


in fat-enriched tissues, increasing the risk of obesity and
metabolic complications.14,15 Elevated serum BPA levels have
been linked to poorer glycemic control and insulin resistance in
type 2 diabetes (T2D) patients.16

Environmental contaminants also accumulate in multiple
organs, causing significant damage to the gut, liver, kidney, and
brain.8,17,18 The gut is particularly vulnerable due to its feeding
behavior. MPs can alter gut microbial composition, damage
intestinal mucosa, impair physiological barriers, and promote
inflammation.19−21 Similarly, dietary BPA has been shown to
increase colonic permeability, disrupt the chemical and physical
barriers, alter microbial diversity and composition, and
ultimately lead to gut injury.22−24 Moreover, it is noteworthy
that the sensitivity to environmental pollutant exposure differs
across intestinal segments. Unlike the small intestine, the colon
sustains a denser bacterial population and a loose mucus layer,
which makes it more vulnerable to exogenous toxins.25−27

However, the effects of environmental contaminant exposure on
colon injury in susceptible populations with pre-existing health
conditions remain poorly understood.

Diabetes is a growing health challenge characterized by
hyperglycemia, chronic low-grade inflammation, and metabolic
disorders. According to the International Diabetes Federation
(IDF) Diabetes Atlas, approximately 463 million people are
currently live with diabetes in 2019, a number expected to reach
700 million by 2045.28,29 T2D, accounting for over 90% of
cases,28 is associated with multiorgan damage, including diabetic
enteropathy. Over 70% of T2D individuals experience gastro-
intestinal symptoms,30,31 involving mechanisms such as
glycoprotein deposition in microvascular walls and autonomic
neuropathy.32 Importantly, the guts of diabetic patients may be
more sensitive to environmental pollutants compared to healthy
individuals.33

Therefore, this study aimed to investigate gut injury induced
by two distinct categories of ubiquitous pollutants (PS-MPs and
BPA) within a vulnerable T2D mouse model. Rather than
comparing compounds within the same class (e.g., BPA vs BPS),
we sought to delineate the differential effects of these two
fundamentally different, yet equally pervasive, contaminant
types. Our findings indicate that the mild gut injury in T2D mice
was markedly aggravated by both exposures. Mechanistically,
PS-MPs and BPA acted through distinct pathways, primarily by
disrupting metabolic processes and intestinal microbial homeo-
stasis in a compound-specific manner. These results offer novel
insights into the potential impact of environmental pollutants on
gut health in T2D, providing a theoretical basis for protective
strategies against environmental-contaminant-related gut injury
in this vulnerable population.

2. EXPERIMENTAL PROCEDURES
2.1. Chemicals and Reagents. Two μm PS-MPs (#6-1-0200, 2.5%

w/v) was purchased from BaseLine (Tianjin, China). Bisphenol A
(BPA, #B108653) was purchased from Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). Streptozocin (STZ, #S0130) was
purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). High-
fat diet (HFD, 60 kcal% fat, #D12492) was purchased from Research
Diets, Inc. (New Brunswick, NJ, USA). IL-6, IL-1β, and TNF-α
antibodies were purchased from Proteintech Group, Inc. (Hubei,
China). Chemical derivatization reagents Dns-Cl and HATU were
purchased from J&K Chemical Ltd. (Beijing, China) and d6-Dns-Cl and
d6-Dns-PP were purchased from Wuxi Beita Pharmatech Co., Ltd.
(Jiangsu, China). Chemical derivatization reagent Dns-PP was
synthesized in-house. HPLC-grade acetonitrile (ACN) and methanol
(MeOH) were obtained from Merck (Darmstadt, Germany). Formic

acid was purchased from Nanjing Chemical Reagent (Jiangsu, China).
Deionized water was produced using a Milli-Q purification system
(Millipore, Watford, UK). Myristic acid (C14), pentadecanoic acid
(C15), palmitoleic acid (C16:1), γ-linolenic acid (C18:3), adenosine
(Ado), pyruvic acid (PyrA), and alpha-ketoisovaleric acid (KIVA) were
purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA).

