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Polyethylene microplastics affect the distribution of gut microbiota
and inflammation development in mice
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� Polyethylene microplastics affected the composition and diversity of gut microbiota.
� Polyethylene microplastics increased the secretion of IL-1a in serum.
� Polyethylene microplastics decreased the Th17 and Treg cells among CD4þ cells.
� High-concentration polyethylene microplastics induced small intestinal inflammation.
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a b s t r a c t

Environmental pollution caused by plastics has become a public health problem. However, the effect of
microplastics on gut microbiota, inflammation development and their underlying mechanisms are not
well characterized. In the present study, we assessed the effect of exposure to different amounts of
polyethylene microplastics (6, 60, and 600 mg/day for 5 consecutive weeks) in a C57BL/6 mice model.
Treatment with a high concentration of microplastics increased the numbers of gut microbial species,
bacterial abundance, and flora diversity. Feeding groups showed a significant increase in Staphylococcus
abundance alongside a significant decrease in Parabacteroides abundance, as compared to the blank
(untreated) group. In addition, serum levels of interleukin-1a in all feeding groups were significantly
greater than that in the blank group. Of note, treatment with microplastics decreased the percentage of
Th17 and Treg cells among CD4þ cells, while no significant difference was observed between the blank
and treatment groups with respect to the Th17/Treg cell ratio. The intestine (colon and duodenum) of
mice fed high-concentration microplastics showed obvious inflammation and higher TLR4, AP-1, and
IRF5 expression. Thus, polyethylene microplastics can induce intestinal dysbacteriosis and inflammation,
which provides a theoretical basis for the prevention and treatment of microplastics-related diseases.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Microplastics pollution has become one of the four major global
environmental problems in parallel with global climate change,
ozone depletion, and ocean acidification (Galloway and Lewis,
2016). Microplastics refer to plastic debris, particles or thin films
with a diameter less than 5 mm, which can be divided into primary
Sciences, Binzhou Medical
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and secondary microplastics (Thompson et al., 2004). Primary
microplastics refer to the industrial products of plastic particles
discharged into the ocean through rivers and sewage treatment
plants, and secondary microplastics are small fragments gradually
formed by large plastic waste fragments in the environment. The
annual output of plastic waste discharged to the ocean may reach
from 4.8 to 12.7 million tons (Jambeck et al., 2015), and this plastic
waste will continuously break into microplastics. Due to their small
size, microplastics can easily be swallowed by organisms and
accumulated in vivo, which is of biological concern (Teuten et al.,
2009). Microplastics can enter the human body in many ways,
affecting human health. Firstly, they can be transmitted through the
food chain (web) and eventually enter the human body due to the
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accumulation of microplastics in organisms (Set€al€a et al., 2014).
Secondly, eating sea salt also increases the risk of human exposure
tomicroplastics (Yang et al., 2015). Moreover, the source of drinking
water on which human beings depend has also been affected by
microplastics (Kosuth et al., 2018). Althoughmicroplastics pollution
has attracted the attention of the international community, most of
the studies have focused on the migration and distribution of
microplastics in the environment, and their effects on marine or-
ganisms. There is a lack of research on the health risks of human
intake of microplastics.

Microbes have a close relationship with human beings; diversity
of the gut microbiome is crucial for human health (Costello et al.,
2009). Imbalance of the microbial community has been demon-
strated in patients with inflammatory bowel diseases (Frank et al.,
2007). Previous studies have explored the significant effects of
polystyrene (PS) on the composition and structure of intestinal
microflora in mice (Lu et al., 2018; Jin et al., 2019). Different com-
positions of the intestinal tract microbiome may have different
effects on immune function. Specific bacteria have the ability to
induce the differentiation of Treg cells and modulate the inflam-
matory process by their effects on pro-inflammatory or anti-
inflammatory cytokines, such as interleukin (IL)-8 and IL-10
(Kamada et al., 2013; Underwood, 2014). Gut microbes such as
Firmicutes (Obrenovich et al., 2017) and Bifidobacterium infantis (El
Aidy et al., 2012) have been shown to promote the induction of Treg
cells and secretion of the anti-inflammatory cytokine, IL-10. The
tight control of the ratio of Treg/Th17 cells by gut microbiota helps
maintain the normal immune response. Intestinal flora can also
activate and regulate signal transduction pathways related to in-
testinal mucosal immune function, such as the TLR pathway, which
constitute an intestinal defense mechanism to jointly resist the
invasion of foreign substances (Kamada et al., 2013).

