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ARTICLE INFO ABSTRACT

Keywords: Arsenic and fluoride frequently co-occur in groundwater, but the gut-associated metabolic changes accompa-
Arsenicfluoride co-exposure nying male reproductive toxicity from their co-exposure remain unclear. We established a chronic developmental
Spermatogenesis

drinking water co-exposure model in Sprague-Dawley rats using 100 mg/L NaF and 75 mg/L NaAsO,. Repro-
ductive outcomes were evaluated at postnatal day (PND) 60 and PND120, and reciprocal fecal transfer was
performed between control and arsenic—fluoride (AsF) backgrounds. Developmental AsF exposure impaired
sperm production and quality, disrupted reproductive hormone homeostasis, altered spermatogenic-stage
markers, and induced testicular and epididymal injury. Repeated administration of AsF-donor fecal material
to control recipients was accompanied by selected adverse reproductive changes, whereas control-donor material
was accompanied by partial changes in the opposite direction in AsF-exposed recipients. Endpoint 16S rRNA
sequencing demonstrated exposure-associated microbial community differences, and donor-material adminis-
tration was accompanied by changes in selected host phenotypes. Untargeted serum metabolomics revealed
prominent remodeling of bile acid- and lipid-related signals, including reciprocal Fecal microbiota
transplantation-associated patterns and exploratory relationships between bile-acid-related features and repro-
ductive hormones. These metabolic findings were accompanied by differences in colonic junction- and
inflammation-related markers, intestinal-hepatic FXR-FGF15-related proteins, hepatic bile acid and lipid end-
points, and testicular autophagy-related markers. Collectively, the findings characterize reproductive hazards at
the tested concentrations and support a nonexclusive gut-liver—testis framework in which donor-material-
associated microbial and metabolic changes accompany partial modification of recipient phenotypes.

Fecal microbiota transplantation
Gut microbiota
Bile acids

1. Introduction

Inorganic arsenic (As) and fluoride (F) are widespread groundwater
contaminants whose occurrence and co-enrichment are governed by
aquifer mineralogy, pH, redox conditions, and water-rock interactions.
Global models indicate that large populations may be exposed to
elevated concentrations of either contaminant, while hydrogeochemical
investigations have documented As-F co-occurrence in endemic regions
and groundwater basins in northern China (He et al., 2020; Kumar et al.,
2020; Podgorski and Berg, 2020, 2022; Z. Wang et al., 2024; Cao et al.,
2024). Mining, coal combustion, industrial discharge, phosphate-related
activities, and other human activities may further release or redistribute
these elements in soil-water systems (Patel et al., 2023; Shaji et al.,
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2024). The World Health Organization guideline values for drinking
water are 0.01 mg/L for As and 1.5 mg/L for F (World Health
Organization, 2022). Their environmental co-occurrence creates a
multiple-contaminant context in which biological responses cannot be
inferred solely from single-contaminant studies (Mondal and
Chattopadhyay, 2020). Therefore, elucidating the health effects and
biological pathways associated with chronic As-F co-exposure is
important for environmental hazard assessment and evidence-based risk
management in co-contaminated regions.

Male reproductive function is sensitive to environmental and meta-
bolic stress because it depends on coordinated germ-cell differentiation,
blood-testis barrier integrity, steroidogenesis, and energy metabolism
(Rato et al.,, 2012; Eisenberg et al.,, 2023; Kimmins et al., 2024).
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Environmental pollutants have been implicated in altered semen quality
and reproductive endocrine function, although the strength of evidence
varies across contaminants and study designs (Skakkebzk et al., 2022;
Xu et al., 2022). Experimental studies indicate that arsenic can disturb
reproductive hormones, damage testicular structure and the blood-testis
barrier, and impair spermatogenesis and sperm maturation (Machado-
Neves, 2022; Mahboob et al., 2025; F.-W. Niu et al., 2025; Song et al.,
2026). Fluoride exposure has likewise been associated in animal models
with oxidative injury, altered steroidogenesis, germ-cell damage, and
reduced sperm quality (Radovanovic et al., 2022; Li et al., 2023; Ommati
et al., 2025; Talebi et al., 2025). Evidence concerning combined As-F
reproductive toxicity is more limited (Mondal and Chattopadhyay,
2020). Our previous study showed that developmental As-F co-
exposure was accompanied by testicular injury, changes in autophagy-
related markers, and disruption of intestinal microbial balance (Liu
et al.,, 2021). However, whether exposure-associated intestinal and
metabolic changes contribute to the reproductive phenotype, and how
joint effects vary among endpoints, remain insufficiently defined.

The gut microbiota may modify host responses to environmental
chemicals by influencing xenobiotic biotransformation, intestinal bar-
rier function, immune and endocrine signaling, and systemic meta-
bolism (Claus et al., 2016; Licht and Bahl, 2019; Fan and Pedersen,
2021). Arsenic illustrates this bidirectional relationship: gut microor-
ganisms participate in redox and methylation reactions that can modify
arsenic metabolism and excretion, whereas arsenic exposure can alter
microbial composition and metabolic output (Lu et al., 2014; Coryell
et al., 2019; Yang et al., 2021; L. Chen et al., 2023). Fluoride exposure
has also been associated with dose-dependent changes in microbial
community structure and predicted function, although findings vary
according to dose, duration, and host species (Mo et al., 2023; Yasin
et al., 2025). These interactions may be especially relevant when
exposure spans preconception, gestation, lactation, puberty, and adult-
hood because early-life microbial assembly and the reproductive endo-
crine system both undergo substantial developmental remodeling (Qi
et al., 2021; Santos-Marcos et al., 2023; S. Wang et al., 2024).

Growing evidence suggests that the gut microbial ecosystem may
influence male reproductive function through metabolic, immune, and
endocrine pathways relevant to spermatogenesis (Ding et al., 2020; H.
Cai et al., 2022; M. Wang et al., 2024; W. Chen et al., 2024). Experi-
mental studies have further linked microbial disturbances to coordi-
nated intestinal and testicular responses, while fecal transfer has been
shown to modify reproductive phenotypes and systemic and testicular
metabolic profiles (Hao et al., 2022; S. Niu et al., 2026). These obser-
vations support the gut microbiota as a potential contributor to envi-
ronmentally induced reproductive injury.

Reciprocal fecal transfer between exposed and control animals pro-
vides an experimental approach for testing whether donor-derived fecal
material can modify recipient phenotypes and therefore offers stronger
evidence than cross-sectional microbial associations alone. Neverthe-
less, fecal transfer does not by itself establish stable microbial engraft-
ment or microbiota-specific causation, because recipient conditioning,
microbial viability, transferred microbial products, soluble metabolites,
and chemical carryover may influence the observed effects (Gheorghe
et al., 2021). Integrating reciprocal transfer with microbial, intestinal,
metabolic, and reproductive assessments may therefore provide a
broader basis for investigating gut-associated contributions to toxicant-
induced male reproductive injury.

Bile acids provide a biologically plausible interface among intestinal
microorganisms, hepatic metabolism, and distal-organ physiology. Pri-
mary bile acids synthesized in the liver are deconjugated and further
transformed by intestinal microorganisms, generating a bile acid pool
shaped jointly by host and microbial processes (Winston and Theriot,
2020; Guzior and Quinn, 2021; Collins et al., 2023). Beyond facilitating
lipid absorption, bile acids signal through receptors including the far-
nesoid X receptor (FXR) and G-protein-coupled bile acid receptor 1. Ileal
FXR induces fibroblast growth factor 15 (FGF15), which signals to the
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liver to regulate bile acid synthesis and broader metabolic processes
(Inagaki et al., 2005; Chiang and Ferrell, 2020; Collins et al., 2023).
Lipid uptake, synthesis, and remodeling are integral to germ-cell
development and steroid hormone production (Miller and Auchus,
2011; Rato et al., 2012), and experimental studies indicate that bile acid
receptors can influence testicular physiology and male reproductive
function (Baptissart et al., 2014; Martinot et al., 2017). Microbiota-
associated bile acid and lipid remodeling could therefore accompany
coordinated intestinal, hepatic, and testicular responses.

Autophagy is a highly conserved cellular quality-control process that
contributes to organelle turnover, steroidogenesis, germ-cell develop-
ment, and testicular homeostasis (Gao et al., 2018; Samare-Najaf et al.,
2023). Previous studies of combined As-F exposure and fluoride expo-
sure alone have documented changes in testicular autophagy-related
proteins and autophagosome-like structures (Liu et al., 2021; Li et al.,
2023; Talebi et al., 2025). Because static protein and ultrastructural
measurements cannot determine autophagic-flux direction or functional
consequence, such findings are appropriately interpreted as accompa-
nying autophagy-related alterations rather than evidence of pathway
activation or autophagy-mediated injury (Klionsky et al., 2021).

