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BACKGROUND: Microplastics (MPs) have become a global environmental problem, emerging as contaminants with potentially alarming consequences.
However, long-term exposure to polystyrene microspheres (PS-MS) and its effects on diet-induced obesity are not yet fully understood.

OBJECTIVES: We aimed to investigate the effect of PS-MS exposure on high-fat diet (HFD)—induced obesity and underlying mechanisms.

METHODS: In the present study, C57BL/6] mice were fed a normal diet (ND) or a HFD in the absence or presence of PS-MS via oral administration
for 8 wk. Antibiotic depletion of the microbiota and fecal microbiota transplantation (FMT) were performed to assess the influence of PS-MS on in-
testinal microbial ecology. We performed 16S rRNA sequencing to dissect microbial discrepancies and investigated the dysbiosis-associated intestinal
integrity and inflammation in serum.

ResuLTs: Compared with HFD mice, mice fed the HFD with PS-MS exhibited higher body weight, liver weight, metabolic dysfunction-associated
steatotic liver disease (MASLD) activity scores, and mass of white adipose tissue, as well as higher blood glucose and serum lipid concentrations.
Furthermore, 16S rRNA sequencing of the fecal microbiota revealed that mice fed the HFD with PS-MS had greater a-diversity and greater relative
abundances of Lachnospiraceae, Oscillospiraceae, Bacteroidaceae, Akkermansiaceae, Marinifilaceae, Deferribacteres, and Desulfovibrio, but lower
relative abundances of Afopobiaceae, Bifidobacterium, and Parabacteroides. Mice fed the HFD with PS-MS exhibited lower expression of MUC2
mucin and higher levels of lipopolysaccharide and inflammatory cytokines [tumor necrosis factor-o (TNF-o), interleukin-6 (IL-6), IL-1f, and
IL-17A] in serum. Correlation analyses revealed that differences in the microbial flora of mice exposed to PS-MS were associated with obesity.
Interestingly, microbiota-depleted mice did not show the same PS-MS—-associated differences in Muc2 and Tjpl expression in the distal colon, expres-
sion of inflammatory cytokines in serum, or obesity outcomes between HFD and HFD + PS-MS. Importantly, transplantation of feces from HFD +
PS-MS mice to microbiota-depleted HFD-fed mice resulted in a lower expression of mucus proteins, higher expression of inflammatory cytokines,
and obesity outcomes, similar to the findings in HFD + PS-MS mice.

CoNcLUsIONS: Our findings provide a new gut microbiota-driven mechanism for PS-MS—induced obesity in HFD-fed mice, suggesting the need to
reevaluate the adverse health effects of MPs commonly found in daily life, particularly in susceptible populations. https://doi.org/10.1289/EHP13913

Introduction

Over the last few decades, the global prevalence of obesity has pro-
gressively risen, coinciding with changes in dietary and lifestyle
patterns.! According to data from the World Health Organization,
in 1975, only 2.8% of the global population were considered obese,
whereas by 2016, this figure had risen to 13% of adults, or
~ 650 million people globally.? Obesity negatively affects physio-
logical functions and poses a significant threat to public health. It
heightens the risk of developing metabolic syndromes such as type
2 diabetes, cardiovascular disease,> and metabolic dysfunction-
associated steatotic liver disease (MASLD; formally known as
nonalcoholic fatty liver disease).* Obesity is influenced by a com-
bination of genetic, epigenetics, and environmental factors, includ-
ing lifestyle and eating habits.> Excessive energy intake, often
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resulting from the consumption of energy-rich diet such as a high-
fat diet (HFD), is associated with obesity,® and increasing evidence
has shown that long-term consumption of a HFD changes the com-
position of the intestinal microbiota and leads to dysbiosis in
mice.” The intestinal microbiota plays a crucial role in regulating
several aspects vital to host metabolic function, such as fat accu-
mulation, hepatic lipogenesis, and energy absorption.®? Despite
dietary factors, other environmental factors, such as polysorbate-
80 and carboxymethylcellulose, two commonly used food addi-
tives, have also been proven to promote obesity through intestinal
microbiota alteration.'® Therefore, comprehending the correlation
between diet and other environmental factors is imperative in
developing comprehensive approaches to mitigate obesity.
Microplastics (MPs), a class of emerging persistent environmen-
tal pollutants, are composed of chemically fragmented plastic par-
ticles, fibers, and fragments <5 mm in diameter.!! If current
production and waste management trends persist, ~ 12,000 million
metric tons of plastic waste will accumulate in landfills or the natural
environment by 2050,'? and then time results in gradual physico-
chemical degradation of plastics into smaller-size particles (second-
ary MPs).!3 Moreover, primary microplastics can also be present in
the form of microbeads. Initially, these tiny beads were commonly
discovered in health and beauty products, such as face washes and
toothpastes.!# Microplastics are ubiquitous in the environment and
pose a potential threat to the ecosystem and human health.'®!
Humans may be subjected to exposure to MPs through inhalation and
ingestion.'® Daily intakes of MPs ranging between 0.5 and 10 pm for
adults from mineral water in plastic bottles have been estimated at
40.1 pg/kg body weight (BW) per day.!” Shockingly, MPs have
been found in urine,'® fecal,'® blood,?° colectomy specimens,?! pla-
centa, and meconium of human.?2 As a result, serious concerns
regarding their potential toxicity to humans have been raised, and
their general toxicological effects on organisms need to be further
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evaluated. Polystyrene (PS) is a commonly used polymer in the pro-
duction of Styrofoam, which is widely used in food containers and
packaging.?>?* Research has shown that PS microspheres (PS-MS)
with a diameter of 5 pm can accumulate in the intestine, resulting in
dysfunction of the intestinal barrier and alteration of metabolites in
the serum in otherwise healthy mice.>>’ Furthermore, PS-MS of a
diameter within 0.5-5 pm have been extensively employed in bioas-
says to investigate biological interactions and toxicity in living organ-
isms.28-30 It should also be noted that prolonged exposure to high
doses of polyethylene MS in mice can lead to apparent adverse
effects, such as histological injury and inflammation of the colon.?!

Besides these advances, the potential impacts of PS-MS on gut
microbiota have been a focus of toxicity studies, given that 99.54%
of PS-MS were found to be excreted in feces after oral administra-
tion of 5-um PS-MS in mice.>?> Exposure to PS-MS have been
reported to induce anxiety-like behavior in mice by modulating gut
microbe homeostasis.>* Recent study has also associated dysregu-
lation of the gut microbiota with hepatic injuries induced by
PS-MS in mice.>* According to a study, alterations in the composi-
tion of gut microbiota were associated with the development of
obesity and its associated metabolic disorders.> In addition, other
studies have demonstrated that gut dysbiosis, which can result
from environmental or genetic factors, can impede intestinal integ-
rity in obese animals.?® Furthermore, the toxic effects of PS-MS are
related to dietary changes and disease status in animal models,”-3
indicating that the toxicity of PS-MS may be amplified in obese pop-
ulations. Nonetheless, it is still not clear whether PS-MS could dis-
rupt gut barrier function by inducing gut dysbiosis and how PS-MS
disrupts the gut microbiota and contributes to HFD-induced obesity.
Therefore, it is highly plausible that exposure to PS-MS will induce
stress on gut microbiota species, thereby compromising gut integrity
and promoting obesity induced by a HFD.

In this study, we investigated the effect of PS-MS via drinking
water in a HFD-induced—obesity mouse model for 8 wk. The
study also explored the impact of PS-MS on intestinal microbes
and colonic mucin levels. Furthermore, downstream inflamma-
tion and obesity were assessed to identify potential mechanisms
related to PS-MS promoting HFD-induced obesity by focusing
on gut microbiota. Antibiotic depletion of the microbiota and
fecal microbiota transplantation (FMT) were performed to assess
the influence of PS-MS on intestinal microbial ecology.

Materials and Methods
Characterization of PS-MS

An aqueous suspension containing PS-MS at a concentration of
25 mg/mL was procured from Shanghai Macklin Biochemical
Technology Co., Ltd. The suspension consisted of beads with a
particle size of 5 pm (ranging from 4.0to4.9 pm, identified as
L.815942) and were dispersed in deionized water at a concentra-
tion of 5.0% wt/vol. The morphology analysis was conducted
using transmission electron microscope spectroscopy (Hitachi,
HT7800) (Figure S1). Briefly, The microplastics were suspended
in anhydrous ethanol and then dropped onto a support membrane
using a dropper while the membrane-covered copper mesh was
held in place with forceps. The sample was kept in position until
the droplets on the support membrane were completely dried.
Subsequently, electron microscopy was used for observation. To
ensure optimal dispersion, all suspensions underwent thorough
sonication, followed by dilution with water prior to their use.

