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Abstract

Introduction—Concentrations of inorganic arsenic (iAs) metabolites in urine present intra-and 

interindividual variations, which are determined not only by the magnitude of exposure to iAs, but 

also by differences in genetic, environmental and dietary factors.

Objective—To evaluate whether differences in dietary intake of selected micronutrients are 

associated with the metabolism of iAs.

Methods—The intake of 21 micronutrients was estimated for 1027 women living in northern 

Mexico using a food frequency questionnaire. Concentration of urinary metabolites of iAs was 

determined by high performance liquid chromatography inductively coupled plasma mass 

spectrometry (HPLC-ICP-MS) and the proportion of iAs metabolites was calculated (%iAs, 

monomethylarsonic acid [%MMA] and dimethylarsinic acid [%DMA]), as well as ratios 

corresponding to the first (MMA/iAs), second (DMA/MMA) and total methylation (DMA/iAs).

Results—After adjustment for covariates, it was found that methionine, choline, folate, vitamin 

B12, Zn, Se and vitamin C favor elimination of iAs mainly by decreasing the %MMA and/or 

increasing %DMA in urine.
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Conclusions—Our results confirm that diet contributes to the efficiency of iAs elimination. 

Further studies are needed to assess the feasibility of dietary interventions that modulate the 

metabolism of iAs and the consequent risk of diseases related to its exposure.
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1. INTRODUCTION

Inorganic arsenic (iAs) is metabolized and excreted in urine in its monomethylated (15–

25%) and di-methylated forms (40–75%) and as iAs (20–25%) (Agency for Toxic 

Substances and Disease Registry, 2007). A greater proportion of monomethylarsonic acid 

(MMA), and a lower of dimethylarsinic acid (DMA) increase the risk of various cancers, 

skin lesions and diseases of the circulatory system among others (Steinmaus et al., 2010).

The concentrations of iAs metabolites in urine present intra-and interindividual variations, 

determined not only by the amount of iAs exposure but also by differences in genetic, 

environmental and dietary factors, such as the intake of several nutrients involved in one 

carbon metabolism, a series of oxidation-reduction reactions that provide methyl groups 

needed for arsenic methylation (Tseng, 2009).

Several studies undertaken in different human populations exposed to iAs, have consistently 

shown a negative association between urinary %MMA and dietary intake and/or plasma 

levels of some micronutrients (selenium [Se], zinc [Zn], calcium [Ca], folate, methionine, 

vitamin C and B6). In some studies, an increase in %DMA has been observed in relation to 

the consumption of these nutrients (Basu et al., 2011; Gamble et al., 2006, 2005; Hall et al., 

2009; Heck et al., 2007; Steinmaus et al., 2005a). Likewise, the intake of certain pro-

vitamins and vitamins (β-carotene, B2, B6, B12, A, C, E and folic acid) have been 

associated with a reduced risk of diseases linked to iAs exposure (skin cancer, 

hyperkeratosis diseases, melanosis and changes in blood pressure) (Chen et al., 2007; Hsueh 

et al., 1997; Zablotska et al., 2008).

In north Mexico, iAs is naturally found In drinking water In concentrations exceeding the 

limit (10 μg/L) recommended by the World Health Organization (Camacho et al., 2011). 

Recently, our research group reported an increased risk of breast cancer in women living in 

the area, who had reduced ability to metabolize iAs, expressed by higher %MMA and lower 

%DMA in urine (López-Carrillo et al., 2014). The aim of the present study is to evaluate 

whether differences in the dietary intake of micronutrients related to one carbon metabolism, 

as well as other selected nutrients, could explain variations in iAs metabolism among 

clinically healthy control women participating in the above mentioned study.

