1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Hyg Environ Health. Author manuscript; available in PMC 2022 September 03.

-, HHS Public Access
«

Published in final edited form as:
Int J Hyg Environ Health. 2021 August ; 237: 113834. doi:10.1016/j.ijheh.2021.113834.

Associations between Rice Consumption, Arsenic Metabolism,
and Insulin Resistance in Adults Without Diabetes

Xiang Li?, Xin Wang?, Sung Kyun Park&P
aDepartment of Epidemiology, University of Michigan School of Public Health, Ann Arbor,
Michigan, USA

bDepartment of Environmental Health Sciences, University of Michigan School of Public Health,
Ann Arbor, Michigan, USA

Abstract

Rice consumption is an important source of arsenic exposure. Little has known about the impact
of rice consumption on arsenic metabolism, which is related to insulin resistance. In this study, we
examined the associations between rice consumption and arsenic metabolism, and between arsenic
metabolism and insulin resistance in non-diabetic U.S adults who participated in the National
Health and Nutrition Examination Survey (NHANES) 2003-2016. Rice consumer was defined as
>0.25 cups of cooked rice/day. HOMA2-IR was calculated using HOMAZ2 Calculator software
based on participant’s fasting glucose and insulin values. Urinary arsenic concentrations below
limits of detection were imputed first, and then arsenic metabolism (the proportions of inorganic
arsenic (iAs), monomethylarsonate (MMA), and dimethylarsinate (DMA) to their sum) were
calculated (expressed as iAs%, MMA%, and DMA%). Using the leave-one-out approach, rice
consumers compared with non-consumers had a 1.71% (95% CI: 1.12%, 2.29%) higher DMA%
and lower MMA% when iAs% fixed; a 1.55% (95% CI: 0.45%, 2.66%) higher DMA% and lower
iAs% when MMA% fixed; and a 1.62% (95% CI: 0.95%, 2.28%) higher iAs% and lower MMA%
when DMA% fixed, in multivariable adjustment models. With every 10% decrease in MMA%, the
geometric mean ratio of HOMAZ2-IR was 1.06 (95%CI1=1.03,1.08) and 1.05 (95%CI=1.02, 1.09)
when DMA% and iAs% was fixed, respectively; however, the associations were attenuated after
adjusting for body mass index. In stratified analysis, we found that lower MMA% was associated
with higher HOMAZ2-IR in participants with obesity: a 10% increase in iAs% with a 10% decrease
in MMA% was associated with higher HOMAZ2-IR with the geometric mean ratio of 1.05 (95%
Cl: 1.01, 1.09). Our findings suggest that rice consumption may contribute to lower MMA%

that was further associated with higher insulin resistance, especially in obese individuals. Future
prospective studies are needed to confirm our results in different populations.
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Introduction

Inorganic arsenic is common in ground water and certain foods (e.g. rice, grains), and it

is a toxicant that has been related to several acute, subacute, and chronic diseases (Nurchi
et al., 2020; Wang, Karvonen-Gutierrez, et al., 2020; Xue et al., 2010). After absorption

in human bodies, inorganic arsenic is methylated to form monomethylarsonate (MMA)
(~10-20%) and dimethylarsinate (DMA) (~60-70%), which are excreted in urine together
with unmethylated inorganic arsenic (~10-30%) (Thomas et al., 2007; Vahter, 2000). Inter-
individual differences in methylation capacity are responsible for various arsenic metabolic
profiles, which may be further linked to the differences in risks of arsenic-induced diseases.
For example, a relatively higher proportion of MMA (MMA%) and a lower proportion of
DMA (DMA%) in urine have been associated with cardiovascular disease (Y. Chen et al.,
2013; Huang et al., 2007, 2008) and several cancers (Y. C. Chen et al., 2003; Huang et al.,
2008; Steinmaus et al., 2006, 2010; Yu et al., 2000). On the contrary, a decreased urinary
MMA% has been linked to higher body mass index (BMI) (Gribble et al., 2013), type 2
diabetes mellitus (Kuo et al., 2015; Mendez et al., 2016; Navas-Acien et al., 2008; Nizam
et al., 2013), insulin resistance (Grau-Perez et al., 2017), and metabolic syndrome (MetS)
(J. W. Chen et al., 2012). These findings highlight the possibility that methylated arsenic
compounds may exert unique toxic effects and an evaluation of the arsenic metabolisms in
addition to arsenic exposures is critical to better understand arsenic toxicity and associated
health risks.

Several studies have examined the association between arsenic and insulin resistance, though
the results are mixed. For example, a small cross-sectional study of non-diabetic Amish
adults reported a positive association between urinary total arsenic and insulin resistance
(Park et al., 2016). In a prospective cohort study of American Indian adults, lower MMA%
due to an increase in either inorganic arsenic% (iAs) or DMA% was associated with greater
insulin resistance (Grau-Perez et al., 2017). In contrast, other studies found no significant
associations between arsenic and insulin resistance (Wang et al. 2020). Other lab evidence
pointed out that arsenite (As I1), the more toxic oxidation state of inorganic arsenic, and/or
its methylated trivalent metabolites cause insulin resistance in adipocytes by inhibiting
insulin signaling and insulin-activated glucose uptake. This inorganic arsenic species can
also interfere with the formation of insulin-sensitive adipocytes and myotubes by inhibiting
adipogenic and myogenic differentiation (Salazard et al., 2004; Trouba et al., 2000; Walton
etal., 2004; Yen et al., 2010).

