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Abstract

Arsenic is a potent carcinogen and poses a significant health concern worldwide. Exposure 

occurs through ingestion of drinking water and contaminated foods and through inhalation due 

to pollution. Epidemiological evidence shows arsenic induces cancers of the skin, lung, liver, and 

bladder among other tissues. While studies in animal and cell culture models support arsenic 

as a carcinogen, the mechanisms of arsenic carcinogenesis are not fully understood. Arsenic 

carcinogenesis is a complex process due its ability to be metabolized and because of the many 

cellular pathways it targets in the cell. Arsenic metabolism and the multiple forms of arsenic play 

distinct roles in its toxicity and contribute differently to carcinogenic endpoints, and thus must be 

considered. Arsenic generates reactive oxygen species increasing oxidative stress and damaging 

DNA and other macromolecules. Concurrently, arsenic inhibits DNA repair, modifies epigenetic 

regulation of gene expression, and targets protein function due its ability to replace zinc in select 

proteins. While these mechanisms contribute to arsenic carcinogenesis, there remain significant 

gaps in understanding the complex nature of arsenic cancers. In the future improving models 

available for arsenic cancer research and the use of arsenic induced human tumors will bridge 

some of these gaps in understanding arsenic driven cancers.
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INTRODUCTION

Over millennia, humans have harnessed the unique properties of arsenic for medicinal, 

agricultural, commercial, and decorative purposes. At the same time, humans have been 

subject to the stealthy toxicity of arsenic as an odorless and tasteless, intentional or 

unintentional, poison. Our complicated relationship with arsenic continues to this day.

Therapeutic uses of arsenic have been documented for thousands of years in traditional 

Chinese medicine and early western medicine. Two forms of arsenic were included in the 
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Shennong Materia Medica in 200 BCE and Hippocrates is believed to use arsenic pastes 

to treat skin disorders (Au, 2011; Hughes et al., 2011; Paul et al., 2022; Chen & Costa, 

2021). In 1786 Thomas Fowler reported on the medicinal effects of his arsenic solution 

for a broad range of infectious diseases and skin and blood disorders, in addition to other 

health conditions. The noted antimicrobial properties of arsenic led to the development of 

Salvarsan in the early 1900s as an effective treatment of syphilis garnering a Nobel prize for 

Paul Ehrlich in 1908. In the past, various forms of arsenic, including those used in traditional 

Chinese medicine and Fowler’s solution, were employed as cancer therapeutics especially 

for cancers of the blood and skin (Au, 2011; Hughes et al., 2011; Paul et al., 2022; Chen 

& Costa, 2021). The FDA approved arsenic trioxide as a chemotherapeutic for leukemia in 

2000 bringing an ancient drug into the modern era.

Other arsenic compounds have been beneficial as rodenticides, pesticides for agricultural 

crops and wood preservatives (Hughes et al., 2011; Bencko and Foong, 2017). Arsenic-

based pigments were used in paints, fabrics and wallpapers based on a coveted emerald 

green color (Hughes et al., 2011). However, the medicinal and non-medicinal uses of arsenic 

revealed human toxicities based on unintended exposures. Widespread use of lead arsenate 

as a pesticide in apple and cherry orchards ultimately led to an official ban in the United 

States in 1988 (Hughes et al., 2011). The lasting legacy of this use is evident in millions of 

acres of land contaminated with lead arsenate. Chromated copper arsenate continues to be 

used as a wood preservative for non-residential purposes and organic arsenicals remain in 

restricted use as broad-spectrum herbicides. The potential for further contamination of soils 

and water by inorganic and organic arsenic compounds is under periodic review by the US 

Environmental Protection Agency (EPA).

Arsenic toxicity has been exploited for political gains through strategic poisonings leading 

to the often quoted statement labeling arsenic as the “king of poisons and poison of kings”. 

Modern toxicological focus largely centers on the human health consequences of medicinal, 

occupational and environmental exposures to arsenic. Studies on health effects of human 

exposures through natural or anthropogenic arsenic contamination in soils and water led 

to adoption of drinking water standards worldwide currently at 10 ppb. Despite efforts to 

limit arsenic exposures, it is estimated that 200 million people or more are exposed to toxic 

levels of arsenic worldwide (Costa 2021). This chapter will focus on arsenic carcinogenicity 

and cover human population evidence for arsenic as a carcinogen, mechanisms of arsenic 

carcinogenicity, the carcinogenic potential of different forms of arsenic and conclude with a 

brief discussion of areas for future research.

SECTION 1: HUMAN STUDIES

Arsenic is a worldwide health concern due to prevalence in the environment and established 

human toxicity (Podgorski, 2020; Agency for Toxic Substances and Disease Registry 

(ATSDR), 2007; ATSDR, 2016; Naujokas et al., 2013). Arsenic is present in rocks, soil 

and water, and background environmental levels may be increased by mining, burning of 

fossil fuels, and application of agricultural pesticides and herbicides (Gundert-Remy et al., 

2015). In recognition of its toxic potential, arsenic is at the top of the ASTDR Priority List 

(https://www.atsdr.cdc.gov/spl/index.html). Occupational exposures are limited by the US 
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Occupational Safety and Health Administration to 10 μg/m3, and recommended drinking 

water exposure limits of 10 μg/L (10 ppb) have been established by the EPA and the World 

Health Organization (WHO) (WHO, 2011; EPA, 2014).

The majority of human population studies focus on chronic arsenic ingestion through 

drinking water as the predominant exposure route (Andrew et al., 2003; Banerjee et al., 

2007; Podgorski, 2020, ATSDR, 2007, ATSDR, 2016; WHO, 2011). Many parts of the 

world have high levels of arsenic in groundwater and aquifers with populations that use 

these water sources for household needs. One arsenic prediction model based on household 

groundwater-usage statistics estimates that between 94 and 220 million people may be 

exposed to high arsenic concentrations (Podgorski, 2020). Indeed, many seminal health 

studies have focused on populations in areas of the world with high levels of arsenic in water 

sources including, but not limited to, Bangladesh, India, Taiwan and Chile (ATSDR, 2007; 

ATSDR, 2016; Banerjee et al., 2017; Farzan et al., 2021; Moore et al., 2002). Some studies 

have established the relationship between arsenic levels in water and arsenic in biological 

specimens such as urine, hair and nails (Mahata et al., 2003; Maki-Paakkanen et al., 1998; 

Ruíz-Vera et al., 2019).

More recently, greater attention has been paid to food as a source of arsenic exposure 

(Oberoi 2014; Gundert-Remy 2015; Arslan et al., 2017; Wong et al., 2022). Food crops may 

contain elevated arsenic levels through irrigation with arsenic-containing water, cultivation 

in arsenic contaminated fields, or use of agricultural products containing arsenic (Gundert-

Remy et al., 2015; Wong et al., 2022). Rice has become a notable concern due to arsenic’s 

uptake and accumulation in this plant compared to other common grains such as wheat 

(Karagas et al., 2019). There is evidence of greater urinary arsenic in individuals reporting 

higher rice consumption compared to those with low rice consumption even in areas of low 

arsenic drinking water exposure (Gossai et al., 2017).

The relationships between arsenic exposure and cancer are clear. Cancer is one of the health 

effects of concern; arsenic is classified as a Class I human carcinogen by the International 

Agency for Research on Cancer (IARC) with strong experimental and human population 

evidence to support arsenic carcinogenicity (IARC, 2004; Moore et al., 2002; Srinivas et al., 

2019; Tam et al., 2020). The strongest evidence for organ-specific arsenic carcinogenicity 

is in skin, lung, bladder and kidney with evidence for arsenic contributions to other cancers 

(WHO, ATSDR, 2007, ATSDR, 2016; Palma-Lara et al., 2020) (Figure 1).

Skin Cancer

Various non-cancerous skin lesions are associated with long term exposure to inorganic 

arsenic including changes in pigmentation, plantar-palmar hyperkeratinization and 

hyperkeratotic warts and corns (ASTDR, 2007; Hunt et al., 2014). These skin changes are 

most common in areas with high arsenic levels in drinking water and are viewed as sensitive 

indicators of chronic arsenic exposure (ASTDR, 2007; Hunt et al., 2014; Cheng et al., 

2016). Skin lesions and cancer appear to be more prevalent at exposures to drinking water 

levels in excess of 50 μg/L and evidence linking arsenic to skin cancer is less conclusive at 

lower arsenic levels (Boffetta et al., 2020, Lamm et al., 2021; Karagas et al., 2015). Recent 
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findings suggest that ingestion of arsenic containing foods in the diet such as rice may also 

contribute to skin cancer risk (Karagas et al., 2019; Gossai et al., 2017).

The most common tumors associated with arsenic exposure are keratinocytic tumors 

including squamous cell carcinomas, which may develop from hyperkeratotic warts or corns, 

and basal cell carcinomas (ASTDR, 2007; Karagas et al., 2015; Palma-Lara et al., 2020). 

There is less consistent evidence for arsenic-associated melanoma although it has been 

reported in Bangladesh (Choudhury et al., 2018), but not in the United States (Langston et 

al., 2022; Bedaiwi et al., 2021; Yager et al., 2016) or there are too few studies to draw firm 

conclusions (Matthews et al., 2019).

Lung Cancer

Epidemiological evidence indicates increased incidence of lung cancer in workers exposed 

to arsenic in the copper mining and smelting industry and ingestion through contaminated 

water (ASTDR 2007; Smith et al., 2012; Steinmaus et al., 2014; Palma-Lara et al., 2020). 

Studies conducted in Chilean cohorts born during periods of low versus high arsenic 

exposure from water reveal increased incidence of several cancers, including lung cancer, 

associated with the high exposure period (ASTDR, 2010; Smith et al., 2006). Similarly, 

mitigation efforts to decrease arsenic ingestion from contaminated water in Taiwan led to 

reduction in lung cancer rates (Su et al., 2011). No associations were identified for lung 

cancer and arsenic in soil in Taiwan despite reported associations between lung cancer and 

other metals in the same soils (Huang et al., 2013). These findings and others support the 

conclusion that lung cancer is increased upon chronic exposure to arsenic in drinking water 

(ASTDR, 2007; Kuo et al., 2017a; Su et al., 2011; Chen et al., 2010; Heck et al., 2009). 

There is evidence for dose dependence (Chen et al., 2010); however, the associations are less 

strong at low arsenic exposures (Shao et al., 2021; Tsuij et al., 2019)

The most common type of lung cancer associated with arsenic exposure is squamous cell 

carcinoma (Kuo et al., 2017; Heck et al., 2009; Taeger et al., 2009). The correlation between 

arsenic and squamous cell carcinoma was more pronounced at higher exposure levels; 

adenocarcinoma and small cell carcinoma of the lung were not associated with arsenic level 

in the drinking water in a Taiwan population (Kuo et al., 2017) although other investigators 

reported increased adenocarcinoma and small cell carcinomas of the lung with arsenic 

exposure (Chen et al., 2010; Guo et al., 2004). A study of former German uranium miners 

exposed to arsenic found that the arsenic-related type of lung cancer differed in miners based 

on evidence of silicosis. Arsenic was associated with increased squamous cell carcinoma 

in miners without silicosis. In contrast non-small cell lung cancer was related to arsenic 

exposure in miners with silicosis (Taeger et al., 2009) suggesting that other underlying 

factors may influence the specific lung cancer arising because of arsenic exposure.

Bladder Cancer

Population studies identify a clear relationship between elevated arsenic levels in drinking 

water and bladder cancer (IARC, 2004; ASTDR, 2007; Smith et al., 2012; Krajewski et 

al., 2021). A recent study found evidence for oxidative DNA damage in residents exposed 

to arsenic from artesian well-water in Taiwan and concluded that arsenic exposure and 
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DNA damage predicted the risk of bladder cancer (Tsai et al., 2021). In the US, arsenic 

concentrations in drinking water were positively associated with bladder cancer in both 

men and women (Mendez et al., 2017; Baris et al., 2016) and a spatial cluster analysis of 

bladder cancer mortality identified significant hot spots. Further study concluded that there 

was a significant association between bladder cancer mortality and arsenic intake from well 

water (Amin et al., 2019; Baris et al., 2016). Notably, well water is not subject to federal 

regulation and may exceed the EPA recommended maximum contaminant level. As with 

other arsenic-associated cancers, there is not uniform agreement on risks linked to lower 

exposures (Kayajanian, 2003) although a meta-analysis suggested that exposure to 10 μg/L 

of arsenic in drinking water may double the risk of bladder cancer (Saint-Jacques et al., 

2014). Arsenic ingestion through food is also considered a potentially important source 

of exposure that may contribute to bladder and other cancers (Gundert-Remy et al., 2015; 

Oberoi et al., 2014; Karagas et al., 2019).

There are several studies that indicate arsenic exposure may influence bladder cancer 

progression and clinical outcomes. Comparisons of clinicopathological characteristics in 

bladder cancer patients from an arsenic contaminated region versus two reference areas 

found significantly greater proportions of locally advanced and high-grade tumors in the 

arsenic-exposed patients (Fernandez et al., 2020). Patients from areas of high arsenic 

exposure in Taiwan versus low arsenic exposure found worse prognosis in the patients 

from areas of high arsenic and this was most pronounced in the disease-free survival of 

early-stage disease (Chang et al., 2021). Similar findings were reported for patients in West 

Bengal, India where measured arsenic accumulation in bladder tumor tissue was associated 

with advanced tumors, poor prognosis and disease recurrence after treatment (Ghosh et al., 

2021). These observations may be related to distinct mechanisms of arsenic carcinogenesis 

(Zhou et al., 2021; Palma-Lara et al., 2020) as described in Section 2.

Additional Cancers and Cancer Risk Due to Prenatal and Early Life Exposure

Although the evidence for arsenic-associated cancers is strongest for skin, lung and bladder 

tumors, there are other cancers that are linked to arsenic exposure. There is significant 

evidence for arsenic induced kidney cancer (Smith et al., 2012; Krajewski et al., 2021; 

Saint-Jacques et al., 2014; Ferreccio et al., 2013a; Naujokas et al., 2013; Palma-Lara et al., 

2020; Chen and Costa, 2021) and liver cancer (Naujokas et al., 2013; Palma-Lara et al., 

2020; Chen & Costa, 2021; ASTDR, 2010). There is more limited evidence for increased 

gastrointestinal tract (Krajewski et al., 2021; ASTDR, 2010), laryngeal (Smith et al., 2012), 

prostate (Lamm et al., 2021) and breast cancer (Moslehi et al., 2020) risk with elevated 

arsenic exposure (Abuawad et al., 2021). In the case of breast cancer, it appears that genetic 

factors may play an important modifying role in arsenic-associated risk (Moslehi et al., 

2020).

Gestational and early life exposure to arsenic is associated with a variety of long-term health 

effects including increased risk of cancer in humans (Smeester and Fry, 2018; Martinez and 

Lam, 2021). Studies conducted in Northern Chile provide strong evidence for the cancer 

consequences of prenatal and early life arsenic exposures. In 1958, the levels of arsenic in 

drinking water increased nearly 10-fold to 870 ppb and remediation efforts in the 1970s 
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reduced arsenic in drinking water to near pre-1958 levels. This led to human cohorts with 

different levels and timing of arsenic exposure (Smith et al., 2012). Increased mortality rates 

were observed for bladder, laryngeal, lung, kidney, liver and other cancers (Smith et al., 

2012; Ferreccio et al., 2013b; Steinmaus et al., 2014). Long latency patterns of 25 years or 

more after early life exposure have been reported for liver, kidney and bladder cancers, often 

accompanied by evidence for higher incidence and cancer mortality in children and young 

adults (Yuan et al., 2010; Marshall et al., 2007; Liaw et al., 2008). These findings point 

to arsenic cancer risks that can persist decades after exposure in early life stages. Given 

evidence from experimental animal models that prenatal arsenic exposure elevates cancer 

development (Martinez and Lam, 2021; Waalkes et al., 2007), arsenic exposures across the 

entire lifespan are a concern.

Modifying Factors of Arsenic Carcinogenesis

Arsenic is one of a limited number of metals or metalloids that is metabolized to methylated 

forms (Roy et al., 2020). Biotransformation of inorganic arsenic to mono and dimethyl 

forms (MMA and DMA, respectively) occurs through the enzyme arsenic methyltransferase 

(AS3MT) and arsenic is excreted as a mixture of inorganic and methylated forms (Roy 

et al., 2020, see also Section 3). Population studies suggest that the different forms of 

arsenic are not equivalent in carcinogenic potential. Studies of the proportion of inorganic 

and methylated arsenic species found that individuals with high urinary inorganic percent 

or low DMA present were more likely to develop bladder cancer (Chung et al., 2013) 

and a meta-analysis found that bladder and lung cancer were increased significantly with 

increasing MMA percent in the urine (Melak et al., 2014). Positive associations between 

percent urinary MMA and cancers of the breast and skin in addition to lung and bladder 

also have been reported (Abuawad 2021; Gamboa-Loira et al., 2017; Huang et al., 2018). 

There is increasing evidence that polymorphisms and expression levels of AS3MT may lead 

to differences in arsenic metabolism (Delgado et al., 2021) and are important factors in 

arsenic-related cancer risk and outcomes (Song et al., 2020; Huang et al., 2018; Lin et al., 

2018; De la Rosa et al., 2017).

Co-exposures of arsenic and DNA damaging agents can amplify carcinogenesis with the 

greatest evidence in human populations for skin, lung and bladder cancers. The risk of 

arsenic-associated skin lesions that can be precursors to cancer was greater with sun 

exposure (Chen et al., 2006). Furthermore, arsenic exposure and smoking increase risk 

of lung and bladder cancers with evidence for significant arsenic dose effect (Tsuda et al., 

1995; Karagas et al., 2004; Chen et al., 2010; Chen et al., 2004; Koutros et al., 2018; 

Ferreccio et al., 2013b). These population-based findings are consistent with experimental 

findings of arsenic co-carcinogenesis (Zhou et al., 2021). Cumulatively, the evidence derived 

from studies of human populations exposed to arsenic indicate that arsenic is a human 

carcinogen both as a single agent and the carcinogenic effects can be modified by multiple 

factors including genetic polymorphisms and toxic co-exposures.
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SECTION 2: MECHANISMS OF ARSENIC CARCINOGENESIS

The diverse range of cellular effects of arsenic exposure create a complex landscape 

for studying arsenic carcinogenesis. Many processes affected by arsenic exposure are 

interconnected further complicating our understanding of arsenic’s effects. This section will 

discuss key mechanisms of arsenic carcinogenesis focusing on oxidative stress, the role of 

DNA damage and repair in genotoxicity, epigenetic changes, and how arsenic interacts with 

proteins to affect major pathways of carcinogenesis.