The effects of microplastics pollution on human health are not
well characterized. Therefore, it is important to explore the effects
of microplastics on intestinal microflora composition and inflam-
mation development in mice as mammalian models. Microplastics
particles mainly include polyethylene (PE), polypropylene, poly-
styrene and polyester. In China, PE microplastics are the main type
of microplastics, regardless of whether the microplastics are in the
marine environment, freshwater environment, or soil (Zhao et al.,
2018; Wu et al., 2018; Luo et al., 2018). We hypothesized that PE
microplastics exposure will change the numbers of gut microbial
species, bacterial abundance, and flora diversity, which affect the
secretion of cytokines and the percentage of Th17 and Treg cells
among CD4þ cells. Specifically, we predicted that alteration of gut
microbiota would induce intestinal inflammation through activa-
tion of TLR4 signaling.
2. Materials and methods

2.1. Feed preparation

Mouse feeds were purchased from the Beijing keao Xieli Feed
Company (Beijing, China). Male C57BL/6 mice were purchased from
the Jinan Pengyue Laboratory Animal Breeding Company (license
key: SCXK (Lu) 20140007) (Jinan, China). Clear PE microplastics
(cat. no. CPMS-0.96) (diameter: 10e150 mm) were purchased from
the Cospheric Company. Animal use was approved by the animal
ethics committee. Feed formula was prepared as follows: 0.02, 0.2,
or 2 g microplastics were dissolved in 10 kg of basal feed to obtain a
concentration of 2, 20, or 200 mg g�1 microplastics, respectively.

Eighty 5-week-old SPF grade C57BL/6 male mice were divided
into four groups (n ¼ 20 for each group). The blank group was fed a
basal feed, while the other three groups were fed special feeds
containing 2, 20, and 200 mg g�1 microplastics, respectively, for 5
consecutive weeks. Feed consumption per mouse was calculated as
3 g per day. Therefore, the amount of PE microplastics consumed by
each mouse every day was 6, 60, or 600 mg, respectively.

2.2. Microbial DNA extraction and structural analysis

Genomic DNA was extracted from the fecal samples of mice in
all groups by CTAB method. The diversity of microorganisms was
identified by V4 region primers 515F (50-GTG CCA GCM GCC GCG
GTA A-30) and 806R (50-GGA CTA CHV GGG TWT CTA AT-30) (Liao
et al., 2018). A DNA library was constructed using the Thermo-
Fisher kit and DNA samples were sequenced using Life-Ion S5
(Thermofisher Company).

Sequence reads processing was performed using QIIME (version
1.9.1) and included additional quality trimming and demultiplex-
ing. Sequences were assigned to the same operational taxonomic
units (OTUs) if they had greater than or equal to 97% similarity. The
Venn diagram based on OTUs, alpha diversity (Chao1 and Shannon
indices), beta diversity using weighted UniFrac, and top 12 genera
were calculated by QIIME (version 1.9.1) and displayed using R
software (version 2.15.3).

2.3. Examination of cytokines in mouse serum

Mouse serum levels of cytokines (IL-1a, G-CSF, IL-2, IL-5, IL-6, IL-
9, IP-10, and RANTES) were determined using the mouse cytokine/
chemokine magnetic bead panel 96-well plate assay (Millipore
Corp, Billerica, MA, USA), according to the manufacturer’s recom-
mendations. Measurements were performed with the Luminex
Xmap MAGPIX system (Luminex Corp, Austin, TX, USA) (Schirmer
et al., 2016). Absorbance values were detected using a microplate
reader.

2.4. Determination of mouse Th17/Treg phenotype

Intracellular cytokine staining of splenocytes was performed as
described elsewhere (Cui et al., 2018). Mouse Th17/Treg Pheno-
typing Kit (560767, BD Pharmingen) was used for this experiment.
APC anti-mouse CD4 and FITC anti-mouse IL-17A were used for
Th17 cell staining, whereas APC anti-mouse CD4, PE anti-mouse
CD25, and Alexa Fluor 488 anti-mouse Foxp3 were used for Treg
staining. Signals were detected by flow cytometry (FACSCalibur).
Data analyses were performed using Cell Quest-Pro software.

