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Abstract
Many studies provide evidence relating lower human arsenic (As) methylation efficiency,
represented by high % urinary monomethylarsonic acid (MMA(V)), with several arsenic-induced
diseases, possibly due to the fact that MMA(V) serves as a proxy for MMA(III), the most toxic
arsenic metabolite. Some epidemiological studies have suggested that indigenous Americans
(AME) methylate As more efficiently, however data supporting this have been equivocal. The aim
of this study was to characterize the association between AME ancestry and arsenic methylation
efficiency using a panel of ancestry informative genetic markers to determine individual ancestry
proportions in an admixed population (composed of two or more isolated ancestral populations) of
746 individuals environmentally exposed to arsenic in northwest Mexico. Total urinary As (TAs)
mean and range were 170.4 and 2.3–1053.5 μg/L, while %AME mean and range were 72.4 and
23–100. Adjusted (gender, age, AS3MT 7388/M287T haplotypes, body mass index (BMI), and
TAs) multiple regression model showed that higher AME ancestry is associated with lower
%uMMA excretion in this population (p <0.01). The data also showed a significant interaction
between BMI and gender indicating negative association between BMI and %uMMA, stronger in
women than men (p <0.01). Moreover age and the AS3MT variants 7388 (intronic) and M287T
(non-synonymous) were also significantly associated with As methylation efficiency (p = 0.01).
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This study highlights the importance of BMI and indigenous American ancestry in some of the
observed variability in As methylation efficiency, underscoring the need to be considered in
epidemiology studies, particularly those carried out in admixed populations.
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INTRODUCTION
Environmental exposure to inorganic arsenic (As) and its related adverse health effects in
exposed populations have been the focus of intensive research during the past few decades
(Sohel et al. 2009; Yoshida, et al. 2004; Smith et al. 1992; Cebrian et al. 1983). Chronic
exposure to inorganic As via drinking water is associated with the development of several
health problems including cancerous and non-cancerous diseases (Chen and Ahsan 2004;
Yoshida et al. 2004; Tseng 2007a; Tsai et al., 1998; Yang 2006; Yang et al., 2008).
Notwithstanding the major, population-level impact of duration-weighted As exposure,
individual variability in susceptibility to As toxicity has been associated with human As
methylation efficiency in many studies of environmentally exposed populations (Steinmaus,
et al., 2006; Tseng 2007b; 2007a).

The metabolism of As creates metabolites that are readily excreted in urine and have
different degrees of toxicity (Tseng 2007a; Styblo et al. 2002). Using arsenic (+3 oxidation
state) methyltransferase (AS3MT) as the main catalytic enzyme, arsenite (As(III)) is first
methylated to monomethylarsonic acid (MMA(V)) and then reduced to
monomethylarsonous acid (MMA(III)) which then follows a second methylation and
reduction steps in order to create dimethylarsinic acid (DMA(V)) and dimethylarsinous acid
(DMA(III)) respectively (Thomas et al. 2004; 2007). Within the As metabolic scheme,
MMA(III) was shown to be the most toxic of all As metabolites, being able to induce
cellular malignant transformation in vitro (Wnek et al. 2010; Petrick et al. 2000; Styblo et al.
2000). In epidemiological studies, the % of urinary As excreted as MMA(V) (%uMMA) was
used as a measure of As methylation efficiency (Hernandez et al., 2008; Steinmaus et al.,
2010). Several studies showed that individuals with low As methylation efficiency, indicated
by high %uMMA, are more susceptible to develop As-induced diseases compared to
individuals with high methylation efficiency that excrete low %uMMA (Pu et al. 2007;
Tseng et al. 2005; Chen et al. 2003). Noteworthy in this regard is the considerable inter-
individual variability in As methylation efficiency frequently reported among As exposed
populations (Vahter 2002; Tseng 2009, Gomez-Rubio et al. 2011).

The relevance of As methylation efficiency in the toxicity of As led to efforts to identify the
potential factors affecting the inter-individual variability in this process. Population
ancestry-related differences in the distribution of urinary As metabolites have been reported,
as shown by the variation in %uMMA excretion between different global populations
(Loffredo et al. 2003; Vahter et al. 1995; Vahter 2000). Studies specifically suggested
greater As methylation efficiency in indigenous American (AME) populations (Vahter et al.
1995; Engstrom et al. 2010; Hopenhayn-Rich et al. 1996). Conversely, other results
contradict the hypothesis of better As methylation efficiency among AME-derived
populations. For example, it was reported that AME and European (EURO) populations
possess similar As methylation profiles and disease incidences (Concha et al. 1998; Smith et
al. 2000; Chung et al. 2002). One possible contributor to the inconsistent findings among
these studies is the loss of information in applying categorical classification of ancestry in
populations that may, in fact, exhibit genetic admixture.

