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Abstract

The mechanism of PM2.5 in the air on health is complicated, in which the gut flora may play a role.
The work aimed to study the changes of intestinal microflora in PM2.5 inhaled rats, further, to analyze
the expression of antibiotic resistance genes (ARGs) in intestinal flora of the rats. The PM2.5 in the
air of Fujian Province of China was collected to establish the rat model of PM2.5 inhaled. The fecal
samples were sequenced by metagenomic method. Intestinal flora species annotation, common function
database annotation and ARGs were analyzed between PM2.5 inhaled rats and normal control rats.
The results showed that the number of Firmicutes was significantly decreased while that of Bacteroides
was increased in the PM2.5 inhaled rats compared with the control rats at phylum level. In addition,
from genus level to species level, the composition of intestinal flora in PM2.5 inhaled group was totally
different from those of control group. Especially, PM2.5 exposure can change the expression of ARGs
in intestinal flora. The ARGs of rpoB2, Tet44, TetW and TetO increased significantly in the PM2.5
inhaled Wistar rats. Controlling air pollution and reducing PM2.5 emissions are crucial to maintain

public health.
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Introduction

It was estimated by the World Health Organization
(WHO) in 2021 that more than 90% of the world’s
population is exposed to air pollution, which causes up
to 7 million human deaths and affecting the health of
147 million people every year [1-3]. Studies have shown
that air pollution (mainly including fine particulate
matter PM2.5, ozone and vehicle exhaust, etc.) is one
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of the most important risk factors for the occurrence of
respiratory diseases, cardiovascular diseases, digestive
diseases, mental diseases, metabolic disecases and
cancer [4-6]. At the same time, the prevalence of ARGs
and antibiotic resistant bacteria (ARB) is a serious
global public health problem [7]. Due to the overuse
of antibiotics, many environments are contaminated by
ARGs and ARB, especially including water, soil and
air. ARGs belonging to glycopeptides and p-lactam
families were the most common in hospital infection,
while ARGs belonging to the sulfonamides and
tetracyclines families were common in reports from
farms, wastewater treatment plants (WWTPs), water
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and soil [7]. The ARGs adsorbed on PM2.5 might
spread for a long distance in the atmosphere [7-9].

Studies have shown that the diseases above
might be inextricably related to the intestinal flora.
The intestinal microbiome is the lifelong community
of microorganisms present in the human gut. The total
number of the genes encoded by intestinal microbiome
is about 150 times than that of by human. It is also
known as the second genome of human body [10]. The
energy absorption and metabolism of human body are
cooperated by the mature and stable intestinal flora,
which increases the stability of intestinal mucosa, and
promotes the development and maturation of immune
system as well [11, 12]. Scholars take the opinions
that air pollution could affect intestinal flora, then the
intestinal flora could affect various organs and systems
on the body in different levels through participating in
various metabolic pathways, which may be a risk factor
for the occurrence and development of many diseases
mentioned above [13, 14]. Therefore, the concepts of
“gut-brain” axis, “gut-liver” axis and “gut-lung” axis
were proposed [15-17]. In this study, metagenomic
sequencing technology [18, 19] was applied to analyze
the changes of intestinal microflora and the expression
of ARGs in PM2.5 inhaled rats. The research tries to
lay a foundation for further studies on the mechanism
of PM2.5 in the air on human health.

Materials and Methods
Animal and Group

A total of 36 healthy male Wistar rats with the same
age and an average body weight of (150.23+10.10) g
were  purchased from  Shanghai  Chang-Ling
Experimental Animal Co., LTD., (License Number:
SCXK-Shanghai 2018-0003). The rats were adaptively
fed with the same diet at ambient temperature of
(25£2)°C, humidity of (60%=*5%) and a 12/12-hour
light-dark cycle for 4 weeks. From the 5" week, they
were divided into PM2.5 exposure group (test, n = 18)
and normal control group (control, n = 18).

PM2.5 Exposure Model

HRP-PM286 PM2.5 real-time online concentration
and enrichment system (Beijing HuiRongHe Technology
Co., Ltd.) was used for the selection and separation of
PM2.5 (sample collection location: 450 Dongzhen West
Road, Chengxiang District, Putian, Fujian Province,
China.). After a concentration (6-10 times) process, the
PM2.5 particles were pumped into the box with full
animal body exposure (1.2 m?). The tested rats were
exposed for 4h each day (8:00-12: 00) for 21 consecutive
days. The concentration of PM2.5 for the exposure was
(615.8+439.9) ug/m3. The tested rats were normally fed
daily in the exposure box with clean filtered air after
PM2.5 exposure.

