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BACKGROUND:Microplastics (MPs) are small particles of plastic (≤5 mm in diameter). In recent years, oral exposure to MPs in living organisms has
been a cause of concern. Leaky gut syndrome (LGS), associated with a high-fat diet (HFD) in mice, can increase the entry of foreign substances into
the body through the intestinal mucosa.

OBJECTIVES: We aimed to evaluate the pathophysiology of intestinal outcomes associated with consuming a high-fat diet and simultaneous intake of
MPs, focusing on endocrine and metabolic systems.

METHODS: C57BL6/J mice were fed a normal diet (ND) or HFD with or without polystyrene MP for 4 wk to investigate differences in glucose toler-
ance, intestinal permeability, gut microbiota, as well as metabolites in serum, feces, and liver.

RESULTS: In comparison with HFD mice, mice fed the HFD with MPs had higher blood glucose, serum lipid concentrations, and nonalcoholic fatty liver
disease (NAFLD) activity scores. Permeability and goblet cell count of the small intestine (SI) in HFD-fed mice were higher and lower, respectively, than
in ND-fed mice. There was no obvious difference in the number of inflammatory cells in the SI lamina propria between mice fed the ND and mice fed the
ND with MP, but there were more inflammatory cells and fewer anti-inflammatory cells in mice fed the HFD with MPs in comparison with mice fed the
HFD without MPs. The expression of genes related to inflammation, long-chain fatty acid transporter, and Na+=glucose cotransporter was significantly
higher in mice fed the HFDwithMPs than in mice fed the HFDwithoutMPs. Furthermore, the genusDesulfovibriowas significantly more abundant in the
intestines of mice fed the HFDwithMPs in comparison with mice fed the HFDwithoutMPs.Muc2 gene expression was decreased when palmitic acid and
microplastics were added to themurine intestinal epithelial cell lineMODE-K cells, andMuc2 gene expression was increased when IL-22was added.
DISCUSSION: Our findings suggest that in this study, MP induced metabolic disturbances, such as diabetes and NAFLD, only in mice fed a high-fat
diet. These findings suggest that LGS might have been triggered by HFD, causing MPs to be deposited in the intestinal mucosa, resulting in inflam-
mation of the intestinal mucosal intrinsic layer and thereby altering nutrient absorption. These results highlight the need for reducing oral exposure to
MPs through remedial environmental measures to improve metabolic disturbance under high-fat diet conditions. https://doi.org/10.1289/EHP11072

Introduction
Over the past few decades, the use of plastics has increased dramat-
ically.1 The production, use, and consumption of plastics, which
has been ongoing since the 1950s, has caused major environmental
problems globally; in 1960, approximately 500,000 tons of produc-
tion of synthetic fibers were emitted worldwide.2 The tonnage has
since increased exponentially and was 348million tons in 2017.3
Approximately 50% of the plastics produced annually is of the dis-
posable type.4 Thus, the proliferation of plastics in the environment
continues at an alarming rate. Plastic particles have been found to
be persistent and ubiquitous pollutants in a variety of environ-
ments, including seawater, freshwater, soil, and air.5–9 Plastic
accounts for 60%–80% of marine litter,10 which indicates that
some of the plastic spilled due to inadequate management on land
is washed up to the shore.

Microplastics (MPs) are small particles of plastic (≤5 mm in di-
ameter). They can be classified into two categories: primary and

secondary. Primary MPs are small plastic beads designed for com-
mercial use, such as in toothpaste, facial cleansers, cosmetics, and
industrial abrasives.11 They are also used as raw materials in the
manufacture of various commonly used plastic products. Secondary
MPs are the plastics that have been discarded into the environment
and are gradually degraded and disintegrated by external factors
(especially ultraviolet rays and other environmental factors) into
small fragments (≤5 mm).12–14 Plastics have a stable polymeric
structure; however, upondischarge into the ocean, they are degraded
and miniaturized mainly by photolysis and thermal oxidative degra-
dation.15 Human exposure to plastics has been considered to occur
only through direct use for eating and drinking purposes.16,17

However, indirect exposure to additives with large hydrophobic
properties, which is attributable to the miniaturization of plastics in
the environment, and their uptake into the digestive systemof organ-
isms, dissolution into digestive juices containing oil, bioaccumula-
tion, and the food chain are routes for the entry of MPs. Such
indirect exposures and their routes of entry are considered to have
the most significant impact on humans.18–20 From a toxicological
perspective, the route of exposure (oral, respiratory, or dermal) is
important, and oral exposure is the main route of uptake for MPs
into the body. Exposure to polystyrene MPs (PS-MPs) reduced the
reproductive capacity of oysters21 and induced the expression of
antioxidant enzymes in rotifers.22 In addition to the global threat to
environment fromMP pollution, the issue of their potential toxicity
to humans has raised serious concerns.23,24 In mammals, a pioneer-
ing study on PS-MPs was conducted on mice by Deng et al.25 who
found that daily exposure to 5 or 20 lm of fluorescent PS-MPs
resulted in the accumulation of these particles in the liver, kidney,
and intestine. Changes in metabolic profiles revealed that 5 lm of
PS-MPs affect energy metabolism, lipid metabolism, and oxidative
stress in the liver of mice.25 PS is one of the major polymer types in
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plastic products, along with the accompanying wastes; PS-specific
MPs were commonly found in MP fields.15,26,27 PS-MPs of
0:5–7 lm in diameter have also been widely applied in bioassays to
investigate biological interactions and toxicity in living organ-
isms.28,29,18 Moreover, exposure of C57BL6/J mice to high concen-
trations ofMPs was reported to increase the number and diversity of
gut microbiota in the intestine. Inflammation and increased expres-
sion of TLR4, AP-1, and IRF5was reported in the intestines ofmice
fed high concentrations ofMPs.30

Dysbiosis has been known to cause thinning of the mucin layer
and loosening of the tight junction in the mucosal epithelium of
the small intestine, which allowed toxic substances in the intestinal
tract to enter the body.31,32 In a study using mice, oral intake of
MPs worsened dysbiosis.30 Moreover, mice fed a Western diet
that includes a lot of fat, that is, a high-fat diet, developed dysbio-
sis and leaky gut syndrome (LGS).33,34 However, most of the
papers on MP-induced metabolic disturbances have described
experiments conducted under normal diet feeding conditions, and
the reports conducted under high-fat diet feeding conditions have
not been compared with normal diet feeding conditions.35 Thus,
we hypothesized that the toxicity of MPs might be more marked
in LGS induced by a high-fat diet than under a normal diet.

On the other hand, disruption of the mucus barrier has been
previously reported to change the innate immunity of the intesti-
nal tract.36 Among the cells involved in innate immunity, innate
lymphoid cells (ILCs) are a type of lymphocyte that compose the
T cell innate immune system and include ILC1, 2, and 3. They
secrete cytokines that respond rapidly to pathogenic tissue dam-
age and are postured to form subsequent adaptive immunity.37

Disruption of the mucus barrier alters the number of ILC3s, an
important regulator of inflammation and infection in the mucosal
barrier.38 ILC3-derived IL-22 maintained intestinal epithelial bar-
rier function.39–42 On the other hand, in our previous study, we
reported that intestinal ILC1 increased in inflammation of the in-
testinal tract caused by a high-fat diet.33,43,44 Taken together, to
evaluate the inflammation caused by a high-fat diet and MPs in
the intestine, it was necessary to evaluate ILC1 and 3 and associ-
ated M1/M2 macrophages in the intestinal mucosa.

We have previously shown that changes in diet alter metabo-
lites, gene expression of nutrient transporters, and inflammatory
cells in the upper small intestine, i.e., jejunum, in mice.33,43,44

Furthermore, because it is well known that nutrient absorption
occurs primarily in the small intestine,45 we thought it more
appropriate to evaluate the small intestine rather than the large
intestine in this study to clarify the relationship between MPs and
metabolic disturbances caused by HFD. Moreover, liver is
directly connected to the intestinal tract through the portal blood
flow, and portal influx of lipopolysaccharide and endotoxin due
to impaired intestinal barrier function in the small intestine has
been shown to contribute to the development of nonalcoholic
fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH).46,47 Furthermore, because the metabolic syndrome was
identified as a strong predictor of fatty liver disease,48 it is impor-
tant to evaluate the liver in the study of endocrine and metabolic
pathophysiology through the synergistic effects of MPs and HFD.
In this study, we aimed to elucidate the pathophysiology of intes-
tinal deterioration associated with consuming a Western diet and
simultaneous intake of MPs, focusing on the endocrine and meta-
bolic systems.

