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Tetrachlorobisphenol A (TCBPA), a widely used chemical on material modification and flame retardant syn-
thesis, bioaccumulates through the food chain and presents significant health concerns. However, the long-term
effects of TCBPA exposure on gut microbial ecosystems and their metabolic functions remain poorly charac-
terized. The present study developed a gestational/lactational exposure model in rats to systematically evaluate
the impact on maternal and offspring gut microbiomes and fecal metabolomes by TCBPA exposure. 16S rRNA
sequencing analysis demonstrated that TCBPA exposure significantly reduced both a-diversity indices and the
relative abundance of critical short-chain fatty acid (SCFA)-producing genera, including Lachnospiraceae,
Ruminococcus, Lactobacillus, and the unclassified norank_o_Clostridia UCG-014. These results suggested that
TCBPA perturbs gut microbiota by reducing key SCFA-producing bacteria. These microbial alterations were
accompanied by corresponding decreases in fecal SCFA levels, indicating impaired microbial metabolic capacity.
Metabolomics analysis revealed 18 metabolic pathways significantly affected by TCBPA, with the most marked
changes in the arginine and proline metabolism pathway and the primary bile acid biosynthesis pathway. A
strong correlation between gut microbiota and SCFA/metabolite levels suggests that alterations in gut microbiota
may influence fecal metabolite metabolism. These findings collectively demonstrate that gestational/lactational
TCBPA exposure induces persistent disruptions in gut microbial communities and their metabolic functions,
which may underlie observed intergenerational health effects.

1. Introduction

Tetrachlorobisphenol A (TCBPA), a halogenated flame retardant, is
extensively employed as an additive in electronics manufacturing,
plastics production and synthetic textiles, with global annual production
reaching 10,000 metric tons (Lei et al., 2024; Zhang et al., 2018). Owing
to its environmental persistence, hydrophobicity, lipophilicity, and

bioaccumulation potential, TCBPA preferentially accumulates in
lipid-rich tissues and biological fluids (Liu et al., 2023b). Notably, it has
been found in human breast milk and corresponding embryos (Chen
et al., 2015). Given the relatively closed nature of the uterine environ-
ment, maternal exposure is widely recognized as the main route for fetal
contact (Chen et al., 2015). Early-life exposure to environmental pol-
lutants, particularly during the fetal and infant stages, may alter gut
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microbial composition and contribute to long-term health risks (Liu
et al., 2023a). However, studies have shown that TCBPA has various
toxicities, including reproductive toxicity, genotoxicity, cytotoxicity,
and neurotoxicity (Liu et al., 2023b; Zhang et al., 2018). Therefore, it is
essential to evaluate the intergenerational effects of TCBPA.

The intestinal microbiota plays a fundamental role in maintaining
gut ecosystem homeostasis and regulating crucial physiological pro-
cesses (Lai et al., 2023; Lu et al., 2014). Moreover, substantial clinical
and epidemiological studies have demonstrated strong correlations be-
tween gut dysbiosis and various diseases, including diabetes, hyper-
tension, and fatty liver disease (Zhang et al., 2023; Hu et al., 2023). For
instance, patients with pre-eclampsia exhibited significant reductions in
beneficial genera such as Faecalibacterium and Akkermansia, while
pathogenic bacteria (especially Fusobacterium and Veillonella) were
significantly increased (Chen et al., 2020). Considering the pivotal role
of gut microbiota in human pathophysiology and the established toxicity
profile of TCBPA, there is a pressing need to investigate the potential
impacts of the chemical on microbial community structure and function.

A primary function of the gut microbiota is the fermentation of di-
etary fibers to generate short-chain fatty acids (SCFAs), which serve as
crucial energy substrates and metabolic regulators for the host (Xiao
et al., 2023; Zhang et al., 2020). Emerging evidence suggests that dys-
regulated SCFA production may be associated with disease pathogen-
esis, including hypersensitivity disorders, carcinogenesis, and immune
dysregulation (Xiao et al., 2023). However, the gut microbiota exhibits
marked vulnerability to environmental stressors. Exposure to pollutants,
antibiotics, or pathogens can induce dysbiosis (Lu et al., 2014), subse-
quently impairing intestinal barrier function and promoting inflamma-
tory responses (Long et al., 2021; Tu et al., 2020). Of particular concern
is the paucity of research on TCBPA-induced alterations in gut micro-
biota. Bisphenol A (BPA), a well-studied analog of TCBPA, has been
extensively investigated for its effects on gut microbiota and related
metabolic processes, including SCFA production and intergenerational
outcomes (Reddivari et al., 2017; Zha et al., 2024). In contrast, despite
its structural similarity to BPA and evidence suggesting potentially
greater toxicity and endocrine-disrupting potential (Lei et al., 2024), its
impacts on gut microbial equilibrium, microbiota-metabolite in-
teractions, and maternal exposure-related intergenerational outcomes
remain poorly understood.