Specimen Collection

When the PM2.5 exposure experiment was finished
after 21 days, the tails of the rats were lifted, and the
lower abdomens of the rats were gently pressed with
fingers to induce the defecation reflex. Fresh feces
were collected from the anus of the rats with 1.5 mL
sterilized EP tube to avoid contamination caused
by scratching the fur. All the 36 feces specimens
were collected by the same method and put into
an incubator with sufficient dry ice when they were
sent to the sequencing company for metagenomic
sequencing.

Metagenomic Sequencing and Analysis
(Functional Analysis Based on Reads)

Total DNA was extracted from the samples.
The Illumina NovaSeq high-throughput sequencing
platform was used to obtain metagenomic sequences
in the fecal samples. The KneadData software was
used to control the quality of the original data (based
on Trimmomatic) and the de-host sequences (based on
Bowtie2). Subsequently, the following three kinds of
annotation analyses were carried out: Firstly, species
annotation [20]: Kraken2 software and the self-built
microbial nucleic acid database were used to compare
and calculate the sequence number of species in the
samples, then Bracken software was used to estimate the
actual abundance of species in the samples. Secondly,
abundance cluster analysis [21]: PCoA dimension
reduction analysis (species only) and sample cluster
analysis were performed based on the information
data of species abundance and the information data
of functional abundance. Thirdly, annotation of ARGs
[22]: Starting from the clean reads removed from the
host genes, FMAP software was applied to compare
and annotate the quality control of each sample and the
reads removed from host genes with CARD database
of ARGs (based on DIAMOND), which enabled us to
obtain the abundance distribution of ARGs.

Data Analysis

SPSS (version 22.0) was used for the statistical
analysis. The normally distributed data was expressed
as meantstandard deviation (x+SD). The comparison
between the two groups was performed by independent
t test. P<0.05 was considered statistically significant.

Results
Quality Control of Metagenomic Sequencing
All sequencing analysis results in this study were
based on the following criterion: The proportion of base

numbers with error rate less than 1% (clean Q20) in
the sequencing data was above 99%. At the same time,
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Table 1. Quality control of sequencing data.
Raw Base Cleaned | Clean Q20 Clean Q30
Group Raw Reads (GB) Clean Reads (%) (%) (%)
Control (n = 18) | 22187549.33+539694.95 | 6.65+0.16 | 21529204.66+512337.20 |97.03+0.17{99.15+0.01 | 96.53+0.01
Test (n=18) 20643292.01+834140.29 | 6.19+£0.25 | 19887250.02+841852.89 |94.70+2.49|99.13+£0.01 | 96.44+0.05

Note: Raw Reads: the quantity of sequenced Raw reads. Raw Base (GB): the number of Raw reads in GB, the total number of bases
in the original data of sequencing, that is, the number of Raw reads multiplied by the sequencing length. Clean Reads: Number of

Clean Reads obtained after filtering (quality control and removal of host sequences). Cleaned (%): The percentage of the remaining
filtered sequence to Raw reads. Clean Q20: Proportion of bases with a quality score greater than 20. Clean Q30: Proportion of bases

with a quality score greater than 30.

that with the error rate less than 1% (clean Q30) in the
sequencing data was above 96% (Table 1).

Analysis of Intestinal Microbial Composition
Species Composition Analysis

The reads in the two groups were composed of
Bacteria (16511760), Phages (1853), Plant sand Fungi
(284). The proportions of these species were 99.99%,
0.01% and close to 0.00%, respectively. The levels
of phylum, family, genus and species which was with
remarkable characteristics were selected for further
analysis and statistics in this study.
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Abundance Analysis at Phylum Level

At the phylum level, Bacteroidetes, Proteobacteria,
Verrucomicrobia and Ascomycota accounted for the
main proportion of intestinal flora in both of the two
groups. However, the relative abundance of Firmicutes
in the test group was lower than that in the control
group, while the relative abundance of Bacteroidetes
was higher than that in the control group. To compare
the differences between the two groups, the top
20 species in absolute abundance were selected to
establish cluster analysis (shown as the clustering heat
map at phylum level, Fig. 1).
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Fig. 1. Relative distribution of species at phylum level. a) Relative distribution analysis at phylum level (top 20 in relative abundance).
b) Clustering heat map at phylum level (top 20 in absolute abundance). Note: The top 20 dominant species were shown in Fig. 1a).
The remaining species with low relative abundance were classified as Other in the figure. In Fig. 1b), the horizontal axis showed the
group information, whereas the vertical axis showed the annotated species names at phylum level. The cluster tree on the left of the figure
showed the similarity species distribution in each sample. The colors are displayed by relative abundance, ranging from low (pink) to

high (black) shown in the scale at the top of the figure.
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Relative Abundance Distribution at Family,
Genus and Species Level

