in plasma T and 19 of 22
ovulated during therapy. No side effects have yet been
reported.

D. Weight loss

Because a high percentage of PCOS patients are obese, the
role of weight loss in the management of this syndrome may
be significant. The literature is encouraging on this point,
although most studies have not included a control group
(360, 361); statistical samples have also been small (362–364)
and heterogeneous (360). Furthermore, studies have also
been of short duration and have not provided follow-up
information.

Pasquali et al. (360) analyzed the effects of a low-calorie
diet (1000–1500 kcal/d) for 8 months in 20 obese women with
PCOS (BMI, 32 kg/m2). All lost about 10 kg, and insulin

values after OGTT were found to be significantly lower than
before weight loss and similar to those of women of normal
weight. Similar results have been reported by other authors
(361, 363, 364), who all agree that weight loss has a positive
effect on hyperinsulinemia in women with PCOS. The effect
did not seem to require great weight loss, but became evident
with losses of 2–5% (365).

In addition to a reduction in insulin resistance, weight loss
also involves a parallel improvement in endocrine status of
PCOS patients. Significant improvements in hirsutism and
ovulation, with restoration of regular cycles and an increased
incidence of spontaneous pregnancies in 30% of patients,
have also been reported (360–364, 366). A significant reduc-
tion in total T and A, with increased SHBG and reduced free
T, are also reported. Some authors found a reduction in basal
levels of LH (360), which, together with the increase in SHBG
and reduced levels of insulin, could explain the improve-
ment in hyperandrogenism in obese women with PCOS.

Similar improvements have been reported with modest
weight reductions (2–5%). Nine of 18 patients in one study
(365) experienced regular cycles and two of 18 became
pregnant.

Weight loss certainly improves lipid profile and cardio-
vascular status in obese patients without PCOS (367), but this
effect has not yet been specifically evaluated in a sufficient
number of obese PCOS patients. Andersen et al. (368) ana-
lyzed total cholesterol, HDL, and triglycerides before and
after a low-calorie diet in nine obese PCOS patients. After 24
wk, total cholesterol had fallen by 15% and HDL by 10%. The
differences, however, were not significant because only six
women completed the study.

E. Summary and clinical recommendations

In the past, the management of PCOS focused particularly
on improvement of hirsutism and restoration of ovulation.
However, the finding that hyperinsulinemia and insulin re-
sistance are implicated in the pathogenesis of the syndrome,
and that these alterations have major implications for health
in the long term, led researchers to evaluate therapeutic
strategies to control the insulin-glucose disorder in PCOS.

Short-term dietary intervention studies have consistently
shown that weight loss may normalize reproductive function
and hyperandrogenism and improve metabolic variables in
overweight women with PCOS. Among the diabetic popu-
lation, long-term studies of lifestyle modification have
shown sustained benefit. Although there are no studies ex-
amining the long-term effects of weight loss in PCOS,
changes in lifestyle should always be suggested. Lifestyle
modification is a safe and inexpensive initial management for
overweight women with PCOS seeking to improve repro-
ductive function and metabolic profile. Moderate exercise,
reduction in smoking, dietary modification, and reduction in
alcohol and caffeine consumption would probably be of
great benefit. However, not all obese women will achieve
weight reduction, and not all women with PCOS are over-
weight or obese.

Because improvement in hyperinsulinemia and insulin
resistance has been proposed as a primary goal, several in-
sulin-lowering drugs have been introduced in the manage-
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ment of PCOS. Of the drugs examined in the present review,
only metformin and the new thiazolidinediones (rosiglita-
zone and pioglitazone) should be recommended in clinical
practice. Others (somatostatin analog, diazoxide, chiro-ino-
sitol, and acarbose) have a role in a research setting only as
physiological probes.

Metformin is the most thoroughly investigated insulin-
lowering agent used to treat PCOS. One of the main reasons
PCOS patients seek medical advice is menstrual irregularity.
Oligomenorrhea and amenorrhea are usually linked to ab-
sence of ovulation. Available studies indicate that 6 months
of metformin therapy induces an improvement in menstrual
regularity in at least 50% of patients. It is currently not re-
garded as advisable to extend therapy if the response is
negative. Although confirmation is needed, it appears that
responders have high insulin levels, low androgen levels,
and less severe menstrual abnormalities before therapy. This
suggests that the best candidates for metformin therapy have
oligomenorrhea rather than amenorrhea and are overweight
rather than obese. In our opinion, insulin-lowering therapy
is not the first priority in patients having hirsutism or acne
as their principal problem. There have been very few studies
into the effect of metformin on hirsutism and acne and the
results have been discordant. Randomized prospective trials
with appropriate long-term follow-up are needed to estab-
lish the effects of metformin on these two disorders, both of
which cause major loss of quality of life and self-image,
making more effective therapies, such as the contraceptive
pill or antiandrogens, worthwhile. Contraceptive pills
should be used with caution in patients with insulin resis-
tance. Debate about whether oral contraceptives increase
insulin resistance continues. Reports have shown that un-
balanced estrogen may reduce insulin sensitivity (369). The
use of progestin-only contraceptives may well increase the
risk of diabetes, whereas the use of combined sex steroid
preparations does not appear to significantly attenuate pe-
ripheral insulin action (370). These observations led to doubts
about the long-term safety of contraceptive pills in women with
PCOS. Close analysis of the effects of different oral contracep-
tives on insulin sensitivity is required. Research is underway
into the efficacy of combining metformin and antiandrogens for
dermatological problems linked to PCOS.

It has long been known that the first pharmacological
approach to induction of ovulation in infertile women with
PCOS is clomiphene citrate. This drug induces ovulation in
at least 75% of patients. However, a combination of clomi-
phene and metformin seems more effective than either alone.
Patients not responding to combined treatment are obviously
candidates for gonadotropin therapy. Again, available stud-
ies suggest that metformin should be continued during con-
trolled ovarian hyperstimulation. Indeed, metformin ap-
pears to reduce the risk of ovarian hyperstimulation and
hence multiple pregnancies. When controlled ovarian hy-
perstimulation is followed by IVF, administration of met-
formin seems to be associated with improved oocyte quality,
fertilization rates, and number of embryos. Recent data (re-
quiring confirmation) indicate that continued administration
of metformin during pregnancy reduces the rates of early
pregnancy loss and the incidence of GD. If this finding is

confirmed, metformin becomes established as the only avail-
able treatment for the high miscarriage rate in PCOS.

Adolescents with PCOS are a special problem. Several
observational studies on adolescent girls with PCOS showed
that 6 months of metformin therapy was followed by a high
percentage of ovulation (76%) (197). In sexually active ado-
lescents, metformin-induced restoration of ovulation could
lead to unwanted pregnancy. These subjects therefore need
to be counseled on contraception. In many cases it could be
more useful to give the contraceptive pill. Recent studies
show that adding metformin to oral contraceptive treatment
may improve insulin sensitivity and may further suppress
the hyperandrogenemia in women with PCOS (371). If these
results are confirmed, combined therapy with metformin-
oral contraceptive could be useful in cases requiring contra-
ception, such as adolescent girls. Alcohol, the most common
drug used during adolescence, is contraindicated in patients
receiving metformin. Hence, if metformin is prescribed for
adolescent girls, it should be accompanied by information to
the patient and family regarding risks, benefits, and alter-
natives. It was recently shown that long-term metformin
administration in patients at risk for diabetes type II is as-
sociated with a 31% reduction in the incidence of this type of
diabetes (372). In diabetics, metformin also reduces the risk
of cardiovascular complications (373). No research has yet
been concerned with the effect of metformin on cardiovas-
cular complications and the incidence of diabetes in women
with PCOS. If positive results are obtained, metformin ther-
apy could be used not only for women of reproductive age
with PCOS but also in postmenopausal women with a his-
tory of PCOS.

Metformin has tedious gastrointestinal side effects such
as nausea, vomiting, and diarrhea. To minimize these side
effects, the authors start metformin at 500 mg/d with
dinner for 1 wk, then increase to 500 mg twice daily with
lunch and dinner for 1 wk, and finally 850 mg twice daily
with lunch and dinner. The dose may be further increased
if necessary but should not exceed 2.55 g/d. Metformin is
unlikely to cause serious hypoglycemia even if a meal is
missed. Before prescribing the drug, doctors should check
for contraindications (see Section IV.A.1.d). Renal function
should always be checked and drinking of alcohol should
be discouraged.

The new thiazolidinediones (rosiglitazone and pioglita-
zone) appear promising for the treatment of insulin resis-
tance associated with PCOS. However, data are available
only for troglitazone, a drug with high liver toxicity that was
withdrawn from commerce in 2000. Rosiglitazone and pio-
glitazone are safer and have proved effective in improving
insulin sensitivity. There is little difference between the two
agents although pioglitazone may have a more favorable
effect on lipid profile than rosiglitazone. Randomized con-
trolled trials on the effects of these drugs in PCOS are nec-
essary before their use can be recommended. Rosiglitazone
and pioglitazone are category C drugs that have been dem-
onstrated to retard fetal development in animal studies. Be-
cause their use could restore ovulation and fertility, their
presumed embryotoxicity would limit their use.
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V. Conclusions

Women with PCOS exhibit a unique and intrinsic form of
insulin resistance. Insulin resistance is associated with com-
pensatory hyperinsulinemia. Many women with PCOS are
also overweight or obese. Excess adiposity directly impairs
peripheral insulin sensitivity. Insulin resistance seems to
place women with this syndrome at high risk for diabetes,
hypertension, dyslipidemia, and CVD.

Due to the role of hyperinsulinemia in the pathophysiol-
ogy of PCOS, several insulin-sensitizing and insulin-lower-
ing drugs have been tested. Some will soon be the basis of
medical therapy of PCOS (biguanides, thiazolidinediones);
others (diazoxide, somatostatin analogs) have a role only in
research. Insulin-lowering agents examined in this review
act at different levels of insulin-glucose metabolism. All
drugs seem to have similar clinical efficacy on PCOS-asso-
ciated symptoms. This suggests that reproductive abnormal-
ities of women with PCOS may be directly related to hy-
perinsulinemia and not to any specific mechanism of insulin
resistance.

Insulin-lowering agents have proven to be an effective
new therapeutic tool in women with PCOS. The balance of
opinion seems to favor beneficial effects of insulin-lowering
agents on insulin sensitivity, hyperandrogenemia, menstrual
irregularity, and metabolic disorders in a large subset of
affected women.

PCOS is a heterogeneous group of disorders. Future stud-
ies need to characterize the endocrine and metabolic profile
of the various subgroups, as insulin-lowering agents seem to
be an effective therapeutic tool for a subset of patients, but
not for all women with this syndrome.

Note Added in Proof

During the publication of this article, both Pioglitazone and Rosigli-
tazone administration in women with PCOS have been shown to be
followed by reduction in insulin reistance and hyperandrogenism (374,
375) and regularization of spontaneous and clomiphene citrate-induced
ovulation (376, 377).