Oxidative Stress

Oxidative stress is a cornerstone of arsenic toxicity and carcinogenesis. It plays a role in 

DNA damage, repair inhibition and cellular mechanisms related to cell stress and cell death. 

Arsenic induces elevated levels of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) that are damaging to macromolecules in the cell including DNA and protein 

(Ding et al., 2005; Wang et al., 2013) (Figure 2). Oxidative stress due to arsenic exposure 

is initiated by intracellular metabolism of arsenic, which involves glutathione (GSH) as a 

necessary mediator. GSH depletion during arsenic metabolism may result in reduced ability 

to ameliorate damaging ROS, both endogenous and those produced by the direct effects 

of arsenic in the cell. Arsenic metabolism also produces additional reactive intermediates. 

For example, the dimethylarsenic peroxyl radical, which is formed in the metabolism of 

dimethylarsenic acid, a methylated form of inorganic arsenic, further requires antioxidant 

remediation, and this intermediate has been shown to induce DNA damage (Flora et al., 

2007; Yamanaka, 1994; Yamanaka et al., 1995). Specific forms of arsenic and their effects 

on oxidative stress are discussed in Section 3.

In general, reactive species arise due to the reduction of molecular oxygen to form 

superoxide radical anions (O2
· − ), hydrogen peroxide (H2O2), hydroxyl radicals (•OH), 

hydroperoxyl radicals (HOO•), singlet oxygen (O2), and peroxyl radicals (ROO•) (Wiseman 

and Halliwell, 1996). Arsenic facilitates the formation of these species by targeting 

several different processes. The role of arsenic in production of ROS is observed in the 

mitochondria where it causes dysregulation of the electron transport chain (Hosseini et 

al., 2013). Arsenic inhibits succinate dehydrogenase activity responsible and altering the 

balance of oxidative phosphorylation and O2 production which perpetuates formation of 

additional ROS while also altering mitochondrial membrane potential (Hosseini et al., 

2013; Yen et al., 2012). Mitochondria also contain elevated levels of sulfhydryl containing 

enzymes due to their redox-prominent role making many enzymes in the mitochondria 

molecular targets of arsenic exposure (Netto et al., 2002). Arsenic induced ROS also 

leads to formation of oxidative DNA damage, which can be measured as 8-hydroxy-2’-

deoxyguanosine (8-OHdG) (Chayapong et al., 2017; Ding et al., 2005; Kessel et al., 2002). 

NADPH oxidase (NOX), which is activated by arsenic and stimulates increased generation 

of ROS, is one mechanism of increase DNA damage through oxidative stress (Cooper et al., 

2022).

Arsenic causes various forms of cellular damage, which enhances the formation of radicals 

in the cell, adding to oxidative stress. For example, arsenic exposure leads to the formation 

of oxidized lipids, which can be used as a biomarker for arsenic-induced oxidative 
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stress. Lipid peroxidation contributes to protein damage and compromised mitochondrial 

permeability forming a cycle of increased damage to macromolecules and ROS (Li et al., 

2020; Mahajan et al., 2018; Nutt et al., 2005).

Arsenic generates RNS including nitric oxide (NO•), which further interacts with another 

product of arsenic exposure, O2
· − , to produce peroxynitrite (ONOO−), which can affect 

DNA and proteins (Pace et al., 2017). ONOO− induces the nitration of tyrosine in proteins 

potentially altering their function. ONOO− also can cause S-nitrosation of cysteine residues 

in proteins, which was demonstrated in a study on the DNA repair protein, PARP-1 and 

was inhibited by the production of ROS and RNS after exposure to arsenic (Zhou et 

al., 2019). Additionally, ONOO- interacts with guanine forming 8-nitroguanine, which is 

used as a biomarker for RNS production (Kawanishi and Hiraku, 2006). Levels of arsenic 

exposure have been correlated with increased levels of 8-nitroguanine in epidemiology 

studies (Navasumrit et al., 2019; Phookphen et al., 2017). Arsenic-induced ROS and RNS 

increase oxidative stress leading to direct and indirect damage to DNA, proteins, and 

signaling pathways involved in maintaining genomic integrity. These effects are further 

discussed in the following sections.

Genotoxicity

Arsenic carcinogenesis is a complex process. However, the current body of research suggests 

genotoxicity arising as damage to genetic information is a key driver of arsenic-induced 

cancers and is a result of combined induction of DNA damage, inhibited DNA repair, 

and aberrant cell division. Genotoxicity begins with damage to genetic material. There is 

sufficient data showing arsenic exposure results in various forms of DNA damage including 

DNA double- and single-strand breaks and other lesions such as 8-nitroguanine and 8-OHdG 

as discussed above (Ding et al., 2005; Dong and Luo, 1993; Dutta et al., 2015; Okayasu et 

al., 2003). However, arsenic does not directly interact with DNA to cause damage, and there 

is a lack of strong evidence of arsenic forming adducts with DNA. Instead, studies show 

arsenic induced oxidative stress is responsible for the majority of DNA damage after arsenic 

exposure (Kumar et al., 2016). Studies show RNS and ROS inhibitors and pre-treatment 

with antioxidants attenuate DNA damage after arsenic exposure suggesting oxidative stress 

is a major contributor in arsenic-induced DNA damage (Ding et al., 2005; Lynn et al., 1998; 

Nesnow et al., 2002). This effect was also observed in arsenic-exposed human populations 

(Biswas et al., 2010) and animal studies (Balakumar et al., 2012; Kadirvel et al., 2007)

DNA double strand breaks are a particularly lethal form of DNA damage and if left 

unrepaired result in cell death. Arsenic-induced DNA double strand breaks have been 

identified in a number of studies (Guillamet et al., 2004; Mouron et al., 2006; Okayasu 

et al., 2003; Xie et al., 2014). If mis-repaired, these DNA double strand breaks in sites of 

key tumor suppressor genes may lead to changes to the genetic material and carcinogenesis. 

This result is also true of single-strand breaks and the formation of intra-DNA adducts 

and crosslinks with proteins and other cellular molecules (Bau et al., 2002; Dong et al., 

1993; Mouron et al., 2001; Wang et al., 2001). DNA adducts and DNA-protein adducts may 

also contribute to the formation of DNA double strand breaks if mis-repaired (Bau et al., 

2002, Wang et al., 2001). Several studies show arsenic exposure results in crosslinking of 
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proteins, including DNA repair proteins, with DNA potentially inhibiting repair processes 

and contributing to genomic instability (Garman et al., 1997; Gebel et al., 1998; Mustra 

et al., 2007). In another study arsenic-induced DNA-protein crosslinks were observed with 

gross chromosomal changes including sister chromatid exchanges, a hallmark of genomic 

instability (Mouron et al., 2005).

Genomic instability is a common driver of cancers and is associated with exposure to many 

metals including arsenic (Mitkovska et al., 2020; Wu et al., 2019; Wise and Wise, 2012). 

DNA damage and dysregulation of cell division induced by arsenic ultimately leads to 

gross changes to genetic material including formation of micronuclei (Basu et al., 2004; 

Navasumrit et al., 2019), both numerical and structural chromosome instability (States, 

2015), and microsatellite instability (Wu et al., 2017). Numerical chromosome instability 

associated with arsenic exposure has been observed in both human populations (Dulout 

et al., 1996), cell culture models (Eguchi et al., 1997; Salazar et al., 2010; Sciandrello et 

al., 2002), and animal studies (Kashiwada et al., 1998). Numerical chromosome instability 

can arise due to uncoupling mechanisms involved in cell division, such as changes in 

mitotic checkpoints and centrosome dysregulation, and is considered a driving force of 

carcinogenesis (Sansregret and Swanton, 2017). Arsenic induces prolonged mitotic arrest 

resulting in aneuploidy (Eguchi et al., 1997; Yih et al., 1997). Other studies have shown 

arsenic disrupts centrosome function (States et al., 2002; Suzuki et al., 2009), which can 

be carried down through cell populations even after removal of arsenic suggesting these 

changes may be permanent and heritable (Sciandrello et al., 2002). Another endpoint of 

altered cell division is the formation of micronuclei, which form as a result of lagging 

chromosomes and chromosome fragments, and these events have been observed in arsenic-

exposed cells (Moore et al., 1996), workers (Lewińska et al., 2007; Vuyyuri et al., 2006), 

and in populations exposed to arsenic in drinking water (Tian et al., 2001; Warner et al., 

1994).

Structural chromosomal changes including chromatid exchanges, ring structures, and 

dicentric chromosomes have been identified in arsenic-exposed human populations 

(Banerjee et al., 2007; Ghosh et al., 2006; Mahata et al., 2003). Other studies have identified 

chromatid gaps associated with arsenic exposure and urine levels (Maki-Paakkanen et 

al., 1998). Importantly for carcinogenesis, increases in chromosomal aberrations have 

been associated with arsenic-induced cancers and pre-cancerous lesions. For example, 

chromosome aberrations were found in patients with arsenic-induced Bowen’s disease 

(Ghosh et al., 2007), arsenic-induced stomach cancer (Boffetta et al., 2007), and were higher 

in bladder cancer patients with arsenic exposure than those without (Moore et al., 2002).

Telomere maintenance and stability is closely tied to maintaining genomic stability. Several 

recent studies in an arsenic exposed human population found exposure was associated 

with altered telomere length, which is also attributed to enhanced chromosomal instability 

and cancer (Chatterjee et al., 2018; Villarreal et al., 2019). Guanine bases are a target of 

arsenic-induced oxidative damage. Thus, telomeres, rich in guanine, are a target of arsenic 

exposure. For example, Coluzzie et al., 2014 showed telomeric changes, included enriched 

DNA damage and shortening, occurred because of arsenic-induced oxidative stress. These 

telomeric changes may contribute to compromised protection provided by telomeres in 
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maintaining chromosomal integrity. Other studies have identified arsenic-induced oxidative 

stress as a source of telomere attrition and structural chromosome instability arising as 

end-to-end fusions, and these effects were reduced by the addition of antioxidants (Liu et al., 

2003). Epidemiology studies have confirmed arsenic exposure is associated with decreased 

telomere length and increased risk of skin carcinomas (Farzan et al., 2021; Grau-Perez et al., 

2019; Srinivas et al., 2019) while other studies have shown the opposite (Gao et al., 2015).

The literature supports genomic instability represented as structural and numerical 

chromosome instability and alterations to chromosome maintenance (telomeres) as a 

prominent mechanism of arsenic-induced carcinogenesis. While these changes are evident 

the mechanisms of how they arise are important in understanding arsenic carcinogenesis. 

Changes in cell division were discussed above in association with numerical chromosome 

instability. However, structural chromosome instability is most associated with DNA damage 

(discussed above) and failure of robust DNA repair pathways as discussed below.

DNA repair

Arsenic induces a variety of DNA lesions, each with distinct repair pathways (Figure 

3). Inhibited DNA repair after arsenic exposure is considered a driving mechanism of 

genomic instability and arsenic-induced cancers and research in this area has uncovered 

detailed cellular mechanisms of arsenic carcinogenesis. Mechanistic studies show arsenic 

affects critical repair factors in pathways of DNA repair including excision repair pathways, 

nucleotide excision repair (NER), base excision repair (BER) and strand break repair 

pathways, homologous recombination (HR), and non-homologous end joining (NHEJ).

Excision repair mechanisms are used to remove oxidative damage to nucleotides. Non-bulky 

damage to DNA bases, such as arsenic-induced 8-oxoguanine and apurinic and apyrimidinic 

sites, are repaired by BER. BER has been shown to be essential in repairing oxidative 

damage after arsenic exposure (Lai et al., 2011). Meanwhile BER genes were found to 

have decreased expression in HaCaT cells exposed to arsenic exposure (Ding et al., 2021). 

Specifically, human 8-oxoguanine DNA glycosylase I (Ebert et al., 2011), DNA polymerase 

β, and APE1 (Sykora and Snow, 2008) were found to have suppressed or altered expression 

and activity in human lung cells after arsenic exposure contributing to repressed BER 

function.

NER is responsible for repairing bulky type DNA lesions and is particularly important 

when considering arsenic as a co-carcinogen. NER repairs bulky lesions such as cyclobutane 

DNA photoproducts induced by ultraviolet radiation (UVR) and DNA adducts as a result of 

polyaromatic hydrocarbon (PAH) exposure. Arsenic alters NER through several mechanism. 

Individuals exposed to arsenic in drinking water were found to have decreased expression 

of DNA repair genes across in cell culture and human populations (Andrew et al., 2003; 

Andrew et al., 2006). Studies focused on NER after arsenic exposure have identified specific 

protein targets of arsenic including XPC, XPA, and ERCC1 (Holcomb et al., 2017; Huestis 

et al., 2016; Muenyi et al., 2011; Nollen et al., 2009; Zhou et al., 2014). Other mechanisms 

of arsenic-inhibited NER include inhibited protein function. Arsenic inhibits the activity of 

DNA ligase III and DNA ligase I (Hu et al., 1998). Extensive studies have also found zinc 

finger proteins in the NER pathway, including XPA are targeted by arsenic exposure altering 
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their function and are further discussed in Section 3 below (Huestis et al., 2016; Zhou et al., 

2014). In addition to direct protein effects, polymorphisms in NER genes were found to be 

associated with non-melanoma skin cancer and arsenic exposure (Applebaum et al., 2007).

If NER or BER fail to repair DNA damage, double strand breaks can arise. These breaks 

are repaired by NHEJ or HR as a final attempt to repair the damage and maintain genomic 

integrity. However, studies show that both NHEJ and HR are impaired by arsenic exposure. 

Notably Morales et al., 2016 found arsenic shifted repair to the more error-prone alt-NHEJ 

pathway from the high-fidelity HR repair pathway potentially resulting in mis-repaired 

DNA double strand breaks and increased genomic instability. Arsenic has been shown to 

affect HR repair by altering recruitment of HR repair factors including BRCA1 and RAD51 

(Zhang et al., 2014). Arsenic increased sumoylation of Mus18, an endonuclease involved 

in cyclobutane pyrimidine dimers (CPDs) and 6,4’PP HR repair, resulting in compromised 

DNA damage response (Hu et al., 2017). PARP-1 may play a role in double strand break 

repair due to changes to PARylation and therefore recruitment of DNA double strand break 

repair factors. PARP-1 also plays a role in BER, NHEJ, single strand break repair, and as a 

zinc finger protein has been shown to be a primary target of arsenic exposure, which will be 

discussed in Section 3.

Epigenetic changes

While studies have identified DNA repair deficiency as a mechanism of arsenic 

carcinogenesis, epigenetic regulation contributes to changes in DNA repair after arsenic 

exposure. Decreased gene expression is an established effect of arsenic exposure and studies 

show arsenic alters DNA methylation patterns across the genome with some sex differences 

(Bailey et al., 2013; Broberg et al., 2014; Nohara et al., 2011). Increased methylation 

of promotors involved in DNA repair has been associated with modified expression after 

arsenic exposure and was observed across different repair pathways. For example, BRCA1, 

ERCC2, MLH1, and OGG1 all had increased promoter methylation after arsenic exposure 

often associated with decreased expression (Hossain et al., 2012; Paul et al., 2014; Selmin 

et al., 2019; Wang et al., 2021). These studies support the finding that DNA methylation 

is associated with persistent genomic instability (Mauro et al., 2015). Confirming the 

importance of these finding are studies showing altered methylation patterns in populations 

exposed to arsenic (Bhattacharjee et al., 2018; Intarasunanont et al., 2012).

DNA methylation may be affected by the metabolism of arsenic, which involved 

methylation steps. Long term arsenic exposure has been associated with DNA 

hypomethylation as a result of depleted S-adenosylmethionine (SAM) (Reichard et al., 

2007). While the mechanisms are not fully understood, SAM depletion results in decreased 

DNA methyltransferase activity, which may contribute to this effect (Du et al., 2018). 

Depletion of SAM and methylation activity may also affect histone methylation.

Posttranslational histone modifications, including methylation and acetylation, play an 

important role in gene expression. Arsenic has been shown to affect each of these 

posttranslational modifications creating a complicated landscape for understanding how 

they alter gene expression and accessibility and recruitment of DNA repair factors to 

sites of DNA damage. One study found the altered balance of H3K9me2, H3K36me3 
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and H4K20me2 after arsenic exposure may lead to decreased repair ability at sites of 

DNA damage (Li et al., 2016). Directly related to expression of DNA repair genes, arsenic 

increased H3K9me2 was found to reduced expression of genes involved in BER (Ding et 

al., 2021). Other studies show global histone methylation patterns after arsenic exposure are 

a contributing factor in malignant transformation (Ge et al., 2018) and cell transformation 

(Qiu et al., 2021). Zhang et al., 2020 found histone demethylase JDHM2A is responsible for 

regulating H3K9 dimethylation after arsenic exposure as a potential mechanism.

Arsenic altered levels of histone acetylases may also contribute to changes in gene 

expression, especially of DNA repair genes. H3K18ac was downregulated after arsenic 

exposure and this effect was notable in the promoter regions of NER protein genes (Zhang 

et al., 2020). Arsenic may also inhibit accessibility to repair sites of DNA damage through 

decreased histone acetylation. For example, arsenic decreased global H4K16Ac, notable for 

its role in relaxing chromatin, with concentration and time (Jo et al., 2009). Mechanisms 

of altered histone acetylation, including the effect of arsenic on histone acetyltransferases 

following arsenic exposure has been linked to zinc finger protein interactions (Tam et al., 

2017).

Epigenetic alteration of gene expression is also affected by arsenic-induced changes in 

microRNAs, which have been linked to inhibited DNA repair, increased sensitivity to 

oxidative stress, and cellular transformation, and have been proposed to be used as 

biomarkers of arsenic exposure (Sturchio et al., 2014). Various cohorts of arsenic exposed 

people around the world have been evaluated for changes in microRNA expression to 

understand which microRNAs may be playing a role in disease progression (Al-Eryani et al., 

2018a; Banerjee et al., 2019; Beck et al., 2018; Ruiz-Vera et al., 2019). Specific microRNAs 

have been linked with arsenic-induced skin lesions and cancers. For example, Banerjee 

et al., 2017 found miR-21 contributes to skin lesion and cancer in chronically exposed 

individuals.

