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ABSTRACT: Gestational diabetes mellitus (GDM) is a type of
diabetes that arises during pregnancy, leading to long-term adverse
consequences for maternal health and fetal development. However,
the specific role of endocrine-disrupting chemicals (EDCs) in the
pathogenesis of GDM remains controversial. This prospective
cohort study sought to investigate how coexposure to bisphenols,
parabens, triclosan (TCS), benzophenone-type UV filters, and
neonicotinoids (NEOs) affects the odds of GDM. Quantile-based
g-computation and Bayesian kernel machine regression showed a
significant inverse relationship between EDC mixtures and the
reduced risk of GDM (OR = 0.34, 95% CI: 0.13−0.87), which was
mainly explained by bisphenol (OR = 0.49, 95% CI: 0.29−0.80)
and paraben (OR = 0.60, 95% CI: 0.40−0.91) exposure. Bisphenol
S (BPS), bisphenol Z (BPZ), ethylparaben (EtP), propylparaben (PrP), and butylparaben (BuP) were identified as key contributors
to the joint effect. In addition, subgroup analyses suggested that the bisphenols-GDM association was more pronounced in younger/
normal-weight participants. The sex-specific impact of exposure to bisphenols on the development of GDM was observed, whereas
the second trimester represented a critical window for EDC exposure. Continued research efforts, focusing on causal pathways and
nonmonotonic relationships, will be crucial to elucidate the complex influence of EDC exposure on the development of GDM.
KEYWORDS: Gestational diabetes mellitus, Endocrine-disrupting chemicals, Mixture exposure analyses, Sex specificity, Sensitive windows

1. INTRODUCTION
Gestational diabetes mellitus (GDM) is a common pregnancy
complication,1 characterized by varying degrees of impaired
glucose tolerance and hyperglycemia,2 which is first recognized
during pregnancy. Maternal hormones, like placental lactogens
and progesterone, have been proven to reduce insulin
sensitivity in pregnant women,3 and this is counteracted by
increased insulin biosynthesis and secretion triggered by
glucose.4,5 GDM occurs if the pancreatic β-cell fails to adapt
to the higher insulin demand of pregnancy.6 Affecting
approximately 14% of pregnant women worldwide,7 GDM
has become a global public health issue and is linked to various
adverse birth outcomes, including preeclampsia, miscarriage,
macrosomia, respiratory distress, and neonatal hypoglyce-
mia.4,8 Importantly, it may also increase the risk of developing
type 2 diabetes mellitus (T2DM) and cardiovascular disease
for mothers later in life, along with metabolic syndrome and
glucose intolerance for their offspring.9−11 Known risk factors
for GDM include advanced age, obesity, ethnicity, smoking,
hypertension, unhealthy lifestyle, and family history of

diabetes.12 Also, emerging evidence indicates that environ-
mental endocrine-disrupting chemicals (EDCs) may be
responsible for the risk of developing GDM.13−15

EDCs are a combination of natural or synthetic chemicals
with similar structure to certain endogenous hormones.11,16

Bisphenols, parabens, triclosan (TCS), benzophenone-type UV
filters, and neonicotinoids (NEOs) are well-known EDCs,
widely utilized in daily consumer goods.17−19 Bisphenols are
basic components for manufacturing plastic bottles, food
packing materials, can linings, and thermal paper.20 As broad-
spectrum antimicrobial preservatives, parabens, and TCS have
extensive applications in personal care products (PCPs),
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pharmaceuticals, and food processing.21,22 Benzophenone-type
UV filters are often added to cosmetics and sunscreens for
their excellent UV-absorbing properties,23 whereas NEOs are
novel insecticides used for crop protection and pest control.24

Given the broad applications, hormonal disorders and
subsequent health issues caused by EDCs have attracted
substantial attention.
Considerable epidemiological studies have linked EDC

exposure to the development of GDM, with controversial or
inconsistent results. For example, a cohort study quantified
four bisphenols in urine samples from 1841 pregnant women,
and found that bisphenol AF (BPAF) was related to elevated
odds of GDM, as well as a positive correlation between
bisphenol S (BPS) and fasting plasma glucose (FPG) levels.25

In contrast, maternal urinary concentration of bisphenol A
(BPA) was reported to have a protective effect against the
development of GDM.26 Two prospective studies from China
revealed that exposure to ethylparaben (EtP) and TCS may
accelerate the pathogenesis of GDM.21,27 Available information
on NEOs and UV filters is limited. Only one nested case-
control study has discovered a potential link between exposure
to NEOs and GDM,24 while perinatal exposure to 2-hydroxy-
4-methoxybenzophenone (BP-3) may contribute to the
reduction in pregnancy glucose levels among subfertile
women.23 Most studies have focused on the effects of a
specific class of chemicals on the development of GDM or
blood glucose levels. Interestingly, recent studies conducted in
US have addressed phenols and parabens as mixtures to
explore the associations of exposure to EDC mixtures with
GDM risk, considering the complexity of practical expo-
sure.28,29 In addition, researchers also emphasized variations in
EDC-GDM links stratified by maternal age, prepregnancy body
mass index (BMI), fetal sex, and pregnancy.30−33