Rice consumption is one of the major sources of inorganic arsenic in the U.S., especially
in populations exposed to relatively low arsenic in drinking water (Kurzius-Spencer et al.,
2014). Rice consumption as a contributor to higher arsenic exposure has been established
in several U.S. adult populations (Wang, Karvonen-Gutierrez, et al., 2020; Wei et al.,
2014). The high dietary glycemic index and glycemic load after eating rice may lead to

Int J Hyg Environ Health. Author manuscript; available in PMC 2022 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Methods

Page 3

excess postprandial variations in blood glucose and insulin concentrations, leading to insulin
resistance has been found in previous studies, primarily carried out in Asian populations
(Zufiiga et al., 2014). However, whether arsenic exposure and its metabolisms involve in the
relationship between rice consumption and insulin resistance are largely unknown.

In this study, we examined rice as a source of arsenic exposure and evaluated the association
of arsenic metabolism calculated using urinary concentrations of arsenic species with insulin
resistance in non-diabetic U.S. adults using data from the National Health and Nutrition
Examination Survey (NHANES). Specifically, we examined (1) the associations between
rice consumption and arsenic metabolism biomarkers, and (2) the associations between
arsenic metabolism biomarkers and insulin resistance.

Study population

Participants included were from 7 subsequent cycles of NHANES from 2003-2004 to
2015-2016, which used a complex, multi-stage, probability sampling design, to obtain a
representative sample of the civilian, noninstitutionalized U.S. population. All NHANES
protocols were approved by the National Center for Health Statistics (NCHS) Ethics Review
Board, and all participants gave written informed consent (Zipf et al., 2013).

The participants included 5469 adults aged 20 years and older (age threshold was set in
accordance with NHANES questionnaires and questionnaire strategies for adults and to meet
our goal of evaluating arsenic and insulin resistance in adults) who had their arsenic data
and fasting glucose and insulin data. While the NHANES does not distinguish type 1 from
type 2 diabetes, an estimated of 90%-95% persons are with type 2 diabetes (Menke et al.,
2015). The overall term “Diabetes” is used through the present study. We excluded 928
participants with prevalent diabetes (defined as fasting glucose = 126 mg/dL, self-reported
use of insulin or oral medications for diabetes, or self-reported physician diagnosis of
diabetes), and 811 participants who had missing information on rice consumption and other
key covariates, leaving a final analytical sample of 3730 participants. An overview of our
sampling procedures is illustrated in Figure 1.

Fasting glucose, insulin and HOMA2-IR

Participants who had glucose and insulin levels measured in a morning examination were
asked to fast overnight. Fasting serum glucose level was determined using the enzyme
hexokinase method (Roche Diagnostics, Indianapolis, IN; ) (Selvin et al., 2014). Serum
insulin was measured using a two-site immunoenzymometric assay (TOSOH Bioscience
Inc., South San Francisco, CA) (Park et al., 2016). HOMA2-IR (homeostasis model
assessment for insulin resistance) was used as the indicator of insulin resistance and
calculated from fasting glucose and insulin levels with the computed solved model, using the
University of Oxford Diabetes Trails Unit HOMA Calculator software (Diabetes Trials Unit
& University of Oxford, 2019). A higher HOMAZ2-IR indicates greater insulin resistance.
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Arsenic measurements and urine creatinine

Urinary concentrations of total arsenic and arsenic species including arsenous acid (Aslll),
arsenic acid (AsV), MMA, DMA, and arsenobetaine were measured using high performance
liquid chromatography coupled to Multi-Element Inductively Coupled Plasma-Mass
Spectrometry (National Health and Nutrition Examination Survey, 2020). The detection
rates of arsenic concentrations are summarized in Table S2. Given the low detection rates of
Aslll and AsV, iAs was calculated using the following formula: iAs = Total arsenic — MMA
— DMA - arsenobetaine. Concentrations of total arsenic, MMA, DMA, and arsenobetaine
below the LODs were imputed using multiple imputation by chained equation (Azur et

al., 2011). Details of multiple imputation are described in supplementary methods. Urinary
creatinine adjusted concentrations of total arsenic and its metabolites were calculated to
account for urine dilution. Based on the urinary creatinine adjusted forms, the percentage
of iAs, MMA, and DMA were calculated for the present study by using the individual
concentration divided by the sum of arsenic (JAs = iAs + MMA + DMA).

Rice consumption

Information on rice consumption was collected through an interviewer-administered
questionnaire that included a validated 24-hr dietary recall instrument on two
nonconsecutive survey days (Alanna J et al., 2008). Dietary intake of each food item
including rice as component, for example, “Spanish rice”, was measured by recorded

“as consumed” or not. This food intake was then converted to the amount of rice

consumed by linking with the Food Commodity Intake Database (FCID) created by the U.S.
Environmental Protection Agency (U.S. EPA) and U.S. Department of Agriculture (USDA)
(Gilbert-Diamond et al., 2011; A. E. Nigra et al., 2017), which provides information

on individual food ingredients of each food item recorded. For example, FCID food
commaodities in 100g of “Spanish rice” included 15.57g of white rice. The most recent
FCID (FCID 2005-2010) includes all food items collected in NHANES 1999-2010 survey
cycles but not those added to the survey after 2011. We considered food items in the current
FCID that most closely represent those after 2011. There are eight categories of rice in the
FCID codes, including white, brown, flour, bran, and their baby food types. We omitted
baby food types since we focused on the adult population.