Animals and Diets

Seventy-two male C57BL/6J mice (24 mice per experiment), aged
6-8 wk, were procured from Vital River Company (Vital River
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Laboratory Animal Center) and were selected for the experiment.
The mice were accommodated in environmentally controlled cages,
ensuring a constant temperature of 24 + 1°C, relative humidity of
55% + 5%, and a standard 12-h light:dark cycle. Groups of mice
were housed together (n=6 per group, 3/cage) and provided free
access to feed and drinking water. The experimental procedures
received approval from the Laboratory Animal Welfare and Animal
Experimental Ethical Committee at China Agricultural University
(approval No. AW72403202-1-31). To establish a consistent base-
line for the intestinal microbiota, all groups of mice were co-housed
for a period of 1 wk prior to the commencement of the experiment.
The mice were then given either a normal diet (ND; D12450B,
3.85kcal/g; Research Diet, Inc.) containing 10% kcal from fat or a
HFD (D12492, 5.24 kcal /g; Research Diet, Inc.) consisting of 60%
kcal from fat. Diet compositions are reported in Table S2. Energy
intake (in kilocalories per kilogram BW per day) was calculated as
follows: food intake (g/kg BW per day) x food energy content
(kcal/g). Suspensions containing 10-mg/L PS-MS were prepared
using ultrapure sterile water, followed by sonication for 10 min.
Bottles were shaken to ensure an even distribution of the micro-
spheres in the drinking water to prevent sedimentation of the PS.
The mice were assigned to different treatment groups: ND and
HFD groups received filtered and autoclaved water, whereas the
ND + PS-MS and HFD + PS-MS groups received water supple-
mented with PS-MS at a dose of 10 mg/L per day. PS-MS water
was replaced every 2 d. This treatment regimen was followed for a
duration of 8 wk. The water intake was measured every 2 d during
treatment and calculated as an average water intake per mouse per
day. At the end of the experiment, the mice underwent an overnight
fasting period before cervical dislocation euthanasia. Blood sam-
ples were collected by eyeball blood sampling and centrifuged at
3,000 rpm for 15 min at 4°C to obtain plasma. The plasma was then
preserved at —80°C to facilitate subsequent analysis of blood bio-
chemical indicators. Liver, distal colon, inguinal adipose tissue,
epididymal white adipose tissues, and perirenal white adipose tis-
sues were carefully excised and weighed. Two sections were
excised from each tissue sample: One was fixed in paraformalde-
hyde, and the other was stabilized with optimum cutting tempera-
ture (O.C.T.) embedding medium. The remaining tissue was
swiftly cryopreserved in liquid nitrogen and stored at —80°C.

Histology

The fixed liver, distal colon and inguinal adipose tissues were
immersed in a 4% paraformaldehyde solution at room temperature
for 24 h, followed by embedding in paraffin for further processing.
Hematoxylin and eosin (H&E) staining was conducted on liver
distal colon and inguinal adipose tissues sections, which had a
thickness of 5 pm, to enable general observations of their mor-
phology. MASLD activity scores (steatosis, inflammation, and
ballooning degeneration) were determined according to the proce-
dure described by Kleiner et al.> Specifically, steatosis was deter-
mined by measuring the percentage of hepatocytes containing
lipid droplets, defined as 0 (<5%), 1 (5%—33%), 2 (>33%—66%),
or 3 (>66%). Hepatocyte encapsulation was classified into grade 0
(none), grade 1 (very few), and grade 2 (multiple cells/obvious
spheroidization). Lobular inflammation score was defined as 0 (no
foci), 1 (<2 foci per x 200 field), 2 (2—4 foci per x 200 field), or 3
(>4 foci per x 200 field). To evaluate hepatic lipid accumulation,
Oil Red O staining was performed on 8-pm frozen liver sections
(livers from 4-5 mice per group were used for staining). The quan-
tification of goblet cells was performed using the Alcian blue/peri-
odic acid-Schiff (AB/PAS) staining technique. All the images
were captured using a light microscope (BX63, OLYMPUS),
whereas Image-Pro Plus software from Media Cybernetics was
used for quantification purposes.
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Immunofluorescence Staining

Immunofluorescence staining (IF) was performed on 5-um frozen
sections of the distal colon. The frozen sections were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 10 min
at 4°C. After fixing, the sections were incubated with 5% goat se-
rum in PBS at room temperature for 30 min. Subsequently, primary
antibodies against tight junction proteins [Zona occludin-1 (ZO-1)/
Tight junction protein-1 (Tjpl), 1:200, # D264329; and Occludin,
1:200, # 13409-1-AP, purchased from Sangon Biotech Co., Ltd.
and Proteintech Co., Ltd.] were applied without fluorescent label-
ing at 4°C overnight. Following that, the sections were incubated
with a secondary antibody (Cy3-labeled goat anti-rabbit IgG (H +
L), 1:200 # A0516, Biyuntian) labeled with fluorescence for 2 h at
room temperature. Nuclei were stained with Hoechst (33342,
Thermo Fisher Scientific; 1:1,000) for 1 min, and excess staining
solution was removed by rinsing with PBS. Finally, the slides were
mounted using an antifluorescence decay mounting medium
(# S2100, Beijing Solarbio Science & Technology Co., Ltd.) and
observed under laser scanning confocal microscopy (ECLIPSE
Ti2, Nikon). Image acquisition was performed using the Nikon
NIS-Elements AR imaging software analysis platform. Fluorescence
intensity statistics were analyzed using ImageJ.*°

Quantitative Real-Time Polymerase Chain Reaction

The collected colon tissue samples were ground in liquid nitrogen
and stored at —80 °C for further use. Total RNA was extracted from
the colon following the manufacturer’s instructions of M5 Hiper
Total RNA Extraction Reagent (MF034-01, meiSbio) The concen-
tration of total RNA was determined using a Nano Photomeyer
P-Class (Implen GmbH). RNA (4,000 ng) was reverse-transcribed
into 10 pL of complementary DNA using a reverse transcription kit
(Yeasen Biotechnology Co., Ltd., # 11120ES60). The primers
used in this experiment are commonly used primers in our labora-
tory. Subsequently, real-time quantitative PCR (RT-qPCR) was
conducted using the SYBR Premix Ex Taq II (Beijing Aidlab
Biotechnologies Co., Ltd.) alongside the ABI-Prism 7500 Sequence
Detection System (Applied Biosystems). The following program was
used for RT-qPCR: 95°C for 3 min, 40 cycles of 95°C for 15 s, and
then 60°C for 60 s. The alteration in mRNA expression level was cal-
culated using the 27AACT method. To standardize the gene expression
level, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used. The primers used in this study were designed and saved by our
laboratory (Table S1).

Enzyme-Linked Immunosorbent Assay

For this research, ground colon tissue was weighed and homogenized
in PBS at 4°C. Homogenates were centrifuged at 14,000 X g for
10 min at 4°C. Supernatants were transferred to clean microcentrifuge
tubes for detection. The MUC2 level in the collected supernatant was
quantified by using a MUC2 enzyme-linked immunosorbent assay
(ELISA) kit (# MM-44508M1) in accordance with the prescribed
instructions. In addition, serum lipopolysaccharides (LPS; # MM-
0634M2) and serum inflammatory factors, including interleukin-1f
(IL-1B, # MM-0040M1), IL-6 (# MM-0163M1), tumor necrosis
factor-o. (TNF-o, # MM-0132M1), and IL-17A (# MM-0170M1),
were measured using ELISA kits following the recommended instruc-
tions, and the concentration of each cytokine was quantified using a
standard curve according to the manufacturer’s instructions. All ELISA
kits used were procured from Jiangsu Meimian Industrial Corporation.

Oral Glucose Tolerance Test

At week 8, the oral glucose tolerance test was carried out to eval-
uate the mice’s ability to tolerate glucose according to the
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methods described by a previous study.*! Mice were deprived of
food for 6 h, blood samples were collected from the caudal vein
at baseline (0 min) and at various time points (15, 30, 60, 90, and
120 min) after administering 2 g/kg BW glucose through oral ga-
vage, and the area under the curve (AUC) of blood glucose vs.
time was calculated. The glucose levels were measured using a
glucose analyzer (OneTouch Ultra Easy).

Determination of Plasma Parameters

Plasma biomarkers were quantified using testing kits provided by
Nanjing Jiancheng Bioengineering Institute. These biomarkers
included total cholesterol (TC; A111-1-1), low-density lipoprotein
cholesterol (LDL-C; A113-1-1), high-density lipoprotein choles-
terol (HDL-C; A112-1-1), and total triglycerides (TG; A110-1-1).

16S rRNA Sequencing

Every 4 wk, feces were collected from each individual mouse by
stroking the back of the mouse to induce defecation and immedi-
ately frozen at —80°C until further processing. The Omega Bio-tek
Stool DNA Kit was employed to extract microbial DNA from the
feces as per the manufacturer’s instructions. Bacterial DNA con-
centrations were determined by employing a NanoDrop 2000 spec-
trophotometer (Thermo Scientific). The V3-V4 hypervariable
region of the bacterial 16S rRNA gene was amplified using univer-
sal primers 338F (5-ACTCCTACGGGAGGCAGCAG-3") and
806R (5'-GGACTACNNGGGTATCTAAT-3’), with 8-digit bar-
code sequences added to the 5’ end of each primer for sample iden-
tification (provided by Allwegene Company). PCR products were
purified using a Beckman Coulter Agencourt AMPure XP Kit.
Sequencing libraries were generated using the NEB Next Ultra II
DNA Library Prep Kit (New England Biolabs) according to the
manufacturer’s recommendations. Library quality was assessed by
NanoDrop 2000 (Thermo Fisher Scientific), Agilent Bioanalyzer,
and ABI StepOnePlus Real-Time PCR System (Applied Biosystems).
Deep sequencing was performed on an [llumina MiSeq PE300 plat-
form at Beijing Allwegene Technology Co., Ltd., Beijing, China.
After sequencing, image analysis, base calling, and error estimation
were performed using Illumina Analysis Pipeline (version 2.6).
Raw data were filtered and spliced using Pear software (version
0.9.6; Anaconda), and chimeras were removed using Vsearch soft-
ware (version 2.7.1). Qualified sequences were clustered into opera-
tional taxonomic units (OTUs) using the Uparse algorithm of
Vsearch (version 2.7.1) software with a similarity threshold of 97%.
OTU unique representative sequences were obtained, and all tags
were mapped to each OTU representative sequence using the
BLAST tool (http://www.ncbi.nlm.nih.gov/BLAST/). Rarefaction
curves were generated, and richness and o-diversity indices
(Shannon’s index, Simpson’s index, and Chaol) were calculated
using QIIME (version 1.8.0)*? based on the OTU abundance infor-
mation. To assess the dissimilarity between multiple samples, prin-
cipal component analysis (PCA) was performed using R (version
3.6.0; R Development Core Team) based on the OTU information
from each sample. The relative abundances of taxa at multiple lev-
els, including phylum, class, order, family, genus, and species, were
computed based on the results of taxonomic annotation and relative
abundance. To provide a comprehensive analysis of the microbial
diversity differences between samples, Metastats and linear discrim-
inant analysis effect size (LEfSe), were conducted.

