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ABSTRACT

Background: Ambient air pollution is recognized as one of the leading causes of global
burden of disease. Involvement of air pollution in respiratory and cardiovascular diseases was
first recognized, and then cumulative data has indicated that the intestinal tract could be also
damaged.

Aim: To review and discuss the current epidemiological and animal data on the effects of air
pollution on intestinal homeostasis.

Methods: An extensive literature search was conducted using Google Scholar and Pubmed to
gather relevant human and animal studies that have reported the effects of any air pollutant on
the intestine.

Results: Exposure to several gaseous and particulate matter components of air pollution have
been associated either positively or negatively with the onset of various intestinal diseases
including appendicitis, gastroenteric disorders, irritable bowel syndrome, inflammatory bowel
diseases, and peptic ulcers. Several atmospheric pollutants have been associated with
modifications of gut microbiota in humans. Animal studies have showed that inhalation of
atmospheric particulate matter can lead to modifications of gut microbiota, impairments of
oxidative and inflammatory intestinal balances, and disruption of gut epithelial permeability.
Conclusions: Overall, the literature appears to indicate that the gut is an underestimated target
of adverse health effects induced by air pollution. It is therefore important to develop
additional studies that aim to better understand the link between air pollutants and gastro-

intestinal diseases.

Keywords: Air pollution; Intestinal diseases; Particulate matter; Colitis; Dysbiosis
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INTRODUCTION

The World Health Organization has identified air pollution as the single largest environmental
health risk of the 21* century (WHO, 2020). Global excess mortality from all ambient air
pollution is estimated at 8.8 (7.11-10.41) million deaths per year, with a loss of life
expectancy of 2.9 (2.3-3.5) years, a factor exceeding that of tobacco smoking (Lelieveld et
al., 2020). Geographically, the mortality from air pollution is dominated by East Asia (35%)
and South Asia (32%), followed by Africa (11%) and Europe (9%). The corresponding
fractions for the years of life lost are 29%, 36%, 17%, and 6%, respectively.

Air pollution is a complex mixture of solid and liquid particles suspended in the air as well as
gaseous components. Particulate matter (PM) is an element of air pollution that has the most
documented adverse health effects. PM primarily comprises of solid particles derived from
the combustion of coal, gasoline, and diesel fuels (Alemayehu et al., 2020). PM is usually
classified according to size (e.g. PMio or coarse PM has an aerodynamic diameter of <10 um:;
PMb> s of <2.5 um; and ultrafine PM (UFP) of <0.1 um), but PM is also designated according
to its source (e.g diesel exhaust particles (DEPs) or black carbon). The major components of
PM are pollen, sulfates, nitrates, organic carbon, mineral dust, polycyclic aromatic
hydrocarbons (PAHs), metals, ions, and biological components (e.g. microbial particles,
lipopolysaccharide, and spores) (Vincent et al., 1997). Other components of air pollution are
gaseous pollutants (e.g. nitrogen dioxide (NO.), carbon monoxide (CO), sulfur dioxide (SO»),
and ozone (0Os3)) and volatile organic compounds (VOCs). Sources of air pollutants are
various, therefore air pollutants can vary substantially in chemical composition between
different locations. Estimations show that approximately 25% of urban ambient air pollution

from PMb»s is contributed by traffic, 15% by industrial activities including electricity
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generation, 20% by domestic fuel burning, 22% from unspecified sources of human origin,
and 18% from natural sources (Karagulian et al., 2015). Indoor atmospheric pollution is a mix
of outdoor pollutants prevalently associated with vehicular traffic and industrial activities,
which can enter by infiltrations and/or through natural and mechanical ventilation systems, as
well as contaminants which originate inside the building (Cincinelli and Martellini, 2017).
Common indoor pollution sources include building materials and furnishings (e.g. paints and
wood preservatives), and activities of combustion (e.g. fireplaces, candles, and cigarette
smoking), cleaning chemicals, and cooking (Cincinelli and Martellini, 2017).

Global excess mortality from all ambient air pollution is primarily due to pulmonary and
cardiovascular diseases (lower respiratory tract infections, chronic obstructive pulmonary
diseases, lung cancers, cerebrovascular diseases, and ischemic heart diseases) (Lelieveld et
al., 2020). Air pollution also increases the burden of other non-communicable diseases
(Lelieveld et al., 2020; Schraufnagel et al., 2019). Notably, over the past decade, a growing
body of research has suggested a causal relationship between ambient air pollution exposure
and gastrointestinal disorders.

This systematic review attempts to bring together current information on the relationship
between air pollution and intestinal disturbances. Our search did not find data on the
association between indoor air pollution and intestinal diseases. Studies on liver and
metabolism were excluded. Firstly, epidemiological studies are presented which assess the
link between air pollutants and adverse intestinal manifestations: this review summarizes
studies mainly focused on inflammatory bowel diseases (IBDs), Crohn’s disease (CD),
ulcerative colitis (UC), cancers of the digestive tract, irritable bowel syndrome (IBS) and non-
specific abdominal pain, enteritis, appendicitis, and peptic ulcer. Secondly, studies which
examine how air pollution exposure impacts the human microbiota are described. Lastly, we

present current data regarding the relationship between air pollution and intestinal diseases in
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animals. In this review, we have focused on studies with exposure by inhalation, which
represents the most physiological way of modelling real-world exposure to atmospheric

pollutants.

EPIDEMIOLOGICAL EVIDENCE FOR THE EFFECTS OF AIR POLLUTION ON
INTESTINAL HEALTH

Associations between various intestinal diseases and air pollution have been assessed in
retrospective studies, which are presented on the basis of individual pollutants. The
confounders for which the odds ratio were adjusted for in the regression analyses are listed in

Supplementary Table 1.

1. Effects of global markers of air pollution on intestinal health

Few epidemiological studies have demonstrated a link between intestinal diseases and global
markers of air pollution (Table 1). Opstelen et al. investigated the association between
residential exposure to ambient air pollution and IBD in a nested case—control study within a
multicenter European cohort. A positive association was found between IBD and total traffic
load on all major roads (Opstelten et al., 2016). To address the association between prenatal
exposures of air pollution and IBD incidence, Elten et al. conducted a large population-based
retrospective cohort study. They considered the redox-weighted oxidant capacity, a measure
which takes into account the oxidative potential of both NO, and O3, and they found increased
associations with pediatric-onset IBD for exposure during the second trimester of pregnancy
and childhood (Elten et al., 2020). Total criteria pollutant emission (CO, NO, SO,, VOCs, and
PM>s) were associated with increased hospitalizations for IBD (Ananthakrishnan et al.,
2011). Moreover, Cong et al. have conducted a retrospective population-based study in China

seeking to investigate effects of outdoor air pollution from waste gas emission on multiple
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cancer incidences (Cong, 2018). They showed that waste gas emissions were significantly
positively associated with incidence of small intestinal, colorectal, and anal cancers (all
p <0.05). A negative association was also observed between waste gas emissions and

esophagus cancer incidence (p < 0.05).

