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Abstract

Human exposure to inorganic arsenic (iAs) is a global health issue. Although there is strong 

evidence for iAs-induced toxicity at higher levels of exposure, many epidemiological studies 

evaluating its effects at low exposure levels have reported mixed or inconclusive results. To 

highlight the current state of the science on iAs exposure and health effects, identify the gaps in 

scientific knowledge, and recommend critical areas for future research, we comprehensively 

reviewed the literature and evaluated the scientific knowledge on human exposure to arsenic, 

mechanisms of action, systemic and carcinogenic effects, risk characterization, and regulatory 

guidelines. We identified areas where additional research is needed. These priority areas include: 

a) further development of animal models of iAs carcinogenesis to identify molecular events and 

effects of iAs on cancer initiation, promotion and progression; b) characterization of underlying 

mechanisms of iAs toxicity including identification of exposure, susceptibility and/or effect 

biomarkers; c) assessment of gender-specific susceptibilities and other modifying factors that 

affect arsenic metabolism; d) sufficiently powered epidemiological studies to ascertain relationship 

between iAs exposure and reproductive and developmental effects; e) evaluation of genetic and 

epigenetic determinants of iAs-induced effects in children; and g) epidemiological studies of 

people chronically exposed to low concentrations of iAs. This information will provide new 

insights on iAs toxicity/carcinogenicity and further advance the understanding of its spectrum of 

adverse health effects.
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1. INTRODUCTION

Arsenic is found naturally in trace quantities in nearly all environmental compartments. The 

periodic table of elements lists its atomic number and atomic weight as 33 and 74.92 

respectively as. This element also has an electronic configuration of [Ar] 3d10 4s2 4p3, and a 

density of 5.727 g/cm3. From a public health point of view, arsenic and arsenic-containing 

compounds are divided into three groups that include the elemental, inorganic, and organic 

forms. The magnitude of its toxic effects has been linked to its chemical species as well as to 

its dose and length of exposure. 1,2 We have recently reported on the list of major arsenicals 

of public health concern.3

Several hundreds of million individuals are chronically exposed worldwide, mainly in 

Bangladesh, Chile, India, Mexico, Taiwan, United States of America and Uruguay where the 

groundwater supply contains high amounts of arsenic above WHO recommended limits of 

10 μg/L.4,5 Arsenic exerts its toxicity on multiple organ systems including auditory, 

cardiovascular, developmental, hematologic, hepatic, nervous, renal and respiratory systems. 

It has also been associated with many types of cancer (skin, lung, liver, and bladder).
5,6,7,8,9,10,12 However, the scientific evidence for many of these findings is weak and often 

contradictory. Here we present a comprehensive review that highlights the current state of 

the science with respect to iAs exposure and health effects, identifies the gaps in scientific 

knowledge, and recommends critical areas for future research.

2. ARSENIC BIOTRANSFORMATION AND TOXICITY

In humans, methylation is the major biotransformation pathway for iAs (Figure 1). The 

primary metabolism of iAs [As (+3) and As (+5)] leads to the formation of 

monomethylarsonic acid [MMA (+5)] which undergoes a secondary methylation to produce 

dimethylarsinic acid [DMA (+5)].11 The reduction of pentavalent forms of iAs [As (+5)] to 

arsenites [As(+3)] is catalysed by glutathione arsenate reductase, and the methylation of 

arsenates to trivalent forms is achieved by the action of S-adenosyl methionine that transfers 

the methyl group.13,14 Arsenic 3-methyl transferase catalyzes iAs methylation, and its 

activity varies greatly in different species including humans.15 The degree of methylation is 

assessed by determining the fractions of As (+3)/MMA and MMA/DMA. High levels of 

methylation have been characterized by a low ratio of MMA/DMA while low levels of 

methylation are associated with a low ratio of As(+3)/MMA.16,17

Although methylation was previously taught as a mechanism to reduce toxicity,18 it may be 

a bioactivation process if the metabolites contain arsenic with three oxidative states. 19 Both 

MMA (+3) and DMA (+3) have been shown to cause enzyme inhibition, cell toxicity, and 

genotoxicity at high level of exposure. In addition, DMA (+3) induces the activation of 

oncogenes and produces bladder cancer in rats, suggesting that it may also be carcinogenic 

in humans.20 It has been estimated that after iAs ingestion, the species excreted in urine 

include over 60% DMA and relatively equal amount of iAs and MMA. Because of inter-

individual variability in arsenic methylation capacity, there exists a significant variability in 

the magnitude of toxic manifestations that may be explained by the variability in genetic 

susceptibility factors.21,22 Many studies on arsenic biotransformation have reported strong 
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positive associations between low levels of secondary methylation and increased incidence 

and prevalence of arsenic-induced disorders.4,23 Also, methylated thioarsenicals have 

recently been identified as a new group of arsenic metabolites in biological systems.24

In addition to the methylation capacity25, human susceptibility to arsenic toxicity is 

significantly modulated by many other intrinsic and extrinsic factors that may increase its 

health risks. Men have lower rates of secondary methylation than women, leading to higher 

MMA/DMA ratios in males.26,27 Hence, male individuals may be more susceptible.

Differential methylation and excretion rates of arsenic are also found in human populations.
28,29 Hence genetic susceptibility factors are key modulators of arsenic toxicity.30 Other 

epidemiological studies conducted in Bangladesh have reported that dietary intake of 

nutrients influence the toxicity of arsenic by modulating its metabolism.31 Also, folic acid 

consumption increases the biotransformation of iAs leading to excretion of DMA in urine, 

and the reduction of MMA concentration in the blood.32,33 A more recent study pointed out 

that a low MMA/DMA ratio resulting from As metabolism is associated with elevated risk 

of overall metabolic syndrome that contribute to the risk of diabetes.34

3. MECHANISMS INVOLVED IN ARSENIC TUMORIGENESIS

Many biochemical mechanisms have been proposed for iAs as a human carcinogen.35 These 

mechanisms of action include induction of oxidative damage,36 activation of mitosis, and 

induction of genotoxic damage,37 interference with the methyl transfer to DNA,38 decrease 

of DNA repair mechanisms; perturbation of signalling cascades30,40, disruption of 

transcriptional and translational activities, histone perturbations 41, differential microRNA 

expression 42, cytotoxicity and regenerative hyperplasia resulting from iAS interaction with 

protein sulfhydryls, 43 and changes in genes and proteins expression.44,45 In its recent 

position paper, the Society of Toxicology has emphasized the need for using model systems 

that mimic diversity in human populations to identify biomarkers and disease endpoints at 

low levels of iAS exposure.46

It has also been pointed out that arsenic metabolism is epigenetically dysregulated by human 

microbiome and liver enzymes.47 However, chromosomal aberrations, free radicals 

production, and alteration of transcription factors are the only three mechanisms of arsenic 

tumorigenesis that have been widely characterized.48 Other potential modes of arsenic 

carcinogenesis, including the alteration in DNA repair, DNA methylation, gene 

amplification, p53 expression, and progression of carcinogenesis, are not well elucidated. 

Hence, arsenic carcinogenesis remains a subject of great scientific debate. Data generated 

from mechanistic studies indicate that arsenic may also promote or stimulate cancer 

progression, and/or act as a co-carcinogen. Figure 2 presents an overview of various modes 

of action of iAs.3

3.1. Induction of Reactive Oxygen Species and Oxidative Stress

iAs at high concentrations induces oxidative stress (OS) in biologic systems. OS is 

considered as one of the key processes involved in skin carcinogenesis resulting from iAS 

exposure.36 Several investigations have shown that arsenic stimulates the formation of pro-
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oxidant molecules in many cell lines49,50, resulting in the repression of enzymatic 

biomarkers such as glutathione 51, and other known anti-oxidant enzymes.52 Signalling 

molecules (e.g., MAPK, NF-κB, etc.) can also be activated in response to arsenic-induced 

OS.53 It has been pointed out that the activator protein 1 (AP-1) activity influences the 

differential effect between low (mitogenic) and high (pro-inflammatory) doses of exposure.
44,54

3.2. Induction of Mutagenicity and Genotoxicity

Arsenic elicits a low level of mutagenicity in bacterial assays. Bioassays conducted with 

Escherichia coli showed inconsistent results.55 In mammalian assays, arsenic has also shown 

a weak level of mutagenicity. Although few studies have reported that arsenicals induce 

mutations in L51784ytK± mouse lymphoma cells, such findings have not been duplicated 

elsewhere.56 However, in co-culture of human-hamster cells, arsenic trioxide induces a 

positive mutagenicity.57 Arsenicals also elicit potent clastogenic effects.58,59 They induce 

significant changes in number and structure of chromatids and chromosomes.60,61,62 At low 

doses they are found to induce loss or gain of one chromosome, as well as exchange of sister 

chromatids.63 iAs carcinogenicity has also been associated with alteration of cell cycle 

proteins, alteration of DNA repair leading to free radicals production and genotoxicity50, 

and alteration of aberrant cytokeratin expression.64 iAs also promotes tumorigenesis by 

inducing cell proliferation through modulation of specific signal transduction pathways.65

3.3. Modulation of Keratin Expression

In endemic areas, arsenic exposure causes hyperkeratosis and squamous cell carcinoma. 

These dermatologic effects are associated with alterations in cytokeratin (CK) expression.66 

Hence, CK expression has been used as a biomarker of arsenic-related skin carcinogenicity 

and biochemical changes in epithelial structures (Markey et al., 1991). Studies have also 

shown that the transcription of many keratin genes such as CK1, CK8, CK 10, CK13 and 

CK18, is significantly increased in arsenic-treated HaCaT cells exposed to arsenic.67

3.4. Aberrations of Gene Expression

iAs induces aberrations of gene expression in many biologic systems. Using high throughput 

technologies, specific target genes associated with arsenic toxicity/carcinogenicity in cells of 

various organs and tissues have been identified. Clewell et al.68 examined iAs modulation of 

gene expression in mice. From microarray experiments, they observed a decrease in gene 

expression at 1 week followed by an upregulation of gene expression at 12 weeks. They also 

found that gene expression correlated with cytotoxicity at the early time point and 

regenerative proliferation at the later. Using an in vitro approach, Efremenko et al.69 tested 

the effects of two arsenite compounds (mixture of As (+3) compounds, and As2O3) on gene 

expression in lung cells. They reported from their genomic and cell signalling pathways 

analysis that arsenic concentrations below 0.1μM are not toxic to human cells.

In a specific group of a cohort of arsenic-exposed people in Bangladesh, several important 

single nucleotide polymorphisms (SNPs) located near the 10q24.32 region of the were 

identified in the arsenic 3 methyl transferase gene (AS3MT) gene that were highly linked to 

dermatologic disorders and correlated with urinary iAs metabolite profile.22 A similar 
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As3MT transcription study conducted in residents of an arsenic-endemic region in India 

reported a significant increase of cytogenetic damage in lymphocytes. It was concluded that 

G>A transition in the C10 or f32 region is a key process involved in arsenic toxicity and 

susceptibility.70

3.5. Dysregulation of Cellular Immune Function

Immunosuppression has been highly associated with iAs arsenic tumorigenicity. This 

carcinogen disrupts the bioactivity of cellular immune system causing a reduction of CD4+ 

cells in epidermal keratinocytes, and inducing skin carcinogenesis.71,72 Using ATO as a test 

compound and HaCaT keratinocytes as a test system, Udensi et al.34 pointed out that low 

concentrations of arsenic modulate gene expression in the immune system. While many 

biomarkers such as cytokines are up-regulated, other signalling molecules are down-

regulated. There is also scientific evidence indicating that the activation of specific cytokines 

enhances carcinogenesis.73

3.6. Alteration of Protein Structure

Arsenic reduces mitochondrial enzymes’ activity and uncouples oxidative phosphorylation 

leading to the impairment of cellular respiration.3 iAs toxicity has been associated with the 

high degree of interaction between arsenites and sulfhydryl (SH) components of proteins, 

and the replacement of phosphorus by arsenates.74,55 Its interaction with the SH groups 

inhibits the activity of important enzymes, and subsequently decreases fatty acids 

catabolism.55 By binding to SH-groups of proteins and vicinal cysteines, and by interfering 

with the disulfite bonds, arsenic alters the conformation of protein structure45 and the 

number of proteins.75

3.7. Induction of Cell Proliferation

In human keratinocytes, iAs has been shown to induce an up-regulation of growth factors, 

cycling proteins, ERK signalling, and other mitogenic markers.40 iAs also exerts a hormesis-

like dual effect in various cell lines; leading to the differential toxicity observed between low 

and high exposure doses.12,54

3.8. Dysregulation of Epigenetic Mechanisms

DNA methylation, histone modification and microRNA expression have been identified as 

the prominent epigenetic mechanisms of iAs toxicity.76,77,78,79,80,81 iAs alteration of 

epigenetic mechanisms has also been linked to an up-regulation of cancer-related genes, as 

well as a down-regulation of programmed cell death.82,83 Mass and Wang84 examined the 

role cytosine methylation plays in arsenic-induced lung cancer. Both sodium arsenite and 

sodium arsenate produced a dose-dependent hypermethylation of DNA. A plausible, unified 

hypothesis for arsenic tumorigenicity may therefore be related to its interaction with DNA. 

