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Abstract

Background Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a major class of contaminants in recent years.
Pregnant women are more susceptible to the influence of these compounds, which could heighten the risk of
developing gestational diabetes mellitus (GDM). This study aims to conduct an updated systematic review and meta-
analysis to determine the correlation between PFAS exposure during pregnancy and the risk of developing GDM and
delve into their dose-response relationship.

Methods Pubmed, EMBASE, Web of Science, and Cochrane Library databases were searched. Data were statistically
analyzed using Stata 15.0. Fixed-effects (FEM) or random-effects (REM) models were used to combine STD mean
difference (SMD) or odds ratio (OR) and 95% confidence intervals (Cls) according to heterogeneity. Dose-response
meta-analyses were performed when applicable.

Results A total of 12 papers were included in this study. Meta-analysis results indicated significantly higher levels
of PFOA, PFBS, and PFUNDA in GDM patients compared to healthy pregnant women. Pregnant women exposed

to high levels of PFOA and PFBS had a significantly increased risk of developing GDM, with ORs of 1.513 and 1.436,
respectively. Dose-response analyses indicated that for each 1 ng/ml increase in PFOA and PFBS exposure, the risk
of GDM increased by 0.3% and 11.7%, respectively. In contrast, no significant associations were observed between
high exposure to other PFAS compounds, such as PENA, PFHxS, and PFOS, and the development of GDM. Subgroup
analyses suggested that PFOA, PFBS, and PFOS levels were higher in GDM patients from China compared to those
from Western countries. The differences in PFOA and PFOS levels between GDM and normal pregnant women were
more pronounced during late pregnancy.
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Conclusion Exposure to PFOA, PFBS, and PFUNDA during pregnancy is associated with an increased risk of GDM.
Given the elevated risk, particularly in the Chinese population, it is crucial to reduce exposure to these substances,

especially from the preconception period onward.

Keywords Per- and polyfluoroalkyl substances, Pregnancy, Gestational diabetes mellitus, Dose-response relationship

Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS)
are a family of organic pollutants characterized by stable
physicochemical attributes and hydrophobic and oleo-
phobic properties, which can be categorized into straight
and branched PFAS isomers by the presence or absence
of branching in the carbon chain structure. Among
them, the most studied substances are perfluoroocta-
noic acid (PFOA), perfluorooctanesulfonic acid (PFOS),
perfluorohexanesulfonic acid (PFHxS), and perfluorooc-
tanesulfonic acid (PFNA). PFAS are introduced into the
environment through various industrial and consumer
products, such as packaging materials and manufactur-
ing processes, contributing to widespread contamina-
tion. These substances accumulate in plants and enter the
food chain, posing a significant threat to human health
and ecosystems [1]. Studies indicate that certain PFAS
compounds degrade slowly in the environment and can
persist in humans for over a decade, leading to potential
toxicity in multiple organs, including the liver, kidneys,
nervous system, and reproductive system, thus repre-
senting a serious public health concern [2, 3]. Pregnant
women are particularly vulnerable to the effects of PFAS
exposure. The unique physiological changes that occur
during pregnancy may increase susceptibility to these
compounds, potentially elevating the risk of developing
glucose metabolism disorders, such as gestational diabe-
tes mellitus (GDM).

GDM is a metabolic disorder that is diagnosed for the
first time during pregnancy and accounts for approxi-
mately 80% of all cases of hyperglycemia in pregnancy
[4—6]. Galectin-3, a [p-galactoside-binding lectin, has
been implicated in regulating inflammation and insulin
resistance, which are key pathways in the pathogenesis
of GDM [7]. Research suggests that PFAS exposure may
contribute to the development of GDM, and it has been
hypothesized that PFAS may affect hormone synthesis,
placental implantation, and placental transport func-
tion through its action on the placenta, which in turn
affects the development of several pregnancy complica-
tions such as GDM [8]. PFAS may also impact energy
metabolism by disrupting the hormonal balance of the
hypothalamic-pituitary-adrenal (HPA) axis. Most studies
have reported a connection between PFAS and a higher
risk of developing GDM [9-13]. However, a few studies
have found no such link [14-16]. For example, a cohort
study conducted in Spain indicated that PFAS exposure
was significantly and positively correlated with the risk of

developing impaired glucose tolerance but did not neces-
sarily increase the risk of GDM [17].

