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Abstract
Arsenic exposure has been associated with the risk of diabetes or insulin resistance (IR), which are also related with overweight/
obesity. This study aimed to explore the interaction between arsenic exposure and being overweight/obesity on diabetes or IR 
risk. Data from the National Health and Nutrition Examination Survey (NHANES) in cycles 2007–2016 were used to assess the 
interaction between arsenic exposure and being overweight/obesity on IR or diabetes risk among adults. Urinary total arsenic 
concentrations (UTAs) were used as a biomarker for arsenic exposure. The homeostasis model of insulin resistance (HOMA-IR) 
was calculated to index IR. Survey-weighted logistic regression and restricted cubic spline (RCS) analyses were performed 
to determine the association and dose–response relationship between UTAs and IR or diabetes risk. Additive interaction was 
evaluated by relative excess risk due to interaction (RERI), attributable proportion of interaction (AP), and synergy index (S). 
A total of 3,133 participants were included. The median (interquartile range) UTAs were 6.61 (3.83, 13.95) μg/L. The adjusted 
OR of IR was 1.40 (95% CI: 0.99–1.97) for UTAs, comparing the highest with the lowest quartile. And significant additive 
interaction was observed between high UTAs and being overweight/obesity on IR risk (RERI = 2.47, 95% CI: 0.30–4.63; 
AP = 0.29, 95% CI: 0.07–0.50; S = 1.48, 95% CI: 1.03–2.13). Our results suggested that there might be a potential additive 
interaction between high UTAs with being overweight/obesity on diabetes risk (AP = 0.27, 95%CI: 0.04–0.51). Our results 
indicated an additive interaction between arsenic exposure and being overweight/obesity on IR risk.
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Introduction

Diabetes, an endocrine disease characterized by chronic 
hyperglycemia, is the ninth leading cause of death in the 
world (Zheng et al. 2018). Insulin resistance (IR) is an 
important risk factor of diabetes and is also associated with 

cardiovascular diseases and cancer (Lebovitz 2001; Pichard 
et al. 2008). The pathogenesis of diabetes or IR involved 
multiple factors, including environmental factors (Tremblay 
and Hamet 2019), lifestyle factors (Carbone et al. 2019), 
genetic factors (Tremblay and Hamet 2019), and their 
interactions (Zhi et al. 2016). For decades, the role of arsenic 
exposure in the development of diabetes or IR has attracted 
extensive attention.

Arsenic, a naturally occurring metalloid, has been 
recognized as an environmental pollutant. It is estimated 
that approximately 200 million people worldwide may be 
exposed to potentially toxic levels of arsenic (Chen and Costa 
2021). Experimental studies indicated that arsenic could 
induce diabetes in at least two ways. First, chronic arsenic 
exposure might decrease insulin-stimulated glucose uptake in 
muscles and fat tissues, resulting in IR, which then lead to the 
development of diabetes. Second, beta cell dysfunction could 
be induced by chronic arsenic exposure, and then eventually 
manifests as diabetes (Tseng 2004). However, population-based 
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studies assessing the effect of arsenic exposure on diabetes or 
IR risk have yielded inconsistent results (Mondal et al. 2020; 
Peng et al. 2015; Wang et al. 2014; Yang et al. 2019; Zhou et al. 
2022). For instance, Mondal et al found that arsenic exposure 
was positively associated with the homeostasis model of insulin 
resistance (HOMA-IR) index among participants from arsenic-
endemic and non-endemic areas in Bangladesh (Mondal et al. 
2020). And Zhou et al observed that higher urinary total 
arsenic was related with increased risk of IR among adults 
from the National Health and Nutrition Examination Survey 
(NHANES) (Zhou et al. 2022). However, Peng et al failed to 
detect a significant association between urinary total arsenic 
concentration and the HOMA-IR index among adolescents 
from NHANES (Peng et al. 2015). The inconsistencies could 
be attributed to various factors, such as arsenic dose, exposure 
time, and individual factors.

Several epidemiologic studies have indicated that the 
risks of arsenic-induced diseased are markedly increased 
among individuals with obesity, suggesting obesity as a 
potential susceptibility factor (Eick and Steinmaus 2020). 
Several cross-sectional studies investigated the modifying 
effect of body mass index (BMI) on the association of 
arsenic exposure with diabetes, and observed a greater risk 
of diabetes with arsenic exposure among populations with 
higher BMI (Castriota et al. 2018; Pan et al. 2013). A joint 
effect of BMI with urinary total arsenic concentration on 
HOMA-IR was reported among children and adolescents 
(urinary total arsenic concentration: 25.54±1.22 μg/L and 
25.92±1.23 μg/L) (Lin et al. 2014). However, most previous 
studies were conducted in arsenic-endemic regions. Data 
from NHANES 2015-2016 showed that BMI did not 
influence the association between urinary total arsenic 
concentrations [6.82 (3.74-15.40) µg/L] and IR, but the 
sample size was relatively small (815 adults) (Zhou et al. 
2022). Whether higher BMI interacts with arsenic exposure 
at levels common in the general population to alter the risk 
of IR or diabetes is still unclear.