Acknowledgments

Address all correspondence and requests for reprints to: Professor
Vincenzo De Leo, Institute of Obstetrics and Gynecology, University of
Siena, Policlinico Le Scotte, Viale Bracci, 53100 Siena, Italy. E-mail:
deleo@unisi.it

References

1. Dunaif A, Segal KR, Futterweit W, Dobrjansky A 1989 Profound
peripheral insulin resistance, independent of obesity, in polycystic
ovary syndrome. Diabetes 38:1165–1174

2. Dunaif A 1997 Insulin resistance and the polycystic ovary syn-
drome: mechanism and implications for pathogenesis. Endocr Rev
18:774–800

3. Amowitz LL, Sobel BE 1999 Cardiovascular consequences of poly-
cystic ovary syndrome. Endocrinol Metab Clin North Am 28:
439–458

4. Hansen BC 1999 The metabolic syndrome X. Ann NY Acad Sci
892:1–24

5. Zawedzki JK, Dunaif A 1992 Diagnostic criteria for polycystic
ovary syndrome: towards a rational approach. In: Dunaif A, Givens

JR, Haseltine FP, Merriam GR, eds. Polycystic ovary syndrome.
Boston: Blackwell Scientific; 377–384

6. Kalro BN, Loucks TL, Berga SL 2001 Neuromodulation in poly-
cystic ovary syndrome. Obstet Gynecol Clin North Am 28:35–62

7. Rebar R, Judd HL, Yen SS, Rakoff J, Vandenberg G, Naftolin F
1976 Characterization of the inappropriate gonadotropin secretion
in polycystic ovary syndrome. J Clin Invest 57:1320–1329

8. Berger MJ, Taymor ML, Patton WC 1975 Gonadotropin levels and
secretory patterns in patients with typical and atypical polycystic
ovarian disease. Fertil Steril 26:619–626

9. Barnes RB, Rosenfield RL, Burstein S, Ehrmann DA 1989 Pitu-
itary-ovarian responses to nafarelin testing in the polycystic ovary
syndrome. N Engl J Med 320:559–565

10. Ehrmann DA, Barnes RB, Rosenfield RL 1995 Polycystic ovary
syndrome as a form of functional ovarian hyperandrogenism due
to dysregulation of androgen secretion. Endocr Rev 16:322–353

11. Zumoff B, Freeman R, Coupey S, Saenger P, Markowitz M,
Kream J 1983 A chronobiologic abnormality in luteinizing hor-
mone secretion in teenage girls with the polycystic-ovary syn-
drome. N Engl J Med 309:1206–1209

12. Ziegler D, Steingold K, Cedars M, Lu JK, Meldrum DR, Judd HL,
Chang RJ 1989 Recovery of hormone secretion after chronic go-
nadotropin-releasing hormone agonist administration in women
with polycystic ovarian disease. J Clin Endocrinol Metab 68:1111–
1117

13. Rosenwaks Z, Lee PA, Jones GS, Migeon CJ, Wentz AC 1979 An
attenuated form of congenital virilizing adrenal hyperplasia. J Clin
Endocrinol Metab 49:335–339

14. Spinder T, Spijkstra JJ, van den Tweel JG, Burger CW, van Kessel
H, Hompes PG, Gooren LJ 1989 The effects of long term testos-
terone administration on pulsatile luteinizing hormone secretion
and on ovarian histology in eugonadal female to male transsexual
subjects. J Clin Endocrinol Metab 69:151–157

15. Gross KM, Matsumoto AM, Bremner WJ 1987 Differential control
of luteinizing hormone and follicle-stimulating hormone secretion
by luteinizing hormone-releasing hormone pulse frequency in
man. J Clin Endocrinol Metab 64:675–680

16. Spratt DI, Finkelstein JS, Butler JP, Badger TM, Crowley Jr WF
1987 Effects of increasing the frequency of low doses of gonado-
tropin-releasing hormone (GnRH) on gonadotropin secretion in
GnRH-deficient men. J Clin Endocrinol Metab 64:1179–1186

17. Marshall JC, Eagleson CA 1999 Neuroendocrine aspects of polycystic
ovary syndrome. Endocrinol Metab Clin North Am 28:295–324

18. Hall JE, Taylor AE, Hayes FJ, Crowley Jr WF 1998 Insights into
hypothalamic-pituitary dysfunction in polycystic ovary syndrome.
J Endocrinol Invest 21:602–611

19. Carmina E, Koyama T, Chang L, Stanczyk FZ, Lobo RA 1992 Does
ethnicity influence the prevalence of adrenal hyperandrogenism
and insulin resistance in polycystic ovary syndrome? Am J Obstet
Gynecol 167:1807–1812

20. Lobo RA, Goebelsmann U, Horton R 1983 Evidence for the impor-
tance of peripheral tissue events in the development of hirsutism in
polycystic ovary syndrome. J Clin Endocrinol Metab 57:393–397

21. Kirschner MA, Jacobs JB 1971 Combined ovarian and adrenal vein
catheterization to determine the site(s) of androgen overproduction
in hirsute women. J Clin Endocrinol Metab 33:199–209

22. Kirschner MA, Zucker IR, Jespersen D 1976 Idiopathic hirsutism—
an ovarian abnormality. N Engl J Med 294:637–640

23. Rosenfield RL, Ehrlich EN, Cleary RE 1972 Adrenal and ovarian
contributions to the elevated free plasma androgen levels in hirsute
women. J Clin Endocrinol Metab 34:92–98

24. Kim MH, Rosenfield RL, Hosseinian AH, Schneir HG 1979 Ovar-
ian hyperandrogenism with normal and abnormal histologic find-
ings of the ovaries. Am J Obstet Gynecol 134:445–452

25. Rosenfield RL, Barnes RB, Ehrmann DA 1994 Studies of the nature
of 17-hydroxyprogesterone hyperresponsiveness to gonadotropin-
releasing hormone agonist challenge in functional ovarian hy-
perandrogenism. J Clin Endocrinol Metab 79:1686–1692

26. Ibanez L, Hall JE, Potau N, Carrascosa A, Prat N, Taylor AE 1996
Ovarian 17-hydroxyprogesterone hyperresponsiveness to gonado-
tropin-releasing hormone (GnRH) agonist challenge in women
with polycystic ovary syndrome is not mediated by luteinizing
hormone hypersecretion: evidence from GnRH agonist and human

658 Endocrine Reviews, October 2003, 24(5):633–667 De Leo et al. • Insulin-Lowering Agents and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



chorionic gonadotropin stimulation testing. J Clin Endocrinol
Metab 81:4103–4107

27. Witchel SF, Arslanian S 1999 Ovarian responses to hCG stimula-
tion: insulin resistance/hyperinsulinaemia vs. insulin deficiency.
Clin Endocrinol (Oxf) 51:127–130

28. la Marca A, Egbe TO, Morgante G, Paglia T, Cianci A, De Leo V
2000 Metformin treatment reduces ovarian cytochrome P-450c17�
response to human chorionic gonadotrophin in women with in-
sulin resistance-related polycystic ovary syndrome. Hum Reprod
15:21–23

29. Nelson VL, Legro RS, Strauss III JF, McAllister JM 1999 Augmented
androgen production is a stable steroidogenic phenotype of propa-
gated theca cells from polycystic ovaries. Mol Endocrinol 13:946–957

30. Nelson VL, Qin KN, Rosenfield RL, Wood JR, Penning TM, Legro
RS, Strauss III JF, McAllister JM 2001 The biochemical basis for
increased testosterone production in theca cells propagated from
patients with polycystic ovary syndrome. J Clin Endocrinol Metab
86:5925–5933

31. Wickenheisser JK, Quinn PG, Nelson VL, Legro RS, Strauss III
JF, McAllister JM 2000 Differential activity of the cytochrome P450
17�-hydroxylase and steroidogenic acute regulatory protein gene
promoters in normal and polycystic ovary syndrome theca cells.
J Clin Endocrinol Metab 85:2304–2311

32. Goldzieher JW, Green JA 1963 Clinical and biochemical features
of polycystic ovarian disease. Fertil Steril 14:631–653

33. Carmina E, Lobo RA 1999 Do hyperandrogenic women with normal
menses have polycystic ovary syndrome? Fertil Steril 71: 319–322

34. Elting MW, Korsen TJM, Rekers-Mombarg LTM, Schoemaker J
2000 Women with polycystic ovary syndrome gain regular men-
strual cycles when ageing. Hum Reprod 15:24–28

35. Franks S 1989 Polycystic ovary syndrome. N Engl J Med 333:
853–861

36. Sagle M, Bishop K, Ridley N 1988 Recurrent early miscarriage and
polycystic ovaries. Br Med J 297:1027–1028

37. Clifford K, Rai R, Watson H, Regan L 1994 An informative pro-
tocol for the investigation of recurrent miscarriage: preliminary
experience of 500 consecutive cases. Hum Reprod 9:1328–1332

38. Tulppala M, Stenman UH, Cacciatore B, Ylikorkala O 1993 Poly-
cystic ovaries and levels of gonadotrophins and androgen in re-
current miscarriage: prospective study in 50 women. Br J Obstet
Gynaecol 100:348–352

39. Wang JX, Davies MJ, Norman RJ 2001 Polycystic ovarian syn-
drome and the risk of spontaneous abortion following assisted
reproductive technology treatment. Hum Reprod 16:2606–2609

40. Li TC, Spuijbroek MD, Tuckerman E, Anstie B, Loxley M, Laird
S 2000 Endocrinological and endometrial factors in recurrent mis-
carriage. Br J Obstet Gynaecol 107:1471–1479

41. Rai R, Backos M, Rushworth F, Regan L 2000 Polycystic ovaries
and recurrent miscarriage–a reappraisal. Hum Reprod 15:612–615

42. Glueck CJ, Wang P, Fontaine RN, Sieve-Smith L, Tracy T, Moore
SK 1999 Plasminogen activator inhibitor activity: an independent
risk factor for the high miscarriage rate during pregnancy in
women with polycystic ovary syndrome. Metabolism 48:1589–1595

43. Kumar B, Quenby S, Farquharson R 1997 Oligomenorrhoea, poly-
cystic ovary syndrome and recurring miscarriage. Br J Hosp Med
58:514–516

44. Liddell HS, Sowden K, Farquhar CM 1997 Recurrent miscarriage:
screening for polycystic ovaries and subsequent pregnancy out-
come. Aust NZ J Obstet Gynaecol 37:402–406

45. Leigh AJ, Peattie AB 1994 Polycystic ovaries and levels of gona-
dotrophins and androgens in recurrent miscarriage: prospective
study in 50 women. Br J Obstet Gynaecol 101:275–276

46. Watson H, Kiddy DS, Hamilton-Fairley D, Scanlon MJ, Barnard
C, Collins WP, Bonney RC, Franks S 1993 Hypersecretion of
luteinizing hormone and ovarian steroids in women with recurrent
early miscarriage. Hum Reprod 8:829–833

47. Turner MJ 1991 Raised luteinising hormone and spontaneous mis-
carriage. Lancet 337:742

48. Stirrat GM 1990 Recurrent miscarriage. II. Clinical associations,
causes, and management. Lancet 336:728–733

49. Homburg R, Jacobs HS 1989 Etiology of miscarriage in polycystic
ovary syndrome. Fertil Steril 51:196–197

50. Regan L, Owen EJ, Jacobs HS 1990 Hypersecretion of luteinizing
hormone, infertility, and miscarriage. Lancet 336:1141–1144

51. Okon MA, Laird SM, Tuckerman EM, Li TC 1998 Serum androgen
levels in women who have recurrent miscarriages and their cor-
relation with markers of endometrial function. Fertil Steril 69:
682–690

52. Buyalos RP, Lee CT 1996 Polycystic ovary syndrome: pathophys-
iology and outcome with in vitro fertilization. Fertil Steril 65:1–10

53. Lanzone A, Caruso A, Di Simone N, De Carolis S, Fulghesu AM,
Mancuso S 1995 Polycystic ovary disease. A risk factor for gesta-
tional diabetes? J Reprod Med 40:312–316

54. Mikola M, Hiilesmaa V, Halttunen M, Suhonen L, Tiitinen A
2001 Obstetric outcome in women with polycystic ovarian syn-
drome. Hum Reprod 16:226–229

55. Koivunen RM, Juutinen J, Vauhkonen I, Morin-Papunen LC,
Ruokonen A, Tapanainer JS 2001 Metabolic and steroidogenic
alterations related to increased frequency of polycystic ovaries in
women with a history of gestational diabetes. J Clin Endocrinol
Metab 86:2591–2599

56. Holte J, Gennarelli G, Wide L, Lithell H, Berne C 1998 High
prevalence of polycystic ovaries and associated clinical, endocrine,
and metabolic features in women with previous gestational dia-
betes mellitus. J Clin Endocrinol Metab 83:1143–1150

57. Anttila L, Karjala K, Penttila RA, Ruutiainen K, Ekblad U 1998
Polycystic ovaries in women with gestational diabetes. Obstet Gy-
necol 92:13–16

58. Kousta E, Ceta E, Lawrence N, Penny A, Millaver B, White D,
Wilson H, Robinson S, Johnston D, McCarth M, Franks S 2000
The prevalence of polycystic ovaries in women with a history of
gestational diabetes. Clin Endocrinol (Oxf) 53:501–507

59. Vollenhoven B, Clark S, Kovacs G, Burger H, Healy D 2000
Prevalence of gestational diabetes mellitus in polycystic ovarian
syndrome (PCOS) patients pregnant after ovulation induction with
gonadotrophins. Aust NZ J Obstet Gynaecol 40:54–58

60. Lesser KB, Garcia FA 1997 Association between polycystic ovary
syndrome and glucose intolerance during pregnancy. J Matern
Fetal Med 6:303–307

61. Paradisi G, Fulghesu AM, Ferrazzani S, Moretti S, Proto C, Sor-
anna L, Caruso A, Lanzone A 1998 Endocrino-metabolic features
in women with polycystic ovary syndrome during pregnancy.
Hum Reprod 13:542–546

62. de Vries MJ, Dekker GA, Schoemaker J 1998 Higher risk of pre-
eclampsia in the polycystic ovary syndrome. A case control study.
Eur J Obstet Gynecol Reprod Biol 76:91–95

63. Diamant YZ, Rimon E, Evron S 1982 High incidence of preeclamp-
tic toxemia in patients with polycystic ovarian disease. Eur J Obstet
Gynecol Reprod Biol 14:199–204