Experimental evidence has indicated that EDC-induced
abnormalities in blood glucose levels are mainly ascribed to
epigenetic alternations and disruptions in hormonal signaling
pathways, including estrogen, androgens, and thyroid hor-
mones.34−37 It is well-established that certain EDCs can
interfere with the hypothalamic-pituitary-thyroid axis, causing
thyroid dysfunction, which in turn leads to glucose intolerance,
insulin resistance, and β-cell dysfunction.2 Oxidative stress and
inflammation may also promote metabolic disorders and
facilitate the development of GDM.8 Moreover, the impact of
EDCs on lipid levels could be an essential mediator of the
increased risk of GDM.10 However, the precise pathogenesis of
glucose fluctuations and GDM remains unclear.
Owing to variations in research method, sample size, target

chemicals, and population characteristics,38−42 the existing
literature on the effects of EDCs on GDM and blood glucose
levels shows substantial discrepancies, making it challenging to
draw definitive conclusions. Besides, studies focusing on a
single selected group of chemicals fail to explore the joint
effects of combined exposure to multiple types of EDCs and
lack a comprehensive understanding of the realistic exposure
profile.43 Thus, in this study, we measured the concentrations
of five typical categories of EDCs (bisphenols, parabens, TCS,
benzophenone-type UV filters, and NEOs) in maternal serum
and investigated how coexposure to EDC mixtures affects the
development of GDM and blood glucose levels. Additionally,
subgroup analyses were conducted to probe the potential
modifications of maternal characteristics and fetal sex on the
EDCs-GDM relationships, along with the window of
susceptibility.

2. MATERIALS AND METHODS

2.1. Study Population
In this prospective cohort study, pregnant women were recruited
between April to May 2022 when they came to Longgang District
Maternity & Child Healthcare Hospital of Shenzhen City for prenatal
care. Eligibility criteria included: (1) ≥ 18 years old; (2) singleton
pregnancy; (3) no reported diagnosis of type 1 or type 2 diabetes or a
family history of diabetes (4) no severe chronic or infectious disease.
After informed consent was provided, all participants were asked to
undergo a physical examination and complete a structured
questionnaire primarily designed to collect demographic information
(e.g., maternal age, educational status, and residential area). During
maternal check-ups, blood samples were collected from participants
by a trained nurse. After centrifugation, the upper serum layer was
transferred to new EP tubes and stored at −20 °C before analysis.
This study was approved by the Ethics Committee of the School of
Public Health (Shenzhen) at the Shenzhen Campus of Sun Yat-Sen
University, Shenzhen, China.

A 75 g oral glucose tolerance test (OGTT)44 was performed to
screen for GDM between 24 and 28 weeks of pregnancy, and
participants were diagnosed with GDM if they met any of the
recommended criteria: (1) fasting plasma glucose (FPG) ≥ 5.1
mmol/L; (2) 1-h plasma glucose (1-h PG) ≥ 10.0 mmol/L; (3) 2-h
plasma glucose (2-h PG) ≥ 8.5 mmol/L. After delivery, detailed
information on pregnancy complications, related indices, and birth
outcomes was extracted from medical records. Out of the 610
participants enrolled, 73 pregnant women were diagnosed with GDM,
and each case was randomly matched with four controls based on
maternal age and fetal sex.43,44 Moreover, 2 cases and 21 controls
were ruled out because of the missing information and inadequate
blood samples. Finally, 71 GDM cases and 271 controls were included
in the subsequent analyses.

2.2. Sample Collection and Measurement
For sample preparation, three cycles of liquid−liquid extraction were
performed to extract target EDCs,45−47 including six bisphenols
(BPA, BPS, bisphenol P [BPP], bisphenol Z [BPZ], BPAF, bisphenol
AP [BPAP]), five parabens (methylparaben [MeP], EtP, propylpar-
aben [PrP], butylparaben [BuP], benzyl paraben [BzP]), TCS, five
benzophenone-type UV filters (2,4-dihydroxybenzophenone [BP-1],
2,2′,4,4′-tetrahydroxybenzophenone [BP-2], BP-3, 2,2′-dihydroxy-4-
methoxybenzophenone [BP-8], 4-hydroxybenzophenone [4-OH-
BP]), and 12 neonicotinoids and associated metabolites (thiacloprid
[THD], imidacloprid [IMI], thiamethoxam [THM], acetamiprid
[ACE], dinotefuran [DIN], clothianidin [CLO], 5-hydroxy-imidaclo-
prid [5-OH-IMI], olefin-imidacloprid [Of-IMI], N-desmethyl-acet-
amiprid [N-dm-ACE], 1-methyl-3-(tetrahydro-3-furylmethyl) urea
[UF], N-desmethyl-thiamethoxam [N-dm-THM], and 6-chloronico-
tinic acid [6-CNA]). Briefly, 500 μL of serum was spiked with mixed
internal standards (50 μL, 100 ng/mL), ammonium acetate buffer
solution (3 mL, 1.0 mol/L), and β-glucuronidase (20 μL, > 100,000
units/mL), and incubated at 37 °C overnight. Following enzymatic
hydrolysis, the mixture was extracted thrice with 3 mL of ethyl
acetate. Subsequently, the supernatant was combined, concentrated,
redissolved in 0.5 mL of methanol/water (6:4, v/v), and filtered
through a 0.22-μm organic membrane.

