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Efficacy and safety of GLP-1
receptor agonists on weight
management and metabolic
parameters in PCOS women: a
meta-analysis of randomized
controlled trials
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This meta-analysis aimed to evaluate the efficacy and safety of glucagon-like peptide-1 receptor
agonists (GLP-1RAs) when compared to metformin and placebo in the management of body weight,
glucose homeostasis and hormone levels in women polycystic ovary syndrome (PCOS). A systematic
search of “"PubMed”, “EMBASE", “Cochrane Library”, “Web of Science” and “*Google Scholar” was
conducted up to October 2024 for randomized controlled trials involving adult women with PCOS
treated with GLP-1RAs compared to metformin or placebo. The primary outcomes were changes

in body mass index (BMI), body weight, waist circumference (WC), waist-to-hip ratio (WHR) and
abdominal girth (AG). Secondary outcomes included glucose homeostasis (fasting glucose, fasting
insulin, OGTT results and HOMA-IR), hormone levels (DHEAS, SHBG, total and free testosterone and
FAl), lipid profiles (total cholesterol, HDL, LDL and triglycerides) and safety. GLP-1RAs significantly
reduced BMI, body weight, WC, WHR and AG (P <0.0001 in all cases). For glucose homeostasis, GLP-
1RAs significantly reduced fasting insulin, glucose level at 2 h after OGTT, and HOMA-IR. There was
also a reduction in HDL. All the other parameters measured were unchanged. In addition, GLP-1RAs
increased nausea (P=0.02), vomiting (0.04) and dizziness (0.03). GLP-1RAs effectively reduced body
weight, BMI and insulin resistance in patients with PCOS, although they were accompanied by nausea,
vomiting and dizziness. Further studies are needed to explore their long-term effects on glucose
homeostasis and lipid profiles.

Keywords Polycystic ovary syndrome, GLP-1 receptor agonists, Anthropometric measurement, Glucose
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Polycystic ovary syndrome (PCOS) is the most common reproductive endocrine disorder among women of
reproductive age. Its clinical manifestations are highly heterogeneous, primarily characterized by infrequent or
absent ovulation, elevated androgen levels and polycystic ovarian changes'?. It is often associated with insulin
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resistance (IR), obesity, dyslipidemia and other metabolic disturbances®. In long-term sufferers of this condition,
it can lead to type 2 diabetes mellitus (T2DM), cardiovascular disease, non-alcoholic fatty liver disease and
endometrial cancer®. These issues affect women throughout their lives, impacting approximately 5-10% of
women of reproductive age®.

The exact cause of PCOS remains unclear, but it is generally reported that IR plays a crucial role in its onset
and progression®. Studies have shown that patients with PCOS exhibit selective IR, primarily characterized by
abnormalities in the insulin signaling pathways, often associated with altered metabolic parameters’. Further
research has revealed varying degrees of IR in different tissues of PCOS patients, including adipose tissues,
fibroblasts and skeletal muscle cells®®. This suggests that, in addition to systemic IR, PCOS may involve localized
IR in the ovaries. There is often a reduction in insulin receptor phosphorylation in PCOS ovarian tissues, which
can lead to impaired insulin signaling and decreased glucose uptake in the granulosa cells.

The phosphoinositide 3-kinase (PI3K)/Akt pathway is central to the action of insulin and Akt is a
downstream molecule that regulates cellular processes such as proliferation, differentiation and metabolism.
Reduced phosphorylation of the PI3K/Akt pathway is a hallmark of IR in PCOS patients!'%-12. The transcription
factor, FOXOLI, is one of the regulators of this pathway, and it is involved in processes such as the cell cycle
and apoptosis. In PCOS, FOXO1 promotes follicle atresia and granulosa cell apoptosis by activation of pro-
apoptotic proteins such as p27XP! and Bim, thereby contributing to the cystic changes in the ovaries'>!4.
Additionally, compensatory hyperinsulinemia caused by IR may lead to excessive activation of IGF-1 and it can
directly stimulate theca cells to produce androgens, exacerbating hyperandrogenism and inhibiting follicular
development and ovulation, thus worsening the symptoms associated with PCOS'>!6. Overall, localized IR and
hyperinsulinemia in the ovaries are the central mechanisms in the pathogenesis of PCOS, leading to ovarian
dysfunction, impaired folliculogenesis and hyperandrogenism, which manifest as clinical symptoms of the
syndrome.

Currently, the treatment for PCOS primarily focuses on addressing issues related to hyperandrogenism and
anovulation, with medications aimed at improving IR. Since the long-term use of estrogen-progestin-based
ovulation-inducing drugs and androgen-lowering treatments carry a risk of endometrial cancer, and since
weight loss and the effects on IR are often minimal, clinical approaches are now seeking therapies that can
simultaneously address both reproductive hormone imbalances and disturbances in glucose metabolism!’.
Glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-1RAs), such as exenatide, and GLP-1 analogs, such as
liraglutide, which are primarily used for the treatment of T2DM, have been studied in PCOS. Reduced levels of
GLP-1 in PCOS patients suggest that it may be involved in the pathogenesis and progression of the condition,
and that it is potentially linked to obesity and IR. For PCOS patients with obesity and infertility, a combined
treatment with metformin and liraglutide has been shown to effectively reduce body weight, improved glucose
metabolism and relieved IR!®. However, while individual studies have shown promising results, the overall
efficacy and safety of GLP-1RA therapy in women with PCOS require further comprehensive evaluation.

This meta-analysis systematically assessed the impact of GLP-1RA therapy on anthropometric outcomes
and key metabolic parameters in women with PCOS. Specifically, the analysis will evaluate changes in fasting
glucose levels, body mass index (BMI), body weight, waist circumference (WC), insulin sensitivity as measured
by the homeostatic model assessment of IR (HOMA-IR) and other relevant hormonal and metabolic markers.
In addition, we also evaluated the safety of the combined treatment of metformin and GLP-1RAs. By using the
data from multiple studies, in this analysis we attempted to clarify the role of IR in the pathogenesis of PCOS
and assess the efficacy of GLP-1RAs in improving both the reproductive and metabolic outcomes for patients
with PCOS.

