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Abstract

Hexafluoropropylene oxide dimer acid [(HFPO-DA), GenX] is listed as
Substances of Very High Concern (SVHC) by the Commission of Member
States (MSC) in 2019. The threat of GenX to human health, especially to
sensitive populations such as pregnant women, infants and children cannot
be ignored. We aimed to investigate the effects of GenX on the intestinal
barrier function and gut microbiota of both pregnant rats and their offspring.
We subsequently performed a metabolomic analysis of the maternal gut to
investigate the metabolic disruptions associated with GenX exposure.
Pregnant Sprague-Dawley rats (n = 12/group) received GenX once daily
by gavage at 0, 1, 10, or 100 mg/kg body weight from gestational day (GD)
0.5 through GD 19.5. We observed intestinal tissue damage and changes in
the gut microbiota in both pregnant rats and their offspring. Additionally,
we performed untargeted LC/MS metabolomic analysis on the intestinal
tissues of the pregnant rats. The intestinal barrier function of the pregnant
rats was impaired. The results of 16S rRNA gene sequencing indicate that
GenX alters the gut microbiota diversity and composition in both pregnant
rats and their offspring. The metabolites of pregnant rats were also found
to be significantly altered, and these metabolites are mainly associated with
amino acid metabolism, carbohydrate metabolism, and lipid metabolism.
Collectively, Exposure to GenX disrupts the intestinal barrier function of

pregnant rats, exacerbates microbiome toxicity, and disturbs the gut
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microbiome-metabolome homeostasis.

Keywords: Hexafluoropropylene oxide dimer acid, Pregnancy rat, Gut

Microbiota, Metabolomics.

1.Introduction

Perfluorooctanoic acid (PFOA), a typical compound of per-
and polyfluoroalkyl substances, is widely used in industrial and
commercial application(Butenhoft et al., 2006). However, it is considered
a global environment contaminant in recent years owing to its negative
environmental effects and various toxicities (Darrow et al., 2014; Fei et al.,
2009; La Rocca et al., 2014). Thus, PFOA was restricted in many
countries and even added to the Stockholm Convention as a
Persistent Organic Pollutant in 2019. Hexafluoropropylene oxide
dimer acid (HFPO-DA), trade name GenX, as a replacement compound to
PFOA, has been produced since 2010. Compared to PFOA, it was a
shorter-chain analogues with shorter half-life. In Europe, the current
consumption of GenX was estimated to be 10 - 100 tons per year(Sun et
al., 2019). To date, GenX has been widely detected in multiform
environmental matrices all over the world(Feng et al., 2021; Gebbink &
van Leeuwen, 2020; Pan et al., 2018). Of note, it have since been

discovered in drinking water and presented a higher challenge in potable
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water treatment than PFOA(Dixit et al., 2020). This implies that if GenX
release will not be stopped, it will continue to accumulate in drinking water,
thus becoming global environmental pollutants potentially threating the
human health and wildlife. Based on this, the MSC (Commission of
Member States) of the European Chemicals Agency (ECHA) identified
HFPO-DA as SVHC (Substances of Very High Concern) in 2019
(Homepage - ECHA, n.d.). The Department of Health and Human Services
in North Carolina has set a drinking water equivalent level of 140 ng/L as
a drinking water health goal for GenX. Despite such efforts, GenX was
detectable in humans serum and might lead adverse healthy effect(Calafat
et al., 2019; Petriello et al., 2022).

Several studies have revealed the further toxic effects of GenX. Oral
exposure to 30mg/kg GenX in pregnant Sprague-Dawley rats caused
increased neonatal mortality, lower maternal serum thyroid hormone and
lower offspring body weight(Conley et al., 2021, 2022). In CD-1 mice,
pregnant dams were dosed GenX(10 mg/kg/d) via oral gavage showed
placental weight was significantly increased, embryo: placenta weight
ratios were significantly reduced, as well as histopathological changes in
placentas.(Blake et al., 2020). Furthermore, after a 90-day subchronic
toxicity study of GenX conducted in mice, Caspase-3
immunohistochemical analysis indicated that the liver cells primarily