Cell culture studies have looked closely at the role of specific microRNAs altered by arsenic 

exposure in targeted pathways of cancers. A study of prolonged exposure to arsenic used 

HaCaT cells as a model for skin cancer and identified dynamic changes in microRNA 

expression at different stages of exposure and transformation (Banerjee et al., 2022). 

Looking at specific microRNAs, Gonzalez et al., 2015 found arsenic upregulated miR-21, 

miR-200a, and miR-141 expression, and determined a likely association with pathways 

of melanoma progression. Another cell culture study found miR-200b was associated 

with malignant transformation of bronchial epithelial cells (Wang et al., 2011). These 

studies have investigated associations between microRNAs and cellular transformation and 

carcinogenesis. Others have focused on earlier processes in arsenic carcinogenesis. For 

example, arsenic altered microRNAs were implicated in targeting specific pathways such as 

the TP53 pathway, implicated to have early effects contributing to carcinogenesis (Al-Eryani 

et al., 2018b). An in vivo study in rats found arsenic-responsive microRNAs are likely 

involved in pathways of oxidative stress, specifically related to genes that regulate GSH 

levels (Ren et al., 2015).
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MicroRNA studies in human populations and in experimental models have been used to 

understand how they may affect DNA repair. For example, Wei et al., 2018 found miR-145 

was upregulated in individuals exposed to toxic levels of arsenic, and this effect was 

replicated in a cell culture model where it was found to target expression of ERCC2, 

potentially having a negative impact on DNA repair. From these studies it is likely 

microRNAs play a role in pathways of arsenic-induced carcinogenesis and modulating 

expression DNA repair genes.

Protein Effects

Arsenic-dependent changes to protein expression were discussed above. However, arsenic 

also affects protein directly. Recent studies have focused on how arsenic affects protein 

folding signaling pathways and protein function. For example, arsenic induced endoplasmic 

reticulum protein folding stress, which contributed to autophagy defects but not oxidative 

stress suggesting this effect is independent of ROS (Dodson et al., 2018). Endoplasmic 

reticulum protein folding effects have been observed in other arsenic studies as well and is 

associated with autophagy (Wadgaonkar and Chen, 2021).

While arsenic-altered protein expression and processing contribute to carcinogenic 

mechanisms, studies show arsenic can interact with zinc finger proteins causing inhibited 

function, and as briefly mentioned in Section 1, has a significant effect on zinc finger protein 

interactions. Zinc finger proteins are highly sensitive to oxidation due to thiol groups that 

play a central role in their function (Krishna et al., 2003). This structure is protected and 

maintained by a zinc ion, which coordinates a combination of 4 cysteine and histidine 

residues within the zinc finger domain. Zinc fingers can be found in several arrangements 

of cysteine and histidine including C2H2, C3H1, C4 and more complex structures like 

C4C4 ring domains (Klug et al., 2010; Razin et al., 2012). These structures are largely 

responsible for protein binding nucleic acids and with other proteins (Eom et al., 2016; Fu 

and Blackshear, 2017).

The mechanisms of arsenic disruption of zinc finger proteins involves the direct 

displacement of zinc by arsenic within the zinc finger domain. However, different forms 

of arsenic bind the specific zinc finger orientations depending on the ratio of cysteine 

and histidine. In general, arsenic has a lower binding affinity for protein with one or two 

cysteines compared to those with three or four (Asmuss et al., 2000; Kitchin and Wallace, 

2006a; Kitchen and Wallace, 2006b). However, while arsenite and arsenic trioxide show a 

preference to bind to C3H1 and C4 zing finger domains methylated arsenic can bind to all 

three C2H2, C3H1, and C4 types (Zhou et al., 2014). Details of specific forms of arsenic 

in carcinogenic mechanisms is discussed in Section 3. Arsenic is similar enough to zinc to 

competitively displace it from the zinc finger, but in doing so induces a conformational shift 

within the domain altering how the protein functions (Quintal et al., 2011). The selectivity 

of different forms of arsenic to bind zinc finger domains with specific combinations of 

cysteine and histidine also suggests binding selectivity and may impact specific carcinogenic 

mechanisms differently.

Arsenic displacement of zinc has significant implications for protein in many cell regulatory 

pathways affecting DNA repair and gene expression (Huestis et al., 2016; Zhou et al., 
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2020a). Many studies have focused on the impact of arsenic on zinc finger proteins involved 

in DNA repair (Cooper et al., 2014; Ding et al., 2017; Tam et al., 2020; Zhou et al., 2011; 

Zhou et al., 2015). After DNA damage, repair proteins must form complexes around the 

damage site, which requires binding to the damaged DNA. DNA-binding proteins use zinc 

fingers for this purpose, and therefore if disrupted, can destabilize DNA repair complexes 

at sites of damage and inhibit repair. The DNA repair protein PARP-1 is a C3H1 zinc 

finger DNA binding protein shown to be a sensitive target of arsenic exposure inhibiting 

its function (Ding et al., 2009; Walter et al., 2007). This disruption interferes with DNA 

binding and recruitment of other DNA repair factors involved in different pathways of repair 

including NER and BER (Chaudhuri et al., 2017). Arsenic was also found to bind and 

displace zinc in XPA, a critical DNA repair factor in NER (Huestis et al., 2016).

Arsenic may impact DNA repair by modulating access to sites of DNA damage. Zhang 

et al., 2014 found arsenic was able to bind to RNF20 and RNF40 RING finger domains 

causing a conformational shift in these proteins. The RNF20 and RNF40 RING fingers 

are responsible for the monoubiquitinating histone H2B and promoting access of DNA 

double strand break repair factors to sights of DNA damage (Zhang et al., 2014). Indeed, 

Recruitment of DNA repair factors including the HR repair protein, RAD51, to sites of 

double strand breaks was impaired after arsenic exposure. Similarly, arsenic was found 

to bind the FANCL E3 ubiquitin ligase and RING finger protein, altering recruitment of 

DNA repair factors to sites of DNA interstrand crosslinks (Jiang et al., 2017). These studies 

demonstrate arsenic can impact the function of different types of zinc finger proteins. 

Additionally, this interference affects different mechanisms of DNA damage repair and 

recruitment highlighting the dynamic and vast effect arsenic can have on cellular processes.

Signaling Pathways

Altered signaling after arsenic exposure contributes to checkpoint control, DNA repair 

response, and cell survival changes linking them together. Many pathways altered by 

arsenic exposure are interconnected and likely affect multiple mechanisms of arsenic 

carcinogenesis. One study using arsenic as a case study predicted top pathways associated 

with arsenic exposure include stress response, apoptosis, cell cycle, and protein signaling 

pathways such as MAPK, Jak-STAT, and p53 (Davis et al., 2008). MAPK signaling 

disruption has been observed in cell culture studies to increase cell invasiveness (Tingting 

et al., 2010). Predictions on arsenic’s effect in signaling pathways including JNK, EGFR, 

AKT, PI3L, mTOR, and Nrf2-Keap1 have been extensively validated in other studies as well 

(Chen et al., 2013; Kang and Lee, 2008; Fu et al., 2021; Wang et al., 2017). These pathways 

are interconnected but are largely related to cell survival and escape from cell death and 

transformation.

The EGFR pathway has been closely linked with alterations of DNA repair and cell 

proliferation after arsenic exposure. Tong et al., 2015 found DNA mismatch repair was 

inhibited after arsenic exposure by promoting EGFR expression. Another study found EGFR 

and HB-EGF were activated in arsenic-transformed cells to promote cell proliferation (Wang 

et al., 2020). Recently a study in lung epithelial cells found EGFR expression was enhanced 
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after acute and chronic arsenic exposure, but the mechanism responsible for these changes 

was different depending on the exposure time (Kim et al., 2020).

The balance of cell survival and cell death pathways are shifted after arsenic exposure 

(Dreval et al., 2018; Watcharasit et al., 2012). The Nrf2-Keap1 signaling pathway is 

a cellular mechanism implicated in promoting cell survival and when dysregulated is 

considered to have cancer-promoting functions. Specifically, constitutively active Nrf2 leads 

to a variety of downstream implications including altered expression of growth factors, 

antioxidant proteins, transcription factors, and protein processing due to its activity in 

binding antioxidant response elements (AREs) in the promoter of genes (Hayes et al., 2010). 

Studies show arsenic constitutively activates Nrf2 is closely tied to the alteration of the 

autophagy pathway (Lau et al., 2013; Zhou et al., 2020b). Indeed, studies show arsenic 

increases autophagy activity (Bolt et al., 2010; Pucer et al., 2010).

Many studies have investigated the PI3K AKT, and mTOR pathways in arsenic cellular 

transformation and malignancy (Chen and Costa, 2018). When these pathways are 

unregulated normal cell growth becomes aberrant. Chronic arsenic exposure alters the 

PI3K/AKT pathway and is associated with anchorage-independent growth and cell 

migration (Carpenter and Jiang, 2013). Other studies have found autophagy dysfunction 

is tied to PI3K and mTOR signaling (Liang et al., 2020). Evidence shows in arsenic-

transformed cells the AKT pathway is implicated in enhancing invasiveness (Wang et al., 

2012) while being regulated upstream by JNK to promote alterations in phosphorylation of 

proteins involved in altering expression of tumor suppressors and oncogenes (Chen et al., 

2013).

SECTION 3: CHEMICAL FORMS OF ARSENIC AND CARCINOGENESIS

Inorganic and Organic Arsenic Forms, Exposure, and Metabolism

Arsenic exists in several different oxidation states and various chemical forms (Carlin at 

al., 2016; Bolt and Henglestler, 2018). There are two major oxidation states of arsenicals, 

trivalent and pentavalent. Both oxidation states exist naturally (Carlin at al., 2016; Zhu et 

al., 2014). Arsenic occurs naturally in many minerals, usually in combination with sulfur 

and metals. Humans can be exposed to arsenic through different forms and oxidation states, 

and metabolism of arsenic also converts one form or oxidation state to another (Watanabe 

and Hirano, 2013). Each form/oxidation state may have different exposure routes, organ/

tissue distribution, toxicity, and carcinogenic effects (Watanabe and Hirano, 2013; Sattar 

et al., 2016). There are two major forms of arsenicals, inorganic and organic. Inorganic 

arsenicals are the major form of arsenic exposure, occupationally and environmentally. 

Organic arsenicals are mainly acknowledged as metabolites of arsenic, specifically, in 

methylated forms (Negro Silva et al., 2017; Cohen et al. 2006).

Trivalent arsenicals are found in the form of sodium/potassium arsenite and arsenic trioxide 

(Dopp et al., 2005). Pentavalent arsenicals are mainly found as sodium arsenate. The 

environmental existence of inorganic arsenicals is in two major phases, solid and a liquid. 

Inorganic arsenicals in ground water can be found in both trivalent and pentavalent forms 

(Zheng et al., 2017). The trivalent and pentavalent forms mainly exist in oxic and anoxic 
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waters, respectively, due to their chemical properties. Drinking water is a major source of 

environmental exposure of inorganic arsenicals (Carlin at al., 2016; Zhu et al., 2014; Mantha 

et al., 2017). As mentioned in Section 1 arsenicals may also be accumulated in plants 

through irrigation (Zhu et al., 2014; Mantha et al., 2017; Dominguez-Gonzales et al., 2020), 

such as rice and vegetables, which also serve as a significant source of inorganic arsenic 

exposures. Trivalent and pentavalent arsenicals also exist in soil which leads to inhalation 

exposure from dust (Liu et al., 2016, Alamdar et al., 2016). Occupational exposure of 

arsenic can occur in facilities that manufacture pesticides, herbicides, and other agricultural 

products (Baker et al., 2018). Mine smelters and woodworking facilities are also major 

sources of occupational inorganic arsenic exposures.

Organic arsenicals are not commonly found naturally in the environment. Organic arsenicals 

include arsanilic acid, arsenosugars, and methylated arsenicals. Methylated arsenicals are 

produced as a consequence of inorganic arsenic biotransformation in various organisms. 

Humans may be exposed to methylated arsenicals from ingestion of seafood and meat 

(Yoshinaga and Narukawa, 2021; Naess et al., 2020).

Trivalent arsenic uptake into eukaryotes is mediated mainly by proteins in the aquaporin 

superfamily (AQPs) (Agre et al., 2002). Mammalian AQPs were first identified to transport 

trivalent arsenic in rat and mice as AQP9 and AQP7, respectively (Liu et al., 2002). 

Meanwhile, trivalent arsenic has also been shown to be taken up by glucose transporters 

such as GLUT1 (Liu et al., 2006) and hexose permeases (Liu et al., 2004). Both 

aquaglyceroporins and glucose permeases are bidirectional routes of trivalent arsenic into 

and out of cells.

Organic arsenic forms contribute to arsenic toxicity mainly through metabolic pathways. 

The metabolism of arsenic after absorption consists of two major types of reactions; 

oxidative methylation and reduction (Li et al., 2017; Hughes et al., 2011) (Figure 4). 

First, arsenite is oxidatively methylated into monomethylarsonic acid (MMAV). MMAV 

is thus reduced into monomethylarsonous acid (MMAIII). Second, MMAIII is oxidatively 

methylated into dimethylarsonic acid (DMAV), then reduced into dimethylarsonous acid 

(DMAIII). The metabolism of arsenic plays a critical role in toxicity and carcinogenesis. The 

exact mechanisms of action of different arsenic forms is still unclear, but various hypotheses 

have been proposed.

Under drinking water exposure, an animal study of organ distribution of arsenicals suggested 

that kidney, lung and liver contain highest levels of arsenic (Li et al., 2013). In lung, the 

major form is DMAIII at almost all time points (Kenyon et al., 2005). At early stages 

of exposure, liver and kidney contain all forms of arsenicals, such as MMAIII, MMAV, 

DMAIII, DMAV, and inorganic arsenic. At later stages, both liver and kidney show an 

increase in the percentage of DMAIII in arsenicals (Kenyon et al., 2005). In contrast, blood 

and brain contains the lowest level of all arsenic forms compared to other organs across all 

time points. Inorganic and organic arsenicals were also reported to be strongly accumulated 

in reproductive organs (Pant et al., 2004).
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The subcellular distribution of arsenicals largely depends on the cell type. According to 

the characteristics of arsenic metabolism, there are two different types of cells, methylating 

(such as hepatocytes) and non-methylating (such as urothelial cells) (Dopp et al., 2010). 

The membrane permeability and the efficacy of arsenic uptake depend upon both the 

arsenic species and the cell type (Dopp et al., 2005). Uptake rates of MMAIII and DMAIII 

were highest and exceeded those of their pentavalent counterparts by several orders of 

magnitude. Non-methylating cells accumulate higher amounts of arsenic within the cell than 

the methylating cells, and cellular uptake and efflux seem to be faster in methylating cells. 

Elevated concentrations of arsenic are present in the ribosomal fraction of non-methylating 

cells and in nucleic and mitochondrial fractions of methylating cells. However, cytotoxic and 

genotoxic effects are more pronounced in methylating cells (Dopp et al. 2008), which also 

suggests that methylated forms of arsenic may have greater cytotoxic effects than inorganic 

arsenic forms.

Carcinogenesis of Arsenic Forms

Arsenic exposure is mainly in the form of trivalent inorganic arsenic through gastrointestinal 

absorption. Different forms and oxidation state of arsenicals play various roles in 

carcinogenesis (Wadgaonkar and Chen, 2021). Some research indicates that organic arsenic 

forms such as MMA and DMA are most relevant to skin and bladder cancers (Gamboa-

Loira et al., 2017). MMA and DMA are both positively related to almost all types of 

cancers (Gamboa-Loira et al., 2017; Di Giovanni et al., 2020; Kuo et al., 2017; Jomova et 

al., 2011). However, DMA level was found to be negatively correlated to lung cancer only 

(Gamboa-Loira et al., 2017).

MMAIII induces malignant transformation in a human bladder urothelial cell line (Bredfeldt 

et al., 2006), and this kind of transformation is irreversible (Wnek et al., 2010). Acute 

and chronic MMAIII exposure induces MAPK and COX-2, which may be a mechanism 

of bladder carcinogenesis (Eblin et al., 2007). Also, MMAIII alters histone modification 

patterns in human bladder cells (Ge et al., 2018). There are still gaps in research progress on 

organic arsenic forms and liver and lung cancers.

The molecular mechanisms of arsenic induction of various cancers can be summarized into 

two major categories: a) the trivalent arsenicals activate or inhibit signaling proteins or alter 

protein structure by reacting with proteinaceous thiol groups and b) inorganic or organic 

arsenicals activate ROS signaling or ROS-related signaling pathways. Carcinogenesis 

of inorganic arsenicals is related to both mechanisms. However, organic arsenicals are 

predominantly reported to correspond to ROS-dependent mechanisms at present (Huang et 

al., 2017). Current literature suggests that both inorganic and organic arsenicals contribute 

to arsenic carcinogenesis. It remains to be determined which specific form of arsenic is the 

most carcinogenic, although the answer may likely depend on the chemical properties of 

arsenical and the target organ.

Forms of Arsenic and Reactive Oxygen Species

Almost all forms and oxidation states of arsenicals can induce ROS and relevant signaling 

pathways (Lee et al., 2016). For example, for arsenic trioxide, superoxide induction occurs 
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through HO-1, hydrogen peroxide and also RNS such as nitric oxide and peroxynitrite 

(Zhou et al., 2019; Chen et al., 2008; Gurr et al., 2003). In murine embryonic maxillary 

mesenchymal cells, pentavalent arsenic leads to oxidative injury initiating cell death 

cascade, triggering cytotoxicity, mitochondrial dysfunction, and activation of caspase-9 

(Singh et al., 2010). Specifically, the antioxidant N-acetylcysteine attenuates the effect of 

pentavalent arsenic, suggesting that ROS production may contribute to the mechanism of 

pentavalent arsenic cytotoxicity.

In human bladder urothelial cells, MMAIII is known to produce ROS (Wnek et al., 2011). 