At the family level, compared with the control
group, the relative abundance of Bifidobacteriaceae
(t = 11.468, P = 0.000), Helicobacteraceae (t = 8.210,
P = 0.000) and Lactobacillaceae (t = 6.401, P = 0.000)
in the test group was significantly decreased, while
that of Enterobacteriaceac (t = 4.746, P = 0.000),
Lachnospiraceac (t = 7.189, P = 0.000) and
Peptostreptococcaceae (t = 7.472, P = 0.000) increased
significantly. The relative distribution of the two groups
at family level was shown in Fig. 2(a-b).

At the genus level, compared with the control group,
the relative abundance of Lactobacillus (t = 6.401,
P = 0.000), Helicobacter (t = 8.210, P = 0.000) and
Bifidobacterium (t = 11.468, P = 0.000) in the test group
was significantly decreased. On the contrary, the relative
abundance of Muribaculum (t = 8.681, P = 0.000),
Eubacterium (t = 6.359, P = 0.000) and Escherichia
(t = 4751, P = 0.000) increased significantly. The
relative distribution of the two groups at genus level
was shown in Fig. 2(c-d).

At the species level, compared with the normal
group, the relative abundance of Lactobacillus Reuteri
(t = 7384, P = 0.000), Lactobacillus Intestinalis
(t 20.252, P = 0.000), Helicobacter Rodentium
(t=8.843, P = 0.000) and Bacteroides Fluxus (t = 17.922,
P = 0.000) in the test group were found decreased
significantly, that of the Lactobacillus Johnsonii
(t = 22.601, P = 0.000), Escherichia Coli (t = 4.755,
P =0.000), Muribaculum Intestinale (t = 8.681, P = 0.000)
and Adlercreutzia Equolifacien (t = 15.813, P = 0.000)
were found increased. The relative distribution of the
two groups at species level was shown in Fig. 2(e-f).

Significance Analysis of Species Differences
between the Two Groups

LEfSe difference analysis of multistage species
method was wused. Each column in the figure
represented a kind of species, and the length of the
column corresponded to the LDA value. The higher
the LDA value was, the greater the difference was.
In another words, the absolute value of LDA indicated
the influence degree of species with significant
differences at different level between the two groups.
In Fig. 3, the species differences from class to species
level of the two groups were shown from A to E.
It could be seen that at different levels, the distributions
of Lactobacillus, Enterobacter and Clostridium were
significant different between the two groups.

Common Species Analysis between the Two Groups

At the species level, the total number of OTUs
(Operational Taxonomic Units, OTU) in the two groups
was 1079. There were 642 common OTUs between the
two groups. While there were 336 and 101 unique OTUs

in the test group and the control group respectively.
The total number of OTUs in the test group was higher
than that in the control group. The results of this
analysis were illustrated in the Venn diagram, shown in
Fig. 4a).

Beta Diversity Index Analysis

PCoA analysis was evaluated based on Bray Curtis
distance, and the principal coordinate combination
with the largest contribution was selected for diagram
display. The closer the distance between the points in
the diagram, the more similar the species composition
structure of the samples was, shown in Fig. 4b).

Analysis of ARGs between the Two Groups

Based on the results obtained from CARD database,
the number of reads compared to ARO reference
sequences in each group was counted to calculate the
relative abundance. The top 20 resistance genes were
selected to draw the statistical graph of the relative
abundance in each group (Fig. 5a). The cluster heat
map of resistance gene (Fig. 5b) was obtained through
the abundance clustering. Compared with the control
group, the ARGs of ErmF (t = 26.750, P = 0.000) and
PmrE (t = 14.068, P = 0.000) in the test group decreased
significantly, while resistance genes rpoB2 (t = 19.142,
P =0.000), Tet44 (t = 7.105, P = 0.000), TetW (t = 7.773,
P = 0.000) and TetO (t = 6.031, P = 0.000) increased
significantly.