Van-Breda et al.85 identified target genes that may be involved in lung tumorigenesis as a 

result of arsenic interaction of DNA.
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3.9. Modulation of Signal Transduction

Arsenic alters cell cycle regulation by interfering with signal transduction.86 iAs alters the 

interaction of transcription factors with DNA.87, and up-regulates many signalling 

pathways.40,87 Arsenic species and cell types also influence the degree of interference with 

signalling pathways.88 As a potent stimulator of mitogenic activity and angiogenesis, NF-κB 

ranks among the biomarkers of iAs tumorigenicity.70 Arsenic activation of the MAPK 

pathway up-regulates AP-1 and its transcription molecules.89Also, the activation and 

translocation of protein kinase c are required for arsenic-induced signal transduction through 

interaction with MAPK.90 Phillips et al. reported that AsIII maintains epidermal growth 

factor receptor signaling by attenuation of bone morphogenetic protein 6 induction of dual 

specificity phosphatases 2 and 14.91

3.10. Induction of Co-carcinogenicity

In mice iAs alone does not induce cancer but rather acts as a co-carcinogen to promote UV 

radiation-induced tumorigenesis.92 Although iAs is considered a weak mutagen, it can 

promote the toxicity and tumorigenicity of other carcinogenic agents to which humans are 

exposed.93 However, many studies on arsenic co-carcinogenicity have not been reproduced 

in other laboratories.

3.11. Modulation of miRNAs Expression

MicroRNAs (miRNAs) are small RNAs which regulate gene expression and protein 

translation. They regulate gene expression by acting as oncogenes or tumor suppressors, 

thereby impacting cell proliferation, carcinogenesis, or apoptosis. They function by 

interacting with target mRNA, suppressing mRNA level and repressing protein translation.
94,95 The role of miRNAs on iAs-induced toxicity in Jurkat T cells was examined by 

applying transcriptomics and bioinformatics tools to reconstruct arsenic-relevant molecular 

pathways and miRNA regulatory networks.96 Thirty six miRNAs were dysregulated, 25% of 

which were validated by RT-PCR. The computational analysis of molecular networks 

pointed to an involvement of iAs in cell cycle progression, and blockage of apoptosis.

On the other hand, Ghaffari et al.76 assessed the role of miRNAs in NB4 cells apoptosis 

caused by arsenic trioxide (ATO). They found that over 40 miRNAs were upregulated, while 

fewer than 4 were downregulated. They also discovered that a large proportion of these 

upregulated miRNAs acted as tumor suppressors to activate the apoptosis pathway. In a 

more recent study designed to examine the role of miRNAs in ATO-induced QT 

prolongation, Shan et al.95 discovered that ATO significantly upregulated the muscle-

specific miRNA-1 and miRNA-133, as well as their transactivator serum response factor.

3.12. Induction of Apoptosis

Several studies have demonstrated the role of apoptosis in the effectiveness of ATO as a 

chemotherapeutic drug against acute promyelocytic leukemia. Its therapeutic potential is 

linked to genotoxic, cytotoxic and apoptotic effects.96,97 ATO modulates the intrinsic 

pathway of programmed cell death, through specific genotoxic and apoptotic signalling 

mechanisms.98 It activates Bax translocation from the cytoplasm into the nucleus, causing 

mitochondrial membrane depolarization, cytochrome C release, and caspases activation.
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99,100 It also induces phosphatidylserine externalization and nucleosomal DNA 

fragmentation.101 Other reports have pointed out that ATO causes programmed death of 

cells associated with other cancers.102,103,104 Despite its toxic effects, arsenic may also be 

involved in cell repair mechanism. For instance Ding et al. reported that arsenite supresses 

UV radiation -induced Poly(ADP-ribose) polymerase-1 (PARP-1) participating in repair 

mechanism of oxidative DNA damage in human keratinocytes.105

4. EPIDEMIOLOGY OF ARSENIC TOXICITY

Arsenic is a systemic toxicant that produces a multitude of adverse effects on almost all the 

organ systems in humans at high doses. Both acute and chronic health effects have been 

investigated, and their types and magnitude vary greatly depending on the dose and species 

of arsenic, as well as on specific intrinsic and extrinsic factors.106,104 The clinical and 

pathological manifestations of arsenicosis have been widely reported,3,8,9,107 and include 

black foot disease in Taiwan, atherosclerosis,108 cerebral infarction, hypertension, diabetes 

mellitus,109 skin pathologies, liver and lung fibrosis, hearing loss, and neurologic damage in 

children. 110 However, many of these clinical endpoints do not show a strong scientific 

evidence. Hence further studies are needed to improve the scientific knowledge.

4.1. Systemic Effects

4.1.1 Dermatologic Effects—Many forms of skin lesions, including 

hyperpigmentation, hypopigmentation, keratosis and Bowen’s disease, constitute the most 

common signs and symptoms of arsenicosis.111,112 These clinical signs of toxicity are the 

most sensitive indicators of arsenicosis that have been observed in patients.113 The same 

study also pointed out that the male population suffered more from dermatological lesions 

than the female population. This gender difference could be because men are more likely to 

be more excessively exposed to sun light than women.114 Among the clinical symptoms of 

arsenic toxicity, skin lesions are considered as a major biomarker of acute toxicity.110

4.1.2 Cardiovascular Effects—Increased rates of high blood pressure and 

cardiovascular disease (CVD) mortality have been linked to chronic arsenic intake.21 High 

incidence of hypertension has been reported in residents of a rural area of Bangladesh who 

consumed arsenic-contaminated groundwater during their entire life.112 The risk of dying 

from arsenic-induced CVD has been documented in Chile,115 and Japan.116 Although there 

is a strong evidence of arsenic-induced cardiotoxicity,117 many epidemiological studies 

reporting potential associations relate to highly exposed populations. The scientific evidence 

of causal association with low level exposure is inconclusive.118 From a recent investigation, 

Sidhu et al.119 concluded that the available evidence does not show a robust mechanism of 

action of iAs in CVD incidence, nor does it show a linear dose–response relationship; 

indicating that this relationship has a threshold.

4.1.3 Reproductive and Developmental Effects—iAs causes deleterious effects on 

human reproduction. Both teratogenic and developmental toxicities have been characterized.
120,121 However, because of the potential confounding factors and recall bias associated with 

both ecological and retrospective study designs, it has been pointed out that stronger study 
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designs would increase the statistical power and produce stronger results. Although a 

statistically significant association with birth defects was observed in a research on 

Bangladeshi women, other assessment endpoints did not show any significant associations.
122 Based on the low amount of teratogenic outcomes, the authors pointed out that the 

reported link to birth defects may be a statistical error. Hence it is recommended that further 

studies be done with a larger sample size to increase statistical power and strengthen the 

scientific evidence.

4.1.4 Neurological Effects—Many studies assessing the neurotoxicity of arsenic have 

focused on the assessment of its acute and subchronic toxicities on the brain, and other 

neurologic parts,2 as well as on the examination of its neurodevelopmental endpoints.123 

Wasserman et al.124 investigated whether a decrease in arsenic exposure can improve the 

intellectual ability of children. They assessed specific intelligence-related endpoints, and 

also analyzed both blood and urinary biomarkers at baseline and 2 years after the change of 

groundwater source. They found that urinary arsenic (UAs) and creatinine (Cr) 

concentrations were significantly reduced and negatively associated with all intelligence 

assessment indices except processing speed. Also, a reduction of UAs/Cr by 100 ppm 

increased the brain function by 0.91 point. Although many studies show that iAs alters many 

intelligence markers, other epidemiological investigations have shown a negative 

relationship with cognitive function of young people.125 However, the influence of other 

factors such as co-exposure to multiple neurotoxicants, inaccurate measures of biomarkers 

of effect, susceptibility and effect, social-cultural influences, and/or other potential risk/

uncertainty factors, weaken the strength of association.126 Therefore, additional well-

designed epidemiological investigations are necessary to ascertain the neurodevelopmental 

outcomes resulting from chronic iAs exposure.

4.1.5 Respiratory Effects—Respiratory effects other than lung cancer have been 

associated with arsenic poisoning.109 The risk of these effects has been reported in many 

areas of arsenicosis. A group of specific signs and symptoms associated with chronic 

inhalation of arsenic has been reported from a clinical study of copper smelter workers.127 

Also, an epidemiological study of ninety four individuals with skin lesions in Bangladesh 

reported that chronic arsenic ingestion was linked to chronic bronchitis, and the risk for male 

individuals was larger than the incidence rate in females.128 Recently, Recio-Vegas et al.129 

carried out research on paediatric health and concluded that arsenic decreases the forced 

vital capacity in these children. Another study suggested that exposure to arsenic in drinking 

water during early childhood may increase mortality of lung cancer and bronchiectasis in 

young adults.130

4.1.6 Hepatotoxic Effects—Arsenic exposure induces many hepatotoxic effects 

including hepatomegaly, portal fibrosis and cirrhosis.131 In their evaluation of the magnitude 

of hepatotoxic lesions associated with chronic iAs exposure, Mazumder128 found that 

hepatomegaly was prevalent in 76.6% of patients, and its incidence correlated well with the 

dose level. In a similar research done in Northeastern Taiwan, Hsu et al.132 reported strong 

positive correlations between arsenic exposure and prevalence of chronic hepatitis or 

cirrhosis in residents who were not infected by the viruses of hepatitis B and hepatitis C. A 
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previous study on individuals consuming arsenic contaminated water from groundwater in 

three towns of Lagunera, Mexico, implicated arsenic in the incidence of cholestasis.133

4.1.7. Hematologic Effects and Diabetes—Arsenic exposure induces many 

hematological abnormalities.2 In a previous study conducted on residents of an arsenicosis 

area of Mexico, Hernandez-Zavala et al.134 found that arsenic exposure modulates porphyrin 

metabolism leading to high amounts of both total and coproporphyrin III isomer in urine. 

From an ecological investigation designed to examine the causes of death in several 

residential areas of Taiwan, Tsai et al.135 found that diabetes mellitus was the primary risk 

factor associated with the mortality of many blackfoot-disease patients. Studies conducted in 

other arsenicosis endemic areas have also reported a high incidence of diabetes in long-time 

residents.136

4.1.8 Renal Effects—The capillaries, tubules and glomeruli constitute the primary sites 

of arsenic toxicity to the kidneys.137,138 Arsenic-induced capillary damage leads to the 

dilation of glomerular arterioles and hematuria, while proximal tubules damage leads to 

abnormal amount of proteins in the urine, and impairment of energy production.139 From a 

Taiwanese study examining the impact of arsenic exposure on the kidneys, Chen et al.140 

reported that the rate of abnormal beta 2 microglobulin (β2MG) increased dose-dependently 

with the urinary arsenic (U-As) concentrations. The risk of tubular and glomerular 

dysfunction was associated with the risk of abnormal β2MG (> 0.154 mg/L). Renal 

dysfunction rates significantly increased when the U-As rose above 75 μg/g creatinine. 