Methods

Study design and data sources

This meta-analysis adhered to the PRISMA guidelines. A comprehensive literature search was conducted
across multiple databases, including “PubMed”, “EMBASE”, “Cochrane Library”, “Google scholar” and “Web
of Science” from their inception until October 2024. The search strategy focused on randomized controlled
trials (RCTs) comparing treatment with a combination of GLP-1RAs and metformin or placebo. Keywords and
medical subject headings (MeSH) terms used in the search included: “Polycystic ovary syndrome”, “PCOS”,
“GLP-1 receptor agonist’, “GLP-1RA”", “Semaglutide”, “Liraglutide”, “Exenatide” and “Metformin”. The search
strategy was customized for each database. Additionally, reference lists of identified studies were manually
checked for additional relevant articles. The studies were selected based on inclusion and exclusion criteria, and

those reporting relevant anthropometric and metabolic outcomes were included in the final analysis®.

Inclusion and exclusion criteria

Studies were eligible if they met the following criteria: (1) The participants were adult women aged 18-45
years diagnosed with PCOS. (2) The intervention group received GLP-1RAs, while the control group received
either metformin or placebo. (3) The study reported outcomes related to anthropometric measures (BMI, body
weight, WC, waist-to-hip ratio (WHR), abdominal girth (AG)) and metabolic markers (fasting glucose, fasting
insulin, HOMA-IR, dehydroepiandrosterone sulfate (DHEAS), SHBG, total testosterone, free testosterone and
cholesterol levels). The exclusion criteria were: (1) Studies with incomplete data for key outcomes. (2) Non-RCT
studies. (3) Trials with a follow-up period of less than 12 weeks. Adherence to inclusion and exclusion criteria
was assessed by two independent reviewers through detailed screening of the study characteristics, participant
descriptions, and reported outcomes in the full texts.
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Data extraction

Two independent reviewers extracted the data from eligible studies using a standardized extraction protocol.
The data extracted included study characteristics (first author, publication year, sample size and duration of
follow-up), participant demographics (age and gender), intervention type (GLP-1RAs, metformin and placebo)
and outcomes related to anthropometric and metabolic parameters. Discrepancies between reviewers were
resolved by consensus.

Outcomes assessment

The primary outcomes included reductions in BMI, body weight, WC, WHR and AG. Secondary outcomes
included fasting glucose, fasting insulin, glucose level at 2 h after an oral glucose tolerance test (OGTT), insulin
at 2 h after OGTT, HOMA-IR, DHEAS, SHBG, total testosterone, free testosterone, and lipid levels (total
cholesterol, HDL, LDL, and triglycerides (TG)).

Statistical analysis

All analyses were performed using the review manager (RevMan) software package version 5.0. The mean
differences (MDs) with 95% confidence intervals (Cls) were calculated for continuous outcomes. A random
effects model was used for analyses with high heterogeneity (I* > 50%), while a fixed effects model was applied
when the heterogeneity of the data was low (12 < 50%). Heterogeneity was assessed using the 12 statistic and
Chi-square test, and a P-value of less than 0.10 was considered significant for heterogeneity. Subgroup analyses
were conducted to examine the effects of GLP-1RAs compared to metformin or placebo. Subgroup comparisons
were made based on the control group intervention for each of the anthropometric and metabolic parameter
measured. Funnel plots were generated to assess publication bias for key outcomes.

Quality assessment

The quality of included studies was assessed using the Cochrane risk-of-bias tool. This evaluation considered
random sequence generation, allocation concealment, blinding of participants and personnel, incomplete
outcome data and selective reporting. Studies with a high risk of bias were noted, and their impact on overall
findings was considered during the sensitivity analysis employed.

Results

Study screening

A flow diagram of the meta-analysis conducted in this study is shown in Fig. 1. 524 studies were included for
initial analysis and after removing duplicated reports, 189 remained. After screening the titles and abstracts, the
full text of 25 articles were collected and 13 RCTs that met the exclusion and inclusion criteria were used for
subsequent meta-analysis.

Study characteristics

The characteristics of the individual studies are presented in Table 1. The meta-analysis included a total of
397 and 330 individuals who received the invention of GLP-1RAs and metformin, respectively, as well as 68
individuals who received a placebo. With respect to GLP-1RAs, 23, 87 and 308 patients respectively received
semaglutide, liraglutide and exenatide.

Record identified through database
(Web of Science, Pubmed, Cochrane

library, Scopus, Google Scholar, Additional identified through
Embase) screening (n = 522) other sources (n =2)
A A
| Records after duplicated removed (n = 189) Records excluded after screening title and/or

abstract (n = 164):
— | ¢ Unrelated references (n = 86)
| Records scroemed (= 15%) I * Review or systemic review ( n = 53)
* Non-RCT or animal experiments (n = 25)

Full-text articles assessed for _| Full-text articles excluded with reasons (n =12):
eligibility (n = 25) * Conference articles without relevant data (n = 6)
* Duplicates of the same clinical trial (n = 3)

+ Failure to meet inclusion criteria (n = 3)

A

Articles selected for meta-analysis (n = 13)

|lncluded ‘ |Eligibility | ’Screening ‘ ‘Identification|

Fig. 1. A PRISMA flow diagram for the literature selection.
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Quality assessment

Six studies were classified as having a “high risk” of performance bias and one was categorized as having a
“unclear risk” of performance bias. Four, 1 and 6 studies were categorized as having “high risk’, “medium risk”
and “unclear risk” of detection bias, respectively. Four studies were categorized as having an “unclear risk” of
selection bias. One study was categorized as having an “unclear risk” of attrition bias Three studies were classified
as having an “unclear risk” of other forms of biases. A visual representation of the eligibility of the quality of the
clinical studies included is shown in Fig. 2.

