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ABSTRACT

Air pollution causes a great disease burden worldwide. Recent evidences suggested that PMy 5 contributes to
intestinal disease. The objective of present study was to investigate the influence of ambient PM; 5 on intestinal
tissue and microbiome via whole-body inhalation exposure. The results showed that high levels and prolonged
periods exposure to concentrated ambient PMy 5 (CAPM) could destroy the mucous layer of the colon, and
significantly alter the mRNA expression of tight junction (Occludin and ZO-1) and inflammation-related (IL-6, IL-
10 and IL-1p) genes in the colon, comparing with exposure to the filtered air (FA). The composition of intestinal
microbiome at the phylum and genus levels also varied along with the exposure time and PM; 5 levels. At the
phylum level, Bacteroidetes was greatly decreased, while Proteobacteria was increased after exposure to CAPM,
comparing with exposure to FA. At the genus level, Clostridium XlVa, Akkermansia and Acetatifactor, were
significantly elevated exposure to CAPM, comparing with exposure to FA. Our results also indicated that high
levels and prolonged periods exposure to CAPM altered metabolic functional pathways. The correlation analysis
showed that the intestinal inflammation was related to the alteration of gut microbiome induced by CAPM
exposure, which may be a potential mechanism that elucidates PMj s-induced intestinal diseases. These results
extend our knowledge on the toxicology and health effects of ambient PMy s.

1. Introduction

into the intestinal tract via mucociliary transport (Apte et al., 2015; Li
et al., 2017). Additionally, PM 5 can also be directly digested through

Air pollution was regarded as the fourth most important risk factor
for death globally (Murray et al., 2020). PMy 5 (particles with diameters
of < 2.5 pm), a critical air pollutant, caused approximate 4.14 million
deaths worldwide in 2019 (Murray et al., 2020). Although studies on the
adverse effects of PMy 5 have mostly focused on respiratory and car-
diovascular systems (Tschofen et al., 2019; Williams et al., 2019),
emerging evidences have revealed a link between ambient PM5 5 expo-
sure and intestinal diseases (Mutlu et al., 2018; Ananthakrishnan et al.,
2018).

PM, 5 can penetrate deeply inside the lung, and enter the blood
stream, therefore travel throughout the whole body (Apte et al., 2015).
Furthermore, the inhaled PMjy 5 can be quickly cleared from the lung
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depositing into the food and water supply (Valacchi et al., 2020). It has
been estimated that about 1012-10'* particles were ingested per day by
an adult consuming a typical western diet (Valacchi et al., 2020).
Therefore, the intestinal tract and intestinal microbiome can contact a
large amount of PM; 5 through inhalation and direct ingestion (Li et al.,
2017; WHO, 2021).

The intestinal microbiome is considered as a vital “organ” and plays
critical roles in host health (Dang and Marsland, 2019). Increasing in-
vestigations have found that imbalances in the intestinal microbiome are
associated with multiple diseases, including obesity, renal diseases,
diabetes, allergies, and inflammatory bowel disease (IBD) (Delzenne
et al., 2015). Previous researches have claimed that PM5 5 and chemicals
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carried by the ambient PM5 5 could change the mice intestinal micro-
biome by oral ingestion (Mutlu et al., 2011; Zhai et al., 2017). Recently,
some studies also reported that inhalation of ambient PM; 5 impacted
gut microbiota (Ran et al., 2021; Wang et al. 2018). However, the in-
fluence of inhalable ambient PM,s on intestinal inflammation and
microbiota over different exposure duration is still unknown.

In the present study, we established filtered air (FA) and concen-
trated ambient PMy 5 (CAPM) exposure chambers to simulate clear and
heavily-polluted air conditions. Then, the C57BL/6J male mice were
exposed in FA or CAPM chambers for 8, 16 and 24 weeks, respectively.
The intestinal inflammation, the alteration of the gut microbiome, as
well as their correlations, were systematically investigated after differ-
ential exposure periods, as well as the associated mechanisms.

