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Abstract

Background: Exposure to inorganic arsenic (iAs) via drinking water is a serious global health
threat. Various factors influence susceptibility to iAs-associated health outcomes, including
differences in iAs metabolism. Previous studies have shown that obesity is associated with iAs
metabolism. It has been hypothesized that this association can be explained by confounding from
nutritional factors involved in one-carbon metabolism, such as folate or other B vitamins, whose
intake may differ across BMI categories and is known be associated with iAs metabolism.
However, no studies have explored whether this association is confounded by nutritional factors.

Methods: We investigated the relationship between body mass index (BMI) and the distribution
of urinary arsenic species in a cross-sectional cohort of 1,166 adults living in Chihuahua, Mexico
from 2008 — 2013. Nutrient intake related to one-carbon metabolism, including folate, vitamin B2,
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and vitamin B12, was assessed using a food frequency questionnaire developed for Mexican
populations. Multivariable linear regression was used to estimate the association between BMI and
the distribution of urinary arsenic metabolites. Effect modification by drinking water iAs level and
sex was also examined.

Results: After adjusting for potential confounders, including age, educational attainment,
smoking, alcohol consumption, seafood consumption, water iAs, and sex, BMI was negatively
associated with the proportion of urinary inorganic arsenic (%U-iAs) and urinary monomethylated
arsenic (%U-MMAS) and positively associated with urinary dimethylated arsenic (%U-DMAS).
This relationship was not influenced by additional adjustment for folate, vitamin B2, or vitamin
B12 intake. Additionally, there was significant effect modification by both drinking water iAs
level and sex.

Conclusions: This study provides further evidence for an association between BMI and arsenic
metabolism. However, contrary to previous hypotheses, these results suggest that this association
is not confounded by the intake of micronutrients involved in one-carbon metabolism.
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Introduction

Exposure to inorganic arsenic (iAs) remains a persistent public health problem in
communities around the world [1]. While iAs causes cancers of the skin, bladder, liver, and
lung, it has also been linked to a range of other adverse health outcomes [2]. Specifically,
chronic iAs exposure has been associated with cardiometabolic outcomes, such as diabetes,
dyslipidemia and hypertension, immunotoxic effects, and adverse birth outcomes [3-7].

Recent research has focused on the role of iAs metabolism in determining individual
susceptibility to iAs-associated outcomes [8, 9]. iAs is metabolized in a series of alternating
methylation and reduction steps, carried out by the enzyme arsenic (+3 oxidation state)
methyltransferase (AS3MT) and using S-adenosyl-methionine (SAM) as a methyl donor
[10]. The availability of SAM depends, in part, on nutritional factors, including folate and
other B vitamins that are involved in one-carbon metabolism, the biochemical pathway
responsible for synthesizing SAM [11]. In population studies, three major arsenicals are
measured in the urine as indicators of iAs metabolism, namely, iAs and its methylated
metabolites, monomethylated arsenic (MMAS) and dimethylated arsenic (DMAS).
Interestingly, the distributions of these metabolites in urine have been associated with risk of
adverse outcomes. There is a wealth of evidence demonstrating that higher proportions of
urinary MMAs (%MMASs) and lower proportions of urinary DMAs (%DMAS), which is
believed to indicate less efficient iAs metabolism, are associated with an increased risk of
skin lesions [12—15], cancers [16-21], and cardiovascular disease [22, 23]. However, in
contrast to most iAs-associated health outcomes, lower %MMAs and higher %DMAs,
believed to indicate more efficient iAs metabolism, are associated with increased risk of
cardiometabolic disorders, including diabetes [24-27]. Given these observations,
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understanding how factors influence iAs metabolism is critical to our understanding of
individual susceptibility to iAs-associated diseases.

There are various factors that are known to affect iAs metabolism. These include genetic
factors, such as AS3MT polymorphisms, along with sociodemographic factors, including
sex, tobacco use, and age [28]. Studies from cohorts originating in Bangladesh, Mexico, and
the United States have also reported a relationship between body mass index (BMI) and the
distribution of urinary arsenic metabolites [29-32]. Specifically, these studies have found a
positive association of BMI with %DMAs and a negative association with %MMAs [29—
32].