Changes in anthropometrics

For anthropometric measurements, we compared the results of reduction in BMI, body weight, BMI, WC, WHR
and AG. In terms of reduction in BMI, 11 studies (with 349 and 310 subjects from the experimental and control
groups, respectively) were included in the analysis. Due to the heterogeneity observed in the included studies
(12 = 74%, P<0.0001), we used a random-effects model (Fig. 3A). GLP-1RA interventions was associated with
a reduction in BMI when compared to either metformin or placebo (MD = -1.59; 95% CI -2.07 to —1.10;
P<0.0001; Fig. 3A).

For the subgroup analysis, the studies were classified based on whether the patients from the control group
received either metformin or placebo. As shown in Fig. S1A, GLP-1RA intervention was associated with a
reduction in BMI when compared to metformin (MD = —1.11; 95% CI —1.84 to —0.38; P=0.003) or placebo
(MD = -1.59; 95% CI —-2.07 to —1.10; P<0.0001).

In terms of reduction in body weight, 10 studies (with 339 and 301 participants from the experimental
and control groups, respectively) were included for analysis. Due to the presence of heterogeneity among the
included studies (I* = 87%, P<0.0001), a random-effects model was used (Fig. 3B). GLP-1RA intervention was
associated with a reduction in body weight when compared to those given metformin or placebo (MD = -3.57;
95% CI —5.15 to -1.99; P<0.0001; Fig. 3A). For the subgroup analysis, the studies were classified based on if the
patients from the control group received metformin or placebo. As shown in Fig. S1B, GLP-1RA intervention
was associated with a reduction in body weight when compared to metformin (MD = —1.81; 95% CI —2.60 to
-1.01; P<0.0001) or placebo (MD = —5.44; 95% CI —5.90 to —4.99; P<0.0001).

In terms of reduction in WC, 8 studies (with 232 and 189 participants from the experimental and control
groups, respectively) were included for analysis. No heterogeneity was presented in the included studies, (12=0%,
P=0.47), and therefore the fixed effects model was used (Fig. 3C). GLP-1RA intervention was associated with
a reduction in WC when compared to those given metformin or placebo (MD = —4.97; 95% CI —5.56 to —4.37;
P<0.0001; Fig. 3C). For the subgroup analysis, the studies were classified based on whether the patients from
the control group received metformin or placebo. As shown in Fig. S1C, GLP-1RAs intervention was associated
with a reduction in body weight when compared to metformin (MD = —3.82; 95% CI —5.33 to —2.31; P<0.0001)
or placebo (MD = -5.17; 95% CI -5.82 to -4.53; P<0.0001).

With respect to the reduction in WHR, 4 studies (with 225 and 210 participants from the experimental and
control groups, respectively) were included for analysis. No heterogeneity was presented in the included studies,
(I2=19%, P=0.30), and so the fixed effects model was used (Fig. 3D). GLP-1RA intervention was associated with
areduction in WHR when compared to those given metformin or placebo (MD = —-0.03; 95% CI —0.03 to —0.03;
P<0.0001; Fig. 3D). For the subgroup analysis, the studies were classified based on whether the patients from the
control group received metformin or placebo. As shown in Fig. S1D, GLP-1RA intervention was associated with
areduction in WHR when compared to metformin (MD = -0.03; 95% CI —0.04 to —0.02; P<0.0001) or placebo
(MD = -0.03; 95% CI —0.03 to —0.03; P<0.0001).

In terms of reduction in AG, 3 studies (with 117 and 121 subjects from the experimental and control groups,
respectively) were included for analysis. No heterogeneity was presented in the included studies, (I2=0%,
P=0.65), and so the fixed effects model was used (Fig. 3E). GLP-1RA intervention was associated with a
reduction in AG when compared to those given metformin or placebo (MD = —2.05; 95% CI —2.93 to —1.16;
P<0.0001; Fig. 3E). Funnel plots of the reductions in BMI, body weight, WC, WHR and AG of the patients
indicated no publication bias (Fig. S2).

Changes in glucose homeostasis

For glucose homeostasis, we compared the results for the reduction in fasting glucose and insulin levels, their
levels at 2 h after OGTT and HOMA-IR. In terms of reduction in fasting glucose levels, 6 studies (with 252
and 235 subjects from the experimental and control groups, respectively) were included for analysis. Due to
the heterogeneity presented in the included studies, (I=95%, P<0.0001), we used the random effects model
(Fig. 4A). GLP-1RA intervention was not associated with a reduction in fasting glucose level when compared
to those given metformin or placebo (MD = -0.12; 95% CI -0.28 to 0.04; P=0.14; Fig. 4A). For the subgroup
analysis, the studies were classified based on whether the patients from the control group received metformin or
placebo. As shown in Fig. S3A, GLP-1RA intervention was associated with a reduction in fasting glucose level
when compared to placebo (MD = —0.29; 95% CI —0.33 to —0.25; P<0.0001), but not metformin (MD = —0.02;
95% CI —0.07 to 0.04; P=0.57).

In terms of reduction in glucose levels at 2 h after OGTT, 5 studies (with 205 and 213 subjects the experimental
and control groups, respectively) were included for analysis. Due to the heterogeneity presented in the included
studies, (I>=86%, P<0.0001), we used the random effects model (Fig. 4B). GLP-1RA intervention was associated
with a reduction in glucose levels at 2 h after OGTT when compared to those given metformin or placebo (MD
= —0.54; 95% CI —1.01 to 0.07; P=0.02; Fig. 4B). For the subgroup analysis, the studies were classified based on
whether the patients from the control group received metformin or placebo. As shown in Fig. S3B, GLP-1RA
intervention was associated with a reduction in glucose levels at 2 h after OGTT when compared to placebo (MD
= —2.14; 95% CI —-3.33 to —0.95; P=0.0004), but not metformin (MD = —0.34; 95% CI —0.76 to 0.09; P=0.12).
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Fig. 2. A bias assessment of this study. (A) Risk of bias bar. (B) Risk of bias summary.

