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Abstract

Significant amounts of arsenic have been found in the groundwater of many countries including

Argentina, Bangladesh, Chile, China, India, Mexico, and the United States with an estimated 200

million people at risk of toxic exposure. Although chronic arsenic poisoning damages many organ

systems, it usually first presents in the skin with manifestations including hyperpigmentation,

hyperkeratoses, Bowen’s disease, squamous cell carcinoma, and basal cell carcinoma. Arsenic

promotes oxidative stress by upregulating nicotinamide adenine dinucleotide phosphate oxidase,

uncoupling nitric oxide synthase, and by depleting natural antioxidants such as nitric oxide and

glutathione in addition to targeting other proteins responsible for the maintenance of redox

homeostasis. It causes immune dysfunction and tissue inflammatory responses, which may involve

activation of the unfolded protein response signaling pathway. In addition, the dysregulation of

other molecular targets such as nuclear factor kappa B, Hippo signaling protein Yap, and the

mineral dust-induced proto-oncogene may orchestrate the pathogenesis of arsenic-mediated health

effects. The metalloid decreases expression of tumor suppressor molecules and increases

expression of pro-inflammatory mitogen-activated protein kinase pathways leading to a tumor-

promoting tissue microenvironment. Cooperation of upregulated signal transduction molecules

with DNA damage may abrogate apoptosis, promote proliferation, and enhance cell survival.

Genomic instability via direct DNA damage and weakening of several cellular DNA repair

mechanisms could also be important cancer development mechanisms in arsenic-exposed

populations. Thus, arsenic mediates its toxicity by generating oxidative stress, causing immune

dysfunction, promoting genotoxicity, hampering DNA repair, and disrupting signal transduction,

which may explain the complex disease manifestations seen in arsenicosis.
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Introduction

Arsenic is a metalloid found abundantly within the earth’s crust complexed with the mineral,

pyrite. Changes in soil pH, temperature, oxidation state, and solution composition readily

dissociate arsenic from pyrite, leaving it free to enter the groundwater [1]. Though

groundwater contamination is the most common source of arsenic toxicity to humans,

occupational exposure may also cause arsenicosis [2,3]. Those employed in the production

of agricultural products (e.g., pesticides and herbicides), wood preservatives, animal feed

additives, electronics (e.g., semiconductors and transistors), glass, and pigment are at

increased risk of exposure. Miners and metallic ore smelters may also be exposed to arsenic

in the work-place [4–6]. Additionally, arsenic poses a threat to human health when ingested.

Foods notorious for arsenic contamination include fish, cereal, algae [2], rice [7], and

nutritional supplements (particularly those from endemic regions) [8].

Arsenic contamination is a serious and widespread global public health problem with a

significant known groundwater burden in countries such as Argentina, Bangladesh, Chile,

China, Ghana, India, Mexico, Taiwan, the United States, and Vietnam (Table 1). It is

estimated that more than 200 million people are at risk of toxic arsenic exposure [7].

Between 20 and 45 million people living in Bangladesh alone are at risk of exposure to

concentrations exceeding the country’s standard of 50 µg/L [9]. Similarly, approximately 15

million individuals living in China are exposed to concentrations exceeding its national

standard of 10 µg/L. More than 10,000 people living in endemic and suspected endemic

areas of China are currently suffering from arsenicosis [14]. On its 2011 substance priority

risk list, the United States Agency for Toxic Substances and Disease Registry (ATSDR)

ranked arsenic as the number one public health threat due to the prevalence of groundwater

contamination and the substance’s toxic potential. The International Agency for Research on

Cancer [4] classified inorganic arsenic compounds as class I human carcinogens, meaning

sufficient evidence supports their carcinogenicity to humans [2,6]. The Joint Food and

Agriculture Organization of the United Nations/World Health Organization (WHO) Expert

Committee on Food Additives (JECFA) re-evaluated the risks of arsenic exposure and found

evidence of adverse effects in areas with drinking-water concentrations ranging between 50

and 100 µg/L. Currently, the WHO (2011) [6] recommends limiting the arsenic content of

drinking water to 10 µg/L.

Extensive epidemiological studies in countries such as Taiwan, Bangladesh, Chile, India,

and Argentina have provided abundant information on the significant detrimental effects of

chronic arsenic toxicity on public health [7]. Acute arsenic exposure, which is often

accidental or due to suicide attempts, may cause nausea, vomiting, diarrhea, liver toxicity,

and acute kidney injury [3–6]. Chronic arsenic exposure, the immensely more common

problem, damages a broad range of organ systems in a time- and dose-dependent manner.

