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Abstract
Environmental factors, such as drinking water and diets, play an important role in the development of inflammatory bowel 
disease (IBD). This study aimed to investigate the associations of metal elements and disinfectants in drinking water with 
the risk of inflammatory bowel disease (IBD) and to assess whether diet influences these associations. We conducted a 
prospective cohort study including 22,824 participants free from IBD from the Yinzhou cohort study in the 2016–2022 
period with an average follow-up of 5.24 years. The metal and disinfectant concentrations were measured in local pipeline 
terminal tap water samples. Cox regression models adjusted for multi-level covariates were used to estimate adjusted hazard 
ratios (aHRs) and 95% confidence intervals (95% CIs). During an average follow-up period of 5.24 years, 46 cases of IBD 
were identified. For every 1 standard deviation (SD) increase in the concentration of manganese, mercury, selenium, sulfur 
tetraoxide  (SO4), chlorine, and nitrate nitrogen  (NO3_N) were associated with a higher risk of IBD with the HRs of 1.45 (95% 
CI: 1.14 to 1.84), 1.51 (95% CI: 1.24–1.82), 1.29 (95% CI: 1.03–1.61), 1.52 (95% CI: 1.26–1.83), 1.26 (95% CI: 1.18–1.34), 
and 1.66 (95% CI: 1.32–2.09), whereas zinc and fluorine were inversely associated with IBD with the HRs of 0.42 (95% CI: 
0.24 to 0.73) and 0.68 (95% CI: 0.54–0.84), respectively. Stronger associations were observed in females, higher income 
groups, low education groups, former drinkers, and participants who never drink tea. Diets have a moderating effect on the 
associations of metal and nonmetal elements with the risk of IBD. We found significant associations between exposure to 
metals and disinfectants and IBD. Diets regulated the associations to some extent.

Keywords Inflammatory bowel disease · Heavy metals · Nonmetals disinfectants · Water pollution · Biochemical indices · 
Drinking water · Cohort study

Introduction

Inflammatory bowel disease (IBD), consisting of Crohn’s 
disease (CD) and ulcerative colitis (UC), is a chronic and 
complex disease stemming from the synthetic effects of 

genetics, environmental factors, the intestinal barrier, and 
the immune response (Baumgart and Carding 2007; Ramos 
and Papadakis 2019). IBD is characterized by relaps-
ing–remitting symptoms, resulting in physical disability 
and psychosocial stress for patients, causing high social 
and economic burdens (Jairath and Feagan 2020; Piovani 
et al. 2020). Recent years have witnessed rapid epidemio-
logical changes in IBD (Ng et al. 2017). It was estimated 
that more than 6.8 million people were living with IBD in 
2017 (Alatab et al. 2020), with high disease prevalence in 
high-income countries and rapidly increasing disease inci-
dence in newly industrialized countries (Piovani et al. 2020). 
Previous studies predicted that the prevalence of IBD will 
increase by up to 1% in industrialized countries of the West-
ern world, and newly industrialized and developing countries 
will transition from acceleration in the incidence stage to the 
compounding prevalence stage of IBD (Kaplan and Windsor 
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2021). Exploring the etiology and pathogenetic mechanism 
of IBD is urgent to alleviate the high burden of this costly 
and complex disease (Alatab et al. 2020).

The development of genome-wide association studies 
(GWASs) has largely contributed to understanding IBD at 
the genetic level (Abegunde et al. 2016). Although almost 
200 genetic loci have been identified as associated with IBD 
(Jostins et al. 2012), the varied incidence of IBD in geo-
graphic distribution and the rapid increase in IBD incidence 
during the last decades reminds us of the importance of 
environmental factors for IBD (Lakatos 2009; Burisch et al. 
2014). Environmental factors can disrupt the equilibrium 
between protective and detrimental gut bacteria, leading to 
a reduction in bacterial diversity, which has been implicated 
in the pathogenesis of inflammatory bowel disease (IBD) 
(Lakatos 2009). A growing number of epidemiologic stud-
ies have suggested that drinking water (Baron et al. 2005), 
diet (Yamamoto et al. 2009), smoking (Mahid et al. 2006), 
and hygiene (Klement et al. 2008) are critical environmental 
factors for IBD. However, the evidence is inconsistent with 
various study designs and populations. High-quality epide-
miological studies with prospective design are needed to 
understand the etiology of IBD further and provide implica-
tions for prevention (Piovani et al. 2019).

Drinking water is consumed by more than 1 l daily by 
each adult in the daily diet. Previous studies have explored 
the associations between different microbiomes in drinking 
water and IBD (Abubakar et al. 2007; Forbes et al. 2016), 
while metal, nonmetal element, and disinfectant intake in 
drinking water can not be neglected. Taking up the metal 
elements and disinfectants in drinking water may alter the 
pathogenicity of microbial organisms in the intestinal tract 
and exacerbate immune system responses (Perl et al. 2004). 
Some observational studies have shown that iron in drinking 
water is associated with a higher incidence of IBD (Aamodt 
et al. 2008). Nitrate and sulfite may influence the regulatory 
mechanism of the gut and are toxic to micobiota (Jowett 
et al. 2004; Jädert et al. 2012). However, the association 
between metal elements and disinfectants in drinking water 
and IBD still needs to be better understood, especially in 
low- and middle-income countries. The concept of metal 
elements and disinfectants in drinking water as an etiologi-
cal source of IBD may shed light on global variance in IBD 
incidence.

