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Abstract 45 

Hexafluoropropylene oxide dimer acid [(HFPO-DA), GenX] is listed as 46 

Substances of Very High Concern (SVHC) by the Commission of Member 47 

States (MSC) in 2019. The threat of GenX to human health, especially to 48 

sensitive populations such as pregnant women, infants and children cannot 49 

be ignored. We aimed to investigate the effects of GenX on the intestinal 50 

barrier function and gut microbiota of both pregnant rats and their offspring. 51 

We subsequently performed a metabolomic analysis of the maternal gut to 52 

investigate the metabolic disruptions associated with GenX exposure. 53 

Pregnant Sprague-Dawley rats (n = 12/group) received GenX once daily 54 

by gavage at 0, 1, 10, or 100 mg/kg body weight from gestational day (GD) 55 

0.5 through GD 19.5. We observed intestinal tissue damage and changes in 56 

the gut microbiota in both pregnant rats and their offspring. Additionally, 57 

we performed untargeted LC/MS metabolomic analysis on the intestinal 58 

tissues of the pregnant rats. The intestinal barrier function of the pregnant 59 

rats was impaired. The results of 16S rRNA gene sequencing indicate that 60 

GenX alters the gut microbiota diversity and composition in both pregnant 61 

rats and their offspring. The metabolites of pregnant rats were also found 62 

to be significantly altered, and these metabolites are mainly associated with 63 

amino acid metabolism, carbohydrate metabolism, and lipid metabolism. 64 

Collectively, Exposure to GenX disrupts the intestinal barrier function of 65 

pregnant rats, exacerbates microbiome toxicity, and disturbs the gut 66 



microbiome-metabolome homeostasis. 67 

 68 

Keywords: Hexafluoropropylene oxide dimer acid, Pregnancy rat, Gut 69 
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 71 

1.Introduction 72 

Perfluorooctanoic acid (PFOA), a typical compound of per- 73 

and polyfluoroalkyl substances, is widely used in industrial and 74 

commercial application(Butenhoff et al., 2006). However, it is considered 75 

a global environment contaminant in recent years owing to its negative 76 

environmental effects and various toxicities (Darrow et al., 2014; Fei et al., 77 

2009; La Rocca et al., 2014). Thus, PFOA was restricted in many 78 

countries and even added to the Stockholm Convention as a 79 

Persistent Organic Pollutant in 2019. Hexafluoropropylene oxide 80 

dimer acid (HFPO-DA), trade name GenX, as a replacement compound to 81 

PFOA, has been produced since 2010. Compared to PFOA, it was a 82 

shorter-chain analogues with shorter half-life. In Europe, the current 83 

consumption of GenX was estimated to be 10 - 100 tons per year(Sun et 84 

al., 2019). To date, GenX has been widely detected in multiform 85 

environmental matrices all over the world(Feng et al., 2021; Gebbink & 86 

van Leeuwen, 2020; Pan et al., 2018). Of note, it have since been 87 

discovered in drinking water and presented a higher challenge in potable 88 



water treatment than PFOA(Dixit et al., 2020). This implies that if GenX 89 

release will not be stopped, it will continue to accumulate in drinking water, 90 