Exposure to arsenic during pregnancy impacts human developmental processes resulting in

lower birth weight, increased infant mortality, and neurological impairments in children.

Impaired intellectual abilities, diminished motor function, and polyneuropathy are the most

common neurological consequences of chronic arsenicosis [7,13,15,16]. Individuals

suffering from arsenic toxicity are more susceptible to pulmonary diseases such as

tuberculosis and bronchiectasis, conditions which also carry higher mortality rates in
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exposed populations [7,17]. In addition, evidence suggests that lung cancer is the most

common cause of arsenic-related mortality. This well-known human carcinogen has also

been implicated in cancers of the skin, bladder, liver, kidney, prostate, and uterus

[3,4,18,19]. Arsenic-induced cardiotoxicity typically manifests as accelerated atherosclerosis

[1] and increased coronary artery disease resulting in a consequentially increased risk of

myocardial infarction [7,20–22]. Higher rates of diabetes and impaired glucose tolerance in

arsenic-exposed individuals provide evidence of the metalloid’s impact on endocrine

function [23]. Arsenic also has a significant impact on the immune response by

dysregulating immune-related gene expression thus promoting susceptibility to infections

and inappropriate inflammatory responses [7].

Though arsenic impacts diverse cellular processes in numerous organ systems, the

symptoms of its toxicity are usually first manifest in the skin. Skin manifestations include

hyperpigmentation, hyperkeratoses of the palms and soles [24,25], Bowen’s disease,

squamous cell carcinoma, and basal cell carcinoma [3,8,26]. An association between arsenic

exposure and Merkel cell carcinoma, a substantially less common disease, has also been

identified [2]. The development of skin cancer in sun-protected areas is especially

concerning for the existence of chronic arsenic exposure. These cutaneous manifestations

serve as a surrogate marker for associated diseases such as hypertension, ischemic heart

disease, atherosclerosis [1], peripheral vascular disease, diabetes mellitus, peripheral

neuropathy [27], and Raynaud’s phenomenon [1,3,28]. This review unifies the body of

evidence describing arsenic’s pathogenesis in light of novel mechanistic findings in the area.

Arsenic toxicity

The two oxidative states of arsenic are pentavalent arsenate (AsV) and the more toxic,

trivalent arsenite (AsIII). In mammals, AsIII is absorbed through aquaporins 7 and 9, while

phosphate transporters are believed to take up AsV [1]. Arsenic trioxide (ATO) is a

compound used as a second-line chemotherapeutic agent in the treatment of some blood and

bone marrow leukemias [29]. Similar to the metabolism of organic compounds, arsenic

undergoes reduction, methylation, and glutathione conjugation in the liver to form more

polar metabolites for excretion [30,31]. Historically, the methylation of inorganic arsenic

(iAs) was believed to detoxify the metalloid [1] given that methylated metabolites such as

monomethylarsinous acid (MMAsIII) and dimethylarsinous acid (DMAsIII) were found in

the urine of exposed animals [1]. For the past decade, however, studies have demonstrated

that methylated arsenites including MMAsIII and DMAsIII are more toxic than iAs [32]. In

addition, MMAsIII is known to directly inhibit enzymes involved oxidative metabolism

such as glutathione peroxidase, glutathione reductase, pyruvate dehydrogenase, and

thioredoxin reductase, leading to an imbalance in oxidative cellular homeostasis [1,31,33].

Oxidative stress

An overwhelming body of evidence has described arsenic’s ability to cause oxidative and

nitrosative stress through the production of reactive oxygen species (ROS) and reactive

nitrogen species (RNS) [1,29,34,35]. Arsenic-induced oxidative stress has been measured

directly by assaying ROS production and indirectly through the evaluation of reactive

byproducts such as 8-hydroxydeoxyguanosine and lipid peroxides. Levels of antioxidant
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proteins such as glutathione, heme oxygenase-1, A170, and peroxiredoxin 1 have been used

as predictors of oxidative stress [1,36]. Earlier, we were able to measure and quantify ROS

production in real-time using the electron spin resonance spin trapping technique and

confocal microscopy. Our findings implicated hydroxyl and hydrogen peroxide ROS in

arsenic-induced genotoxicity using Chinese hamster ovary chromosomes and in epidermal

keratinocytes. This confirmed the importance of ROS and the reduction of intracellular

thiols, particularly glutathione, in the toxicity of arsenic [35]. In a subsequent investigation,

we employed two complementary approaches to determine the cellular organelle responsible

for ROS production in arsenic cytotoxicity. In the first approach, we found that cells without

nuclei continued to demonstrate arsenic toxicity in a model fusing arsenic-treated cytoplasts

with karyoplasts from controls. Our second approach, involving a model of arsenic-treated

human–hamster hybrid cells compared to mitochondria-depleted controls, demonstrated the

necessity for mitochondria in arsenic-mediated ROS production. These findings supported

the conclusion that, despite the existence of other cellular organelles such as lysosomes,

peroxisomes, endoplasmic reticulum, and membrane-bound NADPH oxidase, mitochondrial

damage was necessary for arsenic-induced DNA damage to occur (Fig. 1; Liu et al., 2005

