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Abstract

Skin lesions and cancer are known manifestations of chronic exposure to arsenic contaminated 

drinking water. Epidemiologic data primarily comes from regions with exposures 1–2 orders of 

magnitude above the current World Health Organization (WHO)’s guidelines of 10 μg/L. 

Emerging evidence indicates that more common exposures may also be related to both non-

cancerous and cancerous changes to the skin. In this review, we focus on the body of 

epidemiologic literature that encompasses exposures within the WHO guidelines, excluding 

studies that lacked individual exposure estimates and case reports. For skin lesions and skin 

cancers, 15 and 10 studies were identified that met our criteria, respectively. For skin lesions, a 

consistent dose-response relationship with water arsenic has been observed, with increased risk 

evident at low- to moderate-dose exposure. Of the larger studies of specific histologic types of 

skin cancers, although with differing exposure definitions, there was evidence of dose-related 

relationships with both basal cell carcinomas and squamous cell carcinomas. The effect of arsenic 

exposure on skin lesion risk is likely modified by genetic variants that influence arsenic 

metabolism. Accumulating evidence suggests that arsenic may increase risk of skin lesions and 

skin cancers at levels not previously considered harmful, and that genetic factors may influence 

risk.
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Introduction

The skin is a sentinel organ for the effects of chronic arsenic exposure, including exposure 

through drinking water. In particular, arsenical skin lesions are the hallmark of chronic 

arsenic poisoning and typically begin to appear within a few years of exposure [1, 2]. 

Individuals with these lesions are considered to be at higher risk for skin and other cancers 

[3]. Skin lesions typically begin with a diffuse hyper-pigmentation (often with 

hypopigmented spots) of chest, neck and trunk, with concomitant or later appearance of 

hyperkeratosis of palms and soles [4, 5].

According to the International Agency for Research on Cancer (IARC), there is sufficient 

human evidence of arsenic’s skin carcinogenicity [6–8]. The earliest links came from 

patients treated for psoriasis and other ailments with arsenic-containing compounds (e.g. 

Fowler’s Solution containing 1% potassium arsenite), and later in German vintners exposed 

to inorganic arsenic (iAs)-pesticides [8]. Furthermore, several regions with highly arsenic-

contaminated drinking water have reported cases of skin cancers (reviewed in IARC, 2004 

[7]). In 1968, Tseng and colleagues published an ecologic analysis of village drinking water 

and skin cancer prevalence based on a household survey in the southwest of Taiwan’s 

Blackfoot endemic region, where residents consumed arsenic-contaminated artesian well 

water for many decades [9]. A clear increasing trend in skin cancer prevalence was observed 

from low (<300 μg/L), medium (300 – 600 μg/L) and high (>600 μg/L) arsenic areas of 2.6, 

10.1 and 21.4 cases per 1000 persons – demonstrating an 8-fold difference from the highest 

to lowest category of arsenic exposure. Elevated standardized mortality ratios of skin cancer 

both in the southwest of Taiwan and in a northern region of Chile served by an arsenic 

contaminated water supply (of up to 870 μg/L) further pointed to excess skin cancers among 

populations exposed to high drinking water concentrations of arsenic [7, 8]. The 

characteristics of arsenic-associated skin tumors include squamous cell carcinomas (SCC) 

(including Bowen’s disease) arising in keratoses and multiple basal cell carcinomas (BCC) 

[10–12]. While there is an intriguing report of an association between arsenic exposure and 

melanoma skin cancer in a US population [13], this association has not been evaluated in 

other populations and it has not yet been deemed causal.

Further, it has been hypothesized that individuals vary in their susceptibility to arsenic 

toxicity due in part to inter-individual differences in inherited genetic factors (with other 

environmental, nutritional, and/or lifestyle susceptibility factors likely to play a role). For 

instance, genetic variants that influence an individual’s capacity to metabolize and excrete 

arsenic could impact an individual’s body burden of arsenic and also affect an individual’s 

susceptibility to exposure. One example of this phenomenon is the 10q24.32 region, which 

contains the AS3MT gene (arsenite methyltransferase). There are multiple variants in this 

region that show independent association with relative concentrations of arsenic metabolites 

in urine, suggesting they impact arsenic metabolism efficiency and toxicity risk [14–18].

