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ABSTRACT: Previous studies have demonstrated the reproductive toxicity of
trifluorostrobin (TRI) in male organisms. However, the underlying mechanisms of TRI
responsible for testicular damage and hormonal disruption remain elusive. This study
elucidated the male reproductive toxicity of TRI at the molecular level under
environmentally relevant concentrations and its associations with gut microbiota dysbiosis.
The rats were administered TRI (1.5, 15, and 75 mg/kg of body weight/day) continuously
via gavage for 90 days. Exposure to 15 mg/kg (below the no-observed adverse effect level
(NOAEL) of 30 mg/kg) and 75 mg/kg TRI damaged testicular tissue, reduced sperm
count, and lowered serum hormone and total cholesterol levels. Transcriptomics analysis
combined with molecular docking simulations and cell proliferation assays showed that
exposure to TRI led to testicular damage by inhibiting the expression of cholesterol
receptor genes, which, in turn, disrupted steroid hormone biosynthesis. Furthermore,
exposure to TRI resulted in a marked decline in the relative abundance of the probiotic
bacteria. Consistently, significant reductions in the relative abundance of short-chain fatty acids (SCFAs), retinoic acids, and steroid
hormones in the gut were observed. Additionally, a significant correlation was observed between the relative abundance of
Parabacteroides and serum testosterone levels, a vital biomarker for reproductive toxicity monitoring. These findings shed light on the
mode of action of TRI-induced male reproductive toxicity and highlight the link between testicular injury and gut microbiota.
KEYWORDS: Strobilurin fungicides, Testicular injury, Gut microbiota, Multiomics, Cell proliferation, Molecular docking

1. INTRODUCTION
As one of the broad-spectrum strobilurin fungicides in terms of
sales, trifloxystrobin (TRI) inhibits oxidative phosphorylation
and ATP production by disrupting electron transfer and is
extensively used in agriculture.1,2 The widespread use of TRI
has resulted in its leaching from soil into adjacent aquatic
environments, posing risks to aquatic ecosystems and human
health.3 Studies have reported the presence of TRI in aquatic
environments, with concentrations ranging from 0.41 to 170
μg/L in various countries.4 TRI was also detected in terrestrial
environment samples, exhibiting a concentration range of 0.81
to 1.8 μg/g.5 TRI has been detected in the human serum with
a maximum value of 0.015 μg/L.6

Reproductive toxicity refers to the harmful effects of a
substance on any stage of the reproductive cycle, including
impairments in reproductive functions and adverse effects on
offspring.7 Increasingly, research has demonstrated that TRI
can induce reproductive toxicity in aquatic organisms, soil
organisms, amphibians, and mammals.8,9 Studies have
specifically shown that environmentally relevant concentra-
tions of TRI decreased the fertility (number of neonates) of
Daphnia magna,10 decreased the hatching rate of fertilized eggs
of Oryzias latipes, and affected the expression of sex hormone
genes in Oryzias latipes embryos.11,12 In male zebrafish
subjected to strobilurin fungicide exposure, a notable decline

in testosterone concentration and gonadosomatic index was
recorded, accompanied by evident histological alterations
within the testes.13 Furthermore, the standardized Enchytraeid
reproduction assay revealed TRI as the most harmful pesticide
(compared to azoxystrobin and pyraclostrobin), significantly
reducing juvenile hatching in Enchytraeus crypticus.14 A 90-day
study in male dogs showed a 68% decrease in absolute testis
weight, a 45% decrease in relative weight, moderate prostatic
atrophy, and reduced sperm production.15 Nevertheless,
current research on elucidating the mechanism by which
exposure to TRI impairs mammalian reproductive develop-
ment remains insufficient. Molecular docking studies indicated
that TRI could interact with the lactogen/cytokine receptor
family, and exhibited an antagonistic conformation toward the
steroid hormone receptor family.16 Computational modeling
by the US Environmental Protection Agency indicated that
TRI exhibits significant androgen receptor (AR) activity and
antagonistic effects.17 The findings indicate that TRI emerges
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as a plausible endocrine disruptor, modulating the hypothala-
mic-pituitary−gonadal (HPG) axis and leading to sex hormone
imbalances and testicular damage through altered gene
expression.

Recent research has amassed compelling evidence suggesting
that contact with pesticides can adversely affect the host’s gut
microbiota, contributing to metabolic disorders.18−20 The
intestinal flora exerts an influence on the synthesis of leptin
and catecholamines through metabolites, thereby modulating
the HPG axis to impact reproductive development.21 Research
demonstrated that the intestinal microbiota assume a pivotal
role in regulating the metabolism of androgens. The gut
microbiota can efficiently deglucuronidate intestinal glucur-
onidated testosterone and dihydrotestosterone.22 This process
leads to the accumulation of most androgens in the distal gut
and may even breach the blood testis barrier to regulate
spermatogenesis.23 Emerging research has revealed that
strobilurin fungicides disrupt the proliferation of the intestinal
microbiota, subsequently eliciting a perturbation in the gut
microbiome equilibrium.24 However, the potential for TRI to
adversely affect male reproduction via alterations in the gut
microbiota remains unelucidated.

Despite increasing research, TRI’s reproductive toxicity
mechanisms remain elusive. This study bridges gaps in TRI’s
mammalian toxicology, investigating the potential association
between gut microbiota disruption and reproductive harm. It
offers fresh perspectives on TRI’s reproductive toxicity
mechanisms.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. Trifloxystrobin (TRI,

pureness >97%) was obtained from Jiangsu Changqing
Agrochemical Company Limited (Jiangsu, China). TRNzol
universal reagent was procured from Beijing Tiangen Biotech
Company Limited (Beijing, China). HPLC-compliant sol-
utions, including acetonitrile and methanol, were obtained
from Thermo Fisher Technology Company Limited (Beijing,
China).
2.2. Animals and Experimental Design. Specific

pathogen-free (SPF) male Sprague−Dawley (SD) rats (average
body weight 166.58 ± 5.34 g) were obtained from Beijing Si
Pei Fu Biotechnology Company Limited. Details of feeding
conditions are provided in Text S1.

