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ABSTRACT

Chronic arsenic exposure via drinking water has become a worldwide public health concern. In humans, inorganic arsenic
(iAs) is metabolized to monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) mainly mediated by arsenic (þ3
oxidation state) methyltransferase (As3MT). We reported recently that N-6 adenine-specific DNA methyltransferase 1
(N6AMT1) was involved in arsenic metabolism, and examined its interactive effect with As3MT on arsenic metabolism
in vitro. To further evaluate the interactive effect of N6AMT1 and As3MT on arsenic biomethylation in humans, we
conducted a human population-based study including 289 subjects living in rural villages in Inner Mongolia, China, and
assessed their urinary arsenic metabolites profiles in relation to genetic polymorphisms and haplotypes of N6AMT1 and
As3MT. Five N6AMT1 single nucleotide polymorphisms (SNPs; rs1003671, rs7282257, rs2065266, rs2738966, rs2248501) and
the N6AMT1 haplotype 2_GGCCAT were significantly associated with the percentage of iAs (% iAs) in urine (e.g., for
rs7282257, mean was 9.62% for TT, 6.73% for AA). Rs1003671 was also in a significant relationship with urinary MMA and
DMA (the mean of %MMA was 24.95% for GA, 31.69% for GG; the mean of % DMA was 69.21% for GA, 59.82% for GG). The
combined effect of N6AMT1 haplotype 2_GGCCAT and As3MT haplotype 2_GCAC showed consistence with the additive
significance of each haplotype on % iAs: the mean was 5.47% and 9.36% for carriers with both and null haplotypes,
respectively. Overall, we showed that N6AMT1 genetic polymorphisms were associated with arsenic biomethylation in the
Chinese population, and its interaction with As3MT was observed in specific haplotype combinations.
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Arsenic compounds are ubiquitous environmental contamin-
ants that humans commonly encounter daily at relatively low
levels. However, in some regions of the world, high levels of
arsenic naturally exist in drinking water, and consumption of
inorganic arsenic (iAs) contaminated drinking water has consti-
tuted a worldwide public health concern (Abernathy et al., 1999;
Tapio and Grosche, 2006). Hetao Plain in Inner Mongolia, China,
is known to be one of the severely arsenic-affected areas in the
world (Fujino et al., 2004, 2006; Guo et al., 2001, 2003; Mao et al.,
2010). Previous investigations have reported that approximately
80% of tube wells in this area had arsenic concentrations higher
than 50 mg/l (Guo et al., 2001, 2007). In 2007, the permitted max-
imum level of inorganic arsenic in drinking water in China was
reduced from 50 to 10 mg/l, which is also the recommended
maximum allowance in drinking water by World Health
Organization (WHO).

In humans, iAs is metabolized to trivalent and pentavalent
mono-methylated (MMA) and di-methylated arsenicals (DMA),
which are excreted in the urine (Hopenhayn-Rich et al., 1996;
Marapakala et al., 2012). Biomethylation of arsenic is accom-
plished dominantly by the arsenic (þ3 oxidation state) methyl-
transferase (As3MT) enzyme (Thomas et al., 2007). Studies have
reported that genetic polymorphisms of As3MT affect arsenic
metabolism, which result in varied urinary arsenical profiles in
individuals and among different populations (Agusa et al., 2009;
Engström et al., 2011; Valenzuela et al., 2009; Whitbread et al.,
2003). Variability in arsenic biomethylation and the resulting
changes of arsenic metabolite profiles contribute to the differ-
ential susceptibility of individuals to the toxic and carcinogenic
activity of arsenic (Drobna et al., 2004; Gomez-Rubio et al., 2010).
In addition, biological and demographic characteristics such as
gender, age, body mass index (BMI), personal lifestyle (smoking
history or alcohol consumption status) could affect arsenic me-
tabolism (Lindberg et al., 2010; Sun et al., 2007; Tseng, 2009;
Zhang et al., 2014). Thus, it is important to consider the influ-
ence of these potential factors on arsenic metabolism when
evaluating the association between genetic variations and ar-
senic metabolic profiles.

We previously demonstrated that N-6 adenine-specific DNA
methyltransferase 1 (N6AMT1), a putative methyltransferase,
could selectively participate in the conversion of the toxic
MMAIII to less toxic DMAV (Ren et al., 2011), while its effect is
relatively minor and limited compared to As3MT (Zhang et al.,
2015). An evaluation of the association between polymorphisms
in N6AMT1 and the efficiency of arsenic biomethylation sug-
gested that genetic variants of N6AMT1 had a significant effect
in the variability of urinary MMA levels among individuals of
the Andean women (Harari et al., 2013).

In the present study, we assessed the association of genetic
polymorphisms and haplotypes of N6AMT1 and As3MT and
urinary arsenic metabolites profiles in a Chinese population, liv-
ing in Hetao plain of Inner Mongolia, China. Specifically, we
were interested in examining the interactive effect of N6AMT1
and As3MT on arsenic biomethylation in humans.

MATERIALS AND METHODS

Study area and population. In 2010, our study population was
recruited from 3 arsenic-exposed villages of Wuyuan County,
located in the Hetao plain of Inner Mongolia, China. Wuyuan
County is one of the heavily arsenic-exposed areas of China,
where approximately 10% of villages were found to be arsenic-
affected (water arsenic levels> 50 mg/l) (Ma et al., 1996). Most of
the residents in this region engaged in agricultural work, and

shared similar life style, dietary structures, public health service
facilities and socio-economic status. No factories, mines or
other industries discharge arsenic into the local air, water or
soil. In the past 2 decades, a large number of villagers in this
region have started to use a central municipal water supply
instead of a water system characterized by numerous wide-
spread individual wells. The 3 villages were selected for this
study partly because their villagers continue to rely on private
open-tube wells for drinking water need, which contain arsenic
with a level higher than 10 mg/l. A total of 450 participants
(age� 18 years old) were recruited from a total of 653 residents
living in the 3 villages. Pregnant women were excluded for
safety reasons; and pregnancy has been suggested to affect
arsenic methylation (Gardner et al., 2012). Overall, 203 were
excluded due to not meeting inclusion criteria or refusing to
participate. The protocol was reviewed and approved by the
ethics committee of Wenzhou Medical University, China. The
purpose and procedures of the study were carefully explained
to all participants. Written informed consent from all of the par-
ticipants was obtained before initiation of the study. Each
recruited participant was interviewed using a standardized
questionnaire specifically designed for this study to collect
demographic characteristics, such as date of birth, gender, occu-
pation, education, current health status, medical history, alcohol
and tobacco consumption history, length of residence in the area,
and drinking water sources. Height and weight were measured to
the nearest 0.1 cm and 0.1 kg, respectively, and body mass index
(BMI) was calculated as weight (kg)/height (meters squared). All
surveys, physical examinations and samples collection were car-
ried out by specifically trained staff from Wenzhou Medical
University and Wuyuan Centre for Disease Prevention and
Control (Wuyuan CDC), China. Water samples from tube wells of
each household were collected during the home interview.
Inorganic arsenic concentrations in the collected water samples
were determined using the silver diethyl-dithiocarbamate spec-
trometry method (detection limit being 1 mg/l).