Gomez-Rubio et al. Page 2

J Toxicol Environ Health A. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Genetic admixture refers to mating between two or more previously isolated populations. At
a genome-wide level, geographically and culturally isolated populations develop genetic
variation over time that is unique to that particular population, and this population-specific
genetic variation may be associated with, or causative of, important phenotypes such as
disease risk and xenobiotic response (Seldin et al. 2008; Fejerman et al. 2008). For this
reason, genetic admixture may be an important component of individual variability in many
traits. In Mexico, admixture occurred within the last 500 years between indigenous
Americans, Europeans and, to a lesser extent, Africans (Rubi-Castellanos et al. 2009). This
history is reflected in contemporary genetic variation in Mexico, which represents a
continuum of admixture of the previously isolated populations from America, Europe and
Africa (Wang et al. 2008; Gonzalez Burchard et al. 2005). One of the advances made
possible by the public effort to catalog human genetic variation has been the use of panels of
unlinked genetic polymorphisms with large allele frequency differences between ancestral
populations in order to provide quantitative estimates of genomic ancestral composition in
admixed individuals (Shriver et al. 2003).

The present study in As-exposed Mexican populations generated an interest in whether
genetically ascertained indigenous American ancestry might prove to be associated with As
methylation efficiency, as suggested from some studies using categorical descriptors of
ancestry.

MATERALS AND METHODS
Population description

Participants of this study were recruited between 2007 and 2009 in the area surrounding
Ciudad Obregon, Sonora, Mexico. This region was selected for its previous history of
moderate concentrations of arsenic in drinking water (Meza et al. 2004). Any person living
in this area was considered a target for this study; inclusion criteria included using the
community ground well as the main drinking water supply. Recruitment was conducted
through door-to-door visits and no more than one individual per household was sampled.
Participants were not excluded based on current health status, and were not medically
screened for signs of As-induced diseases. From the total approached individuals 5% refused
to participate, leaving a total of 808 consenting individuals (67.8% females), aged ≥ 6 years
old recruited for this study. Written informed consent was obtained for all participants as
approved by the Human Subjects Protection Program of the University of Arizona and the
Instituto Tecnologico de Sonora (ITSON). For participants younger than 18 years of age,
parental consent was obtained in addition to specific assent from the minor subject.

DNA isolation and genotyping
Buccal cells from cheek brushes were collected for DNA isolation. DNA was isolated by
either the Qiagen DNeasy Blood & Tissue kit, or the Qiagen BioSprint 96 DNA Blood kit
modified protocol (Gomez-Rubio et al. 2010). Polymorphisms with substantially different
allele frequencies between ancestral populations, also known as ancestry informative
markers (AIM), are markers widely used to quantify individual genetic ancestral proportions
in admixed populations (Kosoy et al. 2009). In this study, 58 AIM were genotyped using the
MassARRAY platform (Sequenom, San Diego, CA, USA) following the manufacturer’s
protocol and reaction conditions (Jurinke et al. 2002; Oeth et al. 2005). Three AIM
(rs723822, rs938431, and rs1471939) failed due to high rates of missing genotypes, but were
successfully genotyped using Taqman (Applied Biosystems, Foster City, CA, USA) assays
according to the manufacturer’s recommended protocols. Polymorphisms in the AS3MT
gene, rs3740393 and rs11191439 (also known as 7388 and M287T, respectively) were
genotyped using Taqman assays as previously described (Gomez-Rubio et al. 2010).
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Genetic admixture analysis
The 58 AIM used in this study were selected from previous publications (Kosoy et al. 2009;
Klimentidis et al. 2009). These markers were chosen because they exhibit large frequency
differences among geographically separated human groups (indigenous American, European
and West African). Individual West African, indigenous American, and European genetic
admixture estimates were obtained by maximum likelihood estimation (Hanis et al. 1986)
using the genotypes at each AIM as well as available information on the allele frequencies
of these AIM in non-admixed populations (see Supplementary Material). Given allele
frequencies in non-admixed populations at a locus, the probability of observing a marker
genotype in each subject was computed for each locus. The logs of the individual locus
probabilities at all loci were then summed. For every possible admixture proportion from 0
to 100, the probability of the observed genotype was computed. The admixture proportion
that corresponded to the maximum combined probability across all loci was the one selected
as the maximum likelihood estimate of ancestry for that individual. To test our hypothesis of
an association between AME ancestry and As methylation efficiency, %AME ancestry (of
the three tested ancestries) was used as a covariate in all models.