To date, epidemiologic research on the association
between PFAS exposure during pregnancy and its effects
on glucose homeostasis and GDM remains limited. This
gap in comprehensive studies highlights the importance
of our research. A review in 2020 was the first to analyze
the correlation between PFAS exposure and GDM risk
in pregnant women and indicated a significant associa-
tion between PFOA exposure and an increased risk of
GDM [18]. However, this review included only nine stud-
ies and focused on a limited number of PFAS isoforms.
In recent years, a growing body of studies has expanded
this research, incorporating additional PFAS isoforms
and considering both prenatal and preconception expo-
sure. Thus, the present study aims to conduct an updated
meta-analysis and systematic review, synthesizing the
latest evidence on PFAS exposure and GDM risk while
exploring potential dose-response relationships.

Materials and methods

This meta-analysis was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines to explore the cor-
relation between the dependent variable (PFAS) and the
independent variable (GDM). This study was registered
on the PROSPERO website (ID: CRD42023477293).

Literature search

Four databases (Pubmed, EMBASE, Web of Science, and
Cochrane Library) were searched in this study from their
establishment to October 16, 2023, for all studies explor-
ing the correlation between PFAS and GDM. The search
formula is detailed in the Appendix.

Back-to-back searches were conducted by two inves-
tigators. Additionally, manual searches were conducted
to identify any relevant articles not captured by the
database queries. All articles retrieved from advanced
database searches were imported into Endnote X9 for
management.

Literature screening

Inclusion criteria

Literature exploring the correlation between PFAS expo-
sure during pregnancy and the development of GDM,
or the effect of PFAS exposure on the risk of developing
GDM; exposure substances were PFAS, including but
not limited to PFOA, PFNA, PFOS, PFDA, and PFHxS;
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observation results were GDM, including ORs with 95%
CIs for the association between PFAS exposure and
GDM risk, or PFAS levels in pregnant women with and
without GDM; there was no restriction on the type of lit-
erature, although only studies published in English were
considered.

Exclusion criteria

(1) Studies without full-text availability or those lacking
essential statistical data, such as OR, HR, and 95%
CIL

(2) Animal studies (e.g., pharmacologic or
pharmacokinetic studies);

(3)Non-thesis literature such as case reports, letters,
abstracts, as well as conference papers, reviews, and
meta-analyses;

(4)Repeatedly published literature;

(5)Non-English literature.

Data extraction

Data was independently extracted by two investigators
from studies that met the inclusion/exclusion criteria.
The following information was collected: first author,
year of publication, study site, study type, sample size,
sampling gestational weeks, type of PFAS, duration of
exposure, effect estimates (OR and 95% CI), chemical
analysis methods, and covariates.

Quality assessment

The quality of the included literature was independently
assessed by both investigators using the Newecastle
Ottawa Scale (NOS) [19], including eight items across
three domains: selection, exposure/outcome, and compa-
rability. Each item was rated with a maximum of 1 point
in the selection and exposure/outcome domains and 2
points in the comparability domain [20]. Based on NOS
scores, we categorized the studies into three categories:
high quality (>7 points), moderate quality (4—6 points),
and low quality (<4 points) [21].

Table 1 Dose ranges of substance exposure

PFASs  Study Minimum Maximum
exposure exposure
(ng/mL) (ng/mL)
PFOA Huangfang Xu 2020 2.81 52.29
Nuria Matilla-Santander 2017 0.28 31.64
Lu Zang 2023 794 144
PFOS Huangfang Xu 2020 138 86
Nuria Matilla-Santander 2017 0.28 38.58
Lu Zang 2023 4.15 9.5
PFBS Huangfang Xu 2020 0 3.94
Lu Zang 2023 0.01 0.04
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Statistical analysis

Qualitative meta-analysis was performed when more
than two data groups met the inclusion criteria. Both
unadjusted and adjusted data were extracted from the
original studies. Specifically, unadjusted data were pooled
for univariate analysis, while adjusted data were pooled
for multivariate analysis.