Peters et al.141 studied the potential association of arsenic biotransformation with urinary 

creatinine and renal performance, and concluded that arsenic exposure only had a marginal 

inverse association with the estimated glomerular filtration rate. However, increases in 

several biomarkers of arsenic-induced renal dysfunction including NAG, beta 2-

microglobulin and micro albumin,142 RBP,143 and alpha 1-microglobulin144 have been 

reported. Zheng et al.145 highlighted many investigations that reported potential association 

of arsenic with assessment endpoints such as albuminuria, proteinuria and mortality from 

chronic kidney disease (CKD). Zheng et al.146 tested the association of iAs exposure with 

CKD, and found that its methylation products were correlated to CKD. However, further 

research is needed to ascertain whether arsenic is a prominent cause of CKD.

4.1.9 Gastrointestinal Effects—Acute arsenic exposure causes multiple 

gastrointestinal disorders including burning sensations, painful swallowing, thirst, diarrhoea 

and stomach ache.136,147,148 High arsenic exposure as in cases of suicidal attempts and 

intoxication can lead to diarrhoea and gastroenteritis, as well as circulatory collapse and 

kidney damage.149 Also, the rupture of blood vessels may lead to a major loss of body fluid 

and proteins. While several clinical manifestations of arsenic toxicity have been associated 

with acute exposure,150low concentrations may not be toxic to the gastrointestinal tract or 

may produce only moderate effects.137

4.2 Carcinogenic Effects

Population-based studies have shown that iAs induces multiple neoplasms such as bladder 

and kidney,151 liver,6 prostate and lung,148 and especially skin109 cancers. iAs-induced 
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kidney tumors arise from the kidney pelvis urothelium and are essentially related to the 

urinary bladder tumors.103 Some of these tumors, such as myeloma, prostate, bladder, and 

peripheral lymphocytes show very weak and inconsistent evidence of carcinogenicity when 

exposure is low.118,152 Hence, iAs modes of action as well as its possible carcinogenic 

effects at low exposures are not clearly understood. From an experimental study, Waalkes at 

al.153 reported that in utero iAs exposure causes tumors in CD1 male mice. The conclusion 

of this study has been questioned by Cohen et al.154,155 because of the relatively high 

incidence of spontaneous cancer in CD1 mice, poor survival of the low-dose group, and lack 

of a dose-response relationship. While a recent re-evaluation by Druwe and Burgoon156 

states that the original findings of Waalkes et al.153 are supported, methodological 

limitations and other issues still remain and the interpretation of the Waalkes study is 

unclear.154,155

4.2.1 Arsenic and Skin Cancer—Higher incidence and prevalence rates of skin 

cancers, as well as intra-epidermal carcinomas have been linked to acute arsenic exposure.
156 A variety of skin lesions are often considered as sensitive biomarkers of susceptibility 

and effect and may co-exist in many regions where arsenicosis is prevalent.156,157 The skin 

is a target organ of arsenic poisoning but not considered as the primary route of exposure.158 

The gastro intestinal tract and the lungs are the major routes of As exposure but it is 

distributed primarily to the liver, kidney, lung, spleen, aorta, and skin.158,159,160 Human skin 

diseases associated with arsenic exposure include; intraepidermal carcinomas (Bowen 

disease), squamous cell carcinomas (SCC), basal cell carcinomas (BCC), and Merkel cell 

carcinoma (MCC), hyperkeratosis and hyperpigmentation.161,162,163

4.2.2 Arsenic and Liver Cancer—As indicated earlier arsenic exposure causes a 

multitude of hepatotoxic effects that are characterized by significant alterations in the 

architecture and functions of the liver.164,165 Besides systemic effects, increased risk of 

hepatocellular carcinoma has been found in many endemic areas of arsenicosis. However, it 

has been pointed out that the observed risk may be mediated through a combination of 

arsenic and other underlying environmental and genetic risk factors of liver cancer.166 In 

other reports, angiosarcoma has also been associated with to iAs toxicity.167

4.2.3 Arsenic and Kidney Cancer—Data of many epidemiological studies on arsenic 

and renal cancer do not support a strong association, although a few investigations on 

employees of a smelter plant in Tacoma, Washington, USA have reported significant 

increases in the incidences of renal, lung, gastrointestinal, and hemato-lymphatic 

malignancies.168,169 In a recent experimental study investigating the role of Raf kinase 

inhibitor protein (RKIP) in arsenic-induced liver and kidney cancers, Tsao et al.170 

discovered that the arsenic amounts and RKIP translation in the liver and kidneys were 

inversely correlated. They concluded that the decrease of RKIP expression in both organs 

may be considered as a biomarker of arsenic-induced carcinogenesis.

4.2.4 Arsenic and Urinary Bladder Cancer—Scientific evidence from 

epidemiological investigations shows a causal relationship between high iAs intake and 

bladder cancer. In a recent epidemiological research in Maine, New Hampshire, and 
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Vermont (USA), Baris et al.171 pointed out that bladder cancer rate was positively linked to 

arsenic doses. Positive associations have also been reported with regard to cancer of the 

urinary system.172 However, an integration of scientific data from both experimental 

investigations and epidemiological studies indicates that arsenic exposure at concentrations 

less than 100 μg/L has minimal effect on bladder cancer risk. Using the mode of action data 

to assess the magnitude of bladder cancer in response to iAs exposure, Gentry et al.173 

reported that exposure to low iAs concentrations is highly unlikely to induce carcinogenic or 

systemic effects in the bladder tissue. Establishing the safe levels of exposure to iAs 

represents a major challenge to the scientific community. Additional mode of action research 

is necessary to determine the threshold or maximum dose of iAs that would not induce other 

cancer types.

4.2.5 Arsenic and Lung Cancer—Research on industrial studies on workers points to 

arsenic association with lung cancer risk.174 It is probable that iAs acts in conjunction with 

other related risk factors such as radiation, asbestos, radon, nickel, chromates, as well as 

genetic and nutritional factors.108 Many population-based studies on populations consuming 

high iAs concentrations have reported higher risk of lung neoplasm.175 However, similar 

investigations on people subjected to low arsenic amounts have yielded mixed results, with 

some showing no increase in cancer incidence,176,177 and others showing a significant 

increase in cancer risk.178 Efremenko et al.67 reported from their genomic and cell signalling 

pathways analysis that biological responses are not likely to occur at arsenic concentrations 

below 0.1μM. More recently, Lynch et al.151 conducted an evaluation of epidemiological 

investigations carried out in various regions of the world and found a weak association 

between iAs and cancer promotion. They estimated that iAs-induced cancer risk is much 

lower than observed bladder and lung cancer incidences; suggesting that human exposure to 

low iAs levels will not produce an increase in cancer incidence.

4.2.6 Arsenic and Gastrointestinal Cancer—There are no compelling reports 

linking arsenic exposure to the increased cancer incidence of the gastrointestinal tract. The 

potential association is not clear because most observations on cancer incidence and cancer 

mortality rates have been made from occupational studies where participants were co-

exposed to arsenic and other risk/confounding factors.179

4.2.7 Arsenic and Brain Cancer—In a recent review, Escudero-Lourdes180 reported 

that oxidative stress and activation of pro-inflammatory responses mediated by cytokines 

and related factors play a key role in iAs-induced cognitive impairment. However, limited 

research has examined iAs role in brain tumorigenesis. Although Navas-Acien et al.181 

found that arsenic may enhance the risks of gliomas and meningiomas in Swedish 

populations, the heterogeneous exposures to multiple pollutants prevent attribution to 

arsenic.

5. HEALTH RISK CHARACTERIZATION AND REGULATORY GUIDELINES

Global public health research has shown that iAs induces several types of systemic 

pathologies as well as carcinogenic effects.3,8,9 The association with iAs exposure is strong 

for dermatologic and many internal cancers.2,3,7,182 iAs is a carcinogen that is classified in 
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Group 1 6,182 or Group A.109,183,184 For non-cancer effects, 3×10−4 mg/kg/day has been 

established as a safe oral dose that is unlikely to cause any lifetime deleterious effects, 

considering the critical biomarkers of dermatologic effects.7,109,185,186 Similarly, a specific 

criterion range has been estimated for neurobehavioral effects in children.123 Also a cancer 

potency factor has also been established based on skin cancer.184

As presented on Table 1, many regulatory and advisory agencies have developed guidelines 

that set standards or criteria to limit the levels of exposure to arsenic in various 

environmental media.109,183,184,185,186,187,188,189,190 A reevaluation of these environmental 

health standards is being carried out by EPA, examining both carcinogenic and non-cancer 

health effects.7 Recent reports have underscored the critical need for integrating scientific 

data from recent or ongoing experimental investigations and epidemiological studies to 

minimize uncertainties in the estimation of dose-response relationships regarding the cancer 

risk associated with low level of iAs exposure.191

6. PERSPECTIVES FOR FUTURE RESEARCH

Recently, the Society of Toxicology has expressed the urgent need for further research on 

arsenic as a toxicant of major concern (SOT, 2017)46. From our evaluation of published 

studies on the critical issues related to iAs toxicity and the major challenges facing 

regulatory agencies in preventing or reducing its adverse health outcomes, we are proposing 

the following areas of future research focus:

6.1. Further development of animal models of arsenic carcinogenesis

Published research has demonstrated that several important molecular mechanisms are 

involved in iAs-induced carcinogenesis. These mechanisms include: production of ROS and 

oxidative damage, alteration of DNA structure, chromosomal aberrations, stimulation of 

mitogenesis, interference with DNA function, hypomethylation of DNA, perturbation of 

signalling cascades, disruption of transcriptional and translational activities, post-

translational histone modifications, differential microRNA expression, and changes in genes 

and protein expression. While several of these modes of action of arsenic tumorigenicity 

have been well elucidated in many in vitro studies using various cell lines, some of the 

underlying mechanisms that drive the malignant transformation are not clearly understood, 

because of the inexistence of an appropriate animal test system. Further development of 

animal models of arsenic carcinogenesis is strongly encouraged to assist with the assessment 

and understanding of the molecular events and biochemical processes that drive the 

initiation, promotion and progression of human cancers.

6.2. Characterization of the underlying mechanisms of iAs toxicity and carcinogenicity

Scientific evidence shows that iAs disrupts important biologic functions through interaction 

with and damage to key cellular components. Hence, further characterization of the 

underlying mechanisms and molecular targets of arsenic toxicity and carcinogenicity 

including the identification specific biomarkers of exposure, susceptibility and/or effect will 

certainly contribute to the global efforts to combat arsenic toxicity.
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6.3. Evaluation of combined effects of iAs and other potential carcinogens

Current scientific evidence from mechanistic investigations suggests that arsenic is a known 

human carcinogen that may also promote or progress tumorigenesis by interacting with 

other carcinogenic agents. Considering the likelihood for multiple chemical exposures in 

arsenicosis areas, additional research is necessary to characterize the outcomes of arsenic 

interactions with other potential carcinogens (e.g. biotoxins, pesticides, UV, other toxic 

metals).

6.4. Characterization of gender-specific susceptibility markers and other factors

The scientific evidence from epidemiological studies shows that the biotransformation rate 

has a major influence on arsenic tumorigenicity. Population-based investigations show that 

the male populations have a lower methylation capacity, which could make them more 

susceptible to arsenic toxicity than females. Research conducted in arsenicosis endemic 

areas has found higher prevalence rates of truncal hyperpigmentation, palmar-plantar 

keratosis, and chronic bronchitis in male individuals compared to female populations. 

Hence, additional studies are needed to characterize gender-specific markers and other 

factors that influence the biotransformation process.

6.5. Characterization of other potential modifying factors involved in iAs toxicity

Research has suggested that the magnitude of toxic manifestations is influenced by arsenic 

species and dose, and individual characteristics such as age, gender, nutritional status, 

genetic factors, and lifestyle. Further research on potential modifying factors such as 

nutritional status (folate, methionine, selenium and other essential elements), genetic 

polymorphisms, and/or the presence of other diseases that may affect arsenic metabolism 

should be conducted. Therefore, determining the biologic or biochemical basis for the 

potential differences in susceptibility among various population subgroups is a worthy 

research endeavour.

