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Introduction: Perfluorooctane sulfonate (PFOS), known as a critical endocrine
disruptor, was linked to potential intergenerational effect in population studies.
Yet, the toxic metabolic mechanisms remain unclear, particularly at relatively low
PFOS concentration.

Methods: This study investigated the metabolic impacts of early-life (pregnancy
and lactation) PFOS exposure on adult Sprague-Dawley (SD) offspring rats using an
integrated transcriptomics and metabolomics approach. Metabolic phenotypes,
including glucose tolerance, lipids, and metabolic biomarkers were measured.
Results: Early-life exposure to 0.03 mg/kg PFOS was found to be associated with
elevated fasting and 15-minute blood glucose, serum insulin, and adiponectin
levels and a decrease of leptin level in dose of 0.3 mg/kg was observed.
Differentially expressed genes induced by PFOS exposure were enriched in
NOD-like receptor signaling, parathyroid hormone synthesis, secretion and
action, unsaturated fatty acid biosynthesis, insulin signaling, retinol metabolism,
fatty acid metabolism, glucagon signaling, type Il diabetes, and PPAR signaling.
Differentially expressed metabolites were linked to citric acid cycle,
glycerophospholipid metabolism, and fatty acid biosynthesis. Coenrichment
analysis revealed feature changes in several pathways, including
glycerophospholipid metabolism, sphingolipid metabolism, and primary bile
acid synthesis (0.03 mg/kg), and retinol metabolism, linoleic acid metabolism,
DGlutamine and D-Glutamine biosynthesis, and fatty acid elongation (0.3 mg/kg).
Conclusion: Early-life exposure to PFOS might lead to metabolic perturbations in
adult offspring, which might be triggered by changes in pathways, i.g.
glycerophospholipid metabolism, retinol metabolism, linoleic acid metabolism,
and fatty acid elongation. Further validation of these pathways is required.
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1 Introduction

The Developmental Origins of Health and Disease (DOHaD)
theory raised that early life-stage exposure to unfavorable chemical,
physical, nutritional, or psychosocial environments may induce long
term and diverse health issues. These effects are not limited to
hypoplasia, low immunity, growth retardation, and neurobehavioral
developmental disorders during the perinatal and childhood stages.
Instead, they may extend into adulthood and increase the susceptibility
to metabolic disease ig. obesity, type 2 diabetes, and cardiovascular
disease (1-3).

Per- and poly-fluoroalkyl substances (PFAS), as persistent
chemicals, are renowned for their unique surfactant qualities,
which have led to their widespread utilization in various daily-life
products such as non-stick pans, fire extinguishers, and carpets (4).
Although the phase-out of PFOS and Perfluorooctanoic Acid
(PFOA) in some Western countries, their production unabated in
certain Asian countries, thus potentially creating risks for human
metabolic well-being due to their pervasive, long-lasting, and bio-
accumulative nature (5). Both of them have been detected across
tissues such as umbilical cord blood, liver, brain, and adipose
tissues, etc. (6, 7). Importantly, the placenta is not an effective
barrier to PFOS due to its physicochemical properties—particularly
its small molecular size, high protein binding, and resistance to
metabolism. As a result, PFOS can cross the placenta and
accumulate in the fetus and potentially interfere with critical
developmental processes (8). Evidence from epidemiological
studies indicated that maternal PFAS exposure can directly affect
fetal growth and development via the umbilical cord, thereby
resulting in an elevated risk of adverse birth outcomes (9).
Additionally, intrauterine PFAS exposure was recognized as
having potential detrimental effects such as blood pressure
abnormalities and atopic dermatitis in young offspring (10-13).
Recent reviews indicate that intrauterine and postnatal PFAS
exposure at the early-life stage may influence the offspring’s
physical growth, obesity, and the onset of menarche, although
findings remain inconsistent (14).

Studies in rodent animals revealed that exposure to PFOS at a
dosage of 1.5 mg/kg-bd could result in a notable and statistically
significant elevation of metabolic indicators, such as levels of
insulin, leptin, the area-under-curve (AUC) value at 10 weeks
after weaning, glucose (increased but not significant), and
decreased adiponectin level in adult offspring rats (15). Exposure
to PFOS at low concentrations during early life has been found to
induce long-term elevated blood glucose levels in offspring,
alongside the development of dysregulated glucose and insulin
resistance (16). In contrast, another animal experiment involving
neonatal rats exposed to 20 mg/kg:-bd PFOS revealed a notable
decrease in glucose levels and changes in blood glucose levels were
not observed in adult rats exposed to gradient doses of 0.5-5.0 mg/
kg:bd (16). In line with the above-mentioned inconsistent
alterations of metabolic phenotypes at different doses among
adult rats, intrauterine exposure to PFOS and PFOA did not
result in obesity among adult offspring mice, while PFOA
exhibited a markable decrease of glucose, specifically in the doses
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at 0.01 and 0.1 mg/kg-bd (17). Long-term exposure of PFAS mixture
chemicals in adult male mice may trigger aberrant sperm
methylation and gene expression of offspring liver and fat (18).
One study examined the developmental toxicity of PFOS but the
outcome endpoints were limited to metabolic traits in newborn rat
only (19). Other studies, including ours, have shown significant
metabolic perturbances of PFOS and perfluorobutane sulfonate
(PEBS) exposure during pregnancy on maternal rats, but their
impacts on offspring remain largely unknown (20, 21). Taking
together, the majority of previous toxicological investigations only
focused on rodents who experienced PFOS exposure during
adulthood at high exposed doses or pregnancy toxicity. Long-
term metabolic intergenerational effects of intrauterine exposure
have long been overlooked, especially when exposure at relatively
low level. Thus, studies examining the intergenerational impacts of
early-life PFOS exposure are critical, especially for studies with
lower exposure concentrations, longer exposure durations, and a
more sensitive growth window for animals.

Fortunately, the emergence of multi-omics technologies,
including transcriptomics and metabolomics, has revolutionized
the field of toxicology. These advanced approaches offer high
throughput and sensitivity, enabling the simultaneous detection of
multiple targets and identification of low-abundance gene
expressions and metabolites. While numerous studies have
applied metabolomics in toxicological research, the novelty of our
work lies in the integrated application of both transcriptomics and
metabolomics to comprehensively and systematically characterize
the molecular perturbations induced by PFOS exposure. By
combining these two powerful approaches, our study provides
deeper insights into the coordinated changes at both the gene and
metabolite levels, allowing for more precise identification of
disrupted biological pathways and critical molecular targets that
may underlie PFOS toxicity.

This study endeavored to: 1) comprehensively assess the
intergenerational glucolipid changes of PFOS exposure in adult
offspring, and 2) unravel the possible mechanisms through the
utilization of multi-omics technique.

2 Methods
2.1 Animal treatment

The PFOS Potassium Salt, with a purity of 98% and CAS
number 2795-39-3, was procured from Toronto Research
Chemicals. 3% starch gel was prepared to dissolve PFOS and
administered once daily via oral gavage throughout gestation and
lactation. The selection of oral gavage doses of FPOS at 0.03 and 0.3
mg/kg body weight was derived from the human tolerable daily
intake (TDI): 150 ng/kg body weight and the reference dose (RfD):
20 ng/kg-d launched by the European Food Safety Authority and the
Environmental Protection Agency of the United States, respectively.
To consider variations between humans and mice, a correction
factor of 10x for inter-individual differences and an interspecies
correction factor (toxicodynamics: 3 and toxicokinetics: 81) were
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applied (22, 23). Thus, the relevant doses range of 0.03 and 0.3 mg/
kg-bw-d were finally chosen to mimic PFOS exposure faced by
ordinary people. The lower dose (0.03 mg/kg-bw-d) may reflect
high-end exposure levels in the general population, while the higher
dose (0.3 mg/kg-bw-d) is comparable to levels observed in
occupational settings. The calculation formulas were described
elsewhere (24).

Female and male Sprague-Dawley (SD) rats aged 9-11 weeks
were procured from Hunan Silaike Jingda (China). Following a one-
week acclimatization period, SD rats were permitted to mate
overnight (female: male, 2:1). The verification of pregnancy was
confirmed by the presence of a vaginal plug. Subsequently, Random
assignment placed pregnant rats into three treatment groups, each
consisting of 7-8 rats. From gestational day 1 (GD1) until the time
of sacrifice, they were administered the assigned treatment orally.
Pregnant maternal rats were accommodated in a controlled
environment with specific pathogen-free conditions, ensuring a
temperature between 21-25°C, humidity levels maintained at 40-
60%, and a 12-hour light-dark photoperiod.

Body weight and diet consumption of maternal rats were
diligently documented daily. The postpartum rats were
euthanized at postnatal day 35 (PND 35) after they finished
lactation (PND 21), and measurements of litter weight, number
of fetuses, and stillbirths were recorded both at birth and 3 days
post-birth. Weaned offspring rats from all dams of maternal rats
were pooled and 10 of each treated group were randomly selected in
a 1:1 ratio of females to males (5 females and 5 males) to constitute
the F1 generation. After weaning at three weeks of age, the pups
were housed individually. Offspring rats per group were fed without
any treatment and body weight and dietary consumption every
week were recorded until sacrificed in the 12 week. In this study,
both female rats (PND 35) and offspring rats (9 weeks) were
euthanized through intraperitoneal injection of 8% chloral
hydrate under anesthesia, and various tissues, including blood,
liver, and pancreas were collected. The Ethics Committee of
Guilin Medical University approved this study.