2.2. Cell Culture and Treatment. The Caco-2 cell line was
obtained from the American Type Culture Collection (Manassas, VA,
USA) and cultured in Minimum Essential Medium (MEM) (Gibco,
Grand Island, NY, USA) supplemented with 20% fetal bovine serum
(FBS; Gibco, Grand Island, NY, USA), 1 mM sodium pyruvate (Gibco,
Grand Island, NY, USA) and 1% penicillin-streptomycin (Cytiva,
Boston, USA). Cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO2. The Caco-2 cells were identified at
Shanghai Biowing Biotechnology Co., Ltd. (Shanghai, China; sample
code: 20240515-03).

Caco-2 cell was seeded into 6-well plates with 1.5 × 105 cells/well
and adhered overnight. Then, the cell was treated with C14 (Sigma-
Aldrich, St. Louis, MO, USA) (20, 100 μM), C15 (Sigma-Aldrich, St.
Louis, MO, USA) (20, 100 μM), C16:1 (Sigma-Aldrich, St. Louis, MO,
USA) (20, 100 μM), C18:3 (Sigma-Aldrich, St. Louis, MO, USA) (20,
100 μM), Ado (Sigma-Aldrich, St. Louis, MO, USA) (20, 100 μM),
KIVA (Sigma-Aldrich, St. Louis, MO, USA) (0.1, 1, 10 μM), or PyrA
(Sigma-Aldrich, St. Louis, MO, USA) (0.1, 1, 10 μM) for 48 h.

2.3. Animal Experiments and Dose Selection. 2.3.1. Dose
Selection. The size and dose of PS-MPs used in this study were based on
existing research and estimations of human daily intake. It has been
reported that approximately 60% of MPs detected in the commercial
fish from Tunisian coasts have diameters within the 1.2−3 μm size
range, indicating a significant transfer of MPs into the human diet.34 For
dosing, studies indicate that humans are exposed to an estimated 0.1−5
g of microplastics per person weekly. For a 70 kg adult, this corresponds
to a daily intake of 0.2−10.2 mg/kg.35,36 The equivalent dose for mice is
approximately 12.3 times higher, ranging from 2.5 to 125.5 mg/kg/day,
which corresponds to approximately 0.075−3.765 mg/day for a 30 g
mouse. Based on this, we applied a dose of 100 μg/day of PS-MPs (2
μm) as an average exposure level to assess potential health risks
associated with microplastic ingestion, which remains within an
environmentally relevant range for human exposure. Estimated daily
BPA intake can reach up to 4.2 μg/kg/day in adults and 14.7 μg/kg/day
in children,10 equating to approximately 51.7 and 180.8 μg/kg/day in
mice. For assessing short-term toxicity in T2D mice, we used a dose of
100 μg/kg/day, consistent with these estimates.

2.3.2. Animal Experiment. Six-week-old male-specific-pathogen-
free (SPF) C57BL/6J mice were purchased from Vital River Laboratory
Animal Technology. All mice were housed in a temperature-controlled
SPF environment (24 ± 2 °C) and kept on a 12 h light/dark cycle. All of
the animal studies and procedures were approved by the Animal Ethics
Committee of China Pharmaceutical University (license no.: SYXK
2021-0011, approval no.: 2023-04-006). Animals were allowed to
accommodate for 1 week before the experiment.

Mice were randomly divided into two groups: control (n = 10) and
T2D (n = 38). Mice in the T2D group were provided with HFD for 8
weeks and treated with STZ (50 mg/kg, i.p.) in citrate buffer (pH 4.6)
for five consecutive days. Mice with fast blood glucose (FBG) ≥11.1
mM were considered diabetic mice. The control group was provided
with normal diets and an intraperitoneal injection of citrate buffer (pH
4.6).

T2D mice were divided into four groups: BPA-C (n = 6), BPA (n =
6), PS-MPs-C (n = 7), and PS-MPs (n = 9). Mice in the BPA group were
treated with BPA (100 μg/kg/day, i.g.) for 2 weeks. Mice in the BPA-C
group were gavaged with corn oil as the vehicle of BPA. Mice in the PS-
MPs group were treated with PS-MPs (100 μg/day, i.g.) for 3 weeks.
Mice in the PS-MPs-C group were gavaged with water as the vehicle of
PS-MPs.