[34]). These findings were not wholly surprising since mitochondrial damage is known to

release superoxide, leading to the formation of destructive RNS from the reaction between

superoxide and nitric oxide (NO) [34,35].

Arsenic generates ROS by increasing the expression and activity of NAD(P)H oxidase

(NADPHO), an enzyme that produces superoxide, through several mechanisms [1,37]. The

protein p22phox, a critical subunit of the NADPHO complex responsible for electron

transfer, is upregulated by arsenic exposure [38]. In fact, the inhibition of p22phox

expression has been found to block arsenic-induced superoxide production and DNA

damage in human vascular smooth muscle cells [39]. Arsenic also activates NADPHO by

stimulating the translocation of Rac1, a low-molecular-weight guanosine triphosphate (GTP)

binding protein responsible for NADPHO’s activation [1,40]. Additionally, the arsenic-

induced activation of CDC42, a low-molecular-weight GTPase, also enhances NADPHO

function [1].

Nitric oxide (NO), a small and ubiquitous molecule, is involved in regulating various

cellular functions including cellular metabolism, growth, proliferation, and apoptosis [41].

NO plays a critical role in several endothelial cell vasoprotective functions such as

vasodilation, reduced inflammation, and the inhibition of smooth muscle cell proliferation

[42]. Systemic NO depletion has long been associated with chronic arsenic exposure [1].

Since NO depletion is considered the hallmark of endothelial dysfunction [42], it is

postulated that diseases of the vessels such as atherosclerosis and peripheral vascular disease

occur more frequently in arsenic-exposed individuals, which may stem from dysregulation

of NO metabolism in endothelial cells. Many mechanisms explaining arsenic-induced NO

depletion have been proposed [1,39]. The most commonly described mechanism is the

consumption of NO by its reaction with excessive ROS generated by arsenic [43].

NO synthase (NOS) is the enzyme responsible for the formation of NO from L-arginine.

Sumi et al. (2007) found that MMAsIII readily binds the thiol moiety of NOS, which

inhibits its function and thus directly reduces the availability of NO [1]. There is also
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evidence to suggest that NOS is indirectly inhibited by arsenic. Tetrahydrobiopterin (BH4)

is an important cofactor for the NOS enzyme complex. A study using a rabbit model with

prolonged exposure to arsenic demonstrated a reduction in BH4 levels without a

concomitant decrease in L-arginine concentrations. This imbalance was found to uncouple

the enzyme, shifting its production from NO to superoxide instead [1,43]. Beyond this,

endothelin-1 (ET1), a potent vasoconstrictor produced by endothelial cells, has also been

implicated in arsenic toxicity [44]. ET1 has been found to increase superoxide levels by both

stimulating NADPHO [45] and uncoupling NOS through the activation of ET1 receptors A

and B [44]. Recently, Hossain et al. (2012a) [46] discovered arsenic’s connection to ET1.

They found a dose-dependent relationship between arsenic exposure and plasma Big ET1

concentrations, a biological precursor to ET1, in a study of 304 chronically arsenic-exposed

individuals in Bangladesh [46]. This study provided an example of arsenic’s ability to

accelerate atherosclerosis through oxidative stress and to directly induce hypertension

through ET1 production. Taken together, these findings demonstrate how arsenic induces

oxidative stress through numerous mechanisms leading to the augmentation of ROS and the

depletion of NO. The effects of arsenic on tissue oxidative stress and consequent modulation

of various pathways are depicted in Fig. 1.

