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ABSTRACT: Emerging studies indicate a positive correlation
between maternal PM2.5 exposure and an increased risk of
congenital heart diseases (CHDs). However, the developmental
origins in fetal and neonatal offspring, as well as the underlying
mechanisms, remain elusive. To bridge this gap, we established an
animal model of maternal PM2.5 exposure and confirmed its adverse
effects on cardiac function and structure in neonates, primarily left
ventricular systolic and diastolic dysfunction and myocardial
hypertrophy in both male and female offspring, characterized by
thick ventricular walls and narrowed ventricular chambers at
embryonic (E) day 18.5. Then, combining transcriptional profiling
and immunohistochemical analyses, we found that the upregulation
of myosin-related genes was a key mediator in these myocardial contraction abnormalities. Importantly, using time-series
transcriptome analysis across critical windows of cardiac development (E10.5, E14.5, and E18.5), we uncovered that the complement
and coagulation cascade signaling pathways were progressively activated, triggering cellular inflammation and lysis and upregulating
myosin genes, which ultimately contributed to compensatory cardiac hypertrophy and cardiac dysfunction. This work provides a
comprehensive perspective for local governments and clinicians to control and prevent CHD burden in polluted areas.
KEYWORDS: maternal PM2.5 exposure, cardiac development, myocardial hypertrophy, complement and coagulation cascade,
myosin-related genes

1. INTRODUCTION
Congenital heart disease (CHD) includes structural anomaly
of the heart and great vessels present at birth,1 often
characterized by specific hemodynamic issues such as volume
and pressure overload, pulmonary hypertension and cyanosis,
which can progress to cardiac hypertrophy and cardiac cell
damage and death.2 Affecting approximately 1% of live-born
infants3 and accounting for more than 40% of prenatal deaths,4

CHD represents a significant global health challenge.5 In
addition to maternal factors, such as obesity and diabetes,
smoking in pregnancy, medicine usage, and contact with
organic solvents,6 more and more epidemiological studies
indicate that maternal exposure to air pollutants, especially fine
particulate matter (PM2.5), significantly contributes to CHD
risks in offspring.4,7,8

A cohort study in Canada comprising 1,342,198 newborns,
of whom 12,715 suffer from heart defects, demonstrated that
PM2.5 exposure in early pregnancy is associated with an
increased risk of heart defects, particularly atrial septal defects
(with an association of 1.08 (95% CI: 1.03, 1.14)).9 In a
nationwide surveillance-based case-control study of China,
maternal PM2.5 exposure, especially in the preconception
period, is linearly correlated to the total incidence of CHDs

and specific CHD types in offspring, with septal defects being
the most prevalent subtype.10 Using the Bayesian multinomial
probit model for jointly identifying daily windows of
susceptibility for 12 types of CHDs related to maternal
PM2.5 exposure, an association is observed between increased
PM2.5 exposure and the progression of pulmonary valvular
stenosis on postnatal day (PND) 53, as well as tetralogy of
Fallot on PND50−51.11 Given that only up to 15% of CHD
cases have a determined genetic etiology,4 exploring the
interaction between environmental factors (including ambient
PM2.5 exposure) and genetic variations can provide novel
insights to CHD pathogenesis.
CHD results from the perturbation of normal cardiac

development.12 The heart, one of the earliest developing
organs during embryogenesis, undergoes a complex process
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that requires interactions among multiple cell types and is
governed by specific spatial and temporal rules,13 including the
appearance of cardiac tubes, the formation of the atrioven-
tricular septum, the establishment of the circulatory system,
the proliferation and differentiation of myocardial cells, and the
development of valves.14,15 Animal studies demonstrate that
maternal exposure to PM2.5 during pregnancy led to cardiac
dysfunction, including heart failure and electrical remodeling in
offspring during puberty and adulthood.16,17 However, due to
the presence of sensitive windows and spatiotemporal
dynamics in cardiac development, current epidemiological
studies are limited to correlation analyses, failing to clarify the
causality between maternal PM2.5 exposure and CHDs.
Moreover, cardiac development is a dynamic process, and
focusing on a single time point is insufficient to elucidate the
mechanisms underlying the causal relationship between PM2.5
and CHDs.
In the present study, we established a maternal PM2.5

exposure model, and aimed to (1) confirm cardiac functional
and structural abnormalities in fetal/neonatal offspring; (2)
clarify the toxicological characteristics at developmental
windows in the fetus; (3) uncover potential time-series
regulatory mechanisms for abnormal heart development. This
study would like to provide novel insights into CHD risk in
PM2.5-polluted areas and find potential targets for controlling
and preventing children from disease burdens.