2.5. Assessment of intestinal inflammation in mice

The colon and duodenum tissues of mice were removed and
fixed, paraffin-embedded, sectioned, and stained with hematoxylin
and eosin (H&E) to evaluate the presence of inflammatory cells,
which were scored histologically (from 0 to 3). According to the
occurrence of intestinal epithelial inflammation, scores were as
follows: 0: normal intestinal epithelial cells; 1: mild, villous core
separation, and no other abnormalities; 2: moderate, villous core
separation, submucosal edema, and epithelial exfoliation; and 3:
severe, denudation of epithelium with loss of villi, full-thickness
necrosis, or perforation (Nadler et al., 2000).

2.6. Immunofluorescence staining

The colon and duodenum tissues of mice were frozen and sliced.
The slides were blocked with 10% goat serum for 1 h, and incubated
with the following primary antibodies: mouse anti-TLR4 (Abcam,
Cambridge, UK), rabbit anti-AP-1 (Proteintech, Rosemont, IL, USA),



B. Li et al. / Chemosphere 244 (2020) 125492 3
and mouse anti-IRF5 (Abnova, USA), diluted with phosphate-
buffered saline containing 0.1% Triton X-100 at 4 �C overnight.
Subsequently, the slides were incubated with goat anti-mouse or
goat anti-rabbit Dylight488-conjugated secondary antibody (Abb-
kine, USA) and DAPI to stain cell nuclei. Sections were evaluated
using laser scanning confocal microscopy (Zeiss MIC-SYSTEM). The
average fluorescence intensity measuring the fractions of TLR-1,
AP-1, and IRF-5 was determined with randomly selected images
(n � 30) using the confocal microscopy software ZEN 2.5 lite.

2.7. Data analysis

The alpha and beta diversity indices among groups were
assessed using the Wilcoxon rank-sum test using the agricolae
package in the R software (version 2.15.3) (Brannock and Halanych,
2015). Analysis of similarities (ANOSIM) was performed using the
anosim function in the R vegan package. Between-group differ-
ences in top 12 abundant genera were assessed using the MetaStat
method in R software. The mouse cytokines and Th17/Treg
phenotype were compared with ANOVA analysis using the R
package (Ellis et al., 2017). The results were expressed as
mean ± standard deviation. P-values < 0.05 were considered sta-
tistically significant.

3. Results

3.1. Effects of PE microplastics exposure on gut microbial
community distribution

The common and unique OTUs of different samples (groups)
were summarized according to the result of OTU clustering analysis
(Fig. S1). The number of OTUs in the blank (c), 6 mg (t06), 60 mg
(t60), and 600 mg (t600) groups were 1457, 1406, 1456, and 1996,
respectively. The common OTU number of these groups was 1286.
The 600 mg group had the most specific OTU number; i.e., 491; this
suggested that treatment with a high concentration of micro-
plastics resulted in a significant increase in the number of species of
intestinal microbes (maximum number of unique microbial
species).

The changes in alpha diversity of the intestinal microbiome of
mice after feeding with different concentrations of microplastics
were analyzed using Chao1 and Shannon indices. Chao1 indices for
the c, t06, t60, and t600 groups were 905.85 ± 54.92,
884.47 ± 61.45, 916.16 ± 62.46, and 1049.40 ± 160.64, respectively
(Fig. 1A). Wilcoxon test revealed a significant difference between
Fig. 1. Chao1 diversity index (A), Shannon index (B), and UniFrac beta diversity metrics (C)
line inside the box denotes the median. c, blank group; t06, 6 mg microplastics treatment gro
group.
the t600 group and the other groups with respect to Chao1 index
(P < 0.01), while no significant difference was observed between
the other three groups. These results indicated a significant in-
crease in bacterial abundance in mice fed a high concentration of
microplastics.

The Shannon indices for the c, t06, t60, and t600 groups were
6.87 ± 0.23, 6.88 ± 0.37, 6.91 ± 0.40, and 7.06 ± 0.37, respectively
(Fig. 1B). Wilcoxon test revealed a significant difference between
the t600 and c groups in this respect (P < 0.05); however, no sig-
nificant difference was observed among the t600 group and the
other two groups. The results showed that the flora diversity
increased significantly in mice fed a high concentration of
microplastics.