64. Zavaroni I, Bonora E, Pagliara M, Dall’Aglio E, Luchetti L, Guo-
nanno G 1989 Risk factors for coronary artery disease in healthy
persons with hyperinsulinemia and normal glucose tolerance.
N Engl J Med 320:702–706

65. Wild RA, Painter PC, Coulson PB, Carruth KB, Ranney GB 1985
Lipoprotein lipid concentrations and cardiovascular risk in women
with polycystic ovary syndrome. J Clin Endocrinol Metab 61: 946–951

66. Ovalle F, Azziz R 2002 Insulin resistance, polycystic ovary syn-
drome, and type 2 diabetes mellitus. Fertil Steril 77:1095–1105

67. Balen A 2001 Polycystic ovary syndrome and cancer. Hum Reprod
Update 7:522–525

68. Talbott EO, Zborowski JV, Sutton-Tyrrell K, McHugh-Pemu KP,
Guzick DS 2001 Cardiovascular risk in women with polycystic
ovary syndrome. Obstet Gynecol Clin North Am 28:111–133

69. Amowitz LL, Sobel BE 1999 Cardiovascular consequences of poly-
cystic ovary syndrome. Endocrinol Metab Clin North Am 28: 439–458

70. Solomon CG 1999 The epidemiology of polycystic ovary syn-
drome. Prevalence and associated disease risks. Endocrinol Metab
Clin North Am 28:247–263

71. Wild RA 1997 Metabolic aspects of polycystic ovary syndrome.
Semin Reprod Endocrinol 15:105–110

72. Wild RA 2002 Long-term health consequences of PCOS. Hum
Reprod Update 8:231–241

73. Osei K 1999 Insulin resistance and systemic hypertension. Am J
Cardiol 84:33–36

74. Dahlgren E, Johansson S, Lindstedt G 1992 Women with poly-

De Leo et al. • Insulin-Lowering Agents and PCOS Endocrine Reviews, October 2003, 24(5):633–667 659

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



cystic ovary syndrome wedge resected in 1956 to 1965: a long term
follow-up focusing on natural history and circulating hormones.
Fertil Steril 57:505–513

75. Dahlgren E, Janson PQ, Johansson S 1994 Hemostatic and met-
abolic variables in women with polycystic ovary syndrome. Fertil
Steril 61:455–460

76. Cibula D, Cifkova R, Fanta M, Poledne R, Zivny J, Skibova J 2000
Increased risk of non-insulin dependent diabetes mellitus, arterial
hypertension and coronary artery disease in perimenopausal
women with a history of the polycystic ovary syndrome. Hum
Reprod 15:785–789

77. Zimmermann S, Phillips RA, Dunaif A, Finegood DT, Wilken-
feld C, Ardeljan M, Gorlin R, Krakoff LR 1992 Polycystic ovary
syndrome: lack of hypertension despite profound insulin resis-
tance. J Clin Endocrinol Metab 75:508–513

78. Holte J, Pennarelli G, Berne C, Bergh T, Lithell H 1996 Elevated
ambulatory day-time blood pressure in women with polycystic ovary
syndrome: a sign of a pre-hypertensive state? Hum Reprod 11:23–28

79. Ferrarini E, Buzzigoli C, Bonadonna R 1987 Insulin resistance in
essential hypertension. N Engl J Med 317:350–357

80. Shen DC, Shieh SM, Wu DA, Reaven GM 1988 Resistance to
insulin stimulated glucose uptake in patients with hypertension.
J Clin Endocrinol Metab 66:580–583

81. Sowers JR 1992 Insulin resistance, hyperinsulinemia, dyslipide-
mia, hypertension, and accelerated atherosclerosis. J Clin Pharma-
col 32:529–535

82. Mattson LA, Cullberg G, Hamberger L, Samsioe G, Silfverstolpe
G 1984 Lipid metabolism in women with polycystic ovary syn-
drome: possible implications for an increased risk of coronary heart
disease. Fertil Steril 42:579–584

83. Conway GS, Agrawal R, Betteridge DJ, Jacobs HS 1992 Risk
factors for coronary artery disease in lean and obese women with
the polycystic ovary syndrome. Clin Endocrinol (Oxf) 37:119–125

84. Rajkhowa M, Neary RH, Kumpatla P 1997 Altered composition of
high density lipoproteins in women with the polycystic ovary
syndrome. J Clin Endocrinol Metab 82:3389–3394

85. Talbott E, Guzick D, Clerici A 1995 Coronary heart disease risk
factors in women with polycystic ovary syndrome. Arterioscler
Thromb Vasc Biol 15:821–826

86. Robinson S, Henderson AD, Gelding SV 1996 Dyslipidemia is
associated with insulin resistance in women with polycystic ova-
ries. Clin Endocrinol (Oxf) 44:277–284

87. Holte J, Bergh T, Berne C, Lithell H 1994 Serum lipoprotein lipid
profile in women with the polycystic ovary syndrome: relation to
anthropometric, endocrine and metabolic variables. Clin Endocri-
nol (Oxf) 41:463–471

88. Juhan-Vague I, Alessi MC 1997 PAI-1, obesity, insulin resistance
and risk of cardiovascular events. Thromb Haemost 78:656–660

89. Atiomo WU, Bates SA, Condon JE, Shaw S, West JH, Prentice AG
1998 The plasminogen activator system in women with polycystic
ovary syndrome. Fertil Steril 69:236–341

90. Sampson M, Kong C, Patel A, Unwin R, Jacobs HS 1996 Ambu-
latory blood pressure profiles and plasminogen activator inhibitor
(PAI-1) in lean women with and without polycystic ovary syn-
drome. Clin Endocrinol (Oxf) 45:623–629

91. Wild RA, Grubb B, Hartz A, Van Nort JJ, Bachman W, Bar-
tholomew M 1990 Clinical signs of androgen excess as risk factors
for coronary artery artery disease. Fertil Steril 54:255–259

92. Birdsall MA, Farquhar CM, White HD 1997 Association between
polycystic ovaries and extent of coronary artery disease in women
having cardiac catheterization. Ann Intern Med 126:32–35

93. Loucks TL, Talbott EO, McHugh KP, Keelan M, Berga SL, Guzick
DS 2000 Do polycystic-appearing ovaries affect the risk of cardio-
vascular disease among women with polycystic ovary syndrome?
Fertil Steril 74:547–552

94. Dahlgren E, Janson PO, Johansson S, Lapidus L, Oden A 1992
Polycystic ovary syndrome and risk for myocardial infarction.
Evaluated from a risk factor model based on a prospective popu-
lation study of women. Acta Obstet Gynaecol Scand 71:599–604

95. Pierpoint T, McKeigue PM, Isaacs AJ, Wild SH, Jacobs HS 1998
Mortality of women with polycystic ovary syndrome at long-term
follow-up. J Clin Epidemiol 51:581–586

96. Wild S, Pierpoint T, McKeigue P, Jacobs H 2000 Cardiovascular

disease in women with polycystic ovary syndrome at long-term
follow-up: a retrospective cohort study. Clin Endocrinol (Oxf) 52:
595–600

97. Guzick DS, Talbott EO, Sutton-Tyrrell K, Herzog HC, Kuller LH,
Wolfson SK 1996 Carotid atherosclerosis in women with polycystic
ovary syndrome: initial results from a case-control study. Am J
Obstet Gynecol 174:1224–1232

98. Talbott EO, Guzick DS, Sutton-Tyrrell K, McHugh-Pemu KP,
Zborowski JV, Remsberg KE, Kuller LH 2000 Evidence for asso-
ciation between polycystic ovary syndrome and premature carotid
atherosclerosis in middle-aged women. Arterioscler Thromb Vasc
Biol 20:2414–2421

99. Lillioja S, Mott D, Spraul M 1993 Insulin resistance and insulin
secretory dysfunction as precursors of non-insulin-dependent di-
abetes mellitus. N Engl J Med 329:1988–1992

100. Reaven GM 1988 Banting lecture 1988. Role of insulin resistance in
human disease. Diabetes 37:1595–1607

101. O’Meara NM, Blackman JD, Ehrmann DA, Barnes RB, Jaspan JB,
Rosenfield RL, Polonsky KS 1993 Defects in �-cell function in
functional ovarian hyperandrogenism. J Clin Endocrinol Metab
76:1241–1247

102. Dunaif A 1993 Insulin resistance in polycystic ovary syndrome.
Ann NY Acad Sci 687:60–64

103. Legro RS, Kunselman AR, Dodson WC, Dunaif A 1999 Prevalence
and predictors of risk for type 2 diabetes mellitus and impaired glu-
cose tolerance in polycystic ovary syndrome: a prospective, controlled
study in 254 affected women. J Clin Endocrinol Metab 84:165–169

104. Elting MW, Korsen TJM, Bezemer PD, Schoemaker J 2001 Prev-
alence of diabetes mellitus, hypertension and cardiac complaints in
a follow-up study of a Dutch PCOS population. Hum Reprod
16:556–560

105. Alford FP, Henriksen JE, Rantzau C, Vaag A, Hew LF, Ward GM,
Beck-Nielsen H 1998 Impact of family history of diabetes on the
assessment of �-cell function. Metabolism 47:522–528

106. Legro RS, Kunselman AR, Dodson WC, Dunaif A 1999 Prevalence
and predictors of risk for type 2 diabetes mellitus and impaired glu-
cose tolerance in polycystic ovary syndrome: a prospective, controlled
study in 254 affected women. J Clin Endocrinol Metab 84:165–169

107. Conn JJ, Jacobs HS, Conway GS 2000 The prevalence of polycystic
ovaries in women with type 2 diabetes mellitus. Clin Endocrinol
(Oxf) 52:81–86

108. Peppard HR, Marfori J, Iuorno MJ, Nestler JE 2001 Prevalence of
polycystic ovary syndrome among premenopausal women with
type 2 diabetes. Diabetes Care 24:1050–1052

109. Chamlian DL, Taylor HB 1970 Endometrial hyperplasia in young
women. Obstet Gynecol 36:659–666

110. Coulam CB, Annegers JF, Kranz JS 1983 Chronic anovulation
syndrome and associated neoplasia. Obstet Gynecol 61:403–407

111. Cheung AP 2001 Ultrasound and menstrual history in predicting
endometrial hyperplasia in polycystic ovary syndrome. Obstet Gy-
necol 98:325–331

112. Secreto G, Toniolo P, Berrino F 1991 Serum and urinary androgens
and risk of breast cancer in postmenopausal women. Cancer Res
51:2572–2576

113. Gammon MD, Thompson WD 1991 Polycystic ovaries and the risk
of breast cancer. Am J Epidemiol 134:818–824

114. Anderson KE, Sellers TA, Chen PL, Rich SS, Hong CP, Folsom AR
1997 Association of Stein-Leventhal syndrome with the incidence
of postmenopausal breast carcinoma in a large prospective study
of women in Iowa. Cancer 79:494–499

115. Mantzoros CS, Flier JS 1995 Insulin resistance: the clinical spec-
trum. Adv Endocrinol Metab 6:193–232

116. Achard M, Thiers MJ 1921 Le virilisme plaire et son association a
l’insuffisance glycolytique (diabete des femmes a barbe) Bull Acad
Natl Med 86:51–64

117. Kahn CR, Flier JS, Bar RS, Archer JA, Gorden P, Martin MM, Roth
J 1976 The syndromes of insulin resistance and acanthosis nigri-
cans. Insulin-receptor disorders in man. N Engl J Med 294:739–745

118. Burghen GA, Givens JR, Kitabchi AE 1980 Correlation of hy-
perandrogenism with hyperinsulinism in polycystic ovarian dis-
ease. J Clin Endocrinol Metab 50:113–116

119. Chang RJ, Nakamura RM, Judd HL, Kaplan SA 1983 Insulin

660 Endocrine Reviews, October 2003, 24(5):633–667 De Leo et al. • Insulin-Lowering Agents and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



resistance in nonobese patients with polycystic ovarian disease.
J Clin Endocrinol Metab 57:356–359

120. Ciaraldi TP, El-Roeiy A, Madar Z, Reichart D, Olefsky JM, Yen
SSC 1992 Cellular mechanisms of insulin resistance in polycystic
ovarian syndrome. J Clin Endocrinol Metab 75:577–583

121. Marsden PJ, Murdoch A, Taylor R 1994 Severe impairment of
insulin action in adipocytes from amenorrhoeic subjects with poly-
cystic ovary syndrome. Metabolism 43:1536–1542