In smooth muscle cells, MMAIII has been reported as a mitochondria toxicant that elevates 

ROS through mitochondrial and non-mitochondrial pathways (Pace et al., 2016). In rat 

liver cells, MMAIII has the highest potential of ROS generation, followed by DMAIII, then 

arsenic trioxide (Naranmandura et al., 2011). In human bladder urothelial cells, MMAIII 

was also observed to generate higher ROS than the same concentration of arsenic trioxide 

(Eblin et al., 2006). In human myeloid leukemic HL-60 cells, MMAIII and DMAIII cause 

apoptosis through inhibition to mitochondrial membrane potential and oxidative stress 

(Rehman et al., 2014). Caspase-9 and caspase-3 were significantly activated by MMAIII 

and DMAIII exposure. Similarly, antioxidant N-acetylcysteine is also able to reverse these 

effects (Rehman et al., 2014).

In HepG2 cells, MMAV, DMAV, or trimethylarsine (TMAV) significantly induced CYP1A1 

and NQO1 through an Hsp90 pathway (Anwar-Mohamed et al., 2014). ROS production 

by MMAV exposure is also significantly higher than arsenic trioxide. Overall, MMAV 

and DMAV have moderate effect when compared to MMAIII and DMAIII, but the effects 

become stronger in a reductive environment, for example when there is a low ROS/GSH 

ratio (Sakurai et al., 2005).

In total, inorganic and organic arsenicals both contribute to ROS generation and ROS-

dependent signaling pathways. However, there are still debates on which arsenic form 

generates higher ROS in vivo. It is still largely unclear whether metabolism of arsenic could 

enhance or reduce the strength of ROS effect. In addition, there is still limited knowledge 

on the differences of ROS type generated from different arsenicals, which should be of 

importance to ROS-related mechanisms.

Forms of Arsenic and DNA Damage/Repair

As mentioned in Section 2, trivalent arsenic inhibits DNA repair through direct interaction 

with zinc finger DNA repair proteins such as PARP-1 and XPA. For pentavalent arsenicals, 

there is no evidence currently demonstrating direct interaction with zinc fingers. However, 

pentavalent arsenicals are able to generate ROS which are not only able to induce DNA 

damage but also impair DNA repair pathways (Flora, 2011; Schwerdtle et al., 2003). 

Therefore, in contrast to trivalent arsenicals, which inhibit DNA repair through both direct 

and ROS pathways, pentavalent arsenicals inhibit DNA repair only through ROS-dependent 

signaling pathways.

In natural killer cells, at low concentration, MMAIII induces oxidative stress, DNA damage, 

and inhibits cell growth. DNA damage positively correlates with oxidative stress, indicating 
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that at environmentally relevant concentrations, MMAIII has a genotoxic effect (Xu and 

Wang, 2018). In human bladder urothelial cells, low-level chronic exposure to MMAIII 

elevates DNA damage, which remains at a high level after removal of MMAIII, and elevated 

levels of ROS also play a role in MMAIII induced-DNA damage (Wnek et al., 2009). While 

pentavalent arsenicals only act through ROS-dependent pathways, MMAIII has two potential 

interdependent mechanisms for human bladder urothelial cell transformation; elevated levels 

of MMAIII-induced DNA damage through the production of ROS and the direct MMAIII-

induced inhibition of PARP-1 (Wnek et al., 2011), which has been confirmed in vitro (Zhou 

et al., 2014).

In T cells, MMAIII induces strong genotoxicity in the early developing T cells in the 

thymus. In terms of MMAIII induced genotoxicity and apoptosis, double negative (CD4− 

CD8−) T cells were much more sensitive than double positive cells (Xu et al., 2017). 

ROS-dependent mechanisms are particularly important. For example, superoxide is involved 

either directly or indirectly in producing DNA damage in cells exposed to trivalent 

methylated arsenicals. DMAIII and MMAIII produced significantly more DNA damage in 

the homozygous knockout mouse splenocytes than in the splenocytes from the wild-type or 

heterozygous mice (Tennant and Kligerman, 2011).

Overall, the DNA damage effect and DNA repair inhibition capabilities of various arsenic 

forms and oxidative states largely depend on the tissue or cell type. Intriguingly, in bladder 

or human urothelial cells, DMAIII and MMAIII are the most hazardous arsenicals when 

considering cytotoxicity and genotoxicity (Bailey et al., 2012; Wang et al., 2007). However, 

in lung and skin cells, trivalent arsenicals show higher potency for DNA damage (Bolt and 

Hengstler, 2018; Sattar et al., 2016). This may be because of a difference in metabolism or 

cellular arsenic uptake.

Conclusion

There is extensive and strong epidemiological evidence that links arsenic exposure with 

increased risk of developing various types of cancer. Arsenic is ranked number one by 

the Agency for Toxic Substances and Disease Registry (ATSDR) on their priority list of 

substances that are determined to pose the most significant potential threat to human health. 

The most effective and efficient strategy to decrease arsenic-induced cancer risk is to reduce 

arsenic exposure. Based on convincing research findings, in 2001, U.S. EPA adopted a new 

standard for arsenic in drinking water of 0.01 mg/l or 10 parts per billion (ppb), replacing 

the old standard of 50 ppb. The same standard has since been used by most countries around 

the world. However, it is estimated that over 200 million people world-wide remain exposed 

to arsenic above this level (Li and Costa 2022).

Over the last several decades, extensive research has been carried out to investigate and 

identify various molecular and cellular changes caused by arsenic that are associated with 

known carcinogenic processes. Despite tremendous progress to date, we still do not fully 

understand exactly how arsenic causes cancer development, and what are the key cancer-

driving events that play critical roles in arsenic-induced cancer. One of the significant 

barriers in research is the lack of relevant and appropriate animal models that mimic the 
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development of arsenic-induced cancer in humans, probably due to differences in genetics 

and arsenic metabolism between rodents and humans. Recent development in humanized 

mice could potentially provide an important tool to help resolve these critical questions 

(Koller et al., 2020).

Another major issue is that while current research has identified many individual molecular 

targets of arsenic involved in carcinogenic processes, it is difficult to assess which of these 

altered processes are predominantly responsible for arsenic-induced cancer in humans. The 

recent advances in whole genome sequencing and the associated informatics technology 

could help identify, using unbiased approaches, target molecules and processes that drive the 

mutation and tumorigenesis at the whole genome level.

Abbreviations

8-OHdG 8-hydroxy-2’-deoxyguanosine

AQP aquaporin

AS3MT arsenic methyltransferase

ATSDR Agency for Toxic Substances and Disease Registry

BER base excision repair

CPD cyclobutene pyrimidine dimer

DMA Dimethylated arsenic

DMAIII dimethylarsonous acid

DMAV dimethylarsonic acid

EPA US Environmental Protection Agency

GSH glutathione

HR homologous recombination

IARC International Agency for Research on Cancer

MMA Monomethylated arsenic

MMAIII monomethylarsonous acid

MMAV monomethylarsonic acid

NER nucleotide excision repair

NHEJ non-homologous end joining

NOX NADPH oxidase

PAH polyaromatic hydrocarbons
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RNS Reactive nitrogen species

ROS Reactive oxygen species

TMA(V) trimethylarsine

UVR ultraviolet radiation

WHO World Health Organization

References

Abuawad A, Bozack AK, Saxena R, Gamble MV, 2021. Nutrition, one-carbon metabolism and arsenic 
methylation. Toxicology. 10.1016/i.tox.2021.152803.

Agency for Toxic Substances and Disease Registry (ATSDR). 2007. Toxicological profile for Arsenic. 
Atlanta, GA: U.S. Department of Health and Human Services, Public Health Service. Available at: 
http://www.atsdr.cdc.gov/ToxProfiles/tp2.pdf.

Agency for Toxic Substances and Disease Registry (ATSDR). 2016. Addendum to Toxicological 
profile for Arsenic. Atlanta, GA: U.S. Department of Health and Human Services, Public Health 
Service. Available at: https://www.atsdr.cdc.gov/toxprofiles/Arsenic_addendum.pdf.

Agency for Toxic Substances and Disease Registry (ATSDR) Substance Priority List, https://
www.atsdr.cdc.gov/spl/index.html

Agre P, 2002. Aquaporin water channels–from atomic structure to clinical medicine. J Physiol 542, 
3–16,. 10.1113/iphvsiol.2002.020818 [PubMed: 12096044] 

Alamdar A, 2016. Human Arsenic exposure via dust across the different ecological zones of Pakistan. 
Ecotoxicol Environ Saf 126, 219–227,. 10.1016/i.ecoenv.2015.12.044 [PubMed: 26773831] 

Al-Eryani L, Jenkins SF, States VA, Pan J, Malone JC, Rai SN, Galandiuk S, Giri AK, States JC, 
2018a. miRNA expression profiles of premalignant and malignant arsenic-induced skin lesions. 
PLOS ONE 13, 0202579. 10.1371/iournal.pone.0202579e

Al-Eryani L, Waigel S, Tyagi A, Peremarti J, Jenkins SF, Damodaran C, States JC, 2018b. 
Differentially Expressed mRNA Targets of Differentially Expressed miRNAs Predict Changes in 
the TP53 Axis and Carcinogenesis-Related Pathways in Human Keratinocytes Chronically Exposed 
to Arsenic. Toxicological Sciences 162, 645–654. 10.1093/toxsci/kfx292 [PubMed: 29319823] 

Amin RW, Stafford B, Guttmann RP, 2019. A spatial study of bladder cancer mortality and incidence 
in the contiguous US: 2000–2014. Sci Total Environ. 10.1016/i.scitotenv.2019.03.290.

Andrew AS, Burgess JL, Meza MM, Demidenko E, Waugh MG, Hamilton JW, Karagas MR, 2006. 
Arsenic Exposure Is Associated with Decreased DNA Repair in Vitro and in Individuals Exposed 
to Drinking Water Arsenic. Environmental Health Perspectives 114, 1193–1198. 10.1289/ehp.9008 
[PubMed: 16882524] 

Andrew AS, Karagas MR, Hamilton JW, 2003. Decreased DNA repair gene expression among 
individuals exposed to arsenic in United States drinking water. International Journal of Cancer 
104, 263–268. 10.1002/iic.10968 [PubMed: 12569548] 

Anwar-Mohamed A, 2014. Methylated pentavalent arsenic metabolites are bifunctional inducers, 
as they induce cytochrome P450 1A1 and NAD(P)H:quinone oxidoreductase through 
AhR- and Nrf2-dependent mechanisms. Free Radic Biol Med 67, 171–187,. 10.1016/
i.freeradbiomed.2013.10.810 [PubMed: 24161444] 

Applebaum KM, Karagas MR, Hunter DJ, Catalano PJ, Byler SH, Morris S, Nelson HH, 2007. 
Polymorphisms in Nucleotide Excision Repair Genes, Arsenic Exposure, and Non-Melanoma 
Skin Cancer in New Hampshire. Environmental Health Perspectives 115, 1231–1236. 10.1289/
ehp.10096 [PubMed: 17687452] 

Asmuss M, Mullenders LHF, Eker A, Hartwig A, 2000. Differential effects of toxic metal compounds 
on the activities of Fpg and XPA, two zinc finger proteins involved in DNA repair. Carcinogenesis 
21, 2097–2104. 10.1093/carcin/21.11.2097 [PubMed: 11062174] 

Speer et al. Page 21

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.atsdr.cdc.gov/ToxProfiles/tp2.pdf
https://www.atsdr.cdc.gov/toxprofiles/Arsenic_addendum.pdf
https://www.atsdr.cdc.gov/spl/index.html
https://www.atsdr.cdc.gov/spl/index.html


Arslan B, Djamgoz MBA, Akün E, 2017. ARSENIC: A Review on Exposure Pathways, 
Accumulation, Mobility and Transmission into the Human Food Chain. Rev Environ Contam 
Toxicol 243, 27–51. 10.1007/398201618 [PubMed: 28005215] 

Au WY, 2011. A biography of arsenic and medicine in Hong Kong and China. Hong Kong Med J 17, 
507–513. [PubMed: 22147326] 

Bailey KA, 2012. Transcriptional Modulation of the ERK1/2 MAPK and NF-kappaB Pathways in 
Human Urothelial Cells After Trivalent Arsenical Exposure: Implications for Urinary Bladder 
Cancer. J Can Res Updates 1, 57–68. [PubMed: 23487506] 

Bailey KA, Wu MC, Ward WO, Smeester L, Rager JE, García-Vargas G, Del Razo L-M, Drobná Z, 
Stýblo M, Fry RC, 2013. Arsenic and the Epigenome: Interindividual Differences in Arsenic 
Metabolism Related to Distinct Patterns of DNA Methylation. Journal of Biochemical and 
Molecular Toxicology 27, 106–115. 10.1002/ibt.21462 [PubMed: 23315758] 

Baker BA, Cassano VA, Murray C, Exposure, A.T.F. o A., 2018. Arsenic Exposure, Assessment, 
Toxicity, Diagnosis, and Management: Guidance for Occupational and Environmental Physicians. 
J Occup Environ Med 60, 634–639,. 10.1097/J0M.0000000000001485

Balakumar BS, Ramanathan K, Kumaresan S, Suresh R, 2012. DNA damage by sodium arsenite in 
experimental rats: ameliorative effects of antioxidant vitamins. C and E. Ind J Sci Tech 322–327.

Banerjee M, Al-Eryani L, Srivastava S, Rai SN, Pan J, Kalbfleisch TS, States JC, 2022. Delineating 
the Effects of Passaging and Exposure in a Longitudinal Study of Arsenic-Induced Squamous Cell 
Carcinoma in a HaCaT Cell Line Model. Toxicological Sciences 185, 184–196. 10.1093/toxsci/
kfab129 [PubMed: 34730829] 

Banerjee M, Sarkar J, Das JK, Mukherjee A, Sarkar AK, Mondal L, Giri AK, 2007. Polymorphism 
in the ERCC2 codon 751 is associated with arsenic-induced premalignant hyperkeratosis 
and significant chromosome aberrations. Carcinogenesis 28, 672–676. 10.1093/carcin/bgl181 
[PubMed: 17050553] 

Banerjee N, Bandyopadhyay AK, Dutta S, Das JK, Roy Chowdhury T, Bandyopadhyay A, Giri 
AK, 2017. Increased microRNA 21 expression contributes to arsenic induced skin lesions, skin 
cancers and respiratory distress in chronically exposed individuals. Toxicology 378, 10–16. 
10.1016/i.tox.2017.01.006 [PubMed: 28069514] 

Banerjee N, Das S, Tripathy S, Bandyopadhyay AK, Sarma N, Bandyopadhyay A, Giri AK, 2019. 
MicroRNAs play an important role in contributing to arsenic susceptibility in the chronically 
exposed individuals of West Bengal, India. Environ Sci Pollut Res 26, 28052–28061. 10.1007/
s11356-019-05980-8

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, JF F Jr, Johnson A, Karagas MR, Silverman 
DT, 2016. Elevated Bladder Cancer in Northern New England: The Role of Drinking Water and 
Arsenic. J Natl Cancer Inst. 10.1093/^^^099.

Basu A, Ghosh P, Das JK, Banerjee A, Ray K, Giri AK, 2004. Micronuclei as Biomarkers of 
Carcinogen Exposure in Populations Exposed to Arsenic Through Drinking Water in West Bengal, 
India: A Comparative Study in Three Cell Types. Cancer Epidemiol Biomarkers Prev 13, 820–827. 
[PubMed: 15159315] 

Bau D-T, Wang T-S, Chung C-H, Wang ASS, Wang ASS, Jan K-Y, 2002. Oxidative DNA adducts and 
DNA-protein cross-links are the major DNA lesions induced by arsenite. Environmental Health 
Perspectives 110, 753–756. 10.1289/ehp.02110s5753 [PubMed: 12426126] 

Beck R, Bommarito P, Douillet C, Kanke M, Del Razo LM, García-Vargas G, Fry RC, Sethupathy P, 
Stýblo M, 2018. Circulating miRNAs Associated with Arsenic Exposure. Environ. Sci. Technol 
52, 14487–14495. 10.1021/acs.est.8b06457 [PubMed: 30457847] 

Bedaiwi A, Wysong A, Rogan EG, Clarey D, Arcari CM, 2021. Arsenic Exposure and 
Melanoma Among US Adults Aged 20 or Older, 2003-2016. Public Health Rep. 
10.1177/00333549211008886.

Bencko V, Yan Li Foong F, 2017. The history of arsenical pesticides and health risks related to 
the use of Agent Blue. Ann Agric Environ Med 24, 312–316. 10.26444/aaem/74715. [PubMed: 
28664715] 

Speer et al. Page 22

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bhattacharjee P, Sanyal T, Bhattacharjee S, Bhattacharjee P, 2018. Epigenetic alteration of mismatch 
repair genes in the population chronically exposed to arsenic in West Bengal, India. Environmental 
Research 163, 289–296. 10.1016/i.envres.2018.01.002 [PubMed: 29499398] 

Biswas J, Sinha D, Mukherjee S, Roy S, Siddiqi M, Roy M, 2010. Curcumin protects DNA damage 
in a chronically arsenic-exposed population of West Bengal. Hum Exp Toxicol 29, 513–524. 
10.1177/0960327109359020 [PubMed: 20056736] 

Boffetta P, Hel O, Norppa H, Fabianova E, Fucic A, Gundy S, Lazutka J, Cebulska-Wasilewska A, 
Puskailerova D, Znaor A, Kelecsenyi Z, Kurtinaitis J, Rachtan J, Forni A, Vermeulen R, Bonassi S, 
2007. Chromosomal Aberrations and Cancer Risk: Results of a Cohort Study from Central Europe. 
American Journal of Epidemiology 165, 36–43. 10.1093/aie/kwi367 [PubMed: 17071846] 

Boffetta P, Zunarelli C, Borron C, 2020. Dose-Response Analysis of Exposure to Arsenic in Drinking 
Water and Risk of Skin Lesions: A Systematic Review of the Literature. Dose Response 
21;18(4):1559325820957823. 10.1177/1559325820957823.