thus becoming global environmental pollutants potentially threating the 91 

human health and wildlife. Based on this, the MSC (Commission of 92 

Member States) of the European Chemicals Agency (ECHA) identified 93 

HFPO-DA as SVHC (Substances of Very High Concern) in 2019 94 

(Homepage - ECHA, n.d.). The Department of Health and Human Services 95 

in North Carolina has set a drinking water equivalent level of 140 ng/L as 96 

a drinking water health goal for GenX. Despite such efforts, GenX was 97 

detectable in humans serum and might lead adverse healthy effect(Calafat 98 

et al., 2019; Petriello et al., 2022).    99 

Several studies have revealed the further toxic effects of GenX. Oral 100 

exposure to 30mg/kg GenX in pregnant Sprague-Dawley rats caused 101 

increased neonatal mortality, lower maternal serum thyroid hormone and 102 

lower offspring body weight(Conley et al., 2021, 2022). In CD-1 mice, 103 

pregnant dams were dosed GenX(10 mg/kg/d) via oral gavage showed 104 

placental weight was significantly increased, embryo: placenta weight 105 

ratios were significantly reduced, as well as histopathological changes in 106 

placentas.(Blake et al., 2020). Furthermore, after a 90-day subchronic 107 

toxicity study of GenX conducted in mice, Caspase-3 108 

immunohistochemical analysis indicated that the liver cells primarily 109 

affected were hepatocytes, characterized by increased cytoplasmic staining, 110 



fine stippling, and formation of apoptotic bodies, with occasional nuclear 111 

staining. These effects were dose-dependent. Additionally, Kupffer cells 112 

and leukocyte aggregates also exhibited mild cytoplasmic staining, 113 

indicating low-level immune activity, but the extent of damage was notably 114 

less than that observed in hepatocytes (Chappell et al., 2020). GenX , 115 

exposing to fertile chicken eggs via air cell injection, may induce thinned 116 

right ventricular wall and elevated heart rates, and steatosis(X. Xu et al., 117 

2021). In addition, two in vitro studies' represent that the exposure of 118 

differentiated rat thyroid cells (FRTL-5) to GenX produces acute cyto-toxic 119 

and geno-toxic effects. A modeling research on male rats indicated that 120 

GenX showed a higher toxicity score in modeled serum and liver 121 

concentrations than PFOA(Coperchini et al., 2020; S. Zhang et al., 2021). 122 

According to these studies, the safety of GenX as an alternative to PFOA 123 

needs to be further assessed. Further studies examining the toxicological 124 

effects of GenX are warranted. 125 

It is generally known that oral intake of PFASs is an important route 126 

for its exposure. The gut is considered a vital recipient for environmental 127 

pollution after oral exposure. The gut microbiota possesses diverse 128 

metabolic activities and exhibit a pivotal role in maintaining organism 129 

health(Stiemsma & Michels, 2018; Tanaka & Nakayama, 2017; Thomas et 130 

al., 2017; Zmora et al., 2019). PFOA can induce gut barrier dysfunction 131 

and gut microbiota disturbance in mammals, and even related to human 132 



ulcerative colitis(Barry et al., 2013; Steenland et al., 2013). A recent study 133 

indicates the potential gut toxicity of 200μg /L GenX, as male mice were 134 

orally exposed to it for 6 weeks to evaluate this effect. The results showed 135 

that GenX exposure caused colonic inflammation, the dysfunction of gut 136 

barrier, and caused the imbalance of cecal gut microbiota and changes of 137 

cecal microbiota diversity(Xie et al., 2021a). However, there are few 138 

studies that investigated GenX in gut toxicity on susceptible population 139 

(pregnant women and newborns). In this study, we orally administered 140 

GenX to pregnant Sprague-Dawley rats for 20 d to evaluate the effects on 141 

gut. We hope that these results can bring new insight into the potential risks 142 

