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Abstract
Background and aims  Air pollution poses significant risks to human health, but its impact on gastrointestinal (GI) 
health remains underexplored. This study assesses the long-term effects of air pollution on GI diseases using data 
from the China Health and Retirement Longitudinal Study (CHARLS).

Methods  This nationwide cohort study utilized CHARLS data from participants recruited in 2011, followed by surveys 
in 2013, 2015, 2018, and 2020. Long-term exposure to PM2.5, PM10, SO2, NO2, CO, and O3 was assessed using geocoded 
residential addresses linked to air quality data. Cox proportional hazards models and subgroup interaction analyses 
were used to evaluate associations between pollutants and GI disease incidence, adjusting for demographic and 
behavioral confounders.

Results  The incidence of GI disease was 21.4% among participants. Long-term exposure to PM2.5 (HR = 1.38, 95% CI: 
1.33–1.44), PM10 (HR = 1.31, 95% CI: 1.26–1.36), SO2 (HR = 1.74, 95% CI: 1.68–1.81), NO2 (HR = 1.21, 95% CI: 1.17–1.25), 
CO (HR = 1.48, 95% CI: 1.42–1.54), and O3 (HR = 0.56, 95% CI: 0.54–0.59) was significantly associated with GI disease. 
Interaction analyses showed that the effects of pollutants varied by region, residence, smoking, and alcohol use. 
Urban residents and those living in specific regions experienced stronger associations, likely due to higher pollution 
levels and different environmental factors. Smokers and alcohol users were also more susceptible to the adverse 
effects of pollutants.

Conclusions  Long-term exposure to multiple air pollutants increases the risk of GI diseases, while ozone may 
potentially offer some protective effects. Public health measures to reduce air pollution, especially in urban areas, and 
to protect high-risk groups are urgently needed.
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Introduction
In recent years, the impact of air pollution on human 
health has become a major focus of global public 
health research, particularly in rapidly urbanizing and 
industrializing nations [1, 2]. Air pollutants, especially 
particulate matter (PM2.5 and PM10), sulfur dioxide 
(SO2), nitrogen dioxide (NO2), ozone(O3) and carbon 
monoxide (CO) are significant contributors to respi-
ratory, cardiovascular, and neurological diseases [3–
5]. Long-term exposure to PM2.5 and PM10 has been 
strongly linked to the increased incidence of chronic 
obstructive pulmonary disease (COPD), asthma, non-
alcoholic fatty liver disease (NAFLD), and cardiovas-
cular conditions such as hypertension, myocardial 
infarction, and stroke, primarily through mechanisms 
involving inflammatory responses, oxidative stress, 
and immune dysregulation [6–10]. Furthermore, an 
increasing body of evidence suggests that air pollu-
tion also exerts detrimental effects on the nervous and 
metabolic systems [11–13], with prolonged exposure 
being associated with elevated risks of neurodegenera-
tive disorders, such as Alzheimer’s disease and Parkin-
son’s disease, as well as type 2 diabetes [14–17].

Despite these findings, research on the association 
between air pollution and gastrointestinal (GI) diseases 
has been limited. The gastrointestinal tract serves 
as a critical barrier to harmful external substances, 
and emerging evidence suggests that air pollutants 
may negatively affect it through several mechanisms, 
including triggering systemic inflammatory responses, 
altering gut microbiota, and increasing intestinal per-
meability [18–22]. Studies have indicated that air pol-
lution may compromise gastrointestinal health by 
triggering systemic inflammatory responses, altering 
gut microbiota, and increasing intestinal permeabil-
ity. Specifically, particulate matter and gaseous pol-
lutants such as SO2 and NO2 have been implicated in 
the development of intestinal inflammation and gas-
tric ulcers [23, 24]. Evidence indicates that PM2.5 may 
induce oxidative stress and cellular damage in intesti-
nal epithelial cells, thereby elevating the risk of gastro-
intestinal diseases [25, 26]. Furthermore, air pollution 
may disrupt the stability of gut microbiota, weaken-
ing the intestinal barrier and promoting the onset of 
inflammatory bowel disease (IBD) and gastrointes-
tinal cancers [27, 28]. Although some studies have 
highlighted the connection between air pollution and 
gastrointestinal health, most research has focused on 
specific pollutants or short-term exposures, and there 
is limited evidence on the long-term effects of differ-
ent combinations of pollutants on gastrointestinal 
health [29]. Moreover, research in large-scale, longitu-
dinal cohorts—particularly in China—remains scarce, 
despite the significant burden of gastrointestinal 