The separation and quantification of target chemicals was
performed on a 20A high-performance liquid chromatography
(HPLC) system (Shimadzu, Kyoto, Japan) and a Q-trap 6500 triple
quadrupole mass spectrometer (MS/MS, Applied Biosystems,
Waltham, MA, USA), respectively. The mobile phase for NEOs
consisted of 0.1% formic acid (A) and acetonitrile (B), whereas
deionized water (A) and methanol (B) were used to separate the
other chemicals (Table S1−S2). More details on precursor ions,
tandem fragments, specific parameters, and the limit of detection
(LOD) for each target EDC are presented in Table S3−S4.
Information on quality assurance and quality control is also provided
in Supporting Information.
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2.3. Covariates
At enrollment, demographic data and socioeconomic factors of
pregnant women were collected by well-trained staff using structured
questionnaires, and birth outcomes of the fetus, pregnancy
complications, and blood glucose levels were obtained from medical
records. Guided by biological plausibility and existing literature,28,39,48

the following covariates were chosen regardless of statistical
significance: maternal age (continuous), prepregnancy BMI (con-
tinuous), educational status (less than high school, high school,
college and above), place of residence (urban, rural), ethnicity (Han
nationality, minority nationality), and neonatal sex (male, female).
The self-reported prepregnancy weight and height, which were
verified by a nurse, were used to derive prepregnancy BMI. Also,
parity (nulliparous, multiparous) was selected as a covariate due to
the statistical significance between groups (GDM cases and controls)
(Table 1).

2.4. Statistical Analysis
Baseline characteristics of pregnant women were summarized as mean
± standard deviation (SD) for continuous variables and frequencies
and percentages for categorical variables. Concentrations below the
limit of detection (LOD) were adjusted by assigning a value
equivalent to LOD/√2.31,43 Due to the skewed distribution,
concentrations of target analytes were log-transformed to mitigate
interferences introduced by extreme values in subsequent analyses.

Differences between GDM cases and controls were compared using
the Mann−Whitney U test (continuous variables) and Pearson’s Chi-
squared test (categorical variables). Spearman’s correlation analysis
was applied to evaluate pairwise associations among the measured
EDCs.

Quantile-based g-computation (QGC), a combination of weighted
quantile sum (WQS) regression and g-calculation, is designed to
assess the joint effects of multiple exposures on a single outcome and
estimate weights for each exposure variable.49 Unlike traditional linear
models that assume linearity and independence, QGC captures
nonlinear effects and allows for greater flexibility in quantifying the
relative contributions of each factor to the outcome, accommodating
both positive and negative impacts.50−52 WQS requires directional
homogeneity of effects for all exposures, which limits its applicability
in certain cases. Similarly, Bayesian kernel machine regression
(BKMR) model is fitted to explore complex nonlinear relationships
and interactions among exposure variables in high-dimensional data,
providing a deeper insight into how each chemical contributes to the
overall effect.53,54 The overall effect of the mixture is exhibited as the
observed variation in outcome probability when all chemicals are at a
given percentile compared to those at the median level. Considering
the multiple classes of EDCs in this study, the skewed distribution of
target analytes, and the interactions among these chemicals, we
employed QGC to investigate how combined exposure to bisphenols,
parabens, TCS, benzophenone-type UV filters, and NEOs affects the

Table 1. Demographic Characteristics and Plasma Glucose Levels of Participants in This Study (n = 342)

Total (n = 342) GDM cases (n = 71) Controls (n = 271)

Mean ± SDa or N (%) Mean ± SD or N (%) Mean ± SD or N (%) P values

Age (years) 30.4 ± 4.08 30.9 ± 4.11 30.3 ± 4.06 0.309
<30 146 (43) 28 (39) 118 (44) 0.781
30−35 145 (42) 31 (44) 114 (42)
≥35 51 (15) 12 (17) 39 (14)

Prepregnancy BMIb (kg/m2) 21.3 ± 2.85 21.9 ± 3.48 21.1 ± 2.64 0.036
<18.5 43 (13) 7 (10) 36 (13) 0.062
18.5−23.9 251 (73) 48 (68) 203 (75)
≥24 48 (14) 16 (23) 32 (12)

Gestational weight gain (kg) 12.6 ± 4.74 11.6 ± 4.19 12.9 ± 4.85 0.065
Educational status
Less than high school 52 (15) 14 (20) 38 (14) 0.490
High school 42 (12) 8 (11) 34 (13)
College and above 248 (73) 49 (69) 199 (73)