122. Morales AJ, Laughlin GA, Butzow T, Maheshwari H, Baumann
G, Yen SSC 1996 Insulin, somatotropic, and luteinizing hormone
axes in lean and obese women with polycystic ovary syndrome:
common distinct features. J Clin Endocrinol Metab 81:2854–2859

123. Dale PO, Tanbo T, Vaaler S, Abyholm T 1992 Body weight, hyper-
insulinemia, and gonadotropin levels in the polycystic ovarian syn-
drome: evidence of two distinct populations. Fertil Steril 58:487–491

124. Ovesen P, Moller J, Ingerslev HJ, Jorgensen JOL, Mengel A,
Schmitz O, Alberti KGMM, Moller N 1993 Normal basal and
insulin-stimulated fuel metabolism in lean women with the poly-
cystic ovary sindrome. J Clin Endocrinol Metab 77:1636–1640

125. Holte J, Bergh T, Berne C, Berglund L, Lithell H 1994 Enhanced
insulin response to glucose in relation to insulin resistance in
women with polycystic ovary syndrome and normal glucose tol-
erance. J Clin Endocrinol Metab 78:1052–1055

126. Acien P, Quereda F, Matallin P 1999 Insulin, androgens and obe-
sity in women with and without polycystic ovary syndrome: a
heterogeneous group of disorders. Fertil Steril 71:32–40

127. Morin-Papunen LC, Vauhkonen I, Koivunen RM, Ruokonen A,
Tapanainen JS 2000 Insulin sensitivity, insulin secretion, and met-
abolic and hormonal parameters in healthy women and women
with polycystic ovarian syndrome. Hum Reprod 15:1266–1274

128. Ehrmann DA, Sturis J, Byrne MM, Karrison T, Rosenfield RL,
Polonsky KS 1995 Insulin secretory defects in polycystic ovary
syndrome. Relationship to insulin sensitivity and family history of
non-insulin-dependent diabetes mellitus. J Clin Invest 96:520–527

129. Ehrmann DA, Barnes RB, Rosenfield RL, Cavaghan MK, Imperial
J 1999 Prevalence of impaired glucose tolerance and diabetes in
women with polycystic ovary syndrome. Diabetes Care 22: 141–146

130. Radziuk J 2000 Insulin sensitivity and its measurement. Structural
commonalities among the methods. J Clin Endocrinol Metab 85:
4426–4433

131. Hosker JP, Matthews DR, Rudenski AS, Burnett MA, Darling P,
Bown EG, Turner RC 1985 Continuous infusion of glucose with
model assessment: measurement of insulin resistance and �-cell
function in man. Diabetologia 28:401–411

132. Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan
G, Quon MJ 2000 Quantitative insulin sensitivity check index: a
simple, accurate method for assessing insulin sensitivity in hu-
mans. J Clin Endocrinol Metab 85:2402–2410

133. Kosaka K, Mizuno Y, Kuzuga T 1966 Reproducibility of the oral
glucose tolerance test and the rice-meal test in mild diabetes. Di-
abetes 15:901–904

134. Bergman RN, Prager R, Volund A, Olefsky JM 1987 Equivalence
of the insulin sensitivity index in man derived by the minimal
model method and the euglycemic glucose clamp. J Clin Invest
79:790–800

135. Legro RS, Finegood D, Dunaif A 1998 A fasting glucose to insulin
ratio is a useful measure of insulin sensitivity in women with
polycystic ovary syndrome. J Clin Endocrinol Metab 83:2694–2698

136. Nagasaka S, Iwamoto Y, Ishikawa S, Kuzuya T, Saito T 1997
Efficacy of troglitazone measured by insulin resistance index. Lan-
cet 350:184

137. Gennarelli G, Holte J, Berglund L, Berne C, Massobrio M, Lithell
H 2000 Prediction models for insulin resistance in the polycystic
ovary syndrome. Hum Reprod 15:2098–2102

138. Robinson S, Kiddy D, Gelding SV, Willis D, Niththyananthan R,
Bush A, Johnston DG, Franks S 1993 The relationship of insulin
insensitivity to menstrual pattern with hyperandrogenism and
polycystic ovaries. Clin Endocrinol (Oxf) 39:351–355

139. Barbieri RL 2000 Induction of ovulation in infertile women with
hyperandrogenism and insulin resistance. Am J Obstet Gynecol
183:1412–1418

140. Pugeat M, Ducluzeau PH, Mallion-Donadieu M 2000 Association

of insulin resistance with hyperandrogenia in women. Horm Res
54:322–326

141. Oppenheimer E, Linder B, DiMartino-Nardi J 1995 Decreased
insulin sensitivity in prepubertal girls with premature adrenarche
and acanthosis nigricans. J Clin Endocrinol Metab 80:614–618

142. Conway GS, Jacobs HS 1993 Clinical implications of hyperinsu-
linaemia in women. Clin Endocrinol (Oxf) 39:623–632

143. Conway GS, Jacobs HS 1990 Acanthosis nigricans in obese women
with the polycystic ovary syndrome: disease spectrum not distinct
entity. Postgrad Med J 66:536–538

144. Kido Y, Nakae J, Accili D 2001 The insulin receptor and its cellular
targets. J Clin Endocrinol Metab 86:972–979

145. Poretsky L, Cataldo NA, Rosenwaks Z, Giudice LC 1999 The
insulin-related ovarian regulatory system in health and disease.
Endocr Rev 20:535–582

146. Poretsky L, Grigorescu F, Seibel M, Moses AC, Flier JS 1985
Distribution and characterization of insulin and insulin-like growth
factor I receptors in normal human ovary. J Clin Endocrinol Metab
61:728–734

147. Samoto T, Maruo T, Ladines-Llave CA, Matsuo H, Deguchi J, Bar-
nea ER, Mochizuki M 1993 Insulin receptor expression in follicular
and stromal compartments of the human ovary over the course of
follicular growth, regression and atresia. Endocr J 40:715–726

148. Flier JS, Eastman RC, Minaker KL, Matteson D, Rowe JW 1985
Acanthosis nigricans in obese women with hyperandrogenism.
Characterization of an insulin-resistant state distinct from the type
A and B syndromes. Diabetes 34:101–107

149. Jialal I, Naiker P, Reddi K, Moodley J, Joubert SM 1987 Evidence
for insulin resistance in nonobese patients with polycystic ovarian
disease. J Clin Endocrinol Metab 64:1066–1069

150. Marsden PJ, Murdoch AP, Taylor R 2001 Tissue insulin sensitivity
and body weight in polycystic ovary syndrome. Clin Endocrinol
(Oxf) 55:191–199

151. Book CB, Dunaif A 1999 Selective insulin resistance in the poly-
cystic ovary syndrome. J Clin Endocrinol Metab 84:3110–3116

152. Rosenbaum D, Haber RS, Dunaif A 1993 Insulin resistance in
polycystic ovary syndrome: decreased expression of GLUT-4 glu-
cose transporters in adipocytes. Am J Physiol 264:197–202

153. Dunaif A 1995 Hyperandrogenic anovulation (PCOS): a unique
disorder of insulin action associated with an increased risk of
non-insulin-dependent diabetes mellitus. Am J Med 98:33S–39S

154. Dunaif A, Xia J, Book CB, Schenker E, Tang Z 1995 Excessive
insulin receptor serine phosphorylation in cultured fibroblasts and
in skeletal muscle. A potential mechanism for insulin resistance in
the polycystic ovary syndrome. J Clin Invest 96:801–810

155. Zhang LH, Rodriguez H, Ohno S, Miller WL 1995 Serine phos-
phorylation of human P450c17 increases 17,20-lyase activity: im-
plications for adrenarche and the polycystic ovary syndrome. Proc
Natl Acad Sci USA 92:10619–10623

156. Dunaif A, Wu X, Lee A, Diamanti-Kandarakis E 2001 Defects in
insulin receptor signaling in vivo in the polycystic ovary syndrome
(PCOS). Am J Physiol Endocrinol Metab 281:392–399

157. Lawrence Jr JC, Roach PJ 1997 New insights into the role and
mechanism of glycogen synthase activation by insulin. Diabetes
46:541–547

158. Moran C, Huerta R, Conway-Myers BA, Hines GA, Azziz R 2001
Altered autophosphorylation of the insulin receptor in the ovary of
a woman with polycystic ovary syndrome. Fertil Steril 75:625–628

159. Wu X, Sallinen K, Anttila L, Makinen M, Luo C, Pollanen P,
Erkkola R 2000 Expression of insulin-receptor substrate-1 and -2 in
ovaries from women with insulin resistance and from controls.
Fertil Steril 74:564–572

160. Ciaraldi TP, Morales AJ, Hickman MG, Odom-Ford R, Olefsky
JM, Yen SS 1997 Cellular insulin resistance in adipocytes from
obese polycystic ovary syndrome subjects involves adenosine mod-
ulation of insulin sensitivity. J Clin Endocrinol Metab 82:1421–1425

161. Ciaraldi TP 2000 Molecular defects of insulin action in the poly-
cystic ovary syndrome: possible tissue specificity. J Pediatr Endo-
crinol Metab 13:1291–1293

162. Nestler JE, Jakubowicz DJ, de Vargas AF, Brik C, Quintero N,
Medina F 1998 Insulin stimulates testosterone biosynthesis by human
thecal cells from women with polycystic ovary syndrome by activat-

De Leo et al. • Insulin-Lowering Agents and PCOS Endocrine Reviews, October 2003, 24(5):633–667 661

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



ing its own receptor and using inositolglycan mediators as the signal
transduction system. J Clin Endocrinol Metab 83:2001–2005

163. Poretsky L, Smith D, Seibel M, Pazianos A, Moses AC, Flier JS
1984 Specific insulin binding sites in human ovary. J Clin Endo-
crinol Metab 59:809–811

164. Willis D, Mason H, Gilling-Smith C, Franks S 1996 Modulation
by insulin of follicle-stimulating hormone and luteinizing hormone
actions in human granulosa cells of normal and polycystic ovaries.
J Clin Endocrinol Metab 81:302–309

165. Bergh C, Carlsson B, Olsson JH, Selleskog U, Hillensjo T 1993
Regulation of androgen production in cultured human thecal cells
by insulin-like growth factor I and insulin. Fertil Steril 59:323–331

166. Duleba AJ, Spaczynski RZ, Olive DL 1998 Insulin and insulin-like
growth factor I stimulate the proliferation of human ovarian theca-
interstitial cells. Fertil Steril 69:335–340

167. Cara JF, Rosenfield RL 1988 Insulin-like growth factor I and insulin
potentiate luteinizing hormone-induced androgen synthesis by rat
ovarian thecal-interstitial cells. Endocrinology 123:733–739

168. Hernandez ER, Resnick CE, Svoboda ME, Van Wyk JJ, Payne
DW, Adashi EY 1988 Somatomedin-C/insulin-like growth factor I
as an enhancer of androgen biosynthesis by cultured rat ovarian
cells. Endocrinology 122:1603–1612

169. Wrathall JH, Knight PG 1995 Effects of inhibin-related peptides
and oestradiol on androstenedione and progesterone secretion by
bovine theca cells in vitro. J Endocrinol 145:491–500

170. Kristiansen SB, Endoh A, Casson PR, Buster JE, Hornsby PJ 1997
Induction of steroidogenic enzyme genes by insulin and IGF-I in
cultured adult human adrenocortical cells. Steroids 62:258–265

171. Adashi EY, Resnick CE, D’Ercole AJ, Svoboda ME, Van Wyk JJ
1985 Insulin-like growth factors as intraovarian regulators of gran-
ulosa cell growth and function. Endocr Rev 6:400–420

172. Tiitinen A, Pekonen F, Stenman UH, Laatikainen T 1990 Plasma
androgens and oestradiol during oral glucose tolerance test in
patients with polycystic ovaries. Hum Reprod 5:242–245

173. Elkind-Hirsch KE, Valdes CT, McConnell TG, Malinak LR 1991
Androgen responses to acutely increased endogenous insulin lev-
els in hyperandrogenic and normal cycling women. Fertil Steril
55:486–491

174. Diamond MP, Grainger DA, Laudano AJ, Starick-Zych K, De-
Fronzo RA 1991 Effect of acute physiological elevations of insulin
on circulating androgen levels in nonobese women. J Clin Endo-
crinol Metab 72:883–887

175. Nestler JE, Clore JN, Strauss III JF, Blackard WG 1987 The effects
of hyperinsulinemia on serum testosterone, progesterone, dehy-
droepiandrosterone sulfate, and cortisol levels in normal women
and in a woman with hyperandrogenism, insulin resistance, and
acanthosis nigricans. J Clin Endocrinol Metab 64:180–184