diseases in this population. Demographic and behav-
ioral factors, such as age, sex, smoking, alcohol 
consumption, and rural vs. urban residence, may sig-
nificantly modify the association between air pollution 
and disease risk, yet these aspects remain underex-
plored. Our previous cross-sectional study, using 2015 
data from the China Health and Retirement Longitu-
dinal Study (CHARLS), found that long-term exposure 
to air pollution is associated with an increased risk of 
non-neoplastic digestive system diseases in Chinese 
adults [30]. This finding further emphasizes the need 
for large-scale, longitudinal studies to better under-
stand these long-term effects.

This study, based on the China Health and Retire-
ment Longitudinal Study (CHARLS), aims to 
evaluate the long-term effects of air pollution on gas-
trointestinal diseases in a nationally representative 
cohort. CHARLS is a longitudinal study that enrolled 
participants in 2011, with follow-up surveys con-
ducted in 2013, 2015, 2018, and 2020. This design 
allows for the assessment of the long-term effects of 
air pollution exposure on gastrointestinal health while 
accounting for temporal changes in exposure and dis-
ease incidence. By examining the potential modifiers 
of this relationship, such as demographic and behav-
ioral factors, this study provides valuable evidence to 
inform public health policies aimed at mitigating the 
health burden of air pollution, especially in high-risk 
populations.

Methods
Study population
The sample for this study was derived from CHARLS, 
a nationwide cohort study designed to represent 28 
provinces in China. CHARLS employed multistage 
probability sampling and Geographic Information Sys-
tem (GIS) tools to ensure representative coverage. This 
longitudinal survey gathered comprehensive house-
hold and individual-level data through structured 
face-to-face interviews, supported by a networked 
system to optimize data collection efficiency. The 
baseline survey, conducted in 2011, involved 17,708 
participants from 150 counties within 28 provinces. 
Follow-up surveys were administered biennially or 
triennially from 2011 to 2020. The CHARLS protocol 
received ethical approval from Peking University’s Eth-
ics Review Board (IRB00001052-11015) in compliance 
with the Declaration of Helsinki, and all participants 
provided informed consent.

Since its inception in 2011, CHARLS has consistently 
operated on a two- to three-year survey cycle. Notably, 
systematic assessments of air pollution in China began 
around 2011 or 2013. To evaluate the potential effects 
of air pollution on GI diseases, this study analyzed 
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data from participants surveyed between the 2011 and 
2020 waves.

Outcome assessment
The identification of GI disease was derived from 
responses to the health status and functioning ques-
tionnaire administered during the baseline and follow-
up surveys. Participants were asked questions such as, 
“Have you ever been diagnosed by a doctor with stom-
ach or other digestive diseases (excluding tumors or 
cancer)?” A respondent was classified as having a GI 
disease if they answered “Yes” to this question.

Air pollution exposure assessment
Between 2011 and 2020, a geocoding system was used 
to map the residential addresses of study participants, 
enabling the assessment of long-term exposure to air 
pollution. Air pollutant data were obtained from the 
ChinaHighAirPollutants (CHAP) dataset, with PM2.5, 
PM10, NO₂ and O3 data available starting in 2011, and 
SO₂ and CO data available starting in 2013. Ground-
level concentrations of these pollutants were calcu-
lated using Artificial Intelligence (AI) algorithms, 
which integrated surface measurements, remote sens-
ing data, atmospheric reanalysis outputs, and model 
simulations. For validation, surface measurements 
underwent 10-fold cross-validation to calculate the 
coefficient of determination (R²) and root mean square 
error (RMSE) for daily mean concentrations (Table 
S1). Annual long-term exposures to PM2.5, PM10, 
SO2, NO2, O3, and CO were calculated, representing 
cumulative pollutant levels prior to the baseline 2011 
CHARLS survey for primary analysis.

