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Abstract 

Preeclampsia (PE) remains a major contributor of maternal and fetal morbidity and mortality worldwide, affecting 2%–8% of pregnan- 
cies. While genetic predisposition, placental dysfunction, and angiogenic imbalance remain central to PE pathophysiology, emerging 
observational evidence suggests potential associations between environmental factors, epigenetic modifications, and PE development. 
This review consolidates available research linking environmental exposures, particularly air pollution, maternal gut microbiome 
composition, and dietary habits, with changes in epigenetic markers during pregnancy that may influence PE susceptibility. We syn- 
thesize findings from epidemiological studies, mechanistic research, and biomarker studies across this research area. However, defini- 
tive causal evidence linking specific environmental exposures to PE through epigenetic mechanisms remains limited. The majority of 
existing studies employ observational designs or focus on biological mechanisms; well-designed prospective cohorts incorporating 
direct environmental measurements and randomized intervention trials are lacking. Circulating biomarkers, including microRNAs 
and DNA methylation patterns, show associations with both PE status and prior environmental exposure, providing biological sup- 
port for the concept that environmental factors may influence PE development. The maternal gut microbiome demonstrates dysbiosis 
in PE patients, and mechanistic studies in animal models suggest that microbiota-derived metabolites may influence placental de- 
velopment through epigenetic pathways; however, clinical evidence in humans remains preliminary. Integration of environmental 
exposure assessment with multi-omics profiling in large prospective studies is necessary to establish whether environmental factors 
causally contribute to PE pathogenesis. Future research combining detailed environmental characterization, longitudinal epigenomic 
profiling, and rigorous causal inference methods will be essential to translate these mechanistic insights into prevention and thera- 
peutic strategies. 
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Graphical abstract 

by new-onset hypertension, systolic blood pressure ≥140 mmHg 
or diastolic blood pressure ≥90 mmHg, after 20 weeks gestation, 
often accompanied by proteinuria or evidence of end-organ dys- 
function, such as renal insufficiency, hepatic involvement, neuro- 
logical complications, or hematological abnormalities [ 2 , 3 ]. De- 
Introduction 

Preeclampsia (PE) is a complex, multisystem hypertensive disor- 
der of pregnancy that affects approximately 2%–8% of pregnan- 
cies worldwide and remains a major cause of maternal and peri- 
natal morbidity as well as mortality [ 1 ]. Clinically, it is defined 
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F  
pite advances in obstetric care, PE accounts for an estimated
6 000 maternal deaths and up to half a million stillbirths and
eonatal deaths each year, with disproportionate impact in low-
nd middle-income countries where diagnostic and treatment re-
ources are limited [ 4 ]. 

The classical “two-stage model” of PE pathophysiology posits
hat an initial placentation defect, characterized by inadequate
rophoblast invasion and shallow spiral artery remodeling, leads
o placental hypoxia and oxidative stress, which in turn trigger
he maternal clinical syndrome through systemic endothelial ac-
ivation and inflammation [ 5 ]. While this framework has provided
 basis for understanding disease mechanisms, it fails to capture
he full heterogeneity of PE, including variation in timing (early-
nset vs. late-onset), severity, and associated comorbidities such
s cardiovascular disease and metabolic syndrome later in life [ 6 ].
dditionally, predictive biomarkers and preventive interventions
ased on angiogenic factors (e.g. sFlt-1 and PlGF), low-dose aspirin,
r antioxidant supplementation have resulted in only slight en-
ancements in outcomes. This reinforces the necessity for better
nderstanding of upstream drivers and new therapeutic targets
 7 ]. 

Geographic and temporal differences in PE rates worldwide,
uggest that genetics alone do not explain disease distribution.
actors associated with modern living, including urban air qual-
ty, dietary shifts, and changes in maternal microbial communi-
ies, show potential connections to PE but have received limited
esearch attention in understanding PE development [ 8 , 9 ]. Recent
echnological improvements in measuring epigenetic marks have
evealed that environmental stressors cause detectable changes
n DNA methylation, histone proteins, and RNA molecules that
ersist in placental and maternal tissues, with long-term effects
n gene activity [ 10 , 11 ]. These findings support a framework
alled “environmental epigenomics”, combining epidemiological
nvestigation with epigenetic analysis, to clarify how exposures
efore and early in pregnancy influence pregnancy complications
hrough molecular mechanisms. Emerging data highlight two en-
ironmental domains of relevance to PE: ambient air pollution
nd gut microbiome dysbiosis. Fine particulate matter (PM2 .5 ) and
aseous pollutants such as NO2 and O3 have been robustly linked
o increased PE risk in multiple cohorts, with exposure during
reconception and the first trimester exerting the strongest ef-
ects on early-onset disease [ 12–14 ]. Mechanistically, these pollu-
ants provoke oxidative stress, endothelial dysfunction, and in-
ammatory signaling, which converge on placental vasculature
nd maternal cardiovascular adaptation. In parallel, maternal
ut microbiome analyses reveal marked dysbiosis in PE patients,
haracterized by reduced diversity and shifts in key taxa that
egulate immune tolerance, metabolic homeostasis, and epige-
etic cross-talk via microbial metabolites [ 8 , 15 ]. Animal mod-
ls confirm that microbiome perturbation impairs placental de-
elopment and uterine natural killer (NK) cell function, leading
o fetal resorption and hypertensive features reminiscent of PE
 16 ]. 