2.4. Western Blot Analysis. Proteins were separated by SDS−
PAGE on 8−15% gel and transferred to polyvinylidene difluoride
(PVDF) membranes (0.2 μm, Millipore, MA, USA). Primary
antibodies were incubated at 4 °C overnight. Secondary antibody
conjugated to horseradish peroxidase (HRP) (Proteintech Group, Inc.,
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Hubei, China) were incubated approximately 1 h at room temperature.
Immunoreactive bands were visualized using an enhanced chemilumi-
nescence (ECL) system (Millipore, MA, USA) on a Tanon 5200
chemiluminescent imaging system (Tanon Science & Technology,
Shanghai, China). Relative protein expression was calculated by
densitometric analysis using ImageJ software.

2.5. Metabolomics Analysis. Sample preparation, chemical
labeling, and instrument settings for the quantification of endogenous
metabolites refer to our previous study.37 Briefly, colon samples (30
mg) were accurately weighed in chilled homogenization tubes. An
extraction solvent mixture was added at a concentration of 30 μL/mg
tissue. The samples were homogenized using a bead homogenizer and
then centrifuged at 14,000g for 10 min at 4 °C. The supernatant was
collected, dried, and stored at −80 °C. Subsequently, chemical labeling
was performed using Dns-Cl and Dns-PP, after which the labeled
samples were subjected to instrumental analysis. LC-MS/MS analysis
was conducted on a Shimadzu Nexera UPLC system (Tokyo, Japan)
combined with a Shimadzu MS-8060 triple quadrupole mass
spectrometer (Tokyo, Japan). Detailed procedures for sample
preparation, chemical derivatization, and instrument conditions can
be found in the Supporting Information.

2.6. 16S rRNA Gene Sequencing. High-throughput 16S rRNA
gene sequencing was conducted by BGI Genomics (Shenzhen, China).
In summary, genomic DNA was extracted using the MagPure Stool
DNA KF Kit B (MAGEN, Guangzhou, China). The V3−V4
hypervariable regions of the 16S rRNA gene were amplified with
primers (338F: ACTCCTACGGGAGGCAGCAG; 806R: GGAC-
TACHVGGGTWTCTAAT) and then purified using DNA magnetic
beads (BGI, LB00 V60). The amplicons were quantified, and the

equimolar concentrations were normalized and pooled. Sequencing
was performed on the DNBSEQ-G400 platform (BGI-Shenzhen,
China), producing reads of PE300/250 bases. Finally, sequences with
100% similarity thresholds were grouped into operational taxonomic
units (OTUs) by using QIIME2.

2.7. Histopathologic Analysis. Histopathologic analysis was
conducted by Nanjing Freethinking Biotechnological Co., Ltd.
(Nanjing, China). In brief, colon tissues were fixed in 4%
paraformaldehyde for 24 h, followed by a gradient dehydration process.
Subsequently, the tissues were embedded in paraffin wax, sectioned
using a Leica HistoCore BIOCUT (Wetzlar, Germany), mounted on
gelatin-coated slides, and stained with hematoxylin and eosin (H&E) as
well as periodic acid-Schiff stain (PAS). Histopathologic changes were
then examined under a microscope.

2.8. Statistical Analysis. Statistical analysis was performed using
GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego,
USA), and the results were presented as mean ± SD. Group
comparisons were made using Student’s or Welch’s t test, as
appropriate, following validation of variance homogeneity with
Bartlett’s test. p < 0.05 was considered significantly different.

3. RESULTS
3.1. T2D Mice Exhibit Mild Gut Injury. To investigate gut

injury associated with T2D, we established a T2D mouse model
using an HFD and STZ treatment. The results showed that mice
in the T2D group exhibited hyperglycemia (FBG ≥ 11.1 mM)
(Figure 1A). Moreover, the colon length of T2D mice was
significantly reduced, suggesting a gut injury (Figure 1B).