2. MATERIALS AND METHODS
2.1. PM2.5 Collection. PM2.5 samples were collected in

Taiyuan, Shanxi Province from November 2018 to February
2019, which corresponds to the heating period in northern
China. The samples were collected using quartz filters (F90
mm, Sweden) on a PM middle-volume air sampler (22 h/day,
with a 100 L/min flow rate, TH-100CIII, China). Then, the
blank and PM2.5 filters were immersed in Milli-Q water and
sonicated for the preparation of vehicle and exposure solutions,
respectively. The suspension was filtered and freeze-dried as
previously reported.18 PM2.5 has been characterized in our
previous work.19

2.2. Animals and Maternal PM2.5 Exposure. Male and
female C57BL/6 mice were obtained from Beijing Vital River
Laboratory Animal Technology (Beijing, China) and housed
under standard conditions (22.11 ± 1.51 °C), with free access
to food and water. After acclimatization for 1 week, 80 female
mice were mated with 80 male mice (one female and one male
per cage), and plug-positive female mice were considered
pregnant.20 Pregnant mice were exposed to either PM2.5
suspensions (3 mg/kg) or vehicle via oropharyngeal aspiration
every 2 days for the entire pregnancy period, as described in
our previous study.18 Offspring were euthanized on embryonic
days 10.5, 14.5, and 18.5 (E10.5, E14.5, and E18.5) and PND1
and PND7. Cardiac tissues were dissected for further analysis,
and one male or female offspring per litter was used in each
experiment. All animal experiments were approved by the
Committee of Scientific Research at Shanxi University.
2.3. Echocardiography. To assess the cardiac function of

offspring after maternal PM2.5 exposure, mice were subjected to
echocardiography at PND1 and PND7, including the left
ventricular (LV) function and structure, using a Vevo 2100
imaging system (FUJIFILM VisualSonics). The detailed
procedure has been described previously.21 All tests were
performed on 6−10 pups/group, which were randomly
selected from 3 dams.

2.4. Morphological Observation. Dams were sacrificed
at E10.5, E14.5, and E18.5 to obtain embryos, and fetal hearts
were dissected in precooled PBS. The harvested heart was
placed in clean precooled PBS and photographed using an
Asana microscope (Olympus).
2.5. Histopathological Observation. Three fetal cardiac

tissues were randomly selected from each group for H&E and
wheat germ agglutinin (WGA) stainings, which were
performed by Servicebio Technology Co., Ltd. (Wuhan,
China), and the detailed procedure was described in the
Appendix A in Supporting Information.
2.6. Quantitative Real-Time PCR. Total RNA was

extracted from fetal cardiac tissues at E10.5, E14.5, and
E18.5 using Trizol (Invitrogen) and quantified using a
Nanodrop spectrophotometer (Thermo Fisher Scientific).
The cDNA was synthesized using a Reverse Transcription
Kit (Takara, China). Finally, gene expression levels were
determined using RT-qPCR (TaKaRa, China) with Gapdh as
an internal reference gene. The sequences of gene-specific
primers are listed in Table S1.
2.7. Transcriptomics. Fetal cardiac tissues (30 mg) at