We computed the sum of rice consumption included all types of rice consumed because
urinary inorganic arsenic concentrations were not different between people who primarily
consumed white rice versus those who ate brown rice evidenced in a previous NHANES
study (Wu et al., 2015). We defined “rice consumer” in consistence with previous studies
where individuals reported at least 14.1g dry weight per day (0.25 cup of cooked rice)
(Davis et al., 2012; Fulgoni et al., 2010).

Other covariates

Information on age, sex, race/ethnicity, education, poverty income ratio (PIR), smoking
status, alcohol drinking was collected using self-administered questionnaires. We
categorized age groups as 20-39, 40-59, 60-69, and 70 years and older. Race/ethnicity
was classified as “Mexican American”, “Other Hispanic”, “Non-Hispanic White”, “Non-
Hispanic Black”, and “Others”. Education was categorized as “<high school”, “Some high
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school”, and “High school or more”. PIR was classified as “<1” or “=1" where a value
below 1 indicates that the family is living below the poverty threshold. Smoking status was
categorized into “never smoker”, “former smoker”, and “current smoker”. Alcohol drinking
was calculated using the response to questions of whether had at least 12 drinks of any
type of alcoholic beverage in entire life, the frequency of drinking in the past 12 months,
and the average alcohol drinks per day in the past 12 months, then, was categorized into
tertiles. Body mass index (BMI) was calculated as weight in kilograms divided by the
square of height in meters and was further categorized into “underweight (BMI1<18.5)”,
“normal weight (18.5 <BMI< 25)”, “overweight (25 <BMI< 30)” and “obese (BMI= 30).
Physical activity was measured as metabolic equivalent (MET) scores and categorized into
tertiles. Dietary fish consumption and blood mercury as indicators of fish consumption
were included because fish consumption is a well-known source of DMA (DeCastro et al.,
2014). Total energy intake-adjusted fish consumption was calculated using all types of fish
consumption in the past 24 hours and categorized into tertiles. Additionally, individuals
reported any fish consumption were defined as “fish consumer” in the present study. Blood
mercury concentration was measured using inductively coupled-plasma dynamic reaction
cell-mass spectrometry and categorized into tertiles.

Statistical analysis

Distributions of HOMAZ2-IR and urinary arsenic concentrations were compared by
participant characteristics using Wilcoxon Rank Sum Test or Kruskal-Wallis Test. Urinary
arsenic concentrations and HOMAZ2-IR were log-transformed to normalize the distributions
for subsequent statistical analyses. Pairwise Spearman correlation coefficients were
calculated between urinary arsenic concentrations, arsenic metabolism biomarkers, rice
consumption, and presented via a correlation-matrix plot.

Linear regression models were used to compare arsenic metabolism (iAs%, MMA%, and
DMA%) between rice consumers and non-consumers. Rather than having one arsenic
metabolism biomarker in the model at a time, we followed “leave-one-out approach”

by (Kuo et al., 2015), that helps addressing the difficult interpretation of the traditional
“conventional approach” given that arsenic metabolism markers are proportions of their sum
and therefore, a change in one metabolism marker yields changes in one or two of the other
metabolism markers. By entering two arsenic metabolism biomarkers in the same model
(variable of interest as outcome and the other as covariate), we were able to obtain the
impact of rice consumption on the mean changes of arsenic metabolism of interest, when
fixing the second biomarker constant, meaning that the third biomarker we left out of the
model changed the same amount in the opposite direction. Two sequentially adjusted models
were fitted. Model 1 included age, sex, race/ethnicity, smoking status, alcohol drinking,
education level, PIR, physical activity (tertiles), fish consumption, blood mercury (tertiles),
and the sum of arsenic (3 As, log-transformed). Model 2 additionally adjusted for BMI
because BMI as a measure of adiposity is a risk factor for insulin resistance and can be
affected by arsenic exposure (Gomez-Rubio et al., 2011; Grashow et al., 2014; Tseng et al.,
2000). We also examined individual arsenic concentrations (iAs, MMA, and DMA) as the
outcomes. Geometric mean ratios (GMR) of individual arsenic concentrations was compared
given the outcome was log-transformed in the linear regression models.
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Arsenic exposure was evaluated based on the urinary concentration of total arsenic or the
sum of inorganic arsenic (iIAs+tDMA+MMA). We first evaluated the insulin resistance effect
of urinary total arsenic and the sum of inorganic arsenic in separate models. Then the “leave-
one-out approach” was used to examine the associations between HOMA2-IR and arsenic
metabolism. By entering two arsenic metabolism biomarkers in the same model (variable

of interest as the predictor and the other as the covariate), we were able to evaluate the
association between one specific arsenic biomarker of interest on HOMAZ2-IR when fixing
the second biomarker constant, meaning that the third biomarker we left out of the model
changed the same amount in the opposite direction. GMRs (and 95% Cls) of HOMA2-IR
for a 10% increase in each arsenic biomarker was computed with adjustment for the same
covariates above.