Pregnancy on inclusion
First trimester 57 (17) 16 (23) 41 (15) 0.592
Second trimester 156 (46) 34 (48) 122 (45)
Third trimester 129 (38) 21 (30) 108 (40)

Residential area
Urban 183 (54) 38 (54) 145 (54) 0.998
Rural 159 (47) 33 (47) 126 (47)

Ethnicity
Han nationality 327 (96) 69 (97) 258 (95) 0.469
Minority nationality 15 (4) 2 (3) 13 (5)

Parity
Nulliparous 139 (41) 36 (51) 103 (38) 0.040
Multiparous 192 (56) 32 (45) 160 (59)
Missing 11 (3) 3 (4) 8 (3)

Neonatal sex
Male 184 (54) 36 (51) 148 (55) 0.557
Female 158 (46) 35 (49) 123 (45)

Random blood glucose (mmol/L) 4.72 ± 0.65 4.81 ± 0.60 4.69 ± 0.67 0.042
Fasting plasma glucose (mmol/L) 4.64 ± 0.51 4.87 ± 0.44 4.56 ± 0.51 <0.001
1-h plasma glucose (mmol/L) 8.15 ± 1.63 9.63 ± 1.52 7.77 ± 1.44 <0.001
2-h plasma glucose (mmol/L) 7.19 ± 1.60 8.11 ± 1.62 6.90 ± 1.49 <0.001
aSD: standard deviation. bBMI: body mass index.

Environment & Health pubs.acs.org/EnvHealth Article

https://doi.org/10.1021/envhealth.4c00202
Environ. Health 2025, 3, 271−281

273

pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


risk of developing GDM, and to identify major drivers responsible for
the overall effect; these were further verified by BKMR (combined
effect) and WQS (risk factor) to ensure the robustness of the results.
The P values obtained from QGC model were adjusted using the
Benjamini-Hochberg (BH) method. TCS was incorporated into
parabens when mixture analyses were performed based on specific
chemical classes. Besides, the single EDC-GDM links, as well as linear
and nonlinear relationships, were analyzed using the restricted cubic
spline (RCS) model.

Subgroup analyses were conducted, with pregnant women grouped
by demographic characteristics (maternal age and prepregnancy
BMI), infant sex, and pregnancy; this allowed for the exploration of
vulnerable population, sex-specificity, and the critical window for
EDC exposure. At last, we developed the structural equation model
(SEM) to probe the mediating role of blood glucose level in the
relationship between EDC exposure and the risk of developing GDM.

All analyses were performed using R (version 4.3.1), and a two-sided
P < 0.05 was adopted as the threshold for statistical significance.

3. RESULTS

3.1. Study Population Characteristics
Demographic features and blood glucose levels of pregnant
women are displayed in Table 1. Out of the 342 participants,
the majority had a normal prepregnancy BMI and a high
educational attainment (college and above), with a mean age
of 30.4 years. The average levels for random blood glucose,
fasting plasma glucose, 1-h plasma glucose, and 2-h plasma
glucose were 4.72 mmol/L, 4.64 mmol/L, 8.15 mmol/L, and
7.19 mmol/L, respectively. Compared to non-GDM women,
GDM cases had higher prepregnancy BMI (21.9 vs 21.1 kg/
m2) and blood glucose levels, and were more likely to be

Table 2. Distribution of Serum Concentrations (ng/mL) of Bisphenols, Parabens, Triclosan, Benzophenone-Type UV Filters,
and Neonicotinoids among Pregnant Women with Gestational Diabetes Mellitus (GDM) and Control Subjects from South
China

Total (n = 342) GDM cases (n = 71) Controls (n = 271)

Exposure Median (P25, P75) DRa (%) Median (P25, P75) DR (%) Median (P25, P75) DR (%) P values

