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Abstract Polycystic ovary syndrome (PCOS), the most com-
mon hormonal disorder among women of reproductive age,
has various metabolic and reproductive consequences.
Metformin was originally shown to lower testosterone levels
in women with PCOS in the 1990s, an effect presumably
related to its insulin sensitising actions. However, the precise
mechanisms of metformin action in PCOS remain unclear and
there is considerable heterogeneity in the clinical response to
this therapy in women with PCOS. Recent evidence indicates
that genetic factors may play a significant role in predicting
response to metformin therapy in PCOS and future studies are
needed to further identify women who are most likely to ben-
efit from this therapy. At present, there is no clear evidence to
support broad metformin use in PCOS. Well-designed pro-
spective trials are needed to establish clear benefit for metfor-
min use in the treatment of the reproductive and metabolic
consequences associated with PCOS.

Keywords Body composition - Genetic mechanism -
Hyperandrogenism - Insulin resistance - Lipid profile - Live
birth - Menstrual irregularity - Polymorphisms - Review -
Testosterone - The metabolic syndrome

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-017-4306-3) contains a slide of the figure for
download, which is available to authorised users.

< Susan Sam
ssam@medicine.bsd.uchicago.edu

Department of Medicine, Section of Adult and Paediatric
Endocrinology, Diabetes, and Metabolism, The University of
Chicago, 5841 S. Maryland Avenue, MC1027, Chicago, IL 60637,
USA

@ Springer

Abbreviations
AMPK  AMP-activated protein kinase

IMGD  Insulin-mediated glucose disposal
PCOS  Polycystic ovary syndrome
Introduction

Polycystic ovary syndrome (PCOS) was clinically
characterised in 1935 based primarily upon its reproductive
manifestations of menstrual irregularity and infertility,
although hirsutism and obesity were also noted in this small
cohort of women [1]. Over the ensuing decades, it became
clear that this ‘reproductive’ syndrome was often accompa-
nied by metabolic features that are a consequence of insulin
resistance and hyperinsulinaemia [2—4], for example, impair-
ment in oral glucose tolerance, type 2 diabetes [5, 6], the
metabolic syndrome [7, 8] and dyslipidaemia [9, 10]. The
magnitude of insulin resistance in PCOS is greater than that
caused by excess adiposity alone; it is characterised by re-
duced sensitivity and responsiveness to insulin-mediated glu-
cose utilisation, primarily in the skeletal muscle, adipose tis-
sue and in the liver [11]. Insulin resistance and resultant
hyperinsulinaemia contribute to hyperandrogenaemia in
PCOS by augmenting luteinising hormone-stimulated andro-
gen production by ovarian theca cells [12—14] and by
inhibiting hepatic synthesis of sex hormone-binding globulin
(SHBG), the latter leading to an increase in bioavailable tes-
tosterone [15]. Weight loss or pharmacologic interventions
that lower insulin levels have been shown to significantly
reduce androgen levels in many women with PCOS [14].

In the 1990s, metformin was shown to ameliorate
hyperandrogenism in both obese and non-obese women with
PCOS. This effect was attributed to a reduction in
hyperinsulinaemia because of enhanced insulin sensitivity
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[16, 17]. Since these initial reports, there have been over 1000
original publications that have examined the effects of metfor-
min in women with PCOS. Indeed, metformin is now among
the most commonly prescribed medications in women with
PCOS despite the fact that its use in this population is not
approved by the Food and Drug Administration (FDA).

Although the mechanisms of metformin action are not well
defined and the indications for its use are not clearly
established, it appears that the salutary reproductive and meta-
bolic effects of metformin in PCOS are both direct and indirect.
This review provides an updated overview of metformin use in
PCOS, encompassing our current understanding of its mecha-
nisms of action.