2. Effects of PM on intestinal health

Few epidemiological studies have investigated the association between PM and intestinal
clinical manifestations (Table 2). In a European nested case—control study by Opstelen et al.,
exposure to fine PM was inversely associated with risk of IBD in adulthood (Opstelten et al.,
2016). In a population-based cohort study by Elten et al., maternal or early-life exposure to
PMb>s was not associated with pediatric-onset IBD diagnosis (Elten et al., 2020). Effects of
PMb 5 exposure on IBD development could therefore be dependent on age of exposure. Other
studies have shown that higher atmospheric levels of PMbs increased the risk of
hospitalizations for various digestive tract ailments, namely IBD (Ananthakrishnan et al.,
2011), non-specific abdominal pain (Kaplan et al., 2012), enteritis (Xu et al., 2016),
appendicitis (on warm days only) (Chen and Yang, 2018a), and peptic ulcer (Tsai et al.,
2019). Finally, a recent study identified associations between air pollution exposure and
hospital admissions for several diseases of the digestive system (Gu et al., 2020). Globally, a
10 pg/m? increase in PMas was associated with a significant increase in hospital admissions
for diseases of the digestive system on the same day in both single- and two-pollutant models
(adjusting for ozone). Moreover, in both of these models, the same-day concentration of PM> 5
(lag 0 days) was significantly and positively associated with hospital admissions for 7
categories of digestive diseases, including intestinal infection, esophageal disorders, gastritis
and duodenitis, appendiceal conditions, gastrointestinal hemorrhage, noninfectious

gastroenteritis (and liver diseases).
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Contrary to PMa2 s, PMio exposure was found to decrease the risk of IBD during adulthood
(Table 3) (Opstelten et al., 2016). Consistently, high PMio concentrations in living areas
decreased the risk of CD (Kaplan et al., 2010). PMo concentrations did not affect hospital
visits for gastroenteric disorder in children (Orazzo et al., 2009), but increased the emergency
visits for enteritis (Xu et al., 2016), appendicitis (Chen and Yang, 2018a; Kaplan et al., 2009),
and peptic ulcer (Tsai et al., 2019). The contrast between the negative effects of PMig
exposure on IBD development and its promoting effects on hospitalizations for intestinal

diseases remains unexplained to date.

3. Effects of atmospheric gas on intestinal health

Literature data assessing the relationship between atmospheric gas exposure and intestinal
health are summarized below.

3.1.NO>

In the study by Opstelten et al., NO> atmospheric levels did not impact IBD, CD, or UC
incidence in adulthood (Table 4) (Opstelten et al., 2016). However, stratified analyses by age
showed that high NO> concentrations in living areas were associated with an increased risk of
CD for those aged < 23 years and a decreased risk of CD for those aged 44-57 years (Kaplan
et al., 2010), suggesting that NO> could have age-specific effects on the development of CD.
In the study by Elten et al., maternal or early-life exposure to NO> did not show significant
effects on pediatric onset IBD-risk (Elten et al., 2020). However, increased NO> concentration
was associated with an increased IBS incidence in children (Tan et al., 2019). High NO;
exposure has been consistently associated with an increased risk of appendicitis (Chen and
Yang, 2018a; Kaplan et al., 2009). NO concentration has been positively associated with
hospitalizations for IBD in adults (Ananthakrishnan et al., 2011). Increased NO>

concentration has been also associated with an increased hospitalization rate for non-specific
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abdominal pain (Kaplan et al., 2012), enteritis (Xu et al., 2016), and peptic ulcer (Kaplan et
al., 2010), whereas it had no effect on emergency visits for gastroenteric disorder (Orazzo et
al., 2009). As a whole, NO> exposure showed contrasting effects but has been repeatedly
associated with an increased incidence of intestinal disorders.
3.2.50,
High concentration of SO in living areas increased the risk of UC in patients <25 years
(Table 5) (Kaplan et al., 2010). A significant association has been found between SO
exposure and emergency visits for gastroenteric disorder in children 2 years of age and
younger (Orazzo et al., 2009). Increased SO atmospheric concentration has been associated
with increased hospital visits for IBD (Ananthakrishnan et al., 2011), non-specific abdominal
pain (Kaplan et al., 2012), and enteritis (Xu et al., 2016). Higher SO> concentration during
warm days has been shown to increase emergency visits for appendicitis (Kaplan et al., 2009)
and peptic ulcer (Tsai et al., 2019). Most studies in this area have reported negative effects of
SO> exposure on intestinal diseases.
3.3.0;3

In the study by Elten et al., there was no association between O3z exposure and pediatric IBD
development (Table 6) (Elten et al., 2020). Similarly, no significant association has been
found between O3 exposure and hospitalization for gastroenteric disorder in children (Orazzo
et al., 2009) and for enteritis in adults (Xu et al., 2016). O3 exposure has been associated with
a decreased emergency visits for CD in adults (Pezhman et al., 2016) and for non-specific
abdominal pain (Kaplan et al., 2012). Conversely, high level of O3 exposure has been
repeatedly associated with increased hospitalization for appendicitis (Chen and Yang, 2018a;
Kaplan et al., 2013, 2009). Higher levels of ambient O3 exposure could also increase the risk
of perforated appendicitis (Kaplan et al., 2013). Ambient O3 exposure has been shown to

enhance the risk of hospitalization for peptic ulcer (Tsai et al., 2019). Lastly, a recent study
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did not find significant associations between O3z exposure and hospitalization for digestive
diseases, neither as a broad category nor for specific digestive diseases subcategories,
including appendicitis (Gu et al., 2020). Therefore, O3 exposure showed contrasting effects on
intestinal disorders and its consequences remain unclear.
3.4.CO

Increased CO concentration has been associated with a higher risk of IBS incidence in
children (Table 7) (Tan et al., 2019). Increased CO exposure has been positively correlated
with emergency visits for gastroenteric disorder in children 2 years of age and younger
(Orazzo et al., 2009) and with hospital visits for numerous intestinal disorders in adults,
namely IBD (Ananthakrishnan et al., 2011), non-specific abdominal pain (Kaplan et al.,
2012), enteritis (Xu et al., 2016), appendicitis (Chen and Yang, 2018a; Kaplan et al., 2009),
and peptic ulcer (Tsai et al., 2019). Overall, most studies on CO exposure have reported

harmful effects on intestinal diseases.