2.2 Assessment of metabolic phenotypes

2.2.1 Oral glucose tolerance test and lipid profile

For the OGTT, 12-week-old offspring rats were subjected to an
overnight fast (12 hours) (25). Fasting blood glucose was promptly
quantified by an automated blood glucose meter (Logitech).
Subsequently, the rats were orally administered 50% glucose
solution and glucose levels were tested at intervals of 15, 30, 60,
and 120 minutes post-gavage, and the areas under the curve (AUC)
were calculated to facilitate quantitative comparisons. In this study,
AUC was used to reflect the function of insulin secretion and the
ability to maintain normal blood glucose levels. An increased AUC
suggest either insufficient insulin secretion or insulin resistance,
where cells do not secret enough insulin to lower the external
glucose level or exhibit reduced responsiveness to insulin, requiring
higher insulin levels to control blood glucose.
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Serum from fasting aortic blood samples was obtained and
subsequently analyzed by an automated biochemical analyzer (XL-
600, ERBA, Germany) to quantify the lipid profile, including total
triglyceride (TG), total cholesterol (TC), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL).

2.2.2 Adipokine measurement

In this study, enzyme-linked immunosorbent assay (ELISA)
was applied to assess the serum expression levels of metabolic
molecules including adiponectin (CATALOG# 80570), lepti n
(CATALOG# 90040), and insulin (CATALOG#H203-1-1).
Homeostatic Model Assessment of Insulin Resistance (HOMA-
IR) was derived.

2.3 Transcriptomic sequencing

From each group, four liver samples (male: female= 2:2) were
randomly chosen for transcriptomic sequencing. Total RNA was
extracted using the TRIzol reagent (Invitrogen) following the
manufacturer’s instructions. RNA integrity and purity were
assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies) and NanoDrop spectrophotometer. Only samples
with RNA Integrity Number (RIN) > 7.0, 0D260/280 between 1.8-
2.2, and total RNA >1 pg were included for library preparation.
Subsequently, mRNA was isolated and utilized to construct cDNA
libraries following the standardized Illumina protocol. Basically,
mRNA was enriched using oligo(dT) magnetic beads, fragmented,
and reverse-transcribed into ¢cDNA. After end-repair, A-tailing,
adapter ligation, and PCR amplification, the libraries were
quantified by Qubit and validated by Bioanalyzer. Sequencing was
performed using the Illumina HiSeqTM platform, generating ~20-50
million paired-end reads per sample that underwent subsequent
processing to acquire clean reads. Raw reads were quality filtered
using fastp, removing adapter contamination, low-quality reads
(Phred score < 20), and reads with >10% unknown bases (N). Clean
reads were aligned to the reference genome using HISAT2.
Mapping rates 290% were expected. Samples with unusually low
mapping rate, high duplication rate, or low total reads (<20 million)
were flagged and reviewed. These reads were then aligned to the
reference genome sequence. Principal Component Analysis (PCA)
and hierarchical clustering were used to detect outlier samples.
Outliers due to technical artifacts (e.g., low RNA quality, batch
failure) were excluded before downstream analyses.

DESeq and q-values (adjusted p-values by Benjamini and
Hochberg method) were utilized to determine the variations in
gene expression. Genes with a g-value of less than 0.05 were
recognized as showing differentially expressed genes (DEGs). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) database and
the Gene Ontology (GO) database were employed for gene
annotation, biological interpretation, and clustering analysis.
Quantitative Real-Time PCR (qRT-PCR) was used to confirm the
differentially expressed target genes identified from RNA
sequencing. Eight differentially expressed genes and one
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housekeeping gene were selected. The gene-specific primers were
listed in Supplementary Table SI1. Total RNA was reverse-
transcribed using a PrimeScript RT Reagent Kit. qPCR was
performed on a CFX96 Real-Time PCR System (Bio-Rad) using
SYBR Green Master Mix. Candidate gene selection of housekeepers
was pre-evaluated using geNorm and NormFinder to confirm stable
expression across conditions. Housekeeping Gene: typically,
GAPDH were used. More details were reported elsewhere (24).

2.4 Metabolomic profiling

Eight offspring liver samples (male: female= 4:4) in each treated
group were chosen randomly and ultrahigh-performance liquid
chromatography-mass spectrometry (UPLC-MS) was applied for
non-targeted metabolomic analysis, details were reported (24).
Progenesis QI software was used for metabolite alignment and
quantification. Peak deconvolution was done with default settings.
QC samples were injected at regular intervals throughout the run to
monitor instrument stability. Features with high missing rates
(>20% in QC or >50% in samples) or low repeatability
(coefficient of variation >30% in QC samples) were excluded.
Signal drift was corrected using QC-based robust LOESS signal
correction. Metabolite identification involved a two-step process
using generated MS1/MS2 pairs. Initially, an in-house library was
employed, which included chemical standards and a meticulously
curated compound list featuring precise mass, retention time, and
spectral patterns. Metabolomics data were normalized using
internal standard-based correction. Following this, data were log-
transformed and Pareto-scaled to stabilize variance for downstream
analyses. Additional identification methods involved the use of
accurate mass, isotope pattern, and MS/MS spectra against public
databases such as HMDB, PubChem, METLIN, and KEGG.

2.5 Statistical analysis

Differential gene expressions were analyzed using DESeq. PCA
was employed to investigate metabolite variability. Furthermore,
Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-
DA) was utilized to identify differential metabolites by filtering out
orthogonal variables unrelated to categorical variables, thus
obtaining robust information on group differences. Differential
metabolites were confirmed based on the p-value< 0.05.

Body weight, organ/body weight ratio, blood glucose levels,
lipid levels, and metabolic factors were described as mean +
standard error (SE). Group comparisons were conducted using
one-way ANOVA analysis or nonparametric tests where
appropriate. LSD test or Dunnett’s T3 test was applied in terms
of the homogeneity of variance among different groups. Given that
the ratio of male: female rats among each treated group was same
and no sex difference was observed, thus no further stratified
analysis by oftspring gender was conducted.
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2.6 Multi-omics integration

To benefit a comprehensive interpretation of the biological
relationships between DEGs and differentially expressed
metabolites (DEMs) in the offspring liver, we performed
simultaneous mapping to the KEGG pathway. This integrative
analysis aimed to elucidate the potential perturbed biological
pathways induced by early-life PFOS exposure. Further, the
metabolic pathway analysis for the candidate genes and
metabolites was conducted by online tool MetaboAnalyst 5.0.

All data analyses were conducted using R 3.4.1 and SPSS 22.0. A
significance level of 0.05 in a two-sided test was used.

3 Results

3.1 Early-life PFOS exposure and
phenotype changes in offspring

Results showed that early-life PFOS exposure resulted in a
subsequent reduction of body weight in 2- and 3-week-old
offspring rats (Supplementary Figure SI). Average body weights of
offspring rats at 0.03 and 0.3 mg/kg body weight PFOS exposure was
significantly lower than control group. However, catch-up growth
was observed from the 4th postpartum week, with a subsequent non-
significant change in body weight. Results of living births and 3-day
surviving pups were not significant changed across groups.

Analysis of OGTT revealed a correlation of PFOS exposure with
increased blood glucose levels during fasting and at 15 minutes in
adult offspring rats, as illustrated in Figure 1. PFOS exposure
also showed a trend towards increased AUC values, though not
reaching statistical significance (0.03 mg/kg.bd PFOS group vs
control group: 1025.18 vs 987). Moreover, significant elevation in
insulin levels (p < 0.05) was observed in 0.03 mg/kg group (49.8 vs
34.4 mmol/L in control group). Although not statistically significant,
there was a tendency noted for an elevation in HOMA-IR within
the PFOS-treated groups. Early-life PFOS exposure was linked to
increased alanine transaminase (ALT) levels and decreased aspartate
transaminase (AST)/ALT ratio. However, no significant changes were
found in the lipid profile. Analysis of metabolic factors revealed that
exposure to 0.03 mg/kg PFOS during early life significantly increased
serum adiponectin levels (5914 vs 4576 ng/ml in control group),
while exposure to 0.3 mg/kg PFOS significantly decreased leptin
levels (1.87 vs 0.93 ng/ml in control group) and adiponectin/leptin
ratio, compared to the controls (8965 vs 3189) (p< 0.01).

Evaluation of liver pathology indicated the absence of
hemorrhage, edema, or inflammatory cell infiltration in the liver,
as well as no evidence of hepatocyte steatosis or ballooning
(Supplementary Figure S2). Similarly, the pancreas pathology
assessment revealed no signs of islet cell swelling, inflammatory
cell infiltration, or vacuolization. Furthermore, no significant
changes were found in the relative weights of the liver and
pancreas in the PFOS exposure groups.
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3.2 Alterations in the transcriptomic
sequencing

260 DEGs in the liver of adult offspring rats exposed to 0.03 mg/
kg PFOS were identified, with 81 up-regulated and 179 down-
regulated genes (Figure 2). Similarly, in the 0.3 mg/kg PFOS group,
361 DEGs were identified, comprising 122 up-regulated and 239
down-regulated genes.