affected were hepatocytes, characterized by increased cytoplasmic staining,
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fine stippling, and formation of apoptotic bodies, with occasional nuclear
staining. These effects were dose-dependent. Additionally, Kupffer cells
and leukocyte aggregates also exhibited mild cytoplasmic staining,
indicating low-level immune activity, but the extent of damage was notably
less than that observed in hepatocytes (Chappell et al., 2020). GenX ,
exposing to fertile chicken eggs via air cell injection, may induce thinned
right ventricular wall and elevated heart rates, and steatosis(X. Xu et al.,
2021). In addition, two in vitro studies' represent that the exposure of
differentiated rat thyroid cells (FRTL-5) to GenX produces acute cyto-toxic
and geno-toxic effects. A modeling research on male rats indicated that
GenX showed a higher toxicity score in modeled serum and liver
concentrations than PFOA(Coperchini et al., 2020; S. Zhang et al., 2021).
According to these studies, the safety of GenX as an alternative to PFOA
needs to be further assessed. Further studies examining the toxicological
effects of GenX are warranted.

It is generally known that oral intake of PFASs is an important route
for its exposure. The gut is considered a vital recipient for environmental
pollution after oral exposure. The gut microbiota possesses diverse
metabolic activities and exhibit a pivotal role in maintaining organism
health(Stiemsma & Michels, 2018; Tanaka & Nakayama, 2017; Thomas et
al., 2017; Zmora et al., 2019). PFOA can induce gut barrier dysfunction

and gut microbiota disturbance in mammals, and even related to human
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ulcerative colitis(Barry et al., 2013; Steenland et al., 2013). A recent study
indicates the potential gut toxicity of 200pg /L GenX, as male mice were
orally exposed to it for 6 weeks to evaluate this effect. The results showed
that GenX exposure caused colonic inflammation, the dysfunction of gut
barrier, and caused the imbalance of cecal gut microbiota and changes of
cecal microbiota diversity(Xie et al., 2021a). However, there are few
studies that investigated GenX in gut toxicity on susceptible population
(pregnant women and newborns). In this study, we orally administered
GenX to pregnant Sprague-Dawley rats for 20 d to evaluate the effects on
gut. We hope that these results can bring new insight into the potential risks
of GenX exposure to human health, especially to pregnant women.
2. Materials and Methods
2.1 Animals & Chemicals

We have described this part in our previous article(Lv et al., 2024).

Ten-week-old SPF-grade SD rats (half male, half female) were
obtained from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. They
were housed in polypropylene cages with sterilized bedding at 23 + 1 °C
on a 12 h light/dark cycle (lights on 06:00—18:00) and provided LabDiet
5001 chow and autoclaved distilled water in polypropylene bottles ad
libitum.

GenX ammonium salt (CAS 13252-13-6, lot C12467627; Shanghai

Macklin Biochemical Co., > 97 % purity) was dissolved in deionized water
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supplied by the hospital’s central laboratory.
2.2 Experimental Design

The ten-week-old Sprague-Dawley rats were acclimated for 1 week
after arrival at the SPF Animal Laboratory. Each female rat was mated with
one male overnight, and the presence of a vaginal plug was defined as
gestation day 0.5 (GD 0.5) The pregnant rats were sorted by body weight
in ascending order and then numbered sequentially. A computer software
was used to generate a random number table, and the rats were randomly
assigned to four groups according to the randomly generated numbers, with
12 rats in each group (n =48): 0(deionized water only), 1, 10 and 100mg/kg
GenX. GenX was orally administered daily via gavage from GD 0.5 to GD
19.5. At the day of GD19.5, Using the same random method, eight pregnant
rats were selected from each group (n = 32) and were placed into a carbon
dioxide anesthesia chamber. The carbon dioxide valve was opened, and
once the rats lost consciousness, the CO- concentration was increased to
100%. After the animals showed no signs of consciousness (e.g:no corneal
reflex), the gas flow was continued for an additional 2 minutes to ensure
death. Then, the gut (ileum and colon) of the dams and fetuses were
collected and fixed in paraformaldehyde solution (4% PFA, Sigma), while
the feces were collected and stored at -80°C immediately. The rest pregnant
rats (n=16) spontaneously delivered. On postnatal day 7 (PND 7), the

offspring rats were sorted by body weight and numbered. Using a random
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number table, two offspring rats were randomly selected from each litter
(n=32). Fetuses obtained by cesarean section at gestational day 19.5 were
already dead after placental separation. Pups at PND7 were euthanized by
decapitation. Similarly, the intestines and feces of the pups (PND7) were
collected and stored accordingly. For the pregnant rat and offspring control
groups and the 100 mg/kg GenX treatment group, five samples of intestinal
contents from each group were used for 16S rRNA gene sequencing. Four
samples from the pregnant rat control group and the 100 mg/kg treatment

group were used for untargeted metabolomics.