Figure 1. T2D mice exhibit mild gut injury. (A) FBG levels and (B) colon length in T2D and control groups (n = 10). (C) Correlation analysis
between FBG and colon length. (D) Correlation analysis among FBG, colon length, body weight, and organ coefficients. (E) Protein expression levels
of ZO-1 and occludin in the colon (n = 6). (F) Representative images of H&E and PAS staining of colon tissues (n = 3) (100×). Significance levels are
indicated as ns (not significant), **p < 0.01, ****p < 0.0001.
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Correlation analysis demonstrated a negative correlation
between FBG and colon length (r = −0.62, p < 0.01) (Figure

1C). This correlation was found to be stronger for the colon than
for other organs, such as the liver, spleen, lung, kidney, and brain

Figure 2. PS-MPs and BPA exposures promote intestinal injury in T2D mice. (A) PS-MPs confirmation by Fourier-transform infrared spectroscopy.
(B) Scanning electron microscopy of PS-MPs. (C) Zeta potentials of the PS-MPs. Colon length of (D) PS-MPs (n ≥ 7) and (E) BPA group (n = 6). (F)
Representative images of H&E and PAS staining of colon tissues (n = 3) (100×, yellow arrows indicate reduced goblet cells and mucus secretion).
Intestinal ZO-1 and occludin expression of (G) PS-MPs and (H) BPA group (n = 6). Significance levels are indicated as ns (not significant), *p < 0.05,
**p < 0.01, and ****p < 0.0001.
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(Figure 1D). ZO-1 and occludin are major tight junction
proteins that play a central role in maintaining intestinal barrier
function. However, we observed no significant differences in the
expression of gut tight junction proteins between the T2D group
and the control (Figure 1E). Moreover, no significant
differences were observed in intestinal inflammation (IL-1β,
TNFα) between the two groups (Figure S1A, B). Also, H&E
and PAS staining did not show gut barrier injury and
inflammatory cell infiltration in the T2D group (Figure 1F).
Overall, these results suggest that mild gut injury occurs under
the T2D pathological conditions.

3.2. ������ and BPA Exposures Promote Intestinal
Injury in T2D Mice. Physical characterization of PS-MPs was
determined by Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and dynamic light
scattering (DLC) analysis. The position and number of bands
in the FTIR spectrum confirmed that the reagent used was
polystyrene (PS) (Figure 2A). SEM images showed that PS-MPs
were spherical structures with smooth surfaces and uniform sizes
(Figure 2B). The average hydrated particle diameters of three

parallel measurements were 1.891 ± 0.17 μm, and the
polydispersion index (PDI) was 0.42 ± 0.19, reflecting the
uniformity of the particle size distribution (Figure 2C). These
results showed that PS-MPs were stable in fresh water without
obvious agglomeration.

To further investigate whether environmental pollutants
exacerbate enterotoxicity in a T2D context, we treated T2D
mice with PS-MPs or BPA. Treatment with PS-MPs or BPA
resulted in a significant reduction in colon length compared to
the T2D group (Figure 2D, E), while the coefficients of the
heart, liver, spleen, lung, kidney, and brain showed no significant
differences (Figure S2A, B). The FBG level was also unaffected
by exposure to PS-MPs or BPA (Figure S2C, D). Besides,
histological analysis using H&E and PAS staining revealed that
exposure to BPA or PS-MPs destroyed the gut mucosal barrier
structure, leading to a decrease in goblet cells and mucus
secretion (yellow arrow) (Figure 2F). Moreover, the expression
levels of tight junction proteins, ZO-1 and occludin, were
significantly lower in BPA groups, while they did not
significantly decrease in the PS-MPs group (Figure 2G, H).

Figure 3. PS-MPs and BPA exposures alter gut microbiota in T2D mice (n = 3). (A−C) Alpha diversity indices of the T2D, PS-MPs, and BPA groups.
(D−F) PCoA analysis of the T2D, PS-MPs, and BPA groups. Linear discriminant analysis effective size (LEfSe) identifying differentially abundant taxa
at the genus level between (G) PS-MPs-C and PS-MPs, and (H) BPA-C and BPA groups. Significance determined with a linear discriminant analysis
(LDA) score (log 10) > 2. **p < 0.01.
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Figure 4. PS-MPs and BPA exposures induce gut metabolic dysregulations in T2D mice. (A) PCA analysis based on LC-MS metabolomics data. (B, E,
H) Pie chart showing the categories of differential metabolites in the T2D (n = 10), PS-MPs (n ≥ 7), and BPA (n = 6) groups, respectively. (C, F, I)
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Moreover, levels of inflammatory factors (IL-1β and TNF-α)
(Figure S3A−D) and transcription factors involved in cell
proliferation and differentiation (KLF4, Elf3) were not changed
(Figure S4A, B). These findings suggest that while colonic

inflammation and inhibited cell proliferation contribute to

intestinal injury, gut barrier damage may play a more central role

in PS-MPs/BPA-induced effects among individuals with T2D.

