Mitra et al. Diabetology & Metabolic Syndrome (2024) 16:95 Dia beto]ogy & Metabolic
https://doi.org/10.1186/513098-024-01317-9 Synd rome

Endocrine disrupting chemicals: gestational o
diabetes and beyond

Tridip Mitra', Richa Gulati’, Krithika Ramachandran', Rohan Rajiv?, Elizabeth Ann L. Enninga®, Chris K Pierret?,
Sajeetha Kumari R® and Rajiv Janardhanan'"

Abstract

Gestational Diabetes Mellitus (GDM) has been on the rise for the last two decades along with the growing
incidence of obesity. The ubiquitous use of Endocrine-Disrupting Chemicals (EDCs) worldwide has been associated
with this increase in GDM incidence. Epigenetic modifications such as DNA methylation, histone acetylation,

and methylation have been associated with prenatal exposure to EDCs. EDC exposure can also drive a sustained
disruption of the hypothalamus-pituitary-thyroid axis and various other signaling pathways such as thyroid
signaling, PPARYy signaling, PI3K-AKT signaling. This disruption leads to impaired glucose metabolism, insulin
resistance as well as 3-cell dysfunction, which culminate into GDM. Persistent EDC exposure in pregnant women
also increases adipogenesis, which results in gestational weight gain. Importantly, pregnant mothers transfer these
EDCs to the fetus via the placenta, thus leading to other pregnancy-associated complications such as intrauterine
growth restriction (IUGR), and large for gestational age neonates. Furthermore, this early EDC exposure of the
fetus increases the susceptibility of the infant to metabolic diseases in early life. The transgenerational impact of
EDCs is also associated with higher vascular tone, cognitive aberrations, and enhanced susceptibility to lifestyle
disorders including reproductive health anomalies. The review focuses on the impact of environmental toxins in
inducing epigenetic alterations and increasing the susceptibility to metabolic diseases during pregnancy needs to
be extensively studied such that interventions can be developed to break this vicious cycle. Furthermore, the use
of EDC-associated ExomiRs from the serum of patients can help in the early diagnosis of GDM, thereby leading to
triaging of patients based on increasing risk factor of the clinicopathological condition.

Keywords Gestational diabetes mellitus (GDM), Endocrine-disrupting chemicals (EDCs), Transgenerational impact,
Epigenetic regulation, Exosomal miRNAs

*Correspondence: 3Department of Obstetrics and Gynecology, Mayo Clinic, Rochester, MN,
Rajiv Janardhanan USA

rajivi@srmist.edu.in “Department of Biochemistry and Molecular Biology, Mayo Clinic,
"Division of Medical Research, Faculty of Medicine and Health Sciences, Rochester, MN, USA

SRM Institute of Science and Technology, 603 203 Kattankulathur, Tamil °Department of Obstetrics and Gynecology, Faculty of Medicine and
Nadu, India Health Sciences, SRM Institute of Science and Technology,

“Dietrich School of Arts and Sciences, University of Pittsburgh, 603 203 Kattankulathur, Tamil Nadu, India

15260 Pittsburgh, PA, USA

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13098-024-01317-9&domain=pdf&date_stamp=2024-4-24

Mitra et al. Diabetology & Metabolic Syndrome (2024) 16:95

Introduction

Gestational Diabetes Mellitus (GDM) is known to be the
most common pregnancy complication among women
worldwide and is usually diagnosed in the second or third
trimester of pregnancy. The increasing prevalence of
GDM has been associated with an increase in maternal
obesity and depending on the diagnostic criteria used,
it is known to affect 6-25% of pregnant women [1]. The
standardized prevalence rate of GDM in 2021 across the
world was 14% based on the International Diabetes Fed-
eration Diabetes Atlas, 2021 [2]. Advanced maternal age,
ethnicity, high-carb diets, pre-pregnancy obesity, and a
family history of type 2 diabetes mellitus (T2DM) have
all been identified as risk factors for GDM [3, 4]. Inter-
estingly, more than 50% of GDM patients lack these con-
ventional traits, suggesting the important role of these
environmental variables [5]. However, the precise causes
of GDM still remain unknown.

The increasing use of Endocrine Disrupting Chemicals
(EDCs) also correlates with the rise in the incidence of
GDM. EDCs are specialized exogenous compounds that
have the potential to significantly alter normal endocrine
signals [6]. They share structural similarities with some
endogenous hormones and thus, can cause hormonal
disruptions which result in obesity and related lifestyle
disorders like cardiovascular disorders, T2DM, as well
as developmental and reproductive disorders [6]. EDCs
are widely used in various consumer products like food
packaging, cosmetics, fabrics, water, detergents, and vari-
ous industrial consumables. Humans have been exposed
to these EDCs for many years via diet, agricultural pes-
ticides, and various other daily consumables. Probable
risks to public and human health have been greatly exac-
erbated by the widespread usage of EDCs and their asso-
ciation with chronic disorders [7].

Several EDCs like Bisphenol A (BPA), phthalates, Per-
and Poly-fluoroalkyl Substances (PFAS), heavy metals,
dioxins, parabens, and others have been associated with
disorders such as impaired glucose metabolism, T2DM,
reproductive disorders, cancer, metabolic disorders, cog-
nitive disorders, and hypertension8—11. A growing body
of research indicates that exposure to EDCs is especially
dangerous during pregnancy because it can affect the
fetus, thereby resulting in long-term developmental com-
plications such as intrauterine growth restriction (IUGR)
and preeclampsial2. Particularly, many studies suggest
that exposure to EDCs is directly associated with the
development of GDM among pregnant women13,14.

Pregnancy is accompanied by a minimum amount
of insulin resistance in the body of the mother which is
essential for the development of the fetus. This tightly
regulated pathway is disrupted by the EDCs, which act as
xenobiotic substances affecting the hypothalamus-pitu-
itary-thyroid axis aiding an increased insulin resistance
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in the body of the mother leading to GDM [13, 14]. This
results in hyperglycemic conditions in the maternal body.
Placental exposure to EDCs promotes an alteration of
placental functioning [8] including the disruption in the
expression of placental miRs which is represented by
an altered level of Exosomal micro RNAs (ExomiRs) in
the maternal circulatory system representing placental
health [15]. This leads to severe maternal and fetal out-
comes among patients with GDM [15].

A mother can transfer EDCs to the developing fetus via
the placenta [8]. This early fetal exposure to EDCs can
lead to preterm birth as well as Type 1 Diabetes, obesity,
and cardiovascular disease, and reproductive disorders
in the offspring [9-11] (Fig. 1). Exposure of pregnant
women to EDCs can also lead to various epigenetic mod-
ifications such as histone modifications and DNA meth-
ylation, which are associated with GDM onset among
pregnant women and can hinder fetal development [12].
EDCs particularly disrupt the Hypothalamus-pituitary-
thyroid axis, leading to p-cell dysfunction and impaired
glucose metabolism [13] (Fig. 1). ExomiRs are promising
candidates to act as non-invasive biomarkers and have
been studied extensively in the context of several diseases
[14]. However, there is a dearth of studies associating
EDC exposure with epigenetic modifications, including
alterations in ExomiRs in GDM patients. Exposure to
EDCs has been hypothesized to alter exosomal signal-
ing, which is a crucial mechanism for intercellular com-
munication, and can contribute to GDM development as
these circulating Exo-miRs are a surrogate marker of pla-
cental health in GDM, thereby acting as a placental func-
tion marker [15]. This review compiles the literature on
mechanisms by which exposure to different EDCs results
in GDM and related fetal developmental anomalies. It
also discusses the transgenerational effect resulting from
EDC exposure on children, who are more likely to have
metabolic abnormalities later in life. We also highlight
the role of epigenetic modifications, particularly the
role of ExomiRs, in EDC-induced GDM development,
which is an area in need of future research to develop
non-invasive biomarkers as well as potential therapeu-
tic targets for the prevention of GDM and its conse-
quences. Furthermore, the establishment and utilization
of a federated learning-based system for detecting GDM
by utilizing m-health platforms will enable the most
accurate detection of GDM and provide information on
the software-based distribution of clinical resources as
well as the detection of probable GDM-associated EDCs
even in remote areas [15]. This would in turn help in the
lifestyle interventions to reduce the dietary, behavioral,
and residential exposure of EDCs to men and women of
reproductive age [16] are seen to greatly influence the
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Fig. 1 The various EDCs and their impact on pregnant women. EDCs can affect the hypothalamus-pituitary-thyroid axis and cause thyroid dysfunction,
which in turn results in beta-cell dysfunction, impaired glucose metabolism, and insulin resistance among pregnant women. When the mother is ex-
posed to EDCs, she can transfer them to the fetus via the placenta, which is one of the contributing factors for fetal growth restriction and preterm birth, as
well as later development of cardiovascular and other metabolic disorders in exposed offspring. [EDC=Endocrine-Disrupting Chemical; BPA=Bisphenol
A; PFAS =Per- and Poly-fluoroalkyl Substances; TSH=Thyroid stimulating hormone; TRH=Thyroid reducing hormone]

obstetrics health of women thereby improving pregnancy
outcomes.

Gestation is a critical phase in the life of the mother
and the fetus accompanied by suppressed immune func-
tioning, any alterations during the phase can be the most
probable cause for increased susceptibility in the off-
spring and the development of several complications in
the offspring. This is often linked with the early onset of
insulin resistance in the life of the offspring of mothers
with GDM [9].. Moreover, the offspring of these mothers
are also seen to have a higher basal metabolic index lead-
ing to obesity [9]. These infants are also seen to develop
several anomalies in their early stages of life which
include cardiovascular, respiratory as well as reproduc-
tive disorders [9-11]. This implies the Developmental
Origins of Health and Disease (DOHaD) in offspring and
the importance of the management of GDM.

Literature search process

This review was performed by investigating key research
and review papers presented at conferences and semi-
nars, as well as publications in books, journals, and
various other online resources. The publications for
the literature study were mainly obtained from Google
Scholar, PubMed, Science Direct, Springer, and Research
Gate. This work includes results that were published over
the previous 15 years. The most common keywords used
to find publications were “Endocrine Disruptors,” “Gesta-
tional Diabetes,” and “microRNAs” The term “AND” was
additionally employed when searching for two or more
keywords at the same time, to ensure no relevant publi-
cations were overlooked. The publications were manu-
ally reviewed and then filtered on the basis of the title,
abstract, and content. The type and concentrations of
EDCs mentioned in the study are depicted in tabular for-
mat (Table 1).
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Table 1 List of association of various endocrine disruptors with GDM and other pregnancy outcomes

SI. EDCs Present and their Concentrations Pregnancy Study Samples Refer-
No. complications subjects collected ences
Bisphenols
1. BPA (0.72 ug/L), BPF (1.74 ug/L), BPS (0.30 pg/L), BPAF (0.025 ug/L) GDM Human Urine samples 20
2. BPA (first trimester - 1.39 ug/L and second trimester - 1.27 ug/L GDM Human Urine samples 22
3. BPA (first trimester - 1.23 ug/L and second trimester - 1.01 pg/L) GDM Human Urine samples 23
4, BPA (2.05 ug/g) GDM, Obesity Mice Urine samples 32
5. BPA (0.34 ng/mL) Pre-term births, Humans Cord blood 33
congenital samples
infection
6. BPA (641 ng/mL) GDM Human Urine samples 37
Phthalates
7. MiBP (0.23 ng/mL), MBP (1.08 ng/mL), MBzP (0.15 ng/mL), MEHP (22.2 ng/mL) GDM Human Urine samples 37
8. MEP (0.07 ng/mL), MBzP (0.21 ng/mL), MCPP (0.33 ng/mL) GWG, GDM Human, Rats,  Urine samples 44
Mice, Sheep,
Baboons
9. MEHP (1.2 ng/mL), MEP (0.5 ng/mL) HDP, Obesity Rats Urine samples 50
Per- and Polyfluoroalkyl Substances (PFAS)
10. PFAS (0.02-0.06 ng/mL) GDM, Obesity Mice Blood samples 61
11. PFOS (0.20ng/mL), PFOA (0.20 ng/mL), PFHXS (0.20 ng/mL), PFNA (0.10ng/ GDM Rats Blood samples 62
mL)
12. PFHXS (0.30ng/mL), PFOS (8.31 ng/mL), PFOA (1.71 ng/mL), PFNA (0.66 ng/ GDM Mice Blood samples 63
mL), PFDA (0.26 ng/mL)