Antibiotic Treatment

Antibiotic treatment was administered following an established
protocol.*? In brief, the mice were treated daily via oral intragastric
gavage with a broad-spectrum antibiotic cocktail (ABX) (Beijing
Suo Lai Bao Technology Co., Ltd.) consisting of ampicillin
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(100 mg/kg BW), neomycin (100 mg/kg BW), metronidazole
(100 mg/kg BW), and vancomycin (50 mg/kg BW) throughout
the 8-wk ND/HFD-feeding period (n = 6 per group).

FMT

Recipient mice were administered a mixture of antibiotics [vanco-
mycin (0.5 g/L), neomycin sulfate (1 g/L), metronidazole (1 g/L),
and ampicillin (I g/L); Beijing Suo Lai Bao Technology Co., Ltd]
in their drinking water for 7 consecutive d prior to FMT. Fecal trans-
plant was conducted according to established protocols. 46
Briefly, 8-wk-old male donor mice were fed either the HFD or the
HFD + PS-MS (10 mg/L in drinking water) (n=6 per group),
whereas recipient mice were fed microbiota derived from mice fed
either the HFD or the HFD + PS-MS (n = 6 per group). Fecal sam-
ples were collected from the donors by stroking the back of the
mouse and pooled over the course of the 8-wk experiment. Donor
feces were diluted with PBS (1 g of sample in 10 mL of PBS) and
homogenized for 1 min using a vortex to create a liquid slurry. The
mixture was centrifuged at 900 X g for 3 min to remove particulate
matter. About 200 pL of the supernatant was immediately adminis-
tered to each recipient mouse by oral gavage three times a week for 8
wk. To prevent alterations in the bacterial makeup, fresh transplant
material was readied within a timeframe of 10 min prior to oral
gavage.

Statistical Analysis

Analysis of the data was performed using GraphPad software (ver-
sion 9.0). Unless otherwise indicated, the parametrically distrib-
uted data underwent Student’s z-test for comparisons between two
groups, whereas nonparametrically distributed data were analyzed
using the Mann—Whitney test, and differences in mean values
among more than two groups were determined using one-way anal-
ysis of variance (ANOV A) with a Tukey multiple comparison test.
The Brown-Forsythe and Welch ANOVA test was performed
when the variances were not equal. Multiple unpaired #-tests and
two-way repeated measures ANOVA with a Tukey multiple com-
parison test were performed as indicated in figure legends.
Correlation statistical analyses are performed by Pearson’s correla-
tion by using R (version 3.5.3; R Development Core Team).
Statistical significance was considered when p < 0.05.

Results

Measures Related to Obesity and Metabolism in Mice
Exposed to ND or HFD with and without PS-MS in
Drinking Water for 8 Wk

After 8-wk ingestion of PS-MS at a dose of 10 mg/L via drinking
water (Figure 1A), mice treated with PS-MS gained a similar
amount of weight under ND. However, compared with the HFD
group, the HFD + PS-MS group gained >17% more BW (BW rela-
tive to week 0: 158.17% =+ 8.25 vs. 175.21% + 5.35; Figure 1B,C),
despite consuming less high-fat feed and calories. (Figure 1D).
There was no significant difference in daily water consumption in
mice exposed to ND or HFD with and without PS (Figure S2). In
addition, mice in the PS-MS + ND group showed no significant
difference in liver weight compared with the ND group, whereas
the PS-MS + HFD group exhibited a greater liver weight compared
with the HFD alone group (Figure 1E). Further analysis of liver tis-
sue using H&E and Oil Red O staining revealed that the PS-MS +
HFD group exhibited a higher MASLD histological activity score
and a larger liver lipid area compared with the HFD group (Figure
1F-I). Although there was no significant difference in adipose tis-
sue weight between the PS-MS group and the PS-MS + ND group,
the HFD + PS-MS group did exhibit 76% greater inguinal white

Environmental Health Perspectives

097002-4

adipose tissue (iWAT) mass, 64% greater perirenal white adipose
tissue (pWAT) mass, and 39% greater epididymal white adipose
tissue (eWAT) mass compared with the HFD alone group (Figure
1J-L). In the H&E analysis of iWAT, no significant differences
were observed between the ND and PS-MS + ND groups.
However, the HFD + PS-MS group exhibited larger adipocyte
sizes compared with the HFD group (Figure 1M,N). The increased
obesity may further disrupt insulin signaling, reduce insulin sensi-
tivity, and disturb the stability of blood glucose. Hence, glucose
tolerance experiments were conducted in mice. According to
Figure 10, fasting blood glucose concentrations and total glucose
AUC in the HFD + PS-MS group were significantly higher com-
pared with HFD-fed mice who received a glucose gavage. In addi-
tion, there was no significant difference in fasting blood glucose
levels and blood glucose AUC between the ND group and the ND +
PS-MS group. Lipid profiles were analyzed biochemically and
showed significantly higher levels of TC and TG in the liver (Figure
1P,Q), as well as significantly higher levels of TC, LDL-C, and
LDL-C/HDL-C in serum (Figure 1S,T,V) of HFD + PS-MS mice
compared with the HFD alone group. There was no difference
observed in TG and HDL-C with PS-MS supplementation when
compared with the HFD group (Figure 1R,U).

Composition of Gut Microbes in Fecal Samples from Mice
Exposed to ND or HFD with and without PS-MS in
Drinking Water for 8 Wk

We examined the effects of PS-MS on the composition of gut
microbiota by analyzing bacterial 16S rRNA (V3-V4 region) pres-
ent in feces using MiSeq sequencing-based analysis. Bacterial di-
versity analysis revealed that the a-diversity indices (Chaol and
Observed species) of gut flora in both HFD- and ND-fed mice were
greater in those mice exposed to PS-MS (Figure 2A; Figure S3A).
However, the Shannon’s diversity index indicated no significant
difference among the ND, ND + PS-MS, and HFD groups (Figure
S3B). In addition, microbiota composition in both ND and HFD
mice were considerably different in mice exposed to PS-MS
compared with those not (Figure 2B,C). The Firmicutes-to-
Bacteroidetes (F:B) ratio was less than one-half that of the HFD + PS-
MS group compared with the HFD group (Figure 2D). At the
family levels, abundances of Lachnospiraceae, Oscillospiraceae,
Marinifilaceae, Akkermansiaceae, and Deferribacterales were difter-
ent in the HFD + PS-MS group compared with HFD group (Figure
2E-G,LJ), and the HFD + PS-MS group had a lower relative abun-
dance of Bifidobacteriaceae and Atopobiaceae (Figure 2H,K).
Family Deferribacteres were significantly enriched at higher taxo-
nomic levels such as phylum, class, and order in HFD + PS-MS group
compared with the HFD group. At the genus level, compared with the
HFD group, the PS-MS + HFD group exhibited a higher relative
abundance of Desulfovibrio, whereas the relative abundance of
Bifidobacterium and Parabacteroides was lower (Figure 2L-N).

Measures of Intestinal Integrity, Inflammation, and
Correlation between Gut Microbiota and Parameters
Related to Obesity in Mice Exposed to ND or HFD with and
without PS-MS in Drinking Water for 8 Wk

Intestinal dysbiosis may undermine the integrity of the intestinal
barrier, facilitating the direct translocation of LPS into the
circulatory system, thereby instigating a low-grade inflammatory
response.*’ To determine whether PS-MS disrupted gut integrity,
we hypothesized that the observed outcomes might be attributed to
the impairment of the intestinal barrier. To validate this assump-
tion, we conducted AB-PAS staining. The results revealed notably
fewer intestinal goblet cell contents and lower mucin secretion lev-
els in the mice exposed to PS-MS compared with vehicle-exposed
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Figure 1. Measures associated with obesity and metabolism measured in mice exposed to ND or HFD with and without PS-MS in drinking water for 8 wk. The ND-
and HFD-fed mice were exposed to 10-mg/L PS-MS. (A) Exposure to ND or HFD + PS-MS started at 8 wk of age. (B) Relative BW calculated as follows:
BW(week 8)/BW (week 0); Data were compared using two-way repeated measures ANOVA with a Tukey multiple comparison test for individual time points.
(C) BW gain calculated as follows: BW (week 8) —BW (week 0). (D) Food intake and energy intake. (E) Liver weight. (F) Representative microscopic observation
of liver tissue by H&E staining. (G) MASLD histological activity score (n = 5); each dot on the graph represents one mouse. (H) Oil Red O staining images showing
the lipid deposition in liver tissue. (I) Liver lipid deposition area analyzed from Oil Red O staining images; each dot on the graph represents one mouse. Mass of
(J) perirenal adipose tissue, (K) epididymal adipose tissue, and (L) inguinal adipose tissue. (M) Representative microscopic observation of adipocyte size of inguinal
adipose tissue. (N) Quantification of mean inguinal adipose tissue area; each dot shown on the graph corresponds to one mouse. (O) Fasting blood glucose level and
area under the curve (AUC) of blood glucose levels. The liver (P) TC and (Q) TG, as well as serum (R) TG, (S) TC, (T) LDL-C, (U) HDL-C levels and (V) fold
changes of LDL-C/HDL-C were measured with the corresponding assay kits. All values are represented as mean + SD in scatter plots (n = 6). Each dot represents
one mouse. Data were analyzed using one-way ANOVA with a Tukey multiple comparison test. Corresponding numeric data can be found in Table S3. Note:
ANOVA, analysis of variance; BW, body weight; H&E, hematoxylin and eosin; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; LDL-C, low-den-
sity lipoprotein cholesterol; MASLD, metabolic dysfunction-associated steatotic liver disease; ND, normal diet; ns, nonsignificant; PS-MS, polystyrene micro-