While these relationships are consistent across cohorts, the mechanisms underlying the
association between BMI and the excretion of urinary arsenic metabolites are unknown. One
potential explanation is that dietary differences associated with BMI may result in
differential nutrient intake, where individuals with lower BMI may have deficiencies in
nutrients involved in one-carbon metabolism and individuals with higher BMI may have
greater intake of these nutrients [29]. We evaluated this hypothesis using the Chihuahua
cohort, where we investigated (1) the consistency of the relationship between BMI and the
distribution of urinary arsenic metabolites and (2) whether this relationship may be
confounded by differences in the intake of one-carbon metabolism nutrients. In addition, we
examined modification by both sex and level of iAs in drinking water. To our knowledge,
this study is the first to examine the role of one-carbon metabolism nutrients in the
relationship between BMI and the profile of urinary arsenic metabolites.

2. Methods

2.1 Study Population

Individuals in this study were enrolled in the Chihuahua cohort, a cross-sectional study of
adults (= 18 years) living in Chihuahua, Mexico, an area of endemic iAs exposure via
drinking water. This cohort has been described in depth, elsewhere [25, 33]. Briefly, between
2008 — 2013, 1,166 adults were enrolled into the cohort to study the relationship between
iAs exposure and metabolic disease. Adults were eligible to participate in the study if they
(1) lived in the study area for at least 5 uninterrupted years, (2) were not pregnant, (3) did
not self-report kidney or urinary tract infections, and (4) did not have the potential for
occupational exposure to iAs. All participants provided signed informed consent and all
study procedures involving human subjects were approved by institutional review boards at
the University of North Carolina at Chapel Hill (UNC) and Centro de Investigacién y de
Estudios Avanzados del Instituto Politécnico Nacional, Mexico (Cinvestav-IPN). The
participation rate among those who were invited to participate in the study was 67%.

Information on residency, occupation, drinking water sources, smoking, seafood
consumption, alcohol consumption, and medical history were collected at enrollment using
an interviewer-administered questionnaire. Household drinking water samples were also
collected at this time. Participants were then transported to the Universidad Auténoma de
Chihuahua to undergo a medical examination. During the medical examination, participant
height and weight was measured to the nearest 0.1 cm and 0.1 kg, respectively. This
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information was used to calculate BMI. Spot urine samples were also collected at the
medical exam and stored at —80° C until analysis.

2.2 Diabetes Diagnosis

During the medical exam, participants were given an oral glucose tolerance test. Participants
were asked to fast overnight prior to attending the medical exam and a fasting venous blood
draw was collected before administering the oral glucose tolerance test. A second blood
draw was collected two hours after a 75-g glucose dose. Plasma from both the fasting and 2-
hour blood samples was stored at —80°C until analysis. A Prestige 24i Chemistry Analyzer
(Tokyo Boeki Medisys Inc., Tokyo, Japan) was used to determine fasting plasma glucose
(FPG) and two-hour plasma glucose (2HPG) concentrations. Individuals were classified as
having type Il diabetes (T2DM) if they had FPG = 126 mg/dL, 2HPG = 200 mg/dL, or if
they self-reported diabetes diagnosis and/or diabetes medication use [34].

Drinking Water and Urinary Arsenic Measurements

Both spot urine and drinking water iAs was analyzed using hydride generation-atomic
absorption spectrometry coupled with a cryotrap (HG-CT-AAS) in order to quantify and
speciate arsenic. HG-CT-AAS is capable of measuring iAs and its metabolites, namely
MMAs and DMAs [33, 35]. However, this method cannot detect complex organic arsenic
species (e.g., arsenocholine, arsenobetaine or arsenosugars) that are commonly found in
seafood, but are not metabolites of iAs in humans. A certified standard reference material,
Arsenic Species in Frozen Human Urine (SRM 2669; National Institute of Standards and
Technology) was used to ensure accuracy. The limit of detection (LOD) for drinking water
iAs and urinary arsenic species was 0.01 ug As/L. Concentrations of water and urinary
arsenic species below the LOD (1.9% for water iAs, and 1.6% for urinary iAs) were imputed
as LOD/2. Total urinary arsenic (U-tAs) was defined as the sum of iAs, MMAs, and DMAs.
Distribution of urinary arsenic metabolites was characterized using the proportions of U-tAs
represented by iAs (%U-iAs), MMAs (%U-MMAs), and DMAs (%U-DMAS).