Metabolic dysregulation resulting from gut microbial compositional
shifts has been established as a critical contributor to disease patho-
genesis (Chen et al., 2020; Lu et al., 2014). For instance, Chai et al.
(2023) demonstrated that DEHP exposure interferes with gut microbial
arachidonic acid metabolism, thereby increasing the risk of cardiovas-
cular disease in obese mice. These findings underscore the importance of
investigating TCBPA-associated metabolic perturbations mediated
through gut microbiota alterations.

Therefore, this study hypothesizes that maternal TCBPA exposure
disrupts gut microbial communities and metabolic homeostasis in both
dams and offspring. To test this hypothesis, a TCBPA exposure model
using pregnant Sprague-Dawley rats was established. The study mainly
incorporated: (1) 16S rRNA sequencing to characterize TCBPA-induced
gut microbiota alterations across generations; (2) GC-MS/MS quantifi-
cation of fecal SCFAs; and (3) untargeted metabolomics to identify
differentially expressed metabolites and perturbed metabolic pathways
between the exposed and control groups. Furthermore, Spearman cor-
relation analysis elucidated relationships between microbial shifts and
SCFA/metabolite profiles. These results advance our understanding of
intergenerational effects of TCBPA on gut microbiota composition and
metabolic function, while providing critical toxicological insights into
its potential long-term health risks.
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2. Materials and methods
2.1. Standards and chemicals

Tetrachlorobisphenol A (TCBPA; CAS No. 79-95-8; purity >98.0%)
was obtained from InnoChem Corporation (Beijing, China). All other
reagents, including anhydrous calcium chloride, sulfuric acid, and
diethyl ether, were obtained from Guangzhou Chemical Reagent Factory
(Guangzhou, China). Complete chemical specifications are provided in
Supporting Information (Text S1).

2.2. Animals and experimental design

Twenty-four sexually mature male and forty-eight nulliparous fe-
male Sprague-Dawley (SD) rats were acquired from the Experimental
Animal Center of Southern Medical University. Animals were housed
under standardized conditions: ambient temperature maintained at
22-26 °C, 12:12 h light-dark cycle, and relative humidity of 40-60%,
with ad libitum access to standard rodent chow and filtered water.
Following a 7-day acclimation period, breeding pairs were established at
a 2:1 female-to-male ratio (3 rats/cage). Cohabitation occurred daily
from 18:00-08:00 h. Successful mating was confirmed by microscopic
identification of sperm and/or vaginal plugs, with the detection day
designated as gestational day 0 (GDO0). Confirmed pregnant dams were
subsequently single-housed under controlled environmental conditions.

Pregnant dams were randomly allocated to six experimental groups
(n = 8 per group), comprising three TCBPA-treated groups and three
matched vehicle controls. The TCBPA exposure protocol consisted of: (1)
continuous 42-day exposure followed by post-lactation dissection; (2)
21-day exposure with termination at lactation completion; and (3) 21-
day exposure with prenatal termination. The exposure durations (21
and 42 days) were selected to reflect key reproductive stages in rats,
corresponding to gestation and gestation plus lactation, respectively.
Control animals received equivalent volumes of corn oil via oral gavage.
The TCBPA dosage (100 mg/kg) was selected based on established
toxicological studies, corresponding to approximately 1/60 of the oral
LDs in rats and representing a sublethal exposure level commonly used
to evaluate biological effects (Lei et al., 2024). This dose has been re-
ported to induce endocrine and physiological alterations in rodents,
supporting its use for evaluating potential biological effects (Lei et al.,
2024). Based on allometric scaling (Nair and Jacob, 2016; Yao et al.,
2024), this dose corresponds to a human equivalent dose (HED) of
approximately 16.2 mg/kg. Detailed group nomenclature and sacrifice
timepoints are provided in Table 1, Text S2 and Fig. S1.

In this study, the multiple time points for fecal sample collection
included the late gestation and late lactation periods of the dams, along
with the immature (4-week-old) and adult (8-week-old) stages in
offspring. Both control and TCBPA-exposed groups were humanely
euthanized at corresponding time points. To minimize potential con-
founding effects of age, body size, and developmental timing, all sta-
tistical and omics analyses were conducted within each developmental
stage (i.e., dams, 4-week-old offspring, and 8-week-old offspring), rather
than across stages. All experimental procedures were approved by the
Ethics Review Committee of Southern Medical University
(SMUL202403028).

