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Abstract

Objective The aim of this study was to assess the impact of bisphenol A (BPA) and its substitute,
bisphenol F (BPF), on the colonic fecal community structure and function of mice.

Methods We exposed 6—-8-week-old male C57BL/6 mice to 5 mg/(kg-day) and 50 pg/(kg-day) of BPA or
BPF for 14 days. Fecal samples from the colon were analyzed using 16S rRNA sequencing.

Results Gut microbiome community richness and diversity, species composition, and function were
significantly altered in mice exposed to BPA or BPF. This change was characterized by elevated levels of
Ruminococcaceae UCG-010 and Oscillibacter and decreased levels of Prevotella 9 and Streptococcus.
Additionally, pathways related to carbohydrate and amino acid metabolism showed substantial
enrichment.

Conclusion Mice exposed to different BP analogs exhibited distinct gut bacterial community richness,
composition, and related metabolic pathways. Considering the essential role of gut bacteria in
maintaining intestinal homeostasis, our study highlights the intestinal toxicity of BPs in vertebrates.
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INTRODUCTION endocrine system’s homeostasis, induces

reproductive toxicity, triggers oxidative imbalance,

isphenol A (BPA) is a prevalent industrial and elicits diverse adverse effects on human

B organic  synthetic material primarily health®®. Additionally, BPA exposure has been
utilized in the production of plastic bottles linked to disturbances in gut microbial communities

and inner coating of food cans™. Prior animal that can cause various local and systemic diseases,
studies have demonstrated that BPA disrupts the such as metabolic syndrome, type Il diabetes, and
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obesity[el. Since 2005, numerous countries have
implemented policy ban or restrict BPAY,
Consequently, certain BPA analogs or derivatives,
such as bisphenol S (BPS) and bisphenol F (BPF),
which are functionally or structurally similar to BPA,
have been adopted as substitutes®”. With their
unrestricted use, these substances have been
detected in food, environmental samples, and even
in human blood, and urine™.  The reported
detection rate of BPF in body lotions, shampoos,
soaps, and other personal care products is
2.6%-13.4%". Numerous studies have reported
that BPF exhibits toxic effects similar to those of
BPA, including reproductive toxicity and endocrine
disorders™*. Thus, the safety of these BPA
substitutes has become the subject of widespread
public and government concern.

The gut microbiota refers to the microbial
community residing in the gut, which plays a pivotal
role in maintaining individual health and the origin
and progression of diseases™®. The composition of
the microbiota community varies based on host
genetics, diet, exogenous exposure, and location in
the body, exerting a significant impact on the
metabolic and immune systems[”'lg]. Due to its
sensitivity and specificity, the gut microbiota has
emerged as a key area of interest for evaluating the
toxic effects and mechanisms of environmental
pollutants in recent years. Various environmental
pollutants, such as microplastics, nanoparticles, and
heavy metals, can alter the structure, composition,
quantity, and metabolism of microbiota'™.

Bisphenols can bioaccumulate in the gutm].
Previous studies have reported that high doses of
BPA induce dysbiosis of gut microbiota and
metabolic disturbances® . Feng et al. reported
that dietary intake of BPA induced hepatic steatosis,
which was closely related to dysbiosis of gut
microbiota, elevated endotoxin levels, and increased
liver inflammation®®”. Exposure to
tetrabromobisphenol and BPS early in life has been
shown to produce an overall trend of
immunosuppression, manifested as an increase in
anti-inflammatory secondary bile acids and propionic
acid in the stool”. Bisphenol exposure resulted in
concentration-dependent growth inhibition,
alterations in membrane lipid composition, changes
in short-chain fatty acid production, and shifts in the
functional spectrumlzs]. Limited knowledge exists
regarding the potential impact of BPF, a substitute
for BPA, on gut microbiota. A recent study
demonstrated that exposure to BPF disrupts the gut
microbial community in zebrafish®". This finding

raises significant concerns, as alterations in the
composition and abundance of specific bacterial
groups have been associated with various diseases
and conditions, including inflammatory bowel
disease, irritable bowel syndrome, and colorectal
cancer?”?, Moreover, elevated levels of bacterial
groups that may pose a risk to human health, such as
Pseudomonadota, are associated with gut dysbiosis
and the development of gut-related pathologies. In
contrast, reduced levels of beneficial bacterial
groups, such as Bacteroidota and Bacillota, have
been associated with obesity, type 2 diabetes, and
other chronic diseases””*?. Consequently, further
research is necessary to investigate the effects of
BPF on gut microbiota in mammals.