Discussion

Outdoor air pollution plays a major role in the
increased risk of humans’ morbidity and mortality. The
fine particulate matter, especially PM2.5, exposed to the
environment is a major factor of outdoor air pollution
[23]. It has been reported that acute exposure to PM2.5
increased the risk of acute coronary complications, heart
failure, venous thromboembolism, arrhythmias and
cardiac arrest [24,25]. Likewise, chronic exposure to
PM2.5 increased the risk of hypertension, type 2 diabetes
and atherosclerosis, as well as the risk of cardiovascular
death [26,27]. As mentioned above, these diseases are
inextricably related to intestinal flora [13, 14].

In this study, at the phylum level, compared with the
control group, the abundance of Firmicutes in the test
group decreased, while the abundance of Bacteroidetes
increased. Studies have shown that Firmicutes and
Bacteroidetes can promote energy absorption and
carbohydrate metabolism, produce inflammatory
factors and intestinal free radical scavengers, inhibit
intestinal inflammation and oxidative stress, and
effectively prevent the occurrence and development
of gastrointestinal diseases [28, 29]. In previous
studies, PM2.5 was thought to affect intestinal flora
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Fig. 2. Relative abundance distribution at family, genus and species level. a) Relative abundance analysis at family level. b) Clustering
heat map at family level. c)Relative abundance analysis at genus level. d) Clustering heat map at genus level. e) Relative abundance
analysis at species level. f) Clustering heat map at species level.
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after passing through the digestive tract [30]. Sze et.al Bacteroidetes were dominant in children who were
[31] found that exposure to air pollutants affected the suffering from asthma [32]. Kish and Salim’s study
associated intestinal bacterial community. It showed that found that intestinal exposure to fine particles caused
rats exposed to PM2.5 also had the highest amount of significant changes in the fecal microbiome in a mouse
intestinal bacterial community content of Bacteroidetes. model of colitis. The abundance of Bacteroidetes and
Another research showed that in haze days, more Verrucomicrobia was increased, while the abundance

bacteria belonging to Bacteroidetes, Bacteroidetes and of was Firmicutes decreased in the model group [33,
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map of ARGs.

34]. At genus level, Muribaculum and Eubacterium
were enriched in the test group (Fig. 2c, 2d). At the
same time, LEfSe difference analysis showed that
Eubacterium and Clostridium were the most different
ones in the test group as well (Fig. 3). Many scholars
have found that Eubacterium and Clostridium may
regulate neural activity in the brain and thus control the
body by influencing immune-related pathways related
to intestinal flora metabolism [29, 35, 36]. What’s
more, at the species level, compared with the control
group, the relative abundance of Lactobacillus reuteri,
Lactobacillus intestinalis and Helicobacter pylori was
significantly decreased in the test group, the relative
abundance of Lactobacillus johnsoni, Escherichia coli,
Muribaculum intestinale and Adlercreutzia Equolifacien
was significantly increased. Lactobacillus reuteri is
a kind of Gram-positive bacterium, campylobacter with
a slightly irregular, rounded tip, which could find in the
intestines of all vertebrates and mammals. In recent
years, members of the Lactobacillus family have been
found to degrade complex polysaccharides to produce
short-chain fatty acids such as acetate, butyrate and
propionate, which can be used as energy by the host [37].
Among them, Lactobacillus reuteri DSM 17938 (LR),
belonging to the Genus Lactobacillus, is an effective
regulator of the immune system and the “shaping agent”
of intestinal flora, as well as the regulator of plasma
and fecal metabolomics characteristics, each of which
may contribute to the improvement of early intestinal
inflammation [38]. The decrease of this sorts of flora