2.3. Gut microbiota analysis

Genomic DNA was extracted from fecal samples using the FastPure
Stool DNA Isolation Kit(MJYH, Shanghai, China). DNA concentration
and purity were measured using a NanoDrop 2000 UV-Vis spectropho-
tometer (Thermo Scientific, Wilmington, USA). The V3-V4 hypervari-
able regions of the 16S rRNA gene were amplified via PCR using the
primers 338 F (5-ACTCCTACGGGAGGCAGCAG-3) and 806 R (5-
GGACTACHVGGGTWTCTAAT-3"). Detailed bioinformatics analysis
methods are provided in Supporting Information (Text S3).
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Table 1

Summary of maternal exposure and offspring sampling design (n = 8). Note: \/
indicates exposure during the corresponding period. GD21 and LD21 represent
gestation day 21 and lactation day 21, respectively. 4 W and 8 W indicate
offspring sampled at 4 and 8 weeks of age.

Group Treatment Exposure Exposure Euthanasia Offspring
(dams) (Gestation) (Lactation) (day)
co1 Corn oil v v LD21 4w
(CO1_4W),
8W
(CO1_8W)
COo2 Corn oil v - LD21 4w
(CO2_4W),
8w
(CO2_8W)
co3 Corn oil v - GD21 -
EP1 TCBPA v v LD21 4W
(100 mg/ (EP1_4W),
kg) 8W
(EP1_8W)
EP2 TCBPA v - LD21 4W
(100 mg/ (EP1_4W),
kg) 8W
(EP1_8W)
EP3 TCBPA v - GD21 -
(100 mg/
kg)

2.4. Sample treatment

The SCFA extraction from fecal samples followed previously re-
ported methods (Zhang et al., 2023), with details in Supporting Infor-
mation (Text S4). For untargeted metabolomics, published analytical
approaches (Chai et al., 2023) with some modifications were adapted.
Specifically, each 50 mg fecal aliquot was homogenized with 1 mL of
ice-cold extraction solvent (water:methanol:acetonitrile, 1:2:2, v/v/v)
containing 4-chlorophenylalanine as internal standard. Comprehensive
sample preparation procedures for metabolomics are documented in
Text S5.

2.5. Instrumental analysis

The quantification of SCFAs was conducted using a Shimadzu GC-
MS/MS system (triple quadrupole) operating in selected ion moni-
toring (SIM) mode, which was exclusively used for the targeted quan-
tification of fecal SCFAs in this study. The analytical separation
employed an HP-FFAP capillary column (30 m x 0.25 mm, 0.25 pm film
thickness) with a free fatty acid-optimized stationary phase. Helium
carrier gas was maintained at a constant flow rate of 1.0 mL/min.
Detailed instrumental parameters are described in Text S6.

Untargeted metabolomic profiling was conducted using a Thermo
Scientific Ultimate 3000 UHPLC system coupled with a Waters HSS T3
column (2.1 mm x 100 mm, 1.8 um particle size), which was used for
untargeted metabolomic profiling. Chromatographic separation was
performed under the following conditions: 25 min analytical run time,
10 pL injection volume, 0.3 mL/min flow rate, and isothermal column
temperature maintenance at 30 °C. Complete system configuration de-
tails are documented in Text S7.

2.6. Quality assurance and quality controls

To ensure analytical reliability, quality assurance procedures were
implemented through recovery efficiency evaluation using matrix-
spiked samples containing known concentrations of target analytes.
All reported concentrations were recovery-corrected. For SCFAs, matrix
spike recoveries ranged from 75.0% to 122.7%. Quantification was
performed using calibration curves demonstrating excellent linearity
(R2 > 0.99 for all curves). Method sensitivity was established with limits
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of detection (LOD) and quantification (LOQ) defined as signal-to-noise
ratios of 3:1 and 10:1, respectively. Detailed results are provided in
Table S1.

2.7. Statistical analysis

Sample size (n) is provided in figure captions and table notes. Data
were presented as means and standard deviations. One-way analysis of
variance (one-way ANOVA) was performed using SPSS v25.0 (IBM,
Chicago, IL), followed by Tukey’s multiple comparison test to evaluate
differences among groups, with significance defined as p < 0.05. Prior to
analysis, data normality and homogeneity of variance were assessed
using the Shapiro-Wilk test and Levene’s test, respectively. Figures were
generated using GraphPad Prism 10.0. A volcano plot for metabolomic
analysis was generated using Origin 2025. To evaluate intergroup var-
iations, PLS-DA was conducted with SIMCA-P 14.1. MetaboAnalyst 6.0
(https://www.metaboanalyst.ca) was used to analyze the metabolic
pathways of the identified metabolites.