In this study, we aimed to estimate the association 
between long-term exposure to metal, nonmetal elements 
(mercury, iron, manganese, copper, aluminum, zinc, chro-
mium, cadmium, and selenium) and disinfectants (fluorine, 
sulfur tetroxide (SO4), chlorine, nitrate nitrogen (NO3_N), 
and potential hydrogen (PH)) in drinking water and the 
risk of IBD in a prospective cohort population in southeast 
China. We also identified the susceptible population and 
examined the moderating effect of diet on the relationships. 

Metal and nonmetal elements may be enriched in diet. Diets 
may also metabolize them in an accelerated manner, which 
may have an impact on the associations between exposures 
and IBD in this study.

Materials and methods

Study population

The participants in our study were from the prospective 
Yinzhou cohort study in Ningbo, a major port city in south-
eastern China with a population of more than 9.5 million in 
2021. The design and data collection details of the Yinzhou 
Cohort study have been published in a previous publica-
tion (Li et al. 2022). In the Yinzhou district, nine townships 
(comprising 25 towns) were selected based on the partici-
pants' coherence and nearby medical facilities’ availability. 
All permanent residents who were 18 years old from these 
nine townships were invited to participate in the cohort 
study, with enrollment from January 2016 to December 
2017. The trained medical staff conducted a face-to-face 
health survey to collect baseline information covering soci-
odemographic, lifestyles, and health conditions. The medical 
staff finished the questionnaire in approximately 15–20 min, 
and verifiers then checked it after completion. Follow-up was 
conducted via record linkage between the baseline database 
and the Yinzhou regional health information system (HIS) 
through the Wonders Big Data Management Platform, which 
integrates a hospital information system, medical insurance 
system, and other health surveillance systems.

A total of 25,490 participants were included in the base-
line survey. We excluded patients with important control 
variables missing at baseline (n = 473), and participants 
with food variables missing (n = 2193). Eventually, 22,824 
participants were included in this study with an average fol-
low-up of 5.24 years (Supplement Fig. 1). The diagnosis of 
IBD was based on the consensus guideline of the European 
Crohn’s and Colitis Organization and integrated the clini-
cal, pathological, and imaging manifestations by the profes-
sional doctors. The Zhejiang University School of Medicine 
Ethics Committee approved this study (Approval no. 2015-
ZJU-023). Written informed consent from participants was 
obtained before the baseline questionnaire investigation.

Exposure assessment

Terminal tap water samples were collected from a total of 
37 different sampling sites in the Yinzhou district, with 
four measurements taken annually (one for each season), 
and matched to the participants based on their residential 
addresses (Fig. 1). The Yinzhou district has reached almost 
complete coverage in the tap water supply. The local Center 
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Fig. 1  The distribution of cohort participants and sampling places
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for Disease Control and Prevention analyzed the terminal 
tap water samples for physicochemical indices. Metal, non-
metal elements, and disinfectants, including mercury, iron, 
manganese, copper, aluminum, zinc, chromium, cadmium, 
selenium, fluorine, sulfur tetraoxide  (SO4), chlorine, nitrate 
nitrogen  (NO3_N), and potential of hydrogen (PH) were 
measured by atomic absorption spectrophotometry or the 
atomic absorption method. During the analysis, replicates 
were introduced to ensure the accuracy of the analysis. The 
relative errors of the replicates were within ± 5%, indicating 
acceptable analytical accuracy. To aid in comparing expo-
sure test results, we calculated standardized Z scores scaled 
to the regional measurements by subtracting the regional 
measurement mean from each measurement site’s test values 
and dividing by the regional measurement standard devia-
tion (SD).

Diets measurement

This study’s primary diet measurement included green leafy 
vegetables, fruits, meat (red meat and white meat), and 
marine products (seafood and freshwater). In the baseline 
survey, participants were asked about the frequency of diet 
consumption every week. Frequent fruits, meat, and marine 
users were participants who responded, “more than four 
times every week” to “what’s the frequency you take fruits, 
green leafy vegetables, meat, and marine products.” The 
participants who responded 0 to 3 were classified as fruits, 
green leafy vegetables, meat, and marine products less users.

Covariates

We collected participant’s sociodemographic status (age, 
sex, education level, and annual household income), lifestyle 
factors (body mass index, smoking status, alcohol drink-
ing, and tea drinking), and medical history (stroke, diabetes, 
hypertension, cancer, and dyslipidemia) through a structured 
questionnaire at baseline. Body mass index (BMI) was com-
puted by dividing weight in kilograms by height in meters 
squared. Current smoking was defined as smoking at least 
one cigarette per day for more than a year or consuming at 
least five packs per month. Current alcohol consumption 
was defined as consuming 100 g of alcohol per week. Tea 
consumption was defined as having more than two cups of 
tea per week for more than 2 months.

