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A B S T R A C T

Globally, plastic pollution threatens human health, particularly affecting the hearts of offspring
exposed to maternal environmental factors early in development. Few studies have specifically
addressed sex-specific cardiac injury in offspring resulting from maternal exposure to polystyrene
nanoplastics (PS-NPs). This study investigates the potential cardiac injury in offspring following
maternal exposure to 1 mg/L PS-NPs. Pregnant C57BL/6J mice were exposed to PS-NPs until 3
weeks postpartum to establish a maternal exposure model. Heart tissues were collected and
weighed, and the transcriptomes of the offspring hearts were sequenced and analyzed using high-
throughput RNA sequencing. Immunohistochemical staining was performed to assess the effects
of PS-NPs on cardiac immune infiltration, fibrosis, and apoptosis in the offspring. PS-NPs caused a
significant reduction in heart and body weight in female offspring compared to males. Addi-
tionally, PS-NPs induced sex-specific transcriptional reprogramming and metabolic disruptions in
the offspring. PS-NPs also induced significant fibrosis, apoptosis, and increased CD68+ macro-
phage infiltration in offspring hearts. Notably, PS-NPs induced distinct cardiovascular diseases in
the offspring. Fluid shear stress and atherosclerosis were significantly enriched in PS-NP-treated
male offspring, while viral myocarditis was predominantly enriched in PS-NP-treated females.
Our findings suggest that PS-NPs induce cardiotoxicity in offspring by disrupting metabolism,
impairing immunity, and triggering fibrosis and apoptosis, with sex-specific differences. This
study provides novel insights and a foundation for understanding sex-specific pharmacological
differences and interventions in PS-NP-induced cardiovascular disease in offspring.

1. Introduction

Plastic pollution poses a significant threat to human health, attracting widespread attention from researchers. Traces of plastic
debris have been detected in human placenta [1], faeces [2], blood [3], breast milk [4], and organs such as the liver [5] and lungs [6].
By 2025, an estimated 11.0 billion tons of plastic will have accumulated in the environment [7], potentially excluding single-use
plastics produced during COVID-19 pandemic [8]. Environmental plastic debris undergoes chemical and physical processes,
breaking down into microplastics (<5 mm) or nanoplastics (NPs, <100 nm) [9–11]. As NPs proliferate, they increasingly enter the
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human body through inhalation, ingestion, and dermal penetration [12]. Additionally, nanocarriers, including drugs and biomolecules
(e.g., proteins, peptides), may be introduced into the body via injection [13]. NPs can even penetrate deeper into human tissues, posing
a significant threat to health [14,15].

Currently, polystyrene nanoplastics (PS-NPs) are among the most widely available and studied nanomaterials [16–19]. PS-NPs can
cross the blood-brain barrier, significantly impairing mouse neurons, as demonstrated by Shan et al. [20]. Additionally, He et al. [21]
demonstrated that PS-NPs exacerbate LPS-induced duodenal inflammation in mice via the ROS-driven NF-κB/NLRP3 pathway.
Chronic exposure to PS-NPs has been shown to exacerbate cardiotoxicity in mice, evidenced by myocardial fibrosis and autophagy
[22]. Notably, PS-NP exposure during pregnancy and lactation induces toxicity in the liver and testes of male offspring in mice [23].
Pregnancy is a critical period for early-life growth and development, warranting careful consideration of the health risks posed by
PS-NP exposure.

Adverse factors during early life, such as maternal nutrition, illness, as well as environmental exposures, can impact fetal devel-
opment [24–26]. Previous studies suggest that NPs can penetrate various animal organs, including cell membranes, the blood-brain
barrier, and the placenta, and can be transmitted to the next generation [27,28]. Tanwar et al. [29] demonstrated that in utero
exposure to PM2.5 impaired cardiac performance in newborn mice by reducing left ventricular end-diastolic volume. Hathaway et al.
[30] reported that maternal exposure to TiO2 nanoparticles during pregnancy is associated with reduced cardiac function and
diminished cardiomyocyte activity in rats. Additionally, PS-NP exposure in human blastocysts inhibits the development of atrio-
ventricular heart valves in newborns [31]. NPs have also been shown to penetrate the placental barrier in rodents, transferring from
mother to fetus and adversely affecting the fetal heart and other organs [32]. However, the mechanisms by which maternal PS-NP
exposure damages fetal and infant heart tissue, leading to cardiovascular disease, remain poorly understood. Transcriptomic
sequencing (RNA-seq) has emerged as a powerful tool for investigating changes in gene expression, offering a novel approach to
identifying specific biological processes and underlying mechanisms [33].

To investigate the effects of PS-NPs on heart tissue in mouse offspring, a maternal exposure model was established by administering
1 mg/L PS-NPs in the drinking water of pregnant C57BL/6J mice, following previously reported protocols [34,35]. PS-NPs induced
sex-specific cardiotoxicity by promoting fibrosis, apoptosis, increased CD68+macrophage infiltration, and metabolic disruption in the
hearts of offspring. They also contributed to sexually dimorphic cardiovascular disease. In summary, this study demonstrates that
maternal PS-NP exposure leads to sex-specific cardiotoxicity in offspring and offers a novel perspective on the underlying molecular
mechanisms. These findings are crucial for developing therapeutic interventions targeting cardiovascular diseases induced by PS-NPs.

2. Material and methods

2.1. Materials

In this research, an aqueous suspension of PS-NPs (Cat # 43302, a particle size of 100 nm) was purchased from Sigma-Aldrich
(Merck KGaA, USA). The stock solution was sonicated for 30 min to achieve uniform dispersion, then diluted with deionized water
to a concentration of 1 mg/L for subsequent experiments.

Fig. 1. Schematic of the experimental procedure.
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2.2. Animals and PS-NPs exposure

Eighteen C57BL/6J wild-type mice, aged six to eight weeks old, were obtained from GemPharmatech Co., Ltd. (Nanjing, Jiangsu),
consisting of six males and twelve females. Before the experiment began, the mice were acclimated for two weeks to a 12-h light/12-h
dark cycle, with illumination from 7:00 a.m. to 7:00 p.m. Daily mating was then conducted at 7:00 p.m., with a female-to-male ratio of
2:1. During the mating period, the mice were provided with standard water and diet. The mice were examined for the presence of a
white conical pessary in the vagina (a marker of successful conception) by a seasoned technician at 8:00 a.m. the following day. Female
mice with poorly formed or misplaced vaginal plugs were excluded from the study. After mating, the males were removed. The 0th day
of gestation (GD0) was defined as the day of the discovery of the vaginal plug. Subsequently, the pregnant mice were randomized into
two groups: the non-PS-NPs-treated group (CON-F0) and the PS-NPs-treated group (NPs-F0). Each group consisted of fivemice, with no
significant difference in average body weight observed. During the experiment, both groups of mice were given a standard diet, but the
water differed. Control mice received standard water, while experimental mice were given water containing 1 mg/L PS-NPs during
gestation. At three weeks of age, the pups were weaned and provided with standard water until the end of the experiment. A con-
centration of 1 mg/L is typically used in such studies as it approximates environmental exposure levels [34–37]. Offspring were
permitted free movement and had constant access to food and water. Bedding was changed weekly. The study utilized male and female
offspring at three weeks of age for cardiac transcriptome sequencing (RNA sequencing, RNA-Seq) and additional analyses, including
HE staining, masson staining, quantitative real-time PCR, and immunohistochemistry. Offspring were categorized as follows: male in
the control group (CON-F1-male, namely CONM), male in the PS-NPs group (NPs-F1-male, namely NPsM), female in the normal group
(CON-F1-female, namely CONF), and female in the PS-NPs group (NPs-F1-female, namely NPsF). Gene expression profiles related to
metabolism, fibrosis, immunity, and apoptosis were analyzed using KEGG pathway analysis, functional interaction networks, and
principal component analysis. Immunohistochemical staining was performed to assess the impact of PS-NPs on cardiac immune
infiltration, fibrosis, and apoptosis in the offspring. The overall study design is illustrated in Fig. 1. All experimental protocols were
approved by the Institutional Animal Care and Use Committee of Henan Provincial People’s Hospital under ethics number (2021)
Review No. 38.

2.3. Tissue collection

Upon death from cervical spine luxation, heart tissues from the CONM, NPsM, CONF, and NPsF groups were immediately excised
and weighed. The tissues were stored in a freezer kept at − 80 ◦C until later usage.

2.4. RNA extraction and RNA sequencing

To obtain macroscopic heart tissue devoid of free of fatty infiltrates, fibrosis, and blood, mouse heart tissue from the CONM, NPsM,
CONF, and NPsF groups were collected, frozen, and subsequently crushed. RNA extraction was carried out according to the TRIzol RNA
extraction protocol. The RNA Easy Spin Column Kit was purchased from Qiagen (Hilden, Germany). RNA libraries were generated
using the DNBSEQ platform method, as previously reported [38,39]. The following is a brief description of the library preparation
process. First, oligo-dT-tagged magnetic beads were employed to isolate poly(A)-tailed mRNA molecules from the total RNA sample.
Next, the RNA was cleaved using disrupt buffer, transcribed with a random N6 primer, and the cDNA strands were synthesized into
double-stranded DNA. Subsequently, the repaired complementary DNA and cDNA were purified, and double-stranded cDNA with the
probe attached was isolated. Finally, specific primers were employed to amplify the ligation product via PCR. The PCR product was
subjected to thermal denaturation, and circularization of the single-stranded DNA was achieved using a bridging primer to generate a
single-stranded circular DNA library. RNA extraction and sequencing were conducted by the Beijing Genomic Institute (BGI)
(Shenzhen, China). It is noteworthy that the reference genome used in this study was Mus musculus, obtained from NCBI.