During meta-analysis, fixed-effects (FEM) and ran-
dom-effects (REM) models were used to combine stan-
dardized mean differences (SMD), OR, and 95% CI. OR
was used to estimate risk for all studies, while SMD was
employed to synthesize continuous data. Statistical het-
erogeneity between studies was measured using 1. An
I? value<50% indicated low heterogeneity, and the FEM
was employed for analysis. If I* >50%, indicating high
heterogeneity, the REM was used [22]. In cases of high
heterogeneity, sensitivity analysis or meta-regression was
conducted to explore potential sources of heterogeneity.

Publication bias was assessed using Egger’s linear
regression asymmetry test [23]. All statistical analyses
were conducted using Stata software version 15.0 (Stata-
Corp, College Station, TX, USA). A p-value of <0.05 was
considered statistically significant for all analyses, except
for the Egger test, where a p-value >0.05 was indicative of
no publication bias.

Subgroup analyses were performed when sufficient
data were available. The studies were stratified based
on the following factors: study location (China or other
countries), year of publication (before 2020 or 2020 and
beyond), timing of exposure (preconception, early preg-
nancy, or late pregnancy), and methods of chemical anal-
ysis (HPLC or UPLC).

The dose-response relationship between PFAS expo-
sure and the risk of GDM was analyzed when sufficient
data were available. The generalized least squares method
(GLSM) was used to calculate the OR and its 95% CI for
the risk of developing GDM with different doses of PFAS.
For each 1 ng/mL increase in PFAS exposure, the 95%
CI was calculated using a dose-response approach [24].
Dose-response analysis was conducted using data from
three studies—Xu 2022 [10], Zang 2023 [11], and Matilla-
Santander 2017 [17]—that provided original dose-group
data (Table 1). Studies lacking dose-specific informa-
tion were excluded from this analysis. To assess poten-
tial non-linear relationships between PFAS exposure and
GDM risk, we employed restricted cubic splines (RCS)
with four knots located at the 5th, 35th, 65th, and 95th
percentiles [25]. Non-linearity was evaluated by com-
paring the model fit of the RCS model to a linear model
using likelihood ratio tests. The results indicated that
the linear model provided an adequate fit for the data,
as the non-linear terms were not statistically significant
(p>0.05). Therefore, we adopted the linear assumption
for the dose-response analysis. The GLSM assumes a
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linear or log-linear relationship between PFAS exposure
and GDM risk and that the variance-covariance matrix
of effect estimates is correctly specified, accounting for
correlations between dose levels within each study. To
ensure the robustness of our findings, we conducted sen-
sitivity analyses by excluding studies with extreme dose
ranges or high heterogeneity. These sensitivity analy-
ses confirmed that the results were consistent and not
unduly influenced by any individual study.

Results

Results of literature search and screening

A total of 88 relevant articles were retrieved from the
four databases. After excluding 10 duplicates, 17 articles
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were removed based on title and abstract screening for
the following reasons: 12 were irrelevant to the research
topic, 3 were reviews or meta-analyses, 1 was an animal
study, and 1 was a mechanism study. Upon further read-
ing of the full text, four articles were excluded for the fol-
lowing reasons: 1 was irrelevant to the research topic,
and 3 were meta-analyses. Of the remaining 20 articles,
3 were excluded due to incomplete statistical data, and
5 were excluded as they only included abstract and irrel-
evant exposures or/and results. A total of 12 articles were
finally included in the study (Fig. 1).

[ Identification of studies via databases and registers ]
)
Records removed before
s screening:
§ Records identified from*: (E:\uglg:;)te [COrS renmoved
g g:taigtf;ses(él; )88) Records marked as ineligible
5 g by automation tools (n =10)
= Records removed for other
reasons (n = 0)
\ 4
Records excluded (n = 17)
Records screened N -Not related to the research subject=12
(n=41) -Review or meta analysis=3
-Animal study=1
-Mechanism research=1
\ 4
o ReEorts sought for retrieval Reports excluded (n =4)
= (n=24) -Not related to the research subject=1
5 -Review or meta analysis=3
8 I
(5]
()
Reports assessed for eligibility Reports excluded (n=8)
(n=20) > _Incomplete statistics=3
-Irrelevant exposure and/or outcome=5
3 Studies included in review
3 (n=12)
S Reports of included studies
= (n=12)
—/