Covariates
This study utilized covariate data collected from 
the 2011 wave of CHARLS. Demographic variables 
included age, sex (male or female), type of residence 
(rural or urban), geographic region (northeast, east-
ern, western, or central), educational attainment (pri-
mary school or below, secondary school or above), 
and marital status (married/cohabiting or separated/
divorced/widowed). Health behavior variables encom-
passed Body Mass Index (BMI), smoking status (yes or 
no), alcohol consumption status (yes or no), and self-
reported health status categorized as good/very good, 
fair, or poor/very poor. For the geographic region clas-
sification, we divided China into four regions based on 
geographical and socio-economic factors, which may 
influence pollution levels and health outcomes: north-
east, eastern, western, and central. These regional 
divisions are commonly used in epidemiological stud-
ies to reflect broad geographic and socio-economic 
differences.

Statistical analyses
For baseline characteristics, continuous variables were 
reported as mean ± standard deviation (SD), while cat-
egorical variables were presented as frequencies (per-
centages). The relationships between air pollutants 
were assessed using Pearson’s correlation coefficients 
(Table S2). The association between air pollutant con-
centrations and GI disease was analyzed using Cox 
proportional hazards models. Initially, a base model 
was constructed without adjustments. Subsequently, 
base models were adjusted for demographic covari-
ates, including sex, age, residence type, region, edu-
cation level, and marital status. Fully adjusted models 
incorporated additional covariates, such as smoking, 
alcohol consumption, BMI, and health status. The 
results for GI disease risk were expressed as hazard 
ratios (HRs) per interquartile range (IQR) increment 
in pollutant concentrations, along with corresponding 
95% confidence intervals (CIs).

Subgroup and interaction analyses were performed 
across categories of sex, residence, region, education 
level, marital status, smoking, drinking, and health 
status, based on models adjusted for all covariates. 
Sensitivity analyses were also conducted to confirm 
the robustness of the findings. First, raw pollutant 
measurements were used as continuous variables to 
reanalyze their associations with GI disease. Second, 
participants reporting poor or very poor health were 
excluded from the analysis. Additionally, propensity 
score matching (PSM) was applied to reduce con-
founding by balancing covariates between GI disease 
and non-GI disease groups, using a nearest-neighbor 
ratio of 1:1 without replacement and a caliper width 
of 0.05. All statistical analyses were performed using R 
software (version 4.2.2), with significance defined as a 
two-tailed P-value of less than 0.05.

Results
Characteristics of study participants
A total of 17,708 individuals participated in the 2011 
survey. After excluding 3,780 individuals with pre-
existing GI disease, 13,928 participants were included 
in this study. Based on 13,928 participants from 28 
provinces in China, Fig. 1 illustrates their distribution. 
A summary of the basic characteristics of the study 
participants is provided in Table  1. The incidence of 
GI disease among participants was 21.4%(2,984 cases). 
Among these, 58.0% were female, and the mean age of 
participants with GI disease was slightly lower(58 ± 10 
years) compared to those without GI disease(59 ± 10 
years). Most participants with GI disease resided in 
rural areas(64.1%) and had an education level of ele-
mentary school or below(69.6%). Geographically, the 
majority of GI disease cases were distributed in the 
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eastern(41.3%) and western(36.3%) regions, with fewer 
cases in the northeast(6.4%). In terms of health behav-
iors, a lower proportion of participants with GI disease 
were smokers(35.7%) or drinkers(39.3%) compared to 
those without GI disease. Additionally, a larger per-
centage of GI disease cases reported poor or very poor 
health status(32.2%) compared to those without GI 
disease(21.6%). There was no significant difference in 
marital status between participants with and without 
GI disease. Significant differences between partici-
pants with and without GI disease were observed in 
terms of sex, residence, region, education level, BMI, 
smoking, drinking, and health status.