After a 7-day acclimatization period, 40 rats were
randomized into 4 groups (n = 10): a control group
(administered corn oil) and three treatment groups receiving
low (TRI-L, 1.5 mg/kg body weight/day), medium (TRI-M,
15 mg/kg body weight/day), and high (TRI-H, 75 mg/kg
body weight/day) doses of TRI dissolved in corn oil,
respectively. The dosage of 1.5 mg/kg was comparable in
magnitude to the residual concentrations observed in soil,
ranging from 0.81 to 1.8 mg/kg.5 Additionally, the dosage of
15 mg/kg was half of the NOAEL (30 mg/kg) established in
rats.15 The lowest observable adverse effect level (LOAEL) of
TRI was 73 mg/kg.15 Based on prior studies, concentrations
exceeding 73 mg/kg were deemed the “high dosage” of TRI.
TRI was orally administered to rats daily via gavage for 90
days, adhering to the organization for economic cooperation
and development standard (test No. 408).25

Weekly body weights were recorded. Upon completion,
serum, brain, liver, testis, epididymis, and cecum were
harvested and stored at −80 °C for TRI concentration
analysis. Detailed measurement methods and results are shown

in Text S2, Table S1−S3, and Figure S1, respectively. The limit
of quantification (LOQ) of TRI was 5 μg/L. The left gonads
were fixed in 10% neutral buffered formalin for histopatho-
logical analysis, and a serum aliquot was stored at −80 °C for
hormone and biochemical analysis. The animal use protocols
listed above have been reviewed and approved by the Animal
Ethics and Welfare Committee of the Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences
(AEWC-RCEES-2023044).
2.3. Sperm Quantity and Motility Analysis. Sperm

quantity and motility were quantified following a published
procedure.26 To assess sperm characteristics, the left caudal
epididymis was employed. After the excision of residual
adipose tissue, it was immersed in a 37 °C preheated normal
saline (20 mL) culture dish. Fragmentation facilitated sperm
release, followed by incubation at 37 °C for 10 min. Afterward,
the sperm suspension was diluted and added to a blood cell
counting plate for sperm counting under a microscope
(Olympus BX53F2, Japan). At the same time, cell smears of
semen samples were prepared, and about 200 sperm were
randomly observed and recorded. Sperm motility is divided
into four levels: A (fast forward), B (slow or sluggish forward),
C (nonforward), and D (immobile). Sperm motility
percentage is calculated as the sum of the number of classes
A and B divided by the total number of observed sperm.
2.4. Histological Analysis of Testis. The left testes

underwent 24 h fixation at ambient temperature and
dehydration through a series of ethanol and xylene solutions.
Subsequently, the tissues were embedded in paraffin wax.
These embedded blocks were sectioned into 4 μm-thick slices,
stained with hematoxylin-eosin (HE), and observed to record
the status of 400 seminiferous tubules per animal using a light
microscope (Olympus BX53F2, Japan).

A quantitative assessment of seminiferous tubules was
performed, categorizing them as either normal (featuring
concentric, organized germ cell layers in the seminiferous
epithelium) or abnormal (marked by reduced sperm quantity,
appearance of sloughed germ cells within the tubular lumen,
and Sertoli cell displacement).27

2.5. Measurement of Serum Hormonal Concentra-
tions and Analysis of Serum Biochemistry. The
concentrations of estradiol (E2) and luteinizing hormone
(LH) in rat serum were quantified utilizing dedicated enzyme-
linked immunosorbent assay (ELISA) kits (Shanghai Enzyme-
linked Biotechnology Company Limited. Shanghai, China,
code no. ml002871, ml002860). The levels of testosterone (T)
and progesterone were determined by high-performance liquid
chromatography coupled with tandem mass spectrometry
(HPLC-MS-MS). The serum extraction method and the
extraction method validation outcomes are presented in Text
S3 and Tables S3−4. Instrumental and chromatographic
conditions are listed in Table S5. The limit of quantification
(LOQ) of T and progesterone was 0.1 μg/L. Concurrently, the
protein concentrations within the serum samples were
quantified using a bicinchoninic acid (BCA) assay kit
(Shanghai Beyotime Biotechnology Company Limited. Shang-
hai, China, Code#, P0010S) to standardize hormone levels.
The experimental procedures are rigorously executed in
adherence to the manufacturer’s instructions provided with
the kit.

Clinical variables including albumin II (ALB), alkaline
phosphatase (ALP), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), cholinesterase (CHE), creatinine
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serum (CREA-S), globulin II (Glo), glucose (Glu-G),
triglyceride (TG), total cholesterol (TC), total protein II
(TP), and urea (UREA) in rat serum were analyzed using a
Hitachi 7080 automatic biochemistry analyzer (Hitachi, Japan)
by biochemical colorimetry.28

2.6. Transcriptome Analysis of Rat Testis. Total RNA
was extracted from 50 mg of rat testis samples (n = 5/group)
in the control, TRI-M, and TRI-H treatments using TRIzol
reagent. RNA quality was assessed using a Nanophotometer
(IMPLEN, CA, USA) by measuring the 260/280 nm
absorbance ratio to ensure purity and integrity. The processes
of RNA sequencing and quality assurance measures were
carried out by Beijing Novogene Company Limited (Beijing,
China).

The analysis of transcriptomic data and reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
validation were conducted following a modified version of a
previously published procedure.29 Comprehensive descriptions
have been presented in Text S4−S5 and Table S6. The raw
transcriptome sequencing data have been archived in the
NCBI databases, accessible via accession number
PRJNA1123163 (to be released).
2.7. Gut Microbiota Analysis. Genomic DNA was

extracted from cecal fecal samples in the control, TRI-M,
and TRI-H groups utilizing the Stool Genomic DNA
Extraction Kit (Beijing Solarbio Science & Technology
Company Limited. Beijing, China, Code#, D2700) following
the manufacturer’s guidelines. Bacterial genomic DNA from rat
cecal contents (n = 5/group) was sequenced by Beijing
Novogene Company Limited (Beijing, China).