. 5 MTS
Cesarean section HE A?—;,PAS

_Colon andileum

Group A (N=8) |
Group AOmglkg/d(N=12) N CETDCR (=) | . — 165 RNAsequencing s
Couplel(l) Intestinal contents (NA=5,ND=5) -—
Group B:1mg/kg/d(N=12) Group D: (N=8) Metabolomics
(NA=4ND=4) L
GenX [ Group C:10mgkg/aiN=12)
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N=48 % Group D:100mg/kg/d(N=12) ) \ ' HE
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Vaginal delivery Intestinal tissue |
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— —] 16S rRNA sequencing
HE: Haematoxylin-eosin staining Group C: (N=4) ¢ Offspring (NA=5ND=5)
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AB-PAS: Alcian blue and periodic acid-Schiff stain Group D: (N=4) PND7 —
MTS: Masson's Trichrome Stain =
PND7: On postnatal day 7
NA : Number of samples

Figurel: Sample sizes for each part of the experiment and the overall experimental design process

2.3 Haematoxylin-eosin staining

All gut tissues (ileum and colon) were fixed in a paraformaldehyde
solution (4% PFA, Sigma). Three randomly selected gut tissues from each
group (both dam and fetal rats) were dehydrated by rising in ethanol,
cleared in xylene, and impregnated in paraffin. Tissue sections of S5pum were

prepared and stained with hematoxylin & eosin (H&E) for histochemical
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analysis(Xie et al., 2021a).
2.4 Masson's Trichrome Stain

The prepared tissue sections were dewaxed with graded ethanol and
xylene. Next, they were treated with Weigert's iron hematoxylin for 5-10
minutes. After thorough washing with water, the sections were treated with
Masson's trichrome fuchsin solution for 5-10 minutes. Subsequently, they
were immersed in 2% glacial acetic acid and stained with 1%
phosphomolybdic acid. The sections were then counterstained with aniline
blue. After another wash with weak acid water, the sections were
dehydrated with ethanol, cleared with xylene, and mounted with neutral
resin. Finally, the sections were examined under a microscope for image
acquisition.
2.5 Alcian blue and periodic acid-Schiff staining

The sections were treated with Alcian Blue dye for 5 minutes and then
rinsed with running tap water for 2 minutes. Next, after dewaxing the
sections with graded ethanol and xylene, they were treated with 1%
periodic acid for 5 minutes, followed by rinsing with distilled water.
Subsequently, the sections were stained with Schiff reagent for 30 minutes
in the dark. After rinsing, the sections were stained with hematoxylin.
Finally, the sections were dehydrated, cleared, and mounted. The sections
were then examined under a microscope for image acquisition(L.-L. Xu et

al., 2022).
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2.6 16S rRNA gene sequencing

To detect the main alternation in the gut microbiota, 8 samples
extracted from the colonic contents were randomly selected from the
control group and 100mg/kg GenX-treated group for 16S rRNA gene
sequencing. This samples from this study were processed on I[llumina Nova
seq platform by generating PE reads targeted regions. These short reads are
assembled, clustered and de-noised to obtain tags, which can be used for
species annotation and abundance analysis. Further analysis includes alpha
diversity, beta diversity, differential analysis between groups, correlation
analysis, function prediction, etc.

Alpha was performed to identify the complexity of species diversity
of each sample utilizing QIIME2 software. Beta diversity calculations were
analyzed by principal coordinate analysis (PCoA) to assess the diversity in
samples for species complexity. One-way analysis of variance was used to
compare bacterial abundance and diversity. Linear discriminant analysis
(LDA) coupled with effect size (LEfSe) was applied to evaluate the
differentially abundant taxa.

