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A B S T R A C T   

Background: Inorganic arsenic (iAs) is a widespread toxic metalloid. It is well-known that iAs metabolism and its 
toxicity are mediated by polymorphisms in AS3MT and other genes. However, studies during pregnancy are 
scarce. We aimed to examine the role of genetic polymorphisms in AS3MT, GSTO2, N6AMT1, MTHFR, MTR, 
FTCD, CBS, and FOLH1 in iAs methylation efficiency during pregnancy. 
Methods: The study included 541 pregnant participants from the INMA (Environment and Childhood) Spanish 
cohort. Using high-performance liquid chromatography coupled to inductively coupled plasma-tandem mass, we 
measured arsenic (iAs and the metabolites monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)) in 
urine samples collected during the first trimester. iAs methylation efficiency was determined based on relative 
concentrations of the As metabolites in urine (%MMA, %DMA, and %iAs). Thirty-two single nucleotide poly
morphisms (SNPs) in nine genes were determined in maternal DNA; AS3MT haplotypes were inferred. We 
assessed the association between genotypes/haplotypes and maternal As methylation efficiency using multi
variate linear regression models. 
Results: The median %MMA and %DMA were 5.3 %, and 89 %, respectively. Ancestral alleles of AS3MT SNPs 
(rs3740393, rs3740390, rs11191453, and rs11191454) were significantly associated with higher %MMA, %iAs, 
and lower %DMA. Pregnant participants with zero copies of the GGCTTCAC AS3MT haplotype presented a higher 
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thylarsinic acid; DNMT1a and DNMT3b, DNA-methyltransferase 1a and 3b genes; FDR, false discovery rate; FFQ, food frequency questionnaire; FOLH1, folate hy
drolase 1 gene; FTCD, formimidoyltransferase cyclodeaminase gene; GSTO1 and GSTO2, glutathione S-transferase omega 1 and 2 genes; iAs, inorganic arsenic; 
ICPMS/MS, inductively coupled plasma-tandem mass spectrometry; INMA, INfancia y Medio Ambiente (Environment and Childhood Project); LOD, limit of 
detection; MMA, monomethylarsonic acid; MTHFR, methylenetetrahydrofolate reductase; MTR, 5-methyltetrahydrofolate-homocysteine methyltransferase gene; 
N6AMT1, N-6-adenine-specific DNA methyltransferase 1 gene; OCM, one‑carbon metabolism; SAM, S-adenosyl methionine; SNP, single nucleotide polymorphism; 
STROBE, Strengthening the Reporting of Observational Studies in Epidemiology; Total As, total arsenic; VIF, variance inflation factor; ΣAs, sum of iAs, DMA, and 
MMA. 

* Corresponding author at: Unit of Occupational and Environmental Medicine, School of Public Health and Community Medicine, Sahlgrenska Academy, Uni
versity of Gothenburg, Medicinaregatan 16A, Box 414, 405 30 Gothenburg, Sweden. 

E-mail address: Florencia.harari@amm.gu.se (F. Harari).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2023.165740 
Received 30 May 2023; Received in revised form 19 July 2023; Accepted 21 July 2023   

mailto:Florencia.harari@amm.gu.se
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.165740
https://doi.org/10.1016/j.scitotenv.2023.165740
https://doi.org/10.1016/j.scitotenv.2023.165740
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.165740&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Science of the Total Environment 900 (2023) 165740

2

%MMA. Statistically significant associations were also found for the FOLH1 SNP rs202676 (β 0.89 95%CI: 0.24, 
1.55 for carriers of the G allele vs. the A allele). 
Conclusions: Our study shows that ancestral alleles in AS3MT polymorphisms were associated with lower As 
methylation efficiency in early pregnancy and suggests that FOLH1 also plays a role in As methylation efficiency. 
These results support the hypothesis that As metabolism is multigenic, being a key element for identifying 
susceptible populations.   

1. Introduction 

Inorganic arsenic (iAs) is a widespread toxic metalloid. It has been 
estimated that around 200 million people around the world, mainly in 
South Asia, could be exposed to iAs through drinking water at concen
trations above the maximum guideline value recommended by the 
World Health Organization (10 μg/L) (Podgorski and Berg, 2020; World 
Health Organization, 2017). In areas with low iAs levels in the drinking 
water, the main route of exposure is through the consumption of rice 
(European Food Safety Authority, 2014; Fowler et al., 2015) and, to a 
lesser extent, other foods, such as vegetables, fruit, and dairy products 
(Agencia Catalana de Seguretat Alimentaria, 2019; European Food 
Safety Authority, 2014). 

Humans can metabolize iAs via biotransformation to less toxic forms 
through a series of reductions (from pentavalent to trivalent forms) and 
methylation processes (from iAs to monomethylarsonic acid [MMA] and 
dimethylarsinic acid [DMA]) (Cullen, 2014; Stýblo et al., 2021). The 
methylation process is catalysed via arsenic methyltransferase (AS3MT). 
This enzyme uses S-adenosyl methionine (SAM) as the main co- 
substrate, whose biosynthesis depends on one‑carbon metabolism 
(OCM) (Abuawad et al., 2021). The As biotransformation process is 
considered a detoxification mechanism. However, in vitro studies have 
observed that trivalent intermediate compounds, such as mono
methylarsonous (MMAIII) and dimethylarsinous acid (DMAIII), have a 
stronger potential than iAsIII to cause genotoxic and cytotoxic effects as 
well as gene expression suppressions (Stýblo et al., 2021; Thomas, 
2021). The percentage of each metabolite excreted through the urine is 
used to estimate individual methylation efficiency, indicated by higher 
%DMA and lower %MMA and %iAs (Vahter, 1999). Also, other organic 
and complex forms of As, such as arsenosugars, arsenolipids, and 
arsenobetaine (AB) contribute to total As concentrations, although they 
are considered less toxic than iAs (Agency for Toxic Substances and 
Disease Registry, 2016). 

Other factors influencing iAs methylation efficiency include body 
mass index (BMI), smoking habit, ethnicity, and levels of exposure (Gao 
et al., 2019a; Shen et al., 2016; Soler-Blasco et al., 2021; Tseng, 2008). 
Furthermore, certain nutrients could increase the efficiency of iAs 
methylation, especially those involved in OCM, such as vitamins B6 and 
B12, betaine, choline, and folic acid (Bozack et al., 2019; Gamble et al., 
2006; Heck et al., 2007; Howe et al., 2017; Kurzius-Spencer et al., 2017; 
Laine et al., 2018; Spratlen et al., 2017), as well as other trace elements, 
e.g., zinc and cobalt (Clare et al., 2019; Soler-Blasco et al., 2021). 

Methylation efficiency seems to increase throughout pregnancy 
leading to a higher %DMA and lower %MMA in this critical period for 
foetal development (Gao et al., 2019a; Gardner et al., 2011). This is 
important because iAs crosses the placental barrier and prenatal iAs 
exposure has been associated with several adverse effects during early 
life and childhood, such as increased risk of respiratory symptoms and 
infections (Sanchez et al., 2016), miscarriage, and foetal deaths 
(Quansah et al., 2015), as well as lower birth length and weight (Laine 
et al., 2015; Zhong et al., 2019) and impaired neuropsychological 
development (Freire et al., 2018; Hamadani et al., 2011; Liang et al., 
2020; Soler-Blasco et al., 2022; Vahter et al., 2020). 

Genetic variants appear to play an important role in an individual’s 
iAs metabolism and, consequently, in vulnerability to arsenic-related 
health effects (Antonelli et al., 2014; Chi et al., 2018). In fact, 
increasing evidence suggests that several single nucleotide 

polymorphisms (SNPs) are involved in iAs methylation efficiency. In 
particular, polymorphisms in AS3MT have been associated with lower % 
MMA in several populations worldwide (Chen et al., 2017; de la Rosa 
et al., 2017; Drobná et al., 2016; Engström et al., 2011; Gao et al., 2019b; 
Huang et al., 2018; Stajnko et al., 2019). There is also evidence that 
polymorphisms in other genes, such as N-6-adenine-specific DNA meth
yltransferase 1 (N6AMT1) and glutathione S-transferase omega-1 and 2 
(GSTO1 and GSTO2), may also be involved in iAs methylation efficiency 
(Chen et al., 2017; de la Rosa et al., 2017; Harari et al., 2013; Huang 
et al., 2018; Rodrigues et al., 2012; Zakharyan et al., 2001). 

Several studies report that SNPs in several OCM-related genes, such 
as methylenetetrahydrofolate reductase (MTHFR), 5-methyltetrahy
drofolate-homocysteine methyltransferase (MTR), folate hydrolase 1 
(FOLH1), formimidoyltransferase-cyclodeaminase (FTCD), and cys
tathionine-β-synthase (CBS), may also influence iAs methylation effi
ciency; however, the evidence is not consistent (Gamboa-Loira et al., 
2018; Hsueh et al., 2020; Niedzwiecki et al., 2018; Pierce et al., 2019; 
Porter et al., 2010; Spratlen et al., 2018). For instance, Niedzwiecki et al. 
(2018) found that rs1801133 in MTHFR was associated with As meta
bolism, whereas this association was not observed by Gamboa-Loira 
et al. (2018), Hsueh et al. (2020), or Porter et al. (2010). In the same 
way, the G allele of rs1805087 in MTR was associated with lower %iAs 
in Gamboa-Loira et al. (2018), but not in Porter et al. (2010). Differences 
in levels of As exposure, characteristics of the studied population, and 
SNPs could explain the heterogeneity of the results. 