Statistical analysis

Descriptive analyses were conducted for all variables. Spear-
man’s correlations between exposures were used to examine 
the covariance. We used Cox regression models to estimate 
metal and disinfectant exposure in drinking water and risk of 
the onset of IBD (Ozenne et al. 2017). This study specified 

three models to adjust for a set of variables considered suf-
ficient for confounding adjustment. In the basic models, we 
adjusted for age, sex (male versus female), and educational 
attainment (illiteracy, primary school, or middle school 
and above). In the adjusted models, we further adjusted for 
BMI (underweight, normal, overweight, or obesity), annual 
household income (< 1400$ versus 1400$ ~), current smok-
ing status (never, former, or current), alcohol consumption 
status (never, former, or current), current tea drinking status 
(never, former, or current), and medical history of stroke, 
diabetes, hypertension, cancer, and dyslipidemia (yes versus 
no). In the fully adjusted models, we additionally adjusted 
the consumption of green leafy vegetables, fruits, meat, and 
marine products. Cluster-robust standard errors were used 
to account for clustering by water sources.

We conducted subgroup analyses to explore the effect 
modifications of sex, age, education, annual household 
income, smoking status, alcohol consumption, tea con-
sumption, and BMI by including interaction terms between 
exposures and potential modifiers. In addition, we explored 
the potential moderating effect of diet on the associations 
between metals, nonmetals, and disinfectants in drink-
ing water exposure and the risk of IBD. For each potential 
effect modifier, we evaluated effect modification by likeli-
hood ratio tests comparing models that included an inter-
action term between metals, nonmetals exposure, and the 
effect modifier versus models without the interaction term. 
Stratum-specific HRs were obtained using the appropriate 
coefficients and variance–covariance matrix from the same 
interaction model. Sensitive analyses were conducted to test 
the robustness of our results by using the two-pollutant mod-
els. All associations were presented as HRs with correspond-
ing 95% CIs. A 2-sided p-value < 0.05 was considered sta-
tistically significant. Stata version 16.0 for Mac (Stata Corp, 
College Station, TX, USA) and R Studio Version 1.2.5042 
(The R Project for Statistical Computing, Vienna, Austria) 
were used for the statistical analyses.

Results

We observed 119,600 person-years during the follow-up 
period, and 46 incidents of IBD were identified. There 
were no significant differences in baseline characteristics 
between healthy people and IBD patients. The baseline age 
was 60.8 years old for all the participants. Most participants 
had a relatively low education level (illiterate or primary 
school), and more than 60% were in the normal range of 
BMI. Most participants self-reported being never smokers 
and never alcohol and tea drinkers. Half of the participants 
tended to consume more vegetables, approximately 20% 
tended to consume more fruits, and more than 30% tended 
to consume more marine products and meat (Table 1). The 
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concentrations of mercury, manganese, selenium,  SO4, chlo-
rine, and  NO3_N in drinking water for participants with IBD 
were higher than those for healthy participants. In compari-
son, zinc and fluorine concentrations were lower than those 
in healthy participants (Table 2).

In general, no significant correlations between exposures 
in drinking water were observed (Supplement Table 1). In 
the fully adjusted model, for a 1 SD increase in the concen-
tration of mercury, manganese, selenium, sulfur tetraoxide, 
chlorine, and nitrate nitrogen, the risk of IBD increased by 
48% (HR: 1.48, 95% CI: 1.23 to 1.77), 47% (HR: 1.47, 95% 
CI: 1.13–1.72), 29% (HR: 1.29, 95% CI: 1.03–1.61), 51% 
(HR: 1.51, 95% CI: 1.10–2.06), 25% (HR: 1.25, 95% CI: 
1.10–1.42), and 65% (HR: 1.65, 95% CI: 1.14–2.37), respec-
tively (Table 3). In contrast, for a 1 SD increase in the con-
centration of zinc and fluorine, the risk of IBD decreased by 
59% (HR: 0.41, 95% CI: 0.25 to 0.68) and 33% (HR: 0.67, 
95% CI: 0.47–0.95), respectively. There was no significant 
association between exposure to copper, iron, aluminum, 
chromium, cadmium, and the potential of hydrogen in drink-
ing water and IBD.

Stratified analyses demonstrated that the associations 
between manganese exposure and risk of IBD were higher 
in females and higher-income participants (Table 4). With 
1 SD increase in long-term exposure to manganese, the risk 
for IBD increased by 53% (HR: 1.53, 95%: 1.20–1.96) in the 
females and 16% (HR: 1.16, 95%: 0.68–2.00) in males, and 
50% (HR: 1.50, 95%: 1.10–2.03) for the high-income par-
ticipants and 38% (HR: 1.38, 95%: 1.03–1.86) for the lower 
group. Similar results were found in the stratified analyses 
of the associations between mercury and IBD.