Quality control
All samples included in the analysis produced genotypes for at least 53 of the 58 AIM. AIM
included in the analysis produced genotypes in more than 97% of the samples. Taqman
genotyped SNP produced genotypes for all study subjects. Each polymorphism was repeat-
genotyped in separate reactions in 10% of the samples; concordance between runs was used
as a quality control measure. To provide validation of the accuracy of our AIM and
analytical approach 20 samples of European origin (CEPH Utah and France) were included,
as well as 19 samples of indigenous American origin (Mexico, Peru and Brazil) from the
Coriell Cell repositories at the Coriell Institute for Medical Research (Camden, NJ; http://
ccr.coriell.org/). Coriell sample ID and ordering information for these samples are available
from the authors.

Arsenic speciation
First morning urine samples were collected for As speciation analysis. Samples were stored
at − 20°C until shipment to the University of Arizona; samples were shipped at −60°C. All
samples were stored at −80°C until As speciation analysis. Arsenic metabolites (As(III),
As(V), MMA(V), DMA(V)) were determined in urine using high performance liquid
chromatography (Agilent 1100 HPLC) with inductively couple plasma mass spectroscopy
(Agilent 7500 ICP/MS) as previously described (Meza et al. 2005). Limit of detection values
for As(V), As(III), MMA(V) and DMA(V) were: 0.41, 0.15, 0.12 and 0.12 μg/L
respectively.

Anthropometry
Weight was measured using bathroom scales, and height was measured using stadiometers.
Anthropometric measures were taken at time of urine sample collection and used to
calculate current body mass index (BMI). BMI was calculated as: body weight (kg)/ (height
(m))2.

Statistical analysis
A linear regression model was created in order to determine variability in arsenic
methylation efficiency using %uMMA as the dependent variable, and gender, age, total
urinary arsenic (TAs), BMI, AME proportion and 7388/M287T haplotypes as independent
variables. Gender was included in the model using women as reference. Age, TAs, BMI and
AME proportion were all included in the model as continuous variables. TAs was calculated
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as the sum of As(V), As(III), MMA(V) and DMA(V). TAs and %uMMA were natural log
transformed in order to improve distributional characteristics and better meet linear
regression assumptions. AS3MT polymorphisms were evaluated for deviation from Hardy
Weinberg equilibrium using a Chi-square analysis. AS3MT polymorphisms were included
in the model as haplotypes. Imputation of haplotypes and multiple linear regression analysis
was performed using the HaploStats package in R (Schaid et al. 2002). This analysis
evaluated subject diplotypes as the basis for quantifying the effect of each haplotype
compared to the referent haplotype (in this case, haplotype 1 which was the common
homozygous genotype at both polymorphic positions). Preliminary analysis of scatterplots
showed a possible interaction between gender and BMI on % uMMA. To address this, an
interaction term between gender and BMI was included in the regression model. Statistical
significance was considered when p ≤ 0.05.

RESULTS
Of the 808 individuals recruited, 62 subjects were not included in the analysis due to
missing measurements (urinary As, questionnaire, anthropometric) or due to poor DNA
sample quality (> 5 failed AIM tests of the 58 test panel), resulting in 746 subjects in the
analysis. Fourteen samples had As(III) below limit of detection, 50 samples had As(V)
below limit of detection, while MMA(V) and DMA(V) values were uniformly above the
limit of detection. Samples with As species below the limit of detection where replaced with
half the detection limit. A comparison of models excluding or not excluding samples that
have As metabolite below the detection level showed no difference between analyses.
Characteristics of the population, stratified by gender, are shown in Table 1. Total number of
women was higher than total number of men. This may have been the result of recruitment
occurring during working hours in communities in which men frequently worked in local
agricultural operations. In the whole population, TAs mean (range) was 170.4 μg/L (2.2–
1053.5), and mean urinary As metabolites (range) of 24.3 (0.27–180.3) for InAs, 19.9 (0.26–
132.7) for uMMA, and 126.2 (1.32–797.5) for uDMA. The mean age was 29 years with
range between 5 and 86 years; 294 subjects were below 18 years. BMI categories were
similarly distributed among the population with 21.7% of the population being underweight,
26.1% normal weight, 28.2% overweight, and 24% obese. Surprisingly, compared to men,
women were of a similar height and greater body weight. This may be partially explained by
the younger mean age of men in the study.