Fig. 1 PRISMA flow diagram of the retrieved eligible articles
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Literature characteristics and quality assessment

Table 2 summarizes the characteristics of all articles
included in the analysis. The 12 included articles were
observational studies, of which 6 were cohort studies [9,
12, 14, 15, 17, 26] and 6 were case-control studies [10,
11, 13, 16, 27, 28]. Most of the studies were conducted
in China [10-13, 16, 27, 28], followed by the United
States [9, 26]; some studies were conducted in Canada
[14], Spain [17], and Denmark [15]. Of the 12 studies, 6
were published between 2015 and 2020, and the other 6
were published between 2020 and 2023. One article [9]
was sampled during preconception, 6 [10, 11, 17, 26-28]
in early pregnancy, 2 [13, 15] in late pregnancy, and the
rest did not mention the specific sampling time. Regard-
ing chemical analysis methods, four studies employed
HPLC [9, 12, 15, 17], while six studies utilized UPLC [10,
11, 13, 14, 16, 27]; the remaining studies did not specify
the analytical method. All articles involved PFOA and
PFOS: 11 involved PFNA, 8 involved PFDA, and 11
involved PFHXS, indicating that the above five substances
were the most common substances in PFAS; the remain-
ing substances, such as PFOSA, PFDA, and PFBA, were
mentioned in different articles, respectively. As shown in
Table 3, the quality of the included 12 eligible articles was
assessed: 3 received an NOS score of 8, and 9 received an
NOS score of 9, indicating high quality.

Results of meta-analysis

Correlation between PFOA exposure and GDM

A total of 10 studies reported PFOA levels in both GDM
patients and normal pregnant women. Given the signifi-
cant heterogeneity (I = 98.9%), a random-effect model
(REM) was employed for the analysis. The pooled SMD
was 1.809 (95% CI: 1.106-2.513, p<0.001), indicat-
ing that PFOA levels were significantly higher in GDM
patients compared to normal pregnant women.

In addition, 8 studies reported the correlation between
PFOA exposure levels and the risk of developing GDM.
With moderate heterogeneity (I*> = 51.6%), a random-
effect model was again utilized. The results revealed a
significant correlation between higher PFOA exposure
levels and an increased risk of GDM (OR: 1.513, 95%
CI: 1.248-1.833, p=0.002). For each standard deviation
increase in PFOA exposure, the risk of developing GDM
increased significantly (95% CIL:1.071-1.377, p=0.002).
Similar results were obtained by univariate and multivar-
iate analyses, as shown in Table 4.

Further dose-response analysis demonstrated a lin-
ear relationship between PFOA exposure and GDM risk
in the univariate analysis. Specifically, each 1 ng/mL
increase in PFOA exposure was associated with a 0.3%
increase in the risk of developing GDM (OR:1.003, 95%
CI:0.992, 1.015, p=0.571). After adjusting for covariates
such as maternal age at delivery, sampling time, number
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of previous births, educational level, and lipid levels, the
risk of developing GDM remained elevated (OR:1.021,
95% CI:0.985, 1.059, p=0.257), as shown in Fig. 2A and B.

Correlation between PFBS exposure and GDM

A total of 5 studies examined PFBS levels in GDM
patients and normal pregnant women. Given the sub-
stantial heterogeneity (I* = 90.3%), REM was employed
for the analysis. The pooled SMD was 0.282 (95%
CIL:0.008-0.557, p=0.044), indicating that PFBS levels
were significantly higher in patients with GDM com-
pared to normal pregnant women. Risk analysis of PFBS
exposure revealed that pregnant women exposed to high
levels of PFBS had a significantly increased risk of devel-
oping GDM (OR: 1.436, 95% CI: 1.133-1.820, p=0.003).
This association was consistent across both univariate
and multivariate analyses, as shown in Table 4.

Moreover, dose-response analysis indicated a lin-
ear relationship between PFBS exposure and the risk of
developing GDM, following adjustment for covariates.
Specifically, for each 1 ng/mL increase in PFBS expo-
sure, the risk of developing GDM increased by 11.7%
(OR:1.117, 95% CI:0.988, 1.263, p=0.076), as shown in
Fig. 2C.