Therefore, we used data from NHANES to evaluate the 
association of arsenic exposure with diabetes or IR risk 
among adults. And further, we explored whether there were 
interaction effects between being overweight/obesity and 
arsenic exposure on the risk of diabetes or IR.

Material and methods

Study population

NHANES is a program of studies that combines interviews 
and physical examinations. It is designed to assess the health 
and nutritional status of children and adults in the US. For 
the sample design, NHANES used complex, multistage, 
probability methods to select participants representing the 

civilian, non-institutionalized US population. NHANES 
protocols were approved by the National Center for Health 
Statistics (NCHS) Institutional Review Board of the US 
Centers for Disease Control and Prevention (CDC), and con-
sents were obtained from all participants. More specific and 
detailed survey design, methods, and data can be obtained 
from the NHANES official website (https://​www.​cdc.​gov/​
nchs/​nhanes/).

For this study, we used data from NHANES cycles 
2007/2008 to 2015/2016. A total of 50,588 participants 
were enrolled in 5 consecutive survey cycles (2007/2008, 
2009/2010, 2011/2012, 2013/2014, 2015/2016), and 
29,201 participants were adults aged 20 years and older. 
Then, 26,068 participants were excluded because of 
missing information on diabetes and IR assessments 
(fasting plasma glucose, HbA1c, oral glucose tolerance 
test, physician-diagnosed diabetes, fasting insulin), urinary 
total arsenic concentrations, BMI, or other covariates 
including age, gender, race/ethnicity, education level, 
the poverty income ratio (PIR), smoking status, alcohol 
drinking, physical activity, fish consumption, and urinary 
creatinine concentrations. Finally, 3,133 study participants 
were included in the present study (Fig. 1). There was no 
significant difference in urinary total arsenic concentrations 
between individuals included in our study and those 
excluded with age ≥ 20 years. However, significant difference 
in urinary creatine concentrations, gender, and race/ethnicity 
were found between individuals included and those excluded 
with age ≥ 20 years (Supplementary Table S1).

Measurement of urinary total arsenic 
concentrations

Urine samples were collected with the subjects’ consent. 
Then the samples were processed, stored, and shipped to 
the Division of Laboratory Sciences, National Center for 
Environmental Health, CDC, Atlanta, GA for analysis and 
quality control. Urinary total arsenic concentrations were 
measured by the inductively coupled-plasma dynamic reaction 
cell-mass spectrometry (ICP-DRC-MS) method. The limit of 
detection (LOD) of urinary total arsenic concentrations was 
0.74μg/L in the cycle from 2007 through 2010, 1.25μg/L in the 
cycle 2011/2012, and 0.26μg/L in the cycle from 2013 through 
2016 (https://​www.​cdc.​gov/​nchs/​nhanes/). For samples below 
the LOD, the value was set to the LOD divided by the square 
root of 2. There were 23 study subjects whose urinary total 
arsenic concentrations were below LOD in our study.

Diabetes and IR

To test fasting plasma glucose and fasting insulin, blood 
samples were collected following at least 9-h fasting. 
Diabetes was defined according to the American Diabetes 
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Association (ADA) criteria (ADA Professional Practice 
Committee 2022) and self-report questionnaires. Participants 
were identified as diabetes cases if they fulfilled at least one 
of the following criteria: (1) Fasting plasma glucose ≥ 7 
mmol/L, (2) HbA1c ≥ 6.5%, (3) 2-h plasma glucose during 
oral glucose tolerance test ≥ 11.1 mmol/L (ADA Professional 
Practice Committee 2022), (4) diagnosed with diabetes by a 
doctor in the self-report questionnaire.

IR was assessed using HOMA-IR index: fasting serum 
insulin (μU/mL) × fasting plasma glucose (mmol/L) / 22.5. 
Based on the World Health Organization (WHO), insulin 
sensitivity was defined as values less than the highest 
quartile of the HOMA-IR index which was determined in 
individuals without diabetes (Alberti and Zimmet 1998). 
However, previous studies had different cut-off values as 
for the definition of IR (Tang et al. 2015), and one of the 
most commonly used values was still the 75th percentile 
of HOMA-IR index for non-diabetic individuals (Kabadi 
et al. 2012; Tucker 2022; Xu et al. 2022; Zuk et al. 2018). 
Therefore, in this study, IR was defined as being above 
the highest quartile of the HOMA-IR index (3.57) among 
participants without diabetes.