2.7 Detection of untargeted metabolites

The LC/MS system for metabolomics analysis is composed of Waters

Acquity [-Class PLUS ultra-high performance liquid tandem Waters Xevo

G2-XS QTof high resolution mass spectrometer. The column used is
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purchased from Waters Acquity UPLC HSS T3 column (1.8um
2.1*100mm).

The raw data collected using MassLynx V4.2 is processed by
Progenesis QI software for peak extraction, peak alignment and other data
processing operations, based on the Progenesis QI software online
METLIN database and Biomark’s self-built library for identification, and
at the same time, theoretical fragment identification and mass deviation All
are within 100ppm.

Principal component analysis and Spearman correlation analysis were
used to judge the repeatability of the samples within group and the quality
control samples. The R language package ropls was used to perform OPLS-
DA modeling, and 200 times permutation tests was performed to verify the
reliability of the model.The method of combining the difference multiple,
the P value and the VIP value of the OPLS-DA model was adopted to
screen the differential metabolites. The screening criteria are FC>1, P
value<0.05 and VIP>1.

2.8 Statistical analysis

Data processing and analysis were performed using SPSS 28.0 and
GraphPad Prism 8.0 software. Data are expressed as the mean = SEM. For
independent sample experiments, the Shapiro-Wilk test was used to assess
normality. The t-test was used to evaluate differences between two groups,

and one-way ANOVA was used to assess differences among three groups.
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A P-value of less than 0.05 was considered statistically significant
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3. Results
3.1 Histopathological changes

In ileum of the dams, the intestinal villi shrank and decreased in all
GenX-treated groups, and the intestinal epithelial cells of 100mg/kg/d
GenX-treated group were significantly shed, showing obvious erosion, and
the intestinal villus atrophy and reduction was more obvious (Fig.2). In
colon of the maternal, the intestinal villus structure is damaged in all GenX-
treated groups while inflammatory cells and lymphoid nodule was
observed in 10 and 100mg/kg/d GenX-treated groups (Fig.3). There were
no obvious signs of pathological injury in gut of fetal rats and offspring
rats (Supplementary.Fig.1.2). In the ileum and colon of dams, the number
of Alcian blue (AB)-positive goblet cells in the intestinal mucosa
significantly decreased in GenX-treated pregnant rats relative to the control
group, indicating a reduction in intestinal acidic/neutral mucus and a
weakened intestinal mucosal barrier (Fig.4.5). According to the Masson's
trichrome staining results of the ileum and colon in the pregnant rats, no
significant changes were observed in the collagen fibers and muscle fibers
in the colon and ileum, indicating no obvious fibrosis was detected

(Supplementary.Fig.3).
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302 Fig.2. Histomorphology of ileum in the dams (H&E staining, x100). A: CON; B: 1mg/kg/d; C: 10mg/kg/d; D:
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305 Fig.3. Histomorphology of colon in the dams (H&E staining, x100). A: CON; B: Img/kg/d; C: 10mg/kg/d; D:
306 100mg/kg/d. Black arrows: Focal hyperplasia in local lymphoid tissue

307

308 Fig.4. Histomorphology of ileum in the dams (Alcian blue and periodic acid-Schiff staining, x200). A: CON;
309 B: 1mg/kg/d; C: 10mg/kg/d; D: 100mg/kg/d.
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Fig.5. Histomorphology of colon in the dams (Alcian blue and periodic acid-Schiff staining, x200). A: CON;
B: Img/kg/d; C: 10mg/kg/d; D: 100mg/kg/d.

3.2 Gut microbiota changes
3.2.1 Gut microbiota changes in GD19.5 pregnant rats

Alpha diversity measures species abundance and diversity. As Alpha
diversity analysis, Simpson index of 100mg/kg GenX-treated group in
pregnant rats was significantly lower than the control group (P <0.05),
implying that GenX exposure has influence on the species diversity of

intestinal microflora (Fig.6C). Both Chaol index and Ace index had a
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downward trend in 100mg/kg GenX-treated group (Fig.6A-B). In addition,
our observation of B diversity analysis by PCoA showed that the intestinal
microbiota of the control group and 100mg/kg GenX-treated group were
clearly distinguishable (Fig.6G).