Table 1  Characteristics of study participants

Characteristics Healthy people 
(n = 22,778)

IBD (n = 46) P value

Age, n (%)
  Under 55 6513 (28.6%) 12 (26.1%) 0.71
  55 + 16,265 (71.4%) 34 (73.9%)

Sex, n (%) 0.10
  Male 9175 (40.3%) 13 (28.3%)
  Female 13,603 (59.7%) 33 (71.7%)

Education, n (%) 0.71
  Primary school and 

below
16,412 (72.1%) 32 (69.6%)

  Middle school and 
above

6366 (27.9%) 14 (30.4%)

BMI, n (%) 0.71
  Underweight 913 (4.0%) 3 (6.5%)
  Normal 14,548 (63.9%) 30 (65.2%)
  Overweight 6616 (29.0%) 11 (23.9%)
  Obesity 701 (3.1%) 2 (4.3%)

Smoking status, n (%) 0.19
  Never 18,056 (79.3%) 41 (89.1%)
  Current 3867 (17.0%) 5 (10.9%)
  Former 855 (3.8%) 0 (0.0%)

Alcohol drinking, n (%) 0.01
  Never 18,913 (83.0%) 46 (100.0%)
  Current 3660 (16.1%) 0 (0.0%)
  Former 205 (0.9%) 0 (0.0%)

Tea drinking, n (%) 0.76
  Never 20,645 (90.6%) 43 (93.5%)
  Current 2031 (8.9%) 3 (6.5%)
  Former 102 (0.4%) 0 (0.0%)

Annual income, n (%) 0.13
   < $1400 8406 (36.9%) 12 (26.1%)

  $1400 ~ 14,372 (63.1%) 34 (73.9%)
Hypertension 14,323 (62.9%) 31 (67.4%) 0.53
Diabetes 3852 (16.9%) 11 (23.9%) 0.21
Dyslipidemia 7272 (31.9%) 16 (34.8%) 0.68
Cancer 636 (2.8%) 3 (6.5%) 0.13
Stroke 787 (3.5%) 3 (6.5%) 0.26
Vegetables 0.28

  More 12,200 (53.6%) 21 (45.7%)
  Less 10,578 (46.4%) 25 (54.3%)

Fruit 0.56
  More 5294 (23.2%) 9 (19.6%)
  Less 17,484 (76.8%) 37 (80.4%)

Seafood 0.83
  More 5639 (24.8%) 12 (26.1%)
  Less 17,139 (75.2%) 34 (73.9%)

Freshwater products 0.90
  More 4779 (21.0%) 10 (21.7%)
  Less 17,999 (79.0%) 36 (78.3%)

Marine products 0.69

Abbreviations: IBD, inflammatory bowel disease; BMI, body mass 
index. Continuous variables are described as the mean ± standard 
deviation (SD), and categorical variables are expressed as counts and 
percentages. Differences in the distribution between healthy and IBD 
participants were tested using the Mann‒Whitney U test for continu-
ous variables and the chi-square test for categorical variables

Table 1  (continued)

Characteristics Healthy people 
(n = 22,778)

IBD (n = 46) P value

  More 8074 (35.4%) 15 (32.6%)
  Less 14,704 (64.6%) 31 (52.2%)

Meat 0.44
  More 8180 (35.9%) 14 (30.4%)
  Less 14,598 (64.1%) 32 (69.6%)

Red meat 0.20
  More 7456 (32.7%) 11 (23.9%)
  Less 15,322 (67.3%) 35 (76.1%)

White meat 0.69
  More 3019 (13.3%) 7 (15.2%)
  Less 19,759 (86.7%) 39 (84.8%)



 Environmental Science and Pollution Research

1 3

The associations between disinfectants and IBD were 
higher in older females, higher-income participants, and 
participants with relatively lower education levels. With 
1 SD increase in long-term exposure to selenium, the risk 
for IBD increased by 40% (HR: 1.40, 95%: 1.07–1.81) in 
the older participants and 6% (HR: 1.06, 95%: 0.77–1.48), 
36% (HR: 1.36, 95%: 1.07–1.74) in the females and 7% 

(HR: 1.07, 95%: 0.72–1.60) in males, 32% (HR: 1.32, 95%: 
1.04–1.68) for the high-income participants and 12% (HR: 
1.12, 95%: 0.61–2.06) for the lower group, and 44% (HR: 
1.44, 95%: 1.13–1.83) for the primary school and below, 
while 3% (HR: 1.03, 95%: 0.71–1.50) for the participants 
with middle school and above education. Similar results 
were found in the stratified analyses of the associations 

Table 2  Exposures component 
comparison in drinking water 
between healthy people and 
IBD patients

Abbreviations: IBD, inflammatory bowel disease; continuous variables are described as the median (q1, 
q3). Differences in the distribution between healthy and periodontitis participants were tested using the 
Wilcoxon rank-sum test

Exposures Healthy participants 
(n = 22,778)