Additionally, we examined the possible effect modifications by obesity on the association
between arsenic and HOMAZ2-IR by stratifying the study population into BMI< 30 and
BMI= 30.

Finally, we conducted additional sensitivity analyses to evaluate the robustness of primary
analyses. First, because rice consumption is also considered to increase the risk of insulin
resistance through high glycemic index and glycemic load after meals (Raquel et al., 2007),
we therefore further adjusted rice consumption in the association of arsenic metabolism and
insulin resistance with the existing covariates. Second, to examine any different effect by
consuming different types of rice, we categorized rice consumption in the present study

into subtypes — white, brown, or both. Then we evaluated the difference of urinary arsenic
concentrations by rice consumption category using white rice as the reference level. Last,
rice category was included as a potential effect modifier into the association between arsenic
metabolism and insulin resistance.

The NHANES applied a complex sampling method that makes it possible to derive national
estimates from survey data. However, arsenic biomarkers and HOMA2-IR (derived from
fasting glucose and insulin) were measured in two separate subsamples that only partially
overlapped. For this reason, we did not use sampling weights in all of analyses per
recommendation of NHANES (Trasande et al. 2013; Peng, Harlow, and Park 2015). All
data analyses were performed using the imputed arsenic data. Multiple imputations and
correlation matrix plot in this study were performed with R software (version 3.6.3). All
other analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, NC).

The median (IQR) age was 45.0 (29.0) years. The median (IQR) HOMAZ2-IR was 1.02
(1.00). Median (IQR) concentrations of Y As, iAs, MMA, and DMA in urine were 5.96
(6.44) ug/L, 0.63 (2.50) ug/L, 1.21 (0.74) ug/L, and 3.98 (3.82) ug/L, and corresponding
creatinine-corrected concentrations were 6.23 (6.32) pg/g, 0.54 (1.89) ug/g, 0.93 (0.97) uo/g,
and 4.05 (4.01) pg/g, respectively. The median (IQR) rice consumption over 24 hours was
0.01 (18.69) g and 28.9% of the participants consumed at least 14.1g rice over the past 24
hours (i.e., rice consumers).
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Arsenic concentrations (iAs, MMA, and DMA), and HOMA2-IR by characteristics were
presented in Table 1. Rice consumers and fish consumers had higher level of arsenic
concentration (iAs, MMA and DMA) but lower level of HOMAZ2-IR. Participants with older
age, female, “Others” race/ethnicity, and lower BMI showed higher concentrations of MMA
and DMA. Males, individuals in the highest alcohol drinking tertile, and those had PIR=> 1
showed higher concentration of iAs. HOMAZ2-IR were different by age and race/ethnicity
and were higher in participants who had higher BMI and less physical activity.

Rice consumption was positively correlated with arsenic concentrations (iAs, MMA, and
DMA), with the correlation coefficients 0.19, 0.10, and 0.19, respectively (Figure 2). Rice
consumption was positively correlated with iAs% (o = 0.14), but negatively correlated with
MMA% (o = —0.14) and DMA% (p = —-0.07). Within arsenic concentration-metabolism
pairs, iAs showed strong correlations with iAs% (o = 0.95), and negatively correlated with
either MMA% (p = -0.53) or DMA% (p = -0.71). MMA also had moderate correlation with
MMA% (o = 0.49). DMA was positively correlated with DMA% and negatively correlated
with MMA%.

Using the “leave-one-out” approach, compared with non-consumers, rice consumers had
a1.71% (95%Cl: 1.12%, 2.29%) and a 1.55% (95%CI: 0.45%, 2.66%) higher DMA%
when fixing iAs% and MMA%, respectively, after adjusting for age, sex, race/ethnicity,
education, PIR, smoking, alcohol drinking, physical activity, fish consumption, blood
mercury concentration, and log-transformed sum of arsenic (Table 2). In contrast, rice
consumers were observed to have a 1.71% (95%Cl: -2.29%, -1.12%) and a 1.62% (95%CI:
-2.28%, —0.95%) lower MMA%s, when fixing iAs% and DMA% respectively, adjusting for
the same covariates. The rice consumers also had a lower iAs% when MMA% was fixed
but a higher iAs% when DMA% was fixed. Robust findings were observed after further
adjustment for BMI (Table 2, Model 2). Similar associations were observed between rice
consumption and urinary concentrations of iAs, MMA, and DMA (Table S3).

Arsenic exposure, assessed as total arsenic or sum of inorganic arsenic in urine, was not
associated with insulin resistance (measured as HOMAZ2-IR) in the fully-adjusted model
(Table 3, Model 2).