2. Material and methods
2.1. Whole-body exposure in FA and CAPM chambers

This study employed 30 C57BL/6J male mice aged 3 weeks, which
were supplied by the Animal Center of Shanghai Medical School, Fudan
University in Shanghai, China. During the experimental period, all the
mice were housed in a standard environment (temperature, 24 + 2 °C;
relative humidity, 60 + 5%; 12:12 light-dark cycle). After 1 week of
adjustable acclimation, 30 mice were randomly and medially divided
into 6 groups (n = 5 mice each group): 8-week CAPM exposure, 16-week
CAPM exposure, 24-week CAPM exposure, and the respective FA
exposure controls. Then, the mice were consecutively exposed in the
CAPM and FA chambers in the “Shanghai Meteorological and Environ-
mental Animal Exposure System (Shanghai-METAS)” located in the
Fudan University for 8, 16 or 24 weeks, respectively. The CAPM
chamber is equipped with a versatile aerosol concentration enrichment
system to generate CAPM, and the FA chamber is equipped with a high-
efficiency particulate air filter (Geller et al., 2005). The real-time PMy 5
concentrations in these two chambers were continuously determined by
TEOM 1405 (Thermo, USA). The PM5 5 in the FA and CAPM chambers,
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as well as the ambient PMj 5 in the air-conditioned animal-room, were
collected by using Teflon filters. The elemental compositions were
detected by inductively coupled plasma mass spectroscopy (ICP-MS),
and PAHs were determined by high performance liquid chromatography
(HPLC) as previously described (Wang et al. 2018; Ohura et al., 2005).
The whole-body exposure in FA or CAPM chambers was carried out for
8 h/day and 6 days/week (except Sunday) from June to December 2018.
After 8 h exposure every day, all mice were exposed to ambient air for
another 16 h each day. All experimental procedures were carried out
according to the Institutional Animal Care and Use Committees of Fudan
University, and all the mice were treated humanely.

The experimental scheme is shown in Fig. 1A. After 8, 16 and 24
weeks of exposure in FA or CAPM chambers, each mouse was transferred
to an autoclaved metabolism cage and allowed to defecate normally.
Fecal samples from each mouse were collected and immediately trans-
ferred into a —80 °C freezer until processing. Then, the mice were
decapitated, and the colon tissues were quickly dissected and put into
RNAlater solution (Ambion, Life Technologies, CA, USA), which were
transferred to a —80 °C freezer for further experiments.

2.2. Assessment of intestinal inflammation

Full-thickness sections of the colon were excised, immediately fixed
in 4% paraformaldehyde solution, and embedded in paraffin. Thin sec-
tions (4 pm) were stained with hematoxylin-eosin (H&E), and the
morphological characteristics were observed by using optical micro-
scopy (Li et al., 2018). The colon pathological severity was estimated by
independently scoring two parameters: edema and inflammatory cell
infiltration. Grade 0: no abnormality; grade 1: lesions involving 25% of
the colon; grade 2: lesions involving 25-50% of the colon; grade 3: le-
sions involving 50-75% of the colon; grade 4: lesions involving 75% or
more of the colon. The total histopathological score was expressed as the
total score of all parameters (Wolthuis et al., 2011).

The mRNA expression of tight junction protein-related genes
(Occludin and zonula occludens (ZO)-1) and inflammation-related genes
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Fig. 1. Chronic exposure to CAPM results in gut inflammation. A. The experimental scheme; B. Exposure PM, 5 concentration; C. H&E staining images of the colon in
exposed mice. Magnification: x10. Red arrow indicates inflammatory cells; purple arrow indicates vacuolation degeneration; green arrow indicates edema; yellow
arrow indicates mucosal atrophy and necrosis. FA: filtered air; CAPM: concentrated ambient PMys. N = 5 in each group.
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(IL-6, IL-10, IL-1B, TNF-a, IL-17A, IL-17F, and TRAF6) in colon tissue
were determined, and the detailed information was described in Text S1
and Table S1.

2.3. The 16S rDNA sequencing

Total microbial genomic DNA from each fecal sample was extracted
by using QIAamp DNA stool mini kits (Qiagen, Germany) following the
manufacturer’s instructions, and the DNA concentration was deter-
mined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, USA) and the purity was detected on a 1% agarose gel. The
qualifying DNA was amplified in the V4 region of the 16S rDNA gene
through universal primers 515F (5-GTGYCAGCCGGTAA-3') and 806R
(5'-GACTACHVGGGGTATCTATCC-3’) with dual-index barcodes.
Sequencing was performed on the [llumina MiSeq platform at Micro-
Analy company (Anhui, China).