Evidence concerning the role of genetic factors in As methylation 
efficiency during pregnancy is still scarce (Engström et al., 2007, 2011; 
Gao et al., 2019b; Gardner et al., 2011; Stajnko et al., 2019). These 
studies, however, only examined SNPs in AS3MT, DNA- 
methyltransferases 1a and 3b (DNMT1a and DNMT3b), MTHFR, MTR, 
and GSTO2, and the results are still inconclusive. Therefore, the objec
tive of the present study was to explore the influence of several maternal 
polymorphisms in the AS3MT, N6AMT1, GSTO, MTHFR, MTR, FOLH1, 
FTCD, and CBS genes on maternal iAs methylation efficiency during 
pregnancy in a Spanish cohort. 

2. Material and methods 

2.1. Study population 

Our study was based on data from participants of the multicentre 
birth cohort INMA. The INMA (Childhood and Environment) Project 
involves pregnant women from different geographical areas of Spain (htt 
p://www.proyectoinma.org). In the present study, data from Gipuzkoa 
(northeast region of Spain) and Valencia (eastern region of Spain) were 
used. The study protocol was described in Guxens et al. (2012). Briefly, 
1493 pregnant participants were recruited during their first antenatal 
visit in 2003–2008 (n = 638 in Gipuzkoa and n = 855 in Valencia). The 
final study samples included 541 subjects with data on both urinary As 
species concentrations in the first trimester of pregnancy and genetics. 
The main reasons for non-participation were withdrawal, loss to follow- 
up (n = 28), or unavailability of As measurements and/or genetics (n =
924). 

This study followed the Strengthening the Reporting of Observa
tional Studies in Epidemiology (STROBE) reporting guideline for cohort 
studies. The study protocol was approved by the corresponding Ethics 
Committees (University Hospital La Fe in Valencia, the Public Health 
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Research Centre of Valencia, and the Donostia Hospital in Gipuzkoa). 
Informed consent was obtained from all participants. 

2.2. Study variables and information sources 

2.2.1. Outcome variables: urinary arsenic speciation analysis 
Spot urine samples were collected in the first trimester of pregnancy 

(mean = 12.7 weeks of gestation). Total As concentrations in urine were 
measured using inductively coupled plasma-tandem mass spectrometry 
(ICPMS/MS, 8800, Agilent Technologies, Waldbronn, Germany). As 
speciation was performed using high-performance liquid chromatog
raphy (1200, Agilent Technologies) coupled to ICPMS/MS (8800, Agi
lent Technologies). Further details regarding laboratory techniques can 
be found in Soler-Blasco et al. (2021). Limits of detection (LOD) were: 
0.02 μg/L for AB and 0.03 μg/L for DMA, MMA, and iAs. Two per cent of 

samples had MMA levels below the LOD, while 1.3 % had iAs levels 
below the LOD. For these samples, ½ LOD was calculated. All samples 
had DMA levels above the LOD. 

2.2.2. Genetic analysis 
DNA was obtained from whole blood at the Spanish National Gen

otyping Center (CEGEN-Barcelona) using the Chemagen kit (Perki
nElmer) for the Valencia cohort, and at the Basque Biobank using the 
Flexigene DNA kit (Qiagen) for the Gipuzkoa cohort. Further details 
regarding the genetic analysis can be found in Supplemental Material 
Appendix S1 (A.1.1 Methodology: description of genetic analysis). SNPs 
were selected based on their functional impact on As metabolism and 
OCM according to previously published literature. The selected SNPs 
were: rs9527, rs7085104, rs3740400, rs3740390, rs3740392, 
rs3740393, rs3740394, rs11191439, rs12768205, rs11191453, 

Table 1 
Sociodemographic and environmental characteristics of study participants, and calibrateda As percentages according to the characteristics during the first trimester of 
gestation.   

All population (n = 541) %MMAcal %DMAcal %iAscal  

N (%) or mean (SD) Median (percentile 5, percentile95) 

Study area     
Gipuzkoa 113 (21) 6.4 (0.3, 13.1)* 84.8 (66.6, 5.2) 7.7 (0.9, 30.01) 
Valencia 428 (79) 7.6 (3.1, 15.1)* 83.7 (66.0, 94.0) 7.9 (2.7, 19.1) 

Gestational age at sampling (weeks) 12.7 (1.1) − 0.13 (− 0.21, 0.05)* 0.09 (− 0.03, 0.14) − 0.08 (− 0.08, 0.09) 
Age (years) 30.6 (4.2) − 0.04 (− 0.10, 0.07) 0.01 (− 0.11, 0.06) − 0.02 (− 0.05,0.12) 
Country of birth     

Spain 532 (98) 7.4 (2.7, 14.6) 84.12 (66.01, 94.1) 7.9 (2.6, 20.4) 
Others 9 (2) 5.3 (3.1, 13.5) 79.1 (69.7, 93.1) 11.3 (3.2, 24.1) 

BMI before pregnancy (Kg/m2)     
<25 402 (74) 7.5 (2.8, 14.7)* 83.4 (65.9, 93.9)* 8.09 (2.6, 21.3)* 
25- <30 (Overweight) 94 (17) 7.2 (2.8, 14.7)* 84.7 (67.6, 94.7)* 7.86 (2.5, 18.1)* 
≥ 30 (Obesity) 45 (8) 6.3 (2.8, 11.4)* 86.5 (69.6, 95.5)* 6.07 (2.3, 23.4)* 

Parity     
0 308 (57) 7.6 (3.00, 15.1) 83.4 (66.5, 94.1) 8.1 (2.5, 19.9) 
≥1 233 (43) 7.2 (2.7, 14.0) 84.55 (65.1, 94.4) 7.56 (2.6, 23.9) 

Parental social class     
I + II (high) 150 (28) 6.77 (1.6, 13.8) 85.04 (58.9, 94.9) 7.23 (1.7, 35.7) 
III 152 (28) 7.5 (2.9, 14.5) 83.1 (67.4, 93.5) 8.6 (3.00., 19.9) 
IV + V (low) 239 (44) 7.6 (3.3, 14.7) 84.2 (66.2, 93.2) 7.8 (3.1, 19.9) 

Educational level     
Up to primary 150 (28) 7.8 (3.9, 14.7) 83.9 (66.4, 91.5) 7.8 (3.8, 17.5) 
Secondary 238 (44) 7.2 (2.3, 13.9) 84.4 (66.34, 94.8) 8.00 (2.4, 22.9) 
University 153 (28) 7.1 (2.2, 15.9) 84.1 (64.4, 94.4) 7.9 (2.2, 21.4) 

Working status     
Non- worker 125 (23) 7.6 (2.9, 14.6) 84.25 (66.4, 94.0) 7.6 (3.2, 17.8) 
Worker 415 (77) 7.4 (2.6, 14.6) 84.1 (66.1, 94.2) 8.00 (2.5, 21.9) 

Tobacco consumption     
No 410 (77) 7.2 (2.5, 14.5)* 84.4 (66.3, 94.5)* 7.6 (2.4, 22.0) 
Yes 129 (24) 7.8 (3.4, 14.7)* 82.1 (67.1, 93.0)* 8.7 (3.6, 19.8) 

Alcohol consumption     
No 463 (86) 7.4 (2.8, 14.3) 84.0 (66.5, 94.1) 7.93 (2.6, 20.6) 
Yes 77 (14) 7.4 (2.6, 15.8) 84.3 (65.2, 94.8) 7.8 (2.4, 18.9) 

Rice consumption (g/week)b 361.2 (176.6) 0.07 (0.01, 0.18) − 0.06 (− 0.14, 0.03) 0.04 (− 0.07, 0.10) 
Fish consumption (g/week) b 554.2 (245.4) − 0.04 (− 0.12, 0.05) 0.03 (− 0.06, 0.11) − 0.02 (− 0.09, 0.07) 
Estimated folate intake* (μg/day)b 2329.7 (3080.2) − 0.10 (− 0.15, 0.02) 0.05 (− 0.05, 0.12) − 0.05 (− 0.10, 0.07)  

Urinary As levels Median (percentiles 5, 95)    
∑

As (μg/ g creatinine) 7.1 (2.8, 24.8)    
DMA (μg/ g creatinine) 6.2 (2.3, 24.0)    
MMA (μg/ g creatinine) 0.4 (0.1,1.1)    
iAs (μg/ g creatinine) 0.3 (0.1, 1.3)    
%DMAcal 84.1 (66.2, 94.2)    
%MMAcal 7.4 (2.7, 14.6)    
%iAscal 7.9 (2.5, 21.3)    

Note: BMI, Body mass index; wg, weeks of gestation; g/week: grams per week. The percentages of each metabolite were calculated: levels of calibrated metabolite/ 
(calibrated DMA + calibrated MMA + calibrated iAs). 