In this study, we used a relatively high-dose chronic drinking-water
exposure model to characterize the reproductive hazards of combined
As-F exposure. Sprague-Dawley rats were exposed to sodium arsenite
and/or sodium fluoride from parental pre-mating through gestation and
lactation, with male offspring continuing their assigned exposures until
postnatal day (PND) 60 or PND120. The direct-exposure experiment
assessed duration-associated reproductive changes, whereas reciprocal
fecal transfer between control and combined-exposure backgrounds was
used to evaluate FMT-associated differences in recipient phenotypes
under their original drinking-water regimens. Reproductive outcomes
were evaluated alongside intestinal, microbial, serum metabolomic,
hepatic, and testicular endpoints. Untargeted metabolomic data were
further interrogated to identify putatively annotated bile acid signals,
while static autophagy-related endpoints were used to characterize
accompanying testicular alterations. By integrating these assessments,
this study provides a multilevel characterization of reproductive toxicity
at the tested concentrations and the associated intestinal, microbial,
metabolic, hepatic, and testicular responses.

2. Materials and methods
2.1. Chemicals

Sodium arsenite (NaAsOy; Sigma-Aldrich, St. Louis, MO, USA) and
sodium fluoride (NaF; Shanghai Fengxian Fengcheng Reagent Factory,
Shanghai, China) were dissolved in distilled water to prepare the
exposure solutions. The nominal concentrations were 75 mg/L NaAsO,
and 100 mg/L NaF, equivalent to approximately 43.25 mg/L elemental
As and 45.25 mg/L F, respectively.

2.2. Animals, exposure, and experimental allocation

Specific-pathogen-free Sprague-Dawley rats were housed under
controlled environmental conditions with food and water provided ad
libitum. All experimental procedures were approved by the Institutional
Animal Ethics Committee of Shanxi Medical University.

Twenty-four female and 12 male rats were allocated to four drinking-
water groups: control water (Con), 75 mg/L NaAsO, (As), 100 mg/L NaF
(F), or the combination of 75 mg/L NaAsO; and 100 mg/L NaF (AsF).
Parental exposure began 10 days before mating. Females and males were
paired at a ratio of 2:1, and exposure continued throughout gestation
and lactation. After weaning, male offspring remained on the drinking-
water regimens assigned to their parental groups until terminal sam-
pling at PND60 or PND120 (n=8 per group).

The exposure concentrations were selected based on our previous
experimental model and related reproductive-toxicity literature (Liu
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et al.,, 2021; Mahboob et al., 2025; Ommati et al., 2025). Group-level
water and food consumption was recorded weekly.

2.3. Reciprocal fecal microbiota transplantation (FMT)

Rats from the PND120 Con and AsF groups served as the respective
donor sources. Sixteen male offspring maintained on control water were
randomized to receive sterile saline (Con-Sal, n = 8) or fecal suspension
derived from AsF donors (Con-AsF, n = 8). Sixteen male offspring
maintained under combined AsF exposure were randomized to receive
sterile saline (AsF-Sal, n = 8) or fecal suspension derived from control
donors (AsF-Con, n = 8). All 32 recipients completed the experimental
protocol and remained on their original drinking-water regimens
throughout the fecal-transfer period.

On each administration day, freshly voided donor feces were
collected and homogenized in approximately five volumes of sterile
physiological saline. The resulting suspension was filtered to remove
particulate material and centrifuged at 1,200 rpm for 3 min. After
removal of the supernatant, the pellet was resuspended in sterile phys-
iological saline to the original suspension volume. The cen-
trifugation-resuspension washing procedure was repeated three times,
after which the final pellet was resuspended to the original volume.

Freshly prepared fecal suspension or sterile physiological saline was
administered by enema at 1 mL/100 g body weight twice weekly for 7
weeks, for a total of 15 administrations per recipient. Administration
ended at PND110, followed by a 10-day post-administration interval
before terminal sampling at PND120.

2.4. Exposure biomarker

Urinary As concentrations were measured by atomic fluorescence
spectrometry according to the Chinese health industry standard WS/T
474-2015, Determination of arsenic in urine—Hydride generation
atomic fluorescence spectrometry, after mixed-acid digestion and pre-
reduction with thiourea and ascorbic acid. Bone F concentrations were
measured using a fluoride ion-selective electrode, with the procedure
adapted from WS/T 89-2015, Determination of fluoride in urine—Ion-
selective electrode method. Bone samples were dried, ashed, acid-
extracted, pH-adjusted, and mixed with total ionic-strength adjust-
ment buffer before analysis. Procedural blanks and calibration standards
were included, and four animals per group were analyzed.

2.5. Determination of sperm density, motility, and morphology

Prior to analysis, Dulbecco’s modified Eagle medium (DMEM) and all
instruments were pre-warmed to 37 °C. After euthanasia, the right cauda
epididymis was rapidly excised, weighed, and minced in pre-warmed
DMEM to obtain a sperm suspension.

Sperm density: A 10 pL aliquot of sperm suspension was loaded onto
a hemocytometer, and spermatozoa in 20 squares were counted under a
light microscope. Sperm density was calculated as: Sperm density
(><106/mL) = (total sperm count in 20 squares / 2) x 10°

Sperm motility: A 10 pL aliquot was analyzed on a hemocytometer at
37 °C, and sperm movement within 20 squares was recorded for 15 s.
Motile sperm were defined as those exhibiting progressive or non-
progressive movement. Sperm motility (%) = (number of motile
sperm / total sperm counted) x 100%.

Sperm morphology: A 20 pL aliquot was smeared on a glass slide, air-
dried, fixed in methanol, and stained with 2% eosin. At least 500 sper-
matozoa per sample were examined under a light microscope. Abnor-
malities were classified as head or tail defects, and the abnormality rate
was calculated as: Abnormality rate (%) = (number of abnormal sperm /
total sperm counted) x 100%.
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2.6. Measurement of serum reproductive hormones

Serum levels of reproductive hormones, including testosterone,
estradiol, follicle-stimulating hormone (FSH), and luteinizing hormone
(LH), were measured using commercial enzyme-linked immunosorbent
assay (ELISA) kits (AndyGene, Beijing, China) according to the manu-
facturer’s instructions.

2.7. Morphological examination

Testicular tissues were fixed in Bouin’s solution for 48 h and subse-
quently transferred to 75% ethanol. Epididymal tissues and liver tissues
were fixed in 4% paraformaldehyde for at least 24 h and trimmed to an
appropriate size. All tissues were dehydrated through a graded ethanol
series using an automated tissue processor, cleared, embedded in
paraffin, and sectioned at 4 pm. The sections were baked at 58 °C for 30
min, deparaffinized in xylene, rehydrated through graded ethanol, and
stained with hematoxylin and eosin (H&E). After dehydration and
clearing, the stained sections were mounted with neutral resin. Histo-
pathological features of the testes, epididymides, and liver were exam-
ined by light microscopy.

2.8. Testicular immunohistochemistry

Paraffin sections were deparaffinized in three 15-min xylene baths,
rehydrated through absolute, 85%, and 75% ethanol, and rinsed in
distilled water. Citrate-buffer microwave antigen retrieval was per-
formed for 20 min. Sections were cooled, washed three times in
phosphate-buffered saline (PBS), incubated with 3% H305 for 25 min in
the dark, and blocked with 3% bovine serum albumin (BSA) for 20 min.
Primary antibodies against ACRV1 (HUABIO HA722543, 1:300) or
SYCP3 (Proteintech 23024-1-AP, 1:1000) were applied overnight at 4
°C. After PBS washing, HRP-conjugated goat anti-rabbit secondary
antibody (Servicebio GB23303, 1:100) was applied for 30 min at 37 °C.
DAB development was monitored microscopically, followed by hema-
toxylin counterstaining, differentiation, bluing, graded dehydration,
clearing, and neutral-resin mounting. Image acquisition was performed
using a 3D digital section scanner (model P250 FLASH; Jinan Danjier
Electronics Co., Ltd., China). HALO software (Indica Labs, USA) quan-
tified DAB-positive tissue area. The three fields were averaged to one
animal-level value; n=4 animals per group.