2.4. Bioinformatics analysis

Processing of sequence reads were analyzed by QIIME (version
1.8.0). The raw reads with a lower quality score than 30 and short length
than 200 bp were discarded. Pair-end reads that had a minimal overlap
of 10 bp and a mismatched rate no more than 0.2 needed to be assem-
bled. The repetitive reads were also discarded. The optimized reads were
then clustered into operational taxonomic units (OTUs) with 97% read
similarity by the average neighbor algorithm method in UCLUST and
USEARCH software. The representative reads of OTUs were assigned to
the SILVA database (http://www.arb-silva.de) on the QIIME platform to
assess bacterial taxonomy at different levels. The OTU-based alpha di-
versities, including observed OTUs, Chaol, Shannon, and Simpson in-
dexes, were calculated using Mothur (version 1.30). Principal
component analysis (PCA) was determined based on using the relative
abundances of OTUs. The linear discriminant analysis (LDA) coupled
with the effect size (LEfSe) method was used to identify the significant
different bacterial taxa among groups (Zhou et al., 2021). As an
emerging technique, the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States 2 (PICRUSt2) analysis for meta-
genomes prediction has been widely applied (Li et al., 2018; Zhou et al.,
2019). PICRUSt2 combined with the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database was employed to predict the metabolic
function of bacterial communities in present study according to previous
study (Zhou et al., 2019).

2.5. Statistical analysis

The data were analyzed with GraphPad Prism 7.0, and significance
for all data tests was determined by the Kruskal — Wallis tests and
corrected by the Bonferroni correction method. p-value < 0.05 was
regarded as significant. The correlation between the composition of the
intestinal microbiota and the relative mRNA expression of
inflammation-related genes using Pearson correlation coefficient anal-
ysis using the R platform with the “psych” package.

3. Results and discussion
3.1. CAPM induced intestinal barrier injury and inflammation

The average PM 5 level in the FA chamber was 12.85 + 1.82 pg/m?>,
which was lower than the maximum 24-hour average concentrations of
PM, 5 (15 pg/m>) suggested by the World Health Organization (WHO)
but higher than the annual concentrations of PMjy 5 level (5 pg/ms)
suggested by the WHO (WHO, 2021). The average PMy 5 levels in the
CAPM chamber were 124.79 + 103.73, 83.77 + 10.79, and 68.55 +
23.85 pg/m°® during 0-8, 0-16 and 0-24 weeks (Fig. 1B and Table S2),
respectively. The PMj 5 levels in the CAPM chamber during all exposure
duration were significantly higher than the 24-hour average
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concentrations of PMy 5 suggested by WHO (15 pg/m>) (WHO, 2021)
and the grade I level of the Chinese Ambient Air Quality Standards (35
pg/m>) (Ministry of Environmental Protection of the People’s Republic
of China, 2012). The PMy 5 levels in the CAPM chamber were commonly
existed in areas with heavy air pollution in China and other regions
worldwide (Liu et al., 2017; Shi et al., 2020). Table S3 showed that the
organic and metals of PM; 5 in the CAPM chamber and FA chamber was
comparable to that of ambient PM 5, suggesting that our exposure
system didn’t alter the chemical compositions of PMy s.

The H&E staining of colon tissue showed that the structure of the
mucous layer was significantly damaged in the CAPM-exposed groups,
with the substratum of the mucous layer showing pathological changes,
including focal atrophic necrosis of the mucosa (Fig. 1C). In contrast, FA-
exposed mice exhibited slight focal atrophic necrosis of the mucosa after
24 weeks of exposure (Fig. 1C). Fig. S1 showed a significant increase in
total histopathological score in CAPM-exposed mice (2.60) compared to
FA-exposed mice (1.20) after 16-week exposed (FA-16 versus CAPM-16,
p < 0.05). The total histopathological score of CAPM-exposed mice
(3.20) after 24-week exposure was significantly higher than that in FA-
exposed mice (1.40) after 24-week exposure (FA-24 versus CAPM-24, p
< 0.05) (Fig. S1). These results suggested that high levels and prolonged
periods of ambient PM, 5 exposure could destroy the mucous layer of the
colon and damage the intestinal barrier.