Materials and Methods

Mice
All experimental procedures were approved by the Committee
for Animal Research, Kyoto Prefectural University of Medicine,

Japan (approval number: M2021-61). We purchased 7-wk-old
C57BL/6J (wild type) male mice from Shimizu Laboratory
Supplies and kept them in a pathogen-free controlled environ-
ment. Littermate mice that were born in Shimizu Laboratory
Supplies were used in the experiments. The mice were fed a nor-
mal diet (ND; 345 kcal=100 g, fat kcal 4.6%; CLEA) or a high-
fat diet [HFD; 459 kcal=100 g, 20% protein, 20% carbohydrate,
and 60% fat (lard); D12492, Research Diets Inc.] for 4 wk, start-
ing at 8 wk of age, and equal amounts of feed and water were
supplied for pair feeding. One mouse was kept per cage. In our
previous studies, the group fed the normal diet with MPs added
tended to have the lowest food and water intake among the four
groups. Therefore, food and water intakes were measured every
3 d, and the food and water intakes of all mice were normalized
based on the lowest intake (group fed a normal diet with MPs
added). Moreover, in the MP exposure group, carboxyl group-
modified fluorescent PS particles (F-K1 050; 0:45–0:53 lm poly-
styrene COOH; Green Fluorescent Protein (GFP) fluorescence;
Merck) were dissolved in water at 1,000 lg=L, and water was
provided ad libitum.49,50 Water with dissolved MPs was soni-
cated at 20 kHz for 15 min, and the jugs were wrapped in alumi-
num foil to shield them from light. The water was changed every
3 d. To verify whether MPs were uniformly dispersed in the
water, we kept the animals in the cage for 3 d; collected 200 lL
of water from the jug on days 0, 1, and 2; counted the number
of microplastics using a fluorescence microscope (BZ-X710;
Keyence); measured the fluorescence intensity of the microplastic
using an Orion L microplate luminometer (490 nm excitation,
520 nm emission) (Berthold Detection Systems); and repeated
these procedures thrice. The mice were divided into four groups
(n=10 per group) according to diet and whether or not they were
given MPs. The body weights of the mice were measured weekly.
After an overnight fast, the mice were euthanized at 12 wk of age
by exposure to anesthesia (4:0 mg=kg midazolam, 0:3 mg=kg
medetomidine, and 5:0 mg=kg butorphanol)51 (Figure 1A).

Analytical Procedures and Glucose and Insulin Tolerance
Tests
Twelve-week-old mice were subjected to intraperitoneal glucose
tolerance testing (iPGTT) (2 g=kg of body weight) after a 16-h
fast (2 d before sacrifice) and insulin tolerance testing (ITT)
(0:5 U=kg body weight) after a 5-h fast (3 d before sacrifice).
Blood was sampled via the tail vein. Blood glucose was measured
using a glucometer (Gultest mintII; Sanwa Kagaku Kenkyusho).
iPGTT and ITT were performed in different mice. Blood glucose
was monitored 0, 15, 30, 60, and 120 min after injection. The
area under the curve (AUC) of the iPGTT and ITT results was
analyzed (n=5).

Measurement of Intestinal Permeability
Fluorescein isothiocyanate (FITC)-labeled dextran solution
(25 mg=mL, 20 mL=kg per mouse) (Chondrex, Inc.) was adminis-
tered via oral gavage at 12 wk of age after a 4-h fast (5 d before sac-
rifice), and blood was collected by retro-orbital puncture before
and 3 h after gavage. The collected blood was immediately sub-
jected to density gradient centrifugation at 1,500× g for 15 min.
Plasma was collected and diluted with phosphate-buffered saline
(PBS) at a ratio of 1:2. Plasma dextran levels were estimated from
luminescence measurements using an Orion L microplate lumi-
nometer (490 nm excitation, 520 nm emission) (Berthold Detection
Systems) (n=10). It was difficult to separate the FITC signal from
FITC-dextran and GFP signal from GFP-MP using absorbance
spectrometry. Thus, we measured the GFP signal in serum before
administration and FITC-Dextran signal 3 h after administration.
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We used the plasma signal after FITC-Dextran administration
minus the plasma signal before FITC-Dextran administration as a
surrogate index of intestinal permeability.

Blood Biochemistry
Blood samples were taken from fasted mice by cardiac puncture
during euthanasia, and the serum samples were collected after
centrifugation at 14,000 rpm for 10 min at 4°C. The collected se-
rum was stored at −30 �C until they were mailed to the subcon-
tractor. The levels of alanine aminotransferase (ALT) were
measured via the standardization support method described by
the Japanese Society for Clinical Chemistry.52 ALT catalyzes the
transfer reaction between the a-keto group of a-ketoglutarate and
the amino group of L-alanine to produce pyruvate and glutamate.
Conjugated to this reaction, lactate dehydrogenase converts
b-nicotinamide adenine dinucleotide reduced form (b-NADH) to
b-nicotinamide adenine dinucleotide oxidized form (b-NAD) in
the presence of the generated pyruvic acid. The rate of decrease
of b-NADH at that time was measured at a wavelength of
330–350 nm to obtain the ALT activity value. Triglyceride
(TG),52 nonesterified fatty acid (NEFA),53 and low-density lipo-
protein (LDL)-cholesterol levels54 were measured via enzymatic
methods [TG; glycerol kinase (GK)-GPO·glycerol blanking
method; NEFA; Acyl-CoA synthetase; acyl-CoA oxidase-3;
methyl-N-ethyl-N-(beta-Hydroxyethyl)aniline; LDL-cholesterol,

cholesterol oxidase]. Free glycerol in the sample is eliminated by
the reaction of GK and adenosine-50-diphosphate (ADP), which
is generated simultaneously, and is converted to adenosine-50-tri-
phosphate (ADP) by pyruvate kinase and phosphoenolpyruvate
(PEP) and to adenosine triphosphate (ATP) by pyruvate kinase
(PK) and PEP. This elimination reaction removes the effect of
free glycerol. TG in the sample is then hydrolyzed to glycerol
and fatty acids by lipoprotein lipase, and in the presence of ATP,
glycerol-3-phosphate is generated from glycerol by the action of
GK, simultaneously producing ADP. In the presence of ADP and
glucose, glucose-6-phosphate and adenosine-50-monophosphate
are generated by the action of ADP-dependent hexokinase. G-6-P
is further converted to 6-phosphogluconate by the action of
glucose-6-phosphate dehydrogenase in the presence of b-NAD.
The TG concentration is determined by measuring the increase in
the amount of b-NADH produced at the same time at a wave-
length of 330–350 nm. In the presence of coenzyme A (CoA) and
ATP, NEFA in the sample generates acyl-CoA, AMP, and pyro-
phosphate by the action of acyl-CoA synthase (ACS). The gener-
ated acyl-CoA is oxidized by the action of acyl-CoA oxidase,
simultaneously generating 2,3-trans-enoyl-CoA and hydrogen
peroxide. The generated hydrogen peroxide quantitatively oxi-
dizes and condenses MEHA and 4-aminoantipyrine by the action
of peroxidase to produce a blue-violet dye. The NEFA concentra-
tion in the sample is determined by measuring the absorbance of
this blue-violet color. LDL and calixarene sulfate form a soluble
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Figure 1. Body weight, food, and water intake; and iPGTT and ITT in mice exposed to ND or HFD±MPs from 8 wk to 12 wk of age; intestinal permeability
in mice exposed to ND or HFD±MPs at 12 wk of age. (A) Exposure to ND or HFD±MPs started at 8-weeks of age. (B) Body weight (n=10) and (C and D)
intake of food and water over the course of the experiment (n=10). (E and F) Results of iPGTT (2 g=kg body weight) for 12-wk-old mice and the AUC analy-
sis (n=5). Blood glucose was monitored 0, 15, 30, 60, and 120 min after injection. (G and H) Results of ITT (0:75 U=kg body weight) for 12-wk-old mice
and the AUC analysis (n=5). Blood glucose was monitored 0, 15, 30, 60, and 120 min after injection. (I) GFP signals from GFP-MP before and after oral ga-
vage of FITC-Dextran for 12-wk-old mice (n=10). Normalized to the levels of ND-fed mice. Data are presented as mean±SD values. Data were analyzed
using one-way ANOVA with Holm-Šídák’s multiple comparisons test. *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001. Summary data can be found in
Table S2. Note: ANOVA, analysis of variance; a.u., arbitrary unit; AUC, area under the curve; FITC, fluorescein isothiocyanate; GFP, green fluorescent pro-
tein; HFD, high-fat diet; iPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; min, minutes; MPs, microplastics; ND, normal diet; SD,
standard deviation.
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complex and stabilize LDL. The soluble complex is then
degraded by intestinal lamina propria (LPL) in the presence of
cholic acid. The free ester and free cholesterol are then oxidized
in the presence of b-NAD, cholesterol dehydrogenase, and LPL.
The amount of b-NADH produced during this process is meas-
ured by measuring the absorbance at a wavelength of 330 nm to
350 nm to determine the concentration of LDL-cholesterol in the
sample. The biochemical examinations were performed at the
FUJIFILM Wako Pure 18 Chemical Corporation (n=10).

