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ARTICLE INFO ABSTRACT

Edited by Dr. Renjie Chen Background: Epidemiological evidence regarding the associations between long-term exposure to air pollution
and risk of incident inflammatory bowel disease (IBD) is scant.

Objectives: We examined the associations of various specific air pollutants with the risk of incident ulcerative
colitis and Crohn’s disease, two subtypes of IBD, among middle and old aged adults in the UK. We also explored
potential susceptible subgroups.

Methods: We used data from the UK Biobank study. Information on air pollution, including PMy 5, PM2 519, PM19
as well as NO, and NOy were estimated using the Land Use Regression model. Multivariable Cox proportional
hazards models were used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs).

Results: After a median follow-up of 11.7 years, 1872 incident ulcerative colitis and 865 incident Crohn’s disease
cases were identified among 455,210 IBD-free participants. HRs (95% ClIs) of ulcerative colitis associated with
each 1 interquartile range (IQR) increase in PMy 5, PMa2 5 10, PM;0, NO3, and NOy were 1.06 (1.01, 1.12), 1.03
(0.99, 1.08), 1.09 (1.03, 1.16), 1.12 (1.07, 1.19), and 1.07 (1.02, 1.12), respectively. The associations between
all the air pollutants and risk of Crohn’s disease were null. Smoking status and sex appeared to respectively
modify the associations between some air pollutants and risk of ulcerative colitis and Crohn’s disease.
Conclusion: Long-term exposure to various air pollutants was associated with the risk of incident ulcerative colitis
but not Crohn’s disease, highlighting the importance of developing environmental health strategy to reduce the
burden of ulcerative colitis.
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1. Introduction etal., 2019), effective prevention strategies are warranted. However, the
etiology of ulcerative colitis and Crohn’s disease is complex and not fully

Inflammatory bowel disease (IBD) is a chronic immune-mediated understood, not only diet and genetic predisposition, but also environ-

digestive disease with symptoms evolving in a relapsing and remitting
manner (Sartor, 2006). IBD is mainly comprised of ulcerative colitis and
Crohn’s disease and is now affecting over 2 million people in Europe and
1.5 million people in North America (Jairath and Feagan, 2020).
Because of the high burden of morbidity, decreased quality of life and
excess healthcare costs associated with IBD (Cosnes et al., 2011; Peery

mental factors may contribute to its development (Hou et al., 2011;
Piovani et al., 2019; Torres, 2020).

Over the past decades, due to the industrialization, urbanization, and
population growth in the cities, air pollution, as one of the most
important environmental factors, has become emerging public health
challenges. There is mounting epidemiological evidence that long-term
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or chronic exposure to air pollution has detrimental effects on respira-
tory disease, cardiometabolic disease and cancer (Al-Kindi et al., 2020;
Laumbach and Kipen, 2012; Thiering and Heinrich, 2015; Turner et al.,
2020). Therefore, great attention has been paid to the prevention and
control of the adverse health effects of air pollution.

A few studies also suggested the potential link between air pollution
and the development of IBD (Kaplan et al., 2010; Opstelten et al., 2016),
while the findings have been inconsistent. In a case-control study from
the UK, a higher level of nitrogen dioxide (NO2) exposure was associated
with a higher risk of ulcerative colitis among young individuals only
(Kaplan et al., 2010), suggesting that the excess risk of IBD attributable
to air pollution may be different across different subpopulations. In the
contrary, another case-control study nested within the EPIC study found
that air pollution was not associated with risk of ulcerative colitis or
Crohn’s disease (Opstelten et al., 2016). Notably, air pollution is
composed of a complex mixture of substances, including particulate
matter (PM) with various sizes and NO and nitrogen oxides (NOy), yet
very few prospective cohort studies have investigated the associations
between different air pollutants and the risk of incident IBD.

Using data from a large population-based cohort, we investigated
various specific pollutants in relation to the risk of incident ulcerative
colitis and Crohn’s disease among middle and old aged adults in the UK.

2. Methods
2.1. Study population

The UK Biobank is a national cohort study of approximately 0.5
million participants aged 40-69 in the United Kingdom, which was
designed to improve the prevention, diagnosis, and treatment of various
health outcomes (Celis-Morales et al., 2017; Yates et al., 2017). Baseline
assessment was between 2006 and 2010. Participants recruited were
registered within the National Health Service (NHS) and living within
40 km of one of 22 assessment centers across England, Scotland, and
Wales. Written informed consent was provided by all participants. The
UK North West Multicenter Research Ethics Committee has approved
the UK Biobank’s study protocol.