The average ambient concentrations of six air pollut-
ants over the study period are shown in Table 2; Fig. 2. 
The mean levels were 49.13 ± 16.34  µg/m³ for PM2.5, 
84.47 ± 30.52  µg/m³ for PM10, 22.36 ± 9.95  µg/m³ for 
SO2, 28.28 ± 9.06  µg/m³ for NO2, 90.17 ± 7.80  µg/m³ 
for O3, and 1.01 ± 0.26  mg/m³ for CO. Pearson corre-
lation analysis (Table S2) revealed strong positive cor-
relations among PM2.5, PM10, SO2, NO2, and CO, with 

coefficients ranging from 0.71 to 0.92. In contrast, O3 
exhibited weaker correlations with the other pollut-
ants, particularly with CO (0.43) and SO2 (0.50). These 
findings highlight the interplay among specific pollut-
ants while indicating O3’s distinct behavior in compar-
ison to the others.

Associations between air pollutants and incidence of GI 
disease
The associations between long-term exposure to air 
pollutants and the incidence of GI disease are pre-
sented in Fig.  3 and Table S3. Across the three mod-
els, higher levels of PM2.5, PM10, SO2, NO2, and CO 
were consistently associated with an increased inci-
dence of GI disease, while O3 showed a negative asso-
ciation. In the crude model (unadjusted), the HR per 
IQR increase in air pollutants were as follows: PM2.5 
(HR = 1.22, 95%CI: 1.18–1.26), PM10 (HR = 1.20, 95%CI: 
1.17–1.24), SO2 (HR = 1.50, 95%CI: 1.45–1.55), NO2 
(HR = 1.08, 95%CI: 1.05–1.12), CO (HR = 1.32, 95%CI: 
1.28–1.36), and O3 (HR = 0.62, 95%CI: 0.60–0.64), all 

Fig. 1   The geographical distribution of 13,928 participants in 28 provinces of China
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with p < 0.001. This indicates that higher exposure to all 
pollutants except O3 was associated with a higher inci-
dence of GI disease, while O3 exposure showed a pro-
tective association. In the base model, adjusted for age, 
sex, education level, marital status, region, and resi-
dence, these associations strengthened for most pol-
lutants. The negative association for O3 persisted and 
became more pronounced. In the main model, which 
additionally adjusted for smoking, drinking, body mass 
index, and health status, the results remained robust. 

The HRs were: PM2.5 (HR = 1.38, 95%CI: 1.33–1.44), 
PM10 (HR = 1.31, 95%CI: 1.26–1.36), SO2 (HR = 1.74, 
95%CI: 1.68–1.81), NO2 (HR = 1.21, 95%CI: 1.17–1.25), 
CO (HR = 1.48, 95%CI: 1.42–1.54), and O3 (HR = 0.56, 
95%CI: 0.54–0.59).

These results highlight that PM2.5, PM10, SO2, NO2, 
and CO long-term exposure were positively associ-
ated with GI disease incidence in all models, even after 
adjusting for demographic and behavioral factors. In 
contrast, O3 consistently showed a significant negative 

Table 1  Basic characteristics of participants
Characteristics Total (n = 13928) Non-GI disease

(n = 10944)
GI disease
(n = 2984)