For every 10% increase in MMA%, the GMR of HOMA2-IR was 0.95 (95%Cl: 0.92, 0.97)
and 0.95 (95%Cl: 0.92, 0.98) when fixing DMA% and iAs% respectively, after adjusting
for age, sex, race/ethnicity, education, PIR, smoking, alcohol drinking, physical activity,
fish consumption, blood mercury concentration, and log-transformed sum of arsenic (Table
4, Model 1). Inverse associations were observed between MMA% and HOMAZ2-IR when
either iAs% or DMA% were fixed. However, no significant associations between arsenic
metabolism and HOMAZ2-IR were observed after further adjustment for BMI (Table 4,
Model 2).

Table 5 showed that MMA% was inversely associated with HOMA2-IR and iAs% was
positively associated with HOMAZ2-IR only in participants with obesity. After multiple
adjustments, a 10% increase in iAs% with a 10% decrease in MMA% was associated with
1.05 (95%CI: 1.01, 1.09) geometric GMR of HOMAZ2-IR. The GMR of HOMAZ2-IR was
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0.96 (95%CIl: 0.92,0.99) for a 10% increase in MMA% increases with a 10% decrease in
iAs% decreases.

In sensitivity analyses further adjusting for rice consumption in the association of arsenic
metabolism and insulin resistance, the results showed that the GMRs, 95%Cls, and the
significance remain robust (Table S5). Additionally, we did not observe differences in
arsenic concentration when comparing either brown rice consumption only, or both white
and brown consumption to white consumption only (Table S6, Table S7). Consuming
different types of rice did not modify the associations between arsenic metabolism and
insulin resistance in our data (Table S8).

Discussion

In this sample of non-diabetes U.S. adults, we found rice consumption was associated
with higher DMA% and lower MMA%. Lower MMA%, due to either higher iAs% or
higher DMA%, was further associated with higher HOMA2-IR level after adjustment for
sociodemographic factors, lifestyle factors, and fish consumption (Figure 3). However,

the associations attenuated after additional adjustment for BMI. In stratified analyses by
obesity, lower MMA% due to higher iAs% was associated with higher HOMA2-IR only in
participants with obesity.

The arsenic metabolism pattern, in particular lower MMA% with either higher iAs% or
DMA%, was found to be associated with insulin resistance. Our findings were consistent
with a previous study conducted in adults from American Indian communities (Grau-Perez
et al., 2017), where lower MMA% was associated with greater insulin resistance and risk

of diabetes. The biological plausibility for arsenic metabolism in the pathogenesis of insulin
resistance is supported by evidence from laboratory studies (Douillet et al., 2017). MMA

is a middle stage product of methylation, and high MMA% was considered insufficiency

of methylation to DMA. Due to a relatively shorter half-life and rapid excretion through
urine than iAs, higher DMA% is considered a more efficient arsenic metabolism profile and
protective against arsenic toxicity (Spratlen et al., 2018). In contrast, the full methylation of
MMA to DMA, possibly its toxic trivalent form (DMA!'), was also found to enhance the
diabetic effects of iAs exposure (Del Razo et al., 2011) by inhibitory effects on adipogenesis
(Hou et al., 2013). Impairment of triglyceride storage in white adipose tissue also results in
reduced insulin sensitivity (Corinne et al., 2011).

Our study detected associations between arsenic metabolism and insulin resistance in
participants with obesity. Additionally, Table S3 reflected the distributions of arsenic
metabolites changed across BMI levels. Specifically, higher mean of iAs% and DMA%

but lower MMA% as BMI increased though the trend of significance only observed in
MMAU%. Previous studies have provided similar findings that lower MMA% and higher
DMA% were observed in people with higher BMI compared to those with lower (Gribble
etal., 2013; Hall et al., 2009; Pace et al., 2018; Tseng, 2009). Alternatively, the observed
association may be related to arsenic induce dysfunction of adipocytes and dysregulation of
differentiation (Klei et al., 2013; Salazard et al., 2004), which further associated with insulin
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resistance (Hou et al., 2013). More investigations into the potential role of obesity in the
association between arsenic and insulin resistance are needed in future studies.

The present study found that rice consumption was associated with higher DMA% and
lower MMA%. Evidence from both Asian populations (Bahadoran et al., 2014; Zufiiga et
al., 2014) and Western populations (Cascio et al., 2011; Gilbert-Diamond et al., 2011; Wei
et al., 2014) supports that rice consumption is a major source of inorganic arsenic exposure.
The effect of rice consumption on arsenic metabolism identified in the present study was
relatively small compared to the wide inter-individual variability in arsenic metabolism
(Table S2). Further investigation in populations with a broader range in rice consumption

is needed to determine the extent of rice consumption affecting arsenic metabolism where
nutrition conditions (i.e. protein (LeCroy & Stevens, 2017), etc.) should also be accounted
for.

Important strength of this study includes the use of multiple imputations enabled a less
biased calculation of arsenic metabolism biomarkers comparing to the conventional method
of replacing values with the LOD divided by the square root of two (A. Nigra et al.,

2019). Our study also has several limitations. First, misclassification in self-reported dietary
assessments would most likely nondifferential and therefore biased the associations toward
null. Second, we were unable to disentangle urinary DMA concentrations from different
sources, considering urinary DMA concentrations reflect the DMA methylated from iAs and
those uptaken directly from rice (Molin et al., 2014; Signes-Pastor et al., 2016). Information
on DMA from different sources would improve the assessment of the association between
rice consumption and arsenic metabolism in future studies. Third, the cross-sectional nature
of NHANES data precludes the ability to determine chronicity of rice consumption, arsenic
exposure, and persistence of insulin resistance. Urinary inorganic arsenic and its metabolites
have elimination half-lives of approximately 2-4 days (Centers for Disease Control and
Prevention, Biomonitoring Summary), which may not reflect long-term exposure. Therefore
reverse causation could be an explanation for our results since participants with insulin
resistance may have adapted lifestyle changes, including diet (Torjesen et al., 1997).

