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Abstract
Despite Polycystic Ovary Syndrome (PCOS) is a very prevalent disorder among women of reproductive age, there is wide-
spread agreement that until now, no pharmacological options are available to tackle the entire spectrum of clinical manifes-
tations encountered in the clinical practice. Obesity and insulin resistance, which commonly characterized this syndrome, 
prompted the design of studies investigating the effects of glucagon-like peptide 1 (GLP-1) receptor agonists (GLP-1RA) in 
PCOS. Indeed, a very impressive number of randomized controlled clinical trials (RCTs) and systematic reviews provided 
robust evidence on the effectiveness of GLP-1RA in PCOS as a new, appealing approach, producing both satisfactory and 
permanent weight loss, and improvement of insulin resistance at the same time. However, most of the subjects included in 
the RCTs are PCOS patients with obesity/overweight, whereas a portion of PCOS women, which can even reach 50%, might 
present a lean phenotype. Moreover, some benefits on clinical and metabolic features of PCOS may not have fully emerged 
due to the low or medium doses employed in the vast majority of the current studies. Thus, pitfalls in the methodology of 
these studies have led sometimes to misleading results. In addition, some aspects of GLP-1 beyond weight loss, such as 
preclinical evidence on GLP-1 effects in directly modulating the hypothalamus–pituitary–gonadal axis, or the effects of 
GLP-1RA on clinical and biochemical expression of hyperandrogenism, still deserve a greater insight, especially in light of 
a possible therapeutic use in PCOS women independently of obesity. Aim of this review is to further unravel the possible role 
of GLP-1 in PCOS pathogenesis, tempting to provide additional supports to the rationale of treatment with GLP-1RA in the 
management of PCOS also independent of weight loss. For this purpose, the outcomes of RCTs investigating in PCOS the 
anthropometric and metabolic changes have been treated separately to better underpin the effects of GLP-1 RA, in particular 
liraglutide, beyond weight loss.
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Introduction

PCOS is the most common endocrinopathy affecting women 
of reproductive age, with a prevalence of 8–13% depending 
on diagnostic criteria used and population studied [1, 2]. 
Overall, PCOS is characterized by oligomenorrhea, anovu-
lation, clinical and/or biochemical hyperandrogenism, and 
polycystic ovarian morphology, variably combined to gener-
ate different diagnostic criteria, among which the most used 
are the Rotterdam criteria [3].

Although it is not part of the diagnostic criteria, obesity is 
a common finding in women with PCOS, with a prevalence 
that ranges between 50 and 80% [4]. Obesity contributes to 
the reproductive and metabolic abnormalities characteriz-
ing this syndrome. In this regard, a link between PCOS and 
metabolic syndrome has been documented in several studies, 
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showing a prevalence of metabolic syndrome among women 
with PCOS ranging from 33 to 46% [5–7].

The main hormonal alterations found in PCOS include 
increased luteinizing hormone/follicle stimulating hormone 
(LH/FSH) ratio, hyperandrogenism, and insulin resistance, 
with consequent compensatory hyperinsulinemia, occasion-
ally independent of body weight [2, 8]. Hyperinsulinemia is 
closely involved in key steps of the pathogenesis of PCOS 
and hyperandrogenism [9–12]. In particular, increased 
plasma insulin concentrations stimulate the gonadotropin 
releasing hormone (GnRH) pulsatility and potentiate the 
LH-dependent effect on the ovarian theca cells, leading to 
the enhanced synthesis of androgens and to the arrest of 
pre-antral follicle development [13]. In addition, hyperin-
sulinemia is responsible for the increase in the androgen 
production through both the direct stimulation of insulin 
receptors and the cross-reaction with Insulin-like Growth 
Factor-1 (IGF-1) receptors expressed on thecal cells [14]. 
Moreover, increased plasma insulin levels also increase 
the amount of circulating free androgens by reducing the 
production of Sex Hormone-Binding Globulin (SHBG) in 
the liver [15]. The insulin resistance in PCOS might also 
occur independently of body weight, due to inherited post-
receptor defects in insulin signalling that affects metabolism 
and mitotic pathways, not only in classic insulin target tis-
sues, such as skeletal muscle, liver, and adipose tissue, but 
also in the non-classical target tissues, such as pituitary and 
ovary [12, 16]. In this complex scenario, the concomitant 
presence of obesity further increases insulin resistance and 
exacerbates the clinical presentation of PCOS. In particular, 
the aromatization of circulating androgens to estrone in adi-
pose tissue depots amplifies the deregulation of gonadotro-
pin secretion with worsening of hyperandrogenism. In addi-
tion, hyperandrogenism by itself stimulates the deposition 
of adipose tissue in the visceral area, with further increase 
in insulin resistance, thus contributing to the vicious circle 
[17]. Weight loss that is preferably achieved with a mul-
ticomponent lifestyle intervention including diet, regular 
exercise and behavioural strategies, represents one of the 
main therapeutic tools of PCOS management. Weight loss 
and lifestyle changes have proven to be effective in restor-
ing menstrual regularity and reproductive function, improv-
ing hyperandrogenism, glucose and lipid metabolism, and 
insulin sensitivity, thus reducing cardiovascular risk in 
women with PCOS [18–20]. However, only in a minority 
of PCOS patients with overweight/obesity, a 5–10% weight 
loss goal is achieved with lifestyle intervention alone. In 
2018, the recommendations of the international evidence-
based guidelines for the assessment and management of 
PCOS [1] indicated that, although its use is generally off 
label, metformin can be considered in addition to lifestyle 
in women with PCOS and Body Mass Index (BMI) ≥ 25 kg/
m2 to potentiate weight loss and to improve endocrine and 

metabolic outcomes. Indeed, in clinical practice, metformin 
demonstrated a variety of beneficial effects on menstrual dis-
order, anovulation, androgen excess, insulin resistance, and 
cardiovascular risk, whereas its weight loss effect is often 
inconsistent and transient [21, 22].

The issue of obesity and insulin resistance prompted the 
design of a number of studies investigating the effects of 
antidiabetic drugs in PCOS, as reported in recent and very 
exhaustive reviews on the available clinical trials on gluca-
gon-like peptide 1 receptor agonists (GLP-1RA) in PCOS 
[21, 23, 24].

Considering the network that bi-directionally links obe-
sity and insulin resistance in the pathogenesis of PCOS, it 
seems to be particularly appealing a new approach produc-
ing, at the same time, satisfactory and permanent weight 
loss, improvement in insulin resistance and in metabolic 
profile, with additional favourable outcomes on reproduc-
tive and cardiovascular systems (19). Nevertheless, there 
is widespread agreement that until now no pharmacologi-
cal options are available to tackle the entire spectrum of 
clinical manifestations observed in PCOS [21]. In addition, 
preclinical evidence on GLP-1 effects in directly modulat-
ing the hypothalamus–pituitary–gonadal (HPG) axis, or the 
effects of GLP-1RA on clinical and biochemical expression 
of hyperandrogenism, concern new aspects in PCOS which 
are probably not always related to weight loss. These effects 
still deserve a greater insight, especially in the light of a pos-
sible therapeutic use in PCOS women independently of obe-
sity. Contrariwise, other relevant aspects, such as the safety 
profile and tolerability of GLP-1RA or the beneficial effects 
on fertility in PCOS, have been more extensively treated, 
especially considering that possible direct or indirect repro-
ductive effects of GLP-1 RA might require a concomitant 
effective contraception and a washout period before preg-
nancy [22, 24–31].

Aim of this review is to give experimental and clinical 
supports on the possible role of GLP-1 in PCOS pathogen-
esis and treatment, independently on its weight-loss effect. 
For this purpose, we firstly analyzed the effects of GLP-1 on 
HPG axis, particularly considering its actions at both central 
(hypothalamus and pituitary) and peripheral (ovary) levels. 
Afterwards, we highlighted the limited clinical evidence 
provided by the studies investigated the GLP-1 secretion in 
normal-weight women with PCOS. Finally, to better under-
pin the GLP-1 RA effects, we reported some of the comple-
mentary and alternative effects of GLP-1 RA, in particular 
liraglutide, which go beyond its impact on weight loss in 
PCOS. In details, we evidenced separately anthropometric 
parameters, metabolic effects, changes in biochemical and 
clinical hyperandrogenism, body composition, and ectopic 
fat that have been reported in the available randomized 
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controlled clinical trials (RCTs) in PCOS women with 
overweight/obesity.