Correlation between PFUnDA exposure and GDM

Five studies compared the differences in PFUnDA levels
between GDM patients and normal pregnant women.
Since I?=99.3%, REM was used for analysis. The pooled
SMD was 1.207 (95% CI: 0.082-2.331, p = 0.035), suggest-
ing that PFUnDA levels were significantly higher in GDM
patients than in normal pregnant women. However, the
results of risk data analysis indicated that an increase in
PFUnDA exposure per standard deviation (SD) was not
significantly associated with an increased risk of develop-
ing GDM, as shown in Table 4.

Correlation between PFOS exposure and GDM

A total of 10 articles reported PFOS levels in GDM
patients compared to normal pregnant women. Due to
substantial heterogeneity (I = 98%), REM was applied.
Although PFOS levels were found to be higher in GDM
patients than in normal pregnant women, the difference
was not statistically significant. The pooled SMD was
0.374 (95% CI:-0.123-0.872, p=0.14). Furthermore, the
risk analysis showed no significant association between
PFOS exposure and the risk of developing GDM, as
shown in Table 4.

However, dose-response analysis indicated a linear
relationship between PFOS exposure and the risk of
developing GDM. Specifically, for each 1 ng/mL increase
in PFOS exposure, there was a 0.6% increase in the risk
of developing GDM (OR:1.006, 95% CI:0.987, 1.025,
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Table 3 Quality assessment for all the studies included
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First author Published year

Quality indicators

Total quality scores

Selection Comparability Outcome
Cuilin Zhang 2015 4 2 3 9
Yuxin Wang 2018 4 2 3 9
GuogiYu 2021 4 2 3 9
Huangfang Xu 2020 4 2 3 9
Gabriel D. Shapiro 2016 4 2 2 8
Lu Zang 2023 4 2 3 9
Chenye Xu 2022 4 2 3 9
Nuria Matilla-Santander 2017 4 2 3 9
Damaskini Valvi 2017 4 2 2 8
Yingying Zhang 2023 4 2 3 9
Xin Liu 2019 4 2 3 9
Emma V. Preston 2020 4 2 2 8

Table 4 Results of risk data analysis

PFAS High level Increased exposure
exposure per SD
Combined p Combined p
OR (95% OR (95% Cl)
Cl)
PFOA Univariate 1.319(0.95, 0.098 1.167(0.991, 0.064
1.831) 1.373)
Multivariate 1.625(1.282, 0 1.289(1.057, 0.012
2.06) 1.571)
PFBS Univariate 1.554(1.088, 0.015 /
2.218)
Multivariate 1349 (0.982, 0.065
1.853)
PFUNDA Univariate / 0.947(0.732, 0.679
1.226)
Multivariate 0.935(0.763, 0516
1.145)
PFOS Univariate 0.953 (0.662, 0.789 0.945(0.852, 0.285
1.373) 1.048)
Multivariate  1.213(0.949, 0.123 1.001 (0.902,  0.987
1.549) 1.111)

p=0.526). After adjusting for covariates, the risk of devel-
oping GDM increased, as shown in Fig. 2D and E.

Correlation between exposure to other PFAS substances and
GDM

The results of continuous data analysis showed slightly
decreased dose levels of PFNA, PFHxS, PFHpA, and 8:2
CL-PFESA, and slightly increased dose levels of PFDA,
PFDoA, and 6:2 CL-PFESA in patients with GDM com-
pared to normal pregnant women. However, none of
these differences reached statistical significance (Table 5).
Additionally, the pooled risk data analysis confirmed that
exposure to elevated levels of PENA, PFHxS, and PFDA
in pregnant women was not significantly associated with
an increased risk of developing GDM.

Subgroup analysis

Subgroup analyses were performed for PFOA, PFBS, and
PFOS based on study site, publication year, sampling
period, and methods of chemical analysis, as shown in
Table 6. The results of these analyses revealed that the
combined ORs for PFOA and PFOS in studies conducted
in China were significantly higher than those in studies
from Western countries. This suggested that the expo-
sure levels of PFOA, PEBS, and PFOS were higher among
pregnant women in China, resulting in an elevated risk
of developing GDM compared to Western countries. The
pooled SMD of PFOA and PFOS was significantly higher
than that in the preconception and early pregnancy sub-
groups exposed to the same substances, indicating that
the disparity in exposure levels between GDM patients
and normal pregnant women was more pronounced in
late pregnancy. Furthermore, the combined OR of PFOA
and PFOS in the articles published in the year 2020 and
later was significantly greater than that published before
2020. This suggests that the association between higher
levels of PFOA and PFOS exposure and the risk of devel-
oping GDM may be influenced by the study site and
publication time. Finally, no significant differences were
found in the pooled SMD values for PFOA and PFOS
between studies employing different methods of chemi-
cal analysis.