* Variables with p-value <0.05. P-values comparing As percentages between the different categories of the variables using the Kruskal Wallis Test, and for evaluating 
the correlation between As percentages and continuous variables (Spearman correlation). 

a Calibrated percentages were calculated based on As metabolite concentrations corrected by arsenobetaine and creatinine concentrations (denoted by %MMAcal, % 
DMAcal, %iAscal). 

b Adjusted for calories. 

R. Soler-Blasco et al.                                                                                                                                                                                                                           



Science of the Total Environment 900 (2023) 165740

4

rs11191454, rs10748835 and, rs1046778 (AS3MT); rs2297235 and 
rs156697 (GSTO2); rs1695 and rs1138272 (Glutathione S-Transferase Pi 
1, [GSTP1]), rs1006903, rs1003671, rs7282257, rs1048546, 
rs2065266, rs16983411, and rs2205449 (N6AMT1); rs1801131, and 
rs1801133 (MTHFR); rs1805087 (MTR); rs202676 (FOLH1); 
rs61735836 (FTCD); rs4920037, and rs234709 (CBS). 

We performed linkage disequilibrium analysis and inferred haplo
types from AS3MT rs7085104, rs3740400, rs3740393, rs3740390, 
rs11191439, rs11191453, rs10748835, and rs1046778 via PHASE 
software (Stephens and Donnelly, 2003) (Fig. S1). 

2.2.3. Covariates and potential confounders 
Sociodemographic, environmental, and lifestyle information was 

collected through questionnaires administered by trained interviewers 
during the first and third trimesters of gestation (mean = 12.8 and 32.4 
gestational weeks, respectively). A semi-quantitative food frequency 
questionnaire (FFQ) was administrated during the first trimester (Vio
que et al., 2013). Dietary folate was estimated using food composition 
tables (Palma et al., 2008; U.S. Department of Agriculture: Agricultural 
Research Service USDA, 2007) as well as data on the intake of supple
ments from the FFQ (Vioque et al., 2013). The variables used in the 
present analysis were study area (Gipuzkoa, Valencia), age at concep
tion (years), place of birth (Spain, other), tobacco consumption during 
the first trimester of pregnancy (yes, no), BMI (kg/m2) before preg
nancy, weeks of gestation at sample collection, parental social class (I +
II [high], III, IV + V [low]), parity (0, ≥1), education level (up to pri
mary, secondary, university), working status at first trimester of preg
nancy (non-worker, worker), season of sample collection (spring, 
summer, winter, autumn), rice and fish consumption (grams per day), 
and estimated dietary folate intake (μg/day) at the first trimester of 
pregnancy. Creatinine concentrations were measured in the same urine 
samples by the DRI® Creatinine-Detected® Test using AV680 from 
Beckman Coulter. 

2.3. Statistical analysis 

Descriptive and bivariate analyses were performed to detect differ
ences between included and excluded populations. 

As methylation efficiency was calculated as relative concentrations 
of individual iAs, MMA, and DMA over the sum of these species (

∑
As). 

Because organic arsenic (oAs) from seafood contributes to DMA con
centrations and could lead to an inappropriate estimation of iAs 
methylation, we estimated the calibrated percentages of iAs, MMA, and 
DMA, corrected for AB and creatinine concentrations (%iAscal, % 
MMAcal, and %DMAcal) using the mathematical method proposed by 
Jones et al. (2016). More information about this method can be found in 
Soler-Blasco et al. (2021) and Supplemental Material Appendix S1 
(A.1.2 Methodology: description of arsenic species calibration 
methodology). 

Deviation from Hardy–Weinberg equilibrium by comparing expected 
vs. observed genotype was tested using chi-square analysis. Two SNPs in 
AS3MT (rs12768205 and rs1046778) and one in N6AMT1 (rs7282257) 
were not in Hardy-Weinberg equilibrium (p < 0.05) and, therefore, 
excluded from further analysis. 

We initially performed descriptive and bivariate analyses of maternal 
%MMAcal, %DMAcal, and %iAscal (median and 5–95 percentiles) ac
cording to sociodemographic, nutritional, and lifestyle covariates. 
Thereafter, we assessed the association between maternal genotypes and 
haplotypes, and maternal As methylation efficiency using multivariate 
regression models. Genotypes and haplotypes were modelled as cate
gorical variables (0, 1, or 2 alleles for genotypes and 0, 1, or 2 copies for 
haplotypes) with the genotypes/haplotypes associated with lower % 
MMAcal denoted first and used as the reference group. When the fre
quency of a homozygous genotype or copy number included <5 % of 
individuals, this group was pooled with the heterozygotes or, alterna
tively, with the 1 copy haplotype group. 

For multivariate regression models, we first built a core model using 
all covariates associated with %MMAcal, %DMAcal, and %iAscal with a p- 
value <0.20 in the bivariate analysis. Using a backward elimination 
procedure, the covariates associated with percentages of As metabolites 
at p-value <0.10 in the likelihood ratio test were retained in the model. 
The final core model included the following variables: study area, 
maternal tobacco consumption during the first trimester of pregnancy, 
BMI before pregnancy, folate and folic acid intake during the first 
trimester of pregnancy, and 

∑
As concentrations. Gestational age at 

sampling was included in the core model regardless of its statistical 
significance. Subsequently, we modelled associations between each ge
notype for AS3MT, N6AMT1, GSTO, MTHFR, MTR, FOLH1, FTCD, and 
CBS SNPs and each AS3MT haplotype with each calibrated As percent
age and adjusted the model for study area (Valencia and Gipuzkoa). 
Finally, models were adjusted for all variables included in the core 
model. We used the q-value step-up false discovery rate (FDR) method to 
adjust for inflation of p-values (Storey and Tibshirani, 2003). 

Linear regression assumptions were checked via visual inspection of 
residuals for normality and homoscedasticity. Collinearity among vari
ables and influential data in the final models were examined using 
variance inflation factors (VIFs) and Cook’s distance, respectively. No 
influential data were identified and all VIFs were < 2.5. Confidence 
intervals were calculated based on robust standard error in the final 
results to manage the possibility of minor deviations from normality and 
homoscedasticity. R statistical package version 4.1.3 was used for sta
tistical analyses (R Core Team, 2021). 

3. Results 

3.1. Study population 

Characteristics of the study participants are shown in Table 1. Sub
jects were 30 years old on average, 28 % completed university studies, 
24 % smoked during pregnancy, 74 % had a BMI below 25, and 57 % 
were primipara. Participants from Valencia, smokers, and those with 
BMI <25 had higher %MMAcal. 

Study participants included in this study differed somewhat from 
those not included. In particular, included participants (n = 541) were 
mostly from the Valencia cohort, mostly born in Spain, and had a 
slightly lower educational level and socioeconomic class than those not 
included in the study. Also, the participants’ intake of rice and folate was 
slightly higher and lower, respectively, than in non-participants. There 
was no difference in fish consumption (Table S1). 

3.2. Description of As species concentrations and percentages and 
genotypes/haplotypes 

The median (5–95 percentile) of urinary 
∑

As concentrations and % 
MMA, %DMA, and %iAs were 7.1 (2.8, 24.8) μg/g of creatinine, 5.3 % 
(1.4, 11.2), 89.3 % (77.2, 97.1), and 4.9 % (1.2, 14.6), respectively. The 
calibrated percentages of As metabolites were lower, with medians 
(p5–95) of 7.4 % (2.7, 14.6) for %MMAcal, 84.1 % (66.2, 94.1) for % 
DMAcal, and 7.9 % (2.5, 21.3) for %iAscal (Table 1). 

The allelic frequencies of the different SNPs were similar to those 
observed in European populations in the ALPHA Project (Table S2), 
except for rs234709 in CBS, where a higher T-allele frequency was 
observed in our study population. 

Twelve AS3MT haplotypes were inferred: 1) ATGCTTGT, 2) 
ATGCTTAC, 3) ATGCCTAT, 4) ATCCTTAC, 5) AGGCTTAC, 6) AGCTT
CAC, 7) GGGCTTGT, 8) GGGCTTAC, 9) GGGCCTAT, 10) GGGCCCAC, 
11) GGCCTTAC, and 12) GGCTTCAC; of which only haplotypes 1, 4, 8, 
9, and 12 were common enough to be used in subsequent analyses 
(present in 56.8 %, 5.4 %, 14.4 %, 10.0 %, and 10.0 % of samples, 
respectively) (Table S3). 
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Table 2 
Beta coefficient (95%CI) of the multivariate linear regression between methylation As efficiency and maternal polymorphisms.   