The initial sample of the present study was 502,490. We excluded
participants with ulcerative colitis and Crohn’s disease at baseline (n =
5406), with missing data on any air pollutants (n = 41,062). We also
excluded participants who withdrew from the study (n = 812). The final
analytic sample included 455,210 participants.

2.2. Exposure assessment

In the UK Biobank, data on air pollution were provided by the Small
Area Health Statistics Unit (www.sahsu.org/), as part of the BioSHaRE-
EU Environmental Determinants of Health Project (www.bioshare.eu/).
These air pollution measures were linked centrally to the assessment
data by UK Biobank analysts (http://biobank.ctsu.ox.ac.uk/crystal/docs
/EnviroExposEst.pdf). The annual average concentrations of PMy s,
PMa35-10, PM19, NO3 and NOy were estimated with a Land Use Regres-
sion (LUR) model by using traffic, land use, and topography that were
provided by the Geographic Information System. The cross-validation R?
for PMs 5, PM> 5_19, PM19, NO5 and NOy were 77%, 57%, 88%, 87% and
88%, respectively. Details on the development and validation of the LUR
models can be found elsewhere (Eeftens et al., 2012; Huang et al., 2021).

In the UK Biobank, the air pollution exposures of all participants
were linked to the residential addresses collected at the baseline visit.
The information on PMs 5, PMs 5 19, and NOy were available in 2010,
and the annual concentration data of NO; and PM; o were available for
several years (2005, 2006, 2007, and 2010 for NO; and 2007 and 2010
for PM;(). We used the averaged values of NO, and PMj for the anal-
ysis. Because the fluctuation of the trends of most air pollutants were
largely stable during the study period in the UK (Chen et al., 2022;
Huang et al., 2021; Li et al., 2022, 2021a, 2021b; Wang et al., 2021), the
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air pollution data used in the present study could be used as a proxy of
long-term exposure. Notably, the distribution of the air pollution ex-
posures in the UK Biobank were largely in line with those of air pol-
lutants estimated by the public UK Air Information Resources (Wang
et al., 2021).

2.3. Ascertainment of outcomes

The outcome of interest was first diagnosis of ulcerative colitis or
Crohn’s disease during follow up. Incident outcomes were determined
using ICD codes (K51 for ulcerative colitis and K50 for Crohn’s disease).
In the current study, hospital inpatient records and mortality data were
updated to 30 November 2020 and 18 December 2020, respectively.
Person-time in Cox models was calculated from the date of baseline
assessment to the date of diagnosis of the outcomes, death, lost to follow-
up, or the end of follow-up, whichever came first.

2.4. Assessment of covariates

We selected information on a number of individual-level covariates.
A touch-screen questionnaire was used to collect data on baseline
characteristics, including age, sex, and household income, etc. Ethnicity
was derived from a sequence of branching questions regarding ethnic
background, and was grouped into White, Black, South Asian and other
in our analysis. Information on lifestyle factors included smoking status,
habitual diet, alcohol intake and sedentary time. Smoking status was
grouped into two categories: current or not current. Diet habit was
assessed through a food frequency questionnaire. A healthy diet score
(0-6) was computed using the following favorable diet factors: red meat
intake no more than three times each week; vegetable intake at least four
tablespoons each day; fruit intake at least three pieces each day; fish
intake at least four times each week; cereal intake at least five bowls
each week; and urinary sodium concentration less than 68.1 pmol/L.
Alcohol consumption (g per day) were calculated according to previous
studies of the UK Biobank (Bradbury et al., 2019; Ma et al., 2019).
Sedentary time (hours) was calculated by the summing the scores of
three questions about the hours per day participants spent in driving,
using a computer, and watching television (Pazoki et al., 2018). Health
related factors including body mass index (BMI), aspirin use, inflam-
matory disease and respiratory disease. BMI was calculated as weight in
kilograms divided by height in meters squared (kg/m?), and can be
considered as a proxy of energy intake and overall nutritional status. We
also reviewed aspirin use and other prevalent inflammatory disease by
self-reported questionnaire, including rheumatoid arthritis, systemic
lupus erythematosus, psoriasis, ankylosing spondylitis and systemic
vasculitis. Additionally, self-reported history of chronic obstructive
pulmonary disease or emphysema was also considered in our model,
which was combined as a categorical variable termed ‘respiratory
disease’.

