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ARTICLE INFO ABSTRACT

Keywords: Perfluorooctane sulfonate (PFOS) is an emerging persistent organic pollutant, and environmental exposure to it

PFOS induces male reproductive toxicity. Given the close relationship between gut microbiota homeostasis and male

Gut Lactobacillus . reproductive function, this study aimed to reveal the impacts of gut microbiota and related metabolism on

Arac_hldomc aa,d metab(,)hsm testicular steroidogenesis in rats following low-level PFOS exposure. The results showed that PFOS exposure

Testicular steroidogenesis . . . .

Multi-omics significantly elevated progesterone and testosterone levels in rat serum by upregulating the expression of key
steroidogenic genes, including steroidogenic acute regulatory protein (StAR). Moreover, PFOS altered the
composition of gut microbiota, especially increasing the abundance of Lactobacillus, and disrupted arachidonic
acid (AA) metabolism in gut, serum, and testis of rats. Multi-omics analysis revealed a significant correlation
between Lactobacillus, AA metabolites, and steroid hormones. We also found that AA oxidative metabolites (5-
HpETE, 5-HETE, and 5-0x0oETE) were increased, which activated the oxo-eicosanoid receptor (OXE-R) and StAR
expressions. Collectively, it is suggested that PFOS exposure increases the abundance of gut Lactobacillus, which
enhances AA metabolism in rat testis, thereby activating the OXE-R signaling and stimulating steroid hormone
synthesis. These results provide novel insights into the mechanism of PFOS-disrupted steroidogenesis via the gut-
metabolism-testis axis, which may be useful for the risk assessment of male reproductive disorder induced by
environmental PFOS exposure.

1. Introduction et al., 2018; Wan et al., 2020).

Testicular steroidogenesis, the process through which steroid hor-

Perfluoroalyl substances (PFASs) are a class of synthetic compounds
characterized by strong carbon-fluorine bonds (Boyles et al., 2017).
Perfluorooctane sulfonate (PFOS), a representative PFAS, has been
widely produced and used for decades, causing its widespread existence
in the environment and living organisms (Paul et al., 2009; Zheng et al.,
2023; Li et al., 2008; Pan et al., 2010). As a persistent organic pollutant,
PFOS is resistant to degradation in biological systems, resulting in its
accumulation in human beings, which may cause a range of adverse
health outcomes, including male reproductive dysfunctions (Foresta
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mones are synthesized in the testis, is a key pathway for regulating
androgen production and secretion in the male reproductive system,
playing a crucial role in male fertility (Payne & Hales, 2004). Ste-
roidogenesis in Leydig cells is governed by a series of proteins, including
steroidogenic acute regulatory protein (StAR), ultimately producing
testosterone (Han et al., 2022). PFOS has an endocrine-disrupting
property and can interfere with testicular steroid hormone synthesis
(Minguez-Alarcon et al., 2023). Studies have shown that the serum
levels of reproductive hormones (testosterone and estradiol) in male
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populations were significantly correlated with PFOS exposure (Joensen
et al., 2013; Li et al., 2024). In addition, it was reported that PFOS
disrupted the production of steroid hormones by dysregulating the
expression of steroidogenic genes, such as Star, cholesterol side-chain
cleavage enzyme (Cypllal), 17a-hydroxylase/17,20-lyase (Cyp17al),
and 3p-hydroxysteroid dehydrogenase (Hsd3b), thereby inducing male
reproductive toxicity in rats (Daugherty et al., 2023; Du et al., 2013;
Zhang et al., 2020; Li et al., 2018).