13. PFOS (0.20ng/mL), PFAS (0.10ng/mL), PFOA (0.30ng/mL) GWG Human Blood samples 65
14. PFOS (27.2 ng/mL), PFOA (3.31 ng/mL), PFHXS (4.54 ng/mL), PFDA (028 ng/  GDM Mice Serumand cord 123
mL), PENA (0.59 ng/mL) blood samples

Heavy Metals
15. Cr (2.286 pg/L), Mn (2.725 pg/L), Cu (932.164 ug/L), Zn (634.382 ug/L), Cd GDM Human Blood samples 81
(0.096 pg/L)
16. Cd (0.37 pg/L), Pb (1.32 ug/L), Hg (0.93 pg/L) HDP, Obesity, Insu-  Human Blood samples 82
lin resistance
17. As (2.09-24.07 ug/L) GDM Human Blood samples 84
18. As (66 pg/L) Teratogenic effects Human Urine samples 94
19. Hg (11.9 pg/L) GDM Mice Serumand cord 123
blood samples
Parabens
20. MeP (5.13 ng/mL), EtP (0.12 ng/mL), PrP (0.46 ng/mL) GDM, Obesity Mice Urine samples 111
21. MeP (17.96 ug/L), EtP (0.66 pg/L), PrP (0.94 ug/L) GDM Mice Urine samples 112
22. MeP (89.8 ug/L), PrP (19 pg/L), BuP (0.8 pg/L) GDM Human, Urine samples 113
Mice,
Rats
Dioxins
23. PCB (0.005 ng/mL) GDM, Obesity Mice Blood samples 61
24. PCB (1.23 pg/g-lipid) GDM Mice Serumand cord 123
blood samples
Other Endocrine Disruptors
25. DDE (0.5 pg/g-lipid) GDM Mice Serumand cord 123
blood samples
25. Nonylphenols (first trimester 4.10 ng/mL, second trimester 3.31 ng/mL,and ~ GDM, Placenta pre- Human Urine samples 132
third trimester 3.09 ng/mL) via, Preeclampsia,
oligohydramnios
Hyperthyroidism

Abbreviations used in the table: GDM: Gestational Diabetes Mellitus; GWG: Gestational Weight Gain; HDP: Hypertensive Disorders of Pregnancy; BPA: Bisphenol A;
BPF: Bisphenol F; BPS: Bisphenol S; BPAF: Bisphenol AF; MiBP: Mono-isobutyl phthalate; MBP: Monobutyl phthalate; MBzP: Monobenzyl phthalate; MEHP: Mono-
2-ethylhexyl phthalate; MEP: Monoethyl phthalate; MCPP: Mono(3-carboxypropyl) phthalate; PCB: Polychlorinated biphenyls; PFAS: Per- and polyfluoroalkyl
substances; PFOS: Perfluorooctane sulfonic acid; PFOA: Perfluorooctanoic Acid; PFHXS: Perfluorohexanesulfonic acid; PFNA: Perfluorononanoic Acid; PFDA:
Perfluorodecanoic acid; Cr: Chromium; Mn: Manganese; Cu: Copper; Zn: Zinc; Cd: Cadmium; Pb: Lead; Hg: Mercury; As: Arsenic; MeP: Methyl Paraben; EtP; Ethyl
Paraben; PrP: Propyl Paraben; BuP: Butyl Paraben; DDE: Dichlorodiphenyldichloroethylene
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Fig. 2 Exposure to EDCs like BPA, dioxins, phthalates and parabens alter certain microRNAs in maternal serum. BPA and phthalates alter placental microR-
NAs and induce epigenetic modifications such as histone methylation, histone acetylation, and DNA methylation, thereby having a transgenerational
impact. There is a paucity of such epigenetic studies for EDCs like PFAS and heavy metals. [EDC=Endocrine-Disrupting Chemical; BPA=Bisphenol A;

PFAS =Per- and Poly-fluoroalkyl Substances]

Endocrine disrupting chemicals (EDCs) as a
contributing factor to gestational diabetes mellitus
(GDM)

Bisphenol A (BPA)

The EDC with the biggest volume of production world-
wide is BPA, with an emission rate of about 100 tons
annually. Being the primary monomer in polycarbonate
plastics, it is widely used and can enter the body orally
and topically [17]. Various pieces of evidence suggest
that BPA may be hazardous to human health, particularly
for endocrine metabolism, including, but not limited to,
glucose homeostasis [18—20]. Numerous epidemiologi-
cal studies have been conducted across the world to find
a link between the exposure of pregnant women to BPA
and GDM. Some of these are described below, and these
studies have found that the rise in GDM cases can be cor-
related with BPA exposure [21-23].

According to one study, blood glucose levels in sub-
fertile women were positively correlated with BPA expo-
sure during the second trimester of pregnancy [23].
Additionally, among overweight/obese women, sec-
ond-trimester urinary BPA concentrations are directly
linked to their glucose levels [24]. Disruption of mater-
nal glucose homeostasis by BPA is firmly supported by
in vivo research, and this effect is mediated via estrogen
receptor-p activation [25]. Estrogens have a significant
role in increasing p-cell mass during rodent pregnancy
in part due to miR-338-3p suppression [26]. A rodent
study by Wei et al. demonstrates that B.P.A. exposure to
mice leads to a lower expression of serum miR-338 which

consequently suppresses the translation of the protein
PDH1 expression in pancreatic tissues, resulting in an
increasing irregularity of insulin secretion [27] (Fig. 2).
Other in vitro studies have shown that BPA exposure
may contribute to weight gain and the development of
obesity through several pathways, including the prolifera-
tion and differentiation of 3T3L1 preadipocytes [28, 29].
Exposure to BPA is also seen to enhance the expression
of IL6 in 3T3L1 cells [30]. Another study in human adi-
pose stem cells showed that activation of estrogen recep-
tors by BPA leads to the induction of adipogenic genes
(DLK, PPARYy, IGF1, etc.) [31]. Angelo et al. observed
that mice exposed to BPA showed a reduction in adipo-
nectin secretion, thereby leading to obesity [32]. The link
between BPA exposure and obesity has also been noted
in humans. According to the NHANES survey, urine BPA
levels are linked to obesity, which may indirectly con-
tribute to the development of GDM [33]. Furthermore,
an increase in prenatal BPA levels leads to the upregula-
tion of pro-inflammatory cytokines such as TNFa and
IL6 in neonatal cord blood giving rise to insulin resis-
tance and B-cell dysfunction [34]. (Fig. 3). It is also been
demonstrated that BPA in pregestational and gestational
diabetes patients could decrease placental expression
of glucose transporters (GLUT1, GLUT4, and GLUTY9),
whose levels are inversely correlated with maternal body
mass index (BMI) during the course of gestation [35]
(Table 2). Furthermore, exposure to EDCs like BPA is
associated with an altered fibroglandular volume thereby
altering the density of breast tissues [36]. These scattered
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and leads to increased incidence of gestational weight gain and insulin resistance. Pi3K-Akt expression pathway is the most common pathway which is
seen to be disrupted by the EDCs, leading to GDM. [EDC = Endocrine-Disrupting Chemical; BPA=Bisphenol A; PFAS = Per- and Poly-fluoroalkyl Substances;
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fibroglandular breast tissue can often form lumps making
women more susceptible to acquiring breast cancer even
independent of the BMI [37].

Pregnant women can transfer BPA to the developing
fetus via the placenta [38] allowing, exposure to BPA to
have a transgenerational impact (Fig. 2). Exposure to
BPA can lead to epigenetic modifications like miRNA
alterations, increased DNA methylation, and altered his-
tone methylation and acetylation patterns. For instance,
a whole genome study compared the level of expression
of 1349 miRNAs in placental samples from women who
lived in areas that were polluted to those from women
who lived in unpolluted areas using miRNA microarray
technology. In this study, they found that significantly
higher miR-146a expression, which targets genes asso-
ciated with neural disorders, signal transduction, and
cancer, was linked to high placental BPA levels [39] in
the samples from polluted areas (Fig. 2). Other miRNAs
including miR-29a, miR-222, and miR-132 have also been
shown to be increased in GDM and this increase is attrib-
uted to BPA exposure [40, 41], further indicating the util-
ity of using serum miRNAs as non-invasive biomarkers.
Other than miRNA alterations, BPA exposure during rat

pregnancy has also been shown to induce DNA hyper-
methylation of the Igf2 gene in islets of the offspring,
leading to its overexpression [42]. Similarly, another rat
model showed that maternal exposure to BPA caused
demethylation of H3K4 and H3K9 at the PdxI promoter
resulting in a downregulation of pancreatic PdxI expres-
sion in the offspring [43]. Such epigenetic modifications
can cause cardiovascular disorders, diabetes, childhood
obesity, and other metabolic disorders among exposed
infants [12, 44] (Table 2). Additionally, lifestyle modifica-
tions can lead to minimizing the risk of exposure to dif-
ferent bisphenols thereby reducing dietary, behavioral
as well as residential exposure thereby improving the
reproductive health of both men and women [16]. Fur-
thermore, successful interventions in targeting the route
for known exposures of Bisphenols to provide personal-
ized education and support to participants thereby help-
ing them tp replace the items known the be sources of
Bisphenols have been taken by several governing bodies
to improve the health of people [16].
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Phthalates

Since the 1930s, phthalates, also known as phthalic acid
diesters, have been a pervasive class of synthetic com-
pounds used as plasticizers in a variety of consumer
products ranging from plastic bottles to cosmetics [45].
Phthalates do not have covalent bonds with polymers,
therefore they can easily leach into the environment and
enter the human body through ingestion, inhalation,
or cutaneous absorption. Several studies highlighted
below have described the endocrine-disrupting nature
of phthalates, especially the primary priority phthalates,
which can lead to various metabolic and reproductive
disorders among women.

A study in pregnant women demonstrated that
increased gestational weight gain (GWG@G) and decreased
glucose tolerance are linked to higher urinary mono-ethyl
phthalate (MEP), a metabolite of the parent molecule
of di-ethyl phthalate (DEP) [46]. A positive association
between urinary mono-(3-carboxypropyl) phthalate
(MCPP) and GWG in pregnant women has also been
described suggesting that phthalates can act as a precur-
sor to GDM [47]. Mechanistically, phthalates have been
shown to be PPARy agonists (Fig. 3), and activation of
PPARy by phthalates stimulates the proliferation of adi-
pocytes in 3T3L1 cells [48] as well as in primary mouse
bone marrow cells [49]. An in vivo rat study showed that
gestational exposure to the priority phthalate di(2-ethyl-
hexyl) phthalate (DEHP) impaired glucose tolerance in
offspring at 2 months of age [50]. A study by Chen et al.
showed that in GDM-positive rats, di-n-butyl phthalate

Table 2 The table shows epigenetic alterations caused by
various endocrine disruptors leading to GDM

Sl. No. EDCs Present Epigenetic alterations Refer-
ences
1. Bisphenols miR level alterations (miR-146a, 20, 22,
BPA, BPF, BPS, BPAF  miR-29a, miR-222, miR-132), 23,32,
DNA hypermethylation, protein 33,37
demethylation.
2. Phthalates miR level alterations (miR-29a, 37,44,

MiBP, MBP, MBzP,
MEHP, MEP, MCPP

miR-222, miR-132, or miR-16, 50
miR-17, miR-19, and miR-20a,
DNA methylation, DNA methyl

alterations.
3. Per- and Polyfluo-  miRs level alterations, DNA 61,62,
roalkyl Substances methylation changes. 63,65,
PFAS, PFOS, PFHXS, 123
PFNA, PFDA
4. Heavy Metals Altered miR-191 levels, DNA 81,82,
Cr,Mn, Cu, Zn, Cd, methylation alterations. 84,94,
Pb, Hg, As 123
5. Parabens miR level alterations (MiR-15a- 111,
MeP, EtP, PrP, BuP 5p, miR-185, DNA methylation. 112,
113
6. Dioxins miR level alterations (MiR- 61,
PCB 191, miR-103, miR-107), DNA 123
methylation.
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(DBP) increased hyperglycemia among pregnant women
and impaired glucose handling in vivo, while it impaired
FOXM1, decreased B-cell viability, and impaired STAT1
signaling cascade in vitro [51]. Another study in mice
found that DBP exposure significantly increased glu-
cose intolerance and insulin resistance by disrupting
PI3K expression, AKT phosphorylation and decreased
pancreatic GLUT2 expression [52] (Fig. 3). According
to a prospective study, phthalate exposure in a low-risk
cohort of pregnant women was associated with elevated
diastolic blood pressure within the first 20 weeks of preg-
nancy as well as the emergence of Hypertensive Disor-
ders of Pregnancy (HDPs) like gestational hypertension
and pre-eclampsia in the latter stages of pregnancy [53].
In a study by Binder et al., it was shown that exposure to
phthalates like DEP and MEP can also cause an increase
in the breast fibroglandular volume thereby making
women more susceptible to breast cancer [36].