At the phylum level, the dominant bacteria in the intestinal microbiota
in control group and 100mg/kg GenX-treated group were both Firmicutes,
accounting for more than 80% (Fig.6E-F). Compared with the control
group, the relative abundance of Bacteroides of 100mg/kg GenX-treated
group was significantly reduced (P <0.05). At the genus level, the dominant
bacteria in the intestinal flora of control and 100mg/kg GenX-treated
pregnant rats were both Ligilactobacillus. Compared with the control group,
a total of 17 species in 100mg/kg GenX-treated group (P <0.05), including
14 species with decreased relative abundance and 3 species with increased
relative abundance. In the top ten species of intestinal microbiota in
pregnant rats, the relative abundance of Alloprevotella of 100mg/kg GenX-
treated group was significantly decreased (P <0.01).

The results of LEfSe analysis showed that, the species enriched in the
intestinal microbiota of control group included Bacteroidetes, Bacteroidia,
Bacteroidales,  Lachnospirales,  Prevotellaceae, = Lachnospiraceae,
Lachnospiraceae NK4A136 group, Prevotella,

unclassified Alloprevotella. The species enriched in the intestinal
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Fig.6. GenX exposure caused the change of gut microbiota diversity in GD19.5 pregnant rats (n = 5 per
group). A-D: The ACE Shannon index, Chaol index, Simpson index and Shannon index of a-diversity in the gut
microbiota. E-F: The variation of gut microbiota at the phylum level and genus level. G: PCoA analysis of gut

microbiota.(H-I) The LEfSe analysis and LDA SCORE bar chart.

3.2.2 Gut microbiota changes in PND7 offspring rats
In offspring rats, Chaol, Ace, Simpson and Shannon index of
100mg/kg GenX-treated group were significantly lower than the control

group, which suggested the reduced diversity of the gut content (Fig.7A-
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D). Similar to pregnant rats, B diversity analysis by PCoA showed that the
intestinal microbiota were clearly distinguishable in two groups (Fig.7 G).

At the phylum level, the dominant bacteria in the intestinal microbiota
in control group and 100mg/kg GenX-treated group were both Firmicutes
and Proteobacteria, with the sum more than 60%, especially over 95% in
100mg/kg GenX-treated group (Fig.7E-F). Compared with the control
group, the relative abundance of Bacteroidetes and Actinobacteria in the
100mg/kg GenX-treated group was both significantly decreased (P <0.01),
while the relative abundance of Firmicutes increased (P <0.01). As with
pregnant rats, the dominant genus in offspring rats was Ligilactobacillus.
Compared with the control group, a total of 529 species in 100mg/kg
GenX-treated group had significantly different abundance (P <0.05),
including 516 species showed decreased relative abundance (469 species
were detected in 0 in the HFPO-DA exposed group), and 13 species showed
increased relative abundance, suggesting that the exposure affected the
abundance and diversity of GenX during pregnancy. At the level of the
main  species, relative  abundance @ of  Bacteroides and
Lachnospiraceae NK4A136 group in 100mg/kg GenX-treated group was
significantly lower compared with the control group (P <0.05). Besides,
the relative abundance of Lactobacillus, Escherichia-Shigella,
Streptococcus and Veillonella was significantly increased compared with

the control group (P <0.01).
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Similar to the results of pregnant rats, LEfSe analysis showed the
species enriched in the control group included Bacteroidetes,
Alphaproteobacteria and Clostridia. The species enriched in the
100mg/kg/d  GenX-treated group were  Firmicutes, bacilli,
Gammaproteobacteria, Lactobacillales, Enterobacteriales,
Lactobacillaceae, Enterobacteriaceae, Pasteurellaceae, Combination
Lactobacillus, Escherichia coliShigella, unclassified Ligilactobacillus,

and unclassified Escherichia-Shigella (Fig.7H-I).
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Fig.7. GenX exposure caused the change of gut microbiota diversity in PND7 offspring rats (n = 5 per
group). A-D: The ACE Shannon index, Chaol index, Simpson index and Shannon index of a-diversity in the
gut microbiota. E-F: The variation of gut microbiota at the phylum level and genus level. G: PCoA analysis of gut

microbiota. H-I: The LEfSe analysis and LDA SCORE bar chart.