Pathway enrichment analysis demonstrated that PFOS
exposure at 0.03 mg/kg resulted in significant pathway changes in
the parathyroid hormone synthesis, secretion and action pathway,
as depicted in Figure 3A. Moreover, 0.3 mg/kg dose led to changes
in multiple pathways, including biosynthesis of unsaturated fatty
acids, insulin signaling pathway, AMPK signaling pathway, insulin
resistance, fatty acid degradation, retinol metabolism, fatty acid
metabolism, fatty acid elongation, glucagon signaling pathway, type
IT diabetes mellitus, and PPAR signaling pathway (Figure 3B).
Detailed information regarding the enrichment analysis can be
found in Supplementary Table S2.

To validate the findings, QPCR analysis was conducted, and the
results of all examined genes in qPCR analysis demonstrated a
consistent expression pattern with the transcriptomic data
(Supplementary Figure S3).
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3.3 Alterations in the metabolomic profile

Non-targeted UPLC-MS analysis of adult offspring liver
generated 3350 ion fragments. The OPLS-DA model was utilized
for analyzing metabolite differences between groups (Figure 2;
Supplementary Figure S4). Notably, a total of 254 metabolites (34
increased and 220 decreased, negative ion mode) exhibited
significant alterations in the 0.03 mg/kg dosed group, including
the up-regulated metabolites, such as top 5 most significantly
increased metabolites: PS (14:1(9Z)/16:0), PE(15:0/20:1(11Z7)),
fasciculic acid C, PE(18:4(62,972,127,157)/18:0),
mesobilirubinogen, and beta-Elemonic acid, and down-regulated
metabolites: notoginsenoside T1, (3S,3'R,5R,6R)-7’,8’-Didehydro-
3,6-epoxy-5,6-dihydro-beta, beta-carotene-3’,5-diol, carbetocin,
and tigecycline. Meanwhile, 1002 metabolites (7 increased and
995 decreased, positive ion mode) were altered in the 0.03 mg/kg
dosed group. For the 0.3 mg/kg dosed exposure, 275 metabolites
were changed, including 150 increased metabolites (such as
isolimonic acid, homocarnosine, fasciculi acid C, tanacetol A,
ligustroside, and O2’-4a-cyclic-tetrahydrobiopterin) and 125
decreased metabolites (such as 2-Hexaprenyl-3-methyl-6-
methoxy-1,4 benzoquinone, colistin, dicyclomine, and fumonisin
B4) with the highest |log2FC| and VIP values. Similarly, 280
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DEGs and DEMs in 9-week-old offspring rats. DEGs: differentially expressed genes. DEMs: differentially expressed metabolites. Each transcriptome
sequencing group comprised 4 liver samples (male: female ration= 2:2). A cutoff of p-value<0.05 was employed to determine up and down
regulation. For metabolome measurements, 8 liver samples (male: female ration= 4:4) were used in each group with a cutoff of p-value<0.05 and
log2FC>0 or <0 applied. In the volcano plot, red points indicate up-regulated gene expression or metabolites, while blue points signify down-
regulation. The names of the top 5 significantly up or down-regulated genes and metabolites were annotated.

metabolites (positive ion mode) were observed to be changed in the
0.3 mg/kg PFOS group, with 36 increased and 244 decreased
metabolites, respectively.

Classification results from the HMDB database indicated that
the differentiated metabolites due to PFOS exposure at dose of
0.03 mg/kg (negative ion mode) were primarily associated with
glycerophospholipids, prenol lipids, fatty acyls, carboxylic acids
and derivatives, steroids and steroid derivatives, organooxygen
compounds, and imidazolopyrimidines (Supplementary Figure S5).
Similarly, the altered metabolites at dose of 0.3 mg/kg exhibited
similarities with the 0.03 mg/kg group and were mainly involved in
glycerophospholipids, carboxylic acids and derivatives, organooxygen
compounds, fatty acyls, steroids and steroid derivatives. The enriched
metabolic pathways of the differentiated metabolites at both PFOS
doses (positive ion mode) were largely consistent with those in the
negative ion mode.

Further annotation and enrichment analysis of the DEMs using
the KEGG database revealed metabolic pathway changes at dose of
0.03 mg/kg, primarily involving the altered pathways of primary
bile acid biosynthesis and porphyrin and chlorophyll metabolism in
the negative ion mode, as well as the phospholipase D signaling
pathway and choline metabolism in cancer in the positive ion mode
(Figures 3C, E). Besides, PFOS exposure in 0.3 mg/kg group mainly
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affected the citrate cycle pathway (negative ion mode) and
thermogenesis (positive ion mode) (Figures 3D, F). Detailed
statistics of the metabolites enriched in each significant pathway
were summarized in Supplementary Table S3.

3.4 Integrated multi-omics analysis

An in-depth analysis of the DEGs and DEMs was applied using
MetaboAnalyst 5.0. The impact-value threshold was derived
through pathway topology analysis, and the top 10 metabolic
pathways with the lowest p-values were shown as the most
potential target pathways (Figure 4). These included
glycerophospholipid metabolism, porphyrin and chlorophyll
metabolism, sphingolipid metabolism, primary bile acid
biosynthesis, alpha-Linolenic acid metabolism, glutathione
metabolism, biosynthesis of unsaturated fatty acids, one-carbon
pool by folate, taurine and hypotaurine metabolism, and pentose
and glucuronate interconversions. In 0.03 mg/kg PFOS exposed
group, four pathways exhibited significance, namely
glycerophospholipid metabolism, porphyrin and chlorophyll
metabolism, sphingolipid metabolism, and primary bile acid
biosynthesis. In the case of 0.3 mg/kg PFOS exposure, five out of
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FIGURE 3

KEGG pathway analysis of DEGs and DEMs (N=4 for each group of transcriptomics and N=8 for each group of metabolomics) in 9-week-old
offspring rats. (A, B): KEGG enrichment pathways for transcriptome of different exposure groups. (C, D): KEGG enrichment pathways for
metabolome (-) of different exposure groups. (E, F): KEGG enrichment pathways for metabolome (+) of different exposure groups. DEGs:
differentially expressed genes. DEMs: differentially expressed metabolites. Each symbol represents a KEGG pathway. On the y-axis, pathway names
were indicated and Y-axis text labels were color-coded to indicate their corresponding significance levels based on g-value or p-value: red (<0.05),
yellow (0.05-0.10), blue (0.10-0.20), and black (0.20-). The top 20 KEGG enriched pathways were visualized.

the ten pathways were significant, including retinol metabolism,

neomycin, kanamycin and gentamicin biosynthesis, linoleic acid

metabolism, D-Glutamine and D-glutamate metabolism, and fatty

acid elongation. Detailed statistics of the co-enriched pathway
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analysis and the genes and metabolites involved in each pathway
were summarized in Supplementary Table S4.

To enhance the understanding of molecular connectivity and
toxicity mechanisms related to differentially expressed genes and
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FIGURE 4

KEGG co-enrichment analysis for DEGs and DEMs in livers of 9-week-old offspring rats (N=4 for each group in transcriptomics and N=8 for each
group in metabolomics). (A) Co-enrichment analysis for 0.03 mg/kg PFOS exposed group vs control group; (B) Co-enrichment analysis for 0.3 mg/
kg PFOS exposed group vs control group. DEGs, differentially expressed genes. DEMs, differentially expressed metabolites. Significant pathways were
marked as red font, and the color of the circle indicates significance, with a deeper shade of red corresponding to lower p-values.

differential metabolites, these features were projected onto the co-  Supplementary Table S5. At 0.03 mg/kg PFOS exposure,
enrichment pathways of the different PFOS exposure groups. The  glycerophospholipid metabolism emerged as the most significantly
most significant co-enrichment pathways and proposed mechanistic  perturbed pathway, while at 0.3 mg/kg, retinol metabolism was
hypothesis were depicted in Figure 5, and the annotated names, statistics ~ prominently affected. These dose-dependent pathway alterations
of the group comparisons and feature predictions were summarized in  suggest differential mechanisms of metabolic disruption.
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FIGURE 5

Co-enriched pathways of DEGs and DEMs induced by early-life PFOS exposure in 9-week-old offspring rats (N=4 for transcriptomics and N=8 for
metabolomics). (A) pathway of glycerophospholipid metabolism for 0.03 mg/kg group. (B) pathway of retinol metabolism for 0.3 mg/kg group. DEGs,
differentially expressed genes. DEMs, differentially expressed metabolites. Only the most significant pathways of each dose of PFOS exposure group were
presented. Official name of genes and metabolites, information of other significant pathways can be referred to Supplementary Tables S4, S5. The filled
color accounts for the direction of gene or metabolite regulation (red: up-regulated, green: down-regulated).
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4 Discussion

The intrauterine and early childhood periods represent crucial
stages of fetal growth and development, characterized by heightened
susceptibility to environmental chemical exposures. Building upon
previous epidemiological findings, this study aimed to establish an
early-life exposure model in SD rats to unravel the detrimental
effects of PFOS exposure during early development on the
metabolic health of adult offspring. Our findings revealed
significant disruptions in glucose homeostasis and alterations in
adipokine profiles induced by early-life PFOS exposure. Through
comprehensive analysis, we identified specific metabolic pathways,
as well as corresponding genes and metabolites, that were perturbed
by PFOS exposure. These mechanistic insights contribute to a
deeper understanding of the metabolic toxicity induced by PFOS
exposure and pave the way for further environmental regulation
of PFOS.