Patients with GDM have altered levels of certain circu-
lating miRNAs or ExomiRs, including miR-29a, miR-222,
miR-132 [41], or miR-16, miR-17, miR-19, and miR-20a
[54]. Another human study found a correlation between
serum phthalates and miR29a expression. Specifically, a
positive correlation was observed between mono-2-eth-
ylhexyl phthalate (MEHP) and miR-29a, wherein both
monobutyl phthalate (MBP) and mono-isobutyl phthal-
ate (MiBP) levels were negatively correlated with miR-29a
levels [40]. An elevated levels of serum miR-29a is seen
in GDM patients compared to serum of non-diabetic
pregnant women [40]. Apart from circulating miRNAs,
phthalates have also been shown to alter the expression
of various placental miRNAs such as miR-185, miR-
142-3p, and miR-15a-5p, thereby leading to GDM among
pregnant women [55] (Fig. 2). Other epigenetic modifica-
tions are also associated with phthalate exposure as has
been noted in animal models. Rats exposed to di(2-eth-
ylhexyl) phthalate (DEHP) showed an increase in global
DNA methylation [50]. A study in mice showed that
gestational phthalate exposure resulted in DNA meth-
ylation alterations in the sperm of F3 offspring and this
increased the transgenerational inheritance of obesity as
well as reproductive disorders [56]. Thus, phthalate expo-
sure contributes to maternal obesity as well as GWG, and
epigenetic modifications underlie these phenotypes [57].
This can eventually lead to insulin resistance and B-cell
dysfunction which has a transgenerational impact. Later
in life, offspring from mothers exposed to phthalates have
an additional risk of developing obesity, diabetes, cardio-
vascular, and reproductive disorders [58] (Table 2). Fur-
thermore, a study by Martin et al., shows that lifestyle
modification changes greatly impact the exposure of men
and women of reproductive age to phthalates thereby
improving their reproductive health [16]. Such types
of lifestyle modifications include prevention of dietary
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exposure (plastic water bottles, plastic kitchenware,
canned food), behavioral exposure (personal care prod-
ucts, cosmetics, dental care), and residential exposure
(PVC pipes, pipes) by providing personalized education
to the people in the society, thereby spreading awareness
among participants in replacement of the product which
are considered as the source of phthalates [16].

Per- and polyfluoroalkyl substances (PFAS)

PFEAS refers to a broad class of synthetic chemicals uti-
lized in consumer and industrial products which includes
shampoo, cosmetics, fast food packaging, non-stick
cooktops, and pesticides [59]. They are resistant to deg-
radation due to the robust carbon-fluorine bonds in their
structure [59]. According to the Stockholm Convention,
the use of PFAS has been phased out in many countries,
however, because they can remain and accumulate in the
environment, they continue to circulate even after their
production has been stopped [60].

Rodent studies demonstrate that high prenatal expo-
sure to PFAS levels including Perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS),
impairs insulin signaling and glucose homeostasis
thereby causing maternal health issues like GDM [61, 62].
For example, female CD-1 mice exposed to low doses of
PFOA in utero had higher levels of leptin and insulin in
their serum at 21 to 33 weeks [63]. This was also true in
humans where women with GDM who had a family his-
tory of T2DM revealed a substantial positive relationship
with PFAS congeners Perfluoroheptanoic acid (PFHpA),
Perfluorododecanoic acid (PFDoDA), Perfluorononanoic
acid (PFNA), and PFOA [64]. Similarly, another study
showed that both impaired glucose tolerance and GDM
were positively correlated with plasma PFOS concentra-
tions [65]. A study of pregnant Danish women showed
a significant association between impaired glycemic
index and elevated serum Perfluorohexane sulfonic acids
(PFHxS) and PFNA concentrations [66]. PFAS exposure
during pregnancy has also been linked to aberrant GWG
as noted by two different human studies [67, 68], and
excessive GWG can increase the risk of GDM. PFAS has
been shown to interact with PPARa, y, and /8 [69] to
induce adipogenesis, leading to obesity among pregnant
women, which further impairs glucolipid metabolism
[70] (Fig. 3). PFAS also acts via other PPAR-independent
mechanisms to cause metabolic alterations like glyco-
gen depletion and mitochondrial dysfunction, which
was seen in pregnant mice exposed to PFAS [71]. Apart
from the well-established role of the thyroid gland in
regulating glucose metabolism, cardiovascular func-
tion, and storage and expenditure of energy [72], it can
also influence pregnancy outcomes and fetal develop-
ment. Importantly, as reviewed in an article by Birru et
al,, PFAS exposure in pregnant women can target the
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hypothalamic-pituitary-thyroid axis and this can con-
tribute to GDM development [13] (Fig. 3). Specifically,
several human studies have found that maternal PFAS
levels were positively associated with thyroid stimulat-
ing hormone (TSH), thereby disrupting thyroid homeo-
stasis, which can alter downstream glucose metabolism
[73-75].

PFAS exposure can be transferred from mother to child
via the placenta and breast milk [76, 77]. In fact, Kupsco
et al., analyzed the ExomiRs in breast milk from mothers
exposed to PFAS and found that PFOS and PENA were
associated with variable expression of certain groups of
miRNAs [78]. There is more extensive literature on the
association of human PFAS exposure with DNA methyla-
tion changes in either maternal serum or umbilical cord
blood samples both at the global [79] as well as candidate
gene levels [80, 81] (Table 2). As reviewed previously, pre-
natal exposure to certain PFAS is associated with adverse
effects on both the mother and the infant, such as HDP,
including preeclampsia, and low birth weight [82]. This
PFAS exposure of the offspring can also disrupt thyroid
function and cause kidney disease, obesity, metabolic and
reproductive disorders [82].

Heavy metals
In 2012, EDCs were divided into several categories by
the World Health Organization (WHO). Of these cat-
egories, the detrimental impact of four heavy metals and
their conjugates, namely cadmium (Cd), arsenic (As),
lead (Pb), and manganese (Mn), have received the most
attention [83]. The sources of these heavy metal con-
taminations include fertilizers, food packaging, industrial
wastes, and fossil fuel combustion [83]. Biomagnification
of metals as a result of dumping of industrial wastes into
water bodies without proper sewage treatment by these
industries serves as a major source of heavy metal expo-
sure [83]. When As and Cd enter the body of an indi-
vidual, they primarily accumulate in the kidneys, liver,
and pancreas, where they affect the specific function of
important enzymes and have a negative impact on glu-
cose metabolism, including glycolysis, glycogenesis, and
gluconeogenesis [84]. Various human studies have shown
that exposure to heavy metals, either alone or in combi-
nation, increases the risk of developing diabetes [84, 85].
A study by NHANES demonstrated a positive correla-
tion of human urinary Cd levels with both BMI and waist
circumference in children and adolescents [86]. More
specifically, women with a higher concentration of pre-
pregnancy urinary Cd values were more susceptible to
developing GDM [87]. While the direct evidence for the
effects of Cd on obesity is not entirely clear from animal
studies, there is a defined role of Cd in impairing adipose
tissue physiology in vivo [88]. In vitro, Cd exposure sig-
nificantly decreased the cell viability of 3T3L1 cells in a
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dose-dependent manner. Cd exposure was also linked
with adipose cell dysfunction including reduced fatty
acid synthesis and lipid degradation [89]. This occurs
due to dysregulated transcription factors, like PPARy
and CEBPa [90], which cause endocrine dysfunction
and alter adipocyte glucose handling, resulting in insulin
resistance [88].

In 2020, Salmeri et al. conducted a systematic review
and meta-analysis on maternal As exposure and GDM
and reported that there is a positive correlation between
both maternal blood and urine As levels with GDM [91].
Mechanistically, Yang et al. demonstrated that expo-
sure of pancreatic-p cells to inorganic arsenite (iAs3+)
activates Nrf2, which reduces reactive oxygen species
(ROS) signaling triggered by glucose, inhibits glucose-
stimulated insulin production and impairs pancreatic
[B-cell function [92]. Furthermore, 8-week male C57BL/6]
mice, exposed to arsenite had an impairment in glucose
metabolism due to miR-191 induced decrease in GLUT4
translocation and inhibition of IRS1/AKT pathway [93].
Similarly, a French cohort study evaluated how GDM
in women without any previous history of diabetes was
affected by prenatal exposure to Pb and Cd and found
that exposure to these heavy metals was positively asso-
ciated with GDM [94]. Exposure to some heavy metals,
such as As and Cd, may exacerbate the “diabetogenic
environment of pregnancy” [95] These metals were posi-
tively correlated with GDM prevalence and identified in
meconium samples from newborns of women with GDM
[95]. Heavy metal exposure alters several other factors
contributing to GDM including oxidative stress, inflam-
mation, PPARY suppression, and alteration of genes asso-
ciated with diabetes [96].(Fig. 3).

There is also a link between prenatal heavy metal expo-
sure and epigenetic alterations in both the placenta and
cord blood. For example, As exposure in early pregnancy
showed a strong correlation with DNA methylation in
newborn’s cord blood DNA [97]. Similarly, early preg-
nancy Cd exposure led to DNA methylation alterations
at specific regions and these changes in offsprings were
sex- as well as race-dependent [98]. Lastly, Pb exposure
prenatally caused DNA hypomethylation in humans [99]
and also caused alterations in miRNA expression in ani-
mal models [100]. By altering the epigenetic mechanisms,
early exposure to these heavy metals can result in detri-
mental long-term consequences including diabetes, obe-
sity, and other diseases among childern [101].

Dioxins

Dioxins are a category of organic compounds that
constitute organoleptically undetected derivatives
of oxanthrene as well as fumarates [102]. Dioxins
generally include Polychlorinated dibenzo-dioxins
(PCDD), Polychlorinated dibenzofurans (PCDEF), and
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2,3,7,8-tetrachloro-dibenzo-p-dioxins (TCDD). They are
discharged into the atmosphere during burning of haz-
ardous occupational wastes in open pits [103].. A part
of the dioxins are metabolized and eliminated from the
human body while the rest gets stored in adipose tissue
as body fat [102]. Hepatic P4501A1 enzyme oxygenates
lyophilic compounds like dioxins by binding with ARNT,
a xenobiotic-responsive element. It then gets translo-
cated to the nucleus and increases the expression of
Cyplal gene [104], which is responsible for converting
polyacrylic aromatic hydrocarbons and aromatic amines
into reactive metabolites. Dioxins are primarily classified
as carcinogenic but they have also been known to cause
non-carcinogenic complications like atherosclerosis,
HDP, and GDM [104].

A multi-center prospective study evaluated the associa-
tion of organic pollutants, including dioxins, and GDM
risk, in over 2000 women during early pregnancy and
found a positive association between chlorinated poly-
chlorinated biphenyls (PCBs) and GDM [64]. Similarly,
another study found that women with high serum lev-
els of PCBs had higher odds of developing GDM [105].
Dioxins have a similar structure to steroid hormones
and can mimic natural hormone function, affecting the
hypothalamus-pituitary axis and altering the endocrine
functioning [102]. Recent shreds of evidence suggest that
aryl hydrocarbon receptor (AHR) plays a vital role in
the pathomechanism of dioxin intoxication [102]. Diox-
ins like TCDD block the synthesis of AHR and modulate
the expression of estrogen-dependent genes leading to
delayed embryonic development [102]. Experiments in
genetic models of Akr null mice demonstrate that dele-
tion of Ahr leads to a significant reduction in plasma
insulin as well as an impairment in insulin sensitivity
[106]. Furthermore, when pregnant mice were exposed
to TCDD, they showed significant downregulation of
serum adiponectin levels, thereby leading to an increase
in GWG [107].

Blood levels of dioxin-like PCBs significantly corre-
late with the expression of miR-191 in pregnant women
residing in areas with high environmental levels of diox-
ins [108] (Fig. 2). miR-191 is known to impair insulin
signaling by decreasing the translocation of GLUT4
in human fetal hepatocytes. Human peripheral blood
mononuclear cells (PBMCs) also demonstrate a dioxin-
induced increase in miR-191. (Fig. 3). Dioxins can also
alter the expression of miR-103 and miR-107 in primary
human lung fibroblasts [103] (Fig. 2). The overexpres-
sion of miR-103 and miR-107 directly regulates insulin
sensitivity and obesity by augmenting the expression of
enzymes such as G6Pase, PEPCK, PC, and FB-(1,6)-Pases
(Table 2). These enzymes act as indicators of increased
gluconeogenesis and are the primary cause of elevated
glucose levels [109], which contributes to the progression
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of GDM. Apart from miRNA expression changes, prena-
tal exposure to dioxins like TCDD also augment global
DNA methylation [110] as well as acetylated H3 levels
[111]. Thus, dioxin exposure poses a risk for transgenera-
tional effects due to epigenetic alterations that will also
affect future generations [112].