3. Results and discussion
3.1. Influence of TCBPA exposure on host growth parameters

Immature offspring in the EP1_4W group demonstrated significantly
lower body weights compared to controls (CO1_4W) (Fig. 1A), whereas
the EP2_4W group showed elevated body weights but markedly reduced
small intestine length relative to controls (CO2_4W) (Fig. 1A, C). No
significant differences were observed in large intestine length among
groups in 4-week-old offspring (Fig. 1B). Notably, EP1_4W offspring
displayed significantly lower body weights but higher small intestine
weights compared to EP2 4W (Fig. 1A, G). In adulthood, EP1_8W
offspring maintained significantly greater body and kidney weights than
CO1_8W controls (Fig. 1D, H). These results demonstrate that TCBPA
exposure induces exposure-pattern-dependent growth effects, with
continuous gestational and lactational exposure leading to persistent
phenotypic alterations. Similar to the present findings, exposure to low-
dose BPA (0.1 mg/kg) during pregnancy and lactation in dams has been
shown to induce persistent increases in offspring body weight that
continue into adulthood (Rubin et al., 2001). In contrast, no significant
differences were observed between EP2_8W and CO2_8W groups in body
weight (Fig. 1D), intestine length (Fig. 1E-F), and all measured organ
weights (Fig. 1H). This reversible effect indicates that the lactational
period is a critical window for sustained TCBPA growth toxicity, as
gestational-only exposure effects can be compensated during postnatal
development. In general, the observed phenotypic differences attenu-
ated progressively from late lactation through adulthood.

3.2. Influence of TCBPA exposure on gut microbiota diversity

a-Diversity metrics, including the Chao index (microbial richness)
and Shannon index (community diversity), revealed significant TCBPA
exposure effects (Fig. 2A, B). In dams, all exposed groups (EP1-EP3)
demonstrated reduced a-diversity (Chao and Shannon indices)
compared to matched controls, indicating compromised microbial
richness and diversity. Immature offspring in the EP1_4W group showed
reduced a-diversity relative to CO1_4W controls. This reduction per-
sisted into adulthood in EP1_8W and EP2 8W groups, suggesting long-
term dysbiosis following maternal TCBPA exposure. However, EP2_4W
immature offspring exhibited elevated Chao and Shannon indices
compared to CO2_4W controls, potentially reflecting microbial com-
munity recovery after cessation of TCBPA exposure during lactation.

Comparative analysis revealed significant exposure-duration effects
on microbial diversity. Dams in the EP1 group (gestational+lactational
exposure) exhibited lower Chaol and Shannon indices than EP2 dams
(gestational-only exposure). This pattern persisted in offspring, with
EP1_4W immature offspring showing significantly reduced a-diversity
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Fig. 1. Influence of TCBPA exposure on growth parameters in offspring (n = 8). Body weight before sacrifice in offspring (A, D); Large intestine length (B, E); Small
intestine length (C, F); Weights of organs in immature (G) and adult offspring (H). (Data presented as means + SD. * p < 0.05, ** p < 0.01, *** p < 0.001 indicate
significant differences between the indicated groups).
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compared with EP2_4W, and EP1_8W adults demonstrating lower Chao
richness than EP2 8W (Fig. 2A). These findings suggest dose-duration
dependent microbial dysbiosis with potential intergenerational trans-
mission. Additionally, EP2 dams showed higher Shannon diversity than
EP3 dams (gestational exposure followed by immediate euthanasia)
(Fig. 2B), further indicating partial microbial community recovery
following exposure cessation. Collectively, maternal TCBPA exposure
consistently reduced microbial diversity in both dams and offspring.
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Similar to our findings, Liu et al. (2023a) observed a decreased o-di-
versity in both dams and offspring after resorcinol-bis
(diphenyl)-phosphate exposure. Our previous studies indicated that
environmental contaminants may interfere with gut microbiota balance,
reduce microbial diversity, and consequently compromise host health
(Zhang et al., 2020). The observed a-diversity reductions in our study
suggest that maternal TCBPA exposure may similarly impair gut mi-
crobial ecosystem stability across generations.
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The PCoA plots demonstrated clear segregation between control and
TCBPA-exposed groups for both dams (Fig. 2C-E) and immature
offspring (Fig. 2F), indicating significant exposure-induced perturba-
tions in gut microbial architecture. However, adult offspring exhibited
partial clustering overlap between exposure and control groups (Fig. 2G,
H), suggesting age-dependent microbial community resilience following
developmental TCBPA exposure.