3.3 Effects of GenX on the Gut Metabolome of GD19.5 Pregnant Rats

A total of 3,549 metabolites were identified from eight samples.
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According to the OPLS-DA model, there was a clear separation between
the control group and the 100 mg/kg GenX-treated group, and the sample
model was effective (Q2Y > 0.5) (Fig. 8A). Most of these metabolites were
classified as Lipids and lipid-like molecules and Organic acids and
derivatives (Fig. 8B).

In comparison to the control group, 106 metabolites in the 100 mg/kg
GenX-treated group showed significant differences (P < 0.05), with 28
metabolites increased and 78 decreased. The decreased metabolites
included Nona-4,6-dienedioylcarnitine, D-glycero-beta-D-manno-Heptose
1,7-bisphosphate, and 5-(2-Aminopropyl) indol, while the increased
metabolites included 1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine
and 2-Hydroxymyristic acid (Fig. 8C).

Enrichment analysis of the differential metabolites based on the
KEGG database identified the top 20 pathways annotated with the most
differential metabolites. Among these, the pathway most associated with
Carbohydrate Metabolism was the most prominent (Fig. 8D). The top three
most notable pathways among the top 20 were Drug metabolism - other
enzymes, Pentose phosphate pathway, and Phosphonate and phosphinate
metabolism (Fig. 8E). In the 100 mg/kg GenX-treated group, metabolites
associated with these three pathways, except for
Monoethylglycinexylidide (which increased), showed a decrease. These

included 6-Methylthiopurine 5'-monophosphate ribonucleotide, 6-
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Thioxanthine 5'-monophosphate, 5-Fluorodeoxyuridine monophosphate,
D-Glyceraldehyde 3-phosphate, D-Glucono-1,5-lactone 6-phosphate, 2-
Deoxy-D-ribose 5-phosphate, Hydroxymethylphosphonate, CMP-2-
aminoethylphosphonate, and 2-Phosphinomethylmalate. This suggests that
GenX may affect multiple metabolic pathways, including Drug
metabolism - other enzymes, Pentose phosphate pathway, and Phosphonate

and phosphinate metabolism.
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Fig. 8. Effects of GenX on the Gut Metabolome of GD19.5 Pregnant Rats (n = 4 per group). A: Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA). B: Classification of all metabolites based on the HMDB

database. C: Volcano plot of differential metabolites. D: KEGG database annotation of differential metabolites,

selecting the top 20 pathways annotated with the most differential metabolites, and creating a summary bar chart.

E: Pathway enrichment analysis of differential metabolites.
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4. Discussion

PFOA has been shown to have adverse effects on the environment and
human health(Li et al., 2017; Negri et al., 2017; Olsen et al., 2007). The
gut is the organ that has the most external contact, therefore has a great risk
of being attacked by toxic substances(Tanaka & Nakayama, 2017).
Intestinal barrier impairment and dysbiosis have been observed in mice
with PFOA exposure as low as 0.5 mg/kg/day(Shi et al., 2020). Similarly,
prenatal PFOS exposure at doses ranging from 0.3-3 mg/kg/day was
shown to compromise mucosal barrier integrity and disrupt microbiota in
offspring mice(Y1 et al., 2024). GenX, a novel alternative to PFOA, has
been detected in various environmental media, including drinking water
and food, posing a potential threat to human health (Galloway et al., 2020;
Gebbink & van Leeuwen, 2020; Strynar et al., 2015). A study by Xie et al.
demonstrated that subchronic exposure to 200 pg/L GenX via drinking
water for six weeks was sufficient to induce significant disturbances in the
intestinal microbiota of mice(Xie et al., 2021). In the present study, we
found that exposure to a low concentration of GenX (1 mg/kg/day) during
pregnancy also significantly reduced intestinal microbiota abundance and
diversity in both maternal and offspring rats. This finding provides further
evidence that the gut is highly susceptible to disruption by PFASs.

