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Abstract
AS3MT, GSTO2, and GSTP1 genes play important roles in the arsenic biotransformation pathway, while CYP2E1 gene has a 
prominent role in the metabolic activation of xenobiotics. Hence, polymorphisms of these genes might have an effect on arse-
nic biotransformation and could impact susceptibility to arsenical skin lesions in individuals of chronic arsenic toxicity. The 
present case–control study, comprising 148 subjects, attempted to evaluate genetic association between nine polymorphisms 
of AS3MT, GSTO2, GSTP1 and CYP2E1 genes and arsenical skin lesions in a West Bengal (WB) population. A statistically 
significant association was found between rs11191439 (AS3MT) and arsenical skin lesions (OR = 5.50, P-value = 0.01) using 
logistic regression with age and gender as covariates. Among non-genetic risk factors, age and groundwater arsenic were 
found to be significantly associated with skin lesions (P-value < 0.05). When haplotypes among the intragenic polymorphisms 
of AS3MT, CYP2E1 and GSTO2 genes were analyzed, ‘ATA’ and ‘ACG’ haplotypes of the AS3MT gene showed significant 
difference between the case and control. Multifactor dimensionality reduction (MDR) analysis was performed on the nine 
polymorphisms and groundwater and urinary arsenic for studying gene-environment interactions. Strong association was 
observed between groundwater arsenic and skin lesions relative to the SNPs (P-value < 10−5). The best model with maxi-
mum testing accuracy included one SNP from the AS3MT (rs11191439) and groundwater arsenic (P-value < 0.0001). The 
present study documents the first report about the association of AS3MT gene variant with skin lesions in an arsenic exposed 
population of WB. Presumably, this is also the first study that has used MDR to investigate gene-environment interactions 
in arsenic-induced toxicity.
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Introduction

Arsenic (As) has long been recognized as a potent envi-
ronmental toxicant and type-I carcinogen [1]. An esti-
mated 230 million people in 108 countries worldwide 
are at risk of As contamination from groundwater, out of 
which 180 million are from Asian countries [2]. Ground-
water As contamination in West Bengal (WB), India, is 
very well documented [3, 4], where around 26 million 
people are at risk of As toxicity through drinking water 
[5]. Chronic exposure to As, more than the permissible 
limit of 10 µg/L (WHO, 2018) through drinking water, 
could lead to adverse health effects in the form of can-
cerous (e.g. skin, bladder, lung, liver) and non-cancerous 
outcomes (e.g. skin lesions, vascular diseases, hepato-
toxicity, peripheral neuropathy, reproductive abnormali-
ties, diabetes) [6]. Several studies suggest that there is 
inter-individual variation in susceptibility to the health 
effects of As and this variation could be influenced by 
age, gender, nutritional status, arsenic metabolism and 
genetics [7–13].

Arsenical skin lesions such as melanosis, keratosis, leu-
comelanosis and pigmentation are considered the earliest 
manifestations of classical As toxicity that appear with 
shorter periods of As exposure and could be a precursor 
for arsenic-induced skin cancers [14]. Several reports from 
Asian countries have observed a dose-dependent relation-
ship between arsenic exposure and risk of skin lesions 
[15–17]. Many studies pointed out that only a fraction 
of people who were exposed to As exhibited arsenical 
skin lesions [18, 19] and a very minor fraction of indi-
viduals with lesions might eventually develop malignan-
cies. Although the exact pathophysiological mechanisms 
through which arsenic induces cancer remains elusive, 
enhanced oxidative stress, immune dysregulation and 
chromosomal abnormalities are thought to be the possi-
ble mechanisms of arsenic-induced carcinogenesis [20]. 
Genetic variations in the key enzymes of the As biotrans-
formation pathway, such as arsenite methyltransferase 
(AS3MT), glutathione S-transferases (GST), purine nucleo-
side phosphorylase (PNP) and methylenetetrahydrofolate 
reductase (MTHFR), could contribute in influencing sus-
ceptibility to skin lesions induced by As toxicity [10, 12, 
16, 21].

Arsenite methyltransferase (AS3MT) is an S-adenosyl 
methionine (SAM)–dependent key enzyme that plays fun-
damental roles in As metabolism and catalyzes the transfer 
of a methyl group to AsIII species during the As biotrans-
formation process [22]. The Met287Thr polymorphism 
in the AS3MT gene has been implicated in arsenical skin 
lesions [23, 24], cancer [25, 26] and diabetes [27].

Glutathione S-transferases (GSTs) are a group of 
enzymes in the phase 2 detoxification pathway that detox-
ify xenobiotics by conjugation with reduced glutathione. 
GSTO1 and GSTO2 catalyze reduction of methyl arsenic 
in As metabolism pathway as the rate-limiting enzymes 
[28]. GSTP1 plays a role in detoxifying arsenic-based 
drugs by reacting with cysteine in the presence of glu-
tathione [29]. Chanda et al. reported that GSTM1 and 
GSTT1 gene variants were significantly associated with 
arsenical skin manifestations in a WB population [30].

Cytochrome P-450 2E1 (CYP2E1) is an important 
enzyme in the metabolic activation of a number of xeno-
biotics such as tobacco-derived nitrosamines, ethanol, 
benzene, tolune and some drugs like acetaminophen [31]. 
RsaI (− 1053 C > T) and PstI (− 1293 G > C) are two of 
the most studied polymorphisms of the CYP2E1 gene 
that can alter transcription rates and enhance enzymatic 
activity and have been studied in relation to many types 
of carcinomas like head and neck, cervical, oesophageal, 
colorectal, gastric, lung and urothelial [32]. A 96-bp 
insertion/deletion (indel) in the CYP2E1 regulatory 
region was correlated with higher transcriptional activ-
ity and elevated levels of enzyme activity in alcoholic 
and obese subjects [33]. So far, no studies have attempted 
to evaluate the relationship between CYP2E1 polymor-
phisms and skin lesions induced by arsenic toxicity.