2.3 Dietary Nutrient Intake Estimates

A food frequency questionnaire (FFQ) was administered by trained personnel during the
subject interviews. The Sistema de Evaluacién de Habitos Nutricionales y Consumo de
Nutrimentos (SNUT) is a FFQ developed in Instituto Nacional de Salud Publica [36-38].
This semi-quantitative questionnaire surveys the intake of 116 food items during the past 12
months and includes a variety of common/local foods that account for the greatest inter-
individual variation in nutrient intake. An extensive food composition table, recently updated
to capture changes such as fortification of wheat flour with folate, was applied to estimate
energy and a wide array of nutrient intakes. The use of vitamin supplements was also
recorded. Total folate intake in dietary folate equivalents (DFE) was estimated based on the
food composition table, taking fortification of wheat and corn flour into account. SNUT has
been validated using 24-hour recall and biomarker measurements and used in population
studies carried out by scientists from Instituto Nacional De Salud Publica in Mexico [36—
41].
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2.4 Statistical Analysis

All statistical analyses were performed in SAS 9. (Cary, NC), unless otherwise noted. Linear
regression models were used to estimate the association between BMI and the distribution of
urinary arsenic species and bootstrapping, with 500 replicates, was used to estimate the 95%
confidence intervals (95% CI). The crude relationship between BMI and the distribution of
urinary arsenic metabolites was assessed using BMI as both a categorical and continuous
measure. In categorical analyses, BMI was categorized according to World Health
Organization (WHO) recommendations (underweight/normal < 25, overweight 25 — 29.9,
obese 30 — 34.9, and severely obese = 35) [42]. Underweight and normal BMI categories
were combined due to a small number of participants in the underweight category (N = 14).
In continuous analyses, mean differences (95% CI) were produced for an interquartile range
(IQR) increase in BMI to examine the change in arsenic metabolism associated with an
increase from the 25! percentile to the 75! percentile of BMI.

In order to examine whether the association between BMI and the distribution of urinary
arsenic species was confounded by dietary nutrients, two sets of models were run. The first
set of models adjusted for sex (male/female), age (years), smoking status (yes/no), drinking
water iAs level (above vs. below 50 ppb), alcohol consumption (yes/no), recent seafood
consumption (yes/no), educational attainment (illiterate/elementary/middle school/high
school+). The second set of models additionally adjusted for folate intake, vitamin B2
intake, and vitamin B12 intake. For this second set of models, total caloric intake was also
included as a potential confounder. Folate intake was measured as dietary folate equivalents
(DFE) in order to account for differences in bioavailability between food folate and food
supplemented with folic acid [43]. Folate intake, vitamin B2 intake, and vitamin B12 intake
measurements were log-transformed to approximate a normal distribution. Based on a
functional form assessment, age was represented with a quadratic term. Log-transformed
folate intake, log-transformed vitamin B2 intake and log-transformed vitamin B12 intake
were represented with linear terms. Given the high degree of correlation between vitamin
intake (r; = 0.5 — 0.9), models were assessed for issues related to collinearity and none were
observed (data not shown). Several sensitivity analyses were performed, where these models
were reproduced excluding (1) people with T2DM and (2) people reporting recent seafood
consumption to determine whether individuals with T2DM or who recently consumed
seafood influenced the association between BMI and the distribution of urinary arsenic
metabolites.

Modification by drinking water iAs and sex were examined because both factors have
previously been shown to modify a range of other iAs-associated health effects [44-47]. For
each variable, modification was assessed by using a likelihood ratio test (LRT) to test
whether an interaction model fit the data better than a main effects model. Modification was
considered significant if LRT p < 0.1. To aid with interpretability, interaction models were
only produced using BMI as a continuous measure.

Given that the distributions of %U-iAs, %U-MMAs, and %U-DMAs are skewed and do not
log-normalize (Supplemental Figure 1), linear regression may poorly estimate these
outcomes. As a sensitivity analysis, we used Dirichlet regression, which estimates multiple
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dependent variables that all sum to one, to model all metabolites as a function of BMI [48].
Dirichlet regression was carried out in Stata/SE 15 with the <dirifit> package.

3. Results

This study is composed of 1,166 adults (18 — 90 years) enrolled in the Chihuahua cohort.
The median BMI was 28.4 kg/m? and ranged from 16.0 — 56.8 kg/m2. Participants were
mostly females (67.4%) and had less than a middle school education (69.3%). Only 28.1%,
39.6% and 24.2% of the participants were smokers, consumed alcohol, or had consumed
seafood in the week before urine collection (Table 1). The median drinking water iAs level
was 48.3 ppb and ranged from LOD to 419.8 pph. The median (range) levels of %U-iAs,
%U-MMAs, and %U-DMAs were 8.9% (0.04 — 66.4), 14.1% (1.1 — 78.4), and 76.6% (20.3
—98.0), respectively (Table 1). Sufficient folate, vitamin B2, and vitamin B12 intake was
defined according to guidelines from the National Institutes of Health Office of Dietary
Supplements [49-51]. Interestingly, many individuals did not have sufficient intake of folate
(=400 pg/day; 19.9%), vitamin B2 (= 1.3/1.1 mg/day in men/women; 41.7%), or vitamin
B12 (= 2.4 ug/day; 43.9%) (Table 2).