Measurement of Free Fatty Acids in Serum, Feces, and
Liver Tissues
Collected samples were stored at −30 �C until being used in
experiments. Serum (25 lL) obtained via cardiac puncture during
euthanasia, feces from the small intestine (15 lg), and liver tissue
(15 lg) samples were used for measuring free fatty acids. A fatty
acid methylation kit (Nacalai Tesque) was used to analyze the
methylation of samples. Gas chromatography–mass spectrometry
(GC-MS) was performed using an Agilent 7890B/7000D system
(Agilent Technologies) to measure palmitic acid levels in murine
sera, feces, and liver tissues (n=10). The final product was
loaded onto a Varian capillary column (DB-FATWAX UI;
Agilent Technologies). The capillary column used for fatty
acid separation was CP-Sil 88 for FAME [100 m×0:25 mm
ðinner diameterÞ×0:20 lm (membrane thickness); Agilent
Technologies]. The column was maintained at 100°C for 4 min,
and the temperature was then increased gradually by 3°C/min to
240°C and held for 7 min. The sample was injected in split mode
with a split ratio of 5:1. Each fatty acid methyl ester was detected
in the selected ion-monitoring mode. All the results were normal-
ized to the peak height for the C17:0 internal standard.55

Histology and Immunochemical Analysis of the Small
Intestine
Small intestines removed from mice were immediately fixed in
10% buffered formaldehyde for 24 h at 22°C, embedded in paraf-
fin, cut into 4 lm-thick sections, and stained with hematoxylin
and eosin (H&E) stain and periodic acid Schiff (PAS) stain with
Carnoy’s solution. Two pieces of small intestine (one for H&E
and one for PAS) were used from each mouse. Images were cap-
tured using a fluorescence microscope (BZ-X710; Keyence). The
villus height/width and crypt depth were visualized on the H&E–
stained sections and were measured at 5 locations per slide for
each group of 10 animals using ImageJ software (version 1.53 k;
National Institutes of Health). Mucin grains and goblet cells
(PAS+) were enumerated and reported as the average number of
goblet cells (PAS+) per 10 crypts using the ImageJ software, as
reported previously (n=10).56 Moreover, the amount of MP dep-
osition in the intestinal mucosa was evaluated based on the area
represented by the green fluorescent protein ðGFPÞ+ region in the
slice, and the ratio of the GFP+ region to the total intestinal epi-
thelial region was calculated (469 nm excitation, 525 nm emis-
sion) (n=10). Because the fluorescent dye was stable in the body
for 4 d57 and has been shown to retain up to 50% fluorescence in-
tensity for up to 3 d under ethanol dialysis conditions,58 small
intestine pathology was evaluated 2 d after sacrifice. For immu-
nochemistry, sections of the small intestine were prepared and
blocked with Blocking One Histo (Nacalai Tesque, Inc.) for
30 min. Subsequently, the samples were stained with monoclonal
primary anti-Muc2 (1/500 dilution; ab272692, Abcam)59 at 4°C
overnight. After washing for 5 min in PBS, the samples were sub-
sequently stained with a Texas-red-conjugated antimouse second-
ary antibody (1/1,000 dilution; Jackson ImmunoResearch) in the
dark at room temperature for 60 min. After washing for 5 min in
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PBS, nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich). Images were captured using the BZ-
X710 fluorescence microscope (540 nm excitation, 605 nm emis-
sion) (Keyence), and the fluorescence intensity of myotube cells
was analyzed using ImageJ software (n=10).

Isolation of Mononuclear Cells from the Small Intestine
of Mice
To prevent blood contamination in the small intestine, systemic
perfusion with heparinized saline was performed before harvest-
ing or washing the tissue with PBS. Samples were stored in cold
2% Fetal Bovine Serum (FBS) with Roswell Park Memorial
Institute (RPMI) until being used for experiments. The following
experiments were performed on the day of euthanasia. LPL
mononuclear cells were isolated using the Lamina Propria
Dissociation Kit (130-097-410; Miltenyi Biotec) following the
manufacturer’s instructions. Cell pellets were resuspended in
5 mL of 40% Percoll® and slowly poured to the upper portion of
centrifuge tubes, which contained a bottom layer of 5 mL of 80%
Percoll®. Density gradient centrifugation (420× g, 20 min) was
performed, and mononuclear cells in the middle layer were gently
extracted with a 1-mL PIPETMAN. The extracted mononuclear
cells were washed twice with 2% FBS/PBS.

Tissue Preparation and Flow Cytometry
The cell suspension obtained in the previous section was preincu-
bated with Mouse BD Block purified antimouse CD16/CD32
mAb (394,656; clone: 2.4G2; 1/100; BD Biosciences) for 10 min
at 22°C. The following antibodies were used for the gating of the
innate lymphoid cells. Cell suspensions were incubated with a
mixture of Biotin-CD3e (100,304; clone: 145-2C11; 1/200;
eBioscience, Inc.), Biotin-CD45R/B220 (103,204; clone: RA3–
6B2; 1/200; eBioscience, Inc.), Biotin-Gr-1 (108,404; clone:
RB6-8C5; 1/200; eBioscience), Biotin-CD11c (117,304; clone:
N418; 1/200; eBioscience, Inc.), Biotin-CD11b (101,204;
clone: M1/70; 1/200; eBioscience, Inc.), Biotin-Ter119 (116,204;
clone: TER-119; 1/200; eBioscience, Inc.), Biotin-FceRIa
(134,304; clone: MAR-1; 1/200; eBioscience, Inc.), Brilliant Violet
510-Streptavidin (405,233; 1/500; eBioscience, Inc.), PE-Cy7-
CD127 (135,014; clone: A7R34; 1/100; eBioscience, Inc.), Pacific
Blue-CD45 (103,116; clone: 30-F11; 1/100; eBioscience, Inc.), and
Fixable Viability Dye eFluor 780 (1/400; eBioscience, Inc.) for 20
min at 4°C. The cell suspension was washed twice with 2% FBS/
PBS and fixed with fixation buffer (420,801; BioLegend, Inc.) for
30 min. After washing with 2% FBS/PBS, the cell suspension was
incubated with the mixture of PE-GATA-3 (clone TWAJ, 1/50;
eBioscience, Inc.), APC-RORc (cloneAFKJS-9, 1/50, eBioscience,
Inc.), and FITC-T-bet (clone 4B10, 1/50; BioLegend, Inc.)60,61
(Figure S1). We used the following antibodies for gating of M1
and M2 macrophages: FITC-CD206 (MA516870; clone: MR5D3,
1/50, eBioscience, Inc.), PE-F4/80 (12,480,182; clone: BM8, 1/50,
eBioscience, Inc.), APC- CD45.2 (17,045,482; clone: 104, 1/50;
eBioscience, Inc.), PE-Cy7-CD11c (25,011,482; clone: N418,
1/50, eBioscience, Inc.), and APC-Cy7-CD11b (47,011,282; clone:
M1/70, 1/50; eBioscience, Inc.)62 (Figure S2). We analyzed the
stained cells using flow cytometry Canto II, and the data were ana-
lyzed using FlowJo (version 10; TreeStar, Inc.) (n=10).

Measurement of Short-Chain Fatty Acids (SCFAs) Levels in
the Feces Samples
Samples obtained during euthanasia from the small intestines of
mice were stored at −30 �C until being used in experiments.
The levels of SCFAs in the feces were analyzed using GC/MS
on an Agilent 7890B/7000D system (Agilent Technologies).