Haplotype-based genetic association studies could offer 
vital clues in identifying common haplotypes that can predict 
disease susceptibility [34]. Many studies on As toxicity around 
the world have performed haplotype analysis to identify spe-
cific haplotypes or haplotype blocks in the populations that can 
confer or protect against disease risk [12, 35–37]. A protec-
tive AS3MT haplotype linked with efficient methylation was 
found to be very common (70%) among the Andes population; 
however, it was found to be less frequent (17%) among a Bang-
ladeshi population [35].

Multifactor dimensionality reduction (MDR) is a powerful 
statistical method for detecting gene–gene and gene-environ-
ment interactions in a non-parametric manner [38]. Presum-
ably, no studies have so far carried out MDR analysis to detect 
gene-environment interactions in arsenic-induced toxicity. A 
few studies have tried to detect gene-environment interac-
tions in As toxicity through logistic regression [39] and linear 
regression modeling [40].

In the present investigation, we assessed genetic association 
between nine polymorphisms of AS3MT, GSTO2, GSTP1 and 
CYP2E1 genes and arsenical skin lesions in a WB population 
through odd’s ratio, logistic regression and haplotype analysis. 
We also evaluated gene-environment interactions between nine 
polymorphisms and groundwater and urinary arsenic through 
MDR analysis.



AS3MT Gene Variant Shows Association with Skin Lesions in an Arsenic Exposed Population of India﻿	

Materials and Methods

Study Areas

Chakraborti et al. reported in their study that 95% of the 
blocks in the districts of Nadia, Murshidabad and North 
24-Parganas in West Bengal had As concentration of more 
than 50 µg/L, whereas Purulia, Bankura, Birbhum, East 
Midnapur and West Midnapur were unaffected with As 
concentration of less than 3 µg/L [5]. The subjects of the 
present study were selected from Nadia, an As-affected 
district, and Paschim Medinipur, an As-unaffected dis-
trict of West Bengal (WB). Treated piped water has been 
provided to the local populations of Nadia district by the 
Government. However, our field survey shows that local 
people are still using groundwater for drinking and also for 
their daily activities such as cooking, washing and bath-
ing. The local populations of Paschim Medinipur district 
are mostly dependent on groundwater as piped water sup-
ply are almost non-existent. Prior permission was taken 
from appropriate administrative authorities for carrying 
out sampling from these two districts. For the As-affected 
Nadia district, subjects were recruited from villages under 
the Chakdaha and Haringhata blocks. For the As-unaf-
fected Paschim Medinipur district, subjects were recruited 
from villages under the Garhbeta block 1. The subjects 
chosen from these two districts were of similar socio-
economic status.

Ethical Approval, Enrolment and Clinical 
Examination of Subjects

The Institutional Ethics Committee of CSIR-National 
Environmental Engineering Research Institute (CSIR-
NEERI), Nagpur, India, had accorded the approval to carry 
out the study (Eth.Com./002/IEC/EISD/05/2019 dated 
07/05/2019). An age limit between 18 and 60 years, having 
characteristic skin lesions or no lesions typically associ-
ated with arsenic-induced toxicity and a history of resid-
ing in the affected or unaffected areas for at least 5 years 
were set up as the eligibility criteria. A prior sensitization 
survey was done in the study areas to ascertain exposure 
and socio-economic status of the villagers and also to dis-
seminate knowledge among the local populations about the 
perils of As toxicity through groundwater and foodstuff. A 
total of 148 eligible individuals were then enrolled as sub-
jects through local health camps. Informed consents were 
obtained from all the participants who voluntarily agreed 
to register themselves as subjects for the present investi-
gation after the objectives and benefits of the study were 
explained to them. Each subject was asked to complete a 

questionnaire that contained general information, demo-
graphic, lifestyle and socio-economic variables, medical 
history, exposure etc.

The clinical examination of subjects was carried out by a 
medical doctor who specializes in treating As-affected indi-
viduals. Body parameters such as height, weight and age 
were recorded for all the participants. The subjects were 
divided into two separate groups, case and control. Subjects 
manifesting characteristic skin lesions typically associated 
with As toxicity (e.g. melanosis, keratosis, pigmentation) 
were selected as case (n = 50) from the As-affected Nadia 
district and were designated as GM-L. On the other hand, 
subjects manifesting no characteristic skin lesions in spite of 
living in the As-affected Nadia district were selected as con-
trol (n = 50) and were designated as GM-WL. As the primary 
goal of the study was genetic association and gene-environ-
ment interaction analyses, we included additional control 
subjects (n = 48) from an As-unaffected district (Paschim 
Medinipur), designated as GM-C, to increase the power to 
detect genetic variants and their interactions. The cases and 
controls were unrelated.

Collection of Groundwater, Urine and Blood 
Samples

Groundwater samples used for drinking or household pur-
poses were collected from the study areas to assess level of 
As exposure. A total of 100 ml of groundwater samples was 
collected from tubewells in polypropylene bottles, acidified 
with nitric acid and transferred to laboratory to be stored at 
4°C [41]. Six milliliters of blood samples was drawn from 
the enrolled subjects by experienced professionals under 
the supervision of a physician at the health camps. Blood 
samples were collected in sterile BD vacutainer EDTA 
tubes and were immediately stored in ice boxes until trans-
ferred to laboratory. Analysis of blood samples has been 
described later in the sub-section, ‘SNPs used in the study 
and genotyping’. Sterile containers were used to collect spot 
urine samples from subjects. Around 100 ml of urine was 
collected and acidified with 0.2% concentrated HNO3 and 
stored in an ice box [41]. All the biological samples were 
preserved in − 80°C freezer until they were used for experi-
mental analyses.