spheres; SD, standard deviation; TC, total cholesterol; TG, total triglycerides. For (B), ###p<0.001, ####p<0.001, HFD + PS-MS vs. HFD; **p<0.01;

sk

' <0.001; 7 p

mice, regardless of whether they were fed a ND or a HFD (Figure
3A). The epithelial mucin-encoding gene Muc2 was less expressed
in mice exposed to PS-MS in both the ND and HFD groups (Figure
3B). Similarly, the MUC2 protein levels (ELISA analysis) were
also lower in mice exposed to PS-MS (Figure 3C). To assess the in-
tegrity of the intestinal barrier in colon tissues, the expression lev-
els of the tight junction proteins, TJP1 and occludin, were
determined. The results showed that the mRNA expression levels
of Tjpl were significantly lower in PS-MS—exposed mice com-
pared with those of control mice (in both ND and HFD groups)
(Figure 3D). Meanwhile, expression of Tjp1 and occludin proteins
were significantly lower in the distal colon of PS-MS—exposed
mice compared with controls (Figure 3E-G). In this study,
we investigated the effects of PS-MS on gut microbiota and
its potential role in promoting obesity and inflammation. 16S
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<0.0001, HFD vs. ND. For (C-E,G,I-V), *p < 0.05, “p < 0.01, ™*p <0.001, ™"*p < 0.0001.

rRNA sequencing results showed greater relative abundance of
Desulfovibrio genus in PS-MS—exposed mice compared with the
control animals in the HFD, but not the ND groups (Figure 2L).
Considering the findings mentioned above, we hypothesized that
the effects of PS-MS on MUC?2, Tjp1, and occludin expression and
the measured differences in microbiota following PS-MS exposure
could be associated with gut barrier function and thus with inflam-
mation. To further explore this hypothesis, we tested the levels of
LPS and downstream inflammatory factors in the serum. The
results showed that serum levels of LPS, IL-1p, IL-6, TNF-a, and
IL-17A were significantly higher in the HFD + PS-MS group than
in the ND group (Figure 3H-L).

To comprehensively analyze the relationship between obesity
and gut microbiota, we generated a correlation matrix by calculating
Pearson’s correlation coefficient. Our heatmap correlation analysis
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Figure 1. (Continued.)

showed that the top 15 families affected by PS-MS intervention
were significantly associated with at least one parameter of obesity
(Figure 3M). Specifically, f_Streptococcaceae, f__Lachnospiraceae,
f__Oscillospiraceae, f__Desulfovibrionaceae, and f _Marinifilaceae
showed significant positive associations with BW gain, epididymal
fat, perirenal fat, inguinal adipose accumulation, serum TC, fasting
glucose levels, serum TC, liver TC, and liver TG. Conversely,
f_Bifidobacteriaceae and f__Atopobiaceae were positively corre-
lated with colon MUC?2 protein levels. Notably, f _Bacteroidaceae
showed significant positive correlations with serum IL-1f and IL-6
levels. Furthermore, f_Marinifilaceae were significantly positively
correlated with serum TNF-o and IL-17A levels. In contrast,
f_Prevotellaceae, f__Muribaculaceae, f__Erysipelotrichaceae,
[__Bifidobacteriaceae, and f __Atopobiaceae were negatively
correlated with weight gain, liver weight, inguinal adipose, peri-
renal adipose, epididymal adipose, LDL-C, LDL-C/HDL-C, fast-
ing glucose and liver TG, IL-1pB, TNF-a, and IL-17A levels. In
addition, f__Lactobacillaceae were negatively correlated with
serum IL-6 levels, whereas f_Lachnospiraceae, f__Oscillospiraceae,
f__Desulfovibrionaceae, f__Marinifilaceae were negatively associ-
ated with MUC?2 protein levels. Last, f_Akkermansiaceae showed
significant negative associations with BW gain, liver weight, epidid-
ymal adipose, fasting glucose, and serum TC.

Effects of Antibiotic-Induced Deletion of Gut Flora on
Measures Associated with Obesity and Outcomes Related to
Metabolism in Mice Exposed to ND or HFD with and
without PS-MS in Drinking Water for 8 Wk

The gut microbiota’s involvement in diet-induced obesity and
metabolic syndrome was suggested by the reduced susceptibility
observed in germ-free or microbiota-depleted mice.*® To further
elucidate the role of gut microbiota in diet-induced obesity driven
by PS-MS, we employed an ABX-treated mouse model (the
broad-spectrum ABX consisting of ampicillin, neomycin, metro-
nidazole, and vancomycin)*? to investigate the effects of PS-MS
on mice fed a ND or a HFD. Following an 8-wk administration

Environmental Health Perspectives

097002-6

of ABX via gavage (Figure 4A), >97% of the intestinal bacteria
were eradicated (Figure S4). Notably, the PS-induced obesity
outcomes were not detected in mice fed with either the ND or the
HFD after receiving ABX treatment. The administration of ABX
was found to effectively mitigate the weight gain observed in
PS-MS-exposed mice fed a HFD compared with nonexposed
HFD-fed mice (Figure 4B,C). However, ABX treatment was not
completely resistant to HFD-induced weight gain compared with
the ND group (Figure 4B,C). The daily food intake and energy
intake in mice in the HFD + PS-MS group were significantly
higher compared with the HFD groups, whereas food intake and
energy intake were almost similar in the ND groups (Figure 4D).
Furthermore, There were no significant differences in fat content
in the liver, perirenal adipose tissue, inguinal adipose tissue, and
epididymal adipose tissue of mice in the HFD + PS-MS group
compared with mice fed a HFD alone (Figure 4E-L). In addition,
in mice treated with ABX, there was no significant difference in
fasting blood glucose levels between the ND group and the ND +
PS-MS group; the blood glucose AUCs in the ND + PS-MS and
HFD + PS-MS groups were significantly lower than in the ND
and HFD groups, respectively (Figure 4M); and serum lipid lev-
els were similar in HFD + PS-MS-fed mice compared with
HFD-fed mice. (Figure 4N-R).

Effects of Antibiotic-Induced Deletion of Gut Flora on
Measures of Intestinal Integrity and Inflammation in Mice
Exposed to ND or HFD with and without PS-MS in
Drinking Water for 8 Wk

The number of goblet cells, Muc2 mRNA and Muc?2 protein levels
were not significantly different between mice exposed to PS-MS in
both diet groups with depleted microbiota (Figure SA-C). ABX-
treated mice also exhibited similar mRNA expression levels of
Tjpl in colon tissues between the groups fed ND and ND + PS-
MS, as well as between the groups fed a HFD and HFD + PS-MS.
(Figure 5D). In addition, immunofluorescence results indicated
that there were no significant differences in the protein expression
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Figure 2. Composition of gut microbes in fecal samples from mice exposed to ND or HFD with and without PS-MS in drinking water for 8 wk. The fecal
microbiota communities in ND- and HFD-fed mice treated with or without PS-MS for 8 wk were analyzed by 16S rRNA sequencing. (A) Chaol index.
(B) PCA plot based on OTUs. (C) Microbiota composition analysis at the phylum level. (D) The ratio of Firmicutes to Bacteroidetes. (E) LEfSe analysis of dif-
ferential species abundance. (F-K) Relative abundances of Lachnospiraceae, Oscillospiraceae, Bifidobacteriaceae, Marinifilaceae, Akkermansiaceae, and
Atopobiaceae at the family level. (L-N) Relative abundances of Desulfovibrio, Bifidobacterium, Parabacteroides at the genus level. Data of (H,J,K,M,N) were
analyzed using the Brown—Forsythe and Welch ANOVA test. Data were determined using one-way ANOVA with a Tukey multiple comparison test. Data are
represented as mean + SD with scatter plots (n=5). Each dot represents one mouse. Corresponding numeric data can be found in Table S3. The 16S rRNA raw
reads are available at National Center for Biotechnology Information Sequence Read Archive repository (BioProject PRINA990701). Note: ANOVA, analysis
of variance; HFD, high-fat diet; LEfSe, LDA coupled with effect size measurements; PCA, principal component analysis; PS-MS, polystyrene microspheres;
ND, normal diet; OTUs, operational taxonomic units; SD, standard deviation. “p < 0.05, *p <0.01, ™p <0.001, “**p <0.0001.

levels of Tjp1 and occludin between the ND and ND + PS groups,
as well as HFD and HFD + PS-MS groups in distal colon (Figure
5E-G). Interestingly, it is noteworthy that the differences in inflam-
matory factors in serum between the HFD + PS-MS and HFD
groups, as well as those between HFD + PS-MS and ND groups
observed in mice not exposed to antibiotics (i.e., ABX), were not
seen in the ABX-exposed mice (Figure SH-K).