Glucagon‑like peptide‑1 and HPG axis

GLP-1 is an intestinal hormone secreted postprandially 
from the intestinal L cells in the distal ileum and proxi-
mal colon in response to nutrients intake. GLP-1 exerts 
its anorectic effect in part by acting on the hunger-satiety 
centre located in the arcuate nucleus of the hypothalamus, 
and in part by delaying gastric emptying. GLP-1 plays 
important physiological roles in regulating the glucose 
homeostasis stimulating the pancreatic secretion of insu-
lin and inhibiting glucagon secretion [32]. However, the 
wide distribution of GLP-1 receptor (GLP-1R) in numer-
ous cells prompted the development of the studies inves-
tigating possible effects of GLP1 on different organs [33].

The anatomical distribution of GLP-1R throughout the 
reproductive system and several preclinical evidence sup-
port that GLP-1 can modulate the HPG axis activity at 
different levels, thus connecting reproductive functions, 
metabolic system, nutrition, and energy homeostasis 
mechanisms.

There is growing evidence that GLP-1 and GLP-1 RA 
might play a strategic role in mammalian reproduction as 
a new metabolic signal in the reproductive system; moreo-
ver, their effects on the HPG axis could go beyond a mere 
weight reduction [33].

HPG axis central effects: hypothalamus 
and pituitary

Evidence on the potential neuroendocrine actions of 
GLP-1 on HPG axis was provided by an in vitro study 
in a rodent hypothalamic neuronal cell line (GT1-7) that 
reported a dose-dependent stimulating effect of GLP-1 on 
GnRH release, in association with a prompt increase in 
the plasma LH levels following the intracerebroventricular 
injection of GLP-1 in male rats [34].

In an in vivo study, the acute treatment with GLP-1 in 
female rats resulted in the increase of the amplitude of the 
preovulatory LH surge, likely by the activation of the kiss-
peptin hypothalamic system, a key regulator of the pulsa-
tile release of GnRH from GnRH neurons [35]. In addition, 
the estradiol and progesterone secretion were stimulated, 
and the number of Graafian follicles and corpora lutea 
were increased along the estrous cycle [35]. Conversely, 
the chronic exposure to the GLP-1RA Exendin-4 (Ex4) 
reduced the hypothalamic expression of the kisspetptin-1 
(Kiss-1) receptors, with a marked reduction of the preovu-
latory LH peak and a delayed puberty onset [35].

An in vitro study using GnRH neurons of adult male 
mice demonstrated that both GLP-1 and Ex4 might excite 
GnRH neurons, either directly or indirectly by modulating 
the nitric oxide (NO) and endocannabinoid pathways that 
control the presynaptic excitatory GABA-ergic inputs to 
GnRH neurons [36].

An experimental model of GLP-1R knockout mice (GLP-
1R-/-) [37] demonstrated that (GLP-1R-/-) mice exhibited 
only modest decreases in gonadal weight, while females 
exhibited delayed puberty, but subsequent fertility and sex-
steroid secretion were normal. These results prompted the 
hypothesis on a direct role of GLP-1 in controlling pubertal 
development through the hypothalamic GnRH secretion, 
although this mechanism still remains to be unraveled.

More recently, Arbabi et al.[38] demonstrated the effect 
of both GLP-1 and Ex4 in an experimental model of steroid-
treated ovariectomized ewes. The direct administration of 
GLP-1 and Ex4 into the median eminence, at the level of the 
secretory terminals of GnRH neurons, stimulated the GnRH 
secretion with concomitant stimulation of LH secretion, at 
least in the ovine species.

The pituitary gland is located outside the blood–brain 
barrier and expresses GLP-1 R in both rats and humans [39]. 
However, a significant direct effect of GLP-1 on pituitary 
LH release is less likely. In fact, the expression of GLP-1R 
mRNA in the pituitary was lower than in the hypothalamus 
and even declined during the estrous cycle [35].

While the inhibitory effects exerted by Ex4 on the HPG 
axis in some species might seemingly contradict its potential 
use of in humans, the role of more potent and longer lasting 
GLP-1 RA deserves further investigations.

HPG axis peripheral effects: ovary

Starting from the observation that GLP-1 promoted prolif-
eration and survival in pancreatic β-cell, He W et al. detected 
the GLP-1R expression in both human ovarian cancer tis-
sues and ovarian cell lines by immunohistochemical analysis 
[40]. Of interest, Ex4 was effective in both inhibiting pro-
liferation, migration, and invasion of ovarian cancer cells 
and enhancing their apoptosis through the inhibition of the 
PI3K/Akt pathway. It is well established that the apoptosis-
induced follicular atresia of the granulosa cells (GCs) is also 
a key component of the failure in the dominant follicle selec-
tion [41]. The role of GLP-1 in mediating the function of 
GCs and the oocyte development in PCOS was investigated 
by Sun Z et al. in an experimental mouse model of PCOS 
[42]. Mice were randomly divided into two groups (vehicle 
and PCOS-induced groups). In this part of the study, the 
authors demonstrated the GLP-1R was expressed in mural 
granulosa cells (MGCs), and its expression was decreased 
in the PCOS model. A subgroup of the PCOS-induced mice 
received liraglutide 0.2 mg/kg for 21 consecutive days (twice 
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daily, s.c.), while the other subgroup was treated with saline 
injections twice daily. The administration of liraglutide sig-
nificantly attenuated PCOS-associated ovarian MGCs apop-
tosis in a concentration-dependent manner, and these effects 
were associated to modifications of the phosphorylation sites 
of forkhead box protein O1 (FoxO1), a negative regulator of 
cell survival. Compared to the placebo group, in the liraglu-
tide group the body weight reduced significantly, and up to 
40% mice recovered regular estrous cycles, but testosterone 
levels were only slightly decreased and the reduction in fast-
ing insulin was not statistically significant. These observa-
tions lend support to the hypothesis that GLP-1/GLP-1R axis 
might directly act on ovarian MGCs to promote the follicular 
development in a dose-dependent manner, likely contribut-
ing to the oocyte maturation in PCOS.

More recently, Nishiyama Y et al. investigated the effects 
of incretins, including GIP (gastric inhibitory polypeptide) 
and GLP-1, on ovarian steroidogenesis on rat primary GCs. 
The Authors reported that treatment with incretins signifi-
cantly suppressed the FSH-induced synthesis of progester-
one through the inhibition of the expression of progestogenic 
factors and enzymes, whereas there was no significant effect 
on oestrogen synthesis by rat granulosa cells, thus suggest-
ing the possible role of GLP-1 RA in the treatment of dys-
regulated steroidogenesis in PCOS [43].

In addition, Artunc-Ulkumen B et al. previously reported 
that glucose toxicity affected severely ovary and endome-
trium in streptozocin-induced diabetic rats [44]. In particu-
lar, diabetes-related hyperglycemia acts through oxidative 
stress, fibrosis and severe inflammation in the reproductive 
tract, as demonstrated by the increase in serum transforming 

growth factor beta (TGF-ß), malonylaldehyde (MDA), and 
pentraxin-3 (PTX-3), with reduction in ovarian reserve and 
antimullerian hormone (AMH). Of interest, in the group of 
streptozocin-induced diabetic rats, the treatment with Ex4 
reduced inflammation and fibrosis both in the ovary and 
endometrium, with associated decrease in inflammatory 
and oxidative stress markers, and increased ovarian reserve.

The disruption of the HPG axis in PCOS and the possible 
beneficial effects of GLP-1 RA are depicted in Fig. 1.