Sensitivity analysis

Sensitivity analyses were performed on the substances
with high heterogeneity (PFOA and PFDA). The results
indicated that the heterogeneity of PFOA data was
derived from the literature by Zhang 2015 [9] and Xu
2022 [13]. After excluding these two articles, the analy-
sis of continuous data yielded consistent results, with a
recombined SMD of 0.079 (95% CI:0.01-0.149) using
a FEM, and there was no between-study heterogeneity
(I?=17.7%, p = 0.29). The heterogeneity of PFDA data was
derived from the literature [12, 13]. After removing the
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Fig. 2 Dose-response relationship plot between PFAS exposure and GDM. Note: (A) PFOA univariate (B) PFOA multivariate (C) PFBS multivariate (D) PFOS

univariate (E) PFOS multivariate

Table 5 Results of continuity data analysis

PFAS Combined SMD 95% ClI p

PFNA -0.002 -0.074,0.069 0.948
PFHXS -0.111 -0.367,0.144 0.393
PFHPA -0.92 -1.861,0.022 0.055
PFDA 0.056 -0.254,0.366 0.724
PFDoA 0.028 -0.051,0.108 0.485
6:2CL-PFESA 2.057 -0.528,4.642 0.119
8:2CL-PFESA -0.804 -0.281,0.113 0.404

two articles, continuous data analysis yielded the same
result, with a recombined SMD of 0.029 (95% CI:-0.064-
0.121) using a FEM, and there was no between-study het-
erogeneity (I = 0%, p = 0.608).

Publication bias

Publication bias was assessed using Egger’s regression
test on 10 studies reporting PFOS levels. The results sug-
gested p=0.289, indicating no publication bias.

Discussion

Currently, various studies have produced conflicting
results on the relationship between exposure to PFAS
and glucose metabolism disorders, leaving their correla-
tion uncertain.

To address this, we conducted a comprehensive analy-
sis to explore the potential association between PFAS
exposure and the development of GDM. After literature
screening, a total of 12 articles were included, involv-
ing 10,798 pregnant women. The pooled analysis of
continuous data revealed significantly higher levels of
PFOA, PFBS, and PFUnDA in GDM patients compared

to normal pregnant women. Additionally, the pooled
analysis of risk data demonstrated a significant increase
in the risk of developing GDM with higher doses of
PFOA and PFBS exposure. Specifically, for each 1 ng/ml
increase in PFOA and PFBS exposure, the risk of devel-
oping GDM increased by 0.3% and 11.7%, respectively.
However, high exposure to other substances such as
PENA, PFHxS, PFHpA, 8:2 CL-PFESA, PFDA, PFDoA,
and 6:2 CL-PFESA was not significantly correlated with
the development of GDM. Subgroup analyses revealed
that the dose levels of PFOA, PFBS, and PFOS were
higher in GDM patients in the Chinese literature than in
the Western literature, and the risk of GDM in Chinese
pregnant women exposed to the above substances may
also be greater. Moreover, the difference in PFOA and
PFOS levels between GDM patients and normal pregnant
women was more pronounced in late pregnancy com-
pared to preconception and early pregnancy. Regardless
of the pregnancy stage, exposure to PFOA, PFBS, and
PFOS was associated with an increased risk of developing
GDM.

The source of heterogeneity for most substances was
the literature by Xu 2022 [13]. We found that the sam-
pling time of this study was conducted 1-2 d before labor,
while sampling was conducted in early or late pregnancy
in the rest of the literature, suggesting that this may be
the main cause of heterogeneity.