Taken together, the intersection of environmental exposures
nd epigenetic mechanisms offers a novel lens through which
o understand PE heterogeneity and to identify new preventive
nd therapeutic strategies. By delineating critical windows of vul-
erability, from preconception through early gestation, and map-
ing the epigenetic signatures induced by air pollution and micro-
iome alterations, researchers can develop precision medicine ap-
roaches that target both environmental risk reduction and epi-
enetic modulation. This review therefore aims to synthesize cur-
ent evidence on environmental epigenomics in PE, illuminate key
echanistic pathways, and chart future directions for research
nd clinical translation. 

nvironmental exposures and PE: current 
vidence 

ir pollution as a novel risk factor 
ir pollution exposure during pregnancy has emerged as a sig-
ificant environmental risk factor for PE development. Recent
eta-analyses demonstrate that ambient particulate matter and

aseous air pollution are associated with increased odds of PE,
ith effect sizes varying by trimester of exposure and pollu-

ant type [ 9 , 13 ]. The relationship between air pollution and PE
s particularly compelling given the mechanistic parallels be-
ween air pollution-induced cardiovascular disease and PE patho-
hysiology including: oxidative stress and mitochondrial dys-
unction , with PM2.5 exposure inducing cytochrome P450/CYP1A1
athway activation leading to reactive oxygen species (ROS) gen-
ration and placental trophoblast damage [ 17 ]; systemic en-
othelial dysfunction , characterized by reduced nitric oxide (NO)
ioavailability, increased vasoconstriction, and upregulated adhe-
ion molecules (VCAM-1, ICAM-1) [ 9 , 18 ]; chronic inflammatory
ctivation , evidenced by elevated C-reactive protein, interleukin-
 (IL-6), and tumor necrosis factor-alpha (TNF- α) [ 19–21 ]; and an-
iogenic imbalance , with air pollution exposure associated with
ncreased sFlt-1/PlGF ratio, a hallmark biomarker of PE, as demon-
trated in the LIFECODES prospective birth cohort where PM2.5 

nd NO2 exposure during pregnancy significantly elevated sFlt-
/PlGF ratios and reduced free PlGF levels [ 22 ]. 

Fine particulate matter (PM2.5 ) exposure shows the strongest
ssociations with PE risk. A large retrospective cohort study in
hina involving 116 042 pregnant women found that PM2.5 , PM10 ,
O2 , and O3 exposures were significant risk factors for PE in the
rst and second trimesters, with PM2.5 showing dose-response re-

ationships [ 14 ]. Similarly, a spatiotemporal analysis in Barcelona
emonstrated that first- and third-trimester PM2.5 exposures were
ignificantly associated with PE development, with stronger asso-
iations observed for early-onset PE during first-trimester expo-
ure [ 9 ]. 

The critical exposure windows for air pollution effects on PE
ppear to be trimester-specific and pollutant-dependent. A recent
tudy in Los Angeles identified a susceptible window from one
eek preconception to 11 weeks post conception for PM2.5 ex-
osure and gestational hypertension development [ 12 ]. Notably,
omen with probable prenatal depression showed increased vul-
erability to air pollution exposure, suggesting that psychosocial
tress may potentiate environmental effects through epigenetic
echanisms [ 12 ]. 
Source-specific analyses of air pollution exposure distinguish

etween traffic-related and wood smoke pollutants, revealing
arkedly different associations with PE subtypes that depend

ritically on both the timing of exposure during pregnancy and
he PE phenotype (early- vs. late-onset), with key findings sum-

arized in Table 1 . 
This stage-specific and source-specific pattern indicates that

ifferent pollutant components trigger distinct pathophysiolog-
cal pathways through differential epigenetic effects on placen-
al development and maternal vascular adaptation like, traffic-
elated pollution (black carbon, polycyclic aromatic hydrocar-
ons) induces primarily DNA hypomethylation in placental tissue
 23 ], particularly affecting genes involved in angiogenesis (VEGFA,
LT1) [ 24 ], trophoblast invasion (ADORA2B) [ 25 ], and inflamma-
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Table 1 Source-specific air pollutant associations with preeclampsia subtypes. 

Pollutant source Exposure unit Exposure timing PE type affected 
Effect size and 
95% CI 

Percentage increase 
in PE risk 

Traffic-related (PM2.5 ) [ 72 ] 1.35 μg/m3 Entire pregnancy PE (all types) 1.26–1.59 42% 

Traffic-related (NOx ) [ 72 ] 5.65 ppb Entire pregnancy PE (all types) 1.18–1.49 33% 

First gestational month 
(weeks 1–4) 

Early-onset PE ( < 34 
weeks) 

1.08–1.68 35% 

Wood smoke (PM2 .5 ) 
3.64 μg/m3 [ 42 ] 

Second gestational 
month (weeks 5–8) 

Early-onset PE ( < 34 
weeks) 

1.23–1.86 51% 

Third gestational 
month (weeks 9–12) 

Early-onset PE ( < 34 
weeks) 

1.06–1.46 25% 

Table 2 Representative epigenetic alterations in PE. 

Epigenetic mark Examples (Genes/miRNAs) Environmental trigger Functional consequence 

DNA methylation VEGFA, FLT1, INHA PM2.5 , nutrition Altered angiogenesis/placentation 
microRNAs C19MC, C14MC, miR-1307–3p Air pollution, psychosocial 

stress 
Dysregulated immune and vascular 
signaling 

Histone modification Global H3K27ac Inflammation, diet Chromatin accessibility changes 
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tory responses (CYP2E1, RNF39) [ 26 ]. In contrast, wood smoke 
constituents appear to preferentially induce oxidative stress- 
mediated epigenetic changes, including increased 3-nitrotyrosine 
formation in placental tissue [ 27 , 28 ], and, altered histone acety- 
lation patterns (H3K4me2, H3K9ac) [ 29 ]. 