2.9. Colonic immunofluorescence

Paraffin-embedded colonic tissues were sectioned at 3 pm. Sections
were baked at 60 °C for 3 h, deparaffinized, rehydrated, treated with
hydrogen peroxide solution, and subjected to heat-induced antigen
retrieval in sodium citrate buffer. After blocking with 5% BSA for 15
min, separate sections were incubated overnight at 4 °C with primary
antibodies against ZO-1 or Occludin (1:200; Proteintech Group, Wuhan,
China), or TNF-a, IL-1f, or IL-10 (1:200; Santa Cruz Biotechnology,
USA). After washing with PBS, the sections were incubated with the
appropriate fluorescence-conjugated secondary antibodies (1:100) for 2
h at room temperature in the dark. Nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI), and the sections were mounted using
an antifade mounting medium.

Images were acquired using a fluorescence microscope under iden-
tical acquisition settings for each marker. Representative images were
obtained at 200x and 400x magnification, with scale bars of 50 and 20
pm, respectively. Three animals were randomly selected from each
group, and six non-overlapping fields per animal were analyzed. The
measurements from the six fields were averaged to obtain one value for
each animal; individual fields were not treated as independent biolog-
ical replicates.
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2.10. Transmission electron microscope (TEM)

Testicular tissues were rapidly excised and cut into approximately 1
mm? pieces, followed by fixation in 2.5% glutaraldehyde at 4 °C for 2 h.
After rinsing in PBS, samples were post-fixed in 1% osmium tetroxide,
dehydrated through a graded ethanol series, and embedded in epoxy
resin.

Ultrathin sections (approximately 70 nm) were prepared using an
ultramicrotome, stained with uranyl acetate and lead citrate, and
examined using a transmission electron microscope (JEM-1011, JEOL,
Tokyo, Japan).

2.11. Western blot analysis

Tissue samples were homogenized in RIPA lysis buffer supplemented
with protease and phosphatase inhibitors (100:1:1, v/v/v). After
centrifugation at 12,000 rpm at 4 °C for 10 min, the supernatant was
collected as total protein. Protein concentration was determined using a
BCA Protein Assay Kit (Boster, China).

Equal amounts of protein (30 pg) were separated by SDS-PAGE (10%
resolving gel, 5% stacking gel) and transferred onto nitrocellulose
membranes. Membranes were blocked and then incubated overnight at
4 °C with primary antibodies against FXR, SHP, CYP7Al, CYP8BI,
FGFR4, FGF15, and BSEP (Abclonal Biotechnology Co., Ltd., Wuhan,
China); ATG5, ATG7, SYCP3, and PGK2 (Santa Cruz Biotechnology,
USA); PPARa, PPARy, and PGC-la (Proteintech Group, Inc., Wuhan,
China); DAZL (ABclonal Technology, Wuhan, China); Beclinl and
B-actin (Abcam, Cambridge, UK); and SQSTM1/p62 (p62) and LC3B
(Cell Signaling Technology, Danvers, MA, USA), according to the man-
ufacturers’ recommended dilutions.

After washing, membranes were incubated with HRP-conjugated
secondary antibodies (1:4000, Boster, China) for 1 h at room tempera-
ture. Protein bands were visualized using an enhanced chem-
iluminescence (ECL) kit (Boster, China) and imaged using a
ChemiDoc™ MP Imaging System (Bio-Rad, USA). Band intensities were
quantified using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

2.12. 16S rRNA gene sequencing and microbial statistics

Fecal DNA was extracted, and the V3-V4 region was amplified with
primers 341F/805R and sequenced on an Illumina NovaSeq 6000.
QIIME 2 and DADA2 were used for filtering, denoising, chimera
removal, and amplicon sequence variant (ASV) inference, followed by
taxonomic assignment against SILVA release 138 (Bolyen et al., 2019;
Callahan et al., 2016; Quast et al., 2013). Analyses used six animals per
group and a common ASV feature space.

2.13. Untargeted metabolomics and bile-acid-focused interrogation

Serum metabolites were extracted by cold methanol precipitation
and analyzed on an UltiMate 3000 ultra-high-performance liquid chro-
matography (UHPLC) coupled to a Q-Exactive high-resolution mass
spectrometer in positive and negative ion modes. A pooled quality-
control sample was injected periodically. XCMS, CAMERA, and metaX
were used for feature detection, alignment, and quality-control (QC)-
based signal-drift correction. Features were annotated by accurate mass
and, when available, MS/MS matching against HMDB, KEGG, and an in-
house library. Reporting followed metabolomics minimum standards
and confidence principles (Sumner et al., 2007; Schymanski et al.,
2014).

The bile acid analysis was a post hoc, biologically informed inter-
rogation of the untargeted dataset, not a targeted quantitative assay.
Table S4 reports all bile-acid-related features and their statistical evi-
dence; Table S5 lists 12 detected bile acid species and confidence cate-
gories. Intensities are relative signals and species names are putative
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annotations. PLS-DA performance was assessed in mixOmics using
threefold stratified cross-validation repeated 100 times with centroid
distance (Rohart et al., 2017). Genus-bile-acid correlations used animal-
level paired data, whereas bile-acid-hormone relationships used group-
level summaries; both were treated as exploratory Spearman analyses.
Network visualization and statistical analyses were conducted using R
(version 4.5.2).

2.14. Exploratory database-derived analysis

Disease-related genes were retrieved from the GeneCards database
(https://www.genecards.org/) using the following keywords: azoo-
spermia, hypogonadism, male infertility, spermatogenesis, spermato-
genic failure, teratozoospermia, and testicular diseases (Safran et al.,
2010). Redundant entries were removed to generate a non-duplicated
disease gene set. Arsenic- and fluoride-associated genes were obtained
from the Comparative Toxicogenomics Database (http://ctdbase.org/;
Davis et al., 2023). Only human-derived interactions (Homo sapiens)
were retained. Gene-level integration was performed by aggregating
interaction evidence, including the number of supporting publications
and interaction types, to construct chemical-gene association datasets.
The intersection of disease-, arsenic-, and fluoride-related genes was
identified using R software (version 4.3.0) and visualized using Venn
diagrams to define common candidate targets.

To explore protein interactions, overlapping genes were mapped to
the STRING database (version 12.0; https://string-db.org/) with a
minimum interaction score of 0.4 (Szklarczyk et al., 2023). The pro-
tein—protein interaction network was constructed and visualized using
Cytoscape (version 3.10.1; Shannon et al., 2003). Functional modules
were identified using MCODE (Bader and Hogue, 2003), and hub genes
were ranked with the Degree algorithm in cytoHubba (Chin et al., 2014).

Functional enrichment analysis was performed using the cluster-
Profiler package in R (Wu et al., 2021). Gene Ontology (GO) analysis
included biological process, cellular component, and molecular function
categories, and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment was also performed. Pathways with adjusted P
values < 0.05 were considered statistically significant.

2.15. Statistical analysis

Data are presented as the mean + standard deviation (SD). Statistical
analyses were primarily performed using R software (version 4.5.2).
Comparisons between two independent groups were conducted using
Student’s t-test or the Wilcoxon rank-sum test, depending on the
distributional characteristics of the data. Multiple-group comparisons
were performed using one-way analysis of variance (ANOVA), followed
by Tukey’s multiple-comparison test. Prespecified reciprocal FMT
comparisons were conducted within each recipient background, with
multiplicity adjustment applied where indicated.

For the PND120 Con, As, F, and AsF groups, each endpoint with
verified individual-animal data was additionally analyzed using a 2 x 2
factorial model, with arsenic and fluoride exposure entered as binary
factors. Type III tests with sum-to-zero contrasts were used to estimate
the main effects of arsenic and fluoride and their interaction. The arsenic
x fluoride interaction was evaluated before interpreting the main ef-
fects. When evidence of interaction was detected, interpretation focused
on model-estimated simple effects and contrasts rather than the mar-
ginal main effects. The direction of interaction was determined from
these estimated contrasts rather than by visual inspection of group
means. Heteroskedasticity-consistent type 3 (HC3) standard errors were
used in sensitivity analyses (Long and Ervin, 2000).

Western blot band intensities were quantified using ImageJ software
(2015 version; National Institutes of Health, Bethesda, MD, USA), and
statistical graphs were generated using GraphPad Prism 9.5.0 (Graph-
Pad Software, San Diego, CA, USA). Exact sample sizes, statistical tests,
post hoc procedures, and multiplicity adjustments for individual assays



J. Chen et al.

are reported in the corresponding figure legends and supplementary
tables. All tests were two-sided, and P < 0.05 was considered statistically
significant.