An outstanding question is whether skin lesions and cancers occur globally in populations 

with lower, more common levels of exposure to arsenic in drinking water, including those 

around the current WHO drinking water guideline of 10 μg/L [19]. The majority of the skin 
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lesions are potentially reversible, except for very advanced keratotic nodules which persist 

for decades in some individuals. Moreover, it is as yet uncertain how risks may be altered by 

individual differences in arsenic metabolism that may be particularly relevant to populations 

with lower exposure levels. As this emerging literature has not been extensively reviewed, 

we focus here on epidemiologic case-control and cohort studies of skin lesions and 

malignancies characterized by individual estimates of exposure to arsenic through drinking 

water or biomarkers of arsenic exposure that correlate with drinking water exposure at 

exposures levels encompassing the WHO guideline value. Our review does not encompass 

laboratory experiments or mechanistic-based studies.

Methods

To systematically review the epidemiologic literature on skin lesions and skin cancer, we 

searched for articles published and catalogued in PubMed prior to July 2014. Study designs 

other than case-control or cohort studies (e.g., studies lacking individual exposure estimates 

and case reports) were excluded from this review. We did not consider studies based on skin 

cancer mortality as an endpoint [20–22] as these conditions are not typically fatal and do not 

accurately reflect the incidence of these outcomes. Further, we removed studies that only 

included exposure above 100 μg/L. Thus, studies exclusively reporting on high levels of 

arsenic exposure (e.g., in regions in Taiwan or South America) were omitted [9, 23–26]. 

Studies that used individual estimates from drinking water arsenic measurements or a 

biomarker known to correlate with drinking water arsenic (e.g., urine or toenails [27, 28]) 

were included in the review, but those which considered arsenic-containing medicines were 

excluded [29]. However, occupational arsenic exposure, disease-surrogates (e.g., when 

Blackfoot disease was used to define exposure), or exposures classified solely by self-report 

were excluded. Studies that did not report original research; only presented effect estimates 

modified by some other factor; were carried out in vitro, in animal models, or in human 

tissues to primarily study biological mechanisms were not considered in this review. In 

addition to articles identified through PubMed, we searched reviews of arsenic and skin 

lesions or cancer (including IARC 2004 and 2009 [7, 8], EFSA 2009 [30], and NAS 2014 

[31]) as well as the reference lists of the articles we reviewed to identify any additional 

articles. Two authors reviewed the papers for inclusion/exclusion criteria and questions were 

resolved by consensus.

For skin lesions, we searched PubMed for the words ‘arsenic’ and ‘skin lesions’ or ‘skin 

lesion’ or ‘dermal lesion’. In total, 273 publications were returned by the search, of which 

22 publications met our inclusion criteria. For multiple studies from the same cohort, we 

presented the publication with the longest follow-up provided it included results with 

detailed exposure information. Of the 22 publications, 8 reported on the same study, so only 

1 [32] of the 8 publications was presented (the other 7 were identified in the comments 

section of Table 1). In the end, 15 publications were reviewed (Figure 1a).

For skin cancers, we reviewed original research relevant to non-melanoma skin (NMSC) or 

keratinocyte cancers (i.e., squamous cell and basal cell carcinomas of the skin – including 

Bowen’s disease), as arsenic is known to cause these malignancies. Melanoma was excluded 

from this review, as so far very few studies have evaluated the association between arsenic 
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and melanoma. In PubMed, we searched for the words ‘arsenic’ and ‘non-melanoma skin 

cancer’ or ‘SCC’ or ‘BCC’ or ‘squamous cell carcinoma’ or ‘basal cell carcinoma’ or 

‘keratinocyte cancer’. In total, 156 publications were returned by the search and 10 

publications were identified that met our criteria (Figure 1b).

Results

Skin lesions and arsenic

Of the 22 published studies (15 individual studies representing unique research) that 

evaluated the association between arsenic exposure and skin lesions, the majority were 

conducted within South Asian populations and the others were from China (Table 1). All 

publications were identified in PubMed, except for one study identified by a hand search 

(Figure 1a). There were thirteen case-control or cross-sectional studies and two cohort 

studies that met our criteria.