Figure 4. continued

Volcano plots illustrating differential metabolites in the T2D (n = 10), PS-MPs (n ≥ 7), and BPA (n = 6) groups, respectively. (D, G, J) Pathway
enrichment analysis of differential metabolites in the T2D (n = 10), PS-MPs (n ≥ 7), and BPA (n = 6) groups, respectively.

Figure 5. Intestinal metabolic dysregulation is linked to intestinal injury in T2D mice with PS-MPs exposure. Intestinal concentration of C14 (A), C15
(B), C16:1 (C), C18:3 (D), and Ado (E) in T2D (n = 10), PS-MPs (n ≥ 7), and their corresponding control. (F) Heatmap of differential metabolites in
T2D (n = 10) and PS-MPs (n ≥ 7). (G) Correlation analysis between FBG, colon length, body weight, and differential metabolites in PS-MPs. Intestinal
concentration of KIVA (H) and PyrA (I) in T2D (n = 10), BPA (n = 6), and their corresponding control. (J) Heatmap of differential metabolites in
T2D (n = 10) and BPA (n = 6). (K) Correlation analysis between FBG, colon length, body weight, and differential metabolites in BPA.
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3.3. ������ and BPA Exposures Alter Gut Microbiota
in T2D Mice. Gut commensal bacteria have been found to play
a crucial role in the regulation of gut injury. To investigate the
impact of PS-MPs or BPA on gut microbiota, we conducted a
16S rRNA gene sequencing analysis. The results revealed a
decrease in α-diversity in the T2D group, with no significant
differences observed in the PS-MPs or BPA group compared to
their respective controls (Figure 3A−C). Furthermore, principal
coordinate analysis (PCoA) based on unweighted UniFrac
distances revealed a distinct separation between the T2D or PS-
MPs group and their respective controls, while no significant
distinction was observed between the BPA group and its control
(Figure 3D−F). These results imply a gut microbial imbalance
in T2D mice, with environmental contaminants, particularly PS-
MPs, exacerbating intestinal microbiota disturbances.

To identify key bacterial genera influenced by environmental
pollutants in T2D mice, we performed a linear discriminant
analysis effective size (LEfSe). This revealed significant
differences in the abundance of 29, 11, and 5 genera between
the T2D vs Control, PS-MPs vs PS-MP-C, and BPA vs BPA-C
groups, respectively (Figures S5 and 3G,H). We further
examined the genera that were significantly altered in both the
pollutant-exposed and the T2D groups. Notably, g_Duncaniella
and g_Olsenella showed significant changes in both the T2D and
PS-MPs groups, while g_Phocaeicola, g_Olsenella, and g_Vari-
ovorax were altered in both the T2D and BPA groups. Among
these, only g_Olsenella consistently decreased in both the T2D
and PS-MPs groups, whereas no genus exhibited a consistent

directional trend across the T2D and BPA groups. Collectively,
these results suggest that exposure to PS-MPs and BPA disrupts
intestinal homeostasis and exacerbates gut microbiota dysbiosis
through distinct mechanisms in T2D mice.

3.4. ������ and BPA Exposures Induce Colonic
Metabolic Dysregulations in T2D Mice. Intestinal metabolic
disorder is closely related to environmental pollutant exposure
and diabetes. To investigate the metabolic pathways through
which PS-MPs and BPA exacerbate intestinal damage, we
conducted a metabolomics analysis of the colon. As illustrated in
Figure 4A, quality control (QC) samples are tightly clustered,
which confirms the instrument stability and methodological
reliability. Moreover, intestinal metabolism was significantly
disrupted, as demonstrated by a distinct separation in the
metabolic profiles among the T2D, PS-MPs, BPA, and their
corresponding control groups in the PCA score plots (Figure
S6A−C).