%MMAcal
a  %DMAcal

a  %iAscal
a   

Beta (95%CI) pb p-FDRc Beta (95%CI) pb p-FDRc Beta (95%CI) pb p-FDRc 

AS3MT (arsenic (+3 oxidation state) methyltransferase) 
rs9527 (ref. CC)             

CT − 0.28 (− 0.95, 0.39) 0.33 0.46 0.71 (− 0.81, 2.22) 0.38 0.63 − 0.43 (− 1.60, 0.76) 0.66 0.75 
TT 0.87 (− 0.74, 2.48)   − 1.68 (− 5.57, 2.21)   0.82 (− 2.63, 4.26)   

rs7085104 (ref. GG)             
AG − 0.61 (− 1.70, 0.47) 0.01 0.04 0.29 (− 2.16, 2.74) 0.03 0.11 0.32 (− 1.66, 2.31) 0.18 0.69 
AA 0.42 (− 0.72, 1.56)   − 1.86 (− 4.47, 0.75)   1.44 (− 0.68, 3.56)   

rs3740400 (ref. GG)             
TG − 0.63 (− 1.65, 0.38) 0.01 0.02 0.09 (− 2.22, 2.40) 0.03 0.11 0.54 (− 1.34, 2.42) 0.19 0.69 
TT 0.52 (− 0.56, 1.60)   − 2.05 (− 4.52, 0.42)   1.54 (− 0.45, 3.52)   

rs3740394 (ref. AA)             
AG + GG − 0.40 (− 1.21, 0.41) 0.33 0.46 1.13 (− 0.75, 3.00) 0.24 0.51 − 0.72 (− 2.29, 0.84) 0.36 0.69 

rs3740393 (ref. CC + CG)             
GG 1.35 (0.67, 2.04) <0.001 <0.001 − 2.75 (− 4.32, -1.17) 0.001 0.01 1.39 (0.13, 2.66) 0.03 0.16 

rs3740392 (ref.TT)             
TC − 0.54 (− 1.22, 0.13) 0.11 0.22 1.06 (− 0.46, 2.59) 0.24 0.51 − 0.52 (− 1.70, 0.67) 0.62 0.75 
CC 0.69 (− 0.75, 2.13)   − 1.17 (− 4.65, 2.31)   0.48 (− 2.56, 3.53)   

rs3740390 (ref. TT + TC)             
CC 1.40 (0.55, 2.25) 0.001 0.004 − 3.53 (− 5.39, -1.68) <0.001 0.002 2.13 (0.72, 3.54) 0.003 0.03 

rs11191439 (ref. CC + CT)             
TT 0.33 (− 0.48, 1.13) 0.43 0.46 − 1.07 (− 2.92, 0.79) 0.26 0.51 0.74 (− 0.80, 2.28) 0.35 0.69 

rs11191453 (ref. CC + CT)             
TT 1.40 (0.56, 2.25) 0.001 0.004 − 3.57 (− 5.40, -1.73) <0.001 0.002 2.16 (0.76, 3.56) 0.003 0.03 

rs11191454 (ref. GG + GA)             
AA 1.54 (0.73, 2.35) 0.001 0.002 − 3.80 (− 5.60, -2.00) <0.001 0.001 2.26 (0.86, 3.66) 0.002 0.03 

rs10748835 (ref. AA)             
GA − 0.37 (− 1.26, 0.53) <0.001 0.004 0.13 (− 1.90, 2.17) 0.02 0.11 0.23 (− 1.47, 1.94) 0.38 0.69 
GG 1.16 (0.14, 2.18)   − 2.21 (− 4.45, 0.04)   1.05 (− 0.74, 2.83)    

GSTP1 (glutathione S-transferase Pi 1) 
rs1695 (ref. AA)             

AG 0.74 (− 0.58, 2.06) 0.52 0.46 0.27 (− 2.47, 3.02) 0.51 0.67 − 1.01 (− 3.21, 1.18) 0.27 0.69 
GG 0.53 (− 0.78, 1.84)   1.13 (− 1.57, 3.82)   − 1.66 (− 3.83, 0.52)   

rs1138272 (ref. CC)             
CT + TT 0.52 (− 0.79, 1.83) 0.44 0.46 − 0.05 (− 2.33, 2.23) 0.96 0.87 − 0.47 (− 1.76 0.82) 0.48 0.69  

GSTO2 (glutathione S-transferase omega-2) 
rs2297235 (ref. GG)             

AG 0.52 (− 0.64, 1.69) 0.56 0.46 0.27 (− 2.28, 2.81) 0.78 0.77 − 0.79 (− 2.93, 1.35) 0.70 0.75 
AA 0.22 (− 0.93, 1.36)   0.73 (− 1.83, 3.30)   − 0.95 (− 3.14, 1.24)   

rs156697 (ref.GG)             
AG − 0.20 (− 1.41, 1.01) 0.54 0.46 1.11 (− 1.55, 3.77) 0.41 0.63 − 0.91 (− 2.85, 1.03) 0.49 0.69 
AA − 0.54 (− 1.78, 0.71)   1.79 (− 1.00, 4.58)   − 1.26 (− 3.34, 0.83)    

N6AMT1 (N-6-adenine-specific DNA methyltransferase 1) 
rs1006903 (ref.GG)             

GC + CC − 0.02 (− 0.77, 0.74) 0.96 0.74 0.52 (− 1.14, 2.17) 0.54 0.67 − 0.50 (− 1.73, 0.73) 0.43 0.69 
rs1003671 (ref. TT)             

GA 0.59 (− 0.38, 1.56) 0.48 0.46 − 0.69 (− 2.99, 1.61) 0.68 0.72 0.10 (− 1.62, 1.82) 0.74 0.75 
GG 0.51 (− 0.51, 1.52)   − 1.10 (− 3.57, 1.37)   0.60 (− 1.27, 2.47)   

rs1048546 (ref. TT)             
GT 1.34 (0.26, 2.43) 0.04 0.09 − 1.80 (− 4.52, 0.91) 0.42 0.63 0.46 (− 1.53, 2.46) 0.88 0.83 

(continued on next page) 
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Table 2 (continued )  

%MMAcal
a  %DMAcal

a  %iAscal
a   

Beta (95%CI) pb p-FDRc Beta (95%CI) pb p-FDRc Beta (95%CI) pb p-FDRc 

GG 0.80 (− 0.25, 1.84)   − 1.29 (− 3.97, 1.38)   0.49 (− 1.48, 2.47)   
rs2065266 (ref.CC)             

TC 0.81 (− 0.17, 1.79) 0.20 0.36 − 1.03 (− 3.29, 1.23) 0.64 0.71 0.22 (− 1.45, 1.88) 0.71 0.75 
TT 0.36 (− 0.66, 1.38)   − 1.08 (− 3.53, 1.38)   0.72 (− 1.14, 2.57)   

rs16983411 (ref. GG)             
AG 0.90 (− 0.68, 2.48) 0.53 0.46 − 1.66 (− 5.10, 1.78) 0.60 0.70 0.76 (− 1.56, 3.08) 0.72 0.75 
GG 0.79 (− 0.72, 2.31)   − 1.67 (− 4.96, 1.61)   0.88 (− 1.26, 3.02)   

rs2205449 (ref.TT)             
AT 0.78 (− 0.22, 1.77) 0.24 0.40 − 0.92 (− 3.22, 1.38) 0.71 0.72 0.15 (− 1.55, 1.84) 0.76 0.75 
AA 0.36 (− 0.68 0.1.40)   − 0.97 (− 3.45, 1.51)   0.61 (− 1.27, 2.48)    

MTHFR (methylenetetrahydrofolate Reductase) 
rs1801131 (ref. TT)             

TG − 0.01 (− 0.71, 0.70) 1.00 0.74 − 0.51 (− 2.15, 1.14) 0.20 0.50 0.51 (− 0.79, 1.82) 0.03 0.16 
GG − 0.04 (− 1.17, 1.08)   1.57 (− 0.57, 3.70)   − 1.53 (− 2.94, -0.12)   

rs1801133 (ref. GG)             
GA 0.03 (− 0.71, 0.77) 1.00 0.74 − 1.02 (− 2.71, 0.67) 0.49 0.67 0.99 (− 0.34, 2.32) 0.34 0.69 
AA 0.02 (− 0.96, 1.01)   − 0.50 (− 2.63, 1.63)   0.48 (− 1.06, 2.02)    

MTR (5-methyltetrahydrofolate-homocysteine methyltransferase) 
rs10495387 (ref. CC)             

CA + AA − 0.48 (− 1.81, 0.84) 0.48 0.46 1.04 (− 2.40, 4.48) 0.55 0.67 − 0.56 (− 3.51, 2.39) 0.71 0.75 
rs1805087 (ref. AA)             

AG + GG − 0.48 (− 1.81, 0.84) 0.48 0.46 0.11 (− 1.46, 1.68) 0.89 0.84 − 0.50 (− 1.84, 0.84) 0.46 0.69  

FOLH1 (folate hydrolase 1) 
rs202676 (ref. AA)             

AG + GG 0.89 (0.24, 1.55) 0.01 0.02 − 1.49 (− 3.02, 0.04) 0.06 0.18 0.59 (− 0.67, 1.86) 0.36 0.69  

CBS (cystathionine-β-synthase) 
rs4920037 (ref. GG)             

GA + AA 0.24 (− 0.48, 0.95) 0.52 0.46 − 0.68 (− 2.29, 0.93) 0.41 0.63 0.44 (− 0.80, 1.68) 0.48 0.69 
rs234709 (ref. CC)             

CT 0.40 (− 0.35, 1.16) 0.55 0.46 − 0.09 (− 1.85, 1.68) 0.99 0.87 − 0.32 (− 1.75, 1.12) 0.91 0.83 
TT 0.35 (− 0.58, 1.27)   − 0.17 (− 2.34, 2.01)   − 0.18 (− 1.97, 1.61)    