3. Results

3.1. Chronic arsenic—fluoride exposure impairs spermatogenesis, with
reproductive phenotypes differing following FMT

The experimental design and exposure timeline are shown in Fig. 1a.
Weekly food- and water-intake trajectories were summarized descrip-
tively in Fig. S1 and Table S1. At PND120, mean water consumption was
40.88, 19.64, 41.20, and 22.69 mL/rat/day in the Con, As, F, and AsF
groups, respectively. Based on nominal elemental concentrations and
group-level water-consumption summaries, the estimated daily arsenic
administration was 0.849 and 0.981 mg/rat/day in the As and AsF
groups, respectively, whereas the estimated fluoride administration was
1.864 and 1.027 mg/rat/day in the F and AsF groups, respectively.

Internal-burden measurements confirmed the expected exposure
pattern. Urinary arsenic concentrations were 22.795 + 3.418 and
21.616 + 1.811 mg/L in the As and AsF groups, respectively, compared
with 0.152 + 0.076 and 0.254 + 0.125 mg/L in the Con and F groups.
Bone fluoride concentrations were 1411.8 + 161.4 and 1329.5 + 189.4
pg/g in the F and AsF groups, respectively, compared with 469.4 + 63.8
and 448.8 + 25.8 pg/g in the Con and As groups. All corresponding
exposure-related comparisons remained significant after Tukey adjust-
ment (adjusted P < 0.001; Fig. S1). At the FMT endpoint, neither urinary
arsenic nor bone fluoride differed significantly between Con-Sal and
Con-AsF or between AsF-Sal and AsF-Con, indicating comparable ter-
minal internal burdens within each recipient background.

Direct As and/or F exposure produced marked but endpoint-specific
alterations in male reproductive function at PND60 and PND120
(Fig. 1). Sperm density was reduced in the exposed groups at both time
points, with the lowest values generally observed following combined
exposure. Sperm motility was markedly suppressed in the AsF group at
PND60 and remained reduced at PND120, whereas sperm abnormality
varied according to exposure and age without showing the same pattern.
Serum testosterone was reduced in several exposure groups, while
serum estradiol was elevated following combined exposure, particularly
at PND120. Serum FSH and LH were generally lower at PND120 than at
PND60, and intratesticular testosterone was reduced in the AsF group at
PND120. Reproductive organ coefficients showed comparatively modest
and endpoint-dependent changes (Fig. S2).

The PND120 Con, As, F, and AsF groups were further evaluated using
2 x 2 arsenic-by-fluoride factorial models (Fig. S4). Significant As x F
interactions were detected for serum testosterone (P = 0.008), estradiol
(P = 0.009), LH (P = 0.010), sperm motility (P < 0.001), testis coeffi-
cient (P = 0.005), and epididymis coefficient (P < 0.001). Sperm ab-
normality showed an interaction in the primary Type III analysis (P =
0.030), but this evidence was attenuated in the HC3 sensitivity analysis
(P = 0.064) and was therefore not considered robust. No significant
interaction was detected for FSH (P = 0.083), intratesticular testos-
terone (P = 0.137), or sperm density (P = 0.968). Sperm density instead
showed significant main effects of both As (P < 0.001) and F (P = 0.003),
while intratesticular testosterone showed a significant As main effect.
These results demonstrate endpoint-specific departures from additivity,
with several outcomes exhibiting joint effects that were smaller than
those expected from the sum of the individual As and F effects.

In the adjusted pairwise comparisons, AsF at PND120 differed from
the corresponding control in serum testosterone, estradiol, intra-
testicular testosterone, and sperm density, whereas the sperm-motility
comparison did not reach the adjusted significance threshold. Histo-
logical examination supported the functional findings. Control testes
displayed regularly organized seminiferous tubules with an intact
germinal epithelium, whereas exposed animals showed varying degrees
of epithelial disorganization, widened intercellular spaces, germ-cell
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loss or detachment, and reduced luminal sperm content. Exposed
epididymides showed epithelial swelling and vacuolization, widened
luminal spaces, focal epithelial cell loss, reduced sperm content, and
occasional aggregation of abnormal sperm, with more evident abnor-
malities at PND120 (Fig. 1; Fig. S3).

Reciprocal FMT was associated with selective changes in reproduc-
tive outcomes within the two recipient backgrounds (Fig. 1). Compared
with Con-Sal recipients, Con-AsF recipients showed lower sperm density
and serum testosterone following administration of AsF-donor fecal
material, together with modest changes in sperm motility and abnor-
mality. Compared with AsF-Sal recipients, AsF-Con recipients showed
higher sperm motility, serum testosterone, and estradiol following
administration of control-donor fecal material. FSH and LH increased
numerically, whereas sperm density, sperm abnormality, and intra-
testicular testosterone were not consistently improved. Histologically,
Con-AsF recipients showed reduced luminal sperm content, focal germ-
cell detachment, and partial seminiferous-tubule atrophy relative to
Con-Sal recipients. The pronounced epididymal epithelial injury and
reduced luminal sperm content observed in AsF-Sal recipients were less
evident in AsF-Con recipients, although normal testicular and epidid-
ymal architecture was not completely restored.

Stage-specific testicular immunohistochemistry was performed at
PND120 using SYCP3 as a marker of meiotic germ cells and ACRV1 as a
marker associated with postmeiotic and acrosome-forming spermatids.
In the FMT groups, ACRV1-positive areas were 17.28 + 3.23%, 5.80 +
1.61%, 5.41 + 0.49%, and 24.11 + 5.45% in the Con-Sal, Con-AsF, AsF-
Sal, and AsF-Con groups, respectively. The corresponding SYCP3-
positive areas were 29.75 + 5.97%, 2.62 + 2.11%, 2.16 + 1.73%, and
15.08 + 4.04% (Fig. 2a-d). Thus, both markers decreased following
administration of AsF-donor fecal material to control recipients and
increased following administration of control-donor material to AsF-
exposed recipients.

Consistent alterations were observed in the direct-exposure groups.
ACRV1-positive areas were 23.67 + 6.28%, 5.37 + 2.16%, 12.61 +
4.06%, and 12.38 + 4.61% in the Con, As, F, and AsF groups, respec-
tively, while the corresponding SYCP3-positive areas were 17.21 +
2.71%, 2.44 + 0.97%, 7.91 + 2.93%, and 9.22 + 4.41% (Fig. S5). These
findings support the involvement of meiotic and postmeiotic germ-cell-
associated processes, although ACRV1 and SYCP3 did not show identical
exposure-response patterns.

Western blotting further showed lower DAZL, PGK2, and SYCP3
expression in Con-AsF than in Con-Sal recipients. Expression was
numerically higher in AsF-Con than in AsF-Sal recipients, although these
comparisons did not reach statistical significance (Fig. 2e-f). Collec-
tively, chronic As and F exposure produced distinct internal burdens and
impaired sperm quality, reproductive endocrine balance, and testicular
and epididymal integrity through endpoint-specific joint effects.
Repeated donor-material administration was accompanied by changes
in reproductive, histological, and spermatogenic-marker outcomes,
including opposite-direction changes in selected endpoints across the
two recipient backgrounds.

3.2. Direct exposure alters gut microbial community structure, whereas
endpoint donor-associated FMT metrics show limited convergence

Bray-Curtis ordinations were analyzed separately for the direct-
exposure and FMT recipient models (Fig. 3a-b). In the direct-exposure
model, microbial community composition differed significantly among
Con60, AsF60, Con120, and AsF120 groups (PERMANOVA R?=0.336,
P<0.001), without evidence of unequal multivariate dispersion
(PERMDISP P = 0.270). The prespecified Con60 versus AsF60 and
Con120 versus AsF120 comparisons were both significant after multiple-
testing correction (adjusted P =0.0046 and 0.0138, respectively).