Plasticizers
BPA 0.02 (<LODb, 0.07) 57 0.02 (<LOD, 0.06) 52 0.03 (<LOD, 0.07) 58 0.830
BPS 0.04 (0.02, 0.06) 100 0.03 (0.02, 0.04) 100 0.04 (0.03, 0.07) 100 <0.001
BPP 0.07 (0.04, 0.12) 94 0.06 (0.03, 0.12) 94 0.07 (0.04, 0.13) 94 0.369
BPZ 0.06 (0.04, 0.10) 100 0.06 (0.03, 0.08) 100 0.07 (0.04, 0.11) 100 0.120
BPAF 0.01 (0.01, 0.01) 100 0.01 (0.01, 0.01) 100 0.01 (0.01, 0.01) 100 0.076
BPAP 0.04 (0.03, 0.06) 92 0.04 (0.02, 0.07) 89 0.04 (0.03, 0.06) 92 0.350
∑bisphenolsc 0.31 (0.23, 0.42) 100 0.28 (0.19, 0.40) 100 0.32 (0.24, 0.43) 100 0.024
Preservatives
MeP 0.27 (0.13, 0.95) 100 0.26 (0.11, 0.65) 100 0.28 (0.14, 1.00) 100 0.354
EtP 0.10 (0.03, 0.52) 100 0.05 (0.02, 0.29) 100 0.12 (0.03, 0.56) 100 0.032
PrP 0.17 (0.09, 0.47) 100 0.17 (0.08, 0.37) 100 0.17 (0.09, 0.48) 100 0.561
BuP 0.01 (0.01, 0.02) 100 0.01 (0.01, 0.02) 100 0.02 (0.01, 0.02) 100 0.622
BzP 0.002 (0.001, 0.003) 83 0.002 (0.001, 0.003) 86 0.002 (0.001, 0.003) 83 0.053
∑parabensd 0.98 (0.49, 2.42) 100 0.91 (0.43, 1.63) 100 1.02 (0.53, 2.50) 100 0.083
Antimicrobials
TCS 0.20 (0.09, 0.41) 100 0.24 (0.12, 0.49) 100 0.19 (0.08, 0.40) 100 0.377
Benzophenone-type UV filters
BP-1 0.002 (0.001, 0.005) 85 0.002 (0.001, 0.004) 82 0.002 (0.001, 0.005) 86 0.539
BP-2 0.03 (0.02, 0.05) 100 0.04 (0.02, 0.05) 100 0.03 (0.02, 0.05) 100 0.412
BP-3 0.54 (0.32, 1.11) 100 0.43 (0.30, 0.83) 100 0.56 (0.34, 1.20) 100 0.145
BP-8 0.04 (0.03, 0.06) 100 0.04 (0.03, 0.05) 100 0.04 (0.03, 0.06) 100 0.134
4-OH-BP 0.04 (0.02, 0.06) 100 0.04 (0.02, 0.05) 100 0.04 (0.02, 0.06) 100 0.227
∑BPse 0.68 (0.45, 1.27) 100 0.53 (0.37, 0.99) 100 0.74 (0.45, 1.37) 100 0.080
Neonicotinoids
THD 0.02 (0.01, 0.03) 100 0.02 (0.01, 0.03) 100 0.02 (0.01, 0.03) 100 0.681
THM 0.18 (0.06, 0.24) 89 0.18 (0.05, 0.26) 89 0.17 (0.06, 0.23) 90 0.624
CLO 0.08 (0.05, 0.13) 86 0.08 (0.04, 0.13) 79 0.08 (0.06, 0.13) 88 0.366
IMI 0.05 (0.03, 0.08) 76 0.04 (<LOD, 0.06) 72 0.06 (0.03, 0.09) 77 0.003
ACE 0.01 (0.01, 0.02) 87 0.01 (0.01, 0.02) 87 0.02 (0.01, 0.03) 87 0.098
DIN 0.26 (0.16, 0.43) 88 0.24 (0.15, 0.37) 90 0.27 (0.18, 0.45) 87 0.166
5-OH-IMI 0.17 (0.10, 0.27) 82 0.17 (0.09, 0.28) 77 0.17 (0.10, 0.26) 83 0.797
Of-IMI 0.07 (<LOD, 0.12) 70 0.06 (<LOD, 0.12) 61 0.08 (<LOD, 0.13) 72 0.068
N-dm-ACE 0.14 (0.08, 0.27) 92 0.15 (0.06, 0.26) 87 0.14 (0.08, 0.27) 94 0.425
UF 0.02 (<LOD, 0.03) 65 0.02 (<LOD, 0.03) 54 0.02 (<LOD, 0.03) 68 0.028
N-dm-THM 0.34 (0.21, 5.26) 100 0.32 (0.22, 4.58) 100 0.34 (0.21, 5.27) 100 0.938
6-CNA 0.04 (0.03, 0.07) 87 0.04 (0.03, 0.07) 90 0.04 (0.03, 0.07) 86 0.875
∑NEOsf 2.23 (1.40, 6.75) 100 1.94 (1.35, 6.63) 100 2.34 (1.43, 6.81) 100 0.667

aDR: detection rate. bLOD: limit of detection. c∑bisphenols: the sum concentration of BPA, BPS, BPP, BPZ, BPAF, and BPAP. d∑parabens: the
sum concentration of MeP, EtP, PrP, BuP, and BzP. e∑BPs: the sum concentration of BP-1, BP-2, BP-3, BP-8, and 4-OH-BP. f∑NEOs: the sum
concentration of THD, THM, CLO, IMI, ACE, DIN, 5-OH-IMI, Of-IMI, N-dm-ACE, UF, N-dm-THM, and 6-CNA.
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nulliparous (51% vs 38%). No significant differences were
found between GDM cases and healthy controls in maternal
age, educational status, pregnancy, residential area, gestational
weight gain, ethnicity, and neonatal sex.
3.2. Maternal Exposure Status