IBD (n = 46) P value

Mercury (μg/L) 0.05 (0.05, 0.05) 0.05 (0.05, 0.28)  < 0.001
Manganese (μg/L) 15.00 (12.50, 16.25) 16.00 (15.00, 67.50) 0.01
Zinc (μg/L) 3.94 (2.50, 21.38) 3.13 (2.50, 4.00) 0.02
Copper (μg/L) 10.00 (10.00, 10.00) 10.00 (10.00, 10.00) 0.76
Iron (μg/L) 20.00 (20.00, 35.63) 29.00 (20.00, 37.15) 0.15
Aluminum (μg/L) 22.00 (15.50, 22.50) 21.00 (17.60, 22.00) 0.42
Chromium (μg/L) 2.00 (2.00, 2.00) 2.00 (2.00, 2.00) 0.87
Cadmium (μg/L) 0.10 (0.10, 0.22) 0.10 (0.10, 0.22) 0.22
Selenium (μg/L) 0.20 (0.15, 0.20) 0.20 (0.20, 0.20) 0.03
Fluorine (mg/L) 0.12 (0.11, 0.13) 0.12 (0.10, 0.12) 0.01
Sulfur tetraoxide (mg/L) 5.73 (5.0, 10.45) 9.63 (5.03, 11.26) 0.08
Chlorine (mg/L) 5.10(4.78, 6.35) 6.35 (5.10, 7.75)  < 0.001
Nitrate nitrogen (mg/L) 0.90 (0.90, 1.60) 1.35 (0.90, 1.78) 0.001
Potential of hydrogen 6.83 (6.80, 6.86) 6.83 (6.80, 6.86) 0.69

Table 3  Prospective association 
between long-term exposure to 
metal elements, disinfectants, 
and risk of IBD onset

Model 1 adjusted for age, sex, and education. Model 2 was further adjusted for BMI, annual household 
income, current smoking status, current alcohol consumption status, current tea consumption, medical his-
tory of stroke, diabetes, hypertension, cancer, and dyslipidemia. Model 3 further adjusted for current veg-
etable consumption, current fruit consumption, current seafood consumption, current freshwater product 
consumption, current marine product consumption, current meat consumption, current red meat consump-
tion, and current white meat consumption. * HRs were calculated based on one standard deviation (SD) 
increase in each element

HR (95% CI)*

IBD Model 1 Model 2 Model 3

Mercury 1.43 (1.22, 1.67) 1.40 (1.20, 1.63) 1.48 (1.23, 1.77)
Manganese 1.27 (0.94, 1.72) 1.39 (1.03, 1.86) 1.47 (1.13, 1.92)
Zinc 0.50 (0.33, 0.76) 0.47 (0.30, 0.73) 0.41 (0.25, 0.68)
Copper 1.00 (0.93, 1.06) 0.99 (0.93, 1.06) 0.99 (0.93, 1.06)
Iron 1.19 (0.90, 1.58) 1.28 (0.97, 1.68) 1.28 (1.00, 1.68)
Aluminum 1.23 (0.91, 1.67) 1.28 (0.99, 1.64) 1.25 (0.93, 1.69)
Chromium 0.97 (0.85, 1.10) 0.97 (0.85, 1.11) 0.92 (0.76, 1.13)
Cadmium 1.15 (0.86, 1.53) 1.16 (0.85, 1.58) 1.12 (0.80, 1.58)
Selenium 1.32 (0.94, 1.66) 1.34 (1.09, 1.64) 1.29 (1.03, 1.61)
Fluorine 0.70 (0.51, 0.97) 0.68 (0.49, 0.93) 0.67 (0.47, 0.95)
Sulfur tetraoxide 1.44 (1.02, 2.03) 1.49 (1.09, 2.02) 1.51 (1.10, 2.06)
Chlorine 1.26 (1.11, 1.43) 1.25 (1.09, 1.43) 1.25 (1.10, 1.42)
Nitrate nitrogen 1.52 (1.05, 2.21) 1.58 (1.14, 2.20) 1.65 (1.14, 2.37)
Potential of hydrogen 0.83 (0.61, 1.14) 0.79 (0.56, 1.10) 0.77 (0.55, 1.07)
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between fluorine, sulfur tetraoxide, chlorine, nitrate nitro-
gen, and IBD (Table 5).

We found that the associations between metal elements, 
disinfectants, and IBD were higher in participants who never 
drank tea. With a 1 SD increase in long-term exposure to 
manganese, the risk for IBD increased by 50% (HR: 1.50, 
95%: 1.18–1.89) in the participants who never drank tea and 
15% (HR: 1.15, 95%: 0.81–1.63) in the participants who ever 
drank tea. Similar results were observed for other metal ele-
ments and disinfectants (Tables 4 and 5).