Integrating results from o- and p-diversity, these findings demon-
strated that maternal TCBPA exposure during gestation and/or lactation
induced persistent gut microbial dysbiosis that extends to offspring.
While partial microbial recovery occurred post-exposure, early-life
perturbations may exert lasting developmental consequences. These
findings underscore the particular vulnerability of the perinatal period
to environmental disruption of microbial ecosystems.

3.3. Influence of TCBPA exposure on gut microbiota composition

At the phylum level, the gut microbiota in fecal samples was domi-
nated by Firmicutes and Bacteroidota (Fig. 3A-C). Firmicutes levels were
reduced in EP1 and EP2 dams and their immature offspring compared to
controls (Fig. 3A-B), whereas it increased in the EP3 dams. Bacteroidota
exhibited an opposing trend, increasing in EP1 but decreasing in EP3
dams relative to controls (Fig. 3A). In adult offspring, Actinobacteriota
abundance was elevated in both EP1_8W and EP2_8W groups (Fig. 3C).
Notably, Bacteroidota demonstrated progressive depletion across gen-
erations in the EP1 lineage, declining from 31% in dams to 26% in
immature offspring and 10% in adults (Fig. 3A-C). The Firmicutes/Bac-
teroidota ratio is a crucial factor in maintaining gut microbial stability,
and its dysregulation is associated with dysbiosis, which may heighten
disease susceptibility (Zhang et al., 2023).

At the genus level, heatmap analysis revealed significant alterations
in gut microbiota composition among TCBPA-exposed dams and their
offspring. In exposed dams, we observed decreased relative abundances
of Lactobacillus, Ruminococcus, and norank_f_Ruminococcaceae, along-
side increased levels of Escherichia-Shigella (Fig. 3D). The reduction of
Lactobacillus (a beneficial bacterium) is particularly noteworthy given its
demonstrated role in reducing adipocyte size and regulating weight gain
in high-fat diet models (Li et al., 2016). Similarly, the diminished
abundance of fiber-degrading Ruminococcus, which contributes to ace-
tate and formate production, and norank f_Ruminococcaceae (observed
across both exposed dams and adult offspring; Fig. 3D-E) may impair
butyrate synthesis - a process critically linked to anti-inflammatory re-
sponses and mucosal integrity (Baltazar-Diaz et al., 2022; Zhuang et al.,
2019). Conversely, the elevated Escherichia-Shigella levels could
compromise intestinal barrier function.

In immature offspring, TCBPA exposure induced significant alter-
ations in gut microbial composition, characterized by increased relative
abundances of Alloprevotella, Rikenellaceae RC9 gut group, Dubosiella,
Corynebacterium, alongside decreased levels of Bacteroides (Fig. S2).
Notably, Alloprevotella enrichment has been associated with spleen-
deficiency-induced diarrhea in rats, potentially exacerbating intestinal
barrier dysfunction and abdominal symptoms (Shi et al., 2019). Simi-
larly, Rikenellaceae RC9 gut group expansion correlates with colitis pro-
gression and purine metabolism disruption in dextrose sodium
sulfate-induced colitis models (Li et al., 2024b), while Dubosiella pro-
liferation demonstrates positive associations with intestinal inflamma-
tion and oxidative stress (Lin et al., 2022). Although typically
commensal, Corynebacterium may act as an opportunistic pathogen in
immunocompromised hosts, exhibiting both virulence and antibiotic
resistance (Dragomirescu et al., 2020). In contrast, Bacteroides demon-
strates dual beneficial effects, exhibiting both anti-inflammatory prop-
erties and metabolic regulatory functions (Wei et al., 2022).

In adult offspring, TCBPA exposure reduced the relative abundance
of key beneficial taxa including unclassified f Lachnospiraceae, Rose-
buria, Quinella, and norank_o_Clostridia UCG-014 (Fig. 3E). Several
members of the unclassified f_Lachnospiraceae family, such as Roseburia,
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contribute to SCFA biosynthesis and enhance host immunity against
pathogens (Liu et al., 2023a), while Quinella generates essential me-
tabolites (lactate, acetate, propionate) that support digestive health
(Gruninger et al., 2014). The observed depletion of Roseburia may dys-
regulate metabolic pathways associated with irritable bowel syndrome
pathogenesis (Dai et al., 2022), whereas reduced norank o_Clos-
tridia UCG-014 could impair intestinal repair mechanisms mediated
through immune modulation (Li et al., 2024a). Additionally, emerging
evidence implicates the correlation of multiple Treponema species with
the etiology and pathogenicity of interdigital dermatitis (Beninger et al.,
2018), highlighting the broader implications of TCBPA-induced micro-
bial shifts. These findings suggest that TCBPA may indirectly compro-
mise host health through persistent modulation of gut microbial
communities.