The analysis of gut microbiome data was performed using a
modified version of a previously established protocol.30

Detailed descriptions are provided in Text S6. Raw bacterial

16S rDNA gene sequencing data have been archived in NCBI
databases under accession number PRJNA1126853 (to be
released).
2.8. Metabolomics Analysis. Two hundred milligrams of

cecum fecal samples (n = 5/group) from the control, TRI-L,
TRI-M, and TRI-H exposure groups were used for nontargeted
metabolomics analysis. The ultimate 3000 ultrahigh-perform-
ance liquid chromatography coupled with Q Exactive Focus
Orbitrap mass spectrometer (UPLC-QE, Thermo Scientific,
USA) was used for metabolomics analysis, as detailed by
Chang et al. (2023).29 Comprehensive descriptions of both
data analysis methodologies and instrumentation protocols are
furnished in Text S7 and Table S7. Relative quantification of
several significantly changed metabolites related to SCFAs, bile
acids, and steroid hormone synthesis was applied to confirm
the metabolomics data. The relative quantification method and
target metabolites information were described in Text S8 and
Table S8 respectively.
2.9. Cellular Proliferation Assessment. The lymph node

carcinoma of the prostate (LNCaP) cell line was acquired from
the esteemed Chinese Academy of Medical Sciences (Beijing,
China). When assessing LNCaP proliferation after chemical
exposure, we referred to the previously described proto-
cols.31,32 The detailed cell culture method and mode of TRI
exposure are provided in Text S9.
2.10. Yeast Two-Hybrid Assay. Recombinant androgen

receptor gene two-hybrid yeast kindly was provided by Ma Mei
professor at the Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences (Beijing, China).
The yeast assay was carried out as described by Li et al.
(2008).33 The detailed yeast cell culture method and mode of
TRI exposure are provided in Text S10.

Figure 1. Effects of 1.5 mg/kg (TRI-L), 15 mg/kg (TRI-M), and 75 mg/kg (TRI-H) TRI exposure on testis histology, epididymal sperm motility,
and quantity in SD rats. (A) The histopathological changes of testes. Ley (Leydig cells), Sg (spermatogonia cells), Sc (Sertoli cells), Spz (sperm),
red arrows indicate vacuolation, black five-pointed star indicates few sperm quantity, green arrow indicates a decrease in shedding and a disordered
arrangement of spermatogenic cells, red ovals indicate reduced Leydig cells. Abnormal coefficients in 400 randomly seminiferous tubules/animal,
including (C) few sperm quantity, (D) Sertoli cell displacement, and (E) occurrences of sloughed germ cells. Epididymal sperm motility (B) and
quantity (F). Data are expressed as mean ± SD (n = 5). Compared with the control group, * represented p < 0.05, and ** indicated p < 0.01.
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2.11. Molecular Interaction Simulation through
Docking Analysis. The crystal structure of the rat AR ligand
binding domain complex with an inhibitor (PDB ID: 3G0W)
was downloaded from the RCSB Protein Data Bank. The
initial models of the rat low-density lipoprotein receptor
(LDLR) and scavenger receptor class B member 1 (SCARB1)
were constructed by leveraging homology modeling techniques
on the Swiss Model platform.34 Specifically, the human LDLR
crystal structure (PDB ID: 3M0C) was used to model rat
LDLR, while the AlphaFold model (P97943.1.A) was used for
constructing rat SCARB1. The comprehensive data analysis
methodologies and their corresponding outcomes are
presented in Text S11. Furthermore, a visual representation
of the 2D ligand−receptor interaction diagram has been
crafted for the ligand−receptor complex, offering a clear and
intuitive understanding of the binding interface.
2.12. Statistical Analyses. The results are comprehen-

sively presented as mean values accompanied by standard
deviations (SD). Statistical differences were assessed using
unpaired two-tailed Student’s t-test for comparisons between
two groups or one-way analysis of variance (ANOVA) for
multiple comparisons with the least significant difference
(LSD) method. Before performing ANOVA, the assumptions
of normality and homogeneity of variances were rigorously
assessed. Statistical significance was considered to be achieved
when the p-value <0.05. The data visualizations were crafted
utilizing the R Studio (version 4.2.1).

3. RESULTS AND DISCUSSION
3.1. Quantification of TRI Concentrations in Rat

Serum and Tissues. The concentrations of TRI residues in
the serum, brain, testis, liver, and cecum of rats after different
dosages of TRI (1.5, 15, and 75 mg/kg) exposure were 2.87−
4.41 μg/L, 0.14−0.21 μg/g, 0.11−0.44 μg/g, 0.28−0.64 μg/g,
and 0.44−1.17 μg/g, respectively (Figure S1). After TRI
exposure, TRI preferred to be accumulated in the serum, liver,
and cecum. In the present study, blood was collected 24 h after
the last gavage treatment, and the highest residual concen-
tration of TRI was found in the serum. This observation aligns
with prior research, suggesting that the peak serum
concentration occurs within a time frame of 12 to 48 h.15

This finding can be attributed to the long half-life of TRI in
blood (25−41 h).15 Furthermore, the data implies that upon
achieving stable concentration, TRI exhibits over 95% binding
affinity to plasma proteins.35,36 This high binding capacity may
also contribute to the elevated concentration of TRI in the
serum. Remarkably, the TRI concentrations in serum, liver,
and cecum observed in this study aligned with environmental
levels (0.41−170 μg/L or 0.81−1.8 μg/g).3−5 In conclusion,
continuous TRI exposure resulted in its accumulation in the
testes and serum, potentially contributing to male reproductive
toxicity.
3.2. Effects of TRI Exposure on Testicular Histology

and Sperm Quantity. Administration of TRI-H led to a
marked decline in body weight among rats after 20 days of
intragastric dosing, as compared with the control group
(Figure S2). Sperm motility analysis showed no significant
difference in advanced motility between the TRI-treated and

Figure 2. Effects of TRI exposure on hormone levels and serum biochemistry in SD rats. The levels of (A) E2, and (D) luteinizing hormone (LH)
in rat serum were measured by ELISA in the control, 1.5 mg/kg (TRI-L), 15 mg/kg (TRI-M), and 75 mg/kg (TRI-H) exposure groups. The levels
of (B) T and (C) Progesterone in rat serum were measured by HPLC-MS-MS. The levels of (E) albumin II (ALB), (F) alkaline phosphatase
(ALP), (G) total cholesterol (TC), and (H) total protein II (TP) in rat serum were measured by automatic biochemistry analyzer. Data are
expressed as mean ± SD (n = 5). Compared with the control group, * represented p < 0.05, and ** indicated p < 0.01.
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control groups (ANOVA; F = 0.72; p = 0.55) (Figure 1B).
Sperm motility is primarily influenced by its structural and
functional integrity. Prolonged exposure to toxic chemicals can
lead to a reduction in sperm count; however, sperm motility
may remain unaffected, depending on individual variability.37