FTCD (formimidoyltransferase-cyclodeaminase) 
rs61735836 (ref. CC)             

CT + TT 1.42 (0.04, 2.81) 0.04 0.09 − 2.21 (− 4.83, 0.41) 0.10 0.28 0.79 (− 0.77, 2.34) 0.32 0.69 

Note: 95%CI, 95 % confidence intervals; %DMAcal: calibrated percentage of dimethylarsinic acid; %MMAcal: calibrated percentage of methylarsonic acid; %iAscal: calibrated percentage of inorganic As. Ref, reference 
category, 
The percentages of each metabolite were calculated: levels of calibrated metabolite/(calibrated DMA + calibrated MMA + calibrated iAs). 
All models were adjusted for creatinine, study area, pre-pregnancy body mass index, tobacco consumption at first trimester of pregnancy, gestational age at sampling, estimated folate intake and 

∑
As (sum of urinary 

MMA, DMA and iAs). Values in bold indicate p-values <0.05. 
DNA sequence has been read in the 5′ to 3′ direction. 

a Calibrated percentages were calculated with As metabolite concentrations corrected by arsenobetaine and creatinine concentrations (denoted by %MMAcal, %DMAcal, %iAscal). 
b p value from ANOVA F-test; cCorrected p-value for FDR of 5 %. 
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3.3. Association between genotypes/haplotypes and arsenic methylation 
efficiency 

Several SNPs in AS3MT (rs3740393, rs3740390, rs11191453, 
rs11191454, and rs10748835) were associated with As metabolism in 
models adjusted for the study area (Table S4). All associations remained 
significant even after adjusting for creatinine, study area, pre-pregnancy 
BMI, tobacco consumption during the first trimester of pregnancy, 
gestational age at urine sampling, estimated folate intake, and 

∑
As in 

multivariate linear regression models (see Table 2 for associations with 
%MMA, %DMA, and %iAs, and Fig. 1 for %MMA). The genotypes GG in 
rs3740393, CC in rs3740390, TT in rs11191453, and AA in rs11191454 
were associated with higher %MMAcal and %iAscal and lower %DMAcal. 
All associations remained statistically significant even after adjustment 
for FDR. The GG genotype in rs10748835 was also associated with 
higher %MMAcal, even after adjusting for FDR, however, not with % 
DMAcal or %iAscal. For rs3740393, associations remained significant for 
%MMAcal and %DMAcal. Concerning the other genes examined, statis
tically significant associations were found between carriers of genotypes 

AG + GG in FOLH1 rs202676 and higher %MMAcal (β [95%CI]: 0.89 
[0.24, 1.55]), which remained statistically significant even after 
adjustment for FDR. Carriers of CT + TT in FTCD rs61735836 also had 
higher %MMAcal (β = 1.42, 95%CI = 0.04, 2.81) but associations 
became non-significant after adjustment for FDR. We found no associ
ations between the different calibrated percentages of As metabolites 
and the remaining genotypes examined (see Table 2). 

Regarding AS3MT haplotypes, %MMAcal was significantly higher in 
participants with 0 copies (vs. 2 copies) of haplotype GGCTTCAC (β =
1.54; 95 % CI = 0.72, 2.36) as well as in those with 0 copies (vs. 2 copies) 
of haplotype ATCCTTAC (β = 0.92; 95 % CI = 0.04, 1.79) (Table 3). 
Haplotype GGCTTCAC was also associated with a lower %DMA (β =
− 3.77; 95 % CI = − 5.59, − 1.95) and higher %iAs (β = 2.23; 95 % CI: 
0.82, 3.64). 

4. Discussion 

This study adds evidence regarding the influence of genetic AS3MT 
variants on As methylation efficiency in pregnant women, specifically in 

Fig. 1. Beta coefficients (CI95%) of the multivariate linear regression between methylation efficiency and maternal polymorphisms. 
Note: AS3MT: arsenic methyltransferase gene; GSTP1: glutathione S-transferase pi 1 gene; GSTO2: Glutathione S-transferase omega-2 gene; N6AMT1: N-6-Adenine- 
Specific DNA Methyltransferase 1 gene; MTRF; Methylenetetrahydrofolate Reductase gene; MTR: 5-methyltetrahydrofolate-homocysteine methyltransferase gene; 
FOLH1: Folate Hydrolase 1 gene; FTCD: Formimidoyltransferase-Cyclodeaminase gene; CBS: cystathionine beta-synthase gene; %MMAcal: calibrated percentage of 
monomethylarsonic acid. 
aCalibrated %MMA was calculated with urinary MMA concentrations corrected for arsenobetaine and creatinine concentrations (denoted by %MMAcal); bp-value 
from ANOVA F-test; cCorrected p-value for FDR of 5 %. All models were adjusted for creatinine, study area, pre-pregnancy body mass index, tobacco consumption at 
first trimester of pregnancy, gestational age at sampling, estimated folate intake, and 

∑
As (sum of urinary MMA, DMA, and iAs). 
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a Spanish area with low iAs levels in the drinking water and high rice 
and seafood consumption. Homozygotes for ancestral alleles in 
rs3740393, rs3740390, rs11191453, rs11191454, and rs10748835 in 
AS3MT were associated with a lower methylation efficiency in early 
pregnancy (denoted by higher %MMA and lower %DMA). Interestingly, 
the G allele in rs202676, an SNP in the OCM-related gene FOLH1, also 
associated with higher %MMA. Unexpectedly, no associations were 
found for any other SNP studied in genes previously reported to be 
related to As metabolism (N6AMT1, GSTP1, GSTO2) or OCM (MTR, 
MTHFR, CBS, FTCD). 

Several studies analysed the influence of AS3MT polymorphisms 
during pregnancy on As methylation efficiency (Table 4). In agreement 
with our results, in a study carried out in Mexico (median urinary 

∑
As: 

23.3 μg/L at delivery), women carrying ancestral alleles in rs10748835 
(G carriers) and rs3740390 (C carriers) presented a lower methylation 
efficiency (denoted by higher urinary %MMA and lower %DMA) 
(Drobná et al., 2016). In the same way, Gao et al. (2019b) found an 
association between AS3MT rs3740393 and lower %DMA at mid-late 
pregnancy in Bangladeshi G-allele-carrier women (median urinary 
total As = 79.9 and 92.2 mg/g creatinine at early and mid-late preg
nancy, respectively). However, contrary to our results, no relationship 
was found between rs10748835 genotypes and maternal As methylation 
efficiency. In another Bangladeshi study (median urinary 

∑
As = 100 

μg/L), homozygotes for the ancestral AS3MT alleles rs3740393, 
rs3740390, rs11191439, and rs11191453 were associated with higher 
%MMA and lower %DMA (denoting lower methylation efficiency) 
during early pregnancy, and rs10748835 G carriers presented higher % 
MMA, in consonance with our results (Engström et al., 2011). Finally, in 
a study carried out in a low-As-exposed population (pregnant and non- 
pregnant women) from Croatia and Slovenia (geometric mean urinary 
∑

As: 3.23 μg/mL), no associations were observed between AS3MT 
rs7085104, rs3740400, rs3740393, rs3740390, rs11191439, 
rs10748835, rs1046778, and rs7897654 and As methylation efficiency 
among women in the third trimester of pregnancy (Stajnko et al., 2019). 
Nevertheless, in the same study, non-pregnant women carrying ances
tral alleles in rs3740393 and rs10748835 showed higher %MMA, in 
agreement with our results. 

The influence of AS3MT on As metabolism appears to be well- 
established, however, there are discrepancies between studies. Multi
ple factors might account for these heterogeneous results from different 
studies. Differences in sample size, As internal dose, and allele fre
quencies of each SNP across populations are some of the factors that may 
explain these differences. Also, the strong linkage disequilibrium be
tween alleles in the polymorphisms analysed challenges the interpre
tation of the individual effect of each SNP. Additionally, As methylation 
has been reported to increase during pregnancy (Gardner et al., 2011; 
Hopenhayn et al., 2003), and differences in weeks of gestation across the 
studied populations could also explain the inconsistency in the results 
between studies. 

Pregnancy itself has been suggested to have a stronger impact on As 
metabolism than the AS3MT genotype. The study of Gardner et al. 
(2012) conducted on pregnant Bangladeshi women, observed that the 
absolute change in As metabolites (measured as percentages) attribut
able to gestational age (between 8 and 30 weeks of gestation) was 
greater than the influence of the genetic background. The reason for this 
was suggested to be OCM upregulation during pregnancy, due to the 
high demand of methyl groups to support foetal and placental devel
opment (Kalhan, 2016). Thus, it is possible that genetic influences could 
be more clearly observed in early stages of pregnancy and remain con
stant throughout gestation as genetic variants themselves remain un
changed during pregnancy. However, As-related epigenetic changes 
have been observed during pregnancy. Experimental and epidemiolog
ical studies have reported both DNA hyper- and hypomethylation, 
explained by competition for the methyl-donor SAM (Kile et al., 2012; 
Liu et al., 2020; Martinez and Lam, 2021). Nevertheless, the results are 
still inconclusive. Ta
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Table 4 
Studies of genetic influences on As metabolism during pregnancy.  