Estimation of Total Arsenic Concentration in Water 
and Urine Samples

Acidified groundwater and urine samples were thawed at 
room temperature after taking out from the freezer and filter 
sterilized through 0.2-µm PTFE membrane filters (What-
mann). The sample preparation and analysis were done 
according to the protocol mentioned in Biswas et al. [41]. 
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Total arsenic in groundwater and urine was measured using 
inductively coupled plasma mass spectrometry (ICP-MS, 
Perkin Elmer, NexION 300X) at the central research facil-
ity of NEERI, Nagpur.

SNPs Used in the Study and Genotyping

Eight SNPs from four genes (AS3MT, CYP2E1, GSTO2 and 
GSTP1) and one indel (insertion/deletion polymorphism) 
from the CYP2E1 gene were selected and used for the study 
based on literature information and variant types. Supple-
mentary Table 1 lists eight SNPs and one indel (insertion/
deletion) and their details such as SNP ID, chromosomal 
position, risk allele, minor allele frequency (MAF) and 
types of variants. QIAamp DNA Blood Midi Kit (Qiagen) 
was used to extract genomic DNA from whole blood. These 
DNA samples were used then for genotyping of the desired 
locus either through PCR (for the indel) or PCR–RFLP 
technique (for the SNPs). Supplementary Table 2 shows the 
primers that were used to amplify the respective polymor-
phic loci, annealing temperatures of PCR reaction, restric-
tion enzymes used for genotyping through PCR–RFLP, 
incubation temperatures for restriction digestion and sizes 
of allelic fragments [42–45]. The PCR and RFLP products 
were visualized in agarose gels.

Statistical Analysis of Data

Mean concentrations of groundwater and urinary arsenic 
were compared between the case and control of As-affected 
Nadia district using unpaired t-test (https://​www.​graph​pad.​
com). Polymorphisms were evaluated for deviation from 
the Hardy–Weinberg equilibrium through chi-square test 
by using an online software tool, Hardy–Weinberg calcula-
tor (www.​dr-​petrek.​eu/​docum​ents/​HWE.​xls). The marginal 
distribution for both genetic and non-genetic variables were 
obtained separately for cases and controls and then they were 
tested for equality using either unpaired t-test or binomial 
test depending on the nature of variables. Logistic regres-
sion was used to examine the relationship between arseni-
cal skin lesions and non-genetic factors like age, gender, 
urinary arsenic and groundwater arsenic. Odd’s ratio (OR) 
and 95% confidence interval (CI) for disease risk estima-
tion were calculated by PLINK software v1.07 (whole-
genome association analysis toolset (www.​harva​rd.​edu)) 
using allele frequencies of the polymorphisms. To fur-
ther address confounding due to age and gender, logistic 
regression was used on each SNP, keeping age and gender 
as covariates. PLINK software v1.07 was used for analysis 
of haplotypes for the intragenic SNPs of AS3MT, GSTO2 
and CYP2E1 genes. Multifactorial dimensionality reduction 
(MDR) analysis was carried out among 11 attributes (nine 
polymorphisms and groundwater arsenic as environmental 

factor and urinary arsenic as biomarker) by using software 
package MDR (http://​sourc​eforge.​net/​proje​cts/​mdr). There 
were 21 and 14 instances of missing values of groundwater 
arsenic in cases and controls respectively. Also, there were 
four instances of missing values of urinary arsenic (two each 
in cases and controls). These instances were removed from 
the data to perform MDR. MDR operates by finding the best 
combination of factors for each nth order model. To help 
us choose the best model among different order models, it 
outputs three metrics for each nth order model—Balanced 
Accuracy Cross Validation Training, Balanced Accuracy 
Cross Validation Testing and Cross Validation Consistency. 
Their formula are described in the following equations. True 
positives are the total number of cases correctly predicted 
by the model as diseased individuals, while false positives 
are the number of cases incorrectly predicted as controls or 
non-diseased individuals. The opposite of true positives are 
called true negatives and the opposite of false positives are 
called false negatives. The number ‘k’ denotes the number of 
cross-validation sets, which in our case is 10. The number of 
cross-validation training sets in which a specific model has 
the highest training accuracy determines the cross-validation 
consistency (CVC). Further description of the method can 
be found in Ritchie et al. (2001) [38] and Chakraborty et al. 
(2022) [46].

Results

Demographic Details and Arsenic Concentrations 
in Groundwater and Urine

A total of 148 individuals between 18 and 60 years were 
enrolled as subjects in the present study. Table 1 presents 
the demographic details about the enrolled subjects and con-
centrations of arsenic in groundwater and urine among the 
cases (n = 50) and controls (n = 50) from Nadia and controls 
(n = 48) from Paschim Medinipur districts. Mean age of sub-
jects were (52.32 ± 6.17), (45.68 ± 8.33) and (43.13 ± 9.41) 
years among the case (Nadia), control (Nadia) and control 
(Paschim Medinipur) groups respectively. Mean height, 

Balanced Accuracy =

(

True Positives

Positives
+

True Negatives

Negatives

)

∕2

Bal.Acc.CV Training =

(

k
∑

i=1

Bal.Acci

)

∕k

Bal.Acc.CV Testing =

(

k
∑

j=1

Bal.Accj

)

∕k

https://www.graphpad.com
https://www.graphpad.com
http://www.dr-petrek.eu/documents/HWE.xls
http://www.harvard.edu
http://sourceforge.net/projects/mdr


AS3MT Gene Variant Shows Association with Skin Lesions in an Arsenic Exposed Population of India﻿	

weight and BMI were similar among the three groups. 
Mean groundwater As concentrations did not differ much 
between the case and control of As-affected Nadia district 
(191.92 ± 176.84 µg/L in the case vs 155.24 ± 145.90 µg/L 
in the control) and the difference was not statistically sig-
nificant (two-tailed P-value = 0.261). Mean urinary arsenic 
concentrations also did not differ much among the case and 
control of As-affected Nadia district (121.17 ± 105.08 µg/L 
in the case vs 116.08 ± 91.14 µg/L in the control) and the 
difference was not statistically significant either (two-tailed 
P-value = 0.796). As expected, mean groundwater and uri-
nary arsenic concentrations were drastically lower among 
the controls of As-unaffected Paschim Medinipur district, 
i.e. (1.51 ± 1.21) µg/L and (0.59 ± 0.42) µg/L respectively. 
Majority of the participants in both districts were from the 
low-income group.