2.5. Principal component analysis

Principal component analysis (PCA) is applied to summarize and visualize information in datasets containing individual or
observational analyses with multiple interrelated variables [40]. Commonly, PCA calculations were performed to assess the quality of
the RNA-seq. In this study, PCA was utilized to assess the overall similarity or differences in gene expression values of cardiac tran-
scripts between the control group (CONM and CONF) and the PS-NPs group (NPsM and NPsF). PCA were shown by using Statistical
Analysis of Metagenomic Profiles (STAMP) software.

2.6. Differentially expressed genes

Differentially expressed genes (DEGs) analysis is the statistical analysis of gene expression data under different treatments with the
control group to screen out gene sets with significant expression changes [41]. The threshold criterion for statistically meaningful
DEGs has been set at the following levels: |log2FC| was set as ≥1 and Q was set as < 0.05. After setting the significance threshold, the
scatter plot is generated. Additionally, pie charts were created based on variations in gene expression levels of fragments per kilobase
million (FPKM), sorted as low expression of genes: 0 < FPKM <1, higher expression of genes: 1 ≤ FPKM <20, and highly expressed of
genes FPKM ≥20 [42,43].
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2.7. Quantitative real-time PCR

Total RNA was isolated from heart tissues as previously described [44–46]. The RNA was extracted using TRIzol reagent according
to the manufacturer’s protocol (Hilden, Germany) and subsequently subjected to cDNA synthesis using a PrimeScript RT-PCR kit
(TAKARA Korea, Seoul, Korea). RT-PCR analysis was conducted using the SYBR mix and a CFX384 real-time system (Bio-Rad, Her-
cules, CA, USA). β-actin mRNA levels were used as internal controls for normalization. The primer sequences used are provided in
Table S1.

2.8. Functional enrichment GO and KEGG analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG), a database for systematic study of the function of genes and genomic data,
helping investigators study information on genes and their expression as a network. In the literature of other reports, pathways were
defined as significantly enriched for DEGs when the P-value<0.05. But, in the study, with Q< 0.05 as the cut-off criterion, the P-value
has been calculated using the Bonferroni correction [47]. The KEGG was carried out using BLASTALL software (Bethesda, United
States) against the KEGG database version 81.0 and the NCBI RefSeq as the reference gene set (GCF_000001635.25_GRCm38.p5).
Important relationships of candidate genes are obtained using gene ontology (GO) analysis, DEGs were submitted to analyze the
molecular functions (GO-F) and biological processes (GO-P). The number of genes for each term is first calculated by mapping all the
candidate genes to each term in the GO database. The importance of the biological functions of the screened genes was then deter-
mined using the hypergeometric test. GO terms which meet this requirement, (both p < 0.05 and false discovery rate (FDR) < 0.05),
were considered to be an indication of statistical significance.

2.9. Protein-protein association networks

Protein-protein association networks (PPANs) were explained using version 11.5 of the STRING database [48]. Here, it is mainly
used to reveal PPANs of metabolism, immunity, fibrosis, and apoptosis-related genes. The type of network was set to be a full STRING
network. Experiments and databases were chosen as the sources of interactions. And, the STRING networks were clustered using
k-means clustering.

2.10. Immunohistochemistry

Immunohistochemistry (IHC) utilizes the principle of exact binding between antigens and antibodies to locate antigens (peptides
and proteins) in tissue cells [49]. A chemical reaction then ensues, leading to the chromogenic labeling of antibodies via agents such as
enzymes, metal ions, fluorescein, and isotopes. The heart tissues of CONM, NPsM, CONF, and NPsF were paraffin-embedded. Ex-
periments were performed following the procedures already reported in the literature to obtain the results. Paraffinized samples are
dewaxed and hydration. Sections of mouse heart were immersed in xylene for 15–20 min, followed by rinsing with 75–100 % ethanol
water. Among them, reagents xylene I-III and ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Next, the samples were closed and antigen repair. All antibodies, PBS, DAB, and hematoxylin stains used in the experiments were
purchased from the Servicebio Company (Wuhan, China). Sections of mouse heart were placed on PBS after incubation in hydrogen
peroxide solution (3 %). Then, block endogenous peroxidase. Anti-CD68 and antic-leaved caspase-3 antibody was incubated overnight
with the heart section. After the heart sections were washed with PBS, secondary antibody was added, and then DAB color developing
solution was added for culture, and hematoxylin was stained for 50 s. Finally, a series of operations such as dehydration, transparency,
and drying are carried out before subsequent data reading. The heart sections were examined, imaged, and analyzed using a Pan-
noramic 250/MIDI light microscope (Hungary). Twenty 400X field images were chosen, positive cells were calculated in a
double-blind fashion to quantify the infiltration and apoptosis of CD68 macrophages. And, apply version 1.53k of ImageJ software of
Wayne Rasband (United States) to calculate the total number of cells.

2.11. Masson staining

Masson’s trichrome staining is a staining method for collagen fibers and muscle fibers that can be used to observe the collagen
structure in tissues and pathological tissues [50]. And it was carried out in accordance with a study that had already published. All
heart sections from the CONM, NPsM, CONF, and NPsF groups were put into xylene I-III for 15–20min, followed by sequential washing
with 75–100 % ethanol and then rinsing with distilled water. Masson’s trichrome staining kit purchased from Service Bio (G1006,
Wuhan, China) was used to give heart slice staining, according to the recommendations of manufacturer. Cardiac sections were
examined, imaged, and analyzed using a microscope. Twenty images at 400× magnification were randomly selected, and the area of
the fibrotic tissue was counted in a double-blind fashion to calculate the degree of fibrosis. ImageJ software (same as above) was also
used to obtain the ratio of the area of fibrotic tissue.

2.12. Hematoxylin-eosin staining

Hematoxylin-eosin (HE) staining was performed according to previously reported procedures in the literature [51]. Heart sections
were then imaged and analyzed using the same light microscope. Twenty images at 400×magnification were randomly selected, and
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ImageJ software was used to measure cardiac cell size.

2.13. Statistical analysis

The version 2.1.0 of the Venn diagram plotter (Venny) was applied to compare the transcript counts between the normal group and
PS-NPs-treated group. The heatmap package in R (version 3.5.3) was used to visualize the expression of normal and PS-NPs group
transcripts. The version 8.1.0 of GraphPad Prism software (La Jolla, CA, USA) was applied to charting and scatter plotting. STAMP
statistical software was used for PCA. A 2-way analysis of variance (ANOVA) was adopted. The data were showed as the mean ± SEM
(standard error) and were supposed statistically significant with the P < 0.05.

Fig. 2. The effect of maternal PS-NPs exposure on the offspring mice. (A) Body weights of the offspring mice obtained from control male
(CONM), control female (CONF), PS-NPs-treated male (NPsM), and PS-NPs-treated female (NPsF), &P < 0.05, ##P < 0.01. (B) Ratio of heart weight
to body weight (HW/BW) of CONM, NPsM, CONF, and NPsF, &P < 0.05, #P < 0.05, **P < 0.01. (C) Heart weights of the offspring mice obtained
from CONM, CONF, NPsM, and NPsF, &P < 0.05, ##P < 0.01. (D) Cell size in heart tissue of CONM, NPsM, CONF, and NPsF, &P < 0.05, *P < 0.05,
##P < 0.01. (E) Histopathology of the cardiac tissue obtained from CONM, NPsM, CONF, and NPsF, the representative micrographs of cardiac
sections stained with HE staining. The scale bar represents 20 μm.
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Fig. 3. PS-NPs alters transcriptome composition in the heart of offspring mice. (A) Venn diagram of cardiac transcriptomes of normal and PS-
NPs-treated heart in male offspring mice (CONM, NPsM) and female offspring mice (CONF, NPsF); three mice in each group. (B) PCA scatter plot of
gene expression in the heart from CONM, NPsM, CONF, and NPsF. Orange dots represent the CONM group, lavender dots represent the NPsM group,
blue dots represent the CONF group, and green dots represent the NPsF group. (C-E) Scatter plot of DEGs was compared between the CONM and
NPsM groups (C), CONF and NPsF groups (D), and CONM and CONF groups (E), respectively. The X-axis and Y-axis represents gene expression per
group. Red dots represent up-regulated genes and green dots represent down-regulated genes. (F) Pie charts of the low, higher, and highly expressed
genes in CONM, NPsM, CONF, and NPsF. Three mice in each group. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. PS-NPs alters KEGG pathways with sex-specific effects in the heart of offspring mice. (A-C) Venn diagram of higher expression genes
for CONM and NPsM group (A), CONF and NPsF group (B), and CONM and CONF group (C); three mice in each group. (D-F) Gene annotation of top
10 KEGG pathways enriched in higher expression genes between the CONM group and NPsM group, P < 0.05. Among, (D) exclusively in CONM; (E)
shared in CONM and NPsM; (F) exclusively in NPsM. (G-I) Gene annotation of top 10 KEGG pathways enriched in higher expression genes between
the CONF group and NPsF group, P < 0.05. Among, (G) exclusively in CONF; (H) shared in CONF and NPsF; (I) exclusively in NPsF. (J-L) Gene
annotation of top 10 KEGG pathways enriched in higher expression genes between the CONM group and CONF group, P < 0.05. Among, (J)
exclusively in CONM; (K) shared in CONM and CONF; (L) exclusively in CONF.
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3. Results