Fourth, despite of extensive adjustment for confounding factors, residual confounding due
to unmeasured dietary factors and environmental competing risk factors, such as use of
water (Mohammad et al., 2011) or heavy metal contamination (Wang, Mukherijee, et al.,
2020) cannot be completely ruled out. Lastly, while we found associations between rice
consumption and arsenic metabolism, arsenic metabolism and insulin resistance in the
present study, we did not observe the association between rice consumption and insulin
resistance in the fully adjusted model, which is one of the premises for a mediation
analysis. This can be addressed in future studies where insulin resistance results from rice
consumption is well-established with less reverse causality.

Conclusion

In conclusion, the present study provides evidence of the association between rice
consumption and arsenic metabolism. In particular, the rice consumption was positively
associated with DMA%, while inversely associated with MMA%. Lower MMA% due to
either higher iAs% or higher DMA% were further associated with insulin resistance in obese
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participants. Future prospective cohort studies are needed to confirm our findings in different
populations with a wider range of rice consumption and arsenic exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic diagram of analytic sample.
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Figure 2.
Spearman correlation matrix of arsenic concentrations, arsenic metabolites, and rice

consumption (“iAs”, “MMA”, and “DMA” are urinary creatinine calibrated and log-
transformed; “Rice” represents rice consumption, continuous variable). Numbers shown in
matrix represent correlation coefficients; circles highlight the significance at 0.05 level
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Summary of the associations between rice consumption, arsenic metabolisms, and insulin
resistance. Three scenarios of arsenic metabolism effects resulted from rice consumption
that observed in present study are highlighted in the dashed box.
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MMA (ug/g

DMA (ug/g

Variables No (%) iAs (ug/g creatinine)  creatinine) creatinine) HOMAZ-IR
All 3730 (100.00)  0.63 (2.50) 1.21 (0.74) 3.98 (3.82) 1.02 (1.00)
Urine creatinine calibrated 3730 (100.00) 0.54 (1.89) 0.93 (0.97) 4.05 (4.01) -

Age group (y)

20-39 1487 (39.87)  0.54 (1.87) 0.84 (0.87) 3.76 (3.58) 1.01 (1.04)
40-59 1197 (32.09)  0.55 (1.83) 0.96 (0.97) 4.17 (4.34) 1.02 (1.00)
60-69 502 (13.46)  0.56 (2.22) 1.07 (1.11) 4.65 (4.98) 1.16 (1.02)
>=70 544 (14.58) 0.50 (2.12) 1.04 (1.02) 4.17 (3.88) 0.95 (0.84)
P-value 0.9931 <.0001 <.0001 0.0009
Sex

Male 1854 (49.71)  0.63 (1.89) 0.84 (0.77) 3.61 (3.46) 1.04 (1.03)
Female 1876 (50.29)  0.43 (1.90) 1.05 (1.16) 457 (4.47) 1.01 (0.98)
P-value 0.0353 <.0001 <.0001 0.5019
Race/Ethnicity

Mexican American 600 (16.09)  0.55 (1.79) 1.03 (0.98) 4.24 (3.48) 1.19 (1.00)
Other Hispanic 327 (8.77) 0.73 (2.20) 1.11 (1.08) 5.13 (4.37) 1.16 (1.03)
Non-Hispanic White 1810 (48.53)  0.40 (1.71) 0.97 (1.01) 3.95 (3.79) 0.93 (0.96)
Non-Hispanic Black 706 (18.93)  0.74(1.97) 0.68 (0.60) 3.07 (2.84) 1.09 (1.08)
Others 287 (7.69) 0.91 (4.07) 1.18 (1.38) 7.55 (8.48) 0.98 (0.94)
P-value <.0001 <.0001 <.0001 <.0001
Body Mass Index (BMI,

kg/m?)

Under weight 71 (1.90) 0.52 (2.64) 1.24 (1.94) 4.74 (4.43) 0.51 (0.47)
Normal weight 1157 (31.02)  0.61(2.11) 1.06 (1.17) 458 (3.42) 0.66 (0.51)
Over weight 1324 (35.50)  0.55 (1.95) 0.96 (0.90) 4.11 (3.94) 1.02 (0.78)
Obese 1178 (31.58)  0.48 (1.63) 0.78 (0.82) 3.59 (3.89) 1.67 (1.35)
P-value 0.1042 <.0001 <.0001 <.0001
Education level

Less than high school 343 (9.20) 0.52 (1.83) 1.15 (1.00) 4.39 (4.13) 1.10 (0.99)
Some high school 527 (14.13) 0.78 (2.01) 0.88 (0.87) 3.91 (3.75) 1.01 (1.16)
High school or more 2860 (76.68) 0.51 (1.89) 0.91 (0.97) 4.03 (4.02) 1.01 (0.98)
P-value 0.0879 <.0001 0.0353 0.2451
Smoking status