Association of Genetic and Non‑genetic Risk Factors 
with Arsenical Skin Lesions

The allele and genotype frequencies of the nine polymor-
phisms (eight SNPs and one indel) in the case and control 
are represented in Supplementary Table 3. The observed 
genotype frequencies of the nine polymorphisms did not 
deviate from the Hardy–Weinberg equilibrium except for 

rs7085104 (AS3MT) in the case. HWE P-value for the 
CYP2E1 SNP (rs3813867) could not be calculated as the 
minor allele (‘C’ allele) was absent in the control.

The marginal distribution of minor allele frequencies 
of the nine polymorphisms in the case and control is rep-
resented in Supplementary Table 4. They were tested for 
equality using binomial test for proportions. The mean of 
minor allele frequencies of the two SNPs of the AS3MT 
gene (rs11191439 and rs11191459) was found to be dif-
ferent among the case and control (P-value = 0.029 and 
P-value = 0.033 respectively). The marginal distribution of 
non-genetic variables like age, gender, urinary arsenic and 
groundwater arsenic was also obtained for case and con-
trol as shown in Supplementary Table 5. They were tested 
for equality using binomial test for proportions or unpaired 
t-test, depending on the nature of the variable. All the four 
non-genetic risk factors were found to be significantly dif-
ferent among the case and control. As age and gender influ-
enced susceptibility in development of skin lesions after 
exposure to arsenic according to Lindberg et al. [47], they 
were treated as confounders and were adjusted in the subse-
quent statistical analysis.

Table 2 shows the OR with 95% CI among the minor vs 
major alleles in the case and control for estimation of dis-
ease risk. Statistically significant associations were found 
between rs11191439 (AS3MT), rs11191459 (AS3MT) and 

Table 1   Demographic details 
of subjects and arsenic 
concentrations in groundwater 
and urine

Parameter Case (Nadia Dist) (n = 50) Control (Nadia Dist) 
(n = 50)

Control (Paschim 
Midnapore Dist) 
(n = 48)

Gender
 Male 33 23 14
 Female 17 27 34
Age (year)
 Mean ± SD 52.32 ± 6.17 45.68 ± 8.33 43.13 ± 9.41
 Range 40–60 28–60 28–59
Height (meter)
 Mean ± SD 1.59 ± 0.12 1.59 ± 0.08 1.57 ± 0.13
 Range 1.14–1.74 1.37–1.80 1.24–1.83
Weight (kg)
 Mean ± SD 53.52 ± 8.57 54.78 ± 9.56 54.69 ± 13.17
 Range 35–74 30–72 34–89
BMI (kg/m2)
 Mean ± SD 21.0 ± 4.26 22.0 ± 3.46 22.17 ± 4.94
 Range 14–37 12–31 14–39
GW As (µg/L)
 Mean ± SD 191.92 ± 176.84 155.24 ± 145.90 1.51 ± 1.21
 Range BDL–743.08 8.0–557.76 0.268–5.52
Urinary As (µg/L)
 Mean ± SD 121.17 ± 105.08 116.08 ± 91.14 0.59 ± 0.42
 Range 13.7–535.0 14.55–392.0 0.00048–1.73
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rs3813867 (CYP2E1) SNPs and risk of arsenical skin 
lesions. Further, we considered the probability of spurious 
associations due to sampling of controls from two differ-
ent geographical locations (Nadia and Paschim Medinipur 
districts). So, all the polymorphisms were tested for asso-
ciation with the population of origin among the controls 
from two geographical locations. rs11191459 (AS3MT) and 
rs2297235 (GSTO2) were found to be associated with popu-
lation labels (Supplementary Table 6) and, hence, the associ-
ation of rs11191459 of AS3MT was not pursued further. For 
the AS3MT rs11191439 SNP, we could predict an increased 
risk of arsenical skin lesions for the ‘C’ allele as OR was 
greater than 1 (OR = 3.77) and P-value was less than 0.05 
(P-value = 0.01) (Table 2). The 96-bp ins/del and rs2031920 
SNP of the CYP2E1 gene also showed small P-values sug-
gesting potential association (P-value < 0.1).

All nine polymorphisms were tested further for associa-
tion with skin lesions using logistic regression with potential 

confounders, age and gender as covariates. The results are 
shown in Table 3. Only rs11191439 (AS3MT) was found 
to be statistically significant (OR = 5.50, P-value = 0.01). 
In addition, this particular SNP was tested for interac-
tion with groundwater arsenic using logistic regression 
and the main effect was found to be statistically signifi-
cant (P-value = 0.004), while the interaction effect showed 
suggestive significance (P-value = 0.08). We further per-
formed age-stratified association analysis with rs11191439 
(AS3MT) polymorphism using Cochran-Mantel–Haenszel 
(CMH) test on three age categories, i.e. (27–40), (40–53) 
and (53–60), and found a statistically significant association 
(chi-square = 3.8112, P-value = 0.050). Thus, association of 
rs11191439 (AS3MT) with skin lesions was still significant 
after adjusting for age stratification as like in logistic regres-
sion (Table 3).