Immune dysfunction

Longstanding evidence suggests that arsenic plays a role in the disruption of both the innate

and cell-mediated immune responses. Several studies found an association between lower

respiratory tract infections and diarrhea in individuals with a history of chronic arsenic

exposure [17,47,48]. Mouse models have demonstrated arsenic’s ability to reduce

pulmonary antibacterial defenses mediated by innate immune cells. Other models have

observed inhibited T cell function resulting in greater influenza virus infectivity in arsenic-

exposed mice when compared to controls [49]. Impaired immune responses have been

reported among patients treated with therapeutic ATO. Nouri et al. (2006) [50] found a

greater incidence of herpes simplex and herpes zoster infections among multiple myeloma

and colon cancer patients treated with ATO [50]. Recently, some evidence has emerged

suggesting the mechanisms by which arsenic mediates disruption of the innate and adaptive

immune responses. The unfolded protein response (UPR) is a ho-meostatic mechanism that

is activated in response to endoplasmic reticulum (ER) stress, which has been implicated in

carcinogenesis [51], immune dysfunction [49], as well as neurodegenerative diseases [52].

The UPR is activated in response to an excessive number of unfolded or misfolded proteins

present in the ER lumen. Its activation involves three distinctive pathways that attempt to

return the cell to homeostasis. Receptors in the ER lumen such as inositol-requiring

enzyme-1 (IRE1), protein kinase RNA-like endoplasmic reticulum kinase (PERK), and

activating transcription factor 6 (ATF6) act as sensors of unfolded proteins. IRE1 and PERK

initiate signaling cascades that inhibit translation to decrease the ER protein burden.

Stimulation of ATF6 signals for the transcription of additional chaperones, molecules

responsible for protein folding. If stress continues unmitigated, additional pathways are

activated that shift the cell toward apoptosis. Thus, moderate signaling through PERK is

responsible for slowing protein translation while stronger activation leads to cell death [53].

Studies from our laboratory have shown that subchronic arsenic exposure activates all three
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signaling pathways of the UPR in the epidermis of SKH-1 mice. In these studies, we

demonstrated arsenic’s ability to upregulate the IRE1, PERK, and ATF6 sensors of the UPR.

These findings causally implicated ER stress in arsenic toxicity and provided one possible

mechanism by which this metalloid altered cellular differentiation leading to cutaneous

inflammation, which is known to occur at higher rates among individuals with chronic

arsenic exposure. Treatment with antioxidants such as N-acetylcysteine (NAC) effectively

blocked these effects in murine skin [24], providing evidence of the involvement of ROS in

UPR activation.

In additional recent studies, we found that arsenic impacts several macrophage functions

including bacterial engulfment, cytokine release, and bacterial digestion. To understand the

mechanism by which this occurred, we identified two interrelated processes necessary for

the alteration of macrophage function. ATO treatment disrupted murine macrophage

function by simultaneously generating ROS and activating the UPR pathway through

stimulation of upstream PERK. Inhibition of the UPR by the chemical chaperone, 4-

phenylbutyric acid, with concomitant reduction in ROS production following NAC

administration demonstrated the interdependence of these two mechanisms in this model

system. These findings illustrate at least one important mechanism by which arsenic disrupts

macrophage function [49].

Arsenic has also been found to exacerbate lipopolysaccharide-induced inflammation that is

mediated by macrophages and monocytes. This occurs by the upregulation of p38 kinase

activity through ROS stimulation of the Src kinase pathway. Src kinase is a non-receptor

tyrosine kinase that has been implicated in the progression of many solid tumors. Arsenic

exposure causes monocytic-lineage cells to mount an exaggerated and damaging immune

response resulting in excessive production of inflammatory cytokines [54]. Pion et al. (2007)

[55] have also described arsenic’s ability to harm the adaptive immune response. An in vitro

study found that ATO exposure enhanced HIV’s ability to infect human dendritic cells by

dampening post-viral-entry cellular defenses against the retrovirus [55]. Arsenic exposure of

zebra fish embryos was associated with a 50-fold increase in viral load and a 17-fold

increase in bacterial load of cells exposed to snakehead rhabdovirus and Edwardsiella tarda,

respectively [56]. In human models, immunohistochemistry of Bowen’s disease lesions

taken from chronically arsenic-exposed individuals demonstrated the presence of apoptotic

CD4 + T lymphocytes. The same patients also had fewer peripheral CD4 + cells when

compared to controls. Interestingly, Liao et al. (2009) [57] found the remaining CD4 + T

cells to be resistant to arsenic-induced apoptosis. This resulted from decreased expression of

tumor necrosis factor (TNF) receptor 1, a receptor responsible for binding the inflammatory

and apoptotic cytokine, TNF [57]. In summary, arsenic damages innate and adaptive

immunity through a variety of mechanisms, which ultimately reduce both immune cell

function and number (Fig. 2).