E10.5, E14.5, and E18.5 from each group were used for
transcriptomics performed by Shanghai Biotechnology Corpo-
ration (Shanghai, China). Total RNA was extracted with
TRIzol reagent (Invitrogen) and purified with a RNeasy Mini
reagent kit (Qiagen). And then RNA was subsequently used
for fluorescently labeling cDNA targets (made by Agilent
Technologies). The labeled cDNA targets were scanned on an
Agilent Microarray Scanner, and data were extracted and
normalized using quantum algorithms in Feature Extraction
version 11 (Agilent technologies). Differentially expressed
genes (DEGs) were identified based on p-value < 0.05 and |
fold-change| ≥ 2. The Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment of DEGs were analyzed using DAVID (https://
david.ncifcrf.gov/home.jsp), and the relationship between
DEGs and cardiovascular disease was predicted using the
Comparative Toxicogenomics Database (CTD, https://
comptox.epa.gov/dashboard/).
2.8. Immunohistochemical Staining (IHC). Cardiac

sections were deparaffinized with xylene, rehydrated with
gradient ethanol, and treated with citrate buffer for antigen
retrieval. The sections were blocked with 3% BSA for 30 min
and incubated with Anti-Fast Myosin Skeletal Heavy chain
pAb (1:200 dilution, Servicebio, Wuhan, China), Anti-FGG
pAb (1:200 dilution, Proteintech, Wuhan, China), Anti-C5
pAb (1:100 dilution, Beyotime Biotechnology, Shanghai,
China) and Anti-F12 pAb (1:200 dilution, Proteintech,
Wuhan, China) overnight. After washing with PBS, the
sections were incubated with the enzyme-labeled goat
antirabbit IgG (1:200 dilution, Servicebio, Wuhan, China) at
room temperature for 30 min. After washing with PBS, the
sections were stained with DAB for 5 min. Finally, the sections
were dehydrated, cleared, sealed with neutral resin, and
observed under a light microscope.
2.9. Enzyme-Linked Immunosorbent Assay (ELISA).

Approximately 20 mg of cardiac tissue was homogenized in
180 μL of sterile saline, followed by centrifugation to collect
the supernatant. Then, the level of the membrane attack
complex (MAC) in the supernatant was measured using ELISA
kits (Saipeisen Biology, Shanghai, China) according to the
manufacturer’s instruction.
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2.10. Thrombin Inhibitor Treatment. Pregnant mice
were divided into three groups and treated accordingly once
every 2 days until E18.5 ceased, including the vehicle control
group (oropharyngeal aspiration with vehicle, subcutaneous
injection with saline), the PM2.5-exposed group (oropharyngeal
aspiration with PM2.5 suspension, subcutaneous injection with
saline), and the inhibitor group (oropharyngeal aspiration with
PM2.5 suspensions, subcutaneous injection of recombinant
hirudin). Recombinant hirudin was purchased from Macklin
(Shanghai, China). The inhibitor group was subcutaneously
injected with 2 U of recombinant hirudin (dissolved in 300 μL

of saline) each time, and the remaining groups were
subcutaneously injected with an equal volume of saline.
2.11. Statistical Analyses. Data were analyzed with

GraphPad Prism software, and the results were expressed as
the mean ± standard error (SEM). Comparisons between two
groups were performed using a Two-tailed Student’s t test, and
unequal variances were corrected using Welch’s method. p <
0.05 was considered statistically significant. Some of the image
materials sourced from Figdraw (licensed) (https://www.
figdraw.com/static/index.html#/).

Figure 1. Cardiac function and structural alterations in PND1 and PND7 offspring after maternal PM2.5 exposure. (A, B) Representative images of
echocardiography. (C−E) Effects on cardiac systolic function, including SV (stroke volume), CO (cardiac output), and EF (ejection fraction). (F,
G) Effects on cardiac diastolic function, including IVRT (isovolumic relaxation time) and E/A (Early diastolic filling velocity to Atrial filling
velocity ratio). (H) Effects on HR (heart rate). (I−K) Effects on cardiac structure, including LVAW;s (systolic left ventricular anterior wall
thickness), LVPW;s (left ventricular end-systolic posterior wall thickness), and LV Vol;s (systolic left ventricular volume). Data are expressed as
means ± SEM (n = 6−8); *p < 0.05, **p < 0.01, ***p < 0.001 versus the vehicle control.
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3. RESULTS AND DISCUSSION
Maternal PM2.5 exposure has been linked to abnormal cardiac
development and an increased risk of CHDs.22−24 However,
limited animal experiments primarily focused on disease
susceptibility and postnatal developmental alterations, it
remains largely unknown about the causal relationship and
mechanisms underlying abnormal structural and functional
development in both neonatal and embryonic hearts.
3.1. Alterations in Cardiac Structure and Function in