We homogenized the rectal fecal samples (20 mg) in 500 lL of
acetonitrile and 500 lL of distilled water by grinding them
(4,000 rpm for 2 min) in a ball mill. We then shook the samples
at 1,000 rpm for 30 min at 37°C and centrifuged them at
14,000 rpm for 3 min at room temperature. We separated the su-
pernatant (500 lL), added it to 500 lL of acetonitrile, and
shook the mixture at 1,000 rpm for 3 min at 37°C. After centrif-
ugation at 14,000 rpm for 3 min at room temperature, the pH
was adjusted to 8 with 0:1mol=L NaOH, and SCFAs were
extracted.

SCFA concentration measurements were automatically meas-
ured via GC-MS and an online solid-phase extraction (SPE)
method (SGI-M100 SPE-GC system; AiSTI Science Co., Ltd.).
After the vials were filled with samples and placed in the auto-
sampler tray, injection into the SPE and GC-MS systems
occurred automatically. Solid stratification was performed using
Flash-SPE ACXs (AiSTI Science Co., Ltd.). Fifty microliter ali-
quots of each sample extract were loaded onto the solid phase
and rinsed with a 1:1 mixture of water and acetonitrile.
Subsequently, the products were dehydrated with acetone, satu-
rated with 4 lL N-tert-butyldimethylsilyl-N-methyltrifluoroaceta-
mide (MTBSTFA)-toluene solution (1:3), and eluted with hexane
after derivatization in the solid phase. Injection of the final prod-
uct was performed with a programmed temperature vaporizer in-
jector LVI-S250 (AiSTI Science Co., Ltd.). The temperature was
maintained at 150°C for 0.5 min, increased gradually to 290°C
at a rate of 25°C/min, and then maintained at this temperature
for 16 min. A Vf-5ms capillary column [30 m×0:25 mm
ðinner diameterÞ× 0:25 lm (membrane thickness); Agilent
Technologies] was used. The column was maintained at 60°C for
3 min, then gradually increased to 100°C at 10°C/min, then to
310°C at 20°C/min, and finally maintained at 310°C for 7 min.
The sample was injected in split mode at a ratio of 20:1. Each
SCFA was detected in the scan mode (m/z: 70–470). All SCFA
results were standardized using the height of the peak of tetradeu-
teroacetic acid (0:02 nmol=lL)44 (n=10).

Liver Histology
Liver tissue was obtained, immediately fixed with 10% buffered
formaldehyde, and embedded in paraffin. After 24 h of fixation at
room temperature, liver sections (4 lm thick) were prepared, and
H&E stained. We prepared an Oil Red O stock solution in isopro-
panol (0:25 g=100 mL) and heated it to 100°C for 10 min. We
fixed liver sections with 4% paraformaldehyde for 30 min and
then rinsed with PBS. We then prepared a 60% Oil Red O stock
solution diluted with distilled water and immersed the sections in
the solution for 30 min. We rinsed the stained sections in PBS
until the background became clear. We captured the pictures of
the liver sections using a BZ-X710 fluorescence microscope
(Keyence). Additionally, to assess the severity of NAFLD, we
determined the NAFLD activity score (NAS),63 which is a well-
known standard used for measuring the severity of nonalcoholic
steatohepatitis (NASH) and changes in NAFLD. The scoring sys-
tem comprised 14 histological features, of which 4 [steatosis (0–3),
lobular inflammation (0–2), hepatocellular ballooning (0–2), and
fibrosis (0–4)] were evaluated semiquantitatively (n=10).

Gene Expression Analysis in Murine Jejunum and Liver
The jejunum and liver of mice fasted for 16 h were excised and
instantly frozen in liquid nitrogen. The samples were homoge-
nized in ice-cold QIAzol Lysis reagent (Qiagen) at 4,000 rpm for
2 min in a ball mill, and total RNA was extracted according to
the manufacturer’s instructions and quantified and qualified using
the Qubit RNA Assay (Invitrogen). A High-Capacity cDNA
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Reverse Transcription Kit (Applied Biosystems) was used for
reverse transcription of the total RNA (0:5 lg) to first-strand
cDNA, according to the manufacturer’s instructions. The mRNA
expression levels of Tnfa, Il6, Il1b, Il22, Ffar2, Ffar3, Cd36,
Sglt2, and Muc2 in the jejunum and of Tnfa, Il6, Il1b, Scd1,
Elovl6, and Fasn in the liver were quantified via real-time reverse
transcription-polymerase chain reaction (RT-PCR), and TaqMan
Fast Advanced Master Mix (Applied Biosystems) was used
according to the manufacturer’s instructions. The PCR conditions
were as follows: 1 cycle of 2 min at 50°C and 20 s at 95°C, fol-
lowed by 40 cycles of 1 s at 95°C and 20 s at 60°C. The relative
expression levels of each target gene were normalized to the
Gapdh threshold cycle (Ct) values and quantified via the compar-
ative threshold cycle 2-DDCt method. Signals from ND-fed mice
were assigned a relative value of 1.0. Expression levels from six
mice from each group were determined, and RT-PCR was per-
formed in triplicate for each sample (n=10). Primer sequences
(TaqMan probe primers; Applied Biosystems) for each of the
genes are presented in Table S1.

16s rRNA Sequencing
A QIAamp DNA Feces Mini Kit (Qiagen) was used for extracting
microbial DNA from frozen appendicular fecal samples to ensure
sufficient feces volume according to the manufacturer’s instruc-
tions. The V3-V4 region of the 16S rRNA gene was amplified from
DNA using a bacterial universal primer set (341F and 806R). PCR
was performed using EF-Taq (Solgent) with 20 ng of genomicDNA
as a template in a 30 lL reaction mixture with the following cycles:
95°C for 2min for activating Taq polymerase, followed by 35 cycles
at 95°C, 55°C, and 72°C for 1 min each, and a final 10-min step at
72°C. The amplification products were purified using a multiscreen
filter plate (Millipore Corp.). According to the manufacturer’s
instructions (Macrogen), a MiSeq sequencer (Illumina) was used
for 16S rRNA sequencing. For sequence quality filtering, we used
QIIME (version 1.9.1).64 Barcodes or primers with scores of <75%
were excluded from the files. Using the UCLUST algorithm at 97%
similarity, the number of operational taxonomic units (OTUs) was
determined.65 In addition, BLAST (UNITE 2017) was used for tax-
onomic assignment of 16S rRNAs with the UNITE sequence set of
theGreengenes core set alignedwithUCLUST and ITS.

The relative abundances of phyla in the groups were evaluated
by one-way analysis of variance (ANOVA) with Holm–Šídák’s
multiple comparisons test. In addition, alpha diversity (defined as
the diversity within an individual sample) was analyzed using the
Chao1,66 Shannon,67 andGini–Simpson indices.68

The relative abundances of bacterial genera between the groups
were evaluated by linear discriminant analysis (LDA) coupled
with effect size measurements (LEfSe) (http://huttenhower.sph.
harvard.edu/lefse/).69 With a normalized relative abundance ma-
trix, LEfSe showed taxa with significantly different abundances,
and the effect size of the feature was estimated via LDA. A p-value
threshold of 0.05 (Wilcoxon rank sum test) and an effect size
threshold of 2were used for all biomarkers discussed in this study.

MODE-K Cell Experiments
The murine intestinal epithelial MODE-K cell line (sex: female)
was kindly provided by Prof. Richard Blumberg (Harvard
Medical School, Boston, USA). MODE-K cells were cultured in
Dulbecco’s modified Eagle’s medium (Nacalai Tesque) supple-
mented with 10% FBS, 2mM of glutamine, 100 U=ml penicillin,
and 100 lg=mL streptomycin, in an atmosphere of 95% air and
5% CO2.70 Cells were spread in 96-well plates at 1 × 104 cells/
well, and 1,000 lg=L of MP, 200 lM of palmitic acid (PA),33

and 50 ng=mL of recombinant mouse IL-22 protein (NBP2-

35122, Funakoshi) were added for 24 h on day 5.71 After 24 h,
the cells were then washed twice with cold PBS, detached with
2:5 g=l-Trypsin=1mmol=l-EDTA solution (Nacalai Tesque), and
centrifuged at 300× g for 5min at 4°C, and the supernatant was
discarded. RT-PCR was performed as described in the “Gene
Expression Analysis in Murine Jejunum and Liver” section, and
the mRNA expression level of Muc2 was quantified (n=6). To
evaluate the intracellular accumulation of MPs, the pellet was
counted after centrifugation. Briefly, 1 × 104 MPs were fractio-
nated and then diluted into 200 lL of PBS. The cell lysate was
transferred to a black 96-well plate, and luminescence was meas-
ured using an Orion L microplate luminometer (Berthold
Detection Systems) (n=6). Signals from cells without MPs, PAs,
and IL-22 were assigned a relative value of 1.0.