Genotoxicity

Arsenic is responsible for ubiquitous damage to mammalian tissues by disrupting

chromosomes and damaging DNA strands. One study of 60 people residing in West Bengal,

India found significantly increased incidence of chromosomal aberrations and errant sister
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chromatid exchanges in the DNA of arsenic-exposed individuals when compared to age-

matched controls from the same socio-economic group [58]. Chronic arsenic exposure has

also been found to cause epigenetic changes by modulating DNA methylation, histone

maintenance, and mRNA expression [2,36]. The genotoxic effects of arsenic have been

related to its ability to generate ROS and deplete methyl group donors such as S-

adenosylmethionine (SAM). Tri- and pentavalent arsenic species receive methyl groups

from SAM to form di- and monomethylated arsenic. Consequently, these arsenical

compounds deplete the available pool of SAM and directly methylate DNA in an

unregulated manner [2]. Oxidative damage, which is a reliable result of chronic arsenic

exposure, can be predicted by neutrophilic DNA damage. It has been proposed as a measure

of arsenicosis in exposed populations [59].

In addition to directly damaging DNA, arsenic also impacts several cellular DNA repair

mechanisms. It inhibits nucleotide excision, base excision [3], and mismatch repair [60].

This is accomplished by its inhibition of DNA repair machinery such as I–III DNA

polymerase β, O6-methyl-guanine-DNA methyltransferase, and poly ADP ribose

polymerase [3] largely by taking the place of phosphate in ATP and by covalently bonding

with sulfhydryl moieties of these enzymatic complexes [61]. Arsenic also disrupts

proofreading during transcription through the inhibition of the Excision Repair Cross-

Complementing rodent repair, complementation group 2 (ERCC2) protein [62].

Additionally, it promotes genomic instability by interfering with telomere function [63].

Investigations have also focused on the goal of reversing this damage. Roy et al. (2011) [64]

found that curcumin, a naturally occurring compound frequently used in Indian food (curry

preparations), enhanced the DNA repair capacity of arsenic-exposed individuals. Though

these investigations are interesting, a translational component of this study in a clinical

setting among patients chronically exposed to arsenic remains to be demonstrated.

Altogether, the combination of direct genotoxicity and hampered DNA repair augment the

mutagenicity of other cell stressors such as radiation and chemicals, thus demonstrating how

arsenic acts synergistically with other carcinogens to enhance mutations and destabilize the

genome. This aspect is highly relevant given the known variation in socioeconomic status of

arsenic-exposed populations [65].

Disrupted signal transduction

Many of the deleterious effects caused by arsenic are mediated by aberrant activation of

various signal transduction pathways. In general, the ability of arsenic to directly bind

sulfhydryl (SH) moieties and/or conversion of SH to S–S by ROS generated in response to

arsenic may result in many of its toxic effects. In fact, this interaction between arsenic and

thiol groups may occur in over 200 known human proteins [66]. The most relevant pathways

affected by arsenic may lead to the activation of oncogenes, the inhibition of tumor

suppressors, and the upregulation of inflammatory pathways [1,27,67,68].

Recent evidence suggests that arsenic activates the canonical Hippo signaling pathway

responsible for cell survival and proliferation [69]. This pathway has already been

implicated in many malignancies including skin cancer [70]. Arsenic alters Hippo signaling

through upregulation of several components of the pathway including STE20-like kinase 1/2
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(Mst1), Salvador homolog 1 (Sav1), large tumor suppressor kinase 1/2 (LATS1), and Mps

one binder kinase activator-like 1A (MOB1) [67].

Yes-associated protein (Yap), a known component of the Hippo signaling pathway, is a

dual-function protein that serves distinctive roles depending upon its phosphorylation status.

When phosphorylated, the protein regulates tight/adherens junctions of epithelium. When

dephosphorylated, Yap acts as a transcription factor in the regulation of epithelial cell

proliferation. One downstream target of dephosphorylated Yap is the GLI2 gene. GLI2 is a

downstream effector of Sonic hedgehog (Shh) signaling, which has been implicated in

arsenic-induced basal cell carcinoma [67,71]. Interestingly, arsenic was found to upregulate

dephosphorylated Yap independent of Hippo activation in murine skin. The mechanism by

which arsenic acts to upregulate this form of Yap has yet to be elucidated [67]. However, Li

et al. (2013) [67] proposed that arsenic may induce Protein phosphatase 2A (PP2A), an

enzyme known to regulate Yap function, and thus upregulate dephosphorylated Yap within

cells (unpublished observations). Altogether, these findings demonstrate arsenic’s ability to

promote skin cell proliferation and survival through alteration of both Hippo signaling and

Hippo-independent Yap signaling pathways [67].

Nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) is a transcription

factor that has been implicated in chronic inflammation and various cancers [68]. It is

retained in the cytoplasm by inhibitory κBα (IκBα) protein under normal conditions.

However, constitutive activation of NFκB and migration to the nucleus lead to cell

proliferation and growth [72]. When stimulated, IκBα kinase (IκK) phosphorylates IκBα,

which is the targeted for ubiquitin-dependent proteasomal degradation allowing NFκB to

translocate to the nucleus and transcribe genes responsible for cell survival. IκK has a thiol

moiety that may be modified by AsIII leading to IκK activation. However, arsenic-mediated

ROS have also been found to promote NFκB-mediated apoptosis [73–75]. These opposing

findings, though perplexing, may point to the importance of the dose-dependent effects of

arsenic. However, in-depth studies are required to clarify the situations that may lead to

these diverse outcomes.

In this regard, a study of chronically exposed individuals proposed a different mechanism of

arsenic-induced cell survival and proliferation. The authors found promoter

hypermethylation and subsequent silencing of the pro-apoptotic death associated protein

kinase (DAPK) and p16 genes in people with chronic arsenic exposure when compared to

controls. This was associated with a higher risk of developing arsenic-induced skin lesions,

ocular diseases, peripheral neuropathy, and respiratory diseases [27]. DAPK is serine/

threonine protein kinase responsible for apoptosis via Fas ligand-TNF-α, tumor suppression,

and detachment-induced cell death. p16 is a tumor suppressor gene that arrests the cell cycle

at the growth 1 to synthesis (G1/S) transition by inhibition of the cyclin-D1/CDK4 complex

[76]. In addition, arsenic exposure has been associated with decreased expression of cyclin-

dependent kinase inhibitor 1B (p27Kip1), another inhibitor of the cyclin-D1/CDK4 complex

[77]. Arsenic also promotes proliferation by altering the expression of cyclin-D1 itself.

Sharma et al. found that arsenic upregulates cyclin-D1 through epigenetic modification by

activating microRNA 2909 (miR-2909) [78].
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Arsenic’s ability to disrupt signal transduction makes it an important carcinogen in many

cancers in addition to those of the skin. Recent findings have demonstrated its ability to

activate the mineral dust induced gene (MDIG), also known as myc-induced nuclear antigen

53 and nucleolar protein 52 by upregulating JNK and STAT3 pathways. MDIG is an

oncogene that has been linked to lung [79], breast, colon, and gastric cancers, esophageal

squamous cell, hepatocellular, and renal cell carcinomas, as well as some forms of

lymphoma [80]. Evidence also suggests that this metalloid works through Akt (also known

as protein kinase B) to promote epithelial to mesenchymal transition (EMT), invasion, and

migration of arsenic-transformed bronchial epithelial cells [81]. Furthermore, arsenic has

also been found to promote EMT and angiogenesis by increasing signaling through the β-

catenin-vascular endothelial growth factor pathway [82].

Arsenic also acts by upregulating inflammatory pathways. Epidermal growth factor (EGF)

binds the EGF receptor (EGFR) and ultimately activates mitogen-activated protein kinase

(MAPK) pathways that play an important role in cellular stress response, inflammation, and

growth. Notable MAPK pathways include the extracellular signal-regulated kinase1/2

(Erk1/2), p38 MAPK, and stress-activated protein kinase/Jun-N-terminal protein kinase

(SAPK/ JNK) pathways. Erk1/2 is involved in growth and differentiation while p38 MAPK

and SAPK/JNK are important in stress-induced inflammation and mitochondrial-dependent

apoptosis. EGFR, an upstream effector of MAPK signaling, is normally inhibited by protein

tyrosine phosphatases (PTPs) such as MAPK phosphatase 1. PTPs have a thiol group that

may be subject to oxidation by arsenic via ROS. Oxidation of this moiety transiently

inactivates PTPs, inhibitors of EGFR, thus enabling EGFR activation in the absence of EGF

[1]. Exacerbating this effect, lower levels of the MAPK phosphatase 1 inhibitor have been

found in arsenic treated cells when compared to controls [77].

Activation of the cutaneous p38 MAPK pathway increases inflammation as evidenced by

alterations in helper T cell 1 (Th-1), Th-2, and Th-17 cytokines and their receptors [24,35].