2. MATERIALS AND METHODS

2.1. Study population

A cross-sectional study was undertaken among 1027 healthy Mexican women aged at least 

20 years and resident for at least one year in any of the following states: Chihuahua, 
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Coahuila, Durango, Nuevo Leon and Sonora, during the period 2007 to 2011 (López-

Carrillo et al., 2014). The women were identified with the Master Sampling System for 

National Health Surveys in Mexico, which provides a list of homes located in both urban 

and rural areas, grouped into city blocks and also into basic geostatistical areas (BGA). A 

certain number of BGAs and city blocks were randomly selected, where homes were 

systematically visited in order to identify an eligible woman. In homes where no eligible 

woman was found, or if she did not consent, we proceeded to locate a new home; when there 

was more than one eligible woman, we randomly selected one. The response rate was 99.6% 

(1027/1031). The project was approved by the Research, Biosecurity and Bioethics 

Committees at the National Institute of Public Health (Mexico).

2.2. Interviews

Pending informed consent, participants were interviewed face to face in one occasion, at 

their homes by trained interviewers about sociodemographic characteristics, diet, alcohol, 

and tobacco consumption. Anthropometric measurements for calculating the body mass 

index were also obtained [BMI = body weight (kg)/height (m2)]. All interviews were made 

in the period of 2007 to 2009.

2.3. Urinary arsenic determination

Participants donated a first morning void urine sample, not necessarily the same day of 

interview. Samples were collected in a sterile disposable polypropylene urine collection cup, 

stored in a fridge and maintained at least for two years at −70 °C until analysis. 

Concentrations (μg/L) of urinary species for arsenite (As3+), arsenate (As5+), 

monomethylarsonic acid (MMA5+), dimethylarsinic acid (DMA5+) and arsenobetaine (AsB) 

were determined by high performance liquid chromatography coupled with mass 

spectrometry (HPLC-ICP-MS), according to methodology previously described (Gilbert-

Diamond et al., 2011). Measurements below the limit of detection (LOD) (AsB: 24.25%; 

As3+: 19.28%; As5+: 56.28%; MMA5+: 1.95%; DMA5+: 0.49%) were given the 

corresponding LOD: AsB: 0.08; As3+: 0.15; As5+: 0.41; MMA5+: 0.12 and DMA5+: 0.12, 

divided by two (LOD/2), as suggested by Barr et al. (2006). The urinary concentration of 

creatinine (mg/dL) was measured using an enzymatic method kit (Randox, Antrim County, 

UK). Coefficients of variation were: MMA5+= 8%, DMA5+= 9%, As3+= 8% and creatinine= 

2.76%.

In order to evaluate iAs metabolism, we calculated: 1) iAs concentration from the sum of 

As3+ and As5+; 2) Total As (TAs) as a result of the sum of iAs, MMA5+ (MMA), DMA5+ 

(DMA) and AsB; 3) proportions of iAs, MMA and DMA based on the total sum of these; 4) 

methylation ratios: first= MMA/iAs; second= DMA/MMA; and total= DMA/iAs.

2.4. Micronutrient intake evaluation

Daily consumption over the last year of 119 foods and 14 dishes was estimated using a 

validated semi-quantitative food frequency questionnaire, which included predetermined 

portions for each food, with 10 response options from “never” to “six or more times per 

day” (Galván-Portillo et al., 2011). Fruits and vegetables frequency of consumption was 
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adjusted according to their availability throughout the year; for example, half the reported 

plum consumption was assumed because they are only available six months of the year.

Previously, our work group identified the specific foods contained in our questionnaire, with 

those in the reference tables for nutrient composition No. 20 of the United States 

Department of Agriculture (USDA). Based on the frequency of food consumption reported 

by participants, the daily intake of total energy was estimated, as well as that of the 

following micronutrients: retinol, vitamin C, α-tocopherol, thiamine, riboflavin, niacin, 

vitamin B6, folate, vitamin B12, choline, methionine, betaine, phosphorus (P), magnesium 

(Mg), iron (Fe), copper (Cu), sodium (Na), potassium (K), Ca, Zn and Se.