4.1 Metabolic phenotype

Previous studies showed dose-dependent reproductive toxicity of
PFOS, with significant effects observed at higher doses. For example, a
dose of 3.2 mg/kg-d of PFOS during pregnancy was found to
significantly reduce the number of live births, prolong the
pregnancy duration, and decrease the number of blastocysts.
However, no significant embryotoxicity was observed in other
exposure groups (0, 0.1, 0.4, 1.6 mg/kg-d) (26). Similarly, a dose of
1.5 mg/kg-d of PFOS during pregnancy led to a significant weight loss
of offspring, while an exposure of 3.0 mg/kg-d resulted in a significant
increase in neonatal offspring deaths (27). In this study, we used
relatively low doses based on environmental limit standards. We
observed that PFOS exposure tend to lower the body weight of
offspring, but a catch-up growth occurred from the fourth week. This
finding aligns with a population-based study showing an association
of prenatal PFAS exposure with lower standardized BMI in infants,
with a weakened association as age advances (28, 29).

This study found that 0.3 mg/kg-d PFOS exposure could
increase FBG and OGTT 15min blood glucose levels in the
offspring adult rats. FBG testing serves as a convenient screening
method for diabetes (30). Although no significant differences were
observed in blood glucose levels during OGTT at 1h and 2h, and
AUC values, the elevated FBG and OGTT 15min glucose levels
indicated an imbalance in glucose homeostasis in the PFOS-L group
(0.03 mg/kg-d), suggesting early damage to glucose tolerance.
Additionally, the fasting insulin level was increased in the 0.3 mg/
kg-d PFOS group, indicating early insulin resistance. Interestingly,
our study did not observe a dose-response trend between PFOS and
glucose changes in offspring rats. Previous studies had reported
severe liver and kidney damage, liver cell congestion, necrosis, and
inflammatory cell infiltration with high PFOS exposure, leading to a
complete disruption of blood glucose homeostasis and even rat
mortality (31). Wang et al. demonstrated that high PFOS exposure
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(30 mg/kg-d) led to a significant decrease in blood glucose levels,
while exposure doses of 0.3 and 3.0 mg/kg-d resulted in increased
blood glucose levels (32). Perinatal exposure to PFOS at doses of 0.3
and 3.0 mg/kg-d induced elevated serum insulin levels, increased
insulin resistance index, and impaired B-cell function in adult
offspring rats (16). Notably, the doses of 0.3 and 3.0 mg/kg-d used
in previous studies were approximately 10 times and 100 times
higher than the equivalent exposure dose in general population,
with the higher dose (3.0 mg/kg-d) reflecting occupational exposure
levels (33). Our study extended the investigation to a lower PFOS
exposure level of 0.03 mg/kg-d, which approximates the human
equivalent exposure dose. The results indicated that PFOS may
potentially affect blood glucose homeostasis at this exposure level.
Nevertheless, this study did not reveal a dose-response relationship
due to the utilization of lower exposure doses, shorter exposure
times, and a limited sample size, the observed subtle phenotypic
alterations in the PFOS-treated groups, coupled with alterations in
gene expression and metabolites, still hold considerable
significance. This is particularly noteworthy given the exposure
levels employed in this study.

Adiponectin, a specific protein secreted by adipocytes, binds to
G protein-coupled receptors and plays pivotal role in enhancing
insulin sensitivity, regulating carbohydrate and lipid metabolism,
and correcting hyperinsulinemia and insulin resistance (34).
Consistent with our findings of increased serum adiponectin
levels in offspring rats exposed to 0.03 mg/kg-d PFOS, studies
conducted in the Taiwan Hypertensive Adolescent cohort and the
Viva cohort demonstrated that exposure to PFNA and PFHXxS,
respectively, also increased serum adiponectin levels (35, 36).

Leptin, an adipokine produced by adipocytes, acts in opposition
to adiponectin and is crucial in the development of insulin
resistance, obesity, and diabetes. The adiponectin/leptin ratio is a
sensitive indicator for assessing the risk of insulin resistance, and
cardiovascular diseases (37). Interestingly, our study revealed a
significant decrease in leptin levels and increase in the
adiponectin/leptin ratio following exposure to 0.3 mg/kg-d PFOS,
which contrasts with several previous studies reporting increased
leptin levels and decreased adiponectin levels associated with PFAS
exposure (38, 39). However, Shelly et al. demonstrated a significant
inverse association between PFOS, PFDA, and reduced leptin levels
in girls aged 7 and 13 years, which can support our findings (40).
Additionally, In a study conducted within the Viva cohort, no
significant correlation was observed between PFAS and levels of
adiponectin or leptin (41), suggesting that the roles of adiponectin
and leptin in PFAS-induced metabolic abnormalities remain
inconclusive. It is worth noting that even though individuals with
typical diabetes or lipid abnormalities often exhibit significant
reductions in adiponectin and elevations in leptin, early
compensatory mechanisms may happen in generally healthy
individuals or animal models. Furthermore, the health effects of
metabolic factors such as leptin may follow a “U” shaped pattern,
where high levels can lead to leptin resistance and obesity, while low
levels may be linked to immune dysfunction and infection (42, 43).
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4.2 Altered gene expression and relevant
pathways

Transcriptomic sequencing analysis using liver samples from adult
offspring rats exposed to PFOS during early life revealed significant
metabolic alterations primarily associated with parathyroid hormone
(PTH) pathways and multiple pathways related to fatty acid
metabolism, glycemic control, and insulin resistance. PTH is a vital
hormone involved in maintaining calcium homeostasis and bone
mineralization. Dysregulated PTH secretion can lead to conditions
such as primary or secondary hyperparathyroidism, often
accompanied by renal diseases. Elevated PTH levels may also impact
cardiovascular health and the development of diabetes mellitus (44, 45).
As the relationship between PFAS exposure and PTH remains unclear,
further investigation is warrant to unveil the underlying mechanisms
of action.

As observed in this study, the effects of PFOS on pathways
related to glucolipid metabolism involve several genes with
significantly changed expression levels, such as Acot, Elovl, Irs2,
Gé6pc, Gek, Gys2, Pik3rl (Pi3ka), Socs3, Ppplr3c, Ppplr3b, Fasn,
Foxol, Cptla, Ldha. Acotl, Acot2, Acot4, Acot3, ElovI2 and ElovI5
are among the key genes that affect lipid and sterol metabolism.
Among them, Acyl coenzyme A thioesterases (Acot) are an
important class of peroxisomes that catalyze the synthesis of free
fatty acids and coenzyme A from acyl coenzyme A (short, medium,
long and extra-long chains), bile acid-CoA and methyl-branched-
CoA (46). Elovi2 and Elovl5 are important regulatory genes for
polyunsaturated fatty acids and Elovi2 prolongs the synthesis of
arachidonic acid, eicosapentaenoic acid Elovi2 lengthens the carbon
chain length of arachidonic, eicosapentaenoic, docosapentaenoic
and linolenic acids and also contributes to the synthesis of PPARo.
ligands. Similarly, Elovi5 is involved in the elongation of a variety of
polyunsaturated long-chain fatty acids from C18-C20 (47). Irs2,
G6pc, Gek, Gys2, and Pik3r] are important regulatory genes in the
tricarboxylic acid cycle and insulin signaling pathway (48). In
addition to the classical attenuated negative feedback regulation
of cytokine signaling, Socs have been increasingly suggested to play
an critical role in receptor tyrosine kinase signaling, such as
inhibition of insulin signaling. the Socs protein family has effects
in inhibiting leptin and insulin signaling pathways. Evidence
suggests that Socs3 plays critical role in the leptin resistance, with
Socs proteins (Socs1, Socs3, Socs6 and Socs7) can reduce insulin
action (49). PppIr3c and Ppplr3b can be widely expressed in liver,
muscle, and cardiac muscle and can target glycogen granules by
dephosphorylating and activating glycogen synthase Ppplr3c
heterozygous deletion in mice resulting in reduced tissue glycogen
levels with progressive glucose intolerance, hyperinsulinemia and
insulin resistance with age (50). Fatty acid synthase (Fasn) is an
important regulatory enzyme in adipose ab initio synthesis, while
abnormal expression of Fasn is closely associated with the
development of diabetes (51). Foxol serves as a critical
transcription factor in glucose metabolism. In the liver, Foxol
becomes active during fasting and is deactivated upon feeding in
typical physiological circumstances. This process is one of the
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crucial mechanisms through which insulin can rapidly and
effectively inhibits hepatic glucose production during the
postprandial state. In cases of insulin resistance, phosphorylated
Foxol translocates into the nucleus, where it associates with PGC-
1o, thereby triggering the expression of target genes accounted for
gluconeogenesis in the liver, such as G6p and Pepck (52). Cptl
serves as a pivotal factor regulating the intake of long-chain fatty
acids into mitochondria for B-oxidation. Situated on the outer
mitochondrial membrane, Cptl transforms long-chain acyl-
coenzyme A into acylcarnitine equivalents. These equivalents are
subsequently transported into the mitochondria by acylcarnitine
translocase, only to be converted back into acyl-coenzyme A by
Cpt2 (53). Cptla is one of the three isoforms of Cptl, and Cptla
deficiency can cause acute fatty liver and hepatic encephalopathy
during pregnancy (54). Lactate dehydrogenase a (Ldha) is one of the
key rate-limiting enzymes in anaerobic enzymes of the body and is
an important factor in maintaining glucose homeostasis.