2.5. Statistical analysis

Continuous variables are presented by the medians and interquartile
range (IQR), and categorical variables are presented by percentages.
Participants were stratified into quartiles based on air pollution expo-
sure, with the first quartile as the reference. Missing values accounted
for < 16.0% of all covariates. Participants with missing values for cat-
egorical variables were assigned to a separate ‘unknown’ category. We
used multiple imputation with chained equations to address missing
data for continuous variables (Zhang, 2016); all variables used in the
analyses were included in the imputation model. Multivariable Cox
regression models was used to estimate the hazard ratios (HRs) and 95%
confidence intervals (CIs), adjusting for potential confounders. Tests for
trend were performed with the use of the median value for each category
of air pollution exposure and modeled as a continuous variable. Two
models were fitted step by step. Model 1 was adjusted for age, sex,
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ethnicity and household income (less than £18,000, £18,000-30,999,
£31,000-51,999, £52,000 to 100,000, greater than 100,000). Model 2
was further adjusted for BMI, smoking status (current smokers or not),
healthy diet score, alcohol consumption, sedentary time, aspirin use,
inflammatory disease and respiratory disease. Model 2 was used as the
final model. Cox models with penalized splines was also used to explore
the associations on a continuous scale (Li et al., 2021a, 2021b). The
number degree of freedom resulting in minimum Akaike Information
Criterion (AIC) was selected.

We also examined the associations of each air pollutant with risk of
ulcerative colitis and Crohn’s disease stratified by age (<60 y or >60 y),
sex, BMI (<30 kg/m2 or >30 kg/mz), current smokers (no/yes), and
healthy diet score (<3 or >3). Interactions were examined by using
multivariable Cox models with a multiplicative interaction term be-
tween each characteristic of interest and air pollution indexes. Sensi-
tivity analyses were also conducted by excluding participants 1) who
had missing variables, 2) or who lived in the current address for < 5
years. We also examined the associations between per IQR increase in
PM; (2007 and 2010) and NO, (2005, 2006, 2007 and 2010) in each
specific year and the outcomes, rather than the mean values.

Two-sided P values of < 0.05 were statistically significant. All ana-
lyses were performed using Stata version 14.0 (College Station, Texas)
and R version 3.4.2 (R foundation for Statistical Computing).

3. Results

Baseline characteristics by participants’ outcome status were
described in Table 1. Compared with participants without developing
IBD, those who developed ulcerative colitis were generally living at
addresses with higher concentrations of all air pollutants, particularly
NO, and NOy, they were also more likely to be male sex, current
smokers, they also tended to use aspirin, have inflammatory disease and

Table 1
Baseline characteristics of the included participants.

without
incident cases

with incident
ulcerative colitis

with incident
Crohn’s disease

No. of Participants
Age

Women, %
White, %

Air pollutants®
PM, 5, ug/m’
PMa5 10, pig/m>
PM;, pg/m’

NO,, pg/m*
NO, pg/m®

Sedentary time, h/
day

Current smoker, %

Body mass index,
kg/m2

Healthy diet score

Alcohol
consumption, g/
day

Aspirin use, %

Inflammatory
disease, %

Respiratory
disease, %

452,628
58.0
(50.0-63.0)
246,045
(54.4%)
424,532
(93.8%)

9.9 (8.2-21.3)
6.1 (5.5-12.8)
19.2
(12.8-30.5)
28.1
(8.8-125.1)
42.3
(19.7-265.9)
4.5 (3.0-6.0)

46,871 (10.4%)
26.8
(24.2-29.9)
3.0 (2.0-4.0)
8.6 (0.3-20.0)

62,089 (13.7%)
11,659 (2.6%)

8241 (1.8%)

1872
59.0 (51.0-67.0)

878 (46.9%)
1737 (92.8%)
10.0 (8.1-17.2)
6.1 (5.5-10.5)
19.2 (13.5-27.5)
28.8 (11.2-83.9)
43.2 (19.7-265.9)
5.0 (3.5-6.0)

239 (12.8%)
26.8 (24.2-29.9)

3.0 (2.0-4.0)
8.6 (0.3-20.0)
307 (16.4%)

86 (4.6%)

54 (2.9%)

865
59.0 (52.0-64.0)

470 (54.3%)

817 (94.5%)

10.0 (8.1-14.6)
6.1 (5.5-9.7)
19.2 (13.8-25.8)
28.6 (11.2-74.3)
42.7 (19.7-140.9)
5.0 (3.5-6.0)

152 (17.6%)
27.4 (24.3-30.7)

3.0 (2.0-4.0)
7.1 (0.0-18.6)
151 (17.5%)

61 (7.1%)

33 (3.8%)

Values presented are median (interquartile range) for continuous data and
numbers (%) for categorical data.
? The ranges of air pollutants were provided.
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respiratory disease. Although similar trends were also observed among
those who developed Crohn’s disease, some characteristics were
different. For example, participants with incident Crohn’s disease ten-
ded to have lower levels of alcohol consumption, compared with those
who did not develop Crohn’s disease. Pearson correlation coefficients
across different air pollutants are shown in Supplementary Table 1.