Bolt AM, Byrd RM, Klimecki WT, 2010. Autophagy is the predominant process induced by arsenite in 
human lymphoblastoid cell lines. Toxicology and Applied Pharmacology 244, 366–373. 10.1016/
i.taap.2010.01.019 [PubMed: 20153345] 

Bolt HM, Hengstler JG, 2018. Contemporary trends in toxicological research on arsenic. Arch Toxicol 
92, 3251–3253,. 10.1007/s00204-018-2311-z [PubMed: 30244273] 

Bredfeldt TG, Jagadish B, Eblin KE, Mash EA, Gandolfi AJ, 2006. Monomethylarsonous acid 
induces transformation of human bladder cells. Toxicol Appl Pharmacol 216, 69–79,. 10.1016/
i.taap.2006.04.011 [PubMed: 16806342] 

Broberg K, Ahmed S, Engström K, Hossain MB, Mlakar SJ, Bottai M, Grandér M, Raqib R, Vahter 
M, 2014. Arsenic exposure in early pregnancy alters genome-wide DNA methylation in cord 
blood, particularly in boys. Journal of Developmental Origins of Health and Disease 5, 288–298. 
10.1017/S2040174414000221 [PubMed: 24965135] 

Carlin DJ, 2016. Arsenic and Environmental Health: State of the Science and Future Research 
Opportunities. Environ Health Perspect 124, 890–899,. 10.1289/ehp.1510209 [PubMed: 
26587579] 

Carpenter L, R. J,B-H, 2013. Roles of EGFR, PI3K, AKT, and mTOR in Heavy Metal-Induced Cancer. 
Current Cancer Drug Targets 13, 252–266. [PubMed: 23297824] 

Chang CW, Ou CH, Yu CC, Lo CW, Tsai CY, Cheng PY, Chen YT, Huang HC, Wu CC, Li CC, 
Lee HY, 2021. Comparative analysis of patients with upper urinary tract urothelial carcinoma in 
black-foot disease endemic and non-endemic area. BMC Cancer 10.1186/s12885-021-07799-4.

Chatterjee D, Adak S, Banerjee N, Bhattacharjee P, Bandyopadhyay AK, Giri AK, 2018. Evaluation of 
health effects, genetic damage and telomere length in children exposed to arsenic in West Bengal, 
India, in: Mutation Research/Genetic Toxicology and Environmental Mutagenesis, In Memory of 
Professor Adayapalam T Natarajan. pp. 82–88. 10.1016/j.mrgentox.2018.06.012

Chayapong J, Madhyastha H, Madhyastha R, Nurrahmah QI, Nakajima Y, Choijookhuu N, Hishikawa 
Y, Maruyama M, 2017. Arsenic trioxide induces ROS activity and DNA damage, leading to G0/G1 
extension in skin fibroblasts through the ATM-ATR-associated Chk pathway. Environ Sci Pollut 
Res 24, 5316–5325. 10.1007/s11356-016-8215-7

Chen B, Liu J, Chang Q, Beezhold K, Lu Y, Chen F, 2013. JNK and STAT3 signaling pathways 
converge on Akt-mediated phosphorylation of EZH2 in bronchial epithelial cells induced by 
arsenic. Cell Cycle 12, 112–121. 10.4161/cc.23030 [PubMed: 23255093] 

Chen CL, Chiou HY, Hsu LI, Hsueh YM, Wu MM, Chen CJ, 2010. Ingested arsenic, characteristics 
of well water consumption and risk of different histological types of lung cancer in northeastern 
Taiwan. Environ Res. 10.1016/i.envres.2009.08.010.

Chen CL, Hsu LI, Chiou HY, Hsueh YM, Chen SY, Wu MM, Chen CJ, 2004. Blackfoot Disease 
Study Group. Ingested arsenic, cigarette smoking, and lung cancer risk: a follow-up study in 
arseniasis-endemic areas in Taiwan. JAMA. 10.1001/jama.292.24.2984.

Chen QY, & Costa M (2021). Arsenic: A Global Environmental Challenge. Annual Review of 
Pharmacology and Toxicology, 61(1), 47–63. 10.1146/annurev-pharmtox-030220-013418.

Chen QY, Costa M, 2018. PI3K/Akt/mTOR Signaling Pathway and the Biphasic Effect of Arsenic in 
Carcinogenesis. Mol Pharmacol 94, 784–792. 10.1124/mol.118.112268. [PubMed: 29769245] 

Speer et al. Page 23

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chen SC, Chen WC, 2008. Vascular leakage induced by exposure to arsenic via increased 
production of NO, hydroxyl radical and peroxynitrite. Microvasc Res 75, 373–380,. 10.1016/
i.mvr.2007.12.004. [PubMed: 18243249] 

Chen Y, Graziano JH, Parvez F, Hussain I, Momotaj H, Geen A, Howe GR, Ahsan H, 2006. 
Modification of risk of arsenic-induced skin lesions by sunlight exposure, smoking, and 
occupational exposures in Bangladesh. Epidemiology. 10.1097/01.ede.0000220554.50837.7f.

Cheng PS, Weng SF, Chiang CH, Lai FJ, 2016. Relationship between arsenic-containing 
drinking water and skin cancers in the arseniasis endemic areas in Taiwan. J Dermatol. 
10.1111/1346-8138.13058.

Choudhury MIM, Shabnam N, Ahsan T, Ahsan SMA, Kabir MS, Khan RM, Miah MA, Uddin MK, 
Liton MAR, 2018. Cutaneous Malignancy due to Arsenicosis in Bangladesh: 12-Year Study in 
Tertiary Level Hospital. Biomed Res Int. 10.1155/2018/4678362.

Chung CJ, Huang YL, Huang YK, Wu MM, Chen SY, Hsueh YM, Chen CJ, 2013. Urinary 
arsenic profiles and the risks of cancer mortality: a population-based 20-year follow-up study 
in arseniasis-endemic areas in Taiwan. Environ Res. 10.1016/i.envres.2012.11.007.

Cohen SM, Arnold LL, Eldan M, Lewis AS, Beck BD, 2006. Methylated arsenicals: the implications 
of metabolism and carcinogenicity studies in rodents to human risk assessment. Crit Rev Toxicol 
36, 99–133,. 10.1080/10408440500534230 [PubMed: 16736939] 

Coluzzi E, Colamartino M, Cozzi R, Leone S, Meneghini C, O’Callaghan N, Sgura A, 2014. Oxidative 
Stress Induces Persistent Telomeric DNA Damage Responsible for Nuclear Morphology Change 
in Mammalian Cells. PLOS ONE 9, 110963. 10.1371/iournal.pone.0110963

Cooper KL, Volk LB, Dominguez DR, Duran AD, Ke Jian Liu KJ, Hudson LG, 2022. Contribution 
of NADPH oxidase to the retention of UVR-induced DNA damage by arsenic. Toxicol Appl 
Pharmacol 434, 115799. 10.1016/i.taap.2021.115799 [PubMed: 34798142] 

Cooper KL, Yager JW, Hudson LG, 2014. Melanocytes and keratinocytes have distinct and 
shared responses to ultraviolet radiation and arsenic. Toxicology Letters 224, 407–415. 10.1016/
i.toxlet.2013.11.010 [PubMed: 24270004] 

Critical Aspects of Environmental Protection Agency’s (EPA’s) IRIS Assessment of Inorganic 
Arsenic: Interim Report, 2014.The National Academies Press.

Davis AP, Murphy CG, Rosenstein MC, Wiegers TC, Mattingly CJ, 2008. The Comparative 
Toxicogenomics Database facilitates identification and understanding of chemical-gene-disease 
associations: arsenic as a case study. BMC Medical Genomics 1, 48. 10.1186/1755-8794-1-48 
[PubMed: 18845002] 

Delgado DA, Chernoff M, Huang L, Tong L, Chen L, Jasmine F, Shinkle J, Cole SA, Haack K, Kent J, 
Umans J, Best LG, Nelson H, Griend DV, Graziano J, Kibriya MG, Navas-Acien A, Karagas MR, 
Ahsan H, Pierce BL, 2021. Rare, Protein-Altering Variants in AS3MT and Arsenic Metabolism 
Efficiency: A Multi-Population Association Study. Environ Health Perspect. 10.1289/EHP8152.

Ding W, Hudson LG, Liu KJ, 2005. Inorganic arsenic compounds cause oxidative damage to DNA 
and protein by inducing ROS and RNS generation in human keratinocytes. Mol Cell Biochem 279, 
105–112. 10.1007/s11010-005-8227-y [PubMed: 16283519] 

Ding W, Liu W, Cooper KL, Qin X-J, Bergo P.L. de S., Hudson LG, Liu KJ, 2009. Inhibition of 
Poly(ADP-ribose) Polymerase-1 by Arsenite Interferes with Repair of Oxidative DNA Damage *. 
Journal of Biological Chemistry 284, 6809–6817. 10.1074/ibc.M805566200 [PubMed: 19056730] 

Ding X, Zhang A, Li C, Ma L, Tang S, Wang Q, Yang G, Li J, 2021. The role of H3K9me2-regulated 
base excision repair genes in the repair of DNA damage induced by arsenic in HaCaT cells 
and the effects of Ginkgo biloba extract intervention. Environmental Toxicology 36, 850–860. 
10.1002/tox.23088 [PubMed: 33378118] 

Ding X, Zhou X, Cooper KL, Huestis J, Hudson LG, Liu KJ, 2017. Differential sensitivities 
of cellular XPA and PARP-1 to arsenite inhibition and zinc rescue. Toxicology and Applied 
Pharmacology, Recent advances in metal toxicity and carcinogenesis research 331, 108–115. 
10.1016/i.taap.2017.05.031

Dodson M, Vega MR, Harder B, Castro-Portuguez R, Rodrigues SD, Wong PK, Chapman E, Zhang 
DD, 2018. Low-level arsenic causes proteotoxic stress and not oxidative stress. Toxicology and 
Applied Pharmacology 341, 106–113. 10.1016/i.taap.2018.01.014 [PubMed: 29408041] 

Speer et al. Page 24

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dominguez-Gonzalez MR, Barciela-Alonso MC, Calvo-Millan VG, Herbello-Hermelo P, Bermejo-
Barrera P, 2020. The bioavailability of arsenic species in rice. Anal Bioanal Chem 412, 3253–
3259,. 10.1007/s00216-020-02589-6 [PubMed: 32270245] 

Dong J-T, Luo X-M, 1993. Arsenic-induced DNA-strand breaks associated with DNA—protein 
crosslinks in human fetal lung fibroblasts. Mutation Research Letters 302, 97–102. 
10.1016/0165-7992(93)90010-S

Dopp E, von Recklinghausen U, Diaz-Bone R, Hirner AV, Rettenmeier AW, 2010. Cellular uptake, 
subcellular distribution and toxicity of arsenic compounds in methylating and non-methylating 
cells. Environmental Research, 2nd International Congress, As 2008: Arsenic from Nature to 
Humans (Valencia, Spain, May 21-23) 110, 435–442. 10.1016/i.envres.2009.08.012 [PubMed: 
19758587] 

Dopp E, 2008. Subcellular distribution of inorganic and methylated arsenic compounds in 
human urothelial cells and human hepatocytes. Drug Metab Dispos 36, 971–979,. 10.1124/
dmd.107.019034 [PubMed: 18256204] 

Dopp E, 2005. Forced uptake of trivalent and pentavalent methylated and inorganic arsenic and its 
cyto-/genotoxicity in fibroblasts and hepatoma cells. Toxicol Sci 87, 46–56,. 10.1093/toxsci/kfi218 
[PubMed: 15947026] 

Dreval K, Tryndyak V, Kindrat I, Twaddle NC, 2018. Cellular and Molecular Effects of Prolonged 
Low-Level Sodium Arsenite Exposure on Human Hepatic HepaRG Cells. Toxicological Sciences 
162, 676–687. 10.1093/toxsci/kfx290 [PubMed: 29301061] 

Du X, Tian M, Wang X, Zhang J, Huang Q, Liu L, Shen H, 2018. Cortex and hippocampus DNA 
epigenetic response to a long-term arsenic exposure via drinking water. Environmental Pollution 
234, 590–600. 10.1016/j.envpol.2017.11.083 [PubMed: 29223816] 

Dulout FN, Grillo CA, Seoane AI, Maderna CR, Nilsson R, Vahter M, Darroudi F, Natarajan AT, 
1996. Chromosomal aberrations in peripheral blood lymphocytes from native Andean women and 
children from Northwestern Argentina exposed to arsenic in drinking water. Mutation Research/
Genetic Toxicology 370, 151–158. 10.1016/S0165-1218(96)00060-2

Dutta K, Prasad P, Sinha D, 2015. Chronic low level arsenic exposure evokes inflammatory responses 
and DNA damage. International Journal of Hygiene and Environmental Health 218, 564–574. 
10.1016/i.iiheh.2015.06.003 [PubMed: 26118750] 

Dutta PK, Pehkonen SO, Sharma VK, Ray AK, 2005. Photocatalytic Oxidation of Arsenic(III): 
Evidence of Hydroxyl Radicals. Environ. Sci. Technol 39, 1827–1834. 10.1021/es0489238 
[PubMed: 15819243] 

Ebert F, Weiss A, Bültemeyer M, Hamann I, Hartwig A, Schwerdtle T, 2011. Arsenicals affect 
base excision repair by several mechanisms. Mutation Research/Fundamental and Molecular 
Mechanisms of Mutagenesis 715, 32–41. 10.1016/i.mrfmmm.2011.07.004 [PubMed: 21782832] 

Eblin KE, 2006. Arsenite and monomethylarsonous acid generate oxidative stress response in human 
bladder cell culture. Toxicol Appl Pharmacol 217, 7–14,. 10.1016/i.taap.2006.07.004 [PubMed: 
16930658] 

Eblin KE, Bredfeldt TG, Buffington S, Gandolfi AJ, 2007. Mitogenic signal transduction caused by 
monomethylarsonous acid in human bladder cells: role in arsenic-induced carcinogenesis. Toxicol 
Sci 95, 321–330,. 10.1093/toxsci/kfl160 [PubMed: 17093206] 

Eguchi N, Kuroda K, Endo G, 1997. Metabolites of Arsenic Induced Tetraploids and Mitotic Arrest in 
Cultured Cells. Arch. Environ. Contam. Toxicol 32, 141–145. 10.1007/s002449900166 [PubMed: 
9069188] 

Eom KS, Cheong JS, Lee SJ, 2016. Structural Analyses of Zinc Finger Domains for Specific 
Interactions with DNA. Journal of Microbiology and Biotechnology 26, 2019–2029. 10.4014/
imb.1609.09021 [PubMed: 27713215] 

Farzan SF, Shahriar M, Kibriya MG, Jasmine F, Sarwar G, Slavkovic V, Graziano JH, Ahsan H, Argos 
M, 2021. Urinary arsenic and relative telomere length in 5–7 year old children in Bangladesh. 
Environment International 156, 106765. 10.1016/i.envint.2021.106765 [PubMed: 34273872] 

Fernández MI, Valdebenito P, Delgado I, Segebre J, Chaparro E, Fuentealba D, Castillo M, Vial C, 
Barroso JP, Ziegler A, Bustamante A, 2020. Impact of arsenic exposure on clinicopathological 

Speer et al. Page 25

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characteristics of bladder cancer: A comparative study between patients from an arsenic-exposed 
region and nonexposed reference sites. Urol Oncol. 10.1016/i.urolonc.2019.09.013.

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, 2013a. Case-control study of 
arsenic in drinking water and kidney cancer in uniquely exposed Northern Chile. Am J Epidemiol 
1;178(5):813–8. 10.1093/aje/kwt059. [PubMed: 23764934] 

Ferreccio C, Yuan Y, Calle J, Benítez H, Parra RL, Acevedo J, Smith AH, Liaw J, Steinmaus C, 2013b. 
Arsenic, tobacco smoke, and occupation: associations of multiple agents with lung and bladder 
cancer. Epidemiology. 10.1097/EDE.0b013e31829e3e03.

Flora SJ, 2011. Arsenic-induced oxidative stress and its reversibility. Free Radic Biol Med 51, 257–
281,. 10.1016/i.freeradbiomed.2011.04.008 [PubMed: 21554949] 

Flora SJS, Bhadauria S, Kannan GM, Singh N, 2007. Arsenic induced oxidative stress and the role 
of antioxidant supplementation during chelation: a review. J Environ Biol 28, 333–347. [PubMed: 
17929749] 

Fu M, Blackshear PJ, 2017. RNA-binding proteins in immune regulation: a focus on CCCH zinc finger 
proteins. Nat Rev Immunol 17, 130–143. 10.1038/nri.2016.129 [PubMed: 27990022] 

Fu S-C, Lin J-W, Liu J-M, Liu S-H, Fang K-M, Su C-C, Hsu R-J, Wu C-C, Huang C-F, Lee K-I, 
Chen Y-W, 2021. Arsenic induces autophagy-dependent apoptosis via Akt inactivation and AMPK 
activation signaling pathways leading to neuronal cell death. NeuroToxicology 85, 133–144. 
10.1016/i.neuro.2021.05.008 [PubMed: 34038756] 

Gamboa-Loira B, Cebrián ME, Franco-Marina F, Lñpez-Carrillo L, 2017. Arsenic metabolism and 
cancer risk: A meta-analysis. Environ Res. 10.1016/i.envres.2017.04.016.

Gao J, Roy S, Tong L, Argos M, Jasmine F, Rahaman R, Rakibuz-Zaman M, Parvez F, Ahmed A, 
Hore SK, Sarwar G, Slavkovich V, Yunus M, Rahman M, Baron JA, Graziano JH, Ahsan H, Pierce 
BL, 2015. Arsenic exposure, telomere length, and expression of telomere-related genes among 
Bangladeshi individuals. Environmental Research 136, 462–469. 10.1016/i.envres.2014.09.040 
[PubMed: 25460668] 

Garman GD, Anderson SL, Cherr GN, 1997. Developmental abnormalities and DNA-protein 
crosslinks in sea urchin embryos exposed to three metals. Aquatic Toxicology 39, 247–265. 
10.1016/S0166-445X(97)00033-7

Ge Y, 2018. Mapping dynamic histone modification patterns during arsenic-induced malignant 
transformation of human bladder cells. Toxicol Appl Pharmacol 355, 164–173,. 10.1016/
i.taap.2018.06.029 [PubMed: 29966674] 

Ge Y, Zhu J, Wang X, Zheng N, Tu C, Qu J, Ren X, 2018. Mapping dynamic histone modification 
patterns during arsenic-induced malignant transformation of human bladder cells. Toxicology and 
Applied Pharmacology 355, 164–173. 10.1016/i.taap.2018.06.029 [PubMed: 29966674] 

Gebel T, Birkenkamp P, Luthin S, Dunkelberg H, 1998. Arsenic(III), but not antimony(III), induces 
DNA-protein crosslinks. Anticancer Res 18, 4253–4257. [PubMed: 9891475] 

Ghosh P, Banerjee M, Chaudhuri S, Das JK, Sarma N, Basu A, Giri AK, 2007. Increased chromosome 
aberration frequencies in the Bowen’s patients compared to non-cancerous skin lesions individuals 
exposed to arsenic. Mutation Research/Genetic Toxicology and Environmental Mutagenesis 632, 
104–110. 10.1016/i.mrgentox.2007.05.005

Ghosh P, Basu A, Mahata J, Basu S, Sengupta M, Das JK, Mukherjee A, Sarkar AK, Mondal L, 
Ray K, Giri AK, 2006. Cytogenetic damage and genetic variants in the individuals susceptible to 
arsenic-induced cancer through drinking water. International Journal of Cancer 118, 2470–2478. 
10.1002/iic.21640 [PubMed: 16353154] 

Ghosh S, Basu M, Banerjee K, Chaudhury SP, Paul T, Bera DK, Pal DK, Sk UH, Panda CK, Ghosh 
A, 2021. Arsenic level in bladder tumor of patients from an exposed population: association with 
progression and prognosis. Future Oncol. 10.2217/fon-2020-0154.