Legend to Fig. 1. In addition to the well-known effects of 
GLP-1 and GLP-1 RA in improving insulin sensitivity and 
reducing body weight, at central levels, GLP-1 and GLP-1 
RA might exert regulating effects on GhRH release, and on 
concomitant gonadotropin secretion, likely by activating the 
kisspeptin hypothalamic system, a key regulator of the pul-
satile release of GnRH from GnRH neurons. At peripheral 
levels, the administration of GLP-1 RA regulates follicular 
proliferation and apoptosis-induced follicular atresia of the 
granulosa cells, a key component of the dominant follicle 
selection, possibly contributing to the oocyte maturation in 
PCOS.

GLP‑1 in normal‑weight PCOS

Two studies investigated the GLP-1 secretion in normal-
weight women with PCOS compared with age- and BMI-
matched healthy women [45, 46]. In the first study, the 
Authors observed that GLP-1 levels were similar in PCOS 
and controls in the early phase of the 75-g oral glucose toler-
ance test (OGTT) until 60 min, but that GLP-1 levels were 
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Fig. 1   Disruption of the HPG axis in PCOS and possible beneficial effects of GLP-1 RA. GLP-1 RA, glucagon-like peptide-1 receptor agonists; 
GnRH, gonadotropin releasing hormone; LH, luteinizing hormone; FSH, follicle stimulating hormone; SHBG, Sex hormone-binding globulin
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significantly lower after 180 min, suggesting that women 
with PCOS might have reduced GLP-1 secretion in the late 
postprandial phase [45]. In the second study, the Authors 
investigated fasting and post-meal levels of GLP-1 and found 
that both were significantly reduced in women with PCOS 
compared to controls. This finding pinpointed an altered 
dynamic of incretin secretion in PCOS that might contribute 
to the risk of type 2 diabetes [46]. Although it has not yet 
been reported, it is reasonable to expect that this defective 
GLP-1 secretion could be even more marked in women with 
PCOS and obesity.

RCTs of liraglutide in PCOS

Liraglutide is a long-acting human GLP-1 RA currently 
approved for weight loss management in patients with obe-
sity [47]. Liraglutide is also positioned as a first-line anti-
obesity agent for the effective prevention of obesity-related 
cardiovascular diseases in people with obesity [48].

Liraglutide is widely used in the treatment of type 2 
diabetes mellitus at the maximum dose of 1.8 mg/day. The 
weight loss observed in diabetic subjects led to investigate 
the potential use of this molecule as anti-obesity drug. The 
effectiveness of once-daily subcutaneous liraglutide admin-
istration for weight loss management in adults was estab-
lished in five large-scale randomized multicentre phase 3 
trials [49–53], four of which were part of the SCALE pro-
gram (Satiety and Clinical Adiposity—Liraglutide Evi-
dence in nondiabetic and diabetic individuals), leading to 
its approval at a dose of 3.0 mg subcutaneous once-daily 
(weekly increased from 0.6 mg to 3 mg/day). Liraglutide 
is indicated as an adjunct to a reduced-energy diet and 
increased physical activity for weight loss management in 
adults with a BMI ≥ 30 kg/m2 or BMI of ≥ 27 kg/m2 and at 
least one weight-related comorbidity, including type 2 dia-
betes mellitus, hypertension, dyslipidaemia, or obstructive 
sleep apnoea.

Several RCTs evaluated the efficacy of liraglutide vs. pla-
cebo, metformin, or combinations of liraglutide and met-
formin at different doses in premenopausal PCOS women 
with overweight or obesity. The outcomes of these studies 
mainly concern weight loss and the improvement of anthro-
pometric parameters. Metabolic and endocrine changes, 
including restoration of menstrual cyclicity or improvement 
of hyperandrogenism, have also been investigated as second-
ary outcomes. Table 1 summarizes the RCTs that measured 
the weight-reducing effects and the other secondary out-
comes of GLP-1RA in PCOS patients.

Anthropometric changes

Some studies compared the liraglutide 1.8 mg/day vs. pla-
cebo for 26 weeks and demonstrated a greater efficacy in 
terms of reduction of body weight and waist circumference 
(WC) in the liraglutide group [54–56]. In particular, in a 
RCT in women with PCOS with BMI ≥ 25 kg/m2 and/or 
insulin resistance, Frøssing et al. showed that 26 weeks 
of liraglutide 1.8 mg/day treatment vs. placebo not only 
reduced body weight by 5.2 kg (5.6%), but also visceral 
adipose tissue (VAT) by 18% [54]. Comparing the efficacy 
of liraglutide 1.2 mg/day vs metformin 1000 mg BID (twice 
daily), Jensterle et al. carried out two 12-week studies offer-
ing different results: the first study showed that liraglutide 
was superior to metformin in reducing body weight, BMI, 
and WC [57], while in the second study, both the treatments 
proved to be equally effective with no differences between 
the groups [58]. However, in the subgroup of patients with 
insulin resistance, severe obesity and higher odds ratio for 
the metabolic syndrome, BMI decreased more with lira-
glutide than with metformin (2.13 kg/m2 vs. 0.62 kg/m2, 
respectively), suggesting a greater effect of liraglutide in 
subjects with insulin resistance and higher metabolic risk 
profile [58].

The combined therapy with liraglutide and metformin 
(COMBI) seems to be more effective. Salamun et al. inves-
tigated infertile PCOS patients with obesity randomly 
assigned to metformin 1000  mg BID or to metformin 
1000 mg BID combined with low-dose liraglutide 1.2 mg/
day for 12 week, and demonstrated that weight, BMI, and 
WC decreased with both treatments, without significant dif-
ference between the two arms [59]. Instead, Jensterle et al. 
demonstrated that metformin as an initial adjunct to low-
dose liraglutide enhanced the weight-loss potential of lira-
glutide in PCOS patients with obesity. In fact, the addition of 
metformin 1000 mg BID to liraglutide 1.2 mg/day was more 
effective than liraglutide alone in reducing body weight and 
BMI after 12 weeks of treatment [60]. Interestingly, the 
same Authors enrolled nondiabetic women with obesity and 
PCOS who had lost < 5% body weight during pre-treatment 
with metformin and randomized them into three treatment 
arms: metformin 1000 mg BID (MET: n = 14); liraglutide: 
1.2 mg/day (LIRA: n = 11); COMBI: metformin 1000 mg 
BID + liraglutide 1.2 mg/day (COMBI: n = 11) [61]. They 
observed that COMBI therapy was superior to LIRA and 
MET monotherapy in reducing weight, BMI, and WC in 
women with PCOS previously poor responders to weight 
loss on metformin monotherapy. These results supported 
the hypothesis that an early multi-targeting approach in 
PCOS may be more effective and may allow the use of 
low-dose regimens, thus improving both the safety and the 
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tolerability of the treatment and reducing costs. Currently, 
only two RCTs have evaluated the efficacy of liraglutide at 
the approved dosage of 3.0 mg/day for the therapy of obe-
sity. A recent randomized, placebo-controlled, phase 3 study 
conducted by Elkind-Hirsch et al. showed that liraglutide 
3.0 mg/day significantly decreased body weight, BMI, WC 
and Waist to Hip ratio (W/H) compared with the placebo 
group [62]. Furthermore, Jensterle et al.in another study 
demonstrated that liraglutide 3.0 mg/day was more effective 
in reducing BMI and WC in PCOS patients with obesity than 
the combination of metformin 1000 mg BID + liraglutide 
at low doses (1.2 mg/day), that has hitherto been consid-
ered one of the more promising treatment [63]. Therefore, 
it might be useful to expand the evidence on high-dose lira-
glutide, also considering that there are no direct studies that 
compare high-dose liraglutide and metformin.