Among the 450 participants, 161 individuals were excluded
from final analysis due to several reasons: 119 with missing
urine or blood samples, 42 with incomplete personal informa-
tion or lacking of drinking water arsenic level.

Blood and urine collection. Fasting venous blood samples were
drawn from each subject with tubes containing ethylenediami-
netetraacetic acid. Buffy coat was isolated from blood samples
within 30 min. The second or third urine voids (20 ml) of the
same day with blood collection were collected and kept imme-
diately in ice. All these biological specimens were transferred to
Wuyuan CDC within 2 hours after collection and were stored in
freezers at -80�C until analysis.

DNA extraction and genotyping. Genomic DNA was extracted from
buffy coat with the QIAGEN FlexiGene DNA kit (QIAGEN, Hilden,
Germany) following the manufacturer’s protocol. The genotyp-
ing of 8 N6AMT1 SNPs (in 30–50 order: rs1006903, rs1003671,
rs4816333, rs7282280, rs7282257, rs2065266, rs2738966,
rs2248501) and 6 As3MT SNPs (in 50–30 order: rs7085104,
rs3740400, rs3740393, rs3740390, rs11191439, rs1046778)
(Supplementary Table S1) were performed by using iPLEX Gold
chemistry on Agena Bioscience MassARRAYVR System (Agena
Bioscience, San Diego, California) at the Genomic Shared
Resources at Roswell Park Cancer Institute. Multiplex assays
were designed using Assay Design Suite v2.0 (Agena Bioscience)
software and genotyping was performed as per manufacturer
protocol. Following a locus-specific PCR amplification, the
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unincorporated dNTPs were dephosphorylated with shrimp
alkaline phosphatase (Agena Bioscience) and the assay probes
were extended into SNP sites by single-nucleotide extension
with acyclo-NTP termination (iPLEX Pro Reagent Kit, 40 cycles of
the extension reaction, Agena Bioscience). Primer sequences of
PCR reaction and extension sequencing were provided in
Supplementary Information (Supplementary Table S2). The con-
tents of the PCR/extension reactions were desalted with strong
cation-exchange resin and transferred onto a SpectroChipVR

Array (Agena Bioscience) for MALDI-TOF analysis. The geno-
types for each SNP were obtained after visual inspection and
corrections of the spectra using MassARRAY Typer Analyzer v4
(Agena Bioscience). The SNPs of As3MT were selected for this
study according to previous reports that these SNPs are signifi-
cantly associated with As3MT methylation efficiency in human
samples (Hern�andez et al., 2008; Gomez-Rubio et al., 2010;
Schl€awicke Engström et al., 2007, 2009; Valenzuela et al., 2009;
Wood et al., 2006). Given little evidence of investigation of
N6AMT1 SNPs in terms of functional association with its
enzyme activity in the Chinese population, we chose SNPs
spanning the whole N6AMT1 gene and the extended region
from 50 and 30 terminals for study.

Tag SNPs selection and haplotype inferring. Tag SNPs for N6AMT1
and As3MT were selected from the genotyped SNPs, and linkage
disequilibrium (LD) was estimated using Haploview (version 4.2;
Barrett et al., 2005; Barrett, 2009) based on the physical positions
on chromosome of selected SNPs and genotyping result of the
study population’s DNA. LD values (R2) of 0.8 or higher have
been recommended as an acceptable threshold for tag SNPs
selection (de Bakker et al., 2005). According to the strength of LD
(R2�0.8), 6 N6AMT1 SNPs (in 30–50 order: rs1006903, rs1003671,
rs4816333, rs7282280, rs7282257, rs2065266) and 4 As3MT SNPs
(in 50–30 order: rs7085104, rs3740400, rs3740390, rs1046778) were
picked up for haplotype inferring. Haplotypes were inferred
from chosen tag SNPs by PHASE software using a Bayesian
method (version 2.1; Stephens and Donnelly, 2003).

Urinary arsenic species profile analysis by high-performance liquid
chromatography/inductively coupled plasma-mass spectrometry. The
urine samples were thawed to room temperature right before
analysis. They were centrifuged at 1200� g for 15 min and diluted
1:10 with mobile phase to minimize matrix effects. Separation of
the various species of arsenic was performed using a high-
performance liquid chromatography system (Thermo HPLC
Spectra System, Thermo Fisher Scientific Inc., U.S.) for separation
coupled to an inductively coupled plasma mass spectrometer
(Thermo X-Series 2 ICP-MS) for detection. Separation was
achieved using an ion-pair chromatography column (Gemini-
NX-C18 column, 3 lm� 4.6 mm id� 150 mm) equipped with a
guard column (Gemin-NX C18, 4� 3.0 mm id) from Phenomenex
Inc., U.S. The HPLC column outlet was connected to the nebulizer
of the ICP-MS by polyethylene tubing. Instrument conditions
were modified based on prior reported work (Kalman et al., 2014).
The optimized conditions for ICP-MS and HPLC settings, as well
as detailed reagents preparation, were given in the supplemen
tary information. HPLC was run using Thermo Xcalibur software,
and the ICP-MS data were collected and processed using the
Thermo PlasmaLab software package.

Retention time of peaks were identified by mixed arsenic
speciation standards. Possible interference with same mass to
charge response such as 40Ar35Clþwas monitored through chro-
matographic separation to ensure specificity of each interested
arsenic species at their retention time. Arsenic species were

quantified by external calibration curves (5, 25, 50, 100, 200 mg/l).
Detection limit (LOD) of AsIII, DMAV, MMAV, and AsV was 5, 1, 1,
and 1 mg/l, respectively. LOD was evaluated by the concentration
of compound resulting signal to noise above 3. Stability was
determined by the percent relative standard deviation (RSD) of
peak area from 5 replicates of 50 mg/l standard solutions. For
arsenic species, the peak area reproducibility ranged from 0.3%
to 1.0% RSD. The accuracy of the method was demonstrated
through the analysis of 50 mg/l spiked urine samples. Percent
recovery of 120%, 87%, 107%, and 100% were calculated for AsIII,
DMAV, MMAV, and AsV, respectively.