Never 2035 (54.56)  0.51 (1.95) 0.94 (0.99) 4.16 (4.22) 1.05 (0.96)
Former 915 (24.53) 0.64 (2.03) 1.00 (1.03) 4.15 (3.83) 1.05 (1.03)
Current 780 (20.91) 0.51 (1.73) 0.83 (0.86) 3.60 (3.47) 0.92 (1.09)
P-value 0.7276 0.0004 <.0001 <.0001
Alcohol drinking tertiles

(drinks/d)

T1(=0) 1353 (36.27)  0.42 (1.74) 0.92 (0.99) 4.00 (4.13) 1.09 (1.08)
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Variables No (%) iAs (ug/g creatinine) x(gﬁn(itrll%g (I:Dr':zliﬁr(nilﬁje/? HOMAZ-IR
T2 (0-0.14) 888 (23.81)  0.40 (1.60) 0.91 (1.08) 3.96 (4.02) 1.11 (1.03)
T3 (>0.14) 1489 (39.92)  0.77 (2.14) 0.95 (0.89) 4.14 (3.86) 0.93 (0.90)
P-value <.0001 0.4874 0.3131 <.0001
Physical activity (MET) Z

score tertiles *

T1 1201 (32.20)  0.56 (1.92) 0.92 (0.97) 3.97 (4.00) 1.08 (1.00)
T2 1295 (34.72)  0.55 (1.96) 0.98 (0.98) 4.35 (4.15) 1.03 (1.02)
T3 1234 (33.08)  0.51(1.83) 0.90 (0.94) 3.85 (3.77) 0.95 (0.96)
P-value 0.8575 0.1024 0.0015 <.0001
Poverty income ratio (PIR)

<1 712(19.09)  0.39 (1.46) 0.97 (1.03) 3.72 (3.70) 1.02 (1.03)
>=1 3018 (80.91)  0.59 (1.97) 0.92 (0.96) 4.13 (4.08) 1.02 (1.00)
P-value <.0001 0.7132 0.0092 0.2189
Blood mercury tertiles

(umol/L)

T1 (<2.90) 1224 (32.82)  0.15 (1.01) 0.83 (0.89) 3.33 (2.96) 1.09 (1.05)
T2 (2.90-6.50) 1264 (33.89)  0.53 (1.69) 0.88 (0.91) 3.93(3.33) 1.04 (0.99)
T3 (>6.50) 1242 (33.30)  1.31(3.92) 1.10 (1.11) 5.32 (5.75) 0.93 (0.97)
P-value <.0001 <.0001 <.0001 <.0001
Rice consumed over 24-h

Non-consumer (<14.1g) 2651 (71.07)  0.38 (1.58) 0.89 (0.99) 3.67 (3.64) 1.04 (1.00)
Rice consumer (>=14.1 g) 1079 (28.93)  1.13 (2.74) 1.03 (0.92) 5.04 (4.62) 0.97 (0.99)
P-value <.0001 <.0001 <.0001 0.0020
Fish consumed over 24-h

No 2972 (79.68)  0.37 (1.40) 0.89 (0.93) 3.69 (3.38) 1.03 (1.00)
Yes 758 (20.32) 2.15 (5.97) 1.14 (1.25) 6.11 (6.81) 0.98 (1.01)
P-value <.0001 <.0001 <.0001 0.0836

Medians (IQRs) of arsenic species across covariates were urine creatinine-corrected.

P-values obtained from Wilcoxon Rank Sum Test if comparing two groups, and obtained from Kruskal-Wallis Test if comparing more than two
groups.

*
'Z scores were calculated as (X - 1)/
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Table 2.

The mean difference (8 (95%C/)) in As metabolism biomarkers by rice consumption (Rice consumer versus
non-consumer) using the leave-one-out approach.

Model 1% (N=3730) Model 2° (N=3730)
Outcome
Covariate (fixed) B (95%Cl) p-value B (95%Cl) p-value
iAs% MMA% —1.55% (-2.66%, -0.45%) 0.006  —1.54% (-2.65%, —0.43%) 0.007
DMA% 1.62% (0.95%, 2.28%) <.0001 1.64% (0.97%, 2.30%) <.0001
MMA% iAs% -1.71% (-2.29%, -1.12%) <.0001 -1.72% (-2.31%, -1.13%) <.0001
DMA% -1.62% (-2.28%, -0.95%) <.0001 -1.64% (-2.30%, -0.97%) <.0001
DMA% iAs% 1.71% (1.12%, 2.29%) <.0001 1.72% (1.13%, 2.31%) <.0001
MMA% 1.55% (0.45%, 2.66%) 0.006 1.54% (0.43%, 2.65%) 0.007

aModeIl: Adjusted for Age group (20-39, 40-49, 50-69, 70 and older), Sex (Male, Female), Race/ethnicity (Mexican America, Other Hispanic,
Non-Hispanic White, Non-Hispanic Black, Others), Smoking Status (Never, Former, Current), Alcohol drinking tertiles, Education level (Less than
high school, Some high school, High school or more), Physical activity Z score tertiles, PIR (PIR<1 vs. PIR>=1), Fish consumption (Yes vs. No),
Blood mercury tertiles

bModeIZ: Further adjusted for BMI (Underweight, Normal weight, Overweight, Obese)
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Table 3.