Mechanisms of action of metformin in PCOS
Role of genetic factors in metformin response

There is significant variability in the clinical response to met-
formin treatment in PCOS. A meta-analysis of 38 RCTs of
metformin use in 3495 women with PCOS revealed signifi-
cant heterogeneity in its ability to reduce testosterone and
insulin levels, regulate menses and improve body weight
and composition [18, 19]. This heterogeneity in response
remained even after adjustment for many potential con-
founders. These findings suggest that unknown or unmea-
sured factor(s) impact the response to metformin therapy in
PCOS. In type 2 diabetes, the glycaemic response to metfor-
min is heritable, although the genetic contribution is probably
a result of individual variants across the genome rather than a
few loci with large effect sizes [20]. Similarly, genetic factors
are likely to mediate the response to metformin in PCOS.
Polymorphisms in genes involved in metformin transport or
action have been implicated in the heterogeneous response to
metformin in type 2 diabetes [21, 22] and, to a lesser extent, in
PCOS [23-27]. In a prospective randomised trial of over
300 women with PCOS, a polymorphism in the STK// gene
(expressed in the liver, also known as LKB1), a serine threonine
kinase that is required for metformin efficacy, was shown to be
associated with a poor ovulatory response to metformin [26]. In
type 2 diabetes, polymorphisms in the ATM gene, which regu-
lates the activity of AMP-activated protein kinase (AMPK), a
protein that plays a key role in cellular energy homeostasis [21],
and in genes encoding metformin transport proteins, such as
OCT1, which is involved in the transport of metformin into
hepatocytes [28], and OCT2, which is involved in elimination
of metformin through the renal tubule cells, are thought to play
a role in metformin response. Similarly, in a study of
675 women with PCOS, 29.8% had non-functional alleles
and 57.9% had low-functional alleles for polymorphisms in
eight common SNPs on OCT1, OCT2 and ATM genes [24].
Two small European studies, demonstrating that polymorphisms

in OCT1 may account for variability of response to metformin in
PCOS, support these findings [25, 27]. However, in a recent
study, which included a larger sample size of women from
North America, common variants in metformin transporter
genes or ATM were not associated with decreases in glucose
or testosterone levels, changes in body weight or improvements
in glucose-mediated glucose disposal upon metformin use [23].

Thus, large-scale genome-wide studies are needed to iden-
tify markers that can predict metformin responsiveness in
women affected with PCOS.

Mechanisms of metformin action in target tissues relevant
to PCOS

Metformin acts on a number of tissues that have relevance to
the metabolic and reproductive abnormalities in PCOS, namely
the liver, skeletal muscle, adipose tissue and the ovary.
Reduction in hepatic glucose output is the principal action of
metformin although its mechanism(s) have not been clearly
identified. The previously held view that metformin reduces
glucose synthesis via activation of AMPK has been challenged;
recent data indicate that lowered hepatic glucose output with
metformin may result from inhibition of electron transport in
mitochondrial respiratory Complex I [29] (this is described in
more detail in the commentary by Rena et al in this issue of
Diabetologia [30]), as well as antagonism of glucagon action in
the liver [31].

Metformin suppresses lipolysis, modulates adipokine se-
cretion and decreases lipogenesis in adipose tissue [32]. In
skeletal muscle, metformin increases basal and insulin-
mediated glucose uptake possibly because of the reduction
in glucotoxicity and lipotoxicity resulting from its actions in
the liver and adipose tissue [32]. In the ovary, metformin is
presumed to exert both direct and indirect effects on androgen
production. Original studies demonstrated a reduction in
CYPI17 (also known as CYPI7AI) activity in women with
PCOS upon metformin treatment consequent to lowering of
serum insulin levels [16]. However, there is evidence that
metformin directly inhibits ovarian steroidogenesis [33, 34].
Inhibition of mitochondrial Complex I has been implicated as
one potential mechanism for this action [35]. There is also
evidence that metformin lowers androgen levels by an inhib-
itory effect on 3f-hydroxysteroid dehydrogenase/A3-A*
isomerase type 2 [36].

Impact of metformin on the clinical features of PCOS

Over the past 20 years, metformin has been used to treat many
of the metabolic and reproductive abnormalities associated
with PCOS such as regulation of the menstrual cycle, induction
of ovulation, and treatment of glucose intolerance and its relat-
ed metabolic disorders. Yet, as aforementioned, whether
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metformin is of benefit in treating PCOS remains unclear [37,
38]. The majority of therapeutic studies have been small in size
and have used metformin for a relatively brief period of time
[33]. Hence, at present, a paucity of reliable clinical data does
not permit firm indication for broad use of metformin to treat
many of the reproductive and metabolic abnormalities associ-
ated with PCOS, as discussed below.