Statistical analysis. The total arsenic (tAs) concentration in urine
was calculated by summing up iAs (iAsIIIþiAsV), MMA
(MMAIIIþMMAV) and DMA (DMAIIIþDMAV). The percentages of
urinary arsenic metabolites (% iAs, % MMA and % DMA) were
defined as: iAs/tAs*100%, MMA/tAs*100% and DMA/tAs*100%,
respectively. In contrast to urinary arsenic concentrations pro-
files, 2 indexes, the primary methylation index
[PMI¼ (MMAþDMA)/tAs] and the secondary methylation index
[SMI¼DMA/(MMAþDMA)], were applied to evaluate As methyl-
ation ability at different stages (Sun et al., 2007).

The Hardy-Weinberg equilibrium (HWE) test for each poly-
morphism was assessed by a Chi-squared analysis. The differ-
ences of urinary arsenic metabolites profiles between
subgroups of potential confounding risk factors (gender, age,
BMI, smoking and alcohol consumption history) were analyzed
by Student’s t-test. Genotypes of each polymorphism were
arranged as categorical variables (homozygote and heterozy-
gote). Likewise, haplotypes were also modeled as categorical
variables (0, 1 and 2 copies of the haplotype). For consideration
of increasing statistical analysis power, groups with 1 or 2 (non-
null) haplotype copies were pooled together, since there were
relatively few subjects with 2 haplotype copies in all groups.
Pairwise analysis was conducted to evaluate the joint effect of
N6AMT1 and As3MT haplotypes on arsenic metabolism out-
comes. Analysis of Covariance (ANCOVA) was applied to com-
pare the differences of urinary arsenic metabolites and
methylation indexes (% iAs, % MMA, % DMA, PMI and SMI)
among the polymorphism genotype groups, haplotype groups,
and haplotypes combination groups, adjusted for potential con-
founding risk factors, including gender, age, BMI, alcohol con-
sumption and smoking history. Covariates appearing in the
model were evaluated at the following values: Gender¼ 1.4014,
Age¼ 50.529, BMI¼ 24.616, Smoker¼ 0.3668, Drinker¼ 0.3080.
Data shown in the text were based on the adjusted model, while
crude data were arranged as supplementary materials.

All statistical analysis was carried out using SAS V9.4 (SAS
Institute, Cary, North Carolina, U.S.). Statistical tests were 2-
sided and considered significant for P< .05.

RESULTS

General Characteristics and Genetic Background
Descriptive characteristics of the study population are pre-
sented in Table 1. Among the 289 study subjects included in the
analysis, 173 were females (59.9%) and 116 were males (40.1%),
with an average age of 50.5 6 11.4 years old and an average BMI
of 24.6 6 3.3 kg/m2. Among the subjects, 106 (36.7%) and 89
(30.8%) were current or former tobacco users and alcohol users,
respectively. The average arsenic concentration in the study
population’s drinking water was 92.4 6 52.4 mg/l. As the outcome
of arsenic exposure, average urinary arsenic metabolites (total
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iAs, MMA, DMA) were (7.67 6 6.98)%, (26.08 6 12.52)%,
(66.25 6 14.06)%, respectively, with PMIs of 0.92 6 0.07 and SMIs
of 0.72 6 0.14 for the methylation capacity.

Genotypes of all SNPs were in Hardy-Weinberg equilibrium
(P> .05), except rs11191439, which was excluded from the fol-
lowing analysis. Figure 1 showed the linkage disequilibrium
(LD) value (R2) for the N6AMT1 SNPs and As3MT SNPs. Among 8
N6AMT1 SNPs, rs7282257 was in LD with rs2738966 (R2¼ 0.95)
and rs2248501 (R2¼ 0.95), and rs2738966 was in strongest LD
with rs2248501 (R2¼ 1). Rs3740393 showed the strongest LD with
rs3740390 (R2¼ 0.99) among the 6 As3MT SNPs of interest. Based
on the LD analysis results, 6 N6AMT1 SNPs (in 30–50 order:

rs1006903, rs1003671, rs4816333, rs7282280, rs7282257,
rs2065266) and 4 As3MT SNPs (in 50–30 order: rs7085104,
rs3740400, rs3740390, rs1046778) were picked up as tag SNPs for
haplotype inferring.

Differences of Arsenic Metabolites Profiles Between Subgroups
The differences of urinary arsenic metabolites profiles between
subgroups of potential confounding risk factors (gender, age,
BMI, smoking and alcohol consumption history) are presented
in Table 2. % iAs and % MMA were significantly higher in males
than in females, while % DMA was remarkably higher in
females, which corresponded to significantly higher PMI and
SMI. In the tobacco user subgroup, non-smokers had signifi-
cantly lower % iAs, relatively lower % MMA, noticeably higher %
DMA, PMI and SMI than current or former smokers. No signifi-
cant differences were observed in any metabolites and methyla-
tion indexes between age, BMI or alcohol users subgroups.
However, individuals of younger age, higher BMI or non-
drinkers demonstrated better arsenic metabolism capacity (rel-
atively lower % MMA, higher % DMA and SMI).

Arsenic Metabolites Profiles in Relation to Genotypes
Urinary arsenic metabolites concentration and methylation
indexes in relation to polymorphism genotypes are shown in
Table 3, in the form of categorical variables (homozygote and
heterozygote). The genotype of the ancestral allele homozygote
in each SNP is denoted first.

N6AMT1 SNP rs1003671 was significantly associated with %
iAs, % MMA, % DMA, PMI and SMI. Individuals (45.0% of study
population) with genotype GA demonstrated lowest % iAs and
% MMA, but highest % DMA and methylation capacity at pri-
mary and secondary stage. This difference noticed in subjects
carrying heterozygote suggested not allele dose dependent.
Four SNPs (rs7282257, rs2065266, rs2738966, rs2248501) showed
significant association with % iAs and PMI. With the exception
of rs2065266, % iAs and PMI altered monotonically according to
the dose of alleles for the other 3 SNPs. However, the other
metabolites and SMIs did not show statistical significance. No
remarkable difference was noted in the remaining 3 SNPs

TABLE 1. Demographic characteristics of the study population.

Characteristics Mean (SD)a, n (%) Range

N 289
Gender

Female [n (%)] 173 (59.9%)
Male [n (%)] 116 (40.1%)

Age (years) 50.5 (11.4) 17–79
Height (cm) 162.0 (8.2) 143.3–182.4
Weight (kg) 64.7 (10.6) 35.6–110.0
Body mass index (kg/m2) 24.6 (3.3) 14.3–37.6
Tobacco users [n (%)] 106 (36.7%)
Alcohol users [n (%)] 89 (30.8%)
Water arsenic

concentration (mg/l)
92.4 (52.4) 10–165

Urinary arsenic metabolites
in percentage
Total iAs (%) 7.67 (6.98) 0–34.80
MMA (%) 26.08 (12.52) 0–55.57
DMA (%) 66.25 (14.06) 27.73–100.00

Urinary arsenic metabolites
methylation index
PMI 0.92 (0.07) 0.65–1.00
SMI 0.72 (0.14) 0.34–1.00

aSD: standard deviation.