Statistical Analysis
The data were analyzed using JMP software (version 13.0; SAS
Institute, Inc.). One-way ANOVA with Holm–Šídák’s multiple
comparisons testwas used to compare the results of different groups.
Statistical significance was set at p<0:05. Figures were generated
usingGraphPad Prism (version 9.0; GraphPad Software Inc.).

Results

Verification of MP Uniformity in Water
First, to verify whether MPs were uniformly dispersed in the
water, we kept the animals in the cage for 3 d with a jug of water,
collected 200 lL of water from the jug on days 0, 1, and 2,
counted the number of MPs using a fluorescence microscope, and
repeated the procedure three times. There were no statistically
significant differences in the number and fluorescence intensity
of MPs at the three time points, and we considered that MPs were
sufficiently available for consumption without fluorescence inten-
sity diminishing or precipitation even under ad libitum conditions
(Figure S3).

Body Weight, Food and Water Intake, and iPGTT and ITT
in Mice Exposed to ND or HFD with and without MPs from
8 Wk to 12 Wk of Age
Body weight and intake of food and water were measured. We
observed no difference in the body weight of mice fed a ND and
a ND with MPs added and of mice fed a HFD and a HFD with
MPs added (Figure 1B). Intake of food and water was not differ-
ent among the four groups (Figure 1C and 1D). Glucose tolerance
was assessed by iPGTT and ITT. In iPGTT, blood glucose levels
were higher in mice fed a ND with MPs added and mice fed HFD
with MPs added than in both ND and HFD mice (Figure 1E and
1F). On the contrary, in ITT, blood glucose levels were not differ-
ent between ND and mice fed a ND with MPs added, whereas
blood glucose levels in mice fed mice fed a HFD with MPs added
were higher than those in mice fed a HFD (Figure 1G and 1H).

Intestinal Permeability in Mice Exposed to ND or High-Fat
Diet with and without MPs at 12 Wk of Age
Intestinal permeability was assessed using fluorescent-stained
dextran. FITC-labeled dextran was administered orally, and
blood was collected before the administration of dextran and 3 h
later to measure the plasma GFP-MP and dextran levels as a
proxy for intestinal permeability. Because of the interference in
signal detection of the GFP-MP accumulation in these mice, we
assumed the difference in signal intensity before and 3 h after
administration of FITC-dextran represented intestinal permeabil-
ity and absorbance. There was no difference in GFP signal
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between those recorded before and after the administration in the
group fed a ND and group fed a ND with MPs, whereas GFP sig-
nal after the administration was significantly higher in the group
fed an HFD and the group fed an HFD containing MPs in com-
parison with the signal before the administration (Figure 1I). In
addition, the GFP signal was higher in the HFD-fed mice than in
the ND-fed mice. There was no significant difference in plasma
GFP expression between the ND-fed group and the group fed the
ND containing MPs. In contrast, plasma GFP expression was sig-
nificantly higher in the mice fed an HFD that included MPs than
in HFD-fed mice fed an HFD that did not contain MPs (Figure
S3D and S3E).

The Serum Levels of Liver Enzymes and Lipids in Mice
Exposed to a ND or an HFD with and without MPs at 12 Wk
of Age
Next, the serum levels of hepatic enzymes and lipids were inves-
tigated. Serum ALT, TG, NEFA, LDL-cholesterol, and palmitic

acid levels had no obvious differences between mice fed the ND
and the ND containing MPs, whereas the serum levels in mice
fed the HFD containing MPs were significantly higher in HFD-
fed mice (Figure S4A–E).

Histological Evaluation of Jejunum and Immune Cells
Involved in Innate Immunity in LPL of Small Intestine
Histological evaluation of the jejunumwas performed. Representative
histological images of the jejunum are shown in Figure 2A.We found
no obvious differences in the height and width of villi between mice
fed ND and ND containing MPs; on the other hand, these parameters
in mice fed HFD containing MPs were significantly lower than
those in the HFD mice (Figure 2B,C). In addition, exposure to MPs
resulted in no apparent difference in crypt depth in ND-fed mice, but
crypt depth was significantly higher in mice fed HFD that included
MPs than in HFD mice (Figure 2D). The total number of goblet cells
was counted in the PAS-stained images. The number of goblet cells in
mice fed the ND containing MPs and the those fed HFD containing

HF
D

HE PAS

HF
D+

M
P

A GFP

ND
ND

+M
P

Muc-2

Figure 2. Histological evaluation of jejunum and immune cells involved in innate immunity in LPL of small intestine. (A) Representative images of HE- and PAS-
stained, GFP-positive, and Muc2-immunostained jejunum sections. Jejunum tissue was collected at 12 wk of age. In the GFP fluorescence image, MPs are enlarged
and indicated by arrows. The scale bars show 100 lm (50 lm for Muc2 image). (B) Villus height (n=10). (C) Villus width (n=10). (D) Crypt depth (n=10). (E)
Total goblet cells/area (mm2 of jejunum) (n=10). (F) Mucus layer thickness (n=10). (G) GFP-positive area (n=10). Ratio of (H) ILC1s to CD45-positive cells, (I)
T-bet positive ILC3s to CD45-positive cells, (J) M1 macrophages to M2 macrophages in the small intestine, and (K) ILC3s to CD45-positive cells (n=10 in each
case). Data are presented as mean±SD values. Data were analyzed using one-way ANOVA with Holm-Šídák’s multiple comparisons test. Summary data can be
found in Table S2. *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001. Note: ANOVA, analysis of variance; GFP, green fluorescent protein; H&E, hematoxylin
and eosin; HFD, high-fat diet; ILCs, innate lymphoid cells; MPs, microplastics; ND, normal diet; PAS, periodic acid Schiff; SD, standard deviation.
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MPs was significantly lower than in ND and HFD mice, respectively
(Figure 2E), and mucin layer thickness analyzed by immunochemical
staining forMuc2was smaller inmice fed theNDcontainingMPs and
mice fed the HFD containingMPs in comparison with ND- andHFD-
fedmice, respectively (Figure 2F).Moreover, the amount ofMPdepo-
sition in the intestinal mucosa was calculated based on the area repre-
sented by the GFP-positive region in the image. The ratio of GFP-
positive region to epithelial region in ND-fed mice did not differ, with
or without MP exposure, whereas the ratio of GFP-positive regions
was significantly higher inMice fedHFD containingMPs in compari-
sonwithHFD-fedmice (Figure 2G).

Next, the number of cells involved in innate immunity in the
LPL of the small intestine was measured by flow cytome-
try.33,38,44,72–76 The ratio of ILC1s and T-bet positive ILC3s in
CD45+ cells and the ratio of M1macrophages inM2macrophages
of ND mice were not significantly different from those of mice fed
the ND containing MPs; on the other hand, those of mice fed the
HFD with MPs were significantly higher than those of HFD-fed
mice (Figure 2H,I, and J). Furthermore, there was no significant
difference in the ratio of ILC3 cells between mice fed the ND and
mice fed the ND containing MPs, but the ratio was lower in the
mice fed the HFD containingMPs in comparison with mice fed the
HFD that did not containMPs (Figure 2K).

Metabolites in Feces of Mice Exposed to ND or HFD with
and without MPs at 12 Wk of Age
Next, the concentration of the selected metabolites in the feces in
the small intestine was determined. Palmitic acid concentrations
in feces did not differ between mice fed the ND and mice fed the
ND containing MPs, whereas they were lower in the feces of
mice fed the HFD containing MPs in comparison with mice fed
the HFD that did not contain MPs (Figure 3A). It is notable that

the concentration of palmitic acid was considerably higher in
mice fed the HFD than in the ND-fed mice, whereas mice fed the
HFD containing MPs exhibited levels similar to the ND and mice
fed the ND containing MPs. Furthermore, the concentrations of
SCFAs such as acetic acid, propanoic acid, and butanoic acid did
not differ between ND mice and mice fed the ND containing
MPs; on the other hand, they were significantly lower in the feces
of mice fed the HFD containing MPs in comparison with HFD-
fed mice (Figure 3B–D).