Gut microbiome dysbiosis and PE 

Pregnancy causes major shifts in maternal gut bacteria composi- 
tion, which normally help support both fetal growth and maternal 
metabolism [ 8 , 15 ]. Current research suggests dysbiosis (abnormal 
bacterial patterns) accompanies PE development and likely plays 
a role in PE through altered immune function, metabolic imbal- 
ance, and epigenetic signaling [ 8 , 15 , 30 ]. 

Women with PE demonstrate different gut bacterial patterns 
than those without hypertension. Studies document lower bac- 
terial diversity, higher levels of potentially harmful bacteria (Fu- 
sobacterium, Veillonella), and lower levels of beneficial organisms 
(Faecalibacterium, Akkermansia) in women with PE. These micro- 
bial imbalances correlate with blood pressure levels and markers 
of renal insufficiency, suggesting direct involvement in PE patho- 
physiology [ 15 ]. 

The temporal dynamics of microbiome changes in PE are par- 
ticularly revealing. Microbiome alterations are detectable early in 

pregnancy and persist through 6 weeks postpartum, indicating 
that dysbiosis may be both a cause and consequence of PE [ 8 ].
Longitudinal studies demonstrate that specific microbial metabo- 
lites, including trimethylamine-N-oxide (TMAO) and lipopolysac- 
charide (LPS), are elevated in PE patients and show gestational 
age-specific associations with PE risk [ 8 ]. 

Recent experimental evidence provides mechanistic insights 
into microbiome-PE interactions. A groundbreaking study using 
antibiotic-induced dysbiosis in pregnant mice demonstrated that 
gut microbiome disruption leads to increased fetal resorption, im- 
paired placental development, and altered vascularization [ 16 ].
These adverse outcomes were associated with key pathological 
features of PE, including hypoxia, endoplasmic reticulum stress, 
and reduction in uterine NK cell numbers. Importantly, glucose 
supplementation restored placental NK cell function and reduced 

fetal resorption, suggesting that microbiome effects on PE are me- 
diated through metabolic reprogramming [ 16 ]. 
pigenetic mechanisms in environmental 
E programming 

he major epigenetic modifications induced by environmental ex- 
osures in PE are summarized in Table 2 , which highlights the spe-
ific environmental triggers and functional consequences of each 

pigenetic mark. 

icroRNA-mediated environmental effects 

icroRNAs represent a critical interface between environmen- 
al exposures and gene regulation in PE. Circulating miRNAs and
xosomal miRNA signatures exemplify environmental epigenetic 
rogramming, with studies demonstrating differential expression 

n response to air pollution and oxidative stress. Circulating miR-
As in extracellular vesicles serve as both biomarkers and envi-

onmental mediators of PE development. Circulating miRNA pat- 
erns shift in response to oxidative damage and other environ-

ental factors, making them useful indicators of environmental 
tress. Exosomal packaged miRNAs offer particularly stable mark- 
rs that can be tracked across pregnancy, illustrating the chain of
vents connecting environmental stress to altered miRNA levels 
o placental problems [ 10 , 11 , 31 ]. 

Placenta-specific miRNA clusters represent critical interfaces 
etween environmental exposures and gene expression regula- 
ion in pregnancy complications [ 32 ]. The chromosome 19 mi-
roRNA cluster (C19MC), composed of 46 miRNA genes with 

aternally imprinted expression, demonstrates environmental 
esponsiveness to specific chemical contaminants, including 
ichlorodiphenyldichloroethylene (DDE), bisphenol A (BPA), poly- 
rominated diphenyl ethers, polychlorinated biphenyls (PCBs), ar- 
enic, mercury, lead, and cadmium, which trigger altered expres- 
ion of C19MC members miR-517a, miR-517c, miR-522, and miR- 
3a, among the most highly expressed C19MC miRNAs in pla-
ental tissue [ 33 ]. These C19MC miRNAs regulate critical placen-
al functions, including trophoblast invasion and extravillous tro- 
hoblast differentiation through miR-517a and miR-517c expres- 
ion, angiogenic signaling through vascular development path- 
ays via miR-522, and immune tolerance at the maternal-fetal 

nterface through miR-23a dysregulation [ 33 , 34 ]. In contrast,
he chromosome 14 microRNA cluster (C14MC), composed of 52 
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iRNA genes with maternally imprinted expression, regulates
rophoblast invasion and anti-inflammatory responses through

embers such as miR-145 and miR-483 [ 34 ]; however, the current
iterature lacks established associations between specific environ-

ental chemical exposures and C14MC dysregulation, represent-
ng a significant research gap where systematic studies examin-
ng environmental exposure-induced C14MC alterations in preg-
ancy have not been conducted. 

Prospective investigation identified 148 differentially expressed
irculating miRNAs in women who developed PE (13 enriched, 135
educed). First-trimester dysregulation of pro-inflammatory miR-
As (miR-20a and miR-21) correlates with early-onset PE, while

econd-trimester downregulation of anti-inflammatory miRNAs
miR-146a and miR-222) amplifies systemic inflammation. Peak
ulnerability for environmental miRNA programming occurs peri-
onception to 11 weeks, with enhanced sensitivity during crit-
cal placentation windows (6–18 weeks spiral artery remodel-
ng, 1–12 weeks trophoblast invasion). Multiple machine learn-
ng algorithms (logistic regression with elastic-net, random for-
st, support vector machines) with leave-one-out cross-validation
chieved AUROC 0.956 ( ∼90% true positive rate). Top predictive
iRNAs (miR-1307–3p, miR-520a-5p) regulate vascular remodel-

ng, cellular proliferation, and angiogenesis, processes disrupted
n PE pathophysiology [ 11 ]. 