Control rats displayed normal Leydig cell morphology,
organized spermatogenic cells, typical Sertoli cells, intact
seminiferous tubule membranes, abundant spermatozoa, and
no spermatogonia detachment (Figure 1A). Exposure to TRI
significantly increased the percentage of abnormalities of the
seminiferous tubules, including few sperm quantity (ANOVA;
F = 87.35; p < 0.0001) (Figure 1C), Sertoli cell displacement
(ANOVA; F = 150.70; p < 0.0001) (Figure 1D), and the
occurrence of sloughed germ cells (ANOVA; F = 142.90; p <
0.0001) (Figure 1E). Exposure to TRI-M and TRI-H groups
reduced rat epididymal sperm counts to 52.84% and 16.19% of
the control group, respectively (ANOVA; F = 10.21; p =
0.0013) (Figure 1F). This result is consistent with that
observed through HE staining of the testis tissue (Figure 1A).

These results indicated that TRI exposed to rats at levels lower
than NOAEL (30 mg/kg) also resulted in testicular damage
and reduced sperm counts. Previous studies have also shown
that exposure to TRI could damage the testicles and
epididymis with a secondary moderate or marked reduction
of spermatozoa.11,15,24 This study detected TRI-induced male
reproductive toxicity in rats at a lower dose (15 mg/kg) than
previous feed exposure studies, likely due to the precise dosing
via gavage.38 Normal maturation of spermatozoa depends on
the proper development of spermatogenic cells in the testis.39

The decrease in the sperm count after exposure to TRI was
directly related to the abnormal development of spermatogonia
cells.
3.3. Effects of TRI Exposure on Hormonal Profiles and

Serum Biochemical Parameters. The maintenance of
steroid hormone concentrations is essential for the progression
of reproductive system development. In this study, exposure to
TRI-H group reduced rat serum E2 and LH levels to 54.64%
and 62.38% of untreated group, respectively (ANOVA; F =

Figure 3. Transcriptomic analysis of the TRI-exposed rat testis. (A) The KEGG pathways significantly enriched by GSEA in the 75 mg/kg (TRI-
H) exposure groups compared with the control group, the size of the bubble indicates the number of DEGs, and the color of the bubble indicates
the size of p-value (FDR-adjusted p ≤ 0.05). (B) Sankey plot showcasing DEGs were involved in critical focus enriched pathways obtained via
GSEA-KEGG analysis in the TRI-H exposure groups compared with the control group, the red arrow means the path is upregulated while green is
downregulated, and the size of the bubble indicates the number of DEGs (FDR-adjusted p ≤ 0.05). (C) Diagram of the steroidogenic pathway, the
green arrow means the gene expression or hormone levels are declining. Abbreviations: Ldlr, low-density lipoprotein receptor; Scarb1, scavenger
receptor class B member 1; Star, steroidogenic acute regulatory protein; Cyp11a1, cytochrome P450 family 11 subfamily A polypeptide 1; Sts,
steroid sulfatase; Cyp17a1, cytochrome P450 family 17 subfamily A polypeptide 1; Hsd3b1, hydroxy-delta-5-steroid dehydrogenase 3 beta- and
steroid delta-isomerase 1; Hsd3b3, hydroxy-delta-5-steroid dehydrogenase 3 beta- and steroid delta-isomerase 3; Srd5a3, steroid 5 alpha-reductase
3.
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4.31, and 3.27; p = 0.0383, and 0.0401) (Figure 2A, and 2D),
while T and progesterone levels were significantly decremented
to 52.12% and 30.42% of untreated group, respectively
(ANOVA; F = 5.65, and 3.68; p = 0.0030, and 0.0216)
(Figure 2B, and 2C). Exposure to the TRI-M group also
reduced rat serum T and progesterone levels to 49.12% and
30.93% of the untreated group, respectively (p < 0.05) (Figure
2B, and 2C). T production in Leydig cells is regulated by LH,
which influences Sertoli cell activity and supports spermato-
genesis in seminiferous tubules.40,41 Thus, the decreased levels
of T, E2, progesterone, and LH further confirm the disruption
of the hormones associated with TRI-induced testicular
damage. Further investigation is necessary to determine the
specific mechanisms of sex hormone disruption.

Serum biochemical indicators are important biomarkers to
reflect the homeostasis and disease status of the body.42

Compared with the control group, notable reductions were
observed in ALB, ALP, TC, and TP levels within the TRI-M
and TRI-H samples (ANOVA; F = 3.27, 9.00, 8.57, and 5.48; p
= 0.0488, 0.0010, 0.0013, and 0.0096) (Figure 2E-H), while
CREA-S and UREA levels were significantly elevated in the
TRI-H samples (ANOVA; F = 3.31, and 8.00; p = 0.0493, and
0.0024) (Figure S3D, and S3H). Changes in these indicators
indicate that exposure to TRI impairs normal functions of the
liver and kidneys. It is important to note that cholesterol is a
crucial raw material for the production of mammalian steroid
hormones and other physiologically active substances.43 The
drop in sex hormone levels may be induced by the decrease in
total cholesterol levels found in the serum. However, body
cholesterol levels are regulated by the balance of dietary intake,

endogenous production, and elimination of cholesterol and
bile acids.44

3.4. Transcriptomic Analysis on the TRI-Exposed Rat
Testis. A combined transcriptome and metabolic profiling
analysis reveals key genes, metabolites, and regulatory
pathways that enhance our understanding of pollutant toxicity
mechanisms.45 Therefore, the 15 mg/kg (TRI-M) and 75 mg/
kg (TRI-H) exposed groups, which caused significant damage
to rat testes, were selected for transcriptomic analysis. The
differentially expressed genes (DEGs) in the TRI-M and TRI-
H groups were 123 (46 downregulated and 77 upregulated)
and 1052 (478 downregulated and 574 upregulated),
respectively (Figure S4A, B). The number of DEGs found in
transcriptomics increased with increased TRI exposure doses.

An investigation into the Gene Ontology-biological process
(GO-BP) revealed that the top 30 terms were consistently
modulated by two treatment groups (Figure S4C). Notably
enriched GO terms in both TRI-treatment groups, such as
″reproductive system development (GO: 0061458)″, ″repro-
ductive structure development (GO: 0048608)″, and ″gonad
development (GO: 0008406)″, were strongly linked to
testicular development and sperm maturation. More DEGs
were enriched in these GO pathways in the TRI-H group than
in the TRI-M group, suggesting a dose-dependent relationship.