6.6. Determination of the role played by genetic susceptibility and changes in gene 
expression in arsenic toxicity

The application of novel omics technologies has led to the recent developments in genetic 

and molecular epidemiology. Although there remain some research gaps to be filled, these 

scientific advances are increasing our knowledge on the specific mechanisms involved in 

arsenic tumorigenicity. The use of high throughput technologies has led to the 

characterization of specific target genes modulated by iAs tumorigenicity. The intra-species 

variability in iAs methylation leads to the observed differences in toxic manifestations 

among individuals. Also, few studies on arsenic biotransformation and related 

manifestations of toxicity have identified several genome-wide SNPs that show a significant 

association of arsenic methylation capacity and skin lesions. However, many genome-wide 

association studies are statistically underpowered and do not also account for individual 

differences in arsenic exposure. Therefore, additional genetic variations studies that involve 

sufficiently large numbers of participants are needed to clearly determine the role played by 

genetic susceptibility and changes in gene expression on arsenic toxicity. These studies 

should also consider other important factors such as iAs dose and exposure duration, as well 
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as the nutritional status, and the demographic, sociocultural and economic profiles of 

participants in the context of socio-economic and environmental determinants of iAs-

induced diseases.

6.7. Sufficiently powered epidemiological studies involving large numbers/ populations 
of women living in arsenicosis endemic areas

Scientific evidence from epidemiological studies conducted in arsenicosis endemic areas has 

demonstrated mixed results. While some studies have reported a negative impact on 

reproduction outcomes, other investigations have found that the teratogenic outcomes were 

similar between exposed and unexposed populations. Based on the fact that many of these 

investigations are limited by the low number of participants, it is recommended that 

additional epidemiological studies be done on large numbers/populations of women living in 

arsenicosis endemic areas to ascertain the specific reproductive and developmental impacts 

of arsenic toxicity.

6.8. Evaluation of both genetic and epigenetic mechanisms in iAs-induced teratogenic, 
developmental, and carcinogenic effects in children

Very limited scientific data are available on the genetic and epigenetic mechanisms by which 

arsenic induces teratogenic, developmental, and carcinogenic effects in children who may be 

exposed to higher doses of arsenic through in-utero exposure, water and food consumption, 

and/or hand-to-mouth ingestion of contaminated soils. Hence, further genetic and epigenetic 

studies are needed to evaluate the impacts of iAs on fertility, gestation, and offspring.

6.9. Assessment of types/species and concentrations of arsenic in food products

While drinking water supply from arsenic-contaminated groundwater has long been the 

primary source of human exposure and public health concern, recent studies have pointed 

out a substantial risk of arsenic-induced health impacts through consumption of various 

dietary staples such as cereals and juices that may contain appreciable amounts of iAs. 

Additional research is needed to assess the chemical forms and levels of arsenic in 

foodstuffs, as well as to characterize both individual and population exposures. A holistic 

approach that considers all potential exposure sources, as well as the exposure pathways, 

frequencies and durations, should be applied. Also, the risk estimation should be based on 

the integration of actual dose resulting from combined exposure sources, and other 

modifying factors.

6.10. Epidemiological investigations of people in low iAs-contaminated regions

Characteristic skin lesions involved (hyperpigmentation, hypopigmentation/depigmentation, 

keratosis and Bowen’s disease) constitute the most sensitive and common signs and 

symptoms of arsenicosis that can be used as biomarkers of high iAs exposure. Although 

there is a strong evidence of arsenic-induced systemic and carcinogenic effects at higher 

levels of exposure, many epidemiological studies evaluating such pathologic outcomes at 

low levels of iAs exposure have reported mixed results; with some showing a significant 

association, and others showing no association. The potential weaknesses in study designs 

combined with differences in dose, nutritional status, gender, age and genetic variations may 
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explain the inconsistencies in the research findings. Therefore, additional investigations are 

required to elucidate and determine the strength of association, as well as to generate new 

scientific data that can be used to reduce uncertainties in the characterization of health risks 

of low levels of iAs exposure. It is essential that the scientific quality and strength of 

population-based studies be enhanced by improvements in the strategic areas of research 

approach including study design, statistical power, and health risk assessment.

7. CONCLUSIONS

Inorganic arsenic is known to increase the risks of systemic and carcinogenic effects in 

humans. While a significant number of non-cancer end-points have been linked to both acute 

and chronic iAs exposure, many human neoplasms have been linked to long term exposure. 

Although these adverse health effects have been well characterized under specific exposure 

conditions, there are several gaps in scientific knowledge that should be addressed. In this 

regard the following technical objectives are proposed to direct future research endeavors in 

arsenic toxicology: a) develop animal models of arsenic carcinogenesis to further elucidate 

its modes of action; b) characterize the underlying mechanisms of iAs tumorigenicity; c) 

evaluate the combined action of iAs and other human carcinogens, for example cisplatin; d) 

characterize gender-specific susceptibility markers and other factors that influence the 

biotransformation process; e) characterize the potential modifying factors such as nutritional 

constituents, genetic polymorphisms, and/or the presence of other diseases that may affect 

arsenic metabolism, for example cardiovascular diseases; f) determine the role played by 

genetic susceptibility and changes in gene expression in arsenic toxicity; g) conduct stronger 

epidemiological studies to ascertain the specific impacts of iAs toxicity on the reproductive 

and developmental systems; h) evaluate both genetic and epigenetic mechanisms in iAs-

induced teratogenic, developmental, and carcinogenic effects in children; i) assess the types/

species and amount of arsenic in foodstuffs that are consumed in arsenicosis endemic areas; 

and j) conduct further epidemiological investigations on people consuming low 

concentrations of arsenic, in order to determine the magnitude and strength of association, as 

well as to generate new scientific data that can be used to reduce uncertainties in the 

estimation of the strength of association regarding the health risks associated with low levels 

of iAs exposure. Emerging evidence describing the molecular pathogenesis of various 

cancers due to arsenic exposure such as cutaneous, lungs, liver, kidney lesions may be 

helpful in developing novel therapeutic interventions for these diseases in arsenic-exposed 

human populations. Scientific data generated from the proposed investigations will provide 

new insights on iAs toxicity/carcinogenicity and further advance the understanding of its 

overall spectrum of adverse health effects. By providing a scientific basis for informed 

decision-making on the cost-effective control/prevention of arsenicosis, these novel studies 

would have a significant public health impact.

ACKNOWLEDGEMENT

Research primarily supported by Electric Power Research Institute (EPRI Agreement # 10006564). Leverage from 
NIH/RCMI Grant # G12MD0007581 is also acknowledged. The authors thank Drs. Annette Rohr and Leonard 
Levin at EPRI for reviewing the final manuscript.

Tchounwou et al. Page 15

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

[1]. Wu MM, Kuo TL, Hwang YH. Dose-response relation between arsenic concentration in well 
water and mortality from cancers and vascular diseases. Am J Epidemiol. 1989;130:1123–1132. 
[PubMed: 2589305] 

[2]. NRC (National Research Council). Arsenic in Drinking Water: Update. Washington DC., National 
Academy Press 2001.

[3]. Tchounwou PB, Udensi KU, Isokpehi RD, Yedjou CG, Kumar S. Arsenic and cancer Chapter 23 
in Handbook of Arsenic Toxicology. Flora SJS (Ed). Elsevier Inc London pp 533–555. 2015.

[4]. Wei B, Yu J, Kong C, Li H, Yang L, Xia Y, Wu K. Effects of arsenic methylation and metabolism 
on the changes of arsenic-related skin lesions. Environ Sci Pollut Res Int. 2018;25(24):24394–
24402. [PubMed: 29948723] 

[5]. Ravenscroft P, Brammer H, Richards K. Arsenic Pollution: A Global Synthesis. Wiley-Blackwell; 
2009;Pp 4–618.

[6]. NAS (National Academy of Science). Arsenic in Drinking Water. Washington DC., USA 1999.

[7]. NRC (National Research Council). Critical Aspects of EPA’s IRIS Assessment of Inorganic 
Arsenic: Interim Report. Committee on Inorganic Arsenic;Board on Environmental Studies and 
Toxicology;Division on Earth and Life Studies National Research Council. National Academies 
Press., Washington., D.C. 2013.

[8]. Naujokas MF, Anderson B, Ahsan H, Aposhian HV, Graziano JH, Thompson C, Suk WA. The 
broad scope of health effects from chronic arsenic exposure: Update on a worldwide public 
health problem. Environ Health Perspect. 2013;121(3):295–302. [PubMed: 23458756] 

[9]. Abdul KSM, Jayasingheb SS, Chandana EPS, Jayasumana C, De Silva PMCS Arsenic and human 
health effects: A review. Env Toxicol Pharmacol 2015;40:828–846. [PubMed: 26476885] 

[10]. Tchounwou PB, Wilson B, Ishaque A. Important considerations in the development of public 
health advisories for arsenic and arsenic-containing compounds in drinking water. Rev Environ. 
Health 1999;14:211–229. [PubMed: 10746734] 

[11]. Tchounwou PB, Patlolla AK, Centeno JA. Carcinogenic and systemic health effects associated 
with arsenic exposure--a critical review. Toxicol Pathol 2003;31:575–588. [PubMed: 14585726] 

[12]. Tchounwou PB, Centeno JA. Toxicologic Pathology In: Preclinical Development Handbook: 
Toxicology. Gad SC (Ed). pp. 551–580., Wiley and Sons Inc. Hoboken., NJ., USA. 2008;

[13]. Cullen WR, McBride BC, Reglinski J. The reduction of trimethylarsine oxide to trimethylarsine 
by thiols: A mechanistic model for the biological reduction of arsenicals. J. Inorg. Biochem 
1984;21:45–60.

[14]. Thompson DJ. A chemical hypothesis for arsenic methylation in mammals. Chem-Biol Interact 
1993;88:89–114. [PubMed: 8403081] 

[15]. Thomas DJ, Li J, Waters SB, Xing W, Adair BM, Drobna Z, Devesa V, Styblo M. Arsenic (+3 
oxidation state) methyltransferase and the methylation of arsenicals. Exp Biol Med., 2007;232: 
3–13.

[16]. Vahter ME. Methylation of inorganic arsenic in different mammalian species and population 
groups. Sci Prog. 1999;82:69–88. [PubMed: 10445007] 

[17]. Del Razo LM, García-Vargas GG, Vargas H, Albores A, Gonsebatt ME, Montero R, Ostrosky-
Wegman P, Kelsh M, Cebrián ME. Altered profile of urinary arsenic metabolites in adults with 
chronic arsenicism: a pilot study. Arch Toxicol. 1997;71:211–217. [PubMed: 9101036] 

[18]. Kitchin KT. Recent advances in arsenic carcinogenesis: modes of action., animal model systems., 
and methylated arsenic metabolites. Toxicol Appl Pharmacol 2001;172:249–261. [PubMed: 
11312654] 

[19]. Styblo M, Drobna Z, Jaspers I, Lin S, Thomas DJ. The role of biomethylation in toxicity and 
carcinogenicity of arsenic: a research update. Environ. Health Perspect. 2002;110 (5):767–771. 
[PubMed: 12426129] 

[20]. Wei M, Wanibuchi H, Morimura K, Iwai S, Yoshida K, Endo G, Nakae D, Fukushima S. 
Carcinogenicity of dimethylarsinic acid in male F344 rats and genetic alterations in induced 
urinary bladder tumors. Carcinogenesis 2002;23(8):1387–1397. [PubMed: 12151359] 

Tchounwou et al. Page 16

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[21]. Tseng CH. A review on environmental factors regulating arsenic methylation in humans. Toxicol 
Appl Pharmacol. 2009;235(3):338–350. [PubMed: 19168087] 

[22]. Pierce BL, Kibriya MG, Tong L, Jasmine F, Argos M, Roy S, Paul-Brutus R, Rahaman R, 
Rakibuz-Zaman M, Parvez F, Ahmed A, Quasem I, Hore SK, Alam S, Islam T, Slavkovich V, 
Gamble MV, Yunus M, Rahman M, Baron JA, Graziano JH, Ahsan H. Genome-wide association 
study identifies chromosome 10q24.32 variants associated with arsenic metabolism and toxicity 
phenotypes in Bangladesh. PLoS Genetics 2012;8(2): e1002522. doi:10.1371/journal.pgen.
1002522 [PubMed: 22383894] 