Alpha-diversity analyses included the Shannon, Simpson, Chaol,
observed ASVs, Good’s coverage, and Pielou’s evenness indices (Fig. 3c).
Genus-level composition also varied among groups. Lactobacillus
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Fig. 1. Chronic developmental arsenic-fluoride exposure impairs male reproductive outcomes and is partially modified by reciprocal fecal microbiota
transplantation. (a) Parental and offspring drinking-water exposure, FMT schedule, and terminal sampling. (b) Sperm density, motility, and abnormality at PND60
and PND120. (c) Sperm endpoints in FMT recipients. (d) Reproductive hormones after direct exposure. (e) Reproductive hormones after FMT. (f) Representative testis
and epididymis H&E images after direct exposure. (g) Corresponding testis and epididymis H&E images after FMT. Green circles indicate representative regions of
histopathological lesions for visual orientation and were not treated as independent quantitative observations. For H&E, scale bars are 50 pm at 200 x and 20 pm at
400 x . For animal-level endpoints, individual points represent animals, and the number of plotted points indicates the biological sample size. Data are presented as
mean =+ SD. Factorial interaction results are detailed in Fig. S4. FMT, fecal microbiota transplantation; PND, postnatal day; H&E, hematoxylin and eosin; SD, standard
deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Meiotic and postmeiotic spermatogenic markers and spermatogenesis-related proteins after reciprocal fecal microbiota transplantation. All panels
use testicular samples from the four FMT recipient groups. (a) Representative ACRV1 IHC images at 200 x magnification (scale bar, 50 pm). (b) Animal-level
quantification of ACRV1 DAB-positive tissue area. (c) Representative SYCP3 IHC images at 400 x magnification (scale bar, 20 pm). (d) Animal-level quantifica-
tion of SYCP3 DAB-positive tissue area. Brown DAB denotes ACRV1 cytoplasmic/acrosome-associated or SYCP3 nuclear immunoreactivity; nuclei are blue. Black
arrows indicate representative characteristic immunoreactive structures for visual orientation and were not used as independent quantitative observations. Three
fields were averaged within each animal. Individual points represent animals, and the number of plotted points indicates the biological sample size. IHC data are
presented as mean =+ SD. (e) Representative immunoblots of DAZL, PGK2, and SYCP3. (f) Densitometric quantification of DAZL, PGK2, and SYCP3. Individual points
represent animals, and the number of plotted points indicates the biological sample size. Western blot data are presented as mean + SEM. Descriptive animal-level
IHC values are reported in Results. FMT, fecal microbiota transplantation; ACRV1, acrosomal vesicle protein 1; IHC, immunohistochemistry; DAB, 3,3-dia-
minobenzidine; SYCP3, synaptonemal complex protein 3; DAZL, deleted in azoospermia-like; PGK2, phosphoglycerate kinase 2; SD, standard deviation; SEM,
s‘tandard error of the mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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showed a relatively higher abundance in AsF-Con recipients, whereas
Dubosiella, Bifidobacterium, and Escherichia—Shigella were relatively more
abundant in Con-AsF recipients (Fig. 3h-i). Supporting sequencing-
depth, ASV-overlap, taxonomic-composition, linear discriminant anal-
ysis effect size (LEfSe), and donor-associated-ASV analyses are shown in
Figs. S6-S8.

When the donor-reference and FMT groups were evaluated together,
the overall six-group Bray—Curtis model was significant (PERMANOVA
R?=0.307, P<0.001), although multivariate dispersion also differed
among groups (PERMDISP P=0.025). Within recipient backgrounds, the
prespecified Con-Sal versus Con-AsF and AsF-Sal versus AsF-Con com-
parisons were not significant after adjustment (adjusted P = 0.106 for
both comparisons, Table S2).

Recipient communities also remained distinguishable from their
reciprocal donor-reference groups. Con-AsF differed from the AsF120
donor reference, and AsF-Con differed from the Con120 donor reference
(adjusted P = 0.0046 for both comparisons). Consistently, recipient-to-
donor centroid distance, donor-proximity indices, reciprocal donor-
associated ASV relative abundance, and donor-associated ASV detec-
tion counts did not differ significantly within either recipient back-
ground (all adjusted P = 0.256-0.873; Fig. 3d-g; Table S3).

3.3. Colonic junction- and inflammation-related markers

PND120 intestinal immunofluorescence showed reciprocal marker
changes across the two recipient backgrounds (Fig. 4). Administration of
AsF-donor fecal material to control recipients was accompanied by
reduced ZO-1 and Occludin staining and increased TNF-o expression.
Administration of control-donor material to AsF-exposed recipients was
accompanied by changes in the opposite direction. Both prespecified
comparisons remained significant after Holm correction for ZO-1,
Occludin, and TNF-o (adjusted P = 0.002, 0.008, and 0.013,
respectively).

IL-1p also increased in Con-AsF relative to Con-Sal and decreased in
AsF-Con relative to AsF-Sal (adjusted P=0.010 for both comparisons).
IL-10 showed a similar reciprocal pattern, increasing after administra-
tion of AsF-donor fecal material and decreasing after administration of
control-donor fecal material (adjusted P=0.002 for both comparisons).
The complete FMT marker panel is presented in Fig. S10, and the cor-
responding direct-exposure immunofluorescence profiles are shown in
Fig. S9.

3.4. Untargeted serum metabolomics identifies exposure- and FMT-
associated metabolic remodeling

Untargeted serum metabolomics showed broad metabolic differ-
ences following arsenic—fluoride exposure and reciprocal FMT. The two
prespecified PLS-DA score plots separated the Con120, AsF120, Con-Sal,
and Con-AsF groups in Model A and the Con120, AsF120, AsF-Sal, and
AsF-Con groups in Model B (Fig. 5a-b).

Repeated stratified three-fold cross-validation identified three com-
ponents as optimal for both models. Model A showed moderate internal
classification performance, with a mean balanced error rate of approx-
imately 0.37, whereas Model B showed stronger internal discrimination,

with a mean balanced error rate of approximately 0.14 (Fig. S11f-g).

Chemical-class annotation showed that lipid-related metabolites
constituted a major component of the differential features. Glycer-
ophospholipids represented the largest annotated class, followed by
fatty acyls, glycerolipids, sphingolipids, steroids and derivatives, and
bile-acid-related features (Fig. 5¢). The two FMT comparisons showed
different directional patterns: decreases predominated in Con-AsF rela-
tive to Con-Sal, whereas increases predominated in AsF-Con relative to
AsF-Sal (Fig. 5d-f).

Pathway enrichment analysis mapped the differential features to
glycerophospholipid metabolism, fatty acid biosynthesis, glycerolipid
and ether-lipid metabolism, ketone-body metabolism, lipid digestion
and absorption, cAMP signaling, and autophagy-related pathways
(Fig. 5g-h). Additional PCA, heatmap, PLS-DA, VIP-ranked feature, and
pathway results are presented in Figs. S11-S14.

3.5. Bile-acid-related features show reciprocal FMT-associated patterns
and structured endocrine relationships

A bile-acid-focused analysis of the untargeted metabolomics dataset
identified relative bile-acid-related features that differed across the
AsF120 versus Con120, Con-AsF versus Con-Sal, and AsF-Con versus
AsF-Sal comparisons (Fig. 6a-c). Among the predefined 12-feature
panel, TUDCA-, glycodeoxycholic acid-, 7-ketodeoxycholic acid-,
GCDCA-3G-, and 7-SCA-related signals showed significant overall group
differences after multiple-testing correction (Fig. 6d).

TUDCA-related signal intensity was higher after direct AsF exposure,
whereas the 7-ketodeoxycholic acid-related signal was lower. GCDCA-
3G showed the clearest reciprocal FMT-associated pattern, increasing
in Con-AsF relative to Con-Sal and decreasing in AsF-Con relative to AsF-
Sal. Changes in the 7-SCA-related signal were more evident in the FMT
comparisons than in the direct Con120 versus AsF120 comparison.

In the exploratory display based on group-level summaries, TUDCA
showed an inverse relationship with FSH and testosterone, GCDCA-3G
with LH, and 7-SCA with LH and estradiol, whereas GUDCA showed a
positive relationship with testosterone (Fig. 6e). Animal-level
genus-bile-acid analysis identified 50 nominally significant correla-
tions involving 22 genera and 11 bile-acid-related features (Fig. 6f).
Representative associations included positive correlations of Family_-
XIII_AD3011_group with TUDCA, GCDCA-3G, and 7-SCA, as well as
correlations involving Roseburia, Negativibacillus, NK4A214 group, Allo-
baculum, Ligilactobacillus, Ralstonia, Blautia, and Akkermansia. These
exploratory results indicate that a subset of bile-acid-related signals co-
varied with specific genera but do not establish directionality or
mediation.