In terms of reduction in fasting insulin levels, 5 studies (with 208 and 212 subjects from the experimental
and controls groups, respectively) were included for analysis. Due to the heterogeneity presented in the included
studies, (12=78%, P=0.001), we used the random effects model (Fig. 4C). GLP-1RA intervention was associated
with a reduction in fasting insulin levels when compared to those given metformin or placebo (MD = -1.40; 95%
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Fig. 3. A meta-analysis of BMI changes found in this study (A), body weight changes (B), WC (C), WHR (D)

and AG (E).
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Fig. 4. Meta-analysis of the fasting glucose (A), glucose at 2 h (B), fasting insulin (C), insulin at 2 h (D) and
HOMA-IR (E) levels found in this study.
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CI -2.65 to —0.15; P=0.03; Fig. 4C). For the subgroup analysis, the studies were classified based on whether the
patients from the control group had received metformin or placebo. As shown in Fig. S3C, GLP-1RA intervention
was associated with a reduction in fasting insulin when compared to those given metformin (MD = -1.43; 95%
CI -2.75 to —0.11; P=0.03), but not placebo (MD = —0.64; 95% CI —6.62 to 5.34; P=0.83).

In terms of reduction in insulin levels at 2 h after OGTT, 5 studies (with 194 and 199 subjects from the
experimental and control groups, respectively) were included for analysis. Due to the heterogeneity presented in
the included studies, (I>=82%, P=0.0008), we used the random effects model (Fig. 4D). GLP-1RA intervention
was associated with a reduction in insulin levels at h after OGTT when compared to those given metformin or
placebo (MD = -27.88; 95% CI —38.58 to —17.17; P<0.0001; Fig. 4D). For the subgroup analysis, the studies
were classified based on whether the patients from the control group had received metformin or placebo. As
shown in Fig. S3D, GLP-1RA intervention was associated with a reduction in insulin levels at 2 h after OGTT
when compared to metformin (MD = -22.18; 95% CI —29.57 to —14.79; P<0.00001) or placebo (MD = —-51.72;
95% CI —69.84 to —33.60; P<0.00001).

In terms of reduction in HOMA-IR, 10 studies (with 338 and 296 subjects from the experimental and control
groups, respectively) were included for analysis. Due to the heterogeneity presented in the included studies,
(I2=91%, P<0.00001), we used the random effects model (Fig. 4E). GLP-1RA intervention was associated with
a reduction in HOMA-IR when compared to those given metformin or placebo (MD = —0.58; 95% CI —0.98 to
-0.19; P=0.004; Fig. 4E). For the subgroup analysis, the studies were classified based on whether the patients
from the control group received metformin or placebo. As shown in Fig. S3E, GLP-1RA intervention was
associated with a reduction in HOMA-IR when compared to metformin (MD = -0.73; 95% CI —1.07 to —0.38;
P<0.0001) but not placebo (MD = —0.40; 95% CI —0.98 to —0.19; P=0.26). Funnel plots of reduction in the
fasting glucose and insulin levels as well as the patients’ levels at 2 h after OGTT, and their HOMA-IR indicated
no publication bias (Fig. S4).

Changes in hormones

In terms of the reduction in DHEAS, 6 studies (with 128 and 110 subjects from the experimental and control
groups, respectively) were included in the analysis. Due to the presence of heterogeneity in the included studies
(I2=96%, P<0.00001), the random effects model was used (Fig. 5A). GLP-1 RA intervention was not associated
with changes in DHEAS levels when compared to those given metformin or placebo (MD = —12.84; 95% CI
-31.99 to 7.03; P=0.21; Fig. 5A). For subgroup analysis, the studies were classified based on whether the control
group received metformin or placebo. As shown in Fig. S5A, GLP-1 RA intervention was associated with a
reduction in DHEAS levels when compared to placebo (MD = —18.20; 95% CI —23.13 to —13.23; P<0.0001), but
not when compared to those given metformin (MD = -10.83; 95% CI —38.87 to 17.22; P=0.45).

In terms of the reduction in SHBG, 5 studies (with 151 and 153 subjects from the experimental and control
groups, respectively) were included in the analysis. No heterogeneity was present in the included studies (I? =
0%, P=0.87), and so a fixed effects model was used (Fig. 5B). GLP-1 RA intervention was not associated with
changes in SHBG levels when compared to those given metformin or placebo (MD =0.96; 95% CI —1.05 to 2.97;
P=0.35; Fig. 5B).

In terms of the reduction in total testosterone, 9 studies (with 264 and 223 subjects from the experimental
and control groups, respectively) were included in the analysis. Due to the presence of heterogeneity in the
included studies (I> = 74%, P=0.0002), the random effects model was used (Fig. 5C). GLP-1 RA intervention
was not associated with changes in total testosterone when compared to those given metformin or placebo (MD
= -0.05; 95% CI -0.20 to 0.11; P=0.53; Fig. 5C). For subgroup analysis, the studies were classified based on
whether the control group received metformin or placebo. As shown in Fig. S5B, GLP-1 RA intervention was
associated with a reduction in total testosterone levels when compared to those given placebo (MD = -0.22; 95%
CI -0.27 to —0.17; P<0.0001), but not to those given metformin (MD =0.13; 95% CI —-0.16 to 0.42; P=0.37).