During an 11.7 year of follow-up period, 1872 and 865 cases of
incident ulcerative colitis and Crohn’s disease were identified, respec-
tively. The median age at ulcerative colitis and Crohn’s disease diagnosis
was 64.8 years and 64.6 years, respectively. The risk of incident ulcer-
ative colitis increased with increasing levels of PM; 5 (P-trend = 0.037),
PM;jo (P-trend = 0.015), NO, (P-trend = 0.001) and NOy (P-trend =
0.005), but not PMy5 19 (P-trend = 0.112); the corresponding fully
adjusted HRs (95% CI) were 1.15 (1.01, 1.31), 1.19 (1.04, 1.35), 1.24
(1.09, 1.42), 1.21 (1.06, 1.38) and 1.16 (1.02, 1.32), respectively,
comparing the highest quartile with the lowest quartile. The fully
adjusted HRs (95% CI) for the each 1 IQR increase were respectively
1.06 (1.01,1.12),1.03 (0.99, 1.08), 1.09 (1.03, 1.16), 1.12 (1.07, 1.19),
and 1.07 (1.02, 1.12) for PM325, PMas5 109, PMig, NOz and NOX.
Regarding the risk of incident Crohn’s disease, however, higher levels of
various air pollutants were not associated with increased risks (all P-
trend = 0. 380). (Tables 2-3 and Fig. 1). Cox models with penalized
splines generally confirmed the results that were observed in terms of
quartiles (Supplementary Figure 1).

Subgroup analyses stratified by various predefined stratifications are
presented in Figs. 2-3. We found that the association between all the air
pollutants and risk of incident ulcerative colitis were significant among
non-smokers, but not current smokers (all P-interaction <0.065); addi-
tionally, PM;( and NO; interacted with sex on the risk of Crohn’s disease
(all P for interaction <0.040), with the risks generally observed among
men but not women (although the specific result for PM;o was border-
line significant). The results were not materially changed after exclusion
of 1) participants with missing data or 2) participants who lived in the
current address for less than 5 years (Supplementary Table 2). The re-
sults for the associations of PM;o and NO; in specific year with the risk of
ulcerative colitis and Crohn’s disease were generally in line with the
results using the mean values (Supplementary Tables 3-4).

4. Discussion

With the ongoing debate on the potential adverse effects of envi-
ronmental factors on IBD (Ananthakrishnan et al., 2018; Piovani et al.,
2019), there is a requirement for an adequately powered, comprehen-
sive assessment of the association of air pollution, which is a major
environmental factor, with the risk of IBD in the general population. In
the current analysis conducted among 454,727 middle and old aged
adults from the UK Biobank, we found that higher levels of PMs and NOy
both were associated with an increased risk of ulcerative colitis, but not
Crohn’s disease. The excess risk of ulcerative colitis associated with air
pollution was driven by PM3 5, PM;o, NO3 and NOy, while none of the
individual air pollutants was linked to the risk of Crohn’s disease
(Central illustration). Our primary results were robust in sensitivity
analyses. Subgroup analyses indicated that the links between all the air
pollutants and risk of incident ulcerative colitis was significant among
non-smokers, but not current smokers. Additionally, PM;y and NO,
interacted with sex on the risk of Crohn’s disease, with the risk generally
observed among men but not women.