176. Stuart CA, Prince MJ, Peters EJ, Meyer III WJ 1987 Hyperinsu-
linemia and hyperandrogenemia: in vivo androgen response to
insulin infusion. Obstet Gynecol 69:921–925

177. Micic D, Popovic V, Nesovic M, Sumarac M, Dragasevic M, Ken-
dereski A, Markovic D, Djordjevic P, Manojlovic D 1988 Andro-
gen levels during sequential insulin euglycemic clamp studies in
patients with polycystic ovary disease. J Steroid Biochem 31:
995–999

178. Dunaif A, Graf M 1989 Insulin administration alters gonadal ste-
roid metabolism independent of changes in gonadotropin secretion
in insulin-resistant women with the polycystic ovary syndrome.
J Clin Invest 83:23–29

179. DeClue TJ, Shah SC, Marchese M, Malone JI 1991 Insulin resis-
tance and hyperinsulinemia induce hyperandrogenism in a young
type B insulin-resistant female. J Clin Endocrinol Metab 72:
1308–1311

180. Nestler JE, Barlascini CO, Matt DW, Steingold KA, Plymate SR,
Clore JN, Blackard WG 1989 Suppression of serum insulin by
diazoxide reduces serum testosterone levels in obese women with
polycystic ovary syndrome. J Clin Endocrinol Metab 68:1027–1032

181. Prelevic GM, Wurzburger MI, Balint-Peric L, Nesic JS 1990 In-
hibitory effect of sandostatin on secretion of luteinising hormone
and ovarian steroids in polycystic ovary syndrome. Lancet 336:
900–903

182. Ciotta L, Calogero AE, Farina M, De Leo V, La Marca A, Cianci
A 2001 Clinical, endocrine and metabolic effects of acarbose, an

�-glucosidase inhibitor, in PCOS patients with increased insulin
response and normal glucose tolerance. Hum Reprod 16:2066–2072

183. Nestler JE, Jakubowicz DJ 1996 Decreases in ovarian cytochrome
P450c17 � activity and serum free testosterone after reduction of
insulin secretion in polycystic ovary syndrome. N Engl J Med
335:617–623

184. Nestler JE, Jakubowicz DJ 1997 Lean women with polycystic ovary
syndrome respond to insulin reduction with decreases in ovarian
P450c17 � activity and serum androgens. J Clin Endocrinol Metab
82:4075–4079

185. Dunaif A, Scott D, Finegood D, Quintana B, Whitcomb R 1996
The insulin-sensitizing agent troglitazone improves metabolic and
reproductive abnormalities in the polycystic ovary syndrome.
J Clin Endocrinol Metab 81:3299–3306

186. Ibanez L, Valls C, Potau N, Marcos MV, de Zegher F 2000 Sen-
sitization to insulin in adolescent girls to normalize hirsutism,
hyperandrogenism, oligomenorrhea, dyslipidemia, and hyperin-
sulinism after precocious pubarche. J Clin Endocrinol Metab 85:
3526–3530

187. Vrbikova J, Hill M, Starka L, Cibula D, Bendlova B, Vondra K,
Sulcova J, Snajderova M 2001 The effects of long-term metformin
treatment on adrenal and ovarian steroidogenesis in women with
polycystic ovary syndrome. Eur J Endocrinol 144:619–628

188. Baskin DG, Figlewicz DP, Woods SC, Porte Jr D, Dorsa DM 1987
Insulin in the brain. Annu Rev Physiol 49:335–347

189. Unger JW, Livingston JN, Moss AM 1991 Insulin receptors in the
central nervous system: localization, signalling mechanisms and
functional aspects. Prog Neurobiol 36:343–362

190. Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban
PC, Klein R, Krone W, Muller-Wieland D, Kahn CR 2000 Role of
brain insulin receptor in control of body weight and reproduction.
Science 289:2122–2125

191. Yamashita S, Melmed S 1986 Insulin regulation of rat growth
hormone gene transcription. J Clin Invest 78:1008–1014

192. Adashi EY, Hsueh AJW, Yen SSC 1981 Insulin enhancement of
luteinizing hormone and follicle stimulating hormone release by
cultured pituitary cells. Endocrinology 108:1441–1449

193. Arroyo A, Laughlin GA, Morales AJ, Yen SS 1997 Inappropriate
gonadotropin secretion in polycystic ovary syndrome: influence of
adiposity. J Clin Endocrinol Metab 82:3728–3733

194. Taylor AE, McCourt B, Martin KA, Anderson EJ, Adams JM,
Schoenfeld D, Hall JE 1997 Determinants of abnormal gonado-
tropin secretion in clinically defined women with polycystic ovary
syndrome. J Clin Endocrinol Metab 82:2248–2256

195. Velazquez E, Acosta A, Mendoza SG 1997 Menstrual cyclicity after
metformin therapy in polycystic ovary syndrome. Obstet Gynecol
90:392–395

196. Pirwany IR, Yates RW, Cameron IT, Fleming R 1999 Effects of the
insulin sensitizing drug metformin on ovarian function, follicular
growth and ovulation rate in obese women with oligomenorrhoea.
Hum Reprod 14:2963–2968

197. Ibanez L, Valls C, Ferrer A, Marcos MV, Rodriguez-Hierro F, de
Zegher F 2001 Sensitization to insulin induces ovulation in nono-
bese adolescents with anovulatory hyperandrogenism. J Clin En-
docrinol Metab 86:3595–3598

198. Kowalska I, Kinalski M, Straczkowski M, Wolczyski S, Kinalska
I 2001 Insulin, leptin, IGF-I and insulin-dependent protein con-
centrations after insulin-sensitizing therapy in obese women with
polycystic ovary syndrome. Eur J Endocrinol 144:509–515

199. Plymate SR, Matej LA, Jones RE, Friedl KE 1988 Inhibition of sex
hormone-binding globulin production in the human hepatoma
(Hep G2) cell line by insulin and prolactin. J Clin Endocrinol Metab
67:460–464

200. Haffner SM, Katz MS, Stern MP, Dunn JF 1988 The relationship
of sex hormones to hyperinsulinemia and hyperglycemia. Metab-
olism 37:683–688

201. Peiris AN, Sothmann MS, Aiman EJ, Kissebah AH 1989 The
relationship of insulin to sex hormone-binding globulin: role of
adiposity. Fertil Steril 52:69–72

202. Nestler JE, Powers LP, Matt DW, Steingold KA, Plymate SR,
Rittmaster RS, Clore JN, Blackard WG 1991 A direct effect of
hyperinsulinemia on serum sex hormone-binding globulin levels in

662 Endocrine Reviews, October 2003, 24(5):633–667 De Leo et al. • Insulin-Lowering Agents and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



obese women with the polycystic ovary syndrome. J Clin Endo-
crinol Metab 72:83–89

203. Preziosi P, Barrett-Connor E, Papoz L, Roger M, Saint-Paul M,
Nahoul K, Simon D 1993 Interrelation between plasma sex hor-
mone-binding globulin and plasma insulin in healthy adult wom-
en: the telecom study. J Clin Endocrinol Metab 76:283–287

204. Ehrmann DA, Schneider DJ, Sobel BE, Cavaghan MK, Imperial
J, Rosenfield RL, Polonsky KS 1997 Troglitazone improves defects
in insulin action, insulin secretion, ovarian steroidogenesis, and
fibrinolysis in women with polycystic ovary syndrome. J Clin En-
docrinol Metab 82:2108–2116

205. Suikkari AM, Koivisto VA, Rutanen EM, Yki-Jarvinen H,
Karonen SL, Seppala M 1988 Insulin regulates the serum levels of
low molecular weight insulin-like growth factor-binding protein.
J Clin Endocrinol Metab 66:266–272

206. Lee PD, Giudice LC, Conover CA, Powell DR 1997 Insulin-like
growth factor binding protein-1: recent findings and new direc-
tions. Proc Soc Exp Biol Med 216:319–357

207. Thierry van Dessel HJ, Lee PD, Faessen G, Fauser BC, Giudice LC
1999 Elevated serum levels of free insulin-like growth factor I in
polycystic ovary syndrome. J Clin Endocrinol Metab 84:3030–3035

208. Homburg R, Pariente C, Lunenfeld B, Jacobs HS 1992 The role of
insulin-like growth factor-1 (IGF-1) and IGF binding protein-1
(IGFBP-1) in the pathogenesis of polycystic ovary syndrome.
Hum Reprod 7:1379–1383

209. Conway GS, Jacobs HS, Holly JM, Wass JA 1990 Effects of lu-
teinizing hormone, insulin, insulin-like growth factor-I and insulin-
like growth factor small binding protein 1 in the polycystic ovary
syndrome. Clin Endocrinol (Oxf) 33:593–603

210. Morales AJ, Laughlin GA, Butzow T, Maheshwari H, Baumann
G, Yen SS 1996 Insulin, somatotropic, and luteinizing hormone
axes in lean and obese women with polycystic ovary syndrome:
common and distinct features. J Clin Endocrinol Metab 81:2854–
2864

211. Erickson GF, Magoffin DA, Cragun JR, Chang RJ 1990 The effects
of insulin and insulin-like growth factors-I and -II on estradiol
production by granulosa cells of polycystic ovaries. J Clin Endo-
crinol Metab 70:894–902

212. Garzo VG, Dorrington JH 1984 Aromatase activity in human gran-
ulosa cells during follicular development and the modulation by
follicle-stimulating hormone and insulin. Am J Obstet Gynecol
148:657–662

213. Erickson GF, Garzo VG, Magoffin DA 1989 Insulin-like growth
factor-I regulates aromatase activity in human granulosa and gran-
ulosa luteal cells. J Clin Endocrinol Metab 69:716–724

214. Zhen S, Zakaria M, Wolfe A, Radovick S 1997 Regulation of
gonadotropin-releasing hormone (GnRH) gene expression by in-
sulin-like growth factor I in a cultured GnRH-expressing neuronal
cell line. Mol Endocrinol 11:1145–1155

215. Longo KM, Sun Y, Gore AC 1998 Insulin-like growth factor-I
effects on gonadotropin-releasing hormone biosynthesis in GT1–7
cells. Endocrinology 139:1125–1132

216. Kanematsu T, Irahara M, Miyake T, Shitsukawa K, Aono T 1991
Effect of insulin-like growth factor I on gonadotropin release from
the hypothalamus-pituitary axis in vitro. Acta Endocrinol (Copenh)
125:227–233

217. De Leo V, La Marca A, Orvieto R, Morgante G 2000 Effect of
metformin on insulin-like growth factor (IGF) I and IGF-binding
protein I in polycystic ovary syndrome. J Clin Endocrinol Metab
85:1598–1600

218. Jakubowicz DJ, Seppala M, Jakubowicz S, Rodriguez-Armas O,
Rivas-Santiago A, Koistinen H, Koistinen R, Nestler JE 2001
Insulin reduction with metformin increases luteal phase serum
glycodelin and insulin-like growth factor-binding protein 1 con-
centrations and enhances uterine vascularity and blood flow in the
polycystic ovary syndrome. J Clin Endocrinol Metab 86:1126–1133

219. Miller WL 1988 Molecular biology of steroid hormone synthesis.
Endocr Rev 9:295–318

220. l’Allemand D, Penhoat A, Lebrethon MC, Ardevol R, Baehr V,
Oelkers W, Saez JM 1996 Insulin-like growth factors enhance
steroidogenic enzyme and corticotropin receptor messenger ribo-
nucleic acid levels and corticotropin steroidogenic responsiveness

in cultured human adrenocortical cells. J Clin Endocrinol Metab
81:3892–3897

221. Mesiano S, Katz SL, Lee JY, Jaffe RB 1997 Insulin-like growth
factors augment steroid production and expression of steroido-
genic enzymes in human fetal adrenal cortical cells: implications for
adrenal androgen regulation. J Clin Endocrinol Metab 82:1390–
1396

222. Ill CR, Lepine J, Gospodarowicz D 1984 Permissive effect of in-
sulin on the adenosine 3�,5�-monophosphate-dependent up-regu-
lation of low density lipoprotein receptors and the stimulation of
steroid release in bovine adrenal cortical cells. Endocrinology 114:
767–775

223. Klein NA, Andersen RN, Casson PR, Buster JE, Kramer RE 1992
Mechanisms of insulin inhibition of ACTH-stimulated steroid se-
cretion by cultured bovine adrenocortical cells. J Steroid Biochem
Mol Biol 41:11–20

224. Haffner SM, Valdez RA, Mykkanen L, Stern MP, Katz MS 1994
Decreased testosterone and dehydroepiandrosterone sulfate con-
centrations are associated with increased insulin and glucose con-
centrations in nondiabetic men. Metabolism 43:599–603