To further explore the influence of PMss on intestinal barrier
integrity, we evaluated the mRNA expression of tight junction protein
genes (Occludin and ZO-1) in the colon by using RT-qPCR. The
expression levels of Occludin and ZO-1 were significantly lower in the
CAPM-exposed mice than that of the FA-exposed mice after 8-week
exposure (Fig. 2A and B), indicating that the acute exposure to CAPM
lead to an increase in gut barrier permeability. Furthermore, the
expression of Occludin and ZO-1 decreased along with the increasing of
the exposure periods in both the FA- and CAPM-exposed groups (Fig. 2A
and B). These results suggested that long-term exposure to relatively low
level of PM5 5 in FA chamber (12.85 + 1.82 pg/m3) also led to an in-
crease in gut barrier permeability. Increasing epidemiological studies
indicate that even low concentrations of PMj 5 can still cause morbidity
and mortality, contributing to the reduction of PMj 5 guideline level
suggested by the WHO (WHO, 2021; Di et al., 2017; Cakmak et al.,
2018). Our result confirmed that long time exposure to relatively low
levels of PMy 5 (<15 pg/ms) were also harmful to health.

Increases in gut barrier permeability have been linked with intestinal
inflammation (Al-kindi et al., 2020). The expression levels of
inflammation-related genes (IL-6, IL-10, IL-1p and TNF-a) were signifi-
cantly up-regulated in the CAPM-exposed mice compared with the FA-
exposed mice (Fig. 2C-F). However, the expressions of IL-17A, IL-17F
and TRAF6 (Fig. 2G-I) were similar in these two groups. In particular,
the expressions of IL-6 and IL-10 genes were positively correlated with
the exposure periods in the CAPM groups, with R> = 0.78 and 0.77,
respectively (Fig. S2). These results suggested that long-term exposure
to CAPM can trigger accumulated inflammation in intestinal. Epidemi-
ological data also showed that long-term exposure to air pollution had a
significantly greater influence on mortality than short-term exposure
(Al-kindi et al., 2020).

IL-10 is an anti-inflammatory cytokine produced by activated im-
mune cells (Dutta et al., 2015). The mRNA expression of IL-10 in the
CAPM-exposed group was 2.23-fold higher than that in the FA-exposed
group after 24 weeks of exposure (Fig. 2D). Previous studies indicated
that IL-10 could to be induced as a mechanism of feedback control under
strong inflammatory stimulation (Anderson et al., 2007; McGeachy
et al., 2007). Our results indicated that long-term exposure of CAPM
induced gut inflammation, then induced anti-inflammation. The
expression of IL-1f and TNF-a in the CAPM-exposed group were
significantly higher than that in the FA-exposed group after 8 weeks of
exposure (Fig. 2E), which may be due to the relatively high PMs 5 con-
centrations in the CAPM chambers (124.97 + 103.73 pg/m®) during 0-8
weeks (Fig. 1B and Table S2). The increase of IL-1p induced the
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Fig. 2. Intestinal inflammation was evaluated by the relative mRNA expression of tight junction protein-related genes (Occludin and ZO-1) (A and B) and
inflammation-related genes (IL-6, IL-10, IL-1p, TNF-a, IL-17A, IL-17F and TRAF6) in colon tissue (C-I). Values presented as fold change (2744€Ty relative to the
internal control gene GAPDH, and values are expressed as the mean + SD. Significant differences were analyzed by the Kruskal — Wallis tests and corrected by the
Bonferroni correction method; *p < 0.05, **p < 0.01, and ***p < 0.001. FA: filtered air; CAPM: concentrated ambient PMys. N = 5 in each group.

accumulation of macrophages, neutrophils and mast cells (Wang et al.,
2017). Furthermore, the increases in IL-1 and TNF-a could trigger in-
testinal permeability, and they have been proven to be relevant with the
pathogenesis of IBD (Zhu et al., 2016). These results suggest that acute
exposure to CAPM influence the gut barrier permeability. In summary,
long-term whole-body PM; 5 exposure can alter epithelial permeability,
increase gut inflammation, induce irrecoverable pathological changes,
and therefore cause adverse health effects. Fig. S3and Table S4 indicated
that the exposure levels of Ni, Mn, Fe, Zn, Cu, and Cr carried by PM3 5
during exposure periods were significantly positively correlated to the
relative expression of inflammation related gene named IL-6 (r = 0.95,
0.95, 0.98, 0.98, 0.99 and 0.96, respectively; p < 0.05). We also found
that the exposure levels of Ni, Mn, Fe, Zn, Cu, and Cr carried by PM3 5
during exposure periods had positive correlation with the relative
expression of inflammation related gene named TNFa (r = 0.95, 0.96,
0.96, 0.97, 0.98 and 0.95, respectively; p < 0.05). The exposure levels of