4. Effects of VOCs on intestinal health

VOCs are a generic term for organic chemicals whose boiling point is low and thus these
compounds volatilize easily into the atmosphere at room temperature (US EPA, 2014). VOCs
include aromatic hydrocarbons, aliphatics, aldehydes, ketones, ethers, acids, and alcohols,
with diverse functional groups (halogens, oxygen, sulfur, nitrogen or phosphorus, but
excluding carbon oxides and carbonates) (Montero-Montoya et al., 2018). The main
compounds of interest consist of aromatics such as benzene, toluene, xylene, ethylbenzene,
and aldehydes, such as formaldehyde and acetaldehyde (Spinelle et al., 2017).

Few epidemiological studies have evaluated the link between VOC exposure and intestinal
health. In the study of Ananthakrishnan et al, the rate of IBD hospitalization was significantly

associated with VOC emission density (OR=1.52, p<0.001) (Ananthakrishnan et al., 2011).
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Several studies have linked occupational VOC exposures to cancers of the digestive tract. For
example, in a population-based case-control study carried out from Canada, limited evidence
was found for increased risk of esophagus, colon, or rectum cancers and occupational
exposure to toluene, xylene, or styrene (Gérin et al., 1998). A case-control study showed
results in favor of a positive association between rectal cancer and several VOCs such as
formaldehyde, carbon tetrachloride, methylene chloride, trichloroethylene, acetone, aliphatic
ketones, aliphatic esters, toluene, and styrene (Dumas et al., 2000). Another population-based
case-control study performed in Canada extended these results and showed an increased colon
cancer risk for occupational exposure to aliphatic ketones (ORgubsc=1.9, 95% CI 1.0-3.5),
benzene (ORgubst = 1.9, 95% CI 1.1-3.3), xylene (ORsubst = 1.9, 95% CI 0.8-4.3), and toluene
(ORgubst = 1.6, 95% CI 1.0-2.7) (Goldberg et al., 2001). Moreover, in a case-control study
performed in northern Europe, benzene occupational exposure was found to be associated
with colorectal cancer incidence (OR =1.12, 95% CI 1.05-1.18) that followed a statistically
significant dose-response relationship. This excess risk was mainly seen in ascending
(OR=1.27, 95% CI 1.13-1.43) and transverse (OR=1.21, 95% CI 1.01-1.41) colon. The
ORs in the highest exposure category were markedly higher in women than in men in all
subsites of colon and rectum (Talibov et al., 2018). Acetaldehyde has been extensively
studied as a metabolite of ethanol and its involvement in alcohol-related upper gastrointestinal
tract carcinogenesis is well-recognized (Basuroy et al., 2005). Nevertheless, no study has
analyzed its effects following inhalation either in humans or in animals. However, two cohort
studies of dry-cleaning workers indicated an excessed risk of esophageal cancer associated

with perchloroethylene exposure (Blair et al., 1990; Ruder et al., 1994).

EFFECTS OF AIR POLLUTANTS ON INTESTINAL MICROBIOTA IN HUMANS
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To date, four studies have shown an association between exposure to air pollutants and
changes of gut microbiota. In the first study, freeway traffic-related air pollution was
correlated with decreased Bacteroidaceae (r=—0.48; p=0.001) and increased
Coriobacteriaceae families (r=0.48; p < 0.001) in overweight and obese adolescents (Alderete
et al., 2018).

Another study has examined the association between exposure to PM and modifications of gut
microbiota in humans (Liu et al., 2019). A total of 6,627 adults with or without type 2
diabetes from south China were examined. The results found that exposure to both PM> s and
particulate matter pollution with aerodynamic diameters < 1 pum (PM;) was negatively
associated with alpha diversity indices of the gut microbiota. PM>s and PM; exposure was
also negatively associated with Firmicutes, Proteobacteria, and Verrucomicrobia and was
associated with several taxa within the Bacteroidetes phyla.

The final two studies were conducted in healthy subjects. The third study demonstrated
significant associations between exposure to air pollutants and the gut microbiome in young
adults residing in southern California (Fouladi et al., 2020). At the phylum level, the percent
variation in gut bacterial composition that was explained by exposure to air pollutants was
4.0% for total nitrogen oxides (NOx, false discovery rate (FDR)-corrected p = 0.049), 4.4%
for NO, (FDR-corrected p = 0.049), and 11.2% for O3 concentrations (FDR-corrected p =
0.001). At the species level, O3 exposure explained 5.4% of the variation in gut bacterial
composition (FDR-corrected p = 0.001). The authors built simple univariate linear regression
models for ambient and near-roadway air pollutants including total NOx, NO>, PM» s, PMio,
and O3 exposure as well as potentially important confounding subject metadata including sex,
body mass index, age, energy intake, season, parental education, and Hispanic ethnicity. They
found that 128 bacterial species were associated with O3, and 4 and 5 bacterial species were

associated with NO> and total NOx, respectively.
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The last study investigated the association between atmospheric PAH exposure and the
diversity of microbiota (Hu et al., 2020). The authors detected a positive correlation between
the abundance of the genus Micrococcus within Actinobacteria and levels of high molecular
weight PAHs such as dibenzo(a,h)anthracene and indeno(1,2,3-cd)pyrene. In addition, they
found a positive correlation between the abundance of Bacillus-like genera (Firmicutes) in the
atmosphere and low molecular weight PAHs, including anthracene, fluoranthene, fluorene,
and phenanthrene. Functional enrichment analysis suggested that PAH exposure may disturb
signaling pathways through imbalance of commensal microbiota, such as purine metabolism,
pyrimidine metabolites, lipid metabolism, and one carbon pool by folate, which may
contribute to public health issues. In conclusion, various atmospheric pollutants have been

associated with modifications of gut microbiota in humans.

EVIDENCE OF AIR POLLUTION EFFECTS ON INTESTINAL HEALTH IN ANIMALS

Since some inhaled particles were shown to be cleared via the digestive tract, their effects on
gut health have received increasing attention in recent years (Semmler-Behnke Manuela et al.,
2007). Indeed, not all particles reach the lungs after inhalation and their circulation partly
depends upon their size. The largest particles can get trapped in the mucus of the nasal cavity,
mouth, and pharynx (aerodynamic diameter from 5 to 10um), and in the mucus produced by
the bronchial epithelium for the particles in the range of 2.5 to 5 um in size. These particles
are cleared by mucociliary transport into the throat and expectorated or swallowed thus
reaching the intestinal tract (Asgharian et al., 2001; Smith et al., 2002). Fine and ultrafine
particles (aerodynamic diameter <2.5 um) can reach the alveolar region of the lungs (Labiris
and Dolovich, 2003). Moreover, particles are also made of a water-soluble fraction which can
be absorbed via the airway epithelium and circulate into the blood or lymphatic system to

potentially induce systemic effects.
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To assess the intestinal effects of air pollution, animal studies have been conducted using
several different study designs. One major difference among the animal approaches lays in the
route of animal exposure, which can either be through gavage, intranasal instillation or
inhalation in closed chambers. Studies which utilize the gavage and intranasal instillation
routes have the advantage of controlling the delivery dose to the animal, however, they do not
allow physiological reproduction of human exposure. Inhalation protocols recapitulate air
pollution and the PM behavior in the thoracic and extra-thoracic regions, being thus more
representative of real-world exposures. For this reason, we decided to only review
publications that incorporate an inhalation protocol. Our search identified several studies on
inhalation of PM, but no studies that focused on inhalation of atmospheric gas or VOCs.