The purpose of the present study was to
evaluate the effects of BPA and its alternative, BPF,
on the colonic fecal community and structure of
mice using 16S rRNA sequencing. Additionally, the
study aimed to compare the differences in the
structure and abundance of bacterial flora between
BPA- and BPF-exposed mice. These findings serve as
a foundation for future research on the intestinal
toxicity of BPs and contribute to an overall
understanding of the adverse effects of BPA and its
alternatives in vertebrates, including humans.

METHODS

Animals and Chemical Treatment

Six-to-eight-week-old C57BL/6 male mice (18-20
g) obtained from Charles River (Beijing, China) were
reared in a specific pathogen-free laboratory for this
study. After 1 week of adaptive feeding, 25 mice
were randomly divided into five treatment groups:
control, 50 pg/(kg-day) BPA, 50 ug/(kg-day) BPF,
5 mg/(kg-day) BPA, and 5 mg/(kg-day) BPF. Mice that
received the same chemicals were housed together
to prevent intergroup interference. The exposure
doses for BPA and BPF (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan) were set based on the United
States Environmental Protection Agency’s
recommendation of the no observed adverse effect
level (NOAEL) for BPA [5 mg/(kg-day)] and a
reference dose of 50 pg/kg/day calculated from the
NOAEL.

The BPA or BPF was first dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA).
Ten microliters of the 2 mg/mL drug solution were
dissolved in 100 mL of sterile drinking water
(approximately 5 mL/d/20 g mouse). The DMSO
concentration in drinking water was 0.001% (v/v) in
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all groups, including the control group. This test was
repeated three times, and all protocols were
approved by the Fifth Affiliated Hospital of Guangxi
Medical University (No. 2022-090-01). All study
procedures followed the guidelines for the care and
use of animals of the Ethics Committee of the Fifth
Affiliated Hospital of Guangxi Medical University.

DNA Extraction and 16S rRNA Sequencing

After 14 days of exposure, the mice were
euthanized in a clean biosafety cabinet. Stool
samples were taken aseptically from the colon,
placed in sterile DNA/RNase-free 1.5 mL Eppendorf
tubes, and stored at —-80 °C. Total bacterial DNA was
extracted from the colonic stool samples using the
AllPrep PowerFecal DNA/RNA Kit (Cat. No. 80244;
Qiagen, Hilden, Germany) following the
manufacturer’s instructions. Subsequently, 16S rRNA
gene sequencing was performed as previously
described®. Briefly, the 16S V3 + V4 variable regions
of the qualified DNA samples were subjected to
polymerase chain reaction (PCR) amplification,
library preparation, and library quality inspection.
The TAG sequences were used to distinguish the
samples. The HiSeq 2500 high-throughput
sequencing platform (lllumina, San Diego, CA, USA)
was used to sequence the libraries.

Statistical Analyses

Based on the overlapping relationship of paired-
end reads obtained by HiSeq sequencing, the
double-ended sequences were spliced into target
region sequences using FLASH software". The
chimera sequences were detected and filtered using
search 8.0 in QIIME software (http://giime.org/). The
final optimized sequence was generated by
comparing the filtered sequence with a reference
database and removing the chimeric sequence. The
UCLUST algorithm in QIIME was used for operational
taxonomic unit (OTU) cluster analysism]. The OTUs of
each sample were annotated by taxonomy based on
the Silva reference database (https://www.arb-
silva.de/documentation/release-128/). Species
differences and structural analyses were based on
taxonomic information.

For comparison with equal variance, the
Dunnett’s test and one-way analysis of variance
(ANOVA) were conducted. Otherwise, the Wilcoxon
test was used to compare means. Alpha diversity
and principal coordinate analysis (PCoAs) for the
microbial community structure were performed
using QIIME and R software (The R Foundation for
Statistical Computing, Vienna, Austria). Pairwise

comparisons of bacterial taxa were conducted using
a two-sided White’s nonparametric t-test in STAMP
(v2.1.3; https://beikolab.cs.dal.ca/software/STAMP).
Signaling  pathways were  predicted using
phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) based
on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of 16S rRNA
sequencing data. Differences with a P < 0.05 were
considered statistically significant.