We found significant modification effects on the asso-
ciations between metal elements, nonmetal elements, and 
IBD between different diet groups. Long-term exposure to 
manganese was a significant risk factor for IBD for par-
ticipants who ate fewer vegetables, fruits, marine prod-
ucts (seafood, freshwater products), and meat (red meat, 

white meat). The association between zinc, fluorine, and 
IBD was higher in participants who ate fewer vegetables, 
fruits, marine products (seafood, freshwater products), and 
meat (red meat, white meat). One SD increase in long-term 
exposure to aluminum, the risk for IBD increased by 38% 
(HR: 1.38, 95%: 1.16–1.64) for those who eat fewer fruit, 
while aluminum served as a protective factor for partici-
pants who eat more fruit (HR: 0.41, 95%: 0.17–0.96). The 
association between selenium and IBD was higher in par-
ticipants who ate fewer vegetables, fewer fruits, and more 
marine products (seafood and freshwater) and meat (red 
meat, white meat) (Fig. 2).

Sensitive analyses showed that the associations between 
the majority of metal elements, disinfectants in drink-
ing water, and IBD still exist. In contrast, the associations 
between long-term selenium intake and IBD were not 

Table 5  Subgroup analysis for the prospective association between disinfectants and IBD

Model adjusted for age, sex, education, BMI, annual household income, current smoking status, current alcohol consumption status, current tea 
consumption, medical history of stroke, diabetes, hypertension, cancer, dyslipidemia, current vegetable consumption, current fruit consumption, 
current seafood consumption, current freshwater product consumption, current marine product consumption, current meat consumption, current 
red meat consumption, and current white meat consumption

Selenium Fluorine Sulfur tetraoxide Chlorine Nitrate nitrogen Potential of hydrogen

Age
   < 55 1.06 (0.77, 1.48) 0.60 (0.44, 0.82) 1.41 (1.01, 1.98) 1.27 (1.16, 1.39) 1.60 (1.07, 2.40) 1.00 (0.60, 1.67)

  55 ~ 1.40 (1.07, 1.81) 0.69 (0.54, 0.89) 1.56 (1.24, 1.97) 1.25 (1.16, 1.35) 1.68 (1.27, 2.23) 0.69 (0.47, 1.03)
Sex

  Male 1.07 (0.72, 1.60) 0.77 (0.50, 1.17) 1.09 (0.66, 1.81) 1.29 (0.97, 1.72) 1.25 (0.75, 2.07) 0.84 (0.42, 1.68)
  Female 1.36 (1.07, 1.74) 0.65 (0.51, 0.82) 1.66 (1.36, 2.03) 1.25 (1.17, 1.34) 1.84 (1.41, 2.40) 0.74 (0.52, 1.07)

Income
   < 140  0$ 1.12 (0.61, 2.06) 0.83 (0.50, 1.39) 1.61 (0.99, 2.61) 1.60 (1.00, 2.54) 1.75 (1.05, 2.94) 0.43 (0.24, 0.77)
  1400$ ~ 1.32 (1.04, 1.68) 0.63 (0.50, 0.79) 1.49 (1.20, 1.85) 1.24 (1.17, 1.32) 1.63 (1.24, 2.13) 0.94 (0.67, 1.33)

Education
  Primary and below 1.44 (1.13, 1.83) 0.69 (0.54, 0.88) 1.62 (1.30, 2.01) 1.25 (1.17, 1.34) 1.75 (1.32, 2.31) 0.83 (0.59, 1.18)
  Middle and above 1.03 (0.71, 1.50) 0.64 (0.43, 0.95) 1.31 (0.89, 1.92) 1.26 (1.09, 1.46) 1.48 (0.97, 2.27) 0.59 (0.22, 1.61)

Smoking status
  Never 0.98 (0.54, 1.78) 0.50 (0.30, 0.82) 2.09 (1.22, 3.56) 3.01 (1.32, 6.85) 2.72 (1.28, 5.81) 0.73 (0.18, 3.00)
  Current 0.91 (0.50, 1.66) 0.98 (0.59, 1.62) 1.02 (0.60, 1.75) 1.05 (0.46, 2.38) 1.04 (0.84, 1.28) 0.95 (0.23, 3.93)
  Former 1.33 (1.06, 1.66) 0.71 (0.56, 0.89) 1.47 (1.19, 1.80) 1.23 (1.16, 1.32) 1.57 (1.23, 2.01) 0.78 (0.56, 1.08)

Alcohol drinking
  Never 1.03 (0.82, 1.28) 0.89 (0.71, 1.10) 1.13 (0.93, 1.36) 1.13 (1.06, 1.20) 1.15 (0.92, 1.45) 0.92 (0.66, 1.28)
  Current 0.82 (0.65, 1.02) 1.04 (0.77, 1.40) 1.18 (0.98, 1.42) 1.16 (0.79, 1.72) 1.18 (0.81, 1.71) 0.88 (0.64, 1.23)
  Former 1.29 (1.03, 1.61) 0.68 (0.54, 0.84) 1.52 (1.26, 1.83) 1.26 (1.18, 1.34) 1.66 (1.32, 2.09) 0.77 (0.55, 1.07)