Parabens

Parabens are aliphatic esters of para-hydroxybenzoic acid
which are widely used in pharmaceuticals, cosmetics, and
as food preservatives to avoid the growth of hazardous
bacteria and molds [113].. The most common parabens
include methylparaben (MeP), ethylparaben (EtP), pro-
pylparaben (PrP), butylparaben (BuP), and benzyl-substi-
tuted para-hydroxybenzoic acid ester (BzP).

In a study, Ying et al., demonstrated that PrP concen-
trations were considerably higher in the urine of GDM
patients with respect to normal pregnancies [114]. This
is attributed to the stronger estrogenicity of PrP due to
the presence of a side alkyl chain. PrP was also found
to be associated with higher pre-pregnancy BMI lead-
ing to overweight/obesity among women [114]. Another
study of over 1000 pregnant women found a correla-
tion between urinary EtP levels and GDM [115], while
another cohort study found a positive association
between BuP and glucose levels in both first and sec-
ond trimester [116]. In vitro studies show that a mixture
of EDCs containing parabens had an adipogenic effect
on 3T3L1 cells, murine preadipocyte cell line, defined
by oil red O staining [117]. This effect was mediated by
induction of transcription factors including CEBPa and
PPARy. MeP also increased glucose uptake and reduced
lipolysis in 3T3L1 cells [118]. These adipogenic effects
can lead to GWG@, causing women to become more
prone to GDM. Parabens also affect thyroid function as
was shown by a study that found that the level of triiodo-
thyronine (T3) was negatively associated with BuP level
while a decreased concentration of free thyroxine (FT4)
was seen among patients with higher PrP concentrations
[119], which indirectly affects the development of both
obesity and insulin resistance (Fig. 3).

Parabens influence pregnancy outcomes by altering the
expression of maternal microRNAs like miR-15a-5p and
miR-185 [120] thereby causing oxidative stress, apop-
tosis, and insulin growth factor dysfunction in the pla-
centa thereby altering the expression of placental miRs.
MiR-15a-5p was shown to be upregulated in the skeletal
muscles of women with GDM [121]. It targets UCP2,
which normally reduces mitochondrial ROS formation
(Fig. 3). MiR-185 levels were demonstrated to be lower in
the serum and placenta of women with GDM, suggesting
that this miRNA could act as a non-invasive biomarker
[122]. MiR-185 is also strongly associated with lipid
metabolism and cholesterol homeostasis and thus, can
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influence adiposity and GWG. The levels of miR-185 also
correlate with HOMA-IR and altered expression of miR-
185 is directly proportional to the expression of key insu-
lin signaling components like IRS-1, IRS-2, PI3K, and
AKT?2, which promotes insulin resistance [123] (Fig. 2).
Beyond miRNAs, high paraben levels reduce DNA meth-
ylation at the Igf2 locus in the human placenta [124] and
also alter sperm DNA methylation in rat models [125],
suggesting a role for DNA methylation (Table 2), altered
by the effect of parabens, to be passed from parents to
offspring. Interventions on reducing exposure to these
parabens like EtP and BuP by lifestyle modifications can
positively greatly influence maternal thereby decreasing
the prevalence of severe pregnancy outcomes [126].

Other relevant endocrine disruptors

Several other EDCs contribute to a pivotal role in the
incidence of insulin resistance in pregnant women.
Among these, some notable ones, as designated by the
UNEP (United Nations Environment Programme) [83],
and the effect of their exposure on pregnancy outcomes
are discussed in this section.

Organo-chlorinated pesticides like p, p’-dichlorodiphe
nyldichloroethylene (DDE) and p, p’-dichlorodiphenyltri
chloroethane (DDT) are strongly associated with GDM.
The presence of these chlorinated pesticides in the serum
of women was found to be associated with increased
risk of GDM, and these compounds are small enough to
expose the fetus [127]. Mechanistically, these pesticides
have induced pre-adipocyte differentiation in 3T3L1 cells
by increasing the protein expression levels of C/EBPa,
PPARy, AMPKa, and ACC, thereby leading to obesity
[128].

Occupational and environmental exposure to dicar-
boximide fungicides like vinclozolin, act as anti-androgen
substances and play a significant role in disrupting the
normal intra-uterine environment, thereby elevating the
risk for the onset of reproductive, metabolic, and behav-
ioral disorders as demonstrated by a multi-generational
rat model [129]. Another murine study showed that
dietary exposure to fungicides like procymidone lead to
adverse pregnancy outcomes like growth restriction and
caused alterations in glucolipid metabolism in the F1
generation [130].

Exposure of pregnant rats to herbicides like linu-
ron produces anti-androgenic activity and affects the
placental-fetal unit, acting as a causative agent for fetal
growth restriction and defects in male sexual differentia-
tion [131]. Drinking water acts as one of the prominent
modes of exposure to herbicides and women exposed
to herbicidal nitrates before and during pregnancy have
an increased risk for not only GDM but also other preg-
nancy complications like small-for-gestational-age babies
[132].
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Flame retardants like Poly-Brominated Diphenyl Esters
(PBDE) are also endocrine disruptors that interfere
with the intra-uterine environment of pregnant women.
Maternal PBDE exposure was shown to increase the risk
of cryptorchidism in a case-control study [133] and this
was also associated with other maternal and fetal com-
plications like GDM, low birth weight, and prematurity
[133]. Evidence from a human trial demonstrates that
PBDEs readily cross the placenta and interfere with fetal
liver development [134].

Exposure to alkylphenol ethoxylates like p-nonylphe-
nols can interfere with normal pregnancy outcomes,
as was seen in a cohort study demonstrating women
with increased levels of urinary nonylphenols had a sig-
nificantly shorter gestation period [135]. The study fur-
ther showed that nonylphenols significantly related to
increased markers of oxidative and nitrosative stress in
the placenta in pregnancies leading to HDPs like pre-
eclampsia. Additionally, urinary nonylphenols levels in
women during all three trimesters are inversely corre-
lated with maternal weight gain, which leads to further
pregnancy complications like small-for-gestational-age
babies and preterm births [136].

Conclusion

The widespread use of EDCs across the globe has given
rise to an inflation in the occurrence of GDM. Various
pieces of evidence suggest that EDCs like BPA, phthal-
ates, PFAS, heavy metals, and others perturb signaling
pathways, leading to GWG and GDM. EDC exposure
during pregnancy further transmits these harmful
chemicals to the fetus via the placenta, thus inducing
pregnancy-related complications such as preeclampsia,
preterm birth, and other metabolic, cardiovascular, and
reproductive disorders among the infant. This propa-
gates a vicious cycle by having a lasting transgenerational
impact. However, there is a dearth of epigenetic and
translational studies associating EDC exposure and the
development of GDM among pregnant women. Impor-
tantly, to manage the rising burden of GDM, research
focus needs to be shifted toward clinical actions such
as using various Exo-miRs as biomarkers to aid in early
screening as well as timely intervention of GDM at the
community level.

The deployment of integrated technologies such as fed-
erated-based learning systems using m-health platforms
will analyze big data on a spatiotemporal scale, which
forms the rationale for the precision-oriented detec-
tion of GDM along with automated clinical resource
allocation. It will also increase our understanding of the
patterns and processes associated with the preponder-
ance of niche-specific risk factors as well as variations
in susceptibility to EDC-induced GDM. We believe that
future research should focus on the detection of the
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EDC-specific ExomiRs for the diagnosis of GDM and
identification of emergent GDM hotspots at the commu-
nity level. This would provide advice to the administra-
tors at the local, regional and national levels to develop
and deploy niche-specific policies and programs. Finding
the research gaps associated with EDC-induced GDM
and working towards reducing them will help in signifi-
cantly alleviating the burden of GDM. Furthermore, since
ExomiRs act as upstream regulators of proteins [137],
an estimation of dysregulation in the expression levels
of the EDC-associated ExomiRs in the first trimester of
pregnancy can lead to better management of GDM. As
of the currently practiced approaches like the oral glu-
cose tolerance test (IADPSG criteria: fasting plasma
glucose>92 mg/dL, 1 h plasma glucose>180 mg/dL,
2 h plasma glucose>153 mg/dL) and estimation of pro-
tein biomarkers of GDM like HbAlc (5.45%) [138—141].
These various screening criteria which are presently in
use in clinical practice for the diagnosis of GDM gener-
ally detects the pathological condition in patients post-
20 weeks of gestation with the earliest detection being
reported around 13-16 weeks of pregnancy [142]. This
increases the necessity for the early diagnosis of GDM
thereby leading to better management as well as reduc-
tion in the burden of GDM.

Author contributions

TM., RG, and RJ. conceptualized the study and all authors were involved

in the design of the review. TM. and R.G. contributed to the collection of
relevant literature and data. TM, RG, RR, and KR. wrote the first draft of the
manuscript and made the figures. EALLE, CKP, SKR, and RJ. contributed
to the review and editing of the manuscript. All authors read and approved
the final manuscript. All authors contributed to the article and approved the
submitted version.

Funding
Not applicable.

Data availability
Not applicable.

Declarations

Ethical approval
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 October 2023 / Accepted: 21 March 2024
Published online: 26 April 2024

References

1. Sacks DA, Hadden DR, Maresh M, et al. Frequency of gestational diabetes
mellitus at collaborating centers based on IADPSG consensus panel-recom-
mended criteria: the hyperglycemia and adverse pregnancy outcome (HAPO)
study. Diabetes Care. 2012;35(3):526-8. https://doi.org/10.2337/dc11-1641.

2. WangH,LiN, ChiveseT, et al. IDF Diabetes Atlas: estimation of Global and
Regional Gestational Diabetes Mellitus Prevalence for 2021 by International


https://doi.org/10.2337/dc11-1641

Mitra et al. Diabetology & Metabolic Syndrome

20.

(2024) 16:95

Association of Diabetes in Pregnancy Study Group's Criteria. Diabetes Res Clin
Pract. 2022;183:109050. https://doi.org/10.1016/j.diabres.2021.109050.
Farahvar S, Walfisch A, Sheiner E. Gestational diabetes risk factors and long-
term consequences for both mother and offspring: a literature review. Expert
Rev Endocrinol Metab. 2019;14(1):63-74. https://doi.org/10.1080/17446651.2
018.1476135.

Hasbullah FY, Mohd Yusof BN, Shariff ZM, Rejali Z, Yong HY, Mitri J. Factors
associated with dietary glycemic index and glycemic load in pregnant
women and risk for gestational diabetes mellitus. Int J Food Sci Nutr.
2020;71(4):516-24. https://doi.org/10.1080/09637486.2019.1686752.

Bellavia A, Minguez-Alarcédn L, Ford JB, et al. Association of self-reported
personal care product use with blood glucose levels measured dur-

ing pregnancy among women from a fertility clinic. Sci Total Environ.
2019;695:133855. https://doi.org/10.1016/j.scitotenv.2019.133855.

Kassotis CD, Vandenberg LN, Demeneix BA, Porta M, Slama R, Trasande L.
Endocrine-disrupting chemicals: economic, regulatory, and policy implica-
tions. Lancet Diabetes Endocrinol. 2020;8(8):719-30. https://doi.org/10.1016/
$2213-8587(20)30128-5.

Kahn LG, Philippat C, Nakayama SF, Slama R, Trasande L. Endocrine-disrupting
chemicals: implications for human health. Lancet Diabetes Endocrinol.
2020;8(8):703-18. https://doi.org/10.1016/52213-8587(20)30129-7.

Gingrich J, Ticiani E, Veiga-Lopez A. Placenta disrupted: endocrine disrupting
chemicals and pregnancy. Trends Endocrinol Metab. 2020;31(7):508-24.
https://doi.org/10.1016/j.tem.2020.03.003.

Braun JM. Early-life exposure to EDCs: role in childhood obesity and neurode-
velopment. Nat Rev Endocrinol. 2017;13(3):161-73. https://doi.org/10.1038/
nrendo.2016.186.