Collectively, the current literature on inhalation exposures in animals has identified
mechanisms involving components of the intestinal homeostasis. The gastrointestinal tract
mucosa forms a physical and functional barrier between the environment and the internal host
milieu. Facing thousands of compounds daily, the gastrointestinal tract mucosa has developed
a complex system to limit the entry of potentially harmful antigens and microorganisms,
while being semipermeable to nutrients or immune sensing. Several mechanisms related to an
alteration of the intestinal barrier have been described for PM-induced deleterious effects on
intestinal health. A direct effect on epithelial cells has been shown: epithelial lesions were
observed in the colon of mice exposed for 3 and 12 months, 2 h/day, 5 days/week, to urban
commercial PM (SRM 1648a, mean diameter 5.85 um, mean concentration of 0.4mg/m3) or
to 1 h per day for 28 consecutive days to ultrafine diesel exhaust particles (DEPs, SRM 2975,
mean diameter 31.9 pm, 300 p g/m3) (Li et al., 2019a, 2019b). This effect could be mediated
either by a direct cellular toxicity or by oxidative stress. Indeed, urban PM (SRM 1649a,
mean diameter 12.9 um) induced apoptosis and generated reactive oxygen species in Caco-2

cells in vitro (Mutlu et al., 2011). In mice, serum malondialdehyde concentration was induced
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by coarse PM exposure for 15 days (urban PM, aerodynamic diameter from 2.1 to 10.2 um,
inhalation 4 h/day, 5 days/week) (Vignal et al., 2017). Epithelial injury was accompanied by
increased inflammation and pro-inflammatory cytokines in the colon of mice exposed to
coarse PM or to PM> s (concentrated from ambient air in Chicago, USA, 8 h/day for 5 days a
week for a total of 3 consecutive weeks in a chamber connected to a versatile aerosol
concentration enrichment system, 135.4J_r6.4pg/m3) (Mutlu et al., 2018; Vignal et al., 2017).
Upregulation of key molecules of inflammatory pathways (Stat3 and p65) (Li et al., 2019a)
and infiltration of colon by inflammatory cells (Li et al., 2019a, 2019b) were also observed
under these conditions. Antioxidant strategies using either D-4F peptide (mimetic peptide of
apolipoprotein A-I) or N-acetyl-L-cysteine were demonstrated to mitigate PM-mediated gut
injury, supporting the involvement of imbalanced intestinal redox pathways for the observed
effects (Vignal et al., 2017; Wang et al., 2018).

Deleterious effects of PM inhalation were also reported on gut microbiota (Li et al., 2019b;
Mutlu et al., 2018; Wang et al., 2018). In mice exposed to concentrated ambient PM> 5 from
Shanghai, China, for 12 months using a versatile aerosol concentration enrichment system (8
h/day, 6 days/week, 276.2+170.1 ug/m?), fecal microbiota metagenomics analysis revealed
that 24 bacterial and 21 fungal taxa showed differential abundance compared to control-
exposed animals, suggesting that chronic exposure to PM> 5 causes gut dysbiosis (Wang et al.,
2018). Microbiota changes have also been observed with shorter exposure times. Mutlu et al.
characterized microbiota in stomach, small intestine, cecum, colon, and stool of mice exposed
to PM» s concentrated from ambient air in Chicago for 3 weeks (Mutlu et al., 2018). PM
exposure altered the microbiota composition along the entire gastrointestinal tract, with a
more prominent dysbiosis from the proximal to distal parts and favoring some bacterial taxa
over others. At the phylum level, they found a significant reduction in Firmicutes in the PM-

exposed group at all sites. At lower taxonomic levels, the observed differences pointed
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towards an enhancement of some bacterial taxa such as unnamed genera within
Lactobacillaceae, Rikenellaceae, and $24_7 families after exposure to PM2 5. In mice exposed
to DEPs for 1 h/day, Li et al. showed that the abundance of Lactobacillus in feces was
transiently increased following a 7-day exposure and then decreased until the end of a 28-day
exposure (Li et al., 2019b). Moreover, this study showed the first evidence for a causal effect
on gut microbiota. Indeed, fecal microbiota transplant experiments demonstrated that non-
exposed mice receiving gut microbiota from DEP-exposed mice recapitulated the phenotype
of epithelial injury observed in the exposed mice.

Adequate equilibrium between the intestinal mucosa, the immune system, and the gut
microbiota is essential for maintaining gut homeostasis; breakdown in these pathways may
precipitate diseases. Deleterious effects of inhaled PM on the intestine have been explored in
several genetically-deficient mice, showing similar mechanisms of action as in wild-type
mice. In atherosclerotic models, exposure to urban UFP (LdIr-null mice exposed for 5 h/day,
3 days/week for 10 weeks in whole-body exposure chambers, 360 +25 pg/m?) or to diesel
exhaust (Apolipoprotein E-deficient mice exposed 6 h/day, 5 days/week for 2 weeks, ~250
ng/m?) increased intestinal levels of oxidative products of arachidonic and linoleic acids (Li et
al., 2015; Yin Fen et al., 2013). This was accompanied by changes in intestinal architecture:
decreased villus length in Ldlr-null mice exposed to UFP; and decreased Muc2 and tight
junction proteins expression in Apolipoprotein E-deficient mice on high fat diet after
exposure to wood smoke (WS, ~450 pg/m?) or mixed diesel and gasoline vehicle exhaust
(MVE, 300 ug/m3) 6 h/day, 7 days/week, for 50 days (Fitch et al., 2020; Li et al., 2015). PM
exposure induced inflammation as indicated by increased MMP-9, TLR-4, and cytokine
expression in WS- or MVE-exposed ApoE-deficient mice and infiltration of macrophages and
neutrophils in the intestinal villi of UFP-exposed Ldlr-null mice. WS and MVE exposure also

resulted in decreased intestinal bacterial diversity, as well as alterations in microbiota profiles
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including the Firmicutes:Bacteroidetes ratio at the phylum level. Similarly, in a mouse model
of Alzheimer’s disease (APP/PS1 transgenic mice), PMa s exposure (8 weeks in an ambient air
whole-body inhalation exposure system located in Taiyuan, China, with a mean PMba;s
concentration of 61 ug/m?) has been shown to aggravate intestinal histopathological damage
and stimulate secretion of pro-inflammatory cytokines (Fu et al., 2020). Compared with the
wild-type and Alzheimer’s disease groups exposed to filtered air, the Alzheimer’s disease
group exposed to PM»s had the highest Shannon, Simpson, Chaol, and Abundance-based
coverage (ACE) indices which reflect the diversity and richness of the intestinal bacterial
communities. In the latter group, this was correlated with variations of vital genes and
metabolic pathways in the bacterial community identified by KEGG pathway analysis. This
study indicated that the intestinal susceptibility of mice which model Alzheimer’s disease was
worsened by PMb» s exposure. In a mouse model of colorectal cancer, urban PM (SRM 1648a)
exposure accelerated tumorigenesis (Li et al., 2019a). Mechanistically, FGFR4-triggered
activation of the PI3K/AKT pathway played a key role in the PM-accelerated progression of
colorectal tumor formation. Upregulation of carbonic anhydrase 9 expression, a glycoprotein
involved in colorectal cancer development, has been described in the colon of mice exposed

to DEP (Li et al., 2019b; Pastorekova and Gillies, 2019).