of GenX exposure to human health, especially to pregnant women. 143 

2. Materials and Methods 144 

2.1 Animals & Chemicals 145 

We have described this part in our previous article(Lv et al., 2024). 146 

Ten-week-old SPF-grade SD rats (half male, half female) were 147 

obtained from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. They 148 

were housed in polypropylene cages with sterilized bedding at 23 ± 1 °C 149 

on a 12 h light/dark cycle (lights on 06:00–18:00) and provided LabDiet 150 

5001 chow and autoclaved distilled water in polypropylene bottles ad 151 

libitum.  152 

GenX ammonium salt (CAS 13252-13-6, lot C12467627; Shanghai 153 

Macklin Biochemical Co., ≥ 97 % purity) was dissolved in deionized water 154 



supplied by the hospital’s central laboratory. 155 

2.2 Experimental Design 156 

The ten-week-old Sprague-Dawley rats were acclimated for 1 week 157 

after arrival at the SPF Animal Laboratory. Each female rat was mated with 158 

one male overnight, and the presence of a vaginal plug was defined as 159 

gestation day 0.5 (GD 0.5) The pregnant rats were sorted by body weight 160 

in ascending order and then numbered sequentially. A computer software 161 

was used to generate a random number table, and the rats were randomly 162 

assigned to four groups according to the randomly generated numbers, with 163 

12 rats in each group (n = 48): 0(deionized water only), 1, 10 and 100mg/kg 164 

GenX. GenX was orally administered daily via gavage from GD 0.5 to GD 165 

19.5. At the day of GD19.5, Using the same random method, eight pregnant 166 

rats were selected from each group (n = 32) and were placed into a carbon 167 

dioxide anesthesia chamber. The carbon dioxide valve was opened, and 168 

once the rats lost consciousness, the CO₂ concentration was increased to 169 

100%. After the animals showed no signs of consciousness (e.g:no corneal 170 

reflex), the gas flow was continued for an additional 2 minutes to ensure 171 

death. Then, the gut (ileum and colon) of the dams and fetuses were 172 

collected and fixed in paraformaldehyde solution (4% PFA, Sigma), while 173 

the feces were collected and stored at -80°C immediately. The rest pregnant 174 

rats (n=16) spontaneously delivered. On postnatal day 7 (PND 7), the 175 

offspring rats were sorted by body weight and numbered. Using a random 176 



number table, two offspring rats were randomly selected from each litter 177 

(n = 32). Fetuses obtained by cesarean section at gestational day 19.5 were 178 

already dead after placental separation. Pups at PND7 were euthanized by 179 

decapitation. Similarly, the intestines and feces of the pups (PND7) were 180 

collected and stored accordingly. For the pregnant rat and offspring control 181 

groups and the 100 mg/kg GenX treatment group, five samples of intestinal 182 

contents from each group were used for 16S rRNA gene sequencing. Four 183 

samples from the pregnant rat control group and the 100 mg/kg treatment 184 

group were used for untargeted metabolomics. 185 

 186 
Figure1: Sample sizes for each part of the experiment and the overall experimental design process 187 

2.3 Haematoxylin-eosin staining 188 

All gut tissues (ileum and colon) were fixed in a paraformaldehyde 189 

solution (4% PFA, Sigma). Three randomly selected gut tissues from each 190 

group (both dam and fetal rats) were dehydrated by rising in ethanol, 191 

cleared in xylene, and impregnated in paraffin. Tissue sections of 5μm were 192 

prepared and stained with hematoxylin & eosin (H&E) for histochemical 193 



analysis(Xie et al., 2021a). 194 

2.4 Masson's Trichrome Stain 195 

The prepared tissue sections were dewaxed with graded ethanol and 196 

xylene. Next, they were treated with Weigert's iron hematoxylin for 5-10 197 

minutes. After thorough washing with water, the sections were treated with 198 

Masson's trichrome fuchsin solution for 5-10 minutes. Subsequently, they 199 

were immersed in 2% glacial acetic acid and stained with 1% 200 

phosphomolybdic acid. The sections were then counterstained with aniline 201 

blue. After another wash with weak acid water, the sections were 202 

dehydrated with ethanol, cleared with xylene, and mounted with neutral 203 

resin. Finally, the sections were examined under a microscope for image 204 

acquisition. 205 

2.5 Alcian blue and periodic acid-Schiff staining 206 

The sections were treated with Alcian Blue dye for 5 minutes and then 207 

rinsed with running tap water for 2 minutes. Next, after dewaxing the 208 

sections with graded ethanol and xylene, they were treated with 1% 209 

periodic acid for 5 minutes, followed by rinsing with distilled water. 210 

Subsequently, the sections were stained with Schiff reagent for 30 minutes 211 

in the dark. After rinsing, the sections were stained with hematoxylin. 212 