3.1. Maternal exposure to PS-NPs changes the size of cardiomyocytes in mouse offspring

To investigate the effects of maternal PS-NPs exposure on the birth weight and cardiomyocyte size of the offspring, including
potential sex differences, we measured the body weight and heart weight of the newborn mice. A two-way between-topics ANOVA (sex
with two aspects, including female and male, and PS-NPs with two aspects, including non-PS-NPs treated and PS-NPs-treated), showed
that the sex × PS-NPs interaction was significant (P < 0.05), in addition to the significant main effects of PS-NPs (P < 0.001) on the
body weight of offspring. Analysis of these results showed that the PS-NPs treatment had a clear effect on the body weight of the
offspring, and the PS-NPs-treated group were significantly lower than the normal group (Fig. 2A). The heart weights of the offspring
mice were weighed to highlight the effects of PS-NPs on the heart. Next, the heart weight/body weight (namely, HW/BW) ratio was
calculated. As shown in Fig. 2B, the ANOVA performed a meaningful influence of PS-NPs (P < 0.001) and sex (P = 0.04) but not sex ×
PS-NPs interplay (P = 0.078) on HW/BW. Our analysis revealed a significant reduction in absolute heart weight in both male and
female offspring of the PS-NPs-treated group compared to controls (Fig. 2C). Despite this, the HW/BW ratio was significantly elevated
in the PS-NPs-treated group (Fig. 2B), driven by a greater reduction in body weight relative to heart weight in these offspring.
Following this, the HE staining was demonstrated to research the influence of PS-NPs on the size of the cardiomyocytes. For cell size,
the ANOVA performed a meaningful sex × PS-NPs interplay (P = 0.027) as well as a meaningful influence of PS-NPs (P < 0.001)
(Fig. 2D). Cardiomyocyte size was observed to be significantly greater inmale offspring of the PS-NPs-treated group than in the non-PS-
NPs-treated group. However, a significant difference in cardiomyocyte size was observed between PS-NPs-treated female mice and the
control group (Fig. 2D–E). In addition, the normal group of male mice exhibited slightly larger cardiomyocyte than female mice.
Overall, these results indicate that maternal PS-NPs intake affects cardiac development in mouse offspring, with possible sex
differences.

3.2. PS-NPs reprogram transcriptome composition of mouse offspring’s heart

To investigate how maternal exposure to PS-NPs affects gene expression of the offspring’s heart, we conducted transcriptome tests
and performed data analysis on male and female offspring heart tissue of pregnant mice. For male mouse offspring, 16,847 and 16,999
transcripts were revealed in the non-PS-NPs-treated (CONM) heart and PS-NPs-treated (NPsM) heart, respectively. For female mouse
offspring, 17,494 and 17,036 transcripts were revealed in the hearts of the non-PS-NPs-treated (CONF) heart and the PS-NPs-treated
(NPsF) heart, respectively. Compared to the same-sex control group, the CONM group had 152 undetected genes, while the NPsF group
had 458 undetected genes. This discrepancy is likely due to the expression levels of these genes falling below the detection threshold
(Fig. 3A). Subsequently, twelve variables of transcriptome were reduced in dimensionality, and PCA was used to visualize the dif-
ferences between the CONM and NPsM groups, as well as between the CONF and NPsF groups. The three principal components (PC1,
PC2, and PC3) accounted for 91.50 %, 7.00 %, and 1.10 % of the total variance, respectively. This suggests that genes within the
normal and PS-NPs groups displayed clustering characteristics, while there was a noticeable dispersion between these groups (Fig. 3B).
The Venn and PCA results revealed a sex-specific effect of maternal PS-NPs exposure on the cardiac transcriptome of the progeny mice.
As shown in Fig. 3C–E, the volcano plot of DEGs was used to illustrate the distinctions between the CONM and NPsM groups, the CONF
and NPsF groups, and the CONM and CONF groups, respectively. In the scatter plot, theQ< 0.05 was defined as the cut-off criterion for
a significantly different. Red dots indicate significant upregulation, green dots indicate significant downregulation, and gray dots
indicate no significant difference. In the CONM and NPsM groups, 279 DEGs were identified, comprising 105 upregulated genes and
174 downregulated genes (Fig. 3C and Table S2). In the CONF and NPsF groups, 114 DEGs were identified, comprising 24 upregulated
genes and 90 downregulated genes (Fig. 3D and Table S3). In the CONM and CONF groups, 37 DEGs were identified, comprising 30
upregulated genes and 7 downregulated genes (Fig. 3E and Table S4). Next, gene expression levels were analyzed in the CONM, NPsM,
CONF, and NPsF groups to study the effect of maternal exposure to PS-NPs on the cardiac transcriptome. In accordance with previous
reports [42,43], the transcripts have been divided into three types according to the groups to which they belong: low expression of
genes, higher expression of genes, and highly expressed of genes. The findings are presented in Fig. 3F. For male offspring, the number
of genes with low, higher, and highly expression levels were 5198 (30.85 %), 8346 (49.54 %), and 3303 (19.61 %), respectively, out of
a total of 16,847 transcripts in the CONM-treated heart. From the 16,999 transcripts in the NPsM-treated heart, the low, higher, and
highly expression genes accounted for 5051 (29.71 %), 8531 (50.19 %), and 3417 (20.10 %). However, in the CONF-treated hearts of
female offspring, the low, higher, and highly expressed genes constituted 5568 (31.83 %), 8467 (48.40 %), and 3459 (19.77 %) of 17,
494 transcripts, respectively. In the NPsF-treated hearts, these categories accounted for 5100 (29.94 %), 8565 (50.28 %), and 3371
(19.79 %) of 17,036 transcripts, respectively. Collectively, these findings demonstrated that maternal PS-NPs exposure changed heart
transcriptome composition of offspring mice with gender-specific variations.

3.3. PS-NPs affect the KEGG pathway of offspring

To examine the impact of maternal ingestion of PS-NPs on the higher expression of genes (main screening criteria: 1 ≤ FPKM <20)
and on the KEGG pathway of the genes in the offspring mice hearts, we compared the higher expression genes using Venn plots and
conducted KEGG enrichment analyses (Fig. 4). Initially, transcriptome gene expression differences between the CONM and NPsM
groups, as well as the CONF and NPsF groups, were compared, with the results presented in Fig. 4A–B. Male offspring, the Venn plots
illustrate that out of the higher expression genes, 505 (5.59 %) genes have been exclusively to the CONM group, 7841 (86.77 %) genes

X. Chen et al. Heliyon 10 (2024) e39139 

8 



have been shared by both the CONM group and the NPsM group, and 690 (7.64 %) genes have been exclusively to the NPsM group
(Fig. 4A). Similarly, Fig. 4B illustrates that in female offspring, the Venn plots illustrate that out of the higher expression genes, 371
(4.15 %) genes have been exclusively to the CONF group, 8096 (90.60 %) genes have been shared by both the CONF group and the
NPsF group, and 469 (5.25%) genes have been exclusively to the NPsF group. Additionally, we compared variations in high-expression
genes in the CONM and CONF groups. This graph shows that there were 316 (3.59 %) genes that have been included solely in the
CONM group, 8030 (91.43 %) genes that have been shared by both the CONM and CONF groups, and 437 (4.98 %) genes that have
been included solely in the CONF group, as shown by the Venn plots (Fig. 4C).