RESULTS

Gut Microbiome Diversity Analysis

The 16S rRNA sequencing revealed that most of
the PCR products in the fecal samples of each group
had an average length of 400 bp, which is consistent
with the size of the V3 + V4 variable regions. A total
of 1,236 OTUs were identified using lllumina high-
throughput sequencing, representing nine phyla and
81 genera.

The key indices of bacterial alpha diversity
(richness, Chaol, Simpson, and Shannon indices) of
the different groups were analyzed to evaluate the
complexity of microbial species diversity. Figure 1
displays, the species richness, Shannon, and Simpson
indices of the group receiving 5 mg/(kg-day) BPA
group was notably higher than those of the DMSO
control group (P < 0.05). However, the Chaol index
showed a slight increase without significance
(P>0.05). Notably, after two weeks of 50 pg/(kg-day)
BPA or BPF treatment, there was no substantial
difference in the alpha diversity metrics. Community
richness showed no difference between the two
groups, and there was no difference in community
diversity between the BPA and BPF treatments.

Gut Microbiome Composition Analysis

The differences in bacterial composition between
the treated animals and controls were analyzed
using PCoA based on the OTU tables of the bacterial
communities. Compared to the DMSO controls,
exposure to different concentrations of BPA resulted
in differences in beta diversity (Figure 2). In
particular, PCoA clearly indicated that the
confidence ellipses of the bacterial communities in
the 50 pg/(kg-day) BPA and 50 pg/(kg-day) BPF
treatments deviated significantly from those of the
control group. In contrast, the confidence ellipse of
the bacterial communities in the high-dose BPF
treatment group covered that of the control group
during the 14 days of exposure, indicating a
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similarity between the bacterial communities in the
5 mg/(kg-day) BPF and control groups.

Based on the OTU classification results, we
analyzed the abundance of specific species at the
phylum level. Among the different groups, most of
the species belonged to Bacteroidota, Bacillota,
Pseudomonadota, Verrucomicrobia, Actinomycetota,
Saccharibacteria, Deferribacteres, and
Cyanobacteria. The relative abundance of Bacillota
and Bacteroidota accounted for > 98% within the
groups (Supplementary Figure S1, available in
www.besjournal.com) and exhibited only minor
changes among the BPA and DMSO control groups.
An increase in the abundance of Bacillota and a
decrease in the relative abundance of Bacteroidota
were observed in both BPF groups. However, the
difference was not significant (P > 0.05).
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As illustrated in Figure 3, the 15 most abundant
genera (in order of relative abundances) were
Lachnospiraceae NK4A136, Prevotellaceae UCG-001,
Ruminococcaceae UCG-014, Lactobacillaceae family,
Alloprevotella, Bacteroides, Alistipes, Prevotellaceae
NK3B31, Ruminiclostridium 9, Lachnoclostridium,
Eubacterium  coprostanoligenes,  Anaerotruncus,
Eubacterium xylanophilum, Rikenellaceae RC9 gut,
and Bacteroidales S24-7. There were differences
observed in the proportions of most bacterial genera
among the treatment groups. Relative to that in the
DMSO controls, the abundance of Lachnospiraceae
NK4A136 increased in all treatment groups. This
increase was higher in the low-concentration BPA
and BPF groups than in the high-concentration BPA
and BPF groups. The abundance of Prevotellaceae
UCG-011 in the high-dose BPA treatment group
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Figure 1. Alpha diversity metrics for BPA and BPF exposure. The study utilized 16S rRNA gene sequencing
on 14-day-old mice exposed to BPA and BPF. The figure represents species richness, Shannon diversity,
Simpson’s, and Chaol indices. The experiment consisted of three biological replicates, each with five
mice. BPA refers to bisphenol A, while BPF stands for bisphenol F.



Effects of BPA and BPF on gut microbiota in mice

23

increased, whereas it decreased in the other
treatment groups, particularly in the 50 ug/(kg-day)
BPF group. The abundance of Ruminococcaceae
UCG-014 and Lactobacillaceae decreased in all
treatment groups, particularly in the 50 pg/(kg-day)
BPF group.