GSEA-KEGG pathway analysis indicated that the TRI-M
group activated one of the top 11 pathways and inhibited 10
(Figure S4D), while the TRI-H group activated two of the top
34 pathways and inhibited 32 (Figure 3A). Pathways
suppressed after TRI-H exposure included “metabolism of
xenobiotics by cytochrome P450 (KO: 00980)”, “drug

Figure 4. Effects of TRI exposure on gut microbiota composition of rats. β-diversity analysis:(A) Bray−Curtis distance. α-diversity analysis: (B)
Chao1 index, (C) ACE index, and (D) Shannon index. Composition of microbial community and the main microbiota at (E) phylum and (F)
genus level in the control, 15 mg/kg (TRI-M), and 75 mg/kg TRI (TRI-H) exposure groups. Statistical significance was determined by one-way
ANOVA and the LSD posthoc test. Data are expressed as mean ± SD (n = 5). Bars with different letters represent a significant difference between
groups (p < 0.05).
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metabolism-cytochrome P450 (KO: 00982)”, “cortisol syn-
thesis and secretion (KO: 04927)”, “retinol metabolism (KO:
00830)”, and “cholesterol metabolism (KO: 04979)”. These
inhibited pathways were consistent with the decrease in serum
levels of total cholesterol and sex hormones following exposure
to the TRI-H group. After TRI exposure, six pathways related
to testicular development and sex hormone levels were
significantly inhibited, with key DEGs (Ldlr, Scarb1, Star,
Cyp11a1, Sts, Cyp17a1, Hsd3b1, Hsd3b3, and Srd5a3)
significantly downregulated (Figure 3B). To validate the
transcriptomic results, the expression of 10 DEGs (Scarb1,
Star, Cyp11a1, Cyp17a1, Hsd3b1, Hsd3b3, Dnai1, Tex47,
Rb1cc1, and Cylc2) was confirmed by RT-qPCR. The results of
RT-qPCR validation were consistent with the transcriptomic
results (Figure S5).

Most steroid-producing cholesterol comes from circulating
lipoproteins, primarily low-density lipoproteins (LDLs) and
high-density lipoproteins (HDLs).43 In humans, steroid
cholesterol synthesis primarily occurs via Ldlr-mediated LDL
absorption, while rodents favor Scarb1-mediated HDL
absorption.46 Thus, TRI may lower Ldlr and Scarb1 expression
by antagonizing cholesterol receptors, impairing cholesterol
absorption and metabolism as well as steroid hormone
biosynthesis. Reduced free cholesterol uptake limits precursors
for steroid hormone biosynthesis, which is transported by the
steroidogenic acute regulatory protein (Star) across the inner
mitochondrial membrane.47 This led to the downregulation of
cytochrome P450 family 11 and 17 subfamilies A polypeptide
1 (Cyp11a1, Cyp17a1), hydroxysteroid dehydrogenases
(Hsd3b1, Hsd3b3), and 5α-reductase (Srd5a3) involved in
sex hormone synthesis in Leydig cells, resulting in reduced
serum testosterone and estradiol levels.46,48 In conclusion, the
antagonistic effect of TRI on cholesterol receptors ultimately
led to disturbed cholesterol and hormone levels, resulting in
testicular damage (Figure 3C).

3.5. Effects of TRI Exposure on the Composition and
Function of the Gut Microbiota. Recent discoveries
indicate that gut microbiota disruptions can cause pathological
changes in the male reproductive system, including vacuole
formation in the testes and seminiferous tubules and reduced
sperm count.19,30,49 Therefore, the effects of 15 mg/kg (TRI-
M) and 75 mg/kg (TRI-H) TRI on the gut microbiota were
examined, as high concentrations of TRI residues were also
found in the cecum of the two groups. Principal coordinate
analysis of β-diversity, utilizing Bray−Curtis’s dissimilarity
measures, disclosed a pronounced segregation among the
groups (Figure 4A). This observation hints at a transformation
in the composition of intestinal flora after TRI treatment. The
TRI-H group displayed notably reduced Chao1 and ACE index
(ANOVA; F = 6.82, and 6.79; p = 0.0105, and 0.0107) (Figure
4B, C), while the TRI-M groups exhibited significantly lower
Shannon index (ANOVA; F = 8.06; p = 0.0060) (Figure 4D).
The results of the α-diversity analyses suggest that exposure to
TRI led to a decrease in the diversity of intestinal flora. In
addition, Chao1 and ACE indices revealed a negative
correlation between the TRI dose and gut flora diversity,
with higher TRI doses reducing diversity. The Shannon index,
combining species richness and evenness, may not align with
TRI dose−response due to its comprehensive nature,
complicating dose correlation. Qi et al. (2021) found a
positive correlation between α-diversity and testosterone
levels, which aligns well with the outcomes of the present
investigation.50 The investigation demonstrated a decrease in
gut microbiota species diversity in rats after exposure to TRI,
along with a reduction in testosterone levels in the gut and
serum (Figure 2B, and Figure 5B). At the phylum taxonomic
level, the dominant intestinal bacteria were Firmicutes (68.03%
vs 72.09% vs 73.20%), Bacteroidetes (29.64% vs 24.92% vs
25.52%), Campilobacterota (1.44% vs 1.62% vs 0.28%),
Proteobacteria (0.39% vs 0.59% vs 0.58%), and Actinobacteria

Figure 5. Metabolomics analysis on the TRI-exposed rat cecum fecal. (A) The KEGG metabolic pathway in the 1.5 mg/kg (TRI-L), 15 mg/kg
(TRI-M), and 75 mg/kg TRI (TRI-H) exposure groups by metabolomics analysis, the size of the bubble indicates the proportion of metabolites
occupying the entire pathways, the color represents the p-values. (B) Enrichment bar plot showcasing SCMs were involved in critical focus
enriched pathways obtained via deep MetOrigin analysis, the red color means the pathways and SCMs are upregulated while blue is downregulated,
the Host indicates SCMs from host, the Co-Metabolism indicates SCMs from bacteria and host.
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(0.26% vs 0.53% vs 0.24%) in the control, TRI-M, and TRI-H
groups. At the genus level, exposure to TRI-treated groups
significantly increased the percentage composition of Eubacte-
rium, Prevotellamassilia, Flavonif ractor, Colidextribacter, Alis-
tipes, Ihubacter, and Peptococcus, while decreased the relative
abundance of Kineothrix, Lacrimispora, Eisenbergiella, Anaero-
columna, Tepidibaculum, and Parabacteroide (p < 0.05) (Figure
4F, and Figure S6A, B). For the control group, the genera
Lacrimispora, Eisenbergiella, and Clostridium XlVa were the
main bacteria, while the genera Eubaeterium, Lachnospiracea,
and Flavonif ractor were primary in the TRI-M group (Figure
S6C, D). Butyrivibrio and Peptococcus were primary in the TRI-
H group (Figure S6C, D). At the same time, the number of
biomarker species increased with increasing TRI doses,
indicating a dose-dependent relationship.