in the test group may also be related to the decrease of
immune system function and the production of ARGs.
Sequence alignment and annotation results of
CARD database showed that most of ARGs, such as
rpoB2, Tet44, TetW and TetO increased in test group
compared with the control group. According to CARD
database, the rpoB2 belongs to rifamycin antibiotic. The
Tet44, TetW and TetO belong to tetracycline antibiotics.
Tet44 is a kind of tetracycline resistance gene found
in Campylobacter fetus, and binds to the ribosome to
confer antibiotic resistance as a ribosomal protection
protein. TetW is a sort of ribosomal protection
protein. It is associated with both conjugative and
non-conjugative DNA and has been found in strains
of C. difficile. TetO is a ribosomal protection protein
as well. It is associated with conjugative plasmids.
Some researchers have shown that ARGs can be
transmitted through polluted atmospheric particles
[39]. Caliz et al. [40] have also shown that ARGs
sull(resistance to sulfonamides), TetO (resistance to
tetracycline) and intll(a proxy for horizontal gene
transfer and anthropogenic pollution) can be dispersed
in tropospheric aerosols for long and sustained periods.
They also revealed that the intercontinental diffusion of
ARGs and the global spread of antibiotic resistance had
the potential predictability of interannual variability
and remote deposition rates. The decrease of normal
dominant flora reflected to the increase of opportunistic
pathogens, which was related to the carried ARGs
[30]. Some scholars [41] found that systemic lupus
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erythematosus was positively correlated with exposure
to several kinds of atmospheric pollutants. Particulate
matter had an impact on autoimmune disease in areas
with a high incidence of newly diagnosed systemic
lupus erythematosus [42]. Gilcrease et al. [43] suggested
that pollution, especially particulate matter, might
be one of the important triggers of inflammation and
autoimmunity. All of these factors may be responsible
for the increased proportion of resistance genes in the
intestinal flora after PM2.5 inhaled.

There were some limitations in this study, including
a relatively small sample quantity and limited regional
sources of PM2.5. Also, the intestinal microbial system
is very complex and susceptible to a variety of factors,
which are difficult to control in free-living individuals
with inherent genetic variation [44]. Nevertheless,
a balanced gut microecosystem is one of the most
important factors to human health. Some health-
related problems may be addressed by the balanced
microecosystem [45]. It is of great significance to study
the interaction mechanism between PM2.5 inhaled and
intestinal flora for the prevention of social discases.

Conclusion

It could be seen on the analysis from phylum
level to species level, the abundance of bacteria in
the test group changed significantly compared with
that in the control group. At the phylum level, the
Firmicutes in PM2.5 inhaled rats decreased and the
Bacteroides increased. PM2.5 exposure can change the
expression of ARGs in intestinal flora. The increasing
proportion of ARGs in the test group suggested an
indirect manifestation of imbalance of intestinal flora.
Controlling air pollution and reducing PM2.5 emissions
are crucial to maintaining public health, especially in
developing countries.

Authors’ Contribution
Ben Liu, Xueying Cheng, Yongzhi Lun designed the
experiments. Ben Liu, Xueying Cheng, Fanghua Zhang,
Wen Dong and Qi Lin performed the experiments.
Ben Liu, Yongzhi Lun and Fanghua Zhang analyzed
the data. Ben Liu and Xueying Cheng wrote the
manuscript.

Conflict of Interests

There is no potential conflict of interest to declare.

Ethical Approval

This study was approved by the Ethics Committee
of Putian University, China.

Funding/Support

This study was supported by the grants from the
Natural Science Foundations of Fujian Province of
China (2020J01903), Talents Research Project of Putian
University (2019013) and Project of Pharmaceutical and
Medical Technology College(Z2202101).

Informed Consent

All the study subjects were informed of the
significance of this study and signed informed consent
forms.

References

1. W.H.O. Global Health Observatory. Air pollution data
portal 2021. Available at: https:/www.who.int/data/gho/
data/themes/air-pollution.

2. KAUFMAN 1I.D., ELKIND M.S\V.,, BHATNAGAR A.,
KOEHLER K., BALMES J.R., SIDNEY S., BURROUGHS
PENA M.S., DOCKERY DW., HOU L., BROOK R.D.,
LADEN F., RAJAGOPALAN S., BISHOP KENDRICK
K., TURNER J.R. Guidance to reduce the cardiovascular
burden of ambient air pollutants: a policy statement from
the American Heart Association. Circulation, 142, €432,
2020.

3. GUPTA A.K. JAHA spotlight on air pollution and
cardiovascular disease: A call for urgent action. Journal of
the American Heart Association, 10, €022209, 2021.

4. WANGC., TUY. YUZ., LUR. PM2.5 and cardiovascular
diseases in the elderly: An overview. International journal
of environmental research and public health, 12 (7), 8187,
2015.

5. CHO C.C., HSIEH W.Y., TSAI C.H., CHEN C.Y., CHANG
H.E,, LIN C.S. In Vitro and in vivo experimental studies
of PM2.5 on disease progression. International journal of
environmental research and public health, 15 (7), 1380,
2018.