Histological Evaluation of Liver and Palmitic Acid
Concentration in Liver of Mice Exposed to the ND or the
HFD containing MPs at 12 Wk of Age
The effects of MP on the liver were evaluated. Wet weight of liver
was not different between the mice fed the ND and mice fed the
ND containingMPs, whereas the weight of mice fed the HFD con-
taining MPs was lower than that of HFD mice (Figure 4A).
Although showing a similar trend, the ratio of liver weight to body
weight did not differ significantly between ND- and HFD-fed
mice, with or without exposure to MPs (Figure 4B). The represen-
tative histological images of the liver were shown in Figure 4C.
The NAS was zero in ND-fed mice, with and without exposure to
MPs, whereas NAS in mice fed the HFD containing MPs was
higher than that in mice fed the HFD without MPs (Figure 4D).
The area of Oil Red O–stained region was not different between
ND-fedmice, with or without exposure toMPs, whereas the area in
mice fed the HFD containingMPswas higher than that of HFD-fed
mice (Figure 4E). Moreover, palmitic acid concentration in the
liver was not different between ND-fed mice, with and without ex-
posure to MPs, but the concentration in mice fed the HFD contain-
ingMPswas higher than that in HFD-fedmice (Figure 4F).

ND
ND+M

P
HFD

HFD+M
P

0

200

400

600

800

Vi
llu

s 
he

ig
ht

 (μ
m

)
B

ND
ND+M

P
HFD

HFD+M
P

0

50

100

150

200

250

Vi
llu

s 
w

id
th

 (μ
m

)

C

ND
ND+M

P
HFD

HFD+M
P

0

50

100

150

200

250

C
ry

pt
 d

ep
th

 (μ
m

)

D

ND

ND+M
P

HFD

HFD+M
P

0

1

2

3

G
FP

 p
os

iti
ve

 a
re

a 
(m

m
3 )

F

ND

ND+M
P

HFD

HFD+M
P

0.0

0.5

1.0

1.5

2.0

2.5

IL
C

1s
/C

D
45

+ 
ce

lls
 

in
 s

m
al

l i
nt

es
tin

e

ND

ND+M
P

HFD

HFD+M
P

0.0

0.5

1.0

1.5

2.0

IL
C3

s/
CD

45
+ 

ce
lls

 
in

 s
m

al
l i

nt
es

tin
e

ND

ND+M
P

HFD

HFD+M
P

0.0

0.5

1.0

1.5

2.0

T-
be

t p
os

iti
ve

 IL
C

3s
/

C
D

45
+ 

ce
lls

 in
 s

m
al

l i
nt

es
tin

e

H I J

ND

ND+M
P

HFD

HFD+M
P

0.0

0.5

1.0

1.5

2.0

2.5

M
1/

M
2 

M
 ra

tio
in

 s
m

al
l i

nt
es

tin
e

K

ND
ND+MP

HFD

HFD+MP
0

100

200

300

400

500

To
ta

l g
ob

le
t c

el
ls

/a
re

a
(m

m
2  o

f j
ej

un
um

)

E

G

ND

ND+M
P

HFD

HFD+M
P

0

10

20

30

M
uc

us
 th

ic
kn

es
s 

(μ
m

)

Figure 2. (Continued.)
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Gene Expression in the Small Intestine of Mice Exposed to
ND or to the HFD Containing MPs at 12 Wk of Age
Gene expression in small intestine was investigated (Table 1).
The relative expression of genes related to inflammation, such as
Tnfa, Il6, and Il1b, in small intestine of mice fed the HFD with
MPs was higher than that of mice fed the HFD without MPs. The
relative expression of Il22, a cytokine produced by ILC3, which
acts on intestinal epithelial cells and embryonic cells to promote
the secretion of antimicrobial peptides and mucus and is involved
in the intestinal barrier function,77 in small intestine of mice fed
the HFD with MPs was significantly lower than that of HFD
mice. Moreover, the relative expression of Ffar2 and Ffar3,
which are free fatty acid receptors that use SCFAs, such as acetic
acid, propanoic acid, and butanoic acid as ligands,78,79 in small
intestine of mice fed the HFD with MPs was higher than that of
mice fed the HFD without MPs. The relative expression of Cd36,
which is a long-chain fatty acid transporter, in small intestine of
mice fed the HFD with MPs was higher than that of mice fed the
HFD without MPs. It is interesting to note that the relative
expression of Sglt1, a Na+=glucose cotransporter, in small intes-
tine of mice fed the HFD with MPs was higher than that of mice
fed the HFD without MPs. On the other hand, their expressions
were not different between ND-fed mice and mice fed the ND
with MPs (Table 1).

Gene Expression in the Liver of Mice Exposed to ND or
HFD with MPs at 12 Wk of Age
Gene expression in liver was also evaluated. The relative expres-
sion of Tnfa, Il6, and Il1b in liver of mice fed the HFD with MPs
was higher than that of mice fed the HFD without MPs.
Similarly, the relative expression of Scd1, Elovl6, and Fasn,
which are fatty acid synthases, in liver of mice fed the HFD with
MPs was higher than that in mice fed the HFD without MPs. On
the other hand, their expressions were not different between ND
mice and mice fed the ND with MPs (Table 1).

16s rRNA Sequence of Gut Microbiota
In 16s rRNA sequence of gut microbiota, the relative abundance
of phyla was investigated (Figure 5A). Although there was no
clear difference in the relative abundance of phyla between mice
fed the ND and mice fed the ND containing MPs, the mice fed
the HFD with MPs had a lower abundance of phylum
Bacteroidetes and a higher abundance of phylum Proteobactria,

in comparison with mice fed the HFD without MPS (Table 2).
There was no difference in OTUs between the mice fed the ND
and mice fed the ND with MPs and HFD-fed mice and mice fed
the HFD with MPs, respectively (Figure 5B). On the other hand,
in alpha diversity index, Chao1 index, Shannon index, and Gini-
Simpson index in mice fed the HFD with MPs were lower than
those in mice fed the HFD without MPs, whereas there was no
difference between ND and mice fed the ND with MPs (Figure
5C–E). We also used the LEfSe algorithm to identify the specific
taxa that were variably distributed between mice fed the ND
without MPs and mice fed the ND with MPs, and between mice
fed the HFD without MPS and mice fed the HFD with MPs,
respectively. Six taxa were overrepresented (including the phylum
Proteobacteria, the genus Parasutterella, the family Sutterellaceae,
the class Betaproteobacteria) and five were underrepresented
(including the orderBacteroidales, the class Bacteroidia, the phylum
Bacteroidetes, and the genus Tannerella) in mice fed the ND with
MPs in comparison with that in mice fed the ND without MPs
(Figure 5F and H). Moreover, seven taxa were underrepresented
(including the family Prevotellaceae, the order Bacteroidales, the
class Bacteoidia, the phylumBacteroidetes, the genus Alloprevotella,
and the family Ruminococcaceae) and the genus Desulfovibrio were
overrepresented in mice fed the HFD with MPs in comparison with
that inmice fed theHFDwithoutMPs (Figure 5G and I).

MP and Murine Intestinal Epithelial Cell Line
Using the murine intestinal epithelial cell line MODE-K cells, we
investigated the mechanism by which a high-fat diet promotes MP
deposition in the small intestinal epithelium. To reproduce the in-
testinal environment caused by a HFD, PA, a type of saturated fatty
acid, was administered to the cells. The mucus that covers and pro-
tects the intestinal epithelium is built around its major structural
component, the gel-forming MUC2 mucin,80 and Muc2-deficient
mice were shown to have increased intestinal permeability.81

Therefore, we investigated the expression ofMuc2 by RT-PCR as
an indicator of mucin secretion and intestinal permeability. The
expression of Muc2 was not different between control group and
MP alone group, whereas the expression in both the PA alone and
PA with MPs groups was lower than in the control and MP groups
(Figure 6A). In addition, treatment with recombinant protein IL-
22, which acts on small intestinal epithelial cells to stimulate secre-
tion of the mucin layer,77 increasedMuc2 gene expression in both
the PA alone and PA with MPs groups, in comparison with that in
the nonIL-22-treated group (Figure 6B).
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Figure 3.Metabolites in feces of mice exposed to ND or HFD±MPs at 12 wk of age. The concentrations of (A) palmitic acid, (B) acetic acid, (C) propanoic
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Next, the amount of fluorescently labeled MPs accumulated
in the cells was measured by absorbance spectrometer. The PA
with MPs group accumulated more MP than the MP alone group.
However, the accumulation of MP was higher in the MP alone
group than in the control group. (Figure 6C). On the other hand,
cells treated with IL-22 had significantly less microplastic accu-
mulation in the PA with MPs group in comparison with the MP
alone group (Figure 6D).

