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Abstract

Arsenic-contaminated groundwater is a global environmental health concern. Inorganic arsenic is
a known carcinogen, and epidemiologic studies suggest that persons with impaired arsenic
metabolism are at increased risk for certain cancers, including skin and bladder carcinoma.
Arsenic metabolism involves methylation to monomethylarsonic acid and dimethylarsinic acid
(DMA) by a folate-dependent process. Persons possessing polymorphisms in certain genes
involved in folate metabolism excrete a lower proportion of urinary arsenic as DMA, which may
influence susceptibility to arsenic toxicity. A double-blind placebo-controlled trial in a population
with low plasma folate observed that after 12 weeks of folic acid supplementation, the proportion
of total urinary arsenic excreted as DMA increased and blood arsenic concentration decreased,
suggesting an improvement in arsenic metabolism. Although no studies have directly shown that
high folate intake reduces the risk of arsenic toxicity, these findings provide evidence to support
an interaction between folate and arsenic metabolism.
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INTRODUCTION

Inorganic arsenic is ubiquitous in the environment and is a global environmental health
concern. Individuals can be exposed to inorganic arsenic from mining and smelting metal
ores, pesticide manufacturing and application, wood preservatives, medicines, and
homeopathic remedies. In non-occupationally exposed populations, ingestion of arsenic-
contaminated food and drinking water is the primary route of exposure.! Currently, the
Ganges Delta is the most heavily affected region with over 60 million people exposed to
elevated arsenic in their drinking water, although other countries, including Mexico, Chile,
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Argentina, and the United States, use groundwater contaminated with naturally occurring
inorganic arsenic as a potable source.

Once ingested, inorganic arsenic is methylated through a series of reduction and oxidation
reactions to form monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). S-
adenosylmethionine (SAM), produced through the methionine cycle (Figure 1),acts as the
methyl donor. Arsenic metabolism varies substantially among species, with humans
excreting much more of the intermediate metabolite, MMA, than do other species.2 The
percentage of each arsenic metabolite measured in urine, a marker of methylation efficiency,
has been shown to vary widely among individuals.3 These findings have led to speculation
that certain subpopulations may be genetically more susceptible to the toxic effects of
arsenic exposure. Chronic exposure to inorganic arsenic in humans is associated with
increased risk of cancer and diabetes as well as reproductive, neurological, cardiovascular,
respiratory, hepatic, and hematological effects.!

ARSENIC AND CANCER

Arsenic is a known human carcinogen and chronic exposure to inorganic arsenic has been
shown to increase the risk of bladder, liver, lung, and skin cancer.* Some epidemiologic
evidence suggests that the ability to metabolize inorganic arsenic may be related to the risk
of developing arsenic-induced cancers. For example, three studies conducted in a region of
Taiwan that historically used heavily arsenic-contaminated artesian wells as a source of
drinking water observed that persons who excreted a higher percentage of MMA relative to
DMA in urine had a greater risk (OR 5.5; 95% CI 1.2-24.8) of arsenic-induced skin lesions®
and increased risk (OR 7.48; 95% CI 1.7-34.0) of skin® and bladder’ cancers (OR 4.23;
95% CI 1.1-16.0). Each of these studies used a hospital-based case-control design that
compared cases (26 cases of skin lesions; 76 cases of skin cancer; and 49 cases of bladder
cancer, respectively) with gender- and aged-matched controls, with all study subjects
coming from regions that had used arsenic-contaminated artesian wells.

Although these studies are widely cited as evidence that an individual’s ability to metabolize
inorganic arsenic influences disease susceptibility, the mode of action for arsenic-induced
carcinogenesis has been difficult to determine. Arsenic is not a potent mutagen and when
administered alone does not produce tumors in traditional animal models; however, an
exception was noted in a transplacental model in mice, where short-term exposure to
inorganic arsenic in utero produced liver, lung, ovary, and adrenal tumors in the offspring
when they reached adulthood.® There is also growing evidence that inorganic arsenic acts
through epigenetic mechanisms by altering DNA methylation,® which is catalyzed by DNA
methyltransferases that covalently bond the methyl group from SAM to cytosine located 5’
to a guanosine. Typically under-represented in the genome, CpG dinucleotides cluster in the
promoter region and intronic regions of genes and are an important mechanism for
modulating gene expression.1® Abnormal patterns of DNA methylation, including global
DNA hypomethylation and promoter region hypermethylation, have been observed in
almost every type of human neoplasia and are believed to be an early event in
carcinogenesis.1!
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Chronic inorganic arsenic exposure has been associated with dose-dependent increases in
DNA methylation in the promoter region of tumor suppressor genes, including p53 in
human lung adenocarcinoma cell cultures.12 Arsenic has also been associated with increased
DNA methylation of p53 and p16 in peripheral blood DNA in humans chronically exposed
to arsenic-contaminated water.13 Altered DNA methylation of promoter regions of tumor
suppressor genes could result in the silencing of these genes and the loss of their tumor
suppressor function. Furthermore, Pilsner et al.1 assessed genomic methylation of
peripheral blood leukocyte DNA in Bangladeshi adults and also observed that chronic
exposure to inorganic arsenic was associated with increased genomic DNA methylation. The
consequences of genomic DNA hypermethylation are still unclear, but it may contribute to
inorganic arsenic genotoxicity because 5-methylcytosines deaminate more frequently than
cytosine, leading to an increased rate of cytosine to thymine transitions.