NA methylation and environmental 
rogramming 

NA methylation represents a stable epigenetic mechanism
hrough which environmental exposures can induce lasting
hanges in gene expression patterns [ 35 ]. In PE, methylation
hanges affect key regulatory pathways, including angiogenesis,
mmune tolerance, and placental development [ 36 ]. Environmen-
al factors, particularly air pollution and nutritional factors, can
lter DNA methylation patterns during critical windows of preg-
ancy [ 37 ]. 

Several studies have identified specific CpG sites that show dif-
erential methylation in PE placentas compared to controls [ 38 ].
hese methylation changes affect genes involved in trophoblast

nvasion (including STOX1 and INHA) [ 39 ], angiogenic signaling
VEGFA and FLT1) [ 40 ], and immune regulation (HLA-G and IDO1)
 41 ]. Importantly, many of these methylation changes are de-
ectable in maternal blood, suggesting potential for non-invasive
iomarker development [ 37 ]. 

Air pollution exposure during pregnancy, particularly fine par-
iculate matter (PM2 .5 ), has been shown to induce genome-wide

ethylation changes in placental tissue [ 35 ]. PM2 .5 exposure
pecifically alters methylation patterns in genes involved in ox-
dative stress response, inflammation, and cardiovascular devel-
pment [ 35 ]. Traffic-related pollution and black carbon expo-
ure specifically induce DNA hypomethylation in genes regulat-
ng vascular development, while wood smoke exposure during
arly pregnancy induces alterations in methylation patterns asso-
iated with nitrosative stress and oxidative damage [ 42 ]. These air
ollution-induced methylation changes program PE susceptibility
y altering placental vascular development and maternal vascu-
ar adaptation to pregnancy [ 35 ]. Additionally, nutritional factors,
ncluding folate, vitamin B12, and choline status influence DNA

ethylation capacity and may modify the epigenetic response to
nvironmental exposures during pregnancy [ 43 ]. 
etabolic reprogramming through 

nvironmental exposures 

nvironmental factors directly alter the composition of the ma-
ernal gut microbiota and the production of microbial metabo-
ites, which in turn can affect placental development and mater-
al health during pregnancy [ 8 ]. High-fat, low-fiber diets reduce
he production of SCFAs [ 44 ]. In women with PE, reductions in
CFA-producing bacteria have been documented, including Co-
rococcus [ 45 ], Faecalibacterium, and Roseburia [ 46 ]. This dietary
attern is accompanied by decreased levels of fecal butyrate and
ropionate in women with PE [ 47 ]. While animal studies have
emonstrated that butyrate supplementation reduces blood pres-
ure and inflammatory markers in pregnancy models, the direct
ausal mechanism in human PE requires further clinical valida-
ion [ 47 ]. 

Air pollution exposure represents an emerging environmental
actor affecting the maternal microbiome. Recent evidence sug-
ests that air pollution exposure, including particulate matter,
ay contribute to dysbiosis during pregnancy through mecha-

isms involving oxidative stress and inflammatory pathways [ 30 ].
ysbiotic microbiota alterations in PE are characterized by in-
reased relative abundance of Proteobacteria and reduced Fir-
icutes, bacterial phyla that include both pathogenic species

nd SCFA-producing bacteria, though the specific mechanisms by
hich air pollution directly alters these bacterial populations in
regnant women remain incompletely understood [ 30 ]. 

Production of metabolites by the dysbiotic microbiota con-
ributes to PE pathogenesis through multiple pathways [ 48 ]. Dys-
iosis reduces the capacity of the microbiota to produce adequate
CFA levels, and these metabolites regulate immune homeosta-
is through histone deacetylase (HDAC) inhibition and epigenetic
egulation of genes involved in immune tolerance and vascular
evelopment shown in Fig. 1 [ 49 ]. Recent studies report mixed ev-

dence on Trimethylamine-N-oxide (TMAO) and PE a risk. While
ome clinical cohorts found that TMAO and its precursors are not
ssociated with increased PE risk in maternal blood [ 50 ], other
tudies report that TMAO levels are elevated at delivery in early
nd severe PE, suggesting a possible role in disease progression
ather than initiation [ 51 ]. 

Bile acid metabolism is also altered in PE and may be in-
uenced by microbiota composition. Changes in bacterial bile
alt hydrolase activity and alterations in the relative abun-
ance of Bacteroidetes have been associated with modified
ile acid profiles in pregnancy complications [ 52 ]. The al-
ered bile acid metabolism may affect farnesoid X recep-
or (FXR) signaling, which is involved in the regulation of

etabolic and immune homeostasis [ 52 ]. While epigenetic
odifications of genes involved in these pathways have been doc-

mented in PE, direct evidence linking specific environmental ex-
osures to dysbiosis-mediated epigenetic changes in the placenta

n humans remains limited and needs further investigation [ 53 ]. 

ritical windows of environmental 
usceptibility 

nvironmental vulnerability during pregnancy is temporally dy-
amic, with distinct critical periods of heightened susceptibility
o specific exposures (Table 3 ). Understanding these temporal pat-
erns is crucial for identifying optimal windows for intervention
nd predicting which environmental exposures will exert maxi-
al effects on PE risk. 
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Figure 1 Environmental exposures drive metabolic reprogramming through dysbiosis-mediated alterations in microbial metabolite production. 