Median %U-iAs and %U-MMAs levels were higher among participants who had a lower
BMI, were younger, males, smokers, and those who consume alcohol (Table 2). Median
%U-iAs levels were also higher among those with higher educational attainment. On the
other hand, levels of %U-DMAs were higher among participants that had a higher BMI,
were older, females, non-smokers, and those who did not consume alcohol (Table 2). There
were no differences in the distribution of %U-iAs, %U-MMAS, or %U-DMAs based on
drinking water iAs levels, recent seafood consumption, total folate intake, vitamin B2 intake,
or vitamin B12 intake.

Due to missing data on covariates, there are 1149 individuals included in crude models and
1051 individuals in our fully-adjusted models (Model 2). In crude analyses, BMI categories
were associated with the distribution of urinary arsenic metabolites (Figure 1). Specifically,
higher BMI categories were associated with higher %U-DMAs and lower %U-iAs and %U-
MMAs. Likewise, an IQR-change in BMI was associated with lower %U-iAs (Mean
Difference: —1.43, 95% CI: -1.82, -0.-1.03) and %U-MMAs (Mean Difference: —1.99,
95% ClI: —2.44, -1.52), and higher %U-DMAs (Mean Difference: 3.42, 95% ClI: 2.80, 4.09)
(Table 3).

After adjusting for age, educational attainment, smoking status, alcohol consumption,
seafood consumption, drinking water iAs level, and sex, there was some attenuation in the
association between BMI and the distribution of urinary arsenic metabolites. Higher BMI
categories remained associated with lower %U-iAs and %U-MMAs and higher %U-DMASs
(Table 4). An IQR-increase in BMI was also associated with lower %U-iAs (Mean
Difference: —1.10, 95% CI: -1.59, -0.69) and %U-MMAs (Mean Difference: —1.41, 95%
Cl: -1.86, —0.98) and higher %U-DMAs (Mean Difference: 2.51, 95% ClI: 1.84, 3.20).
Adding folate intake, vitamin B2 intake, and vitamin B12 intake into the model did not
substantially change the estimates for either categorical or continuous analyses (Table 4).
Similar results were obtained when the analysis was restricted to study participants without
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T2DM or participants without recent seafood consumption (Supplemental Tables 1-2).
Importantly, estimates produced using Dirichlet regression to simultaneously model the
proportions of urinary arsenic metabolites were consistent with results obtained from our
linear regression models (Supplemental Table 3).

There was significant effect modification on the additive scale by both drinking water iAs
level and sex (Table 5). Among those with high drinking water iAs (> 50 ppb), an IQR-
change in BMI was associated with differences in %U-iAs, %U-MMAs, and %U-DMASs
that were larger in magnitude than those with low drinking water iAs (< 50 ppb). For
instance, an IQR-change in BMI was associated with an average %U-DMAs that was 1.80
(0.84, 2.73) percentage points higher among those with low drinking water iAs, and an
average %U-DMAs that was 3.55 (2.66, 4.53) percentage points higher among those with
high drinking water iAs. Similarly, sex significantly modified the association between BMI
and urinary arsenic metabolites, where the association appeared stronger among males
compared to females.

4. Discussion

Using a cohort of adults living in Chihuahua, Mexico, we examined the relationship between
BMI and the distribution of urinary arsenic metabolites. Specifically, higher BMI was
associated with lower %U-iAs and %U-MMAs and higher %U-DMAs. We did not find
evidence that this association is confounded by dietary intake of micronutrients involved in
SAM synthesis, namely folate, vitamin B2, and vitamin B12. In addition, we found that the
relationship between BMI and the distribution of urinary arsenic metabolites was modified
by both drinking water iAs levels and sex.