In terms of the reduction in levels of free testosterone, 3 studies (with 39 and 41 subjects from the experimental
and control groups, respectively) were included in the analysis. Due to the heterogeneity in the included studies
(12 = 83%, P=0.003), the random effects model was used (Fig. 5D). GLP-1 RA intervention was not associated
with changes in free testosterone when compared to those given metformin or placebo (MD=0.53; 95% CI
-1.39 to 2.44; P=0.59; Fig. 5D).

In terms of the reduction in FAI 6 studies (with 195 and176 subjects from the experimental and control
groups, respectively) were included in the analysis. Due to the presence of heterogeneity in the included studies
(12 = 80%, P=0.0001), the random effects model was used (Fig. 5E). GLP-1 RA intervention was not associated
with changes in FAI when compared to those given metformin or placebo (MD = -1.72; 95% CI —1.94 to —1.50;
P=0.54; Fig. 5E). For subgroup analysis, the studies were classified based on whether the control group received
metformin or placebo. As shown in Fig. S5E, GLP-1 RA intervention was associated with a reduction in FAI
when compared to those given placebo (MD = -0.48; 95% CI —1.98 to —1.50; P<0.0001), but not to those given
metformin (MD=0.26; 95% CI —2.08 to 2.61; P=0.83). Funnels plot of the reduction in DHEAS, SHBG, total
testosterone, free testosterone and FAT levels indicated no publication bias (Fig. S6).

Changes in total cholesterol, HDL, LDL and TG

In terms of reduction in total cholesterol, 10 studies (with 335 and 237 subjects from the experimental and
control groups, respectively) were included for analysis. No heterogeneity was presented in the included studies
(I?=0%, P=0.56), and we used the fixed effects model (Fig. 6A). GLP-1RA intervention was not associated with
the changes in total cholesterol levels when compared to those given metformin or placebo (MD = -0.03; 95%
CI -0.07 to 0.00; P=0.06; Fig. 6A). For the subgroup analysis, the studies were classified based on whether the
patients from the control group received metformin or placebo. As shown in Fig. S7A, GLP-1RA intervention

Scientific Reports |

202515:16512 | https://doi.org/10.1038/s41598-025-99622-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% Cl IV, Random, 95% CI
Elkind-Hirsch 2008 73 133 14 191 127 14 175% -11.80[-21.43, -2.17] —
Elkind-Hirsch 2022 1.1 87 44 193 104 23 18.1% -18.20[-23.17,-13.23] e 3
Jensterle 2014 114 116 11 -14.72 12.88 14 17.5%  26.12[16.50, 35.74] ==
Jensterle 2015 -184 119 14 3312 127 13 17.6% -51.52[-60.82,-42.22] ==
Jensterle 2015a 2944 109 14 4784 137 14 17.6% -18.40[-27.57,-9.23] ="
Zheng 2017 269 697 31 -243 693 32 11.7%  5.12[-29.21,39.45] B
Total (95% Cl) 128 110 100.0% -12.48 [-31.99, 7.03] et
Heterogeneity: Tau? = 541.16; Chi? = 132.88, df = 5 (P < 0.00001); I? = 96% _5'0 _2'5 0 2'5 5'0

Test for overall effect: Z = 1.25 (P = 0.21)

B

Experimental Control

Mean Difference

Favours [experimental] Favours [control]

Mean Difference

Study or Subgrou Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Elkind-Hirsch 2008 23 45 14 02 44 14 37.2% 2.10[-1.20, 5.40] T
Jensterle 2015 23 86 14 29 74 13 11.1% -0.60 [-6.64, 5.44] —
Jensterle 2015a 13 87 14 22 86 14 9.8% -0.90[-7.31,5.51]
Liu 2017 7.23 116 78 6.06 11.1 80 32.2% 1.17[-2.37,4.71] —
Zheng 2017 6.03 129 31 645 13.35 32 9.6% -0.42[-6.90, 6.06] =
Total (95% Cl) 151 153 100.0% 0.96 [-1.05, 2.97] ?
Heterogeneity: Chi? = 1.23, df = 4 (P = 0.87); 1= 0% _1:0 _55 b é 1#0
Test for overall effect: Z = 0.94 (P = 0.35) Favours [experimental] Favours [control]
C Experimental Control Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Elkind-Hirsch 2008 -0.35 0.91 14 -0.12 091 14 4.3% -0.23 [-0.90, 0.44] =
Elkind-Hirsch 2022 -0.13 0.35 44 0.056 0.46 23 15.7% -0.19 [-0.40, 0.03] ==
Frossing 2018 -0.07 009 48 0.15 012 24 220% -0.22[-0.27,-0.17] -
Jensterle 2014 04 0.84 11 -0.2 0.66 14 51% 0.60 [-0.00, 1.20]
Jensterle 2015 0.2 042 14 -02 073 13 7.7% 0.00 [-0.45, 0.45] -1
Jensterle 2015a -01 067 14 -09 057 14 75% 0.80 [0.34, 1.26] —
Jensterle 2022 -0.139 0.604 10 0.263 06 9  6.0% -0.40 [-0.94, 0.14] — %
Liu 2017 -0.11  0.31 78 -0.03 039 80 20.3% -0.08 [-0.19, 0.03] el
Zheng 2017 -0.23 049 31 -012 078 32 11.5% -0.11[-0.43, 0.21] =
Total (95% CI) 264 223 100.0% -0.05 [-0.20, 0.11]
Heterogeneity: Tau? = 0.03; Chi = 30.46, df = 8 (P = 0.0002); I = 74% £ 4 s t x
Test for overall effect: Z = 0.63 (P = 0.53) Favours [experimental] Favours [control]
D Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Jensterle 2014 06 24 1 -07 21 14 30.0% 1.30 [-0.49, 3.09] N I E—
Jensterle 2015 -05 13 14 07 1.8 13 35.1%  -1.20[-2.39, -0.01] —
Jensterle 2015a -11 16 14 27 17 14 34.9% 1.60 [0.38, 2.82] . —
Total (95% CI) 39 41 100.0% 0.53 [-1.39, 2.44] *
Heterogeneity: Tau? = 2.34; Chi2 = 11.58, df = 2 (P = 0.003); I* = 83% + t T t t
Test for overall effect: Z = 0.54 (P = 0.59) 4 -2 . 9 2 &
Favours [experimental] Favours [control]
E Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI
Elkind-Hirsch 2008 -44 25 14 12 16 14 205%  -3.20 [-4.75, -1.65] ——
Elkind-Hirsch 2022 -0.92 034 44 0.8 049 23 26.1%  -1.72[-1.94,-1.50] L
Jensterle 2015 -11 586 14 -28 22 13 121% 1.70 [-1.47, 4.87] -1
Jensterle 2015a 11 46 14 -7 97 14 56% 5.90[0.28, 11.52] = =
Liu 2017 -3.19 4 78 -3.53 47 80 21.6% 0.34 [-1.02, 1.70] -
Zheng 2017 -3.08 45 31 -32 65 32 14.0% 0.12 [-2.63, 2.87] S
Total (95% CI) 195 176 100.0% -0.48 [-1.98, 1.03]
Heterogeneity: Tau? = 2.25; Chi = 25.23, df = 5 (P = 0.0001); I = 80% " 1 ) 5 o 5 1=0