The geometric mean ratio (GMR) of HOMAZ2-IR associated with per doubling increase in total arsenic or sum
of inorganic arsenic (iAs + DMA + MMA).

Per doubling increase GMR of HOMA2-IR? (95%cCI1)  Pp-value

Total Arsenicl7

Model 1€ 0.97 (0.95, 0.99) 0.0005

Model 27 0.99 (0.97, 1.00) 01235
Sum of Inorganic Arsenicb

Model 1° 0.94 (0.92, 0.97) <.0001

Model 27 0.99 (0.97, 1.01) 0.1447

aHOMAZ-IR is log-transformed

bTotaI arsenic and Sum of Inorgainc Arsenic are urine creatinine corrected, and logged to the base 2

cModeIl: Adjusted for Age group (20-39, 40-49, 50-69, 70 and older), Sex (Male, Female), Race/ethnicity (Mexican America, Other Hispanic,
Non-Hispanic White, Non-Hispanic Black, Others), Smoking Status (Never, Former, Current), Alcohol drinking tertiles, Education level (Less than
high school, Some high school, High school or more), Physical activity tertiles, PIR (PIR<1 vs. PIR>=1), Fish consumption (Yes vs. No), Blood

mercury tertiles

dModeI 2: Further adjusted for BMI (Underweight, Normal weight, Overweight, Obese)

Int J Hyg Environ Health. Author manuscript; available in PMC 2022 September 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lietal. Page 21

Table 4

Geometric Mean Ratios (GMR) (95% Cls) of HOMAZ2-IR by Arsenic Metabolism Biomarkers using the
leave-one-out approach.

As metabolism biomarker Model 1 (N=3730) Model 2 (N=3730)

10% increase  10% decrease  Covariate (fixed) GMR (95%Cl) p-value GMR (95%CI) p-value

iAsY% MMA% DMA% 1.06 (1.03,1.08) <0001  1.02 (1.00,1.04) 0.12
DMA% MMA% 1.00 (0.99,1.02) 0.77 1.00 (0.98,1.01) 0.75
MMA% iAsY% DMA% 0.95 (0.92,0.97) <0001  0.98 (0.96,1.00) 0.12
DMA% iAs% 0.95 (0.92,0.98) 0.0003  0.98 (0.96,1.01) 0.12
DMA% iAsY% MMA% 1.00 (0.98,1.01) 0.77 1.00 (0.99,1.02) 0.75
MMA% iAsY% 1.05 (1.02,1.09) 0.0003  1.02 (0.99,1.04) 0.12

aModeIl: Adjusted for Age group (20-39, 40-49, 50-69, 70 and older), Sex (Male, Female), Race/ethnicity (Mexican America, Other Hispanic,
Non-Hispanic White, Non-Hispanic Black, Others), Smoking Status (Never, Former, Current), Alcohol drinking tertiles, Education level (Less than
high school, Some high school, High school or more), Physical activity tertiles, PIR (PIR<1 vs. PIR>=1), Fish consumer (Yes vs. No), Blood
mercury tertiles, and log-transformed sum of arsenic (sum of iAs, MMA and DMA, pg/g creatinine)

bModeI 2: Further adjusted for BMI (Underweight, Normal weight, Overweight, Obese)
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Geometric Mean Ratios (GMR) (95% Cls) of HOMAZ2-IR by Arsenic Metabolism Biomarkers using the

leave-one-out approach by obesity.

As metabolism biomarker

Non-obese? (N=2552)

Obese (N=1178)

10% increase  10% decrease  Covariate (fixed) gpm Rb (95%Cl) p-value GMR (95%CI)  p-value
1As% MMA% DMA% 1.02 (0.99,1.05) 0.21 1.05(1.01,1.09)  0.02
DMA% MMA% 0.99 (0.98,1.01) 0.52 1.01(0.99,1.03)  0.40
MMA% iAs% DMA% 0.98 (0.95,1.01) 0.21 0.96 (0.92,0.99)  0.02
DMA% iAs% 0.98 (0.95,1.01) 0.14 0.96 (0.92,1.01)  0.09
DMA% iAs% MMA% 1.01 (0.99,1.02) 0.52 0.99 (0.97,1.01)  0.40
MMA% iAs% 1.02 (0.99,1.05) 0.14 1.04(0.99,1.08)  0.09

aObese was defined as BM/ = 30.

bAII models were adjusted for Age group (20-39, 40-49, 50-69, 70 and older), Sex (Male, Female), Race/ethnicity (Mexican America, Other
Hispanic, Non-Hispanic White, Non-Hispanic Black, Others), Smoking Status (Never, Former, Current), Alcohol drinking tertiles, Education level
(Less than high school, Some high school, High school or more), Physical activity tertiles, PIR (PIR<1 vs. PIR>=1), Fish consumer (Yes vs. No),
Blood mercury tertiles, and log-transformed sum of arsenic (sum of iAs, MMA and DMA, pg/g creatinine).
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