Findings from epidemiological studies on air pollution in relation to
IBD are scarce and inconsistent. A previous case-control study reported
that postnatal NO, exposure was linked to the risk of Crohn’s disease
among participants aged < 23y from the UK (Kaplan et al., 2010).
Another retrospective cohort study in Canada also found exposure to Oy
during childhood to be associated with IBD before 18 years of age (Elten
et al., 2020). These results may not be directly comparable with ours
given the completely different age ranges of the participants. Also, it has
been pointed out that early-onset IBD differs from late-onset IBD, as the
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Table 2
Adjusted HR (95% CI) for the association between particulate matter and risk of ulcerative colitis and Cohn’s disease.
PM, s Quartile 1 Quartile 2 Quartile 3 Quartile 4 Per 1 IQR increase P-trend
Range, ug/m> 8.2-9.2 9.3-9.9 10.0-10.6 10.7-21.3
Ulcerative colitis
Events/person-y 423/1,317,792 456/1,299,360 485/1,319,372 508/1,301,080
Model 1 Ref. (1.00) 1.07 (0.94, 1.22) 1.11 (0.97, 1.26) 1.17 (1.03, 1.34) 1.07 (1.02, 1.13) 0.015
Model 2 Ref. (1.00) 1.06 (0.93, 1.21) 1.09 (0.96, 1.24) 1.15(1.01, 1.31) 1.06 (1.01, 1.12) 0.037
Crohn’s disease
Events/person-y 225/1,318,951 189/1,300,702 216/1,320,760 235/1,302,672
Model 1 Ref. (1.00) 0.83 (0.68, 1.00) 0.91 (0.76, 1.10) 1.01 (0.83, 1.21) 1.02 (0.94, 1.11) 0.724
Model 2 Ref. (1.00) 0.81 (0.67, 0.98) 0.88 (0.73, 1.07) 0.95 (0.79, 1.15) 0.99 (0.92, 1.08) 0.817
PMs 510 Quartile 1 Quartile 2 Quartile 3 Quartile 4 Per 1 IQR increase P-trend
Range, pg/m?3 5.6-5.8 5.9-6.1 6.2-6.6 6.7-12.8
Ulcerative colitis
Events/person-y 428/1,332,702 502/1,315,998 444/1,285,724 498/1,303,179
Model 1 Ref. (1.00) 1.17 (1.03, 1.33) 1.06 (0.93, 1.21) 1.17 (1.03, 1.34) 1.04 (1.00, 1.08) 0.082
Model 2 Ref. (1.00) 1.17 (1.03, 1.33) 1.06 (0.92, 1.21) 1.16 (1.02, 1.32) 1.03 (0.99, 1.08) 0.112
Crohn’s disease
Events/person-y 194/1,333,932 221/1,317,537 234/1,286,778 216/1,304,837
Model 1 Ref. (1.00) 1.14 (0.94, 1.38) 1.24 (1.02, 1.50) 1.13(0.93, 1.37) 1.00 (0.94, 1.06) 0.424
Model 2 Ref. (1.00) 1.13 (0.93, 1.37) 1.22 (1.01, 1.47) 1.10 (0.91, 1.34) 0.99 (0.94, 1.05) 0.569
PM;o Quartile 1 Quartile 2 Quartile 3 Quartile 4 Per 1 IQR increase P-trend
Range, pg/m> 12.9-18.1 18.2-19.2 19.3-20.4 20.5-30.5
Ulcerative colitis
Events/person-y 439/1,317,420 467/1,307,762 448/1,323,334 518/1,289,087
Model 1 Ref. (1.00) 1.05 (0.92, 1.20) 1.00 (0.87,1.14) 1.20 (1.06, 1.37) 1.10 (1.04, 1.16) 0.008
Model 2 Ref. (1.00) 1.04 (0.92, 1.19) 0.99 (0.86, 1.13) 1.19 (1.04, 1.35) 1.09 (1.03, 1.16) 0.015
Crohn’s disease
Events/person-y 206/1,318,601 218/1,309,144 220/1,324,640 221/1,290,700
Model 1 Ref. (1.00) 1.04 (0.86, 1.26) 1.04 (0.86, 1.25) 1.10 (0.91, 1.34) 1.03 (0.95, 1.12) 0.344
Model 2 Ref. (1.00) 1.02 (0.84, 1.23) 1.00 (0.83, 1.21) 1.06 (0.87, 1.28) 1.01 (0.93, 1.10) 0.599

Model 1 was adjusted for age, sex, ethnicity and household income.

Model 2 was further adjusted for BMI, smoking status, healthy diet score, alcohol consumption, sedentary time, aspirin use, inflammatory disease and respiratory

disease.
IQR, interquartile range

Table 3
Adjusted HR (95% CI) for the association between nitrogen dioxide and total nitrogen oxides and risk of ulcerative colitis and Cohn’s disease.
NO, Quartile 1 Quartile 2 Quartile 3 Quartile 4 Per 1 IQR increase P-trend
Range, pg/m> 8.9-23.0 23.1-28.1 28.2-34.0 34.1-125.1
Ulcerative colitis
Events/person-y 414/1,317,849 455/1,317,744 482/1,312,777 521/1,289,233
Model 1 Ref. (1.00) 1.07 (0.93, 1.22) 1.13 (0.99, 1.29) 1.26 (1.11, 1.44) 1.13 (1.07, 1.19) < 0.001
Model 2 Ref. (1.00) 1.05 (0.92, 1.20) 1.11 (0.97, 1.27) 1.24 (1.09, 1.42) 1.12 (1.07, 1.19) 0.001
Crohn’s disease
Events/person-y 209/1,318,989 209/1,319,041 212/1,314,277 235/1,290,777
Model 1 Ref. (1.00) 0.96 (0.79, 1.16) 0.97 (0.80, 1.17) 1.13(0.93, 1.37) 1.07 (0.98, 1.16) 0.181
Model 2 Ref. (1.00) 0.93 (0.77,1.13) 0.93 (0.77, 1.13) 1.08 (0.89, 1.31) 1.05 (0.96, 1.14) 0.381
NOy Quartile 1 Quartile 2 Quartile 3 Quartile 4 Per 1 IQR increase P-trend
Range, pg/m?3 19.7-34.2 34.3-42.3 42.4-50.8 50.9-265.9
Ulcerative colitis
Events/person-y 410/1,317,001 466/1,309,746 476/1,302,881 520/1,307,975
Model 1 Ref. (1.00) 1.11 (0.97, 1.27) 1.13(0.99, 1.29) 1.24 (1.08, 1.41) 1.07 (1.03, 1.12) 0.002
Model 2 Ref. (1.00) 1.10 (0.96, 1.26) 1.11 (0.97, 1.27) 1.21 (1.06, 1.38) 1.07 (1.02, 1.12) 0.005
Crohn’s disease
Events/person-y 222/1,318,102 199/1,311,084 210/1,304,211 234/1,309,687
Model 1 Ref. (1.00) 0.87 (0.72, 1.05) 0.91 (0.75, 1.10) 1.01 (0.84, 1.22) 1.00 (0.93, 1.08) 0.729
Model 2 Ref. (1.00) 0.85 (0.70, 1.03) 0.87 (0.72, 1.05) 0.96 (0.79, 1.16) 0.98 (0.91, 1.05) 0.819