Arsenic-induced MAPK signaling upregulates activated protein 1 (AP-1), a transcription

factor which is known to regulate responses to cytokines, growth factors, stress, and

infection, ultimately controlling apoptosis of the cell [1,3,83,84]. In addition, arsenic

exposure increases keratinocyte expression of inflammatory cytokines such as TGF-α, GM-

CSF, IL-6 and IL-8 [3]. Taken together, this large body of evidence suggests that arsenic

orchestrates human disease by altering signal transduction, at least in part, through complex

pathobiology involving the activation of oncogenes, inhibition of tumor suppressors, and

upregulation of inflammatory pathways [1,27,67,68].

Skin effects of arsenic in murine models

Until recently, little was known of the clear mechanistic effects of arsenic toxicity in murine

skin. Although arsenic is known to inhibit the cutaneous contact hypersensitivity response in

mice [49], few studies have identified a relationship between chronic arsenic exposure and

skin hyperkeratosis or cancer in the skin of mice. It was shown that the offspring of C3H

mice exposed to arsenic compounds in utero failed to demonstrate increased incidence of

skin tumors following treatment with topical applications of tumor-promoting phorbol ester

[85]. Other studies in various animal models have not conclusively demonstrated that
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arsenic, alone, can induce tumors in murine skin [86–90]. Though arsenic’s ability to act

alone as a skin carcinogen in mice has yet to be confirmed, an abundance of evidence

demonstrates it acts as a co-carcinogen. Studies in Tg.AC skin tumor-prone mice showed

greater incidence of skin papillomas when arsenic was combined with tumor-promoting

phorbol ester versus controls [91]. However, the most well supported example of synergy

has been shown between UV radiation and arsenic, a particularly relevant combination given

the commonplace coexistence of these mutagens in human populations. Models using UVB-

predominant exposure of mice with concomitant drinking water arsenic revealed shortened

time to first skin tumor induction, increased total skin tumor number, larger tumor volume,

and a greater percentage of invasive SCCs versus controls [89]. Recent in vitro studies

combining arsenic and UV have supported this finding by demonstrating significantly

greater oxidative damage in arsenic-treated cells when compared to the relevant controls

[92]. Interestingly, this study and others found that arsenic treatment also modulated cellular

stress responses by inhibiting physiologic UV-induced apoptosis [92,93]. This observed co-

carcinogenicity was diminished by dietary antioxidants, once again implicating oxidative

stress in arsenic’s pathogenesis [86]. These observations possess an important translational

value because SCCs are observed in both murine and human studies. Although we

previously described ROS-damaged DNA repair as one molecular mechanism to explain the

synergism between arsenic and other carcinogens, recent studies have augmented this

observation [67]. In a study of SKH-1 mice given arsenic-treated drinking water, we

observed focal disruption in the basal layer of the epidermis as well as upregulated Yap

signaling. Phosphorylated Yap, as mentioned previously, is involved in the maintenance

epithelial tight/adherens junctions. These findings suggest inflammation and resultant

oxidative damage stemming from an architectural disturbance as another possible pathway

leading to arsenic-induced skin tumors [67].

Discussion

Arsenicosis is a serious and widespread global public health problem [6,65] with more than

200 million people at risk of toxic arsenic exposure from groundwater and food

contamination [2,3,7]. Though the majority of data describing human disease resulting from

arsenicosis has been collected from the developing world where its pathogenesis may

involve additional factors such as malnutrition, mounting evidence suggests that arsenic

poses a public health threat to certain populations in the United States as well. A recent

case–control study in New Hampshire found positive relationship between urinary arsenic

metabolites and SCC incidence in humans [94]. Another investigation observed that dietary

arsenic from atypical sources such as dark meat fish (e.g., tuna steaks, mackerel, salmon,

sardines, bluefish, and swordfish) correlated closely with toenail arsenic concentrations, a

common marker for arsenic exposure [95]. Further investigation in a population-based case–

control study by the same group supported the finding that demonstrated a positive

relationship between the consumption of long chain fatty acids, typically found in fish oils,

and toenail arsenic. Interestingly, an inverse relationship between other dietary lipids such as

saturated fat and toenail arsenic were also observed. The authors proposed several

explanations for these unexpected findings, however further study is needed to fully explain

the human health implications observed [96]. As established previously, this well-known

Hunt et al. Page 10

Cancer Lett. Author manuscript; available in PMC 2015 November 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



human carcinogen has been implicated in diseases of the lung, bladder, liver, kidney,

prostate, and uterus. However, its effects on the skin typically occur first and often act as a

precursor to other malignancy or disease [1–3,27,28].