Benzo(b)fluoranthene, Naphthalene, Benzo(k)gluoranthene, and Dibenz
(a,h)anthracene belonging to PAHs showed strong positive correlations
with the relative expression of IL-1p (r = 0.86, 0.83, 0.95 and 0.85,
respectively; p < 0.05). These results may suggest that the change
exposure levels of chemicals carried by PMy 5 may be related to gut
inflammation.

3.2. CAPM changed the intestinal microbiome

Through PCA analysis, we found that mice exposed for different
periods tended to cluster separately, emphasizing that the age of mice
significantly impacted the gut microbiome in both FA and CAPM
chambers (Fig. 3A), which were consistent with the previous report
(Zhang et al., 2018). Age-dependent alterations in the gut microbial
composition are related to systemic inflammation and disease processes
(Spychala et al., 2018).
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Fig. 3. Chronic exposure to CAPM triggers the alternations of gut microbiota compositions. A.PCA of all fecal samples using OTUs. B.Relative abundances of 10 most
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After 8 weeks of exposure, the Bray-Curtis distances showed a sig-
nificant difference between the FA- and CAPM-exposed groups (Fig. S4).
The most important reason for this phenomenon is that the PM, 5 levels
in the CAPM chamber was relatively higher than that in the FA chamber
during 0-8 weeks (Fig. 1B). However, these two groups tended to be
similar after 16 and 24 weeks of exposure (Fig. 3A). Accordingly, the
PMy 5 levels in CAPM (38.12 + 14.04 pg/m®) chamber were slightly
higher than that in FA chamber during 16-24 weeks.

Even ambient PMy 5 appeared to have no significant effect on the
alpha diversity of gut microbiota (Fig. S5), the relative abundances of
certain taxa at both phylum and genera levels varied in the FA- and
CAPM-exposed groups (Figs. 3 and 4). The Firmicutes, Bacteroidetes and
Proteobacteria phyla were the major phyla (98.80%) in the gut micro-
biota of the mice in both the FA and CAPM groups (Fig. 3B and Fig. 4A-
C), which was consistent with previous studies (Wang et al., 2018; Du
et al., 2020a). The relative abundances of Bacteroidetes in the CAPM-
exposed groups were increased, while the relative abundances of Bac-
teroidetes were reduced along with exposure time (Fig. 4A). The relative
abundance of Firmicutes in the CAPM-exposed groups were higher than
that in the FA-exposed groups at the same exposure time (Fig. 4). After

A
p__CandidatusSaccharibacteria M FA-8
1 M FA-16
B FA-24
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B CAPM-16

mm CAPM-24

d

9N1s90~

Environment International 161 (2022) 107138

24-week exposure, the relative abundance of Proteobacteria was
significantly lower in CAPM-exposed groups than that in FA-exposed
groups. The Firmicutes/Bacteroidetes ratio, an indicator of the imbal-
ance of gut microbiota, was relatively higher in the CAPM-exposed
groups than that of the FA-exposed groups after 8 weeks, which may
also be attributed to the higher concentrations of PMjy 5 in the CAPM
chamber during 0-8 weeks (Fig. S6). This ratio is associated with some
diseases, such as obesity and type 2 diabetes (Han et al., 2018). Precious
evidences also showed that PM is associated with obesity and impaired
glucose metabolism (Gaio et al., 2019).