The beta diversity index is presented using UniFrac (Fig. 1C). The
beta diversity index of the c group was significantly different from
those of the t06 and t600 groups (P < 0.01). The difference in the
beta diversity index between the t06 and t60 groups was also
statistically significant (P < 0.01). The beta diversity index of the t60
group was significantly different from that of the t600 and c groups
(P < 0.05). However, no significant difference was observed be-
tween the t06 and t600 groups in this respect (P ¼ 0.36). These
results showed an increase in intestinal microbial diversity in mice
fed with PE microplastics.

To display the proportion of different species at the phylum
level, the column diagram was generated based on the relative
abundance of species (Fig. S2). The results showed that most mi-
croorganisms in the fecal samples of mice belonged to nine phyla
(Bacteroidetes, Firmicutes, Proteobacteria, Melainabacteria, Acti-
nobacteria, Deferribacteres, Tenericutes, Verrucomicrobia, and
Chloroflexi), and other microorganisms belonged to unidentified
bacteria and others. Bacteroidetes and Firmicutes were the two
largest categories in the fecal samples of mice. The percentage of
Bacteroidetes and Firmicutes in the c groupwas significantly higher
(P < 0.05) and lower (P < 0.01) than those of the t60 and t600
groups. Therewere lower percentages of Melainabacteria (P < 0.05)
in the c group compared with the t06, t60, and t600 groups. The
differences of Firmicutes and Deferribacteres between the t06 and
t60 groups were also statistically significant (P < 0.05). The per-
centage of Actinobacteria in the t06 group was significantly
different from that of the t600 group (P < 0.05). There was a sig-
nificant difference in Deferribacteres between the t60 and t600
groups (P < 0.05).

The boxplot was drawn according to the distribution of species
with different abundance at the genera level. The top 12 abundant
genera are summarized in Fig. 2. The results showed an obvious
in the c, t06, t60, and t600 groups. The boxplot depicts the interquartile range and the
up; t60, 60 mg microplastics treatment group; and t600, 600 mg microplastics treatment



Fig. 2. Boxplot showing the distribution of the top 12 genera with different abundances in the c, t06, t60, and t600 groups. Between-group differences were assessed using the
MetaStat method. *P < 0.05, **P < 0.01.
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change such as Staphylococcus and Parabacteroides after feeding
mice various concentrations of microplastics for 5 weeks.
Compared with the blank group, the feeding groups showed a
significant increase in Staphylococcus abundance, alongside a sig-
nificant decrease in Parabacteroides abundance (P < 0.05). The
abundances of Bacterodides, Muribaculum, unidentified_Clos-
tridiales, and Akkermansia in the t60 and t600 groups were signif-
icantly lower than that in the c group (P < 0.05), while these genera
in the t06 group showed no obvious difference compared to the c
group. The abundance of unidentified_Melainabacteria in the t06
group was significantly lower than that in the c group (P < 0.05),
while its abundance in the t60 and t600 groups showed no obvious
difference compared to the c group. The abundance of Lactobacillus
and Dubosiella in the t60 groupwas significantly higher than that in
the c group (P < 0.05), while their abundances in the t06 and t600
groups were similar to that in the c group. The abundance of Blautia
and Desulfovibrio in the t600 group was significantly greater than
that in the c group (P < 0.05), while their abundances in the t06 and
t60 groups were not significantly different.
3.2. Effects of PE microplastics exposure on cytokine secretion

The concentrations of eight cytokines are summarized in Fig. 3.
ANOVA analysis results showed considerable variability between
the four groups with respect to the serum concentrations of cyto-
kines (IL-1a, G-CSF, IL-2, IL-5, IL-6, IL-9, IP-10, and RANTES). IL-1a
concentrations in the c, t06, t60 and t600 groups were 985.75 ± 3
59.83, 2232.11 ± 1249.05, 2184.93 ± 1014.97, and
2617.00 ± 1473.13 pg mL�1, respectively. The IL-1a concentration in
the c group was significantly lower than those in the other three
groups (P < 0.01). The G-CSF concentration in the c group
(1182.90 ± 403.16 pg mL�1) was significantly higher than those in
the t60 group (737.24 ± 248.96 pg mL�1) and t600 group
(999.78 ± 279.32 pg mL�1) (P < 0.01). Compared with the c group,
the concentrations of IL-2 and IL-6 in the t06 group were decreased
0.48-fold and increased 3.20-fold, respectively (P < 0.01). IP-10 and
RANTES concentrations in the t60 group were significantly lower
(0.71-fold) and higher (1.38-fold) than that in the c group (P < 0.01),
respectively. Compared with the c group, IL-5 and IL-9 concentra-
tions were decreased 0.51-fold and increased 1.68-fold in the t600
group.
3.3. Effects of PE microplastics exposure on Th17/Treg phenotyping