South Asia—A total of 9 studies were conducted in Bangladesh [32–40]. In general, a 

well-established dose-response relationship was evident for the association between the 

concentration of arsenic in drinking water and skin lesions. For the Bangladeshi population, 

the risk of skin lesions was reported to begin at drinking water concentrations as low as 10 

μg/L [32, 41]. In the Health Effects of Arsenic Longitudinal Study (HEALS) in Bangladesh, 

there was a 70% increased risk of skin lesions for those exposed to 50–100 μg/L water 

arsenic as compared to those with <10 μg/L, and this risk increased monotonically with 

higher concentration, with more than three-fold increased risk for the highest exposed group 

(200+ μg/L) [32].

Several other studies in South Asian populations reported increased risk for water arsenic 

[33, 36, 38, 42, 43]. In West Bengal, India, the risk for skin lesions also began to increase 

with water arsenic concentrations >50 μg/L [42] as had been observed in many Bangladesh 

studies, and prevalence estimates showed an increase in skin lesion cases also beginning 

around 50 μg/L with a significant trend of increasing prevalence as water arsenic levels 

increased [43]. The Sindh region of Pakistan’s elevated water arsenic levels resulted in 

significantly increasing prevalence of skin lesions with increasing water arsenic and 

cumulative ingested dose or urinary excretion [44, 45].

In addition to well water concentrations of arsenic, measures of urinary arsenic, urinary 

arsenic metabolites, and arsenical toenail concentration can inform to what extent the 

internal dose of arsenic drives skin lesion status [46]. In Bangladesh, numerous studies have 

reported increased risk of skin lesions with higher levels of urinary arsenic [32–34, 39]. In 

HEALS, creatinine-adjusted total urinary arsenic was associated with increasing risk of skin 

lesions in a significant trend, with those excreting the highest levels of arsenic in urine 

(>393 μg/g) having 2.4-fold increased odds of skin lesions compared to those with the 

lowest levels of urinary arsenic [32].

Some of these studies also evaluated modifiers of skin lesion risks. In HEALS and other 

study populations, skin lesion risk related to arsenic was modified by host factors including 

gender [47], genetic variations as described below [37], and diet [48, 49].
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In West Bengal, India, the risk for skin lesions also began to increase with water arsenic 

concentrations >50 μg/L [42] as had been observed in many Bangladesh studies, and 

prevalence estimates showed an increase in skin lesion cases also beginning around 50 μg/L 

with a significant trend of increasing prevalence as water arsenic levels increased [43]. The 

Sindh region of Pakistan’s elevated water arsenic levels resulted in significantly increasing 

prevalence of skin lesions with increasing water arsenic and cumulative ingested dose or 

urinary excretion [44, 45].

China—A case-control study conducted in the Inner Mongolia region of China reported 

significantly increased risk of skin lesions beginning from 5.1 μg/L of arsenic in well water, 

with increasing risk as water concentrations increased [50]. Similarly, a cross-sectional 

analysis of a study conducted in Inner Mongolia calculated greatly increased risk of skin 

lesions when exposed to >50 μg/L of arsenic in water – even after adjusting for duration of 

exposure [51]. The dose-response trends between arsenic concentration in water and skin 

lesion risks are very similar to those reported for water arsenic in the HEALS cohort in 

Bangladesh.

Skin cancers and arsenic

The 10 publications identified as meeting our criteria were from eight distinct study 

populations reported from seven countries (Table 2). Two publications were derived from 

the same study [52, 53], but presented different analyses (one categorical and one 

continuous) so are represented in Table 2 as one study. Two publications were conducted on 

different samples drawn from the same study population, and therefore are presented 

separately in Table 2 [54, 55]. Six publications were identified from PubMed and four 

publications from a hand search (Figure 1b). There were two cohort studies and eight case-

control studies that met our criteria.

Northern Europe—An analysis based on the prospective Diet, Cancer and Health (EPIC) 

study from Denmark (n=56,378 persons) determined drinking water concentrations for 

individual cohort members by linking their addresses to average water concentrations of the 

water utilities serving the area [56]. For individuals who lived in residential areas served by 

multiple utilities, drinking water concentrations were averaged over these utilities. Data on 

potential confounders were collected from questionnaires at enrollment and included skin 

reaction to the sun, but not information on sun exposure history itself. First non-melanoma 

skin cancers were identified in the cohort by linking to the Danish Cancer Registry that 

ascertains these malignancies; however analyses were not performed separately for basal 

cell carcinomas and squamous cell carcinomas (i.e., they were grouped in the analysis). 