3.4. Effect of TCBPA exposure on metabolism of SCFAs in gut microbiota

To assess TCBPA-induced perturbations in gut microbial metabolic
function, seven fecal SCFAs (acetate, propionate, isobutyrate, butyrate,
isovalerate, valerate, and caproate) were quantified. As shown in Fig. 4A
and B, acetate, propionate, and butyrate constituted the predominant
SCFAs across all groups, maintaining a consistent concentration gradient
(acetate > propionate > butyrate). Differences were evaluated within
each developmental stage to ensure comparability. Comparative anal-
ysis revealed significantly reduced SCFA levels in TCBPA-exposed dams
and offspring relative to controls (Fig. 4A-E; Fig. S3). However, the
EP2_4W immature group demonstrated elevated SCFA concentrations
compared to CO2_4W controls. Among exposure groups, EP2 dams
exhibited markedly higher SCFA levels than EP1 and EP3 dams. This
pattern persisted in offspring, with EP2_4W immature offspring showing
significantly increased SCFA versus EP1_4W, and EP2_8W adults dis-
playing higher concentrations of all SCFAs except for butyrate compared
to EP1 8W. Notably, these SCFA fluctuations paralleled a-diversity
changes, particularly the Shannon index (Fig. 2A, B). Reduced Shannon
diversity indicated impaired microbial function, contributing to
decreased SCFA production and highlighting its sensitivity as an indi-
cator of TCBPA-induced toxicity. Overall, SCFA levels varied across
developmental stages and exposure windows under the same dose
condition.

To examine the relationship between microbial dysbiosis and SCFA
alterations, Spearman correlation analysis was performed between SCFA
levels and differential genera identified by LEfSe (LDA >3, p < 0.05)
(Fig. 4F). The present results demonstrated that reduced fecal SCFA
levels were strongly correlated with depletion of key SCFA-producing
taxa, including Lachnospiraceae (Liu et al., 2023a), Ruminococcus
(Baltazar-Diaz et al., 2022), Lactobacillus (Chen et al., 2023), and nor-
ank_o_Clostridia UCG-014 (Lai et al., 2023). Specifically, the present
results showed that Lachnospiraceae was positively associated with
valerate, butyrate, propionate, and acetate; Ruminococcus was positively
correlated with all seven SCFAs; Lactobacillus was positively linked to
isovalerate and isobutyrate; and norank_o_Clostridia UCG-014 showed
robust positive correlations with all SCFAs (p < 0.001). The observed
reduction of these taxa in TCBPA-exposed groups suggested their critical
role in SCFA biosynthesis impairment. Notably, Alloprevotella, an
SCFA-producing genus (Wang et al., 2020), showed negative (non-sig-
nificant) correlations with all SCFAs, and its enrichment in exposed
offspring may contribute to reduced SCFA production. Conversely, the
pathogenic Escherichia-Shigella demonstrated a significant negative
correlation with all SCFAs (p < 0.001), consistent with its elevated
abundance in TCBPA-exposed dams. Similarly, its elevated abundance
in alcohol-decompensated cirrhosis was associated with a significant
reduction in fecal SCFA levels and diminished microbial pathways for
SCFA synthesis (Baltazar-Diaz et al., 2022). These findings collectively
indicate that TCBPA exposure disrupts microbial ecosystems, primarily
through depletion of beneficial SCFA producers.

Short-chain fatty acids play an essential role in metabolic regulation,
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among which acetate is mainly derived from Lactobacillus metabolism,
which might contribute to regulating weight control and enhancing
insulin sensitivity (Chou et al., 2024). Previous studies have shown that
SCFA depletion is associated with metabolic disorders such as obesity
and diabetes (Chen et al., 2023; Zhang et al., 2020). Mechanistically,
deficient SCFA levels impair intestinal barrier integrity, potentially
exacerbating conditions like atopic dermatitis (Xiao et al., 2023).
Notably, diabetic patients exhibit characteristic reductions in nor-
ank_o__Clostridia UCG-014 abundance (Lai et al., 2023), a taxon critical
for SCFA biosynthesis. In addition, SCFAs, particularly butyrate, play
essential roles in maintaining intestinal epithelial homeostasis and
promoting epithelial cell proliferation (Parada Venegas et al., 2019).
Their reduction may have impaired intestinal function and was linked to
the intestinal alterations observed in this study.