Gut microbiota is essential for maintaining the host’s metabolic,
immune, cognitive, and reproductive functions (Sekirov et al., 2010). It
was demonstrated that gut microbiota homeostasis is closely linked to
male reproductive functions. Specifically, studies have found differences
in the gut microbiota composition in men with varied testosterone
levels, and the abundance of Acinetobacter, Dorea, Ruminococcus, and
Megamonas were significantly associated with testosterone levels (Lundy
et al., 2021). The depletion of a normal microbiome can lead to signif-
icant changes in serum testosterone, gonadotropins, and the expression
of enzymes involved in testosterone synthesis (Al-Asmakh et al., 2014).
By fecal microbiota transplantation (FMT), another study found that the
restored gut microbiota could significantly improve spermatogenesis in
mice (Zhang et al., 2021). Metabolites of the gut microbiota can be
absorbed by intestinal epithelial cells and enter the bloodstream,
through which they are transported to various organ systems, thereby
influencing the metabolism and physiological functions of host (Tilg
et al., 2020). Several studies have demonstrated that the gut microbiota,
through its metabolic products, can affect male reproductive functions.
For instance, cholestasis disturbed the tryptophan metabolism by
altering gut microbiota in mice, thus reducing testosterone levels and
impairing spermatogenesis (Wang et al., 2024). In addition, the inhibi-
tion of inosine metabolism in gut microbiota decreased testosterone
secretion in mouse testis (Tang et al., 2014). Current researches reported
that other PFASs, such as PFOA and 6:2 CI-PFESA (an alternative to
PFOS), can disrupt the gut microbiota composition and induce repro-
ductive toxicity in rodents (Huang et al., 2022; Zhao et al., 2023).
However, it remains unclear whether PFOS exposure induces male
reproductive toxicity, especially steroidogenic disruption by altering the
gut microbiota homeostasis.

To bridge this knowledge gap, the present study employed micro-
biomics, metabolomics, and integrated multi-omics analysis to investi-
gate the effects of environmentally relevant doses of PFOS on gut
microbiota, and gut, serum and testis metabolome in rats, aiming to
unravel the relationships between gut microbiota, host metabolism and
testicular steroidogenesis in the context of PFOS exposure. This study
will be helpful to gain deeper insights into the mechanisms underlying
PFOS-induced steroidogenic disturbance from the perspective of gut-
testis axis, and to identify potential biomarkers for the prevention and
intervention of male reproductive disorder induced by environmental
PFOS exposure.

2. Materials and methods
2.1. Animals and PFOS treatment

Forty male Wistar rats (10 weeks old) were purchased from the
Laboratory Animal Center at Xiamen University (Xiamen, China). Dur-
ing the experiment, all rats were housed at 23 + 2 °C under a 12/12 h
light/dark cycle, and had free access to food and water. After a one-week
acclimatization period, the rats were randomly divided into four groups
(n = 10/group). The exposed groups were administrated with PFOS
(Sigma-Aldrich, USA) via gavage at doses of 0.015, 0.15 and 1.5 mg/kg/
d, while the control group received corn oil, for continuous 60 days.
After exposure, the rats were sacrificed, and serum, intestinal contents,
and testicular tissue were collected and stored for further use. The ani-
mal experimental protocol was approved by the Research Ethics Com-
mittee of Institute of Urban Environment, Chinese Academy of Sciences.

It was shown that the average serum concentrations of PFOS in
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general populations range from 1.7 to 73.2 pg/L (equivalent to pg/kg)
(Benford et al., 2008). Based on the dose conversion algorithm between
rats and humans (Nair & Jacob, 2016), the low and medium doses of
PFOS in this study (0.015 and 0.15 mg/kg) correspond to 2.5 and 25
pg/kg for human exposure, respectively, falling within the range of
PFOS concentrations in general populations. Moreover, the high dose
(1.5 mg/kg) is equivalent to 250 pg/kg for humans, which is comparable
to the PFOS exposure level observed in occupational populations
(140-2440 pg/L) (Benford et al., 2008). Therefore, the PFOS doses
(especially the two lower doses) used for rat exposure are relevant to
human exposure levels and are considered environmentally significant.

2.2. Determination of steroid hormones in rat serum

The concentrations of steroid hormones (progesterone and testos-
terone) in rat serum were measured using commercial kits (Siemens
Healthcare Diagnostics, Inc.) by a radioimmunoassay method in Xiamen
Humanity Hospital (Xiamen, China).

2.3. Quantitative real-time PCR

Total RNA was extracted from rat testis using the Eastep® Super
Total RNA Extraction Kit (Promega, USA) according to the manufac-
turer’s instructions. For reverse transcription, 1 pg of RNA was used to
synthesize cDNA. The RT-PCR reaction mixture contained 5 pL of cDNA,
0.5 pL of sense primer, 0.5 pL of antisense primer, 10 pL of SYBR Green
Master Mix, and 4 pL of distilled water. Gene amplification was con-
ducted on a LightCycler 480Il real-time PCR system (Roche,
Switzerland) under the following conditions: initial denaturation at
95 °C for 10 min, followed by 40 amplification cycles of 95 °C for 15 s
and 60 °C for 30 s. p-actin served as the reference gene for normalizing
the expression levels of target genes. The relative expression changes
(treatment vs. control) of the genes were calculated using the 9 ~AACT
method. Primer sequences for the genes were listed in Table S1.