2.5. Statistical analysis

Sociodemographic characteristics, proportions and methylation ratios of iAs metabolites, as 

well as nutrient intakes in the study population were described using measures of central 

tendency and dispersion. The percentage of women with consumption below the Daily 

Recommended Intake (DRI) was calculated using the values reported for Mexican women of 

19–70 years (Bourges et al., 2009), and when the corresponding information was not 

available, that suggested for American women was taken as reference (Institute of Medicine, 

2006).

The associations between each nutrient of interest with each urinary As metabolite were 

determined by multiple linear regression models. The proportions and iAs methylation ratios 

were transformed to log scale to improve their normality. Nutrient intakes of interest were 

adjusted for total energy intake, according to the residual method proposed by Willett et al. 

(1997). We included as covariates those that first: correlated significantly with any of the 

proportions or methylation ratios of iAs; second: correlated significantly with energy-

adjusted nutrients of interest; third: were not significantly correlated with each other. Those 

covariates were: age (years), total energy intake (kcal/day) and TAs-AsB (μg/l). BMI was 

not included because it was highly correlated with total energy intake.

3. RESULTS

On average, participants in the study were 54 years old, with 6 years of education, a BMI on 

the margin of obesity (30 kg/m2) and 48 years of residence in the selected states (Table 1). 

Most women did not smoke (85%) or consume alcohol (89%) (Data not included in Table 

1).

There was a high iAs exposure in our study population, since at least half of the women had 

urinary TAs concentrations of about 26 μg As/g of creatinine and 10% had concentrations 

higher than 150 μg As/g of creatinine. These values were higher than the median values 

reported for American nonsmoker adults (7.17 μg As/g of creatinine) and the percentile 90 

(33.7 μg As/g of creatinine) in the National Health and Nutrition Examination Survey for the 

years 2011–2012 (Centers for Disease Control and Prevention, 2015). In our study, less than 

4% of TAs was present as AsB (Table 2).
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In general terms, women in our study had daily dietary intakes lower than the DRI for 

retinol, folate, vitamin B12, choline, betaine, vitamin C, α-tocopherol, Ca, Fe, Zn and K. In 

particular, potassium, retinol, choline and calcium intakes were lower than the DRI in 90% 

of the women (Table 3). Except for Ca, most nutrients were significantly correlated with 

each other (data not included).

The daily intake of methionine, choline, folate, vitamin B12, vitamin C, Fe, Zn, Se and Na 

was significantly associated with the parameters favoring iAs elimination (reduction of 

%iAs, and/or %DMA increase, and/or DMA/MMA increase, and/or increase of DMA/iAs). 

The intakes of Ca and α-tocopherol were associated with the parameters reducing iAs 

elimination (increase of %MMA and/or MMA/iAs (Table 4).

4. DISCUSION

Our results show that dietary intake of several micronutrients (methionine, choline, folate, 

vitamin B12, vitamin C, Fe, Zn, Se, Na, Ca and α-tocopherol) play an important role in the 

metabolism of iAs.

In particular, our findings suggest that methionine, choline, folate and vitamin B12 dietary 

intakes improve iAs elimination by increasing urinary %DMA, which confirms the results of 

an epidemiological observational study performed in U.S.A (Steinmaus et al., 2005a); 

however, were not in agreement with the findings from two studies performed in Bangladesh 

(Heck et al., 2007; Hall et al. 2009). In a randomized clinical trial, supplementation of folic 

acid in adults was significantly associated with higher %DMA and lower %MMA in urine 

(Gamble et al., 2006), as well as with lower concentrations of iAs and MMA in blood 

(Gamble et al., 2007). In addition, mice exposed to As3+ and fed methionine, showed a 

decrease in %iAs and an increase in %DMA blood levels (Jin et al., 2010). Methionine, 

folate, vitamin B12 and B6, choline, betaine, among other nutrients participate in the one-

carbon metabolism, where methionine is activated to S-adenosylmethionine (SAM), the 

main donor of methyl groups for iAs methylation. In the event of high iAs exposure and 

limited availability of methyl groups, SAM is used primarily for MMA synthesis, rather than 

for DMA synthesis (Hall and Gamble, 2012; Howe et al., 2014)