We also studied the associations between non-genetic 
risk factors, age, gender, urinary arsenic and ground-
water arsenic and skin lesions using logistic regression 
(Table 4). All the factors except urinary arsenic and gen-
der were found to be statistically significant. Age had 
the highest risk factor associated with arsenic toxicity 
(OR = 1.10, P-value = 0.01), followed by groundwater 

Table 2   Odd’s ratio and confidence interval in minor versus major allele frequencies of nine polymorphisms among the case and control

* I/I-Insertion homozygous, I/D-Heterozygous, D/D-Deletion homozygous for the CYP2E1 96-bp Indel polymorphism
# Fisher’s exact test was used to calculate the P-value for the CYP2E1 (rs3813867) polymorphism as  minor allele frequency(MAF) in Con-
trol was zero/low
P-value of ≤ 0.05 considered statistically significant and indicated in bold for significant association

Gene (SNP ID) Case (n = 50) Control (n = 98) Odd’s ratio (95% CI) P-value (χ2)

Minor allele (n) Major allele (n) Minor allele (n) Major allele (n)

AS3MT (rs7085104) G (31) A (69) G (54) A (142) 1.18 (0.70–2.00) 0.53 (0.38)
AS3MT (rs11191439) C (09) T (91) C (05) T (191) 3.77 (1.23–12.94) 0.01 (11.59)
AS3MT (rs11191459) A (27) G (73) A (79) G (117) 0.55 (0.32–0.92) 0.02 (5.10)
CYP2E1 [96-bp ins (I)/del (D)]* I (22) D (78) I (62) D (134) 0.61 (0.34–1.23) 0.08 (3.02)
CYP2E1 (rs3813867) C (03) G (97) C (0) G (196) - (-) 0.03# (-)
CYP2E1 (rs2031920) T (04) C (96) T (02) C (194) 4.04 (0.72–22.46) 0.08 (2.96)
GSTO2 (rs2297235) G (21) A (79) G (36) A (160) 1.18 (0.64–2.157) 0.58 (0.29)
GSTO2 (rs156697) G (37) A (63) G (76) A (120) 0.93 (0.563–1.52) 0.76 (0.08)
GSTP1 (rs1695) G (29) A (71) G (46) A (150) 1.33 (0.77–2.29) 0.30 (1.07)

Table 3   Association of nine polymorphisms with skin lesions using 
logistic regression with age and gender as covariates

CYP2E1 rs3813867 was not included further in analyses as it was 
close to monomorphic (MAF < 0.03) in our samples
P-value of ≤ 0.05 considered statistically significant and indicated in 
bold for significant association

Gene (SNP) OR (95% CI) P-value

AS3MT (rs7085104) 1.19 (0.68–2.07) 0.54
AS3MT (rs11191439) 5.50 (1.60–21.04) 0.01
AS3MT (rs11191459) 0.65 (0.36–1.11) 0.12
CYP2E1 [96-bp ins (I)/del (D)] 0.59 (0.30–1.12) 0.12
CYP2E1 (rs2031920) 4.02 (0.53–38.92) 0.19
GSTO2 (rs2297235) 1.15 (0.57–2.30) 0.69
GSTO2 (rs156697) 0.78 (0.44–1.38) 0.4
GSTP1 (rs1695) 1.43 (0.79–2.64) 0.24

Table 4   Association between non-genetic risk factors and skin 
lesions using logistic regression

P-value of ≤ 0.05 considered statistically significant and indicated in 
bold for significant association

Non-genetic factor OR (95% CI) P-value

Age 1.10 (1.03–1.19) 0.01
Gender 2.70 (0.98–7.81) 0.06
Urinary arsenic 1.0 (0.99–1.00) 0.78
Groundwater arsenic 1.00 (1.00–1.01) 0.03
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arsenic (OR = 1.00, P-value = 0.03). Gender showed sug-
gestive significance with high OR and P-value close to 
0.05 (OR = 2.70, P-value = 0.06). All the association met-
rics are provided in the Table 4.

Haplotypes Among the Intragenic Polymorphisms 
of AS3MT, CYP2E1 and GSTO2 Genes

In the marginal genetic association tests (Table 2), poly-
morphisms of the AS3MT, CYP2E1 and GSTO2 showed 
some evidence of association with risk for skin lesions. So, 
haplotypes were analyzed for these three genes only. The 
distribution and frequencies of common haplotypes of the 
cases and controls are presented in Table 5. Thirteen com-
mon haplotypes were identified among the case and con-
trol (six, three and four haplotypes with three, three and 
two intragenic SNPs of AS3MT, CYP2E1, GSTO2 genes 
respectively). ‘ATA’ and ‘ACG’ haplotypes of the AS3MT 
gene, showing P-values of 0.021 and 0.033 respectively, 
showed significant difference between the case and con-
trol (P-value ≤ 0.05). The haplotypes for the GSTO2 gene 
did not show significant difference between the case and 
control. For the CYP2E1 gene, the IGC haplotype showed 
suggestive significance (P-value < 0.1) between the case 
and control. AA, DGC and ATG were the most commonly 
observed haplotypes for the GSTO2, CYP2E1 and AS3MT 
genes, respectively, among both the case and control.

MDR Analysis to Check Interaction Between 
the Genes and Groundwater and Urinary Arsenic

All nine polymorphisms along with groundwater and urinary 
arsenic were used to study gene-environment interactions in 
the MDR model. Each SNP for an individual was coded as 
0, 1 and 2, based on the number of minor alleles one pos-
sessed. Groundwater arsenic was coded as 1 if the arsenic 
level exceeded the acceptable safe drinking water level in 
India (10 µg/L); otherwise, it was labelled as 0. In the case 
of the biomarker, the presence of urinary arsenic above (safe 
level 50 µg/L) is denoted as 1, while urinary arsenic content 
less than 50 µg/L is denoted as 0.