Effects of Gut Microbiota from HFD + PS-MS Donor Group
on Outcomes Related to Obesity and Metabolism in the
Microbiota-Depleted HF D-Fed Recipient Mice for 8 Wk

To further investigate the impact of gut microbiota on PS-MS-asso-
ciated outcomes, we conducted a FMT experiment. Microbiota
from both the PS-MS + HFD group and HFD group were
transferred to recipient mice pretreated with ABX, a mixture of
antibiotics (vancomycin, neomycin sulfate, metronidazole, and
ampicillin),* in their drinking water for 1 wk prior to FMT. The
recipient mice were fed with a HFD, and obesity-related traits
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were assessed (Figure 6A). 16S rRNA gene profiling of transplant
recipient fecal samples showed that recipient mice were success-
fully colonized with the donor microbiota. R-HFD and R-HFD +
PS-MS mice assumed a phylogenetically similar composition to
that of their respective donors as confirmed by PCA based on
OTUs (Figure S5). After 8 wk of colonization, the recipient mice
(R-HFD + PS-MS group) that received microbiota from the PS-
MS + HFD donor group exhibited significantly greater BW com-
pared with the recipient mice (R-HFD group) that received micro-
biota from the HFD donor group (Figure 6B,C). There was no
significant difference in daily food intake and energy intake
between the R-HFD + PS-MS and R-HFD groups (Figure 6D).
The recipient mice in the R-HFD + PS-MS group exhibited greater
liver weight, MASLD score, white adipose tissue mass (iWAT,
eWAT, pWAT), average inguinal adipose tissue area, and serum
lipid concentrations (serum TC, LDL-C, and LDL-C/HDH-C)
(Figure 6E-L,N,O). Notably, fasting blood glucose concentrations
in the R-HFD + PS-MS group were higher than the R-HFD group;
however, there was no significant difference in blood glucose
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Figure 2. (Continued.)

AUC between the R-HFD group and the R-HFD + PS-MS group
(Figure 6M).

Effects of Gut Microbiota from HFD + PS-MS Donor Group
on MUC2 and Tjp1 Expression and Inflammatory Cytokines
in Microbiota-Depleted, HF D-Fed Recipient Mice for 8 Wk

Remarkably, recipient mice of the fecal bacterial solution
obtained from the HFD + PS-MS group exhibited fewer goblet
cells, lower protein expression of MUC2 and relative mRNA
levels of Muc2 and Tjpl in colon tissues, compared with those
receiving the fecal bacterial solution from the HFD group
(Figure 7A-D). Moreover, we observed higher levels of inflam-
matory cytokines, including TNF-ocand IL-17A, in the serum of
mice from the R-HFD + PS-MS group compared with R-HFD
group. However, no difference was found for IL-6 (p =0.086).
(Figure 7E-G).

Discussion

MPs are omnipresent in our environment.'* Recent scientific
investigations have increasingly substantiated the existence of
MPs within the human body, raising concerns about their poten-
tial hazards.'®2° However, the impact of PS-MS on obesity of
humans remains unclear. Considering that HFD can lead to obe-
sity, and that the co-occurrence of HFD and PS-MS might exac-
erbate the condition of obesity, in this study our aim was to
investigate the obesogenic effects of PS-MS and elucidate the
underlying mechanisms when PS-MS were administered via
drinking water in a model of obesity induced by a HFD. Our
study presented compelling evidence that PS-MS exacerbated
HFD-induced obesity (8-wk HFD) and promoted weight gain,
which was associated with impaired glucose and lipid metabo-
lism. Because a considerable proportion of ingested 5-um
PS-MS traversed the gastrointestinal tract of C57BL/6 J mice
following 28 d of 5-um PS-MS exposure via oral gavage,*> we
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hypothesized that the gut microbiota and epithelial barrier may
represent novel targets for PS-MS toxicity, particularly in obese
populations. By using a mouse model of obesity induced by a
HFD, and employing ABX treatment and FMT, this study has
furnished compelling evidence that PS-MS treatment can induce
inflammation and obesity by altering the composition of the gut
microbiota and compromising MUC2 expression of the distal co-
lon. To our best knowledge, this is the first study to explore the
obesity-enhancing effects of the combination of a HFD and
PS-MS, as well as to evaluate the role of PS-MS—induced altera-
tions of gut microbiota in HFD-induced obesity. Our findings sug-
gest that PS-MS microspheres might exacerbate Western diet—
induced obesity and related metabolic disorders in humans and
that the gut microbiota is a crucial target for the obesity-promoting
effects of PS-MS.

The daily intake of MPs is still uncertain, despite organisms
being constantly exposed to them. This is particularly true for
humans, because the pathways of MPs contact are diverse and
complex, leading to varying assessments of body intake. The
dose selection for PS-MS took into account both their toxicologi-
cal and environmental significance. PS-MS with a size of 5 um
and a toxic effect were chosen as exposure materials on the basis
of previous studies on intestinal toxicity in mice using a range of
5 pg/d to 1 mg/d.31%52 In terms of environmental significance,
on average, humans could potentially ingest 0.1-5 g of MPs/wk
globally.>® Based on the weight of the mice, which was ~20 g,
their daily intake of PS-MS was calculated to range between
37.14 pg/d and 1.86 mg/d. It was estimated that each control
mouse consumed 3.6 mL of water/d in this study, resulting in a
PS-MS intake of 36 pg/d per mouse. The intake of PS-MS in
mice is equivalent to the minimum potential exposure dose for
humans (0.1 g of MPs/wk).>> The mice were exposed daily to
PS-MS through their drinking water, simulating the major route
of MPs exposure in mammals.>*> Therefore, the selected doses
were of environmental and toxicological significance.

132(9) September 2024



ek

*k *
ko -
- * * o 15 *k *
< €157 swnx * 30 S o
3 s s |2 |
@ ] . 2 810
3 g 1.0 £ 20 A X
O n
3 . " n 3 ¢ afs JTd
2 2 2 2 .
g 5 s 2 g 10 go.s Dl
5 § ¥ 2 -
3 § = &
5 Sl LI 11 11, Footl AL L1 11,
= S # O ® ® &L ® ® # P ¥
& v & <& & < &
& & s S &
& & - & &
E F G

HFD+PS-MS

Tjp1/hoechst

Oceludin relative fluorescence

Occludin/hoechst

Figure 3. Muc-2, Tjp1, and occludin expression and measures of inflammatory cytokines in mice exposed to ND or HFD with and without PS-MS in drinking water
for 8 wk. (A) Alcian blue/periodic acid-Schiff (AB/PAS) staining and quantification of goblet cell numbers from sections of distal colon stained with AB/PAS.
(B) Muc?2 relative expression levels in colon tissue. (C) MUC?2 protein contents in colon tissue. (D) Tjp relative expression levels in colon tissue. (E) Representative
immunofluorescence staining of Tjp1 and Occludin protein of distal colon; quantification of (E) is shown in (F) and (G) (n = 3); each dot on the graph represents one
mouse. (H) LPS, (I) TNF-a, (J) IL-6, (K) IL-1p, and (L) IL-17A concentrations in serum. (M) The correlation of the 15 top family of gut microbiota differences with
clinical parameters related to obesity presented as a heat map analysis. Pearson correlation values were used for the matrix, with red indicating a positive correlation
and blue indicating a negative correlation. Data were determined using one-way ANOVA with a Tukey multiple comparison test. Data are represented as
mean + SD in scatter plots (n =6 unless otherwise indicated). Corresponding numeric data can be found in Table S3. Note: ANOVA, analysis of variance; eWAT,
epididymal adipose tissue; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; IL, interleukin; iWAT, inguinal white adipose tissue; LDL-C, low-den-
sity lipoprotein cholesterol; LPS, lipopolysaccharide; ND, normal diet; ns, nonsignificant; PS-MS, polystyrene microspheres; pWAT, perirenal white adipose tissue;

SD, standard deviation; TC, total cholesterol; TG, triglycerides; TNF, tumor necrosis factor. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

Recently, it has been discovered that MPs have the ability to
disrupt glucose and lipid metabolism in mice>®; however, the role
of PS-MS in obesity populations is not yet well understood. Our
study first suggested that PS-MS exacerbated HFD-induced obe-
sity (as determined by greater weight gain, higher lipid levels,
and more adipose mass in HFD + PS-MS vs. HFD mice). It was
noteworthy that the lipid accumulation in the liver and white adi-
pose tissue after PS-MS exposure was more pronounced in HFD-
fed mice but not in ND-fed mice, which suggested that certain
susceptible populations might be more affected by the impact of
PS-MS. This suggested that PS-MS—induced obesity was related
to diet. This could be attributed to the fact that, in addition to PS-
MS consumption, HFD also was associated with mucosal damage
and low-grade inflammation in mice.’” It is well known that over-
weight and obesity are associated with significant changes in me-
tabolism in mice, especially glucose and lipid metabolism.>® We
consistently found that glucose tolerance was severely impaired
in the HFD + PS-MS group and that serum levels of TC and
LDL-C and the LDL/HDL-C ratio were significantly higher.
Together, our results suggest that alterations in glucose and lipid
metabolism played a significant role in the development of
PS-MS—induced obesity. One recent study revealed that the de-
velopment of obesity in mice exposed to PS-MS was effectively
dose-controlled under ND conditions.>® Specifically, relatively
low doses of PS-MS were found to trigger obesity, whereas
higher doses did not. In line with these observations, we report
that administering 10-mg/L PS-MS in drinking water did not
induce obesity in mice on a ND. Intriguingly, and in contrast to
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the above findings, we observed that 10-mg/L PS-MS exposure
promoted fat accumulation in mice fed a HFD, suggesting that
PS-MS—induced obesity was highly influenced by diets as well as
dosage of PS-MS. Previous studies have reported that oral intake
of 0.45-0.53 pum PS-COOH (Polystyrene-carboxylic acid) beads
or a combination of PS-MS with varying particle sizes (5, 50,
100, and 200 um) led to a reduction weight in HFD-fed
mice.®%%! This implies that PS-MS with distinct particle sizes
and properties may have dissimilar effects on BW. In the follow-
ing phase, we will investigate the impact of PS-MS and other
microplastic particles on obesity in mice under varying dietary
conditions and dosage levels. Our findings demonstrate that ex-
posure to PS-MS at levels below those typically encountered by
humans worsened HFD-induced obesity in mice, potentially elu-
cidating the link between increased plastic production and the
growing global prevalence of obesity.