Genotype frequencies of AS3MT SNP 7388 and M287T were concordant with Hardy-
Weinberg equilibrium. Repeat-genotyped samples showed a 100% concordance between
runs. Fifty-eight AIM were used to determine the individual genetic ancestral proportions in
this population. Maximum likelihood analysis of these markers revealed that this population
was predominantly of indigenous American (73.4%) and European background (22.1%),
consistent with other studies in Mexico (Martinez-Fierro et al. 2009). To provide validation
for our marker set, 20 Coriell repository samples of defined European ancestry and 19 of
defined indigenous American ancestry were included. Sample identity was blinded
throughout the ancestry analysis process. The expected ancestry was identified in each
reference sample. Mean values for these reference samples were: European samples: 94%
Europe, 4% America, 2% Africa, indigenous American samples: 7% Europe, 90% America,
3% Africa. The extent of African ancestry measured in our study population (4.5%) was of
the same general magnitude as that measured in the Coriell reference European (2%) and
indigenous American (3%) populations, and could represent true admixture or alternatively
could be a result of measurement error (Shriver et al. 2003).

Distribution of gender, age and smoking status (current/former versus never) was similar
between upper and lower AME quartiles while statistically significant difference was
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observed for BMI; individuals in the upper AME quartile showed lower BMI than
individuals in the lower AME quartile (24.6 Vs. 26.2, p=0.03).

AS3MT polymorphisms 7388 and M287T have minimal linkage disequilibrium, and are
thus inherited independently of one another. Analyzing two polymorphisms in the same
gene in a genetic association study necessitated a haplotype-based approach as the best way
to incorporate the DNA sequence at both polymorphic sites into a single variable. This was
accomplished using the HaploStats software package (Schaid et al. 2002). This analytical
software enabled the inclusion of the effect of the subjects’ haplotypes within a multiple
linear regression model that also allowed incorporating interaction terms (Table 2). In the
model, TAs was not found to be significantly associated with %uMMA. Age was positively
associated with %uMMA, while AME proportion was negatively associated with %uMMA.
The coefficient of the AME ancestry variable in the multivariate regression model and the
same variable in a univariate model differed by only 12%, suggesting that there was not
substantial confounding by the remaining variables. The effect of AS3MT genetic variation
was evaluated as the haplotypes resulting from 2 SNP (7388, M287T) that have been
consistently shown to be associated with %uMMA levels (Gomez-Rubio et al. 2011). Three
of the 4 possible haplotypes were observed in this population. Haplotype 1 (referent,
comprised of the common allele at both sites) was most commonly observed, followed by
haplotype 3 (variant allele at 7388, common at M287T), with haplotype 2 (common allele at
7388, variant at M287T) as the least frequent (Table 3). Relative to individuals carrying
haplotype 1, individuals with haplotype 2 have significantly higher %uMMA excretion
while individuals with haplotype 3 have significantly lower %uMMA excretion. The
regression model also showed a significant interaction between gender and BMI, indicating
that the effect on BMI over %uMMA excretion was markedly different between men and
women in this population. The negative association observed between BMI and %uMMA
appeared to be stronger in women than men (Figure 2). Based on the interaction term
(coefficient: 0.0179, p<0.01), intercepts and BMI coefficients were calculated separately for
men and women. This demonstrated a negative trend for both genders, however the
association was only statistically significant for women (Table 2). The unadjusted mean
estimates of %uMMA in each of the 4 BMI categories by gender shows that mean %uMMA
decreases by BMI category in women while the relationship is more complex in men (Table
4).