The percentage of Th17 and Treg cells among CD4þ cells and the
Th17/Treg ratio were examined in mice spleen cells using the



Fig. 3. IL-1a (A), G-CSF (B), IL-2 (C), IL-5 (D), IL-6 (E), IL-9 (F), IP-10 (G), and RANTES (H) levels in the c, t06, t60, and t600 groups (mean ± standard deviation [SD]; n ¼ 20,
**P < 0.01).

Fig. 4. Boxplot representing the levels of Treg, Th17, and Th17/Treg ratio in the c, t06, t60, and t600 groups (mean ± SD; n ¼ 20, *P < 0.05 and **P < 0.01).
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mouse Th17/Treg phenotyping kit (Fig. 4). The results showed a
decrease in the percentage of Th17 and Treg cells among CD4þ cells
following treatment with 60 mg and 600 mg of microplastics. The
percentages of Treg cells among CD4þ cells were 11.41 ± 3.09%,
9.32 ± 2.43%, 6.82 ± 2.50%, and 5.40 ± 1.71% in the c, t06, t60 and
t600 groups, respectively. The percentages of Th17 cells among
CD4þ cells were 0.36 ± 0.16%, 0.34 ± 0.16%, 0.21 ± 0.12%, and
0.20 ± 0.10% in the c, t06, t60 and t600 groups, respectively. There
were no significant differences between the c group and the
treatment groups with respect to the Th17/Treg cell ratio.

3.4. Effect of PE microplastics on intestinal inflammation of mice

The histological scores of colon and duodenum between the c
and t600 groupwere significantly different (Table S1). Compared to
the c group, the colon and duodenum of mice treated with 600 mg
of microplastics showed inflammation. In the t600 group, the colon
tissue glands were loose; edema and lymphocyte and plasma cell
infiltration could be seen in the lamina propria. The duodenum of
the t600 group was loose in the glands, with proliferation of small
vessels and infiltration of chronic inflammatory cells such as lym-
phocytes and plasma cells in the lamina propria (Fig. S3).

3.5. TLR4, AP-1, and IRF5 expression in the colon and duodenum of
PE microplastics-fed mice

TLR4, AP-1, and IRF5 expression in the t600 group was signifi-
cantly increased compared to that in the c group. In the 600 mg
group, the mean fluorescence intensity of TLR4 in the mouse colon
was 97.99 ± 24.46, which was significantly higher (P < 0.01) than
that in the c group (26.21 ± 12.11). Mean fluorescence intensity of
TLR4 in the c group was 22.91 ± 6.34, which increased to
44.97 ± 9.78 (P < 0.01) in duodenum tissues of mice following
ingestion of 600 mg of microplastics (Fig. 5). Following treatment
with 600 mg ofmicroplastics, mean fluorescence intensity of AP-1 in
the mouse colon was 56.94 ± 13.74, which was higher (P < 0.01)
than that of the c group (13.84 ± 4.31). Mean fluorescence intensity
of AP-1 in the mouse duodenum of the t600 group was
57.42 ± 29.03, which was 1.94-fold higher than that in the c group
(P< 0.05) (Fig. 6). Following treatment with 600 mg ofmicroplastics,
mean fluorescence intensity of IRF7 in the mouse colon was
51.74 ± 19.33, whereas mean fluorescence intensity of IRF7 in the c
group was lower (P < 0.01), with mean ± standard deviation values
of 12.45 ± 7.23. The mean fluorescence intensity of IRF7 in the t600
group was significantly higher (2.51 times) than that in the c group
(P < 0.01) (Fig. 7). There were no significant differences among the
c, t06 and t60 groups with respect to TLR4, AP-1, and IRF5
expression in mice colon and duodenum tissues (data not shown).
4. Discussion