[23]. Li X, Li B, Xu Y, Wang Y, Jin Y, Itoh T, Yoshida Y, Sun G. Arsenic methylation capacity and its 
correlation with skin lesions induced by contaminated drinking water consumption in residents of 
chronic arsenicosis area. Environ Toxicol. 2011;26:118–123. [PubMed: 19768748] 

[24]. Sun Y, Liu G, Cai Y. Thiolated arsenicals in arsenic metabolism: Occurrence, formation, and 
biological implications. J Environ. Sci (China) 2016;49:59–73. [PubMed: 28007180] 

[25]. Steinmaus C, Carrigan K, Kalman D, Atallah R, Huang Y, Smith AH. Dietary intake and arsenic 
methylation in a U.S. Population. Environ. Health Perspect. 2005;113:1153–1159. [PubMed: 
16140620] 

[26]. Lindberg AL, Rahman M, Persson LA, Vahter M. The risk of arsenic induced skin lesions in 
Bangladeshi men and women is affected by arsenic metabolism and the age at first exposure. 
Toxicol. Appl. Pharmacol 2008;230:9–16. [PubMed: 18336856] 

[27]. Lindberg AL, Sohel N, Rahman M, Persson LA, Vahter M. Impact of smoking and chewing 
tobacco on arsenic-induced skin lesions. Environ. Health Perspect. 2010;118:533–538. [PubMed: 
20064784] 

[28]. Drobna Z, Waters SB, Walton FS, LeCluyse EL, Thomas DJ, Stýblo M. Inter individual variation 
in the metabolism of arsenic in cultured primary human hepatocytes. Toxicol. Appl. Pharmacol 
2004;201:166–177. [PubMed: 15541756] 

[29]. Chung JS, Kalman DA, Moore LE, Kosnett MJ, Arroyo AP, et al. Family correlations of arsenic 
methylation patterns in children and parents exposed to high concentrations of arsenic in drinking 
water. Environ. Health Perspect 2002;110:729–733.

[30]. Minatel BC, Sage AP, Anderson C, Hubaux R, Marshall EA, Lam WL, Martinez VD. 
Environmental arsenic exposure: From genetic susceptibility to pathogenesis. Environ Int. 
2018;112:183–197. [PubMed: 29275244] 

[31]. Hall MN, Howe CG, Liu X, Caudill MA, Malysheva O, Ilievski V, Lomax-Luu AM, Parvez F, 
Siddique AB, Shahriar H, Uddin MN, Islam T, Graziano JH, Gamble MV. Supplementation with 
folic acid, but not creatinine, increases plasma betaine, decreases plasma dimethylglycine, and 
prevents a decrease in plasma choline in arsenic-exposed Bangladeshi adults. J. Nutr, 
2016;146(5):1062–1067. [PubMed: 27052531] 

[32]. Gamble MV, Liu X, Slavkovich V, Pilsner JR, Ilievski V, Factor-Litvak P, Levy D, Alam S, Islam 
M, Parvez F, Ahsan H, Graziano JH. Folic acid supplementation lowers blood arsenic. Am. J. 
Clin. Nutr 2007;86(4):1202–1209. [PubMed: 17921403] 

[33]. Kile ML, Ronnenberg AG. Can folate intake reduce arsenic toxicity? Nutr Rev. 2008;66(6):349–
353. [PubMed: 18522624] 

[34]. Spratlen MJ, Grau-Perez M, Best LG, Yracheta J, Lazo M, Vaidya D, Balakrishnan P, Gamble 
MV, Francesconi KA, Goessler W, Cole SA, Umans JG, Howard BV, Navas-Acien A. The 
association of arsenic exposure and arsenic metabolism with the metabolic syndrome and its 
individual components: Prospective evidence from the Strong Heart Family Study. J Epidemiol 
doi: 2018;10.1093/aje/kwy048. [Epub ahead of print].

[35]. Abernathy CO, Liu YP, Longfellow D, Aposhian HV, Beck B, Fowler B, Goyer R, Menzer R, 
Rossman T, Thompson C, Waalkes M. Arsenic: Health effects, mechanisms of actions, and 
research issues. Environ Health Perspect 1999;107(7):593–597. [PubMed: 10379007] 

[36]. Kitchin KT, Conolly R. Arsenic-induced carcinogenesis--oxidative stress as a possible mode of 
action and future research needs for more biologically based risk assessment. Chem. Res. Toxicol 
2010;23:327–335. [PubMed: 20035570] 

Tchounwou et al. Page 17

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[37]. Smeester L, Rager JE, Bailey KA, Guan XJ, Smith N, Garcia-Vargas G, Del Razo LM, Drobna Z, 
Kelkar H, Styblo M, Fry RC. Epigenetic changes in individuals with arsenicosis. Chem Res 
Toxicol. 2011;24:165–167. [PubMed: 21291286] 

[38]. Kundu M, Ghosh P, Mitra S, Das JK, Sau TJ, Banerjee S, States JC, Giri AK. Precancerous and 
non-cancer disease endpoints of chronic arsenic exposure: the level of chromosomal damage and 
XRCC3 T241M polymorphism. Mutat. Res. 2011;706:7–12. [PubMed: 21035470] 

[39]. Shen S, Lee J, Weinfeld M, Le XC. Attenuation of DNA damage-induced p53 expression by 
arsenic: a possible mechanism for arsenic co-carcinogenesis. Mol Carcinog. 2008;47:508–518. 
[PubMed: 18085531] 

[40]. Chowdhury R, Gupta P, Ghosh S, Mukherjee S, Chakraborty P, Chatterji U, Chattopadhyay S. 
Arsenic-induced dose-dependent modulation of the NF-κB/IL-6 axis in thymocytes triggers 
differential immune responses. Toxicol. 2016;16(357–358):85–96.

[41]. Chervona Y, Hall MN, Arita A, Wu F, Sun H, Tseng HC, Ali E, Uddin MN, Liu X, Zoroddu MA, 
Gamble MV, Costa M. Associations between arsenic exposure and global posttranslational 
histone modifications among adults in Bangladesh. Cancer Epidemiol. Biomarkers Prev. 2012 
21:2252–2260. [PubMed: 23064002] 

[42]. Rager JE, Bailey KA, Smeester L, Miller SK, Parker JS, Laine JE, Drobna Z, Currier J, Douillet 
C, Olshan AF, Rubio-Andrade M, Styblo M, Garcia-Vargas G, Fry RC. Prenatal arsenic exposure 
and the epigenome: Altered microRNAs associated with innate and adaptive immune signaling in 
newborn cord blood. Environ. Mol. Mutagen 2014;55:196–208. [PubMed: 24327377] 

[43]. Cohen SM, Arnold LL, Beck BD, Lewis AS, Eldan M. Evaluation of the carcinogenicity of 
inorganic arsenic. Crit. Rev. Toxicol 2013;43(9):711–752. [PubMed: 24040994] 

[44]. Udensi UK, Graham-Evans BE, Rogers C, Isokpehi RD. Cytotoxicity patterns of arsenic trioxide 
exposure on HaCaT keratinocytes. Clin Cosmet Investig Dermatol 2011b;4:183–190.

[45]. Isokpehi RD, Udensi UK, Anyanwu MN, Mbah AN, Johnson MO, Edusei K, Bauer MA, Hall 
RA, Awofolu OR. Knowledge building insights on biomarkers of arsenic toxicity to keratinocytes 
and melanocytes. Biomark. Insights 2012 7:127–141. [PubMed: 23115478] 

[46]. SOT. The Complexities in Assessing the Risk to Public Health of Low-Level Arsenic Exposure. 
Society of Toxicology. Accessed online on February 03, 2018 https://www.toxicology.org/pubs/
statements/SOT-Low-Level-Arsenic-Exposure-Issue-Statement.pdf. 2017.

[47]. Van de Wiele T, Gallawa CM, Kubachka KM, Creed JT, Basta N, Dayton EA, Whitacre S, Du 
LG, Bradham K. Arsenic metabolism by human gut microbiota upon in vitro digestion of 
contaminated soils. Environ. Health Perspect 2010;118:1004–1009. [PubMed: 20603239] 

[48]. Kitchin KT. Recent advances in arsenic carcinogenesis: modes of action, animal model systems, 
and methylated arsenic metabolites. Toxicol Appl Pharmacol 2001;172:249–261. [PubMed: 
11312654] 

[49]. Hughes MF. Arsenic toxicity and potential mechanisms of action. Toxicol Lett. 2002;133:1–16. 
[PubMed: 12076506] 

[50]. Shi H, Hudson LG, Ding W, Wang S, Cooper KL, Liu S, Chen Y, Shi X, Liu KJ. Arsenite causes 
DNA damage in keratinocytes via generation of hydroxyl radicals. Chem Res. Toxicol 
2004;17:871–878. [PubMed: 15257611] 

[51]. Peng Z, Geh E, Chen L, Meng Q, Fan Y, Sartor M, Shertzer HG, Liu ZG, Puga A, Xia Y. 
Inhibitor of kappaB kinase beta regulates redox homeostasis by controlling the constitutive levels 
of glutathione. Mol. Pharmacol 2010;77:784–792. [PubMed: 20159942] 

[52]. Wang TS, Huang H Active oxygen species are involved in the induction of micronuclei by 
arsenite in XRS-5 cells. Mutagenesis 1994;9:253–257. [PubMed: 7934966] 

[53]. Hu Y, Jin X, Snow ET. Effect of arsenic on transcription factor AP-1 and NF-kappaB DNA 
binding activity and related gene expression. Toxicol Lett. 2002;133:33–45. [PubMed: 
12076508] 

[54]. Udensi UK, Tackett AJ, Byrum S, Avaritt NL, Sengupta D, Moreland LW, Tchounwou PB, 
Isokpehi RD. Proteomics-based identification of differentially abundant proteins from human 
keratinocytes exposed to arsenic trioxide. J Proteomics Bioinform 2014;7(7):166–178. [PubMed: 
25419056] 

Tchounwou et al. Page 18

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.toxicology.org/pubs/statements/SOT-Low-Level-Arsenic-Exposure-Issue-Statement.pdf
https://www.toxicology.org/pubs/statements/SOT-Low-Level-Arsenic-Exposure-Issue-Statement.pdf


[55]. Rossman TG, Stone D, Molina M Absence of arsenite mutagenicity in E.coli and Chinese 
hamster cells. Environ. Mutagen 1980;2: 371–379. [PubMed: 6459229] 

[56]. Harrington KB, Smith TW, Doerr CL. Mutagenicity of the human carcinogenarsenic and its 
methylated metabolites monomethylarsonic acid dimethylarsenic acid in L5178Ytk+/− mouse 
lymphoma cells. Environ. Mol. Mutagen 1993;21–27.

[57]. Hei TK, Liu SX, Waldren C. Mutagenicity of arsenic in mammalian cells: role of reactive oxygen 
species. Proc. Natl. Acad. Sci 1998;95:8103–8107. [PubMed: 9653147] 

[58]. Hartmann A, Speit G. Comparative investigations of the genotoxic effects of metals in the single 
cell gel assay and the sister-chromatid test. Environ. Mol. Mutagen 1994;23:299–305. [PubMed: 
8013477] 

[59]. Gentry PR, McDonald TB, Sullivan DE, Shipp AM, Yager JW, Clewell HJ III. Analysis of 
genomic dose-response information on arsenic to inform key events in a mode of action for 
carcinogenicity. Environ. Mol. Mutagen 2010;51:1–14. [PubMed: 19551812] 

[60]. Barrett JC, Lamb PW, Wang TC, Lee TC. Mechanisms of arsenic-induced cell transformation. 
Biol. Trace Elem Res 1989;21:421–429. [PubMed: 2484623] 

[61]. Gonsebatt ME, Vega L, Salazar AM, Montero R, Guzman P, Blas J, Del Razo LM, Garcai-Vargas 
G, Albores A, Cebrian ME, Kelsh M, Ostrosky-Wegman P.: Cytogenetic effects in human 
exposure to arsenic. Mutat. Res 1997;386:219–228. [PubMed: 9219560] 

[62]. Patlolla AK, Tchounwou PB. Cytogenetic evaluation of arsenic trioxide toxicity in Sprague-
Dawley rats. Mutat Res., 2005;587(1–2):126–133. [PubMed: 16213187] 

[63]. Klein CB, Leszczynska J, Hickey C, Rossman TG. Further evidence against a direct genotoxic 
mode of action for arsenic-induced cancer. Toxicol. Appl. Pharmacol 2007;222:289–297. 
[PubMed: 17316729] 

[64]. Sun Y, Pi J, Wang X, Tokar EJ, Liu J, Waalkes MP. Aberrant cytokeratin expression during 
arsenic-induced acquired malignant phenotype in human HaCaT keratinocytes consistent with 
epidermal carcinogenesis. Toxicol 2009;262:162–170.