225. Lopez A, Krehl WA 1967 A possible interrelation between glucose-
6-phosphate dehydrogenase and dehydroepiandrosterone in obe-
sity. Lancet 2:485–487

226. Moghetti P, Castello R, Negri C, Tosi F, Spiazzi GG, Brun E,
Balducci R, Toscano V, Muggeo M 1996 Insulin infusion amplifies
17 �-hydroxycorticosteroid intermediates response to adrenocor-
ticotropin in hyperandrogenic women: apparent relative impair-
ment of 17,20-lyase activity. J Clin Endocrinol Metab 81:881–886

227. Lanzone A, Fulghesu AM, Guido M, Fortini A, Caruso A, Man-
cuso S 1992 Differential androgen response to adrenocorticotropic
hormone stimulation in polycystic ovarian syndrome: relationship
with insulin secretion. Fertil Steril 58:296–301

228. la Marca A, Morgante G, Paglia T, Ciotta L, Cianci A, De Leo V
1999 Effects of metformin on adrenal steroidogenesis in women
with polycystic ovary syndrome. Fertil Steril 72:985–989

229. Boden G, Chen X, Ruiz J, White JV, Rossetti L 1994 Mechanisms
of fatty acid-induced inhibition of glucose uptake. J Clin Invest
93:2438–2446

230. Roden M, Price TB, Perseghin G, Petersen KF, Rothman DL,
Cline GW, Shulman GI 1996 Mechanism of free fatty acid-induced
insulin resistance in humans. J Clin Invest 97:2859–2865

231. Kern PA, Saghizadeh M, Ong JM, Bosch RJ, Deem R, Simsolo RB
1995 The expression of tumor necrosis factor in human adipose
tissue. Regulation by obesity, weight loss, and relationship to li-
poprotein lipase. J Clin Invest 95:2111–2119

232. Dandona P, Weinstock R, Thusu K, Abdel-Rahman E, Aljada A,
Wadden T 1998 Tumor necrosis factor-� in sera of obese patients:
fall with weight loss. J Clin Endocrinol Metab 83:2907–2910

233. Hotamisligil GS 1999 The role of TNF� and TNF receptors in
obesity and insulin resistance. J Intern Med 245:621–625

234. Gonzalez F, Thusu K, Abdel-Rahman E, Prabhala A, Tomani M,
Dandona P 1999 Elevated serum levels of tumor necrosis factor �
in normal-weight women with polycystic ovary syndrome. Me-
tabolism 48:437–441

235. Escobar-Morreale HF, Calvo RM, Sancho J, San Millan JL 2001
TNF-� and hyperandrogenism: a clinical, biochemical, and molec-
ular genetic study. J Clin Endocrinol Metab 86:3761–3767

236. Stumvoll M, Nurjhan N, Perriello G 1995 Metabolic effects of
metformin in non-insulin dependent diabetes mellitus. N Engl
J Med 333:550–554

237. Cusi K, Consoli A, De Fronzo RA 1996 Metabolic effects of met-
formin on glucose and lactate metabolism in noninsulin-dependent
diabetes mellitus. J Clin Endocrinol Metab 81:4059–4067

238. Bailey CJ 1993 Metformin—an update. Gen Pharmacol 24:1299–
1309

239. Wollen N, Bailey CJ 1988 Inhibition of hepatic gluconeogenesis by
metformin: synergism with insulin. Biochem Pharmacol 37:4353–
4358

240. De Fronzo RA, Barzilai N, Simonson DC 1991 Mechanism of
metformin action in obese and lean noninsulin-dependent diabetic
subjects. J Clin Endocrinol Metab 73:1294–1301

241. Abbasi F, Carantoni M, Chen YD 1998 Further evidence for a

De Leo et al. • Insulin-Lowering Agents and PCOS Endocrine Reviews, October 2003, 24(5):633–667 663

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



central role of adipose tissue in the antihyperglycemic effect of
metformin. Diabetes Care 21:1301–1305

242. Matthaei S, Stumvoli M, Kellerer M, Haring HU 2000 Pathophys-
iology and pharmacological treatment of insulin resistance. Endocr
Rev 21:585–618

243. De Fronzo RA, Goodman AM 1995 The Multicenter Metformin
Study Group: efficacy of metformin in patients with non-insulin
dependent diabetes mellitus. N Engl J Med 333:541–549

244. Makimattila S, Nikkila K, Yki-Jarvinen H 1999 Causes of weight
gain during insulin therapy with and without metformin in pa-
tients with type II diabetes. Diabetologia 42:406–412

245. Fulgencio JP, Kohl C, Girard J, Pegorier JP 2001 Effect of met-
formin on fatty acid and glucose metabolism in freshly isolated
hepatocytes and on specific gene expression in cultured hepato-
cytes. Biochem Pharmacol 62:439–446

246. Prager R, Schernthaner G, Graf H 1986 Effect of metformin on
peripheral insulin sensitivity in non insulin dependent diabetes
mellitus. Diabetes Metab 12:346–350

247. Widen EIM, Eriksson JG, Groop LC 1992 Metformin normalizes
nonoxidative glucose metabolism in insulin-resistant normoglyce-
mic first-degree relatives of patients with NIDDM. Diabetes 41:
354–358

248. Sarabia V, Lam L, Burdett E 1992 Glucose transport in human
skeletal muscle cells in culture. Stimulation by insulin and met-
formin. J Clin Invest 90:1386–1395

249. Matthaei S, Hamann A, Klein HH 1992 Evidence that metformin
increases insulin-stimulated glucose transport by potentiating in-
sulin-induced translocation of glucose transporters from an intra-
cellular pool to the cell surface in rat adipocytes. Horm Metab Res
Suppl 26:34–41

250. Galuska D, Zierath J, Thorne A 1987 Metformin increases insulin-
stimulated glucose transport in insulin-resistant human skeletal
muscle. Diabetes Metab 17:159–163

251. Landin K, Tengborn L, Smith U 1994 Metformin and metoprolol
CR treatment in non-obese men. J Intern Med 235:335–341

252. Nagi DK, Mohamed Ali V, Yudkin JS 1994 Effects of metformin
on intact and des 31,32 proinsulin in subjects with non-insulin-
dependent diabetes. Diabet Med 11:25–26

253. Rudnichi A, Fontbonne A, Safar M 1994 The effect of metformin
on the metabolic anomalies associated with android type body fat
distribution. Results of the BIGPRO trial. Diabetes 43:150–156

254. Marena S, Tagliaferro V, Montegrosso G 1994 Metabolic effects of
metformin addition to chronic glibenclamide treatment in type 2
diabetes. Diabetes Metab 20:15–19

255. Nosadini R, Avogaro A, Trevisan R 1987 Effect of metformin on
insulin-stimulated glucose turnover and insulin binding to recep-
tors in type II diabetes. Diabetes Care 10:62–67

256. Klip A, Leiter LA 1990 Cellular mechanism of action of metformin.
Diabetes Care 13:696–704

257. Stith BJ, Woronoff K, Wiernsperger N 1998 Stimulation of the
intracellular portion of the human insulin receptor by the antidi-
abetic drug metformin. Biochem Pharmacol 55:533–536

258. Stepensky D, Friedman M, Srour W, Raz I, Hoffman A 2001
Preclinical evaluation of pharmacokinetic-pharmacodynamic ra-
tionale for oral CR metformin formulation. J Control Release 71:
107–115

259. Bailey CJ 1992 Biguanides and NIDDM. Diabetes Care 15:755–772
260. Misbin R, Green L, Stadel B 1998 Lactic acidosis in patients with

diabetes treated with metformin. N Engl J Med 338:265–266
261. Babich MM, Pike I, Shiffman ML 1998 Metformin-induced acute

hepatitis. Am J Med 104:490–492
262. Bedaiwy MA, Miller KF, Goldberg JM, Nelson D, Falcone T 2001

Effect of metformin on mouse embryo development. Fertil Steril
76:1078–1079

263. Morin-Papunen LC, Vauhkonen I, Koivunen RM, Ruokonen A,
Martikainen HK, Tapanainen JS 2000 Endocrine and metabolic
effects of metformin vs. ethinyl estradiol-cyproterone acetate in
obese women with polycystic ovary syndrome: a randomized
study. J Clin Endocrinol Metab 85:3161–3168

264. Acbay O, Gundogdu S 1996 Can metformin reduce insulin resis-
tance in polycystic ovary syndrome? Fertil Steril 65:946–949

265. Nestler JE, Jakubowicz DJ, Evans WS, Pasquali R 1998 Effects of

metformin on spontaneous and clomiphene-induced ovulation in
the polycystic ovary syndrome. N Engl J Med 338:1876–1880

266. Velazquez EM, Mendoza SG, Wang P, Glueck CJ 1997 Metformin
therapy is associated with a decrease in plasma plasminogen ac-
tivator inhibitor-1, lipoprotein(a), and immunoreactive insulin lev-
els in patients with the polycystic ovary syndrome. Metabolism
46:454–457

267. Morin-Papunen LC, Koivunen RM, Ruokonen A, Martikainen
HK 1998 Metformin therapy improves the menstrual pattern with
minimal endocrine and metabolic effects in women with polycystic
ovary syndrome. Fertil Steril 69:691–696

268. Pasquali R, Gambineri A, Biscotti D, Vicennati V, Gagliardi L,
Colitta D, Fiorini S, Cognigni GE, Filicori M, Morselli-Labate AM
2000 Effect of long-term treatment with metformin added to hy-
pocaloric diet on body composition, fat distribution, and androgen
and insulin levels in abdominally obese women with and without
the polycystic ovary syndrome. J Clin Endocrinol Metab 85:2767–
2774

269. Ng EH, Wat NM, Ho PC 2001 Effects of metformin on ovulation
rate, hormonal and metabolic profiles in women with clomiphene-
resistant polycystic ovaries: a randomized, double-blinded place-
bo-controlled trial. Hum Reprod 16:1625–1631

270. Ehrmann DA, Cavaghan MK, Imperial J, Sturis J, Rosenfield RL,
Polonsky KS 1997 Effects of metformin on insulin secretion, insulin
action, and ovarian steroidogenesis in women with polycystic
ovary syndrome. J Clin Endocrinol Metab 82:524–530

271. Unluhizarci K, Kelestimur F, Bayram F, Sahin Y, Tutus A 1999 The
effects of metformin on insulin resistance and ovarian steroido-
genesis in women with polycystic ovary syndrome. Clin Endocri-
nol (Oxf) 51:231–236

272. Diamanti-Kandarakis E, Kouli C, Tsianateli T, Bergiele A 1998
Therapeutic effects of metformin on insulin resistance and hy-
perandrogenism in polycystic ovary syndrome. Eur J Endocrinol
138:269–274

273. Moghetti P, Castello R, Negri C, Tosi F, Perrone F, Caputo M,
Zanolin E, Muggeo M 2000 Metformin effects on clinical features,
endocrine and metabolic profiles, and insulin sensitivity in poly-
cystic ovary syndrome: a randomized, double-blind, placebo-con-
trolled 6-month trial, followed by open, long-term clinical evalu-
ation. J Clin Endocrinol Metab 85:139–146

274. Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN,
Schwartz MW, Neifing JL, Ward WK, Beard JC, Palmer JP 1993
Quantification of the relationship between insulin sensitivity and
�-cell function in human subjects. Evidence for a hyperbolic func-
tion. Diabetes 42:1663–1672

275. Velazquez EM, Mendoza S, Hamer T, Sosa F, Glueck CJ 1994
Metformin therapy in polycystic ovary syndrome reduces hyper-
insulinemia, insulin resistance, hyperandrogenemia, and systolic
blood pressure, while facilitating normal menses and pregnancy.
Metabolism 46:647–654

276. Glueck CJ, Wang P, Fontaine R, Tracy T, Sieve-Smith L 1999
Metformin-induced resumption of normal menses in 39 of 43 (91%)
previously amenorrheic women with the polycystic ovary syn-
drome. Metabolism 48:511–519

277. Kolodziejczyk B, Duleba AJ, Spaczynski RZ, Pawelczyk L 2000
Metformin therapy decreases hyperandrogenism and hyperinsu-
linemia in women with polycystic ovary syndrome. Fertil Steril
73:1149–1154

278. Vandermolen DT, Ratts VS, Evans WS, Stovall DW, Kauma SW,
Nestler JE 2001 Metformin increases the ovulatory rate and preg-
nancy rate from clomiphene citrate in patients with polycystic
ovary syndrome who are resistant to clomiphene citrate alone.
Fertil Steril 75:310–315

279. Gilling-Smith C, Story H, Rogers V, Franks S 1997 Evidence for
a primary abnormality of thecal cell steroidogenesis in the poly-
cystic ovary syndrome. Clin Endocrinol (Oxf) 47:93–99