Model 1 was adjusted for age, sex, ethnicity and household income.

Model 2 was further adjusted for BMI, smoking status, healthy diet score, alcohol consumption, sedentary time, aspirin use, inflammatory disease and respiratory

disease.
IQR, interquartile range

latter one often has a more aggressive prognosis, and a different
phenotypic expression (Armitage et al., 1999; Van Limbergen et al.,
2008). Additionally, children are more susceptible to the toxic effects of
air pollutants compared with adults (SlyFlack, 2008). In another nested
case-control study of European population (median age: 56.2 y) with a
smaller number of cases (ulcerative colitis: 104, Crohn’s disease: 38),
there were lack of associations between various air pollutants and the
risk of ulcerative colitis or Crohn’s disease. In an ecological analysis of

72 counties in Wisconsin, USA, there was a significant correlation be-
tween counties with greater air pollution emissions and hospitalizations
for IBD in adults (Ananthakrishnan et al., 2011). This study found that
each 1-log increase in the density of total criteria pollutant emission was
linked to a 40% increase in the rate of hospitalizations. This ecological
analysis, however, was suggestive, and the findings should be used for
hypothesis generation only. Although our findings cannot be directly
compared with others (e.g., due to the differences in participant
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Fig. 1. Association between various air pollutants and risk of ulcerative colitis and Cohn’s disease: (a) PMy s, (b) PM2 510, (¢) PMjq, (d) NO4, (e) NOy, Analyses were
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and respiratory disease.

characteristics and sample size), findings from well-established cohort
studies have found that exposure to air pollution was associated with
several other chronic inflammatory disorders including multiple scle-
rosis (Noorimotlagh et al., 2021), rheumatoid arthritis (Chang et al.,
2016; Farhat et al., 2011) and appendicitis (Kaplan et al., 2009), all of
which may share some epidemiological and pathogenic aspects with IBD
(Cohen et al., 2008; Dregan et al., 2017).

We observed a potential divergent effect of air pollution exposure on
the risk of ulcerative colitis and Crohn’s disease. Previous genetic studies
reported a substantial overlap in genetic risk alleles for ulcerative colitis
and Crohn’s disease, with less than 25% of the risk alleles being distinct
for each other (Ananthakrishnan et al., 2013a, 2013b; Zhao and Burisch,
2019). Paradoxically, epidemiological studies, particularly rigorous
prospective studies, have revealed most environmental factors to be
linked to ulcerative colitis or Crohn’s disease with few risk factors that
are shared between the two (Ananthakrishnan et al., 2012, 2013a,
2013b; Bibiloni et al., 2006; Higuchi et al., 2012; Khalili et al., 2013).

Apart from the gut dysbiosis in IBD patients, the differential effect of air
pollution may likely due to the pathogenic differences between the two
diseases itself (Bibiloni et al., 2006; Morgan et al., 2012). One important
epidemiologic feature that distinguishes ulcerative colitis from Crohn’s
disease is the more favorable clinical course in ulcerative colitis asso-
ciated with cigarette smoking (Hanauer, 1994). In the current study, we
found that the association between all the air pollutants and ulcerative
colitis risk was observed among non-smokers only. Previous studies
have reported that nicotine may stimulate the production of mucus in
the colon by inhibition of thromboxane synthetase, cyclooxygenase, and
lipoxygenase, leading to a lower risk of some gastrointestinal diseases
(Zijlstra et al., 1994). Thus it may be assumed that smoking may offset
the adverse effects of air pollution on the gastrointestinal tract. On the
other hand, we also found that some air pollutants (e.g., NO3) were
linked to the risk of Crohn’s disease among men but not women. It has
been well supported that the prevalence of Crohn’s disease was higher in
women than men; however, once the Crohn’s disease was established,