Neonatal Offspring. Echocardiography is commonly used to
characterize the mouse cardiac function and morphology in
both clinical and preclinical studies.25 Here, it was used to
assess ventricular systolic and diastolic capacity, ventricular
chamber size, and ventricular wall thickness in offspring at
PND1 and PND7 (Figure 1A,B) following maternal PM2.5
exposure. For the LV systolic function, the IVCT (isovolu-
metric contraction time) showed no significant changes
(Figure S1A), whereas the SV (stroke volume) and CO
(cardiac output) significantly decreased in male mice at PND1,
and similar trends were also observed in females (Figure
1C,D). However, the EF (ejection fraction) and FS (left

ventricular short axis shortening rate) were markedly elevated
in both male and female mice at PND7 (Figures 1E and S1B),
possibly a compensatory response to reduced end-diastolic
volume following the exposure.26 For the LV diastolic function,
the IVRT (isovolumic relaxation time) was prolonged and the
E/A (Early diastolic filling velocity to Atrial filling velocity
ratio) dramatically decreased in both male and female offspring
at PND1 and PND7 (Figure 1F,G), suggesting that maternal
PM2.5 exposure decreased myocardial diastolic function in
offspring. In addition, we observed a persistent decreased heart
rate at PND1 and PND7 (Figure 1H), which might be
attributed to intrauterine distress or abnormal cardiac structure
following maternal PM2.5 exposure.

27

Cardiac dysfunction is often coupled with structural
remodeling.28 Therefore, we further determined the parame-
ters of the LV structure. For the LV wall, the LVAW;s (systolic
left ventricular anterior wall thickness) significantly increased
at PND7 (Figure 1I), with no obvious changes observed in
LVAW;d (diastolic left ventricular anterior wall thickness)
(Figure S1C). In comparison, both LVPW;s (left ventricular
end-systolic posterior wall thickness) and LVPW;d (left
ventricular end-diastolic posterior wall thickness) remarkably

Figure 2. Cardiac morphological and histological alterations in E10.5, E14.5, and E18.5 embryos following maternal PM2.5 exposure. (A)
Representative images of fetal hearts at E10.5, E14.5, and E18.5. (B) Representative images of H&E-stained cardiac sections at E10.5, E14.5, and
E18.5. (C) Representative images of FITC-conjugated WGA-stained cardiac tissues (scale bars representing 50 mm) (left) and the effects on the
cardiomyocyte cross-sectional area in cardiac tissues (n = 3) (right). (D) Heart weights and heart/body weights (n = 21−24) of embryos at E18.5.
(E-G) The mRNA expression of Anp, Bnp, and β-MHC (n = 6−10). Data are expressed as means ± SEM (n = 6−8); *p < 0.05, **p < 0.01, ***p <
0.001 versus the vehicle control.
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increased at both PND1 and PND7 (Figures 1J and S1D),
suggesting that maternal PM2.5 exposure triggered neonatal
myocardial hypertrophy, predominantly affecting the LV
posterior wall. For the LV cavity, we observed a notable
decrease in LVID (left ventricular internal diameter) (Figure
S1E,F), leading to a correspondingly smaller LV Vol (left
ventricular volume), especially in the systolic phase (Figures
1K and S1G), and a slight increase in LV mass (Figure S1H).
These findings suggest that maternal PM2.5 exposure caused

myocardial hypertrophy and diastolic dysfunction in offspring.
Myocardial maturation relies on a balance between cell
hypertrophy and hyperplasia with cell proliferation predom-
inating during the embryonic stage and cell hypertrophy
progressively dominating to increase cardiomyocyte size during
postnatal transition.29,30 However, throughout the life course,
to counteract pathologies such as hemodynamic abnormalities
and pressure overload caused by environmental pollution,
cardiac hypertrophy activated by the renin-angiotensin-
aldosterone (RAA) system can serve as a compensatory
mechanism to maintain cardiac function.2,31 Similarly, Vineeta
et al. found that intrauterine PM2.5 exposure led to a substantial

increase in the thickness of the LV posterior wall and
developed concentric hypertrophy in mice.16 In addition,
prenatal diesel exhaust exposure resulted in cardiac hyper-
trophy and fibrosis in adult offspring following transverse aortic
constriction,32 which was consistent with our results.
3.2. Abnormal Cardiac Structural Development and