Bacteroidetes is one of the main bacterial phylum of the intestinal

flora, which is mainly involved in many important metabolic activities in
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the human colon and can maintain intestinal homeostasis through the
production of short-chain fatty acids(Z.-Y. Chang et al., 2022). Compared
with control rats, GenX exposure during pregnancy resulted in a significant
decrease in the abundance of Bacteroidetes, and the Firmicutes /
Bacteroidetes abundance ratio (F / B) increased significantly in the
intestinal flora of both pregnant and their offspring rats. Of note, previous
studies have shown that increased F / B is associated with intestinal
inflammatory disease(C.-J. Chang et al., 2015; Frank et al., 2007; Yin et
al., 2025). As a butyrate-producing strain,
Lachnospiraceae NK4A136 group was associated to be negatively
associated with the occurrence of intestinal permeability and intestinal
inflammation(Hu et al.,, 2019; Ma et al., 2020). The abundance of
Lachnospiraceae NK4A136 group showed a decreasing trend in the
intestinal microflora of the GenX exposed group. Notably, Escherichia-
Shigella, Vironella, Streptococcus and Lactobacillus, showed significant
increases in the HFPO-DA exposure group. Previous studies have shown
that Escherichia-Shigella is increased in patients with ulcerative
colitis(Alberca et al., 2022; He et al., 2021). Furthermore, the genus
Escherichia-Shigella acts as a TLR 4 agonist or ligand for the pathway of
inflammasome activation and leading to the pro-inflammatory state of
cirrhosis. Both Escherichia-Shigella and Streptococcus were associated

with an increase in serum inflammatory cytokine IL-6. As a Gram-negative
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bacterium, Veillonella can produce LPS and then induce an inflammatory
respons(Gedgaudas et al., 2022) . The study of Bogert et al showed that a
combination of Streptococcus and Veillonella could trigger different
immune responses and enhanced levels of IL-8, IL-6, IL-10 and TNF-
a(van den Bogert et al., 2014). In addition, the results of LEfSe analysis in
pregnant rats showed that gut microbes in the GenX exposed group were
enriched in Dantofilamentosa and Dansipelicaceae, which is considered to
be closely associated with inflammation-related gastrointestinal diseases
and metabolic disorders.

At the genus level, Ligilactobacillus was the dominant bacteria in the
gut microbiota of both control and 100 mg/kg GenX-treated pregnant rats,
suggesting a stable core role during pregnancy. Ligilactobacillus salivarius
has been reported to improve conception rates and full-term pregnancy
outcomes in women with infertility or recurrent miscarriage (Huerga
Lopez et al., 2025), and to enhance short-chain fatty acid production,
exerting anti-inflammatory effects (Huang et al., 2025) and supporting host
immunity(Indo et al., 2021). These findings indicate that Ligilactobacillus
may contribute to maintaining gut stability, regulating immune responses,
and supporting maternal metabolic adaptation. Its dominance under GenX
exposure indicates that the chemical mainly affects non-dominant taxa and
overall community function, without displacing the core genus.

The species with changed abundance in the intestinal microbiota of
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pregnant and their offspring rats compared with the control suggested a
correlation with the occurrence of intestinal inflammation. Based on this,
we performed H&E staining on the intestinal (colon and ileal) tissues of
pregnant rats, fetal rats (pnd0) and offspring rats to observe whether the
histomorphology had inflammation-related manifestations. The results
showed that GenX exposure caused obvious shedding of intestinal
epithelial cells, and obvious erosion; impaired integrity of intestinal ileum,
and local lymphoid focal hyperplasia, suggesting inflammatory changes.
In light of these findings, Alcian Blue-Periodic Acid-Schiff (AB-PAS)
staining was conducted on the ileum and colon tissues of pregnant rats. The
results demonstrated a marked decrease in the number of AB-PAS-positive
goblet cells and the quantity of intestinal mucus within the ileal and colonic
mucosa. Intestinal mucus functions as a crucial barrier, separating the
epithelial layer from the gut microbiota and facilitating the harmonious
coexistence of symbiotic bacteria with the host organism. The reduction in
intestinal mucus is associated with increased intestinal barrier permeability,
which may potentially compromise the integrity of the mucosal defense
mechanism(Pelaseyed et al., 2014). The findings in male mice by Xie et al.
suggest that GenX exposure causes inflammation in the colon and ileum
and impairs the colonic intestinal barrier function (Xie et al., 2021a). In our
study, there was no obvious change in the intestinal tissue morphology of