Tea drinking
  Never 1.28 (1.02, 1.62) 0.66 (0.52, 0.82) 1.55 (1.29, 1.86) 1.26 (1.18, 1.34) 1.71 (1.35, 2.16) 0.76 (0.53, 1.07)
  Current 1.34 (0.51, 3.53) 1.25 (0.44, 3.56) 1.15 (0.40, 3.30) 0.86 (0.30, 2.42) 1.12 (0.38, 3.25) 0.98 (0.70, 1.38)
  Former 1.12 (0.89, 1.41) 0.88 (0.54, 1.43) 1.33 (1.10, 1.59) 1.14 (1.07, 1.21) 1.25 (0.99, 1.57) 1.01 (0.71, 1.43)

BMI
  Normal 1.38 (1.06, 1.80) 0.68 (0.53, 0.87) 1.44 (1.12, 1.85) 1.24 (1.13, 1.35) 1.59 (1.20, 2.10) 0.74 (0.49, 1.12)
  Underweight 0.96 (0.39, 2.36) 1.75 (0.71, 4.34) 1.29 (0.47, 3.53) 0.95 (0.44, 2.04) 1.23 (0.44, 3.42) 0.42 (0.19, 0.93)
  Overweight 1.12 (0.78, 1.60) 0.63 (0.40, 0.98) 1.66 (1.16, 2.38) 1.27 (1.14, 1.42) 1.80 (1.11, 2.91) 0.92 (0.49, 1.72)
  Obesity 1.32 (1.10, 1.58) 0.42 (0.35, 0.51) 2.68 (2.29, 3.13) 8.57 (5.93, 12.39) 4.13 (3.39, 5.03) 1.04 (0.88, 1.22)
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significant when adjusted for other pollutants (Supplement 
Table 2).

Discussion

In this prospective cohort study, 46 IBD cases were identi-
fied from 22,824 participants during 5.24 follow-up years 
with a higher incidence rate than the average level in Asia 
(Park and Cheon 2021). We have shown that long-term 
exposure to manganese, mercury, selenium, sulfur tetroxide, 
chlorine, and nitrate nitrogen from drinking water was asso-
ciated with higher risk of IBD over follow-up. In addition, 
long-term exposure to zinc and fluorine from drinking water 

was associated with lower risk of IBD. The associations 
were more pronounced in females, high-income residents, 
and participants with lower education levels. In addition, 
we identified the moderating effects of diets on the relation-
ships. Improving drinking water quality may alleviate the 
disease burden of IBD, especially in countries progressing 
into a high prevalence stage of IBD.

The underlying mechanisms underlying the relationship 
between metals and disinfectants from drinking water and 
risk of IBD are unknown. Hypotheses are that metals and 
disinfectants absorbed through gastrointestinal macro, and 
transported through the blood to various tissues (Engwa 
et al. 2019). Exposure to heavy metals alters the innate 
and adaptive immune systems by inducing inflammatory 

Fig. 2  The moderating effect of food consumption on the prospective 
associations between metal elements and IBD. Model adjusted for 
age, sex, education, BMI, annual household income, current smok-
ing status, current alcohol consumption status, current tea consump-
tion, medical history of stroke, diabetes, hypertension, cancer, dys-

lipidemia, current vegetable consumption, current fruit consumption, 
current seafood consumption, current freshwater product consump-
tion, current marine product consumption, current meat consumption, 
current red meat consumption, and current white meat consumption
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reactions (Anka et al 2022). Heavy metal exposure can also 
inhibit the growth of intestinal flora and lead to dysbiosis of 
intestinal flora (Jin et al. 2017). The absorption of mercury 
in the intestine inhibits the production of digestive enzymes, 
affects the work of digestive enzymes, disrupts the intestinal 
flora, causes immune-mediated reactions, and increases the 
risk of IBD (Vojdani et al. 2003; Rice et al. 2014). Long-
term exposure to manganese could lead to neurotoxicity, and 
manganese stimulates glial cells to produce inflammatory 
mediators that trigger neuroinflammation (Harischandra 
et al. 2019). Epidemiological studies have shown that blood 
manganese levels are significantly higher in patients with 
confirmed IBD than in healthy individuals (Stochel-Gaudyn 
et al. 2019). Zinc is a cofactor of intestinal proteases that 
regulate the function of innate immune cells (Lahiri and 
Abraham 2014; Ananthakrishnan et al. 2018). Zinc inhibits 
the transcription of inflammatory mediators and is essential 
for autophagy and bacterial clearance (El-Tawil 2012). Zinc 
deficiency decreases the integrity of the cantorial barrier, 
and epidemiological studies have shown a significant nega-
tive association between a high zinc diet and the prevalence 
of IBD in women (Ananthakrishnan et al. 2015).