To evaluate the impact of maternal intake of PS-NPs on KEGG pathways, KEGG enrichment analyses were conducted on the genes
from the CONM, NPsM, CONF, and NPsF groups, as well as those shared between the CONM and NPsM, CONF and NPsF, and CONM
and CONF groups, as illustrated in Fig. 4D–L. For male offspring, 26 KEGG functional pathways (P < 0.05) specific to the CONM group
were discovered and classified into six distinct types: (1) environmental information processing: hippo signaling pathway-multiple
species (P = 2.61E-02), phosphatidylinositol signaling system (P = 1.11E-02), hippo signaling pathway-fly (P = 2.55E-02), and
AMPK signaling pathway (P = 3.81E-02); (2) genetic information processing: spliceosome (P = 4.70E-02); (3) cellular processes: p53
signaling pathway (P = 3.18E-02) and endocytosis (P = 3.52E-02); (4) human diseases: pathogenic Escherichia coli infection (P =

1.83E-03), thyroid cancer (P = 1.30E-02), insulin resistance (P = 1.99E-02), hepatocellular carcinoma (P = 2.73E-02), gastric cancer
(P = 3.29E-02), shigellosis (P = 3.42E-02), and transcriptional mis-regulation in cancer (P = 3.51E-02); (5) metabolism: beta-Alanine
metabolism (P= 1.07E-03), inositol phosphate metabolism (P = 2.20E-03), histidine metabolism (P = 2.11E-02), arginine and proline
metabolism (P = 7.87E-03), lysine degradation (P = 1.77E-02), tryptophan metabolism (P = 3.12E-02), and fatty acid degradation (P
= 3.55E-02); (6) organismal systems: cholesterol metabolism (P= 7.23E-03), axon regeneration (P= 7.98E-03), Fc gamma R-mediated
phagocytosis (P = 2.47E-02), PPAR signaling pathway (P = 3.02E-04), and thyroid hormone signaling pathway (P = 2.69E-02)
(Fig. 4D). 36 KEGG functional pathways (P < 0.0001) specific to shared CONM and NPsM groups were found and classified into five
distinct types: (1) cellular processes: lysosome (P = 1.37E-05), apoptosis (P = 1.68E-05), autophagy-animal (P = 2.46E-07), and cell
cycle (P= 4.26E-05); (2) environmental information processing: MAPK signaling pathway (P= 1.25E-05), notch signaling pathway (P
= 4.26E-06), phosphatidylinositol signaling system (P= 3.20E-08), ErbB signaling pathway (P= 3.20E-06), TNF signaling pathway (P
= 4.41E-08) and Wnt signaling pathway (P = 8.27E-06); (3) genetic information processing: base excision repair (P = 9.05E-06), DNA
replication (P = 4.33E-06), ribosome biogenesis in eukaryotes (P = 1.10E-09), non-homologous end-joining (P = 4.07E-05), ubiquitin
mediated proteolysis (P= 3.83E-08), nucleotide excision repair (P= 3.08E-07), basal transcription factors (P= 7.39E-07), aminoacyl-
tRNA biosynthesis (P = 3.36E-06), RNA transport (P = 1.91E-05), RNA degradation (P = 6.31E-05), and mismatch repair (P = 1.40E-
05); (4) human diseases: herpes simplex virus 1 infection (P = 5.47E-11), pathways in cancer (P = 1.04E-07), colorectal cancer (P =

1.10E-07), microRNAs in cancer (P = 1.21E-06), yersinia infection (P = 4.08E-06), pancreatic cancer (P = 1.09E-05), small cell lung
cancer (P= 1.80E-05), hepatitis B (P= 4.47E-05), endometrial cancer (P= 4.55E-05), endocrine resistance (P= 6.52E-05), and human
papillomavirus infection (P = 3.36E-05); (5) metabolism: inositol phosphate metabolism (P = 7.01E-07), N-Glycan biosynthesis (P =
1.48E-05), terpenoid backbone biosynthesis (P = 4.25E-05), and amino sugar and nucleotide sugar metabolism (P = 9.10E-05)
(Fig. 4E). While 10 significantly KEGG pathways (P < 0.01) specific to the NPsM group were found and divided into two types: (1)
human diseases: herpes simplex virus 1 infection (P = 9.98E-04); (2) metabolism: phenylalanine metabolism (P = 7.77E-04), cysteine
and methionine metabolism (P = 1.47E-03), biosynthesis of amino acids (P = 9.16E-04), metabolism of xenobiotics by cytochrome
P450 (P= 6.30E-03), drug metabolism-cytochrome P450 (P= 7.40E-03), glycolysis/gluconeogenesis (P= 5.80E-03), arachidonic acid
metabolism (P = 8.30E-03), glycine, serine and threonine metabolism (P = 9.62E-03), and tyrosine metabolism (P = 9.62E-03)
(Fig. 4F).

For female offspring, 17 functional pathways specific to the CONF group were significantly enriched (P < 0.01) and were classified
into four distinct types: (1) cellular processes: phagosome (P = 4.40E-03) and cellular senescence (P = 5.27E-03); (2) environmental
information processing: cell adhesion molecules (CAMs) (P = 3.12E-03) and viral protein interaction with cytokine and cytokine
receptor (P= 9.51E-03); (3) human diseases: human T-cell leukemia virus 1 infection (P = 1.07E-04), viral carcinogenesis (P = 7.61E-
03), acute myeloid leukemia (P = 7.96E-03), PD-L1 expression and PD-1 checkpoint pathway in cancer (P = 9.23E-04), and human
immunodeficiency virus 1 infection (P = 9.31E-03); (4) organismal systems: osteoclast differentiation (P = 6.77E-05), T cell receptor
signaling pathway (P = 4.74E-04), cholesterol metabolism (P = 1.69E-03), Fc gamma R-mediated phagocytosis (P = 1.06E-03), Th17
cell differentiation (P = 2.20E-03), PPAR signaling pathway (P = 4.42E-03), hematopoietic cell lineage (P = 6.45E-03), and natural
killer cell mediated cytotoxicity (P = 9.08E-03) (Fig. 4G). 33 functional pathways specific to shared CONF and NPsF groups were
significantly enriched (P< 0.0001) and were classified into six distinct types: (1) cellular processes: autophagy -animal (P= 2.13E-07);
(2) genetic information processing: ubiquitin mediated proteolysis (P = 1.24E-08), ribosome biogenesis in eukaryotes (P = 1.79E-08),
nucleotide excision repair (P= 7.57E-07), DNA replication (P= 1.71E-06), basal transcription factors (P= 1.78E-06), aminoacyl-tRNA
biosynthesis (P= 7.68E-06), base excision repair (P= 1.82E-05), mismatch repair (P= 2.42E-05), RNA transport (P= 4.28E-05), non-
homologous end-joining (P = 6.04E-05), and RNA degradation (P = 6.89E-05); (3) environmental information processing: phos-
phatidyl inositol signaling system (P = 8.86E-11), notch signaling pathway (P = 2.94E-06), TNF signaling pathway (P = 3.56E-06),
Wnt signaling pathway (P = 9.20E-06), hippo signaling pathway-fly (P = 2.00E-05), ErbB signaling pathway (P = 2.63E-05), and
MAPK signaling pathway (P = 5.46E-05); (4) human diseases: small cell lung cancer (P = 2.22E-05), herpes simplex virus 1 infection
(P= 7.51E-13), colorectal cancer (P= 1.24E-06), microRNAs in cancer (P= 1.37E-06), pancreatic cancer (P= 7.87E-05), pathways in
cancer (P = 1.70E-06), yersinia infection (P = 6.90E-06), and non-small cell lung cancer (P = 9.46E-05); (5) metabolism: N-Glycan
biosynthesis (P= 9.62E-06), inositol phosphate metabolism (P= 1.67E-10), pyrimidine metabolism (P= 1.12E-05), seleno-compound
metabolism (P = 2.10E-05), and amino sugar and nucleotide sugar metabolism (P = 6.07E-05); (6) organismal systems: thyroid
hormone signaling pathway (P = 1.76E-05) (Fig. 4H). While 11 functional pathways specific to the NPsF group were significantly
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enriched (P < 0.01) and were classified into four distinct types: (1) human diseases: Epstein-Barr virus infection (P = 6.88E-04),
pathways in cancer (P = 2.80E-03), and herpes simplex virus 1 infection (P = 4.82E-03); (2) cellular processes: cellular senescence (P
= 9.44E-03); (3) organismal systems: hematopoietic cell lineage (P = 2.92E-04), chemokine signaling pathway (P = 5.64E-03), and
prolactin signaling pathway (P = 6.03E-03); (4) environmental information processing: viral protein interaction with cytokine and
cytokine receptor (P = 1.10E-04), cytokine-cytokine receptor interaction (P = 4.31E-04), ECM-receptor interaction (P = 3.99E-03),
and Jak-STAT signaling pathway (P= 4.64E-03) (Fig. 4I). These results indicate that the offspring’s heart express different transcripts.