DISCUSSION
The As epidemiology literature has included speculation about higher As methylation
efficiency in AME populations, while studies in populations from U.S and Taiwan noted
%uMMA excretion values between 20 to 30% (Warner et al. 1994; Chiou et al. 1997).
Vahter et al. (1995) reported an unusually low uMMA excretion, of about 2%, in a small
study population of 30 indigenous Andean women from Argentina. In addition, other studies
also suggested differences in As methylation efficiency specifically between AME and
EURO populations. A study performed in a population located in the Atacama Desert of
Northern Chile reported that individuals of indigenous Atacameno descent had statistically
significantly higher As methylation efficiency (12.6 %uMMA) than those from European
descent (17.2 %uMMA) (Hopenhayn-Rich et al. 1996). Similarly, a subsequent study in a
population of women from the Andean region of Argentina reported a statistically
significant difference in %uMMA excretion between AME and EURO women, medians of
7% and 9% respectively (Engstrom et al. 2010). These findings, however, were not
supported in an Argentinean population from a village comprised of mainly Criollo
individuals (descendants of Spanish immigrants). This population had similar %uMMA
excretion compared to a population recruited from a village of mainly AME individuals
(2.2–3.4 and 2.1–3.6 %uMMA, respectively) (Concha et al. 1998). Another study showed
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that the prevalence of As skin lesions in a population of indigenous Atacameno individuals
from Chile was as high as that found in other As exposed populations around the world
(Smith et al. 2000). Although the As methylation profile was not discussed in this paper, a
subsequent study using the same population reported a mean uMMA excretion of 14%,
similar to the %uMMA excretion profile of other populations globally (Chung et al. 2002;
Hall et al. 2009; Huang et al. 2009). In this study we show that genetically determined AME
ancestry is associated with less %uMMA excretion. Although not the main focus of our
study, %uMMA in our population was strongly, negatively correlated with uDMA/uMMA
ratio, and not surprisingly AME ancestry was also statistically significantly associated with
uDMA/uMMA ratio.

Individuals in this northern Mexican population varied widely in AME proportion, ranging
from 23 to 100% (Figure 1), highlighting the potential loss of information in applying
conventional ethnic or racial categorization to admixed populations. A negative association
between AME proportion and %uMMA was observed in this study represented by a
−0.4469 coefficient in the multivariate regression model, which is interpreted as a 36%
decrease in %uMMA for a one unit increase in AME proportion (1 unit = 100%). Stated
differently, if the %uMMA of an average 0% AME subject was 20%, an approximately 12.8
%uMMA excretion would be predicted in an average 100% AME subject. The significance
and underlying cause of the association between AME ancestry and As methylation
efficiency reported here needs to be interpreted with care. Associations between ancestry
and a phenotype of interest may be due to ancestry-skewed genetic variation at some locus
(or loci) in the genome. Exemplary in this regard is the increased warfarin sensitivity
observed in patients of Asian ancestry that is substantially explained by Asian variant allele
frequency at the VKORC1 gene (Limdi et al. 2010). Several intronic polymorphisms in the
AS3MT gene have been consistently associated with lower excretion of %uMMA in urine
(Meza et al. 2005; Schlawicke Engstrom et al. 2007). Allele frequencies in some of these
AS3MT genetic variants were found to be different between AME and EURO populations.
SNP 7388, which is in strong linkage disequilibrium (LD) with other AS3MT SNP, was
reported to have minor allele frequency of 42% in AME subjects while a minor allele
frequency of 20% was observed in EURO subjects (Meza et al. 2005; Gomez-Rubio et al.
2010). By including AS3MT haplotypes (7388/M287T) in our linear regression model, it
was possible to determine that the association between AME ancestry and As methylation
efficiency is not likely to result from confounding by the ancestry-skewed frequency of
AS3MT variants. This suggests that if the association between %uMMA and AME ancestry
is genetically based, genes other than AS3MT may be involved.

It is, however, equally important to understand that while ancestry quantification utilizes
genetic testing, it simultaneously serves as a marker for a host of environmental factors that
may correlate with ancestry. Cultural norms and practices, socioeconomic status, and health
care availability can be different between different ancestral populations (Bhattacharyya et
al. 2010; Sluyter et al. 2010). Within admixed populations differences in socioeconomic
status have been reported to be associated with genetic admixture (Florez et al. 2009; Gower
et al. 2003) and phenotypic characteristics such as skin color (Parra et al. 2004). Thus, one
cannot exclude environmental factors, including social and cultural practices that correlate
with indigenous American ancestry, as possible explanations for this association. More
studies will be needed to confirm, and to dissect the effect of ancestry on arsenic
metabolism.