Microplastics are a new pollutant with persistence, bio-
accumulation, and toxicity, and their impact on human health is
particularly concerning. Microplastics can enter the human body
through the food chain (web), consuming sea salt and drinking
water (Set€al€a et al., 2014; Yang et al., 2015; Kosuth et al., 2018). Food
web transfer experiments have shown that mysid shrimps, co-
pepods, Cladocera, rotifers, polychaete larvae, and ciliates could
ingest 10 mm-sized microspheres (Set€al€a et al., 2014). Approxi-
mately 55% of the microplastics in table salt from China measured
less than 200 mm in size (Yang et al., 2015). The vast majority



Fig. 5. TLR4 expression in the colon and duodenum in the c and t600 groups. (A) Immunostaining of TLR4 in colon tissues of the c and t600 groups. Green indicates TLR4 staining.
Nuclei (blue) were stained with DAPI. Scale bar: 20 mm. (B) Fluorescence intensity of TLR4 in colon tissues of the c and t600 groups. **P < 0.01. (C) Immunostaining of TLR4 in
duodenum tissues of the c and t600 groups. Green indicates TLR4 staining. Nuclei (blue) were stained with DAPI. Scale bar: 20 mm. (D) Fluorescence intensity of TLR4 in duodenum
tissues of the c and t600 groups. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(98.4%) of microplastics in tap water are classified as fibers with a
length range of 0.1e5 mm (Kosuth et al., 2018). Organisms at every
level of the food web likely ingest microplastics, although the
speculated quantities (mg$g�1; ng$g�1) of microplastics vary for
each biological species (Ivar do Sul and Costa, 2014).

The fecal microbiota composition with a combination of shed
mucosal bacteria and a separate non-adherent luminal population
can reflect gut microflora in mice (Li et al., 2017; Eckburg et al.,
2005). In this study, mice fed high concentrations of PE micro-
plastics showed a significant increase in the numbers of gut mi-
crobes, bacterial abundance, and flora diversity as compared to that
in the blank group (Fig. 1). The extent of change in bacterial di-
versity showed a progressive increasewith increasingmicroplastics
concentration (Scherer et al., 2017). PS microplastics have been
shown to alter the intestinal microbiota composition and thereby
induce dysbiosis (Lu et al., 2018; Jin et al., 2019). Gut flora has
special physiological functions due to its diversity. Normally, gut
flora is in a relatively stable equilibrium state. In this study, the
balance of gut microflora was altered following ingestion of a high
concentration of microplastics, which might lead to the occurrence
of related diseases.

Gut microbiota is dominated by bacteria, and more than 90% of
the species belong to Bacteroidetes and Firmicutes. Bacteroidetes
decreased, and Firmicutes and Melainabacteria phyla increased in
gut microbiota of mice following treatment with PE microplastics
(Fig. S2). Previous studies have shown that overgrowth of Staphy-
lococcus is associated with inflammatory bowel disease due to its
superantigen-induced inflammation (Collado et al., 2008). As
shown in Fig. 2, the feeding groups showed a significant increase in
Staphylococcus genus abundance, alongside a significant decrease
in Parabacteroides genus abundance (P < 0.05). Noor et al. (2010)
found that expression levels of Parabacteroides in patients with
ulcerative colitis and irritable bowel syndrome were significantly
lower than that of normal individuals. Therefore, PE microplastics-
induced changes in the genera of Staphylococcus and Para-
bacteroides might cause intestinal inflammation and other related
diseases. The abundances of Bacteroides, Muribaculum, unidenti-
fied_Clostridiales, and Akkermansia genera in the t60 and t600
groups were significantly lower than that in the c group (P < 0.05).
Bacteroides and Muribaculum genera maintain the ecological bal-
ance of microflora (Liu et al., 2018). The order Clostridiales
contributed strongly to the production of short-chain fatty acids in
the gut (Ferrario et al., 2014), which play an important role in
maintaining the metabolism of fatty acids, sugar, and cholesterol
(Set€al€a et al., 2014). Individuals with fewer Akkermansia in the in-
testine were more likely to gainweight, exhibit disrupted intestinal
barrier function, and develop inflammation (Kang et al., 2013). As
shown in Fig. 2, the abundances of Lactobacillus and Dubosiella in
the t60 group were significantly higher than that in the c group
(P < 0.05), and the abundances of Blautia and Desulfovibrio in the