Additionally, we found that Zn dietary intake was associated with a significant pattern of 

increased iAs elimination: decreased %MMA and %iAs as well as increased %DMA, 

DMA/MMA and DMA/iAs. This elimination pattern was also observed with the Fe intake, 

with the exception of the increase in %DMA. These results were in agreement with those 

from a study conducted among US adults (Steinmaus et al., 2005a), but not with another 

study undertaken in pregnant Bangladeshi women (Li et al., 2008). A possible explanation, 

could be that the effects of Zn, as well as of the various micronutrients that participate in the 

one-carbon metabolism, may be less obvious in pregnancy, due to the greater efficiency for 

iAs methylation during this period (Li et al., 2008; Tseng, 2009). In rodents, administered 

with As and Zn there was less accumulation in tissues and increased removal of iAs, when 

compared with the control group (Kamaluddin and Misbahuddin, 2006; Kreppel, 1994). Zn 

participates in the one-carbon cycle as a component of the active site of betaine-

homocysteine methyltransferase, which catalyzes methionine synthesis by transferring a 
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methyl group from betaine to homocysteine, in an alternative route to the transfer of 5-

methyltetrahydrofolate to homocysteine (Evans et al., 2002; Millian and Garrow, 1998). 

Even if the above mechanism could explain the effects of Zn on iAs methylation, there is no 

similar information available for Fe.

Our results also showed a significant negative association between Se intake and %iAs as 

well as positive with DMA/iAs, in agreement with findings from studies in Taiwan and 

Chile, where urinary Se was evaluated (Christian et al., 2006; Hsueh et al., 2003). 

Additionally, blood levels of Se have been linked to a reduction in urinary TAs 

concentrations (George et al., 2013), and %MMA in urine (Basu et al., 2011) and blood 

(Pilsner et al., 2011). Notwithstanding, a recent study showed non-linear relationships 

between Se and As metabolites, that deserve further attention (Yoshida et al., 2015). To our 

knowledge, no information is available on the relationships between dietary intake of Se and 

methylation ratios, which could be compared with the increase in DMA/iAs observed in the 

present study. Some foods, such as lentils, are sources of Se, usually present as 

selenomethionine (Thavarajah et al., 2007). Rats fed with lentils and exposed to iAs showed 

higher total excretion of As in feces and urine (Sah et al., 2013). It is possible that the 

mechanism underlying these findings involves Se participation in the thioredoxin (Trx)/

thioredoxin reductase (TR) system, since Trx provides reducing equivalents for the reduction 

of MMA5+ to MMA3+, which is subsequently converted to DMA5+. TR is dependent on Se 

and decreases its activity at low concentrations of this metalloid, with a consequent 

reduction in Trx production (Hill et al., 1997).

Regarding the effect of vitamin C on As metabolism, we have identified a positive 

association between vitamin C intake and urinary %DMA and DMA/iAs, which is 

consistent with a recent epidemiological study performed in Japan (Ilmiawati et al., 2013). 

Both findings are in agreement with in vivo studies showing that vitamin C and α-

tocopherol improved reduced glutathione (GSH) levels (Ramanathan et al., 2005), which in 

turn promoted As methylation and urinary elimination (Wang et al., 2015). In addition, 

individuals deficient in vitamin C have shown low GSH levels (Johnston et al., 1993). 

Furthermore, the ratio GSH/GSSG (oxidized glutathione) was significantly associated with 

increased urinary %MMA, decreased %DMA and higher TAs in blood in folate-deficient 

individuals (Niedzwiecki et al., 2014). Nevertheless, we identified a significant positive 

association between α-tocopherol and MMA/iAs, for which we do not have a feasible 

biological explanation.