Table 3 Gestational windows, vulnerable processes, and environmental risks. 

Period Key processes Environmental exposures Mechanisms of injury 

Preconception Oocyte quality, early placentation PM2.5 , diet, stress Epigenetic reprogramming 
1st trimester Trophoblast invasion Air pollution, microbiome dysbiosis Impaired spiral artery remodeling 
2nd/3rd trimester Vascular adaptation Cumulative exposures Systemic inflammation, oxidative stress 
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Preconceptional programming 

The preconceptional period represents a critical window for envi- 
ronmental programming of PE susceptibility. Environmental expo- 
sures during this period can influence oocyte quality, early embry- 
onic development, and initial placentation processes [ 54 ]. Recent 
evidence suggests that air pollution exposure during the pericon- 
ceptional period (8 weeks before to 10 weeks after conception) is 
associated with increased PE risk, particularly in women with psy- 
chosocial stress [ 12 ]. 

Preconceptional nutritional status and microbiome composi- 
tion may establish baseline conditions that influence subsequent 
pregnancy outcomes. Women with pre-existing microbiome dys- 
biosis may be more susceptible to PE development, suggesting 
that preconceptional interventions could modify disease risk [ 8 ]. 

First trimester: placentation and early 

programming 

The first trimester represents the most critical window for envi- 
ronmental programming of PE, coinciding with key events in pla- 
cental development, including trophoblast invasion, spiral artery 
remodeling, and establishment of maternal-fetal immune toler- 
nce [ 54 ]. Environmental exposures during this period can disrupt
hese processes through epigenetic mechanisms. 

Air pollution exposure during the first trimester shows the 
trongest associations with early-onset PE, suggesting that envi- 
onmental disruption of early placentation processes may have 
asting consequences for pregnancy outcomes [ 9 , 13 ]. The tim-
ng of these associations aligns with the critical period for spiral
rtery remodeling (6–18 weeks of gestation), supporting the pro- 
osed mechanism whereby environmental exposures reprogram 

lacental epigenetics during early pregnancy, though direct causal 
vidence requires further investigation. 

Microbiome composition during the first trimester is particu- 
arly important for establishing immune tolerance and metabolic 
daptation to pregnancy [ 8 ]. Dysbiosis during this period may
rogram inflammatory responses and metabolic dysfunction that 
ontribute to PE development later in pregnancy. 

econd and third trimester: amplification of 
nvironmental effects 

hile the first trimester appears most critical for PE program-
ing, second and third trimester exposures can amplify existing 
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usceptibilities or trigger PE in previously programmed individu-
ls. Late pregnancy environmental exposures may be particularly
mportant for late-onset PE, which has distinct pathophysiological
haracteristics from early-onset disease [ 9 , 13 ]. 

The differential effects of environmental exposures across
regnancy trimesters suggest that PE may represent a spectrum
f environmentally programmed diseases with distinct etiologies
epending on the timing and nature of exposures. 

echanistic pathways linking environment 
nd PE 

xidative stress and mitochondrial dysfunction 

nvironmental exposures, particularly air pollution, induce oxida-
ive stress that may trigger cascading pathophysiological changes
eading to PE [ 55 , 56 ]. Fine particulate matter and gaseous pollu-
ants generate ROS that overwhelm cellular antioxidant defenses
nd induce mitochondrial dysfunction [ 55 , 56 ]. 

Mitochondrial dysfunction is emerging as a central mechanism
n PE pathogenesis, with evidence of impaired oxidative phospho-
ylation, increased mitochondrial ROS production, and altered mi-
ochondrial biogenesis in PE placentas [ 55 ]. Environmental pol-
utants may directly damage mitochondrial DNA and alter mito-
hondrial function through epigenetic mechanisms affecting mi-
ochondrial gene expression. 

The connection between environmental oxidative stress and
E is further supported by evidence that mitochondrial-targeted
ntioxidants may ameliorate PE-like symptoms in animal mod-
ls [ 57 ]. However, translation of these preclinical findings to clin-
cal prevention of PE in humans remains unproven and requires
rospective human trials. 

nflammatory programming 

nvironmental exposures induce chronic low-grade inflammation
hat may program PE susceptibility through effects on immune
olerance and vascular function [ 8 , 13 ]. Air pollution exposure ac-
ivates inflammatory pathways, including NF- κB signaling, which

ay alter gene expression patterns relevant to placental develop-
ent and maternal vascular adaptation. 
Microbiome dysbiosis contributes to inflammatory program-

ing through increased production of pro-inflammatory metabo-
ites and reduced production of anti-inflammatory factors [ 8 ]. The
esulting inflammatory milieu may alter immune tolerance at the

aternal-fetal interface and contribute to the inflammatory com-
onent of PE pathophysiology. 

ascular programming 

nvironmental exposures may program vascular dysfunction that
redisposes to PE through effects on endothelial function, vascu-

ar remodeling, and blood pressure regulation [ 9 , 13 ]. Air pollu-
ion exposure is associated with endothelial dysfunction and in-
reased cardiovascular disease risk in non-pregnant populations,
uggesting similar mechanisms may operate during pregnancy. 