Taken together, the present findings suggested that TCBPA exposure
may disrupt gut microbial composition by suppressing key SCFA-
producing bacteria, including Lachnospiraceae, Ruminococcus, Lactoba-
cillus, and norank_o_Clostridia UCG-014. Consequently, SCFA levels
were reduced in dams and offspring, indicating impaired microbial
metabolic function and suggesting a link between microbial dysbiosis
and metabolic alterations. This disruption may compromise host meta-
bolic health, although the effects appeared attenuated in adult offspring.

3.5. Influence on the metabolomics of gut microbiota

As depicted in Fig. 5, data points in the QC, control, and exposure
groups exhibited strong clustering, indicating stable instrumentation,
strong reproducibility, and high data reliability. Stage-specific analyses
further demonstrated clear separation between exposed and control
groups. In both positive and negative ion modes, the R* and Q? values
exceeded 0.5 and approached 1, indicating robust model reliability and
predictive power (R%Y = 0.991 and Q? = 0.986 for the positive ioniza-
tion mode and R%Y = 0.994 and Q = 0.989 for the negative ionization
mode). PLS-DA analysis revealed a distinct separation between TCBPA-
exposed and control groups within each developmental stage, suggest-
ing significant TCBPA-induced perturbations in fecal metabolism. These
metabolic alterations may be closely associated with disturbances in gut
microbial composition observed in this study.

To identify differential metabolites between exposed and control
groups, the selection criteria were defined as p < 0.05, fold change > 2
or < 0.5, and VIP > 1. Volcano plots (Figs. S4) revealed significant
metabolic disturbances in both dams and offspring. A deeper analysis of
the metabolic impact of TCBPA exposure showed that dams in the EP1,
EP2, and EP3 groups retained 106 common metabolites when compared
to their respective controls, with 72, 147, and 167 unique metabolites,
respectively (Fig. 5E). In offspring, EP1_4W, EP2 4W, EP1_8W, and
EP2_8W groups exhibited only 30 overlapping metabolites, along with
71, 91, 111, and 108 unique metabolites, respectively (Fig. 5F), indi-
cating marked variation in metabolic profiles associated with develop-
mental stage.

KEGG pathway enrichment analysis (MetaboAnalyst) identified 18
significantly altered metabolic pathways (p < 0.05) in TCBPA-exposed
dams and offspring (Fig. 5 G, S5-6). Among these, arginine and pro-
line metabolism and primary bile acid biosynthesis emerged as key
pathways affected across nearly all experimental groups. Notably,
similar perturbations in arginine and proline metabolism have been
reported by Ye et al. (2016) in TCBPA-exposed marine medaka (Oryzias
melastigma) embryos, where key intermediates (e.g., proline, ornithine,
and citrulline) were significantly altered. Despite differences in experi-
mental models, this consistency suggests that arginine-related meta-
bolism may represent a sensitive target of TCBPA toxicity across species
and developmental stages. Furthermore, recent evidence suggests that
TCBPA-induced developmental toxicity in nervous and cardiovascular
systems may be mediated through arginine-related metabolic distur-
bances (Liu et al., 2023b).

Arginine metabolism is closely associated with cellular proliferation
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and plays a critical role in maintaining intestinal epithelial integrity and
barrier function, while also contributing to overall growth and devel-
opment (Xia et al., 2016; Liu et al., 2023b). Its disruption may contribute
to alterations in body weight and intestinal morphology observed in this
study (Fig. 1A-F). As a precursor of nitric oxide and polyamines, argi-
nine plays a key role in epithelial renewal, and its disturbance may
impair intestinal development. Notably, more pronounced effects were
observed in immature offspring (Fig. 1B-C; 1 G), whereas partial re-
covery was evident in adults (Fig. 1E-F; 1 H), indicating age-dependent
susceptibility to TCBPA exposure. In addition, disruption of bile acid
metabolism may also contribute to these effects. Bile acids act as
important signaling molecules through the farnesoid X receptor (FXR),
which regulates intestinal integrity and metabolic homeostasis (Li et al.,
2019; Wang et al., 2022). Previous studies have demonstrated that FXR
deficiency leads to shortened intestinal villi, whereas its activation
promotes villus growth (Yang et al., 2023), and disruption of bile acid
availability can induce epithelial apoptosis and reduce villus length (Liu
et al.,, 2018). Therefore, the reduced intestinal length observed in
TCBPA-exposed offspring (Fig. 1B-C, E-F) may be mechanistically
linked to impaired bile acid-FXR signaling. In addition, FXR also regu-
lates renal metabolic and inflammatory processes, and its dysfunction
has been associated with renal injury (Wang et al., 2022). Consistently,
the altered kidney weight observed in offspring (Fig. 1G-H) suggests
that disruption of bile acid metabolism may contribute to renal physi-
ological changes via FXR-related pathways.