Recent studies have shown that PS-MS—induced obesity is
related to gut microbiota.>*>° The Chaol index is frequently
employed in ecology for estimating the total number of species.
However, the Shannon’s diversity measure is commonly used in
ecology for estimating community diversity. Our study reveals
that the administration of PS-MS resulted in a significant increase
in the Chaol index of the gut microbiota in both the ND and
HFD diet groups. Intriguingly, no significant difference was
observed in the Shannon’s index among the ND, ND + PS, and
HFD groups. This observation suggests that the influence of ND
+ PS or HFD on the gut microbiota may primarily affect its abun-
dance rather than its diversity. Previous research has revealed

132(9) September 2024



E 1 T K Aok L
*k * Fkokk
*
* 22 ns *
*ok - ns: *k
1500 ns 250 2 ns *
=y - = ns ns v - - L e ns * )
E B ns ns E 200 £ v E T
) 8 v ) S 150 >
£ = 1000 " k=3 n ¥ 2 . s 30 i
€ £ K £ 1501 o £ €
2 H ] H v 2 100 2 2
] » 8 100 i ]
2 £ 500 2 £
£ ® £ gg Y £ =
@ ra © 50 a % < 10
- E = . 2 z
T T T T T T T . T 0
® P L P ® ® L ,;? $ L LN
& & & & & & & <
3 4 s s S & s &
A & = & § & § &
M f_Rikenellaceae - =
{_Akkermansiaceae
f__Streptococcaceae | ** &% - -
{__Bifidobacteriaceae = *** A, jAag L - - - . .
{_Marinifilaceae | o ‘ - l @. I -‘s‘ - ‘ - . e - .
f_RuminocoDcaoeae
.- = | r.value
f__Prevotellaceae ’ = o5

f__Bacteroidaceae
{__Desulfovibrionaceae
{__Atopobiaceae
f_Lactobacillaceae
{_Oscillospiraceae
f_Muribaculaceae

f__Erysipelotrichaceae

1 kachnosplracees) .m

N

2

> & L& ) & & <, & o
$ S & F & PO /\0 BSOS 4
CANCUE S\ S\ M
o & O Nl \o & & AN
G T ITE F T

> N o @e N

Vo & &

\\“‘ N

al e

Figure 3. (Continued.)

that obese mice have different intestinal compartments compared
with their normal counterparts, with a higher proportion of
Firmicutes phylum.®>%3 In addition, it has been suggested that
Firmicutes phylum may be implicated in obesity, given that a
larger population of these microorganisms can effectively convert
food to energy at accelerated rates.®* This study found that PS-
exposed mice had a greater relative abundance of the class
Clostridia (phylum Firmicutes), including family Lachnospiraceae,
and Oscillospiraceae in the HFD + PS-MS group. Interestingly,
PS-MS—exposed mice also exhibited a lower F:B ratio, which is
considered a key marker of diet-induced obesity.'®!! These findings
suggest that PS-MS can modify the population of certain bacteria
within the Firmicutes phylum, leading to obesity independent of the
F:B ratio.

Therefore, we hypothesize that the relative abundance alter-
ations of certain family levels within the Firmicutes bacteria
was a significant factor in PS-MS—induced obesity. Previous
studies have reported an relative abundance increase of family
Lachnospiraceae in both mice and humans with obesity and
diabetes.®3-°6 Mechanistic research has shown that Fusimonas
intestini, a commensal species of Lachnospiraceae, contributed
to diet-induced obesity by producing excessive long-chain fatty
acids in mice.%” In our study, Lachnospiraceae was the predominant
family of Firmicutes, comprising nearly 40% of the total population.
The overproduction of long-chain fatty acids could potentially be
linked to PS-MS—induced obesity. Family Oscillospiraceae was
reported to be increased in HFD-fed mice. This family exhibited a
positive correlation with obesity indexes, bacterial translocation
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parameters, blood parameters, pro-inflammatory cytokine, energy
metabolism, Toll-like receptor 4/Nuclear factor-kappa B (TLR4/
NF-kB) pathways, and colonic permeability.®®%° Consistent with
these observations, mice exposed to PS-MS had a significantly
greater percentage of family Oscillospiraceae in the gut micro-
biota of the HFD + PS-MS group (compared with HFD). In addi-
tion to alterations in bacterial abundance within the Firmicutes
phylum, there was a remarkably greater relative abundance of
the family Marinifilaceae in HFD + PS-MS group, which were
significantly associated with visceral fat and body fat percentage
in a small cohort of children.”® In our mouse study, the relative
abundance of family Lachnospiraceae, Oscillospiraceae, and
Marinifilaceae were significantly positively correlated with
obesity-related indicators.

In particular, the relative abundance of genus Akkermansia was
higher in the HFD + PS-MS treatment group. Recent research has
highlighted the significance of genus Akkermansia as an essential
functional bacterium that regulates human immunity and metabo-
lism in the intestine, significantly linked with human health and
diseases.”!*”> Normally, the typical colonization pattern of the genus
Akkermansia involves inhabiting the outer mucous layer of the gas-
trointestinal tract, playing a crucial role in regulating mucin produc-
tion and preserving the integrity of the mucus layer.”® In addition,
Akkermansia has shown significant potential in ameliorating meta-
bolic endotoxemia, insulin resistance, adipose tissue accumulation,
and fasting hyperglycemia in mice with diet-induced obesity.”
Nevertheless, there is ongoing debate surrounding the involvement
of the genus Akkermansia in intestinal disorders. Several studies

132(9) September 2024



*k kKK

*k *kkk

ABX *kokk

- HFD 120

&
L
]

=
o
ND+PS-MS - C H N
? Eg, El §m
6—8 W HFD+PS-MS 2 H % i H %
C57BL/6J g g 3 =
a 3
I 8 weeks feeding I . Teg
ow with ABX sW
E F
ns G H I
ns
ns *
ns b 5
x
o
S -
o
S = © @ E
o 4 2 0. o
H 8 g 5
2 a F =
g : @ & g
5 50 : £ 3
o o =
T £ 2
[=}
w
=

Figure 4. Effect of antibiotic-induced deletion of gut microflora on measures related to obesity and metabolism in mice exposed to ND or HFD with and without PS-
MS in drinking water for 8 wk. The ND- and HFD-fed mice were administrated PS-MS in drinking water and given ABX [penicillin (100 mg/kg BW), neomycin
(100 mg/kg BW), metronidazole (100 mg/kg BW), and vancomycin (50 mg/kg BW)] by gavage daily for 8 wk. (A) The mice fed a ND or HFD + PS were treated
with ABX starting at 8 wk of age. (B) Relative BW calculated as follows: BW /primary BW. Data were determined using two-way repeated measures ANOVA with
a Tukey multiple comparison test for individual time points. (C) BW gain calculated as follows: weight after 8 wk of treatment—primary BW (D) Food intake and
energy intake. (E) Liver weight. (F) Representative microscopic observation of livers tissue by H&E staining. (G) MASLD histological activity score (n =4); each
dot on the graph represents one mouse. Mass of (H) inguinal adipose tissue, (I) epididymal adipose tissue, and (J) perirenal adipose tissue. (K) Representative micro-
scopic observation of adipocyte size of inguinal adipose tissue. (L) Quantification of mean inguinal adipose tissue area. Each dot on the graph represents one mouse.
(M) Fasting blood glucose level and area under the curve (AUC) of blood glucose levels. Serum (N) TC, (O) TG, (P) LDL-C, and (Q) HDL-C levels and (R) fold
changes of LDL-C/HDL-C measured with the corresponding assay kits. All values are represented as mean + SD in scatter plots (n = 6 unless otherwise indicated).
Each dot represents one mouse. Data were determined using one-way ANOV A with a Tukey multiple comparison test. Corresponding numeric data can be found in
Table S3. Note: ABX, antibiotic cocktail; ANOVA, analysis of variance; BW, body weight; H&E, hematoxylin and eosin; HDL-C, high-density lipoprotein choles-
terol; HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; MASLD, metabolic dysfunction-associated steatotic liver disease; ND, normal diet; ns, non-
significant; PS-MS, polystyrene microspheres; SD, standard deviation; TC, total cholesterol; TG, total triglycerides. For (B), “p < 0.05; “p < 0.01, ND vs. HFD. For
(C,D,G-L), *p <0.05,p <0.01, **p < 0.001, *p < 0.0001.

have indicated a potential beneficial effect of Akkermansia in miti- significant decrease in the abundance of family Atopobiaceae in
gating obesity and its associated metabolic syndrome in murine HFD-induced diabetic mice.®! Consistent with the findings of
models.”*73 In contrast, clinical studies have revealed a high fre-  this study, the relative abundance of family Atopobiaceae was
quency of genus Akkermansia in the fecal matter of infants with ec- observed to be negatively correlated with the obesity index induced

zema. Moreover, it was shown that genus Akkermansia was by PS-MS, indicating a potential role of family Afopobiaceae in
associated with gut barrier integrity and greater risk for eczema in anti-obesity. Previously, the Bifidobacterium spp. was associated
infants.”® Recently, a study demonstrated that a high-sugar diet with less obesity in rats,®> which was negatively related to intesti-
could augment the relative abundance of genus Akkermansia in nal permeability, metabolic endotoxemia, and low-grade inflam-

mice. This was associated with the destruction of the intestinal bar- ~ mation.®38% Similarly, the present study observed the lower
rier function, leading to colitis via stimulating the activity of muco- relative abundance of the genus Bifidobacterium in PS-MS +
lytic enzymes within the microbiota.”” In this study, PS-MS— HFD-fed mice compared with HFD-fed mice, which was a nega-

exposed mice exhibited a higher relative abundance of the tively correlated with obesity-related indicators. Except for genus
Akkermansia family and lower MUC2 expression levels in the colon Bifidobacterium, a study revealed that Parabacteroides goldsteinii

tissue of HFD-fed mice, which potentially contributed to the wor- was identified as a key contributor to the anti-obesity effects.’> We
sening of obesity. found that PS-MS-supplemented mice exhibited a lower abun-