Although the relationship was not significant, the present 
study suggests that iron, aluminum, and cadmium may be 
risk factors for the development of IBD. A prospective Nor-
wegian study found that iron in drinking water was associ-
ated with an increased risk of IBD (Aamodt et al. 2008). 
Excessive iron accumulation increases metabolic oxida-
tive stress and contributes to cellular mutations and death 
(Wang et al. 2019). The increase in iron stimulates bacterial 
virulence, which triggers the immune response disorders 
(Hantke et al.). Previous studies pointed out that aluminum 
alters its pathogenicity and host response to infection by 
entering mycobacteria (Perl et al. 2004; Lerner 2007). Expo-
sure to high concentrations of cadmium causes irritation and 
erosion of the digestive tract (Singh et al. 2012), and animal 
studies have shown that cadmium causes colonic inflamma-
tion in rats (Adegoke et al. 2017). More prospective cohort 
and experimental studies are needed to explore the underly-
ing mechanisms.

Previous studies suggested that serum selenium levels 
are lower in patients with IBD than in healthy subjects, and 
animal studies indicated that dietary selenium supplementa-
tion might be beneficial in IBD (Vaghari-Tabari et al. 2021). 
However, the causal relationship is difficult to establish, 
and intestinal inflammation can affect the ability of IBD 
patients to absorb nutrients (Kudva et al. 2015). The effect 
of excessive selenium intake on the risk of IBD has yet to 
be conclusively determined. Our study showed that fluorine 
was associated with a lower risk of IBD. More animal and 
interventional studies are needed to verify the validity of the 
findings further. In this study, sulfur tetraoxide, chlorine, and 
nitrate nitrogen were significant risk factors for IBD. Sulfate 

reducing bacteria (SRB) levels in humans are elevated when 
excessive sulfur oxides are consumed in the daily diet, and 
SRB is a contributing factor to the development of IBD 
(Kushkevych et al. 2019, 2020). The level of serum nitrate 
nitrogen was higher in IBD patients than in healthy people, 
indicating the potential pathogenesis of IBD (Oudkerk Pool 
et al. 1995). Chlorine in disinfectants destroys bacteria in the 
water, but excessive chlorine enrichment may produce new 
compounds that trigger intestinal inflammation and human 
immune responses (Li and Mitch 2018).

In the current study, we further suggested that a higher 
association between exposure to metals such as mercury 
and manganese and the development of IBD was more pro-
nounced in females and high-income residents. In addition, 
the associations between disinfectants and IBD were higher 
in older individuals, females, higher-income participants, 
and participants with lower education levels. The potential 
explanations for the findings include in vivo exposure level 
and health services utilization. Earlier studies found that 
higher income was more prevalent in IBD patients (Laka-
tos 2009; Hu et al. 2014), with higher income people tend-
ing to consume more Western food (high fat food) (Anan-
thakrishnan et al. 2018). Improving drinking water quality 
might reduce the incidence of IBD, especially in vulnerable 
groups such as women, older adults, and people with low 
education levels. We recommend implementing a dynamic 
update mechanism for drinking water standards that consid-
ers the latest research on the link between drinking water and 
health. Further prospective studies are necessary to generate 
stronger evidence that can guide ongoing improvements in 
Chinese drinking water standards (Supplement Table 3).

We found that vegetables and fruits significantly modulate 
the relationship between metallic and nonmetallic elements and 
IBD. Numerous studies have shown that fruits and vegetables 
are significant protective factors for the development of IBD 
(Hansen et al. 2011). Soluble fiber from fruits and vegetables 
inhibits the transcription of inflammatory mediators and main-
tains the integrity of the epithelial barrier (Galvez et al. 2005; 
Rose et al. 2007). For meat and fish, which are rich in protein, 
total protein intake is positively associated with IBD develop-
ment (Jantchou et al. 2010). The results of this study further 
support the protective effect of vegetables and fruits on IBD. 
Increasing the intake of vegetables and fruits in the daily diet 
and consuming moderate amounts of meat and aquatic products 
has a potential impact on reducing the development of IBD.

Our study results should be interpreted with several limita-
tions. First, exposures to metals and disinfectants in our study 
were at the regional level rather than the individual level. Even 
though we used the measurement values from the nearest tap 
water pipeline from the participants’ residential addresses as 
the surrogate of the individual exposure level, exposure lev-
els may still vary across the drinking habits and the volume. 
Second, we could not discriminate the effects of exposures 
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on the onset of UC and CD due to the limited number of IBD 
cases. Third, due to elderly participant nature of this study, 
our findings might not be generalizable to the general popula-
tion. In terms of strengths, this study is the first prospective 
study to examine the association between metal and disinfect-
ant exposure and the risk of IBD in low- and middle-income 
countries. The hospital-based clinical diagnosis of IBD and 
professional exposure measurement alleviated the measure-
ment bias. Finally, this study followed strict quality control 
methods in data collection, collation, and data analysis to 
ensure the scientific validity of the results.

Conclusions

In conclusion, this study provides novel evidence that long-
term exposure to higher metal elements and disinfectants 
levels in drinking water increases the risk of IBD. Given the 
growing burden of IBD, our study sheds light on tailored pub-
lic health policies for improving drinking water standards to 
alleviate IBD impairment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 27460-w.
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