P

Age, (years, M ± SD) 59 ± 10 59 ± 10 58 ± 10 < 0.001
Sex, n (%) < 0.001
  Males 6,859 (49.2%) 5,607 (51.2%) 1,252 (42.0%)
  Females 7,069 (50.8%) 5,337 (48.8%) 1,732 (58.0%)
Residence, n (%) < 0.001
  Rural 8,108 (58.2%) 6,194 (56.6%) 1,914 (64.1%)
  Urban 5,820 (41.8%) 4,750 (43.4%) 1,070 (35.9%)
Region, n (%) < 0.001
  Northeast 1,064 (7.6%) 873 (8.0%) 191 (6.4%)
  Eastern 6,350 (45.6%) 5,118 (46.8%) 1,232 (41.3%)
  Western 4,370 (31.4%) 3,288 (30.0%) 1,082 (36.3%)
  Central 2,144 (15.4%) 1,665 (15.2%) 479 (16.1%)
Marital status, n (%) 0.094
  Married and living with a spouse 12,111 (87.0%) 9,489 (86.7%) 2,622 (87.9%)
  Single, divorced, and windowed 1,817 (13.0%) 1,455 (13.3%) 362 (12.1%)
Education level, n (%) < 0.001
  Elementary school or below 9,069 (65.1%) 6,992 (63.9%) 2,077 (69.6%)
  Middle school or above 4,859 (34.9%) 3,952 (36.1%) 907 (30.4%)
BMI, (kg/m2, M ± SD) 23.7 ± 3.6 23.7 ± 3.6 23.5 ± 3.7 < 0.001
Smoking, n (%) < 0.001
  Yes 5,574 (40.0%) 4,510 (41.2%) 1,064 (35.7%)
  No 8,354 (60.0%) 6,434 (58.8%) 1,920 (64.3%)
Drinking, n (%) 0.001
  Yes 5,830 (41.9%) 4,658 (42.6%) 1,172 (39.3%)
  No 8,098 (58.1%) 6,286 (57.4%) 1,812 (60.7%)
Health status, n (%) < 0.001
  Good/very good 3,701 (26.6%) 3,180 (29.1%) 521 (17.5%)
  Fair 6,905 (49.6%) 5,404 (49.4%) 1,501 (50.3%)
  Poor/very poor 3,322 (23.9%) 2,360 (21.6%) 962 (32.2%)
Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); GI disease, gastrointestinal disease

Table 2  Descriptive statistics average levels of air pollution
Variables Mean SD P25 P50 P75 IQR
PM2.5(µg/m3) 49.13 16.34 35.95 46.51 61.13 25.18
PM10(µg/m3) 84.47 30.52 58.09 80.06 106.90 48.81
SO2 (µg/m3) 22.36 9.95 15.52 18.65 28.05 12.53
NO2 (µg/m3) 28.28 9.06 20.47 26.93 34.64 14.17
O3(µg/m3) 90.17 7.80 83.97 89.06 96.06 12.09
CO (mg/m3) 1.01 0.26 0.85 0.94 1.13 0.28
Abbreviations: PM2.5, particle with aerodynamic diameter ≤ 2.5 μm; PM10, particle with aerodynamic diameter ≤ 10 μm; SO2, sulfur dioxide; NO2, nitrogen dioxide; O3, 
ozone; CO, carbonic oxide; SD, standard deviation; P25, P50, P75, Lower, median and upper quartiles of variables; IQR, interquartile range
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association with GI disease incidence across all mod-
els, suggesting a different effect mechanism compared 
to the other pollutants.

Subgroup and interaction analyses of air pollutants and GI 
disease
Subgroup and interaction analyses revealed significant 
modifiers in the associations between air pollution and 
GI disease incidence (Figs.  4 and 5). For PM2.5, PM10, 
and SO2, drinking status was a notable modifier, with 
drinkers consistently showing stronger associations 
with GI disease compared to non-drinkers (P interac-
tion = 0.004 for PM2.5, P interaction = 0.010 for PM10, 
and P interaction = 0.001 for SO2). Additionally, both 
PM2.5 and SO2 showed stronger associations in urban 
areas compared to rural areas (P interaction = 0.008 for 
PM2.5 and P interaction = 0.021 for SO2). Participants 
with poor or very poor health experienced greater 
risks associated with PM2.5 (P interaction = 0.023). 
Regional variation was also significant, with the 
Northeast showing the highest hazard ratio for PM2.5 
(P interaction < 0.001) and PM10 (P interaction < 0.001), 
while SO2 showed the strongest association in the 
Western region (P interaction < 0.001).