Results of this study are consistent with findings of previous studies, which have reported
associations between BMI and higher %U-DMAs and lower %U-MMAs [29-32]. The
mechanisms underlying the association between BMI and the distribution of urinary arsenic
metabolites are still unknown. Previous studies have suggested that individuals with lower
BMI are more likely to be malnourished, and therefore, are more likely to have vitamin
deficiencies [30], including folate and vitamin B12 deficiencies. Dietary intakes of folate
and vitamins B2 and B12 have also been shown to impact the profiles of iAs and/or its
metabolites in urine and blood [52-57], probably by affecting the availability of SAM for
iAs metabolism [10]. Therefore, it is possible that the association between BMI and the
excretion of urinary iAs metabolites is confounded by dietary intake of these nutrients [58].
Thus, the association between BMI and urinary iAs metabolism may be driven by
differential nutrient intake across BMI categories [29]. In our crude assessment of the
distribution of urinary arsenic species across demographic characteristics, we did not
observe any differences according the intake of folate, vitamin B2, or vitamin B12.
Likewise, additional adjustment of our models for folate intake, vitamin B2 intake, and
vitamin B12 intake did not change our estimates for the association between BMI and
arsenic metabolites, suggesting that these nutrients do not confound the association between
BMI and urinary measures of arsenic metabolism. Given that we did not observe the
expected association between folate, vitamin B2 and B12 intake and the distribution of
urinary arsenic species, we may be limited in our ability to detect confounding by these
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variables. However, our findings are consistent with results of other studies that have
examined whether nutrient intake can explain the relationship between iAs metabolism and
other iAs-associated outcomes, such as metabolic syndrome and incident diabetes [24, 59,
60].

There are several other possible explanations for the association between BMI and the
excretion of urinary arsenic metabolites. Obesity could affect iAs metabolism through
various mechanisms, including (1) altering the expression of AS3MT or (2) by increasing
oxidative stress in the liver. However, neither of these mechanisms are likely to explain the
results found in this study. For instance, there is evidence that high fat diets can change the
expression of As3mtin mice [61]. However, it was reported that a high fat diet reduced
expression of As3mt, which would be expected to reduce the efficiency of iAs metabolism
and, therefore, would not explain the results in the present study. Similarly, obesity is known
to increase oxidative stress in the liver, but the resulting tissue damage may be expected to
reduce the capacity of the liver to effectively metabolize iAs [62]. Another possible
explanation for this association is that obesity is related to reductions in kidney function that
impact the excretion of metabolites into the urine. For instance, obesity is known to be
related to reductions of the estimated glomerular filtration rate (eGFR) [63], which has also
been associated with increases in %U-DMAs and decreases in %U-iAs in several human
populations [64, 65]. Thus, kidney function could be a potential mediator of the association
between BMI and urinary indicators of iAs metabolism. Lastly, given the cross-sectional
nature of this study, reverse causality cannot be ruled out. Findings from epidemiologic
studies provide evidence of a prospective association between higher %U-DMASs and other
metabolic outcomes, including diabetes, metabolic syndrome, and waist circumference [24,
59, 60]. Further, a recent study comparing metabolic phenotypes of wild-type and As3mt-
knockout (KO) C57BL/6 mice showed that accumulation of iAs in tissues of KO mice is
associated with increased adiposity, providing evidence that iAs metabolism may also
influence obesity [66]. However, these results are contrary to our study, which links higher
BMI to lower %U-iAs.

The association between BMI and iAs metabolism was modified by both sex and drinking
water iAs exposure [44-47]. These factors have been routinely shown to be modifiers within
the context of iAs-associated health outcomes. Previous research on this cohort has
demonstrated interactions between AS3MT variants and the level of iAs in drinking water
with respect to iAs metabolism [46]. In this study, we observed greater differences in the
mean %U-iAs, %U-MMAs, and %U-DMAs by BMI among individuals with higher levels
of iAs in their drinking water. This interaction may take place at a molecular level, where it
has been shown that the concentration of iAs in drinking water is associated with
hypomethylation of the AS3MT promoter region, suggesting that iAs exposure may
stimulate AS3MT expression and, ultimately, iAs metabolism [67]. On the other hand, the
mean difference in %U-MMASs and %U-DMAs associated with BMI was smaller among
women, who have typically been shown to have more efficient iAs metabolism [68]. The
observed interaction between BMI and sex may be related to differences in how well BMI
reflects body fat between the sexes [69]. However, it has also been shown that males are
often more susceptible to iAs-associated health outcomes — the same may be true of factors
that influence iAs metabolism [70].
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One limitation of the present study is the use of dietary intake measures that were based on
SNUT, a FFQ designed for Mexican populations [36-38]. While these measures are
validated indicators of nutrient intake, there are potentially important sources of
measurement error that may impact these results. For example, seasonal differences in
dietary consumption may contribute to inter-individual differences in blood folate and other
B vitamins at the time of study recruitment that would not be accounted for in SNUT [71].
In addition, because SNUT measures the intake of individual food items, rather than dishes,
we may be underestimating micronutrient intake because the consumption of seasonings and
cooking oils is not captured [71]. However, the most important sources of folate and other B
vitamins are meat-based products, rather than spices and cooking oils [49-51]. Lastly, BMI
is known to affect the metabolism and bioavailability of folate and other vitamins [72].
Therefore, the accuracy with which micronutrient intake approximates internal levels of
folate, vitamin B2 and vitamin B12 may depend, in part, on BMI. The role that folate,
vitamin B2, and vitamin B12 play in the association between BMI and the distribution of
arsenic metabolites should be further investigated using biomarkers of folate and vitamins
B2 and 12.