Estimated water concentrations ranged from 0.05 μg/L to 25.3 μg/L with 95% of the 

population being at or below 2.1 μg/L – and thus had very low exposure. No overall 

association with skin cancer was observed (IRR 0.99, 95% CI = 0.94, 1.06, per μg/L 

increase in time-weighted average exposure since age 41).

Eastern Europe—A population-based case-control study in Slovakia included 264 

histologically confirmed first primary NMSC registered in the region (of which 91% were 

basal cell carcinoma) and 286 randomly selected age and sex matched controls [57]. In a 
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stepwise regression analysis, adjusted for urinary creatinine, sex, renal disorder, current 

smoking status, place of residence, self-supply with homegrown food, arsenic in house dust 

samples, arsenic in soil samples, and age, total urinary arsenic was higher in NMSC cases 

than controls (P=0.03) as was inorganic urinary arsenic (P<0.001) and DMA (P = 0.045). 

Exposure to arsenic in this population was largely due to emissions from a coal burning 

power plant, and arsenic in drinking water was estimated to be relatively low [58].

The Arsenic Health Risk Assessment and Molecular Epidemiology (ASHRAM) study was a 

larger case-control study of 529 newly diagnosed, histologically confirmed basal cell skin 

cancer cases identified from hospital pathologists and 540 hospital (mostly general surgery, 

orthopedic, and trauma, e.g., appendicitis, abdominal hernia, duodenal ulcer, cholelithiasis, 

or fracture in-patients) controls from Hungary, Romania, and Slovakia [59]. An odds ratio of 

1.18 (95% CI = 1.08, 1.28) was associated with each 10 μg/L increase in average lifetime 

drinking water concentration of inorganic arsenic.

Taiwan—In a cross-sectional study of 1,081 individuals from the southwest of Taiwan, 

skin cancer prevalence was associated with average drinking water concentrations in their 

village of residence and cumulative drinking water arsenic exposure, with evidence of a 

dose-response relationship [54]. Similar trends were observed with incident skin cancer 

occurrences (n=33) during the follow-up period [55]. Also in southwest Taiwan, a hospital-

based case-control study included 76 newly diagnosed NMSC cases with histologically 

confirmed Bowen’s disease (29.2%), basal cell carcinoma (33.3%) or squamous cell 

carcinoma (47.2%) from National Cheng-Kung University Hospital compared to 224 

hospital controls (with diagnoses of fractures or cataracts) [60]. Urinary arsenic 

measurements were taken along with estimates of cumulative arsenic exposure derived from 

the average artesian well water concentration in their village of residence 30 years ago and 

duration of consuming that water. While no association was observed with NMSC and total 

urinary arsenic, an increasing trend was found with cumulative arsenic exposure (P for 

trend=0.007).

USA—In a population-based case-control study of incident basal cell (n=587) and invasive 

squamous cell skin cancers (n=284) and 524 age- and sex-matched controls from New 

Hampshire, USA, there was evidence of an increased risk of invasive squamous cell 

carcinoma (OR = 2.07, 95% CI = 0.92, 4.66) and to a lesser extent basal cell carcinoma of 

the skin (OR = 1.44, 95% CI = 0.74, 2.81) among those with the highest levels of toenail 

arsenic concentration compared to those with the lowest levels of toenail arsenic 

concentration [52]. Fitting a two-segment linear model with continuous toenail arsenic 

concentrations, a dose-response relationship was observed above the change-point of 0.105 

μg/g that translated to 1–2 μg/L in drinking water [53]. A large proportion of the study 

population (30–40%) had a private, unregulated water system at their place of residence, 

with over 10% of the private systems containing arsenic above 10 μg/L. A subsequent 

population-based case-control study from New Hampshire specifically investigated 

squamous cell carcinomas of the skin using urinary arsenic detection. In this study, a linear 

dose-related increase was observed with total urinary arsenic (excluding arsenobetaine) 

(OR=1.37, 95% CI = 1.04, 1.80 per unit increase of ln-transformed concentrations of 
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arsenic). There was an increasing trend in the odds ratios for SCC with each urinary fraction 

(absolute concentrations of iAs; monomethylated arsenic species, MMA; dimethylated 

arsenic species, DMA), with the strongest association for MMA [61].