For NO2, the association was stronger in urban areas 
compared to rural areas (P interaction = 0.024) and 
among participants with poor or very poor health (P 
interaction = 0.043). Regional differences for NO2 
were significant, with the Western showing the stron-
gest association (P interaction = 0.002). In contrast, 
O3 exhibited a protective association with GI disease, 
with stronger protective effects observed in urban 

areas compared to rural areas (P interaction < 0.001) 
and among participants with no smoking people (P 
interaction = 0.044). Regional differences for O3 were 
also notable, with the Western showing the stron-
gest protective effect (P interaction < 0.001). For CO, 
the association was strongest in the Central region (P 
interaction < 0.001) and among participants with lower 
education levels compared to those with higher educa-
tion (P interaction = 0.032).

These findings highlight significant subgroup and 
regional variations in the associations between air 
pollution and GI disease. While urban residents face 
greater risks from PM2.5, SO2, and NO2, O3 shows a 
stronger protective effect in urban areas. Regional 
differences were particularly notable, with the North-
east showing the highest risks for PM2.5 and PM10, the 
Western region demonstrating the strongest risks for 
SO2 and NO2, the Central region showing the stron-
gest risks for CO, and the strongest protective effect of 
O3 observed in the Western region. This underscores 
the need for tailored public health strategies to address 
air pollution’s health impacts.

Sensitivity analyses
Sensitivity analyses confirmed the robustness of the 
main findings regarding the association between air 
pollution and GI disease incidence. When the analysis 
was conducted using continuous variables of air pol-
lutants instead of IQR increments, the significant asso-
ciations for all pollutants remained consistent (Table 
S4). Further sensitivity analyses were conducted by 
excluding participants with poor or very poor health. 

Fig. 2   Air pollution distribution over 11(or 13) to 20 years of follow-up. PM2.5, particle with aerodynamic diameter ≤ 2.5 μm; PM10, particle with aerody-
namic diameter ≤ 10 μm; SO2, sulfur dioxide; NO2, nitrogen dioxide; CO, carbonic oxide; O3, ozone
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This exclusion did not alter the results substantially, 
with effect sizes and statistical significance remaining 
similar to the main results for all pollutants, includ-
ing O3 (Table S5). PSM was also performed to con-
trol for potential confounding factors. After matching 
2978 participants with GI disease to an equal number 

without GI disease, baseline characteristics between 
the two groups showed no significant differences 
(Table S7). Post-PSM results aligned closely with pre-
PSM findings, further supporting the robustness of the 
associations (Table S6).

Fig. 3   Associations between air pollution and GI disease, per IQR increment in air pollutants. Crude model: no adjustment; Base model: Adjusted for age, 
sex, education level, marital status, region and residence; Main model: Base model + smoking, drinking, BMI and health status. PM2.5, particle with aerody-
namic diameter ≤ 2.5 μm; PM10, particle with aerodynamic diameter ≤ 10 μm; SO2, sulfur dioxide; NO2, nitrogen dioxide; CO, carbonic oxide; O3, ozone; GI 
disease, gastrointestinal disease; IQR, interquartile range; HR, Hazard Ratio; CI, confidence interval. *P < 0.05; **P < 0.01; ***P < 0.001
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Overall, these sensitivity analyses demonstrated that 
the associations between air pollutants (PM2.5, PM10, 
SO2, NO2, O3, and CO) and GI disease incidence were 
robust across various analytical approaches, including 
the use of continuous exposure variables and adjust-
ments for confounders.

Discussion
This study based on data from the CHARLS, systemati-
cally evaluated the long-term relationship between air 
pollution and GI diseases. The findings indicate that 
prolonged exposure to PM2.5, PM10, SO2, NO2, and CO 
is significantly associated with an increased incidence 
of GI diseases, while O3 exhibits a negative correlation 
with GI health. These results are consistent with previous 
studies and contribute to a deeper understanding of the 
health impacts of air pollution. For instance, a study by 

Qiu et al. (2024) found that exposure to ambient air pol-
lutants such as PM2.5, PM10, and O3, which fluctuate over 
time, is linked to changes in the gut microbiome during 
early childhood, potentially influencing future GI health 
[31]. Additionally, a systematic review by Van Pee et al. 
(2023) underscored the significant effects of particulate 
air pollution on gut health [32]. Furthermore, a study 
from Taiwan demonstrated that higher levels of ambient 
air pollutants, particularly PM2.5 and NO2, are associated 
with an increased frequency of hospital admissions for 
GI diseases [33]. Together, these findings, along with our 
own, further highlight the critical connection between air 
pollution and GI health.