The distributions of bisphenols, parabens, TCS, benzophe-
none-type UV filters, and NEOs in serum from cases and
controls are summarized in Table 2. Among the target analytes,
detection rates were greater than 80%, except for BPA (57%),
IMI (76%), Of-IMI (70%), and UF (65%), and median values
varied from 0.002 (BzP) to 0.54 ng/mL (BP-3). Of the five
studied classes of EDCs, the exposure profiles were dominated
by NEOs (median: 2.23 ng/mL), followed by parabens (0.98
ng/mL), benzophenone-type UV filters (0.68 ng/mL), bi-
sphenols (0.31 ng/mL), and TCS (0.20 ng/mL). BPP, MeP,
BP-3, and N-dm-THM represented the most abundant
chemicals in the classes of bisphenols, parabens, benzophe-
none-type UV filters, and NEOs, respectively. Generally, the
GDM cases exhibited lower median levels of BPS, EtP, IMI,
and UF than those in controls, and no significant differences
were observed between cases and controls for the remaining

EDCs (Figure S1 and Table 2). After stratifying by pregnancy,
variations in EDC levels between GDM cases and controls
were noted only in the second trimester, where the
concentrations of bisphenols and benzophenone-type UV
filters were higher in the control group (Table S5). The
pairwise correlations between bisphenols and parabens in
serum samples were consistently weak (Figure S2), with
correlation coefficients below 0.3, whereas several pairs of UV
filters and NEOs showed moderate degree of correlations
(coefficients >0.4, P < 0.05), e.g., BP-3 and BP-8 (r = 0.58),
BP-3 and 4-OH-BP (r = 0.55), BP-8 and 4-OH-BP (r = 0.49),
THM and 5-OH-IMI (r = 0.43), and DIN and N-dm-THM (r
= 0.51).
3.3. Associations between EDC Exposure and GDM Risk

The overall effects of the different classes of EDC mixtures on
the risk of GDM, as well as the major contributors, are
presented in Figure 1. In QGC model, a quantile increase in
exposure to six bisphenols was associated with reduced risk of
GDM (OR = 0.49, 95% CI: 0.29−0.80, P = 0.010), whereas
BPS (weight: 48%) and BPZ (18%) contributed most to the
joint effects. Comparable results were noted for BKMR model.

Figure 1. Overall effect of bisphenols, parabens, benzophenone-type UV filters, and neonicotinoids (log-transformed) on the risk of gestational
diabetes mellitus (GDM), and weights of the positive or negative effects for each chemical on the overall effect, as assessed by quantile-based g-
computation (A), weighted quantile sum regression (B), and Bayesian kernel machine regression (C) models.
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Specifically, when exposure to bisphenols was fixed at the 75th
percentile relative to the median value, the odds of GDM
decreased by 23%. For parabens, a one-quantile elevation of
exposure to a mixture of five parabens inversely correlated to
GDM risk (OR = 0.60, 95% CI: 0.40−0.91, P = 0.033), which
was mainly attributed to EtP (40%), BuP (27%), and PrP
(18%) exposure. The BKMR model also suggested that
increasing paraben mixtures from the 50th to 75th percentile
coincided with a 14% reduction in GDM risk. When TCS was

incorporated into parabens (Figure S3), the association of TCS
and parabens with GDM lost statistical significance (OR =
0.60, 95% CI: 0.37−0.95, P = 0.062). Despite the lack of
significant associations of UV filters and NEOs with the risk of
GDM in QGC, fixing the levels of UV filters and NEOs at the
75th percentile resulted in estimated 8% and 23% reductions in
GDM risk, respectively, in comparison with the median status.
When all the examined chemicals were included in QGC

(Figure 2), a notable and negative relationship was observed

Figure 2. Associations between coexposure to all target chemicals (log-transformed) and the risk of gestational diabetes mellitus (GDM), as
assessed by quantile-based g-computation (A) and Weighted quantile sum regression (B) models.

Figure 3. Dose−response relationships between target chemicals (log-transformed) and the risk of gestational diabetes mellitus (GDM), fitted with
restricted cubic spline models (RCS). Four knots were located at the fifth, 35th, 65th, and 95th percentiles.
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between exposure to EDC mixtures and the odds of GDM
(OR = 0.34, 95% CI: 0.13−0.87, P = 0.049). We further
incorporated target EDCs with negative weight into WQS, and
found that bisphenols (BPZ and BPS) and parabens (BuP, EtP,
and PrP) were the key contributors driving the combined
effects of EDCs on GDM risk. Although the QGC model
showed that UV filters-GDM and NEOs-GDM links were null
(P > 0.05), IMI and BP-8 were recognized as potential
protective factors in the WQS. Additionally, Figure 3 illustrates
the correlations between single EDC exposure and GDM risk,
and BPA was excluded owing to the low detection rate. The
levels of BPS and EtP demonstrated significant and negative
linear relationships with the risk of developing GDM, whereas
an inverse U-shape association was found between IMI and
GDM. It is worth noting that BPAF (P = 0.058) and BzP (P =
0.061) exhibited marginal negative correlations with GDM
risk.
3.4. Subgroup Analysis and Mediation Effect