Fig. 6. AP-1 expression in the colon and duodenum tissues in the c and t600 groups. (A) Immunostaining of AP-1 in colon tissues of the c and t600 groups. Green indicates AP-1
staining. Nuclei (blue) were stained with DAPI. Scale bar: 20 mm. (B) Fluorescence intensity of AP-1 in colon tissues of the c and t600 groups. **P < 0.01. (C) Immunostaining of AP-1
in duodenum tissues of the c and t600 groups. Green indicates AP-1 staining. Nuclei (blue) were stained with DAPI. Scale bar: 20 mm. (D) Fluorescence intensity of AP-1 in du-
odenum tissues of the c and t600 groups. *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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t600 group showed similar trends. Lactobacillus, an intestinal pro-
biotic, has been shown to enhance both systemic and mucosal
immunity (Galdeano and Perdig�on, 2006). Blautia is a known anti-
inflammatory molecule that can produce butyrate (Tyler et al.,
2013); Desulfovibrio also contributes to the inflammatory process,
leading tometabolic disease (Zhang-Sun et al., 2015). Altogether, PE
microplastics had a profound impact on the composition and di-
versity of gut microflora in mice, and this disturbance could break
the balance of intestinal micro-ecology and induce intestinal
inflammation.

Gut microbiota can influence innate immunity and adaptive
immunity through their own components or metabolites, and
produce effector molecules and the immune response (Arnolds and
Lozupone, 2016). Here, we detected serum levels of cytokines (IL-
1a, G-CSF, IL-2, IL-5, IL-6, IL-9, IP-10, and RANTES) (Fig. 3) and the
percentages of Th17 and Treg cells among CD4þ cells in splenocytes
of mice following ingestion of different amounts of PEmicroplastics
(Fig. 4). As shown in Fig. 3, the concentration of IL-1a in the c group
was significantly lower than in the PE microplastics-fed groups
(P < 0.01). A previous study demonstrated that Staphylococcus
aureus infection led to expression of the pro-inflammatory cytokine
IL-1a in a brain abscess model (Kielian et al., 2004). Therefore, PE
microplastics treatment could increase abundace of Staphylococcus
genera in gut microbiota, and upregulation of Staphylococcus
abundance might induce the increase in IL-1a. G-CSF can absorb
neutrophils from the blood into inflammatory tissues and play an
important role in chronic inflammation (Wengner et al., 2008). G-
CSF has a cytoprotective effect on various stresses of neuronal and
cardiac cells (Meshkibaf et al., 2018). The expression of G-CSF
decreased following ingestion of higher concentrations of PE
microplastics, indicating that the immune protective effect of G-CSF
was weakened. Compared with the c group, the concentrations of
IL-2 and IL-6 in the t06 group were decreased and increased,
respectively (P < 0.01). IL-2 plays an important role not only in the
development and expansion of effector T cells, but also in the
establishment and maintenance of immune tolerance (Zorn et al.,
2006). The pro-inflammatory cytokine IL-6 is a key regulator of
sporadic and inflammatory bowel disease (Kasza, 2013). The
decrease in IL-2 in the t06 group has been implicated in reduction
of the incidence of intestinal inflammatory diseases. The concen-
trations of IP-10 and RANTES in the t60 group were significantly
lower (0.71-fold) and higher (1.38-fold) than those in the c group
(P < 0.01), respectively. RANTES not only plays an important role in
pulmonary allergic inflammation, pulmonary leukocyte infiltration,
and eosinophil recruitment, but also plays a role in the neuro-
inflammatory response (Conti and DiGioacchino, 2001). As a pro-
inflammatory mediator, IP-10 can activate and attract phagocytic
cells and Th1 immune cells to the site of infection
(Hoermannsperger et al., 2009). The decrease in IP-10 was benefi-
cial in the alleviation of intestinal inflammation in mice of the t60
group. Compared with the c group, IL-5 and IL-9 concentrations
were decreased 0.51-fold and increased 1.68-fold in the t600 group,