6. SCHMIDT S. Prelude to disease? PM2.5 and markers
of diabetes risk in nondiabetic adult. Environ Health
Perspect, 126 (10), 104001, 2018.

7. ZHUANG M., ACHMON Y., CAO Y., LIANG X., CHEN
L., WANG H., SIAME B.A., LEUNG K.Y. Distribution
of antibiotic resistance genes in the environment.
Environmental pollution. 15 (285), 117402, 2021.

8. KORMOS D., LIN K., PRUDEN A., MARR L.C. Critical
review of antibiotic resistance genes in the atmosphere.
Environmental science processes & impacts. 24 (6), 870,
2022.

9. WANGJ.C., HUANG Y., ZHANG R.X., HAN Z.J., ZHOU
L.L., SUN N., DONG W.Y., ZHUANG G.S. miR-338-
3p inhibits autophagy in a rat model of allergic rhinitis
after PM2.5 exposure through AKT/mTOR signaling by
targeting UBE2QI. Biochemical and biophysical research
communications. 21 (554), 1, 2021.

10. LYNCH SV., PEDERSEN O. The human intestinal
microbiome in health and disease. The New England
journal of medicine, 375 (24), 2369, 2016.

11. D’AMELIO P., SASSI F. Gut microbiota, immune system,
and bone. Calcified tissue international, 102 (4), 415,
2018.



Can PM2.5 Exposure Change the Expression...

1697

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

ZHOU B., YUAN Y., ZHANG S., GUO C., LI X,, LI G.,
XIONG W., ZENG Z. Intestinal flora and disease mutually
shape the regional immune system in the intestinal tract.
Frontiers in immunology, 3 (11), 575, 2020.

ZHANG S., ROUTLEDGE M.N. The contribution of
PM2.5 to cardiovascular disease in China. Environmental
science and pollution research international, 27 (30),
37502, 2020.

KAIHARA T.,, YONEYAMA K., NAKAI M., HIGUMA
T., SUMITA Y., MIYAMOTO Y., WATANABE M.,
1ZUMO M., ISHIBASHI Y., TANABE Y., HARADA T,
YASUDA S., OGAWA H., AKASHI Y.J. Association of
PM2.5 exposure with hospitalization for cardiovascular
disease in elderly individuals in Japan. Scientific reports,
11 (1), 9897, 2021.

CRYAN JF, ORIORDAN K., COWAN C.S.M.,,
SANDHU K.V, BASTIAANSSEN T.F.S., BOEHME
M., CODAGNONE M.G., CUSSOTTO S., FULLING
C., GOLUBEVA AV, GUZZETTA K.E., JAGGAR
M., LONG-SMITH C.M., LYTE JM., MARTIN J.A.,
MOLINERO-PEREZ A., MOLONEY G., MORELLI E.,
MORILLAS E., O'CONNOR R., CRUZ-PEREIRA J.S.,
PETERSON VL., REA K., RITZ N.L.,, SHERWIN E.,
SPICHAK S., TEICHMAN E.M., VAN DE WOUW M.,
VENTURA-SILVA A.P., WALLACE-FITZSIMONS S.E.,
HYLAND N., CLARKE G., DINAN T.G. The microbiota-
gut-brain axis. Physiological reviews, 99 (4), 1877, 2019.
FRATI F., SALVATORI C., INCORVAIA C., BELLUCCI
A., DI CARA G., MARCUCCI FE., ESPOSITO S. The
role of the microbiome in asthma: The gut-lung axis.
International journal of molecular sciences, 20 (1), 123,
2018.

KONTUREK P.C., HARSCH [.A., KONTUREK K.,
SCHINK M., ZOPF Y. Gut-liver axis: How intestinal
bacteria affect the liver. MMW Fortschritte der Medizin,
160 (Suppl 5), 11, 2018.

LI N., CAI Q., MIAO Q., SONG Z., FANG Y., HU B.
High-throughput metagenomics for identification of
pathogens in the clinical settings. Small Methods, 5 (1),
2000792, 2021.

ONG C.T., ROSS E.M., BOE-HANSEN G.B., TURNI C.,
HAYES B.J., TABOR A.E. Technical note: Overcoming
host contamination in bovine vaginal metagenomic
samples with nanopore adaptive sequencing. Journal of
animal science, 100 (1), skab344, 2022.