Differential Gene Expression Analysis

To identify the specifically altered bacteria at the
genus level, a differential analysis of bacterial
abundance among the treated groups and controls
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was performed using White’s nonparametric t-test.
The results are depicted in Figure 4.

Compared with those in the control group, 17
and 9 bacterial taxa were significantly changed in the
5 mg/(kg-day) and 50 pg/(kg-day) BPA-treated
groups, respectively (P < 0.05, Figure 4A, C).
Specifically, Butyricicoccus, Enterorhabdus,
Ruminococcaceae UCG-010, Oscillibacter,
Streptococcus, Ruminiclostridium, Roseburia,
Ruminiclostridium 9, Bacteroides, Ruminococcaceae
NK4A214 group, Eubacterium coprostanoligenes

B
= BPF5
* BPF50
[ + con
0.2
]
X e
Q e
~ 04
< _ "
8 )
o % "\'-:
0.2 4 e . %
-0.4 -0.2 0 0.2 0.4 0.6

PCoAl1 31%

Figure 2. PCoA profile of pairwise community dissimilarity indices (Bray—Curtis), calculated from the OTU
table of the bacterial communities on samples after BPA and BPF exposure, is shown here. Ovals indicate

the 95% confidence intervals for each sample type. (A)
after BPF exposure. PCoA, principal coordinate analysis
A; BPF, bisphenol F.

35 -

35 A

N N
o v

Juny
w
s

Relative abundance (%)

=
o
L

CON

BPA5  BPAS0  BPF5 BPF50

Figure 3. Sample species composition analysis at the ge

PCoA profile after BPA exposure, (B) PCoA profile
; OTU-operational taxonomic unit; BPA, bisphenol

Bacteroidales S24-7 group; Ambiguous_taxa
= Rikenellaceae RC9 gut group
= [Eubacterium] xylanophilum group
= Anaerotruncus
= [Eubacterium] coprostanoligenes group
= Lachnoclostridium
= Ruminiclostridium 9
= Prevotellaceae NK3B31 group
= Alistipes
= Bacteroides
= Alloprevotella
Lactobacillus
= Ruminococcaceae UCG-014
= Prevotellaceac UCG-001
= Lachnospiraceae NK4A136 group

nus level (top 15) was conducted for each sample.

The study includes three biological replicates, with five mice per replicate.
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group, Alloprevotella, Alistipes, Bilophila, and
Anagerotruncus  were  predominant in  the
5 mg/(kg-day) BPA group. Meanwhile, the

abundance of Prevotellaceae NK3B31, Ruminococcus
1, Butyricicoccus, Butyricimonas, Ruminococcaceae
UCG-010, and Oscillibacter significantly increased in
the 50 pg/(kg-day) BPA-treated group (P < 0.05).
However, there were fewer significant changes in
the bacterial taxa in the 5 mg/(kg-day) and 50
ug/(kg-day) BPF-treated groups (four and seven,
respectively) than in the BPA-treated group (P <
0.05; Figure 4B, D). As depicted in Figure 4C,
Lachnospiraceae FCS020, Ruminococcaceae UCG-
010, and Oscillibacter were considerably enriched in
the 5 mg/(kg-day) BPF group. Correspondingly,
Ruminococcaceae UCG-010, Alistipes, Butyricimonas,
Roseburia, and Prevotellaceae UCG-001E were more
abundant in the 50 pg/(kg-day) BPF group than in
the DMSO control group. However, the opposite
effect was observed for Prevotella 9 and
Streptococcus spp. (Figure 4D).

The number of bacterial genera predominantly
enriched in the control group was greater than that
in all the chemically treated groups. Additionally, a
similar shift in microbial differences was observed
among the treatment groups. The relative
abundance of Ruminococcaceae UCG-010 was
significantly downregulated in both BPA and BPF
groups (P < 0.05). Except for the low-dose BPF
group, the relative abundance of Oscillibacter was
also significantly downregulated in the treatment
groups (P < 0.05). Furthermore, Prevotella 9 and
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Streptococcus were significantly decreased in the
low-dose BPA (Figure 4B) and BPF (Figure 4D)
groups. Conversely, the abundance of Streptococcus
markedly increased in the 5 mg/(kg-day) BPA group.