Metabolic changes

In a double-blind, placebo-controlled RCT conducted by 
Frøssing et al. [54] in women with PCOS, BMI ≥ 25 kg/m2 
and/or insulin resistance, treatment with liraglutide 1.8 mg/
day for 26 weeks, along with a higher weight loss, induced 
significant reductions in fasting plasma glucose, HbA1c, and 
plasma glucose AUC, whereas Homeostatic Model Assess-
ment for Insulin Resistance (HOMA-IR), Matsuda index and 
insulin AUC remained unchanged. In line with this study, 
in a double-blind, placebo-controlled RCT enrolling PCOS 
women with BMI ≥ 25 kg/m2, Nylander et al. showed that 
liraglutide 1.8 mg/day for 6 months, along with a mean 
weight loss of 5.2 kg, was effective in significantly reduce 
fasting glucose and HbA1c, while HOMA-IR and other insu-
lin resistance parameters remained unchanged [64]. Con-
versely, the randomized, placebo-controlled, phase 3 study 
by Elkind-Hirsch et al. demonstrated, in addition to higher 
weight loss in the group treated with high-dose liraglutide 
3.0 mg/day for 32 weeks, significant improvements not only 
of fasting glucose and HOMA-IR, but also of the post-load 
glucose measured by OGTT, OGTT-derived insulin sensitiv-
ity index (SIOGTT), and corrected the early insulin response 
to a glucose challenge (IGI/HOMA) compared to placebo 
[62]. The two studies by Jensterle et al. comparing the short-
term monotherapy with liraglutide 1.2 mg/day vs. metformin 
1000 mg BID in PCOS women with obesity that have been 
previously reported, also evaluated the efficacy on glucose 
metabolism [57, 58]. In particular, the first study demon-
strated that, along with improvements in anthropometric 
parameters, HOMA-IR reduced in both treatment arms, but 
liraglutide 1.2 mg/day was superior to metformin also in 
reducing glucose levels at 120 min during OGTT [57]. How-
ever, the same Authors in the second study, failed to demon-
strate a reduction in HOMA-IR, fasting glucose and insulin 
and glucose and insulin during OGTT in both treated groups Ta
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[58]. Of interest, in another above-mentioned study by Jen-
sterle et al. comparing liraglutide 1.2 mg/day + metformin 
1000 mg BID combination therapy and liraglutide 1.2 mg/
day alone in nondiabetic women with PCOS and obesity, 
again despite a significant improvement in anthropometric 
parameters in both groups, the combined therapy was associ-
ated with a significant reduction in fasting and 120 min glu-
cose levels during OGTT [60]. In the study by Jensterle et al. 
comparing metformin, liraglutide, and combination therapy 
(metformin 1000 mg BID + liraglutide 1.2 mg/day), the lat-
ter, and not liraglutide 1.2 mg/day alone, was superior to 
metformin alone in reducing glucose levels at 120 min dur-
ing OGTT [61]. Of interest, in the randomized trial by Jen-
sterle et al. comparing liraglutide 1.2 mg/day + metformin 
1000 mg BID with liraglutide 3 mg/day, the combination 
therapy was effective in reducing fasting glucose and insu-
lin, HOMA-IR, and LDL cholesterol, while only the high 
dose of liraglutide resulted in a significant improvement of 
120 min during OGTT glucose and insulin levels along with 
a higher weight loss [63].

Biochemical and clinical hyperandrogenism

The effects of liraglutide alone or in combination with met-
formin focusing on biochemical and clinical hyperandro-
genism in PCOS were scarcely reported in only few clinical 
studies among those previously reported, which provided 
also discordant results.

Frøssing et al. [54] and, more recently, Nylander et al. 
[64] in their above-mentioned studies demonstrated the 
effects on hyperandrogenism of liraglutide alone at 1.8 mg/
day vs. placebo. In particular, in both studies, liraglutide 
1.8 mg/day induced a significant increase in SHBG and 
a decrease in free testosterone. In the second study, the 
Authors investigated also changes in the clinical expression 
of hyperandrogenism, but they failed to find any effects on 
the Ferriman Gallwey (FG) score, probably due the short 
duration of the study (26 weeks) [64]. The study by Elkind-
Hirsch et al. using liraglutide 3 mg/day compared with pla-
cebo, despite the lack of changes in total testosterone levels, 
confirmed the increase in SHBG levels, with a consequent 
reduction in free Androgen Index (FAI), and also a restora-
tion in menstrual cyclicity [62]. These findings lend support 
to the hypothesis that the increase in SHBG levels induced 
by liraglutide might contribute per se to reduce the risk of 
developing the metabolic syndrome in PCOS, also consider-
ing the effect of SHBG in directly suppressing inflammation 
and lipid accumulation in macrophages and adipocytes [65].

The two studies by Jensterle et al. comparing the efficacy 
of liraglutide 1.2 mg/day vs. metformin 1000 mg BID led to 
conflicting results on hyperandrogenism. In the first study, 
the authors did not find any significant difference in bio-
chemical hyperandrogenism in both intra and inter-groups, 

despite the significant improvement in anthropometric 
parameters in the group treated with liraglutide [57]. In the 
second study, the authors reported a significant reduction of 
total testosterone and LH in only metformin group, while 
treatment with liraglutide led to a significant LH increase, 
without differences in FG score between the two groups 
[58]. However, a number of pitfalls in the methodology of 
these studies (e.g. small sample size, blood sampling on non-
specific day of the menstrual cycle, very short duration of 
the treatment), might give rise to misleading results.

Focusing on the effects of combination therapy on hyper-
androgenism, Jensterle et al. demonstrated that although 
the combination therapy (metformin 1000 mg BID + lira-
glutide 1.2 mg/day) resulted in a greater weight loss than 
liraglutide alone, both groups showed an increase in SHBG 
and a decrease in free testosterone, with no differences 
between the two treatment arms, thus suggesting that the 
effect on the biochemical hyperandrogenism of liraglutide 
may be partially independent of the extent of weight loss 
[60]. However, when comparing the combined therapy 
(metformin 1000 mg BID + liraglutide 1.2 mg/day) with 
metformin alone, Salamun et al. observed that weight loss 
and significant increases in SHBG occurred in both groups 
[59]. Contrariwise, in the study by Jensterle et al. evaluating 
metformin, liraglutide, and combination therapy (metformin 
1000 mg BID + liraglutide 1.2 mg/day), only the latter treat-
ment resulted in significant decrease in body weight and 
androstenedione levels [61]. It is conceivable that the design 
of these studies, mainly the low dose of liraglutide used and 
the short duration follow-up, failed to clearly separate the 
direct effect of liraglutide on hyperandrogenism from the 
weight loss derivative one. Indeed, by comparing the high-
dose liraglutide therapy (3.0 mg/day) with the combination 
therapy (metformin 1000 mg BID + liraglutide 1.2 mg/day), 
Jensterle et al. demonstrated that the high-dose liraglutide 
therapy was effective in increasing SHBG levels, while low-
dose combination therapy resulted also in a decrease in total 
testosterone despite the minor effect on BMI [63]. Lastly, 
the results of a very recent systematic review and network 
meta-analysis aimed to compare the effects of oral antidia-
betic drugs in endocrine and metabolic profiles in patients 
with PCOS confirmed that metformin was more beneficial in 
reducing serum total testosterone, whereas GLP-1RA + met-
formin reduced FAI more effectively [24].

These findings could suggest that the effect of liraglutide 
on hyperandrogenism does not depend exclusively on weight 
loss, it can also occur at low doses, and that there is probably 
a synergistic action with metformin.

Body composition and ectopic fat

VAT accumulation is strictly linked to various metabolic dis-
turbances and obesity-related cardiovascular diseases [66]. 
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Thus, targeting anti-obesity medications to reduce VAT are 
of strategical importance to tackle efficaciously obesity-
related consequences.