While the wide range of BMI present in this study is a strength, the Chihuahua cohort has
very few individuals in the underweight BMI category. It is possible that, in populations with
lower BMI and higher rates of malnourishment, micronutrient intake could play a larger role
in the association between BMI and urinary iAs metabolism. Given that we combined the
underweight and normal categories due to the small number of individuals in the
underweight category, we may be underpowered to detect this effect. In addition, iAs and its
metabolites in urine were analyzed by HG-CT-AAS, a method that cannot detect
arsenobetaine and other complex organic arsenicals [35]. Thus, measures of arsenobetaine
were not available to validate self-reported seafood consumption. Lastly, this study has a
cross-sectional design and reverse causality cannot be ruled out [24, 59, 60]. Future studies
should be conducted to examine how changes in BMI and nutritional intake over time relate
to changes in the distribution of arsenic metabolites.

5. Conclusions

In summary, we identified a significant association between BMI and distribution of urinary
arsenic metabolites in adults exposed to iAs via drinking water. These findings are consistent
with those reported previously in cohorts located in the U.S., Mexico, and Bangladesh [29,
30, 32]. However, our study was the first to investigate potential confounding by intake of
micronutrients involved in one-carbon metabolism, namely folate and vitamins B2 and B12.
Differences in iAs metabolism are known to be associated with a range of adverse outcomes
in iAs-exposed populations, such as skin lesions [12-15], atherosclerosis [22, 23], cancers
[16-21], and diabetes [24-27]. Thus, understanding factors that contribute to differences in
iAs metabolism is critical for risk assessment of iAs-associated diseases. Because some iAs-
associated diseases, such as diabetes, are also associated with obesity, this relationship
warrants further investigation. Additionally, we recommend that BMI should be carefully
considered and/or adjusted for in future studies of iAs metabolism or iAs-associated disease
as a potential confounder or modifier.
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Figure 1. Distribution of urinary arsenic metabolitesby BMI category.
(a) Triplot indicates that an increase in BMI is associated with a shift in urinary arsenic

species, (b) a closer view on the distribution of urinary arsenic metabolites in the Chihuahua
Cohort, and (c) compositional means of urinary arsenic species according to BMI category.
Specifically, there is an increase in %U-DMASs and a decrease in %U-iAs and %U-MMAs
with increasing BMI category. BMI categories are defined according to WHO
recommendations (underweight/normal < 25, overweight < 30, obese < 35, and severely
obese = 35) [42].
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Demographics and urinary arsenic species in adults living Chihuahua, Mexico (N=1,166)

Table 1.

Variable Range  Median (IQR) or N (%)*  Missing valuesn (%)™
Body Mass Index, kg/m? 16.0 -56.8 28.4(7.4) 9(0.8)
Age, years 18.0-90.0 45.0 (25.0) 6 (0.5)
Sex 6 (0.5)
Male 377 (32.5)
Female 783 (67.4)
Education Level 24 (2.1)
Iliterate 312 (27.3)
Elementary School 480 (42.0)
Middle School 291 (25.5)
High School+ 59 (5.2)
Current Smoker 27(2.3)
Yes 320 (28.1)
No 819 (71.9)
Alcohol Consumption 4(0.3)
Yes 460 (39.6)
No 702 (60.4)
Recent Seafood Consumption 15(1.3)
Yes 278 (24.2)
No 873 (75.9)
Drinking Water iAs, ppb LOD (<0.01) —419.8 48.3 (54.3) 60 (5.1)
%U-iAs 0.04 - 66.4 8.9 (5.8) 12 (1.0)
%U-MMAS 11-784 14.1 (6.8) 12 (1.0)
%U-DMAs 20.3-98.0 76.6 (10.8) 12 (1.0)
Folate Intake (DFE), ug/day 11.8-2830.8 596.1 (504.7) 13(1.1)
Vitamin B2 Intake, mg/day 0.1-88 1.3(0.8) 13(1.1)
Vitamin B12 Intake, ug/day 0.1-215 2.7(2.2) 13(1.1)

*
Percent of non-missing observations;

*:

A
Percent of all observations.
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Table 2.

Distribution of urinary arsenic metabolites species by demographic characteristic.