Analysis of the genus level variation between the
control and treatment groups revealed that
Ruminococcaceae UCG-010, Butyricimonas,
Ruminococcus 1, Roseburia, Lachnospiraceae
FCS020, Enterorhabdus, Alistipes, Desulfovibrio,
Oscillibacter, Eubacterium coprostanoligenes, and
Prevotellaceae NK3B31 were more abundant in the
treatment groups than in the control group
(Figure 5A). Notably, no specific increase in genus
abundance was observed in the control group.

When compared across the same exposure
concentrations, six genera (Eubacterium rectale
group, Candidatus Saccharimonas, Escherichia-
Shigella, Streptococcus, Alloprevotella, Bilophila, and
Eubacterium nodatum group) in the 5 mg/(kg-day)
BPA group and three genera (Prevotellaceae
NK3B31, Prevotella 9, and Ruminococcaceae UCG-
014) in the 50 pg/(kg-day) BPA group were
significantly upregulated (P < 0.05). Correspondingly,
Enterorhabdus and  Escherichia-Shigella  were
significantly downregulated in both these groups
(Figure 5B, C).

Subsequently, we analyzed and identified the
predominant differential flora among the different
treatment groups. A total of 15 genera were
significantly different between the BPA groups,
but only six genera were altered in the BPF groups
(P < 0.05, Figure 5D, E). As shown in Figure 5D,
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Figure 4. Extended error bar plots showing significant changes in genus level taxa after exposure to (A)
5 mg/(kg-day) BPA, (B) 5 mg/(kg-day) BPF, (C) 50 ug/(kg-day) BPA, or (D) 50 pg/(kg-day) BPF. White’s
nonparametric t-test was used to identify significance (P < 0.05) for taxa classified at the genus level.
Three biological replicates each with five mice per replicate were included. BPA, bisphenol A; BPF,

bisphenol F.
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with increasing BPA exposure concentrations, the high-dose BPF and control groups.
Streptococcus, Bacteroides, Butyricicoccus, Furthermore, the KEGG categories indicated that

Ruminiclostridium 5, Christensenellaceae R-7,
Intestinimonas, Anaerotruncus, Ruminococcaceae
UCG-009, Clostridiales vadin BB60,
Ruminiclostridium 9, Ruminococcaceae NK4A214,
Peptococcus, and Ruminiclostridium significantly
increased, whereas Prevotellaceae NK3B31 and
Ruminococcus 1 were downregulated (P < 0.05).
For the high-concentration BPF treatment,
Prevotella 9, Streptococcus, Ruminococcaceae
UCG-014, and Prevotellaceae UCG-001 were
upregulated, whereas Alistipes and Escherichia-
Shigella were significantly downregulated (P <
0.05; Figure 5E).

KEGG Pathways Analysis

A phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt)
analysis was conducted to predict the functions of
the gut microbial community based on the 16S
rRNA gene sequencing data. After mapping the
KEGG Orthology categories to the KEGG pathways
and removing those with low effect size (< 0.01),
two pathways differed significantly between the
high-dose BPA group and the DMSO control group:
13 pathways for the 50 pg/(kg-day) BPA group and
four pathways for the 50 g/(kg-day) BPF group
(P < 0.05, Figure 6). No differences in
microbiological functions were observed between
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functions related to amino acid metabolism
(phenylalanine metabolism) and infectious diseases
(Salmonella infection) were significantly enriched in
male mice exposed to 5 mg/(kg-day) BPA (P < 0.05).
The microbiological functions changed considerably
in the 50 pg/(kg-day) BPA group and were

associated with various processes, including
carbohydrate metabolism (pentose and
glucuronate interconversions, ascorbate and

aldarate metabolism, and pyruvate metabolism),
glycan biosynthesis and metabolism (peptidoglycan
biosynthesis and degradation proteins),
metabolism (amino acid metabolism and energy
metabolism), replication and repair (chromosome
and associated proteins, mismatch repair pathway,
DNA replication, and DNA replication proteins),
transport, and catabolism (prokaryotic defense
system, ribosome biogenesis, and RNA
polymerase). In contrast, the microbiological
function was less affected in the mice after
exposure to 50 pg/(kg-day) BPF, which showed
clear differences from 50 ug/(kg-day) BPA, and it
was primarily related to carbohydrate metabolism
(pentose and glucuronate interconversions),
enzyme families (peptidases), glycan biosynthesis
and metabolism (peptidoglycan biosynthesis), and
metabolism of other amino acids (cyanoamino acid
metabolism) (Figure 6C).
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Figure 5. Bar plot of differential bacterial communities between (A) the control and all other treatment
groups, (B) 5 mg/(kg-day) BPA and 5 mg/(kg-day) BPF group, (C) 50 ug/(kg-day) BPA and 50 ug/(kg-day)
BPF group, (D) 5 mg/(kg-day) BPA and 50 ug/(kg-day) BPA group, (E) 5 mg/(kg-day) BPF and 50 pg/(kg-day)
BPF groups, which was performed using the White’s nonparametric t-test (P < 0.05). Three biological
replicates, each with five mice per replicate, were included. BPA, bisphenol A; BPF, bisphenol F.
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DISCUSSION