At the genus level, Clostridium XIVa, Akkermansia and Acetatifactor,
belonging to the Bacteroidetes phylum, were higher in CAPM-exposed
samples than that in FA-exposed samples (Fig. 3C and Fig. 4D-F). Clos-
tridium XIVa is a butyrate producer, and related to anti-inflammatory
processes and IBD(Zhou et al. 2018).The abundance of Akkermansia in
the CAPM-exposed group was 13.94-fold higher than that in the FA-
exposed group after 8 weeks exposure (Fig. 4D-F), which may be
resulted from the relatively high PMy 5 concentrations in the CAPM
chambers (124.97 + 103.73 pg/m®) during 0-8 weeks (Fig. 1B and
Table S2). Akkermansia, a gram-negative strictly anaerobic probiotic, is
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essential to the integrity of the mucous layer (Xie et al., 2019). Acute
exposure to CAPM (8 weeks) altered the abundance of Akkermansia,
which may lead to an increase in gut barrier permeability. After 24
weeks exposure of FA, the abundance of Akkermansia was 3.23-fold
higher than that in FA group after 8 week-exposure (Fig. 4E). A previ-
ous study showed that Akkermansia has strong anti-inflammatory effects
(Han et al., 2019). The abundance of Akkermansia was correlated with
inflammatory status and glucose tolerance in the host (Xie et al., 2019).
Our results suggested that long time exposure to low levels of PMj 5 can
induce the increase of Akkermansia and thus trigger inflammation.

We also conducted LEfSe and linear discriminant analysis (LDA)
using the relative abundances of genus to find the differential microbial
taxa between FA- and CAPM-exposed groups (Fig. 5). Specific bacterial
genera, including Akkermansia, Anaerotruncus, Fusobacterium, Roseburia,
Ruminococcus, Eisenbergiella and Intestinimonas, were found in the CAPM-
exposed group after 8 weeks exposure (Fig. 5). The LDA scores were used
to identify the greatest difference. High concentrations of PM3 5 expo-
sure in the CAPM chamber significantly changed the relative abun-
dances of 16, 7, and 12 bacterial taxa after 8-, 16- and 24-week
exposures, respectively (Fig. 5). Exposure to FA significantly increased
the relative abundances of 8, 8, and 16 taxa of gut bacteria after 8-, 16-
and 24-week exposures, respectively. These results demonstrated that
long-term exposure to PMs 5 induced gut microbiota dysbiosis, and
might alter the metabolic processes. Fig. S7 and Table S5 showed that
the exposure levels of certain PAHs, such as Acenaphthylene, Fluorene,
Pyrene, Benzo(a)anthracene, Dibenz(a,h)anthracene, Benzo(k)
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gluoranthene, Naphthalene, and Fluoranthene, were significantly asso-
ciated with some phylum of gut microbiota. The exposure levels of
Dibenz(a,h)anthracene, Benzo(k)gluoranthene, Naphthalene, and Fluo-
ranthene showed significant positive correlations with the relative
abundance of Verrucomicrobia (r = 0.96, 0.98, 0.87 and 0.92, respec-
tively; p < 0.05). A previous study indicated that the relative abundance
of Verrucomicrobia was significantly positive related to total choles-
terol, triglyceride, and high-density lipoprotein (Liu et al., 2020). Ace-
naphthylene and Fluorene showed a positively correlation with the
relative abundance of Tenericutes (r = 0.82 and 0.82, respectively; p <
0.05) (Fig.S7). A previous study found that Benzo(a)pyrene disturbs
human gut homeostasis by impacting the volatile metabolome and
transcriptome of gut microbiota (Defois et al., 2017). These results
indicated that the change of the exposure levels of certain PAHs carried
by PM, 5 might perturb gut microbiota composition and influence the
host health.

3.3. Correlations among intestinal inflammation and changes of gut
microbiota

Asshowed in Fig. S8 and Fig. 6, there were strong correlations among
the relative abundances of certain gut bacteria and the mRNA expression
of genes involved in inflammation. The expression of the IL-6 and IL-10
genes positively correlated with Parabacteroides (r = 0.90, p < 0.05; r =
0.90, p < 0.05) (Fig. 6). The expressions of IL-17A (r = 0.92, p < 0.05)
and IL-17F (r = 0.82, p < 0.05) were also positively related to the
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abundance of Prevotella (Fig. 6), which is related to lung inflammation
(Waldman and Balskus, 2018). The expression of TRAF6 had positive
correlations with the Firmicutes phylum (r = 0.91, p < 0.05) and genus
Clostridium X1lVa (r = 0.91, p < 0.05), but a negative correlation with the
phylum Bacteroidetes (r = -0.84, p < 0.05) (Fig. S5 and Fig. 6). Spe-
cifically, the mRNA expression of the IL-1p gene was strongly positively
correlated with the phylum Verrucomicrobia (r = 0.88, p < 0.05) and
the genus Akkermansia (r = 0.83, p < 0.05), while negatively correlated
with the genus Alistipes (r = -0.92, p < 0.05). A previous study also
showed that Akkermansia, a representative Verrucomicrobia, had a
strong positive correlation with gut inflammation (Han et al., 2019).
Considering the higher relative abundance of Akkermansia in CAPM-
exposed groups than in the FA-exposed group at the same exposure
time, Akkermansia may exert proinflammatory effects in PM; s-induced
gut inflammation (Ganesh et al., 2013). The results indicated that there
may be an interaction among the expression of inflammation- and in-
testinal barrier-related genes and key bacteria, which ultimately pro-
motes gut injury.