FIG. 1. LD values (R2) for the SNPs of As3MT (a) and N6AMT1 (b) based on the study population. LD values were estimated using Haploview (version 4.2; Barrett et al.,

2005; Barrett, 2009) based on the physical positions on chromosome of selected SNPs and genotyping result of the study population’s DNA. SNPs are shown 50–30 order

for As3MT and 30–50 order for N6AMT1.
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(rs1006903, rs4816333, rs7282280) in relation to any arsenic
metabolites or methylation indexes. Though statistical signifi-
cance of % iAs and % DMA was not reached in all polymorphism
groups, it appeared that the N6AMT1 genotypes associated with
the lowest % iAs were contributing to the highest % DMA and
PMI. In each SNP, the change pattern of % iAs and PMIs was in
opposite directions. The trend of significance did not show dis-
tinct alteration before or after adjusting for potential confound-
ing variables (age, gender, BMI, alcohol and smoking status) (see
supplementary information). Despite the gain or loss of signifi-
cant difference for some indicators after adjustment, a strong
tendency towards statistical significance (P< .05) was still
maintained.

None of the 5 investigated As3MT SNPs showed a significant
association with arsenic metabolites or methylation capacity
indexes before or after adjustment for potential confounding
variables. As for rs1046778, % iAs and % MMA changed monot-
onically according to the pattern of allele dose-dependence,
while the other 3 indicators were in the opposite trend, even
though they were not significantly different. Its CC genotype
suggested the lowest % iAs and % MMA, but the highest % DMA,
PMI and SMI.

Arsenic Metabolites Profiles in Relation to Haplotypes
Haplotypes were inferred from tag SNPs of N6AMT1and As3MT
by PHASE, respectively. Haplotypes with an estimated fre-
quency of higher than 5.0% were considered common enough
and selected for analysis. Based on these criteria, the picked-up
haplotypes were: N6AMT1 haplotype 1_GAGCTC, haplotype
2_GGCCAT, haplotype 3_CACCTC, haplotype 4_CACTAC, haplo-
type 5_GAGTAC (31.8%, 27.2%, 11.3%, 10.0% and 7.5%, respec-
tively); As3MT haplotype 1_AAGT, haplotype 2_GCAC, haplotype
3_GCGT, haplotype 4_GCGC, haplotype 5_ACGC (44.5%, 25.2%,
11.5%, 11.0% and 7.1%, respectively) (Table 4).

Subjects with 1 or 2 copies (non-null) of N6AMT1 haplotype
2_GGCCAT had significantly lower % iAs and higher PMI, com-
pared to those individuals with zero copies. % MMA and % DMA
were respectively lower and higher among these haplotype car-
riers, although the difference was not statistically significant.
The difference trend did not change after adjusting for potential
confounding variables. Haplotype 4_CACTAC carriers

demonstrated similar arsenic metabolism pattern with haplo-
type 2, but no statistical significance was observed. No remark-
able differences were associated with other haplotypes.

In the aspect of As3MT haplotype, % DMA was significantly
higher among participants with 1 or 2 copies of haplotype
2_GCAC versus individuals carrying zero copies. % iAs, and PMI
of these subjects also showed noticeably lower and higher,
respectively, close to being statistically significant (P¼ .051).
Although % iAs within haplotype 3_GCGT groups decreased
slightly after adjustment for potential confounding variables, it
was still close to significance level (P¼ .054), showing lower %
iAs and higher PMI among subjects with zero copies of haplo-
type versus non null groups. Other As3MT haplotype groups did
not show significant differences in the metabolism pattern.

Joint Effect of N6AMT1 and As3MT Haplotypes on Arsenic
Metabolites Profiles
Considering the common frequency and involvement of haplo-
types showing significant difference in arsenic species, the haplo-
types of the top 3 frequencies in each gene were picked up for
pairwise interaction analysis in order to evaluate the combined
effect on the arsenic metabolism pattern. Among the N6AMT1
and As3MT haplotypes combinations (Table 5), we found the fea-
ture of significance was retained for the haplotypes that had a
noticeable influence on the arsenic metabolites profiles, espe-
cially for the combinations containing N6AMT1 haplotype
2_GGCCAT. Individuals with 1 or 2 copies of N6AMT1 haplotype 2
and 1 or 2 copies of As3MT haplotype 1 or As3MT haplotype 2 had
the lowest % iAs [6.44 6 0.66 (P¼ .034), 5.47 6 0.84 (P¼ .007),
respectively] and highest PMI [0.94 6 0.01 (P¼ .034), 0.95 6 0.01
(P¼ .007), respectively] in their combination groups, suggesting
the additive influence from both haplotypes. Subjects carrying 1
or 2 copies of both N6AMT1 haplotype 2 and As3MT haplotype 2
even showed the lowest % MMA (24.79 6 1.51), highest % DMA
(69.74 6 1.66) and SMI (0.74 6 0.02), though the differences were
not statistically significant. In contrast, individuals with zero cop-
ies of N6AMT1 haplotype 2 and As3MT haplotype 2 demonstrated
the highest % iAs (9.36 6 0.76) and lowest PMI (0.91 6 0.01).
However, some combinations may attenuate the individual fea-
ture of the haplotype itself. For example, individuals with 1 or 2
copies of both N6AMT1 haplotype 2 and As3MT haplotype 3

TABLE 2. Differences of fractions of arsenic metabolites and methylation capacity indexes between subgroups.

Variables Subgroups N % iAs % MMA % DMA PMI SMI

Gender Female 173 6.77 (0.51)a 23.95 (0.96) 69.28 (1.07) 0.93 (0.01) 0.74 (0.01)
Male 116 9.02 (0.66) 29.26 (1.09) 61.72 (1.19) 0.91 (0.01) 0.68 (0.01)
P-value .007 <.001 <.001 .007 <.001

Age (years) �49.2b 146 7.72 (0.62) 25.06 (1.03) 67.22 (1.21) 0.92 (0.01) 0.73 (0.01)
>49.2 143 7.63 (0.54) 27.13 (1.05) 65.25 (1.12) 0.92 (0.01) 0.71 (0.01)
P-value .909 .161 .233 .909 .206

BMI (kg/m2) �25 167 7.62 (0.53) 27.31 (0.92) 65.07 (0.99) 0.92 (0.01) 0.70 (0.01)
>25 122 7.75 (0.64) 24.40 (1.19) 67.85 (1.41) 0.92 (0.01) 0.73 (0.01)
P-value .871 .051 .098 .871 .079

Tobacco users Current or former 106 9.03 (0.69) 27.79 (1.11) 63.18 (1.24) 0.91 (0.01) 0.69 (0.01)
Never 183 6.89 (0.50) 25.09 (0.96) 68.02 (1.07) 0.93 (0.01) 0.73 (0.01)
P-value .012 .077 .005 .012 .032

Alcohol users Current or former 89 8.49 (0.83) 27.49 (1.29) 64.01 (1.48) 0.92 (0.01) 0.70 (0.01)
Never 200 7.31 (0.46) 25.45 (0.90) 67.24 (0.99) 0.93 (0.01) 0.72 (0.01)
P-value .156 .229 .076 .156 .151

aMean (Standard Error).
bCut point is median value of the variable.
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showed neutralized % iAs (8.65 6 1.16) compared to those having
only one of these haplotypes (5.76 6 0.66, 10.03 6 1.33). No statisti-
cally significant effects were seen for other haplotype combination
groups. The significance trend did not change before or after
adjusting for potential confounding variables.