Likewise, we identified isolated associations between Ca, K and Na intake and specific iAs 

metabolites which do not enable identification of a pattern for iAs elimination.

Results from this study should be interpreted considering methodological limitations and 

strengths. Most studies suggest that women have a better methylation capacity than men, 

then it would be difficult to extrapolate our results to men (Tseng, 2009). The presence of 

random errors due to the way diet is measured is possible, therefore we accept that our 

results may represent a conservative approximation, since this type of error underestimates 

associations, which may be the case for retinol, thiamine, riboflavin, niacin, vitamin B6, 

betaine, P, Mg and Cu. In contrast, the possibility of a differential measurement error in the 
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concentrations of iAs species, in terms of women’s diet, is negligible, since both 

interviewers and participants were unaware of the study hypothesis, as well as of their As 

levels in urine at the time of interview. In addition, a high percentage of iAs values that were 

below the LOD were imputed, whereas this situation may misrepresent the results, the sole 

use of detectable values would reduce the statistical power. We did a sensitivity analysis 

using only detectable values and found that most of our results remained (Table 1, 

supplementary material). Also, to reduce the likelihood of type I error due to multiple 

comparisons, those that resulted significant at p<0.001 were considered to be robust.

It has been considered that evaluation of the efficiency of iAs elimination with a single urine 

sample is a good estimate of chronic exposure, considering that the source of exposure is 

from daily water intake, coupled with evidence showing the existence of stable patterns of 

methylation over time (Steinmaus et al., 2005b) with small variations during the day (<5%) 

(Concha et al., 2002).

We also controlled for possible confounders that could influence the elimination efficiency 

of iAs such as age, total energy intake and magnitude of exposure to As (represented by TAs 

in urine) (Tseng, 2009). Varying dilution of urine samples may also distort the results. The 

concentration of creatinine, an indicator of dilution, has been associated with the efficiency 

of iAs elimination (Basu et al., 2011). However, the use of creatinine to control for potential 

concentration/dilution issues is a matter of debate: some authors suggest dividing urinary 

concentrations of the metabolite of interest by the respective concentration of creatinine, 

whereas others recommend its inclusion as an adjustment variable in multivariate models 

(Barr et al., 2004; Basu et al., 2011). Under these considerations, firstly, by using 

proportions and ratios of As metabolites in the present study, the value of creatinine 

concentration was mathematically eliminated; secondly, because its concentration was 

highly correlated with several important covariates, it was not included in the final models.

Additionally, the median intake of total energy, protein, carbohydrates, total fat, vitamin C, 

Fe, Zn, Ca and folate in women under study were similar to those reported for women aged 

20–59 years in the Mexico National Survey for Health Nutrition, 2006 (ENSANUT 2006) 

(Barquera et al., 2009), which reduces the probability of having studied an atypical sample 

of Mexican women.

In conclusion, our results support the hypothesis that diet contributes to the efficiency of iAs 

elimination. Further studies are needed to assess the feasibility of dietary interventions in 

Mexico that could modulate the metabolism of iAs and the consequent risk of diseases 

related to As exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Selected characteristics of the study population (n= 1027)

Characteristics Mean ± S.D. Median (p10, p90)

Age (years) 53.74 ± 12.66 54 (37, 71)

BMI (kg/m2) 30.61 ± 6.2 29.95 (23.44, 38.54)

Education (years) 5.86 ± 3.89 6 (1, 11)

Residence (years) 47.92 ± 13.82 48 (30, 66)

Age at menarche (years) 13.02 ± 1.58 13 (11, 15)

Parity (number) 5.46 ± 3.41 4 (2, 10)

Age at first birth (years) 20.16 ± 4.35 19 (16, 26)

Total breastfeeding (months) 61.32 ± 65.73 36 (0, 156)
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Table 2

Urinary arsenic metabolites (n= 1027)