In summary, these findings suggest that these genera could
potentially function as taxonomic indicators. Parabacteroides
play a crucial role in carbohydrate metabolism by secreting
short-chain fatty acids (SCFAs) and are considered a
fundamental member of the human gut microbiota.51

Lachnospira, Lacrimispora, Anaerobutyricum, and Kineothrix
are also probiotic organisms capable of producing SCFAs and
secondary bile acids in the gut.52,53 Ihubacter and Lactococcus
can cause a variety of infections in humans and are a
recognized genus of pathogenic bacteria.54,55 TRI exposure
decreased beneficial SCFA-producing genera and increased
detrimental genera. Reduced SCFA-producing gut microbiota
may trigger inflammation, hindering testicular cell develop-
ment and maturation.56

Alterations in gut bacteria caused functional alterations. The
influence of TRI on gut bacteria functionality was subsequently
analyzed utilizing the KEGG repository and the enzyme
classification system. KEGG pathway analysis indicated
significant inhibition of steroid hormone biosynthesis, retinol
metabolism, metabolism of xenobiotics by cytochrome P450,
and drug metabolism-cytochrome P450 in the TRI-treatment
groups (Figure S7A). TRI exposure significantly reduced
enzymes involved in cholesterol metabolism, sex hormone
synthesis, and SCFA metabolism, including 7α-hydroxysteroid
dehydrogenase, 20β-hydroxysteroid dehydrogenase, and buty-
rate kinase (ANOVA; F = 19.68, 8.28, and 16.96; p = 0.0002,
0.0259, and 0.0003) (Figure S7B). Meanwhile, the relative
abundances of 7α-hydroxysteroid dehydrogenase, 20β-hydrox-
ysteroid dehydrogenase, and butyrate kinase gradually
decreased with increasing TRI concentration, indicating a
dose-dependent relationship. Changes in enzyme function
suggest that TRI exposure disrupted SCFAs metabolism, bile
acids, and steroid hormones pathways associated with gut
microbiota.57−59 Subsequently, metabolomic profiling was
undertaken to gain deeper insights into the modifications of
gut metabolites.
3.6. Metabolomics Analysis on the TRI-Exposed Rat

Cecum Fecal. An untargeted metabolomic analysis was
employed to delineate the alterations in the metabolite profile
within rat cecal feces after exposure to varying doses of TRI.
The counts of endogenous significantly altered metabolites
(SCMs) in TRI-L, TRI-M, and TRI-H were 193 (80
downregulated and 113 upregulated), 231 (86 downregulated
and 145 upregulated), and 549 (254 downregulated and 295
upregulated), respectively (p < 0.05, Figure S8A, B). The
number of SCMs increased with increasing doses of TRI
exposure, indicating a dose-dependent relationship (Figure
S8B). Bile acids, such as chenodeoxycholic acid (CDCA),

hyocholic acid, and CDCA-3-sulfate, exhibited a significant
increase in their relative abundance (Figure S8B). Further-
more, DL-glyceric acid, a precursor for SCFAs production by
intestinal microorganisms, experienced a noticeable decrease in
its relative abundance (Figure S8B).

Based on all metabolites found, steroid hormone biosyn-
thesis, steroid biosynthesis, retinol metabolism, propanoate
metabolism, and primary bile acid biosynthesis pathways were
enriched (Figure 5A). Furthermore, these pathways were also
identified in transcriptomics analyses and predictive analyses of
gut microbiota function.

The deep MetOrigin analysis focused on differential
metabolites originating from bacteria, the host, or both
sources. Overall, TRI exposure reduced the proportion of
SCMs in steroid hormone biosynthesis, propanoate metabo-
lism, and retinol metabolism pathways, whereas it increased
the proportion of SCMs in bile acid biosynthesis pathways
(Figure 5B). Meanwhile, concentrations of key metabolites
such as dihydroxy pregnenolone, T, DHT, progesterone,
propionic acid, retinoic acid, CDCA, hyocholic acid, and
CDCA-3-sulfate in rat cecum were also relative quantified
using UPLC-QE (Figure S9). Compared with the control
group, notable concentration reductions were observed in T,
DHT, dihydroxy pregnenolone, progesterone, propionic acid,
and retinoic acid within the TRI-H samples (ANOVA; F =
6.98, 14.22, 22.83, 4.59, 6.80, and 5.52; p = 0.0042, 0.0002,
0.0001, 0.0195, 0.0047, and 0.0103) (Figure S9A-D, H, and I),
while CDCA and hyocholic acid concentrations were
significantly elevated in the TRI-H samples (ANOVA; F =
406.20, and 3.63; p = 0.0001, and 0.0451) (Figure S9F, G).
Exposure to the TRI-M group also reduced rat cecum T, DHT,
and progesterone concentrations, while CDCA concentrations
were significantly increased (Figure S9A, D, and F). The
results of relative quantification of target metabolites were
consistent with the nontargeted metabolomics results (Figure
S9J).