Test for overall effect: Z = 0.62 (P = 0.54)

Fig. 5. Meta-analysis of the DHEAS (A), SHBG (B), total testosterone (C), free testosterone (D) and FAI (E)

levels found in this study.
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Fig. 6. Meta-analysis of the total cholesterol (A), HDL (B), LDL (C) and TG (D) levels found in this study.

was associated with a reduction in total cholesterol when compared to placebo (MD = -0.04; 95% CI —0.08 to
0.00; P=0.03) but not metformin (MD=0.01; 95% CI —0.08 to 0.10; P=0.83).

In terms of reduction in total HDL levels, 9 studies (with 325 and 288 subjects from the experimental and
control groups, respectively) were included for analysis. No heterogeneity was presented in the included studies
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(I2=49%, P=0.05), and we used the fixed effects model (Fig. 6B). GLP-1RA intervention was associated with a
reduction in HDL when compared to those given metformin or placebo (MD = -0.02; 95% CI —0.04 to —0.01;
P=0.0001; Fig. 6B). For the subgroup analysis, the studies were classified based on whether the patients from
the control group received metformin or placebo. As shown in Fig. S7B, GLP-1RA intervention was associated
with a reduction in HDL when compared to placebo (MD = —0.02; 95% CI —0.03 to —0.01; P=0.001) but not
metformin (MD = -0.04; 95% CI —-0.07 to —0.01; P=0.83).

In terms of reduction in total LDL levels, 9 studies (with 325 and 288 subjects from the experimental and
control groups, respectively) were included for analysis. No heterogeneity was presented in the included studies
(I2=0%, P=0.98), and we used the fixed effects model (Fig. 6C). GLP-1RA intervention was associated with
a reduction in LDL when compared to those given metformin or placebo (MD =0.01; 95% CI —0.03 to 0.05;
P=0.59; Fig. 6C). For the subgroup analysis, the studies were classified based on whether the patients from the
control group received metformin or placebo. As shown in Fig. S7C, GLP-1RA intervention was not associated
with a reduction in LDL when compared to placebo (MD =0.01; 95% CI —0.03 to —0.06; P=0.001) or metformin
(MD =0.00; 95% CI —0.09 to 0.10; P=0.92).

In terms of reduction in TG levels, 9 studies (with 324 and 283 subjects from the experimental and control
groups, respectively) were included for analysis. Due to the heterogeneity presented in the included studies
(I*=84%, P<0.0001), we used the random effects model (Fig. 6D). GLP-1RA intervention was not associated
with reduction in TG levels when compared to those given metformin or placebo (MD = —0.04; 95% CI —0.18 to
0.09; P=0.50; Fig. 6D). For the subgroup analysis, the studies were classified based on whether the patients from
the control group received metformin or placebo. As shown in Fig. S7D, GLP-1RA intervention was associated
with a reduction in TG when compared to placebo (MD = —0.20; 95% CI —0.18 to 0.09; P=0.001) but not
metformin (MD =0.07; 95% CI —0.05 to 0.18; P=0.26). Funnel plots of reduction in total cholesterol, HDL, LDL
and TG indicated no publication bias (Fig. S8).

Safety assessment of GLP-1RAs

In terms of nausea, 11 studies (with 429 and 378 subjects from the experimental and control groups, respectively)
were included for analysis. Due to the heterogeneity presented in the included studies (I*=52%, P=0.02), we
used the random effects model (Fig. 7A). GLP-1RA intervention was associated with higher nausea events when
compared to the patients given metformin or placebo (OR=3.07; 95% CI 1.56 to 6.03; P=0.02; Fig. 7A). For
the subgroup analysis, the studies were classified based on whether the patients from the control group received
metformin or placebo. As shown in Fig. S9A, GLP-1RA intervention was associated with increased nausea
events when compared to placebo (OR=5.33; 95% CI 1.53 to 18.63; P=0.009) or metformin (OR=2.58; 95% CI
1.15 to 5.76; P=0.02).

In terms of vomiting, 7 studies (with 381 and 329 subjects from the experimental and control groups,
respectively) were included for analysis. No heterogeneity was presented in the included studies (I2=0%,
P=0.92), and we used the fixed effects model (Fig. 7B). GLP-1RA intervention was associated with higher
vomiting events when compared to the patients given metformin or placebo (OR=2.05; 95% CI 1.04 to 4.06;
P=0.04; Fig. 7B). For the subgroup analysis, the studies were classified based on whether the patients from the
control group received metformin or placebo. As shown in Fig. S9B, GLP-1RA intervention was not associated
with increased vomiting events when compared to placebo (OR=5.99; 95% CI 0.32 to 112.41; P=0.23) or
metformin (OR=1.85; 95% CI 0.91 to 3.76; P=0.09).