2.4. Western blotting

Total proteins were extracted from rat testis using RIPA Lysis Buffer
(Thermo Fisher Scientific, USA). For Western blotting, 30 pg of proteins
were separated by electrophoresis and transferred to PVDF membranes.
Following incubation with non-fat milk, the membrane was incubated
overnight with primary antibodies of anti-Actin, anti-StAR, anti-
CYP11A1, anti-3p-HSD, anti-CYP17Al1, and anti-17p-HSD (1:2000
dilution; Cell Signaling Technology, USA). Afterward, the membrane
was incubated with horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG secondary antibody (1:10000 dilution) for 1 h. The blots
were developed using an enhanced chemiluminescence (ECL) kit, and
visualized on an imaging system (Tanon, China).

2.5. Gut microbiome analysis

The genomic DNA was extracted from rat intestinal contents of colon
using HiPure Stool DNA Kit (Magen Biotechnology Co., Ltd., China).
Universal primers (341F: 5-CCTACGGGNGGCWGCAG-3' and 806R: 5'-
GGACTACHVGGGTATCTAAT-3') were used to amplify the V3+V4 hy-
pervariable region of the 16S rDNA gene from the samples. Each sample
was amplified in triplicate and combined prior to purification. The
amplicons were purified using the AMPure XP Beads nucleic acid puri-
fication kit (Beckman, USA) and quantified with a Qubit 3.0 fluorometer
(Thermo Fisher Scientific, USA). The purified amplicons were then
combined in equimolar concentrations, and index sequences were
added. The sequencing library for this study was constructed by
Guangzhou Gidiou Technology Co., Ltd. (Guangzhou, China). Finally,
the total PCR products were sequenced using a HiSeq 2500 sequencer
(Illumina, USA). The identification and analysis of the sequences, as well
as the quality control of the methods and species diversity analysis were
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performed according to previously established protocols (Du et al.,
2021).

2.6. Metabolomics analysis of intestinal contents, serum and testis

The details regarding sample preparation, acquisition of metab-
olomic profiles and quality control (QC) procedures were provided in
the Supporting Information. Ion information from LC-MS was processed
using Compounds Discovery software (Thermo Fisher, USA), which
included peak extraction, peak alignment, detection of unknowns, pre-
diction of unknown compositions, and database matching. After QC
correction, the obtained mass features were normalized and imported
into SIMCA-P software for orthogonal partial least squares discriminant
analysis (OPLS-DA). The fitting and predictive ability of the models were
assessed using seven-fold cross-validation. Differential metabolites were
screened according to the following criteria: (1) VIP value > 1.0; (2)
jack-knifing confidence interval >0; and (3) differences in metabolite
abundance (relative MS intensity) between the exposure and control
groups were significant (p < 0.05). Identification of metabolites was
performed using the HMDB database (http://www.hmdb.ca), and
metabolic pathway analysis was conducted with MetaboAnalyst soft-
ware (http://www.metaboanalyst.ca) and the KEGG database
(https://www.kegg.jp).

2.7. Determination of arachidonic acid-related metabolites

Arachidonic acid and its oxidized metabolites, 5-Hydroperoxyeicosa-
tetraenoic acid (5-HpETE), 5-Hydroxyeicosatetraenoic acid (5-HETE),
and 15-Oxoicosa-5,8,11,13-tetraenoic acid (5-0xoETE) were quantified
using ELISA kits (Meimian, Jiangsu, China) following the manufac-
turer’s instructions. Briefly, 20 mg of intestinal contents or testis was
homogenized in PBS, and after centrifugation, the supernatants or serum
(10 pL) were added to an ELISA plate. After adding the enzyme-labeled
reagent, the mixture was incubated at 37 °C for 60 min, followed by five
wash cycles with drying. A color development reagent was then added,
and the samples were incubated at 37 °C for an additional 15 min. The
absorbance was measured at 450 nm using a microplate reader (Tecan,
Switzerland), and quantification was performed using a standard curve.