Finally, the sections were dehydrated, cleared, and mounted. The sections 213 

were then examined under a microscope for image acquisition(L.-L. Xu et 214 

al., 2022). 215 



2.6 16S rRNA gene sequencing 216 

To detect the main alternation in the gut microbiota, 8 samples 217 

extracted from the colonic contents were randomly selected from the 218 

control group and 100mg/kg GenX-treated group for 16S rRNA gene 219 

sequencing. This samples from this study were processed on Illumina Nova 220 

seq platform by generating PE reads targeted regions. These short reads are 221 

assembled, clustered and de-noised to obtain tags, which can be used for 222 

species annotation and abundance analysis. Further analysis includes alpha 223 

diversity, beta diversity, differential analysis between groups, correlation 224 

analysis, function prediction, etc.  225 

Alpha was performed to identify the complexity of species diversity 226 

of each sample utilizing QIIME2 software. Beta diversity calculations were 227 

analyzed by principal coordinate analysis (PCoA) to assess the diversity in 228 

samples for species complexity. One-way analysis of variance was used to 229 

compare bacterial abundance and diversity. Linear discriminant analysis 230 

(LDA) coupled with effect size (LEfSe) was applied to evaluate the 231 

differentially abundant taxa. 232 

2.7 Detection of untargeted metabolites 233 

The LC/MS system for metabolomics analysis is composed of Waters 234 

Acquity I-Class PLUS ultra-high performance liquid tandem Waters Xevo 235 

G2-XS QTof high resolution mass spectrometer. The column used is 236 



purchased from Waters Acquity UPLC HSS T3 column (1.8um 237 

2.1*100mm). 238 

The raw data collected using MassLynx V4.2 is processed by 239 

Progenesis QI software for peak extraction, peak alignment and other data 240 

processing operations, based on the Progenesis QI software online 241 

METLIN database and Biomark’s self-built library for identification, and 242 

at the same time, theoretical fragment identification and mass deviation All 243 

are within 100ppm.  244 

Principal component analysis and Spearman correlation analysis were 245 

used to judge the repeatability of the samples within group and the quality 246 

control samples. The R language package ropls was used to perform OPLS-247 

DA modeling, and 200 times permutation tests was performed to verify the 248 

reliability of the model.The method of combining the difference multiple, 249 

the P value and the VIP value of the OPLS-DA model was adopted to 250 

screen the differential metabolites. The screening criteria are FC>1, P 251 

value<0.05 and VIP>1. 252 

2.8 Statistical analysis 253 

Data processing and analysis were performed using SPSS 28.0 and 254 

GraphPad Prism 8.0 software. Data are expressed as the mean ± SEM. For 255 

independent sample experiments, the Shapiro-Wilk test was used to assess 256 

normality. The t-test was used to evaluate differences between two groups, 257 

and one-way ANOVA was used to assess differences among three groups. 258 



A P-value of less than 0.05 was considered statistically significant 259 

 260 

 261 
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3. Results 281 

3.1 Histopathological changes 282 

In ileum of the dams, the intestinal villi shrank and decreased in all 283 

GenX-treated groups, and the intestinal epithelial cells of 100mg/kg/d 284 

GenX-treated group were significantly shed, showing obvious erosion, and 285 

the intestinal villus atrophy and reduction was more obvious (Fig.2). In 286 

colon of the maternal, the intestinal villus structure is damaged in all GenX-287 

treated groups while inflammatory cells and lymphoid nodule was 288 

observed in 10 and 100mg/kg/d GenX-treated groups (Fig.3). There were 289 

no obvious signs of pathological injury in gut of fetal rats and offspring 290 

rats (Supplementary.Fig.1.2). In the ileum and colon of dams, the number 291 

of Alcian blue (AB)-positive goblet cells in the intestinal mucosa 292 

significantly decreased in GenX-treated pregnant rats relative to the control 293 

group, indicating a reduction in intestinal acidic/neutral mucus and a 294 

weakened intestinal mucosal barrier (Fig.4.5). According to the Masson's 295 

trichrome staining results of the ileum and colon in the pregnant rats, no 296 

significant changes were observed in the collagen fibers and muscle fibers 297 

in the colon and ileum, indicating no obvious fibrosis was detected 298 

(Supplementary.Fig.3). 299 

  300 



  301 
Fig.2. Histomorphology of ileum in the dams (H&E staining, ×100). A: CON; B: 1mg/kg/d; C: 10mg/kg/d; D: 302 

100mg/kg/d. 303 

 304 



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

 307 

Fig.4. Histomorphology of ileum in the dams (Alcian blue and periodic acid-Schiff staining, ×200). A: CON; 308 
B: 1mg/kg/d; C: 10mg/kg/d; D: 100mg/kg/d. 309 