Arsenic metabolites Median p10 p90

Total As-AsB (μg As/g creata) 19.96 6.40 98.41

Total Asb (μg As/g creat) 25.90 7.17 152.94

 iAs 1.95 0.63 9.96

 MMA 1.82 0.58 9.37

 DMA 15.62 4.87 75.22

 AsB 0.85 0.08 37.74

Metabolitesc (%)

 iAs 10.15 5.39 18.87

 MMA 9.84 5.64 15.28

 DMA 79.68 68.01 87.40

Methylation ratiosd

 MMA/iAs 1.00 0.50 1.79

 DMA/MMA 8.00 4.52 14.88

 DMA/iAs 7.84 3.64 16.12

a
Creatinine (mg/dL), p10, p50, p90: 18.49, 63.99, 161.5

b
AsB (μg As/g creat) in Total As= 3.28%

c
Percentage in Total As

d
Primary methylation= MMA/iAs, secondary methylation= DMA/MMA, total methylation= DMA/iAs
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Table 3

Daily dietary intake of selected nutrients (n= 1027)

Nutrients Mean ± S.D. Median (p10, p90) DRI % of women <DRI

 Retinol (μgRE/day) 222.21 ± 365.91 125.79 (48.33, 446.89) 570a 93.48

 Vitamin C (mg/day) 62.05 ± 48.15 50.11 (22.05, 109.43) 75a 75.17

 α-tocopherol (mg/day) 9.87 ± 3.37 9.68 (5.90, 14.01) 13a 85.69

 Thiamin (mg/day) 1.43 ± 0.69 1.27 (0.74, 2.30) 0.9a 21.03

 Riboflavin (mg/day) 1.34 ± 0.54 1.28 (0.75, 1.97) 0.9a 18.99

 Niacin (mg/day) 14.12 ± 6.26 12.93 (7.75, 21.94) 12a 43.43

 Vitamin B6 (mg/day) 1.62 ± 0.64 1.48 (0.95, 2.41) 1.2a 23.37

 Folate (μg/day) 338.25 ± 156.45 313.64 (164.63, 542.54) 460a 81.60

 Vitamin B12 (μg/day) 2.68 ± 3.19 1.82 (0.71, 5.10) 3.0a 73.52

 Choline (mg/day) 262.88 ± 105.43 245.59 (148.31, 386.51) 425b 94.94

 Methionine (mg/kg/day) 17.89 ± 7.07 16.75 (9.93, 27.07) 15bc 37.78

 Betaine (mg/day) 19.81 ± 13.96 17.39 (7.16, 35.37) – –

 Calcium (mg/day) 705.13 ± 304.53 656.24 (365.97, 1098.89) 1100a 90.17

 Phosphorus (mg/day) 1762.15 ± 894.43 1524.33 (909.12, 2901.10) 700a 2.73

 Magnesium (mg/day) 413.53 ± 203.55 358.91 (220.54, 669.43) 260a 19.96

 Iron (mg/day) 13.11 ± 5.4 12.10 (7.27, 19.78) 16.5a 77.99

 Zinc (mg/day) 10.11 ± 4.03 9.40 (6.00, 14.75) 11a 65.92

 Copper (mg/day) 1.43 ± 0.76 1.31 (0.77, 2.14) 0.75a 9.15

 Sodium (mg/day) 2212.29 ± 987.28 2082.56 (1132.93, 3354.10) 1375b 17.92

 Potassium (mg/day) 2411 ± 776.81 2295.67 (1517.71, 3432.58) 4700a 99.03

 Selenium (μg/day) 78.38 ± 33.1 74.00 (40.92, 119.10) 48a 16.36

Energy (kcal/day) 2085.48 ± 753.63 1948.58 (1279.16, 3039.00) – –

a
Average for Mexican women aged 19–70 years (Bourges et al., 2009)

b
Average for U.S. women 19–70 years (Institute of Medicine, 2006)

c
DRI for methionine + cysteine
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