The main effects model of the MDR analysis is rep-
resented in Table 6 involving all the polymorphisms and 
groundwater and urinary arsenic. Strong association between 
groundwater arsenic and skin lesions (P-value < 10−5) and 
significant association with urinary arsenic and skin lesions 
(P-value < 0.05) were observed. Suggestive association 
was found for the SNPs, rs11191439 (AS3MT), rs2031920 
(CYP2E1) and rs3813867 (CYP2E1) (P-value < 0.1). Pair-
wise and higher order interactions up to nth order were con-
sidered in our model. The summarized results in Table 7 
displayed five best models for each interaction order con-
sidered, along with their corresponding training and testing 
accuracy. A higher CVC value suggests greater consistency 
in the results. In this study, the best model was chosen based 
on maximizing testing accuracy, which yielded a value of 
0.71. The best model included one SNP from the AS3MT 
gene (rs11191439) and the environmental factor, ground-
water arsenic.

Figure 1 displays the distribution of subjects in both the 
case and control for the optimal model. The shaded cells in 
the figure indicate a higher risk of disease, while the bars on 

Table 5   Distribution and frequencies of common haplotypes in the 
intragenic polymorphisms of AS3MT, CYP2E1 and GSTO2 among 
the case and control groups

Abbreviations used: A1-rs7085104, A2-rs11191439, A3-rs11191459; 
C1-96-bp Indel (I/D), C2-rs3813867, C3- rs2031920; G1- rs2297235, 
G2-rs156697
P-value of ≤ 0.05 considered statistically significant and indicated in 
bold

Gene (SNP) Haplotype Frequency 
(Case)

Frequency 
(Control)

P-value

AS3MT 
(A1-A2-A3)

GTA​ 0.146 0.166 0.654
ATA​ 0.124 0.237 0.021
GCG​ 0.035 0.013 0.2
ACG​ 0.055 0.012 0.033
GTG​ 0.129 0.096 0.395
ATG​ 0.511 0.475 0.555

CYP2E1 
(C1-C2-C3)

DGT 0.031 0.01 0.19
IGC 0.224 0.316 0.099
DGC 0.745 0.673 0.211

GSTO2 (G1-G2) GG 0.187 0.176 0.817
AG 0.183 0.212 0.561
GA 0.023 0.007 0.264
AA 0.607 0.605 0.969

Table 6   Main effects model of MDR analysis with nine polymor-
phisms and groundwater and urinary arsenic

P-value of ≤ 0.05 considered statistically significant and indicated in 
bold

Model Chi-square Chi-square P-value

Groundwater_arsenic 19.2 1.17E-05
Urinary_arsenic 4.7 0.03
AS3MT.rs11191459.G.A 2.81 0.25
GSTO2.rs156697.A.G 1.24 0.54
GSTP1.rs1695.A.G 1.25 0.53
AS3MT.rs11191439.T.C 2.95 0.09
CYP2E1.96 bp.ins.del 2.02 0.36
AS3MT.rs7085104.A.G 1.74 0.42
CYP2E1.rs2031920.C.T 2.91 0.09
CYP2E1.rs3813867G.C 3.07 0.08
GSTO2.rs2297235.A.G 0.13 0.94
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the right signify the number of controls. The model achieved 
a P-value of less than 0.0001, indicating that it is highly 
unlikely to achieve a testing accuracy of 0.71 or higher 
under the assumption that there is no association. Figure 2 
depicts all the interactions between variables along with 
their percentages, with different colors indicating different 
relationships. Green and blue colors denoted redundancy 
or correlation, yellow represented independence, while red 
and orange colors indicated a synergistic relationship. The 
redundant relationships (in blue and green) could be found 
between CYP2E1.96BP.ins.del and AS3MT.rs11191439, 
and also, between urinary arsenic and groundwater arsenic. 
These relationships do not help us predict the skin lesion in 
an individual. On the other hand, the best synergistic rela-
tionship (in red and orange) was found between AS3MT.

rs11191439 and groundwater arsenic, followed by AS3MT.
rs11191459 and AS3MT.rs7085104.

Discussion

As only a small fraction (15–20%) of people when exposed 
to arsenic toxicity manifests specific skin lesions and even 
a very minor fraction of the people with skin lesions even-
tually develops malignancies, it is strongly believed that 
genetic variability plays a prominent role in arsenic toxicity 
as well as carcinogenicity when environmental and other 
parameters remain the same [48]. Several studies from 
around the world including India and neighboring Bang-
ladesh have established the link between genetic variations 
in arsenic metabolism, detoxification, DNA repair, tumor 
suppressor, and cytokine genes and arsenic-induced toxicity 
including skin lesions [12, 16, 21, 24, 48–51]. We investi-
gated genetic association between nine polymorphisms of 
AS3MT, GSTO2, GSTP1 and CYP2E1 genes and arsenical 
skin lesions in a WB population through a case–control 
study.

In our study, odd’s ratio with 95% CI indicated a statis-
tically significant association between AS3MT rs11191439 
polymorphism and arsenical skin lesions in the exposed pop-
ulation of WB. An increased risk of arsenical skin lesions 
could be predicted for the ‘C’ allele as OR was greater than 1 
(OR = 5.50) and P-value was less than 0.05 (P-value = 0.01). 
The study by Valenzueala et al. [23] in a Mexican popula-
tion also observed that the frequency of the ‘C’ allele of 
the Met287Thr (rs11191439) polymorphism was higher 
among the individuals with skin lesions in comparison 
to the individuals without skin lesions. Furthermore, the 
individuals harboring the ‘C’ allele had greater fraction of 
monomethylated arsenicals in their urine implying increased 
susceptibility to premalignant arsenical skin lesions. On the 
contrary, the study by De Chaudhuri et al. [21] did not find 
any associations between AS3MT polymorphisms including 
the Met287Thr (rs11191439) and arsenical skin lesions in 
their study population in WB. They found that only the three 
exonic polymorphisms of the PNP among AS3MT, GSTO1, 