offspring rats, and the altered species abundance and diversity of offspring
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rats may be related to the changes in the intestinal flora of pregnant mice.
Previous studies have shown that the structure of intestinal flora in
pregnant women with inflammatory bowel disease is changed and can
further affect the intestinal flora composition of neonates, suggesting that
exposure to adverse environmental factors during pregnancy can directly
affect the intestinal microbial diversity of offspring(Ferretti et al., 2018;
Torres et al., 2020). In metabolomics studies on pregnant mice, GenX has
been found to affect the metabolism of various substances, including amino
acid metabolism, carbohydrate metabolism, and lipid metabolism(J.-J.
Zhang et al., 2025; Q.-Y. Zhang et al., 2024). Additionally, GenX exerts
effects on carbohydrate metabolism and lipid metabolism. Relevant reports
have indicated that HFPO-DA can activate the PPAR-a pathway, leading
to alterations in hepatic lipid metabolism(Attema et al., 2022). In the
correlation analysis between metabolites and gut microbiota in pregnant
mice, it was found that the Firmicutes and Bacteroidetes phyla, which
showed significant changes in the gut of pregnant mice and are closely
related to intestinal inflammation, exhibited extremely high correlations
with the vast majority of differential metabolites. Some related studies have
indicated that the Firmicutes phylum is associated with the digestion of fats
and proteins and can regulate nutrient absorption(Simpson & Campbell,
2015). Bacteroidetes are involved in carbohydrate metabolism, bile acid

and steroid metabolism, and promote the formation of intestinal
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mucosa(Schutkowski et al., 2019). This suggests that GenX may alter the
composition and abundance of gut microbiota, thereby changing the
metabolism of substances. Similarly, the metabolic, inflammatory, and
immune changes caused by GenX in the body may also be the reasons for
the disruption of gut microbiota. A study has have also shown that GenX
can affect the gut microbiota and alter its metabolic pathways(Rashid et al.,
2023).

Our results showed that exposure to GenX during pregnancy led to a
decrease in microbial diversity, species abundance, and overall microbial
richness in pregnant rats. Moreover, the species with different abundance
differences in the intestinal microflora of pregnant rats and their offspring
rats were mostly correlated with the development of intestinal
inflammation. Further studies found that GenX exposure during pregnancy
led to impaired ileal barrier, intestinal villus atrophy, reduction, and the
occurrence of colonic inflammation in pregnant rats. As a novel surrogate
of the typical perfluorinated compound PFOA, there are still few studies
on the intestinal toxicity of GenX. The results of this study suggest that
exposure to GenX during pregnancy may lead to the occurrence of
intestinal inflammation and the disorder of the intestinal flora of pregnant
and their offspring rats. Notably, intestinal structural alterations were
observed in this study even at the lowest dose of 1 mg/kg/day. At this dose,

the serum GenX concentration in rats was approximately 0.15pg/mL (Lv
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et al., 2024). Using the rat-to-human conversion factor of 0.16, this level is
higher than the human equivalent dose(Nair & Jacob, 2016). Reported
serum levels of GenX in highly exposed human populations range from
0.13 to 1.72pug/L(Pan et al., 2017), suggesting that our lowest effective
dose is roughly 13.9-fold higher than environmental exposure levels. This
comparison, however, should be interpreted with caution, as the present
study involved only 19.5 days of exposure and may not fully reflect the
effects of chronic human exposure. More animal experiments and
population epidemiological studies are needed to further explore the effects
of exposure to GenX during pregnancy on the intestinal flora.
5. Conclusion

Our study indicates that GenX exposure during pregnancy decreases
gut microbial diversity and abundance in both pregnant rats and their
offspring, impairs intestinal barrier integrity, reduces intestinal villus
height, induces inflammatory changes in colonic tissue, and disrupts gut
microbiome-metabolome homeostasis. These findings highlight the
potential health risks of GenX and underscore the need for continued

environmental monitoring and control.
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