Some evidence showed that liraglutide treatment in PCOS 
resulted in improvements in body composition, with reduc-
tion of VAT. In particular, Frøssing et al. demonstrated 
that a 5.6% weight loss in the group treated with liraglu-
tide 1.8 mg/day compared with placebo was associated to 
reductions in both total fat and lean body mass measured 
by Dual-Energy X-ray Absorptiometry (DXA), as well as 
in visceral and subcutaneous adipose tissues measured by 
Magnetic Resonance Imaging (MRI) [54]. Furthermore, 
compared with placebo, liraglutide treatment decreased lep-
tin by 20% and liver fat content by 44%, thus supporting a 
specific effect on hepatic ectopic fat. These Authors failed to 
evidence significant changes in indexes of insulin resistance 
and speculated that other classical effects of GLP-1 RA, such 
as suppressed glucagon secretion, with consequent reduced 
hepatic glucose production, could have been involved in the 
improvement in glucose metabolism and ectopic fat deposi-
tion [54].

These effects on body composition were recently con-
firmed by Elkind-Hirsch et  al. at the maximal dose of 
3.0  mg/day [62]. In this study, measurements of DXA 
revealed that total fat mass percentage and android/ginoid 
ratio decreased with liraglutide 3.0 mg/day compared with 
placebo.

The studies of comparison between low-dose liraglu-
tide and metformin 1000 mg BID have yielded scant and 
contradictory evidence on the effective superiority of lira-
glutide in reducing VAT. On one side, a study showed that 
body weight and whole-body fat mass decreased with both 
treatments, but without difference between the two arms 
[58]. On the other side, another study of the same Authors 
showed that liraglutide 1.2 mg/day determined a significant 
decrease in VAT area measured by DXA, and at the same 
time a greater reduction in body weight and BMI compared 
to metformin 1000 mg BID [57]. The studies evaluating the 
efficacy of combined low-dose liraglutide with metformin 
vs. metformin alone or vs. liraglutide at low doses alone, 
did not demonstrate the greater efficacy of the combination 
therapy, as the area of VAT was reduced in all the three treat-
ments arms without inter-groups differences [59, 60]. The 
only available study by Jensterle et al. comparing liraglutide 
3.0 mg vs. low-dose liraglutide combination therapy with 
metformin did not include the body composition assessment 
[63]. However, although currently there are no comparing 
studies on the efficacy of different doses of liraglutide in 
improving body composition, it is tempting to speculate 
that greater changes in body composition might be expected 
through administration of higher doses of liraglutide.

Conclusions

The available results have not yet provided a precise thera-
peutic indication. GLP-1 RA, mainly liraglutide, might rep-
resent interesting molecules to tackle the weight excess that 
is associated with metabolic abnormalities, hyperandrogen-
ism, infertility, and menstrual alterations in PCOS women. 
However, the question remained on whether the possible 
beneficial therapeutic actions of GLP-1 RA in PCOS might 
depend exclusively on the improvement in body weight 
and metabolic profile or on direct effects on HPG axis in 
PCOS. Most of the subjects included in the available RCTs 
are PCOS patients with severe obesity, which do not reflect 
the entire clinical spectrum of PCOS encountered in clinical 
practice. In addition, in the vast majority of these studies, 
liraglutide was used at low or medium doses, while it is 
well known that some effects, in particular weight loss, are 
dose-dependent and more pronounced at the maximum dose. 
Therefore, some benefits on clinical and metabolic features 
of PCOS may not have fully emerged from the current stud-
ies, suggesting the need for additional RCTs, to expand the 
evidence on high-dose liraglutide effects. Finally, the poten-
tial effectiveness of new generation GLP-1 RA in terms of 
the dose- and exposure time-response still deserves further 
explorations.

Author contributions  Conceptualization and writing—original draft 
preparation, GP. and GdeA. Review and editing, M.G., BL, VL, and 
ZF. Visualization and supervision, AC and SS. All authors have read 
and agreed to the published version of the manuscript.

Funding  Open access funding provided by Università degli Studi di 
Napoli Federico II within the CRUI-CARE Agreement. This research 
did not receive any specific Grant from funding agencies.

Data availability  Not applicable.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Ethical approval  This article does not include research on human par-
ticipants and/or animals.

Informed consent  Informed consent is not required.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 



1772	 Journal of Endocrinological Investigation (2023) 46:1761–1774

1 3

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Teede HJ, Misso ML, Costello MF, Dokras A, Laven J, Moran L 
et al (2018) Recommendations from the international evidence-
based guideline for the assessment and management of polycystic 
ovary syndrome. Hum Reprod 33(9):1602–1618. https://​doi.​org/​
10.​1093/​humrep/​dey256

	 2.	 Azziz R, Carmina E, Chen Z, Dunaif A, Laven JS, Legro RS et al 
(2016) Polycystic ovary syndrome. Nat Rev Dis Primers 2:16057. 
https://​doi.​org/​10.​1038/​nrdp.​2016.​57

	 3.	 Rotterdam EA-SPCWG (2004) Revised 2003 consensus on diag-
nostic criteria and long-term health risks related to polycystic 
ovary syndrome. Fertil Steril 81(1):19–25. https://​doi.​org/​10.​
1016/j.​fertn​stert.​2003.​10.​004

	 4.	 Lim SS, Davies MJ, Norman RJ, Moran LJ (2012) Overweight, 
obesity and central obesity in women with polycystic ovary 
syndrome: a systematic review and meta-analysis. Hum Reprod 
Update 18(6):618–637. https://​doi.​org/​10.​1093/​humupd/​dms030

	 5.	 Glueck CJ, Papanna R, Wang P, Goldenberg N, Sieve-Smith L 
(2003) Incidence and treatment of metabolic syndrome in newly 
referred women with confirmed polycystic ovarian syndrome. 
Metabolisms 52(7):908–915. https://​doi.​org/​10.​1016/​s0026-​
0495(03)​00104-5

	 6.	 Apridonidze T, Essah PA, Iuorno MJ, Nestler JE (2005) Preva-
lence and characteristics of the metabolic syndrome in women 
with polycystic ovary syndrome. J Clin Endocrinol Metab 
90(4):1929–1935. https://​doi.​org/​10.​1210/​jc.​2004-​1045

	 7.	 Ehrmann DA, Liljenquist DR, Kasza K, Azziz R, Legro RS, 
Ghazzi MN et al (2006) Prevalence and predictors of the meta-
bolic syndrome in women with polycystic ovary syndrome. J 
Clin Endocrinol Metab 91(1):48–53. https://​doi.​org/​10.​1210/​
jc.​2005-​1329

	 8.	 Azziz R (2018) Polycystic ovary syndrome. Obstet Gynecol 
132(2):321–336. https://​doi.​org/​10.​1097/​AOG.​00000​00000​
002698

	 9.	 Li X, Yang D, Pan P, Azziz R, Yang D, Cheng Y et al (2022) 
The degree of menstrual disturbance is associated with the 
severity of insulin resistance in PCOS. Front Endocrinol 
13:873726. https://​doi.​org/​10.​3389/​fendo.​2022.​873726

	10.	 Chen T, Yu Y, Jia F, Luan P, Liu X (2022) The relationship 
between polycystic ovary syndrome and insulin resistance from 
1983 to 2022: a bibliometric analysis. Front Public Health 
10:960965. https://​doi.​org/​10.​3389/​fpubh.​2022.​960965

	11.	 Diamanti-Kandarakis E, Dunaif A (2012) Insulin resistance and 
the polycystic ovary syndrome revisited: an update on mecha-
nisms and implications. Endocr Rev 33(6):981–1030. https://​
doi.​org/​10.​1210/​er.​2011-​1034

	12.	 Herman R, Sikonja J, Jensterle M, Janez A, Dolzan V (2023) 
Insulin metabolism in polycystic ovary syndrome: secretion, 
signaling, and clearance. Int J Mol Sci. https://​doi.​org/​10.​3390/​
ijms2​40431​40

	13.	 Papaetis GS, Filippou PK, Constantinidou KG, Stylianou CS 
(2020) Liraglutide: new perspectives for the treatment of poly-
cystic ovary syndrome. Clin Drug Investig 40(8):695–713. 
https://​doi.​org/​10.​1007/​s40261-​020-​00942-2