In the T2D group, 50 differential metabolites were identified,
including 22 amino acids, 7 acylcarnitines, 7 nucleotides, 5
organic acids, 4 indole derivatives, 4 fatty acids, and 1 bile acid
(Figures 4B, C, S6D, and Table S2). Enrichment analysis
revealed differential metabolites were mainly enriched in urea
cycle, ammonia recycling, carbohydrate metabolism (citric acid
cycle, malate-aspartate shuttle, etc.), and amino acid metabolism
(alanine, aspartate, tryptophan metabolism, etc.) (Figure 4D).

In the PS-MPs group, we found 24 differential metabolites,
consisting of 13 fatty acids, 4 amino acids, 3 metabolites
associated with nucleotide metabolism, 3 organic acids, and 1

Figure 6. Altered metabolites promote the expression of gut barrier proteins (n = 3). (A) Protein expression level of ZO-1 and occludin with 20 μM
(A) and 100 μM (B) C14, C15, C16:1, C18:3, and Ado treatment. Protein expression level of ZO-1 and occludin with 0.1 μM (C), 1 μM (D), and 10
μM (E) KIVA and PyrA treatment. Significance levels are indicated as *p < 0.05 and **p < 0.01.
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bile acid (Figures 4E, F, S6E, and Table S2), which were mainly
enriched in fatty acid biosynthesis and metabolism (saturated
fatty acids and unsaturated fatty acids), amino acid metabolism,
and carbohydrate metabolism (Figure 4G).

In the BPA group, only 4 differential metabolites were
identified, including 3 organic acids (PyrA, fumaric acid, and
KIVA) and 1 indole derivative (indole-3-carboxaldehyde)
(Figures 4H,I, S6F, and Table S2), which were mostly enriched
in the urea cycle, carbohydrate metabolism (citric acid cycle,
Warburg effect, etc.), and amino acid metabolism (alanine,
aspartate metabolism, etc.) (Figure 4J).

Collectively, these findings demonstrate that T2D pro-
gression is mechanistically linked to intestinal metabolic
dysregulation, particularly affecting carbohydrate homeostasis,
lipid regulation, and amino acid balance. Notably, PS-MPs/BPA
coexposure exacerbates the metabolic dysfunction, highlighting
the pivotal role of intestinal metabolism in mediating environ-
mental pollutant-induced enteric damage in diabetic conditions.

3.5. Intestinal Metabolic Dysregulation Is Linked to
Gut Damage in T2D Mice with ������ Exposure. To
further explore the common metabolic variation patterns of

T2D and PS-MPs/BPA exposure, differential metabolites in
T2D and PS-MPs/BPA were screened out. It has been
discovered 5 differential metabolites that exhibited consistent
trends in both T2D and PS-MPs groups, including 4 long-chain
fatty acids (C14, C15, C16:1, C18:3) and Ado (Figure 5A−F).
The correlation analysis revealed a strong relationship between
colon length and these metabolites (r > 0.5) (Figure 5G),
suggesting the potential link between metabolic changes and PS-
MPs-induced intestinal injury. In the BPA group, only KIVA and
PyrA exhibited a consistent decreasing trend in the process of
BPA exposure (Figure 5H−J). However, KIVA and PyrA
showed poor relationship with colon length (r < 0.5) (Figure
5K).

3.6. Altered Metabolites Promote the Expression of
Gut Barrier Proteins In Vitro. As many metabolites were
altered after exposure to PS-MPs and BPA, we investigated
whether these metabolites play a role in protecting the gut
barrier. We examined the expression levels of tight junction
proteins ZO-1 and occludin in Caco-2 cells treated with C14,
C15, C16:1, C18:3, Ado, KIVA, and PyrA for 48 h. C16:1,
C18:3, Ado (100 μM; Figure 6A, B), and KIVA (1 μM, 10 μM;

Figure 7. Correlation between gut microbiota dysbiosis and colonic metabolic alterations. (A) Correlation analysis of FBG, colon length, body weight,
Duncaniella, Olsenella, and differential metabolites in the PS-MPs group. (B) Correlation between colon length and Duncaniella. (C) Correlation
between C16:1 and Duncaniella. (D) Correlation between C18:3 and Duncaniella. (E) Correlation between Ado and Duncaniella. (F) Correlation
between colon length and Olsenella. (G) Correlation between C16:1 and Olsenella. (H) Correlation between C18:3 and Olsenella. (I) Correlation
between Ado and Olsenella. (J) Correlation analysis of FBG, colon length, body weight, Variovorax, Phocaeicola, Olsenella, and differential metabolites
in BPA. Correlation analyses were performed using Pearson’s method.
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Figure 6C−E) significantly increased ZO-1 expression, with a
minimal effect on occludin. These findings suggest that C16:1,
C18:3, Ado, and KIVA may play a beneficial role in supporting
intestinal barrier integrity.