280. Attia GR, Rainey WE, Carr BR 2001 Metformin directly inhibits
androgen production in human thecal cells. Fertil Steril 76:517–524

281. Santos RF, Nomizo R, Wajhenberg BL, Reaven GM, Azhar S 1995
Changes in insulin receptor tyrosine kinase activity associated with
metformin treatment of type 2 diabetes. Diabetes Metab 21:274–280

282. De Leo V, la Marca A, Ditto A, Morgante G, Cianci A 1999 Effects

664 Endocrine Reviews, October 2003, 24(5):633–667 De Leo et al. • Insulin-Lowering Agents and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



of metformin on gonadotropin-induced ovulation in women with
polycystic ovary syndrome. Fertil Steril 72:282–285

283. Glueck CJ, Phillips H, Cameron D, Sieve-Smith L, Wang P 2001
Continuing metformin throughout pregnancy in women with
polycystic ovary syndrome appears to safely reduce first-trimester
spontaneous abortion: a pilot study. Fertil Steril 75:46–52

284. Stadtmauer LA, Toma SK, Riehl RM, Talbert LM 2001 Metformin
treatment of patients with polycystic ovary syndrome undergoing
in vitro fertilization improves outcomes and is associated with
modulation of the insulin-like growth factors. Fertil Steril 75:
505–509

285. Glueck CJ, Wang P, Fontaine R, Tracy T, Sieve-Smith L 2001
Metformin to restore normal menses in oligo-amenorrheic teenage
girls with polycystic ovary syndrome (PCOS). J Adolesc Health
29:160–169

286. Kocak M, Caliskan E, Simsir C, Haberal A 2002 Metformin ther-
apy improves ovulatory rates, cervical scores, and pregnancy rates
in clomiphene citrate-resistant women with polycystic ovary syn-
drome. Fertil Steril 77:101–106

287. Jakubowicz DJ, Iuorno MJ, Jakubowicz S, Roberts KA, Nestler JE
2002 Effects of metformin on early pregnancy loss in the polycystic
ovary syndrome. J Clin Endocrinol Metab 87:524–529

288. Fleming R, Hopkinson ZE, Wallace AM, Greer IA, Sattar N 2002
Ovarian function and metabolic factors in women with oligomen-
orrhea treated with metformin in a randomized double blind pla-
cebo-controlled trial. J Clin Endocrinol Metab 87:569–574

289. Glueck CJ, Wang P, Kobayashi S, Phillips H, Sieve-Smith L 2002
Metformin therapy throughout pregnancy reduces the develop-
ment of gestational diabetes in women with polycystic ovary syn-
drome. Fertil Steril 77:520–525

290. Murakawa H, Hasegawa I, Kurabayashi T, Tanaka K 1999 Poly-
cystic ovary syndrome. Insulin resistance and ovulatory responses
to clomiphene citrate. J Reprod Med 44:23–27

291. Fulghesu AM, Villa P, Pavone V, Guido M, Apa R, Caruso A,
Lanzone A, Rossodivita A, Mancuso S 1997 The impact of insulin
secretion on the ovarian response to exogenous gonadotropins in
polycystic ovary syndrome. J Clin Endocrinol Metab 82:644–648

292. Glueck CJ, Awadalla SG, Phillips H, Cameron D, Wang P, Fon-
taine RN 2000 Polycystic ovary syndrome, infertility, familial
thrombophilia, familial hypofibrinolysis, recurrent loss of in vitro
fertilized embryos, and miscarriage. Fertil Steril 74:394–397

293. Seppala M, Riittinen L, Julkunen M, Koistinen R, Wahlstrom T,
Iino K, Alfthan H, Stenman UH, Huhtala ML 1988 Structural
studies, localization in tissue and clinical aspects of human endo-
metrial proteins. J Reprod Fertil Suppl 36:127–141

294. Bolton AE, Pockley AG, Clough KJ, Mowles EA, Stoker RJ, West-
wood OM, Chapman MG 1987 Identification of placental protein
14 as an immunosuppressive factor in human reproduction. Lancet
1:593–595

295. Steer CV, Tan SL, Dillon D, Mason BA, Campbell S 1995 Vaginal
color Doppler assessment of uterine artery impedance correlates
with immunohistochemical markers of endometrial receptivity re-
quired for the implantation of an embryo. Fertil Steril 63:101–108

296. Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Will-
son TM, Kliewer SA 1995 An antidiabetic thiazolidinedione is a
high affinity ligand for peroxisome proliferator-activated receptor
� (PPAR �). J Biol Chem 270:12953–12956

297. Braissant O, Foufelle F, Scotto C, Dauca M, Wahli W 1996 Dif-
ferential expression of peroxisome proliferator-activated receptors
(PPARs): tissue distribution of PPAR-�, -�, and -� in the adult rat.
Endocrinology 137:354–366

298. Vidal-Puig A, Jimenez-Linan M, Lowell BB, Hamann A, Hu E,
Spiegelman B, Flier JS, Moller DE 1996 Regulation of PPAR � gene
expression by nutrition and obesity in rodents. J Clin Invest 97:
2553–2561

299. Okuno A, Tamemoto H, Tobe K, Ueki K, Mori Y, Iwamoto K,
Umesono K, Akanuma Y, Fujiwara T, Horikoshi H, Yazaki Y,
Kadowaki T 1998 Troglitazone increases the number of small adi-
pocytes without the change of white adipose tissue mass in obese
Zucker rats. J Clin Invest 101:1354–1361

300. Fujiwara T, Yoshioka S, Yoshioka T, Ushiyama I, Horikoshi H
1988 Characterization of new oral antidiabetic agent CS-045. Stud-

ies in KK and ob/ob mice and Zucker fatty rats. Diabetes 37:1549–
1558

301. Lee MK, Olefsky JM 1995 Acute effects of troglitazone on in vivo
insulin action in normal rats. Metabolism 44:1166–1169

302. Fulgencio JP, Kohl C, Girard J, Pegorier JP 1996 Troglitazone
inhibits fatty acid oxidation and esterification, and gluconeogenesis
in isolated hepatocytes from starved rats. Diabetes 45:1556–1562

303. Hofmann C, Lorenz K, Braithwaite SS, Colca JR, Palazuk BJ,
Hotamisligil GS, Spiegelman BM 1994 Altered gene expression
for tumor necrosis factor-� and its receptors during drug and
dietary modulation of insulin resistance. Endocrinology 134:
264–270

304. Spiegelman BM, Flier JS 1996 Adipogenesis and obesity: rounding
out the big picture. Cell 87:377–389

305. Henry RR 1997 Thiazolidinediones. Endocrinol Metab Clin North
Am 26:553–573

306. Day C 1999 Thiazolidinediones: a new class of antidiabetic drugs.
Diabet Med 16:179–192

307. Gale EA 2001 Lessons from the glitazones: a story of drug devel-
opment. Lancet 357:1870–1875

308. Azziz R, Ehrmann D, Legro RS, Whitcomb RW, Hanley R, Fe-
reshetian AG, O’Keefe M, Ghazzi MN 2001 Troglitazone im-
proves ovulation and hirsutism in the polycystic ovary syndrome:
a multicenter, double blind, placebo-controlled trial. J Clin Endo-
crinol Metab 86:1626–1632

309. Hasegawa I, Murakawa H, Suzuki M, Yamamoto Y, Kurabayashi
T, Tanaka K 1999 Effect of troglitazone on endocrine and ovulatory
performance in women with insulin resistance-related polycystic
ovary syndrome. Fertil Steril 71:323–327

310. Wang M, Wise SC, Leff T, Su TZ 1999 Troglitazone, an antidiabetic
agent, inhibits cholesterol biosynthesis through a mechanism in-
dependent of peroxisome proliferator-activated receptor-�. Diabe-
tes 48:254–260

311. Arlt W, Auchus RJ, Miller WL 2001 Thiazolidinediones but not
metformin directly inhibit the steroidogenic enzymes P450c17 and
3�-hydroxysteroid dehydrogenase. J Biol Chem 276:16767–16771

312. Schoppee PD, Garmey JC, Veldhuis JD 2002 Putative activation
of the peroxisome proliferator-activated receptor � impairs andro-
gen and enhances progesterone biosynthesis in primary cultures of
porcine theca cells. Biol Reprod 66:190–198

313. Mitwally MF, Kuscu NK, Yalcinkaya TM 1999 High ovulatory
rates with use of troglitazone in clomiphene-resistant women with
polycystic ovary syndrome. Hum Reprod 14:2700–2703

314. Azziz R, Ehrmann D, Legro RS, Whitcomb R, Hanley R, Feresh-
tian AG, O’Keefe M, Ghazzi MN 2001 Troglitazone use in poly-
cystic ovary syndrome. J Clin Endocrinol Metab 86: 5090–5091

315. Kumar S, Boulton AJ, Beck-Nielsen H, Berthezene F, Muggeo M,
Persson B, Spinas GA, Donoghue S, Lettis S, Stewart-Long P 1996
Troglitazone, an insulin action enhancer, improves metabolic con-
trol in NIDDM patients. Troglitazone Study Group. Diabetologia
39:701–709

316. Fonseca VA, Valiquett TR, Huang SM, Ghazzi MN, Whitcomb
RW 1998 Troglitazone monotherapy improves glycemic control in
patients with type 2 diabetes mellitus: a randomized, controlled
study. The Troglitazone Study Group. J Clin Endocrinol Metab
83:3169–3176

317. Patel J, Anderson RJ, Rappaport EB 1999 Rosiglitazone mono-
therapy improves glycaemic control in patients with type 2 dia-
betes: a twelve-week, randomized, placebo-controlled study. Dia-
betes Obes Metab 1:165–172

318. Mayerson AB, Hundal RS, Dufour S, Lebon V, Befroy D, Cline
GW, Enocksson S, Inzucchi SE, Shulman GI, Petersen KF 2002
The effects of rosiglitazone on insulin sensitivity, lipolysis, and
hepatic and skeletal muscle triglyceride content in patients with
type 2 diabetes. Diabetes 51:797–802

319. Khan MA, St Peter JV, Xue JL 2002 A prospective, randomized
comparison of the metabolic effects of pioglitazone or rosiglitazone
in patients with type 2 diabetes who were previously treated with
troglitazone. Diabetes Care 25:708–711

320. Miyazaki Y, Mahankali A, Matsuda M, Mahankali S, Hardies J,
Cusi K, Mandarino LJ, DeFronzo RA 2002 Effect of pioglitazone
on abdominal fat distribution and insulin sensitivity in type 2
diabetic patients. J Clin Endocrinol Metab 87:2784–2791

De Leo et al. • Insulin-Lowering Agents and PCOS Endocrine Reviews, October 2003, 24(5):633–667 665

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



321. Randle PJ, Priestman DA, Mistry SC, Halsall A 1994 Glucose fatty
acid interactions and the regulation of glucose disposal. J Cell Biol
55[suppl]:1–11

322. Saloranta C, Groop L 1996 Interactions between glucose and FFA
metabolism in man. Diabetes Metab Rev 12:15–36

323. Phillips LS, Grunberger G, Miller E, Patwardhan R, Rappaport
EB, Salzman A 2001 Once- and twice-daily dosing with rosiglita-
zone improves glycemic control in patients with type 2 diabetes.
Diabetes Care 24:308–315

324. Lebovitz HE, Dole JF, Patwardhan R, Rappaport EB, Freed MI
2001 Rosiglitazone monotherapy is effective in patients with type
2 diabetes. J Clin Endocrinol Metab 86:280–288

325. Raskin P, Rappaport EB, Cole ST, Yan Y, Patwardhan R, Freed MI
2000 Rosiglitazone short-term monotherapy lowers fasting and
post-prandial glucose in patients with type II diabetes. Diabetolo-
gia 43:278–284

326. Aronoff S, Rosenblatt S, Braithwaite S, Egan JW, Mathisen AL,
Schneider RL 2000 Pioglitazone hydrochloride monotherapy im-
proves glycemic control in the treatment of patients with type 2
diabetes: a 6-month randomized placebo-controlled dose-response
study. The Pioglitazone Study Group. Diabetes Care 23:1605–1611

327. Gillies PS, Dunn CJ 2000 Pioglitazone. Drugs 60:333–343
328. Cataldo NA, Abbasi F, McLaughlin TL, Lamendola C, Reaven

GM 2001 Improvement in insulin sensitivity followed by ovulation
and pregnancy in a women with polycystic ovary syndrome who
was treated with rosiglitazone. Fertil Steril 76:1057–1059