Previously Gomez-Rubio et al. 2011 reported a statistically significant association between
BMI and As methylation efficiency in three independent populations of adult women from
the southwest USA and northwest Mexico, where higher BMI was associated with low
%uMMA urinary excretion and high uDMA to uMMA ratio. In this study that included men
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and women of a broad age range (5 to 86 years old), an interaction between gender and BMI
was identified for this association. In our study population, women showed a strong negative
association between BMI and %uMMA while men show a less obvious relationship between
the two variables (Figure 2, Table 4). After stratifying the BMI coefficients by gender, the
association did not remain significant in men (Table 2). This observation, however, is not
completely surprising as the distribution of BMI in this population varied by gender, with
men having lower BMI than women (mean BMI of 21.8 and 26.4 respectively). In previous
reports, the significance of the association between BMI and As methylation efficiency has
been inconsistent from study to study. One explanation for this incongruity may be related to
the lack of a representation of different BMI categories within some studies. A previous
publication noted a statistically significant association between high BMI and low %uMMA
in men of a European population with a median BMI of 27 (Lindberg et al. 2007). Therefore
it is plausible that the lack of representation of the upper BMI scale in the men of our study
population resulted in the weaker association between BMI and %uMMA in men. Future
studies need to focus on a population of men that has a good representation of all BMI
categories. However, it is evident that BMI plays an important role in the As methylation
processes, and needs to be carefully considered in future association studies seeking to better
understand the inter-individual variability in As methylation efficiency, as well as related
diseases.

In this study an association was also observed between each of the AS3MT genetic variants,
7388 and M287T, and As methylation efficiency. Individuals with the minor allele in 7388
intronic polymorphism have lower %uMMA excretion, an association that has been highly
replicated, though no functional explanation has been reported (Meza et al., 2005;
Schlawicke Engstrom et al., 2007; Gomez-Rubio et al., 2010). Conversely, individuals with
the minor allele in M287T exonic polymorphism showed significantly higher %uMMA
excretion, consistent with other reports that show that change of methionine to threonine in
amino acid position 287 modifies AS3MT enzymatic function altering the arsenic
methylation process (Drobná et al., 2004; Valenzuela et al., 2009; Agusa et al., 2011). The
multivariate regression model revealed that individuals with haplotype 2, carrying 7388
common allele and M287T minor allele, have significantly higher %uMMA excretion than
individuals carrying haplotype 1 (both common alleles). Conversely, individuals with
haplotype 3, carrying 7388 minor allele and M287T common allele, have significantly lower
%uMMA excretion than individuals with haplotype 1 (Table 2). These findings are in
agreement with prior AS3MT genetic association studies, highlighting the importance of
these AS3MT genetic variants in the inter-individual variation of As methylation efficiency
in human populations.

In this population, the multivariate model showed that age was positively associated with
%uMMA, thus suggesting that As methylation efficiency decreases with age (Table 2).
Meza et al. (2005) reported a similar association in an independently recruited population
from the same region of northwest Mexico. In that study, children had statistically
significantly higher As methylation efficiency, represented by a higher uDMA/uMMA, than
adults. Our results are in concordance with other publications demonstrating a positive
association between age and As methylation efficiency (Huang et al. 2008; Lindberg et al.
2008; Tseng et al. 2005; Agusa et al. 2009). Total gender effect cannot be evaluated from
regression model due to the interaction term included, however simple %uMMA mean
comparison between genders showed that in average women methylate As more efficiently
than men, excreting lower proportions of uMMA, consistent with previous reports (Lindberg
et al. 2008; Tseng et al. 2005; Hopenhayn-Rich et al. 1996; Huang et al. 2008). The
underlying cause for the association between BMI, age, and gender with %uMMA is
unknown; a possible explanation may be related to the association of these factors with
AS3MT expression. Although age and gender have not been previously associated with this
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phenotype, changes in AS3MT expression induced by obesity in rodent models have been
reported (Shockley et al., 2009).

Limitations of this study include a relative under-representation of men in the population.
Variables evaluating socioeconomic, dietary or nutritional status were not recorded, limiting
the ability to evaluate environmental factors that could potentially be covariate with AME
ancestry. While the study had a high participation rate, no specific effort was made to
randomize household selection, so we can not exclude the possibility of a selection bias.
While drinking water as a source of arsenic exposure was confirmed, other potential routes
of arsenic exposure were not assessed. Agriculture is a key source of employment in these
communities, thus potential occupational arsenic exposure is possible. Strengths of the study
included a reasonably large population size, the measurement of total urinary arsenic as a
biomarker of all-source arsenic exposure, and the incorporation of genomic methodology
aimed at more accurate ascertainment of ancestry.