Therefore, we also in comparison to the genes of the CONM and the CONF groups using KEGG enrichment analysis. A total of 12

Fig. 5. PS-NPs alters the expression profile of genes associated with cardiovascular disease and causes different cardiac disease of the
offspring mice. (A–B) Heatmaps of the cardiovascular disease-associated DEGs in heart tissue of the male (A) and female (B) offspring mice. The
color bar indicates the scale used to show the expression of genes with the expression range normalized to ±2. (C) Venn diagram of DEGs associated
with cardiovascular disease for the NPsM group and NPsF group. (D-E) Gene annotation of KEGG pathways enriched in cardiovascular disease-
associated genes in heart tissue of the NPsM group (D) and the NPsF group (E), with P < 0.05. The top 10 pathways are shown. (F-G) Gene
annotation of molecular function (F) and biological process (G) of GO enriched in cardiovascular disease-associated genes for heart tissue of male
offspring mice, with P < 0.05 (N = 3 individual mice per group). The top 10 terms are shown. (H-I) Gene annotation of molecular function (H) and
biological process (I) of GO enriched in cardiovascular disease-associated genes for heart tissue of female offspring mice, with P < 0.05 (N = 3
individual mice per group). The top 10 terms are shown. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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KEGG pathways (P < 0.05) specific to the CONM group were found and divided into six types: (1) environmental information pro-
cessing: TNF signaling pathway (P = 3.20E-02), ErbB signaling pathway (P = 4.24E-02), and cell adhesion molecules (CAMs) (P =

4.93E-02); (2) cellular processes: p53 signaling pathway (P= 2.49E-02); (3) genetic information processing: protein export (P= 9.24E-
03); (4) human diseases: glioma (P= 2.85E-02), vibrio cholerae infection (P= 4.31E-02), and rheumatoid arthritis (P= 4.56E-02); (5)
metabolism: metabolism of xenobiotics by cytochrome P450 (P = 2.06E-02) and terpenoid backbone biosynthesis (P = 4.97E-02); (6)
organismal systems: serotonergic synapse (P = 1.67E-02) and prolactin signaling pathway (P = 2.60E-02) (Fig. 4J). A total of 7
functional pathways specific to the CONF group were significantly enriched (P < 0.01) and were classified into four distinct types: (1)
environmental information processing: cell adhesion molecules (CAMs) (P= 9.37E-03) and viral protein interaction with cytokine and
cytokine receptor (P = 5.65E-03); (2) human diseases: herpes simplex virus 1 infection (P = 1.84E-03); (3) metabolism: nitrogen
metabolism (P = 5.03E-03) and arginine biosynthesis (P = 6.96E-03); (4) organismal systems: hematopoietic cell lineage (P = 3.60E-
03) and T cell receptor signaling pathway (P = 5.96E-03) (Fig. 4L). Totals of 132 functional pathways of shared in CONF and CONM
were significantly enriched (P< 0.05), of which 9 pathways were the same as the pathways unique to CONF and CONM, which are TNF
signaling pathway (P= 4.97E-08), ErbB signaling pathway (P = 1.99E-05), p53 signaling pathway (P = 1.19E-02), glioma (P = 2.54E-
02), herpes simplex virus 1 infection (P = 8.14E-10), PD-L1 expression and PD-1 checkpoint pathway in cancer (P = 3.92E-02),
terpenoid backbone biosynthesis (P= 3.40E-04), pyrimidine metabolism (P= 8.46E-05), and osteoclast differentiation (P= 5.62E-03)
(Fig. 4K). In summary, these results demonstrate that maternal intake of PS-NPs induces sex-specific alterations in the KEGG pathways
of the mouse heart.

3.4. PS-NPs induce sex-specific cardiovascular disease in offspring mice

According to evidence from clinical trials, maternal exposure to pollutants is linked to cardiovascular and circulatory diseases in
offspring. To assess the impact of maternal intake of PS-NPs, we initially contrasted the cardiovascular disease-related transcript
expression in male and female offspring mice hearts between those fed normal water and those fed water with PS-NPs during
experimental session. As shown in the Venn diagram, in the PS-NPs-treated group, 41 genes (68.33 %) were unique to the male
offspring, 10 genes (16.67 %) were unique to the female offspring, and 9 genes (15.00 %) were common to the male and female
offspring (Fig. 5C). In addition, the heatmap reveals higher expression of genes linked to cardiovascular disease in PS-NPs offspring
mice compared to controls, with greater prominence in male offspring mice (Fig. 5A–B).

Further, we found obvious distinction in the notable KEGG pathway in the hearts of the offspring mice, after analyzing the KEGG
pathway of genes associated with cardiovascular disease. For male offspring mice, the KEGG enrichment analysis revealed that the
pathways related to cardiovascular disorders mainly consist of fluid shear stress and atherosclerosis (P = 4.55E-20), viral myocarditis
(P = 5.73E-19), arrhythmogenic right ventricular cardiomyopathy (ARVC) (P = 5.33E-18), hypertrophic cardiomyopathy (HCM) (P =
6.41E-17), and dilated cardiomyopathy (DCM) (P = 1.03E-16) (Fig. 5D). Next, we carried out the enrichment analysis of transcripts in
GO molecular function and biological processes that were associated with cardiovascular disease in male offspring. As shown by the
results in Fig. 5F, the molecular function can be classed into one category (P < 0.05, the top 10 pathways are shown): binding: peptide
antigen binding (P = 5.41E-14); protein binding (P = 7.30E-11); beta-2-microglobulin binding (P = 9.32E-11); signaling receptor
binding (P = 2.43E-10); T cell receptor binding (P = 6.15E-10); TAP binding (P = 4.05E-09); TAP complex binding (P = 6.74E-09);
CD8 receptor binding (P = 1.58E-08); identical protein binding (P = 5.82E-08); peptide binding (P = 1.53E-07). As illustrated in
Fig. 5G, biological process in the male offspring can be classed into five types (P< 0.05, the top 10 pathways are shown): (1) biological
regulation: positive regulation of T cell mediated cytotoxicity (P= 3.37E-13) and positive regulation of protein kinase B signaling (P=
5.99E-07); (2) cellular process: cardiac muscle fiber development (P = 2.93E-06); (3) immune system process: antigen processing and
presentation of endogenous peptide antigen via MHC class I via ER pathway, antigen processing and presentation of peptide antigen
via MHC class I (P = 1.17E-14), antigen processing and presentation of endogenous peptide antigen via MHC class Ib (P = 1.95E-14),
TAP-independent (P= 1.95E-14), and immune response (P= 1.81E-08); (4) multi-organism process: response to lipopolysaccharide (P
= 9.66E-10); (5) response to stimulus: response to drug (P = 2.00E-06) and response to organic cyclic compound (P = 1.73E-06).

For female offspring mice, the KEGG enrichment analysis revealed that the pathways related to cardiovascular disease mainly
included viral myocarditis (P = 1.19E-22) and fluid shear stress and atherosclerosis (P = 4.65E-07) (Fig. 5E). Meanwhile, GO
enrichment analysis also showed a difference. As illustrated in Fig. 5H, the molecular function in the female offspring can be classed
into one category (P < 0.05, the top 10 pathways are shown): binding: peptide antigen binding (P = 1.00E-29), signaling receptor
binding (P= 6.66E-17), CD8 receptor binding (P= 1.75E-16), beta-2-microglobulin binding (P= 3.25E-16), T cell receptor binding (P
= 3.51E-15), TAP binding (P = 3.74E-14), TAP complex binding (P = 7.47E-14), peptide binding (P = 2.02E-08), protein-containing
complex binding (P = 1.53E-05), and MHC class I protein binding (P = 1.40E-04). In addition, as can be seen in Fig. 5I, the biological
process were classed into two types (P < 0.05, the top 10 pathways are shown): (1) immune system process: antigen processing and
presentation of peptide antigen via MHC class I (P= 8.51E-31), antigen processing and presentation of endogenous peptide antigen via
MHC class Ib (P= 1.94E-30), antigen processing and presentation of endogenous peptide antigen via MHC class I via ER pathway, TAP-
independent (P = 1.94E-30), positive regulation of T cell mediated cytotoxicity (P = 1.88E-28), immune response (P = 2.54E-21),
antigen processing and presentation of endogenous peptide antigen via MHC class I via ER pathway, TAP-dependent (P = 5.63E-09),
antigen processing and presentation of exogenous peptide antigen via MHC class Ib (P = 7.24E-07), immune system process (P =

2.74E-06), and antigen processing and presentation (P= 5.88E-06); (2) multicellular organismal process: positive regulation of natural
killer cell cytokine production (P = 1.08E-05). Taken together, the analysis of KEGG pathway and GO enrichment results indicate that
maternal intake of PS-NPs may be linked to an elevated risk of cardiovascular disease and related conditions in offspring.
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Fig. 6. PS-NPs alters the expression profile of genes associated with fibrosis in the heart of offspring. (A) Venn diagram of DEGs associated
with fibrosis for PS-NPs-treated heart tissue of the offspring mice. (B–C) Heatmaps of the fibrosis-associated genes in heart tissue of the NPsM group
(B) and the NPsF group (C). The color bar indicates the scale used to show the expression of genes with the expression range normalized to ±2.
(D–E) Gene annotation of molecular function and biological process of GO enriched terms for fibrosis-associated genes for heart tissue of mice, with
Q < 0.05, the top 10 terms were shown. Among, the male offspring mice (D) and the female offspring mice (E), three mice in each group. (F)
Representative immunohistochemical images with CONM, NPsM, CONF, and NPsF. The scale bar represents 20 μm. Quantification of fibrosis
measured as a percentage of total myocardial area in heart of the control group compared with the PS-NPs-treated group. &P < 0.05, *P < 0.05, ##P
< 0.01, $$P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. PS-NPs alters the expression profile of genes related to metabolism in the heart of offspring. (A-B) Heatmaps of the genes related to
metabolism in heart tissue of the NPsM group (A) and the NPsF group (B). The color bar indicates the scale used to show the expression of genes
with the expression range normalized to ±2. (C-D) Gene annotation of KEGG pathways enriched in metabolism-associated genes in heart tissue of
the NPsM group (C) and the NPsF group (D), with P < 0.05. The top 10 pathways are shown. (E) Venn diagram of DEGs related to metabolism of the
NPsM group and the NPsF group. (F-G) The PPANs of the metabolism-associated genes in heart of male offspring mice (F) and female offspring mice
(G), three mice in each group. (H-I) The GSEA analysis of the metabolism-associated genes in heart of male offspring mice (H) and female offspring
mice (I), three mice in each group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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3.5. PS-NPs increase fibrosis of mouse offspring’s heart