Covariates

The covariates in our study involved sociodemographic 
characteristics, lifestyle factors, laboratory data, and other 
information.

Sociodemographic characteristics included age, gender, 
race/ethnicity (non-Hispanic white, non-Hispanic black, 
Hispanic, other), education level (less than high school, 
high school or equivalent, college or above), and PIR 
(< 1, 1–3, > 3). The PIR was calculated as a ratio of family 
income to poverty threshold determined annually by the 
United States Department of Health and Human Service 
(National Center for Health Statistics 2017). Lifestyle 

factors contained smoking status, alcohol drinking, 
physical activity, and fish consumption. Smoking status 
was divided into current smoking, former smoking, and 
never smoking according to responses to questions " 
Smoked at least 100 cigarettes in life?" and " Do you now 
smoke cigarettes?". For alcohol drinking, drinking and 
non-drinking status were determined based on the answer 
to question "Had at least 12 alcohol drinks/1yr?" Physical 
activity was divided into no/low intensity and moderate/
high intensity according to answers of the questions " In 
a typical week do you do any vigorous-intensity sports, 
fitness, or recreational activities that cause large increases 
in breathing or heart rate like running or basketball for at 
least 10 min continuously?" and "In a typical week do you 
do any moderate-intensity sports, fitness, or recreational 
activities that cause a small increase in breathing or heart 
rate such as brisk walking, bicycling, swimming, or 
volleyball for at least 10 min continuously?" Participants 
were defined as fish consumer if they answered “yes” to 
the question “During the past 30 days did you eat any types 
of fish listed on this card including any foods that had fish 
in them such as sandwiches, soups, or salads?” Urinary 
creatinine concentrations were obtained from laboratory 
data. Individuals’ height and weight were measured at 
the Mobile Examination Center (MEC) exam. BMI was 
calculated by dividing the weight (kg) by the square of 
height (m2). BMI ≥ 30 kg/m2, 25 ≤ BMI ≤ 29.99 kg/m2, 
and 18.5 ≤ BMI ≤ 24.99 kg/m2 were classified as obesity, 
overweight and normal BMI, respectively.

Statistical analysis

All data download and data analyses were carried out using 
SAS 9.4 (SAS Institute, Cary NC) and STATA SE16 (Stata 
Corp, College Station, TX, USA). Two-sided P < 0.05 
was considered statistically significant. Considering 

Fig. 1   Flow chart of partici-
pants selection in this study
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the complexity of the sampling design, the data in this 
study were processed according to the weighting method 
recommended by the NHANES website, and the SAS 
survey procedures were used for data analysis. Continuous 
variables were presented as weighted mean ± standard 
error or median (interquartile range), and we conducted the 
analysis of variance (ANOVA) to identify the difference 
in means across groups (urinary total arsenic and urinary 
creatinine concentrations were skewed and natural log-
transformed for analysis). Categorical variables were shown 
as the number of cases and the weighted proportion [n (%)], 
and the comparisons between groups were performed by the 
Rao-Scottχ2test. Survey-weighted logistic regression was 
performed to evaluate the association of urinary total arsenic 
concentrations with the risk of IR or diabetes. To further 
explore the possible dose–response or nonlinear relationship 
between urinary total arsenic concentrations and the risk of 
IR or diabetes, we used a restricted cubic spline model with 
four knots located at the 20th, 50th, 75th, and 90th percentiles 
of urinary total arsenic concentrations (the reference: 
median) (Desquilbet and Mariotti 2010). Confounding was 
assessed based on prior literature (James et al. 2013; Li et al. 
2021; Lin et al. 2014; Peng et al. 2015; Zhou et al. 2022) 
through the use of Directed Acyclic Graphs (www.​dagit​
ty.​net/​dags.​html). The following covariates were included 
in adjusted model as confounding variables: age, gender, 
race/ethnicity, education level, PIR, smoking status, alcohol 
drinking, physical activity, fish consumption, and BMI 
(supplementary Figure S1). As suggested by O’Brien et al., 
urinary total arsenic was standardized by the covariate-
adjusted standardization plus creatinine adjustment method 
(O'Brien et al. 2016), so we fitted a model for creatinine 
(natural log-transformed) as a function of age, gender, BMI, 
and race/ethnicity, and urinary creatinine concentration was 
included in the adjusted model. Interactions of urinary total 
arsenic concentrations with being overweight/obesity on 
IR or diabetes risk were investigated on both additive and 
multiplicative scales. For the calculation of multiplicative 
interaction, a cross-product interaction term was included 
into the logistic regression model. To assess the additive 
interaction, we calculated relative excess risk due to 
interaction (RERI), attributable proportion of interaction 
(AP), and synergy index (S) (Andersson et al. 2005). These 
measurements were calculated as follows: RERI = OR11-
OR10-OR01 + 1; AP = RERI/OR11; S = (OR11-1) / ((OR10-
1) + (OR01-1)), where the subscripts indicate presence (1) 
or absence (0) of the two risk factors. If there is no additive 
interaction, RERI and AP are equal to 0 and S is equal to 
1. We also conducted power calculations for the additive 
interaction analyses by Power V3.0 software (National 
Cancer Institute, Bethesda, MD, USA; available online: 
https://​dceg.​cancer.​gov/​tools/​design/​power).