CONCLUSIONS

The epidemiological studies that we reviewed have measured air pollution exposure using
different methodologies and have investigated various intestinal outcomes through
observational designs only. As a whole they suggest that air pollution exposure could cause
gastrointestinal tissue defects, but above all they highlight the complexity of these
relationships. For example, each component of air pollution could have similar or opposite

effects. For instance, IBD incidence was found to be negatively associated with PM2 s and

15



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

PM o exposures, but positively with SO» exposure (Ananthakrishnan et al., 2011; Kaplan et
al., 2010; Opstelten et al., 2016). Since humans are exposed to several pollutants
simultaneously, it is therefore difficult to discern the individual role of a specific pollutant.
Moreover, the same air pollutants could have different effects according to their origin: in
vitro studies found different impacts of PM regarding their urban, industrial, traffic-related, or
rural constitution, and this parameter has not been taken into account thus far in
epidemiological studies. Some studies have found positive associations between some air
pollutants and intestinal diseases only on warm days (Chen and Yang, 2018a; Kaplan et al.,
2009; Tsai et al., 2019), highlighting the seasonal effects of pollutants. They are also age-
dependent and this has been shown by the positive association between IBD incidence and the
redox-weighted oxidant capacity of air pollution during childhood and the second trimester of
pregnancy, but not during the first or third trimesters nor the whole pregnancy (Opstelten et
al., 2016). As for most pollutants, there are vulnerability periods during which individuals
exhibit an enhanced susceptibility to harmful effects, and this temporal weakness could
manifest only after many years. Furthermore, the impact of air pollutants could depend upon
the length of exposure. Some effects could appear after chronic exposure and potentiate the
development of diseases appearing after one or more decades such as UC or colorectal cancer
(Laharie et al., 2001). On the other hand, other effects of air pollutants could emerge after
only a few days of exposure, as suggested by the studies showing increased levels of
hospitalizations for intestinal disorders after 1 to 6 days exposure (Kaplan et al., 2012, 2009;
Orazzo et al., 2009).

Despite this complexity, there is a clear consistency among the studies indicating the
deleterious impact of SO> on gastrointestinal disorders. Positive associations have been found
between SO, exposure and IBD, gastroenteritis, appendicitis, abdominal pain, and peptic

ulcers. Studies included both children and adults, and both short- and long-term exposures.
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Similarly, the effects of NO> and CO exposure have been reported as detrimental in numerous
epidemiological studies, demonstrating broad range intestinal damage in various exposure
conditions.

Lastly, it should be noted that epidemiological studies on air pollution and intestinal health are
only retrospective, rarely population-based, and with a priori knowledge. It is important to
develop prospective studies such as exposed-unexposed studies or ecological regression
studies which require case exhaustiveness, fine spatial unit resolution, and robust and
complete pollution data records.

Research evaluating the effects of air pollution on the microbiota in humans is still in its
infancy. Animal inhalation studies assessing the role of air pollution on intestinal health are
sparse, recent, and mainly focused on PM. In the studies that we have reviewed, analyzed
particles were different in terms of size (from ultrafine to coarse) and composition (global
urban PM; vehicle or wood smoke exhaust particles). The study designs were also diverse in
terms of dose and duration of exposure. Nevertheless, the results tended to converge towards
detrimental effects of PM on gut health whether in genetically-deficient or wild-type strains.
The identified mechanisms included gut epithelial injury, oxidative stress, inflammation, and
dysbiosis; all involved increased intestinal permeability which can promote the development
of gastrointestinal and extra-intestinal diseases (Bhattacharyya et al., 2014; Chelakkot et al.,
2018). The alterations of bacterial richness and diversity were sometimes inconsistent
between studies. As mentioned earlier, the types of particles analyzed as well as protocol
design were different between the studies, which might help explain the discrepancy of
dysbiosis features. Importantly, all studies consistently observed a reduced abundance of
Lactobacillus in PM-exposed mice, suggesting a protective effect of this bacterial genus.
Lactobacillus genus is traditionally considered to have a positive impact on intestinal health

and is a component of many fermented foods and probiotics (Sanders et al., 2019).
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Lactobacillus supplementation has been demonstrated to protect the colonic epithelium from
DEP-induced effects, supporting a potential clinical application (Li et al., 2019b). Together,
reviewed animal studies have demonstrated deleterious effects of PM on intestinal health
either directly on epithelial cells or indirectly through microbiota modifications. Several
treatments, which have already shown their efficacy in gastrointestinal disorders (e.g.
antioxidants, probiotics, and curcumin), were also efficient in dampening particulate-induced
injury.

Despite recent advances in understanding the effects of air particles on intestinal health,
several questions remain unanswered. Inhalation protocols can lead to intestinal exposure
either topically after swallowing or systemically via the soluble fraction of PM. It remains to
be determined whether the intestinal effect of PM exposure results from local or systemic
mechanisms. This question has been addressed experimentally by studies that assessed the
impact of air pollutants (PM, metals, etc) administrated by gavage or through drinking water
(Dujardin et al., 2020; Feng et al., 2020). These studies highlighted the detrimental outcomes
of air pollutant exposure on gut health that paralleled the observed effects on cell injury,
inflammation, and gut dysbiosis from inhalation protocols. However, those studies were
conducted with higher concentrations more relevant to dietary contamination. As air pollution
has been demonstrated to impact distal sites such as brain and heart, the effect on intestine
through a systemic mechanism can also be considered (Fu et al., 2020; Maglione et al., 2020).
Furthermore, epidemiological studies have highlighted an age-dependency of air pollution
effects which was not studied in animals, and these investigations would help to better
understand mechanisms involved in air pollution-induced disease susceptibility.