In terms of diarrhea, 9 studies (with 369 and 319 subjects from the experimental and control groups,
respectively) were included for analysis. No heterogeneity was presented in the included studies (I2=0%,
P=0.39), and we used the fixed effects model (Fig. 7C). GLP-1RA intervention was not associated with higher
diarrhea events when compared to the patients given metformin or placebo (OR=2.06; 95% CI 0.58 to 6.20;
P=0.20; Fig. 7C). For the subgroup analysis, the studies were classified based on whether the patients from the
control group received metformin or placebo. As shown in Fig. S9C, GLP-1RA intervention was not associated
with increased diarrhea events when compared to placebo (OR=13.08; 95% CI 2.06 to 82.80; P=0.006) or
metformin (OR=1.37;95% CI 0.40 to 4.67; P=0.6).

In terms of constipation, 7 studies (with 331 and 279 subjects from the experimental and control groups,
respectively) were included for analysis. No heterogeneity was presented in the included studies (I>=47%,
P=0.09), and we used the fixed effects model (Fig. 7D). GLP-1RA intervention was not associated with higher
constipation events when compared to the patients given metformin or placebo (OR=0.82; 95% CI 0.38 to 1.75;
P=0.60; Fig. 7D). For the subgroup analysis, the studies were classified based on whether the patients from the
control group received metformin or placebo. As shown in Fig. S9D, GLP-1RA intervention was not associated
with increased constipation events when compared to placebo (OR=1.50; 95% CI 0.15 to 15.14; P=0.73) or
metformin (OR=0.75;95% CI 0.33 to 1.70; P=0.49).

In terms of stomachache, 4 studies (with 229 subjects from each of the groups) were included for analysis.
No heterogeneity was presented in the included studies (I=0%, P=0.96), and we used the fixed effects model
(Fig. 7D). GLP-1RA intervention was associated with lower stomachache events when compared to the patients
given metformin or placebo (OR=0.15; 95% CI 0.03 to 0.66; P=0.01; Fig. 7E). In terms of bloating, 4 studies
(with 229 subjects from each of the groups) were included for analysis. No heterogeneity was presented in the
included studies (I>=0%, P=0.78), and we used the fixed effects model (Fig. 7F). GLP-1RA intervention was not
associated with increased bloating events when compared to those given metformin or placebo (OR=0.83; 95%
CI 0.38-1.93; P=0.67; Fig. 7F).

In terms of dizziness, 5 studies (with 276 and 252 subjects from the experimental and control groups,
respectively) were included for analysis. No heterogeneity was presented in the included studies (I2=0%,
P=1.00), and we used the fixed effects model (Fig. 7G). GLP-1RA intervention was associated with increased
dizziness when compared to those given metformin or placebo (OR =5.58; 95% CI 1.23-25.22; P=0.03; Fig. 7G).
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Fig. 7. Meta-analysis of nausea (A), vomiting (B), diarrhea (C), constipation (D), stomachache (E), bloating
(F), dizziness (G), fatigue (H), headache (I) and insomnia (J) found in this study.

In terms of fatigue, 1 study (with 20 subjects from each of the groups) were included for analysis. GLP-1RA
intervention was not associated with fatigue when compared to those given metformin or placebo (OR=0.18;
95% CI 0.01-4.01; P=0.28; Fig. 7H). In terms of headache, 4 studies (with 92 and 68 subjects from the
experimental and control groups, respectively) were included for analysis. Due to the heterogeneity presented in
the included studies (I>=66%, P=0.05), we used the random effects model (Fig. 7I). GLP-1RA intervention was
not associated with increased dizziness events when compared to those given metformin or placebo (OR=1.20;
95% CI 0.05-26.11; P=0.91; Fig. 7I).

In terms of insomnia, 1 study (with 14 subjects from each of the groups) were included for analysis. GLP-
1RA intervention was not associated with insomnia events when compared to the patients given metformin or
placebo (OR =3.22;95% CI 0.12-86.09; P=0.49; Fig. 7]). Funnel plots of nausea, vomiting, diarrhea, constipation,
stomachache, bloating, dizziness, fatigue, headache and insomnia indicated no publication bias (Fig. S10).

Discussion

The findings from our meta-analysis suggested that GLP-1RAs were effective in improving the anthropometric
parameters such as BMI, body weight, WC, WHR and AG, particularly when compared to the patients given
either metformin or placebo. The consistent reductions in BMI and body weight across various studies highlight
the potential of GLP-1RAs in managing PCOS-related conditions, even in populations where metformin has
traditionally been the first-line therapy. These results are clinically significant, as GLP-1RAs may offer an
alternative approach for patients with PCOS. Additionally, the significant reductions in WC and WHR align
with the body of evidence suggesting that the visceral fat is a major contributor to the metabolic complications
associated with PCOS, and GLP-1RAs can help target this specifically.

However, it is important to note the heterogeneity observed in some of the outcomes, particularly for BMI
and body weight reductions. The random-effects model used in the analysis addresses this variation to some
extent, but the underlying causes of the heterogeneity warrant further investigation. Differences in the study
populations, treatment duration and adherence to the different GLP-1RA regimens might have contributed to
the variations observed. For example, the studies included in this meta-analysis involved varying the patient
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profiles, some of which included patients with more advanced metabolic disease conditions, potentially
influencing the degree of weight reduction observed. Future studies could help clarify which specific subgroups
of patients benefited the most from GLP-1RAs, whether this would be based on the baseline BMI, metabolic
health or duration of therapy.