Mexico—A small dermatology clinic-based case-control study from Lagunera, Mexico 

involved 42 prevalent clinically diagnosed NMSC cases and 48 controls [62]. Individual 

arsenic exposure was determined by urinary arsenic and historic exposures using drinking 

water arsenic concentrations for their place of residence multiplied by the number of years 

they lived there. The investigators hypothesized that human papillomavirus (HPV) infection 

might contribute to NMSC risk among those chronically exposed to arsenic as a result of 

enhanced viral susceptibility to infection consequent to arsenic-induced immunosuppression. 

While they found no association with urinary arsenic or historic exposure among those 

seronegative for HPV 16, a higher odds ratio was found among those with high historic 

arsenic exposure who were HPV 16 positive (OR=16.5, P=0.001, 95% CI = 2.97, 91.75) 

when compared to those who were HPV 16 negative and had low arsenic exposure. This 

subgroup finding however was based on very small stratum sizes, and may have been due to 

chance, particularly since HPV16 is not among the cutaneous HPVs (e.g., reviewed in 

Farzan et al. 2013 [63]).

Interactions with Arsenic Metabolites or Genetic Polymorphisms in ASMT (arsenite 
methyltransferase)

Several epidemiological studies have reported associations between arsenic metabolite 

percentages measured in urine and risk for arsenical skin lesions [33, 35, 37, 64, 65]. More 

specifically, higher MMA% (and/or lower DMA%) in urine have been related to reduced 

methylation capacity and an increased risk of skin lesions [37]. This suggests that low 

arsenic metabolism capacity is a risk factor for arsenic toxicity because individuals with 

low-capacity genotypes will retain more arsenic in the body. These findings further imply 

that metabolism capacity (and genetic variants that influence this capacity) may interact with 

arsenic exposure to influence skin lesion risk. These results also are consistent with in vitro 

and animal studies that provide evidence that MMA is a potential driver of arsenical skin 

lesions risk. [37]

In Bangladesh, a case-control study found participants excreting higher proportions of 

MMA (>12%) but lower DMA proportions (<76%) to be at significantly higher risk of skin 

lesions [35], and the increased risk associated with higher MMA% (starting around 13%) 

was also seen in another study conducted in Bangladesh [37]. A case-control study from 

Bangladesh used path analysis to determine that the odds of skin lesions were significantly 

associated with log10 MMA%, but found no association with DMA [33]. A small Taiwanese 

case-control study of 26 skin lesion patients with gender- and age-matched controls 

indicated that participants with high MMA% (more than 15.5%) had an odds ratio of skin 

lesions of 5.5, compared to those with low MMA%, and those with low DMA% (less than 

72.2%) had an odds ratio of 3.25, compared to those with high DMA% [66]. A Mexican 

cross-sectional study of 104 residents of neighborhoods in close proximity to mining 

operations and contaminated groundwater found a difference in the mean percentage of 

MMA in the urine among As-exposed subjects, with residents displaying skin lesions having 
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7.7% MMA, and residents without lesions having 5.9% (P=0.072) [64]. Yet another study 

conducted in the Huhhot Basin of China found the proportion of arsenic metabolites within 

urine samples to influence risk of skin lesions, with lowered arsenic methylation capacity 

(i.e., lower DMA% and higher MMA%) suggested to increase the risk of arsenic-induced 

skin lesions [67].

The most prominent example of genetic variation influencing arsenic metabolism capacity is 

the 10q24.32 locus, which harbors the AS3MT gene (encoding the arsenite methyltransferase 

enzyme). Genetic variants in this region have shown consistent association with arsenic 

metabolism capacity across several populations (reviewed in Agusa et al. [14]). A recent 

genome-wide association study (GWAS) of Bangladeshi individuals confirmed this finding 

and provided evidence of two independent association signals in this region, represented by 

rs9527 and rs11191527 [15].