Previous literature has reported that since 2002, there
has been a gradual shift in the production base of PFAS
from North America and Europe to China. By 2006,
China significantly increased its PFAS production from
over 30 tons per year in 2001 to an average of 250—300
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Table 6 Results of subgroup analysis

Methods of chemical

analysis
HPLC

Publication year Sampling period

Study site

PFAS

Preconception Early pregnancy Late pregnancy UPLC

before 2020 2020 and later

Western countries

China

PFOA

0.045

0.045

16.921 (-16.594,

50.435)

0.102 (-0.039,0.243)

2493 (2.045,

2.94)
/

0.535 (-0.166, 3.829 (2617,
5.041)

1.236)

0.759 (-0.602, 2.121)

2405 (1.516,3.294)

Combined SMD (95% Cl)

(-0.135,0.225)

(-0.06,0.149)

/

1.071 (0.709,

1.617)

1.804 (1.436, 2.265)

1.889 (1.503,2.37)

0.952 (0.690, 1.314)  0.862 (0.6, 1.237)

1.954 (1.538,2.483)

Combined OR (95% Cl)

PFOS

0.015

0.004

1.836 (-2.115,
5.787)

0.026 (-0.079,0.132)

0.142 (-0.251,
0.534)

/

0.775 (-0.094,
1.644)

-0.035 (-0.259,

0.005 (-0.188,0.197)

0.529 (-0.136, 1.193)

Combined SMD (95% Cl)

(-0.089,0.118)

(-0.107,0.115)

/

(2025) 25:448

1.156 (0.747,

1.789)

1.207 (0.944, 1.543)

1.281 (0.995,

1.649)

0.887 (0.629,
1.249)

0.976 (0.715, 1.330)

1.253(0.958, 1.641)

Combined OR (95% Cl)

PFBS

/

0.336 (-0.072, 0.744)

0.347 (0.027, /

0.667)

0(-0.302,0.302)

/

0.282 (0.008, 0.557)

Combined SMD (95% Cl)
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tons per year [29]. As the world’s largest producer and
consumer of PFAS, and with its large population, China
faces a heightened risk of PFAS exposure [30]. Studies
have shown that PFAS concentrations in drinking water
and environmental media in China are significantly
higher than in many Western countries, primarily due to
intensive industrial activities and pollution [30]. More-
over, global emission inventories indicate that China
contributes significantly to global PFAS production
and emissions, exacerbating environmental and human
exposure levels [29]. Research on PFAS isomer profiles
in maternal and cord blood samples has underscored
the role of industrial sources and transplacental transfer
in increasing PFAS exposure among Chinese popula-
tions [31]. Our subgroup analysis also revealed that Chi-
nese patients with GDM had higher levels of PFAS than
patients from other regions, suggesting that pregnant
women in China may be at an elevated risk of develop-
ing GDM due to PFAS exposure. Therefore, it is impera-
tive to prioritize the development of advanced industrial
technologies and the restructuring of industrial produc-
tion processes to mitigate the global production of harm-
ful chemicals, particularly in developing countries and
regions. Additionally, the results of our subgroup analysis
on chemical analysis methods indicated that the choice
of detection method did not significantly influence the
overall outcomes of the study.