The integrated three-layer network retained 15 representative
genera, four bile-acid-related features—TUDCA, GUDCA, GCDCA-3G,
and 7-SCA—and four reproductive hormones. The final network con-
tained 22 genus-bile acid edges and six bile acid-hormone edges
(Fig. 6g-h).
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Fig. 3. Arsenic—fluoride exposure and reciprocal fecal microbiota transplantation are associated with remodeling of gut microbial communities. (a)
Bray-Curtis PCoA for the direct-exposure groups. (b) Separate Bray—Curtis PCoA for the four FMT-recipient groups; donor references were not included. (c) Shannon,
Simpson, Chaol, observed-ASV, Good’s-coverage, and Pielou-evenness indices across the eight groups. (d) Recipient distance to the reciprocal donor reference. (e)
Reciprocal donor proximity. (f) Relative abundance of reciprocal donor-associated ASVs. (g) Detected count of reciprocal donor-associated ASVs. (h) Phylum-level
microbial composition. (i) Dominant-genus bubble plot. n = 6 animals/group. Adjusted alpha-diversity, PERMANOVA, and PERMDISP results are provided in
Table S2, and definitions and statistical results for the donor-associated restructuring metrics are provided in Table S3. FMT, fecal microbiota transplantation; PCoA,
principal coordinates analysis; ASV, amplicon sequence variant; PERMANOVA, permutational multivariate analysis of variance; PERMDISP, permutational analysis
of multivariate dispersions.
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legend, the reader is referred to the web version of this article.)

3.6. Reciprocal FMT is associated with enterohepatic signaling and
hepatic metabolic responses at PND120

PND120 liver histology and biochemical measurements differed
across the FMT groups (Fig. 7a). Con-Sal recipients showed relatively
preserved hepatic architecture, whereas Con-AsF recipients displayed
hepatocellular disorganization, lipid vacuolation, and localized
inflammatory-cell infiltration. These alterations were less pronounced in
AsF-Con than in AsF-Sal recipients.

Serum total bile acids and hepatic injury and lipid-related indicators
showed corresponding FMT-associated patterns. Total bile acids,
aspartate aminotransferase (AST) and alanine aminotransferase (ALT),
hepatic total cholesterol, triglycerides, and LDL tended to increase after
administration of AsF-donor fecal material, whereas several of these
measures shifted in the opposite direction after administration of
control-donor fecal material. Serum total bile acids were significantly
lower in AsF-Con than in AsF-Sal. Direct-exposure liver histology and
biochemical results are shown in Fig. S15.

Intestinal FXR and FGF15 expression tended to decrease in Con-AsF
relative to Con-Sal and to increase in AsF-Con relative to AsF-Sal

10

(Fig. 7c-d). In the liver, FXR, FGF15, FGFR4, and SHP were lower
following administration of AsF-donor fecal material. Administration of
control-donor fecal material increased hepatic FXR, FGF15, and SHP
expression, whereas FGFR4 showed little change (Fig. 7e-f).

Proteins involved in hepatic bile acid synthesis and transport also
showed reciprocal or directionally opposing patterns. CYP8B1 was
higher in Con-AsF than in Con-Sal, accompanied by an upward trend in
CYP7A1 and a downward trend in BSEP. CYP7A1 and CYP8B1 were
lower and BSEP was higher in AsF-Con than in AsF-Sal, although not all
comparisons reached statistical significance (Fig. 7g-h). PPARa was
reduced after administration of AsF-donor fecal material and increased
after administration of control-donor fecal material, while PGC-1a and
PPARy showed similar directional changes (Fig. 7i-j).

3.7. Reciprocal FMT is associated with testicular autophagy-related
ultrastructure and protein expression

PND120 testicular TEM showed group-dependent ultrastructural
changes in Leydig cells, Sertoli cells, spermatogonia, and spermatocytes
(Fig. 8a). Con-Sal recipients showed relatively preserved cellular
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Fig. 5. Untargeted serum metabolomics reveals systemic metabolic remodeling after direct exposure and reciprocal fecal microbiota transplantation. (a,
b) PLS-DA score plots. (c) Chemical-class composition of the significant annotated feature set; proportions do not represent metabolite abundance or pathway ac-
tivity. (d) Counts of annotated increased and decreased features by chemical class in the two reciprocal FMT contrasts. (e) Volcano plot for Con-AsF versus Con-Sal,
with 530 increased and 736 decreased features. (f) Volcano plot for AsF-Con versus AsF-Sal, with 1,091 increased and 686 decreased features. (g,h) Exploratory
pathway displays for the corresponding reciprocal FMT comparisons. n = 6 animals/group. QC, model validation, and unfiltered VIP displays are presented in
Figs. S11-S14. FMT, fecal microbiota transplantation; PLS-DA, partial least-squares discriminant analysis; Con, control background; AsF, arsenic—fluoride co-
exposure background; Sal, saline; QC, quality control; VIP, variable importance in projection.
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Fig. 6. Bile-acid-related metabolic remodeling is associated with gut microbial and reproductive endocrine changes. (a—c) VIP lollipop plots for the direct-
exposure and reciprocal FMT contrasts. (d) Relative signal distributions for 12 putatively annotated bile acid species. (e) Exploratory bile-acid-hormone Spearman
correlation heatmap based on group-level summaries. (f) Animal-level genus-bile-acid Spearman correlations. (g) Focused combined correlation map linking
representative genera, bile-acid-related signals, and reproductive hormones. (h) Three-layer genus-bile-acid-hormone network. n = 6 animals/group for metab-
olomics and genus-bile-acid analyses. The bile-acid-related signals were derived from untargeted LC-MS/MS and were not confirmed or absolutely quantified using
authentic standards; annotation information and statistical evidence are provided in Tables S4 and S5. VIP, variable importance in projection; FMT, fecal microbiota
transplantation; LC-MS/MS, liquid chromatography—tandem mass spectrometry.
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Fig. 7. Reciprocal fecal microbiota transplantation is associated with coordinated enterohepatic and hepatic metabolic responses. All panels use FMT-
recipient samples. (a) Representative liver H&E images; scale bars are 50 pm at 200 x and 20 pm at 400 x . Yellow arrows indicate lipid vacuoles, and black
arrows indicate inflammatory cell infiltration. (b) Serum and hepatic biochemical indices. (c,d) Representative intestinal FXR and FGF15 immunoblots and corre-
sponding densitometric quantification. (e,f) Representative hepatic FXR, FGFR4, FGF15, and SHP immunoblots and quantification. (g,h) Representative hepatic
CYP7A1, CYP8B1, and BSEP immunoblots and quantification. (i,j) Representative hepatic PPARa, PGC-1a, and PPARy immunoblots and quantification. For animal-
level biochemical and Western blot endpoints, individual points represent animals, and the number of plotted points indicates the biological sample size. Biochemical
data are presented as mean + SD, whereas Western blot densitometric data are presented as mean + SEM. These data support coordinated enterohepatic and hepatic
responses but do not establish liver-mediated causal transmission to the testis. FMT, fecal microbiota transplantation; H&E, hematoxylin and eosin; FXR, farnesoid X
receptor; FGF15, fibroblast growth factor 15; FGFR4, fibroblast growth factor receptor 4; SHP, small heterodimer partner; CYP7A1, cholesterol 7a-hydroxylase;
CYP8BI1, sterol 12a-hydroxylase; BSEP, bile salt export pump; PPAR«, peroxisome proliferator-activated receptor alpha; PGC-1a, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; PPARy, peroxisome proliferator-activated receptor gamma. (For interpretation of the references to colour in this figure legend,
tPe reader is referred to the web version of this article.)
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Fig. 8. Microbiota transfer is associated with testicular ultrastructural and autophagy-related responses. (a) Representative transmission electron micro-
graphs of Sertoli cells, Leydig cells, spermatogonia, and spermatocytes. The left panels were acquired at approximately 10,000 x magnification (scale bar, 2 pm), and
the right panels show enlarged views of the white-boxed regions in the corresponding left panels at approximately 30,000 x magnification (scale bar, 1 pm). N,
nucleus; M, mitochondrion; ER, endoplasmic reticulum. Yellow arrows indicate the nuclear membrane, white arrows indicate putative autophagic precursor
structures, and red arrows indicate autophagosome-like structures. (b) Representative immunoblots of Beclinl, ATG5, ATG7, LC3-I/LC3-II, and p62. (c) Densito-
metric quantification. Individual points represent animals, and the number of plotted points indicates the biological sample size. Western blot densitometric data are
presented as mean + SEM. The static ultrastructural and protein measurements do not establish the direction of autophagic flux. TEM, transmission electron mi-
croscopy; ATG5, autophagy-related protein 5; ATG7, autophagy-related protein 7; LC3, microtubule-associated protein 1 light chain 3; p62, sequestosome 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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morphology without prominent autophagosome-like structures. In Con-
AsF recipients, autophagosome-like structures were observed in Leydig
and Sertoli cells. In AsF-Sal recipients, these structures were most
apparent in Leydig cells and were also observed in Sertoli cells and
spermatogonia. Their distribution and abundance differed after
administration of control-donor fecal material to AsF-exposed re-
cipients. Direct-exposure ultrastructural images at PND60 and PND120
are presented in Fig. S16.