A %iAs * %MMAS * %DMAs *
N (%) Median IQR) P Median IQR) P Median IQR) P
Overall Cohort 1051 (100) 8.9 (5.9) 14.0 (6.8) 76.8 (10.9)
BMI, kg/m?
Underweight/Normal (< 25) 263 (25.0) 10.3 (7.0) 16.8 (6.8) 72.8 (11.4)
Overweight (25 -29.9) 372 (35.4) 8.7 (6.1) 14.4 (6.1) 77.0 (11.2)
Obese (30-34.9) 272 (25.9) 8.5 (5.4) 12.6 (5.6) 78.5 (8.9)
Severely Obese (= 35) 144 (13.7) 8.0 (4.6) <0.01 11.4 (4.6) <0.01 80.2 (10.1) <0.01
Age, years
<35 295(28.0) 10.7 (7.4) 14.6 (6.8) 74.2 (11.7)
35-64 611 (58.1) 8.5 (5.3) 13.1 (6.4) 78.4 (10.2)
>65 145 (13.8) 8.2(5.4) <0.01 15.7(6.6) <0.01 75.7(9.7) <0.01
Gender
Male 333 (3L.7) 10.0 (6.1) 16.4 (6.9) 73.4 (10.9)
Female 718 (68.3) 8.4 (56) <0.01 12.9(6.0) <0.01 78.3(9.9) <0.01
Smoking Status
No 755 (71.8) 8.5 (5.8) 13.5 (6.4) 77.8 (10.9)
Yes 296 (28.2) 10.1(6.8) <0.01 15.2(6.8) <0.01 74.2 (11.4) <0.01
Alcohol Consumption
No 624 (59.4) 8.5 (5.8) 13.6 (6.5) 77.6 (10.0)
Yes 427 (40.6) 9.7(6.1) <0.01 14.6 (6.7)  0.002 755(11.7)  <0.01
Education
llliterate 280 (26.7) 8.2 (5.7) 14.2 (7.2) 77.0 (11.3)
Elementary School 446 (42.4) 8.8 (5.9) 13.8 (6.4) 77.1(10.2)
Middle School 272 (25.9) 9.5 (6.0) 13.6 (6.4) 76.5 (10.9)
High School or Greater 53(5.0) 10.4 (5.7) 0.02 15.4 (7.1) 0.4 74.8 (11.1) 0.4
Drinking water iAs, ppb
<50 565 (53.8) 9.0 (6.5) 13.8 (6.6) 76.7 (10.4)
>50 486 (46.2) 8.7 (5.2) 0.5 14.2 (6.9) 0.1 77.0 (11.4) 0.9
Recent Seafood Consumption
No 791 (75.3) 8.9 (5.8) 14.0 (6.7) 76.6 (10.8)
Yes 260 (24.7) 8.8 (6.1) 0.6 13.8 (6.3) 0.4 77.2 (10.8) 0.7
Folate Intake (DFE), mg/day
Sufficient Intake (= 400) 842 (80.1) 8.8 (5.9) 13.9 (6.5) 77.0 (10.9)
Insufficient Intake (< 400) 209 (19.9) 9.3 (5.5) 0.4 14.4 (7.1) 0.3 76.2 (10.7) 0.2
Total Vitamin B2 Intake, mg/day
Sufficient Intake (=1.3/1.1 in men/women) 613 (58.3) 8.9(5.9) 13.9(6.3) 77.3(10.7)
Insufficient Intake (<1.3/1.1 in men/women) 438 (41.7) 8.9(5.9) 0.4 14.1(7.1) 0.5 76.2 (11.1) 0.3
Total Vitamin B12 Intake, pg/day
Sufficient Intake (= 2.4) 590 (56.1) 9.0 (6.0) 14.1 (6.5) 76.8 (11.1)
Insufficient Intake (< 2.4) 461 (43.9) 8.6 (5.7) 0.5 13.8 (6.8) 0.3 76.8 (10.8) 0.3
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*
P-values for Kruskal-Wallis Test;

N
Includes N = 1051 participants that have no missing data on key covariates of interest
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Table 3.

Crude mean difference (95% CI) for the relationship between BMI categories or an IQR-increase in BMI and
urinary arsenic metabolites.