4.3 Metabolomic alterations and metabolic
pathways

In this study, metabolomics analysis of livers in offspring adult rats
revealed that PFOS exposure induced both porphyrin and chlorophyll
metabolism, citrate cycle, and disturbances in lipid metabolism,
involving mainly malic acid, o-ketoglutarate, glucuronide bilirubin,
bile acid, glycine, levulinic acid, phenylalanine, L-urobilin,
mesobilirubinogen, bilirubinogen, S-acetyldihydrothioctinamide-E,
taurine. In addition to malic acid, extended carboxylic acid and
levulinic acid have an impact on metabolic process of offspring rats
(55, 56). o-ketoglutaric acid is also an vital intermediate in the
tricarboxylic acid cycle, while glucuronide bilirubin, bile acid, L-urea
bilirubin, mesobilirubinogen, and bilirubinogen are mainly important
metabolites or raw materials in bile acid metabolism, suggesting that
PFOS exposure may trigger disturbances in bile acid metabolism (57).
Perturbation of bile acid synthesis from cholesterol may be one of the
pathways through which PFAS affects blood and liver cholesterol
levels. Results from animal studies suggest that PFOS and PFOA
exposure increases serum bile acid levels and decreases bile acid
secreted in the feces, while causing a downregulation of CYP7AI
expression and consequently an imbalance in cholesterol homeostasis
(58, 59). In addition, CYP7A1 is regulated by FXR, but HNF40. and
PPARa also play a regulatory role (60). Taurine is a functional amino
acid with high content in the organism and has complex biological
roles, including anti-inflammatory, antioxidant, and regulation of
intracellular calcium ion homeostasis (61). Taurine is an essential
part of cellular life processes as well as other differentially altered
amino acids such as glycine, phenylalanine, etc. Che-Jung Chang et al.
found PENA exposure to be associated with altered amino acids such
as taurine and glycine in a study of PFAS exposure, metabolome of the
placenta of pregnant women and fetal growth, which could support
the findings of this study (62).

The observation that different PFOS doses perturb distinct
metabolic pathways—such as bile acid biosynthesis at 0.03 mg/kg
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and retinol metabolism and fatty acid elongation at 0.3 mg/kg—
likely reflects non-linear, threshold-dependent toxicity
mechanisms. PFOS, as a persistent environmental contaminant, is
known to exhibit pleiotropic biological effects, and its toxicity often
depends not only on dose but also on tissue accumulation, receptor
binding affinity, and compensatory metabolic capacity. At lower
doses (e.g., 0.03 mg/kg), PFOS may selectively engage high-affinity
targets or signaling pathways, such as those regulating bile acid
synthesis via FXR (farnesoid X receptor) or related nuclear
receptors, leading to subtle but biologically meaningful metabolic
disruptions (63). In contrast, higher doses (e.g., 0.3 mg/kg) may
overwhelm homeostatic mechanisms, leading to broader metabolic
perturbations such as disruptions in retinol metabolism and fatty
acid elongation, which may be secondary to mitochondrial stress,
ER dysfunction, or PPARa activation (64).

This dose-dependent switching of pathways suggests the
existence of multiple toxicity mechanisms that are activated in a
hierarchical manner, depending on PFOS exposure levels. It also
supports the concept of dose thresholds, where specific toxic effects
only emerge beyond certain concentrations. While our study does
not allow for the precise determination of these thresholds, the
distinct pathway profiles observed at different doses highlight the
importance of considering non-linear dose-response relationships
in PFOS risk assessment.

4.4 Integrative multi-omics

Several co-enriched pathways induced by early-life PFOS
exposure were identified in this study. In a recent systematic
review paper, changes in glycerophospholipid metabolism and
linoleic acid metabolism induced by PFAS exposure were found
in several studies, and are essential for vital biological membrane
functions, while fatty acids and carnitines play a significant role in
the energy supply pathway of fatty acid oxidation (65). For example,
perfluorononanoic acid (PFNA) and perfluoroundecanoic acid
(PFUnDA) were found to be significantly associated with
glycerophosphocholines and linoleic acid metabolism (66).
Another case-control study identified 35 PFAS- and type 2
diabetes-related metabolite features and two pathways dominated
by glycerophospholipids and diacylglycerols, which can support our
findings (67). Altered glycerophospholipid metabolism may impair
insulin signaling via Plpp3 downregulation, reducing GLUT4
expression and promoting insulin resistance. In parallel, increased
LPA (lysophosphatidic acid) from Pld1 may activate inflammatory
pathways that disrupt PI3K/Akt signaling, contributing to
dysregulation of glucose homeostasis, leptin, and adiponectin (68).

Besides, significant changes in retinol metabolism was observed
in 0.3 mg/kg group, which is consistent with a maternal-child paired
study as they found that PFAS exposure in maternal blood was
correlated with retinol metabolism (69). Disruption in retinol
metabolism may involve elevated RBP4/retinol, activating
STRA6-JAK2-STATS5 signaling, which increases SOCS3 and
PPARYy, further suppressing insulin signaling and promoting lipid
accumulation. Conversely, retinoic acid (ATRA) and B-carotene
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appear to engage pathways (e.g., STAT3, AMPK/PPAR-0) that may
partially counterbalance these effects by improving insulin
sensitivity and adiponectin levels (70). More studies are
warranted for other co-enriched pathways.

Several limitations merit consideration. Firstly, the non-
targeted metabolomics approach used in this study might not
have fully encompassed all metabolite varieties due to its inherent
characteristics. The constraints of metabolite database might have
led to the omission of specific metabolites from distinct pathways.
Furthermore, a less stringent significance threshold was applied to
determine differential metabolites and pathway enrichment. While
this cut-off is commonly used to maximize the identification of
differential metabolites for enrichment, it is important to consider
the potential inflation of type I errors resulting from multiple
testing. Secondly, differential metabolites and biological pathways
identified in this study warrant further validation. More detailed
metabolic measurements such as Insulin Tolerance Tests (ITT)
need to be considered in future studies. Thirdly, omics analysis was
limited to liver tissue. While the liver plays a central role in
metabolic regulation, contributions from other organs such as
adipose tissue, skeletal muscle, and pancreas—particularly in
relation to insulin resistance and adipokine secretion—were not
directly assessed and warrant further investigation in future multi-
tissue studies. Lastly, although this study has identified alterations at
the gene expression and metabolic levels associated with early-life
PFOS exposure, it remains possible that some phenotypic
manifestations of disease outcomes—such as metabolic syndrome,
insulin resistance, or obesity—may not fully emerge until later in
life or during aging. Therefore, long-term, life-course investigations
in offspring following early-life exposure are essential, particularly
at environmentally relevant low-dose exposures that may produce
subtle but persistent effects. Additionally, the role of epigenetic
modifications—such as DNA methylation or histone remodeling—
in key metabolic pathway genes warrants further investigation, as
these changes may serve as long-lasting “molecular memories” that
maintain metabolic dysregulation long after the initial exposure
(71). Understanding these epigenetic mechanisms may provide
critical insights into how early-life environmental insults can
program chronic disease risk (72).

In summary, findings in this study underscore the potential of
early-life PFOS exposure to contribute to the development of metabolic
disorders such as insulin resistance and type 2 diabetes later in life.
They also highlight the importance of incorporating developmental
exposure and low-dose effects into human health risk assessments. The
results call for strengthened regulatory oversight and further research to
better understand and mitigate the intergenerational impacts of PFOS

and related environmental contaminants.

5 Conclusion

Our study suggested that early-life PFOS exposure has the
potential to affect glucose homeostasis in adult offspring rats, as
indicated by elevated blood glucose level of OGTT and insulin level,
but not a dose-response relationship. Several key co-enriched
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biological pathways, including glycerophospholipid metabolism
and retinol metabolism, as well as DEGs and DEMs, were
identified. Findings in this study provide valuable understanding
into the fundamental biological mechanism that may contribute to
the observed epidemiological associations. However, further in vitro
and in vivo studies are necessary to validate and elucidate the exact
toxic pathways involved.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by The Ethics Committee of
Guilin Medical University approved this study. The study was
conducted in accordance with the local legislation and

institutional requirements.

Author contributions

GY: Formal analysis, Writing - original draft, Writing — review
& editing. TL: Methodology, Writing - review & editing. XH:
Writing — review & editing. XM: Writing — review & editing. LF:
Writing - review & editing. YS: Writing - review & editing, Project
administration. YL: Methodology, Writing — review & editing. JZ:
Methodology, Writing - review & editing, Conceptualization,
Funding acquisition, Supervision.