In normotensive rats, exposure to PS-NPs has been strongly associated with the onset and progression of cardiac fibrosis. Therefore,
by assessing the differential analysis in the levels of transcripts associated with fibrosis, we investigated the effect of the maternal
intake of PS-NPs on the distinct molecular and biological characteristics associated with fibrosis in the hearts of mouse offspring. In
male offspring, the expression of 31 fibrotic-associated transcripts differed significantly, whereas only 21 transcripts were linked to a
noticeable fibrotic difference in female offspring (Fig. 6A). And, as can be seen from the results in Fig. 6B–C, regardless of gender, the
expression level of genes associated with fibrosis was higher in the offspring of the PS-NPs-treated group than in the normal group, and
there were different degrees of fibrosis enhancement. To confirm the RNA-seq results, we then performed qPCR to validate Slc7a11,
Nr1h4, Nppb, Rgcc, Klf15, and Ctsl genes, which are involved in fibrosis. The results showed that expression of all the six genes was
upregulated in the heart of offspring after PS-NPs treatment, which is consistent with RNA-seq data (Figs. S1A–F). Subsequently, the
enrichment analysis in GO molecular functions and biological processes was conducted to investigate the molecular and biological
characteristics of genes involved in fibrosis. According to the analysis results of this study, PS-NPs treatment can affect the molecular
function and biological process of these genes in both male (Fig. 6D and Tables S5–6) and female (Fig. 6E and Table S7) offspring mice,
but to different degrees. Subsequently, immunohistochemistry was employed to assess fibrosis in the hearts to determine whether
maternal intake of PS-NPs accelerated its development in the offspring. The ANOVA analysis performed ameaningful main influence of
sex (F= 9.846; P= 0.003) as well as a meaningful main influence of PS-NPs (F= 11.537; P= 0.001), but not sex× PS-NPs interplay (F
= 0.951; P = 0.343). Masson’s staining revealed that the degree of fibrosis in both male and female offspring treated with PS-NPs was
significantly increased compared to the control group (P < 0.05) (Fig. 6F). Specifically, in the PS-NPs-treated group, the degree of
cardiac fibrosis in female offspring was approximately twice that observed in male offspring (2.94 % vs. 1.65 %) (Fig. 6F–G). Taken
together, the heatmap analysis, GO enrichment analysis, and Masson’s staining results suggest that maternal intake of PS-NPs
significantly induces cardiac fibrosis in offspring mice.

3.6. PS-NPs cause metabolic disturbance of mouse offspring’s heart

Maternal factors may influence metabolic disorders in offspring. To assess the impact of maternal PS-NPs intake on metabolic
processes in offspring, we compared the expression levels of metabolic-related gene transcripts between the normal group and the PS-
NPs group. Results are presented in Fig. 7A. It has been discovered that PS-NPs have a detrimental effect on the expression of 35
transcript profiles of metabolism in male offspring mice, leading to a severe disorder (P < 0.05). Similarly, PS-NPs was also found to
affect the expression of 39 transcript profiles of metabolism in female offspring, which causes a serious mess with the metabolism
(Fig. 7B). To confirm the RNA-seq results, we then performed qPCR to validate Cyp2d22, Plcd3, Inmt, Galnt15, Nt5e, and Dgke genes,
which are involved in metabolism. The results showed that expression of all the six genes was upregulated in the heart of offspring after
PS-NPs treatment, which is consistent with RNA-seq data (Figs. S2A–F).

To investigate whether the effects of PS-NPs on metabolism pathways were sex-different in female and male offspring, we con-
ducted a KEGG pathway enrichment analysis (Fig. 7C–D) of metabolism-related genes and showed the distribution of these transcripts
by Venn diagrams (Fig. 7E). For the male offspring, a total of 13 pathways (P < 0.001) have been identified, which can be divided into
5 types, namely: (1) amino acid metabolism: tryptophan metabolism (P = 1.33E-06), cysteine and methionine metabolism (P= 2.00E-
06), tyrosine metabolism (P = 1.99E-05), arginine biosynthesis (P = 5.94E-05), phenylalanine, tyrosine and tryptophan biosynthesis
(P = 4.55E-04), alanine, aspartate and glutamate metabolism (P = 4.90E-04), and glycine, serine and threonine metabolism (P =

5.71E-04); (2) global and overview maps: biosynthesis of amino acids (P = 6.01E-07); (3) lipid metabolism: arachidonic acid meta-
bolism (P= 1.33E-06), and steroid hormone biosynthesis (P= 2.71E-05); (4) metabolism of cofactors and vitamins: retinol metabolism
(P = 1.62E-06); (5) xenobiotics biodegradation and metabolism: metabolism of xenobiotics by cytochrome P450 (P = 1.54E-04), and
drug metabolism-cytochrome P450 (P = 1.73E-04) (Fig. 7C). For the female offspring, a total of 10 pathways (P < 0.001) have been
identified, which can be divided into 6 types, namely: (1) biosynthesis of other secondary metabolites: caffeine metabolism (P= 3.05E-
04); (2) carbohydrate metabolism: glycolysis/gluconeogenesis (P = 2.23E-04); (3) global and overview maps: biosynthesis of amino
acids (P= 4.04E-04); (4) lipid metabolism: linoleic acid metabolism (P= 1.83E-09), steroid hormone biosynthesis (P= 4.56E-09), and
arachidonic acid metabolism (P = 6.72E-04); (5) metabolism of cofactors and vitamins: retinol metabolism (P = 3.36E-15); (6) xe-
nobiotics biodegradation and metabolism: metabolism of xenobiotics by cytochrome P450 (P = 1.23E-05), drug metabolism-
cytochrome P450 (P = 2.65E-04), and drug metabolism-other enzymes (P = 6.72E-04) (Fig. 7D). Venn diagrams show that in the
male offspring mice treated with PS-NPs, 31 genes (44.28 %) were unique, whereas in the female offspring mice treated with HSD, 35
genes (50.00 %) were unique (Fig. 7E). Next, this study further investigates the correlation and function of genes associated meta-
bolism by transcripts’ PPAN. The main findings, presented in Fig. 7F–G, reveal a complex interaction of metabolism-associated genes
corresponding to KEGG pathways in offspring. In addition, GSEA analysis revealed a significant enrichment of metabolic dysfunction
in male offspring mice, while no such enrichment was observed in female offspring mice. For male offspring mice, twelve metabolic
pathways were significantly enriched; like one of them, linoleic acid metabolism, NES = 1.68, P = 7.13e-3, FDR = 0.06 (Fig. 7H).
However, only one metabolic pathway showed enrichment in male offspring mice that did not meet the criteria: beta-Alanine
metabolism, NES = 1.46, P = 3.80e-2, FDR = 0.43 (the value of FDR was not less than 0.25) (Fig. 7I). In summary, the results of
these studies show that maternal intake of PS-NPs alters the metabolic expression profile and accelerates metabolic disruption in the
hearts of offspring mice.
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3.7. PS-NPs cause immunologic derangement of mouse offspring’s heart

Exposure to PS-NPs has been reported to be associated with immune cell infiltration leading to adverse cardiac effects. CD68 is
primarily used to label macrophages in tissue cells. Hence, we carried out IHC to identify the CD68, a marker of macrophage, and
determine whether macrophage infiltration in the heart tissue increases with maternal intake of PS-NPs. The accuracy of the exper-
imental results was confirmed by the CD68+ cells. An ANOVA analysis performed no meaningful sex × PS-NPs interplay (P = 0.198),
and maternal exposure to PS-NPs enhances macrophage infiltration in the heart tissue of the offspring (Fig. 8A). To confirm the effect
of maternal intake of PS-NPs on the immune-related molecular characteristics of the heart of the offspring, we analyzed the variation in
the levels of immune-related transcripts. Heatmap revealed that maternal contact with PS-NPs has altered the expression of immune-
related genes in 30 male offspring and 20 female offspring, respectively (Fig. 8B–C). To confirm the RNA-seq results, we then per-
formed qPCR to validate Fos, Rnasel, Plk3, Lcn2, Cd247, and S100a9 genes, which are involved in immunity. The results showed that
expression of all the six genes was upregulated in the heart of offspring after PS-NPs treatment, which is consistent with RNA-seq data
(Figs. S3A–F). In addition, Venn diagrams were also used to compare the distribution of these transcripts associated with immunity in
the offspring. The results show that 22 genes (53.66 %) have been unique to the male offspring, 11 genes (26.83 %) have been unique
to the female offspring, and 8 genes (19.51 %) have been shared by both females and males of offspring (Fig. 8D). Next, the immune-
related genes of male and female offspring mice were analyzed for KEGG pathways and found to be significantly different. A total of 30
pathways (P < 0.05) have been identified in the male offspring, which can be divided into 5 types, and Fig. 8E shows the top 10
pathways. While, a total of 22 pathways (P< 0.05) have been identified in the female offspring, which can be divided into 4 types, and
the top 10 pathways are shown in Fig. 8F. In addition, the STRING database have been utilized to graphically represent these tran-
scripts’ PPAN, with the aim of investigating the correlation and function of genes associated with immunity. As illustrated in Fig. 8G, in
the male offspring, the PPANs have been divided into two distinct clusters based on their various biological procedures. These results
suggest that transcripts associated with immunity in male offspring mice exhibit a certain level of complexity, with various functional
pathways represented by different clusters. In contrast, only one cluster was identified in the transcripts of female offspring (P < 0.05)
(Fig. 8H). Collectively, these results demonstrate that maternal exposure to PS-NPs alters the immune expression profile and immu-
nological activity in the hearts of offspring mice.