Impact of metformin on reproductive features of PCOS

Effects on androgens Metformin lowers testosterone levels by
approximately 20 to 25% in women with PCOS [33]. This
effect may be more pronounced among non-obese women with
PCOS [18]. As discussed above, metformin is believed to low-
er testosterone levels by reducing hyperinsulinaemia [16, 17].
However, studies suggest other potential mechanisms for the
testosterone-lowering actions of metformin in PCOS.
Metformin reduces testosterone levels in PCOS within 48 h
of therapy, prior to any significant changes in insulin sensitivity
or other metabolic variables [34]. Brief exposure to metformin
has also been reported to lead to lowering of testosterone levels
in other studies [39]. Further, in one recent study, metformin
lowered testosterone levels in women with PCOS despite the
absence of any improvement in insulin sensitivity, as quantified
by a frequently sampled IVGTT [40]. In vitro studies using
cultured ovarian theca cells support a direct inhibitory effect
of metformin on ovarian steroidogenesis [35, 41, 42] through
inhibition of mitochondrial Complex I [35], a mechanism
which has also been implicated in metformin action in the liver
and other tissues [29, 31].

Menstrual irregularity and clinical hyperandrogenism
Despite its testosterone-lowering actions, metformin use in
PCOS is not consistently associated with improvements in
menstrual irregularity or clinical hyperandrogenism. In a
Cochrane review that included a meta-analysis of 38
randomised clinical trials of 3495 women with PCOS, metfor-
min therapy only marginally improved menstrual pattern with
significant heterogeneity in this measure [19]. In accordance
with this finding, metformin improves ovulation rates in
PCOS but with moderately high heterogeneity [19].

Additionally, metformin has not been shown to be an effec-
tive therapy for clinical symptoms of hyperandrogenism, such
as acne or hirsutism [43]. Therefore, metformin is not recom-
mended as a first-line treatment for management of menstrual
irregularity or clinical hyperandrogenism in PCOS because of
the lack of evidence for consistent benefits [37, 38, 44].

Fertility and live birth rate In a meta-analysis of randomised,
placebo-controlled trials, metformin improved clinical preg-
nancy rates; however, it did not improve live birth rates,
whether used alone or in combination with clomifene [19].
Similarly, in a more recent review consisting of 4227 women
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with PCOS, metformin only resulted in a marginal improve-
ment in live birth rate when compared with placebo [45].
Therefore, metformin appears to have a limited role in improv-
ing fertility and live birth rate in women with PCOS and it is not
recommended as a primary treatment for anovulatory infertility
in this population [37, 38].

Impact of metformin on metabolic features of PCOS

Insulin sensitivity and hyperinsulinaemia The association
between PCOS and hyperinsulinaemia was first reported by
Burghen et al [2], who compared insulin responses during an
OGTT in women with PCOS with a control group of women
matched for BMI. Although the glucose response was similar
between groups, insulin responses were significantly greater
in women with PCOS [2]. Subsequent studies using the gold
standard hyperinsulinaemic—euglycaemic clamp technique
have clearly indicated a reduction in insulin-mediated glucose
disposal (IMGD) in women with PCOS compared with age-
and BMI matched women who were reproductively normal
[4, 11]. Treatment of women with PCOS with metformin for
6 to 12 months is associated with improvements in IMGD
measured by hyperinsulinaemic—euglycaemic clamp tech-
nique [46, 47]. Based on these studies, metformin has been
touted to be an ‘insulin sensitiser’. As noted, metformin
primarily acts to reduce hepatic glucose production [29, 31],
which leads to a subsequent reduction in circulating insulin
levels.

In contrast, studies in which frequently sampled IVGTTs
have been used to quantify insulin sensitivity have not consis-
tently shown significant improvements after treatment with
metformin in women with PCOS [40, 48]. The reasons for
the discordance in findings between methodologies are not
well understood. However, in one of these studies, metformin
improved glucose-mediated glucose disposal (i.e. glucose ef-
fectiveness) in PCOS [40]. This improved glucose effective-
ness may account, at least in part, for the lower fasting glucose
levels in response to metformin treatment in PCOS [19].