Results

Characteristics of study participants

Table 1 showed the characteristics of participants in the 
current study. A total of 3,133 subjects aged 20 and older 
were included, containing 1584 males and 1549 females, 
with an average age of 47.77 years old. The median 
(interquartile range) of urinary total arsenic concentrations 
were 6.61 (3.83, 13.95) μg/L. Participants were mostly 
non-Hispanic White (weighted proportion, 70.40%), had 
a college education or above (62.57%), and had a PIR > 3 
(49.73%). More than half of the participants reported 
never smoking (54.84%) and had moderated/high intensive 
physical activity (54.72%). Only 21.92% of the participants 
were non-drinkers. According to the diagnostic criteria, 
participants were divided into three groups: diabetes 
group, IR group, and control group (participants without 
IR or diabetes). Significant differences in urinary total 
arsenic concentrations (control group: 6.34 μg/L, IR 
group: 6.99 μg/L, diabetes group: 7.58 μg/L; P = 0.045) 
and BMI (control group: 26.76 ± 0.13 kg/m2, IR group: 
33.60 ± 0.39 kg/m2, diabetes group: 32.06 ± 0.39 kg/
m2; P < 0.001) were detected among the three groups. 
And there were notable differences in age, gender, race/
ethnicity, education level, PIR, smoking status, alcohol 
drinking, physical activity, and urinary creatinine 
concentrations among the three groups (P < 0.05).

Independent association of urinary total arsenic 
concentrations and being overweight/obesity 
with IR or diabetes risk

As presented in Table 2, urinary total arsenic concentrations 
were categorized into quartiles or tertiles for analysis. When 
compared with individuals in the lowest quartile, a borderline 
significant association was found between the highest 
quartile and increased risk of IR (adjusted OR = 1.40, 95% 
CI: 0.99–1.97; P = 0.055). And the adjusted ORs of IR were 
1.40 (95% CI: 0.96–2.03) and 1.36 (95% CI: 0.90–2.04) 
for the second and third quartiles of urinary total arsenic 
concentrations. When classified based on tertiles, no significant 
relationship was detected between urinary total arsenic and the 
risk of IR. No significant association was observed between 
urinary total arsenic and the risk of diabetes.

As shown in Table 2, compared with individuals with 
normal BMI, individuals with being overweight and those 
with obesity had higher risks of IR (overweight: adjusted 
OR = 3.34, 95% CI:2.19–5.08; obesity: adjusted OR = 15.79, 
95% CI:10.74–23.22) or diabetes (overweight: adjusted 
OR = 2.49, 95% CI: 1.69–3.67; obesity: adjusted OR = 10.04, 
95% CI: 6.74–14.97).

http://www.dagitty.net/dags.html
http://www.dagitty.net/dags.html
https://dceg.cancer.gov/tools/design/power
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The dose–response relationship between urinary 
total arsenic concentrations with IR or diabetes risk

Restricted cubic spline analyses were conducted to explore 
the possible dose–response or nonlinear relationship of 
urinary total arsenic concentrations with the risk of IR or 
diabetes (Fig.  2). In the total population, no significant 
dose–response relationship was observed between urinary 
total arsenic concentrations and the risk of IR (P overall = 0.655, 
P nonlinearity = 0.539) or diabetes (P overall = 0.335, P 
nonlinearity = 0.231) after adjustments. When stratified by BMI, 
a nonlinear relationship of urinary total arsenic concentrations 
with diabetes risk might exist among individuals with normal 
BMI (P overall = 0.049, P nonlinearity = 0.023).