The chemical composition of PM is another important determinant of its health outcomes. PM
is dependent on emission source, and published studies have assessed the effects of urban

particles, which are most likely enriched with toxic metals, compared to rural particles where
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composition is influenced by local vegetation, agricultural activities, or rural roadways
(Kundu and Stone, 2014). Although the cardiovascular impact of rural coarse particulates has
been demonstrated, overall the effects of these pollutants are largely unknown and further
studies on their intestinal health effects would be worthwhile to provide additional
information regarding the responsible PM components (Brook et al., 2014). Lastly, despite
epidemiological studies which have consistently shown an impact of gaseous pollutants (SO,
NO>, CO) on gut disorders, animal studies have not been conducted to decipher these effects.

Future research should aim at elucidating the underlying mechanisms.
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Table 1: Overview of studies on the effects of global markers of air pollution on human intestinal heath
Reference Pollutant Condition with Exposure Exposure duration Reported effects
which there is window
association
Opstelten JL, ez | Traffic intensity on IBD Adult Pollution parameters measured | Positive association
al. Dig. Dis. Sci. | major roads within within 1 year during three OR 1.60, 95% CI 1.06-2.43 per
2016 100 m buffer different seasons between 2008 | 4,000,000 motor vehicles x m per day
and 2011
Elten M, et al. Redox-weighted IBD Pediatric- Second trimester Positive association
Environ. Int. oxidant capacity onset IBD HR 1.21,95% CI 1.03-1.42
2020 diagnosts Childhood Positive association
HR 1.08,95% CI 1.01-1.16
Trimester 1 / Trimester 3 / No association
Pregnancy
Ananthakrishnan Total criteria IBD Adult Average annual emissions Positive association
AN, et al. pollutant emission density Incidence rate ratio 1.40,
Inflamm. Bowel (CO, NO, SO, 95% CI1.31-1.50, p<0.001
Dis. 2011 VOC, PM»s)
Cong X, et al. | Waste gas emission | Small intestinal Adult Emissions from 1983 to 2010 | Positive association
Environ. Sci. cancer OR=1.802, 95% CI10.052-0.163
Pollut. Res. Int. p<0.001
2018 Colorectal cancer Adult Emissions from 1983 to 2010 | Positive association
OR=2.024, 95% CI 1.39-2.52
p<0.001
Anal cancer Adult Emissions from 1983 to 2010 | Positive association
OR=2.071, 95% CI 0.88-2.08
p<0.001
Esophageal cancer Adult Emissions from 1983 to 2010 | Negative association
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OR=0.850
95% C1-0.44-0.21
p<0.05

Footnotes: The beta values have been changed to OR using OR=exp([3) for better understanding. CI, confidence interval; CO, carbon monoxide;

HR, hazard ratio; IBD, inflammatory bowel disease; NO>, nitrogen dioxide; OR, odds ratio; PM> 5, particulate matter <2.5 um; SO, sulfur

dioxide; VOC, volatile organic compound

Table 2: Overview of studies on the effects of PM»> .5 on human intestinal heath

Reference Condition with which there is | Exposure Exposure duration Reported effects
association window
Opstelten JL, et al. IBD Adult Pollution parameters measured within | Negative association
Dig. Dis. Sci. 2016 development 1 year during three different seasons | OR 0.28, 95% CI 0.08—0.94 per
between 2008 and 2011 5ug/m? (p wend = 0.01)
Elten M, et al. IBD <18 years Trimester 1 No association
Environ. Int. 2020 development Trimester 2
Trimester 3
Pregnancy
Childhood
Ananthakrishnan Hospitalization for IBD Adult Average annual emissions density Positive association
AN, et al. Inflamm. Incidence rate ratio 1.25,
Bowel Dis. 2011 95% CI:1.18-1.33, p<0.001
Kaplan GG, et al. Hospitalization for non- 15-24 Same day air pollutant concentration | Positive association
PloS One specific abdominal pain years Edmonton:
2012 OR 1.03,95% CI 1.00-1.05
Montreal:
OR 1.09,95% CI 1.04-1.15
Xu C et al. Hospitalization for enteritis Adult 10 ug/m? increase on the concurrent | Positive association
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J. Toxicol. Environ.

days

Percent change 0.89

Health A 2016 95% C10.25-1.53, p<0.05
Chen C-Cetal. J. Hospitalization for Adult Interquartile range increase 16.10 Positive association
Toxicol. Environ. appendicitis ug/m? Warm days >23°C
Health A 2018 OR 1.10 95% CI 1.05-1.15,
p<0.05
Tsai S-S et al. Hospitalization for peptic Adult 2009-2013 ambient air pollutant Whole period: OR 1.00, 95% CI
Int. J. Environ. Res. ulcers exposure 0.98-1.03, ns
Public. Health Warm days (>23°C): OR 1.14,
2019 95% CI 1.09-1.18, p<0.05
Cold days (<23 °C) : OR 1.01,
95% C10.98-1.04, ns
GuJ et al. PLoS Hospitalization for diseases Adult Single-day exposure of the same day | Positive association
Med 2020 of the digestive system Percent change of hospitalization
per 10 ug/m? increase in PMz s
Single-pollutant model 0.19
(0.13,0.24) p<0.001
Two-pollutant model 0.21 (0.15,
0.27) p<0.001
GuJ et al. PLoS Hospitalization for intestinal Adult Single-day exposure of the same day | Positive association
Med 2020 infection Percent change of hospitalization
per 10 ug/m? increase in PM s
Single-pollutant model 0.76
(0.40,1.12) p<0.001
Two-pollutant model 0.97 (0.59,
1.35) p<0.001
GuJ et al. PLoS Hospitalization for Adult Single-day exposure of the same day | Positive association

Med 2020

esophageal disorders

Percent change of hospitalization
per 10 ug/m? increase in PMa s
Single-pollutant model 0.34
(0.10,0.59) p=0.031
Two-pollutant model 0.39 (0.11,
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0.67) p=0.038

GuJ et al. PLoS
Med 2020

Hospitalization for gastritis
and duodenitis

Adult

Single-day exposure of the same day

Positive association

Percent change of hospitalization
per 10 ug/m? increase in PM s
Single-pollutant model 0.24
(0.08,0.40) p=0.018
Two-pollutant model 0.24 (0.06,
0.42) p=0.049

GuJ et al. PLoS
Med 2020

Hospitalization for
appendicitis and other
appendiceal conditions

Adult

Single-day exposure of the same day

Positive association

Percent change of hospitalization
per 10 ug/m? increase in PMz s
Single-pollutant model 0.26
(0.12,0.41) p=0.003
Two-pollutant model 0.25 (0.08,
0.42) p=0.024

GuJ et al. PLoS
Med 2020

Hospitalization for
gastrointestinal hemorrhage

Adult

Single-day exposure of the same day

Positive association

Percent change of hospitalization
per 10 ug/m? increase in PMa s
Single-pollutant model 0.30
(0.14,0.46) p=0.002
Two-pollutant model 0.34 (0.14,
0.53) p=0.007