Study Localization n Gestational age Urinary As concentrations SNPs related to As metabolism during pregnancy 

Present study Spain 541 1st trim 
∑

As:7.05 (2.76, 24.75) μg/g 
creatininea 

AS3MT rs7085104 (AA), rs3740400 (TT), and rs10748835 ↑%MMA 
AS3MT rs3740394 (G carriers) ↓%MMA 
AS3MT rs3740393 (GG), rs11191454 (AA), rs10748835 (GG): ↑%MMA%, ↓%DMA. 
AS3MT rs3740390 (CC) and rs11191453 (TT), rs11191453 (TT), and rs11191454 (AA): ↑%MMA%, ↓%DMA, ↑%iAs%. 
FOLH1 rs202676 (G carriers) ↑%MMA%. 

Stajnko et al., 
2019 

Croatia- 
Slovenia 

136 3rd trim 
∑

As: 3.23 
(2.84–3.68) μg/Lb 

AS3MT: rs7085104, rs3740400, rs3740393, rs3740390, rs11191439, rs10748835, rs1046778, and rs7897654, ns association 
MTHFR: rs1801131, G carriers: ↓ %AsIII, and ↓%DMA (significant in bivariate analysis, non in adjusted models). 

Gao et al., 2019a, 
2019b 

Bangladesh 1613 (1st 
trim)  

1228 (3rd 
trim) 

1st trim 
and 
3rd trim 

TAs: 
1st Trim: 79.9 
(43.2–185.1) mg/ g creatc  

3rd trim: 92.2 
(52.2–202.2) mg/ g creatc 

AS3MT: rs9527 T alelle ↓%DMA (adjusted by As water exposure, in early gestation). 
AS3MT, rs1046778 (C allele) ↑ %DMA (adjusted by As water exposure, in early gestation). 
AS3MT, rs3740393 (C allele) and rs1046778 (C allele) ↑ %DMA (adjusted by As water exposure, in mid-late gestation). 
AS3MT: rs11191439, rs10748835, rs3740400: ns relationship between any SNP and DMA% in early nor mild-late gestation (p- 
values under multiple testing adjustment, FDR). 
GSTO2: rs156697: Ns relationship between any SNP and DMA% in early nor mild-late gestation (p-values under multiple testing 
adjustment, FDR) 
Ns interaction SNP*As exposure (low/high) early nor mild-late gestation (p-values under multiple testing adjustment, FDR). 

Drobná et al., 
2016 

Mexico 200 Delivery 
∑

As: 23.3 (4.3–319.7) μg/Ld 

iAs: 1.3 (<LOD-23.0) μg/Ld 

MMA: 1.4 (0.12–18.2) μg/Ld 

DMA: 20.6 (1.4–292.5) μg/Ld 

AS3MT: rs7085104 (G carriers); rs3740400 (G carriers); rs3740393 (C carriers); rs3740390 (T carriers); rs1046778 (C carriers): 
↓MMA, and ↑DMA, ↓%MMA, and ↑%DMA, only in women pregnant with a male. 
AS3MT: rs10748835 (A carriers): ↓MMA, ↓%MMA, and ↑%DMA, only in women pregnant with a male. 
AS3MT: rs11191439 (C carriers): ↑ MMA, ↓ DMA and, ↑%MMA, only in women pregnant with a male. 
AS3MT: rs10748835 (A carriers): ↓MMA, and ↓%MMA, only in women pregnant with a male. 

Engström et al., 
2011 

Bangladesh 361 Early pregnancy 
∑

As: 100 (21–390) μg/Le AS3MT: rs3740400 (C carriers): ↓%iAs, ↓%MMA. 
AS3MT: rs3740393 (C carriers); AS3MT: rs3740390 (A carriers): ↓%iAs, ↓%MMA, and ↑%DMA. 
AS3MT rs10748835 (G carriers): ↑ %MMA. 
AS3MT: rs11191439 (MetThr carriers): ↑%iAs, ↑%MMA, and ↓%DMA. 

Engström et al., 
2007 

Argentinean 
Andes 

33  
∑

As: 233 (111–401)d MTHFR: rs1801133 (Ala222Val): variant allele carriers (one or two copies)↑ %iAs, ↓ %DMA ↓%MMA. 
MTR: rs1805087 (Asp919Gly) heterozygotes ↓%MMA. 

Note: trim: trimester of pregnancy; ns: no significant, FDR: False discovery rate; creat: creatinine; AS3MT: arsenic (+3 oxidation state) methyltransferase; GSTO2: glutathione S-transferase omega-2; N6AMT1: N-6-adenine- 
specific DNA methyltransferase 1; MTRF: methylenetetrahydrofolate reductase; FOLH1: folate hydrolase 1; FTCD: formimidoyltransferase-Cyclodeaminase; DMA, dimethylarsinic acid; MMA, monomethylarsonic acid; iAs, 
inorganic As. 

a Median (5–95 percentile). 
b Geometric mean (CI%95). 
c Median (Interquartil Range). 
d Median (range). 
e Median (10–90 percentile). 
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In our study, we built a haplotype using the most relevant AS3MT 
SNPs (rs7085104, rs3740400, rs3740393, rs3740390, rs11191439, 
rs11191453, rs10748835, and rs1046778), finding that pregnant par
ticipants carrying zero copies (vs. two copies) of haplotype GGCTTCAC 
(18 % with at least one copy) had lower As methylation efficiency, 
denoted by higher %MMAcal and %iAscal, and lower %DMAcal. Other 
epidemiological studies have analysed the influence of these same 
AS3MT haplotypes on As methylation efficiency in different pop
ulations. In Andean women from Northern Argentina, a population 
exposed to very high As levels over several generations, the haplotype 
GCCATCAC (90 % with at least one copy) associated with higher %DMA 
and lower %MMA and %iAs (Engström et al., 2011). Nevertheless, in the 
same study, the same haplotype (GCCATCAC) in pregnant Bangladeshi 
women, (29 % carriers of at least one copy) was associated with a higher 
%DMA and lower %iAs but not with %MMA. The authors also evaluated 
the influence of the haplotype sequence AAGGTTGT on As methylation 
efficiency. They observed an association with higher %MMA and %iAs 
and lower %DMA in Argentinian women, and with higher %MMA in 
Bangladeshi women. In our study population, this haplotype was not 
present. In a case-control study carried out in Chile, the haplotype 
GCCATC inferred from six AS3MT SNPs (rs7085104, rs3740400, 
rs3740393, rs3740390, rs11191439, rs1046778) was associated with 
lower %MMA (de la Rosa et al., 2017). A similar association was found 
for haplotype GGCTAC (33 % with at least one copy) inferred from the 
AS3MT SNPs rs7085104, rs3740400, rs3740393, rs3740390, 
rs10748835, and rs1046778, in a population of non-pregnant women 
exposed to low As concentrations. In this study, pregnant participants 
with zero copies of the haplotype presented higher %MMA and lower % 
DMA (Stajnko et al., 2019). 

Results from all these studies, and others conducted across other 
populations (Chen et al., 2017; Drobná et al., 2016; Harari et al., 2013), 
highlight the strong influence of AS3MT on individual As methylation 
efficiency, even in populations that are not exposed to high As concen
trations. The protein encoded by this gene, the methyltransferase 
AS3MT, is the main enzyme catalysing the transfer of a methyl group 
from SAM to iAsIII and MAIII (BRENDA The Comprehensive Enzyme 
Information System, 2022). It has been suggested that genetic variants in 
the 10q24.32 region, which contains the AS3MT gene, decrease the 
expression and activity of the AS3MT enzyme, causing lower As 
methylation efficiency and higher As retention in tissues (Chernoff et al., 
2020). Conversely, other study found that C allele in rs3740400 asso
ciated with higher methylation efficiency, was inversely associated with 
AS3MT expression (Engström et al., 2011). More research is needed to 
elucidate this relation and the specific AS3MT mechanism. 

Interestingly, we also observed a significant association between 
FOLH1 rs202676 and As metabolism. Specifically, carriers of the variant 
G allele had higher %MMA. FOLH1 encodes the glutamate carboxy
peptidase 2 protein, an enzyme required for folate uptake in the intes
tine. Several studies observed an influence of folate status on As 
metabolism, reporting an inverse association between plasma folate and 
%iAs (Abuawad et al., 2021). A polymorphism in this gene (1561C > T) 
has been associated with low blood folate levels and hyper
homocysteinemia (Devos et al., 2009). As far as we know, only one study 
has evaluated the relationship between this polymorphism and As 
methylation efficiency. In that study, carried out in 1027 healthy 
Mexican women (median urinary TAs: 20.2 μg/g creatinine), the ho
mozygous FOLH1 rs202676 variant allele (in this study CC) had higher 
%DMA, and lower %MMA and %iAs than T-allele carriers, however, 
only the latter was statistically significant (Gamboa-Loira et al., 2018). 