WOOD D.E., SALZBERG S.L. Kraken: Ultrafast
metagenomic  sequence classification using  exact
alignments. Genome biology, 15 (3), R46, 2014.
MARTINEZ JL., COQUE TM., BAQUERO F. What
is a resistance gene? Ranking risk in resistomes. Nature
reviews. Microbiology, 13 (2), 116, 2015.

KIM J.,, KIM M.S., KOH AY., KOH A.Y., XIE Y., ZHAN
X. FMAP: Functional Mapping and Analysis Pipeline for
metagenomics and metatranscriptomics studies. BMC
Bioinformatics, 17 (1), 420m 2016.

BURNETT R., CHEN H., SZYSZKOWICZ M., FANN
N., HUBBELL B., POPE C.A. 3RD, APTE J.S., BRAUER
M., COHEN A., WEICHENTHAL S., COGGINS 1J., DI
Q., BRUNEKREEF B., FROSTAD J,, LIM S.S., KAN
H., WALKER K.D., THURSTON G.D., HAYES R.B.,
LIM C.C.,, TURNER M.C., JERRETT M., KREWSKI D.,
GAPSTUR S.M., DIVER W.R., OSTRO B., GOLDBERG
D., CROUSE D.L., MARTIN RYV. PETERS P,
PINAULT L., TTEPKEMA M., VAN DONKELAAR A.,
VILLENEUVE P.J., MILLER AB., YIN P, ZHOU M.,
WANG L., JANSSEN N.A.H., MARRA M., ATKINSON

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

RW., TSANG H., QUOC THACH T., CANNON IJ.B,,
ALLEN R.T.,, HART J.E., LADEN F., CESARONI G.,
FORASTIERE F., WEINMAYR G., JAENSCH A,
NAGEL G., CONCIN H., SPADARO J.V. Global estimates
of mortality associated with long-term exposure to outdoor
fine particulate matter. Proceedings of the National
Academy of Sciences of the United States of America, 115
(38), 9592, 2018.

BROOK R.D., NEWBY D.E., RAJAGOPALAN S. Air
pollution and cardiometabolic disease: An update and call
for clinical trials. American journal of hypertension, 31
(D, 1,2017.

RAJAGOPALAN S., AL-KINDI S.G., BROOK R.D. Air
pollution and cardiovascular disease: JACC state-of-the-art
review. Journal of the American College of Cardiology, 72
(17), 2054, 2018.

YANG B.Y.,, FAN S., THIERING E., SEISSLER J.,
NOWAK D., DONG G.H., HEINRICH J. Ambient air
pollution and diabetes: A systematic review and meta-
analysis. Environmental research, 180, 108817, 2020.

EZE 1.C., HEMKENS L.G., BUCHER H.C., HOFFMANN
B., SCHINDLER C., KUNZLI N., SCHIKOWSKI T,
PROBST-HENSCH N.M. Association between ambient
air pollution and diabetes mellitus in Europe and
North America: systematic review and meta-analysis.
Environmental health perspectives, 123 (5), 381, 2015.
DUMITRESCU L., POPESCU-OLARU 1, COZMA
L., TULBA D. HINESCU M.E., CEAFALAN LC.
GHERGHICEANU M., POPESCU B.O. Oxidative stress
and the microbiota-gut-brain axis. Oxidative medicine and
cellular longevity, 2018, 2406594, 2018.

LUCA M., DI MAURO M., DI MAURO M., LUCA A. Gut
microbiota in Alzheimer’s disease, depression, and type 2
diabetes mellitus: The role of oxidative stress. Oxidative
medicine and cellular longevity, 2019, 4730539, 2019.
CHAKRADHAR S. A curious connection: Teasing apart
the link between gut microbes and lung disease. Nature
medicine, 23 (4), 402, 2017.

CHEN D., XIAO C,, JIN H,, YANG B., NIU J,, YAN S.,
SUN Y., ZHOU Y., WANG X. Exposure to atmospheric
pollutants is associated with alterations of gut microbiota
in spontaneously hypertensive rats. Experimental and
therapeutic medicine, 18 (5), 3484, 2019.

ZHENG P., ZHANG B., ZHANG K, L.X., WANG Q., BAI
X. The impact of air pollution on intestinal microbiome
of asthmatic children: A panel study. BioMed research
international, 2020, 5753427, 2020.

KISH L., HOTTE N., KAPLAN G.G., VINCENT R., TSO
R., GANZLE M., RIOUX K.P,, THIESEN A., BARKEMA
H.W., WINE E., MADSEN K.L. Environmental particulate
matter induces murine intestinal inflammatory responses
and alters the gut microbiome. PLoS One, 8 (4), 62220,
2013.