Metabolomic profiling of the gut showed a marked decline
in steroid hormone concentrations, indicating that TRI
inhibited steroid hormone biosynthesis pathway genes
affecting hormone synthesis. Additionally, a decrease in the
relative concentration of SCFAs results in diminished binding
affinity to the olfactory receptor 51E2 (OR51E2) on the sperm
surface, inhibiting sperm maturation and migration.56 The
conversion of CDCA is hindered by a decrease in 7α-
hydroxysteroid dehydrogenase, increasing the relative concen-
tration of CDCA.60 The increase in the relative concentration
of CDCA, a potent inhibitor of sterol 27-hydroxylase
cytochrome P450 27A1 (CYP27A1), consequently lowers
plasma cholesterol levels.60 This may be a direct cause of the
decrease in total blood cholesterol levels due to the
involvement of gut microbiota after exposure to TRI.
Meanwhile, a decrease in the relative abundance of retinoic
acid, a key signaling molecule for spermatocyte proliferation
and sperm maturation and release, also contributes to testicular
damage.61 In conclusion, TRI exposure disrupted the gut
microbial ecosystem, adversely affecting the reproductive
system.
3.7. Multiomics Integration Analysis. Joint analysis of

KEGG-enriched pathways in the testicular transcriptome and
intestinal metabolome revealed simultaneous enrichment of
steroid hormone biosynthesis, retinol metabolism, and
propanoate metabolism (Figure S10A).
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Key metabolites, including testosterone, hydroxyprogester-
one, calcitriol, retinoic acid, and propionic acid, whose
abundance decreased, were significantly associated with
ClostridiumXlVb, Lachnospira, Mediterraneibacter, Limosilacto-
bacillus, and Duncaniella genera showing positive correlations
(Figure S10B-E). ClostridiumXlVb produces indole-3-propionic
acid, which is involved in cholesterol transport.62 Lachnospira,
Mediterraneibacter, and Limosilactobacillus are potentially
beneficial bacteria that mainly produce propionic acid and
butyric acid, and have anti-inflammatory activities.63,64

Conversely, Butyricicoccus, Eubacterium, Lactococcus, and
Bif idobacterium displayed a marked elevation in proportional
prevalence and exhibited a pronounced negative correlation
(Figure S10B-E). Network analysis of steroid hormone
biosynthesis genes, differential genera, and metabolites
identified Hsd3b3, Ldlr, and Cyp11a1 as the top three genes
by connectivity (Figure 6A). The downregulated genes
Hsd3b3, Ldlr, and Cyp11a1 displayed negative correlations
with Flavonif ractor, Peptococcus, and Ihubacter while showing
positive correlations with Lacrimispora, Anaerocolumna,
Duncaniella, TP, TC, ALP, and ALB (Figure 6A). Lacrimispora
and Anaerocolumna both are SCFAs-producing bacterium.65

Hyocholic acid, CDCA, and CDCA-3-sulfate, which are related
to bile acid metabolism, all exhibited negative correlations with
Eisenbergiella and Anaerocolumna, and positive correlations
with Colidextribacter. Eisenbergiella is a pro-inflammatory
microbe that increases inflammatory mediators,66 while
Colidextribacter is a beneficial bacterium promoting SCFAs
production.67 Additionally, these bile acids showed significant
positive correlations with Hsd17b2 (Figure 6A). In summary,
TRI administration altered bacterial composition, strongly
correlating with genes related to steroid hormone biosynthesis.

Overall correlation analysis demonstrated significant associ-
ations between sperm counts and Srd5a3 gene expression, as
well as abundances of Ihubacter, Kineothrix, Lacrimispora, and

Lactococcus (Figure 6B). Ihubacter is a key microbe in the
production of trimethylamine, which further induces the
expression of pro-inflammatory markers and inhibits reverse
cholesterol transport.54 The study also found significant
correlations between hormone levels (E2 and T) and the
relative abundance of Parabacteroides. Studies have shown that
Parabacteroides has a specific effect on ameliorating testicular
damage. Mice transplanted with Parabacteroides exhibited a
significant increase in testicular weight and sperm count.68

Additionally, T levels were significantly associated with
Lachnospira abundance, while LH levels correlated significantly
with Lactococcus abundance. Finally, multiomics analyses
pinpointed steroid hormone biosynthesis, retinol metabolism,
and propanoate metabolism pathways as crucial pathways
involved in testicular damage, reduced sperm counts, and
decreased sex hormone levels in male rats exposed to TRI.
Upon TRI exposure, Parabacteroides, Lachnospira, Anaerobutyr-
icum, Lacrimispora, Kineothrix, Ihubacter, and Lactococcus
emerged as key genera influencing the reproductive system
via gut microbial alterations. In conclusion, shifts in bacteria
producing SCFAs significantly impact metabolites and
contribute to hormonal disorders.

Based on the gut microbiome, metabolomics, and joint
analysis, a predicted adverse outcome pathway (AOP) network
for TRI exposure in rats was formulated (Figure S14A). AOP
encompasses molecular initiation events (MIEs), key events
(KEs), key event relationships (KERs), and adverse outcomes
(AO). Briefly, TRI binds to the quinone oxidation (Qo) site of
gut microbial Cytochrome b, blocking electron transfer to
cytochrome C1 as MIEs.24 This further impedes nicotinamide
adenine dinucleotide (NADH) and ATP production, de-
creased gut microbiota diversity, reduced beneficial bacteria,
diminished SCFAs and retinoic acid synthesis, increased
CDCA synthesis, reduced steroid hormone synthesis raw
materials, and hindered the maturation and release of

Figure 6. Multiomics integration analysis. (A) Association network diagrams for differential genera, differential metabolites, and differential genes.
The graph’s node size indicates the substance’s connectivity, with larger nodes representing higher connectivity. The thickness of the lines in the
graph corresponds to the absolute value of the correlation, with thicker lines indicating stronger correlations. The red lines indicate a significant
positive correlation (R > 0.5 and p < 0.05), while the blue lines indicate a significant negative correlation (R < -0.5 and p < 0.05). (B) Pairwise
comparisons of differential genus or differential genes. Serum hormone levels (including E2, T, and LH) and sperm counts in various doses of TRI-
exposed groups were analyzed for correlation with differential genes involved in Steroid hormone biosynthesis, as well as differential genera, using
Mantel tests with Bonferroni correction. The color gradient denotes Spearman’s correlation coefficients. Edge width corresponds to Mantel’s r
statistic for the corresponding distance correlations. The edge color denotes the statistical significance of Mantel’s p-value. * indicated p < 0.05, **
indicated p < 0.01, and *** indicated p < 0.001.
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spermatozoa, which was the major KEs. Insufficient production
of androgens, which compromises the structure of the
seminiferous tubules, results in testicular damage. This damage
subsequently leads to a decrease in the number of sperm
transported to the epididymis, which is the main AO.
3.8. Effects of TRI on LNCaP Cell Proliferation and β-