Interaction effects between urinary total arsenic 
concentrations and being overweight/obesity on IR 
or diabetes risk

As shown in Table 3, participants with urinary total arse-
nic above median (> 6.61 μg/L) were classified as high 
exposure group, and others were defined as low exposure 
group. Individuals with a combination of high arsenic 
group and being overweight/obesity had a significantly 
higher risk of IR compared with individuals with low arse-
nic group and normal BMI (adjusted OR = 8.58, 95% CI: 
5.13–14.35). The independent ORs for high arsenic alone 
and being overweight/obesity alone were 0.98 (95% CI: 
0.42–2.26) and 6.14 (95% CI:3.69–10.23), respectively. 

Table 1   Characteristics of study participants (NHANES 2007–2016)

IR, insulin resistance; PIR, poverty income ratio; BMI, body mass index

Characteristic Total (n = 3133) Control (n = 1829) IR (n = 642) Diabetes (n = 662) P

Age, years 47.77 ± 0.41 45.58 ± 0.52 45.76 ± 0.88 59.00 ± 0.69  < 0.001
Gender, n (%)
male 1584 (49.70) 889 (47.18) 337 (54.44) 358 (53.38) 0.011
female 1549 (50.30) 940 (52.82) 305 (45.56) 304 (46.62)
Race/Ethnicity, n (%) 0.012
non-Hispanic white 1422 (70.40) 867 (71.16) 283 (69.24) 272 (68.94)
non-Hispanic black 591 (10.03) 320 (9.14) 123 (10.58) 148 (12.78)
Hispanic 842 (13.99) 448 (13.28) 195 (15.97) 199 (14.20)
others 278 (5.58) 194 (6.42) 41 (4.21) 43 (4.08)
Education level, n (%)  < 0.001
less than high school 745 (15.82) 366 (13.69) 164 (17.64) 215 (21.79)
high school or equivalent 709 (21.61) 402 (21.01) 144 (20.97) 163 (24.79)
college or above 1679 (62.57) 1061 (65.30) 334 (61.39) 284 (53.42)
PIR, n (%) 0.001
 < 1 664 (14.00) 367 (13.32) 148 (15.47) 149 (14.75)
1 ~ 3 1328 (36.27) 729 (33.52) 282 (40.30) 317 (41.72)
 > 3 1141 (49.73) 733 (53.15) 212 (44.23) 196 (43.53)
BMI (kg/m2) 29.05 ± 0.16 26.76 ± 0.13 33.60 ± 0.39 32.06 ± 0.39  < 0.001
Smoking status, n (%) 0.001
current 615 (18.74) 381 (19.64) 129 (19.49) 105 (14.28)
former 798 (26.42) 414 (23.60) 163 (28.23) 221 (35.06)
never 1720 (54.84) 1034 (56.76) 350 (52.28) 336 (50.66)
Alcohol drinking, n (%)  < 0.001
drinker 2281 (78.08) 1390 (80.93) 447 (74.32) 444 (71.84)
non-drinker 852 (21.92) 439 (19.07) 195 (25.68) 218 (28.16)
Physical activity, n (%)  < 0.001
no/low intensive 1612 (45.28) 816 (39.01) 358 (53.11) 438 (59.56)
moderate/high intensive 1521 (54.72) 1013 (60.99) 284 (46.89) 224 (40.44)
Fish consumption, n (%) 0.088
yes 2224 (71.52) 1282 (70.56) 443 (70.50) 499 (76.59)
no 909 (28.48) 547 (29.44) 199 (29.50) 163 (23.41)
Urinary total arsenic (μg/L) 6.61 (3.83,13.95) 6.34 (3.75,13.32) 6.99 (4.30,14.95) 7.58 (3.78,15.12) 0.045
Urinary creatinine (mg/dL) 103.70 (61.58,160.86) 100.32 (58.91,154.50) 121.48 (67.51,178.90) 98.29 (65.80,149.86) 0.003
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The corresponding RERI, AP, and S were 2.47 (95% CI: 
0.30–4.63), 0.29 (95% CI: 0.07–0.50), and 1.48 (95% 
CI:1.03–2.13), respectively. It suggested that there was 
a significant additive interaction between urinary total 
arsenic concentrations and being overweight/obesity on IR 
risk, and about 29% of the OR of being IR was attributed 
to the interaction effect.

As for the additive interaction of urinary total arsenic 
with being overweight/obesity on diabetes risk, only the 
estimated AP was statistically significant (AP = 0.27, 95% 
CI: 0.04–0.51), while RERI and S were not (RERI = 1.29, 
95% CI: -0.14 to 2.72; S = 1.53, 95% CI: 0.98–2.39; 
Table 3), suggesting that there might be a potential addi-
tive interaction between urinary total arsenic and being 
overweight/obesity on diabetes risk.