Autophagy-related protein expression also differed across the FMT
groups (Fig. 8b—c). Compared with Con-Sal, Con-AsF recipients showed
higher Beclinl and lower ATG5 expression, whereas LC3-I1I/LC3-I, p62,
and ATG7 showed smaller increases. Compared with AsF-Sal, AsF-Con
recipients showed lower Beclinl, p62, and ATG7 expression, accompa-
nied by a modest increase in ATG5 and a modest reduction in LC3-II/
LC3-1. These findings demonstrate group-specific alterations in testic-
ular autophagy-related ultrastructure and protein-expression profiles
following reciprocal FMT.

3.8. Exploratory toxicogenomic analysis identifies overlapping cellular-
stress pathways

The original database-derived analysis was retained in Fig. S17.
UpSet analysis identified 51 genes shared among seven male repro-
ductive disease-related categories: azoospermia, hypogonadism, male
infertility, spermatogenesis, spermatogenic failure, teratozoospermia,
and testicular diseases. Intersection with arsenic- and fluoride-
associated genes from the Comparative Toxicogenomics Database
identified 64 genes shared across the disease, arsenic, and fluoride
domains.

GO and KEGG enrichment analyses identified biological processes
and pathways involving oxidative stress, reactive-oxygen-species re-
sponses, inflammation, apoptosis regulation, lipid and atherosclerosis,
AGE-RAGE signaling, TNF signaling, p53 signaling, cellular senescence,
NF-kB signaling, FoxO signaling, mTOR signaling, and autophagy-
related pathways.

Protein-protein interaction, MCODE module, and cytoHubba ana-
lyses identified highly connected candidates including IL1B, CASP3,
TP53, AKT1, PTEN, BCL2, NFE2L2, RELA, MAPK3, CASP8, CASP9,
CDKN1A, CTNNB1, CCND1, and ANXAS5 (Fig. S17).

4. Discussion

The present study characterized reproductive and multi-organ re-
sponses to chronic, relatively high-dose As-F co-exposure across devel-
opmental and postnatal periods. At the tested concentrations, exposure
was associated with impaired sperm quality, altered reproductive hor-
mones and organ coefficients, testicular and epididymal lesions, changes
in spermatogenic-stage markers, intestinal and microbial alterations,
systemic metabolic remodeling, hepatic responses, and testicular
autophagy-related changes. Factorial analyses further showed that the
joint effects of arsenic and fluoride differed among endpoints and were
frequently less than additive on the analyzed scale rather than uniformly
synergistic. Repeated administration of donor-derived fecal material
was accompanied by partially reciprocal differences in selected repro-
ductive, colonic, microbial, metabolic, hepatic, and testicular endpoints.
Collectively, these findings support coordinated responses across the
gut, liver, and testis, but do not establish a single serial pathway or
exclude direct toxicant effects and complementary gut-testis, endocrine,
inflammatory, or liver—testis routes.

The reproductive findings are consistent with previous experimental
evidence that arsenic and fluoride can interfere with spermatogenesis,
steroidogenesis, sperm maturation, redox homeostasis, and testicular
structure (Machado-Neves, 2022; Li et al., 2023; F.-W. Niu et al., 2025;
Talebi et al., 2025; Song et al., 2026). The exposure design extended
from parental premating through gestation and lactation and then
continued in male offspring to PND60 or PND120, covering several
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sensitive periods of reproductive development. The observed changes in
sperm density, motility, abnormality, reproductive hormones, and
testicular and epididymal morphology therefore reflect the combined
influence of developmental exposure history and continued postnatal
exposure. Comparisons between PND60 and PND120 broaden the
temporal characterization of the phenotype, although these terminal
cohorts do not independently separate chronological age from cumula-
tive exposure duration.

The ACRV1 and SYCP3 findings add stage-associated information to
the conventional sperm and histopathological endpoints. ACRV1, also
known as SP-10, is an acrosomal protein predominantly expressed
during the round-spermatid stage and is therefore a marker of post-
meiotic spermatid differentiation (Reddi, 2023). In contrast, SYCP3 is a
core component of the chromosome axial and lateral elements of the
synaptonemal complex and is associated with spermatocytes undergoing
meiotic prophase (Guo et al., 2025; Yang and Wang, 2026). The lower
ACRV1- and SYCP3-positive areas observed in exposed animals are
therefore consistent with disturbances involving postmeiotic spermatids
and meiotic spermatocytes, respectively. Partially reciprocal descriptive
patterns were also observed among FMT recipients. Nevertheless,
positive-area measurements cannot distinguish altered protein abun-
dance from changes in the number or relative representation of marker-
positive germ cells, do not constitute stereological quantification of
germ-cell populations, and do not evaluate functional acrosome integ-
rity or sperm DNA fragmentation. Because mating success, pregnancy
rate, and litter outcomes were not assessed, the reproductive conclu-
sions should remain restricted to impaired spermatogenesis, sperm
quality, and testicular injury rather than infertility.

The endocrine findings similarly require context-dependent inter-
pretation. Altered serum and intratesticular testosterone, estradiol, FSH,
and LH indicate disruption of reproductive endocrine homeostasis,
which may involve Leydig-cell steroidogenesis, substrate availability,
hepatic steroid handling, and hypothalamic-pituitary—gonadal feedback
(Miller and Auchus, 2011; Rato et al., 2012; Santos-Marcos et al., 2023).
However, estradiol did not respond in the same direction in the direct-
exposure and reciprocal FMT experiments. This divergence argues
against treating estradiol as a linear marker of microbiota-associated
reproductive injury or a simple indicator of damage and rescue. Expo-
sure history, aromatization, enterohepatic recycling, microbial decon-
jugation, hepatic clearance, and endocrine feedback could all
contribute, but aromatase activity, estrogen conjugates, microbial
B-glucuronidase activity, hepatic steroid-metabolizing enzymes, and
longitudinal hormone profiles were not measured (Ridlon and Bajaj,
2015; Santos-Marcos et al., 2023). The hormone data therefore indicate
context-dependent endocrine modulation without identifying the
responsible regulatory level.

The microbial findings provide evidence of exposure- and FMT-
associated community restructuring. The significant overall PERMA-
NOVA results, together with nonsignificant PERMDISP tests, indicate
group-associated differences in community composition that were not
explained solely by unequal multivariate dispersion. In contrast, none of
the alpha-diversity indices remained significant after adjustment, sug-
gesting that compositional restructuring was more apparent than
changes in within-sample richness or evenness. These results are bio-
logically plausible because the gut microbiota can influence xenobiotic
biotransformation, intestinal homeostasis, immune signaling, bile acid
transformation, and host metabolism (Fan and Pedersen, 2021; Collins
et al., 2023). The reciprocal changes in colonic ZO-1, Occludin, and
TNF-a staining further show that donor-material administration was
accompanied by differences in the colonic junction- and inflammation-
related milieu. However, these tissue markers are not direct measure-
ments of intestinal permeability and do not demonstrate systemic or
testicular inflammation.

The reciprocal FMT design provides useful but qualified evidence
concerning an intestinal contribution to the phenotype. Within each
recipient background, animals remained on the same assigned drinking-
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water regimen, allowing saline- and donor-material-treated groups to be
compared without changing the underlying exposure assignment.
Directionally reciprocal differences across selected spermatogenic,
endocrine, colonic, metabolic, and hepatic endpoints strengthen the
internal coherence of the experiment. However, within-background
microbial comparisons were not significant after adjustment, recipient
communities remained distinguishable from the reciprocal donor ref-
erences, and recipient-to-donor distance, donor proximity, reciprocal
donor-associated ASV abundance, and detected-ASV metrics did not
demonstrate stable donor-community convergence. The observed
changes are therefore best interpreted as FMT-associated modification
of selected recipient phenotypes rather than proof of stable engraftment
or microbiota-specific causation.