Spearman correlation analysis revealed significant correlations be-
tween multiple differential metabolites and genus-level microbiota
fluctuations (Figs. 6, S7-9). In dams, Blautia abundance was markedly
increased in the EP1 group and showed strong positive correlations with
11 metabolites, such as taurine, taurocholic acid, and cholic acid
(Fig. S7). This suggests that Blautia proliferation may drive elevated
levels of these metabolites. Supporting this observation, Ocvirk et al.
(2020) reported increased Blautia and Lachnoclostridium abundance in
Alaskan populations with high colorectal cancer incidence, implicating
these genera in disease pathogenesis. Notably, both genera belong to the
Lachnospiraceae family, which is associated with 7a-dehydroxylating
bacteria that play a crucial role in bile acid metabolism. Conversely, in
the EP3 group, Eubacterium exhibited negative correlations with multi-
ple bile acids (e.g., cholic acid, glycocholic acid, and taurocholic acid).
This genus, along with Clostridium, regulates the activity of 7a-dehy-
droxylase, a key enzyme involved in converting primary to secondary
bile acids, thereby maintaining bile acid homeostasis activity (Jia et al.,
2017).

In immature offspring, Enterococcus in the CO2_4 W group exhibited
significant positive correlations with spermine, gentisic acid, and tyra-
mine, whereas a significant negative correlation was observed with 3-
hydroxybutyric acid, spermidine, and gamma-aminobutyric acid
(Fig. S8). While Enterococcus typically enhances SCFA production and
glucose-lipid metabolism, maternal TCBPA exposure appears to have
converted it into a pathogenic strain, thereby disrupting offspring
metabolism. In adult offspring, the EP1_8 W group exhibited reduced
abundance of norank f_Ruminococcaceae and norank_o_Clostridia UCG-
014, both of which positively correlated with xanthine, inosine,
thymine, and thymidine (Fig. 6). This suggests their depletion may
decrease these metabolite levels. Similarly, Collinsella abundance was
diminished in the EP2_8W group and was positively associated with
spermine, 4-hydroxyproline, and proline, key metabolites in arginine
and proline metabolism (Fig. S9). The reduction of these metabolites,
linked to Collinsella depletion, may contribute to renal dysfunction,
collagen destabilization, myocardial infarction, and urea cycle disorders
(Shan et al., 2022; Xuan et al., 2021).

The present findings from metabolomic analysis demonstrate that
TCBPA exposure induces significant dysbiosis in gut microbiota
composition while concurrently disrupting microbial metabolic ho-
meostasis. Notably, profound perturbations were observed in key
metabolic pathways, including arginine and proline metabolism and bile
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acid biosynthesis. These metabolic disruptions were closely associated
with altered abundances of key genera such as Blautia, Eubacterium, and
Collinsella. These interdependent changes in microbial ecology and
metabolic function may contribute to the observed metabolic disorders,
potentially explaining the transgenerational impacts of TCBPA expo-
sure. Together with the SCFA-related changes described above, these
coordinated microbiota—metabolite alterations may contribute to the
developmental and physiological changes observed in offspring.

3.6. Limitations and perspectives

Because of its lipophilic characteristics and environmental persis-
tence, TCBPA can accumulate in organisms and undergo bio-
magnification along food chains, potentially contributing to internal
exposure in humans and wildlife. Although the experimental dose used
in this study exceeds typical human exposure levels, it provides impor-
tant insights into potential toxicological mechanisms and helps define
upper-bound safety thresholds.

Nevertheless, several limitations should be acknowledged. First, the
biological functions and causal roles of the identified differential me-
tabolites have not been experimentally validated and require further
investigation. Second, only a single exposure dose was applied, limiting
the assessment of dose-response relationships. Future studies incorpo-
rating multiple dose levels and targeted validation approaches are
needed to further elucidate the underlying mechanisms and health
implications.

4. Conclusions

This study demonstrates that gestational and/or lactational exposure
to TCBPA significantly reduces gut microbial diversity and depletes key
SCFA-producing taxa, accompanied by decreased SCFA levels and dis-
ruptions in arginine and proline metabolism and primary bile acid
biosynthesis. These findings suggest that TCBPA exposure is associated
with coordinated alterations in gut microbiota composition and meta-
bolic function, consistent with disruption of the gut micro-
biota-metabolite axis. The persistence of these changes in offspring
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highlights early-life exposure as a sensitive window for microbiome-
associated metabolic perturbation. Although the precise mechanisms
underlying the interplay between gut microbiota and metabolites
remain to be fully elucidated, this study provides evidence for potential
intergenerational health effects of TCBPA exposure, particularly in
relation to reproductive and developmental toxicity.
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