There was no significant multiplicative interaction 
between urinary total arsenic and being overweight/obesity 
on the risk of IR (P = 0.386) or diabetes (P = 0.125, Table 3).

Discussion

In the present study, urinary total arsenic concentrations 
were positively associated with IR risk in the general 
adult population of the US. Furthermore, we observed an 
additive interaction between being overweight/obesity and 
high urinary total arsenic on IR risk. When stratified by 
BMI, there was a nonlinear relationship between urinary 
total arsenic and diabetes risk in the normal BMI subgroup. 
Our results also suggested that there might be a potential 
additive interaction between urinary total arsenic and being 
overweight/obesity on diabetes risk.

IR, a condition where body’s cells cannot adequately 
respond to insulin, is associated with increased risks of 
type 2 diabetes (T2D), cardiovascular diseases, and cancers 
(Lebovitz 2001; Pichard et  al. 2008). Previous studies 
regarding the effect of arsenic exposure on IR risk yielded 
inconsistent results. A study conducted in Bangladesh 

Fig. 2   Dose–response curves for the associations between urinary 
total arsenic concentrations with adjusted odds ratios of IR or dia-
betes. Dose-response curves for the association between urinary 
total arsenic concentrations with IR risk in the total population (A), 
in normal BMI subgroup (B), and overweight/obesity subgroup (C); 
Dose-response curves for the association between urinary total arse-
nic concentrations with diabetes risk in the total population (D), in 
normal BMI subgroup (E), and overweight/obesity subgroup (F). The 

solid line and dashed line represent the adjusted estimated odds ratios 
and 95% confidence intervals. Urinary total arsenic concentrations 
were standardized using the covariate-adjusted standardization plus 
covariate adjustment method. Analyses were adjusted for age, gender, 
race/ethnicity, education level, PIR, smoking status, alcohol drinking, 
physical activity, fish consumption, urinary creatine concentrations, 
and BMI.
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reported that water arsenic (129.5 ± 155.8 μg/L), hair 
arsenic (3.60 ± 5.78 μg/g), and nail arsenic (6.92 ± 7.72 
μg/g) concentrations were positively correlated with 
HOMA-IR, and part of the mechanism of arsenic exposure 
leading to IR was the loss of skeletal muscle mass (Mondal 
et al. 2020). However, urinary total arsenic concentrations 
(41.2 μg/L) were negatively correlated with HOMA-IR in 
two arsenic-endemic areas of Mexico (β = -4.538, 95% CI: 
-7.514 ~ -1.562) (Del et al. 2011). That study population 
consisted of 9.7% diabetic patients, whose HOMA-IR might 
be affected by lifestyle modification or using antidiabetic 
agents. No significant association was found between 
HOMA-IR and urinary total arsenic among adolescent 
population from NHANES (Peng et al. 2015), while higher 
urinary total arsenic was associated with increased risk of 
IR among adults from NHANES (Zhou et al. 2022). And 
the median urinary total arsenic concentration [adolescent: 
7.01 (4.13, 12.80) μg/L; adults: 6.82 (3.74,15.40) μg/L] 
were both close to the value in our study [6.63 (3.83, 14.03) 
μg/L]. There are several factors that could account for the 
inconsistency. Firstly, it is possible that the adult population 
were exposed to arsenic for a longer duration compared to 
adolescents. Secondly, the discrepancy might be attributed 
to differences in the employed data analysis methods. Zhou 
et al. used multifactorial logistic regression and reported 
that individuals in the highest quintile of urinary total 
arsenic exhibited an elevated risk of IR than those in the 
lowest quintile (adjusted OR = 1.41, 95% CI: 1.07–1.87) 

(Zhou et al. 2022). Likewise, our study employed survey-
weighted logistic regression and found that higher urinary 
total arsenic was associated with increased risk of IR. While 
Peng et al. utilized the generalized additive mixed model and 
no significant association was observed between HOMA-IR 
(log-transformed) and urinary total arsenic (Peng et  al. 
2015). Therefore, we also analyzed the association between 
HOMA-IR (log-transformed) and urinary total arsenic using 
the generalized additive mixed model, and failed to detect 
a significant relationship (Q4 vs Q1, β = 0.176, P = 0.931). 
However, Peng et  al. did not examine potential effect 
modification by BMI. Zhou et al. did subgroup analyses by 
BMI and multiplicative interaction between BMI and urinary 
total arsenic on the risk of IR (P = 0.051). Nevertheless, they 
did not further explore additive interaction, which reflect 
biological interaction better (Andersson et al. 2005).