Taken in the context of substantial evidence implicating %uMMA as an As-associated
disease risk factor, our study suggests that being indigenous American, female, AS3MT
7388 variant, AS3MT M287T non-variant, and young would confer some level of risk
mitigation within a homogenously exposed population. BMI may be more complex, in that
increased As methylation efficiency associated with high BMI might be offset by the
deleterious consequences of obesity.

A growing body of data points to the importance of understanding ancestry-related
differences in human epidemiology. As the world continues to become a smaller place,
accurate estimates of ancestral composition will become an essential component of many
epidemiological studies. The intriguing association between ancestry and human As
metabolism illustrates the potential for human genomics to stimulate more refined scientific
questions in future epidemiological studies of human As exposure and associated adverse
health effects.
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Figure 1.
Individual ancestry proportions in the study population. Individual ancestry proportions are
depicted in the Y-axis; indigenous American and non-indigenous American proportions are
shown. The X-axis represents each individual in the population, sorted in increasing
indigenous American ancestry proportion.
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Figure 2.
Scatter plot showing %uMMA as a function of BMI in men and women in the study
population. Regression lines were fit for men and women in order to illustrate the trend of
the association for each sex.
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Table 1

Characteristics of the study population stratified by gender.

men women

Total n (%) 240 (32.2) 506 (67.8)

Age, mean (SD) 23.3 (19) 31 (17.7)

SNP genotypes

 7388 (GG/GC/CC) 145/80/15 320/162/24

 M287T (TT/TC/CC) 219/21/0 448/57/1

Weight, mean* (SD) 54.4 (24.3) 63.6 (21.9)

Height, mean^ (SD) 153.3 (19.6) 153.1 (12.4)

Body mass index, n (%)

 underweight (<18.4) 87 (36.2) 81 (16)

 normal (18.5–24.9) 68 (28.3) 135 (26.7)

 overweight (25–29.9) 69 (28.8) 132 (26.1)

 obese (>30) 16 (6.7) 158 (31.2)

AME ancestry proportion, mean (SD) 72.8 (15.4) 73.6 (15.5)

Total urinary arsenic+, mean (SD) 223.9 (170.5) 145 (121.2)

InAs+, mean (SD) 33.9 (30.1) 19.7 (19.8)

uMMA+, mean (SD) 28.2 (23.1) 16 (15.3)

uDMA+, mean (SD) 161.7 (125.1) 109.3 (91.9)

%uMMA, mean (SD) 12.5 (3.9) 11.1 (4.3)

SD: standard deviation. AME: Indigenous American. Age reported in years,

*
Weight reported in Kg,

^
Height reported in centimeters,

+
Arsenic species reported in part per billion (ppb).
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Table 2

Multiple regression model using natural log transformed %uMMA as the dependent variable. Intercept and
BMI coefficients were calculated separately by gender based on gender × BMI interaction term, all other
coefficients are the same for both genders. Adjusted R2 for the model is 0.15

Coefficient Standard error p-value

Intercept Women 3.1022 0.1804 <0.01

Men 2.7663 0.1446 <0.01

 BMI Women −0.0216 0.0027 <0.01

Men −0.0037 0.0045 0.39

 Age, yrs 0.0025 0.0009 <0.01

 Total urinary arsenic (log normalized) 0.0158 0.0167 0.34

 Haplotype 2, GC (GT as reference) 0.1141 0.0420 <0.01

 Haplotype 3, CT (GT as reference) −0.0816 0.0222 <0.01

 Indigenous American proportion −0.4496 0.0883 <0.01
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Table 3

Haplotype frequencies in the study population.

Haplotypes Alleles (7388, M287T) Frequency

1 GT 0.74

2 GC 0.05

3 CT 0.21
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Table 4

%uMMA in the different BMI categories by gender in the study population.

Body mass index category

Underweight %uMMA
(95% CI)

Normal weight %uMMA
(95% CI)

Overweight %uMMA (95%
CI) Obese %uMMA (95% CI)

Gender

 Women 12.36 (11.7–13) 12.35 (11.7–13) 10.9 (9.9–11.8) 9.47 (8.9–10)

 Men 11.84 (11.2–12.5) 14.06 (13–15.1) 11.73 (12.6–11.5) 11.88 (9.7–14.1)
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