A large meta-analysis of 38 studies in women with PCOS
revealed that metformin lowers fasting insulin levels but with
significant heterogeneity. Sub-analysis based on BMI indicat-
ed a lowering of fasting insulin only among non-obese women
with PCOS [19]. A meta-analysis of RCTs comparing the
effect of metformin and lifestyle vs lifestyle alone did not
demonstrate a significant improvement in fasting or 2 h insu-
lin levels in women with PCOS with the addition of metfor-
min to lifestyle interventions [49]. Furthermore, it is not clear
if the addition of metformin to oral contraceptives has a sig-
nificant impact on insulin levels in women with PCOS [50].
Hence, the clinical relevance of metformin use to improve
insulin sensitivity in PCOS, and whether this treatment will
lead to metabolic or cardiovascular benefits, is not clear at this
time.
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Glucose tolerance Current guidelines for management of
PCOS recommend metformin treatment for women with im-
paired glucose tolerance or type 2 diabetes who do not re-
spond to lifestyle modification [37]. In type 2 diabetes, met-
formin is the recommended initial therapy and has also been
demonstrated to reduce the risk of type 2 diabetes develop-
ment in individuals with glucose intolerance [51]. However,
studies investigating the impact of metformin on diabetes risk
specifically in women with PCOS have not been performed.
Nonetheless, considering that these women are at very high
risk for developing diabetes [5, 6], it has been suggested that
they will benefit from metformin therapy in case of glucose
intolerance to reduce diabetes risk [33].

Body weight and composition The impact of metformin on
weight loss and body composition has been examined in a
number of observational and randomised clinical trials but
the results have been conflicting. A meta-analysis of 16
randomised clinical trials of 630 participants treated with met-
formin for 6 months at an average daily dose of 1500 mg
reported no evidence of an effect on BMI and only a marginal
reduction of waist:hip ratio [19]. However, there may be evi-
dence for a beneficial effect of metformin on BMI and abdom-
inal obesity when added to lifestyle modification. In a meta-
analysis published in 2015, comparing nine randomised clin-
ical trials (n = 493 participants) of metformin plus lifestyle vs
lifestyle alone, metformin plus lifestyle was more effective in
reducing BMI [49]. However, consistent with other meta-
analyses [19], metformin alone was not associated with any
reduction in BMI compared with lifestyle [49]. Very few stud-
ies have examined the impact of metformin on visceral vs
subcutaneous fat depots. In one study, the addition of metfor-
min to a low-calorie diet resulted in a modest impact on body

weight and abdominal fat distribution in PCOS [52].
However, confirmation with larger well-designed randomised
clinical trials is needed to clearly establish a benefit of metfor-
min use in PCOS in this regard.

Lipid profile A meta-analysis of ten randomised clinical trials
of 562 women with PCOS did not demonstrate an effect on
serum cholesterol or triacylglycerol levels with metformin use
[19]. However, it must be noted that the majority of the studies
in this meta-analysis were small in sample size and brief in
duration of metformin therapy, which may have impacted the
final findings of the analysis.

Women with PCOS are at increased risk of cardiovascular
disease as a result of the presence of insulin resistance and its
related metabolic consequences, such as the metabolic syn-
drome, type 2 diabetes and dyslipidaemia. However, the actu-
al prevalence of cardiovascular disease in PCOS is unknown.
Whether metformin therapy can be used to reduce this risk is
also currently not clear. Only well-designed, large-scale, pro-
spective randomised clinical trials will be able to address these
uncertainties.

Conclusions

Over the past few decades, metformin has been used to treat
various abnormalities associated with PCOS despite the sig-
nificant heterogeneity in clinical response and a lack of clear
benefit (as summarised in Fig. 1). The conflicting findings
related to the efficacy of metformin use in PCOS is partly
related to the paucity of well-designed prospective trials of
sufficient sample size with adequate duration of metformin
use. Future studies are essential to identify predictors, such

(Metformin use \
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Guidelines support use l

Benefit to be established
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Live birth rate

\

No clear benefit of use

Treatment of hirsutism,
acne, androgenic alopecia
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Restoration of fertility

\ Weight loss
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J

Fig. 1 Metformin use in PCOS. Metformin has been used to treat many
of the reproductive and metabolic abnormalities associated with PCOS.
However, evidence is lacking to support its broad use. Specifically,
guidelines support the use of metformin for glucose intolerance in
PCOS as it may prevent diabetes development in women with PCOS

who are at high risk. In contrast, no clear benefit has been established
to support metformin use for the reproductive features of PCOS, such as
for the management of hyperandrogenic symptoms, regulation of
menstrual cycles, or treatment of infertility and improvement in live birth
rates

@ Springer



1660

Diabetologia (2017) 60:1656-1661

as genetic factors, that forecast a beneficial response to met-
formin therapy in women with PCOS, especially with regards
to many of its metabolic complications.
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