Therefore, to better understand the interaction between 
urinary total arsenic and overweight/obesity on IR risk, we 
performed formal analyses regarding the additive interac-
tion. Our results indicated that there was significant additive 
interaction between high urinary total arsenic with being 
overweight/obesity on the risk of IR. A cross-sectional 
study reported a joint effect of BMI and urinary total arsenic 
concentrations on IR risk among adolescents and children 
in an area of Taiwan with low arsenic exposure, and the 
regression coefficients of HOMA-IR value were 2.146 (95% 
CI:1.192–3.100) for subjects with combined overweight/
obesity and high urinary total arsenic (> 19.54 μg/L), 0.366 

Table 3   Interaction between urinary total arsenic concentrations and being overweight/obesity on IR or diabetes risk

IR, insulin resistance; BMI, body mass index; UTAs, urinary total arsenic; OR, odds ratio; CI, confidence interval; RERI, relative excess risk 
due to interaction; AP, attributable proportion due to interaction; S, synergy index
a: adjusted for age, gender, race/ethnicity, education level, PIR, smoking status, alcohol drinking, physical activity, fish consumption, and urinary 
creatine
#  Statistically significant with RERI > 0 or AP > 0 or S > 1 indicating additive interaction
*  P for multiplicative interaction, adjusted for age, gender, race/ethnicity, education level, PIR, smoking status, alcohol drinking, physical activ-
ity, fish consumption, and urinary creatine

Outcome BMI UTAs Cases Stratified OR 
(95%CI) a

Additive Interaction Analyses Pinteraction
*

Adjusted OR 
(95%CI) a

RERI (95%CI) 
a

AP (95%CI) a S (95%CI) a

IR normal low 25 1.00 (ref) 1.00 (ref) 2.47 
(0.30,4.63)#

0.29(0.07,0.50)# 1.48 
(1.03,2.13)#

0.386
normal high 19 0.70 (0.27,1.86) 0.98 (0.42,2.26)
overweight/

obesity
low 270 1.00 (ref) 6.14 

(3.69,10.23)
overweight/

obesity
high 327 1.26 (0.95,1.67) 8.58 

(5.13,14.35)
Diabetes normal low 46 1.00 (ref) 1.00 (ref) 1.29 

(-0.14,2.72)
0.27(0.04,0.51)# 1.53(0.98,2.39) 0.125

normal high 50 0.68 (0.36,1.30) 0.78 (0.44,1.38)
overweight/

obesity
low 234 1.00 (ref) 3.66 (2.42,5.55)

overweight/
obesity

high 327 1.18 (0.85,1.64) 4.73 (2.86,7.83)
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(-0.631–1.326) for subjects with normal weight and high 
urinary total arsenic, and 1.605 (0.674–2.536) for subjects 
with abnormal weight and low urinary total arsenic when 
using subjects with normal weight and low urinary total 
arsenic concentrations (≤ 19.54 μg/L) as reference (Lin et al. 
2014). The mean urinary total arsenic concentration of chil-
dren (25.54 ± 1.22 μg/L) and adolescents (25.92 ± 1.23 μg/L) 
were higher than that in our study. The mechanism underly-
ing the interaction between urinary total arsenic and being 
overweight/obesity on IR remains unclear. Previous stud-
ies have shown that NOD-like receptor protein 3 (NLRP3) 
inflammasome-dependent post-translational processing of 
IL-1β and IL-18 is involved in obesity-induced inflammation 
and IR (Vandanmagsar et al. 2011). Recently, researchers 
found that the activation of NLRP3 inflammasome and sub-
sequent IL-1β, IL-18 maturation and secretion participated 
in arsenic-induced hepatic IR (Jia et al. 2020; Qiu et al. 
2022). Thus, it is plausible to speculate that arsenic-induced 
NLRP3 inflammasome activation may be aggravated by 
overweight/obesity. Future studies are warranted to clarify 
our findings and explore the underlying mechanisms.