The gut microbiome influences vascular function through pro-
uction of vasoactive metabolites and regulation of NO signaling
 8 ]. Microbiome dysbiosis may contribute to the vascular dysfunc-
ion observed in PE through altered production of these regula-
ory factors. The interconnected pathways linking specific envi-
onmental exposures to PE via epigenetic modifications are de-
icted in Fig. 2 . 
recision medicine approaches in 

nvironmental PE 

nvironmental risk stratification 

nderstanding environmental contributions to PE enables devel-
pment of precision medicine approaches that incorporate envi-
onmental risk factors into clinical decision-making [ 58 ]. While
urrent machine learning models for PE risk prediction primarily
ntegrate clinical, genetic, and laboratory variables, emerging ap-
roaches demonstrate the potential for systematic environmental
ariable integration to enhance predictive accuracy [ 59 ]. Recent
tudies demonstrate that machine learning algorithms combining
ultiple data types, including clinical variables from electronic

ealth records, biochemical biomarkers (such as sFlt-1/PlGF ra-
ios), and demographic information, achieve area under the curve
alues ranging from 0.86 to 0.97 [ 60 , 61 ]. However, systematic in-
egration of directly measured environmental variables, including
mbient air pollution metrics (PM2 .5 , NO2 ), dietary composition
ata, and microbiome dysbiosis markers, remains limited in cur-
ent clinical applications. 

To fully leverage environmental epigenomics insights for pre-
ision medicine, future machine learning models should prospec-
ively integrate measured environmental exposures. This integra-
ion could involve: (1) air pollution metrics such as PM2 .5 and
O2 levels from regulatory monitoring networks or personal ex-
osure monitors; (2) microbiome composition data from mater-
al fecal sampling with quantified dysbiosis indices; (3) dietary
atterns characterized by macronutrient and fiber intake; and (4)
etabolite profiles including circulating short-chain fatty acids

nd TMAO levels. 
Environmental risk stratification may be particularly valuable

or identifying high-risk populations in urban areas with high air
ollution exposure or in regions with specific environmental haz-
rds. Personalized environmental exposure assessment could in-
orm targeted interventions and monitoring strategies. 

Recent studies now implicate microplastics, ubiquitous envi-
onmental contaminants, in the pathogenesis of PE. Microplastics
an cross the placental barrier, accumulate in fetal and maternal
issues, and provoke oxidative stress and inflammatory signaling
ithin the placenta. A holistic review highlights how microplas-

ic exposure during pregnancy disrupts endocrine function, in-
uces systemic inflammation, and perturbs placental nutrient
ransport, thereby creating a “double-hit” scenario of maternal–
etal stress that mirrors PE risk factors [ 62 ]. Complementing these
pidemiological insights, in vitro and in vivo data demonstrate
hat microplastic particles trigger trophoblast ferroptosis via HIF-
 α/TFRC upregulation, leading to diminished syncytialization, im-
aired spiral artery remodeling, and hypertension in pregnant
odels, hallmarks of PE pathophysiology [ 63 ]. Together, these

ndings establish microplastics as a novel environmental epige-
omic insulter that may exacerbate placental dysfunction and
aternal vascular maladaptation in PE. 

iomarker development 
nvironmental epigenomics offers novel opportunities for
iomarker development in PE through identification of epigenetic
ignatures that reflect both disease status and environmental
xposure history. Circulating microRNAs packaged in extracel-
ular vesicles represent particularly promising environmental
iomarkers, as demonstrated by a prospective study, identifying
48 differentially expressed miRNAs in women with PE, with the
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Figure 2 Environmental exposures induce epigenetic alterations and downstream biological responses leading to PE. 
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most predictive miRNAs, hsa-miR-1307-3p and hsa-miR-520a-5p, 
being responsive to oxidative stress and inflammatory stimuli 
associated with air pollution exposure (PM2 .5 and NO2 ) and 

achieving an area under the receiver operating characteristic 
curve of 0.956 for early disease detection [ 11 ]. 

Differential DNA methylation patterns in maternal blood and 

placental tissue provide stable epigenetic signatures directly cor- 
relating with environmental exposure history, with specific CpG 

sites in placental development genes (VEGFA, FLT1, STOX1, INHA) 
showing differential methylation in women exposed to high-level 
PM2 .5 during early pregnancy [ 39–41 ], while dietary exposures,
particularly high-fat, low-fiber diets altering the gut microbiome, 
correlate with specific DNA methylation patterns in immune reg- 
ulation gene (FOXP3) measured in circulating cell-free DNA [ 44 ]. 

Placental exosomes serve as particularly rich sources of en- 
vironmental biomarkers, carrying molecular cargo directly re- 
flecting placental response to environmental insults, with exoso- 
mal markers of oxidative stress and inflammation showing dose- 
dependent correlations with measured maternal PM2 .5 exposure 
levels [ 10 ]. 

Circulating microbiome-derived metabolites, particularly 
short-chain fatty acids (butyrate, propionate, and, valerate), serve 
as biomarkers of dysbiosis induced by environmental dietary pat- 
tern changes, with maternal fecal or serum SCFA concentrations 
measured at 10–15 weeks of gestation significantly predicting PE 
development [ 45 , 47 , 64 ]. 
s
[
t
g

argeted interventions 

nvironmental epigenomics insights enable development of tar- 
eted interventions that address specific environmental risk fac- 
ors or their downstream effects [ 58 , 65 ]. These may include en-
ironmental modification strategies, nutritional interventions, or 
harmacological approaches targeting environmental pathways. 