Recent studies have reported associations between these 10q24.32 metabolism-related SNPs 

and skin lesion risk. A Bangladeshi study of 2,483 skin lesion cases and 2,857 controls 

demonstrated independent association for both metabolism-related 10q24.32 SNPs (rs9527 

and rs11191527) and skin lesions status, with the high-methylation capacity alleles being 

associated with decreased risk [16]. These SNPs also showed evidence of interaction with 

arsenic exposure to influence skin lesions risk, with the effect of arsenic being stronger 

among individuals with low metabolism capacity alleles [16]. Similarly, in a study of 

arsenic-exposed Mexican individuals (71 skin lesions cases and 51 controls), the low-

capacity allele of 10q234.32 SNP rs11191439 was associated with decreased DMA% and 

increased skin lesions risk. rs11191439 is a non-synonymous AS3MT SNP (Met287Thr) 

that is in moderate to strong linkage disequilibrium with rs9527 (r2 of 0.29 to 0.95, 

depending on population). In contrast to these studies, data from 229 skin lesions cases and 

199 controls sampled from an arsenic-exposed Indian population showed no association 

between AS3MT SNP rs11191439 (Met287Thr) and skin lesions status [17]. Aside from 

10q24.32, no other genomic regions have shown consistent association with arsenic 

metabolism capacity or skin lesion risk across multiple studies (reviewed in [18]). Also, no 

additional regions were identified in the GWAS setting [15, 16].

To date, we know of no studies that have specifically evaluated associations or SNP-arsenic 

interactions for 10q24.32 variants in relation to skin cancer risk. However, there is some, 

albeit inconsistent evidence that arsenic metabolism may modify risk of skin cancer. For 

example, in a study from Slovakia, the ratio of inorganic to organic arsenic calculated as 

iAs/(MMA+DMA) was lower (P<0.05) amongst cases compared to controls [58]. Likewise, 

in the ASHRAM study, the association between urinary iAs and skin cancer was modified 

by participants’ ability to metabolize iAs, with participants below the median of DMA% or 

above the median MMA% having greater risks [59]. One study from Taiwan found an 

association between skin cancer cases and a lower ratio of DMA/MMA but higher ratio of 

MMA/(AsIII+AsV) when compared to controls, suggesting cases differ from controls in 

their arsenic methylation capability [55]. In a case-control study from Taiwan conducted by 

Chen et al. 2003, a low DMA to MMA ratio was positively associated with skin cancer in 

participants with high cumulative arsenic exposure [60]. In contrast, in the US study 

reported by Gilbert-Diamond et al. 2011, while a strong association was observed for 
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urinary MMA, the ratios or percentages of the metabolites did not appear to be related to 

risk of squamous cell carcinoma [61].

Aside from 10q24.32, no other genomic regions have shown consistent association with 

arsenic metabolism capacity or skin lesion risk across multiple studies (reviewed in [18]). 

Also, no additional regions were identified in the GWAS setting [15, 16].

Conclusions

Our review of the literature examined lower exposure levels of arsenic than reviewed 

previously. In aggregate, clear dose-related trends have been observed for arsenic-related 

skin lesions at levels below 100 μg/L in populations from South Asia and China. The 

evidence for arsenic exposure and skin cancer (specifically keratinocyte cancers) also 

suggests a similar dose-related trend, including evidence from South Asia, Taiwan, Mexico, 

Eastern Europe and the USA. As the impact on skin cancer may differ by histologic type, in 

future work it is critical to evaluate specific histologic types of lesions as well as measure 

exposure using sensitive markers, such as biomarkers. As emerging data indicates a role for 

genetic variation in arsenic metabolism, this also will be an important avenue of evaluation – 

particularly for skin cancers, for which attention has not yet focused on genetic variation in 

arsenic metabolism genes. Genetic variants that influence cellular defense against arsenic 

toxicity, as opposed to arsenic metabolism, could also interact with arsenic exposure to 

influence skin lesions or skin cancer risk. While no such variants have been identified to 

date, additional target SNP and large GWAS studies (and genome-wide GxE studies) of 

arsenic-related skin lesions and malignancies could facilitate the discovery of additional 

variants that modify the effect of arsenic disease. In summary, our review highlights the 

need to perform studies of arsenic exposure that estimate health risks at concentrations 

around the current WHO guideline of 10 μg/L, and that the investigation of skin lesions and 

skin cancers may be especially helpful in informing these risks.
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Figure 1. 
A, Diagram of skin lesions and arsenic publications selection. B, Diagram of skin cancer and 

arsenic publications selection.
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