Funding

The author(s) declare financial support was received for the research
and/or publication of this article. This research was supported by the
National Natural Science Foundation of China [Grant No. (81530086)],
which provided financial support for data collection and analysis.
Additional funding was received from the National Natural Science

References

1. Bianco-Miotto T, Craig JM, Gasser YP, van Dijk SJ, Ozanne SE. Epigenetics and
DOHaD: from basics to birth and beyond. J Dev origins Health Dis. (2017) 8:513-9.
doi: 10.1017/S2040174417000733

2. Weimer KED, Kelly MS, Permar SR, Clark RH, Greenberg RG. Association of
adverse hearing, growth, and discharge age outcomes with postnatal cytomegalovirus
infection in infants with very low birth weight. JAMA Pediatr. (2020) 174:133-40.
doi: 10.1001/jamapediatrics.2019.4532

3. Barker DJ. The developmental origins of chronic adult disease. Acta paediatrica
(Oslo Norway: 1992). (2004) Supplement 93:26-33. doi: 10.1111/j.1651-
2227.2004.tb00236.x

4. Romano ME, Gallagher LG, Eliot MN, Calafat AM, Chen A, Yolton K, et al. Per-
and polyfluoroalkyl substance mixtures and gestational weight gain among mothers in
the Health Outcomes and Measures of the Environment study. Int ] hygiene Environ
Health. (2021) 231:113660. doi: 10.1016/j.ijheh.2020.113660

Frontiers in Endocrinology

12

10.3389/fendo.2025.1589826

Foundation of China [Grant No. (41991314)], which contributed to
laboratory expenses and publication fee. The funders had no role in the
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2025.1589826/
full#supplementary-material

5. Liang L, Pan Y, Bin L, Liu Y, Huang W, Li R, et al. Immunotoxicity mechanisms of
perfluorinated compounds PFOA and PFOS. Chemosphere. (2022) 291:132892.
doi: 10.1016/j.chemosphere.2021.132892

6. Fisher M, Arbuckle TE, Liang CL, LeBlanc A, Gaudreau E, Foster WG, et al.
Concentrations of persistent organic pollutants in maternal and cord blood from the
maternal-infant research on environmental chemicals (MIREC) cohort study. Environ
health: Global Access Sci Source. (2016) 15:59. doi: 10.1186/s12940-016-0143-y

7. Mamsen LS, Bjérvang RD, Mucs D, Vinnars MT, Papadogiannakis N, Lindh CH,
et al. Concentrations of perfluoroalkyl substances (PFASs) in human embryonic and
fetal organs from first, second, and third trimester pregnancies. Environ Int. (2019)
124:482-92. doi: 10.1016/j.envint.2019.01.010

8. Shi W, Zhang Z, Li M, Dong H, Li J. Reproductive toxicity of PFOA, PFOS and
their substitutes: A review based on epidemiological and toxicological evidence.
Environ Res. (2024) 250:118485. doi: 10.1016/j.envres.2024.118485

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1589826/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1589826/full#supplementary-material
https://doi.org/10.1017/S2040174417000733
https://doi.org/10.1001/jamapediatrics.2019.4532
https://doi.org/10.1111/j.1651-2227.2004.tb00236.x
https://doi.org/10.1111/j.1651-2227.2004.tb00236.x
https://doi.org/10.1016/j.ijheh.2020.113660
https://doi.org/10.1016/j.chemosphere.2021.132892
https://doi.org/10.1186/s12940-016-0143-y
https://doi.org/10.1016/j.envint.2019.01.010
https://doi.org/10.1016/j.envres.2024.118485
https://doi.org/10.3389/fendo.2025.1589826
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yu et al.

9. Gao X, Ni W, Zhu S, Wu Y, Cui Y, Ma J, et al. Per- and polyfluoroalkyl substances
exposure during pregnancy and adverse pregnancy and birth outcomes: A systematic
review and meta-analysis. Environ Res. (2021) 201:111632. doi: 10.1016/
j.envres.2021.111632

10. Wen HJ, Wang SL, Chuang YC, Chen PC, Guo YL. Prenatal perfluorooctanoic
acid exposure is associated with early onset atopic dermatitis in 5-year-old children.
Chemosphere. (2019) 231:25-31. doi: 10.1016/j.chemosphere.2019.05.100

11. Ma S, Xu C, Ma J, Wang Z, Zhang Y, Shu Y, et al. Association between
perfluoroalkyl substance concentrations and blood pressure in adolescents. Environ
pollut (Barking Essex: 1987). (2019) 254:112971. doi: 10.1016/j.envpol.2019.112971

12. Averina M, Brox J, Huber S, Furberg AS. Exposure to perfluoroalkyl substances
(PFAS) and dyslipidemia, hypertension and obesity in adolescents. Fit Futures study
Environ Res. (2021) 195:110740. doi: 10.1016/j.envres.2021.110740

13. Liu Y, Li N, Papandonatos GD, Calafat AM, Eaton CB, Kelsey KT, et al.
Exposure to per- and polyfluoroalkyl substances and adiposity at age 12 years:
evaluating periods of susceptibility. Environ Sci Technol. (2020) 54:16039-49.
doi: 10.1021/acs.est.0c06088

14. Lee YJ, Jung HW, Kim HY, Choi Y], Lee YA. Early-life exposure to per- and
poly-fluorinated alkyl substances and growth, adiposity, and puberty in children: A
systematic review. Front Endocrinol. (2021) 12:683297. doi: 10.3389/fend0.2021.683297

15. Lv Z, Li G, Li Y, Ying C, Chen J, Chen T, et al. Glucose and lipid homeostasis in
adult rat is impaired by early-life exposure to perfluorooctane sulfonate. Environ
Toxicol. (2013) 28:532-42. doi: 10.1002/tox.20747

16. Wan HT, Zhao YG, Leung PY, Wong CK. Perinatal exposure to perfluorooctane
sulfonate affects glucose metabolism in adult offspring. PloS One. (2014) 9:e87137.
doi: 10.1371/journal.pone.0087137

17. Ngo HT, Hetland RB, Sabaredzovic A, Haug LS, Steffensen IL. I utero exposure
to perfluorooctanoate (PFOA) or perfluorooctane sulfonate (PFOS) did not increase
body weight or intestinal tumorigenesis in multiple intestinal neoplasia (Min/+) mice.
Environ Res. (2014) 132:251-63. doi: 10.1016/j.envres.2014.03.033

18. Maxwell DL, Oluwayiose OA, Houle E, Roth K, Nowak K, Sawant S, et al.
Mixtures of per- and polyfluoroalkyl substances (PFAS) alter sperm methylation and
long-term reprogramming of offspring liver and fat transcriptome. Environ Int. (2024)
186:108577. doi: 10.1016/j.envint.2024.108577

19. Conley JM, Lambright CS, Evans N, Medlock-Kakaley E, Hill D, McCord J, et al.
Developmental toxicity of Nafion byproduct 2 (NBP2) in the Sprague-Dawley rat with
comparisons to hexafluoropropylene oxide-dimer acid (HFPO-DA or GenX) and
perfluorooctane sulfonate (PFOS). Environ Int. (2022) 160:107056. doi: 10.1016/
j.envint.2021.107056

20. Yu G, Jin M, Huang Y, Aimuzi R, Zheng T, Nian M, et al. Environmental
exposure to perfluoroalkyl substances in early pregnancy, maternal glucose
homeostasis and the risk of gestational diabetes: A prospective cohort study. Environ
Int. (2021) 156:106621. doi: 10.1016/j.envint.2021.106621

21. YuG, Luo T, Liu Y, Huo X, Mo C, Huang B, et al. Multi-omics reveal disturbance
of glucose homeostasis in pregnant rats exposed to short-chain perfluorobutanesulfonic
acid. Ecotoxicology Environ Saf. (2024) 278:116402. doi: 10.1016/j.ecoenv.2024.116402

22. Lai KP, Lee JC, Wan HT, Li JW, Wong AY, Chan TF, et al. Effects of in utero
PFOS exposure on transcriptome, lipidome, and function of mouse testis. Environ Sci
Technol. (2017) 51:8782-94. doi: 10.1021/acs.est.7b02102

23. Dong Z, Bahar MM, Jit ], Kennedy B, Priestly B, Ng J, et al. Issues raised by the
reference doses for perfluorooctane sulfonate and perfluorooctanoic acid. Environ Int.
(2017) 105:86-94. doi: 10.1016/j.envint.2017.05.006

24. Yu G, WangJ, Liu Y, Luo T, Meng X, Zhang R, et al. Metabolic perturbations in
pregnant rats exposed to low-dose perfluorooctanesulfonic acid: An integrated multi-
omics analysis. Environ Int. (2023) 173:107851. doi: 10.1016/j.envint.2023.107851

25. C. National Research Council Committee for the Update of the Guide for the
and A. Use of Laboratory. The national academies collection: reports funded by national
institutes of health, guide for the care and use of laboratory animals, national academies
press (US) copyright © 2011. Washington (DC: National Academy of Sciences. (2011).