galactosidase Activity in Yeast. Cell proliferation tests
were conducted to further verify the inhibitory effect of TRI on
steroid hormone production. LNCaP cells express AR, which is
a commonly used tool to identify AR active compounds based
on its androgen-dependent cell proliferation.69 LNCaP cell
viability increased progressively with a gradual increase in T
concentration in the culture medium (Figure S11A). After T
(1.00 × 10−8 mol/L) exposure, the relative proliferation rate of
LNCaP cells increased to 146.11% of the control group (p <
0.05) (Figure S11B). In the agonistic assay, 1.00 × 10−8 mol/L
and 1.00 × 10−7 mol/L TRI exposure increased the relative
proliferation rate of LNCaP cells to 128.62% and 123.74% of
the control group, respectively (ANOVA; F = 2.28; p =
0.0490) (Figure S11B). In the antagonistic assay, TRI
combined with T (1.00 × 10−8 mol/L) exposure to LNCaP
cells reduced the relative cell proliferation rate to 55.28%−
66.99% of the positive control group at all concentrations
(ANOVA; F = 7.07; p < 0.0001) (Figure S11B). This result
indicates that TRI may disrupt AR activity and reduce T’s
stimulatory effect on LNCaP cell proliferation, suggesting an
antagonistic interaction between TRI and T.

The yeast two-hybrid system provides possibilities to detect
both agonists as well as antagonists at the level of AR
functioning.70 The β-galactosidase activity of recombinant two-
hybrid yeast increased significantly with an increasing
dihydrotestosterone (DHT) concentration (Figure S11C). At
all concentrations, exposure to TRI alone resulted in no
significant change in the β-galactosidase activity of recombi-
nant two-hybrid yeast compared to the control. β-galactosidase
activity in recombinant two-hybrid yeast gradually decreased
with an increasing TRI concentration in the presence of DHT
(Figure S11D). At concentrations of 1.00 × 10−7 mol/L and
1.00 × 10−6 mol/L, TRI combined with DHT significantly
decreased the β-galactosidase activity in recombinant two-
hybrid yeast compared to the positive control (ANOVA; F =
18.66; p < 0.0001) (Figure S11D). In vitro assays show that
TRI acts as an endocrine disruptor by competitively binding
AR, inhibiting androgen downstream signaling and reducing
cell proliferative capacity and β-galactosidase activity. Further,
molecular docking analysis explored the interaction between
TRI and AR. The interaction energy of TRI with rat AR
(−48.75 kcal/mol) was higher than that with the positive AR
inhibitor (n-aryl-oxazolidin-2-imine) (−43.85 kcal/mol) (Fig-
ure S12A, B). Ten amino acid residues within the rat AR
participated in the binding interactions with n-aryl-oxazolidin-
2-imine and TRI. Both n-aryl-oxazolidin-2-imine and TRI
formed hydrogen bonding interactions with ARG752 and
ASN705. These outcomes imply that TRI may enter the same
docking pocket as inhibitors of AR. Outcomes from in vitro
and in silico analysis are consistent with those of previous
computational models, TRI is a potential AR antagonist.17 The
findings additionally underscored the disruptive effects of TRI
on testicular function.
3.9. Molecular Docking of TRI with LDLR and

SCARB1. To further elucidate the potential interactions
between LDLR and SCARB1 and TRI, molecular docking
analyses were performed. This is an important means to

uncover MIEs.71 The lowest binding mode of CDOCKER_-
INTERACTION_ENERGY is illustrated in Figure S13. Rat
LDLR exhibited 56% sequence similarity to human LDLR,
while rat SCARB1 displayed 61% sequence similarity to
AlphaFold Model rat SCARB1 based on homologous
modeling. In addition, agisterol and ITX5061, which are
antagonists of LDLR and SCARB1, were selected as natural
ligands for comparison. The interaction energy of TRI with rat
LDLR (−57.13 kcal/mol) was higher than with agisterol
(−46.76 kcal/mol) (Figure S13A, B). Twenty-five amino acid
residues within the rat LDLR participated in the binding
interactions with agisterol and TRI. Both agisterol and TRI
formed hydrogen bonding interactions with ILE522. Fur-
thermore, TRI exhibited an interaction energy similar to that
of rat SCARB1 (−48.23 kcal/mol) compared to that of
ITX5061 (−46.93 kcal/mol) (Figure S13C, D). Twenty-one
amino acid residues of rat SCARB1 are involved in binding
with ITX5061 and TRI. Both ITX5061 and TRI form
hydrogen bonding interactions with ARG98. In addition, the
docking of TRI to both LDLR and SCARB1 formed more
hydrogen bonds in comparison to the natural ligands. These
outcomes imply that TRI may enter the same docking pocket
as inhibitors of LDLR and SCARB1.

Molecular docking results revealed that TRI accessed the
same binding pockets with higher interaction energies and
more hydrogen bonding than the two cholesterol receptor
inhibitors. A predicted AOP network for TRI exposure in rats
was formulated based on the aforementioned findings (Figure
S14B). In summary, TRI exposure is predicted to inhibit
LDLR and SCARB1 activity and serves as MIEs. Reduced
LDLR and SCARB1 activity impaired cholesterol absorption
and transport in Leydig cells, decreasing testosterone
production and inhibiting the AR signaling pathway, leading
to seminiferous tubule structural alterations and testicular
injury, which were the main KEs. Testicular damage further
decreased the number of sperm transported to the epididymis,
which is the main AO.

In conclusion, this study is the first to find TRI as a
cholesterol receptor antagonist that induces reproductive
toxicity in male rats. In addition, TRI-induced gut microbiota
dysbiosis interferes with the synthesis of CDCA, SCFA,
retinoic acid, and steroid hormones, leading to testicular
damage in male rats. In this study, our main purpose is to stress
the sensitivity and effectiveness of multi omics joint analysis in
exploring molecular mechanisms of TRI. There is a need to
further study the key gut microbiota at the species level and to
reveal their mechanisms as biomarkers of reproductive
diseases. Furthermore, additional knockout, single-bacteria
screening, and drug-assisted validation experiments are
required to validate the predicted network of AOPs in
subsequent studies.
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