In recent years, 16S rRNA gene sequencing
technology has been commonly used to study the
intestinal microflora due to its advantages of high
sensitivity, strong specificity, high throughput, low
cost, and rapid operation[33’34]. Gut microbiota are
increasingly recognized to play an important role in
the maintenance of host health by regulating various
physiological activities such as immune responses,
energy metabolism, and neural signaling[?’sl.
Alterations in the intestinal flora may cause
physiological dysfunction in the host animal and lead
to the occurrence of various diseases. In the current
study, we evaluated the effects of BPA and its
alternative, BPF, on the gut microbiota of male mice
after 14 days of exposure. We found that BPA and
BPF altered the microbial community structure,
increased the diversity of species, regulated the
relative abundance of different microbiota, and

exerted different toxic effects.

A decrease in gut microbiota diversity has been
associated  with  several human intestinal
disorders®®. Based on alpha diversity analysis, we
observed a significant increase in the number of
observed species and higher Shannon and Simpson
indices in male mice following two weeks of
exposure to 5 mg/(kg-day) BPA (P < 0.05). However,
the observed species did not increase substantially
at 50 pg/(kg-day) BPA, suggesting that this dosage
may not be sufficient to have a significant effect on
gut microbial diversity (P > 0.05). No significant
differences were detected between the BPF and
control groups or between the BPA and BPF
treatments (P > 0.05). Feng et al. reported that the
species diversity of the gut microbiota was reduced
in male CD-1 mice treated with 50 pg/(kg-day) BPA
for 24 weeks””. These differences in diversity may
be attributed to variations in mouse strains and
exposure times among the studies.
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Figure 6. Predictive functional profiling was analyzed using PICRUSt and KEGG categories between (A) the
control and 5 mg/(kg-day) BPA group, (B) the control and 50 pg/(kg-day) BPA group, (C) the control and
50 ug/(kg-day) BPF group. Three biological replicates, each with five mice per replicate, were included.
con, control; BPA, bisphenol A; BPF, bisphenol F; PICRUSt, phylogenetic investigation of communities by
reconstruction of unobserved states; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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The results of the difference analysis at the
genus level demonstrated that the variation in
bacterial numbers was greater in the BPA group than
that in the BPF group at the same exposure
concentration. Moreover, 15 bacterial species were
not changed by BPF treatment but significantly
decreased or increased under BPA (P < 0.05). These
microbial differences may be attributed to the
variation in the types and concentrations of the
relevant exposed chemicals. Here, we have
demonstrated for the first time that BPF, the most
commonly detected BPA alternative in the
environment, induces gut microbiota disorders in
mammals and emphasizes the potential negative
impact of BPF on the intestines. Similarly, Catron et
al. demonstrated that exposure to BPF led to a
significant dose-dependent disturbance in the
microbial community structure in zebrafish®®".
Notably, BPF treatment did not alter the abundance
of Butyricicoccus, Enterorhabdus, Ruminiclostridium,
Ruminiclostridium 9, Bacteroides, Ruminococcaceae
NK4A214, Eubacterium coprostanoligenes,
Alloprevotella, Bilophila, Prevotellaceae NK3B31,
Ruminococcus 1, or Anaerotruncus, whereas BPA
treatment significantly increased their abundances
(P < 0.05). The abundance of Erysipelatoclostridium
and  Candidatus  Saccharimonas  significantly
decreased in the BPA groups (P < 0.05); however,
BPF treatment did not affect these bacteria.
Furthermore, BPF treatment increased the
abundance of Prevotellaceae UCG-001E and
Lachnospiraceae FCS020. However, BPA treatment
did not alter these bacteria. Although Streptococcus
was significantly increased in the 5 mg/(kg-day) BPA
group, it was significantly decreased in the 50
g/(kg-day) BPA and BPF groups (P < 0.05). Similar to
the results reported in a previous study, the relative
abundances of Ruminococcus 1, Oscillibacter,
Christensenellaceae R-7, Ruminococcaceae NK4A214,
Ruminococcaceae UCG-010, and Ruminiclostridium 9
were significantly altered in BPA-exposed male
mice”". In addition, the change in
Christensenellaceae R-7 group and Ruminiclostridium
9 could lead to functional profile disorder and
diminished levels of single-chain fatty acids®”.