Miller RG, Costacou T, Orchard TJ. Risk factor modeling for Cardiovascular
Disease in Type 1 diabetes in the Pittsburgh Epidemiology of Diabetes Com-
plications (EDC) study: a comparison with the Diabetes Control and Com-
plications Trial/Epidemiology of Diabetes Interventions and complications
Study (DCCT/EDIC). Diabetes. 2019;68(2):409-19. https://doi.org/10.2337/
db18-0515.

ChenY, Xiao H, Namat A, et al. Association between trimester-specific expo-
sure to thirteen endocrine disrupting chemicals and preterm birth: com-
parison of three statistical models. Sci Total Environ. 2022;851(Pt 2):158236.
https://doi.org/10.1016/j.scitotenv.2022.158236.

Kunysz M, Mora-Janiszewska O, Darmochwat-Kolarz D. Epigenetic Modifica-
tions Associated with exposure to endocrine disrupting chemicals in patients
with gestational diabetes Mellitus. Int J Mol Sci. 2021;22(9). https://doi.
0rg/10.3390/ijms22094693.

Birru RL, Liang HW, Farooq F, et al. A pathway level analysis of PFAS exposure
and risk of gestational diabetes mellitus. Environ Health. 2021;20(1):63.
https://doi.org/10.1186/512940-021-00740-z.

Gulati R, Nandi D, Sarkar K, et al. Exosomes as theranostic targets: implica-
tions for the clinical prognosis of aggressive cancers. Front Mol Biosci.
2022;9:890768. https://doi.org/10.3389/fmolb.2022.890768.

Mitra T, Gulati R, Uppal A, et al. Prospecting of exosomal-miRNA signatures

as prognostic marker for gestational diabetes mellitus and other adverse
pregnancy outcomes. Front Endocrinol (Lausanne). 2023;14:1097337. https://
doi.org/10.3389/fendo.2023.1097337.

Martin L, Zhang Y, First O, et al. Lifestyle interventions to reduce endocrine-
disrupting phthalate and phenol exposures among reproductive age men
and women: a review and future steps. Environ Int. 2022;170:107576. https://
doi.org/10.1016/j.envint.2022.107576.

Menale C, Mita DG, Diano N, Diano S. Adverse effects of Bisphenol A expo-
sure on glucose metabolism regulation. Open Biotechnol J. 2016;10(1):122-
30. https://doi.org/10.2174/1874070701610010122.

Stahlhut RW, Myers JP, Taylor JA, Nadal A, Dyer JA, Vom Saal FS. Experimen-
tal BPA exposure and glucose-stimulated insulin response in adult men

and women. J Endocr Soc. 2018;2(10):1173-87. https://doi.org/10.1210/
j5.2018-00151.

Rochester JR. Bisphenol A and human health: a review of the lit-

erature. Reprod Toxicol. 2013;42:132-55. https://doi.org/10.1016/j.
reprotox.2013.08.008.

Braun JM, Muckle G, Arbuckle T, et al. Associations of prenatal urinary bisphe-
nol A concentrations with child behaviors and cognitive abilities. Environ
Health Perspect. 2017;125(6):067008. https://doi.org/10.1289/EHP984.

Zhang W, Xia W, Liu W, et al. Exposure to Bisphenol a substitutes and Gesta-
tional Diabetes Mellitus: a prospective cohort study in China. Front Endocri-
nol (Lausanne). 2019;10:262. https://doi.org/10.3389/fendo.2019.00262.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 15

Eberle C, Stichling S. Environmental health influences in pregnancy and risk
of gestational diabetes mellitus: a systematic review. BMC Public Health.
2022;22(1):1572. https://doi.org/10.1186/512889-022-13965-5.

Chiu YH, Minguez-Alarcédn L, Ford JB, et al. Trimester-specific urinary bisphe-
nol A concentrations and blood glucose levels among pregnant women
from a fertility clinic. J Clin Endocrinol Metab. 2017;102(4):1350-7. https://doi.
0rg/10.1210/jc.2017-00022.

Bellavia A, Cantonwine DE, Meeker JD, et al. Pregnancy urinary bisphenol-

A concentrations and glucose levels across BMI categories. Environ Int.
2018;113:35-41. https://doi.org/10.1016/j.envint.2018.01.012.
Alonso-Magdalena P, Quesada |, Nadal A. Prenatal exposure to BPA and
offspring outcomes: the Diabesogenic Behavior of BPA. Dose Response.
2015;13(2):1559325815590395. https://doi.org/10.1177/1559325815590395.
Jacovetti C, Abderrahmani A, Parnaud G, et al. MicroRNAs contribute to
compensatory {3 cell expansion during pregnancy and obesity. J Clin Invest.
2012;122(10):3541-51. https://doi.org/10.1172/JCI64151.

Wei J, Ding D,Wang T, Liu Q, Lin Y. MiR-338 controls BPA-triggered pancreatic
islet insulin secretory dysfunction from compensation to decompensation
by targeting Pdx-1. FASEB J. 2017;31(12):5184-95. https://doi.org/10.1096/
f1.201700282R.

Phrakonkham P, Viengchareun S, Belloir C, Lombes M, Artur Y, Canivenc-
Lavier MC. Dietary xenoestrogens differentially impair 3T3-L1 preadipocyte
differentiation and persistently affect leptin synthesis. J Steroid Biochem Mol
Biol. 2008;110(1-2):95-103. https://doi.org/10.1016/}.jsbmb.2008.02.006.
Masuno H, lwanami J, Kidani T, Sakayama K, Honda K. Bisphenol a accelerates
terminal differentiation of 3T3-L1 cells into adipocytes through the phos-
phatidylinositol 3-kinase pathway. Toxicol Sci. 2005,84(2):319-27. https://doi.
0rg/10.1093/toxsci/kf088.

Ariemma F, D'Esposito V, Liguoro D, et al. Low-dose Bisphenol-A impairs
adipogenesis and generates dysfunctional 3T3-L1 adipocytes. PLoS ONE.
2016;11(3):€0150762. https://doi.org/10.1371/journal.pone.0150762.
Ohlstein JF, Strong AL, McLachlan JA, Gimble JM, Burow ME, Bunnell BA.
Bisphenol a enhances adipogenic differentiation of human adipose stromal/
stem cells. J Mol Endocrinol. 2014;53(3):345-53. https://doi.org/10.1530/
JME-14-0052.

Angle BM, Do RP, Ponzi D, et al. Metabolic disruption in male mice due to
fetal exposure to low but not high doses of bisphenol A (BPA): evidence

for effects on body weight, food intake, adipocytes, leptin, adiponectin,
insulin and glucose regulation. Reprod Toxicol. 2013;42:256-68. https://doi.
0rg/10.1016/j.reprotox.2013.07.017.

Carwile JL, Michels KB. Urinary bisphenol A and obesity: NHANES 2003-2006.
Environ Res. 2011;111(6):825-30. https://doi.org/10.1016/j.envres.2011.05.014.
Liao SL, Tsai MH, Lai SH, et al. Prenatal exposure to bisphenol-A is associated
with toll-like receptor-induced cytokine suppression in neonates. Pediatr Res.
2016;79(3):438-44. https://doi.org/10.1038/pr.2015.234.

Stanirowski PJ, Szukiewicz D, Pyzlak M, Abdalla N, Sawicki W, Cendrowski K.
Analysis of correlations between the placental expression of glucose trans-
porters glut-1, GLUT-4 and Glut-9 and selected maternal and fetal parameters
in pregnancies complicated by diabetes mellitus. J Maternal-Fetal Neonatal
Med. 2017;32(4):650-9. https://doi.org/10.1080/14767058.2017.1387897.
Binder AM, Corvalan C, Pereira A, et al. Prepubertal and Pubertal Endocrine-
Disrupting Chemical exposure and breast density among Chilean adoles-
cents. Cancer Epidemiol Biomarkers Prev. 2018;27(12):1491-9. https://doi.
0rg/10.1158/1055-9965.EPI-17-0813.

Lokate M, Peeters PH, Peelen LM, Haars G, Veldhuis WB, van Gils CH. Mam-
mographic density and breast cancer risk: the role of the fat surrounding

the fibroglandular tissue. Breast Cancer Res. 2011;13(5):R103. https://doi.
0rg/10.1186/bcr3044.

Vrrachnis N, Loukas N, Vrachnis D, et al. A systematic review of Bisphenol A
from Dietary and Non-dietary sources during pregnancy and its possible
connection with fetal growth restriction: investigating its potential effects
and the window of fetal vulnerability. Nutrients. 2021;13(7). https://doi.
0rg/10.3390/nu13072426.

De Felice B, Manfellotto F, Palumbo A, et al. Genome-wide microRNA expres-
sion profiling in placentas from pregnant women exposed to BPA. BMC Med
Genomics. 2015;8:56. https://doi.org/10.1186/512920-015-0131-z.
Martinez-Ibarra A, Martinez-Razo LD, Vézquez-Martinez ER, et al. Unhealthy
levels of phthalates and bisphenol A in Mexican pregnant women with ges-
tational diabetes and its association to altered expression of miRNAs involved
with metabolic disease. Int J Mol Sci. 2019;20(13). https://doi.org/10.3390/
ijms20133343.


https://doi.org/10.1016/j.diabres.2021.109050
https://doi.org/10.1080/17446651.2018.1476135
https://doi.org/10.1080/17446651.2018.1476135
https://doi.org/10.1080/09637486.2019.1686752
https://doi.org/10.1016/j.scitotenv.2019.133855
https://doi.org/10.1016/S2213-8587(20)30128-5
https://doi.org/10.1016/S2213-8587(20)30128-5
https://doi.org/10.1016/S2213-8587(20)30129-7
https://doi.org/10.1016/j.tem.2020.03.003
https://doi.org/10.1038/nrendo.2016.186
https://doi.org/10.1038/nrendo.2016.186
https://doi.org/10.2337/db18-0515
https://doi.org/10.2337/db18-0515
https://doi.org/10.1016/j.scitotenv.2022.158236
https://doi.org/10.3390/ijms22094693
https://doi.org/10.3390/ijms22094693
https://doi.org/10.1186/s12940-021-00740-z
https://doi.org/10.3389/fmolb.2022.890768
https://doi.org/10.3389/fendo.2023.1097337
https://doi.org/10.3389/fendo.2023.1097337
https://doi.org/10.1016/j.envint.2022.107576
https://doi.org/10.1016/j.envint.2022.107576
https://doi.org/10.2174/1874070701610010122
https://doi.org/10.1210/js.2018-00151
https://doi.org/10.1210/js.2018-00151
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1289/EHP984
https://doi.org/10.3389/fendo.2019.00262
https://doi.org/10.1186/s12889-022-13965-5
https://doi.org/10.1210/jc.2017-00022
https://doi.org/10.1210/jc.2017-00022
https://doi.org/10.1016/j.envint.2018.01.012
https://doi.org/10.1177/1559325815590395
https://doi.org/10.1172/JCI64151
https://doi.org/10.1096/fj.201700282R
https://doi.org/10.1096/fj.201700282R
https://doi.org/10.1016/j.jsbmb.2008.02.006
https://doi.org/10.1093/toxsci/kfi088
https://doi.org/10.1093/toxsci/kfi088
https://doi.org/10.1371/journal.pone.0150762
https://doi.org/10.1530/JME-14-0052
https://doi.org/10.1530/JME-14-0052
https://doi.org/10.1016/j.reprotox.2013.07.017
https://doi.org/10.1016/j.reprotox.2013.07.017
https://doi.org/10.1016/j.envres.2011.05.014
https://doi.org/10.1038/pr.2015.234
https://doi.org/10.1080/14767058.2017.1387897
https://doi.org/10.1158/1055-9965.EPI-17-0813
https://doi.org/10.1158/1055-9965.EPI-17-0813
https://doi.org/10.1186/bcr3044
https://doi.org/10.1186/bcr3044
https://doi.org/10.3390/nu13072426
https://doi.org/10.3390/nu13072426
https://doi.org/10.1186/s12920-015-0131-z
https://doi.org/10.3390/ijms20133343
https://doi.org/10.3390/ijms20133343

Mitra et al. Diabetology & Metabolic Syndrome

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2024) 16:95

Zhao C, Dong J, Jiang T, et al. Early second-trimester serum miRNA profiling
predicts gestational diabetes mellitus. PLoS ONE. 2011;6(8):23925. https://
doi.org/10.1371/journal.pone.0023925.

Mao Z, Xia W, Huo W, et al. Pancreatic impairment and Igf2 hypermethylation
induced by developmental exposure to bisphenol A can be counteracted by
maternal folate supplementation. J Appl Toxicol. 2017;37(7):825-35. https://
doi.org/10.1002/jat.3430.