2.8. Data analysis

R software (version 4.2.2) was used for data analysis in this study. All
data are presented as mean + standard deviation (SD). One-way analysis
of variance (ANOVA) followed by Tukey’s test was used to determine the
significant differences among multiple groups. For the integrated multi-
omics analysis, the mixOmics package in R (version 6.26.0) was utilized.
Briefly, the DIABLO model was used to calculate the overall correlation
between the differential gut microbiota, differential metabolites in gut
contents, serum and testis, as well as phenotypic data. The plotVar
function was employed to generate correlation circles for each variable
in the sparse partial least-squares-discriminatory analysis (sPLS-DA),
which can be used to assess the correlations between the variables.
Variables that are closer to each other in the plot represent higher cor-
relations between them. Based on the calculated correlations, a corre-
lation network was visualized using Gephi (version 0.10.1). p < 0.05 was
considered statistically significant.

3. Results
3.1. PFOS exposure promoted steroid hormone synthesis in rat testis

Following PFOS exposure, there were no significant changes in body
weight, testis weight, and testicular coefficient (Table S2), suggesting
that environmentally relevant doses of PFOS exposure did not affect
testicular development in rats. Testicular steroidogenesis is a key indi-
cator of male reproductive function. The results showed that PFOS
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exposure induced a significant elevation of progesterone and testos-
terone levels in rat serum (Fig. 1A). Moreover, PFOS upregulated the
expression of most steroidogenic genes, including Star, Cyp11al, Hsd3b,
and 17p-hydroxysteroid dehydrogenase (Hsd17b) in the testis, while
only Cyp17al was downregulated (Fig. 1B), which were well consistent
with the protein expression changes revealed by Western blotting
(Fig. 1C). These findings indicate that PFOS accelerated testicular ste-
roidogenesis mainly by activating the expression of rate-limiting ste-
roidogenic proteins (StAR and CYP11A1), as well as 33-HSD and 17f-
HSD, resulting in the increase of steroid hormones.

3.2. PFOS exposure altered the composition of gut microbiota in rats

To analyze the effects of PFOS exposure on the gut microbiota of rats,
we utilized 16S rRNA sequencing to assess the microbial composition in
rat intestinal contents. The results showed that the three most abundant
phyla were Firmicutes, Proteobacteria and Bacteroidetes, and no signifi-
cant changes were observed at the phylum level after PFOS exposure
(Fig. 2A). At the genus level, Lactobacillus was the most abundant bac-
teria, taking up 76.9-93.9 % of rat gut microbiota in the four groups
(Fig. 2B). Among the genera, it was found that the relative abundance of
Lactobacillus was significantly increased, while Turicibacter was
decreased (Fig. 2C), indicating that PFOS exposure led to shifts in the gut
microbiota composition. Furthermore, compared with the control, the
Shannon index and Simpson index at the genus level were significantly
higher in 0.15 and 1.5 mg/kg PFOS-treated groups (Fig. 2D), suggesting
an increased microbial diversity after PFOS exposure. Principal coordi-
nate analysis (PCoA) revealed a clear separation between the 1.5 mg/kg
PFOS-exposure and control groups with PCol explaining 80.84 % of the
variance, and the analysis of similarity (Anosim) showed significant
differences in the microbiota composition between the four groups (r =
0.29, p < 0.01) (Fig. 2E). Collectively, these findings indicate that PFOS
exposure altered the composition of gut microbiota in rats, especially
leading to the increase of Lactobacillus.

3.3. PFOS exposure disrupted arachidonic acid metabolism in rats

Untargeted metabolomics analyses were conducted to investigate the
alterations in metabolic profiles of intestinal contents, serum and testis
to assess the effects of PFOS exposure on gut microbial and host meta-
bolism. For intestinal contents, the OPLS-DA models revealed significant
separation of three exposure groups from the control (Fig. S1), indi-
cating that PFOS exposure caused significant changes in the gut mi-
crobial metabolism of rats. A total of 26 differential metabolites were
identified, of which 3 were upregulated and 23 were downregulated
(Table S3). KEGG pathway analysis revealed that the differential me-
tabolites were primarily involved in biosynthesis of unsaturated fatty
acid, fatty acid biosynthesis, and arachidonic acid metabolism (Fig. 3A).