FOLATE STATUS, ARSENIC METABOLISM, AND DISEASE RISK

Folate, a water-soluble B vitamin found in green leafy vegetables, citrus fruit, and legumes,
serves as the initial methyl donor in methionine biosynthesis, a process that also involves
vitamin B1, (Figure 1). Methionine is subsequently activated by ATP to generate S-
adenosylmethionine (SAM), the universal methyl donor involved in both arsenic metabolism
and DNA methylation. Folate deficiency may influence the risk of cancer by causing
epigenetic changes, such as aberrant DNA methylation, resulting in altered expression of
oncogenes or tumor suppressor genes.1® Susceptibility to arsenic-induced cancers may be
modified by dietary folate intake since the generation of SAM is dependent on folate
availability. For instance, Pilsner et al.1* found that the positive association between arsenic
exposure and genomic DNA methylation in peripheral blood leukocytes was evident only in
persons with folate concentrations of 9 nmol/L or more. Several well-characterized
functional genetic polymorphisms that influence folate metabolism may also modify
susceptibility to arsenic.16

Animal studies have shown that folate status influences arsenic metabolism and distribution
in tissues, but only recently has evidence emerged suggesting that folate status may
influence arsenic metabolism in humans. The evidence of such an association appears more
convincing when folate status is assessed by measuring plasma folate concentration, rather
than by estimating dietary folate intake. Gamble et al.1” conducted a cross-sectional study
among 1,650 men and women in Bangladesh to assess the relationship between biomarkers
of nutritional status and arsenic metabolism. Folate, vitamin B1», and homocysteine were
measured in plasma; urinary arsenic metabolites were measured in a subset of 300 persons.
The results indicated the amount of DMA in urine was positively associated with plasma
folate and negatively associated with homocysteine. In addition, the percentages of both
DMA and inorganic arsenic were inversely associated with plasma folate. These findings
suggest that folate status may influence arsenic metabolism.

A subsequent analysis by Heck et al.18 examined the association between dietary intake of
folate and other compounds involved in methylation reactions and urinary excretion of
arsenic metabolites. In this study, folate intake was not associated with urinary arsenic
metabolites. However, higher intakes of several dietary compounds, including protein,
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cysteine, methionine, and vitamin B, were associated with lower excretion of inorganic
arsenic and higher ratios of MMA to inorganic arsenic in urine. Higher intakes of choline
and niacin were also associated with a higher ratio of DMA to MMA. Another study,
conducted in the United States, also found no association between urinary methylated
arsenic metabolites and folate intake, although it did find that persons with the lowest
protein intake excreted less DMA than those with the highest protein intake.1® While these
studies do not support a direct link between folate intake and arsenic metabolism, they do
suggest a possible association between arsenic metabolism and nutritional factors, including
folate and other compounds involved in methylation reactions.

The strongest evidence supporting a specific role for folate in arsenic metabolism comes
from a double-blind, placebo-controlled, 12-week folic acid supplementation trial conducted
in 200 adults recruited from rural Bangladesh.20 All participants, known to have low plasma
folate concentrations at the beginning of the study, were randomly assigned to receive either
folic acid supplementation (400 ug/d) or a placebo; compliance with the study regimen was
confirmed through direct observation. At the end of the trial, the folic acid-supplemented
group excreted significantly more urinary arsenic in the form of DMA than did the control
group. In addition, blood levels of both total arsenic and MMA were significantly lower in
the folic acid-supplemented group than in the control group. 21 These findings further
support a role for folate in arsenic metabolism, and they suggest that folic acid
supplementation can favorably alter arsenic metabolism in this population.