F.-R. Lietal

Ulcerative colitis

Ecotoxicology and Environmental Safety 242 (2022) 113835

Crohn’s disease

PMzs

Age
<65y
265y

Body mass index
<30 kg/m2
230 kg/m2

Current smokers
No

Yes

Healthy diet score
<3
23

P-interaction
0.541

0.635

0.705

0.063

0.590

HR (95% CI)
1.06 (1.00, 1.13)

1.08 (0.95, 1.22)

1.07 (0.99, 1.16)
1.05 (0.98, 1.14)

1.04 (0.98, 1.11)
1.12(1.01, 1.24)

1.09 (1.02, 1.15)
0.91(0.78, 1.06)

1.06 (0.98, 1.16)
1.06 (0.99, 1.14)

P-interaction
0.561

0.123

0.353

0.232

0.745

HR (95% CI)
0.98 (0.89, 1.07)

1.06 (0.89, 1.27)

0.92(0.82, 1.04)
1.08 (0.96, 1.21)

1.04 (0.95, 1.15)
0.89 (0.76, 1.04)

1.02(0.93, 1.12)
0.89 (0.74, 1.08)

0.90 (0.79, 1.02)
1.07 (0.96, 1.19)

PMzs-10

Age
<65y
265y

Body mass index
<30 kg/m2
230 kg/m2

Current smokers
No

Yes

Healthy diet score
<3
23

P-interaction
0.468

0.624

0.878

0.062

0.554

HR (95% CI)
1.04 (1.00, 1.09)

1.01(0.92, 1.10)

1.05(0.99, 1.11)
1.02 (0.97, 1.08)

1.04 (0.99, 1.09)
1.03 (0.95, 1.11)

1.05(1.01, 1.09)
0.92 (0.82, 1.04)

1.01(0.95, 1.07)
1.05 (1.00, 1.11)

P-interaction
0.584

0.588

0.508

0.077

0.618

HR (95% CI)
1.01(0.94, 1.07)

0.96 (0.84, 1.10)

0.98 (0.90, 1.06)
1.02(0.93, 1.10)

1.04 (0.97, 1.11)
0.88 (0.78, 1.00)

1.03 (0.97, 1.10)
0.82 (0.69, 1.00)

0.92(0.83, 1.01)
1.05 (0.97, 1.13)

PM1o

Age
<65y
265y

Body mass index
<30 kg/m2
230 kg/m2

Current smokers
No
Yes

Healthy diet score
<3
23

P-interaction
0.534

0.639

0.820

0.020

0.650

HR (95% Cl)
1.09 (1.02, 1.16)

1.12(0.99, 1.27)

1.12(1.03, 1.21)
1.08 (1.00, 1.16)

1.09 (1.02, 1.16)
1.13(1.01, 1.26)

1.13(1.06, 1.20)
0.90 (0.77, 1.05)

1.00 (0.99, 1.02)
1.11(1.01,1.21)

P-interaction
0.771

0.020

0.445

0.251

0.694

HR (95% Cl)
0.99 (0.90, 1.08)

1.11(0.93, 1.34)

0.92 (0.82, 1.03)
1.12(0.99, 1.27)

1.09 (0.99, 1.21)
0.82(0.71,0.97)

1.04 (0.95, 1.14)
0.90 (0.74, 1.10)

0.90 (0.79, 1.03)
1.09 (0.98, 1.22)

——
—_—
—_
—a—
—_—
——t
——
[ o |
—
——
-
——
.
—_—
e
——
i
——
——
——
—a—
—_——
——
——
—.—
——
——
———
——
——

07 1 1.35
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flammatory disease and respiratory disease, Note: Models for subgroup analyses across categorical variables did not adjust for the stratification factor itself.