[65]. Simeonova PP, Luster MI. Mechanisms of arsenic carcinogenicity: genetic or epigenetic 
mechanisms? J Environ. Pathol Toxicol Oncol 2000;19:281–286. [PubMed: 10983894] 

[66]. Clewell HJ, Thomas RS, Kenyon EM, Hughes MF, Adair BM, Gentry PR, Yager JW. 
Concentration-and time-dependent genomic changes in the mouse urinary bladder following 
exposure to arsenate in drinking water for up to twelve weeks. Toxicol. Sci 2011;123(2):421–
432. [PubMed: 21795629] 

[67]. Efremenko A, Seagrave JC, Clewell HJ, Van Landingham C, Gentry PR, Yager JW. Evaluation of 
gene expression changes in human primary lung epithelial cells following 24-hr exposures to 
inorganic arsenic and its methylated metabolites and to arsenic trioxide. Environ. Mol. Mutagen 
2015;56(5):477–490. [PubMed: 25873331] 

[68]. Das N, Giri A, Chakraborty S, Bhattacharjee P. Association of single nucleotide polymorphism 
with arsenic-induced skin lesions and genetic damage in exposed population of West Bengal., 
India. Mutat Res 2016;809:50–56. [PubMed: 27692299] 

[69]. Kapahi P, Takahashi T, Natoli G, Adams SR, Chen Y, Tsien RY, Karin M. Inhibition of NF-kappa 
B activation by arsenite through reaction with a critical cysteine in the activation loop of Ikappa 
B kinase. J Biol Chem. 2000;275:36062–36066. [PubMed: 10967126] 

[70]. Yu HS, Liao WT, Chai CY. Arsenic carcinogenesis in the skin. J. Biomed. Sci 2006;13:657–666. 
[PubMed: 16807664] 

[71]. Chen NY, Ma WY, Huang C, Ding M, Dong Z. Activation of PKC is required for arsenite-
induced signal transduction. J. Environ. Pathol. Toxicol Oncol 2000;19:297–305. [PubMed: 
10983896] 

[72]. Li JH, Rossman TG. Inhibition of DNA ligase activity by arsenite: a possible mechanism of its 
comutagenesis. Mol. Toxicol 1989;2:1–9. [PubMed: 2615768] 

[73]. Sherwood CL, Lantz RC, Burgess JL, Boitano S. Arsenic alters ATP-dependent Ca(2)+ signaling 
in human airway epithelial cell wound response. Toxicol Sci. 2011;121:191–206. [PubMed: 
21357385] 

[74]. Hughes MF, Beck BD, Chen Y, Lewis AS, Thomas DJ. Arsenic exposure and toxicology: A 
historical perspective. Toxicol Sci. 2011;123(2):305–332. [PubMed: 21750349] 

Tchounwou et al. Page 19

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[75]. Ren X, McHale CM, Skibola CF, Smith AH, Smith MT, Zhang L. An emerging role for 
epigenetic dysregulation in arsenic toxicity and carcinogenesis. Environ. Health Perspect 
2011;19:11–19.

[76]. Ghaffari SH, Bashash D, Dizaji MZ, Ghavamzadeh A, Alimoghaddam K. Alteration in miRNA 
gene expression pattern in acute promyelocytic leukemia cell induced by arsenic trioxide: a 
possible mechanism to explain arsenic multi-target action. Tumour. Biol 2012 33:157–172. 
[PubMed: 22072212] 

[77]. Argos M Arsenic exposure and epigenetic alterations: Recent findings based on the Illumina 
450K DNA Methylation Array. Curr Environ Health Rep 2015;2(2):137–144. [PubMed: 
26231363] 

[78]. Bustaffa E, Stoccoro A, Bianchi F, Migliore L. Genotoxic and epigenetic mechanisms in arsenic 
carcinogenicity. Arch Toxicol. 2014;88(5):1043–1067. [PubMed: 24691704] 

[79]. Mauro M, Caradonna F, Klein CB. Dysregulation of DNA methylation induced by past arsenic 
treatment causes persistent genomic instability in mammalian cells. Environ Mol Mutagen. 
2016;57(2):137–150. [PubMed: 26581878] 

[80]. Martin EM, Stýblo M, Fry RC. Genetic and epigenetic mechanisms underlying arsenic-associated 
diabetes mellitus: a perspective of the current evidence. Epigenomics. 20179(5):701–710.

[81]. Banerjee M, Sarkar J, Das JK, Mukherjee A, Sarkar AK, Mondal L, Giri AK. Polymorphism in 
the ERCC2 codon 751 is associated with arsenic-induced premalignant hyperkeratosis and 
significant chromosome aberrations. Carcinogenesis, 2007;28: 672–676. [PubMed: 17050553] 

[82]. Roy RV, Son YO, Pratheeshkumar P, Wang L, Hitron JA, Divya SP, Kim D, Yin Y, Zhang Z, Shi 
X. Epigenetic targets of arsenic: emphasis on epigenetic modifications during carcinogenesis. J 
Environ Pathol Oncol 2015;34(1):63–84.

[83]. Mass MJ, Wang L. Arsenic alters cytosine methylation patterns of the promoter of the tumor 
suppressor gene p53 in human lung cells: a model for a mechanism of carcinogenesis. Mutat. Res 
1997;386(3):263–277. [PubMed: 9219564] 

[84]. van Breda SG, Claessen SM, Lo K, van Herwijnen M, Brauers KJ, Lisanti S, Theunissen DH, 
Jennen DG, Gaj S, de Kok TM, Kleinjans JC. Epigenetic mechanisms underlying arsenic-
associated lung carcinogenesis. Arch Toxicol. 2015;89(11):1959–1969. [PubMed: 25199682] 

[85]. Huang C, Ke Q, Costa M, Shi X. Molecular mechanisms of arsenic carcinogenesis. Mol. Cell 
Biochem 2004;255:57–66. [PubMed: 14971646] 

[86]. Burleson FG, Simeonova PP, Germolec DR, Luster MI. Dermatotoxic chemical stimulate of c-jun 
and c-fos transcription and AP-1 DNA binding in human keratinocytes. Res. Commun. Mol. 
Pathol. Pharmacol 1996;93:131–148. [PubMed: 8884985] 

[87]. Porter AC, Fanger GR, Vaillancourt RR. Signal transduction pathways regulated by arsenate and 
arsenite. Oncogene 1999;18:7794–7802. [PubMed: 10618720] 

[88]. Leonard SS, Harris GK, Shi X. Metal-induces oxidative stress and signal transduction. Free Rad 
Biol Med;2004;37:1921–1942. [PubMed: 15544913] 

[89]. Burns FJ, Uddin AN, Wu F, Nadas A, Rossman TG. Arsenic-induced enhancement of ultraviolet 
radiation carcinogenesis in mouse skin: A dose-response study. Environ. Health Perspect 
2004;112:599–603. [PubMed: 15064167] 

[90]. Qin XJ, Hudson LG, Liu W, Timmins GS, Liu KJ. Low concentration of arsenite exacerbates 
UVR-induced DNA strand breaks by inhibiting PARP-1 activity. Toxicol Appl Pharmacol. 
2008;232(1):41–50. [PubMed: 18619636] 

[91]. Phillips MA, Cánovas A, Wu PW, Islas-Trejo A, Medrano JF, Rice RH. Parallel responses of 
human epidermal keratinocytes to inorganic SbIII and AsIII. Environ Chem. 2016;13(6):963–
970. [PubMed: 28713220] 

[92]. Jamaluddin MS, Weakley SM, Zhang L, Kougias P, Lin PH, Yao Q, Chen C. “miRNAs: roles and 
clinical applications in vascular disease. Expert Review of Molecular Diagnostics, 2011;11:79–
89. [PubMed: 21171923] 

[93]. Lu DP, Read RL, Humphreys DT, Battah FM, Martin DI, Rasko JE PCR-based expression 
analysis and identification of microRNAs. J RNAi Gene Silencing. 2005;1(1):44–49. [PubMed: 
19771204] 

Tchounwou et al. Page 20

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[94]. Sturchio E, Colombo T, Boccia P, Carucci N, Meconi C, Minoia C, Macino G. Arsenic exposure 
triggers a shift in microRNA expression. Sci Total Environ. 2014;472:672–680. [PubMed: 
24317173] 

[95]. Shan H, Zhang Y, Cai B, Chen X, Fan Y, Yang L, Chen X, Liang H, Zhang Y, Song X, Xu C, Lu 
Y, Yang B, Du Z. Upregulation of microRNA-1 and microRNA-133 contributes to arsenic-
induced cardiac electrical remodeling. Int J Cardiol. 2013;167(6):2798–2805. [PubMed: 
22889704] 

[96]. Kumar S, Yedjou CG, Tchounwou PB. Arsenic trioxide induces oxidative stress, DNA damage, 
and mitochondrial pathway of apoptosis in human leukemia (HL-60) cells. J. Exp. Clin. Cancer 
Res 2014;33:42. doi: 10.1186/1756-9966-33-42. [PubMed: 24887205] 

[97]. Yedjou CG, Tchounwou H, Tchounwou PB. DNA damage, cell cycle arrest, and apoptosis 
induction caused by lead in human leukemia cells. Int J Environ Res Public Health 2015;13(1). 
pii: E56. [PubMed: 26703663] 

[98]. Baysan A, Yel L, Gollapudi S, Su H, Gupta S. Arsenic trioxide induces apoptosis via the 
mitochondrial pathway by upregulating the expression of Bax and Bim in human B cells. Int. J. 
Oncol, 2007;30:313–318. [PubMed: 17203211] 

[99]. Yedjou C, Tchounwou P, Jenkins J, McMurray R. Basic mechanisms of arsenic trioxide (ATO)-
induced apoptosis in human leukemia (HL-60) cells. J. Hematol. Oncol 2010;3:28. doi: 
10.1186/1756-8722-3-28. [PubMed: 20796291] 

[100]. Amigo-Jiménez I, Bailón E, Aguilera-Montilla N, García-Marco JA, García-Pardo A. Gene 
expression profile induced by arsenic trioxide in chronic lymphocytic leukemia cells reveals a 
central role for heme oxygenase-1 in apoptosis and regulation of matrix metalloproteinase-9. 
Oncotarget. doi: 2016;10.18632/oncotarget.13091. (Epub ahead of print)

[101]. Walker AM, Stevens JJ, Ndebele K, Tchounwou PB. Arsenic trioxide modulates DNA synthesis 
and apoptosis in lung carcinoma cells. Int J Environ. Res Public Health 2010;7(5):1996–2007. 
[PubMed: 20632473] 

[102]. Walker AM, Stevens JJ, Ndebele K, Tchounwou PB. Evaluation of arsenic trioxide potential for 
lung cancer treatment: assessment of apoptotic mechanisms and oxidative damage. J Cancer Sci 
Ther. 2016;8(1):1–9. [PubMed: 27158419] 

[103]. Centeno JA, Tchounwou PB, Patlolla AK, Mullick FG, Murakat L, Meza E, Gibb H, Yedjou 
CG. Environmental pathology and health effects of arsenic poisoning: a critical review In: 
Managing Arsenic in the Environment: From Soil to Human Health. Naidu R, Smith E, Smith J, 
Bhattacharya P, eds. CSIRO Publishing Corp Adelaide, Australia 2006.