Disruption of the microbiota may cause adverse
effects, and its correlation with infection or disease
severity warrants further investigation. Previous
research has reported that the
Bacillota/Bacteroidota ratio may be a relevant
marker of intestinal microbiota dysregulation in
obese patientsBS]. Ni et al. observed that the
Bacillota/Bacteroidota ratio increased in male

C57BL/6 mice exposed to BPA for 22 weeks, which
might be associated with memory function and
learning ability®”. In our study, an increasing trend
in the Bacillota/Bacteroidota ratio was observed in
both BPF groups, although the difference was not
significant (P > 0.05). We found that Bacteroides
were significantly upregulated in the 5 mg/(kg-day)
BPA group, which is consistent with the results of
previous studies. For example, pre-copulation
exposure to BPA during lactation in mice results in a
sex-dependent increase in Bacteroides specieslag]_ Xu
et al. also reported that high-dose BPA exposure
increased Bacteroides in males after 122 days of
chronic treatment but decreased the abundance
after 16 days of sub-acute BPA exposure[4°]. Similarly,
in our study, Prevotella 9 levels were significantly
decreased following exposure to 50 g/(kg-day) of
BPA or BPF. Diamante et al. reported that Prevotella
levels were low or not observed in the samples of a
BPA-treated female offspring[41]. Additionally,
previous research on different doses of BPA revealed
changes in the relative abundances of
Ruminococcaceae and Lachnospiraceae[4°]. In our
current study, we found a significant increase in the
abundance of Ruminococcaceae UCG-010 and
Lachnospiraceae FCS020 following BPA or BPF
exposure (P < 0.05).

PICRUSt analysis revealed that compared to the
5 mg/(kg-day) BPF treatment, the other treatments
significantly enriched many KEGG pathways,
indicating that the microbes in our study responded
to both BPA and BPF (P < 0.05). These findings
suggest that mice exposed to different BPA analogs
exhibit different metabolic functions in their gut
microbiota, which could potentially have varying
effects on the physiological functions of mice and
produce different biological toxicities. However,
exposure to BPA and BPF did not result in dose-
dependent changes in the relative abundance of the
predicted functions. The enriched functional profiles
in response to exposure to both BPA and BPF
showed similar changes in structural and predicted
metabolic functions. Glycan biosynthesis and
metabolism, carbohydrate metabolism, and amino
acid metabolism level 3 KEGG functions were
significantly enriched (P < 0.05). These pathways play
critical roles in maintaining host health and are
involved in many essential biological processes.
Glycans are important for cell signaling and immune
functions, whereas carbohydrate metabolism
provides the energy required to maintain normal
cellular processesm]. Amino acid metabolism is
crucial for protein synthesis, the regulation of
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neurotransmitters and hormones, and energy
production[43]. The enrichment of these metabolic
pathways indicates their significance in supporting
vital physiological and cellular functions, which are
necessary for overall host health, development, and
homeostasis. Previous research by Yao et al.
demonstrated alterations in neuroactive metabolites
within the tryptophan and dopamine pathways in
both the brain and serum after exposure to BPA,
suggesting that the disruption of these metabolic
pathways may be involved in BPA-induced
neuropsychiatric disorders™*”. Previous studies have
reported that exposure to BPA and BPF can lead to
dose-dependent changes in the relative abundance
of predicted functions; however, these changes in
functions were independent of the BPS
concentration™. These inconsistencies in the
findings could be attributed to the differences in
species exposed, duration of exposure, sex of the
subjects, endogenous hormones, and developmental
phases.