When examining the effects on glucose homeostasis, the results were mixed. While GLP-1RAs were associated
with a reduction in glucose levels at 2 h post-OGTT and a modest decrease in fasting insulin and HOMA-
IR, they were not significantly more effective than metformin in lowering fasting glucose levels. This could be
attributed to the different mechanisms of action of these two drugs. Metformin primarily reduces hepatic glucose
production, while GLP-1RAs enhance insulin secretion in response to meals?*~22, Therefore, in patients where
the fasting glucose is a more dominant feature of their hyperglycemia, metformin may be more appropriate,
while GLP-1RAs could be better suited for those with postprandial hyperglycemia. The hormonal changes
observed in our analysis further contribute to the therapeutic potential of GLP-1RAs, though the impact was less
consistent compared to their effects on anthropometric measurements and glucose regulation. Specifically, no
significant reductions in DHEAS, SHBG and testosterone levels were observed in the overall comparison with
metformin or placebo. However, GLP-1RAs did show a favorable impact on these hormones when compared to
placebo alone. This suggests that while GLP-1RAs may not outperform metformin in managing hormone levels,
they are still beneficial in populations not already treated with metformin?*-26. The heterogeneity observed in the
hormonal analysis may stem from differences in baseline hormonal levels and other concurrent therapies used
by the subjects in the included studies.

In terms of lipid profile management, GLP-1RAs showed modest effects. While total cholesterol and LDL
levels were reduced, there was no significant differences in HDL and triglycerides. This highlights the limited
role that GLP-1RAs play in lipid management, suggesting that additional lipid-lowering therapies may be
necessary for comprehensive metabolic control?’-?. Given that dyslipidemia is a key component of metabolic
syndrome, and cardiovascular outcomes are of the utmost importance in managing such patients, a combination
approach may yield better results than GLP-1RA monotherapy in this aspect®®. Future studies evaluating the
combination of GLP-1RAs with statins or other lipid-lowering agents could provide further insights into the
optimal treatment strategies for such patients.

The safety outcomes of this meta-analysis highlighted significant gastrointestinal and neurological side
effects associated with GLP-1RA interventions®"*2. Notably, we found a significant increase in nausea events
among participants receiving GLP-1RAs compared to those treated with metformin or placebo. This effect was
particularly pronounced when the control group received a placebo. Additionally, vomiting occurrences were
also elevated, although no significant differences were observed in subgroup analyses when comparing to those
given either placebo or metformin. In contrast, GLP-1RAs did not significantly increase the rates of diarrhea,
constipation and bloating, suggesting a relatively favorable gastrointestinal safety profile for these interventions.
Interestingly, there was a notable decrease in stomachache events among those receiving GLP-1RAs. Conversely,
dizziness was more frequently reported in the GLP-1RA group, indicating a potential safety concern in this
domain. Other side effects, including fatigue, headache and insomnia, did not show significant differences when
compared to the control group. Importantly, the funnel plot analysis demonstrated no evidence of publication
bias, enhancing the credibility of our findings. Overall, while GLP-1RAs may offer metabolic benefits in PCOS
management, the increased risk of nausea and dizziness should be carefully considered in clinical practice®.

Overall, our meta-analysis underscores the value of GLP-1RAs as a multifaceted therapeutic option,
particularly in PCOS patients with obesity and IR. However, the variability in efficacy across different metabolic
and hormonal outcomes suggested that individualized treatment strategies should be considered. More robust,
long-term studies are needed to elucidate the long-term safety profiles of GLP-1RAs and their role in combination
therapy for metabolic syndrome. In the meantime, the evidence supports GLP-1RAs as a strong alternative to
metformin, especially in cases where weight loss is a primary treatment goal.

This meta-analysis study had some limitations regarding the efficacy of GLP-1RAs on the anthropometric
measurements, glucose homeostasis and hormonal changes. Notably, the high levels of heterogeneity in
the studies analyzed as well as other measures such as variability in study populations, interventions and
methodologies, could have affected the reliability of the results obtained. While our methods focused on
comparing GLP-1RAs to metformin or placebo, we acknowledge the possibility that additional background
interventions may have been employed across some studies. However, the included studies generally lacked
sufficient detail regarding these concurrent interventions, making it difficult to fully assess their potential impact
on the outcomes. This absence of comprehensive reporting limits our ability to perform stratified or sensitivity
analyses to determine how such interventions may have influenced the observed heterogeneity, particularly
in metabolic and hormonal outcomes. While GLP-1RAs showed significant reductions in BMI, body weight
and WC compared to either metformin or placebo, the lack of consistency in fasting glucose and hormone
levels suggested that the impact of the interventions might have varied significantly across the different patient
groups. Additionally, certain outcomes, such as reductions in DHEAS and total testosterone levels, were not
consistently significant when compared to metformin, highlighting potential variations in responses based on
the comparator group. Although the funnel plots indicated no publication bias, the variability in the findings
calls for caution in interpreting the overall effectiveness of GLP-1RAs under these parameters.

Conclusions

GLP-1RAs are effective in reducing body weight, BMI, and insulin resistance in patients with PCOS, particularly
those with obesity or metabolic complications. These benefits support their role as an alternative or adjunct
to metformin, especially when weight loss is a primary treatment goal. While side effects such as nausea and
dizziness are more common, they are generally manageable and should be weighed against the potential metabolic
improvements. The observed heterogeneity across studies highlights the importance of individualized treatment
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strategies based on patient profiles and therapeutic goals. Clinically, these findings suggest that GLP-1RAs could
be incorporated into PCOS management guidelines, particularly for patients who do not respond adequately
to first-line therapies or present with postprandial hyperglycemia and central obesity. Their integration into
care pathways offers a more tailored approach, potentially improving long-term outcomes. Future research
should focus on identifying the most responsive patient subgroups, evaluating long-term safety, and exploring
combination therapies to enhance metabolic and reproductive outcomes.

Data availability
The data that support the findings of this study are available on request from the corresponding author (Bing
Tan).
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