Myocardial Hypertrophy in Fetuses. Childhood diseases
can often be attributed to perturbations in fetal development
resulting from exposure to environmental pollutants during
early life.33 To clarify the possible developmental origin for
structural and functional alterations in neonatal offspring
following maternal PM2.5 exposure and identify the critical
window, we analyzed the growth parameters and pathological
characteristics of the heart in embryos/fetuses at several time
points (E10.5, E14.5, and E18.5). As illustrated in Figure 2A, at
E10.5, the fetuses in both vehicle control and PM2.5-exposed
groups exhibited visible atrioventricular and valvular structures
as well as great-vessel connections, suggesting the preliminary
formation of the cardiac circulatory system. At E14.5, the heart
becomes mature and begins to function following cardiomyo-
cyte proliferation and differentiation, valve development, and

Figure 3. Transcriptional expression profile of fetal hearts at E18.5 following maternal PM2.5 exposure. (A) Principal component analysis (PCA)
map in the PM2.5-exposed and vehicle control groups. (B) Volcano plot showing the expression of DEGs. (C) Gene-disease enrichment analysis
showing the relationship between target genes and predicted diseases in CTD. The color and size of the blocks represent inference scores between
predicted diseases and target genes. (D) Trend clustering annotated heatmap. C1−C8 represent subgroups clustered according to the gene
expression values of different samples. (E) Schematic diagram of myocardial fiber structure. (F) String plot representing the relationship between
DEGs and the enriched BP/CC/MF terms. (G) Representative IHC images of myosin skeletal heavy chain.
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cardiac conduction system formation. At this stage, maternal
PM2.5 exposure did not notably affect cardiac morphology or
voluntary beating. However, as the heart progressively grows to
meet the demands of upcoming postnatal life, notable changes
were observed at E18.5. H&E staining revealed ventricular wall
thickening, irregular arrangement of cardiomyocytes, and
narrowed ventricular chambers (Figure 2B), indicating the
onset of concentric myocardial hypertrophy, which was in line
with the echocardiographic findings in offspring previously
described. Meanwhile, WGA staining showed that the cross-
sectional area (CSA) of cardiomyocytes in the PM2.5-exposed
group was significantly larger than those in vehicle controls
(Figure 2C). Consistently, the heart weight and heart-to-body
weight ratio also increased dramatically (Figure 2D).
Biomarker measures facilitate the validation of these

pathological alterations and provide information about
processes such as contractile stress and ventricular remodel-
ing.2,34 β-myosin heavy chain (β-MHC) is a common regulator
linked to cardiac hypertrophy and exhibits specific expression
in mammalian hearts.35,36 Additionally, atrial natriuretic
peptide (ANP) and B-type natriuretic peptide (BNP) are
synthesized within cardiomyocytes and subsequently released
into the circulatory system upon exposure to pathological
stimuli, thereby resulting in structural anomalies and cardiac
dysfunction.37,38 Here, we examined the mRNA expression of
β-MHC, Anp and Bnp, and found that their expressions were
significantly up-regulated in the exposed mice at E18.5, with no
meaningful alterations at E10.5 and E14.5 (Figure 2E−G).
Together, these results suggest that maternal PM2.5 exposure
induced cardiac dysfunction and structural remodeling,
deriving from an imbalance between proliferation and
hypertrophy of late-gestational cardiomyocytes.
3.3. Myosin-Related Gene Expression in Response to

Myocardial Hypertrophy. To further explore the potential
regulation of myocardial hypertrophy in offspring, we first
analyzed the transcriptional profile of fetal hearts at E18.5. The
overall gene expression distribution of each RNA-seq sample is
presented in Figure S2A. The PCA model indicated that
maternal PM2.5 exposure caused obvious alterations in the
transcriptome in fetal hearts (Figure 3A). With the criterion of
Log2 |foldchange| > 1 and p < 0.05, we identified a total of 344
DEGs, of which 198 were up-regulated and 146 were down-
regulated (Figure 3B). Next, we analyzed the association of
these DEGs with diseases using the CTD database and found
that 31 DEGs were highly linked to cardiovascular diseases
(Figure 3C), with hypertension sharing the highest overall
inference score (Figure S2B), indicating excessive cardiac load
in PM2.5-exposed fetuses that triggered cardiac hypertrophy.