GuJ et al. PLoS
Med 2020

Hospitalization for
noninfectious gastroenteritis

Adult

Single-day exposure of the same day

Positive association

Percent change of hospitalization
per 10 ug/m? increase in PMz s
Single-pollutant model 0.44
(0.23,0.64) p<0.001
Two-pollutant model 0.43 (0.21,
0.64) p=0.001

GuJ et al. PLoS
Med 2020

Hospitalization for peritonitis
and intestinal abscess

Adult

Single-day exposure of the same day

Positive association
Percent change of hospitalization
per 10 ug/m? increase in PMa s
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Single-pollutant model 0.57
(0.13,1.00) p=0.049
Two-pollutant model: not
significant

Footnotes: CI, confidence interval; HR, hazard ratio; IBD, inflammatory bowel disease; OR, odds ratio; PM s, particulate matter <2.5 pym

29



Table 3: Overview of studies on the effects of PMig on human intestinal heath

Reference Condition with Exposure Exposure duration Reported effects
which there is window
association
Opstelten JL, et IBD Adult Pollution parameters measured within 1 year | Negative association
al. Dig. Dis. Sci. development during three different seasons between 2008 | OR 0.25, 95% CI 0.08-0.78 per 10 pg/m°.
2016 and 2011 P wend = 0.04
Kaplan GG, et al. | CD development | 44-57 years High concentration in living area Negative association
Am. J. OR 0.48, 95% CI 0.29-0.80
Gastroenterol.
2010

Orazzo F, et al. Hospitalization Children Up to 6 days before emergency visit No association

Environ. Health | for gastroenteric | 0-2 years

Perspect. 2009 disorder

XuCetal.l. Hospitalization Adult 10 ug/m? increase on the concurrent days Positive association

Toxicol. Environ. for enteritis Percent change 0.58

Health A 2016 95% C10.19-097

p<0.05
Kaplan GG ef al. | Hospitalization Adult 5-day daily mean pollutant concentration Positive association during summer
CMAJ 2009 for appendicitis (interquartile range) OR 1.20,95% CI 1.05-1.38

Chen C-Cetal.J. | Hospitalization Adult Interquartile range increase 26.07ug/m? Positive association
Toxicol. Environ. | for appendicitis Cool days < 23°C

Health A 2018 OR 1.05

95% CI 1.02-1.07

Tsai S-S et al. Int. | Hospitalization Adult 2009-2013 ambient air pollutants exposure | Whole period :

J. Environ. Res.
Public. Health
2019

for peptic ulcers

OR 1.0, 95% CI:0.98-1.02, ns
Warm days (>23 °C):

OR 1.05, 95% CI:1.01-1.08, p<0.05
Cold days (<23 °C) :
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| | | OR 1.04, 95% CIL:1.02-1.07, p<0.05

Footnotes: CI, confidence interval; CD, Crohn’s disease; IBD, inflammatory bowel disease; OR, odds ratio; PM o, particulate matter <10 um
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Table 4: Overview of studies on the effects of NO2 on human intestinal heath
Reference Condition with Exposure Exposure duration Reported effects
which there is window
association
Opstelten JL, et | NO2 IBD/CD/UC Adulthood | Pollution parameters measured within 1 | No association
al. Dig. Dis. Sci. development year during three different seasons
2016 between 2008 and 2011
Kaplan GG, et | NO2 | CD development <23 years High concentration in living area Positive association
al. Am. J. OR 2.31,95% CI 1.25-4.28
Gastroenterol.
2010
Kaplan GG, ez | NO2 | CD development 44-57 years High concentration in living area Negative association
al. Am. J. OR 0.56, 95% C1=0.33-0.95
Gastroenterol.
2010
Elten M, et al. | NO; IBD Pediatric- Trimester 1 / Trimester 2 / Trimester 3 | No association
Environ. Int. development onset IBD Pregnancy /Childhood
2020 diagnosis
Tan T-K, et al. | NO; IBS Children Daily average pollutant concentration | Positive association
J. incidence (categorized into quartile groups) HR 2.14 (95% CI: 1.88, 2.43) p<0.001 in
Neurogastroente quartile 4 compared to quartile 1
rol. Motil. 2019
Kaplan GG et | NO2 | Hospitalization for Adult Summer 5-day daily mean pollutant Positive association
al. CMAJ 2009 appendicitis concentration (interquartile range) OR 1.76, 95% CI 1.20-2.58
Chen C-Cetal. | NO; | Hospitalization for Adult Interquartile range increase 8.18 ppb | Positive association
J toxicol appendicitis Warm days >23°C
Environ health OR 1.14,95% CI 1.10-1.19, p<0.05
2018 Cool days < 23%

OR 1.08, 95% CI1.04-1.12, p<0.05
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Ananthakrishna | NO | Hospitalization for Adult Average annual emissions density Positive association
n AN, et al. IBD Incidence rate ratio 1.19, 95% CI:1.14-
Inflamm. Bowel 1.25, p<0.001
Dis. 2011
Kaplan GG, et | NO; | Hospitalization for | 15-24 years Same day air pollutant concentration | Positive association
al. PloS One non-specific Edmonton : OR 1.06, 95% CI 1.03-1.09
2012 abdominal pain Montreal : OR 1.09, 95% CI 1.01-1.16
XuCetal.l. NO» Enteritis Adult 10 pg/m? increase on the concurrent Positive association
Toxicol. days Percent change 4.19
Environ. Health 95% CI1.65-6.72
A 2016 p<0.05
Tsai S-S et al. | NO2 | Hospitalization for Adult 2009-2013 ambient air pollutants Positive association
Int. J. Environ. peptic ulcers exposure Warm days (>23°C)
Res. Public. OR 1.16,95% CI 1.12-1.20, p<0.05
Health 2019 Cool days (<23°C):
OR 1.07,95% CI 1.04-1.11, p<0.05
Orazzo F, et al. | NO> | Hospitalization for Children Up to 6 days before emergency visit No association
Environ. Health gastroenteric 0-2 years
Perspect. 2009 disorder

Footnotes: CI, confidence interval; CD, Crohn’s disease; HR, hazard ratio; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome;
NOg, nitrogen dioxide; NO, nitrous oxide; OR, odds ratio; UC, ulcerative colitis
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heath