Nonmicrobial transfer also remains a relevant alternative explana-
tion. The original inocula could not be retrospectively quantified for
arsenic, fluoride, or soluble metabolites, and transient transfer cannot be
excluded, particularly in the Con-AsF comparison. The absence of ter-
minal differences in urinary arsenic or bone fluoride within the corre-
sponding recipient backgrounds reduces concern about persistent
separation in terminal internal burden but does not exclude transient
exposure earlier during the seven-week administration period. In addi-
tion, recipients were sampled 10 days after the final administration, so
the onset, stability, and longer-term persistence of the observed changes
cannot be determined. The findings are compatible with partial
involvement of the intestinal microbial ecosystem or other transferred
fecal components, but they do not establish complete phenotypic rescue
or reversibility of the original exposure effects (Gheorghe et al., 2021).

Untargeted metabolomics showed that reciprocal donor-material
administration was accompanied by extensive systemic metabolic
remodeling, with lipid-related features prominent among the annotated
differential signals. However, the metabolite-class plots describe the
composition of retained features rather than the total abundance or
activity of an entire lipid class. Cross-validated discrimination was also
stronger in the AsF-background model than in the control-background
model, indicating that the robustness of metabolomic separation
differed between comparisons. The PLS-DA, VIP, and pathway-
enrichment results should therefore be used to prioritize candidate
metabolic processes rather than as independent evidence of pathway
activation.

Bile acids provide a biologically plausible interface between micro-
bial and host metabolism because intestinal microorganisms mediate
bile acid deconjugation, oxidation, epimerization, and secondary
transformation, while bile acids reciprocally regulate microbial ecology
and host signaling (Guzior and Quinn, 2021; Collins et al., 2023; Wise
and Cummings, 2023). TUDCA and GCDCA-3G were among the bile-
acid-related features showing reciprocal FMT-associated patterns,
whereas 7-SCA showed recipient-group differences without a marked
Con120-AsF120 difference. This distinction indicates that the direct-
exposure and FMT contrasts are not interchangeable and that recipient
background may shape the detected metabolic response. TUDCA,
GUDCA, GCDCA-3G, and 7-SCA also appeared as bridge features in the
exploratory genus-bile-acid-hormone network.

These bile acid results require several analytical qualifications. They
were obtained through a post hoc, bile-acid-focused interrogation of
untargeted LC-MS/MS data, were expressed as relative signal in-
tensities, and were not confirmed using authentic standards or a tar-
geted quantitative assay. The displayed names therefore represent
putative annotations rather than definitive molecular identifications.
Moreover, genus-bile-acid associations were correlation-based, and
bile-acid-hormone relationships used group-level summaries rather
than animal-level paired observations. These analyses identify coordi-
nated variation and candidate relationships but cannot establish direc-
tionality or mediation.

The intestinal-hepatic FXR-FGF15 pathway offers a plausible phys-
iological context for the coordinated bile acid and lipid findings. Intes-
tinal FXR-induced FGF15 is an established endocrine signal that
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regulates hepatic CYP7A1-dependent bile acid synthesis, while hepatic
FXR-, FGFR4-, SHP-, CYP8B1-, BSEP-, PPAR-, and PGC-1a-related pro-
cesses participate in bile acid transport and lipid homeostasis (Inagaki
et al., 2005; Chiang and Ferrell, 2020). The observed differences in in-
testinal and hepatic proteins, liver histology, serum total bile acids, and
hepatic lipid indices are therefore compatible with altered enterohepatic
and hepatic metabolic regulation. Experimental studies also indicate
that bile acid receptors can influence testicular steroidogenesis, sper-
matogenesis, and male fertility, and other FMT or pollutant models have
reported coordinated hepatic, circulating, and testicular metabolic
changes (Baptissart et al., 2014; Martinot et al., 2017; Hao et al., 2022;
Yang et al., 2026).

The present data, however, do not demonstrate that hepatic changes
mediated the testicular phenotype. Targeted bile acids and related me-
tabolites were not measured simultaneously in portal blood, systemic
circulation, liver, and testis, and no isotope tracing, bile acid supple-
mentation, or tissue-specific FXR/TGR5 intervention was performed.
The observed multi-organ coordination is therefore consistent with
several nonexclusive routes: gut-derived metabolites or inflammatory
signals may act directly on the testis; hepatic processing may modify
circulating metabolic signals; endocrine changes may influence both
liver and testis; and arsenic and fluoride may act directly on either
organ. The gut-liver—testis concept should consequently be presented as
an integrative framework supported by coordinated compartmental
changes, rather than as a demonstrated unidirectional gut-to-liver-to-
testis mechanism.

Lipid remodeling may be relevant to reproductive injury because
cholesterol availability, mitochondrial lipid handling, and fatty acid
oxidation contribute to Leydig-cell steroidogenesis, Sertoli-cell support,
germ-cell development, spermiogenesis, and sperm membrane matura-
tion (Miller and Auchus, 2011; Rato et al., 2012; Gao et al., 2018).
Phosphatidylethanolamine, which contributed to the autophagy-related
pathway enrichment, also participates in LC3 lipidation during auto-
phagosome formation (Tanida et al., 2004). Nevertheless, pathway
enrichment driven by an annotated circulating lipid cannot demonstrate
LC3 lipidation or autophagic activity in testicular cells. It provides
biological plausibility for a relationship between lipid remodeling and
autophagy-related processes but not a mechanistic bridge.

The testicular TEM and Western blot findings should therefore be
interpreted as accompanying autophagy-related alterations. Static
measurements of LC3-1I/LC3-1, p62, Beclinl, ATG5, and ATG7, together
with autophagosome-like structures, cannot distinguish increased
autophagosome formation from impaired lysosomal degradation or
determine whether the response is protective, injury-promoting, or
secondary to metabolic stress (Klionsky et al., 2021). Canonical
apoptotic markers and testicular inflammatory cytokines were not
measured, so apoptotic and inflammatory injury remain possible par-
allel or interacting mechanisms. The colonic cytokine measurements do
not provide evidence of testicular inflammation. Likewise, the database-
derived human gene analysis identifies convergence on oxidative-stress,
inflammatory, apoptotic, lipid, and autophagy-related pathways but
remains exploratory public-data context rather than validation in the
experimental rats or in human biological samples.

The study has several strengths, including an exposure design
spanning developmental and postnatal periods, factorial analysis of
verified PND120 endpoints, reciprocal within-background donor-mate-
rial comparisons, donor-reference analyses in a common ASV space,
animal-level treatment of histological measurements, and integration of
reproductive, intestinal, microbial, metabolic, hepatic, and testicular
observations. Its main environmental limitation is the exposure in-
tensity. The nominal 75 mg/L NaAsO: and 100 mg/L NaF exposure
concentrations were above the corresponding WHO drinking-water
guideline values; accordingly, this model is best interpreted as an
experimental hazard model rather than a direct simulation of environ-
mentally representative human exposure. Group-level water-consump-
tion data and terminal urinary arsenic and bone fluoride confirm
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exposure separation but cannot provide individual body-weight-
normalized, cumulative, or absorbed doses. The results do not esti-
mate human risk magnitude, establish safe exposure limits, or demon-
strate effects at environmentally representative concentrations.

Taken together, the strongest inference is that chronic As-F co-
exposure impaired spermatogenesis at the tested concentrations and
produced endpoint-specific joint effects, while reciprocal donor-
material administration was accompanied by partial modification of
selected recipient phenotypes. Coordinated changes in microbial
composition, the colonic microenvironment, bile-acid- and lipid-related
signals, enterohepatic and hepatic markers, reproductive hormones, and
testicular endpoints support a nonexclusive multi-organ framework for
further testing. Lower-dose and dose-response experiments, chemically
characterized and strain-resolved FMT, longitudinal donor-restructuring
analyses, targeted bile acid quantification, tissue-specific metabolomics
and receptor intervention, fertility testing, and dynamic autophagic-flux
assays will be required to determine which components are causal and
whether the findings extend to environmentally relevant exposures.
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Appendix A. Supplementary data

Supplementary figures and tables providing additional data on
exposure characterization, reproductive outcomes, gut microbiota,
metabolomic alterations, and hepatic and testicular findings. Supple-
mentary data to this article can be found online at https://doi.org/10.10
16/j.envint.2026.110520.

Data availability

The data supporting the findings are available from the corre-
sponding author on reasonable request. Supplementary Tables S1-S5
provide the statistical and annotation records described in the text.
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