An exploratory analysis regarding the potential effect
modification of maternal characteristics on the mixture-GDM
link is presented in Table S6. The associations between
exposure to bisphenols and GDM risk maintained statistical
significance among pregnant women aged <30 years, as well as
in the group with normal prepregnancy BMI. Also, the
significant relationship between bisphenols and GDM risk (OR
= 0.41, 95% CI: 0.19−0.86, P = 0.038) was observed among
pregnant women with female offsprings, while the significance
of the link became null (P > 0.05) in male offsprings. In
trimester-stratified analyses, each quantile increase in bi-
sphenols was inversely related to the odds of GDM among
pregnant women in the second trimester (OR = 0.46, 95% CI:
0.23−0.93, P = 0.042). The bisphenol-GDM link remained
notable when combined with the first and second trimesters.
Notably, parabens were found to have a negative influence

on 2-h plasma glucose level (Table S7), whereas no other
EDCs were linked to blood glucose indicators. We further
conducted mediation analyses to investigate the mediating role
of blood glucose indicators in the relationship between EDC
mixtures and GDM risk. The results (Figure 4) indicated that
BuP may mitigate the development of GDM by regulating the
increase in 1-h plasma glucose and 2-h plasma glucose levels,

with the proportion of mediation of 34% and 44%,
respectively.

4. DISCUSSION
In this prospective cohort, we measured the levels of five
classes of EDCs in maternal serum (e.g., bisphenols, parabens,
TCS, benzophenone-type UV filters, and NEOs), and
discovered that coexposure to a mixture of EDCs was linked
to a decreased risk of developing GDM. This confounding
effect was mainly attributed to bisphenols (BPS and BPZ) and
parabens (EtP, BuP, and PrP), while IMI and BP-8 were also
identified as important contributors. In subgroup analysis, the
negative relationship between bisphenols and GDM risk was
more pronounced in pregnant women who were younger and
experienced a normal prepregnancy BMI. Furthermore,
pregnant women carrying female fetuses were found to be
more susceptible to bisphenol exposure compared to those
carrying male babies, whereas the second trimester was
identified as a critical window for EDC exposure. The results
from mediation analyses suggested that BuP may manage the
development of GDM by slowing down the increase in blood
glucose levels.
Numerous epidemiological studies have focused on exposure

to EDCs in relation to GDM risk, yielding controversial and
inconclusive results. In this study, QGC and BKMR
demonstrated negative combined effects of EDC exposure on
GDM risk, which were driven by the groups of bisphenols and
parabens. In line with our findings, a nested case-control study
involving 500 pregnant women discovered that exposure to a
mixture of five bisphenols resulted in a decreased risk of
GDM.44 Another birth cohort from China showed that one
unit increase in log-transformed BPA level was related to 27%
reduction in the odds of GDM.26 Likewise, the protective
effect of BPA on the development of GDM has been reported
in a probit-BKMR analysis, which addressed multiple phenols
and parabens as mixtures.29 Conversely, several previous
studies have reached quite different conclusions, proposing
that bisphenol, paraben, and TCS were potential risk factors
associated with the elevated risk of GDM.21,27,28 Evidence also
emerged regarding a null association of bisphenol and paraben
with GDM risk and blood glucose levels.12,55 Although the UV
filters-GDM and NEOs-GDM links were insignificant in this

Figure 4. Mediating effect of plasma glucose levels on the relationship between single exposure to one of the target chemicals and the risk of
gestational diabetes mellitus (GDM), as determined using structural equation models (SEM). 1-h PG: 1-h plasma glucose; 2-h PG: 2-h plasma
glucose.
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study, BP-8 and IMI were still found to have a protective effect
against the development of GDM. Research focusing on the
effects of exposure to UV filters and NEOs on GDM remains
scarce. Only one study revealed a positive association of
coexposure to NEOs and their metabolites with the odds of
GDM, with oxidative stress serving as the underlying
mechanism.24 When it comes to UV filters, only three reports
have investigated the impact of BP-3 on GDM and blood
glucose levels, yielding conflicting results.23,28,29

Heterogeneity across studies and inconsistent results can be
attributed to various factors, including study design (case-
control or cohort), population characteristic, biological sample
(urine or blood), small sample size, target chemical (single or
mixture exposure), and window of exposure assessment.
Currently, most studies have generally examined a single or
class of selected EDCs, and ignored to address the mixed
effects, e.g., synergistic or antagonistic interactions, arising
from coexposure to multiple EDCs; this may lead to a lack of
compressive characterization of gestational EDC exposure and
variations in the EDCs-GDM links.43 Interestingly, two studies
were conducted among subfertile women recruited from a
fertility center, and this group faced a greater risk of GDM
compared to those conceived naturally.23,56 In addition,
potential confounding factors may also have modified the
exposure-outcome relationship. For instance, exposure to
NEOs was accompanied by nutritional benefits from fruit
and vegetable consumption,57 while the use of PCPs was tied
to higher health awareness.58 Differences in diagnostic criteria
for GDM among countries may be an additional reason for the
inevitable discrepancies.12