[104]. Ferreccio C, Smith AH, Durán V, Barlaro T, Benítez H, Valdés R, Aguirre JJ, Moore LE, 
Acevedo J, Vásquez MI, Pérez L, Yuan Y, Liaw J, Cantor KP, Steinmaus C. Case-control study of 
arsenic in drinking water and kidney cancer in uniquely exposed Northern Chile. Am. J. 
Epidemiol 2013a;178(5):813–818. [PubMed: 23764934] 

[105]. Ding W, Liu W, Cooper KL, Qin XJ, de Souza Bergo PL, Hudson LG, Liu KJ. Inhibition of 
poly(ADP-ribose) polymerase-1 by arsenite interferes with repair of oxidative DNA damage. J 
Biol Chem. 2009;284(11):6809–6817. [PubMed: 19056730] 

[106]. Tchounwou PB, Centeno JA, Patlolla AK, Arsenic toxicity, mutagenesis., and carcinogenesis-a 
health risk assessment and management approach. Mol Cell Biochem 2004;255:47–55. [PubMed: 
14971645] 

[107]. Chen CJ. Health hazards and mitigation of chronic poisoning from arsenic in drinking water: 
Taiwan experiences. Rev Environ Health. 2014;29(1–2):13–19. [PubMed: 24552958] 

[108]. Tseng CH. Arsenic exposure and diabetes mellitus in the United States. JAMA 2008;300:2728–
2729. [PubMed: 19088349] 

[109]. ATSDR. Toxicological Profile for Arsenic. Agency for Toxic Substances and Disease Registry, 
Agency for Toxic Substances and Disease Registry. Division of Toxicology and Human Health 
Sciences, Atlanta, GA, USA 2007.

[110]. Haque R, Mazumder DNG, Samanta S, Ghosh N, Kalman D, Smith MM, Mitra S, Santra A, 
Lahiri S, Das S, De BK, Smith AH. Arsenic in drinking water and skin lesions: Dose-response 
data from West Bengal., India. Epidemiol. 2003;14:174–182.

Tchounwou et al. Page 21

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[111]. Mazumder DNG. Health effects of chronic arsenic toxicity Chapter 6 in Handbook of Arsenic 
Toxicology. Flora SJS (Ed). Elsevier Inc London 2015;Pp 137–177.

[112]. Mazumder DNG, Haque R, Ghosh N, De BK, Santra A, Chakraborty D, Smith A. Arsenic 
levels in drinking water and the prevalence of skin lesions in West Bengal., India. Int. J. 
Epidemiol 1998;27:871–877. [PubMed: 9839746] 

[113]. Rahman M, Tondel M, Ahmad SA, Chowdhury IA, Faruquee MH, Axelson O. Hypertension 
and arsenic exposure in Bangladesh. Hypertension 1999;33(1):74–78. [PubMed: 9931084] 

[114]. Chen Y, Graziano JH, Parvez F, Hussain I, Momotaj H, van Geen A, Howe GR, Ahsan H. 
Modification of risk of arsenic-induced skin lesions by sunlight exposure, smoking, and 
occupational exposures in Bangladesh. Epidemiology. 2006;17(4):459–467. [PubMed: 
16755266] 

[115]. Burroughs Peña MS, Rollins A. Environmental exposures and cardiovascular disease: A 
challenge for health and development in low- and middle-income countries. Cardiol Clin. 
2017;35(1):71–86. [PubMed: 27886791] 

[116]. Tsuda T, Nagira T, Yamamoto M. An epidemiological study on cancer in certified arsenic 
poisoning patients in Toroku. Ind Health 1990;28:53–62. [PubMed: 2376527] 

[117]. Mehta A, Ramachandra CJA, Shim W. Arsenic and the cardiovascular system Chapter 20 in 
Handbook of Arsenic Toxicology. Flora SJS (Ed). Elsevier Inc London 2015;Pp 459–491.

[118]. Moon K, Guallar E, Navas-Acien A. Arsenic exposure and cardiovascular disease: An updated 
systematic review. Curr Atheroscler Rep. 2012 14(6):542–555. [PubMed: 22968315] 

[119]. Sidhu MS, Desai KP, Lynch HN, Rhomberg LR, Beck BD, Venditti FJ.Mechanisms of action 
for arsenic in cardiovascular toxicity and implications for risk assessment. Toxicol 2015;331:78–
99.

[120]. Milton AH, Smith W, Rahman B, Hasan Z, Kulsum U, Dear K, Rakibuddin M, ALi A. Chronic 
arsenic exposure and adverse pregnancy outcomes in Bangladesh. Epidemiol. 2005;16:82–86.

[121]. Kim YJ, Kim JM. Arsenic toxicity in male reproduction and development. Dev Reprod. 
2015;19(4):167–180. [PubMed: 26973968] 

[122]. Kwok RK, Kaufmann RB, Jakariya M. Arsenic in Drinking-water and Reproductive Health 
Outcomes: A Study of Participants in the Bangladesh Integrated Nutrition Programme. J. Health 
Popul. Nutr 2006;24(2):190–205. [PubMed: 17195560] 

[123]. Tsuji JS, Garry MR, Perez V, Chang ET. Low-level arsenic exposure and developmental 
neurotoxicity in children: A systematic review and risk assessment. Toxicol 2015;337:91–107.

[124]. Wasserman GA, Liu X, Parvez F, Factor-Litvak P, Kline J, Siddique AB, Shahriar H, Uddin 
MN, van Geen A, Mey JL, Balac O, Graziano JH. Child intelligence and reductions in water 
arsenic and manganese: a two-year follow-up study in Bangladesh. Environ. Health Perspect 
2016;124:1114–1120. [PubMed: 26713676] 

[125]. Huda SN, Vahter M. Critical windows of exposure for arsenic-associated impairment of 
cognitive function in pre-school girls and boys: a population-based cohort study. Int. J. Epidemiol 
2011;40:1593–1604. [PubMed: 22158669] 

[126]. Gerhardsson L, Brune D, Nordberg GF, Wester PO. Multi elemental assay of tissues of deceased 
smelter workers and controls. Sci. Total Environ 1988;74:97–110. [PubMed: 3222699] 

[127]. Milton AH, Hasan Z, Rahman A, Rahman M. Chronic arsenic poisoning and respiratory effects 
in Bangladesh. J Occup Health 2001;43(3):136–140.

[128]. Recio-Vega R, Gonzalez-Cortes T, Olivas-Calderon E, Lantz CR, Gandolfi JA, Gonzalez-De 
Alba C. In utero and early childhood exposure to arsenic decreases lung function in children. J 
Appl Toxicol. 2015;35(4):358–366. [PubMed: 25131850] 

[129]. Ahmad SA, Sayed MHSU, Hadi SA, Faruquee MH, Khan MH, Galil MA, Ahmed R, Khan A. 
Arsenicosis in a village in Bangladesh. Int. J. Environ. Health Res 1999;9:187–195.

[130]. Smith AH, Marshall G, Yuan Y, Ferreccio C, Liaw J, von Ehrenstein O, Steinmaus C, Bates 
MN, Selvin S. Increased mortality from lung cancer and bronchiectasis in young adults after 
exposure to arsenic in utero and in early childhood. Environ Health Perspect. 2006;114(8):1293–
1296. [PubMed: 16882542] 

[131]. Mazumder DNG. Effect of chronic intake of arsenic-contaminated water on liver Toxicology 
and Applied Pharmacol. 2005;206:169–175.

Tchounwou et al. Page 22

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[132]. Hsu LI, Wang YH, Hsieh FI, Yang TY, Jeng RWJ, Liu CT, Chen CL, Hsu KH, Chiou HY, Wu 
MM, Chen CJ. Effects of arsenic in drinking water on risk of hepatitis or cirrhosis in persons 
with and without chronic viral hepatitis. Clinical Gastroenterology and Hepatology 
2016;14:1347–1355. [PubMed: 27060428] 

[133]. Hernandez-Zavala A, Del Razo LM, Aguilar C, Garcia-Vargas GG, Borja VH, Cebrian ME. 
Alteration in bilirubin excretion in individuals chronically exposed to arsenic in Mexico. Toxicol. 
Lett 1998;99(2):79–84. [PubMed: 9817078] 

[134]. Hernandez-Zavala A, Del Razo LM, Garcia-Vargas GG, Aguilar C, Borja VH, Albores A, 
Cebrian ME. Altered activity of heme biosynthesis pathway enzymes in individuals chronically 
exposed to arsenic in Mexico. Arch Toxicol 1999;73(2):90–95. [PubMed: 10350189] 

[135]. Tsai SM, Wang TN, Ko YC. Mortality for certain diseases in areas with high levels of arsenic in 
drinking water. Arch. Environ. Health 1999;54:186–193. [PubMed: 10444040] 

[136]. Hassan FI, Niaz K, Khan F, Maqbool F, Abdollahi M. The relation between rice consumption, 
arsenic contamination, and prevalence of diabetes in South Asia. EXCLI J. 2017;16:1132–1143. 
[PubMed: 29285009] 

[137]. Squibb KS, Fowler BA The toxicity of arsenic and its compounds In Fowler BA (Ed.)., 
Biological and Environmental Effects of Arsenic. Elsevier, New York, pp. 1983;233–269.

[138]. Winship KA. Toxicity of inorganic arsenic salts. Adv Drug React Acute Poisoning Rev 
1984;3:129–160.

[139]. Morton WE, Dunnette DA. Health effects of environmental arsenic In: Nriagu JO, (ed)., Arsenic 
in the environment part II;human health and ecosystem effects. John Wiley & Sons., Inc., New 
York, 1994;pp. 17–34.

[140]. Chen Y, Parvez F, Liu M, Pesola GR, Gamble MV, Slavkovich V, Islam T, Ahmed A, Hasan R, 
Graziano JH, Ahsan H. Association between arsenic exposure from drinking water and 
proteinuria: results from the Health Effects of Arsenic Longitudinal Study. Int. J. Epidemiol 
2011;40(3):828–835. [PubMed: 21343184] 

[141]. Peters BA, Hall MN, Liu X DY, Pilsner JR, Levy D, Ilievski V, Slavkovich V, Islam T, Factor-
Litvak P, Graziano JH, Gamble MV. Creatinine., arsenic metabolism., and renal function in an 
arsenic-exposed population in Bangladesh. PLoS One 2014;9(12): e113760. [PubMed: 
25438247] 

[142]. Nordberg GF. Biomarkers of exposure., effects and susceptibility in humans and their 
application in studies of interactions among metals in China. Toxicol Lett. 2010;192:45–49. 
[PubMed: 19540908] 

[143]. Zhang T, Zhang BX, Ye P, Hu ZY, Jiang TX, Zhang AH, Mao Y. The changes of trace protein in 
urine collected from 145 cases of arsenic poisoning patients caused by coal burning. J. Chin. 
Microcirculat 2006;10:134–135.

[144]. Feng H, Gao Y, Zhao L, Wei Y, Li Y, Wei W, Wu Y, Sun D. Biomarkers of renal toxicity caused 
by exposure to arsenic in drinking water. Environ. Toxicol. Pharmacol 2013;35(3):495–501. 
[PubMed: 23501610] 

[145]. Zheng L, Kuo CC, Fadrowski J, Agnew J, Weaver VM, Navas-Acien A. Arsenic and Chronic 
Kidney Disease: A Systematic Review. Curr. Envir. Health Rpt 2014;1:192–207.

[146]. Zheng LY, Umans JG, Yeh F, Francesconi KA, Goessler W, Silbergeld EK, Bandeen-Roche K, 
Guallar E, Howard BV, Weaver VM, Navas-Acien A. The association of urine arsenic with 
prevalent and incident chronic kidney disease: Evidence from the Strong Heart Study. Epidemiol. 
2015;26(4):601–612.