DISCUSSION

Chronic exposure to arsenic through drinking water has been
shown in association with both cancerous and non-cancerous
effects (Chen et al., 1988; Chen and Ahsan, 2004; Jomova et al.

TABLE 3. Influence of N6AMT1 and As3MT genotypes on fractions of arsenic metabolites and methylation capacity indexes.

Gene SNPs Genotypea N % iAs % MMA % DMA PMI SMI

N6AMT1 rs1006903 GG 170 7.69 (0.53)b 26.32 (0.94) 66.00 (1.04) 0.92 (0.01) 0.71 (0.01)
GC 105 7.52 (0.68) 25.06 (1.20) 67.42 (1.33) 0.93 (0.01) 0.73 (0.01)
CC 14 8.66 (1.87) 30.88 (3.28) 60.47 (3.64) 0.91 (0.02) 0.66 (0.04)
P-value .848 .234 .189 .848 .158

rs1003671 AA 130 8.96 (0.60)*c 26.32 (1.06) 64.72 (1.17)* 0.91 (0.01)* 0.71 (0.01)
GA 130 6.20 (0.60)* 24.59 (1.07)* 69.21 (1.17)*† 0.94 (0.01)* 0.74 (0.01)*
GG 29 8.49 (1.27) 31.69 (2.26)* 59.82 (2.48)† 0.92 (0.01) 0.65 (0.03)*
P-value .005 .018 .001 .005 .007

rs4816333 CC 107 7.32 (0.67) 26.76 (1.19) 65.92 (1.31) 0.93 (0.01) 0.71 (0.01)
CG 132 7.15 (0.60) 25.53 (1.07) 67.33 (1.19) 0.93 (0.01) 0.72 (0.01)
GG 50 9.81 (0.98) 26.08 (1.74) 64.11 (1.93) 0.90 (0.01) 0.71 (0.02)
P-value .055 .744 .349 .055 .677

rs7282280 CC 174 7.94 (0.53) 26.21 (0.93) 65.86 (1.03) 0.92 (0.01) 0.72 (0.01)
CT 101 7.17 (0.70) 25.59 (1.23) 67.25 (1.37) 0.93 (0.01) 0.72 (0.01)
TT 14 8.03 (1.88) 28.11 (3.32) 63.87 (3.68) 0.92 (0.02) 0.69 (0.04)
P-value .668 .762 .584 .668 .733

rs7282257 TT 68 9.62 (0.84)* 24.69 (1.49) 65.69 (1.66) 0.90 (0.01)* 0.73 (0.02)
TA 143 7.26 (0.57) 26.66 (1.03) 66.07 (1.14) 0.93 (0.01) 0.71 (0.01)
AA 78 6.73 (0.78)* 26.23 (1.39) 67.04 (1.55) 0.93 (0.01)* 0.72 (0.02)
P-value .026 .548 .820 .026 .716

rs2065266 CC 144 8.85 (0.57)* 25.75 (1.02) 65.40 (1.13) 0.91 (0.01)* 0.72 (0.01)
CT 120 6.16 (0.62)* 26.09 (1.12) 67.76 (1.24) 0.94 (0.01)* 0.72 (0.01)
TT 25 8.20 (1.38) 27.94 (2.47) 63.86 (2.74) 0.92 (0.01) 0.70 (0.03)
P-value .006 .716 .250 .006 .692

rs2738966 GG 67 9.49 (0.84)* 24.43 (1.50) 66.08 (1.67) 0.91 (0.01)* 0.73 (0.02)
GA 147 7.44 (0.57) 27.16 (1.01) 65.40 (1.12) 0.93 (0.01) 0.71 (0.01)
AA 75 6.52 (0.80)* 25.43 (1.42) 68.05 (1.58) 0.94 (0.01)* 0.73 (0.02)
P-value .033 .280 .391 .033 .316

rs2248501 GG 75 6.52 (0.80)* 25.43 (1.42) 68.05 (1.58) 0.94 (0.01)* 0.73 (0.02)
GT 147 7.44 (0.57) 27.16 (1.01) 65.40 (1.12) 0.93 (0.01) 0.71 (0.01)
TT 67 9.49 (0.84)* 24.43 (1.50) 66.08 (1.67) 0.91 (0.01)* 0.73 (0.02)
P-value .033 .280 .391 .033 .316

As3MT rs7085104 AA 80 8.09 (0.78) 24.86 (1.38) 67.04 (1.54) 0.92 (0.01) 0.73 (0.02)
AG 142 6.96 (0.58) 27.68 (1.03) 65.36 (1.15) 0.93 (0.01) 0.70 (0.01)
GG 67 8.69 (0.87) 24.14 (1.53) 67.18 (1.71) 0.91 (0.01) 0.73 (0.02)
P-value .208 .091 .559 .208 .184

rs3740400 CC 84 7.75 (0.78) 24.96 (1.36) 67.30 (1.51) 0.92 (0.01) 0.73 (0.02)
CA 146 7.44 (0.58) 27.83 (1.01) 64.73 (1.12) 0.93 (0.01) 0.70 (0.01)
AA 56 8.28 (0.94) 23.50 (1.64) 68.23 (1.82) 0.92 (0.01) 0.74 (0.02)
P-value .746 .046 .175 .746 .064

rs3740393 CC 15 7.97 (1.79) 24.82 (3.19) 67.21 (3.52) 0.92 (0.02) 0.73 (0.04)
CG 117 6.68 (0.64) 25.05 (1.14) 68.28 (1.26) 0.93 (0.01) 0.73 (0.01)
GG 157 8.39 (0.55) 26.97 (0.98) 64.64 (1.09) 0.92 (0.01) 0.71 (0.01)
P-value .132 .414 .092 .132 .286

rs3740390 GG 158 8.41 (0.55) 26.93 (0.98) 64.67 (1.08) 0.92 (0.01) 0.71 (0.01)
GA 116 6.64 (0.64) 25.09 (1.14) 68.28 (1.26) 0.93 (0.01) 0.73 (0.01)
AA 15 7.97 (1.79) 24.83 (3.19) 67.21 (3.52) 0.92 (0.02) 0.73 (0.04)
P-value .116 .441 .095 .116 .305

rs1046778 TT 83 8.70 (0.76) 26.57 (1.36) 64.74 (1.50) 0.91 (0.01) 0.71 (0.02)
TC 158 7.44 (0.55) 25.92 (0.98) 66.64 (1.08) 0.93 (0.01) 0.72 (0.01)
CC 48 6.67 (1.00) 25.78 (1.78) 67.55 (1.98) 0.93 (0.01) 0.72 (0.02)
P-value .230 .913 .458 .230 .806

aThe genotype of ancestral allele homozygote in each SNP was denoted first.
bMean (Standard Error). ANCOVA were used to adjust for potential confounding variablesat the following values: Gender¼1.4014, Age¼50.529, BMI¼24.616,