3.4. Functional prediction of the gut microbiota

The total abundances of KEGG Orthology based on the KEGG path-
ways were reduced along with the exposure time in the FA and CAPM
groups (Fig. S9). The results suggested that long-term exposure to PMs 5
suppressed the metabolic activity of gut bacterial communities, indi-
cating alternations in bacterial composition and diversity. PCA indicated
that functional structure of samples in the different exposure periods
were significantly distinguished, while the differences between FA- and
CAPM-exposed groups at the same exposure time were not obvious
(Fig. S10). Heatmap of top 20 functional pathways (hierarchy level 2)
(Fig. S11) indicated that most of the top predicted pathways (such as
glycan biosynthesis and metabolism, cell growth and death, metabolism
of other amino acids, drug resistance, energy metabolism, lipid meta-
bolism, folding, sorting and degradation, translation, replication and
repair, metabolism of terpenoids and polyketides, nucleotide meta-
bolism, membrane transport, protein families: genetic information
processing, cellular community prokaryotes, carbohydrate metabolism,
amino acid metabolism, and protein families: metabolism) were reduced
along with the increasing exposure time in FA and CAPM groups. A
previous study emphasized that the abundance of KEGG of gut micro-
biota declined over time, and might be due to the increased complexity
of gut microbiota along with time (Yatsunenko et al., 2012). This study
and ours implied that time influence the function of gut microbiota. The
predicted functional pathways were also different between FA- and
CAPM-exposed groups. Fig. S8 showed that the abundances of func-
tional gene prediction (hierarchy level 2) of cell motility, membrane
transport, signal transduction, carbohydrate metabolism, amino acid
metabolism were enriched in CAPM-8 group compared to FA-8 group.
Notably, amino acid metabolism pathway has been identified in the gut
microbiota, and a previous study reported that it was impacted by PMy 5
(Du et al., 2020b). Additionally, the findings on amino acid metabolism
and carbohydrate metabolism pathways associated with Bacteroides
were also supported by previous reports (Xiong et al., 2021; Chen et al.,
2019). In our study, Bacteroides was decreased after 8-week CAPM
exposure compared to that in the FA group (Fig. 2D), which may be the
reason of amino acid metabolism enriched in CAPM-8 weeks group.
Glycan biosynthesis and metabolism, metabolism of other amino acids,
folding, sorting and degradation were declined in CAPM-exposed groups
compared with FA-exposed groups at the same exposure time (8, 16, and
24 weeks), suggesting a reduction in the activity of gut microbiota
communities under CAPM exposure. The alternations of gut microbial-
mediated function is usually associated with host disease. Previous
study showed that glycan biosynthesis and metabolism has been
revealed to be related to arteriosclerosis formation (Hu et al., 2021).
However, PICRUSt2 is only a way of predicting microbiota function;
thus, further studies are required to investigate the accuracy of
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microbiota function by metagenomic analysis.
4. Conclusions

In conclusion, long-term exposure to CAPM could damage the in-
testinal barrier, trigger intestinal inflammation, and change the intes-
tinal microbial composition in mice. The composition of intestinal
microbiome at the phylum and genus levels also varied along with the
exposure time and PMs s levels. High levels and prolonged periods
exposure to CAPM also altered metabolic functional pathways. The
correlation analysis suggested that intestinal inflammation might be
related to certain intestinal bacteria, which may be a potential mecha-
nism that explains inhalation PMj s-induced inflammation in the intes-
tine. In addition, the results of KEGG pathways analysis showed that
exposure time markedly influenced the gut microbial functions. Some
metabolic pathways were enriched after exposure to CAPM, and they
might induce the metabolic diseases. The present results illuminated a
new pathway for inhalation PM; s-induced adverse health effects and
associated mechanisms, which will contribute to the development of
effective prevention.
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