Discussion
In this study, findings suggestive of metabolic disturbances
induced by MP, including deterioration of glucose tolerance and
increased fat accumulation in the liver, which were similar to
symptoms seen in diabetes and NAFLD, were observed only in
mice fed the HFD. Mice fed the HFD with MPs exhibited dysbio-
sis, thinning of the intestinal mucin layer, indications of inflam-
mation of the intestinal tract, and different gene expression of
nutrient transporters in the intestine. To the best of our knowl-
edge, this study is the first to demonstrate that a modern lipid-
rich diet and MPs can be associated with findings suggestive of
metabolic disturbances, such as diabetes and NAFLD.

MPs are a cause of concern for global pollution and have been
found to be toxic toMytilus edulis,23 fish,22 andmammals.24 In vivo
evidence on the immunotoxicity of MPs suggested that immune
cells, including those of the intestinal immune system, might be the
targets of plastic-induced damage. Indeed, Li et al.30 reported that
dysbiosis and intestinal inflammation in mice exposed to MPs.
Moreover, in a human study, a positive correlation was observed
between MPs in feces and the inflammatory bowel disease (IBD)
status, indicating that MP exposure might be related to the pathoge-
nesis of IBD or that IBDmight exacerbate the retention ofMPs.82 In
this study, intestinal permeability was approximated by measuring
plasma dextran 4 h after oral administration. We found that plasma
dextran was significantly higher in the HFD group in comparison
with the ND group and in the mice fed the HFD with MPs in com-
parison with the mice fed the HFDwithout MPs, suggesting that in-
testinal permeability was higher in these groups. In addition, the
number of goblet cells was significantly lower in the HFD group in
comparison with that in the ND group, and this was even lower in
mice exposed toMPs. Pathological images showed very little depo-
sition of MPs in the intestinal mucosa of mice in the ND group
unlike in the HFD group. IL-1b and TNF-aweremarkedly elevated

in inflammatory conditions of the intestine, such as IBD.83,84

Physiological concentrations of IL-1b and TNF-a were associated
with markedly increased permeability of tight junctions in intestinal
epithelial cells in vitro.85,86 In this study, the expression of IL-1b
and TNF-a in small intestine was higher following exposure to
MPs. These results suggest that the reduced mucin layer in the
HFD-fed mice allowed MPs to enter the intestinal mucosa, causing
inflammation in the LPL of the small intestine.

We also analyzed the dynamics of immune cells involved in
innate immunity of small intestine. Disruption of the mucosal bar-
rier in mice with colitis altered the number of ILC3s, which are key
regulators of inflammation and infection at the mucosal barrier.87

ILC3-derived IL-22 has been revealed to promote STAT3-
dependent expression of antimicrobial peptides and play an
important role in maintaining the barrier function of the intestinal
epithelium in mice lacking IL-22–producing NKp46+cells.38–40

Conversely, loss of ILC3s results in decreased expression of IL-22
and reduced levels of antimicrobial peptides expressed by intestinal
epithelial cells.88 ILC3s exhibited plasticity and their function was
altered by the expression of the transcription factors RORct and
T-bet in mice with colitis.41 When stimulated with cytokines, such
as IL-12 and IL-18, ex-RORct-positive ILC3s with T-bet-positive
features, that is, ex-ILC3s, increased and RORct-positive ILC3s
decreased, indicating that ILC3s could respond to environmental
cues. Previous studies have shown that T-bet-positive ILC3s pro-
duced IFN-c and inhibited the production of IL-17 and IL-22 in
mice with inflammatory bowel disease.75 Thus, T-bet-positive
ILC3s exerted a function similar to that of ILC1. ILCs were shown
to express receptors for SCFAs, such as G protein–coupled receptor
(GPR) 41 [also known as a free fatty acid receptor (FFAR) 3] and
GPR43 (FFAR2), which are important for their proliferation, and
phosphatidylinositol-3 kinase (PI3K).89,90 They stimulated the acti-
vation of signal transducer and activator of transcription 3 (Stat3),
Stat5, and mechanistic target of rapamycin (mTOR) in mice with
acute Clostridium difficile infection.91 In fact, several studies of
mice,92,93 rats,94–96 and humans97–99 have reported that administra-
tion of SCFA improves intestinal inflammation and protected mice
from diet-induced obesity and insulin resistance.93,96,100 Therefore,
we hypothesized that the adverse effects of MPs on various meta-
bolic abnormalities may be related to the inflammatory effects of
innate immunity by decreasing the production of SCFAs in the gut.
Furthermore, in the cell experiments of this study,MODE-K cells, a
cell line of small intestinal epithelial cells, when exposed towith IL-
22, which is secreted from ILC3 upon stimulation of SCFA, had
higher gene expression of Muc2; this expression was lower when
cells were exposed to MP and PA treatment, and these cells exhib-
ited significantly lower MP accumulation in the cells. In summary,
it is suggested that the production of SCFA enhanced the intestinal
barrier function and preventedMP-induced intestinal inflammation,
resulting in the induction of various MP-induced metabolic disor-
ders only in theHFD-treated group.

We previously reported that the expression of CD36, a long-
chain fatty acid transporter, was reduced in association with the
improvement in intestinal inflammation by an increase in SCFAs
in mice.44 In the present study, the expression of CD36 in the
small intestine was also significantly higher in mice fed the HFD
with MPs in comparison with that in HFD-fed mice. The concen-
tration of palmitic acid, a saturated fatty acid, in fecal excretion
was significantly lower in mice fed the HFD with MPs in com-
parison with that in the other three groups, and the serum and in-
trahepatic concentrations of palmitic acid were significantly
higher, which could be expected to aggravate existing NAFLD.
Furthermore, we hypothesized that the MP-induced differences in
Cd36 expression in the small intestine occurred only in the HFD
group because the thinning of the mucin layer caused by HFD

Table 1. Gene expression of small intestine and liver.

Organ Gene ND ND + MP HFD HFD + MP

Small intestine Tnfa 1 (0.09) 1.07 (0.04) 1.66 (0.15)
*,† 2.53 (0.04)

*,†,‡

Il6 1 (0.18) 0.86 (0.05) 2.58 (0.23)
*,† 3.93 (0.06)

*,†,‡

Il1b 1 (0.21) 0.98 (0.13) 2.65 (0.24)
*,† 4.04 (0.06)

*,†,‡

Il22 1 (0.18) 0.88 (0.09) 0.47 (0.04)
*,† 0.27 (0.08)

*,†,‡

Ffar2 1 (0.02) 0.95 (0.04) 2.43 (0.09)
*,† 6.26 (0.13)

*,†,‡

Ffar3 1 (0.05) 0.93 (0.15) 2.45 (0.19)
*,† 3.28 (0.11)

*,†,‡

Cd36 1 (0.11) 1.13 (0.06) 1.47 (0.09)
*,† 7.63 (2.48)

*,†,‡

Sglt1 1 (0.14) 1.22 (0.28) 2.31 (1.08)
*,† 6.11 (0.71)

*,†,‡

Muc2 1 (0.06) 0.97 (0.03) 0.48 (0.14)
*,† 0.18 (0.12)

*,†,‡

Liver Tnfa 1 (0.21) 1.05 (0.28) 2.44 (0.83)
*,† 5.93 (1.18)

*,†,‡

Il6 1 (0.19) 1.01 (0.24) 2.22 (0.36)
*,† 5.51 (0.50)

*,†,‡

Il1b 1 (0.19) 1.01 (0.24) 1.66 (0.23)
*,† 6.17 (1.72)

*,†,‡

Scd1 1 (0.12) 1.16 (0.09) 1.22 (0.20)
*,† 3.03 (0.27)

*,†,‡

Elovl6 1 (0.12) 1.16 (0.09) 1.44 (0.24)
*,† 4.28 (0.95)

*,†,‡

Fasn 1 (0.12) 1.16 (0.09) 2.05 (0.09)
*,† 9.82 (0.90)

*,†,‡

Note: Relative mRNA expression of Tnfa, Il6, Il1b, Il22, Ffar2, Ffar3, Cd36, and Sglt1
in the jejunum normalized to the expression of Gapdh (n=10). Relative mRNA expres-
sion of Tnfa, Il6, Il1b, Scd1, Elovl6, and Fasn in the liver normalized to the expression
of Gapdh (n=10). Data are presented as mean±SD values. The statistical analyses
among four groups were performed by one-way ANOVA with Holm-Šídák’s multiple
comparisons test: *, p<0:05 vs. ND; †, p<0:05 vs. ND+MP; ‡, p<0:05 vs. HFD
group. HFD, high-fat diet; MPs, microplastics; ND, normal diet; SD, standard deviation.
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treatment led to MP deposition in the small intestinal epithelium,
which exacerbated the inflammation in the intestinal tract.