 310 
Fig.5. Histomorphology of colon in the dams (Alcian blue and periodic acid-Schiff staining, ×200). A: CON; 311 

B: 1mg/kg/d; C: 10mg/kg/d; D: 100mg/kg/d. 312 

3.2 Gut microbiota changes 313 

3.2.1 Gut microbiota changes in GD19.5 pregnant rats 314 

 Alpha diversity measures species abundance and diversity. As Alpha 315 

diversity analysis, Simpson index of 100mg/kg GenX-treated group in 316 

pregnant rats was significantly lower than the control group (P <0.05), 317 

implying that GenX exposure has influence on the species diversity of 318 

intestinal microflora (Fig.6C). Both Chao1 index and Ace index had a 319 



downward trend in 100mg/kg GenX-treated group (Fig.6A-B). In addition, 320 

our observation of β diversity analysis by PCoA showed that the intestinal 321 

microbiota of the control group and 100mg/kg GenX-treated group were 322 

clearly distinguishable (Fig.6G). 323 

At the phylum level, the dominant bacteria in the intestinal microbiota 324 

in control group and 100mg/kg GenX-treated group were both Firmicutes, 325 

accounting for more than 80% (Fig.6E-F). Compared with the control 326 

group, the relative abundance of Bacteroides of 100mg/kg GenX-treated 327 

group was significantly reduced (P <0.05). At the genus level, the dominant 328 

bacteria in the intestinal flora of control and 100mg/kg GenX-treated 329 

pregnant rats were both Ligilactobacillus. Compared with the control group, 330 

a total of 17 species in 100mg/kg GenX-treated group (P <0.05), including 331 

14 species with decreased relative abundance and 3 species with increased 332 

relative abundance. In the top ten species of intestinal microbiota in 333 

pregnant rats, the relative abundance of Alloprevotella of 100mg/kg GenX-334 

treated group was significantly decreased (P <0.01).  335 

The results of LEfSe analysis showed that, the species enriched in the 336 

intestinal microbiota of control group included Bacteroidetes, Bacteroidia, 337 

Bacteroidales, Lachnospirales, Prevotellaceae, Lachnospiraceae, 338 

Lachnospiraceae_NK4A136_group, Prevotella,  339 

unclassified_Alloprevotella. The species enriched in the intestinal 340 



microbiota of 100mg/kg GenX-treated group were Firmicutes, 341 

Erysipelotrichales, and Erysipelotrichaeae (Fig.6H-I). 342 

 343 



 344 



 345 
 346 

 347 
Fig.6. GenX exposure caused the change of gut microbiota diversity in GD19.5 pregnant rats (n = 5 per 348 

group). A-D：The ACE Shannon index, Chao1 index, Simpson index and Shannon index of α-diversity in the gut 349 
microbiota. E-F：The variation of gut microbiota at the phylum level and genus level. G：PCoA analysis of gut 350 

microbiota.(H-I) The LEfSe analysis and LDA SCORE bar chart. 351 

3.2.2 Gut microbiota changes in PND7 offspring rats 352 

In offspring rats, Chao1, Ace, Simpson and Shannon index of 353 

100mg/kg GenX-treated group were significantly lower than the control 354 

group, which suggested the reduced diversity of the gut content (Fig.7A-355 



D). Similar to pregnant rats, β diversity analysis by PCoA showed that the 356 

intestinal microbiota were clearly distinguishable in two groups (Fig.7 G). 357 

At the phylum level, the dominant bacteria in the intestinal microbiota 358 

in control group and 100mg/kg GenX-treated group were both Firmicutes 359 

and Proteobacteria, with the sum more than 60%, especially over 95% in 360 

100mg/kg GenX-treated group (Fig.7E-F). Compared with the control 361 

group, the relative abundance of Bacteroidetes and Actinobacteria in the 362 

100mg/kg GenX-treated group was both significantly decreased (P <0.01), 363 

while the relative abundance of Firmicutes increased (P <0.01). As with 364 

pregnant rats, the dominant genus in offspring rats was Ligilactobacillus. 365 

Compared with the control group, a total of 529 species in 100mg/kg 366 

GenX-treated group had significantly different abundance (P <0.05), 367 

including 516 species showed decreased relative abundance (469 species 368 

were detected in 0 in the HFPO-DA exposed group), and 13 species showed 369 

increased relative abundance, suggesting that the exposure affected the 370 

abundance and diversity of GenX during pregnancy. At the level of the 371 

main species, relative abundance of Bacteroides and 372 

Lachnospiraceae_NK4A136_group in 100mg/kg GenX-treated group was 373 

significantly lower compared with the control group (P <0.05). Besides, 374 

the relative abundance of Lactobacillus, Escherichia-Shigella, 375 

Streptococcus and Veillonella was significantly increased compared with 376 

the control group (P <0.01). 377 



Similar to the results of pregnant rats, LEfSe analysis showed the 378 

species enriched in the control group included Bacteroidetes, 379 

Alphaproteobacteria and Clostridia. The species enriched in the 380 

100mg/kg/d GenX-treated group were Firmicutes, bacilli, 381 

Gammaproteobacteria, Lactobacillales, Enterobacteriales, 382 

Lactobacillaceae, Enterobacteriaceae, Pasteurellaceae, Combination 383 

Lactobacillus, Escherichia coliShigella, unclassified_Ligilactobacillus, 384 

and unclassified_Escherichia-Shigella (Fig.7H-I). 385 

 386 



 387 



 388 

 389 
Fig.7. GenX exposure caused the change of gut microbiota diversity in PND7 offspring rats (n = 5 per 390 

group). A-D： The ACE Shannon index, Chao1 index, Simpson index and Shannon index of α-diversity in the 391 
gut microbiota. E-F：The variation of gut microbiota at the phylum level and genus level. G: PCoA analysis of gut 392 