3.8. PS-NPs promote apoptosis in mouse offspring’s heart

Apoptosis of cardiomyocytes in offspring mice has been reported to be induced by a prenatal high-salt diet. In this study, we aimed
to determine whether maternal intake of PS-NPs induces sex-specific apoptotic effects in the heart tissue of offspring by analyzing
transcripts of genes related to apoptosis that exhibited significant differences. As illustrated in the heatmap, heart tissue frommale and
female offspring mice exposed to PS-NPs during pregnancy exhibited significant differences in transcript levels related to apoptosis
compared to offspring from pregnant mice on a normal diet. In male offspring, exposure to PS-NPs resulted in 26 differentially
expressed genes associated with cardiac apoptosis compared to offspring frommice on a normal diet (Fig. 9A). Similarly, 25 such genes
were identified in female offspring (Fig. 9B). To confirm the RNA-seq results, we then performed qPCR to validate Zfp36, Tfdp2,
Map3k6, Igfbp3, Mkrn1, and Sik1 genes, which are involved in apoptosis. The results showed that expression of all the six genes was
upregulated in the heart of offspring after PS-NPs treatment, which is consistent with RNA-seq data (Figs. S4A–F). Furthermore, to
investigate the degree of enrichment of apoptosis-associated differential genes in GO term, we carried out the GO enrichment analysis.
The results showed that the functions in molecular and biological processes of genes related to apoptosis were altered in the offspring
following maternal intake of PS-NPs (Fig. 9E–F and Tables S8–11). Finally, we employed immunofluorescent staining to evaluate
whether maternal PS-NPs lead to apoptosis in the hearts of offspring mice. Cleaved caspase-3, a well-known marker of apoptosis, is
illustrated in Fig. 9C. Maternal PS-NPs triggered apoptosis in both male and female offspring mice when compared with the normal
group. Simultaneously, the cleaved caspase-3 expression levels increased dramatically in the offspring heart under the action of PS-
NPs. There was a meaningful sex × PS-NPs interaction (P = 0.038) and a meaningful main influence of PS-NPs (P < 0.05) and sex
(P < 0.05) on cleaved caspase-3+ cells (Fig. 9C–D). Collectively, these results suggest that maternally consuming PS-NPs has different
effects on heart cell apoptosis in male and female offspring.

4. Discussion

Plastic particles are pervasive in air, water, and food [52,53], leading to their inevitable ingestion by humans through various
routes. There is increasing concern about the potential adverse effects of MPs and NPs on human health. In this study, we found that
maternal exposure to PS-NPs via drinking water has detrimental effects on the hearts of mouse offspring, manifested through increased
fibrosis and apoptosis, enhanced immune CD68+ macrophage infiltration, and metabolic disruption. These effects can lead to
sex-specific cardiovascular disease in the offspring. The key findings underpinning our conclusions are as follows: Firstly, maternal
exposure to PS-NPs affects the birth weight of male and female offspring differently. Secondly, the cardiac transcriptomes of male and
female offspring exhibit significant differences; specifically, maternal-derived PS-NPs alter the transcriptome composition in the hearts
of the offspring, resulting in distinct differential genes, KEGG pathways, and GO terms. Consistent with previous reports [43,54], the
transcriptional composition of organ tissues demonstrates sexually dimorphic variations. Finally, PS-NPs adversely impact the heart by
modifying the expression levels of genes related to fibrosis, metabolism, immunity, and apoptosis in the offspring. Our study provides
further evidence of the pronounced impact of maternal PS-NPs exposure on offspring health and elucidates the mechanisms by which
maternal PS-NPs influence the development of heart disease in offspring.
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Perinatal maternal status has a profound impact on offspring health. It has been demonstrated that maternal diets high in fat, salt,
sugar, and alcohol can adversely affect offspring health [55,56]. For example, reduced birth weight in offspring from high-fat diet
pregnancies is associated with altered fetal growth rates, increased fat mass, and metabolic changes observed during weaning [55].
Furthermore, Perak et al. [57] reported a significant correlation between maternal cardiovascular health during gestation and the
cardiovascular health of children in early adolescence. As society progresses, the likelihood of maternal exposure to adverse factors
(such as maternal behaviors [58,59], and environmental toxins [60–62]) increases, which can profoundly impact offspring. Recent
research by Wang et al. [60] demonstrated that PS-NPs induce a range of congenital malformations, including those affecting heart
tissue. In this study, we exposed maternal mice to PS-NPs from pregnancy through three weeks postpartum. The observed increase in
the HW/BW ratio in PS-NPs-exposed offspring, despite a reduction in heart weight, suggests a compensatory cardiac response to
maternal exposure. This phenomenon likely results from a greater reduction in body mass, leading to a relatively increased HW/BW
ratio. Such changes may reflect early cardiac remodeling processes, where the heart attempts to maintain functional output despite
metabolic and growth challenges. The molecular disruptions identified in our transcriptomic analysis, particularly in pathways related
to fibrosis, metabolism, and immune regulation, may contribute to this maladaptive remodeling. The overall reduction in heart weight
across both sexes indicates that PS-NPs impede normal cardiac growth, possibly through nutrient or signaling impairments in utero.
The pronounced effects on body weight exacerbate this imbalance, resulting in an elevated HW/BW ratio as the heart adapts to
systemic stress. These findings underscore the necessity for further investigation into the long-term cardiovascular consequences of
maternal PS-NPs exposure.

The observed increase in cardiomyocyte size in male offspring exposed to PS-NPs may result from sex-specific responses to
environmental stressors, such as nanoplastic exposure, which could induce a compensatory hypertrophic response. Cardiomyocyte
hypertrophy is a well-documented adaptive mechanism to increased cardiac workload or metabolic disruptions [63,64]. In males, this
hypertrophic response may be driven by alterations in metabolic signaling pathways, such as those related to lipid metabolism or
mitochondrial function, which have been shown to be differentially regulated between sexes [65,66]. The reprogramming of cardiac
transcriptional profiles, as indicated by our RNA sequencing data, supports the idea that male offspring may have an enhanced sus-
ceptibility to hypertrophic stimuli, potentially due to upregulation of genes involved in fibrosis, immune responses, and growth factor
signaling. This reprogramming may contribute to the remodeling process observed as cardiomyocyte enlargement. Additionally,
increased fluid shear stress and enrichment of atherosclerosis pathways in male offspring could exert hemodynamic forces that further
promote cardiomyocyte hypertrophy. This finding is consistent with previous research demonstrating that males are more prone to
developing hypertrophic responses under stress [67].

Sexually dimorphic differences significantly influence the onset and progression of various diseases, including variations in
morbidity rates, age of onset, and disease severity [68–70]. These differences also impact gene expression levels and genetic regulation
across tissues and organs [71]. For instance, women exhibit higher rates of depression and Alzheimer’s disease [72,73], while men
have higher incidences of schizophrenia, Parkinson’s disease, and colorectal cancer [74–76]. Furthermore, boys show a higher inci-
dence of asthma during childhood, whereas girls experience a higher rate of new cases around adolescence [77]. Recently, Joseph et al.
[68] reported that differences in brain gene activity contribute to variations in typical sexual behavior between male and female
offspring mice. Similarly, Yuan et al. [78] found that genetic differences affect lifespan in a sex-specific manner. Additionally, studies
on virus-induced lung damage repair in mice have elucidated mechanisms underlying sex differences in lung disease [79]. For
example, male db/db mice on a high-salt diet exhibit higher levels of inflammatory cytokines and greater renal immune cell infiltration
compared to females [80], highlighting the sexually dimorphic effects of a high-salt diet. Our study also revealed sex-specific vari-
ability in the effects of maternal exposure to PS-NPs, consistent with observations of non-gestational sex differences [43,81]. Notably,
the offspring of female mice exhibited significantly greater weight loss compared to those of male mice, aligning with most research
findings [23]. Additionally, sexually dimorphic differences were observed in cardiomyocyte size among offspring mice. These data
contribute to our understanding of how maternal exposure to PS-NPs affects the heart in a sex-specific manner.