Chang H, Wang D, Xia W, et al. Epigenetic disruption and glucose homeosta-
sis changes following low-dose maternal bisphenol A exposure. Toxicol Res
(Camb). 2016;5(5):1400-9. https://doi.org/10.1039/c6tx00047a.

Grzeda E, Matuszewska J, Ziarniak K, et al. Animal Foetal Models of Obesity
and Diabetes - from Laboratory to clinical settings. Front Endocrinol (Laus-
anne). 2022;13:785674. https://doi.org/10.3389/fendo.2022.785674.

Koch HM, Lorber M, Christensen KLY, Pélmke C, Koslitz S, Briining T. Identify-
ing sources of phthalate exposure with human biomonitoring: results of

a 48 h fasting study with urine collection and personal activity patterns.
Int J Hyg Environ Health. 2013;216(6):672-81. https://doi.org/10.1016/j.
ijheh.2012.12.002.

James-Todd TM, Meeker JD, Huang T, et al. Pregnancy urinary phthalate
metabolite concentrations and gestational diabetes risk factors. Environ Int.
2016;96:118-26. https://doi.org/10.1016/j.envint.2016.09.009.
Rodriguez-Carmona Y, Cantoral A, Trejo-Valdivia B, et al. Phthalate exposure
during pregnancy and long-term weight gain in women. Environ Res.
2019;169:26-32. https://doi.org/10.1016/j.envres.2018.10.014.

Feige JN, Gelman L, Rossi D, et al. The endocrine disruptor monoethyl-hexyl-
phthalate is a selective peroxisome proliferator-activated receptor gamma
modulator that promotes adipogenesis. J Biol Chem. 2007,282(26):19152-66.
https://doi.org/10.1074/jbc.M702724200.

Watt J, Schlezinger JJ. Structurally-diverse, PPARy-activating environmental
toxicants induce adipogenesis and suppress osteogenesis in bone mar-
row mesenchymal stromal cells. Toxicology. 2015;331:66-77. https://doi.
0rg/10.1016/j.tox.2015.03.006.

Rajesh P, Balasubramanian K. Phthalate exposure in utero causes epigenetic
changes and impairs insulin signalling. J Endocrinol. 2014;223(1):47-66.
https://doi.org/10.1530/JOE-14-0111.

Chen M, Zhao S, Guo WH, et al. Maternal exposure to Di-n-butyl phthal-

ate (DBP) aggravate gestational diabetes mellitus via FoxM1 suppression

by pSTAT1 signalling. Ecotoxicol Environ Saf. 2020;205:111154. https://doi.
0rg/10.1016/j.ecoenv.2020.111154.

Deng T, Zhang Y, Wu Y, et al. Dibutyl phthalate exposure aggravates type 2
diabetes by disrupting the insulin-mediated PI3K/AKT signaling pathway.
Toxicol Lett. 2018;290:1-9. https://doi.org/10.1016/j.toxlet.2018.03.004.
Werner EF, Braun JM, Yolton K, Khoury JC, Lanphear BP. The association
between maternal urinary phthalate concentrations and blood pressure

in pregnancy: the HOME Study. Environ Health. 2015;14:75. https://doi.
0rg/10.1186/512940-015-0062-3.

ZhuY, Tian F, Li H, Zhou Y, Lu J, Ge Q. Profiling maternal plasma microRNA
expression in early pregnancy to predict gestational diabetes mellitus.

Int J Gynaecol Obstet. 2015;130(1):49-53. https://doi.org/10.1016/j.
ijgo.2015.01.010.

Addo KA, Palakodety N, Hartwell HJ, Tingare A, Fry RC. Placental microRNAs:
responders to environmental chemicals and mediators of pathophysiology of
the human placenta. Toxicol Rep. 2020;7:1046-56. https://doi.org/10.1016/j.
toxrep.2020.08.002.

Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner MK. Plastics derived
endocrine disruptors (BPA, DEHP and DBP) induce epigenetic transgenera-
tional inheritance of obesity, reproductive disease and sperm epimutations.
PLoS ONE. 2013;8(1):e55387. https://doi.org/10.1371/journal.pone.0055387.
Stel J, Legler J. The role of epigenetics in the Latent effects of early life
exposure to obesogenic endocrine disrupting chemicals. Endocrinology.
2015;156(10):3466-72. https://doi.org/10.1210/en.2015-1434.

Alejandro EU, Mamerto TP, Chung G, et al. Gestational diabetes Mellitus: a
harbinger of the vicious cycle of diabetes. Int J Mol Sci. 2020;21(14). https://
doi.org/10.3390/ijms21145003.

Sunderland EM, Hu XC, Dassuncao C, Tokranov AK, Wagner CC, Allen JG.

A review of the pathways of human exposure to poly- and perfluoro-

alkyl substances (PFASs) and present understanding of health effects. J

Expo Sci Environ Epidemiol. 2019;29(2):131-47. https://doi.org/10.1038/
s41370-018-0094-1.

Pinas V, Van Dijk C, Weber R. Inventory and action plan for PFOS and related
substances in Suriname as basis for Stockholm Convention implementation.
Emerg Contam. 2020,6:421-31. https://doi.org/10.1016/j.emcon.2020.10.002.

£

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 13 of 15

Yan S, Zhang H, Zheng F, Sheng N, Guo X, Dai J. Perfluorooctanoic acid expo-
sure for 28 days affects glucose homeostasis and induces insulin hypersensi-
tivity in mice. Sci Rep. 2015;5:11029. https://doi.org/10.1038/srep11029.
Fang X, Gao G, Xue H, Zhang X, Wang H. Exposure of perfluorononanoic
acid suppresses the hepatic insulin signal pathway and increases serum
glucose in rats. Toxicology. 2012;294(2-3):109-15. https://doi.org/10.1016/].
tox.2012.02.008.

Hines EP, White SS, Stanko JP, Gibbs-Flournoy EA, Lau C, Fenton SE. Pheno-
typic dichotomy following developmental exposure to perfluorooctanoic
acid (PFOA) in female CD-1 mice: low doses induce elevated serum leptin
and insulin, and overweight in mid-life. Mol Cell Endocrinol. 2009;304(1-
2):97-105. https://doi.org/10.1016/j.mce.2009.02.021.

Rahman ML, Zhang C, Smarr MM, et al. Persistent organic pollutants and
gestational diabetes: a multi-center prospective cohort study of healthy

US women. Environ Int. 2019;124:249-58. https://doi.org/10.1016/j.
envint.2019.01.027.

Matilla-Santander N, Valvi D, Lopez-Espinosa MJ, et al. Exposure to
Perfluoroalkyl substances and metabolic outcomes in pregnant women:
evidence from the Spanish INMA birth cohorts. Environ Health Perspect.
2017;125(11):117004. https://doi.org/10.1289/EHP1062.

Jensen RC, Glintborg D, Timmermann CAG, et al. Perfluoroalky! substances
and glycemic status in pregnant Danish women: the Odense Child Cohort.
Environ Int. 2018;116:101-7. https://doi.org/10.1016/j.envint.2018.04.010.
Marks KJ, Jeddy Z, Flanders WD, et al. Maternal serum concentrations of
perfluoroalkyl substances during pregnancy and gestational weight gain:
the Avon Longitudinal Study of parents and children. Reprod Toxicol.
2019;90:8-14. https://doi.org/10.1016/j.reprotox.2019.08.003.

Mitro SD, Sagiv SK, Rifas-Shiman SL, et al. Per- and polyfluoroalkyl substance
exposure, Gestational Weight Gain, and Postpartum Weight changes in Proj-
ect viva. Obes (Silver Spring). 2020;28(10):1984-92. https://doi.org/10.1002/
oby.22933.

Li CH, Ren XM, Cao LY, Qin WP, Guo LH. Investigation of binding and activity
of perfluoroalkyl substances to the human peroxisome proliferator-activated
receptor /6. Environ Sci Process Impacts. 2019;21(11):1908-14. https://doi.
0rg/10.1039/c9em00218a.

Liu H, HuW, Li X, et al. Do perfluoroalkyl substances aggravate the occur-
rence of obesity-associated glucolipid metabolic disease? Environ Res.
2021;202:111724. https://doi.org/10.1016/j.envres.2021.111724.

Blake BE, Cope HA, Hall SM, et al. Evaluation of maternal, embryo, and
placental effects in CD-1 mice following gestational exposure to Perfluorooc-
tanoic Acid (PFOA) or hexafluoropropylene oxide dimer acid (HFPO-DA or
GenX). Environ Health Perspect. 2020;128(2):27006. https://doi.org/10.1289/
EHP6233.

Parsons J, Sparrow K, Ismail K, Hunt K, Rogers H, Forbes A. Experiences of ges-
tational diabetes and gestational diabetes care: a focus group and interview
study. BMC Pregnancy Childbirth. 2018;18(1):25. https://doi.org/10.1186/
$12884-018-1657-9.

BergV, Ngst TH, Hansen S, et al. Assessing the relationship between per-
fluoroalkyl substances, thyroid hormones and binding proteins in pregnant
women; a longitudinal mixed effects approach. Environ Int. 2015;77:63-9.
https://doi.org/10.1016/j.envint.2015.01.007.

Berg V, Ngst TH, Pettersen RD, et al. Persistent Organic pollutants and the
Association with maternal and infant thyroid homeostasis: a Multipollut-
ant Assessment. Environ Health Perspect. 2017;125(1):127-33. https://doi.
org/10.1289/EHP152.

Ballesteros V, Costa O, Ifiiguez C, Fletcher T, Ballester F, Lopez-Espinosa MJ.
Exposure to perfluoroalkyl substances and thyroid function in pregnant
women and children: a systematic review of epidemiologic studies. Environ
Int. 2017,99:15-28. https://doi.org/10.1016/j.envint.2016.10.015.
Manzano-Salgado CB, Casas M, Lopez-Espinosa MJ, et al. Transfer of perfluo-
roalkyl substances from mother to fetus in a Spanish birth cohort. Environ
Res. 2015;142:471-8. https://doi.org/10.1016/j.envres.2015.07.020.
Mogensen UB, Grandjean P, Nielsen F, Weihe P, Budtz-Jergensen E. Breastfeed-
ing as an exposure pathway for Perfluorinated Alkylates. Environ Sci Technol.
2015;49(17):10466~73. https://doi.org/10.1021/acs.est.5002237.

Kupsco A, Lee JJ, Prada D, et al. Marine pollutant exposures and human

milk extracellular vesicle-microRNAs in a mother-infant cohort from the
Faroe Islands. Environ Int. 2022;158:106986. https://doi.org/10.1016/j.
envint.2021.106986.

Guerrero-Preston R, Goldman LR, Brebi-Mieville P, et al. Global DNA
hypomethylation is associated with in utero exposure to cotinine and


https://doi.org/10.1371/journal.pone.0023925
https://doi.org/10.1371/journal.pone.0023925
https://doi.org/10.1002/jat.3430
https://doi.org/10.1002/jat.3430
https://doi.org/10.1039/c6tx00047a
https://doi.org/10.3389/fendo.2022.785674
https://doi.org/10.1016/j.ijheh.2012.12.002
https://doi.org/10.1016/j.ijheh.2012.12.002
https://doi.org/10.1016/j.envint.2016.09.009
https://doi.org/10.1016/j.envres.2018.10.014
https://doi.org/10.1074/jbc.M702724200
https://doi.org/10.1016/j.tox.2015.03.006
https://doi.org/10.1016/j.tox.2015.03.006
https://doi.org/10.1530/JOE-14-0111
https://doi.org/10.1016/j.ecoenv.2020.111154
https://doi.org/10.1016/j.ecoenv.2020.111154
https://doi.org/10.1016/j.toxlet.2018.03.004
https://doi.org/10.1186/s12940-015-0062-3
https://doi.org/10.1186/s12940-015-0062-3
https://doi.org/10.1016/j.ijgo.2015.01.010
https://doi.org/10.1016/j.ijgo.2015.01.010
https://doi.org/10.1016/j.toxrep.2020.08.002
https://doi.org/10.1016/j.toxrep.2020.08.002
https://doi.org/10.1371/journal.pone.0055387
https://doi.org/10.1210/en.2015-1434
https://doi.org/10.3390/ijms21145003
https://doi.org/10.3390/ijms21145003
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1016/j.emcon.2020.10.002
https://doi.org/10.1038/srep11029
https://doi.org/10.1016/j.tox.2012.02.008
https://doi.org/10.1016/j.tox.2012.02.008
https://doi.org/10.1016/j.mce.2009.02.021
https://doi.org/10.1016/j.envint.2019.01.027
https://doi.org/10.1016/j.envint.2019.01.027
https://doi.org/10.1289/EHP1062
https://doi.org/10.1016/j.envint.2018.04.010
https://doi.org/10.1016/j.reprotox.2019.08.003
https://doi.org/10.1002/oby.22933
https://doi.org/10.1002/oby.22933
https://doi.org/10.1039/c9em00218a
https://doi.org/10.1039/c9em00218a
https://doi.org/10.1016/j.envres.2021.111724
https://doi.org/10.1289/EHP6233
https://doi.org/10.1289/EHP6233
https://doi.org/10.1186/s12884-018-1657-9
https://doi.org/10.1186/s12884-018-1657-9
https://doi.org/10.1016/j.envint.2015.01.007
https://doi.org/10.1289/EHP152
https://doi.org/10.1289/EHP152
https://doi.org/10.1016/j.envint.2016.10.015
https://doi.org/10.1016/j.envres.2015.07.020
https://doi.org/10.1021/acs.est.5b02237
https://doi.org/10.1016/j.envint.2021.106986
https://doi.org/10.1016/j.envint.2021.106986

Mitra et al. Diabetology & Metabolic Syndrome

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

(2024) 16:95

perfluorinated alkyl compounds. Epigenetics. 2010;5(6):539-46. https://doi.
0rg/104161/epi.5.6.12378.