microbiota. H-I:The LEfSe analysis and LDA SCORE bar chart. 393 

3.3 Effects of GenX on the Gut Metabolome of GD19.5 Pregnant Rats 394 

A total of 3,549 metabolites were identified from eight samples. 395 



According to the OPLS-DA model, there was a clear separation between 396 

the control group and the 100 mg/kg GenX-treated group, and the sample 397 

model was effective (Q2Y > 0.5) (Fig. 8A). Most of these metabolites were 398 

classified as Lipids and lipid-like molecules and Organic acids and 399 

derivatives (Fig. 8B). 400 

In comparison to the control group, 106 metabolites in the 100 mg/kg 401 

GenX-treated group showed significant differences (P < 0.05), with 28 402 

metabolites increased and 78 decreased. The decreased metabolites 403 

included Nona-4,6-dienedioylcarnitine, D-glycero-beta-D-manno-Heptose 404 

1,7-bisphosphate, and 5-(2-Aminopropyl) indol, while the increased 405 

metabolites included 1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 406 

and 2-Hydroxymyristic acid (Fig. 8C). 407 

Enrichment analysis of the differential metabolites based on the 408 

KEGG database identified the top 20 pathways annotated with the most 409 

differential metabolites. Among these, the pathway most associated with 410 

Carbohydrate Metabolism was the most prominent (Fig. 8D). The top three 411 

most notable pathways among the top 20 were Drug metabolism - other 412 

enzymes, Pentose phosphate pathway, and Phosphonate and phosphinate 413 

metabolism (Fig. 8E). In the 100 mg/kg GenX-treated group, metabolites 414 

associated with these three pathways, except for 415 

Monoethylglycinexylidide (which increased), showed a decrease. These 416 

included 6-Methylthiopurine 5'-monophosphate ribonucleotide, 6-417 



Thioxanthine 5'-monophosphate, 5-Fluorodeoxyuridine monophosphate, 418 

D-Glyceraldehyde 3-phosphate, D-Glucono-1,5-lactone 6-phosphate, 2-419 

Deoxy-D-ribose 5-phosphate, Hydroxymethylphosphonate, CMP-2-420 

aminoethylphosphonate, and 2-Phosphinomethylmalate. This suggests that 421 

GenX may affect multiple metabolic pathways, including Drug 422 

metabolism - other enzymes, Pentose phosphate pathway, and Phosphonate 423 

and phosphinate metabolism. 424 

 425 



 426 
 427 
 428 
 429 

Fig. 8. Effects of GenX on the Gut Metabolome of GD19.5 Pregnant Rats (n = 4 per group). A: Orthogonal 430 
Partial Least Squares Discriminant Analysis (OPLS-DA). B: Classification of all metabolites based on the HMDB 431 

database. C: Volcano plot of differential metabolites. D: KEGG database annotation of differential metabolites, 432 
selecting the top 20 pathways annotated with the most differential metabolites, and creating a summary bar chart. 433 

E: Pathway enrichment analysis of differential metabolites. 434 



4. Discussion 435 

PFOA has been shown to have adverse effects on the environment and 436 

human health(Li et al., 2017; Negri et al., 2017; Olsen et al., 2007). The 437 

gut is the organ that has the most external contact, therefore has a great risk 438 

of being attacked by toxic substances(Tanaka & Nakayama, 2017).  439 

Intestinal barrier impairment and dysbiosis have been observed in mice 440 

with PFOA exposure as low as 0.5 mg/kg/day(Shi et al., 2020). Similarly, 441 

prenatal PFOS exposure at doses ranging from 0.3–3 mg/kg/day was 442 

shown to compromise mucosal barrier integrity and disrupt microbiota in 443 

offspring mice(Yi et al., 2024). GenX, a novel alternative to PFOA, has 444 

been detected in various environmental media, including drinking water 445 

and food, posing a potential threat to human health (Galloway et al., 2020; 446 

Gebbink & van Leeuwen, 2020; Strynar et al., 2015). A study by Xie et al. 447 

demonstrated that subchronic exposure to 200 μg/L GenX via drinking 448 

water for six weeks was sufficient to induce significant disturbances in the 449 

intestinal microbiota of mice(Xie et al., 2021). In the present study, we 450 

found that exposure to a low concentration of GenX (1 mg/kg/day) during 451 

pregnancy also significantly reduced intestinal microbiota abundance and 452 

diversity in both maternal and offspring rats. This finding provides further 453 

evidence that the gut is highly susceptible to disruption by PFASs. 454 

Bacteroidetes is one of the main bacterial phylum of the intestinal 455 

flora, which is mainly involved in many important metabolic activities in 456 



the human colon and can maintain intestinal homeostasis through the 457 

production of short-chain fatty acids(Z.-Y. Chang et al., 2022). Compared 458 

with control rats, GenX exposure during pregnancy resulted in a significant 459 

decrease in the abundance of Bacteroidetes, and the Firmicutes / 460 

Bacteroidetes abundance ratio (F / B) increased significantly in the 461 

intestinal flora of both pregnant and their offspring rats. Of note, previous 462 