Microbiome-targeted interventions, including probiotics, prebi- 
tics, and dietary modifications, represent promising approaches 
or PE prevention [ 8 , 15 ]. Clinical trials of these interventions
hould be designed based on mechanistic understanding of 
icrobiome-PE interactions and individual risk stratification. 
Antioxidant interventions targeting environmental ox- 

dative stress may be effective for PE prevention, par- 
icularly mitochondrial-targeted compounds that ad- 
ress the cellular consequences of environmental ex- 
osures [ 56 , 66 ]. The timing and targeting of these in-
erventions should be informed by understanding of 
ritical exposure windows and individual susceptibility 
actors. 

linical implications and future directions 

edefining PE prevention 

nvironmental epigenomics insights necessitate a fundamental 
hift in PE prevention strategies from generic interventions to per-
onalized approaches based on environmental risk assessment 
 65 ]. Future prevention programs should incorporate environmen- 
al exposure assessment, genetic susceptibility screening, and tar- 
eted interventions based on individual risk profiles. 
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Preconceptional counselling should include environmental risk
ssessment and modification strategies, particularly for women
iving in high-pollution areas or with other environmental risk
actors [ 12 ]. Public health interventions targeting air quality im-
rovement and environmental health promotion may have signif-

cant impacts on PE incidence at the population level. 

linical practice integration 

ntegration of environmental risk factors into clinical practice re-
uires development of practical assessment tools and decision-
upport systems [ 67 , 68 ]. Electronic health records should in-
orporate environmental exposure data, and clinical algorithms
hould be updated to include environmental risk factors along-
ide traditional clinical predictors. 

Healthcare providers need education and training on environ-
ental health risks during pregnancy and strategies for risk mod-

fication. Development of clinical guidelines that address environ-
ental factors in PE risk assessment and management will be es-

ential for widespread implementation. 

esearch pr ior ities 

uture research should focus on several key areas to advance un-
erstanding of environmental contributions to PE: 

� Large-scale longitudinal studies that combine
detailed environmental exposure assessment 
with multi-omics profiling to identify causal
relationships and critical exposure windows
[ 13 , 54 ]. 

� Mechanistic studies using in vitro and animal models to un-
derstand cellular and molecular pathways through which
environmental exposures program PE susceptibility [ 16 , 69 ].

� Intervention trials testing environmental modification
strategies, including air pollution reduction, microbiome
interventions, and targeted nutritional approaches [ 8 , 70 ]. 

� Biomarker validation studies to translate environmental
epigenomics discoveries into clinically useful predictive
tests [ 11 , 66 ]. 

� Health disparities research to understand how environ-
mental inequities contribute to disparities in PE outcomes
and develop targeted interventions for high-risk populations
[ 12 ]. 

hallenges and limitations 

ethodological challenges 

nvironmental epigenomics research in PE faces several method-
logical challenges that must be addressed to advance the field.
nvironmental exposure assessment is complex and requires
ophisticated methods to capture temporal variations, mixture
ffects, and individual-level exposures [ 9 , 13 ]. Personal expo-
ure monitoring, biomarker-based exposure assessment, and ad-
anced exposure modeling approaches will be necessary to im-
rove exposure characterization. 

Epigenetic analyses require standardized protocols for sam-
le collection, processing, and analysis to ensure reproducibil-

ty across studies [ 10 , 11 ]. The temporal dynamics of epige-
etic changes during pregnancy add complexity to study design
nd interpretation. Integration of multi-omics data (genomics,
ranscriptomics, epigenomics, metabolomics) requires advanced
ioinformatics approaches and standardized analytical pipelines.
ausal inference 

stablishing causal links between environmental exposures and
reeclampsia remains difficult, largely because most available
tudies are observational and involve a complex mixture of inter-
cting factors [ 13 ]. Mendelian randomization, which uses genetic
ariants as proxies for environmental exposures, offers a promis-
ng approach to strengthen causal inference. However, it requires
ery large datasets and careful selection of valid genetic instru-
ents to ensure reliable results. 
Experimental studies in animal models have helped uncover

otential mechanisms, but they cannot fully replicate the unique
eatures of human PE [ 71 ]. Advances in human-based model sys-
ems, such as placental organoids and organ-on-chip technolo-
ies, hold promise for bridging this gap by providing more physio-
ogically relevant platforms for studying how environmental fac-
ors affect placental biology and PE development. 

linical translation 

ranslating environmental epigenomics findings into clinical
ractice comes with several challenges. These include the com-
lexity of accurately assessing environmental risk, the need for
pecialized laboratory infrastructure, and the difficulty of in-
egrating new tools into existing clinical workflows [ 67 ]. Cost-
ffectiveness studies will also be important to determine whether
mplementing environmental risk assessments and targeted in-
erventions is feasible and sustainable. 

Regulatory pathways for environmental biomarkers and in-
ervention strategies may differ from those used for traditional
harmaceuticals, making it necessary to establish new validation
nd approval frameworks [ 68 ]. Close collaboration between re-
earchers, clinicians, regulatory bodies, and public health author-
ties will be crucial to ensure that these advances can be safely
nd effectively translated into clinical care. 

onclusion 

nvironmental epigenomics is reshaping how we understand the
evelopment of PE, showing that exposures during key stages of
regnancy can leave lasting epigenetic marks that influence dis-
ase risk. Growing evidence, especially around air pollution and
ut microbiome alterations, highlights how strongly environmen-
al factors contribute to this complex condition. 

Bringing these environmental influences into both research
nd clinical practice opens new doors for prevention, earlier de-
ection, and more personalized care. When environmental risk
rofiling is combined with genomic and clinical information, it
as the potential to support true precision medicine for improving
utcomes in mothers and their babies. 