	14.	 Pani A, Gironi I, Di Vieste G, Mion E, Bertuzzi F, Pintaudi B 
(2020) From prediabetes to type 2 diabetes mellitus in women 
with polycystic ovary syndrome: lifestyle and pharmacological 
management. Int J Endocrinol 2020:6276187. https://​doi.​org/​
10.​1155/​2020/​62761​87

	15.	 Xing C, Zhang J, Zhao H, He B (2022) Effect of sex hormone-
binding globulin on polycystic ovary syndrome: mechanisms, 
manifestations, genetics, and treatment. Int J Womens Health 
14:91–105. https://​doi.​org/​10.​2147/​IJWH.​S3445​42

	16.	 Zhao H, Zhang J, Cheng X, Nie X, He B (2023) Insulin 
resistance in polycystic ovary syndrome across various tis-
sues: an updated review of pathogenesis, evaluation, and 
treatment. J Ovarian Res 16(1):9. https://​doi.​org/​10.​1186/​
s13048-​022-​01091-0

	17.	 Barrea L, Arnone A, Annunziata G, Muscogiuri G, Laudisio 
D, Salzano C et al (2019) Adherence to the mediterranean diet, 
dietary patterns and body composition in women with polycystic 
ovary syndrome (PCOS). Nutrients. https://​doi.​org/​10.​3390/​nu111​
02278

	18.	 Haqq L, McFarlane J, Dieberg G, Smart N (2014) Effect of life-
style intervention on the reproductive endocrine profile in women 
with polycystic ovarian syndrome: a systematic review and meta-
analysis. Endocr Connect 3(1):36–46. https://​doi.​org/​10.​1530/​
EC-​14-​0010

	19.	 Thomson RL, Buckley JD, Noakes M, Clifton PM, Norman RJ, 
Brinkworth GD (2008) The effect of a hypocaloric diet with and 
without exercise training on body composition, cardiometabolic 
risk profile, and reproductive function in overweight and obese 
women with polycystic ovary syndrome. J Clin Endocrinol Metab 
93(9):3373–3380. https://​doi.​org/​10.​1210/​jc.​2008-​0751

	20.	 Barrea L, Verde L, Camajani E, Cernea S, Frias-Toral E, Lamaba-
dusuriya D et al (2023) Ketogenic diet as medical prescription in 
women with polycystic ovary syndrome (PCOS). Curr Nutr Rep 
12(1):56–64. https://​doi.​org/​10.​1007/​s13668-​023-​00456-1

	21.	 Helvaci N, Yildiz BO (2022) Current and emerging drug treatment 
strategies for polycystic ovary syndrome. Expert Opin Pharmaco-
ther. https://​doi.​org/​10.​1080/​14656​566.​2022.​21087​02

	22.	 Jensterle M, Herman R, Janez A (2022) Therapeutic Potential of 
Glucagon-like peptide-1 Agonists in polycystic ovary syndrome: 
from current clinical evidence to future perspectives. Biomedi-
cines. https://​doi.​org/​10.​3390/​biome​dicin​es100​81989

	23.	 Quigley K, Goya R, Meites J (1987) Rejuvenating effects of 
10-week underfeeding period on estrous cycles in young and old 
rats. Neurobiol Aging 8(3):225–232. https://​doi.​org/​10.​1016/​
0197-​4580(87)​90006-6

	24.	 Yang S, Zhao L, He W, Mi Y (2022) The effect of oral antidiabetic 
drugs on improving the endocrine and metabolic states in women 
with polycystic ovary syndrome: a systematic review and network 
meta-analysis. Drugs 82(14):1469–1480. https://​doi.​org/​10.​1007/​
s40265-​022-​01779-z

	25.	 Helvaci N, Yildiz BO (2023) Current and emerging drug treatment 
strategies for polycystic ovary syndrome. Expert Opin Pharma-
cother 24(1):105–120. https://​doi.​org/​10.​1080/​14656​566.​2022.​
21087​02

	26.	 Papaetis GS, Kyriacou A (2022) GLP-1 receptor agonists, poly-
cystic ovary syndrome and reproductive dysfunction: current 
research and future horizons. Adv Clin Exp Med 31(11):1265–
1274. https://​doi.​org/​10.​17219/​acem/​151695

	27.	 Shao S, Zhang X, Xu Q, Pan R, Chen Y (2022) Emerging roles 
of Glucagon like peptide-1 in the management of autoimmune 
diseases and diabetes-associated comorbidities. Pharmacol Ther 
239:108270. https://​doi.​org/​10.​1016/j.​pharm​thera.​2022.​108270

	28.	 Baranowska-Bik A (2022) Therapy of obesity in women with 
PCOS using GLP-1 analogues - benefits and limitations [Terapia 
otylosci u kobiet z PCOS przy zastosowaniu analogow GLP-1—
korzysci i ograniczenia]. Endokrynol Pol 73(3):627–643. https://​
doi.​org/​10.​5603/​EP.​a2022.​0047

	29.	 Xing C, Zhao H, Zhang J, He B (2022) Effect of metformin versus 
metformin plus liraglutide on gonadal and metabolic profiles in 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/humrep/dey256
https://doi.org/10.1093/humrep/dey256
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://doi.org/10.1093/humupd/dms030
https://doi.org/10.1016/s0026-0495(03)00104-5
https://doi.org/10.1016/s0026-0495(03)00104-5
https://doi.org/10.1210/jc.2004-1045
https://doi.org/10.1210/jc.2005-1329
https://doi.org/10.1210/jc.2005-1329
https://doi.org/10.1097/AOG.0000000000002698
https://doi.org/10.1097/AOG.0000000000002698
https://doi.org/10.3389/fendo.2022.873726
https://doi.org/10.3389/fpubh.2022.960965
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.3390/ijms24043140
https://doi.org/10.3390/ijms24043140
https://doi.org/10.1007/s40261-020-00942-2
https://doi.org/10.1155/2020/6276187
https://doi.org/10.1155/2020/6276187
https://doi.org/10.2147/IJWH.S344542
https://doi.org/10.1186/s13048-022-01091-0
https://doi.org/10.1186/s13048-022-01091-0
https://doi.org/10.3390/nu11102278
https://doi.org/10.3390/nu11102278
https://doi.org/10.1530/EC-14-0010
https://doi.org/10.1530/EC-14-0010
https://doi.org/10.1210/jc.2008-0751
https://doi.org/10.1007/s13668-023-00456-1
https://doi.org/10.1080/14656566.2022.2108702
https://doi.org/10.3390/biomedicines10081989
https://doi.org/10.1016/0197-4580(87)90006-6
https://doi.org/10.1016/0197-4580(87)90006-6
https://doi.org/10.1007/s40265-022-01779-z
https://doi.org/10.1007/s40265-022-01779-z
https://doi.org/10.1080/14656566.2022.2108702
https://doi.org/10.1080/14656566.2022.2108702
https://doi.org/10.17219/acem/151695
https://doi.org/10.1016/j.pharmthera.2022.108270
https://doi.org/10.5603/EP.a2022.0047
https://doi.org/10.5603/EP.a2022.0047


1773Journal of Endocrinological Investigation (2023) 46:1761–1774	

1 3

overweight patients with polycystic ovary syndrome. Front Endo-
crinol 13:945609. https://​doi.​org/​10.​3389/​fendo.​2022.​94560

	30.	 Xu D, Nair A, Sigston C, Ho C, Li J, Yang D et al (2022) Potential 
roles of glucagon-like peptide 1 receptor agonists (GLP-1 RAs) in 
nondiabetic populations. Cardiovasc Ther 2022:6820377. https://​
doi.​org/​10.​1155/​2022/​68203​77

	31.	 Somagutta MR, Jain M, Uday U, Pendyala SK, Mahadevaiah A, 
Mahmutaj G et al (2022) Novel antidiabetic medications in poly-
cystic ovary syndrome. Discoveries 10(1):145. https://​doi.​org/​10.​
15190/d.​2022.4