Smoker¼0.3668, Drinker¼0.3080.
cComparison was done among any 2 groups, and those marked with same symbols (*,†) were significantly different (P< .05).
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2011; Mumford et al., 2007; Smith et al., 2006; Tseng et al., 1968).
While the underlying mechanisms for arsenic-caused adverse
effects are not clearly elucidated, it is widely accepted that
arsenic metabolism plays a critical role in its toxic and carcino-
genic activity (Drobna et al., 2005; Ferrario et al., 2008; Li et al.,
2005; Thomas et al., 2007). Our study of a Chinese population
suggests that genetic polymorphisms of N6AMT1 were capable
of altering urinary arsenic profiles, which could also be affected
by the haplotype combinations between N6AMT1 and As3MT.

In spite of the widely recognized fact that As3MT contributes
substantially to arsenic metabolism and variability in urinary
metabolites pattern among different populations (Drobna et al.,
2005; Engström et al., 2011; Ferrario et al., 2008; Li et al., 2005;
Thomas et al., 2007), evidence suggests there may exist other
methyltransferases capable of arsenic metabolism. Retaining
the capacity of arsenic methylation was observed in the As3MT
eliminated human cells model (Drobna et al., 2006) and animal
model (Chen et al., 2011; Drobna et al., 2009). In a previous study,
we demonstrated that N6AMT1 was probably a promising
methyltransferase participating in human arsenic metabolism,
specifically converting high toxic MMAIII to the less toxic DMAV

(Ren et al., 2011). This observation was further confirmed in our
recent in vitro experiment, even though its effect was relatively
minor and limited in contrast with the influence of As3MT
(Zhang et al., 2015). A recent study showed a significant associa-
tion between a genetic variation of N6AMT1 and urinary % MMA
in Andean women (Harari et al., 2013). However, the arsenic

metabolism pattern impacted by N6AMT1 or joint influence
with As3MT has not been evaluated in other ethnically different
populations.

In the present study of Chinese population, we observed
that gender and smoking history had significant influence on
arsenic metabolites profiles and methylation capacity (Table 2).
Women demonstrated better arsenic methylation capacity than
men, which was featured by remarkably lower % iAs and %
MMA and higher % DMA, PMI and SMI. This finding was largely
consistent with previous studies (Gamble et al., 2005; Lindberg
et al., 2008; Tseng, 2005). Although the exact reason is unknown,
it has been suggested that estrogen is likely play an important
role, which involved in one-carbon metabolism, thus facilitating
arsenic methylation by generating adequate supply of methyl
group donor (Hall and Gamble, 2012). Similarly, non-smokers
showed significantly better arsenic methylation capacity than
current or former tobacco smokers, which is likely explained by
the effect of some cigarettes chemicals competing for related
enzymes or co-factors participating in the arsenic metabolism
processes (Tseng, 2009). Ages, BMI and alcohol drinking have
also been suggested to affect arsenic metabolism (Gomez-Rubio
et al., 2011; Hopenhayn-Rich et al., 1996; Tseng, 2005, 2009). In
our study, age, BMI or alcohol drinking had no effects in arsenic
metabolites profiles and methylation indexes. However, study
participants who were characterized by younger age, higher BMI
or non-drinkers showed better arsenic metabolism capacity
(relatively lower % MMA and higher % DMA and SMI).

TABLE 4. Influence of N6AMT1 and As3MT haplotypes on fractions of arsenic metabolites and methylation capacity indexes.

Gene Haplotype Frequency (%) Copies n % iAs % MMA % DMA PMI SMI

N6AMT1 Haplotype 1_GAGCTC 31.8 0 134 7.33 (0.60)a 26.55 (1.06) 66.12 (1.18) 0.93 (0.01) 0.71 (0.01)
1/2 125/30 7.97 (0.56) 25.67 (0.98) 66.36 (1.09) 0.92 (0.01) 0.72 (0.01)

P-value .435 .544 .882 .435 .574
Haplotype 2_GGCCAT 27.2 0 147 8.83 (0.56) 26.49 (1.03) 65.49 (1.12) 0.91 (0.01) 0.72 (0.01)

1/2 122/20 6.48 (0.57) 25.69 (1.01) 67.03 (1.14) 0.94 (0.01) 0.72 (0.01)
P-value .004 .579 .336 .004 .925

Haplotype3_CACCTC 11.3 0 228 7.41 (0.46) 26.06 (0.82) 66.54 (0.90) 0.93 (0.01) 0.72 (0.01)
1/2 57/4 8.67 (0.90) 26.17 (1.59) 65.16 (1.77) 0.91 (0.01) 0.71 (0.02)

P-value .215 .948 .490 .215 .842
Haplotype 4_CACTAC 10.0 0 233 7.99 (0.45) 26.07 (0.80) 65.94 (0.89) 0.92 (0.01) 0.72 (0.01)

1/2 54/2 6.35 (0.92) 26.12 (1.64) 67.54 (1.82) 0.94 (0.01) 0.72 (0.02)
P-value .111 .980 .430 .111 .913

Haplotype 5_GAGTAC 7.5 0 251 7.62 (0.44) 25.95 (0.77) 66.43 (0.86) 0.92 (0.01) 0.72 (0.01)
1/2 36/2 8.03 (1.13) 26.92 (2.00) 65.06 (2.22) 0.92 (0.01) 0.71 (0.02)

P-value .739 .654 .566 .739 .570
As3MT Haplotype 1_AAGT 44.5 0 85 7.72 (0.77) 24.92 (1.36) 67.37 (1.51) 0.92 (0.01) 0.73 (0.02)

1/2 150/54 7.66 (0.49) 26.57 (0.87) 65.78 (0.96) 0.92 (0.01) 0.71 (0.01)
P-value .949 .315 .383 .949 .348