studies have shown that increased F / B is associated with intestinal 463 

inflammatory disease(C.-J. Chang et al., 2015; Frank et al., 2007; Yin et 464 

al., 2025). As a butyrate-producing strain, 465 

Lachnospiraceae_NK4A136_group was associated to be negatively 466 

associated with the occurrence of intestinal permeability and intestinal 467 

inflammation(Hu et al., 2019; Ma et al., 2020). The abundance of 468 

Lachnospiraceae_NK4A136_group showed a decreasing trend in the 469 

intestinal microflora of the GenX exposed group. Notably, Escherichia-470 

Shigella, Vironella, Streptococcus and Lactobacillus, showed significant 471 

increases in the HFPO-DA exposure group. Previous studies have shown 472 

that Escherichia-Shigella is increased in patients with ulcerative 473 

colitis(Alberca et al., 2022; He et al., 2021). Furthermore, the genus 474 

Escherichia-Shigella acts as a TLR 4 agonist or ligand for the pathway of 475 

inflammasome activation and leading to the pro-inflammatory state of 476 

cirrhosis. Both Escherichia-Shigella and Streptococcus were associated 477 

with an increase in serum inflammatory cytokine IL-6. As a Gram-negative 478 



bacterium, Veillonella can produce LPS and then induce an inflammatory 479 

respons(Gedgaudas et al., 2022) . The study of Bogert et al showed that a 480 

combination of Streptococcus and Veillonella could trigger different 481 

immune responses and enhanced levels of IL-8, IL-6, IL-10 and TNF- 482 

α(van den Bogert et al., 2014). In addition, the results of LEfSe analysis in 483 

pregnant rats showed that gut microbes in the GenX exposed group were 484 

enriched in Dantofilamentosa and Dansipelicaceae, which is considered to 485 

be closely associated with inflammation-related gastrointestinal diseases 486 

and metabolic disorders. 487 

At the genus level, Ligilactobacillus was the dominant bacteria in the 488 

gut microbiota of both control and 100 mg/kg GenX-treated pregnant rats, 489 

suggesting a stable core role during pregnancy. Ligilactobacillus salivarius 490 

has been reported to improve conception rates and full-term pregnancy 491 

outcomes in women with infertility or recurrent miscarriage (Huerga 492 

López et al., 2025), and to enhance short-chain fatty acid production, 493 

exerting anti-inflammatory effects (Huang et al., 2025) and supporting host 494 

immunity(Indo et al., 2021). These findings indicate that Ligilactobacillus 495 

may contribute to maintaining gut stability, regulating immune responses, 496 

and supporting maternal metabolic adaptation. Its dominance under GenX 497 

exposure indicates that the chemical mainly affects non-dominant taxa and 498 

overall community function, without displacing the core genus. 499 

The species with changed abundance in the intestinal microbiota of 500 



pregnant and their offspring rats compared with the control suggested a 501 

correlation with the occurrence of intestinal inflammation. Based on this, 502 

we performed H&E staining on the intestinal (colon and ileal) tissues of 503 

pregnant rats, fetal rats (pnd0) and offspring rats to observe whether the 504 

histomorphology had inflammation-related manifestations. The results 505 

showed that GenX exposure caused obvious shedding of intestinal 506 

epithelial cells, and obvious erosion; impaired integrity of intestinal ileum, 507 

and local lymphoid focal hyperplasia, suggesting inflammatory changes. 508 

In light of these findings, Alcian Blue-Periodic Acid-Schiff (AB-PAS) 509 

staining was conducted on the ileum and colon tissues of pregnant rats. The 510 

results demonstrated a marked decrease in the number of AB-PAS-positive 511 

goblet cells and the quantity of intestinal mucus within the ileal and colonic 512 

mucosa. Intestinal mucus functions as a crucial barrier, separating the 513 

epithelial layer from the gut microbiota and facilitating the harmonious 514 

coexistence of symbiotic bacteria with the host organism. The reduction in 515 

intestinal mucus is associated with increased intestinal barrier permeability, 516 

which may potentially compromise the integrity of the mucosal defense 517 

mechanism(Pelaseyed et al., 2014). The findings in male mice by Xie et al. 518 

suggest that GenX exposure causes inflammation in the colon and ileum 519 

and impairs the colonic intestinal barrier function (Xie et al., 2021a). In our 520 

study, there was no obvious change in the intestinal tissue morphology of 521 

offspring rats, and the altered species abundance and diversity of offspring 522 



rats may be related to the changes in the intestinal flora of pregnant mice. 523 

Previous studies have shown that the structure of intestinal flora in 524 

pregnant women with inflammatory bowel disease is changed and can 525 

further affect the intestinal flora composition of neonates, suggesting that 526 

exposure to adverse environmental factors during pregnancy can directly 527 

affect the intestinal microbial diversity of offspring(Ferretti et al., 2018; 528 