M ean Difference (95% Cl) in Urinary Arsenic Species

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

%U-iAS %U-MMAS %U-DMAS
Mean Mean Mean
N (g5y %al!; Difference (950'/\/| g’; Difference (g5y %alr)\ Difference
0 (95% CI) 0 (95% CI) ° (95% CI)

Underweight/ 115 16.8 717
Normal BMI  28% (107, 12.3) 0.0 (ref) (16.1, 17.4) 0.0 (ref) (706,72.8) 00 (reh
Overweight ., 9.94 161 14.9 -1.91 75.2 352
BMI (9.36,106) (~2.55, ~0.59) (14.4,15.4) (-2.77,-1.05) (74.3,76.0)  (2.22, 4.90)
8.98 257 133 -3.43 7.7 6.00
Obese BMI 294 g 49 947) (-3.48, -1.63) (12.9,138) (-4.21, -2.64) (76.9,785) (4.72,7.27)
Severely 158 8.36 -3.19 12.6 -4.21 79.1 7.40
Obese BMI (7.67,9.01) (-4.23, -2.15) (116,138) (-5.33, -2.94) (77.8,80.2)  (5.68, 9.09)
. -143 -1.99 342
IQR™AinBMI 1149 (-1.82, -1.03) (-2.44, -1.52) (2,80, 4.09)

IQR = 7.4 kg/m?2
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Adjusted mean difference for the relationship between BMI categories or an IQR- increase in BMI and urinary

arsenic metabolites.

Table 4.

Mean difference (95% CI) in urinary arsenic species

%U-iAs

%U-MMAs

%U-DMAs

"Model 1

Underweight/
Normal BMI 264

Overweight
BMI 375

Obese BMI 276

Severely
oOveseBMI 14

0.0 (ref)

-0.73 (-1.78, 0.33)
-1.57 (-2.52, —0.65)

-2.48 (-3.67, —1.46)

0.0 (ref)

-1.29 (-2.17, -0.48)
~2.39 (-3.52, ~1.66)

-2.88 (-4.18, -1.53)

0.0 (ref)

2.02 (0.64, 3.40)
3.96 (2.64, 5.32)

5.37 (3.63, 7.24)

IQR*AinBMI 1059

-1.10 (-1.59, —0.69)

~1.41 (-1.86, —0.98)

2.51 (1.84, 3.20)

#Mua'el 2

Underweight/ 263
Normal BMI

Overweight
BMI 372

Obese BMI 272

Severely
ovese M 144

IQR*AiInBMI 1051

Ref (0.0)

-0.76 (~1.80, 0.32)
-1.66 (-2.71, -0.67)
-2.48 (-3.65, —1.45)

-1.12 (-1.60, —0.67)

Ref (0.0)

-1.36 (-2.24, —0.54)
-2.53 (-3.41, -1.75)
-2.95 (-4.24, -1.57)

-1.45 (-1.90, -1.00)

Ref (0.0)

212 (0.75, 3.44)
4.19 (2.84, 5.60)
5.43 (3.60, 7.25)

2.57 (1.87, 3.30)

*
IQR = 7.4 kg/m?

N
Model 1 adjusts for age, educational attainment, smoking, alcohol consumption, seafood consumption, water iAs, and sex.

Model 2 adjusts for age, educational attainment, smoking, alcohol consumption, seafood consumption, water iAs, sex, total calorie intake, folate

intake, vitamin B2 intake, and vitamin B12 intake.
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Table 5.

Modification of association between an IQR *increase in BMI and iAs metabolism by water iAs and sex.

Mean difference (95% CI) in urinary arsenic species

Modifier N %U-iAs pa %U-MMAs pa %U-DMAs pa
AN .
Water iAs
Low Water iAs
(<50 ppb) 565 -0.71(-1.24,-0.15), -1.09 (-1.73, -0.33) 1.80 (0.84, 2.73)
0.01 0.05 <0.01
High Water iAs
(> 50 ppb) 486  -1.64 (-2.41,-1.03) -1.90 (-2.48, -1.36) 3.55 (2.66, 4.53)
#S‘ex
Male 333  -1.25(-1.98,-0.50) -2.33(-3.08, -1.75) 3.58 (2.54,4.82)
0.14 0.02 0.03
Female 718 -1.08 (-1.58, -0.53) -1.16 (-1.69, -0.62) 2.24 (1.39, 3.06)

*
IQR = 7.4 kg/m?

a - . . . - -
p-values correspond to a likelihood ratio test against a main effects model. P-values are rounded up to the nearest significant digit.

N
Mean difference adjusted for age, educational attainment, smoking, alcohol consumption, seafood consumption, total calorie intake, folate intake,

vitamin B2 intake, vitamin B12 intake and sex.

Mean difference adjusted for age, educational attainment, smoking, alcohol consumption, seafood consumption, total calorie intake, folate intake,

vitamin B2 intake, vitamin B12 intake and water iAs.
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