Table 5: Overview of studies on the effects of SOz on human intestinal
Reference Condition with | Exposure Exposure duration Reported effects
which there is window
association
Kaplan GG, et al. ucC <25 years High concentration in | Positive association
Am. J. development living area OR 2.00, 95% CI=1.08-3.72
Gastroenterol.
2010
Orazzo F, et al. Hospitalization | Children Up to 6 days before Positive association between the 7-day moving average SO»
Environ. Health | for gastroenteric | 0-2 years emergency visit and gastroenteric disorders
Perspect. 2009 disorder 8.5% increase, 95% CI, 0.6 to 16.9
Ananthakrishnan | Hospitalization Adult Average annual Positive association
AN, et al. for IBD emissions density Incidence rate ratio 1.04 , 95% CI:1.02-1.06, p<0.001
Inflamm. Bowel
Dis. 2011
Kaplan GG, et al. | Hospitalization 15-24 Same day air pollutant | Positive association
PloS One for non-specific years concentration Edmonton
2012 abdominal pain OR 1.02,95%CI =1.00-1.04
Montreal
OR 1.17,95% CI =1.10-1.25
XuCetall. Enteritis Adult 10 ug/m? increase on the | Positive association
Toxicol. Environ. concurrent days Percent change 2.88, 95% CI 0.25-5.52
Health A 2016 p<0.05
Kaplan GG et al. | Hospitalization Adult Summer 5-day daily Positive association
CMAIJ 2009 for appendicitis mean pollutant OR 1.30,95% CI 1.03-1.63
concentration
(interquartile range)
Chen C-C et al. Hospitalization Adult Interquartile range No association

J toxicol Environ

for appendicitis

increase 1.71 ppb
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health 2018

Tsai S-S et al.

Int. J. Environ.

Res. Public.
Health 2019

Hospitalization
for peptic ulcers

Adult

2009-2013 ambient air
pollutants exposure

Positive association
Warm days (>23 <C)
OR 1.04, 95% CI 1.00-1.08, p<0.05

Footnotes: CI, confidence interval; IBD, inflammatory bowel disease; OR, odds ratio; SO», sulfur dioxide; UC, ulcerative colitis
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Table 6: Overview of studies on the effects of O3 on human intestinal heath

References Condition with Exposure Exposure duration Reported effects
which there is window
association
Elten M, et al. IBD Pediatric- | Trimester 1/Trimester 2 | No association
Environ. Int. 2020 | development onset IBD | Trimester 3/Pregnancy
diagnosis Childhood
Orazzo F, et al. Hospitalization Children Up to 6 days before No association
Environ. Health | for gastroenteric | 0-2 years emergency visit
Perspect. 2009 disorder
Xu Cetal. Hospitalization Adult 10 ug/m? increase on | No association
J. Toxicol. for enteritis the concurrent days
Environ. Health
A 2016
Pezhman et al. Hospitalization Adult 10 month average air | Negative association between O3 concentration and number and
Govaresh. 2016 for CD pollutant concentration | duration of admissions due to CD
(p=0.016 and 0.006, Correlation Coefficient -0.338 & -0.413
respectively).
Kaplan GG, et al. | Hospitalization 15-24 Same day air pollutant | Negative association in Edmonton
PloS One 2012 | for non-specific years concentration OR 1.06, 95% CI =1.03-1.09
abdominal pain No association in Montreal
OR 1.03,95% CI =0.95-1.11
Kaplan GG et al. | Hospitalization Adult Summer 5-day daily | Positive association
CMAJ 2009 for appendicitis mean pollutant OR 1.32,95% CI 1.10-1.57
concentration
(interquartile range)
Kaplan GG et al. Appendicitis Adult 7 day average Positive association
Environ. phenotype cumulative daily 7-day cumulative average daily maximum O3 concentration
Health Perspect. maximum pollutant associated with all appendicitis cases across the 12 cities (pooled OR
2013 concentration =1.07,95% CI: 1.02, 1.13).

+Higher levels of ambient O3 exposure may increase the risk of
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perforated appendicitis.
OR =1.22,95% CI: 1.09, 1.36

Chen C-C et al. Hospitalization Adult Interquartile range Positive association
J toxicol Environ | for appendicitis increase 12.83 ppb Warm days >23°C
health 2018 OR 1.10,95% CI 1.06-1.15, p<0.05
Cool days < 23%
OR 1.25,95% CI 1.18-1.31, p<0.05
Tsai S-S et al. Int. | Hospitalization Adult 2009-2013 ambient air | Positive association
J. Environ. Res. | for peptic ulcers pollutant exposure Warm days (>23°C): OR 1.11, 95% CI 1.07-1.15, p<0.05
Public. Health Cool days: OR 1.23,95% CI 1.17-1.28, p<0.05
2019
GuJ et al. PLoS | Hospitalization Adult Two-day moving No association
Med 2020 for diseases of average exposure

the digestive
system

Footnotes: CI, confidence interval; CD, Crohn’s disease; IBD, inflammatory bowel disease; O3, ozone; OR, odds ratio
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Table 7: Overview of studies on the effects of CO on human intestinal health

Reference Condition with | Exposure Exposure duration Reported effects
which there is window
association
Tan T-K, et al. J. IBS Children Daily average pollutant Positive association
Neurogastroenter incidence concentration (categorized into Hazard ratio 1.98, 95% CI: 1.75, 2.26, p<0.001 in
ol. Motil. 2019 quartile groups) quartile 4 compared to quartile 1
Orazzo F, et al. Hospitalization Children 3-day moving average CO Positive association
Environ. Health | for gastroenteric | 0-2 years before emergency visit 3.8% increase, 95% CI, 1.0-6.8
Perspect. 2009 disorder
Ananthakrishnan | Hospitalization Adult Average annual emissions density | Positive association
AN, et al. for IBD Incidence rate ratio 1.03, 95% CI:1.01-1.05, p=0.01
Inflamm. Bowel
Dis. 2011
Kaplan GG, et al. | Hospitalization 15-24 Same day air pollutant Positive association:
PloS One 2012 | for non-specific years concentration Edmonton OR 1.04, 95% CI = 1.02-1.06
abdominal pain Montreal OR 1.04, 95% CI =1.02-1.06
XuCetal.l. Hospitalization Adult 0.1 mg/m? increase on the Negative association
Toxicol. Environ. for enteritis concurrent days Percent change-0.11
Health A 2016 95% CI -1.12-0.91, p<0.05
Kaplan GG et al. | Hospitalization Adult Summer 5-day daily mean Positive association
CMAJ 2009 for appendicitis pollutant concentration OR 1.35,95% CI 1.01-1.80
(interquartile range)
Chen C-C et al. J. | Hospitalization Adult Interquartile range increase Positive association
Toxicol. Environ. | for appendicitis 0.27ppm Warm days OR 1.16, 95% CI 1.11-1.21, p<0.05
Health A 2018
Tsai S-S et al. Int. | Hospitalization Adult 2009-2013 ambient air pollutant | Positive association on warm days (>23°C):

J. Environ. Res.
Public. Health

for peptic ulcers

exposure
Warm days

OR 1.17,95% CI 1.12-1.21, p<0.05
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2019 | | \ \

Footnotes: CI, confidence interval; CO, carbon monoxide; HR, hazard ratio; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome;
OR, odds ratio
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