Numerous reports have suggested that the onset of obesity dance of genus Parabacteroides in mice fed a HFD, indicating that
induced by dietary factors is linked to changes in gut microbiota, the supplementation of Parabacteroides spp. might be another

characterized by a reduction in beneficial microbial genera, which effective approach to alleviate the adverse health effects induced

ultimately contributes to obesity and metabolic syndrome.’8-8° by PS-MS. Further research is necessary to gain a better under-
Consistently, our study also revealed a lower abundance of benefi- standing of the potential therapeutic applications of Bifidobacterium
cial bacteria in PS-MS—exposed mice fed a HFD, including family spp. and Parabacteroides spp. in managing PS-MS—induced obesity
Atopobiaceae and genus Bifidobacterium, as well as genus and related metabolic disorders. Taken together, we conclude that
Parabacteroides. The function of family Afopobiaceae is not yet microbial dysbiosis is likely associated with PS-MS—induced obe-
fully understood; however, previous studies have reported a sity in mice.
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Figure 4. (Continued.)

HFD has been observed to induce alterations in the composition
of gut microbiota, leading to significant reduction in the thickness of
the intestinal mucus layer.”* The mucus layer, which is formed by
mucin proteins and hydrated gel with glycosylation, plays an essen-
tial role in separating the intestinal epithelium from its contents.3®
The integrity of the intestinal mucosal barrier plays a crucial role in
safeguarding human health by preventing direct interaction between
microorganisms and epithelial cells. Impairment of this barrier has
been implicated in the pathogenesis of various diseases, including
inflammatory bowel disease,®” and metabolic diseases.®® Therefore,
we hypothesized that PS-MS—induced microbial dysbiosis exacer-
bated mucosal layer injury. This study discovered that PS-MS—
exposed mice had lower expression of mucus-specific mRNA
including Muc2 and tight junction-related 7jp/ in HFD-fed mice.
Consistently, the expression levels of MUC2 and TJP1 were also
lower. A study has shown that a HFD affects the expression of the
housekeeping gene Gapdh in liver and adipose tissues.®* However,
it remains unclear whether a HFD affects the expression of Gapdh
in the intestine. Although this experiment did not employ different
housekeeping genes for verification, the results have been validated
at both the gene and protein levels, thereby ensuring the integrity of
the experimental process.

Destruction of the mucus layer can select and enrich certain
bacteria like Lachnospiraceae, which reside in the interfold
regions of the colon, promoting direct contact of the bacteria with
the intestinal epithelium, thus initiating inflammation.”® A previ-
ous study showed that PS-MS—exposed mice exhibited greater
inflammatory markers and insulin resistance.®® Further correlation
analysis also showed that the expression levels of MUC2 were neg-
atively correlated with the abundance of Lachnospiraceae. Based
on these results, we speculated that PS-MS impaired the integrity
of intestinal barrier, which allows LPS entry into the systemic cir-
culation, thereby triggering inflammation. This hypothesis was
supported by elevated serum levels of LPS and pro-inflammatory
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cytokines (TNF-a, IL-17A, IL-1p, and IL-6). Furthermore, corre-
lation analysis also revealed significant associations between the
dysregulated gut microbiota induced by PS-MS and indicators
related to obesity and MUC2 expression levels, as well as inflam-
matory factors. Our findings suggest that PS-induced dysbiosis dis-
rupted the gut microbiota, leading to increased penetration of toxic
gut molecules into the body via impaired intestinal barrier in HFD-
fed mice. These findings provide further evidence for the role of
PS-MS-induced microbial imbalance in perpetuating metabolic
dysfunction, and highlight the potential utility of targeting the gut
microbiota as a therapeutic strategy for treating obesity and associ-
ated disorders.

To further investigate the role of gut microbiota in obesity induced
by PS-MS, we conducted a correlation analysis between the relative
abundance of PS-associated gut microbiota and obesity-related
indicators using Spearman’s correlation. Overall, we found that
Lachnospiraceae, Oscillospiraceae, and Marinifilaceae showed pos-
itive correlations with BW, liver weight, mass of white adipose tissue,
fasting blood glucose, and serum lipid concentrations (LDL-C, TC),
as well as liver lipid concentrations (TG, TC), and pro-inflammatory
cytokines (IL-1f, IL-6, TNF-a, IL-17A) in the serum. Conversely,
they were negatively correlated with the MUC2 protein level in the
distal colon. On the other hand, Bifidobacteriaceae and Atopobiaceae
displayed the opposite trend. These findings suggest that PS-MS
administration effectively altered the gut microbiota induced by a
HFD in mice and subsequently promoted obesity-related indicators.

Alongside germ-free animal models, antibiotic-treated animal
models are frequently employed in the investigation of intestinal
bacteria.®! To verify whether the adverse effect of PS-MS on obesity
was mediated by the intestinal flora, In this study, a combination of
four broad-spectrum antibiotics—namely penicillin, neomycin,
metronidazole, and vancomycin—were simultaneously adminis-
tered for 8 wk, resulting in a 97% reduction of commensal bacteria
within murine intestinal microbiota. Mice treated with the ABX
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Figure 5. Effects of antibiotic-induced deletion of gut flora on Muc2 and Tjpl expression and inflammatory cytokine expression in mice exposed to ND or
HFD with and without PS-MS in drinking water for 8 wk. (A) Alcian blue/periodic acid-Schiff (AB/PAS) staining of distal colon, and quantification of goblet
cell numbers from colonic sections stained with AB/PAS. Each data represents 1 crypt, 3 slices/group, 3 crypts/slice (n=9). (B) MUC2 protein contents in co-
lon tissue. (C) Muc?2 relative expression levels in colon tissue. (D) Tjp! relative expression levels in colon tissue. (E) Representative immunofluorescence stain-
ing of Tjpl and occludin protein of distal colon. Quantification of (E) is shown in (F) and (G) (n=3); each dot on the graph represents one mouse. The (H)
TNF-a, (I) IL-6, (J) IL-1B, and (K) IL-17A concentrations in serum samples detected by ELISA. Data were determined using one-way ANOVA with a Tukey
multiple comparison test. Data are represented as mean + SD in scatter plots (n =6 unless otherwise noted). Corresponding numeric data can be found in Table
S3. Note: ABX, antibiotic cocktail; ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay; HFD, high-fat diet; IL, interleukin; ND, nor-
giil diet; ns, nonsignificant; PS-MS, polystyrene microspheres; SD, standard deviation; TNF, tumor necrosis factor. *p<0405, **p<0401, ***p<0.001,
p <0.0001.
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Figure 6. Effect of gut microbiota from the HFD + PS-MS donor group on outcomes related to obesity and metabolism in the microbiota-depleted HFD-fed re-
cipient mice for 8 wk. The mice were randomly divided into four groups (n=6). Before FMT, the mice were given an antibiotic cocktail for 1 wk. HFD-fed
mice were given normal water (HFD group) or water containing PS-MS at 10 mg/L (HFD + PS-MS group). The recipients of the horizontal fecal transfer
from HFD mice are referred to as HFD receivers (R-HFD). The recipients of the horizontal fecal transfer from PS-MS—treated mice are referred to as HFD +
PS-MS receivers (R-HFD + PS-MS). (A) Study design of fecal transplant experiment. (B) Relative BW calculated as follows: BW /primary BW. Data were
tested with multiple unpaired #-tests. (C) BW gain. (D) Food intake and energy intake. (E) Liver weight. (F) Representative microscopic observation of liver
tissue by H&E staining. (G) MASLD histological activity score (n=4). Each dot on the graph represents one mouse. Mass of (H) epididymal adipose tissue,
(I) perirenal adipose tissue, and (J) inguinal adipose tissue. (K) Representative microscopic observation of adipocyte size of inguinal adipose tissue. (L)
Statistical analysis of mean inguinal adipose tissue area. Each dot on the graph represents one mouse. (M) Fasting blood glucose level and area under the curve
(AUC) of blood glucose levels. (N) TC (data of TC were analyzed using the Mann—Whitney test), LDL-C levels in serum (O) LDL-C/HDL-C ratio. All values
are represented as mean + SD in scatter plots (n=6). Each dot represents one mouse. Unless otherwise specified, data were analyzed using Student’s z-test for
comparisons between two groups. Corresponding numeric data can be found in Table S3. Note: BW, body weight; FMT, fecal microbiota transplantation;
H&E, hematoxylin and eosin; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; MASLD, meta-
bolic dysfunction-associated steatotic liver disease; ns, nonsignificant; PS-MS, polystyrene microspheres; R-HFD, HFD receivers; R-HFD + PS-MS, HFD +
PS-MS receivers; SD, standard deviation; TC, total cholesterol; TG, total triglycerides. For (B), *p <0.05, R-HFD + PS-MS vs. R-HFD. For (C-E,G-J,L-0),

*p <0.05, *p <0.01, **p <0.001.