[147]. U.S. EPA. Health Assessment Document for inorganic arsenic. Final report, EPA-600/8–
83-021F. US EPA. Environmental criteria and assessment office Research Triangle Park, North 
Carolina., USA. 1984.

[148]. Wu J, van Geen A, Ahmed KM, Alam YA, Culligan PJ, Escamilla V, Feighery J, Ferguson AS, 
Knappett P, Mailloux BJ, McKay LD, Serre ML, Streatfield PK, Yunus M, Emch M. Increase in 
diarrheal disease associated with arsenic mitigation in Bangladesh. PLoS One. 
2011;6(12):e29593. [PubMed: 22216326] 

[149]. Campbell JP, Alvares JA. Acute arsenic intoxication. Am. Fam. Physician 1989;40:9397.

Tchounwou et al. Page 23

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[150]. Mink PJ, Alexander DD, Barraj LM, Kelsh MA, Tsuji JS. Low-level arsenic exposure in 
drinking water and bladder cancer: a review and meta-analysis. Regul Toxicol Pharmacol 
2008;52(3):299–310. [PubMed: 18783726] 

[151]. Lynch HN, Zua K, Kennedya EM, Lama T, Liua X, Pizzurroa DM, Loftusb CT, Rhomberga LR. 
Quantitative assessment of lung and bladder cancer risk and oral exposure to inorganic arsenic: 
Meta-regression analyses of epidemiological data. Environ. Internatl, 2017;106:178–206.

[152]. Lamm SH, Byrd DM, Kruse MB, Feinleib M, Lai SH. Bladder cancer and arsenic exposure: 
differences in the two populations enrolled in a study in southwest Taiwan. Biomed Environ. Sci, 
2003;16(4):355–368. [PubMed: 15011967] 

[153]. Waalkes MP, Qu W, Tokar EJ, Kissling GE, Dixon D. Lung tumors in mice induced by “whole-
life” inorganic arsenic exposure at human-relevant doses. Arch. Toxicol 2014;88:1619–1629. 
[PubMed: 25005685] 

[154]. Cohen SM, Arnold LL, Klaunig JE, Goodman JI. Re: Waalkes et al.: Lung tumors in mice 
induced by “whole-life” inorganic arsenic exposure at human-relevant doses, Arch Toxicol. 2014 
88(11):2061–2062 [PubMed: 25112959] 

[155]. Cohen SM, Arnold LL, Klaunig JE, Goodman JI Response to the Waalkes et al., Letter to the 
editor concerning our “letter to the editor., Re: Lung tumors in mice induced by “whole-life” 
inorganic arsenic exposure at human relevant doses., Waalkes et al.., Arch Toxicol., 2014”. Arch 
Toxicol 2015;89(11):2167–2168. [PubMed: 26449479] 

[156]. Druwe IL, Burgoon L. Revisiting Cohen et al., 2015, Cohen et al. 2014 and Waalkes et al., 
2014: a Bayesian re-analysis of tumor incidences. Arch. Toxicol 2016;90:2047–2048. [PubMed: 
27325233] 

[157]. Cohen SM, Arnold LL, Klaunig JE, Goodman JI.. Response to Druwe and Burgoon. Arch 
Toxicol. 2016;doi:10.1007/s00204-016-1823-1827.

[158]. Cohen SM, Goodman JI, Klaunig JE, Arnold LL. Response to Druwe and Burgoon., 2016 Letter 
to the Editor in Archives of Toxicology. Arch Toxicol 2017;91:999–1000. [PubMed: 27830267] 

[159]. ATSDR, (Agency for Toxic Substances and Disease Registry) Arsenic Toxicity: What are the 
Routes of Exposure for Arsenic? Environmental Health and Medicine Education. Course: WB 
1576, October 1, 2009 https://www.atsdr.cdc.gov/csem/csem.asp?csem=1&po=6. Accessed 
10/01/2018

[160]. ATSDR (Agency for Toxic Substances and Disease Registry). 1989 Toxicological Profile for 
Arsenic. Agency for Toxic Substances and Disease Registry, U.S. Public Health Service, Atlanta, 
GA ATSDR/TP-88/02.

[161]. Maloney ME. Arsenic in Dermatology. Dermatol Surg. 1996;22:301–4 [PubMed: 8599743] 

[162]. Udensi KU, Cohly HHP, Graham-Evans BE, Ndebele K, Garcia-Reyero N, Nanduri B, 
Tchounwou PB, Isokpehi RD, Aberrantly Expressed Genes in HaCaT Keratinocytes Chronically 
Exposed to Arsenic Trioxide. Biomark Insights. 2011; 6: 7–16. [PubMed: 21461292] 

[163]. Mayer JE, Goldman RH. Arsenic and skin cancer in the USA: the current evidence regarding 
arsenic-contaminated drinking water. Int. J. Dermatol 2016;55(11):e585–e591. [PubMed: 
27420023] 

[164]. Saini R, Sharma N, Pandey K, Puri K. Multiple skin cancers in a single patient: Multiple 
pigmented Bowen’s disease, giant basal cell carcinoma, squamous cell carcinoma. 2015;J Can 
Res Ther 2015;11:669.

[165]. Yoshida TH, Yamauchi H, Sun GF. Chronic health effects in people exposed to arsenic via 
drinking water: Dose-response relationships in review. Toxicol. Appl. Pharmacol 2004;198(3):
89–98.

[166]. Albores A, Cebrian ME, Garcia-Vargas GG, Connelly JC, Price SC, Hinton RH, Bach PH, 
Bridges JW. Enhanced arsenite-induced hepatic morphological and biochemical changes in 
phenobarbital-pretreated rats. Toxicol Pathol 1996;24:172–180. [PubMed: 8992607] 

[167]. Cui X, Li S, Shraim A, Kobayashi Y, Hayakawa T, Kanno S, Yamamoto M, Hirano S. 
Subchronic exposure to arsenic through drinking water alters expression of cancer-related genes 
in rat liver. Toxicol Pathol 2004;32: 64–72. [PubMed: 14713550] 

[168]. Chen CJ, Yu MW, Liaw YF. Epidemiological characteristics and risk factors of hepatocellular 
carcinoma. J. Gastroenterol. Hepathol 1997;12: S294–S308.

Tchounwou et al. Page 24

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.atsdr.cdc.gov/csem/csem.asp?csem=1&po=6


[169]. Reger RB, Morgan WK. Respiratory cancers in mining. Occup Med 1993;8:185–204. [PubMed: 
8384378] 

[170]. Tsao DA, Tseng WC, Chang HR RKIP expression of liver and kidney after arsenic exposure. 
Environ. Toxicol doi: 2016;10.1002/tox.22291.

[171]. Baris D, Waddell R, Beane Freeman LE, Schwenn M, Colt JS, Ayotte JD, Ward MH, Nuckols J, 
Schned A, Jackson B, Clerkin C, Rothman N, Moore LE, Taylor A, Robinson G, Hosain GM, 
Armenti KR, McCoy R, Samanic C, Hoover RN, Fraumeni JF, Jr., Johnson A, Karagas MR, 
Silverman DT. Elevated bladder cancer in Northern New England: The role of drinking water and 
arsenic. J. Natl Cancer Inst 2016;108(9). pii: djw099.

[172]. Chiou HY, Chiou ST, Hsu YH, Chou YL, Tseng CH, Wei ML, Chen CJ. Incidence of 
transitional cell carcinoma and arsenic in drinking water: a follow-up study of 8, 102 residents in 
an arseniasis-endemic area in north-eastern Taiwan. Am. J Epidemiol 2001;153:411–418. 
[PubMed: 11226969] 

[173]. Gentry PR Y, Yager JW, Clewell RA, Clewell HJIII. Use of mode of action data to inform a 
dose-response assessment for bladder cancer following exposure to inorganic arsenic. Toxicology 
in vitro 2014;28:1196–1205. [PubMed: 24937311] 

[174]. Enterline PE, Day R, Marsh GM. Cancers related to exposure to arsenic at a copper smelter. 
Occup. Environ. Med 1995;52:28–32. [PubMed: 7697137] 

[175]. Lamm SH, Ferdosi H, Dissen EK, Li J, Ahn J. A systematic review and meta-regression 
analysis of lung cancer risk and inorganic arsenic in drinking water,” International J Environ. 
Res. Public Health 2015;12(12):15498–15515.

[176]. Dauphin DC, Smith AH, Yuan Y, Balmes JR, Bates MN, Steinmaus C. Case-control study of 
arsenic in drinking water and lung cancer in California and Nevada. Intl. J. Environ. Res. Public 
Health 2013;10 (8):3310–3324.

[177]. Ferdosi H, Dissen EK, Afari-Dwamena NA, Li J, Chen R, Feinleib M, Lamm SH. Arsenic in 
drinking water and lung cancer mortality in the United States: An analysis based on US counties 
and 30 years of observation (1950–1979). J. Environ. Public Health, 2016;Article ID 1602929.

[178]. D’Ippoliti DD, Santelli E, DeSarioeta M.. Arsenic in drinking water and mortality for cancer 
and chronic diseases in central Italy, 1990–2010. PLosOne 2015;10(9) e0138182.

[179]. IARC. IARC Monographs on the Evaluation of Carcinogenic Risk to Humans A Review of 
Human Carcinogens: Arsenic, Metals Fibers and Dusts. Volume 100CInternational Agency for 
Research on Cancer Lyon France 2012.

[180]. Escudero-Lourdes C Toxicity mechanisms of arsenic that are shared with neurodegenerative 
diseases and cognitive impairment: Role of oxidative stress and inflammatory responses. 
Neurotoxicol. 2016;53:223–235.

[181]. Navas-Acien A, Pollan M, Gustavsson P, Plato N. Occupation., exposure to chemicals and risk 
of gliomas and meningiomas in Sweden. Am J Ind. Med, 2002;42:214–227. [PubMed: 
12210690] 

[182]. U.S. EPA. 1993 Integrated Risk Information System: Arsenic, inorganic (CASRN 7440–38-2) 
Reference dose for chronic oral exposure (RfD). U.S. Environmental Protection Agency (EPA) 
Washington., DC Available at: http://www.epa.gov/iris/subst/0278.htm.

[183]. U.S. EPA. 2001 National primary drinking water regulations: arsenic and clarifications to 
compliance and new source contaminants monitoring Final Rule. United States. Environmental 
Protection Agency, Atlanta Georgia., USA. Fed Reg 66:6976–7066.

[184]. U.S. EPA. 1993 Toxicological review of inorganic arsenic. EPA, IRIS., Washington D.C.

[185]. WHO. 2011 Evaluation of certain contaminants in food Seventy-second report of the joint 
FAO/WHO Expert Committee on Food Additives. Technical Report Series No. 959. Geneva 
World Health Organization.

[186]. FDA US. 2013 Arsenic in Rice: Full Analytical Result from Rice/Rice Product Sampling-
September;Food and Drug Administration (U.S. FDA) Silver Spring., MD., USA.

[187]. NIOSH. Permissible Exposure Limits for Chemical Contaminants. National Institute of 
Occupational Safety and Health Morgantown., West Virginia., USA 1994.

Tchounwou et al. Page 25

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.epa.gov/iris/subst/0278.htm


[188]. ACGIH. Threshold Limit Value (TLV®) and Biological Exposure Indices (BEIs®), and Guide 
to Occupational Exposures. ISBN-13: 978–1607260486. American Conference of Governmental 
Industrial Hygienists Cincinnati, Ohio, USA 2012.

[189]. OSHA. Occupational Safety and Health Administration. Fed Reg. 54: 2332–2335.

[190]. Cal EPA. Inorganic arsenic reference exposure levels. Sacramento: State of California. 
California Environmental Protection Agency. Office of Environmental Health Hazard 
Assessment Sacramento, CA 2008.

[191]. Gentry PR, Clewell HJ, Greene TB, Franzen AC, Yager JW. The impact of recent advances in 
research on arsenic cancer risk assessment. Regulatory Toxicol. Pharmacol. 2014;69(1):91–104.

Tchounwou et al. Page 26

Environ Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1: 
Pathway of arsenic biotransformation in humans.10
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FIGURE 2: 
Proposed mechanisms of action in arsenic carcinogenesis.3
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