As Bahreiny [32] noted when examining the relation-
ship between Pro-BNP biomarkers and blood parameters
in patients with heart failure, environmental pollutants
not only impact metabolic health but may also have pro-
found effects on reproductive health. This aligns with
our findings, which suggest that PFAS exposure may
elevate the risk of GDM through a similar mechanism.
The biological mechanism of the correlation between
PFAS and fasting blood glucose (FBQG) is still unclear,
but some studies have indicated that PPAR receptors
are closely related to the regulation of glucose metabo-
lism in vivo [33]. It has been demonstrated that PFAS, 6:2
CI-PFESA, and 8:2 CI-PFESA activate PPARa, PPARp,
and PPARy receptors in mice and humans, and there
are structural differences in the affinities of PFAS iso-
forms and substitutes for the receptors [34—38]. Animal
experiments have demonstrated that exposure to PFOS
and PFOA can increase blood glucose concentrations
and induce insulin resistance in mice by reducing the
level of AKT phosphorylation [39-41]. PENA exposure
can alter the expression level of genes related to hepatic
glucose metabolism in mice, which can lead to glucose
metabolism disorders [42]. Toxicity studies using rat
pancreatic P-cells derived from B-insulinoma cells have
suggested that PFOA may contribute to pancreatic 3-cell
toxicity through the induction of oxidative stress and
mitochondrial dysfunction [43]. The differences in the
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contribution of various PFAS to FBG regulation are likely
attributed to variations in the tissue distribution of PFAS
isomers and substitutes [44], protein binding capacity
[45], PPAR receptor binding capacity [34—38], and the
level of influence on the transcription and expression of
metabolism-related genes [31, 46]. PFNA, in particular,
exhibits intermediate levels of protein binding capacity
[47], PPAR receptor binding affinity [48], and transmem-
brane distribution [38, 49], yet data comparing its ability
to disrupt glucose metabolism with that of other PFAS is
limited. As evidenced by the dysregulation of nitric oxide
(NO) levels in metabolic disorders like polycystic ovary
syndrome (PCOS), PFAS exposure may contribute to
the development of GDM through mechanisms involv-
ing oxidative stress and inflammation [50]. Furthermore,
the potential role of antioxidants in mitigating the effects
of PFAS exposure is supported by studies demonstrat-
ing that melatonin supplementation can reduce oxida-
tive stress and inflammation in diabetic patients [51].
Therefore, our study confirms that PENA does not fully
account for the key component of the combined effect,
highlighting the need for further research to better
understand the mechanisms through which PFAS and its
key components disrupt glucose metabolism.

The results of our study align with those of previous
meta-analyses [18], which also identified a positive corre-
lation between high PFOA exposure and an increased risk
of developing GDM. In contrast, no significant associa-
tion was found between high exposure to PENA, PFHxS,
or PFOS and the risk of developing GDM. However, the
study only included 9 articles up to 2020 and analyzed
only 4 substances, PFOA, PFOS, PFHxS, and PENA.
Moreover, previous studies [52, 53] indicated that high
exposure to PAE, PCB, PBDE, and PFAS all significantly
increased the risk of developing GDM. However, these
studies did not further explore the relationship between
exposure to various types of PFAS and the risk of GDM.
The present study expanded the scope compared to ear-
lier meta-analyses by including more recent literature, a
larger sample size, and a more comprehensive examina-
tion of the correlation between various PFAS exposures
and GDM based on a broader dataset. Additionally, we
performed an analysis of the dose-response relationship
between PFAS exposure and the risk of GDM.

Despite the strengths of our study, several limitations
should be acknowledged. First, the heterogeneity among
studies is evident, possibly due to variations in sampling
time, leading to some level of inconsistency in the meta-
analysis results, warranting careful interpretation. Sec-
ond, the majority of the studies included in this analysis
were conducted in China, which may limit the generaliz-
ability of the findings and impact the comprehensiveness
of the results. Additionally, participants in the included
studies were predominantly recruited from research
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institutions, introducing the possibility of selection bias.
Furthermore, due to the absence or incompleteness of
raw data in some studies, we were unable to impute the
missing data and consequently had to exclude these
studies from the analysis. This limitation prevented us
from incorporating these studies into the meta-analysis,
thereby reducing the sample size and limiting the sta-
tistical power of the analysis. Although all the included
studies were of high quality, these factors should be con-
sidered when interpreting the results. Future research
with more diverse populations and larger sample sizes
is needed to address these gaps. Additionally, previ-
ous research by Bahreiny [54] has explored the poten-
tial impact of thyroid-related diseases on reproductive
health, which provides new ideas for our future research.
Specifically, it raises the possibility that environmental
pollutants such as PFAS may first disrupt thyroid func-
tion and subsequently affect reproductive health, war-
ranting further investigation.

Conclusions

Exposure to PFOA, PFBS, and PFUnDA during preg-
nancy is associated with a significant increase in the
risk of developing GDM. The findings of Bahreiny [55]
regarding the relationship between environmental pol-
lutants and adverse reproductive outcomes underscore
the importance of public health interventions aimed at
mitigating the effects of environmental pollutants, partic-
ularly air pollution, on both metabolic and reproductive
health. Therefore, it is crucial to monitor PFAS exposure
in the environment, regulate PFAS pollution, minimize
their production and use, and promote strategies to pre-
vent exposure in women from the preconception period.
These measures are essential to reducing the incidence of
GDM and safeguarding the health of both mothers and
infants.
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