Table 7   Best model of each order from MDR analysis

Model Bal. Acc. CV 
training

Bal. Acc. CV 
testing

CV consistency

gw_arsenic 0.74 0.66 10/10
AS3MT.rs11191439.C, gw_arsenic 0.76 0.71 5/10
AS3MT.rs7085104.A.G, GSTO2.rs156697.A.G, gw_arsenic 0.79 0.57 3/10
AS3MT.rs7085104.A.G, AS3MT.rs11191459.G.A, CYP2E1.96 bp.ins.del, gw_arsenic 0.85 0.69 8/10
AS3MT.rs7085104.A.G, AS3MT.rs11191459.G.A, CYP2E1.96 bp.ins.del, GSTO2.

rs156697.A.G, GSTP1.rs1695.A.G
0.90 0.48 6/10

Fig. 1   Distribution of case and control in the best model involv-
ing one SNP from the AS3MT gene (rs11191439) and groundwater 
arsenic. The dark cells represented high risk for disease. The left and 
right bars represented the number of cases and controls respectively
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GSTO2 and PNP genes were significantly associated with 
arsenical skin lesions. Their study was carried out from the 
same geographical region as like our study.

Lindberg et al. [47] observed in their study among Bang-
ladeshi men and women that age and gender could influ-
ence susceptibility in development of skin lesions after 
exposure to arsenic. They found that men had a higher risk 
of developing arsenical skin lesions compared to women 
because of less efficient methylation of arsenic. They further 
observed that age at first exposure could be a modifying 
factor for developing skin lesions later in life. So, we fur-
ther tested all the nine polymorphisms for association with 
skin lesions using logistic regression with age and gender as 
covariates. Only rs11191439 (AS3MT) polymorphism was 
found to be statistically significant in our study (OR = 5.50, 
P-value = 0.01). In addition, when the same SNP was tested 
for interaction with groundwater arsenic using logistic 
regression, the main effect was found to be statistically 
significant. Further, age-stratified association analysis with 
rs11191439 (AS3MT) polymorphism using Cochran-Man-
tel–Haenszel (CMH) test on three age categories: (27–40), 
(40–53) and (53–60) produced a statistically significant asso-
ciation (chi-square = 3.8112, P-value = 0.050) indicating that 
the association of rs11191439 (AS3MT) with skin lesions 
was still significant after adjusting for age stratification. We 
also studied associations between non-genetic risk factors 

like age, gender, groundwater arsenic and urinary arsenic 
and skin lesions using logistic regression. We found that 
age had highest risk factor associated with arsenic toxicity 
(OR = 1.10, P-value = 0.01) followed by groundwater arsenic 
(OR = 1.00, P-value = 0.03). Gender also showed suggestive 
significance with P-value nearly equal to 0.05 (OR = 2.70, 
P-value = 0.057). Our results were similar to Lindberg et al. 
[47] who used a bigger sample size than our study and found 
a higher risk of arsenical skin lesions in men compared to 
women. This is the first instance that an AS3MT gene variant 
(rs11191439) has been found to be associated with arsenical 
skin lesions in an exposed population of WB. Variants in the 
AS3MT gene could alter capacity to methylate arsenic [52] 
and significantly increase the percentage fraction of MMAs 
in urine [23], which in turn could lead to adverse health 
effects, e.g. skin lesions induced by arsenic toxicity.

Polymorphisms in different members of the GST family 
have been reported to be associated with urinary arsenic 
metabolites and arsenic-induced cancers [28, 44]. GSTO2 
rs156697 SNP along with some other polymorphisms of 
GSTO1, GSTO2 and PNP contributed to increased risk of 
arsenical skin lesions in a Chinese population exposed to 
high concentrations of As [12]. Our study failed to find any 
statistically significant association of GSTO2 rs156697 SNP 
with risk of arsenical skin lesions in the WB population. 
The study by De Chaudhuri et al. [21] also did not find any 

Fig. 2   Interaction graph sum-
marizing the measures of infor-
mation gain. Circle graph shows 
interactions along with percent-
ages (green and blue suggest 
redundancy or correlation, yel-
low suggests independence, and 
red and orange suggest there is 
a synergistic relationship)
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association between GSTO2 Asn142Asp SNP (rs156697) 
and risk of arsenical skin lesions in a WB population. The 
Ile105Val (rs1695) has been one of the most extensively 
studied polymorphisms in the GSTP1 gene. We did not 
observe any association between rs1695 SNP of the GSTP1 
gene and arsenic-induced skin lesions in the study popula-
tion of WB. The results were consistent with McCarty et al. 
[53] who did not observe association between Ile105Val 
polymorphism and arsenic-induced skin lesions in a Bang-
ladeshi population. Ghosh et al. [48] also did not observe 
any association between the Ile105Val polymorphism and 
arsenic-induced skin lesions in a WB population.

There have been only a few studies on associations of 
CYP2E1 polymorphisms in relation to As toxicity [44]. 
Wang et al. [44] investigated the combined effects of envi-
ronmental exposures including arsenic from drinking water 
and others like alcohol and smoking and genotypes of 
GSTO1, GSTO2 and CYP2E1 on the risk of urothelial car-
cinoma (UC). They found an elevated risk of UC among the 
individuals of environmental exposures and risk genotypes. 
As CYP2E1 is a key metabolic enzyme in the bioactivation 
of several procarcinogens, variants in the gene have been 
also investigated for association with risk of cancer develop-
ment [54]. Odd’s ratio analysis found statistically significant 
association between rs3813867 SNP of the CYP2E1 gene 
and risk of arsenical skin lesions in the WB population in 
our study. However, no statistically significant association 
with CYP2E1 SNPs were found when all nine polymor-
phisms were tested further for association with skin lesions 
using logistic regression with age and gender as covari-
ates. So far, no studies have found any potential association 
between CYP2E1 gene variants and arsenical skin lesions.