Furthermore, the OPLS-DA models for serum (Fig. S2) and testis
(Fig. S3) were also successfully established, which suggested the host
metabolism changes induced by PFOS exposure. In serum, a total of 31
differential metabolites were identified, with 15 metabolites upregu-
lated and 16 downregulated (Table S4), primarily related to arachidonic
acid metabolism, biosynthesis of unsaturated fatty acid, and steroid
hormone synthesis (Fig. 3A). In the testis, 22 differential metabolites
were found, with 15 upregulated and 7 downregulated (Table S5),
mainly related to steroid hormone synthesis, arachidonic acid meta-
bolism, and purine metabolism (Fig. 3A). Intriguingly, only arachidonic
acid metabolism was observed to be affected by PFOS concurrently in
the gut microbiota, serum, and testis of rats, indicating the role of
arachidonic acid metabolism in the interplay between gut microbiota
and host metabolism in the scenario of PFOS exposure. To further verify
this, we measured the levels of arachidonic acid in the intestinal con-
tents, serum, and testis. It was shown that PFOS exposure led to a sig-
nificant increase of arachidonic acid in all three samples (Fig. 3B), which
confirmed the disruption of arachidonic acid metabolism in rats.
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Fig. 1. (A) Effects of PFOS exposure on progesterone and testosterone levels in rat serum. (B) Effects of PFOS exposure on the expression levels of steroidogenic genes
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protein levels were normalized to -Actin abundance. Data were expressed as mean + SD (n = 3), *p < 0.05, **p < 0.01.
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3.4. Integrated multi-omics analysis

Through microbiome and metabolome analyses, we found that PFOS
exposure significantly altered the gut microbiota and metabolism. In
view of PFOS-disturbed testicular steroidogenesis (Fig. 1), we employed
a multi-omics analysis to explore the underlying relationships between

gut microbiota, metabolites, and phenotypes (i.e., steroid hormones and
steroidogenic gene expressions). The results showed significant corre-

lations between differential gut microbes, metabolites in the intestinal
contents, serum and testis, as well as phenotypes (r > 0.6) (Fig. 4A).
Notably, these correlations became stronger when the exposure dose
increased (Fig. 4B), suggesting that the interplay between them was
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dependent on PFOS doses.

To further explore the relationship between specific microbiota,
metabolites and phenotypes, the sPLS-DA modeling was performed. It
can be found that Lactobacillus was associated with much more arach-
idonic acid-related metabolites (e.g., AA, PGA2, PGB1 and PD), and
phenotypes (e.g., Cypllal, Hsd3b, Hsd17b and progesterone) than
Turicibacter (Fig. 4C). This suggests that Lactobacillus has a stronger
correlation with arachidonic acid metabolism and steroid hormone
synthesis in comparison to Turicibacter. Additionally, the correlation
network revealed that the metabolites related to arachidonic acid
metabolism, including AA, PGB1, PGF3a, LTA4 and PGA2, were signif-
icantly associated with both Lactobacillus and progesterone (Fig. 4D and
Table S6). Taken together, these results indicate that the disruption of
arachidonic acid metabolism and steroid hormone synthesis may be
involved in the increase of gut Lactobacillus in rats with PFOS exposure.