39

To evaluate the biological functions of DEGs, we clustered
them according to the expression values of each sample and
obtained eight clusters and their functional annotations (C1−
C8), among which C1, C2, C3, C4, C6, and C7 were
significantly up-regulated following maternal PM2.5 exposure,
while C5 and C8 were significantly down-regulated (Figure
3D). It is worth noting that C3 and C6 were enriched in a large
number of terms related to myocardial dysfunction, including
muscle contraction, skeletal muscle contraction, sarcoplasmic
reticulum calcium ion transport, and myoblast fusion (Figure
3D), which was consistent with the results of cardiac
echocardiography in offspring, especially the increased EF
and FS. Similar to our results, Luo et al. found a large number
of mutations in genes regulating early embryonic cardiac

contractility, which was considered an important mechanism of
CHD.5

Cardiac contraction is driven by the sliding filament
mechanism within myocardial cells. When cardiomyocytes
are depolarized, calcium ions (Ca2+) are released from the
sarcoplasmic reticulum (SR) into the cytoplasm, where they
bind to cardiac troponin, leading to a conformational change in
the troponin-myosin complex that facilitates the interaction
between actin and myosin and generates cardiac contraction.
Subsequently, calcium reuptake into the SR occurs, leading to
cardiomyocyte diastole (Figure 3E).40,41 Therefore, to clarify
the structural basis of abnormal myocardial contraction, we
analyzed the biological processes (BP), cellular components
(CC) and molecular function (MF) of DEGs in C3 and C6,
and found that myosin-related terms were significantly
enriched, such as myosin f ilament, myosin complex and myof ibril
(Figure 3F). qPCR further validated the mRNA expression of
myosin-associated DEGs in these terms, revealing that the
levels of Myh1, Myh8, Myh13, Mylk2, and Mylpf were
significantly up-regulated (Figure S3A). In addition, IHC
staining showed a significant elevation of fast myosin skeletal
heavy chain expression in the ventricular wall (Figures 3G and
S3B).
Collectively, these results suggest that maternal PM2.5

exposure elevated the expression of myosin genes in response
to myocardial injury and hypertrophy during late pregnancy.
The pattern of myosin work determines how the heart
modulates force production, and an increased proportion of
active myosin responds to higher energy expenditure during
systole and diastole, promoting longer or stronger interactions
with actin, ultimately contributing to diastolic dysfunction and
hypercontractility.42 During cardiac hypertrophy, to accom-
modate the augmented load, the heart may upregulate the
expression of myosin genes to enhance myocardial contrac-
tility. This adaptive change may help maintain the pumping
function of the heart in the short term, but it may further result
in alterations in cardiac structure and function in the long
term.43 During the early stage of cardiac development, different
isoforms of myosin begin to be expressed and differentiated,
which can promote the proliferation, differentiation and
migration of cardiomyocytes and lay the foundation for the
formation of the basic structure of the heart.44 However,
during embryonic development, unfavorable factors may lead
to abnormalities in myosin expression and function, such as the
gradual replacement of some embryonic-type isoforms of
myosin by adult-type ones, resulting in cardiac hyper-
trophy.45,46 In contrast, myosin inhibitors, such as mavacamt-
en, can act as a treatment for hypertrophic cardiomyopathy by
blocking the binding of myosin to actin and thereby
suppressing the generation of sarcomere force.47 Importantly,
even though a large body of literature has demonstrated a
relationship between myosin and cardiac hypertrophy,48−50

our study found that maternal PM2.5 exposure caused
myocardial hypertrophy in fetuses and neonates by altering
myosin gene expression.
3.4. Complement and Coagulation Dysregulation for