exhibited no significant differences in obesity-related outcomes
(weight gain, liver weight, adipose mass, and blood lipid levels)
between PS-MS-exposed and control mice, thus supporting the hy-
pothesis that gut microbiota play a crucial role in the development
of this disorder. Interestingly, mice in the HFD + PS-MS group con-
sumed more food; however, there was no significant variation in
BW, potentially due to the absence of intestinal flora. The intestinal
flora promotes the absorption of fat from the diet and therefore plays
an important role in the development of obesity.”? In the absence of
microorganisms, proper overfeeding might not promote the absorp-
tion of fat, thereby mitigating the exacerbation of PS-MS—induced
obesity. A more concerning result was that mice exposed to PS-MS
demonstrated lower expression of MUC2, Tjp1, and occludin pro-
teins in distal colon tissues, Interestingly, this lower expression
depended on the presence of gut flora; when mice were treated with
the ABX, the differential expression of MUC?2, Tjp1, and occludin
proteins between the ND and ND + PS-MS groups, as well as
between the HFD and HFD + PS-MS groups, disappeared.
Therefore, our results suggest that PS-MS—associated intestinal bar-
rier outcomes may have been mediated via intestinal flora.
However, this investigation had certain limitations, most notably
our inability to fully eradicated the intestinal microbial population.
Intestinal dysbiosis may undermine the integrity of the intesti-
nal barrier, facilitating the direct translocation of LPS into the cir-
culatory system and thereby instigating a low-grade inflammatory
response.*” Our findings suggest that inflammation and obesity
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associated with PS-MS exposure is contingent upon the composi-
tion of the intestinal microbiota. Notably, we found that the genus
Desulfovibrio, a sulfate-reducing bacteria, exhibited an greater
abundance in the PS-MS + HFD group. This particular bacterium
has been demonstrated to synthesize LPS, exhibiting endotoxin ac-
tivity that is 1,000-fold higher than that of other gut bacteria.”> We
also found that family Deferribacteres was enriched at higher taxo-
nomic levels such as phylum, class, and order in the HFD + PS-MS
group. Mounting evidence suggests that family Deferribacteres
was strongly associated with up-regulated pro-inflammatory cyto-
kines and exacerbation of inflammation and obesity-induced
metabolic disease type 2 diabetes.’**> Furthermore, we observed
a decrease in the number of family Bifidobacteriaceae in the
PS-MS + HFD group compared with the HFD alone group, which
is known to have a negative correlation with intestinal permeabil-
ity, metabolic endotoxemia, and low-grade inflammation.”® Based
on the outcomes of the ABX exposure, we propose that differences
in gut microbiota significantly contributed to the lower expression
levels of MUC2 and tight junction-related proteins, potentially
influencing LPS translocation in the gut and the expression of se-
rum inflammatory factors. Subsequent research revealed that the
disparities in serum inflammatory cytokine levels between the
HFD and the HFD + PS-MS groups were diminished following
ABX treatment. This reduction is likely due to decreased transloca-
tion of LPSs from the gut into the bloodstream after the antibiotic
treatment. Consequently, after neutralizing the differences in the
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Figure 6. (Continued.)

expression levels of MUC2, tight junction-related proteins, and se-
rum inflammation levels with the ABX, no significant differences
in obesity-related outcomes—such as weight gain, liver weight,
adipose tissue mass, and blood lipid levels—were observed.
However, it is noteworthy that despite the ABX treatment, the lipid
accumulation induced by the HFD was not entirely abrogated
when compared with the ND diet, indicating that gut microbes par-
ticipate in HFD-induced obesity but are not the sole determining
factor.

Although the findings demonstrate that PS-MS contributed to
HFD-induced obesity by altering the structure and composition
of the gut microbiota, it remains to be further determined if the
obesity phenotype in mice exposed to PS-MS depended on the
modulating effects of the gut microbiota. In recent years, FMT
has emerged as a promising method for establishing a cause-and-
effect relationship between gut microbiota and obesity.”” FMT
involves transferring intestinal bacteria from donor mice to recip-
ient mice through oral gavage. Therefore, FMT was employed in
this study to examine the role of PS-MS-associated gut micro-
biota in exacerbating HFD-induced obesity. The experiment
revealed no significant difference in food intake between the R-
HFD + PS-MS treatment group and the R-HFD treatment group.
However, the R-HFD + PS-MS treatment group exhibited greater
hepatic lipid deposition and adipocyte size, suggesting that the
pro-obesity effect of PS-MS might be partially mediated by intes-
tinal bacteria. Furthermore, 16S rRNA sequencing results demon-
strated that the microbial composition of the R-HFD group was
similar to that of the HFD group, whereas the microbial composi-
tion of the R-HFD + PS-MS group differed from that of the HFD
group but resembled that of the HFD + PS-MS group. These
findings indicate successful colonization of recipient mice with
the donor microbiota, partially reproducing the obesity-related
phenotype. However, significant differences were observed only
in fasting blood glucose levels, not in blood glucose AUC, poten-
tially due to disruptions in the initial microbiome conditions,
such as routine and sterile conditions. Transplanting the gut
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microbiota to germ-free mice would provide more compelling
evidence to support these findings. At the same time, R-HFD +
PS-MS mice demonstrated lower expression of MUC2 and
Tjpl, and higher serum inflammation levels. Consequently, the
dysbiosis of gut microbiota and lower expression of mRNA/
proteins associated with intestinal integrity may have synergis-
tically contributed to the progression of low-grade inflamma-
tion, a well-documented factor in promoting the development
of obesity.”® In addition, FMT from PS-MS + HFD-fed mice
exacerbated HFD-induced obesity compared with FMT from
HFD-fed mice into HFD-fed recipient mice, further supporting
our conclusion that PS-MS induced a lower level of MUC2 pro-
tein expression, low-grade inflammation and obesity depended
on intestinal flora.

Obesity and its associated chronic inflammatory diseases have
emerged as significant health concerns, affecting both developed
and developing countries alike.”® Recent studies indicate that the
relationship between obesity, gut barrier, intestinal microbes, and
their interactions is interlinked and chiefly dependent on dietary
habits.'% Our study suggested that commercial PS-MS exacer-
bated HFD-driven changes of intestinal integrity, inflammation,
and obesity by altering the gut microbiome. We observed that mice
exposed to PS-MS demonstrated amplified HFD-induced micro-
biota dysbiosis, demonstrating a superimposed effect between
PS-MS and HFD on intestinal integrity and flora. This highlights
the importance of considering the impact of intestinal health on
individuals with different dietary habits, particularly those con-
suming Western diets, given that PS-MS may enhance the progres-
sion of obesity via alterations in the microflora.

Conclusions

In summary, our study demonstrated that mice exposed to PS-
MS of 5 pum in size had lower expression of mucus layer proteins
(which may result in more toxic molecules entry into the body),
higher expression of inflammatory cytokines, and exacerbation of
HFD-induced obesity. Through antibiotic treatment and FMT

132(9) September 2024



A B ¢
8 157 25+ *% g 159 ik
3 *okokok 5 @ )
) —_— 3 201 o § ;F
E 104 'Y g .-I: & 1.0
3 °¥s ERMIEC A
3 - =) ] >
o £ 104 K
S s ~ . S 0.5
5 ) 2
s 2 5 N -
[} = O
Qo 3
5 04 0 T T E 0.0 T T
& ¥ R ¢ SO
g b3 & %
¢ 9 ¥ R ¥ R
& & #
& & ¢
D E F G
s 1.5- _— 15001 * - 30- * 200+ p=0.0809
- J )
@ £ - £ o -EI
o -3 o 2 g '$' S 150 "
%1.0- E 1000- ‘E’ 20+ 2
0 M . g 3 2 £ 100
E : :
8 0.5- £ 5004 £ 104 "
° ) t? < s s0q|°
~ L - )
2 Z 2 =
0.0 : T 0 r r 0 T T 0 r T
9 o Q ) Q D Q @
&N Q}g QG.»'\& q-’zg QG"X‘\ Q}g( Q%,@
g 5 3 J
< o X o
q}z\ Y <& <&

Figure 7. Effects of gut microbiota from HFD + PS-MS donor group on Muc2 and Tjpl expression and inflammatory cytokines expression in microbiota-
depleted, R-HFD mice for 8 wk. (A) Alcian blue/periodic acid-Schiff (AB/PAS) staining and quantification of goblet cell numbers from sections of distal colon
stained with AB/PAS. Each data represents 1 crypt, 3 slices/group, 3 crypts/slice (n=9). (B) MUC2 protein contents. (C) Muc?2 relative expression levels in co-
lon tissue. (D) Tjpl relative expression levels in colon tissue. The level of (E) TNF-a, (F) IL-17A, (G) IL-6 in serum. Unless otherwise specified, data were an-
alyzed using Student’s t-test for comparisons between two groups. Data are represented as mean=+ SD in scatter plots (n=6 unless otherwise noted).
Corresponding numeric data can be found in Table S3. Note: HFD, high-fat diet; IL, interleukin; PS-MS, polystyrene microspheres; R-HFD, HFD receivers;
R-HFD + PS-MS, HFD + PS-MS receivers; SD, standard deviation; TNF, tumor necrosis factor. *p <0.05, **p <0.01 ****p <0.0001.

experiments, we demonstrated that the microbiota play a critical
role in the obesity process related to PS-MS exposure. Together,
our results suggest that PS-MS promote HFD-induced obesity by
altering gut microbiota. Although many other types of MPs exist
widely in daily life, their effects on mucus—bacterial interactions
remain largely unknown. Nevertheless, considering the inevitable
human exposure to MPs and their potential toxicity link with obe-
sity, it is important to monitor our exposure to these pollutants
and their role in promoting inflammation, which may in turn lead
to chronic metabolic diseases.
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