3.5. PFOS-increased gut Lactobacillus activated testicular steroidogenesis
through enhancing arachidonic acid metabolism

It has been demonstrated that the oxidative metabolites of arach-
idonic acid, including 5-HpETE, 5-HETE and 5-0xo-ETE in Leydig cells
can activate the oxo-eicosanoid receptor (OXE-R), thereby promoting
the expression of StAR and subsequent steroidogenesis (Cooke et al.,
2013; Dattilo et al.,, 2015). Considering the correlations between
arachidonic acid-related metabolites and steroid hormones (Fig. 4D), we
measured the levels of 5-HpETE, 5-HETE and 5-oxoETE, as well as the
expression of arachidonic acid 5-lipoxygenase (5-LOX), glutathione
peroxidase 4 (GPX4), and OXE-R in rat testis. The results showed that
PFOS exposure significantly increased the levels of 5-HpETE, 5-HETE
and 5-0xoETE (Fig. 5A, B, C), along with the upregulations of 5-LOX and
OXE-R (Fig. 5D). Moreover, the abundance of Lactobacillus in gut was
found to be positively correlated not only with arachidonic acid but also
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Fig. 4. (A) DABLO model of gut microbiota, metabolome and phenotypes (steroid hormones and steroidogenic gene expressions) dataset. A scatterplot displayed the
first component in each dataset (upper diagonal plot) and Pearson correlation between components (lower diagonal plot). (B) Correlation network of differential
microbiota, metabolites, and phenotypic data under different PFOS doses. (C) Correlation circle indicating the contribution of each variable (microbiota, metabolite
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metabolites, progesterone and testosterone. The blue node represents Lactobacillus, the orange nodes represent steroid hormones, the green nodes represent me-
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or with neither of them. IC: intestinal content; SE: serum; TE: testis. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

with the three oxidative metabolites in testis (Fig. 5E). Additionally,
5-HpETE and 5-HETE were positively associated with progesterone,
while 5-0x0-ETE was correlated with testosterone (Fig. 5E), further
confirming the link between these arachidonic acid metabolites and
steroid hormones. Together with the upregulation of StAR (Fig. 1), it is
proposed that PFOS exposure led to an increased abundance of gut
Lactobacillus, which enhanced the metabolism of arachidonic acid in
testis, ultimately activating OXE-R and testicular steroidogenesis in rats.

4. Discussion

Existing studies demonstrate that PFOS exposure induces male
reproductive endocrine disruption; however, the underlying mecha-
nisms remain to be elucidated. This study employed a combined
microbiomics and metabolomics approach to explore the role of gut

microbiota in PFOS-induced steroidogenic toxicity. The results show
that PFOS enhanced the host’s arachidonic acid metabolism by
increasing the abundance of Lactobacillus in the gut, which led to the
activation of OXE-R and StAR expression, ultimately stimulating the
steroid hormone production in rat testis.

Testicular steroidogenesis plays a crucial role in testicular develop-
ment, spermatogenesis, and male fertility. Many studies suggest that
exposure to high concentrations of PFOS (10-20 mg/kg) reduces the
expression of genes involved in steroid hormone synthesis, thereby
inhibiting steroidogenesis (Li et al., 2018; Zhao et al., 2014; Qu et al.,
2016). However, a few studies have reported that low levels of PFOS
promote steroidogenesis. In adolescent male rats exposed to 0.1 pg/L
PFOS via drinking water, the expression of StAR in testis was upregu-
lated, resulting in the increase of serum testosterone (Daugherty et al.,
2023). Similarly, exposure to 0.25 mg/L PFOS caused the elevation of
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Fig. 5. Effects of PFOS exposure on the levels of (A) 5-HpETE, (B) 5-HETE and (C) 5-0xoETE in rat testis. (D) Effects of PFOS exposure on the mRNA levels of 5-Lox,
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**p < 0.01. (E) Spearman’s correlation between Lactobacillus, arachidonic acid

metabolites and steroid hormones. *p < 0.05, **p < 0.01. IC: intestinal content; SE: serum; TE: testis.

testosterone levels in adult male zebrafish (Chen et al., 2016). Moreover,
epidemiological studies showed that in utero exposure to PFOS was
associated with elevated steroid hormones in newborns (Toft et al.,
2012). Consistently, we also found that low-dose PFOS exposure
significantly enhanced the synthesis of steroid hormones (progesterone
and testosterone) by activating the key steroidogenic genes such as StAR
in rat testis, which could be explained by the low-dose effect of PFOS due
to hormesis (Calabrese, 2008).