Giovanni P, 2020. Arsenic Exposure and Risk of Urothelial Cancer: Systematic Review and Meta-
Analysis. Int J Environ Res Public Health 17. 10.3390/iierph17093105 [PubMed: 33375123] 

Gonzalez H, Lema C, Kirken A,R, R. AM, V.-R. A, J.A. R, 2015. Arsenic-exposed Keratinocytes 
Exhibit Differential microRNAs Expression Profile; Potential Implication of miR-21, miR-200a 
and miR-141 in Melanoma Pathway. Clinical Cancer Drugs 2, 138–147. [PubMed: 27054085] 

Speer et al. Page 26

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gossai A, Zens MS, Punshon T, Jackson BP, Perry AE, Karagas MR, 2017. Rice Consumption and 
Squamous Cell Carcinoma of the Skin in a United States Population. Environ Health Perspect 
7;125(9):097005. 10.1289/EHP1065.

Grau-Perez M, Zhao J, Pierce B, Francesconi KA, Goessler W, Zhu Y, An Q, Umans J, Best 
L, Cole SA, Navas-Acien A, Tellez-Plaza M, 2019. Urinary metals and leukocyte telomere 
length in American Indian communities: The Strong Heart and the Strong Heart Family Study. 
Environmental Pollution 246, 311–318. 10.1016/i.envpol.2018.12.010 [PubMed: 30557805] 

Guillamet E, Creus A, Ponti J, Sabbioni E, Fortaner S, Marcos R, 2004. In vitro DNA damage by 
arsenic compounds in a human lymphoblastoid cell line (TK6) assessed by the alkaline Comet 
assay. Mutagenesis 19, 129–135. 10.1093/mutage/geh005 [PubMed: 14981159] 

Gundert-Remy U, Damm G, Foth H, Freyberger A, Gebel T, Golka K, Röhl C, Schupp T, Wollin KM, 
Hengstler JG, 2015. High exposure to inorganic arsenic by food: the need for risk reduction. 
Arch Toxicol. 10.1007/s00204-015-1627-1.

Guo HR, Wang NS, Hu H, Monson RR, 2004. Cell type specificity of lung cancer associated with 
arsenic ingestion. Cancer Epidemiol Biomarkers Prev Apr;13(4):638–43.

Gurr JR, 2003. Nitric oxide production by arsenite. Mutat Res 533, 173–182,. 10.1016/
i.mrfmmm.2003.08.024 [PubMed: 14643419] 

Hayes John D., McMahon M, Chowdhry S, Dinkova-Kostova AT, 2010. Cancer Chemoprevention 
Mechanisms Mediated Through the Keap1–Nrf2 Pathway. Antioxidants & Redox Signaling 13, 
1713–1748. 10.1089/ars.2010.3221 [PubMed: 20446772] 

Hayes JD, McMahon M, Chowdhry S, Dinkova-Kostova AT, 2010. Cancer chemoprevention 
mechanisms mediated through the Keap1–Nrf2 pathway. Antioxid Redox Signal 13, 1713–1748. 
10.1089/ars.2010.3221 [PubMed: 20446772] 

Heck JE, Andrew AS, Onega T, Rigas J, JR BP, K. MR, D. EJ, 2009. Lung cancer in a U.S. population 
with low to moderate arsenic exposure. Environ Health Perspect. 10.1289/ehp.0900566.

Holcomb N, Goswami M, Han SG, Scott T, D’Orazio J, Orren DK, Gairola CG, Mellon I, 2017. 
Inorganic arsenic inhibits the nucleotide excision repair pathway and reduces the expression of 
XPC. DNA Repair 52, 70–80. 10.1016/i.dnarep.2017.02.009 [PubMed: 28237621] 

Hossain MB, Vahter M, Concha G, Broberg K, 2012. Environmental arsenic exposure and DNA 
methylation of the tumor suppressor gene p16 and the DNA repair gene MLH1: effect of 
arsenic metabolism and genotype. Metallomics 4, 1167–1175. 10.1039/c2mt20120h [PubMed: 
23073540] 

Hosseini M-J, Shaki F, Ghazi-Khansari M, Pourahmad J, 2013. Toxicity of Arsenic (III) on Isolated 
Liver Mitochondria: A New Mechanistic Approach. Iran J Pharm Res 12, 121–138. [PubMed: 
24250680] 

Hu L, Yang F, Lu L, Dai W, 2017. Arsenic-induced sumoylation of Mus81 is involved 
in regulating genomic stability. Cell Cycle 16, 802–811. 10.1080/15384101.2017.1302628 
[PubMed: 28318385] 

Hu Y, Su L, Snow ET, 1998. Arsenic toxicity is enzyme specific and its affects on ligation are 
not caused by the direct inhibition of DNA repair enzymes1Supported by: the Electric Power 
Research Institute, Agreement No. WO3370-22, in: Additional Support Was Provided by 
the NYU/NIEHS Center Grant (ES00260), the NYU Medical Center Kaplan Comprehensive 
Cancer Center (CA13343), and the American Cancer Society, Minnesota Division. 1. Mutation 
Research/DNA Repair 408. pp. 203–218. 10.1016/S0921-8777(98)00035-4 [PubMed: 9806419] 

Huang CY, Lin YC, Shiue HS, Chen WJ, Su CT, Pu YS, Ao PL, Hsueh YM, 2018. Comparison of 
arsenic methylation capacity and polymorphisms of arsenic methylation genes between bladder 
cancer and upper tract urothelial carcinoma. Toxicol Lett. 10.1016/i.toxlet.2018.05.035.

Huang HH, Huang JY, Lung CC, Wu CL, Ho CC, Sun YH, Ko PC, Su SY, Chen SC, Liaw YP, 2013. 
Cell-type specificity of lung cancer associated with low-dose soil heavy metal contamination in 
Taiwan: an ecological study. BMC Public Health. 10.1186/1471-2458-13-330.

Huang P, Zhang YH, Zheng XW, Liu YJ, Zhang H, Fang L, Zhang YW, Yang C, Islam K, Wang 
C, Naranmandura H, 2017. Phenylarsine oxide (PAO) induces apoptosis in HepG2 cells via 
ROS-mediated mitochondria and ER-stress dependent signaling pathways. Metallomics 9, 1756–
1764. 10.1039/c7mt00179g [PubMed: 28831476] 

Speer et al. Page 27

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Huang Q, Zhan L, Cao H, Li J, Lyu Y, Guo X, Zhang J, Ji L, Ren T, An J, Liu B, Nie Y, Xing J, 2016. 
Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival 
through the ROS-modulated coordinated regulation of the NFKB and TP53 pathways. Autophagy 
12, 999–1014. 10.1080/15548627.2016.1166318 [PubMed: 27124102] 

Huestis J, Zhou X, Chen L, Feng C, Hudson LG, Liu KJ, 2016. Kinetics and thermodynamics of 
zinc(II) and arsenic(III) binding to XPA and PARP-1 zinc finger peptides. Journal of Inorganic 
Biochemistry 163, 45–52. 10.1016/i.iinorgbio.2016.08.0Q3 [PubMed: 27521476] 

Hughes MF, Beck BD, Chen Y, Lewis AS, Thomas DJ, 2011. Arsenic exposure and toxicology: a 
historical perspective. Toxicol Sci 123, 305–332,. 10.1093/toxsci/kfr184 [PubMed: 21750349] 

Hunt KM, Srivastava RK, Elmets CA, Athar M, 2014. The mechanistic basis of arsenicosis: 
pathogenesis of skin cancer. Cancer Lett 28;354(2):211–9. 10.1016/i.canlet.2014.08.016. 
[PubMed: 25173797] 

Intarasunanont P, Navasumrit P, Waraprasit S, Chaisatra K, Suk WA, Mahidol C, Ruchirawat M, 2012. 
Effects of arsenic exposure on DNA methylation in cord blood samples from newborn babies 
and in a human lymphoblast cell line. Environmental Health 11, 31. 10.1186/1476-069X-11-31 
[PubMed: 22551203] 

Jiang J, Bellani M, Li L, Wang P, Seidman MM, Wang Y, 2017. Arsenite Binds to the RING Finger 
Domain of FANCL E3 Ubiquitin Ligase and Inhibits DNA Interstrand Crosslink Repair. ACS 
Chem. Biol 12, 1858–1866. 10.1021/acschembio.6b01135 [PubMed: 28535027] 

Jimenez Villarreal J, Murillo Ortiz B, Martinez Garza S, Rivas Armendáriz DI, Boone Villa VD, 
Carranza Rosales P, Betancourt Martínez ND, Delgado Aguirre H, Morán Martínez J, 2019. 
Telomere length analysis in residents of a community exposed to arsenic. Journal of Biochemical 
and Molecular Toxicology 33, 22230. 10.1002/ibt.22230

Jo WJ, Ren X, Chu F, Aleshin M, Wintz H, Burlingame A, Smith MT, Vulpe CD, Zhang L, 2009. 
Acetylated H4K16 by MYST1 protects UROtsa cells from arsenic toxicity and is decreased 
following chronic arsenic exposure. Toxicology and Applied Pharmacology 241, 294–302. 
10.1016/j.taap.2009.08.027 [PubMed: 19732783] 

John PJ, Kumar N, 2022. Mechanistic Basis of Arsenic Induced Carcinogenesis: Differential miRNA 
Expression (preprint. Review. 10.21203/rs.3.rs-1141158/v1

Jomova K, 2011. Arsenic: toxicity, oxidative stress and human disease. J Appl Toxicol 31, 95–107,. 
10.10Q2/iat.1649 [PubMed: 21321970] 

Kadirvel R, Sundaram K, Mani S, Samuel S, Elango N, Panneerselvam C, 2007. Supplementation of 
ascorbic acid and α-tocopherol prevents arsenic-induced protein oxidation and DNA damage 
induced by arsenic in rats. Hum Exp Toxicol 26, 939–946. 10.1177/09603271070879Q9 
[PubMed: 18375637] 

Kang Y-H, Lee S-J, 2008. The role of p38 MAPK and JNK in Arsenic trioxide-induced mitochondrial 
cell death in human cervical cancer cells. Journal of Cellular Physiology 217, 23–33. 10.1002/
icp.21470 [PubMed: 18412143] 

Karagas MR, Gossai A, Pierce B, Ahsan H, 2015. Drinking Water Arsenic Contamination, Skin 
Lesions, and Malignancies: A Systematic Review of the Global Evidence. Curr Environ Health 
Rep. 10.1007/s40572-014-004Q-x.

Karagas MR, Punshon T, Davis M, Bulka CM, Slaughter F, Karalis D, Argos M, Ahsan H, 2019. 
Rice Intake and Emerging Concerns on Arsenic in Rice: a Review of the Human Evidence and 
Methodologic Challenges. Curr Environ Health Rep. 10.1007/s40572-019-00249-1.

Karagas MR, Tosteson TD, Morris JS, Demidenko E, Mott LA, Heaney J, Schned A, 2004. Incidence 
of transitional cell carcinoma of the bladder and arsenic exposure in New Hampshire. Cancer 
Causes Control. 10.1023/B:CACQ.0000036452.55199.a3.

Kashiwada E, Kuroda K, Endo G, 1998. Aneuploidy induced by dimethylarsinic acid in mouse bone 
marrow cells. Mutation Research/Genetic Toxicology and Environmental Mutagenesis 413, 33–
38. 10.1016/S1383-5718(98)00011-4

Kawanishi S, Hiraku Y, 2006. Oxidative and Nitrative DNA Damage as Biomarker for Carcinogenesis 
with Special Reference to Inflammation. Antioxidants & Redox Signaling 8, 1047–1058. 
10.1089/ars.2006.8.1047 [PubMed: 16771694] 

Speer et al. Page 28

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kayajanian G, 2003. Arsenic, cancer, and thoughtless policy. Ecotoxicology and Environmental Safety 
55, 139–142. 10.1016/S0147-6513(02)00042-8 [PubMed: 12742359] 

Kenyon EM, Del Razo LM, Hughes MF, 2005. Tissue distribution and urinary excretion of inorganic 
arsenic and its methylated metabolites in mice following acute oral administration of arsenate. 
Toxicol Sci 85, 468–475,. 10.1093/toxsci/kfi107 [PubMed: 15703264] 

Kessel M, Liu SX, Xu A, Santella R, Heil TK, 2002. Arsenic induces oxidative DNA damage in 
mammalian cells, in: Vallyathan V, Shi X, Castranova V. (Eds.), Oxygen/Nitrogen Radicals: Cell 
Injury and Disease, Developments in Molecular and Cellular Biochemistry. Springer US, Boston, 
MA, pp. 301–308. 10.1007/978-1-4615-1087-134

Kim C, States JC, Ceresa BP, 2020. Chronic and acute arsenic exposure enhance EGFR expression 
via distinct molecular mechanisms. Toxicology in Vitro 67, 104925. 10.1016/i.tiv.2020.104925 
[PubMed: 32599262] 

Kitchin KT, Wallace K, 2006a. Dissociation of arsenite-peptide complexes: Triphasic nature, 
rate constants, half-lives, and biological importance. Journal of Biochemical and Molecular 
Toxicology 20, 48–56. 10.1002/ibt.20108 [PubMed: 16498640] 

Kitchin KT, Wallace K, 2006b. Arsenite binding to synthetic peptides: The effect of increasing length 
between two cysteines. Journal of Biochemical and Molecular Toxicology 20, 35–38. 10.1002/
ibt.20112 [PubMed: 16498636] 

Klionsky DJ, 2007. Autophagy: from phenomenology to molecular understanding in less than a 
decade. Nat Rev Mol Cell Biol 8, 931–937. 10.1038/nrm2245 [PubMed: 17712358] 

Klug A, 2010. The discovery of zinc fingers and their development for practical applications in 
gene regulation and genome manipulation. Quarterly Reviews of Biophysics 43, 1–21. 10.1017/
S0033583510000089 [PubMed: 20478078] 

Koller BH, Snouwaert JN, Douillet C, Jania LA, El-Masri H, Thomas DJ, Stýblo M, 2020. Arsenic 
Metabolism in Mice Carrying a BORCS7/AS3MT Locus Humanized by Syntenic Replacement. 
Environ Health Perspect. 128(8):87003. 10.1289/EHP6943. [PubMed: 32779937] 

Koutros S, Baris D, Waddell R, Beane Freeman LE, Colt JS, Schwenn M, Johnson A, Ward MH, 
Hosain GM, Moore LE, Stolzenberg-Solomon R, Rothman N, Karagas MR, Silverman DT, 
2018. Potential effect modifiers of the arsenic-bladder cancer risk relationship. Int J Cancer 
1;143(11):2640–2646. 10.1002/iic.31720. [PubMed: 29981168] 

Krajewski AK, Jimenez MP, Rappazzo KM, Lobdell DT, Jagai JS, 2021. Aggregated cumulative 
county arsenic in drinking water and associations with bladder, colorectal, and kidney cancers, 
accounting for population served. J Expo Sci Environ Epidemiol. 10.1038/s41370-021-00314-8.

Krishna SS, Majumdar I, Grishin NV, 2003. Structural classification of zinc fingers: SURVEY AND 
SUMMARY. Nucleic Acids Research 31, 532–550. 10.1093/nar/gkg161 [PubMed: 12527760] 

Kumar M, Lalit M, Thakur R, 2016. Natural Antioxidants Against Arsenic-Induced Genotoxicity. Biol 
Trace Elem Res 170, 84–93. 10.1007/s12011-015-04487 [PubMed: 26242483] 

Kuo CC, Moon KA, Wang SL, Silbergeld E, Navas-Acien A, 2017b. The Association of Arsenic 
Metabolism with Cancer, Cardiovascular Disease, and Diabetes: A Systematic Review of the 
Epidemiological Evidence. Environ Health Perspect 125, 087001. 10.1289/EHP577 [PubMed: 
28796632] 

Kuo YC, Lo YS, Guo HR, 2017a. Lung Cancer Associated with Arsenic Ingestion: Cell-type 
Specificity and Dose Response. Epidemiology 2017a Oct;28 Suppl 1:S106–S112. 10.1097/
EDE.0000000000000743.

Lai Y, Zhao W, Chen C, Wu M, Zhang Z, 2011. Role of DNA polymerase beta in the genotoxicity of 
arsenic. Environmental and Molecular Mutagenesis 52, 460–468. 10.1002/em.20643 [PubMed: 
21370284] 

Lamm SH, Boroje IJ, Ferdosi H, Ahn J, 2021. A review of low-dose arsenic risks and human cancers. 
Toxicology. 10.1016/i.tox.2021.152768.