Kobayashi S, Azumi K, Goudarzi H, et al. Effects of prenatal perfluoroalky!
acid exposure on cord blood IGF2/H19 methylation and ponderal index: the
Hokkaido Study. J Expo Sci Environ Epidemiol. 2017,27(3):251-9. https://doi.
0rg/10.1038/jes.2016.50.

Ku MS, Pan WC, Huang YT, et al. Associations between prenatal exposure to
perfluoroalkyl substances, hypomethylation of MEST imprinted gene and
birth outcomes. Environ Pollut. 2022;304:119183. https://doi.org/10.1016/j.
envpol.2022.119183.

Blake BE, Fenton SE. Early life exposure to per- and polyfluoroalkyl substances
(PFAS) and latent health outcomes: a review including the placenta as a
target tissue and possible driver of peri- and postnatal effects. Toxicology.
2020;443:152565. https://doi.org/10.1016/j.tox.2020.152565.

Bergman A, Heindel JJ, Jobling S, Kidd KA, Thomas Zoeller R. State of the
Science of Endocrine Disrupting Chemicals-2012 INTER-ORGANIZATION
PROGRAMME FOR THE SOUND MANAGEMENT OF CHEMICALS.

Li XT, Yu PF, Gao Y, et al. Association between Plasma Metal Levels and diabe-
tes risk: a case-control study in China. Biomed Environ Sci. 2017,30(7):482-91.
https://doi.org/10.3967/bes2017.064.

Wang X, Mukherjee B, Park SK. Associations of cumulative exposure to

heavy metal mixtures with obesity and its comorbidities among U.S. adults
in NHANES 2003-2014. Environ Int. 2018;121(Pt 1):683-94. https://doi.
0rg/10.1016/j.envint.2018.09.035.

Padilla MA, Elobeid M, Ruden DM, Allison DB. An examination of the associa-
tion of selected toxic metals with total and central obesity indices: NHANES
99-02. Int J Environ Res Public Health. 2010,7(9):3332-47. https://doi.
0rg/10.3390/ijerph7093332.

Romano ME, Enquobahrie DA, Simpson CD, Checkoway H, Williams MA.

A case-cohort study of Cadmium Body Burden and Gestational Diabetes
Mellitus in American Women. Environ Health Perspect. 2015;123(10):993-8.
https://doi.org/10.1289/ehp.1408282.

Tinkov AA, Filippini T, Ajsuvakova OP, et al. The role of cadmium in obesity and
diabetes. Sci Total Environ. 2017;601-602:741-55. https://doi.org/10.1016/j.
scitotenv.2017.05.224.

Kawakami T, Nishiyama K, Kadota Y, Sato M, Inoue M, Suzuki S. Cadmium
modulates adipocyte functions in metallothionein-null mice. Toxicol Appl
Pharmacol. 2013;272(3):625-36. https://doi.org/10.1016/j.taap.2013.07.015.
Lee EJ, Moon JY, Yoo BS. Cadmium inhibits the differentiation of 3T3-L1
preadipocyte through the C/EBPa and PPARy pathways. Drug Chem Toxicol.
2012;35(2):225-31. https://doi.org/10.3109/01480545.2011.591401.

Salmeri N, Villanacci R, Ottolina J, et al. Maternal Arsenic exposure and gesta-
tional diabetes: a systematic review and Meta-analysis. Nutrients. 2020;12(10).
https://doi.org/10.3390/nu12103094.

Yang B, Fu J, Zheng H, et al. Deficiency in the nuclear factor E2-related factor
2 renders pancreatic 3-cells vulnerable to arsenic-induced cell damage.
Toxicol Appl Pharmacol. 2012;264(3):315-23. https://doi.org/10.1016/].
taap.2012.09.012.

LiW,Wu L, Sun Q et al. MicroRNA-191 blocking the translocation of GLUT4
is involved in arsenite-induced hepatic insulin resistance through inhibiting
the IRS1/AKT pathway. Ecotoxicol Environ Saf. 2021;215:112130. https://doi.
0rg/10.1016/j.ecoenv.2021.112130.

Soomro MH, Baiz N, Huel G, et al. Exposure to heavy metals during pregnancy
related to gestational diabetes mellitus in diabetes-free mothers. Sci Total
Environ. 2019;656:870-6. https://doi.org/10.1016/j.scitotenv.2018.11.422.
Peng S, Liu L, Zhang X, et al. A nested case-control study indicating heavy
metal residues in meconium associate with maternal gestational dia-

betes mellitus risk. Environ Health. 2015;14:19. https://doi.org/10.1186/
512940-015-0004-0.

Onat T, Demir Caltekin M, Turksoy VA, et al. The relationship between heavy
metal exposure, Trace element level, and Monocyte to HDL cholesterol ratio
with gestational diabetes Mellitus. Biol Trace Elem Res. 2021;199(4):1306-15.
https://doi.org/10.1007/512011-020-02499-9.

Broberg K, Ahmed S, Engstrom K, et al. Arsenic exposure in early preg-
nancy alters genome-wide DNA methylation in cord blood, particularly

in boys. J Dev Orig Health Dis. 2014;5(4):288-98. https://doi.org/10.1017/
$2040174414000221.

Vidal AC, SemenovaV, Darrah T, et al. Maternal cadmium, iron and zinc levels,
DNA methylation and birth weight. BMC Pharmacol Toxicol. 2015;16:20.
https://doi.org/10.1186/540360-015-0020-2.

99.

100.

101.

103.

104.

106.

107.

108.

109.

112.

113.

114.

116.

119.

Page 14 of 15

Pilsner JR, Hu H, Ettinger A, et al. Influence of prenatal lead exposure

on genomic methylation of cord blood DNA. Environ Health Perspect.
2009;117(9):1466-71. https://doi.org/10.1289/ehp.0800497.

Masoud AM, Bihagi SW, Machan JT, Zawia NH, Renehan WE. Early-life
exposure to lead (pb) alters the expression of microRNA that Target Proteins
Associated with Alzheimer’s Disease. J Alzheimers Dis. 2016;51(4):1257-64.
https://doi.org/10.3233/JAD-151018.

Li'S, Chen M, LiY, Tollefsbol TO. Prenatal epigenetics diets play protective roles
against environmental pollution. Clin Epigenetics. 2019;11(1):82. https://doi.
0rg/10.1186/513148-019-0659-4.

. Leskéw A, Nawrocka M, tatkowska M, et al. Can contamination of the

environment by dioxins cause craniofacial defects? Hum Exp Toxicol.
2019;38(9):1014-23. https://doi.org/10.1177/0960327119855121.

Woeller CF, Thatcher TH, Thakar J, et al. Exposure to Heptachlorodibenzo-p-
dioxin (HpCDD) regulates microRNA expression in human lung fibroblasts.

J Occup Environ Med. 2019;61(Suppl 12):582-9. https://doi.org/10.1097/
JOM.0000000000001691.

Marinkovi¢ N, Pasali¢ D, Ferencak G, Grskovi¢ B, Stavljeni¢ Rukavina A. Dioxins
and human toxicity. Arh Hig Rada Toksikol. 2010;61(4):445-53. https://doi.
0rg/10.2478/10004-1254-61-2010-2024.

. Vafeiadi M, Roumeliotaki T, Chalkiadaki G, et al. Persistent organic pollutants

in early pregnancy and risk of gestational diabetes mellitus. Environ Int.
2017;98:89-95. https://doi.org/10.1016/j.envint.2016.10.005.

Thackaberry EA, Bedrick EJ, Goens MB, et al. Insulin regulation in AhR-null
mice: embryonic cardiac enlargement, neonatal macrosomia, and altered
insulin regulation and response in pregnant and aging AhR-null females.
Toxicol Sci. 2003;76(2):407-17. https://doi.org/10.1093/toxsci/kfg229.

Merrill AK, Anderson T, Conrad K, et al. Protracted Impairment of Maternal
Metabolic Health in mouse dams following pregnancy exposure to a mixture
of Low Dose Endocrine-Disrupting Chemicals, a pilot study. Toxics. 2021;9(12).
https://doi.org/10.3390/toxics9120346.

Guida M, Marra ML, Zullo F, et al. Association between exposure to dioxin-like
polychlorinated biphenyls and miR-191 expression in human periph-

eral blood mononuclear cells. Mutat Res. 2013;753(1):36-41. https://doi.
org/10.1016/jmrgentox.2012.12.018.

Trajkovski M, Hausser J, Soutschek J, et al. MicroRNAs 103 and 107 regulate
insulin sensitivity. Nature. 2011,474(7353):649-53. https://doi.org/10.1038/
nature10112.

. Wang C, Yuan XG, Liu CP, Zhai SN, Zhang DW, Fu YX. Preliminary research

on DNA methylation changes during murine palatogenesis induced by
TCDD. J Craniomaxillofac Surg. 2017;45(5):678-84. https://doi.org/10.1016/j.
jcms.2017.02.004.

. Yuan X, Qiu L, PuY, et al. Histone acetylation is involved in TCDDinduced cleft

palate formation in fetal mice. Mol Med Rep. 2016;14(2):1139-45. https://doi.
0rg/10.3892/mmr.2016.5348.

Viluksela M, Pohjanvirta R. Multigenerational and transgenerational effects of
Dioxins. Int J Mol Sci. 2019;20(12). https://doi.org/10.3390/ijms20122947.
Petric Z, Ruzi¢ J, Zuntar |. The controversies of parabens - an overview nowa-
days. Acta Pharm. 2021;71(1):17-32. https://doi.org/10.2478/acph-2021-0001.
LiY, Xu'S, LiY, et al. Association between urinary parabens and gestational
diabetes mellitus across prepregnancy body mass index categories. Environ
Res. 2019;170:151-9. https://doi.org/10.1016/j.envres.2018.12.028.

. LiuW, ZhouY, Li J, et al. Parabens exposure in early pregnancy and

gestational diabetes mellitus. Environ Int. 2019;126:468-75. https://doi.
org/10.1016/j.envint.2019.02.040.

Bellavia A, Chiu YH, Brown FM, et al. Urinary concentrations of parabens
mixture and pregnancy glucose levels among women from a fertility clinic.
Environ Res. 2019;168:389-96. https://doi.org/10.1016/j.envres.2018.10.009.

. Choi SI, Kwon HY, Han X, et al. Environmental obesogens (bisphenols, phthal-

ates and parabens) and their impacts on adipogenic transcription factors in
the absence of dexamethasone in 3T3-L1 cells. J Steroid Biochem Mol Biol.
2021;214:105994. https://doi.org/10.1016/jjsbmb.2021.105994.

. Elmore SE, Cano-Sancho G, La Merrill MA. Disruption of normal adipocyte

development and function by methyl- and propyl- paraben exposure. Toxicol
Lett. 2020;334:27-35. https://doi.org/10.1016/j.toxlet.2020.09.009.

Decker AH, Levels T. Associations between Butylparaben and thyroid levels

in females aged 12 and over (NHANES, 2007-2008). Published online 2007.
https://doi.org/10.57709/6464093.