It has been suggested that exposure to PFOS can alter the composi-
tion of gut microbiota, thereby impairing host health (Lykkebo et al.,
2023; Lai et al., 2018; Yi et al., 2024). In this study, we also found that
PFOS changed the gut microbiota composition in rats, leading to an
increase in the abundance of Lactobacillus. Furthermore, a significant
positive correlation was observed between the abundance of Lactoba-
cillus and steroid hormone levels, indicating that PFOS may induce
steroidogenic disorder by altering gut Lactobacillus abundance. Lacto-
bacillales is a group of bacteria capable of fermenting carbohydrates to
produce large amounts of lactic acid (Aguirre & Collins, 1993). These
bacteria are widely present in the human gut, most of which are essential
to the human microbiota and play important physiological roles (Duar
et al., 2017). Similarly, it has been reported that exposure to PFOS and
other pollutants can also lead to an increase of Lactobacillus abundance
in animal gut (Liu et al., 2024; Chen et al., 2021; Li et al., 2025; Zhu
etal., 2023; Liet al., 2023; Fling & Zacharewski, 2021). Gut Lactobacillus
has been found to be crucial for testicular steroidogenesis in the host. It
was shown that supplementation of Lactobacillus plantarum increased
testis size and testosterone levels in mice (Juhasz et al., 2024). Addi-
tionally, Lactobacillus supplementation also elevated serum testosterone
by upregulating the expression of steroidogenic genes (Tian et al., 2019;
Akram et al., 2023).

Arachidonic acid, a polyunsaturated fatty acid, plays a crucial role in
inflammation and disease-related processes (Wang et al., 2021). We
found that exposure to PFOS led to the alteration of arachidonic acid
metabolism in rat gut, serum and testis, manifested as the elevated levels
of arachidonic acid, which were in line with previous studies (Yu et al.,
2023; Lai et al., 2017). Moreover, through multi-omics analysis, we
identified a significant correlation between Lactobacillus and arach-
idonic acid. It has been shown that Lactobacillus abundance was

associated with arachidonic acid metabolism (Zhang et al., 2024), and
PM2.5 exposure increased the abundance of Lactobacillus in mouse gut,
thereby disrupting arachidonic acid metabolism (Dai et al., 2022).
Furthermore, the supplementation with Lactobacillus rhamnosus was
shown to elevate arachidonic acid levels in the brain (Ivanovic et al.,
2015). Moreover, it was discovered that gut Lactobacillus can convert
linoleic acid to arachidonic acid (Lv et al., 2024). In the present study,
we observed a reduction of linoleic acid in rat gut after PFOS exposure
(Table S4). This decrease may be attributed to the increased Lactoba-
cillus, which would facilitate the conversion of linoleic acid to arach-
idonic acid, thereby increasing the levels of arachidonic acid in the gut.
Moreover, this metabolic change would result in the augment of
arachidonic acid in rat testis through the systemic circulation (Saini &
Keum, 2018). Previous studies have found that the oxidative metabolism
of arachidonic acid in testis could stimulate StAR expression through
activating OXE-R signaling, thus enhancing steroid hormone synthesis
(Cooke et al., 2013; Dattilo et al., 2015). On this basis, the current study
suggests that PFOS-increased Lactobacillus augmented the levels of
arachidonic acid and its oxidative metabolites (5-HpETE, 5-HETE and
5-0x0ETE) in rat testis, which upregulated OXE-R and StAR expressions,
thereby accelerating testicular steroidogenesis. To support our findings,
it was reported that the disruption of arachidonic acid metabolism has
led to the changes in steroid hormone levels (Fanelli et al., 2020; Huang
et al., 2023; Zhu et al., 2024).

5. Conclusions

In summary, by conducting a multi-omics analysis, this study pro-
posed that PFOS exposure increased the abundance of gut Lactobacillus,
which would contribute to the elevation of arachidonic acid levels in rat
testis via systemic circulation. Furthermore, the enhanced oxidative
metabolism of arachidonic acid activated the expressions of OXE-R and
StAR, ultimately promoting testicular steroid hormone synthesis.
Through elucidating the crosstalk between gut Lactobacillus, arachidonic
acid metabolism and steroidogenesis, these data reveal a novel mecha-
nism for the male reproductive toxicity induced by environmental PFOS
exposure, and may identify effective biomarkers (gut microbiota and
metabolites) for its risk prevention and intervention. However, further



W. Hua et al.

studies are required to provide direct evidence linking PFOS-altered gut
Lactobacillus and arachidonic acid metabolism to the disruption of
testicular steroidogenesis by conducting FMT and intervention experi-
ments (Lactobacillus and arachidonic acid metabolites depletion). In
addition, the relationship between PFOS-induced steroidogenic disrup-
tion and semen quality deserves further studies.
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