To date, there is a paucity of data on the effects of exposure to PS-NPs during pregnancy and its impact on the transcriptome of the
heart. Existing studies have primarily focused on the effects of nutritional deficiencies and high androgen exposure during pregnancy
on the offspring’s transcriptome and sexual dimorphism [82,83]. In this study, we observed that maternal exposure to PS-NPs led to
sex-specific effects on the heart transcriptome in both male and female offspring. PCA and volcano plot analysis revealed significant
differences in the composition of the heart transcriptome and the number of DEGs, with these differences being more pronounced in
the PS-NP-exposed group. The distribution of highly expressed genes varied between sexes, with the number of highly expressed genes
specific to female offspring in the control group being approximately 1.4 times greater than in male offspring. Additionally, the highly
expressed genes in both male and female offspring in the PS-NP treatment group exhibited distinct KEGG pathways and functional
categories. Beyond these sex-specific effects, we also found that PS-NPs adversely affect the offspring’s heart by enhancing fibrosis and
apoptosis, increasing CD68+ macrophage infiltration, and disrupting metabolism. These findings indicate that maternal PS-NP

Fig. 8. PS-NPs alters the expression profile of genes associated with immunity in the heart of offspring. (A) Representative immunohisto-
chemical images (CD68+ macrophage) of normal heart and PS-NPs-treated heart in male and female offspring mice (N = 3 individual mice per
group). The scale bar represents 50μm. &P < 0.05, *P < 0.05. (B–C) Heatmaps of the immunity-associated genes in heart tissue of mice. Among, the
male offspring mice (B) and the female offspring mice (C). The color bar indicates the scale used to show the expression of genes with the expression
range normalized to ±2. (D) Venn diagram of significantly different genes related to immunity with NPsM and NPsF. (E-F) Gene annotation of KEGG
pathways enriched in immunity-associated genes in heart tissue of the NPsM group (E) and the NPsF group (F), with P < 0.05. The top 10 pathways
are shown. (G-H) The PPANs of the immunity-associated genes in heart of the NPsM group (G) and the NPsF group (H). Three mice in each group.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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exposure induces sex-specific changes in the transcriptomic profiles of the offspring’s hearts.
Fibrosis can develop in a variety of organs [84], with myocardial fibrosis specifically referring to the loss of cardiac muscle

elasticity in response to factors that damage cardiac cells [85,86]. This condition is often associated with increased cardiac volume and
cardiomyocyte hypertrophy. Research has demonstrated that exposure to micro- and nanoplastics can induce cardiac fibrosis in mice
and significantly alter the expression profile related to pulmonary fibrosis [22,87]. Building on these findings from studies on fibrosis
in adult rats, and through the analysis of DEGs, KEGG pathways, GO molecular functions, biological functions, and pathological
staining, our study reveals that maternal exposure to PS-NPs causes cardiac fibrosis in both male and female offspring. Notably, the
degree of fibrosis was more pronounced in female offspring compared to their male counterparts.

Exposure to plastic products is closely associated with endocrine-related metabolic diseases and can impact early development
[88]. Micro- and nano-plastics have been shown to increase the risk of cardiometabolic diseases, with potential effects lasting up to two
generations [89,90]. Previous studies have demonstrated that maternal exposure to plastics can disrupt developmental processes,
potentially leading to metabolic disorders in the offspring [91,92]. Additionally, Luo et al. [26] reported that maternal exposure to
polystyrene microplastics of various sizes can induce metabolic disorders in offspring. In this study, we observed that maternal
exposure to PS-NPs affects the expression profiles of metabolism-related genes in the offspring’s heart. The impact is evident in the
molecular biological processes identified through GO enrichment analysis, KEGG pathways, and the PPANs.

It is well-established that the ingestion of NPs can directly or indirectly affect the immune system, potentially leading to an
imbalance in immune homeostasis [93–97]. In mice, oral administration of polyethylene NPs has been shown to significantly disrupt
the intestinal microenvironment, triggering an adaptive immune response and promoting the growth of established colon tumors [94].
Li et al. [93] reported that PS-NPs could penetrate spleen lymphocytes and markedly reduce immune cell viability at high concen-
trations. Furthermore, Wang et al. [97] found that PS-NPs significantly altered the gut microbiome structure and gene expression
related to the immune system, antioxidant responses, and detoxification processes, which contributed to host immune dysfunction. It
has been demonstrated that maternal gut microbiota are closely linked to the immune system of the fetus or newborn [98], with
maternal gut flora metabolites potentially affecting fetal immune system development through the placenta [99]. Our study indicates
that maternal exposure to PS-NPs significantly altered the expression profiles of immune-related genes, immune-related KEGG
pathways, and molecular biological processes in the hearts of both male and female offspring. Additionally, Baranzini et al. [100]
showed that micro- and nanoplastics can induce an increase in CD45+ and CD68+ cells in Hirudo verbana. Moreover, increased
infiltration of CD45+ and CD68+ cells has been observed in male rat heart tissue during the development of immunity [101].
Consistent with these findings, our study also demonstrates that maternal exposure to PS-NPs increases macrophage infiltration in the
offspring’s heart. This immune activation is primarily mediated by changes in macrophage activation states, promoting cell differ-
entiation, and regulating the expression of inflammatory factors and genes [102]. Thus, the impact of maternal PS-NPs exposure on
cardiac immunity and related effects in offspring may follow a similar pathway.

Apoptosis is a specific form of cell death that plays a crucial role in various heart-related pathologies, including heart hypertrophy
and cardiac failure [101,103]. t has been reported that polystyrene microplastics accelerate myocardial cell apoptosis and induce
myocardial fibrosis in rats through the activation of the Wnt/β-catenin pathway [104]. Early studies demonstrated that apoptosis is
present during the morphogenesis and development of cardiac embryos, as observed in tests with chicken embryonic hearts. Addi-
tionally, apoptosis is increasingly recognized for its role in developmental signaling mechanisms [105,106]. For instance, caspase-3
knockout mice exhibit embryonic death on day 11 due to "myocardial damage." In our study, we found that maternal exposure to
PS-NPs altered the expression of genes associated with apoptosis in the cardiac tissue of mouse offspring, with a more pronounced
effect observed in females compared to males. Furthermore, PS-NPs significantly activated apoptosis and other molecular biological
processes in offspring cardiac tissue, as indicated by GO analysis. However, the specific mechanism underlying PS-NPs-induced
apoptosis in progeny cardiomyocytes warrants further investigation.

While our data demonstrate that maternal exposure to PS-NPs adversely affects cardiac gene expression in offspring mice, there are
several limitations to this study. First, only C57BL/6J mice were used, and other animal models were not explored. Additionally, the
impact of maternal PS-NPs exposure on cardiac development postnatally and the progression of heart-related diseases in adulthood
require further investigation. Second, this study primarily focuses on transcriptomic analyses; thus, additional research is needed to
examine the effects of maternal PS-NPs exposure on offspring metabolites and proteomics. Finally, a notable difference between mice
and humans in the established murine model is that mice are nocturnal, which may influence the generalizability of the findings to
human health. In conclusion, the clinical relevance of the results should be considered with caution. Further research is needed to
elucidate the underlying mechanisms and assess the long-term effects.

Fig. 9. The effect of PS-NPs on apoptosis in the offspring mice. (A–B) Heatmaps of genes associated with apoptosis in heart tissue of the
offspring. Among, the NPsM group (A) and the NPsF group (B). The color bar indicates the scale used to show the expression of genes with the
expression range normalized to ±2. (C) Representative immunofluorescent images (cleaved caspase-3) with CONM, NPsM, CONF, and NPsF. The
scale bar represents 50 μm. (D) Average relative abundance of cleaved caspase-3+ cells in the immunofluorescent images of cardiac sections from
normal and PS-NPs-treated heart tissue in male mice and female mice. *P < 0.05, $P < 0.05, &P < 0.05, ##P < 0.01. N = 3 individual mice per group.
(E-F) Gene annotation of molecular function and biological process of GO enriched terms for apoptosis-associated genes for heart tissue of mice,
with Q < 0.05, the top 10 terms were shown. Among, the male offspring mice (E) and the female offspring mice (F). Three mice in each group. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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5. Conclusion

In conclusion, our results suggest that maternal exposure to PS-NPs induces cardiotoxicity in offspring with sexually dimorphic
effects, with female offspring exhibiting greater sensitivity than their male counterparts. Maternal exposure to PS-NPs significantly
induces cardiac damage by altering metabolic, immune, fibrotic, and apoptotic processes in both male and female offspring. Maternal
exposure to micro- and nanoplastics has adverse effects on the developing fetus. Therefore, considering the interactions between sex-
specific genes and maternal factors, maternal PS-NPs-induced cardiac programming provides theoretical support for evaluating po-
tential gender-specific clinical risks, understanding the pathogenesis of cardiac damage, and developing therapeutic interventions.
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T. Luedde, M. MacFarlane, F. Madeo, W. Malorni, G. Manic, R. Mantovani, S. Marchi, J.C. Marine, S.J. Martin, J.C. Martinou, P.G. Mastroberardino, J.
P. Medema, P. Mehlen, P. Meier, G. Melino, S. Melino, E.A. Miao, U.M. Moll, C. Muñoz-Pinedo, D.J. Murphy, M.V. Niklison-Chirou, F. Novelli, G. Núñez,
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