Torres et al., 2020). In metabolomics studies on pregnant mice, GenX has 529 

been found to affect the metabolism of various substances, including amino 530 

acid metabolism, carbohydrate metabolism, and lipid metabolism(J.-J. 531 

Zhang et al., 2025; Q.-Y. Zhang et al., 2024). Additionally, GenX exerts 532 

effects on carbohydrate metabolism and lipid metabolism. Relevant reports 533 

have indicated that HFPO-DA can activate the PPAR-α pathway, leading 534 

to alterations in hepatic lipid metabolism(Attema et al., 2022). In the 535 

correlation analysis between metabolites and gut microbiota in pregnant 536 

mice, it was found that the Firmicutes and Bacteroidetes phyla, which 537 

showed significant changes in the gut of pregnant mice and are closely 538 

related to intestinal inflammation, exhibited extremely high correlations 539 

with the vast majority of differential metabolites. Some related studies have 540 

indicated that the Firmicutes phylum is associated with the digestion of fats 541 

and proteins and can regulate nutrient absorption(Simpson & Campbell, 542 

2015). Bacteroidetes are involved in carbohydrate metabolism, bile acid 543 

and steroid metabolism, and promote the formation of intestinal 544 



mucosa(Schutkowski et al., 2019). This suggests that GenX may alter the 545 

composition and abundance of gut microbiota, thereby changing the 546 

metabolism of substances. Similarly, the metabolic, inflammatory, and 547 

immune changes caused by GenX in the body may also be the reasons for 548 

the disruption of gut microbiota. A study has have also shown that GenX 549 

can affect the gut microbiota and alter its metabolic pathways(Rashid et al., 550 

2023). 551 

Our results showed that exposure to GenX during pregnancy led to a 552 

decrease in microbial diversity, species abundance, and overall microbial 553 

richness in pregnant rats. Moreover, the species with different abundance 554 

differences in the intestinal microflora of pregnant rats and their offspring 555 

rats were mostly correlated with the development of intestinal 556 

inflammation. Further studies found that GenX exposure during pregnancy 557 

led to impaired ileal barrier, intestinal villus atrophy, reduction, and the 558 

occurrence of colonic inflammation in pregnant rats. As a novel surrogate 559 

of the typical perfluorinated compound PFOA, there are still few studies 560 

on the intestinal toxicity of GenX. The results of this study suggest that 561 

exposure to GenX during pregnancy may lead to the occurrence of 562 

intestinal inflammation and the disorder of the intestinal flora of pregnant 563 

and their offspring rats. Notably, intestinal structural alterations were 564 

observed in this study even at the lowest dose of 1 mg/kg/day. At this dose, 565 

the serum GenX concentration in rats was approximately 0.15μg/mL (Lv 566 



et al., 2024). Using the rat-to-human conversion factor of 0.16, this level is 567 

higher than the human equivalent dose(Nair & Jacob, 2016). Reported 568 

serum levels of GenX in highly exposed human populations range from 569 

0.13 to 1.72μg/L(Pan et al., 2017), suggesting that our lowest effective 570 

dose is roughly 13.9-fold higher than environmental exposure levels. This 571 

comparison, however, should be interpreted with caution, as the present 572 

study involved only 19.5 days of exposure and may not fully reflect the 573 

effects of chronic human exposure. More animal experiments and 574 

population epidemiological studies are needed to further explore the effects 575 

of exposure to GenX during pregnancy on the intestinal flora. 576 

5. Conclusion 577 

Our study indicates that GenX exposure during pregnancy decreases 578 

gut microbial diversity and abundance in both pregnant rats and their 579 

offspring, impairs intestinal barrier integrity, reduces intestinal villus 580 

height, induces inflammatory changes in colonic tissue, and disrupts gut 581 

microbiome–metabolome homeostasis. These findings highlight the 582 

potential health risks of GenX and underscore the need for continued 583 

environmental monitoring and control. 584 

 585 
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