	32.	 Tilinca MC, Tiuca RA, Burlacu A, Varga AA (2021) Update on 
the use of liraglutide in the modern treatment of ‘diabesity’: a 
narrative review. Medicina. https://​doi.​org/​10.​3390/​medic​ina57​
070669

	33.	 Andersen A, Lund A, Knop FK, Vilsboll T (2018) Glucagon-like 
peptide 1 in health and disease. Nat Rev Endocrinol 14(7):390–
403. https://​doi.​org/​10.​1038/​s41574-​018-​0016-2

	34.	 Beak SA, Heath MM, Small CJ, Morgan DG, Ghatei MA, Taylor 
AD et al (1998) Glucagon-like peptide-1 stimulates luteinizing 
hormone-releasing hormone secretion in a rodent hypothalamic 
neuronal cell line. J Clin Invest 101(6):1334–1341. https://​doi.​org/​
10.​1172/​JCI610

	35.	 Outeirino-Iglesias V, Romani-Perez M, Gonzalez-Matias LC, 
Vigo E, Mallo F (2015) GLP-1 increases preovulatory LH source 
and the number of mature follicles, as well as synchronizing the 
onset of puberty in female rats. Endocrinology 156(11):4226–
4237. https://​doi.​org/​10.​1210/​en.​2014-​1978

	36.	 Farkas I, Vastagh C, Farkas E, Balint F, Skrapits K, Hrabovs-
zky E et al (2016) Glucagon-Like Peptide-1 Excites Firing and 
Increases GABAergic Miniature Postsynaptic Currents (mPSCs) 
in Gonadotropin-Releasing Hormone (GnRH) Neurons of the 
Male Mice via Activation of Nitric Oxide (NO) and Suppression 
of Endocannabinoid Signaling Pathways. Front Cell Neurosci 
10:214. https://​doi.​org/​10.​3389/​fncel.​2016.​00214

	37.	 MacLusky NJ, Cook S, Scrocchi L, Shin J, Kim J, Vaccarino 
F et al (2000) Neuroendocrine function and response to stress 
in mice with complete disruption of glucagon-like peptide-1 
receptor signaling. Endocrinology 141(2):752–762. https://​doi.​
org/​10.​1210/​endo.​141.2.​7326

	38.	 Arbabi L, Li Q, Henry BA, Clarke IJ (2021) Glucagon-like pep-
tide-1 control of GnRH secretion in female sheep. J Endocrinol 
248(3):325–335. https://​doi.​org/​10.​1530/​JOE-​20-​0335

	39.	 Korner M, Stockli M, Waser B, Reubi JC (2007) GLP-1 receptor 
expression in human tumors and human normal tissues: poten-
tial for in vivo targeting. J Nucl Med 48(5):736–743. https://​doi.​
org/​10.​2967/​jnumed.​106.​038679

	40.	 He W, Yu S, Wang L, He M, Cao X, Li Y et al (2016) Exendin-4 
inhibits growth and augments apoptosis of ovarian cancer cells. 
Mol Cell Endocrinol 436:240–249. https://​doi.​org/​10.​1016/j.​
mce.​2016.​07.​032

	41.	 Franks S, Stark J, Hardy K (2008) Follicle dynamics and ano-
vulation in polycystic ovary syndrome. Hum Reprod Update 
14(4):367–378. https://​doi.​org/​10.​1093/​humupd/​dmn015

	42.	 Sun Z, Li P, Wang X, Lai S, Qiu H, Chen Z et al (2020) GLP-1/
GLP-1R Signaling Regulates Ovarian PCOS-Associated Granu-
losa Cells Proliferation and Antiapoptosis by Modification of 
Forkhead Box Protein O1 Phosphorylation Sites. Int J Endo-
crinol 2020:1484321. https://​doi.​org/​10.​1155/​2020/​14843​21

	43.	 Nishiyama Y, Hasegawa T, Fujita S, Iwata N, Nagao S, Hosoya 
T et al (2018) Incretins modulate progesterone biosynthesis by 
regulating bone morphogenetic protein activity in rat granulosa 
cells. J Steroid Biochem Mol Biol 178:82–88. https://​doi.​org/​
10.​1016/j.​jsbmb.​2017.​11.​004

	44.	 Artunc-Ulkumen B, Pala HG, Pala EE, Yavasoglu A, Yigitturk 
G, Erbas O (2015) Exenatide improves ovarian and endometrial 
injury and preserves ovarian reserve in streptozocin induced 

diabetic rats. Gynecol Endocrinol 31(3):196–201. https://​doi.​
org/​10.​3109/​09513​590.​2014.​975686

	45.	 Vrbikova J, Hill M, Bendlova B, Grimmichova T, Dvorakova 
K, Vondra K et al (2008) Incretin levels in polycystic ovary 
syndrome. Eur J Endocrinol 159(2):121–127. https://​doi.​org/​
10.​1530/​EJE-​08-​0097

	46.	 Aydin K, Arusoglu G, Koksal G, Cinar N, Aksoy DY, Yildiz BO 
(2014) Fasting and post-prandial glucagon like peptide 1 and 
oral contraception in polycystic ovary syndrome. Clin Endo-
crinol 81(4):588–592. https://​doi.​org/​10.​1111/​cen.​12468

	47.	 Alruwaili H, Dehestani B, le Roux CW (2021) Clinical impact 
of liraglutide as a treatment of obesity. Clin Pharmacol 13:53–
60. https://​doi.​org/​10.​2147/​CPAA.​S2760​85

	48.	 Sawami K, Tanaka A, Node K (2022) Anti-obesity therapy for 
cardiovascular disease prevention: potential expected roles of 
glucagon-like peptide-1 receptor agonists. Cardiovasc Diabetol 
21(1):176. https://​doi.​org/​10.​1186/​s12933-​022-​01611-8

	49.	 Astrup A, Carraro R, Finer N, Harper A, Kunesova M, Lean ME 
et al (2012) Safety, tolerability and sustained weight loss over 2 
years with the once-daily human GLP-1 analog, liraglutide. Int 
J Obes 36(6):843–854. https://​doi.​org/​10.​1038/​ijo.​2011.​158

	50.	 Wadden TA, Hollander P, Klein S, Niswender K, Woo V, Hale 
PM et al (2013) Weight maintenance and additional weight 
loss with liraglutide after low-calorie-diet-induced weight 
loss: the SCALE Maintenance randomized study. Int J Obes 
37(11):1443–1451. https://​doi.​org/​10.​1038/​ijo.​2013.​120

	51.	 Pi-Sunyer X, Astrup A, Fujioka K, Greenway F, Halpern A, 
Krempf M et al (2015) A randomized, controlled trial of 3.0 mg 
of liraglutide in weight management. N Engl J Med 373(1):11–
22. https://​doi.​org/​10.​1056/​NEJMo​a1411​892

	52.	 Davies MJ, Bergenstal R, Bode B, Kushner RF, Lewin A, Skjoth 
TV et al (2015) Efficacy of liraglutide for weight loss among 
patients with type 2 diabetes: the SCALE diabetes randomized 
clinical trial. JAMA 314(7):687–699. https://​doi.​org/​10.​1001/​
jama.​2015.​9676

	53.	 Blackman A, Foster GD, Zammit G, Rosenberg R, Aronne L, 
Wadden T et al (2016) Effect of liraglutide 3.0 mg in individu-
als with obesity and moderate or severe obstructive sleep apnea: 
the SCALE Sleep Apnea randomized clinical trial. Int J Obes 
40(8):1310–1319. https://​doi.​org/​10.​1038/​ijo.​2016.​52

	54.	 Frossing S, Nylander M, Chabanova E, Frystyk J, Holst JJ, Kistorp 
C et al (2018) Effect of liraglutide on ectopic fat in polycystic 
ovary syndrome: a randomized clinical trial. Diabetes Obes Metab 
20(1):215–218. https://​doi.​org/​10.​1111/​dom.​13053