329. Spiegelman BM 1998 PPAR-�: adipogenic regulator and thiazo-
lidinedione receptor. Diabetes 47:507–514

330. Levin SR, Charles MA, O’Connor M, Grodsky GM 1975 Use of
diphenylhydantoin and diazoxide to investigate insulin secretory
mechanism. Am J Physiol 229:49–54

331. Nestler JE, Singh R, Matt DW, Clore JN, Blackard WG 1990
Suppression of serum insulin level by diazoxide does not alter
serum testosterone or sex hormone-binding globulin levels in
healthy, nonobese women. Am J Obstet Gynecol 163:1243–1246

332. Standen NB, Quayle JM, davies NW, Brayden JE, Huang Y, Nel-
son MT 1989 Hyperpolarizing vasodilators activate ATP-sensitive
K channels in arterial smooth muscle. Science 245:177–180

333. Burr IM, Marliss EB, Stauffacher W, Renold AE 1971 Diazoxide
effects on biphasic insulin release: adrenergic suppression and
enhancement in the perifused rat pancreas. J Clin Invest 50:1444–
1450

334. Krassas GE, Kaltsas TT, Pontikides N, Jacobs H, Blum W, Messi-
nis I 1998 Leptin levels in women with polycystic ovary syndrome
before a treatment with diazoxide. Eur J Endocrinol 139:184–189

335. Lockwood CH, Nicholls DM, Tropp VL 1963 Diazoxide therapy
in hypertension. Am J Med Sci 246:312–318

336. Clissold SP, Edwards C 1988 Acarbose. A preliminary review of
its pharmacodynamic and pharmacokinetic properties, and ther-
apeutic potential. Drugs 35:214–243

337. Salvatore T, Giugliano D 1996 Pharmacokinetic-pharmacody-
namic relationships of acarbose. Clin Pharmacokinet 30:94–106

338. Schnack C, Prager RJF, Winkler J, Klauser RM, Schneider BG,
Schernthaner G 1989 Effects of 8-wk �-glucosidase inhibition on
metabolic control, C-peptide secretion, hepatic glucose output, and
peripheral insulin sensitivity in poorly controlled type II diabetic
patients. Diabetes Care 12:537–543

339. Reaven GM, Lardinois CK, Greenfield MS, Schwarzt HC, Vre-
man HJ 1993 Effect of acarbose on carbohydrate and lipid metab-
olism in NIDDM patients poorly controlled by sufonylureas. Di-
abetes Care 13:32–36

340. Jenney A, Proietto J, O’Dea K, Nankervis A, Traianedes K,
D’Embden H 1996 Low-dose acarbose improves glycemic control
in NIDDM patients without changes in insulin sensitivity. Diabetes
Care 16:559–563

341. Chiasson JL, Josse RG, Leiter L, Mihic M, Nathan DM, Palmason
C, Cohen RM, Wolever TMS 1996 The effect of acarbose on insulin
sensitivity in subjects with impaired glucose tolerance. Diabetes
Care 19:1190–1193

342. Shinozaki K, Suzuki M, Ikebuchi M, Hirose J, Hara Y, Harano Y
1996 Improvement of insulin sensitivity and dyslipidemia with a
new �-glucosidase inhibitor, voglibose, in nondiabetic hyperinsu-
linemic subjects. Metabolism 45:731–737

343. Johnson AB, Taylor R 1996 Does suppression of postprandial
blood glucose excursions by the �-glucosidase inhibitor miglitol
improve insulin sensitivity in diet-treated type II diabetic patients?
Diabetes Care 19:559–563

344. Laube H, Linn T, Heyen P 1998 The effects of acarbose on insulin
sensitivity and proinsulin in overweight subjects with impaired
glucose tolerance. Exp Clin Endocrinol Diabetes 106:231–233

345. Matsumoto K, Yano M, Miyake S, Ueki Y, Yamaguchi Y, Akazawa
S, Tominaga Y 1998 Effects of voglibose on glycemic excursions,
insulin secretion, and insulin sensitivity in non-insulin-treated
NIDDM patients. Diabetes Care 21:256–260

346. Geisthovel F, Frorath B, Brabant G 1996 Acarbose reduces ele-
vated testosterone serum concentrations in hyperinsulinaemic pre-
menopausal women: a pilot study. Hum Reprod 11:2377–2381

347. Srikant CB, Murthy KK, Escher EE Patel YC 1992 Photoaffinity
labeling of the somatostatin receptor. Identification of molecular
subtypes. Endocrinology 130:2937–2946

348. Bauer W, Briner U, Doepfner W 1982 SMS 201–995: a very potent
and selective octapeptide analogue of somatostatin with prolonged
action. Life Sci 31:1133–1144

349. Prelevic GM, Wurzburger MI, Balint-Peric L, Hardiman P, Okolo
S, Maletic D, Ginsburg J 1992 Effects of the somatostatin analogue,
octreotide, in polycystic ovary syndrome. Metabolism 41:76–79

350. Ciotta L, De Leo V, Galvani F, La Marca A, Cianci A 1999 En-
docrine and metabolic effects of octreotide, a somatostatin ana-
logue, in lean PCOS patients with either hyperinsulinemia or lean
normoinsulinaemia. Hum Reprod 14:2951–2958

351. Morris R, Carmina E, Vijod MA, Stanczyk FZ, Lobo RA 1995
Alterations in the sensitivity of serum insulin-like growth factor 1
and insulin-like growth factor binding protein-3 to octreotide in
polycystic ovary syndrome. Fertil Steril 63:742–746

352. Prelevic GM, Ginsburg J, Maletic D, Hardiman P, Okolo S,
Balint-Peric L, Thomas M, Orskov H 1995 The effects of the so-
matostatin analogue octreotide on ovulatory performance in
women with polycystic ovaries. Hum Reprod 10:28–32

353. Morris R S, Karande VC, Dudkiewicz A, Morris JL, Gleicher N
1999 Octreotide is not useful for clomiphene citrate resistance in
patients with polycystic ovary syndrome but may reduce the like-
lihood of ovarian hyperstimulation syndrome. Fertil Steril 71:
452–456

354. Larner J 1994 Multiple pathways in insulin signalling: fitting the
covalent and allosteric puzzle pieces together. Endocr J 2:167–171

355. Ortmeyer HK, Bodkin NL, Lilley K, Larner J, Hansen BC 1993
Chiroinositol deficiency and insulin resistance. Urinary excretion
rate of chiroinositol is directly associated with insulin resistance in
spontaneously diabetic rhesus monkeys. Endocrinology 132:
640–645

356. Suzuki S, Kawasaki H, Satoh Y 1994 Urinary chiro-inositol ex-
cretion is an index marker of insulin sensitivity in Japanese type II
diabetes. Diabetes Care 17:1465–1468

357. Kennington AS, Hill CR, Craig J 1990 Low urinary chiro-inositol
excretion in non-insulin-dependent diabetes mellitus. N Engl J Med
323:373–378

358. Asplin I, Galasko G, Larner J 1993 Chiro-inositol deficiency and
insulin resistance: a comparison of the chiro-inositol and the myo-
inositol-containing insulin mediators isolated from urine, hemo-
dialysate, and muscle of control and type II diabetic subjects. Proc
Natl Acad Sci USA 90:5924–5928

359. Nestler JE, Jakubowicz DJ, Reamer P, Gunn RD, Allan G 1999
Ovulatory and metabolic effects of d-chiro-inositol in the polycystic
ovary syndrome. N Engl J Med 340:1314–1320

360. Pasquali R, Antenucci D, Casimirri F 1989 Clinical and hormonal
characteristics of obese amenorrheic hyperandrogenic women be-
fore and after weight loss. J Clin Endocrinol Metab 68:173–179

361. Kiddy DS, Hamilton-Firley D, Bush A 1992 Improvement in en-
docrine and ovarian function during dietary treatment of obese
women with polycystic ovary syndrome. Clin Endocrinol (Oxf)
36:105–111

362. Harlass FE, Plymate SR, Fariss BL 1984 Weight loss is associated
with correction of gonadotropin and sex steroid abnormalities in
the obese anovulatory female. Fertil Steril 42:649–652

363. Guzick DS, Wing R, Smith D 1994 Endocrine consequences of

666 Endocrine Reviews, October 2003, 24(5):633–667 De Leo et al. • Insulin-Lowering Agents and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023



weight loss in obese, hyperandrogenic anovulatory women. Fertil
Steril 61:598–604

364. Holte J, Bergh T, Berne C 1995 Restored insulin sensitivity but
persistently increased early insulin secretion after weight loss in
obese women with polycystic ovary syndrome. J Clin Endocrinol
Metab 80:2586–2593

365. Huber-Bucholz MM, Carey DGP, Norman RJ 1999 Restoration of
reproductive potential by lifestyle modification in obese polycystic
ovary syndrome. J Clin Endocrinol Metab 84:1470–1474

366. Pasquali R, Casimirri F, Vicennati V 1997 Weight control and its
beneficial effect on fertility in women with obesity and polycystic
ovary syndrome. Hum Reprod 12:82–87

367. Wood PD, Stefanick ML, Williams PT 1991 The effects on plasma
lipoproteins of a prudent weight-reducing diet with or without
exercise, in overweight men and women. N Engl J Med 325:461–466

368. Andersen P, Seljeflot I, Abdelnoor M 1995 Increased insulin sen-
sitivity and fibrinolytic capacity after dietary intervention in obese
women with polycystic ovary syndrome. Metabolism 44:611–616

369. Godsland IF, Walton C, Felton C, Proudler A, Patel A, Wynn V
1992 Insulin resistance, secretion, and metabolism in users of oral
contraceptives. J Clin Endocrinol Metab 74:64–70

370. Korytkowski MT, Mokan M, Horwitz MJ, Berga SL 1995 Meta-
bolic effects of oral contraceptives in women with polycystic ovary
syndrome. J Clin Endocrinol Metab 80:3327–3334

371. Elter K, Imir G, Durmusoglu F 2002 Clinical, endocrine and met-
abolic effects of metformin added to ethinyl estradiol-cyproterone

acetate in non-obese women with polycystic ovarian syndrome: a
randomized controlled study. Hum Reprod 17:1729–1737

372. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin
JM, Walker EA, Nathan DM 2002 Reduction in the incidence of
type 2 diabetes with lifestyle intervention or metformin. N Engl
J Med 346:393–403

373. Anonymous 1998 Effect of intensive blood-glucose control with
metformin on complications in overweight patients with type 2
diabetes (UKPDS 34). UK Prospective Diabetes Study (UKPDS)
Group. Lancet 352:854–865

374. Shobokshi A, Shaarawy M 2003 Correction of insulin resistance
and hyperandrogenism in polycystic ovary syndrome by combined
rosiglitazone and clomiphene citrate therapy. J Soc Gynecol Inves-
tig 10:99–104

375. Romualdi D, Guido M, Ciampelli M, Givliani M, Leoni F, Perri
C, Lanzone A 2003 Selective effects of pioglitazone on insulin and
androgen abnormalities in normo- and hyperinsulinaemic obese
patients with polycystic ovary syndrome. Hum Reprod 18:1210–
1218

376. Glueck CJ, Moreira A, Goldenberg N, Sieve L, Wang P 2003
Pioglitazone and metformin in obese women with polycystic ovary
syndrome not optimally responsive to metformin. Hum Reprod
18:1618–1625

377. Ghazeeri G, Kutteh WH, Bryer-Ash M, Haas D, Ke RW 2003 Effect
of rosiglitazone on spontaneous and clomiphene citrate-induced
ovulation in women with polycystic ovary syndrome. Fertil Steril
79:562–566

Clinical Diabetes & Endocrinology in 2004

January 17–22, 2004
Snowmass Conference Center
Aspen/Snowmass Colorado
Accreditation: 21 Category I

For information, contact: Tami Martin, Medical Education Resources; Toll-free: 1-800-421-3756; Local: (303)
798-9682; Fax: (303) 798-5731; e-mail: tami@mer.org; Website: http://www.mer.org
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Société Française d’Endocrinologie

First announcement

The 47th Journées Internationales d’Endocrinologie Clinique will be held in Paris on April 29–30, 2004 and
will be devoted to: “Glycaemia, insulin, and others . . .”. Program: 20 state-of-the-art lectures and a limited
number of selected free communications for oral or poster presentation. Deadline for submission of abstracts:
January 5, 2004.

Information: Dr. G. Copinschi, Laboratory of Experimental Medicine, Brussels Free University—CP 618, 808
Route de Lennik, B-1070 Brussels, Belgium. Fax: �32 2 5556239; E-mail: klotz@ulb.ac.be

De Leo et al. • Insulin-Lowering Agents and PCOS Endocrine Reviews, October 2003, 24(5):633–667 667

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/5/633/2424413 by Biblioteca universitaria m

edica user on 08 February 2023