. LaRocca J, Binder AM, McElrath TF, Michels KB. First-Trimester urine concentra-

tions of Phthalate metabolites and phenols and Placenta miRNA expression
in a cohort of US. women. Environ Health Perspect. 2016;124(3):380-7.
https://doi.org/10.1289/ehp.1408409.


https://doi.org/10.4161/epi.5.6.12378
https://doi.org/10.4161/epi.5.6.12378
https://doi.org/10.1038/jes.2016.50
https://doi.org/10.1038/jes.2016.50
https://doi.org/10.1016/j.envpol.2022.119183
https://doi.org/10.1016/j.envpol.2022.119183
https://doi.org/10.1016/j.tox.2020.152565
https://doi.org/10.3967/bes2017.064
https://doi.org/10.1016/j.envint.2018.09.035
https://doi.org/10.1016/j.envint.2018.09.035
https://doi.org/10.3390/ijerph7093332
https://doi.org/10.3390/ijerph7093332
https://doi.org/10.1289/ehp.1408282
https://doi.org/10.1016/j.scitotenv.2017.05.224
https://doi.org/10.1016/j.scitotenv.2017.05.224
https://doi.org/10.1016/j.taap.2013.07.015
https://doi.org/10.3109/01480545.2011.591401
https://doi.org/10.3390/nu12103094
https://doi.org/10.1016/j.taap.2012.09.012
https://doi.org/10.1016/j.taap.2012.09.012
https://doi.org/10.1016/j.ecoenv.2021.112130
https://doi.org/10.1016/j.ecoenv.2021.112130
https://doi.org/10.1016/j.scitotenv.2018.11.422
https://doi.org/10.1186/s12940-015-0004-0
https://doi.org/10.1186/s12940-015-0004-0
https://doi.org/10.1007/s12011-020-02499-9
https://doi.org/10.1017/S2040174414000221
https://doi.org/10.1017/S2040174414000221
https://doi.org/10.1186/s40360-015-0020-2
https://doi.org/10.1289/ehp.0800497
https://doi.org/10.3233/JAD-151018
https://doi.org/10.1186/s13148-019-0659-4
https://doi.org/10.1186/s13148-019-0659-4
https://doi.org/10.1177/0960327119855121
https://doi.org/10.1097/JOM.0000000000001691
https://doi.org/10.1097/JOM.0000000000001691
https://doi.org/10.2478/10004-1254-61-2010-2024
https://doi.org/10.2478/10004-1254-61-2010-2024
https://doi.org/10.1016/j.envint.2016.10.005
https://doi.org/10.1093/toxsci/kfg229
https://doi.org/10.3390/toxics9120346
https://doi.org/10.1016/j.mrgentox.2012.12.018
https://doi.org/10.1016/j.mrgentox.2012.12.018
https://doi.org/10.1038/nature10112
https://doi.org/10.1038/nature10112
https://doi.org/10.1016/j.jcms.2017.02.004
https://doi.org/10.1016/j.jcms.2017.02.004
https://doi.org/10.3892/mmr.2016.5348
https://doi.org/10.3892/mmr.2016.5348
https://doi.org/10.3390/ijms20122947
https://doi.org/10.2478/acph-2021-0001
https://doi.org/10.1016/j.envres.2018.12.028
https://doi.org/10.1016/j.envint.2019.02.040
https://doi.org/10.1016/j.envint.2019.02.040
https://doi.org/10.1016/j.envres.2018.10.009
https://doi.org/10.1016/j.jsbmb.2021.105994
https://doi.org/10.1016/j.toxlet.2020.09.009
https://doi.org/10.57709/6464093
https://doi.org/10.1289/ehp.1408409

Mitra et al. Diabetology & Metabolic Syndrome

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132

(2024) 16:95

Houshmand-Oeregaard A, Schrolkamp M, Kelstrup L, et al. Increased
expression of microRNA-15a and microRNA-15b in skeletal muscle from
adult offspring of women with diabetes in pregnancy. Hum Mol Genet.
2018;27(10):1763-71. https://doi.org/10.1093/hmg/ddy085.

Qi S, Wang X. Decreased expression of miR-185 in serum and placenta of
patients with gestational diabetes Mellitus. Clin Lab. 2019,65(12). https://doi.
0rg/10.7754/Clin.Lab.2019.190445.

Wang XC, Zhan XR, Li XY, Yu JJ, Liu XM. MicroRNA-185 regulates expression
of lipid metabolism genes and improves insulin sensitivity in mice with

non-alcoholic fatty liver disease. World J Gastroenterol. 2014;20(47):17914-23.

https://doi.org/10.3748/wjg.v20.i47.17914.

LaRocca J, Binder AM, McElrath TF, Michels KB. The impact of first trimester
phthalate and phenol exposure on IGF2/H19 genomic imprinting and

birth outcomes. Environ Res. 2014;133:396-406. https://doi.org/10.1016/j.
envres.2014.04.032.

Park CJ, Nah WH, Lee JE, Oh YS, Gye MC. Butyl paraben-induced changes in
DNA methylation in rat epididymal spermatozoa. Andrologia. 2012;44(Suppl
1):187-93. https://doi.org/10.1111/}.1439-0272.2011.01162.x.

Park J, Lee H, Lee S, Lee H. Interventions on reducing exposure to Endocrine
Disrupting Chemicals in Human Health Care Context: a scoping review.

Risk Manag Healthc Policy. 2022;15:779-91. https://doi.org/10.2147/RMHP.
S358561.

Valvi D, Oulhote Y, Weihe P, et al. Gestational diabetes and offspring birth size

at elevated environmental pollutant exposures. Environ Int. 2017;107:205-15.

https://doi.org/10.1016/j.envint.2017.07.016.

Kim J, Sun Q, Yue Y, et al. 4,4-Dichlorodiphenyltrichloroethane (DDT) and
44"-dichlorodiphenyldichloroethylene (DDE) promote adipogenesis in 3T3-
L1 adipocyte cell culture. Pestic Biochem Physiol. 2016;131:40-5. https://doi.
0rg/10.1016/j.pestbp.2016.01.005.

Crews D, Gillette R, Scarpino SV, Manikkam M, Savenkova MI, Skinner

MK. Epigenetic transgenerational inheritance of altered stress responses.
Proc Natl Acad Sci U S A. 2012;109(23):9143-8. https://doi.org/10.1073/
pnas.1118514109.

Wang X, Weng Y, Geng S, et al. Maternal procymidone exposure has lasting
effects on murine gut-liver axis and glucolipid metabolism in offspring. Food
Chem Toxicol. 2023;174:113657. https://doi.org/10.1016/}.fct.2023.113657.
Wolf C, Lambright C, Mann P, et al. Administration of potentially anti-
androgenic pesticides (procymidone, linuron, iprodione, chlozolinate,
p,p-DDE, and ketoconazole) and toxic substances (dibutyl- and dieth-
ylhexyl phthalate, PCB 169, and ethane dimethane sulphonate) during
sexual differentiation produces diverse profiles of reproductive malforma-
tions in the male rat. Toxicol Ind Health. 1999;15(1-2):94-118. https://doi.
0rg/10.1177/074823379901500109.

Migeot V, Albouy-Llaty M, Carles C, et al. Drinking-water exposure to a mix-
ture of nitrate and low-dose atrazine metabolites and small-for-gestational

137.

139.

141.

142.

Page 15 of 15

age (SGA) babies: a historic cohort study. Environ Res. 2013;122:58-64.
https://doi.org/10.1016/j.envres.2012.12.007.

. Goodyer CG, Poon S, Aleksa K, et al. A case-control study of maternal poly-

brominated diphenyl ether (PBDE) exposure and cryptorchidism in Canadian
populations. Environ Health Perspect. 2017;125(5):057004. https://doi.
0org/10.1289/EHP522.

. Doucet J, Tague B, Arnold DL, Cooke GM, Hayward S, Goodyer CG. Persistent

organic pollutant residues in human fetal liver and placenta from Greater
Montreal, Quebec: a longitudinal study from 1998 through 2006. Environ
Health Perspect. 2009;117(4):605-10. https://doi.org/10.1289/ehp.0800205.

. Wang PW, Chen ML, Huang LW, Yang W, Wu KY, Huang YF. Prenatal nonyl-

phenol exposure, oxidative and nitrative stress, and birth outcomes: a cohort
study in Taiwan. Environ Pollut. 2015;207:145-51. https://doi.org/10.1016/].
envpol.2015.08.044.

. Tsai MS, Chang CH, Tsai YA, et al. Neonatal outcomes of intrauterine nonyl-

phenol exposure-a longitudinal cohort study in Taiwan. Sci Total Environ.
2013;458-460:367-73. https://doi.org/10.1016/j.scitotenv.2013.04.039.
Zheng D, Huo M, Li B, et al. The role of exosomes and Exosomal MicroRNA in
Cardiovascular Disease. Front Cell Dev Biol. 2021;8. https://doi.org/10.3389/
fcell.2020.616161.

. CaoY, JiaYJ, Xing B, Shi D, Xiang D. Plasma microRNA-16-5p, -17-5p and

-20a-5p: novel diagnostic biomarkers for gestational diabetes mellitus. J
Obstet Gynecol Res. 2017;43(6):974-81. https://doi.org/10.1111/jog.13317.
Tryggestad JB, Vishwanath A, Jiang S, et al. Influence of gestational dia-
betes mellitus on human umbilical vein endothelial cell miRNA. Clin Sci.
2016;130(21):1955-67. https://doi.org/10.1042/cs20160305.

. Ye Z,Wang S, Huang X, et al. Plasma exosomal MIRNAs associated with

metabolism as early predictor of gestational diabetes mellitus. Diabetes.
2022;71(11):2272-83. https://doi.org/10.2337/db21-0909.

Serensen AE, Van Poppel M, Desoyé G, et al. The temporal Profile of circulat-
ing miRNAs during Gestation in overweight and obese women with or
without gestational diabetes Mellitus. Biomedicines. 2022;10(2):482. https://
doi.org/10.3390/biomedicines10020482.

Rani PR, Begum J. Screening and diagnosis of gestational diabetes Mel-
litus, where do we stand. J Clin Diagn Res. 2016;10(4):QE01-4. https://doi.
0rg/10.7860/JCDR/2016/17588.7689.

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


https://doi.org/10.1093/hmg/ddy085
https://doi.org/10.7754/Clin.Lab.2019.190445
https://doi.org/10.7754/Clin.Lab.2019.190445
https://doi.org/10.3748/wjg.v20.i47.17914
https://doi.org/10.1016/j.envres.2014.04.032
https://doi.org/10.1016/j.envres.2014.04.032
https://doi.org/10.1111/j.1439-0272.2011.01162.x
https://doi.org/10.2147/RMHP.S358561
https://doi.org/10.2147/RMHP.S358561
https://doi.org/10.1016/j.envint.2017.07.016
https://doi.org/10.1016/j.pestbp.2016.01.005
https://doi.org/10.1016/j.pestbp.2016.01.005
https://doi.org/10.1073/pnas.1118514109
https://doi.org/10.1073/pnas.1118514109
https://doi.org/10.1016/j.fct.2023.113657
https://doi.org/10.1177/074823379901500109
https://doi.org/10.1177/074823379901500109
https://doi.org/10.1016/j.envres.2012.12.007
https://doi.org/10.1289/EHP522
https://doi.org/10.1289/EHP522
https://doi.org/10.1289/ehp.0800205
https://doi.org/10.1016/j.envpol.2015.08.044
https://doi.org/10.1016/j.envpol.2015.08.044
https://doi.org/10.1016/j.scitotenv.2013.04.039
https://doi.org/10.3389/fcell.2020.616161
https://doi.org/10.3389/fcell.2020.616161
https://doi.org/10.1111/jog.13317
https://doi.org/10.1042/cs20160305
https://doi.org/10.2337/db21-0909
https://doi.org/10.3390/biomedicines10020482
https://doi.org/10.3390/biomedicines10020482
https://doi.org/10.7860/JCDR/2016/17588.7689
https://doi.org/10.7860/JCDR/2016/17588.7689

	﻿Endocrine disrupting chemicals: gestational diabetes and beyond
	﻿Abstract
	﻿Introduction
	﻿Literature search process
	﻿Endocrine disrupting chemicals (EDCs) as a contributing factor to gestational diabetes mellitus (GDM)
	﻿Bisphenol A (BPA)
	﻿Phthalates
	﻿Per- and polyfluoroalkyl substances (PFAS)
	﻿Heavy metals
	﻿Dioxins
	﻿Parabens
	﻿Other relevant endocrine disruptors

	﻿Conclusion
	﻿References