Abnormal Cardiac Development. During embryonic
development, the formation and function of organs depend
on the dynamic expression of specific genes at different time
points.51 To clarify the potential time-series regulatory
mechanism associated with abnormal cardiac development in
fetuses/neonates in response to maternal PM2.5 exposure, we
analyzed the transcriptional profiles of fetal hearts at three
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consecutive developmental windows E10.5, E14.5, and E18.5,
yielding 799, 281, and 344 DEGs (Log2 |foldchange| > 1 and p
< 0.05), respectively (Figure S4). By GO functional
annotation, we found that among the top 30 BP terms, the
DEGs at E10.5 were mainly enriched in neurological processes,
such as chemical synaptic transmission (GO: 0007268) and
nervous system development (GO: 0007399); DEGs at both
E14.5 and E18.5 were significantly enriched in inflammation-
and immune-related terms, such as inf lammatory response (GO:
0006954), immune system process (GO: 0002376), and
chemotaxis (GO: 0006935) (Figure 4A). Importantly, both
gene set enrichment analysis (GSEA) and KEGG pathway
annotation indicated the enrichment of Complement and
coagulation cascades at three time points (Figure 4B,C).
Complement and coagulation are two important biological
systems and play a key role in maintaining the body’s immune

health and blood coagulation homeostasis.52,53 In addition,
there is extensive crosstalk between them and inflammation,
and activation of one system may amplify activation of the
other, which, if left unchecked, may lead to tissue damage and
even multiorgan failure.54 Here, the time-series transcriptomics
suggest that complement and coagulation cascades acted as
one of the key pathways for cardiac developmental
abnormalities in offspring following maternal PM2.5 exposure.
Similarly, Jin et al. found that airborne fine particulate matter
(PM) affected blood homeostasis by triggering crosstalk
among the plasma kinin-releasing enzyme-kinin system
(KKS), complement and coagulation systems.55 Previous
reports have shown that the coagulation and complement
systems caused severe preeclampsia and affected cardiac
development through various pathways, such as inflammation,

Figure 4. Transcriptional expression profile and biological processes in fetal hearts at E10.5, E14.5, and E18.5 following maternal PM2.5 exposure.
(A) Top 30 enriched BP terms of DEGs using DAVID analysis. Significantly enriched terms were screened when p < 0.05. (B) Top 3 GSEA results
of all DEGs. Significantly enriched terms were screened based on q < 0.05 and |NES| > 1.5. (C) All enriched KEGG pathways of DEGs using
DAVID analysis. Significantly enriched terms were screened when p < 0.05.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c11407
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11407/suppl_file/es4c11407_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c11407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c11407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c11407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c11407?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c11407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cell death, and vascular remodeling,56,57 which were consistent
with our findings.
Based on the above KEGG analysis, there were 10, 8, and 7

DEGs involved in the Complement and coagulation cascades
pathway at E10.5, E14.5, and E18.5, respectively (Figure 5A).
qPCR and IHC analyses further validated the expression of
these DEGs and showed that coagulation-related genes
continued to change following maternal PM2.5 exposure
(Figures 5B,C and S5), while complement-related genes
were significantly upregulated only at E18.5 (Figure 5D,E).
Consistently, the level of MAC, an effector molecule produced
by the activated complement system, increased significantly at

E18.5 following maternal PM2.5 exposure (Figure S6A). In
addition, the expression of key inflammatory genes and
chemokines was significantly upregulated at E18.5 (Figure
S6B). Then, we further comprehensively examined the role of
these genes in the complement and coagulation cascades over
successive developmental time series (Figure 6). Surprisingly,
as the development progressed, the DEGs gradually shifted
from coagulation regulation in midgestation to complement
regulation in late gestation, reflecting a temporal activation of
these pathways. Specifically, maternal PM2.5 exposure initially
activated the intrinsic pathway of the coagulation cascade in
fetal hearts at E10.5; subsequently, the exposure promoted the