Significant effect modifications of maternal age and
prepregnancy BMI on bisphenols-GDM correlations were
observed in this study, with protective effects being more
pronounced in younger/normal-weight women relative to
older/obese women. Supported by the available evidence,
advanced age and obesity are typical risk factors for GDM.21,24

In particular, being overweight coincides with decreased
insulin sensitivity and elevated oxidative stress in the body.25

We speculate that the instability of pancreatic β cell and the
interaction of lipids with the effects of EDCs may account for
the observed alternations elicited by prepregnancy BMI.
Consistent with our results, the sex-specific influence of
EDCs has been confirmed in prior work,25,27,32 which could be
explained by discrepancies in sex hormone levels and
sensitivity to diverse hormones.44 Furthermore, it has been
proposed that the midpregnancy might be a window of
sensitivity for EDC exposure, owing to the full formation of the
placenta during this period, along with the subsequent
elevation in placental lactogen and growth hormones.56

The existing experimental data concerning the pathogenesis
of GDM induced by EDC exposure remain fragmented and
inadequate. Hypothesized molecular mechanisms, such as
impaired hormonal homeostasis, oxidative stress, inflamma-
tion, epigenetic modifications, and alternations in gut micro-
biota, are believed to result in pancreatic β-cell dysfunction,
insulin resistance, and metabolic disorders.7,8,59 It is worth
noting that nonmonotonic does-response relationship between
EDCs and outcome has been described in animal and cell-
based studies;60,61 this nonlinear pattern indicates that EDCs-
induced biological and physiological impacts may vary
depending on the exposure does. An in vivo experiment, in
which pregnant rats were exposed to BPA via drinking water,
found that low-dose BPA (0.5 μg/kg BW/day) evoked a rapid

increase in insulin secretion, while high-dose BPA (50 μg/kg
BW/day) resulted in a 40% reduction in insulin secretion.61

Similar trends of low-dose stimulation and high-dose inhibition
have been detected in other trials.62−64 Sharing comparable
molecular structure to estrogen, some EDCs stimulate insulin
synthesis and modulate glucose homeostasis by binding to
estrogen receptors.26 Low-dose EDC exposure could enhance
insulin secretion without triggering β-cell depletion and
peripheral insulin resistance, which alleviated the reduced
insulin sensitivity and higher insulin demand of pregnant
women.3 These mechanisms provide a plausible explanation
for the protective impact of EDC exposure on GDM risk
identified in this study. However, it should be note that if
EDCs were present in doses beyond the physiological range or
in long-term exposure scenarios, adverse effects may occur, like
insulin resistance and disturbances in glucose metabolism,
accelerating the development of GDM.65 Thus, the health
effects of EDCs in response to different exposure levels and
durations require further validation in laboratory studies.
By analyzing the combined influence of five typical classes of

EDCs on the risk of GDM, our study provided a holistic
insight into gestational exposure to EDCs building on the
existing literature. Also, the application of novel models (QGC,
BKMR, and WQS) that allowed for multicollinearity among
chemicals, strengthened the robustness of the results. Never-
theless, this study presents several limitations that warrant
further discussion. First, the exposure assessment relied on the
collection of single-spot serum samples. Given the short half-
life of the target chemicals, a single measurement is unable to
accurately reflect cumulative exposure throughout pregnancy,
while fluctuations in EDC concentrations increase the
likelihood of exposure misclassification. Second, some
confounding factors, like diet and physical activity, and other
unmeasured chemicals, which were not included in our study,
may have altered the exposure-outcome relationship. Hence,
we cannot neglect the possibility of residual confounding.
Finally, the limited sample size in stratified analyses restricted
the statistical power and resulted in relatively wide confidence
intervals, thereby affecting the reliability and precision of the
results. As such, it is imperative for future research to establish
conclusive evidence on the potential protective or detrimental
effects of EDC exposure on the pathogenesis of GDM through
repeated measurements, larger sample sizes, comprehensive
confounding controls, and exploration of underlying mecha-
nisms.

5. CONCLUSIONS
Maternal exposure to a mixture of bisphenols, parabens, TCS,
benzophenone-type UV filters, and NEOs was correlated with
a decreased risk of GDM, in which bisphenols (BPS and BPZ)
and parabens (EtP, BuP, and PrP) represented the major
contributors. Moreover, the bisphenol-GDM relationships
were modified by maternal age and prepregnancy BMI, being
more prominent in younger/normal-weight pregnant women.
Sex-specific and trimester-specific effects of bisphenol exposure
on GDM risk were also observed. In light of the small sample
size, these results should be interpreted with caution, and
further epidemiological and experimental work is needed to
validate our findings and to delve deeper into the causal
relationship between exposure to a mixture of EDCs and
outcomes, together with biological pathways.
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