Haplotype-based association studies offer a power-
ful approach to identify unique chromosomal segments 
in complex diseases that could potentially harbor disease 
predisposing genes [34]. As haplotypes account for a 
number of closely linked marker alleles, they can provide 
more information than those based on individual markers. 
‘ATA’ and ‘ACG’ haplotypes of the AS3MT gene showed 
statistically significant difference between the case and 
control in our study. Although there were no significant 
differences in the haplotypes for the GSTO2 gene, the IGC 
haplotype of the CYP2E1 gene showed suggestive signifi-
cance (P-value < 0.1) between the case and control in the 
present study. While carrying out a study to find associa-
tion between AS3MT, GSTO1, GSTO2 and PNP SNPs and 
arsenic-induced skin lesions among a population exposed 
to high concentration of As in China, Luo et al. [12] found 
that ‘CT’ and ‘GCG’ haplotypes in the GSTO1 and GSTO2 
genes, respectively, conferred a significantly high risk of 
arsenic-induced skin lesions. Haplotype-based association 
studies on As toxicity have been very few among Indian 
populations [21]. The study by De Chaudhuri et al. [21] 

found that three exonic polymorphisms of the PNP gene 
contributed significantly to increased risk of arsenical 
skin lesions in a WB population. However, no significant 
difference was found between the distribution of haplo-
types for the PNP gene among the case and control. Our 
study results suggest that individuals carrying the ‘ATA’ 
and ‘ACG’ haplotypes of the AS3MT gene could pose an 
increased risk for arsenic-induced skin lesions in the WB 
population.

MDR is able to detect gene–gene and gene-environment 
interactions in datasets with categorical independent vari-
ables. It is a big challenge to identify gene-environment 
interactions for understanding susceptibility to complex, 
multifactorial disease such as hypertension and diabe-
tes. So, identifying these interactions could be the key in 
understanding disease etiology and develop intervention 
strategies for targeting the susceptible sub-populations in 
As toxicity. Groundwater arsenic showed a strong associa-
tion with skin lesions (P-value < 10−5) in the main effects 
model of MDR. The model with groundwater arsenic and 
AS3MT rs11191439 SNP was found to be the best model 
with maximum testing accuracy (P-value < 0.0001). So far, 
to the best of our knowledge, no studies have carried out 
MDR analysis for detecting gene-environment interactions 
in relation to arsenic-induced toxicity. A few earlier studies 
have used logistic regression [39] and linear regression mod-
eling [40] to detect gene–gene and gene-environment inter-
actions in arsenic-induced toxicity. Argos et al. [55] evalu-
ated gene-environment interactions by combining the data 
of As exposure (through urine analysis), genome-wide SNP 
genotyping data and clinical phenotypes in relation to arse-
nic-induced skin lesions among a Bangladeshi population 
in a two-step approach using regression and linear mixed 
model for considering binary outcomes. They suggested 
that their approach could add more power to genome-wide 
interaction research for enhancing the understanding of the 
disease etiology. Our study findings obtained through MDR 
analysis suggest that gene-environment interactions between 
groundwater arsenic and rs11191439 SNP in the AS3MT 
gene could play a vital role in the development of arseni-
cal skin lesions in the WB population. Also, when genetic 
variables were tested further for association using logistic 
regression with potential confounders like age and gender as 
covariates, only rs11191439 (AS3MT) SNP was found to be 
statistically significant (OR = 5.50, P-value = 0.01) among 
all the nine polymorphisms. Progress has been limited in 
identifying gene-environment interactions in epidemiologi-
cal studies using existing statistical approaches for genome-
wide searches [55]. Also, statistical approaches like logistic 
regression modelling are not flexible enough for dealing 
with many genetic and environmental factors as number of 
possible interactions could increase exponentially and this 
could lead to biased estimates and large standard errors [56].
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A major limitation of the present study was its small 
sample size. Future studies could be planned with increased 
sample size and inclusion of other variants of the AS3MT 
gene to corroborate the findings of the present investiga-
tion in arsenic exposed populations of WB. We would also 
like to gain more insight on differences of As metabolism 
between the metabolites of urinary As and its possible rela-
tionship with genetic variants of AS3MT in our future stud-
ies. Genetic association studies of these kinds could help 
in identifying the high-risk sub-groups within a population 
in affected areas so that appropriate interventions could be 
targeted to these sub-groups for prevention and treatment of 
arsenic-induced toxicities.

Conclusion

In summary, we conducted a case–control study with 148 
subjects and evaluated genetic association between nine 
polymorphisms of AS3MT, GSTO2, GSTP1 and CYP2E1 
genes and arsenic-induced skin lesions among an arsenic 
exposed population of WB, India. A statistically significant 
association was found between rs11191439 (AS3MT) SNP 
and skin lesions (OR = 5.50, P-value = 0.01) using logistic 
regression with age and gender as covariates. When non-
genetic risk factors of age, gender, groundwater arsenic and 
urinary arsenic were studied for association with skin lesions 
using logistic regression, age and groundwater arsenic were 
found to be significantly associated (P-value < 0.05). Two 
haplotypes (namely, ‘ATA’ and ‘ACG’) of the AS3MT gene 
showed statistically significant differences between the 
case and control. Groundwater arsenic showed a strong 
association with skin lesions (P-value < 10−5) in the main 
effects model of MDR. The model with groundwater arse-
nic and AS3MT rs11191439 SNP was found to be the best 
model with maximum testing accuracy (P-value < 0.0001). 
The study for the first time reports about the association 
of rs11191439 (AS3MT) SNP with skin lesions in an arse-
nic exposed population of West Bengal in India. Further, 
presumably, this is the first study that used MDR to detect 
gene-environment interactions in arsenic-induced toxicity.
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