Changes in gut microbiome community richness
and diversity may affect overall host health. The
changes in bacterial groups observed in this study,
specifically the elevated levels of Ruminococcaceae
UCG-010 and Oscillibacter, and decreased levels of
Prevotella 9 and Streptococcus, can also have health
implications.  Ruminococcaceae  UCG-010 and
Oscillibacter have been linked to inflammation,
metabolic disorders, and an altered gut-brain axis,
whereas Prevotella 9 and Streptococcus have been
linked to anti-inflammatory effects and gut
health”*?. These microbial changes induced by BPA
increase oxidative stress and reduce the diversity of
the gut microbiota, including a decrease in
protective bacteria such as short-chain fatty acid
producersm]. An imbalance in the abundance of
bacterial groups involved in carbohydrate
metabolism and immune system regulation can lead
to various metabolic and inflammatory disorders.
Decreased diversity can result in the loss of
important microbial functions and dysbiosis, which
have been linked to various diseases, including
metabolic, autoimmune, and mental health
disorders. Elevated levels of bacteria, such as
Staphylococcus, can lead to foodborne illnesses,
gastrointestinal infections, skin infections, and other
health issues in humans'.

Since this study was conducted in mice, the
findings may not directly translate to human health.
Secondly, the study focused on a limited number of
bacterial groups and did not investigate the
functional outcomes associated with the changes in

these bacterial communities. Additionally, the study
cannot establish a causal relationship between BPA
or BPF exposure and changes in the gut microbiome.
However, these findings can be applied to future
research or policies related to the safety of BPA and
its substitutes by demonstrating the need for
improved regulations and restrictions on the use of
these chemicals in consumer products. Another
limitation of the current study was that only male
mice were used for ease of standardization, to
reduce the potential variability in the results, and to
focus on a specific population. However, the
inclusion of both male and female animals would
have enabled investigators to better understand the
potential differences in the gut microbial
composition between the sexes and reveal the
potential sex-specific effects of BPA and BPF
exposure. Previous animal studies have shown that
exposure to BPA can alter gut microbiota in a sex-
specific manner. Male mice exposed to BPA
exhibited increased levels of Prevotellaceae,
Akkermansia, and Methanobrevibacter in their gut
microbiome. However, female mice did not show
any changes in the relative abundance of
Prevotellaceae®. Furthermore, due to the group
housing of the mice and the use of water to deliver
BPA and BPF, it was challenging to control the exact
dosage of the compound to which each animal was
exposed, which may have led to some variability in
the results. Another limitation was the absence of
baseline stool samples collected prior to exposure to
BPA and BPF. Collecting samples from the same
animal before and after exposure would have
controlled for individual differences in the gut
microbial composition and minimized the influence
of other environmental factors on the microbial
community.

Despite these limitations, the study results
provide valuable insights into the potential health
impacts of these chemicals and highlight the need
for further controlled studies to better understand
their effects on human health. Future research
should address these limitations to minimize the
experimental variability and increase the accuracy of
the findings.

In summary, the results reveal disruptions in gut
microbial structure and function in mice exposed to
BPA or BPF, characterized by elevated levels of
Ruminococcaceae UCG-010 and Oscillibacter and
decreased levels of Prevotella 9 and Streptococcus.
Additionally, the pathways related to carbohydrate
and amino acid metabolism were enriched. Further
studies with longer exposure times, a wider range of
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doses, and intestinal indices would help to elucidate
the correlation between BPA analog-induced gut
microbiota changes and infection or disease severity.
Furthermore, metagenomic sequencing, proteomics,
metabolomics, and other technologies would
provide a comprehensive perspective on studying
the toxicity of BPA analogs from the view point of
gut microbiota.

CONCLUSION

In summary, this study has revealed marked
alterations in the gut microbiome community
richness and diversity, species composition, and
function in mice exposed to BPA or BPF. These
changes were characterized by elevated levels of
Ruminococcaceae UCG-010 and Oscillibacter and
decreased levels of Prevotella 9 and Streptococcus.
In addition, the pathways associated with
carbohydrate and amino acid metabolism were
significantly enriched. These findings demonstrate
that mice exposed to different BP analogs have
distinct gut bacterial community richness,
composition, and related metabolic pathways. Given
the fundamental role of gut bacteria in maintaining
intestinal homeostasis, our study highlights the
intestinal toxicity of BPs in vertebrates.
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