3.7. Gut Microbiota Dysbiosis Is Closely Correlated to
Colonic Metabolic Alterations. To investigate the potential
connection between the gut microbiota and intestinal injury, we
performed Pearson correlation analyses. In the PS-MPs group,
the bacterial genus Duncaniella, which was differentially
abundant during exposure, was negatively correlated with
colon length (Figure 7A,B). Furthermore, Duncaniella showed
a negative correlation with key functional metabolites (C16:1,
C18:3, Ado) (Figure 7A,C−E). Conversely, another genus,
Olsenella, was positively correlated with colon length, C16:1,
C18:3, and Ado levels (Figure 7A,F−I). In the BPA group, the
genus Variovorax exhibited a strong correlation with the colon
length. However, the correlation between differential genera and
functional metabolites (KIVA and PyrA) was relatively weak
(Figure 7J). These findings suggest that gut microbiota dysbiosis
is closely linked to disrupted colonic metabolism and gut injury,
highlighting the regulation of gut microbiota as a promising
strategy for preventing intestinal injuries in T2D individuals
concurrently exposed to environmental pollutants.

4. DISCUSSION
T2D is characterized by hyperglycemia and is often accom-
panied by complications affecting multiple organs. Over 70% of
diabetic patients experience gastrointestinal dysfunctions.30,31 It
is hypothesized that these patients may be more susceptible to
environmental exposure, especially those ingested through the
gastrointestinal tract. Our study is the first to demonstrate that
PS-MPs and BPA can worsen intestinal injury in T2D by
disrupting gut microbiota and colonic metabolism. Further-
more, we identified specific metabolites (C16:1, C18:3, Ado,
and KIVA) that may have the potential to protect the gut barrier
in T2D.

Extensive research has identified gut microbiota dysbiosis as a
typical hallmark of T2D, contributing to multiorgan damage
through the gut-X axis. While the correlation between
microbiota composition and the development of T2D remains
debated, a consistent finding is the reduced intestinal flora
diversity and increased facultative anaerobic bacteria in T2D
individuals.38 Moreover, disordered gut microbiota exhibit
distinct functional properties. Tadashi et al. found that
individuals with gut microbiota dominated by Lachnospiraceae
exhibit significantly higher insulin resistance indices and
elevated fecal monosaccharide concentrations. In contrast,
individuals enriched with Bacteroidales are characterized by
lower insulin resistance and reduced monosaccharide excre-
tion.39 In our study, we discovered significant gut microbiota
dysbiosis in T2D mice, characterized by reduced α-diversity
indices and distinct β-diversity clustering compared with
controls, aligning with prior research. Notably, we found a
137-fold increase in Mucispirillum, a spiral-shaped bacterium
colonizing the intestinal mucus layer, in the T2D group.
Mucispirillum has been implicated in mucin glycoprotein
degradation and is associated with gut inflammation,40

suggesting an imbalance in intestinal homeostasis under T2D
pathological conditions and highlighting the potential for gut
microbiota intervention in treating gut diseases.