Although folate and other nutrients may be important in arsenic metabolism, epidemiologic
evidence linking folate status with the risk of arsenic-induced disease is sparse. One study in
West Bengal, India, where arsenic exposure in drinking water is high, reported a modest
increase in the risk of arsenic-induced skin lesions for persons in the lowest quintiles of
animal protein (RR 1.94; 95% CI 1.05-3.59) and folate intake (RR 1.67; 95% CI 0.87-
3.2).22 However, no associations were observed between nutritional status and skin lesions
when folate and other micronutrients were measured in serum.23 While these results appear
to be contradictory, they could reflect exposure misclassification. For some nutrients such as
folate, serum levels, while more quantitative, reflect recent (less than 1 month) nutrient
intake. Considering that the latency period for arsenic-induced skin lesions is on the order of
years, a food questionnaire with a longer recall period may be a more appropriate method
for capturing long-term nutrient intake than methods based on recent dietary habits.

GENETIC POLYMORPHISMS AND DISEASE RISK

Besides inadequate dietary folate intake, several genetic polymorphisms in folate-
metabolizing genes can impair the methionine cycle (Figure 1) and the generation of SAM,
thereby potentially influencing arsenic methylation. To become metabolically active, folic
acid must be reduced and methylated, forming 5,10-methylenetetrahydrofolate as an
intermediate. This compound is then converted by 5,10-methylenetetrahydrofolate reductase
(MTHFR) to 5-methyltetrahydrofolate, which is the metabolically active form of folate
found in blood and utilized by tissues.
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Two commonly occurring polymorphisms of the MTHFR gene, C677T and A1298C, have
been studied widely. Heterozygotes (CT) and homozygotes (TT) for the C677T
polymorphism have approximately 65% and 30%, respectively, of the MTHFR activity of
persons with the wild type (CC). As a result, TT homozygotes generally have lower plasma
folate levels.24 Persons who are homozygotes (CC) for the A1298C polymorphism have
approximately 60% of normal MTHFR activity, but it is unclear whether this MTHFR
polymorphism results in lower plasma folate levels. Two studies, one conducted in
Argentina and another in central Europe, observed that genetic polymorphisms in MTHFR
influenced arsenic metabolism. In Argentina, persons with the TT/AA haplotype MTHFR
677/1298, excreted a significantly higher proportion of ingested arsenic as inorganic arsenic
and a lower proportion as DMA.2> However, in the central European population, the TT
allele for the C677T MTHFR polymorphism was associated with a higher percentage of
arsenic excreted as MMA and a lower percentage as DMA compared to the wild-type
allele.26 While these outcomes differ slightly, they support the hypothesis that functional
polymorphisms in MTHFR influence inorganic arsenic metabolism.

In addition to MTHFR, polymorphisms in other genes involved in folate metabolism,
including the folate-binding protein that transports 5-methyltetrahydrofolate to the cell
interior, could also influence the relationship between folate status and arsenic-associated
disease risk. A study using knock-out mice showed that animals deficient in folate-binding
protein 2 were more susceptible to arsenic-induced neural tube defects than were wild-type
mice and that the detrimental effects of arsenic were increased by low-folate diets.2’
However, no changes in arsenic metabolism were evident in this study, and the authors
concluded that the observed neural tube defects were not due to impaired arsenic
methylation.

CONCLUSION

While there is mounting evidence that folate influences arsenic metabolism, further research
is needed to determine whether poor dietary folate intake is associated with an increased risk
of arsenic-induced cancers. Improved understanding of this relationship would help to
inform public health campaigns in arsenic-endemic regions, where programs to increase
folate intake through supplementation or food fortification with folic acid might help to
ameliorate the negative health effects of chronic arsenic exposure. In addition, increased
understanding of the effect of genetic polymorphisms in genes involved in folate and arsenic
metabolism could be used to help define appropriate folate intakes. A better understanding
of the relationship between arsenic and epigenetic events could lead to new treatments for
chronic inorganic arsenic exposure that would help reduce the burden of arsenic-associated
disease.
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Figure 1. Folate and ar senic metabolism
Insufficient folate and vitamin By, intake could influence arsenic toxicity through aberrant

gene expression due to altered DNA methylation (1), decreased arsenic methylation (2), or
impaired DNA repair (3). Genetic polymorphisms in the reduced folate carrier gene (RFC-1)
can result in lower serum folate levels (A). Two genetic variants (MTHFR C667T and
MTHFR A1298C) in methylenetetrahydrofolate reductase (MTHFR) (B) decrease the
synthesis of 5-methyl-THF. 5-methyl-THF, along with vitamin B, is required by the
methionine cycle to remethylate homocysteine to methionine (C), in a reaction catalyzed by
methionine synthetase (MS, also known as 5-methyltetrahydrofolate-homocysteine
methyltransferase, MTR) and to generate S-adenosylmethionine (SAM), in a reaction
catalyzed by methionine adenosyltransferase (D).
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