Firstly, our study found that long-term exposure to 
fine particulate matter (PM2.5 and PM10) significantly 
increased the risk of GI diseases, consistent with pre-
vious research. The literature suggests that airborne 

Fig. 5   Subgroup and interaction analyses of air pollutants (NO2, O3, CO) and GI disease

 

Fig. 4   Subgroup and interaction analyses of air pollutants (PM2.5, PM10, SO2) and GI disease
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particulate matter can impair gut barrier function by 
inducing oxidative stress and systemic inflammatory 
responses, leading to GI inflammation and other diseases 
[34–36]. Specifically, Ran et al. reported that PM2.5 may 
stimulate oxidative stress in intestinal epithelial cells, 
exacerbating gut damage and thereby increasing the risk 
of GI diseases [19]. PM10 exposure has been linked to the 
disruption of gut microbiota and an increase in systemic 
inflammatory markers, which may ultimately impair the 
gut barrier function and promote the onset of GI dis-
eases [37, 38]. Similar studies have shown that particulate 
matter can alter the composition of the gut microbiota, 
promoting the growth of harmful bacteria, which in turn 
triggers intestinal inflammation and dysfunction [26, 39, 
40]. These findings provide further evidence of the role 
of particulate matter in mediating systemic inflammation 
and gastrointestinal health issues.

In addition, our study found that long-term exposure 
to SO2 and NO2 is significantly associated with a higher 
incidence of GI diseases, consistent with numerous 
previous studies. It has been shown that these gaseous 
pollutants can adversely affect GI health by increasing 
intestinal mucosal permeability and triggering inflam-
matory responses [41–43]. Specifically, SO2 and NO2 
are believed to enter the circulatory system after inhala-
tion, thereby inducing chronic inflammation and oxida-
tive damage within the gastrointestinal tract [42]. Li et al. 
also found similar results in a study of urban populations, 
highlighting a significant association between NO2 expo-
sure and worsening gut health [23]. Our findings high-
light the importance of reducing exposure to gaseous 
pollutants to reduce gastrointestinal health risks. This 
study also identifies a significant association between 
long-term CO exposure and increased GI disease risk, a 
relationship less frequently discussed in prior research. 
Existing studies suggest that chronic CO exposure can 
impair mitochondrial function, disrupt cellular respira-
tion, and promote inflammation, which may contribute 
to GI tract damage [44, 45]. Furthermore, CO has been 
implicated in altering gut microbiota, potentially exacer-
bating inflammatory processes in the gut [46]. Our results 
highlight the need for more focused research on CO’s 
impact on GI disease, particularly in regions with high 
ambient CO levels due to traffic or industrial emissions. 
Our findings regarding O3 contrast with those reported 
in our earlier cross-sectional analysis [31], which identi-
fied a positive association between O3 and GI disease 
prevalence. This discrepancy likely stems from funda-
mental differences in study design: whereas the prior 
work assessed short-term exposure (2013–2015) and 
prevalent cases, our longitudinal approach (2011–2020) 
evaluated incident disease risk, accounting for temporal 
variations in pollution levels and individual covariates 
(e.g., region). Notably, experimental studies suggest that 

chronic O3 exposure may induce adaptive antioxida-
tive responses (Erginel et al., 2023; Azmy et al., 2022), 
potentially explaining the protective trend observed here 
[47–49]. It is important to note, however, that this result 
may be influenced by specific exposure levels and other 
factors in the study population, and further research is 
required to validate the biological mechanisms and appli-
cability of this finding [48].