26. Luebker DJ, Case MT, York RG, Moore JA, Hansen K], Butenhoff JL. Two-
generation reproduction and cross-foster studies of perfluorooctanesulfonate (PFOS)
in rats. Toxicology. (2005) 215:126-48. doi: 10.1016/j.t0x.2005.07.018

27. Fuentes S, Colomina MT, Rodriguez J, Vicens P, Domingo JL. Interactions in
developmental toxicology: concurrent exposure to perfluorooctane sulfonate (PFOS)
and stress in pregnant mice. Toxicol Lett. (2006) 164:81-9. doi: 10.1016/
j.toxlet.2005.11.013

28. Svensson K, Tanner E, Gennings C, Lindh C, Kiviranta H, Wikstrém S, et al. Prenatal
exposures to mixtures of endocrine disrupting chemicals and children’s weight trajectory up to
age 5. 5 SELMA study Sci Rep. (2021) 11:11036. doi: 10.1038/s41598-021-89846-5

29. Horikoshi T, Nishimura T, Nomura Y, Iwabuchi T, Itoh H, Takizawa T, et al.
Umbilical cord serum concentrations of perfluorooctane sulfonate, perfluorooctanoic
acid, and the body mass index changes from birth to 5 1/2 years of age. Sci Rep. (2021)
11:19789. doi: 10.1038/s41598-021-99174-3

30. Grajower MM, Horne BD. Clinical management of intermittent fasting in
patients with diabetes mellitus. Nutrients. (2019) 11:873. doi: 10.3390/nu11040873

31. Cui L, Zhou QF, Liao CY, Fu J], Jiang GB. Studies on the toxicological effects of
PFOA and PFOS on rats using histological observation and chemical analysis. Arch
Environ contamination Toxicol. (2009) 56:338-49. doi: 10.1007/s00244-008-9194-6

Frontiers in Endocrinology

13

10.3389/fendo.2025.1589826

32. Wang G, Sun S, Wu X, Yang S, Wu Y, Zhao J, et al. Intestinal environmental
disorders associate with the tissue damages induced by perfluorooctane sulfonate
exposure. Ecotoxicology Environ Saf. (2020) 197:110590. doi: 10.1016/
j.ecoenv.2020.110590

33. Clarke DB, Bailey VA, Routledge A, Lloyd AS, Hird S, Mortimer DN, et al.
Dietary intake estimate for perfluorooctanesulphonic acid (PFOS) and other
perfluorocompounds (PFCs) in UK retail foods following determination using
standard addition LC-MS/MS. Food additives contaminants Part A Chemistry
analysis control exposure Risk Assess. (2010) 27:530-45. doi: 10.1080/
19440040903476590

34. Lihn AS, Pedersen SB, Richelsen B. Adiponectin: action, regulation and
association to insulin sensitivity. Obes reviews: an Off ] Int Assoc Study Obes. (2005)
6:13-21. doi: 10.1111/j.1467-789X.2005.00159.x

35. Lin CY, Wen LL, Lin LY, Wen TW, Lien GW, Chen CY, et al. Associations
between levels of serum perfluorinated chemicals and adiponectin in a young
hypertension cohort in Taiwan. Environ Sci Technol. (2011) 45:10691-8.
doi: 10.1021/es201964x

36. Mitro SD, Sagiv SK, Fleisch AF, Jaacks LM, Williams PL, Rifas-Shiman SL, et al.
Pregnancy per- and polyfluoroalkyl substance concentrations and postpartum health in
project viva: A prospective cohort. J Clin Endocrinol Metab. (2020) 105:e3415-26.
doi: 10.1210/clinem/dgaa431

37. Gupta V, Mishra S, Mishra S, Kumar S, Gupta V. Association of Leptin:
Adiponectin ratio and metabolic risk markers in postmenopausal women. Immunol
Lett. (2018) 196:63-7. doi: 10.1016/j.imlet.2018.01.008

38. Ding N, Karvonen-Gutierrez CA, Herman WH, Calafat AM, Mukherjee B, Park
SK. Associations of perfluoroalkyl and polyfluoroalkyl substances (PFAS) and PFAS
mixtures with adipokines in midlife women. Int ] hygiene Environ Health. (2021)
235:113777. doi: 10.1016/j.ijheh.2021.113777

39. Shih YH, Blomberg AJ, Jorgensen LH, Weihe P, Grandjean P. Early-life exposure
to perfluoroalkyl substances in relation to serum adipokines in a longitudinal birth
cohort. Environ Res. (2022) 204:111905. doi: 10.1016/j.envres.2021.111905

40. Shelly C, Grandjean P, Oulhote Y, Plomgaard P, Frikke-Schmidt R, Nielsen F,
et al. Early life exposures to perfluoroalkyl substances in relation to adipokine hormone
levels at birth and during childhood. J Clin Endocrinol Metab. (2019) 104:5338-48.
doi: 10.1210/jc.2019-00385

41. Fleisch AF, Rifas-Shiman SL, Mora AM, Calafat AM, Ye X, Luttmann-Gibson H,
et al. Early-life exposure to perfluoroalkyl substances and childhood metabolic
function. Environ Health Perspect. (2017) 125:481-7. doi: 10.1289/EHP303

42. Domazet SL, Jensen TK, Wedderkopp N, Nielsen F, Andersen LB, Grontved A.
Exposure to perfluoroalkylated substances (PFAS) in relation to fitness, physical
activity, and adipokine levels in childhood: The european youth heart study. Environ
Res. (2020) 191:110110. doi: 10.1016/j.envres.2020.110110

43. Iikuni N, Lam QL, Lu L, Matarese G, La Cava A. Leptin and inflammation. Curr
Immunol Rev. (2008) 4:70-9. doi: 10.2174/157339508784325046

44. Xia J, Tu W, Manson JE, Nan H, Shadyab AH, Bea JW, et al. Combined
associations of 25-hydroxivitamin D and parathyroid hormone with diabetes risk and
associated comorbidities among U.S. white and black women. Nutr Diabetes. (2021)
11:29. doi: 10.1038/s41387-021-00171-2

45. Yang B, Lu C, Wu Q, Zhang J, Zhao H, Cao Y. Parathyroid hormone,
cardiovascular and all-cause mortality: A meta-analysis. Clinica chimica acta; Int |
Clin Chem. (2016) 455:154-60. doi: 10.1016/j.cca.2016.01.034

46. Hunt MC, Siponen MI, Alexson SE. The emerging role of acyl-CoA thioesterases
and acyltransferases in regulating peroxisomal lipid metabolism. Biochim Biophys Acta.
(2012) 1822:1397-410. doi: 10.1016/j.bbadis.2012.03.009

47. Jakobsson A, Westerberg R, Jacobsson A. Fatty acid elongases in mammals: their
regulation and roles in metabolism. Prog Lipid Res. (2006) 45:237-49. doi: 10.1016/
j.plipres.2006.01.004

48. von Wilamowitz-Moellendorff A, Hunter RW, Garcia-Rocha M, Kang L, Lopez-
Soldado I, Lantier L, et al. Glucose-6-phosphate-mediated activation of liver glycogen
synthase plays a key role in hepatic glycogen synthesis. Diabetes. (2013) 62:4070-82.
doi: 10.2337/db13-0880

49. Howard JK, Flier JS. Attenuation of leptin and insulin signaling by SOCS
proteins. Trends Endocrinol metabolism: TEM. (2006) 17:365-71. doi: 10.1016/
j.tem.2006.09.007

50. Doherty MJ, Young PR, Cohen PT. Amino acid sequence of a novel protein
phosphatase 1 binding protein (R5) which is related to the liver- and muscle-specific
glycogen binding subunits of protein phosphatase 1. FEBS Lett. (1996) 399:339-43.
doi: 10.1016/S0014-5793(96)01357-9

51. Menendez JA, Vazquez-Martin A, Ortega FJ, Fernandez-Real JM. Fatty acid
synthase: association with insulin resistance, type 2 diabetes, and cancer. Clin Chem.
(2009) 55:425-38. doi: 10.1373/clinchem.2008.115352

52. Gu L, Ding X, Wang Y, Gu M, Zhang J, Yan S, et al. Spexin alleviates insulin
resistance and inhibits hepatic gluconeogenesis via the FoxO1/PGC-1a. pathway in
high-fat-diet-induced rats and insulin resistant cells. Int J Biol Sci. (2019) 15:2815-29.
doi: 10.7150/ijbs.31781

53. McGarry JD, Brown NF. The mitochondrial carnitine palmitoyltransferase
system. From concept to Mol analysis Eur ] Biochem. (1997) 244:1-14. doi: 10.1111/
j.1432-1033.1997.00001.x

frontiersin.org


https://doi.org/10.1016/j.envres.2021.111632
https://doi.org/10.1016/j.envres.2021.111632
https://doi.org/10.1016/j.chemosphere.2019.05.100
https://doi.org/10.1016/j.envpol.2019.112971
https://doi.org/10.1016/j.envres.2021.110740
https://doi.org/10.1021/acs.est.0c06088
https://doi.org/10.3389/fendo.2021.683297
https://doi.org/10.1002/tox.20747
https://doi.org/10.1371/journal.pone.0087137
https://doi.org/10.1016/j.envres.2014.03.033
https://doi.org/10.1016/j.envint.2024.108577
https://doi.org/10.1016/j.envint.2021.107056
https://doi.org/10.1016/j.envint.2021.107056
https://doi.org/10.1016/j.envint.2021.106621
https://doi.org/10.1016/j.ecoenv.2024.116402
https://doi.org/10.1021/acs.est.7b02102
https://doi.org/10.1016/j.envint.2017.05.006
https://doi.org/10.1016/j.envint.2023.107851
https://doi.org/10.1016/j.tox.2005.07.018
https://doi.org/10.1016/j.toxlet.2005.11.013
https://doi.org/10.1016/j.toxlet.2005.11.013
https://doi.org/10.1038/s41598-021-89846-5
https://doi.org/10.1038/s41598-021-99174-3
https://doi.org/10.3390/nu11040873
https://doi.org/10.1007/s00244-008-9194-6
https://doi.org/10.1016/j.ecoenv.2020.110590
https://doi.org/10.1016/j.ecoenv.2020.110590
https://doi.org/10.1080/19440040903476590
https://doi.org/10.1080/19440040903476590
https://doi.org/10.1111/j.1467-789X.2005.00159.x
https://doi.org/10.1021/es201964x
https://doi.org/10.1210/clinem/dgaa431
https://doi.org/10.1016/j.imlet.2018.01.008
https://doi.org/10.1016/j.ijheh.2021.113777
https://doi.org/10.1016/j.envres.2021.111905
https://doi.org/10.1210/jc.2019-00385
https://doi.org/10.1289/EHP303
https://doi.org/10.1016/j.envres.2020.110110
https://doi.org/10.2174/157339508784325046
https://doi.org/10.1038/s41387-021-00171-2
https://doi.org/10.1016/j.cca.2016.01.034
https://doi.org/10.1016/j.bbadis.2012.03.009
https://doi.org/10.1016/j.plipres.2006.01.004
https://doi.org/10.1016/j.plipres.2006.01.004
https://doi.org/10.2337/db13-0880
https://doi.org/10.1016/j.tem.2006.09.007
https://doi.org/10.1016/j.tem.2006.09.007
https://doi.org/10.1016/S0014-5793(96)01357-9
https://doi.org/10.1373/clinchem.2008.115352
https://doi.org/10.7150/ijbs.31781
https://doi.org/10.1111/j.1432-1033.1997.00001.x
https://doi.org/10.1111/j.1432-1033.1997.00001.x
https://doi.org/10.3389/fendo.2025.1589826
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yu et al.