	55.	 Frossing S, Nylander M, Kistorp C, Skouby SO, Faber J (2018) 
Effect of liraglutide on atrial natriuretic peptide, adrenomedullin, 
and copeptin in PCOS. Endocr Connect 7(1):115–123. https://​doi.​
org/​10.​1530/​EC-​17-​0327

	56.	 Nylander M, Frossing S, Kistorp C, Faber J, Skouby SO (2017) 
Liraglutide in polycystic ovary syndrome: a randomized trial, 
investigating effects on thrombogenic potential. Endocr Connect 
6(2):89–99. https://​doi.​org/​10.​1530/​EC-​16-​0113

	57.	 Jensterle M, Salamun V, Kocjan T, Vrtacnik Bokal E, Janez A 
(2015) Short term monotherapy with GLP-1 receptor agonist lira-
glutide or PDE 4 inhibitor roflumilast is superior to metformin in 
weight loss in obese PCOS women: a pilot randomized study. J 
Ovarian Res 8:32. https://​doi.​org/​10.​1186/​s13048-​015-​0161-3

	58.	 Jensterle M, Kravos NA, Pfeifer M, Kocjan T, Janez A (2015) A 
12-week treatment with the long-acting glucagon-like peptide 1 
receptor agonist liraglutide leads to significant weight loss in a 
subset of obese women with newly diagnosed polycystic ovary 
syndrome. Hormones 14(1):81–90. https://​doi.​org/​10.​1007/​BF034​
01383

	59.	 Salamun V, Jensterle M, Janez A, Vrtacnik BE (2018) Liraglutide 
increases IVF pregnancy rates in obese PCOS women with poor 
response to first-line reproductive treatments: a pilot randomized 

https://doi.org/10.3389/fendo.2022.94560
https://doi.org/10.1155/2022/6820377
https://doi.org/10.1155/2022/6820377
https://doi.org/10.15190/d.2022.4
https://doi.org/10.15190/d.2022.4
https://doi.org/10.3390/medicina57070669
https://doi.org/10.3390/medicina57070669
https://doi.org/10.1038/s41574-018-0016-2
https://doi.org/10.1172/JCI610
https://doi.org/10.1172/JCI610
https://doi.org/10.1210/en.2014-1978
https://doi.org/10.3389/fncel.2016.00214
https://doi.org/10.1210/endo.141.2.7326
https://doi.org/10.1210/endo.141.2.7326
https://doi.org/10.1530/JOE-20-0335
https://doi.org/10.2967/jnumed.106.038679
https://doi.org/10.2967/jnumed.106.038679
https://doi.org/10.1016/j.mce.2016.07.032
https://doi.org/10.1016/j.mce.2016.07.032
https://doi.org/10.1093/humupd/dmn015
https://doi.org/10.1155/2020/1484321
https://doi.org/10.1016/j.jsbmb.2017.11.004
https://doi.org/10.1016/j.jsbmb.2017.11.004
https://doi.org/10.3109/09513590.2014.975686
https://doi.org/10.3109/09513590.2014.975686
https://doi.org/10.1530/EJE-08-0097
https://doi.org/10.1530/EJE-08-0097
https://doi.org/10.1111/cen.12468
https://doi.org/10.2147/CPAA.S276085
https://doi.org/10.1186/s12933-022-01611-8
https://doi.org/10.1038/ijo.2011.158
https://doi.org/10.1038/ijo.2013.120
https://doi.org/10.1056/NEJMoa1411892
https://doi.org/10.1001/jama.2015.9676
https://doi.org/10.1001/jama.2015.9676
https://doi.org/10.1038/ijo.2016.52
https://doi.org/10.1111/dom.13053
https://doi.org/10.1530/EC-17-0327
https://doi.org/10.1530/EC-17-0327
https://doi.org/10.1530/EC-16-0113
https://doi.org/10.1186/s13048-015-0161-3
https://doi.org/10.1007/BF03401383
https://doi.org/10.1007/BF03401383


1774	 Journal of Endocrinological Investigation (2023) 46:1761–1774

1 3

study. Eur J Endocrinol 179(1):1–11. https://​doi.​org/​10.​1530/​
EJE-​18-​0175

	60.	 Jensterle M, Goricar K, Janez A (2016) Metformin as an initial 
adjunct to low-dose liraglutide enhances the weight-decreasing 
potential of liraglutide in obese polycystic ovary syndrome: Ran-
domized control study. Exp Ther Med 11(4):1194–1200. https://​
doi.​org/​10.​3892/​etm.​2016.​3081

	61.	 Jensterle Sever M, Kocjan T, Pfeifer M, Kravos NA, Janez A 
(2014) Short-term combined treatment with liraglutide and 
metformin leads to significant weight loss in obese women with 
polycystic ovary syndrome and previous poor response to met-
formin. Eur J Endocrinol 170(3):451–459. https://​doi.​org/​10.​
1530/​EJE-​13-​0797

	62.	 Elkind-Hirsch KE, Chappell N, Shaler D, Storment J, Bellanger 
D (2022) Liraglutide 3 mg on weight, body composition, and hor-
monal and metabolic parameters in women with obesity and poly-
cystic ovary syndrome: a randomized placebo-controlled-phase 3 
study. Fertil Steril 118(2):371–381. https://​doi.​org/​10.​1016/j.​fertn​
stert.​2022.​04.​027

	63.	 Jensterle M, Kravos NA, Goricar K, Janez A (2017) Short-term 
effectiveness of low dose liraglutide in combination with met-
formin versus high dose liraglutide alone in treatment of obese 
PCOS: randomized trial. BMC Endocr Disord 17(1):5. https://​
doi.​org/​10.​1186/​s12902-​017-​0155-9

	64.	 Nylander M, Frossing S, Clausen HV, Kistorp C, Faber J, 
Skouby SO (2017) Effects of liraglutide on ovarian dysfunction 
in polycystic ovary syndrome: a randomized clinical trial. Reprod 
Biomed Online 35(1):121–127. https://​doi.​org/​10.​1016/j.​rbmo.​
2017.​03.​023

	65.	 Yamazaki H, Kushiyama A, Sakoda H, Fujishiro M, Yamamo-
toya T, Nakatsu Y et al (2018) Protective effect of sex hormone-
binding globulin against metabolic syndrome: in vitro evidence 
showing anti-inflammatory and lipolytic effects on adipocytes and 
macrophages. Mediators Inflamm. https://​doi.​org/​10.​1155/​2018/​
30623​19

	66.	 Powell-Wiley TM, Poirier P, Burke LE, Despres JP, Gordon-
Larsen P, Lavie CJ et al (2021) Obesity and cardiovascular dis-
ease: a scientific statement from the american heart association. 
Circulation 143(21):e984–e1010. https://​doi.​org/​10.​1161/​CIR.​
00000​00000​000973

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1530/EJE-18-0175
https://doi.org/10.1530/EJE-18-0175
https://doi.org/10.3892/etm.2016.3081
https://doi.org/10.3892/etm.2016.3081
https://doi.org/10.1530/EJE-13-0797
https://doi.org/10.1530/EJE-13-0797
https://doi.org/10.1016/j.fertnstert.2022.04.027
https://doi.org/10.1016/j.fertnstert.2022.04.027
https://doi.org/10.1186/s12902-017-0155-9
https://doi.org/10.1186/s12902-017-0155-9
https://doi.org/10.1016/j.rbmo.2017.03.023
https://doi.org/10.1016/j.rbmo.2017.03.023
https://doi.org/10.1155/2018/3062319
https://doi.org/10.1155/2018/3062319
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1161/CIR.0000000000000973

	Liraglutide and polycystic ovary syndrome: is it only a matter of body weight?
	Abstract
	Introduction
	Glucagon-like peptide-1 and HPG axis
	HPG axis central effects: hypothalamus and pituitary
	HPG axis peripheral effects: ovary

	GLP-1 in normal-weight PCOS
	RCTs of liraglutide in PCOS
	Anthropometric changes
	Metabolic changes
	Biochemical and clinical hyperandrogenism
	Body composition and ectopic fat

	Conclusions
	References