At the same time, there are still major challenges to overcome,
articularly in refining research methods, proving causal links,
nd translating findings into real-world clinical use. Moving for-
ard will require close collaboration among researchers, clini-

ians, and public health teams to build the evidence, tools, and
ystems needed to make these advances a reality. 

Future research should focus on large, long-term studies that
air detailed environmental exposure assessments with multi-
mics data, along with mechanistic studies that clarify how these
xposures influence biological pathways leading to disease. Inter-
ention trials that explore whether modifying environmental risk
actors can reduce the incidence or severity of PE will also be es-
ential. Together, these efforts aim to build a comprehensive pic-
ure of how environmental influences contribute to PE and to sup-
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port prevention and treatment strategies tailored to a woman’s 
individual risk and exposure profile. 

The idea of environmental epigenomics in PE is more than 

just a new research direction, it provides a powerful lens for un- 
derstanding how modern environmental pressures intersect with 

maternal health during one of the most sensitive phases of life.
As challenges like climate change, rapid urbanization, and ris- 
ing pollution continue to intensify, uncovering these connections 
becomes increasingly important for safeguarding the health of 
mothers and their babies. 
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particles leads to inflammation, disrupted proliferation and
damage to cellular structures in a human first trimester tro-
phoblast cell line. Environ Pollut 2020; 264 :114790. https://linkin
ghub.elsevier.com/retrieve/pii/S0269749120316055 

9. Jung YS, Aguilera J, Kaushik A et al. Impact of air pollution expo-
sure on cytokines and histone modification profiles at single-cell
levels during pregnancy. Sci Adv 2024; 10 :1–17. https://doi.org/10
.1126/sciadv.adp5227 

0. Deady C, McCarthy FP, Barron A et al. An altered gut microbiome
in pre-eclampsia: cause or consequence. Front Cell Infect Micro-
biol 2024; 14 :1–12. https://www.frontiersin.org/articles/10.3389/f 
cimb.2024.1352267/full 

1. Shan Y, Hou B, Wang J et al. Exploring the role of exosomal
MicroRNAs as potential biomarkers in preeclampsia. Front Im-
munol 2024; 15 :1–16. https://www.frontiersin.org/articles/10.33 
89/fimmu.2024.1385950/full 

2. Vrijens K, Bollati V, Nawrot TS. MicroRNAs as potential signa-
tures of environmental exposure or effect: a systematic review.
Environ Health Perspect 2015; 123 :399–411. https://doi.org/10.128
9/ehp.1408459 

3. Li Q, Kappil MA, Li A et al. Exploring the associations between
microRNA expression profiles and environmental pollutants in
human placenta from the National Children’s Study (NCS). Epi-
genetics 2015; 10 :793–802. https://doi.org/full/10.1080/15592294. 
2015.1066960 

4. Addo KA, Palakodety N, Hartwell HJ et al. Placental microR-
NAs: responders to environmental chemicals and mediators
of pathophysiology of the human placenta. Toxicol Reports
2020; 7 :1046–56. https://doi.org/10.1016/j.toxrep.2020.08.002 

5. Janssen BG, Godderis L, Pieters N et al. Placental DNA hy-
pomethylation in association with particulate air pollution in
early life. Part Fibre Toxicol 2013; 10 :22. https://particleandfibreto
xicology.biomedcentral.com/articles/10.1186/1743- 8977- 10- 22 

6. Meng Y, Meng Y, Li L et al. The role of DNA methylation in pla-
cental development and its implications for preeclampsia. Front
Cell Dev Biol 2024; 12 :1–9. https://www.frontiersin.org/articles/1
0.3389/fcell.2024.1494072/full 

7. Broséus L, Guilbert A, Hough I et al. Placental DNA methylation
signatures of prenatal air pollution exposure and potential ef-
fects on birth outcomes: an analysis of three prospective co-
horts. Lancet Planet Heal 2024; 8 :e297–308. https://linkinghub.els
evier.com/retrieve/pii/S2542519624000457 

8. Hjort L, Novakovic B, Cvitic S et al. Placental DNA methylation in
pregnancies complicated by maternal diabetes and/or obesity:
state of the art and research gaps. Epigenetics 2022; 17 :2188–208.
https://doi.org/10.1080/15592294.2022.2111755 

9. Kohan-Ghadr H-R, Kadam L, Jain C et al. Potential role of epige-
netic mechanisms in regulation of trophoblast differentiation,
migration, and invasion in the human placenta. Cell Adh Migr
2016; 10 :126–35. https://doi.org/10.1080/19336918.2015.1098800 

0. Sundrani DP, Reddy US, Joshi AA et al. Differential placental
methylation and expression of VEGF, FLT- 1 and KDR genes
in human term and preterm preeclampsia. Clin Epigenetics
2013; 5 :6. https://clinicalepigeneticsjournal.biomedcentral.com
/articles/10.1186/1868- 7083- 5- 6 

1. Apicella C, Ruano CSM, Méhats C et al. The role of epigenetics
in placental development and the etiology of preeclampsia. Int J
Mol Sci 2019; 20 :2837. https://www.mdpi.com/1422-0067/20/11/2
837 

2. Assibey-Mensah V, Glantz JC, Hopke PK et al. Wintertime wood
smoke, traffic particle pollution, and preeclampsia. Hypertension
2020; 75 :851–58. https://doi.org/10.1161/HYPERTENSIONAHA.11
9.13139 
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