54. Bennett MJ, Santani AB. Carnitine palmitoyltransferase 1A deficiency. In: Adam
MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Gripp KW, Mirzaa GM,
Amemiya A, editors. GeneReviews(®), university of washington, seattle copyright ©
1993-2022. University of Washington, Seattle (WA (1993).

55. Yuan Q, Xie F, Huang W, Hu M, Yan Q, Chen Z, et al. The review of alpha-
linolenic acid: Sources, metabolism, and pharmacology. Phytotherapy research: PTR.
(2022) 36:164-88. doi: 10.1002/ptr.7295

56. Habe H, Sato Y, Kirimura K. Microbial and enzymatic conversion of levulinic
acid, an alternative building block to fermentable sugars from cellulosic biomass. Appl
Microbiol Biotechnol. (2020) 104:7767-75. doi: 10.1007/s00253-020-10813-7

57. Zhang Z, Zhou C, Fan K, Zhang L, Liu Y, Liu PF. Metabolomics analysis of the
effects of temperature on the growth and development of juvenile European seabass
(Dicentrarchus labrax). Sci total Environ. (2021) 769:145155. doi: 10.1016/
j.scitotenv.2021.145155

58. Bijland S, Rensen PC, Pieterman EJ, Maas AC, van der Hoorn JW, van Erk MJ, et al.
Perfluoroalkyl sulfonates cause alkyl chain length-dependent hepatic steatosis and
hypolipidemia mainly by impairing lipoprotein production in APOE*3-Leiden CETP mice.
Toxicological sciences: an Off ] Soc Toxicol. (2011) 123:290-303. doi: 10.1093/toxsci/kfr142

59. Wang L, Wang Y, Liang Y, Li J, Liu Y, Zhang J, et al. PFOS induced lipid
metabolism disturbances in BALB/c mice through inhibition of low density
lipoproteins excretion. Sci Rep. (2014) 4:4582. doi: 10.1038/srep04582

60. Fragki S, Dirven H, Fletcher T, Grasl-Kraupp B, Bjerve Giitzkow K,
Hoogenboom R, et al. and PFOA exposure and disturbed lipid homeostasis in
humans: what do we know and what not? Crit Rev Toxicol. (2021) 51:141-64. doi:
10.1080/10408444.2021.1888073

61. Huxtable RJ. Physiological actions of taurine. Physiol Rev. (1992) 72:101-63.
doi: 10.1152/physrev.1992.72.1.101

62. Chang CJ, Barr DB, Ryan PB, Panuwet P, Smarr MM, Liu K, et al. Per- and
polyfluoroalkyl substance (PFAS) exposure, maternal metabolomic perturbation, and
fetal growth in African American women: A meet-in-the-middle approach. Environ
Int. (2021) 158:106964. doi: 10.1016/j.envint.2021.106964

63. Roy VC, Bala R, Mehta S. Poly- and per-fluoroalkyl substances toxicity on
skeletal and cognitive well-being: a comprehensive review. J Environ Sci Health C
Toxicol Carcinog. (2025) 43:159-83. doi: 10.1080/26896583.2025.2460884

Frontiers in Endocrinology

14

10.3389/fendo.2025.1589826

64. Yang W, Ling X, He S, Cui H, Yang Z, An H, et al. PPAR0t/ACOXI as a novel
target for hepatic lipid metabolism disorders induced by per- and polyfluoroalkyl
substances: An integrated approach. Environ Int. (2023) 178:108138. doi: 10.1016/
j.envint.2023.108138

65. Guo P, Furnary T, Vasiliou V, Yan Q, Nyhan K, Jones DP, et al. Non-targeted
metabolomics and associations with per- and polyfluoroalkyl substances (PFAS)
exposure in humans: A scoping review. Environ Int. (2022) 162:107159.
doi: 10.1016/j.envint.2022.107159

66. Salihovic S, Fall T, Ganna A, Broeckling CD, Prenni JE, Hybtyldinen T, et al.
Identification of metabolic profiles associated with human exposure to perfluoroalkyl
substances. ] Expo Sci Environ Epidemiol. (2019) 29:196-205. doi: 10.1038/s41370-018-
0060-y

67. Schillemans T, Shi L, Donat-Vargas C, Hanhineva K, Tornevi A, Johansson I,
et al. Plasma metabolites associated with exposure to perfluoroalkyl substances and risk
of type 2 diabetes - A nested case-control study. Environ Int. (2021) 146:106180.
doi: 10.1016/j.envint.2020.106180

68. Lim SH, Lee H, Lee HJ, Kim K, Choi J, Han JM, et al. PLDI is a key player in
cancer stemness and chemoresistance: Therapeutic targeting of cross-talk between the
PI3K/Akt and Wnt/B-catenin pathways. Exp Mol Med. (2024) 56:1479-87.
doi: 10.1038/s12276-024-01260-9

69. Li Y, Lu X, Yu N, Li A, Zhuang T, Du L, et al. Exposure to legacy and novel
perfluoroalkyl substance disturbs the metabolic homeostasis in pregnant women and
fetuses: A metabolome-wide association study. Environ Int. (2021) 156:106627.
doi: 10.1016/j.envint.2021.106627

70. Zhang Y, Wu X, Xu M, Yue T, Ling P, Fang T, et al. Comparative proteomic
analysis of liver tissues and serum in db/db mice. Int ] Mol Sci. (2022) 23:9687. doi:
10.3390/ijms23179687

71. Kim S, Thapar I, Brooks BW. Epigenetic changes by per- and polyfluoroalkyl
substances (PFAS). Environ pollut (Barking Essex: 1987). (2021) 279:116929.
doi: 10.1016/j.envpol.2021.116929

72. Perng W, Nakiwala D, Goodrich JM. What happens in utero does not stay in
utero: a review of evidence for prenatal epigenetic programming by per- and
polyfluoroalkyl substances (PFAS) in infants, children, and adolescents. Curr
Environ Health Rep. (2023) 10:35-44. doi: 10.1007/s40572-022-00387-z

frontiersin.org


https://doi.org/10.1002/ptr.7295
https://doi.org/10.1007/s00253-020-10813-7
https://doi.org/10.1016/j.scitotenv.2021.145155
https://doi.org/10.1016/j.scitotenv.2021.145155
https://doi.org/10.1093/toxsci/kfr142
https://doi.org/10.1038/srep04582
https://doi.org/10.1080/10408444.2021.1888073
https://doi.org/10.1152/physrev.1992.72.1.101
https://doi.org/10.1016/j.envint.2021.106964
https://doi.org/10.1080/26896583.2025.2460884
https://doi.org/10.1016/j.envint.2023.108138
https://doi.org/10.1016/j.envint.2023.108138
https://doi.org/10.1016/j.envint.2022.107159
https://doi.org/10.1038/s41370-018-0060-y
https://doi.org/10.1038/s41370-018-0060-y
https://doi.org/10.1016/j.envint.2020.106180
https://doi.org/10.1038/s12276-024-01260-9
https://doi.org/10.1016/j.envint.2021.106627
https://doi.org/10.3390/ijms23179687
https://doi.org/10.1016/j.envpol.2021.116929
https://doi.org/10.1007/s40572-022-00387-z
https://doi.org/10.3389/fendo.2025.1589826
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Intergenerational metabolic toxicity of perfluorooctanesulfonic acid exposure in adult offspring rats: a multi-omics approach
	1 Introduction
	2 Methods
	2.1 Animal treatment
	2.2 Assessment of metabolic phenotypes
	2.2.1 Oral glucose tolerance test and lipid profile
	2.2.2 Adipokine measurement

	2.3 Transcriptomic sequencing
	2.4 Metabolomic profiling
	2.5 Statistical analysis
	2.6 Multi-omics integration

	3 Results
	3.1 Early-life PFOS exposure and phenotype changes in offspring
	3.2 Alterations in the transcriptomic sequencing
	3.3 Alterations in the metabolomic profile
	3.4 Integrated multi-omics analysis

	4 Discussion
	4.1 Metabolic phenotype
	4.2 Altered gene expression and relevant pathways
	4.3 Metabolomic alterations and metabolic pathways
	4.4 Integrative multi-omics

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