F.-R. Lietal

Ulcerative colitis

Ecotoxicology and Environmental Safety 242 (2022) 113835

Crohn’s disease

NO2 P-interaction HR (95% Cl) P-interaction HR (95% Cl)
Age 0.490 0.775

<65y 1.12 (1.06, 1.20) —-— 1.01(0.92, 1.11) —-—

265y 1.14 (1.01, 1.29) —_— 1.20 (1.01, 1.43) —_——
Sex 0.642 0.038

Women 1.15 (1.06, 1.24) —8— 0.96 (0.85, 1.08) ——

Men 1.11 (1.03, 1.19) —— 1.15 (1.02, 1.29) ——
Body mass index 0.969 0.935

<30 kg/m2 1.12(1.06, 1.20) 1.11(1.01, 1.23) —

230 kg/m2 1.13 (1.02, 1.26) —— 0.88 (0.75, 1.04) —
Current smokers 0.013 0.212

No 1.16 (1.09, 1.23) —— 1.08 (0.99, 1.19) ——

Yes 0.95 (0.81, 1.10) —— 0.91(0.75, 1.11) ——
Healthy diet score 0.632 0.361

<3 1.14 (1.05, 1.24) —— 0.95 (0.83, 1.09) ——

23 1.12 (1.04, 1.20) —— 1.11 (1.00, 1.24) ——
NOx P-interaction HR (95% CI) P-interaction HR (95% CI)
Age 0.723 0.681

<65y 1.06 (1.01, 1.11) - 0.95 (0.87, 1.03) -

265y 1.10 (1.00, 1.22) —— 1.10 (0.95, 1.27) ——
Sex 0.273 0.163

Women 1.10 (1.03, 1.17) —— 0.92 (0.83, 1.03) =

Men 1.04 (0.98, 1.11) —— 1.04 (0.94, 1.15) ——
Body mass index 0.851 0.846

<30 kg/m2 1.06 (1.01, 1.12) - 1.03 (0.94, 1.12) =

230 kg/m2 1.08 (0.99, 1.17) —— 0.87 (0.76, 1.01) ——
Current smokers 0.054 0.116

No 1.09 (1.04, 1.14) i 1.02 (0.93, 1.10) ——

Yes 0.93 (0.81, 1.07) —— 0.85(0.71, 1.02) ——t
Healthy diet score 0.482 0.386

<3 1.06 (0.99, 1.14) —— 0.90 (0.80, 1.02) —_—

23 1.07 (1.01, 1.14) ] 1.04 (0.94, 1.14) ——

0.8 1 1.3 0.7 1 1.5

Fig. 3. Subgroup analysis for the associations of per 1 IQR increase in NO, and NOy with risk of incident ulcerative colitis and Crohn’s disease, Adjustments were
made for age, sex, ethnicity, household income, BMI, smoking status, healthy diet score, alcohol consumption, sedentary time, aspirin use, inflammatory disease and
respiratory disease. Note: Models for subgroup analyses across categorical variables did not adjust for the stratification factor itself.

men may have a higher risk of progression to adverse outcomes than
women (e.g., small bowel and ileocecal resection) (Severs et al., 2018).
Overall, the mechanisms underlying the interplay between air pollution
and smoking and sex in relation to different IBD subtypes risk merit
further investigation.

Although experimental and epidemiological research has proposed
that air pollutants may exert deleterious gastrointestinal effects that
result in IBD risk (Beamish et al., 2011), the underlying mechanism
remains not fully understood. Inhaled air pollution may have toxic ef-
fects on epithelial cells, which may lead to disturbances to the gut
microbiome, increase gut permeability and trigger immune responses;
chronic exposure to PM may result in high expression of

pro-inflammatory cytokines and alterations in microbiota composition
and function in the colon in mice; also, air pollution exposure may
exacerbate colitis in an 1110 — /— mouse model (Kish et al., 2013; Salim
et al., 2014). A range of different PM exposure may stimulate alveolar
macrophages to produce proinflammatory cytokines which are also
present in the blood during an episode of acute atmospheric air pollution
(van Eeden et al., 2001).

The very large sample size of our study provided sufficient statistical
power to detect potential associations that might be relatively small in
magnitude, especially in subgroups with small sample size. Additionally,
the detailed data on numerous other exposures allowed us to adjust for
multiple confounding factors. We also acknowledge several limitations
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within this study. First, air pollutants were estimated based on partici-
pants’ home address, which does not account for individuals’ time spent
at home or in traffic, or the pollutant infiltration into buildings, and
indoor air pollution as well as workplace exposure. Second, we used
linked data on hospital admissions and death reports to define IBD
outcomes, which may lead to an underestimation of true incidence,
given the potential for subclinical episodes of this disease. Third,
although we adjusted for a wide range of confounders, the possibility of
residual confounding cannot be ruled out. Fourth, the UK Biobank
cohort recruited relatively healthy participants and air pollution levels
in UK were lower than most developing countries, which may limit the
generalizability of our findings. Sixth, the results may not be robust
enough as the air pollution data for all of the year during follow-up was
not available, although we found similar results for PM;y and NO3 in
some specific year in the UK Biobank.

5. Conclusion

Long-term exposure to various air pollutants was associated with the
risk of incident ulcerative colitis but not Crohn’s disease, highlighting
the importance of developing environmental health strategy to reduce
the burden of ulcerative colitis.
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