Langston ME, Brown HE, Lynch CF, Roe DJ, Dennis LK, 2022. Ambient UVR and Environmental 
Arsenic Exposure in Relation to Cutaneous Melanoma in Iowa. International Journal of 
Environmental Research and Public Health. 10.3390/iierph19031742

Speer et al. Page 29

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lau A, Zheng Y, Tao S, Wang H, Whitman SA, White E, Zhang DD, 2013. Arsenic Inhibits 
Autophagic Flux, Activating the Nrf2-Keap1 Pathway in a p62-Dependent Manner. Molecular 
and Cellular Biology 33, 2436–2446. 10.1128/MCB.01748-12 [PubMed: 23589329] 

Lee CH, Yu HS, 2016. Role of mitochondria, ROS, and DNA damage in arsenic induced 
carcinogenesis. 10.2741/s465

Lewińska D, Palus J, Stępnik M, Dziubałtowska E, Beck J, Rydzyński K, Natarajan AT, Nilsson 
R, 2007. Micronucleus frequency in peripheral blood lymphocytes and buccal mucosa cells of 
copper smelter workers, with special regard to arsenic exposure. Int Arch Occup Environ Health 
80, 371–380. 10.1007/s00420-006-0130-7 [PubMed: 17277946] 

Li AH, Costa M, 2022. Chapter 11 - Selected molecular mechanisms of metal toxicity and 
carcinogenicity, in: Nordberg GF, Costa M (Eds.), Handbook on the Toxicology of Metals (Fifth 
Edition). Academic Press, pp. 253–278. 10.1016/B978-Q-12-823292-7.00008-5

Li H, 2013. Distribution of arsenic species and its DNA damage in subchronic arsenite-exposed mice. 
Wei Sheng Yan Jiu 42, 764–769, 776. [PubMed: 24218882] 

Li J, Ma L, Wang X, Li D, Zeng Q, Xing X, Li C, Xie L, Chen L, Chen W, Zhang A, 2016. 
Modifications of H3K9me2, H3K36me3 and H4K20me2 may be involved in arsenic-induced 
genetic damage. Toxicology Research 5, 1380–1387. 10.1039/c6tx00117c [PubMed: 30090442] 

Li J, Packianathan C, Rossman TG, Rosen BP, 2017. Nonsynonymous Polymorphisms in the Human 
AS3MT Arsenic Methylation Gene: Implications for Arsenic Toxicity. Chem Res Toxicol 30, 
1481–1491,. 10.1021/acs.chemrestox.7b00113 [PubMed: 28537708] 

Li X, Sun D, Zhao T, Zhang Z, 2020. Long non-coding RNA ROR confers arsenic trioxide resistance 
to HepG2 cells by inhibiting p53 expression. European Journal of Pharmacology 872, 172982. 
10.1016/i.eiphar.2020.172982 [PubMed: 32017938] 

Liang C, Feng Z, Manthari RK, Wang C, Han Y, Fu W, Wang J, Zhang J, 2020. Arsenic 
induces dysfunctional autophagy via dual regulation of mTOR pathway and Beclin1-Vps34/
PI3K complex in MLTC-1 cells. Journal of Hazardous Materials 391, 122227. 10.1016/
i.ihazmat.2020.122227 [PubMed: 32044640] 

Liaw J, Marshall G, Yuan Y, Ferreccio C, Steinmaus C, Smith AH, 2008. Increased childhood liver 
cancer mortality and arsenic in drinking water in northern Chile. Cancer Epidemiol Biomarkers 
Prev. 10.1158/1055-9965.EPI-07-2816. 

Lin YC, Chen WJ, Huang CY, Shiue HS, Su CT, Ao PL, Pu YS, Hsueh YM, 2018. Polymorphisms 
of Arsenic (+3 Oxidation State) Methyltransferase and Arsenic Methylation Capacity Affect the 
Risk of Bladder Cancer. Toxicol Sci. 10.1093/toxsci/kfy087.

Liu L, Trimarchi JR, Navarro P, Blasco MA, Keefe DL, 2003. Oxidative Stress Contributes to Arsenic-
induced Telomere Attrition, Chromosome Instability, and Apoptosis*. Journal of Biological 
Chemistry 278, 31998–32004. 10.1074/ibc.M303553200 [PubMed: 12767976] 

Liu Y, 2016. Bioaccessibility and health risk assessment of arsenic in soil and indoor dust in 
rural and urban areas of Hubei province, China. Ecotoxicol Environ Saf 126, 14–22,. 10.1016/
i.ecoenv.2015.11.037 [PubMed: 26707184] 

Liu Z, 2006. Mammalian glucose permease GLUT1 facilitates transport of arsenic trioxide 
and methylarsonous acid. Biochem Biophys Res Commun 351, 424–430,. 10.1016/
i.bbrc.2006.10.054 [PubMed: 17064664] 

Liu Z, 2002. Arsenite transport by mammalian aquaglyceroporins AQP7 and AQP9. Proc Natl Acad 
Sci U S A 99, 6053–6058,. 10.1073/pnas.092131899 [PubMed: 11972053] 

Liu Z, Boles E, Rosen BP, 2004. Arsenic trioxide uptake by hexose permeases in Saccharomyces 
cerevisiae. J Biol Chem 279, 17312–17318,.10.1074/ibc.M314006200 [PubMed: 14966117] 

Lynn S, Shiung J-N, Gurr J-R, Jan KY, 1998. Arsenite Stimulates Poly(ADP-Ribosylation) by 
Generation of Nitric Oxide. Free Radical Biology and Medicine 24, 442–449. 10.1016/
S0891-5849(97)00279-7 [PubMed: 9438557] 

Lyon, 2004. International Agency for Research on Cancer: IARC Working Group on the Evaluation of 
Carcinogenic Risk to Humans. Some Drinking-water Disinfectants and Contaminants, including 
Arsenic In: IARC Monographs on the Evaluation of Carcinogenic Risks to Humans.

Mahajan L, Verma PK, Raina R, Pankaj NK, Sood S, Singh M, 2018. Alteration in thiols homeostasis, 
protein and lipid peroxidation in renal tissue following subacute oral exposure of imidacloprid 

Speer et al. Page 30

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and arsenic in Wistar rats. Toxicology Reports 5, 1114–1119. 10.1016/i.toxrep.2018.11.003 
[PubMed: 30456172] 

Mahata J, Basu A, Ghoshal S, Sarkar JN, Roy AK, Poddar G, Nandy AK, Banerjee A, Ray 
K, Natarajan AT, Nilsson R, Giri AK, 2003. Chromosomal aberrations and sister chromatid 
exchanges in individuals exposed to arsenic through drinking water in West Bengal, India. 
Mutation Research/Genetic Toxicology and Environmental Mutagenesis 534, 133–143. 10.1016/
S1383-5718(02)00255-3

MÄki-Paakkanen J, Kurttio P, Paldy A, Pekkanen J, 1998. Association between the clastogenic 
effect in peripheral lymphocytes and human exposure to arsenic through drinking water. 
Environmental and Molecular Mutagenesis 32, 301–313. 10.1002/(SICI)1098-2280(1998)32:4 
[PubMed: 9882004] 

Mantha M, 2017. Estimating Inorganic Arsenic Exposure from U.S. Rice and Total Water Intakes. 
Environ Health Perspect 125, 057005. 10.1289/EHP418 [PubMed: 28572075] 

Marshall G, Ferreccio C, Yuan Y, Bates MN, Steinmaus C, Selvin S, Liaw J, Smith AH, 2007. 
Fifty-year study of lung and bladder cancer mortality in Chile related to arsenic in drinking water. 
J Natl Cancer Inst. 10.1093/inci/dim004.

Martinez VD, Lam WL, 2021. Health Effects Associated With Pre- and Perinatal Exposure to Arsenic. 
Front Genet. 10.3389/fgene.2021.664717.

Matthews NH, Fitch K, Li WQ, Morris JS, Christiani DC, Qureshi AA, Cho E, 2019. Exposure 
to Trace Elements and Risk of Skin Cancer: A Systematic Review of Epidemiologic Studies. 
Cancer Epidemiol Biomarkers Prev. 10.1158/1055-9965.EPI-18-0286.

Mauro M, Caradonna F, Klein CB, 2016. Dysregulation of DNA methylation induced by past 
arsenic treatment causes persistent genomic instability in mammalian cells. Environmental and 
Molecular Mutagenesis 57, 137–150. 10.1002/em.21987 [PubMed: 26581878] 

Melak D, Ferreccio C, Kalman D, Parra R, Acevedo J, Pérez L, Cortés S, Smith AH, Yuan Y, Liaw J, 
Steinmaus C, 2014. Arsenic methylation and lung and bladder cancer in a case-control study in 
northern Chile. Toxicol Appl Pharmacol. 10.1016/i.taap.2013.11.014.

Mitkovska VI, Dimitrov HA, Chassovnikarova TG, 2020. Chronic exposure to lead and 
cadmium pollution results in genomic instability in a model biomonitor species (Apodemus 
flavicollis Melchior, 1834. Ecotoxicology and Environmental Safety 194, 110413. 10.1016/
i.ecoenv.2020.110413 [PubMed: 32163775] 

Moore LE, Smith AH, Eng C, Kalman D, DeVries S, Bhargava V, Chew K, Moore II D, 
Ferreccio C, Rey OA, Waldman FM, 2002. Arsenic-Related Chromosomal Alterations in Bladder 
Cancer. JNCI: Journal of the National Cancer Institute 94, 1688–1696. 10.1093/inci/94.22.1688 
[PubMed: 12441324] 

Moore Lee E., Warner ML, Smith AH, Kalman D, Smith MT, 1996. Use of the fluorescent 
micronucleus assay to detect the genotoxic effects of radiation and arsenic exposure in 
exfoliated human epithelial cells. Environmental and Molecular Mutagenesis 27, 176–184. 
10.1002/(SICI)1098-2280(1996)27:3<176::AID-EM2>3.0.C0;2-D [PubMed: 8625953] 

Moore LE, Warner ML, Smith AH, Kalman D, Smith MT, 1996. Use of the fluorescent 
micronucleus assay to detect the genotoxic effects of radiation and arsenic exposure in 
exfoliated human epithelial cells. Environmental and Molecular Mutagenesis 27, 176–184. 
10.1002/(SICI)1098-2280(1996)27:3 [PubMed: 8625953] 

Morales Maria E., Derbes RS, Ade CM, Ortego JC, Stark J, Deininger PL, Roy-Engel AM., 2016. 
Heavy Metal Exposure Influences Double Strand Break DNA Repair Outcomes. PLOS ONE 11, 
e0151367. 10.1371/iournal.pone.0151367 [PubMed: 26966913] 

Morales ME, Derbes RS, Ade CM, Ortego JC, Stark J, Deininger PL, Roy-Engel AM, 2016. Heavy 
Metal Exposure Influences Double Strand Break DNA Repair Outcomes. PLOS ONE 11, 
0151367. 10.1371/iournal.pone.0151367

Moslehi R, Stagnar C, Srinivasan S, Radziszowski P, Carpenter DO, 2020. The possible role of arsenic 
and gene-arsenic interactions in susceptibility to breast cancer: a systematic review. Rev Environ 
Health 10.1515/reveh-2020-0080.

Speer et al. Page 31

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mourón SA, Golijow CD, Dulout FN, 2001. DNA damage by cadmium and arsenic salts assessed 
by the single cell gel electrophoresis assay. Mutation Research/Genetic Toxicology and 
Environmental Mutagenesis 498, 47–55. 10.1016/S1383-5718(01)00266-2

Mourón SA, Grillo CA, Dulout FN, Golijow CD, 2006. Induction of DNA strand breaks, DNA-protein 
crosslinks and sister chromatid exchanges by arsenite in a human lung cell line. Toxicology in 
Vitro 20, 279–285. 10.1016/i.tiv.2005.07.005 [PubMed: 16143491] 

Mourón SA, Grillo CA, Dulout FN, Golijow CD, 2005. DNA–protein cross-links and 
sister chromatid exchanges induced by dimethylarsinic acid in human fibroblasts cells. 
Mutation Research/Genetic Toxicology and Environmental Mutagenesis 581, 83–90. 10.1016/
i.mrgentox.2004.11.001

Muenyi CS, States VA, Masters JH, Fan TW, Helm CW, States JC, 2011. Sodium arsenite and 
hyperthermia modulate cisplatin-DNA damage responses and enhance platinum accumulation 
in murine metastatic ovarian cancer xenograft after hyperthermic intraperitoneal chemotherapy 
(HIPEC. J Ovarian Res 4, 9. 10.1186/1757-2215-4-9 [PubMed: 21696631] 

Mustra DJ, Warren AJ, Wilcox DE, Hamilton JW, 2007. Preferential binding of human XPA to 
the mitomycin C-DNA interstrand crosslink and modulation by arsenic and cadmium. Chemico-
Biological Interactions 168, 159–168. 10.1016/i.cbi.2007.04.004 [PubMed: 17512921] 

Naess S, 2020. Mercury, lead, arsenic, and cadmium in Norwegian seafood products and consumer 
exposure. Food Addit Contam Part B Surveill 13, 99–106,. 10.1080/19393210.2020.1735533 
[PubMed: 32207381] 

Naranmandura H, 2011. Mitochondria are the main target organelle for trivalent monomethylarsonous 
acid (MMA(III))-induced cytotoxicity. Chem Res Toxicol 24, 1094–1103 10.1021/tx200156k 
[PubMed: 21648415] 

Naujokas MF, Anderson B, Ahsan H, Aposhian HV, Graziano JH, Thompson C, Suk WA, 2013. The 
broad scope of health effects from chronic arsenic exposure: update on a worldwide public health 
problem. Environ Health Perspect. 10.1289/ehp.1205875.

Navasumrit P, Chaisatra K, Promvijit J, Parnlob V, Waraprasit S, Chompoobut C, Binh TT, Hai DN, 
Bao ND, Hai NK, Kim K-W, Samson LD, Graziano JH, Mahidol C, Ruchirawat M, 2019. 
Exposure to arsenic in utero is associated with various types of DNA damage and micronuclei 
in newborns: a birth cohort study. Environ Health 18, 51. 10.1186/s12940-019-0481-7 [PubMed: 
31174534] 

Negro Silva LF, 2017. Effects of Inorganic Arsenic, Methylated Arsenicals, and Arsenobetaine on 
Atherosclerosis in the Mouse Model and the Role of As3mt-Mediated Methylation. Environ 
Health Perspect 125, 077001. 10.1289/EHP806 [PubMed: 28728140] 

Nesnow S, Roop BC, Lambert G, Kadiiska M, Mason RP, Cullen WR, Mass MJ, 2002. DNA damage 
induced by methylated trivalent arsenicals is mediated by reactive oxygen species. Chem Res 
Toxicol 15, 1627–1634. 10.1021/tx025598y [PubMed: 12482246] 

Netto LES, Kowaltowski AJ, Castilho RF, Vercesi AE, 2002. 25] Thiol enzymes protecting 
mitochondria against oxidative damage, in: Sies H, Packer L. (Eds.), Methods in Enzymology, 
Protein Sensors and Reactive Oxygen Species - Part B: Thiol Enzymes and Proteins. Academic 
Press, pp. 260–270. 10.1016/S0076-6879(02)48644-2

Nohara K, Baba T, Murai H, Kobayashi Y, Suzuki T, Tateishi Y, Matsumoto M, Nishimura N, Sano T, 
2011. Global DNA methylation in the mouse liver is affected by methyl deficiency and arsenic 
in a sex-dependent manner. Arch Toxicol 85, 653–661. 10.1007/s00204-010-0611-z [PubMed: 
20978746] 

Nollen M, Ebert F, Moser J, Mullenders LHF, Hartwig A, Schwerdtle T, 2009. Impact of arsenic on 
nucleotide excision repair: XPC function, protein level, and gene expression. Molecular Nutrition 
& Food Research 53, 572–582. 10.1002/mnfr.200800480 [PubMed: 19382146] 

Nutt L, Gogvadze V, Uthaisang-Tanechpongtamb W, Mirnikjoo B, Mcconkey D, Orrenius S, 2005. 
Indirect effects of Bax and Bak initiate the mitochondrial alterations that lead to cytochrome 
c release during arsenic trioxide-induced apoptosis. Cancer biology & therapy 4, 459–67. 
[PubMed: 15846091] 

Oberoi S, Barchowsky A, Wu F, 2014. The global burden of disease for skin, lung, and bladder cancer 
caused by arsenic in food. Cancer Epidemiol Biomarkers Prev. 10.1158/1055-9965.EPI-13-1317.

Speer et al. Page 32

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Okayasu R, Takahashi S, Sato H, Kubota Y, Scolavino S, Bedford JS, 2003. Induction of DNA double 
strand breaks by arsenite: comparative studies with DNA breaks induced by X-rays. DNA Repair 
2, 309–314. 10.1016/S1568-7864(02)00220-3 [PubMed: 12547393] 

Pace C, 2016. Monomethylarsonous acid, but not inorganic arsenic, is a mitochondria-specific 
toxicant in vascular smooth muscle cells. Toxicol In Vitro 35, 188–201,.10.1016/i.tiv.2016.06.006 
[PubMed: 27327130] 

Pace C, Dagda R, Angermann J, 2017. Antioxidants Protect against Arsenic Induced Mitochondrial 
Cardio-Toxicity. Toxics 5, 38. 10.3390/toxics5040038 [PubMed: 29206204] 

Palma-Lara I, Martinez-Castillo M, Quintana-Peréz JC, Arellano-Mendoza MG, Tamay-Cach F, 
Valenzuela-Limón OL, García-Montalvo EA, Hernández-Zavala A, 2020. Arsenic exposure: 
A public health problem leading to several cancers. Regul Toxicol Pharmacol. 10.1016/
i.yrtph.2019.104539.

Pant N, Murthy RC, Srivastava SP, 2004. Male reproductive toxicity of sodium arsenite in mice. Hum 
Exp Toxicol 23, 399–403,. 10.1191/0960327104ht467oa [PubMed: 15346721] 

Paul NP, Galván AE, Yoshinaga-Sakurai K, Rosen BP, & Yoshinaga M (2022). Arsenic in medicine: 
Past, present and future. BioMetals. 10.1007/s10534-022-00371-y

Paul S, Banerjee N, Chatterjee A, Sau TJ, Das JK, Mishra PK, Chakrabarti P, Bandyopadhyay A, Giri 
AK, 2014. Arsenic-induced promoter hypomethylation and over-expression of ERCC2 reduces 
DNA repair capacity in humans by non-disjunction of the ERCC2-Cdk7 complex†. Metallomics 
6, 864–873. 10.1039/c3mt00328k [PubMed: 24473091] 

Phookphan P, Navasumrit P, Waraprasit S, Promvijit J, Chaisatra K, Ngaotepprutaram T, Ruchirawat 
M, 2017. Hypomethylation of inflammatory genes (COX2, EGR1, and SOCS3) and increased 
urinary 8-nitroguanine in arsenic-exposed newborns and children. Toxicology and Applied 
Pharmacology 316, 36–47. 10.1016/i.taap.2016.12.015 [PubMed: 28025110] 

Podgorski J, Berg M, 2020. Global threat of arsenic in groundwater. Science. 10.1126/
science.aba1510.