In the analyses of gut microbiota, differences in gut microbiota
were observed after microplastic administration. The phylum
Proteobacteria, the genus Parasutterella, the family Sutterellaceae,

and the class Betaproteobacteria were more frequently present in
mice fed the ND with MPs mice than in ND-fed mice. In human
study, obese individuals had higher amounts of Proteobacteria and a
positive correlation between Proteobacteria and fat intake.101,102
The family Sutterellaceae have been reported to play a part in the
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Table 2. The relative abundance of phyla in the feces of mice exposed to ND or HFD±MPs at 12 wk of age.

ND ND + MP HFD HFD + MP

Phylum Mean (%) SD Mean (%) SD p-Value Mean (%) SD Mean (%) SD p-Value

Actinobacteria 0.08 0.01 0.05 0.02 0.959 0.05 0.06 0.01 0.02 0.392
Bacteroidetes 71.85 6.18 68.56 10.53 0.859 49.77 2.93 29.12 9.74 0.026
Deferribacteres 0.28 0.05 0.95 0.72 0.847 4.90 2.11 8.65 2.12 0.035
Proteobacteria 0.28 0.07 0.71 0.19 0.995 14.66 6.69 44.98 9.76 0.001
Verrucomicrobia 0.12 0.21 0.22 0.12 0.579 0.01 0.02 0.00 0.00 0.989
Candidatus Saccharibacteria 0.02 0.02 0.01 0.01 0.750 0.00 0.00 0.00 0.00 >0:9999
Cyanobacteria/Chloroplast 0.04 0.03 0.04 0.04 0.990 0.03 0.03 0.01 0.00 0.622
Firmicutes 26.66 5.54 27.17 8.06 0.996 30.30 9.63 19.90 4.65 0.220

Note: Data are presented as mean±SD values. Data were analyzed using one-way ANOVA with Holm-Šídák’s multiple comparisons test. ANOVA, analysis of variance; HFD, high-
fat diet; MPs, microplastics; ND, normal diet; SD, standard deviation.
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pathogenesis of inflammatory bowel disease.103–105 Moreover, in
an animal study, the class Betaproteobacteriawas reported to be cor-
related with weight gain.106 Taken together, the abundance of gut
microbiota involved in dysbiosis was significantly higher in mice
fed the ND with MPs than in mice fed the ND without MPs. The
phylum Proteobacteria, the genus Parasutterella, the family
Sutterellaceae, and the class Betaproteobacteria were more fre-
quently present inmice fed the HFDwithMPs than inND-fedmice.
The family Prevotellaceae, the order Bacteroidales, the class
Bacteroidia, the phylum Bacteroidetes, the genus Alloprevotella,
and the family Ruminococcaceae were less frequently present in
mice fed the HFDwithMPs than inmice fed the HFDwithoutMPs.
In a human study, the order Bacteroidales, the class Bacteoidia, the
phylum Bacteroidetes were associated with weight loss,107 and the
family Ruminococcaceae have been described as SCFA producers
with beneficial effect on the intestinal barrier in a human study.108

Moreover, the genus Alloprevotella have been reported to pro-
duce acetic acid in a human study109 and decreased by the adminis-
tration of HFD in an animal study.110 On the other hand, it has been
observed in several animal models and human studies that the ge-
nus Parasutterella were significantly reduced by HFD administra-
tion.111–114 The family Ruminococcaceae have been reported to be
associated with obesity115 and diabetes116 in animal studies.
Moreover, the genus Desulfovibrio, which was frequently present
in the feces of mice fed an HFD with MPs, have been reported to
increase in individuals with type II diabetes and obesity117 and up-
regulate CD36 expression.118 In the present study, the expression
of Cd36 in the small intestine of mice fed the HFD with MPs was
higher than that of mice fed the HFD without MPs. It was sug-
gested that this alteration of the gut microbiota might have caused
various metabolic disorders due to increased absorption of satu-
rated fatty acids from the intestinal tract. Based on these results, the
frequency of gut microbiota involved in dysbiosis was higher and
that in production of SCFAs was lower in both mice fed the ND
withMPs andmice fed the HFDwithMPs in comparisonwith ND-
and HFD-fed mice. On the other hand, the diversity of gut micro-
biota was not different betweenNDmice andmice fed the NDwith

MPs, whereas that in mice fed the HFD with MPs was lower than
that in HFD-fed mice. Decreased gut microbiota richness have
been reported to be associated with various physiological markers
of obesity and metabolic syndrome.119 This decrease might be one
possible reasonwhywe did notfind differences inmetabolic distur-
bances between ND-fed mice and mice fed the ND with MPs that
we observed between HFD-fed mice and mice fed the HFD with
MPs, although there were differences in gut microbiota abundance
betweenND-fedmice andmice fed the NDwithMPs.

We also previously showed that HFD-fed wild-type mice experi-
enced dysbiosis glucose intolerance, associated with up-regulation of
the expression of Sglt1, a Na+=glucose cotransporter, in the small
intestine.44 In the present study, the expression of Sglt1 in the small
intestine was significantly higher in mice fed the HFD with MPs in
comparison with that in HFD-fed mice. An increase in glucose
absorption from the small intestine was thought to be one of the rea-
sons for the deterioration in glucose tolerance induced upon exposure
to MPs. In contrast, mice fed the ND with MPs did not show signifi-
cant deterioration inmanymetabolism-related parameters in compar-
ison with ND-fed mice, but postprandial blood glucose was elevated
in the iPGTT and serum lipid levels were higher in the mice fed the
ND with MPs than in the group fed only the ND, although the differ-
ence was not statistically significant in the present sample size.
Considering several reports in zebrafish that oral exposure to MPs
increases the deposition of microplastics in the pancreas,120–122 it is
possible that there was a deposition of MPs in the pancreases of mice
fed the NDwithMPs in this study, which affected the early secretion
of insulin. In this study, Red O staining area of the liver was higher in
the group fed the ND with MPs than in the ND-only group, although
not significantly, suggesting that the ND group was also affected by
MP-inducedmetabolic disturbances to a small extent.

There was a limitation of this study. In iPGTT, we did not
measure the plasma insulin levels. If we had had the data, more
accurate assessment of insulin resistance would have been possi-
ble. In addition, the evaluation of dose response and verification
with other size and concentration combinations of microplastics
has not been conducted, and this is a future research topic.

A B C D

Re
la

tiv
e

ex
pr

es
si

on
 o

f 
M

uc
2

no
rm

al
iz

ed
 to

G
ap

dh
in

 M
O

DE
-K

 c
el

ls

Re
la

tiv
e

ex
pr

es
si

on
 o

f 
M

uc
2

no
rm

al
iz

ed
 to

G
ap

dh
in

 M
O

DE
-K

 c
el

ls

Fo
ld

 c
ha

ng
e 

(G
FP

 e
xp

re
ss

io
n)

Fo
ld

 c
ha

ng
e 

(G
FP

 e
xp

re
ss

io
n)

0.0

0.5

1.0

1.5

MP      -      +     -     +
PA       -      -     +     +

0

1

2

3

MP      +     +    +     +
PA       -      -     +     +
IL-22   -      +     -     +

0

5

10

15

20

25

MP      -      +     -     +
PA       -      -     +     +

0

2

4

6

8

10

MP      +     +    +     +
PA       -      -     +     +
IL-22   -      +     -     +
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In conclusion, to the best of our knowledge, the present study is
the first to suggest that MPs cause metabolic disturbances under
HFD intake conditions, characteristic of a modern diet. Changes in
nutrient absorption might be involved in promoting an inflamma-
tory shift of innate immunity in the intestine, accompanied by the
deposition ofMPs in the intestinal mucosa and a decrease in SCFA
production. This study highlights the need for reducing oral expo-
sure to MPs through remedial environmental measures to improve
metabolic disturbances under HFD conditions. Further clinical
studies are needed to assess the translational potential of the
reported findings formetabolic disturbances.
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