The present study has some limitations: 1) the participants included 
in the present study were slightly different compared with the non- 
included women, i.e. among the included participants there was a 
slightly lower percentage of participants from the high socioeconomic 
classes (I + II and III), participants had a lower educational level and a 
higher rice consumption compared with non-participants. Although 
statistically significant, for most of these factors, differences were, 

however, small (Table S1). For example, among the included women, 
weekly rice consumption was only 30 g higher compared with non- 
included women. It is important to point out that other factors that 
may affect arsenic metabolism (e.g. BMI, parity, age and fish con
sumption) did not differed among the included and non-included par
ticipants. Although we still believe our study population could not be 
representative for the whole study cohort, our results provide valuable 
insight on the influence of genetic polymorphisms on the arsenic 
methylation efficiency among low-exposed Spanish women. To some 
extent, our results on the associations with some of the AS3MT SNPs are 
in agreement with other studies, which also give validity to our results. 
Moreover, the size of our study is considerable in comparison with other 
birth cohort studies investigating this research question; 2) we measured 
As methylation efficiency only once during pregnancy and we, there
fore, cannot evaluate the influence of genetics on As metabolism across 
pregnancy. It has been suggested that As methylation efficiency in
creases in the final stages of pregnancy (Gao et al., 2019a; Gardner et al., 
2011), thus, it would have been valuable to also measure As efficiency at 
a later stage of pregnancy; 3) The present study contains information 
about folate intake based on questionnaires; however, the use of plasma 
folate concentrations would have been more useful to determine 
whether the FOLH1 SNP found to be associated in our study (rs202676) 
also associated with lower folate levels. On the other hand, a noteworthy 
strength of our study is the considerable sample size in comparison with 
other studies evaluating the influence of maternal polymorphisms on As 
methylation efficiency. Furthermore, we analysed several As metabo
lites (both organic and inorganic) and used calibrated As percentages to 
minimize the influence of organic As species, like AB, and more precisely 
evaluate As methylation efficiency in this low–level iAs-exposed popu
lation with high seafood intake. 

5. Conclusions 

In our study, SNPs in AS3MT and FOLH1 were associated with lower 
As methylation efficiency in pregnant Spanish participants, whereas we 
found no impact on As metabolism for SNPs in other genes forming part 
of one‑carbon metabolism. Altogether, our results support the hypoth
esis that As metabolism is multigenic, even in populations with low 
environmental exposure to As through drinking water and food. This 
study not only provides basic knowledge about gene-environment in
teractions, a key element for determining susceptibility, but also ex
plains why some individuals have lower iAs methylation efficiency and, 
thereby, probably a higher susceptibility to As-related health effects. 

The present study is one of the few to analyse genetic influences on 
As methylation during pregnancy, considering variants in genes both 
related to As and OCM metabolism. In addition, multiple significant 
factors have been adjusted to obtain more accurate results. Nevertheless, 
As metabolism is a complex process that is not yet fully understood; 
further epidemiological studies are necessary to understand the possible 
impact of genetics on both As metabolism and vulnerability to arsenic- 
related health effects. Taken together, all this information can be use
ful to propose new public-health strategies. 

Ethics approval and consent to participate 

The study protocol was approved by the Ethics Committee of the 
University Hospital La Fe (Valencia), the Ethics Committee of the Public 
Health Research Centre in Valencia (CSISP), and the Ethics Committee 
of Donostia Hospital (Gipuzkoa). All participants were properly 
informed about the study protocol and objectives and provided 
informed consent. The study has been performed in accordance with the 
ethical standards laid down in the 1964 Declaration of Helsinki and its 
later amendments. The study followed the Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) reporting guideline 
for cohort studies. 

R. Soler-Blasco et al.                                                                                                                                                                                                                           



Science of the Total Environment 900 (2023) 165740

11

Consent for publication 

We confirm that the manuscript has been read and approved by all 
named authors, who agreed that the research was ready for submission 
to a journal. 

CRediT authorship contribution statement 

RSB: study conceptualization and methodology, formal analysis, 
methodology, writing - original draft preparation, writing - review and 
editing; FH: study conceptualization and methodology, supervision, 
formal analysis, writing - original draft preparation, writing - review and 
editing; GRM: formal analysis; writing - review & editing; MM: formal 
analysis, data curation; writing - review and editing; ML: data curation; 
writing - review and editing; AI: writing - review and editing; LSM: 
funding acquisition, study conceptualization and methodology, Writing 
- review and editing; MBZ: writing - review and editing; NFJ: writing - 
review and editing; SB: writing - review and editing; FB: funding 
acquisition, study conceptualization and methodology, project admin
istration; writing - original draft preparation, writing - review and 
editing; SL: funding acquisition, study conceptualization and method
ology, Supervision, project administration; formal analysis, writing - 
original draft preparation, writing - review and editing. 

Declaration of competing interest 

The authors declare that they have no competing interests. 

Data availability 

The datasets used and/or analysed during the current study are 
available from the corresponding author upon reasonable request. 

Acknowledgements 

This work has been funded by the Instituto de Salud Carlos III, Spain, 
through the projects PI06/0867, FIS-FEDER: 13/1944, 16/1288, PI18/ 
01142, 19/1338; PI09/00090, Miguel Servet-FEDER: CP15/0025, 
CPII20/00006; CD21/00186; FIS-FSE: 17/00260; Miguel Servet-FSE: 
MS15/0025, MS20/0006 and co-funded by the European Union and 
H2020-EU No 874583 (ATHLETE project). Also, this study was sup
ported by grants from the Generalitat Valenciana, Spain (CIAICO/2021/ 
132, BEST/2020/059 and AICO 2020/285), Department of Health of the 
Basque Government [2005111093 and GVSAN2018111086], Provincial 
Government of Gipuzkoa [DFG06/002], annual agreements with the 
municipalities of the study area (Zumarraga, Urretxu, Legazpi, Azkoitia 
and Azpeitia and Beasain), Gobierno de España through the Spanish 
Ministry of Universities (Margarita Salas Grant MS21-133, grant CAS21/ 
00008 and a grant for the requalification of the Spanish university) and 
co-funded by the European Union- Next Generation EU, Sahlgrenska 
University Hospital and IRIS stipendium. 

We are grateful to all participants and their families for taking part in 
this study. We also appreciate the generous contribution to the study 
made by all the members of INMA. A full roster of INMA Project In
vestigators can be found at http://www.proyectoinma.org/presentaci 
on-inma/listado-investigadores/en_listado-investigadores.html. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.165740. 

References 

Abuawad, A., Bozack, A.K., Saxena, R., Gamble, M.V., 2021. Nutrition, one-carbon 
metabolism and arsenic methylation. Toxicology 457, 152803. https://doi.org/ 
10.1016/j.tox.2021.152803. 

Agencia Catalana de Seguretat Alimentaria, 2019. Contaminantes V Estudio de dieta 
total en Cataluña Metales pesados, dioxinas (PCDD / F) y bifeniles policlorados 
(PCB). Generalitat de Catalunya. Departament de Salut, Barcelona.  

Agency for Toxic Substances and Disease Registry, 2016. Addendum to the Toxicological 
Profile for Arsenic. Division of Toxicology and Human Health Sciences, Atlanta.  

Antonelli, R., Shao, K., Thomas, D.J., Sams, R., Cowden, J., 2014. AS3MT, GSTO, and 
PNP polymorphisms: impact on arsenic methylation and implications for disease 
susceptibility. Environ. Res. 132, 156–167. https://doi.org/10.1016/j. 
envres.2014.03.012. 

Bozack, A.K., Hall, M.N., Liu, X., Ilievski, V., Lomax-luu, A.M., Parvez, F., Siddique, A.B., 
Shahriar, H., Uddin, M.N., Islam, T., Graziano, J.H., Gamble, M.V., 2019. Folic acid 
supplementation enhances arsenic methylation: results from a folic acid and creatine 
supplementation randomized controlled trial in Bangladesh. Am. J. Clin. Nutr. 109, 
380–391. https://doi.org/10.1093/ajcn/nqy148. 

BRENDA The Comprehensive Enzyme Information System, 2022. EC 2.1.1.137 - arsenite 
methyltransferase [WWW document]. URL. https://www.brenda-enzymes.org/enz 
yme.php?ecno=2.1.1.137. 

Chen, X., Guo, X., He, P., Nie, J., Yan, X., Zhu, J., Zhang, L., Mao, G., Wu, H., Liu, Z., 
Aga, D., Xu, P., Smith, M., Ren, X., 2017. Interactive influence of N6AMT1 and 
AS3MT genetic variations on arsenic metabolism in the population of Inner 
Mongolia, China. Toxicol. Sci. 155, 124–134. https://doi.org/10.1093/toxsci/ 
kfw181. 

Chernoff, M., Tong, L., Demanelis, K., Griend, D. Vander, Ahsan, H., Pierce, B.L., 2020. 
Genetic determinants of reduced arsenic metabolism efficiency in the 10q24.32 
region are associated with reduced AS3MT expression in multiple human tissue 
types. Soc. Toxicol. 382–395. https://doi.org/10.1093/toxsci/kfaa075. 

Chi, L., Gao, B., Tu, P., Liu, C., Xue, J., Lai, Y., Lu, K., Hill, C., Coast, W., 2018. Individual 
susceptibility to arsenic-induced diseases: the role of host genetics, nutritional status 
and the gut microbiome. Mamm. Genome 29, 63–79. https://doi.org/10.1007/ 
s00335-018-9736-9.Individual. 