In conclusion, these observations, combined with arsenic’s justified inclusion on the 2011

ATSDR substance priority risk list as the number one public health threat, signal the dire

need to prioritize research investigations to understand the implications of arsenic exposure

and to plan for attenuation of its predicted toxic manifestations in at-risk populations,

worldwide. We have summarized in this review the body of evidence describing arsenic’s

pathogenesis in the skin incorporating recently described novel mechanistic findings in the

area.
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AKT RAC-alpha serine/threonine-protein kinase

AP-1 activator protein-1

ATF6 activating transcription factor 6

BH4 tetrahydrobiopterin

BigET1 big endothelin-1

CDC42 cell division control protein 42 homolog

DAPK death associated protein kinase

EMT epithelial–mesenchymal transition

ER endoplasmic reticulum

ERCC2 excision repair cross-complementing rodent repair complementation group 2

GM-CSF granulocyte macrophage colony-stimulating factor

IL interleukin

IRE1 inositol-requiring enzyme-1

IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor,

alpha

IκK IκB kinase

LATS1 large tumor suppressor kinase 1/2

MAPKs mitogen-activated protein kinases

MDIG mineral dust-induced gene

MGMT O-6-methylguanine-DNA methyltransferase
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miR-2909 microRNA 2909

miRNAs microRNAs

MOB1 Mps one binder kinase activator-like 1A

Mst1 STE20-like kinase 1/2

NADPHO nicotinamide adenine dinucleotide phosphate oxidase

NFκB nuclear factor kappa-light-chain-enhancer of activated B cells

NO nitric oxide

NOS nitric oxide synthase

p16 cyclin-dependent kinase inhibitor 2A

p22phox human neutrophil cytochrome βlight chain

p27Kip1 cyclin-dependent kinase inhibitor 1B

p38 kinase p38 mitogen-activated protein kinase

PARP poly ADP ribose polymerase

PERK protein kinase RNA-like endoplasmic reticulum kinase

PTKs protein tyrosine kinases

PTPs protein tyrosine phosphatases

Rac1 Ras-related C3 botulinum toxin substrate 1

ROS reactive oxygen species

SAM S-adenosyl methionine

sav1 Salvador homolog 1

Src kinase proto-oncogene tyrosine-protein kinase Src

TGF-α transforming growth factor alpha

VEGF vascular endothelial growth factor

Yap Yes-associated protein
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Fig. 1.
Flow diagram showing arsenic-mediated enhancement in oxidative stress and consequent

effects on various signaling pathways: Arsenic induces ROS by multiple mechanisms where

various oxidant-generating enzymes are induced and antioxidants armory is dampened.

These oxidants impair functions of various organelles leading to a complex toxic response

which is manifested in the skin and various other organs. Altered signaling pathways

following chronic exposure to arsenic generate an inflammatory and carcinogenic response.
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Fig. 2.
Summary of the effects of arsenic on various signal transduction pathways. Arsenic acts as a

carcinogen by dysregulating multiple signal transduction pathways and proteins regulated by

these pathways. Shown here are the effects of arsenic on the upregulation of ROS, NOS,

VEGF, AKT, JNK/STAT, MDIG, Shh, Yap, Mst1-Sav1, cyclin D1, Src kinase, NFκB,

AP-1, MAPKs, ATF6, PERK, IRE1, etc. and downregulation of p27Kip1, p16, DAPK, etc.

Finally, it affects DNA methylation, DNA repair, and histone modification.
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Table 1

Arsenic concentrations and associated toxicities in countries worldwide.

Country Concentration in drinking
water (µg/L)

Arsenic-associated toxicities Estimated number of
exposed
individuals (millions)

Argentina <1 to 7550 Bladder cancer, lung cancer 2.0

Bangladesh <10 to >2700 Various cancers, cardiovascular disease, infection [9] 20–45 [9]

Chile 600 to 800 Bladder cancer, lung cancer, infection 0.4

China <50 to 4400 Skin cancer 0.5–20 [10]

Ghana <2 to 175 Various cancers <0.1

India <10 to >800 Respiratory disease, immunotoxicity [11] 1–43 [12]

Mexico 5 to 43 Impaired cognition, nutritional deficiencies 0.4

Taiwan <1 to >3000 Bladder cancer, lung cancer >0.008

United States <1 to >3100 Impaired cognition [13], increased urinary arsenic concentration >3.0

Vietnam <0.1 to 810 Increased arsenic concentration in hair >3.0

*
Reproduced with permission from the un-copyrighted journal available for free reprinting, Environmental Health Perspectives [7].
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