SALIM SY. JOVEL J, WINE E. KAPLAN GG,
VINCENT R., THIESEN A., BARKEMA HW,
MADSEN K.L. Exposure to ingested airborne pollutant
particulate matter increases mucosal exposure to bacteria
and induces early onset of inflammation in neonatal IL-10-
deficient mice. Inflammatory bowel diseases, 20 (7), 1129,
2014.

KIM N.,, YUN M., OH Y.J., CHOI H.J. Mind-altering with
the gut: Modulation of the gut-brain axis with probiotics.
Journal of microbiology, 56 (3), 172, 2018.

QUIGLEY E.M.M. Microbiota-brain-gut axis and
neurodegenerative diseases. Current neurology and
neuroscience reports, 17 (12), 94, 2017.



1698

Liu B., et al.

37.

38.

39.

40.

41.

SORBARA M.T., LITTMANN E.R., FONTANA E,
MOODY T.U., KOHOUT C.E., GONBALAJ M., EATON
V., SEOK R., LEINER I.M., PAMER E.G. Functional
and genomic variation between human-derived isolates of
lachnospiraceae reveals inter- and intra-species diversity.
Cell host & microbe, 28 (1), 134-146.¢4, 2020.

LIU Y, TIAN X.,, HE B., HOANG T.K., TAYLOR
C.M., BLANCHARD E., FREEBORN J.,, PARK S.,
LUO M., COUTURIER J., TRAN D.Q.,, ROOS S., WU
G., RHOADS J.M. Lactobacillus reuteri DSM 17938
feeding of healthy newborn mice regulates immune
responses while modulating gut microbiota and boosting
beneficial metabolites. American journal of physiology.
Gastrointestinal and liver physiology, 317 (6), G824, 2019.
ZHU G., WANG X.,, YANG T, SU J.,, QIN Y., WANG
S., GILLINGS M., WANG C., JU F, LAN B., LIU C,, LI
H., LONG X.E., WANG X., JETTEN M.S.M., WANG Z.,
ZHU Y.G. Air pollution could drive global dissemination
of antibiotic resistance genes. The ISME journal, 15 (1),
270, 2021.

CALIZ J., SUBIRATS J., TRIADO-MARGARIT X.,
CASAMAYOR E.O. Global dispersal and potential sources
of antibiotic resistance genes in atmospheric remote
depositions. Environment international, 160, 107077, 2022.
JUNG CR., CHUNG WT., CHEN WT, LEE RY,
HWANG B.F. Long-term exposure to traffic-related air
pollution and systemic lupus erythematosus in Taiwan: A

42.

43.

44.

45.

cohort study. The Science of the total environment, 668,
342, 2019.

BERNATSKY S., SMARGIASSI A., JOHNSON M.,
KAPLAN G.G., BARNABE C., SVENSON L., BRAND
A., BERTAZZON S., HUDSON M., CLARKE A.E.,
FORTIN P.R., EDWORTHY S., BELISLE P., JOSEPH
L. Fine particulate air pollution, nitrogen dioxide, and
systemic autoimmune rheumatic disease in Calgary.
Environmental research, 140, 474, 2015.

GILCREASE G.W., PADOVAN D., HEFFLER E.,
PEANO C., MASSAGLIA S., ROCCATELLO D., RADIN
M., CUADRADO M.J,, SCIASCIA S. Is air pollution
affecting the disease activity in patients with systemic
lupus erythematosus? State of the art and a systematic
literature review. European journal of rheumatology, 7 (1),
31, 2020.

SUBLETTE M.G., CROSS T.L. KORCARZ C.E,
HANSEN K.M., MURGA-GARRIDO S.M., HAZEN
S.L., WANG Z., OGUSS M.K., REY FE., STEIN J.H.
Effects of smoking and smoking cessation on the intestinal
microbiota. Journal of clinical medicine, 9 (9), 2963, 2020.
AVERINA OV, ZORKINA Y.A., YUNES R.A,
KOVTUN A.S., USHAKOVA V.M., MOROZOVA AY.,
KOSTYUK G.P., DANILENKO V.N., CHEKHONIN V.P.
Bacterial metabolites of human gut microbiota correlating
with depression. International journal of molecular
sciences, 21 (23), 9234, 2020.