Figure 5. Persistent complement and coagulation dysregulation in fetal hearts following maternal PM2.5 exposure. (A) Hub genes involved in the
complement and coagulation cascade pathway determined by protein−protein interaction (PPI) network analysis at E10.5, E14.5, and E18.5. (B)
The mRNA expression of the top 10 DEGs involved in the coagulation cascade (n = 6−10). (C) Representative IHC images of fetal hearts with
anti-FGG at E10.5, E14.5, and E18.5 (Left), and the relative IOD of FGG (Right) (n = 4). (D) The mRNA expression of the 3 DEGs involved in
the complement cascade (n = 6−10). (E) Representative IHC images of fetal hearts with anti-C5 at E10.5, E14.5, and E18.5 (Left), and the relative
IOD of C5 (Right) (n = 4). Data are expressed as means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 versus the vehicle control.
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conversion of prothrombin to thrombin and drove fibrin
production at E14.5; and finally, thrombin activated the
complement cascade by targeting C5, resulting in myocardial
injury at E18.5. Activation of the complement and coagulation
systems can produce inflammatory mediators, such as C3a and
C5a, which activate a variety of intracellular signaling pathways
and bind to the promoter regions of myosin genes to stimulate
myosin transcription.58 In addition, the interaction between
the complement and coagulation cascades generates the MAC,
which directly causes insult to the cell membrane of
cardiomyocytes and activates intracellular stress-related signal-
ing pathways (e.g., the p38 MAPK signaling pathway) to
regulate the expression of myosin genes, ultimately leading to
myocardial hypertrophy.59,60

Furthermore, to compensate for the limitation of relying
only on transcriptome analysis, we designed inhibition studies
using recombinant hirudin as a thrombin inhibitor. Hirudin is a
highly specific inhibitor of thrombin, which be a superior
antithrombotic drug.61−63 The findings consistent with our
previous results, maternal PM2.5 exposure caused abnormal left
ventricular (LV) function and cardiac structure in male and
female offspring, whereas recombinant hirudin treatment
significantly attenuated the PM2.5-induced adverse effects
(Figure S7). Meanwhile, H&E staining and qRT-PCR results
also confirmed the ameliorative effects of recombinant hirudin
on PM2.5-induced cardiac hypertrophy and abnormal activation
of complement coagulation cascade (Figure S8). These results
directly validate the critical role of complement and
coagulation cascades in cardiac developmental toxicity induced
by PM2.5 at a functional level, adding to the reliability and
completeness of the study.
The study has some limitations due to geographical

variations in PM2.5 components. First, our previous study

examined the concentrations of 31 inorganic elements and 15
polycyclic aromatic hydrocarbons (PAHs) in PM2.5 samples
collected during the winter heating season, which were used in
this study.19 And we should link these inorganic and organic
components to the adverse outcomes and related biological
processes. Second, we should systematically apply this time-
series regulatory mechanism in cardiac development by
integrating multiple technologies (e.g., joint multiomics
analysis of spatial and protein transcriptomes, etc.), or
investigate the potential roles of key time-series genes by
gene editing technologies, such as CRISPR, promoting the
clinical prevention and treatment of CHDs.
Taken together, maternal PM2.5 exposure caused cardiac

systolic and diastolic dysfunction, as well as concentric
myocardial hypertrophy in fetuses and neonates. E18.5 could
be considered the critical window for structural changes and
elevated myosin gene expression relevant to cardiac contrac-
tion. Mechanistically, the exposure initiated persistent crosstalk
between the coagulation and complement systems, thereby
triggering cellular inflammation and lysis, upregulating myosin
genes, and ultimately contributing to compensatory cardiac
hypertrophy and compromised cardiac function. Our findings
give novel insights into CHD risks based on developmental
origin in PM2.5-polluted areas and provide potential cellular/
molecular targets for control and prevention.

4. ENVIRONMENTAL IMPLICATIONS
Increasing epidemiological evidence indicates a close relation-
ship between ambient PM2.5 exposure and an increased risk of
CHDs. However, the developmental origins as well as
underlying mechanisms remain elusive. This study combines
animal exposure, critical window identification and toxico-

Figure 6. Crosstalk between the coagulation system and the complement system in developing fetal hearts following maternal PM2.5 exposure.
(Differentially expressed genes at E10.5, E14.5, and E18.5 are represented by blue, yellow, and flesh-pink backgrounds, respectively, with up-
regulated genes marked by red triangles and down-regulated genes marked by blue triangles).
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logical mechanisms to provide experimental data for not only
CHD progression from environmental relevant level but also
molecular targets for risk prevention; and further offers new
insights for local governments and municipalities to mitigate
regional ambient pollution and reduce health burden on
children.
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