Haplotype 2_GCAC 25.2 0 158 8.41 (0.55) 26.93 (0.98) 64.66 (1.08) 0.92 (0.01) 0.71 (0.01)
1/2 116/15 6.79 (0.61) 25.06 (1.08) 68.15 (1.19) 0.93 (0.01) 0.73 (0.01)

P-value .051 .201 .031 .051 .123
Haplotype 3_GCGT 11.5 0 227 7.25 (0.46) 25.92 (0.82) 66.83 (0.91) 0.93 (0.01) 0.72 (0.01)

1/2 58/4 9.21 (0.89) 26.67 (1.59) 64.12 (1.76) 0.91 (0.01) 0.71 (0.02)
P-value .054 .680 .177 .054 .456

Haplotype 4_GCGC 11.0 0 229 7.45 (0.46) 26.07 (0.81) 66.49 (0.90) 0.93 (0.01) 0.72 (0.01)
1/2 56/4 8.54 (0.89) 26.12 (1.58) 65.33 (1.76) 0.92 (0.01) 0.71 (0.02)

P-value .275 .975 .560 .275 .865
Haplotype 5_ACGC 7.1 0 249 7.92 (0.44) 25.79 (0.78) 66.30 (0.86) 0.92 (0.01) 0.72 (0.01)

1/2 39/1 6.16 (1.10) 27.92 (1.94) 65.92 (2.16) 0.94 (0.01) 0.70 (0.02)
P-value .137 .307 .870 .137 .439

aMean (Standard Error). ANCOVA were used to adjust for potential confounding variables at the following values: Gender¼1.4014, Age¼50.529, BMI¼24.616,

Smoker¼0.3668, Drinker¼0.3080.

130 | TOXICOLOGICAL SCIENCES, 2017, Vol. 155, No. 1



In this Chinese population, we found that the genetic poly-
morphisms of N6AMT1 (rs1003671, rs7282257, rs2065266,
rs2738966, rs2248501) were associated with the arsenic metabo-
lites profiles and the methylation capacities (Table 3), particu-
larly the amounts of urinary iAs. Rs1003671 with a genotype GA
was showed to have a significant impact on all arsenic metabo-
lites (the lowest % iAs and % MMA, and the highest % DMA) and
methylation capacity indexes (highest PMI and SMI), indicating
that genetic variance of rs1003671 could potentially contribute
to the differential susceptibility of individuals to the toxic and
carcinogenic activity of arsenic. Different from the finding by
Harari et al. (2013) that variation of % MMA was associated with
genetic polymorphism in an allele-dose dependent manner, we

found, in our study of this Chinese population, that the allele-
dose relation with urinary iAs was not existed, which may be
due to the inherent dominance pattern of alleles on phenotypes
(Miko, 2008). The people carrying N6AMT1 haplotype 2_GGCCAT
had a significant impact on % iAs and PMI (Table 4), while the
people carrying As3MT haplotype 2_GCAC showed significant
effect on % DMA. When estimating the joint effect of N6AMT1
and As3MT haplotypes according to the combined copies num-
ber (Table 5), the association between some combinations and
% iAs as well as PMI was observed at significant levels in the
combination groups involving the N6AMT1 haplotype 2. For
example, study participants with 1 or 2 copies of both N6AMT1
haplotype 2 and As3MT haplotype 2 had significantly lower %

TABLE 5. Influence of N6AMT1 and As3MT haplotypes interaction on fractions of arsenic metabolites and methylation capacity indexes.

Haplotypes Copies n % iAs % MMA % DMA PMI SMI

N6AMT1 Haplotype 1
þ As3MT Haplotype 1

1/2 þ 1/2 105 7.86 (0.69)a 25.69 (1.21) 66.45 (1.35) 0.92 (0.01) 0.72 (0.01)
1/2 þ 0 50 8.21 (1.00) 25.65 (1.77) 66.14 (1.96) 0.92 (0.01) 0.72 (0.02)
0 þ 1/2 99 7.45 (0.70) 27.46 (1.23) 65.09 (1.37) 0.93 (0.01) 0.70 (0.01)
0 þ 0 35 7.00 (1.19) 23.95 (2.09) 69.05 (2.32) 0.93 (0.01) 0.74 (0.02)

P-value .849 .484 .533 .849 .470
N6AMT1 Haplotype 1
þ As3MT Haplotype 2

1/2 þ 1/2 68 6.87 (0.84) 24.29 (1.49) 68.84 (1.65) 0.93 (0.01) 0.74 (0.02)
1/2 þ 0 87 8.83 (0.74) 26.76 (1.32) 64.41 (1.46) 0.91 (0.01) 0.71 (0.01)
0 þ 1/2 63 6.70 (0.88) 25.90 (1.56) 67.41 (1.72) 0.93 (0.01) 0.72 (0.02)
0 þ 0 71 7.88 (0.82) 27.13 (1.46) 64.99 (1.61) 0.92 (0.01) 0.70 (0.02)

P-value .206 .528 .168 .206 .412
N6AMT1 Haplotype 1
þ As3MT Haplotype 3

1/2 þ 1/2 36 9.19 (1.18) 25.84 (2.10) 64.98 (2.32) 0.91 (0.01) 0.72 (0.02)
1/2 þ 0 119 7.60 (0.64) 25.62 (1.14) 66.78 (1.26) 0.92 (0.01) 0.72 (0.01)
0 þ 1/2 26 9.22 (1.36) 27.81 (2.42) 62.97 (2.68) 0.91 (0.01) 0.69 (0.03)
0 þ 0 108 6.88 (0.67) 26.25 (1.18) 66.87 (1.31) 0.93 (0.01) 0.72 (0.01)

P-value .232 .872 .543 .232 .744
N6AMT1 Haplotype 2
þ As3MT Haplotype 1

1/2 þ 1/2 110 6.44 (0.66)*b 27.44 (1.17) 66.12 (1.30) 0.94 (0.01)* 0.71 (0.01)
1/2 þ 0 32 6.63 (1.22) 23.24 (2.18) 70.13 (2.42) 0.93 (0.01) 0.75 (0.02)
0 þ 1/2 94 9.08 (0.71)* 25.52 (1.27) 65.40 (1.41) 0.91 (0.01)* 0.72 (0.01)
0 þ 0 53 8.37 (0.96) 25.96 (1.72) 65.67 (1.91) 0.92 (0.01) 0.72 (0.02)

P-value .034 .361 .387 .034 .510
N6AMT1 Haplotype 2
þ As3MT Haplotype 2

1/2 þ 1/2 66 5.47 (0.84)* 24.79 (1.51) 69.74 (1.66) 0.95 (0.01)* 0.74 (0.02)
1/2 þ 0 76 7.36 (0.78) 27.97 (1.41) 64.67 (1.55) 0.93 (0.01) 0.70 (0.02)
0 þ 1/2 65 8.14 (0.85) 25.34 (1.53) 66.52 (1.69) 0.92 (0.01) 0.72 (0.02)
0 þ 0 82 9.36 (0.76)* 25.96 (1.36) 64.68 (1.50) 0.91 (0.01)* 0.72 (0.02)