Fig. 7. IRF5 expression in colon and duodenum tissues in the c and t600 groups. (A) Immunostaining of IRF5 in colon tissues of the c and t600 groups. Green indicates IRF5 staining.
Nuclei (blue) were stained with DAPI. Scale bar: 20 mm. (B) Fluorescence intensity of IRF5 in colon tissues of the c and t600 groups. **P < 0.01. (C) Immunostaining of IRF5 in
duodenum tissues of the c and t600 groups. Green indicates IRF5 staining. Nuclei (blue) were stained with DAPI. Scale bar: 20 mm. (D) Fluorescence intensity of IRF5 in duodenum
tissues of the c and t600 groups. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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respectively. IL-5 maintains the functional activity of mature eo-
sinophils and induces the production of superoxide anions
(Yamaguchi et al., 1988). IL-9 is not only involved in the recruitment
of mast cells and the regulation of effector function, but is also a
multipotent cytokine of the Th2 inflammatory response (Forbes
et al., 2008). Therefore, PE microplastics may affect the inflamma-
tory response via separate pathways, and ingestion of a high con-
centration of PE microplastics tended to result in the development
of inflammation.

Cytokines play an important role in determining the differen-
tiation of naïve T cells to Th17 or Treg cells (Omenetti and Pizarro,
2015). Inflammatory response and cytokine production have been
shown to be dependent on intestinal bacteria (Goto et al., 2014).
Our results showed that intake of PE microplastics might poten-
tially reduce the percentage of Th17 and Treg among CD4þ cells;
however, no significant differences were observed among groups
with respect to the Th17/Treg cell ratio. These results are consistent
with previous studies that showed a regulatory effect of gut
microbiota on Treg/Th17 cells. In germ-free mice, the frequencies of
Th17 and Treg cells were decreased (Atarashi et al., 2011; Ivanov
et al., 2008). B. fragilis in the intestinal tract was shown to pro-
mote the conversion of CD4þ T cells to Treg cells and inhibit the
expansion of Th17 cells (Round et al., 2011). Induction of Treg for-
mation by Clostridium was shown to be crucial for gut immune
homeostasis (Atarashi et al., 2013). Therefore, PE microplastics may
regulate the numbers of Th17 and Treg cells by altering gut
microbiota diversity.

Gut microflora can activate and regulate signal transduction
pathways related to intestinal mucosal immune function, such as
the TLR pathway, and form intestinal defense mechanisms to
jointly resist the invasion of foreign substances (Kamada et al.,
2013). Histological scores of the colon and duodenum of the c
and t600 groups were significantly different (Table S1). In the t600
group, the colon tissue glands were loose, and edema and
lymphocyte and plasma cell infiltration could be seen in the lamina
propria. The duodenum of the t600 group was loose in glands, with
proliferation of small vessels and infiltration of chronic inflamma-
tory cells such as lymphocytes and plasma cells in the lamina
propria (Fig. S3). These data indicated that the intestine (colon and
duodenum) of mice fed 600 mg of microplastics was inflamed. TLRs
appear to be key regulators that induce inflammatory activation of
the mucosal immune response (Cario and Podolsky, 2000); TLR4
protein levels have been shown to be elevated in inflammation-
dependent colonic mucosa of children with irritable bowel syn-
drome (Szebeni et al., 2008). AP-1 and IRF5 are both pro-
inflammatory transcription factors downstream of TLR4 (Jung
et al., 2009; Weiss et al., 2015). In this study, TLR4, AP-1, and IRF5
expression in the t600 group was significantly increased compared
to that in the c group (Figs. 5e7), indicating that activation of TLR4/
AP-1 and TLR4/IRF5 signaling is important in the intestinal
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inflammation of mice fed 600 mg of microplastics. Our results may
facilitate a better understanding of the mechanism by which
microplastics induce intestinal dysbacteriosis and inflammation.

5. Conclusion

The composition and diversity of intestinal microflora were
altered in mice following ingestion of PE microplastics, and gut
microbiota in the group fed a high concentration of microplastics
showed more microbial species and increased bacterial abundance
and flora diversity. Different amounts of microplastics could in-
crease the secretion of pro-inflammatory cytokine IL-1a in serum,
but each amount of microplastics affected the secretion of specific
cytokines. Microplastics decreased the percentage of Th17 and Treg
cells among CD4þ cells, but the Th17/Treg cell ratio remained un-
changed. High-concentration microplastics tended to induce in-
testinal inflammation through activation of TLR4 signaling. PE
microplastics can induce intestinal dysbacteriosis and inflamma-
tion, providing a theoretical basis for the prevention and treatment
of microplastics-related diseases.
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