We found that demographic and behavioral factors sig-
nificantly modify the relationship between air pollution 
and GI diseases. Urban residents, for example, exhibited 
a stronger correlation between air pollution and GI dis-
eases compared to their rural counterparts. This differ-
ence likely reflects the higher intensity and complexity 
of pollution in urban areas, where traffic emissions and 
industrial pollutants dominate. Urban populations are 
also exposed to a broader mix of pollutants, which may 
have cumulative or synergistic effects on gut health [50, 
51]. Given these factors, public health strategies should 
prioritize pollution control in urban areas, focusing on 
reducing emissions from transportation and industrial 
sources. Health interventions, such as promoting air fil-
tration in homes and workplaces, and raising awareness 
of pollution risks, should also be implemented for urban 
populations.

Regional differences in health risks associated with air 
pollution were also pronounced. These disparities under-
score the importance of considering local pollution con-
ditions and health risks when designing interventions. 
Variations in air pollution’s impact on GI diseases across 
regions stem from differences in pollutant sources, envi-
ronmental conditions, and socio-economic factors [52, 
53]. In the Northeast, higher levels of PM2.5 and PM10, 
primarily from industrial emissions and winter heating, 
contribute to increased GI disease risk [54, 55]. There-
fore, policies in this region should focus on improving 
air quality through stricter industrial emission regula-
tions and promoting cleaner heating technologies. Simi-
larly, in the Western regions, high concentrations of SO2 
and NO2 contribute to chronic inflammation and oxida-
tive damage in the gastrointestinal system [56]. Targeted 
policies in these areas should aim to reduce emissions 
from industrial and traffic sources, while ensuring com-
munity access to health screening and early intervention 
for GI diseases. The protective effect of O3 observed in 
the Western region may be due to the region’s unique 
air quality, suggesting that further research is needed 
to better understand O3’s role in mitigating health risks 
[57, 58]. In the Central region, CO exposure, primarily 
linked to traffic and industrial emissions, is associated 
with increased GI disease risk [59]. Regulatory measures 
to reduce CO emissions in urban and industrial areas are 
critical to protecting vulnerable populations.
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Finally, behavioral factors such as alcohol consumption 
and smoking were found to modulate the relationship 
between air pollution and GI disease risk. These behav-
iors impair antioxidant and immune functions, exacer-
bating the harmful effects of pollution [60, 61]. Public 
health campaigns should focus on promoting healthier 
lifestyle choices, such as reducing smoking and alcohol 
consumption, particularly in high-pollution areas. These 
efforts could mitigate some of the harmful effects of air 
pollution and reduce GI disease incidence.

The longitudinal design of this study provided a signifi-
cant advantage over traditional cross-sectional studies by 
allowing for dynamic observation of the long-term causal 
relationship between air pollution and GI health. By uti-
lizing years of follow-up data, we were able to assess the 
potential long-term effects of various air pollutants on 
GI health. This design helps minimize the risk of reverse 
causality and strengthens the reliability of causal infer-
ences. However, some limitations remain. First, although 
we accounted for long-term exposure to multiple pol-
lutants, confounding factors such as dietary habits and 
occupational exposures could still influence the results. 
Second, air pollution exposure was assessed based on 
participants’ residential addresses, which may not fully 
capture individual exposure, such as at workplaces or 
during commuting. We acknowledge this limitation and 
suggest that future research include more precise mea-
sures of individual exposure, such as personal air moni-
toring or more granular geographic data. Despite these 
limitations, the robustness of our findings was confirmed 
through multiple sensitivity analyses and propensity 
score matching, enhancing the study’s credibility and 
minimizing the potential for bias due to confounding.

Conclusion
In conclusion, our study provides new evidence for 
understanding the relationship between air pollution 
and GI health and underscores the potential long-term 
impacts of air pollution on public health. Based on these 
findings, we recommend that public health policies focus 
on reducing the concentration of air pollutants, espe-
cially in urban areas, and adopt targeted interventions 
for high-risk populations to mitigate the health burden 
posed by air pollution.
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