Inconsistent with previous studies (Grau-Perez et  al. 
2018; Sung et al. 2015; Wang et al. 2014), we failed to 
detect a significant association between urinary total arse-
nic concentrations and diabetes risk in the total population. 
A meta-analysis conducted in 2013 reported that iAs expo-
sure was significantly positively associated with T2D with 
a dose–response relationship (Wang et al. 2014). Most pre-
vious studies were conducted in arsenic-endemic regions, 
while our study population was derived from a large, nation-
ally representative sample of general population, and the 
urinary total arsenic concentrations in the current study were 
6.63 (3.83, 14.03) μg/L. Results from the Coronary Artery 
Risk Development in Young Adults (CARDIA) study indi-
cated that there was no association between diabetes risk and 
low to moderate toenail arsenic levels (Yang et al. 2019). 
Some other factors may also contribute to this discrepancy, 
such as arsenic exposure pathways and arsenic exposure 
evaluation methods. For instance, a meta-analysis showed 
that arsenic exposure through ingestion was a risk factor 
for diabetes (RR = 1.57, 95% CI:1.27–1.93), while arsenic 
exposure through inhalation was not associated with dia-
betes (RR = 1.08, 95% CI:0.79–1.46) (Sung et al. 2015). In 
addition, the urinary total arsenic concentrations used in 
our study might not be a true reflection of inorganic arsenic 
exposure, which could lead to potential misclassification of 
exposure and inconsistency between our results and previ-
ous studies using inorganic arsenic exposure. Although no 
significant dose–response relationship was observed in the 
total population, our results suggested that a nonlinear rela-
tionship of urinary total arsenic concentrations with diabe-
tes risk might exist among individuals with normal BMI. 

Therefore, BMI should be considered as a modifier of the 
association between arsenic exposure and diabetes risk.

Accordingly, we further explored the interaction of uri-
nary total arsenic concentrations with being overweight/obe-
sity on the risk of diabetes. And our results suggested that 
there might be a potential additive interaction between high 
urinary total arsenic and being overweight/obesity on diabe-
tes risk. In agreement with our findings, Castriota et al. and 
Pan et al. reported significant additive interaction between 
arsenic exposure and high BMI on T2D risk (Castriota et al. 
2018; Pan et al. 2013). However, only one interaction evalu-
ation index, the synergy index, was reported in Castriota’s 
study, and the synergy index was 3.12 (95% CI: 0.91–10.70) 
with 95% CI containing 1 (Castriota et al. 2018), which 
should not be considered statistically significant (Anders-
son et al. 2005). Besides, Pan et al. reported that 62% of the 
OR of diabetes was attributed to the interaction between 
BMI and arsenic in drinking water [diabetes:71.5 (269.9) 
μg/L, controls: 13.9 (134.2) μg/L], but the RERI was 8.93 
(95% CI:0.14–32.2), with a large range of CI which might 
be due to the small sample size of diabetes (n = 84) and then 
lead to instability of the estimates (Pan et al. 2013).. Thus, 
future studies with larger sample size are needed to confirm 
or refute our findings, especially among populations with 
arsenic exposure at levels common in the general population.

To our knowledge, this is the first study to report a sig-
nificant additive interaction between urinary total arsenic 
concentrations and being overweight/obesity on IR risk. 
This study population was derived from a large, nationally 
representative sample. It is also noteworthy that the urinary 
total arsenic concentrations in our study represent exposure 
levels common in the general population of US. Neverthe-
less, there are some limitations to our study. First, due to 
the cross-sectional nature of NHANES, no conclusions can 
be drawn regarding the temporal association and causal 
determination of arsenic exposure and the risk of IR or dia-
betes. Second, urinary total arsenic concentrations might 
be affected by food containing organic arsenic. Although 
dietary fish intake was adjusted in this study, the influ-
ence of other organic arsenic exposure sources cannot be 
completely excluded. Third, potential selection bias might 
exist because there were significant differences in urinary 
creatine concentration, gender, and race/ethnicity between 
individuals included in our study and those excluded with 
age ≥ 20 years. Although sample weights were applied in 
data analyses, populations beyond those included in this 
study might affect the assessment of association between 
urinary total arsenic and the risk of diabetes or IR. Fourth, 
the sample sizes of some subgroups were small, so we per-
formed power calculations and the results suggested that the 
power of additive interaction analysis of urinary total arse-
nic with being overweight/obesity on IR and diabetes risk 
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were 84.3% and75.2%, respectively, the interactive effect 
between urinary total arsenic and being overweight/obesity 
on diabetes risk is likely to be underpowered. Thus, future 
studies with a large sample size may be required to validate 
or refute our results.

In summary, our results demonstrated that there was a 
significant additive interaction between high urinary total 
arsenic concentrations and being overweight/obesity on 
IR risk. Considering that obesity and arsenic exposure are 
prevalent and widespread, especially that the arsenic exposure 
in our study was at levels common in the general population of 
US, these findings have important public health implications. 
Prevention strategies for IR aimed at both weight management 
and reducing arsenic exposure may surpass the expected 
benefits based on addressing these risk factors alone. Future 
prospective studies and mechanism research are needed to 
further confirm and elucidate our results.
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