Clare, C.E., Brassington, A.H., Kwong, W.Y., Sinclair, K.D., 2019. One-carbon 
metabolism: linking nutritional biochemistry to epigenetic programming of long- 
term development. Annu. Rev. Anim. Biosci. 7, 263–287. https://doi.org/10.1146/ 
annurev-animal-020518-115206. 

Cullen, W.R., 2014. Chemical mechanism of arsenic biomethylation. Chem. Res. Toxicol. 
27, 457–461. https://doi.org/10.1021/tx400441h. 

Devos, L., Chanson, A., Liu, Z., Ciappio, E.D., Parnell, L.D., Joel, B., Tucker, K.L., Crott, J. 
W., 2009. Associations between single nucleotide polymorphisms in folate uptake 
and metabolizing genes with blood folate, homocysteine, and DNA uracil 
concentrations. Am. J. Nutr. 88, 1149–1158. 
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Herring, A.H., Stýblo, M., García-Vargas, G.G., Fry, R.C., 2015. Maternal arsenic 
exposure, arsenic methylation efficiency, and birth outcomes in the Biomarkers of 
Exposure to ARsenic (BEAR) pregnancy cohort in Mexico. Environ. Health Perspect. 
123, 186–192. 

Laine, J.E., Ilievski, V., Richardson, D.B., Herring, A.H., Stýblo, M., Rubio-Andrade, M., 
Garcia-Vargas, G., Gamble, M.V., Fry, R.C., 2018. Maternal one carbon metabolism 
and arsenic methylation in a pregnancy cohort in Mexico. J. Expo. Sci. Environ. 
Epidemiol. 28, 505–514. https://doi.org/10.1038/s41370-018-0041-1. 

Liang, C., Wu, X., Huang, K., Yan, S., Li, Z., Xia, X., Pan, W., Sheng, J., Tao, R., Tao, Y., 
Xiang, H., Hao, J., Wang, Q., Tong, S., Tao, F., 2020. Domain- and sex-specific effects 
of prenatal exposure to low levels of arsenic on children’s development at 6 months 
of age: findings from the Ma’anshan birth cohort study in China. Environ. Int. 135, 
105112 https://doi.org/10.1016/j.envint.2019.105112. 

Liu, J., Gunewardena, S., Yue Cui, J., Klaassen, C.D., Chorley, B.N., Corton, J.C., 2020. 
Transplacental arsenic exposure produced 5-methylcytosine methylation changes 

and aberrant microRNA expressions in livers of male fetal mice. Toxicology 435, 
152409. https://doi.org/10.1016/j.tox.2020.152409. 

Martinez, V.D., Lam, W.L., 2021. Health effects associated with pre- and perinatal 
exposure to arsenic. Front. Genet. 12, 1–10. https://doi.org/10.3389/ 
fgene.2021.664717. 

Niedzwiecki, M.M., Liu, X., Zhu, H., Hall, M.N., Slavkovich, V., Ilievski, V., Levy, D., 
Siddique, A.B., Kibriya, M.G., Parvez, F., Islam, T., Ahmed, A., Navas-acien, A., 
Graziano, J.H., Finnell, R., Ahsan, H., Gamble, M.V., 2018. Serum homocysteine, 
arsenic methylation, and arsenic-induced skin lesion incidence in Bangladesh: a one- 
carbon metabolism candidate gene study. Environ. Int. 113, 133–142. https://doi. 
org/10.1016/j.envint.2018.01.015. 

Palma, I., Farran, A., Cervera, P., 2008. Tables of Food Composition for Household 
Measures of Habitual Consumption in Spain: CESNID, 4th ed. McGraw Hill, Madrid.  

Pierce, B.L., Tong, L., Dean, S., Argos, M., Jasmine, F., Rakibuz-Zaman, M., Sarwar, G., 
Islam, M.T., Shahriar, H., Islam, T., Rahman, M., Yunus, M., Lynch, V.J., 
Oglesbee, D., Graziano, J.H., Kibriya, M.G., Gamble, M.V., Ahsan, H., 2019. 
A missense variant in FTCD is associated with arsenic metabolism and toxicity 
phenotypes in Bangladesh. PLoS Genet. 15, 1–18. https://doi.org/10.1371/journal. 
pgen.1008172. 

Podgorski, J., Berg, M., 2020. Global threat of arsenic in groundwater. Science (80-.) 
368, 845–850. https://doi.org/10.1126/science.aba1510. 

Porter, K.E., Basu, A., Hubbard, A.E., Bates, M.N., Kalman, D., Rey, O., Smith, A., 
Smith, M.T., Steinmaus, C., Skibola, C.F., 2010. Association of genetic variation in 
cystathionine-β-synthase and arsenic metabolism. Environ. Res. 110, 580–587. 
https://doi.org/10.1016/j.envres.2010.05.001. 

Quansah, R., Armah, F.A., Essumang, D.K., Luginaah, I., Clarke, E., Marfoh, K., 
Cobbina, S.J., Nketiah-amponsah, E., Namujju, P.B., Obiri, S., Dzodzomenyo, M., 
2015. Association of arsenic with adverse pregnancy outcomes / infant mortality: a 
systematic review and meta-analysis. Environ. Health Perspect. 123, 412–421. 
https://doi.org/10.1289/ehp.1307894. 

R Core Team, 2021. R: A Language and Environment for Statistical Computing. 
Rodrigues, E., Kile, M., Elaine, H., Quazi, Q., Rahman Mahmuder Mahiuddin, G., 

Hsue, Y., Christiani, D., 2012. GSTO and AS3MT genetic polymorphisms and 
differences in urinary arsenic concentrations among residents in Bangladesh Ema. 
Biomarkers 17, 240–247. https://doi.org/10.3109/1354750X.2012.658863.GSTO. 

de la Rosa, R., Steinmaus, C., Akers, N.K., Conde, L., Ferreccio, C., Kalman, D., Zhang, K. 
R., Skibola, C.F., Smith, A.H., Zhang, L., Smith, M.T., 2017. Associations between 
arsenic (+3 oxidation state) methyltransferase (AS3MT) and N-6 adenine-specific 
DNA methyltransferase 1 (N6AMT1) polymorphisms, arsenic metabolism, and 
cancer risk in a chilean population. Environ. Mol. Mutagen. 58, 411–422. https:// 
doi.org/10.1002/em.22104. 

Sanchez, T.R., Perzanowski, M., Graziano, J.H., 2016. Inorganic arsenic and respiratory 
health, from early life exposure to sex-specific effects: a systematic review. Environ. 
Res. 147, 537–555. https://doi.org/10.1016/j.envres.2016.02.009. 

Shen, H., Niu, Q., Xu, M., Rui, D., Xu, S., Feng, G., Ding S., YusongLi, Jing, M., 2016. 
Factors affecting arsenic methylation in arsenic-exposed humans: a systematic 
review and meta-analysis. Int. J. Environ. Res. Public Health 13. https://doi.org/ 
10.3390/ijerph13020205. 

Soler-Blasco, R., Murcia, M., Lozano, M., Sarzo, B., Esplugues, A., Vioque, J., 
Lertxundi, N., Santa Marina, L., Lertxundi, A., Irizar, A., Braeuer, S., Goesler, W., 
Ballester, F., Llop, S., 2021. Urinary arsenic species and methylation efficiency 
during pregnancy: concentrations and associated factors in Spanish pregnant 
women. Environ. Res. 196 https://doi.org/10.1016/j.envres.2021.110889. 

Soler-Blasco, R., Murcia, M., Lozano, M., Sarzo, B., Esplugues, A., Riutort-mayol, G., 
Vioque, J., Lertxundi, N., Santa, L., Lertxundi, A., Irizar, A., Braeuer, S., Ballester, F., 
Llop, S., 2022. Prenatal arsenic exposure, arsenic methylation efficiency, and 
neuropsychological development among preschool children in a Spanish birth 
cohort. Environ. Res. 207, 112208 https://doi.org/10.1016/j.envres.2021.112208. 

Spratlen, M.J., Gamble, M.V., Grau-Perez, Ma, Chin-Chi, K., Best, L.G., Yracheta, J., 
Francesconi, K., Goessler, W., Mossavar-Rahmani, Y., Hall, M., Umans, J.G., 
Fretts, A., Navas-Acien, A., 2017. Arsenic metabolism and one-carbon metabolism at 
low- moderate arsenic exposure: evidence from the strong heart study. Food Chem. 
Toxicol. 105, 387–397. https://doi.org/10.1016/j.fct.2017.05.004.Arsenic. 

Spratlen, M.J., Grau-Perez, M., Umans, J.G., Yracheta, J., Best, L.G., Francesconi, K., 
Goessler, W., Balakrishnan, P., Cole, S.A., Gamble, M.V., Howard, B.V., Navas- 
Acien, A., 2018. Arsenic, one carbon metabolism and diabetes-related outcomes in 
the strong heart family study. Environ. Int. 121, 728–740. https://doi.org/10.1016/ 
j.envint.2018.09.048. 
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