P-value .007 .431 .091 .007 .295
N6AMT1 Haplotype 2
þ As3MT Haplotype 3

1/2 þ 1/2 35 8.65 (1.16) 28.35 (2.09) 63.00 (2.31) 0.91 (0.01) 0.69 (0.02)
1/2 þ 0 107 5.76 (0.66)*† 25.88 (1.20) 68.37 (1.32) 0.94 (0.01)*† 0.73 (0.01)
0 þ 1/2 27 10.03 (1.33)* 24.43 (2.41) 65.54 (2.66) 0.90 (0.01)* 0.73 (0.03)
0 þ 0 120 8.57 (0.62)† 25.97 (1.12) 65.46 (1.24) 0.91 (0.01)† 0.71 (0.01)

P-value .003 .634 .178 .003 .457
N6AMT1 Haplotype 3
þ As3MT Haplotype 1

1/2 þ 1/2 45 8.74 (1.04) 25.71 (1.84) 65.55 (2.05) 0.91 (0.01) 0.72 (0.02)
1/2 þ 0 16 8.46 (1.76) 27.53 (3.11) 64.01 (3.46) 0.92 (0.02) 0.70 (0.03)
0 þ 1/2 159 7.35 (0.56) 26.82 (0.99) 65.84 (1.09) 0.93 (0.01) 0.71 (0.01)
0 þ 0 69 7.55 (0.86) 24.29 (1.52) 68.16 (1.69) 0.93 (0.01) 0.74 (0.02)

P-value .662 .537 .585 .662 .634
N6AMT1 Haplotype 3
þ As3MT Haplotype 2

1/2 þ 1/2 25 8.89 (1.39) 23.84 (2.48) 67.27 (2.73) 0.91 (0.01) 0.74 (0.03)
1/2 þ 0 36 8.53 (1.17) 27.82 (2.08) 63.65 (2.30) 0.92 (0.01) 0.70 (0.02)
0 þ 1/2 106 6.30 (0.67) 25.33 (1.20) 68.37 (1.32) 0.94 (0.01) 0.73 (0.01)
0 þ 0 122 8.37 (0.63) 26.68 (1.11) 64.96 (1.23) 0.92 (0.01) 0.71 (0.01)

P-value .085 .539 .172 .085 .436
N6AMT1 Haplotype 3
þ As3MT Haplotype 3

1/2 þ 1/2 11 9.48 (2.09) 25.43 (3.74) 65.09 (4.13) 0.91 (0.02) 0.72 (0.04)
1/2 þ 0 50 8.46 (0.98) 26.32 (1.76) 65.23 (1.94) 0.92 (0.01) 0.71 (0.02)
0 þ 1/2 51 9.15 (0.99) 26.95 (1.77) 63.91 (1.96) 0.91 (0.01) 0.70 (0.02)
0 þ 0 177 6.92 (0.52) 25.81 (0.93) 67.28 (1.03) 0.93 (0.01) 0.72 (0.01)

P-value .132 .946 .429 .132 .808

aMean (Standard Error). ANCOVA were used to adjust for potential confounding variables at the following values: Gender¼1.4014, Age¼50.529, BMI¼24.616,

Smoker¼0.3668, Drinker¼0.3080.
bComparison was done among any 2 groups, and those marked with same symbols (*,†) were significantly different (P< .05).
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iAs, relatively lower % MMA, higher % DMA, PMI and SMI, which
was consistent with the influence of each haplotype individu-
ally. This observation suggested that specific haplotype combi-
nations of these 2 genes demonstrated an additive impact on
the metabolism process, contributing to a strengthened effect
in the ultimate metabolites pattern. The joint additive effects
found in this study probably implied the importance of investi-
gating the arsenic metabolism outcomes at gene–gene interac-
tion level, and provided further explanation for differential
susceptibility of individuals to the toxic and carcinogenic activ-
ity of arsenic. The % iAs was the main arsenic metabolite show-
ing significant association with specific SNPs and haplotype
combinations. The % iAs is negatively associated with PMI. PMI
as (MMAþDMA)/tAs and SMI as DMA/(MMAþDMA) were calcu-
lated to reflect the different stages of arsenic bio-methylation

process (Sun et al., 2007). Thus, individuals with lower urinary %
iAs had a better methylation capacity by converting iAs to
MMA. Previous studies suggested that higher urinary % iAs and
% MMA, and lower % DMA and SMI, were an indication of
incomplete and less-efficient arsenic metabolism (Chung et al.,
2009; Lindberg et al., 2008). On the contrary, individuals express-
ing the opposite trend of these metabolites would associate
with a relatively more efficient capacity for arsenic detoxifica-
tion. We showed here that the study participants carrying the
genotype or haplotypes mentioned above have a significant
effect on urinary % iAs, suggesting that genetic variations of
N6AMT1 are capable of modifying the activity of N6AMT1.

A number of studies have suggested that genetic variations
may account for a large part of the altered arsenic metabolism
among different population groups (Agusa et al., 2011; Engström
et al., 2011; Fu et al., 2014). However, there were some inconsis-
tences between genotypes and metabolism pattern in human
from diverse ethnical backgrounds (Agusa et al., 2011). Though
the As3MT SNPs investigated in this study were previously
reported to have association with an arsenic metabolites pro-
files (Agusa et al., 2009; Engström et al., 2011; Schl€awicke
Engström et al., 2007), no such statistical significance was noted
in our studied population, probably due to the limited sample
power or other unknown environmental or biological factors.
Arsenic methylation is a complicated process with the involve-
ment of multiple enzymes functioning in a network pattern
besides As3MT and N6AMT1, such as GSTO1 (Takeshita et al.,
2009), GSTO2 (Janasik et al., 2015; Schmuck et al., 2005;

Zakharyan et al., 2001), DNMT1a and DNMT3b (Engström et al.,
2011), which have been shown to be related to inter-individual
variations in arsenic metabolism outcomes at the genetic varia-
tion level or protein level. In addition, a number of studies sug-
gested that demographic characteristics such as age, gender,
body mass index (BMI), personal lifestyle (smoking history or
alcohol consumption status) could also contribute to the varied
efficiency in arsenic metabolism (Lindberg et al., 2010; Sun et al.,
2007; Tseng, 2009; Zhang et al., 2014). Additional studies with
larger human cohort are warrant to help clarify the genetic
determinants of As3MT in arsenic biomethylation in this
Chinese population with a focus on its interactive effect with
N6AMT1 on arsenic metabolism.
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