Our results demonstrate that exposure to environmental
pollutants, specifically PS-MPs and BPA, exacerbates T2D-
associated intestinal injury. This is further evidenced by

alterations in the gut microbiota and colonic metabolic profiles.
The affected genera were primarily distributed among four
phyla: Pseudomonadota, Actinobacteria, Bacteroidota, and Bacil-
lota, which have previously been linked to the degradation of
various environmental pollutants, such as N-nitrosamines,41

organic pollutants (e.g., pesticides and polycyclic aromatic
hydrocarbons), and heavy metals.42 Notably, we identified
Duncaniella (Bacteroidota), Olsenella (Actinobacteria), Variovor-
ax (Pseudomonadota), and Phocaeicola (Bacteroidota) as core
microbial genera. The abundances of these genera changed in
response to both T2D pathology and pollutant exposure.
Furthermore, Duncaniella, Olsenella, and Variovorax showed a
strong correlation with colon length. Prior study indicates that
Duncaniella abundance increases following polylactic acid
microplastics exposure, suggesting the role of gut microbiota
in environmental contaminant exposure and degradation.43

Collectively, these findings suggest that targeted gut micro-
biome interventions may help mitigate pollutant-induced
intestinal injury in individuals with T2D.

PS-MPs/BPA exposure disrupts metabolic balance. Existing
studies suggest that microplastics induce gut dysbiosis and
interfere with the biosynthesis of unsaturated fatty acids,
arachidonic acid metabolism, amino metabolism (e.g., arginine
biosynthesis, and alanine, aspartate, and glutamate metabo-
lism).8,44 BPA has been shown to impair tryptophan and 5-
hydroxytryptamine metabolism.45,46 Lipid metabolism disor-
ders are also involved in response to PS-MPs and BPA
exposure.13,17 In our study, we focus on T2D, which is known
to be more susceptible to environmental pollutants. Our findings
indicated T2D mice exhibited aggravated colonic metabolic
disorders, with differential metabolites primarily enriched in
fatty acid, amino acid, and carbohydrate metabolism, consistent
with previous research. Moreover, we observed that PS-MPs and
BPA induced distinct alterations in colonic metabolic profiles
among T2D mice. PS-MPs mainly disturbed LCFA metabolism
(e.g., C14, C15, C16:1, and C18:3) and adenosine metabolism,
while BPA primarily affected energy metabolism. Despite
significant changes in gut microbiota composition and colonic
metabolic profiles, there were no significant goblet cell reduction
or mucosal damage in the colons of T2D mice, suggesting that
microbial and metabolic changes may serve as more sensitive
indicators than histological alterations for early detection.

Bioactive metabolites demonstrated significant therapeutic
potential for disease intervention. For example, Chen et al.
showed that C16:1 ameliorates colon inflammation in DSS-
induced acute colitis in mice and enhances therapeutic effects
when combined with anti-TNF-α antibodies.47 C18:3 also
mitigates T. gondii-associated colitis through microbiota
modulation and inflammatory suppression.48 Adenosine signal-
ing plays a key role in modulating inflammatory responses and
promoting epithelial barrier restoration. Pharmacological
targeting of adenosine receptors (A2A/A2B) represents a
promising therapeutic strategy for colitis.49 In our study, we
identified four bioactive metabolites (C16:1, C18:3, Ado, and
KIVA), which significantly increased the expression of the tight
junction protein ZO-1, highlighting their potential for barrier
protection. Furthermore, correlation analysis revealed that
metabolites such as C14, C15, C16:1, and C18:3 are positively
associated with colon length, suggesting that metabolic
regulation could be a valuable strategy for restoring barrier
function and promoting intestinal health.

This study has several limitations. First, the PS-MPs utilized
were characterized by a uniform particle size and single

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.5c00359
Chem. Res. Toxicol. XXXX, XXX, XXX−XXX

J



composition, which does not adequately simulate the complex
pollution environments found in real life. Moreover, while our
research demonstrated that exposure to environmental con-
taminants (PS-MPs/BPA) exacerbates gut injury in T2D mice,
validation in humans is still required. Additionally, further
research is needed to explore the function of bacteria identified
in PS-MPs/BPA-induced gut injury. Despite these limitations,
our findings offer valuable insights into the impact of
environmental pollutants on intestinal injury in T2D.

5. CONCLUSIONS
This is the first study to demonstrate that exposure to
environmental contaminants (PS-MPs/BPA) significantly con-
tributes to the progression of intestinal injury in T2D. The
detrimental effect of PS-MPs/BPA on gut barrier integrity in
T2D is attributed to disrupted gut microbiota and colonic
metabolism. These findings could inform strategies for reducing
exposure to PS-MPs/BPA in patients with T2D to mitigate the
risk of a severe intestinal injury.
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