Porta C, Paglino C, Mosca A, 2014. Targeting PI3K/Akt/mTOR Signaling in Cancer. Frontiers in 
Oncology 4. [PubMed: 24551591] 

Pucer Anja, Castino R, Mirković B, Falnoga I, Šlejkovec Z, Isidoro C, Lah TT, 2010. Differential 
role of cathepsins B and L in autophagy-associated cell death induced by arsenic trioxide in U87 
human glioblastoma cells. Biological Chemistry 391, 519–531. 10.1515/bc.2010.050 [PubMed: 
20302512] 

Pucer A, Castino R, Mirković B, Falnoga I, Šlejkovec Z, Isidoro C, Lah TT, 2010. Differential role 
of cathepsins B and L in autophagy-associated cell death induced by arsenic trioxide in U87 
human glioblastoma cells. Biological Chemistry 391, 519–531. 10.1515/bc.2010.050 [PubMed: 
20302512] 

Qiu Y, Bi Z, Fu Y, Li L, Wadgaonkar P, Almutairy B, Zhang W, Thakur C, Chen F, 2021. Profiling 
of histone H3 trimethylation and distinct epigenetic pattern of chromosome Y in the transformed 
bronchial epithelial cells induced by consecutive arsenic treatment. Genes & Diseases. 10.1016/
i.qendis.2021.11.005

Quintal SM, dePaula QA, Farrell NP, 2011. Zinc finger proteins as templates for metal ion exchange 
and ligand reactivity. Chemical and biological consequences. Metallomics 3, 121–139. 10.1039/
c0mt00070a [PubMed: 21253649] 

de la Rosa R, Steinmaus C, Akers NK, Conde L, Ferreccio C, Kalman D, Zhang KR, Skibola 
CF, Smith AH, Zhang L, Smith MT, 2017. Associations between arsenic (+3 oxidation state) 
methyltransferase (AS3MT) and N-6 adenine-specific DNA methyltransferase 1 (N6AMT1) 
polymorphisms, arsenic metabolism, and cancer risk in a Chilean population. Environ Mol 
Mutagen 58, 411–422. 10.1002/em.22104 [PubMed: 28640505] 

Ramírez P, Del Razo LM, Gutierrez-Ruíz MC, Gonsebatt ME, 2000. Arsenite induces DNA–protein 
crosslinks and cytokeratin expression in the WRL-68 human hepatic cell line. Carcinogenesis 21, 
701–706. 10.1093/carcin/21.4.701 [PubMed: 10753206] 

Ray Chaudhuri A, Nussenzweig A, 2017. The multifaceted roles of PARP1 in DNA repair and 
chromatin remodelling. Nat Rev Mol Cell Biol 18, 610–621. 10.1038/nrm.2017.53 [PubMed: 
28676700] 

Speer et al. Page 33

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Razin SV, Borunova VV, Maksimenko OG, Kantidze OL, 2012. Cys2His2 zinc finger protein family: 
Classification, functions, and major members. Biochemistry Moscow 77, 217–226. 10.1134/
S0006297912030017 [PubMed: 22803940] 

Rehman K, 2014. Trivalent methylated arsenic metabolites induce apoptosis in human myeloid 
leukemic HL-60 cells through generation of reactive oxygen species. Metallomics 6, 1502–1512, 
10.1039/c4mt00119b [PubMed: 24870979] 

Rehman MYA, Briedé JJ, Herwijnen M, Krauskopf J, Jennen DGJ, Malik RN, Kleinjans JCS, 2022. 
Integrating SNPs-based genetic risk factor with blood epigenomic response of differentially 
arsenic-exposed rural subjects reveals disease-associated signaling pathways. Environmental 
Pollution 292, 118279. 10.1016/i.envpol.2021.118279 [PubMed: 34619179] 

Reichard JF, Schnekenburger M, Puga A, 2007. Long term low-dose arsenic exposure induces loss 
of DNA methylation. Biochemical and Biophysical Research Communications 352, 188–192. 
10.1016/i.bbrc.2006.11.001 [PubMed: 17107663] 

Ren X, Gaile DP, Gong Z, Qiu W, Ge Y, Zhang C, Huang C, Yan H, Olson JR, Kavanagh 
TJ, Wu H, 2015. Arsenic responsive microRNAs in vivo and their potential involvement in 
arsenic-induced oxidative stress. Toxicology and Applied Pharmacology 283, 198–209. 10.1016/
i.taap.2015.01.014 [PubMed: 25625412] 

Roy NK, Murphy A, Costa M, 2020. Arsenic Methyltransferase and Methylation of Inorganic Arsenic. 
Biomolecules 22;10(9):1351. 10.3390/biom10091351. [PubMed: 32971865] 

Ruíz-Vera T, Ochoa-Martínez ÁC, Zarazúa S, Carrizales-Yáñez L, Pérez-Maldonado IN, 2019. 
Circulating miRNA-126, −145 and −155 levels in Mexican women exposed to inorganic 
arsenic via drinking water. Environmental Toxicology and Pharmacology 67, 79–86. 10.1016/
i.etap.2019.02.004 [PubMed: 30769280] 

Saint-Jacques N, Parker L, Brown P, Dummer TJ, 2014. Arsenic in drinking water and urinary 
tract cancers: a systematic review of 30 years of epidemiological evidence. Environ Health. 
10.1186/1476-069X-13-44.

Sakurai T, 2005. Preventive mechanism of cellular glutathione in monomethylarsonic acid-induced 
cytolethality. Toxicol Appl Pharmacol 206, 54–65,. 10.1016/i.taap.2004.11.008 [PubMed: 
15963344] 

Salazar AM, Miller HL, McNeely SC, Sordo M, Ostrosky-Wegman P, States JC, 2010. Suppression 
of p53 and p21CIP1/WAF1 Reduces Arsenite-Induced Aneuploidy. Chem. Res. Toxicol 23, 357–
364. 10.1021/tx900353v [PubMed: 20000476] 

Sansregret L, Swanton C, 2017. The Role of Aneuploidy in Cancer Evolution. Cold Spring Harb 
Perspect Med 7, 028373. 10.1101/cshperspect.a028373

Sattar A, 2016. Metabolism and toxicity of arsenicals in mammals. Environ Toxicol Pharmacol 48, 
214–224,. 10.1016/i.etap.2016.10.020 [PubMed: 27829199] 

Schwerdtle T, Walter I, Mackiw I, Hartwig A, 2003. Induction of oxidative DNA damage by arsenite 
and its trivalent and pentavalent methylated metabolites in cultured human cells and isolated 
DNA. Carcinogenesis 24, 967–974,. 10.1093/carcin/bgg018 [PubMed: 12771042] 

Sciandrello G, Barbaro R, Caradonna F, Barbata G, 2002. Early induction of genetic instability 
and apoptosis by arsenic in cultured Chinese hamster cells. Mutagenesis 17, 99–103. 10.1093/
mutage/17.2.99 [PubMed: 11880537] 

Selmin OI, Donovan MG, Skovan B, Paine Murieta GD, Romagnolo DF, 2019. Arsenic induced 
BRCA1 CpG promoter methylation is associated with the downregulation of ERα and resistance 
to tamoxifen in MCF7 breast cancer cells and mouse mammary tumor xenografts. International 
Journal of Oncology 54, 869–878. 10.3892/iio.2019.4687 [PubMed: 30664189] 

Selmin Ornella I., Donovan MG, Skovan B, Paine-Murieta GD, Romagnolo DF, 2019. Arsenic-
induced BRCA1 CpG promoter methylation is associated with the downregulation of ERα and 
resistance to tamoxifen in MCF7 breast cancer cells and mouse mammary tumor xenografts. 
International Journal of Oncology 54, 869–878. 10.3892/iio.2019.4687 [PubMed: 30664189] 

Shao K, Zhou Z, Xun P, Cohen SM, 2021. Bayesian benchmark dose analysis for inorganic arsenic in 
drinking water associated with bladder and lung cancer using epidemiological data. Toxicology. 
10.1016/j.tox.2021.152752.

Speer et al. Page 34

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shi H, Hudson LG, Ding W, Wang S, Cooper KL, Liu S, Chen Y, Shi X, Liu KJ, 2004. Arsenite 
Causes DNA Damage in Keratinocytes Via Generation of Hydroxyl Radicals. Chem. Res. 
Toxicol 17, 871–878. 10.1021/tx049939e [PubMed: 15257611] 

Singh S, Greene RM, Pisano MM, 2010. Arsenate-induced apoptosis in murine embryonic maxillary 
mesenchymal cells via mitochondrial-mediated oxidative injury. Birth Defects Res A Clin Mol 
Teratol 88, 25–34,. 10.1002/bdra.20623 [PubMed: 19739150] 

Smeester L, Fry RC, 2018. Long-Term Health Effects and Underlying Biological Mechanisms of 
Developmental Exposure to Arsenic. Curr Environ Health Rep. 10.1007/S40572-018-0184-1.

Smith AH, Marshall G, Liaw J, Yuan Y, Ferreccio C, Steinmaus C, 2012. Mortality in young adults 
following in utero and childhood exposure to arsenic in drinking water. Environ Health Perspect. 
10.1289/ehp.1104867.

Smith AH, Marshall G, Yuan Y, Ferreccio C, Liaw J, von EO, Steinmaus C, Bates MN, Selvin S, 
2006. Increased Mortality from Lung Cancer and Bronchiectasis in Young Adults after Exposure 
to Arsenic in Utero and in Early Childhood. Environmental Health Perspectives 114, 1293–1296. 
10.1289/ehp.8832 [PubMed: 16882542] 

Song Y, Jin D, Chen J, Liang W, Liu X, 2020. Effects of Arsenic (+3 Oxidation State) 
Methyltransferase Gene Polymorphisms and Expression on Bladder Cancer: Evidence from a 
Systematic Review, Meta-analysis and TCGA Dataset. Toxicol Sci. 10.1093/toxsci/kfaa087.

Srinivas N, Rachakonda S, Hielscher T, Calderazzo S, Rudnai P, Gurzau E, Koppova K, Fletcher T, 
Kumar R, 2019. Telomere length, arsenic exposure and risk of basal cell carcinoma of skin. 
Carcinogenesis 40, 715–723. 10.1093/carcin/bgz059 [PubMed: 30874287] 

States JC, 2015. Disruption of Mitotic Progression by Arsenic. Biol Trace Elem Res 166, 34–40. 
10.1007/s12011-015-0306-7 [PubMed: 25796515] 

States JC, Reiners JJ, Pounds JG, Kaplan DJ, Beauerle BD, McNeely SC, Mathieu P, McCabe 
MJ, 2002. Arsenite Disrupts Mitosis and Induces Apoptosis in SV40-Transformed Human 
Skin Fibroblasts. Toxicology and Applied Pharmacology 180, 83–91. 10.1006/taap.2002.9376 
[PubMed: 11969375] 

Steinmaus C, Ferreccio C, Acevedo J, Yuan Y, Liaw J, Durán V, Cuevas S, Garcia J, Meza R, Valdás R, 
Valdás G, Benítez H, VanderLinde V, Villagra V, Cantor KP, Moore LE, Perez SG, Steinmaus S, 
Smith AH, 2014. Increased lung and bladder cancer incidence in adults after in utero and early-
life arsenic exposure. Cancer Epidemiol Biomarkers Prev. 10.1158/1055-9965.EPI-14-0059.

Sturchio E, Colombo T, Boccia P, Carucci N, Meconi C, Minoia C, Macino G, 2014. Arsenic exposure 
triggers a shift in microRNA expression. Science of The Total Environment 472, 672–680. 
10.1016/i.scitotenv.2013.11.092 [PubMed: 24317173] 

Su CC, Lu JL, Tsai KY, IeB L, 2011. Reduction in arsenic intake from water has different impacts on 
lung cancer and bladder cancer in an arseniasis endemic area in Taiwan. Cancer Causes Control. 
10.1007/s10552-010-9679-2.

Suzuki T, Miyazaki K, Kita K, Ochi T, 2009. Trivalent dimethylarsenic compound induces histone H3 
phosphorylation and abnormal localization of Aurora B kinase in HepG2 cells. Toxicology and 
Applied Pharmacology 241, 275–282. 10.1016/i.taap.2009.08.017 [PubMed: 19716834] 

Sykora P, Snow ET, 2008. Modulation of DNA polymerase beta-dependent base excision repair in 
cultured human cells after low dose exposure to arsenite. Toxicology and Applied Pharmacology 
228, 385–394. 10.1016/i.taap.2007.12.019 [PubMed: 18252256] 

Taeger D, Johnen G, Wiethege T, Tapio S, Möhner M, Wesch H, Tannapfel A, Müller KM, Brüning 
T, Pesch B, 2009. Major histopathological patterns of lung cancer related to arsenic exposure in 
German uranium miners. Int Arch Occup Environ Health. 10.1007/s00420-008-0386-1.

Tam LM, Jiang J, Wang P, Li L, Miao W, Dong X, Wang Y, 2017. Arsenite Binds to the Zinc Finger 
Motif of TIP60 Histone Acetyltransferase and Induces Its Degradation via the 26S Proteasome. 
Chem. Res. Toxicol 30, 1685–1693. 10.1021/acs.chemrestox.7b00146 [PubMed: 28837777] 

Tam LM, Price NE, Wang Y, 2020. Molecular Mechanisms of Arsenic-Induced Disruption of DNA 
Repair.Chem. Res. Toxicol 33, 709–726. 10.1021/acs.chemrestox.9b00464 [PubMed: 31986875] 

Tennant AH, Kligerman AD, 2011. Superoxide dismutase protects cells from DNA damage induced 
by trivalent methylated arsenicals. Environ Mol Mutagen 52, 238–243,. 10.1002/em.20609 
[PubMed: 20740636] 

Speer et al. Page 35

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tian Defa, MA H, Feng Z, Xia Y, Le XC, Ni Z, Allen J, Collins B, Schreinemachers D, Mumford 
JL., 2001. Analyses of Micronuclei in Exfoliated Epithelial Cells from Individuals Chronically 
Exposed to Arsenic Via Drinking Water in Inner Mongolia, China. Journal of Toxicology and 
Environmental Health, Part A 64, 473–484. 10.1080/152873901753215939 [PubMed: 11732698] 

Tian D, MA H, Feng Z, Xia Y, Le XC, Ni Z, Allen J, Collins B, Schreinemachers D, Mumford 
JL, 2001. Analyses of Micronuclei in Exfoliated Epithelial Cells from Individuals Chronically 
Exposed to Arsenic Via Drinking Water in Inner Mongolia, China. Journal of Toxicology and 
Environmental Health, Part A 64, 473–484. 10.1080/152873901753215939 [PubMed: 11732698] 

Tingting R, Wei G, Changliang P, Xinchang L, Yi Y, 2010. Arsenic trioxide inhibits osteosarcoma cell 
invasiveness via MAPK signaling pathway. Cancer Biology & Therapy 10, 251–257. 10.4161/
cbt.10.3.12349 [PubMed: 20592496] 

Tong D, Ortega J, Kim C, Huang J, Gu L, Li G-M, 2015. Arsenic Inhibits DNA Mismatch Repair 
by Promoting EGFR Expression and PCNA Phosphorylation *. Journal of Biological Chemistry 
290, 14536–14541. 10.1074/jbcM115.641399 [PubMed: 25907674] 

Tsai TL, Kuo CC, Hsu LI, Tsai SF, Chiou HY, Chen CJ, Hsu KH, Wang SL, 2021. Association 
between arsenic exposure, DNA damage, and urological cancers incidence: A long-term follow-
up study of residents in an arseniasis endemic area of northeastern Taiwan. Chemosphere. 
10.1016/i.chemosphere.2020.129094.

Tsuda T, Babazono A, Yamamoto E, Kurumatani N, Mino Y, Ogawa T, Kishi Y, Aoyama H, 1995. 
Ingested arsenic and internal cancer: a historical cohort study followed for 33 years. Am J 
Epidemiol. 10.1093/oxfordiournals.aie.a117421.

Tsuji JS, Chang ET, Gentry PR, Clewell HJ, Boffetta P, Cohen SM, 2019. Dose-response for 
assessing the cancer risk of inorganic arsenic in drinking water: the scientific basis for use of a 
threshold approach. Critical Reviews in Toxicology 49, 36–84. 10.1080/10408444.2019.1573804 
[PubMed: 30932726] 

Vuyyuri SB, Ishaq M, Kuppala D, Grover P, Ahuja Y r, 2006. Evaluation of micronucleus 
frequencies and DNA damage in glass workers exposed to arsenic. Environmental and Molecular 
Mutagenesis 47, 562–570. 10.1002/em.20229 [PubMed: 16795086] 

Waalkes MP, Liu J, Diwan BA, 2007. Transplacental arsenic carcinogenesis in mice. Toxicology 
and Applied Pharmacology, Research and Risk Assessment for Arsenic 222, 271–280. 10.1016/
i.taap.2006.12.034

Wadgaonkar P, Chen F, 2021. Connections between endoplasmic reticulum stress-associated unfolded 
protein response, mitochondria, and autophagy in arsenic-induced carcinogenesis. Seminars in 
Cancer Biology, Metal Carcinogenesis 76, 258–266. 10.1016/i.semcancer.2021.04.004

Walter I, Schwerdtle T, Thuy C, Parsons JL, Dianov GL, Hartwig A, 2007. Impact of arsenite 
and its methylated metabolites on PARP-1 activity, PARP-1 gene expression and poly(ADP-
ribosyl)ation in cultured human cells. DNA Repair 6, 61–70. 10.1016/i.dnarep.2006.08.008 
[PubMed: 17011244] 

Wang F, Zhou X, Liu W, Sun X, Chen C, Hudson LG, Jian Liu K, 2013. Arsenite-induced ROS/RNS 
generation causes zinc loss and inhibits the activity of poly(ADP-ribose) polymerase-1. Free 
Radical Biology and Medicine 61, 249–256. 10.1016/i.freeradbiomed.2013.04.019 [PubMed: 
23602911] 

Wang G, Zhang T, Sun W, Wang H, Yin F, Wang Z, Zuo D, Sun M, Zhou Z, Lin B, Xu J, Hua Y, Li H, 
Cai Z, 2017. Arsenic sulfide induces apoptosis and autophagy through the activation of ROS/JNK 
and suppression of Akt/mTOR signaling pathways in osteosarcoma. Free Radical Biology and 
Medicine 106, 24–37. 10.1016/i.freeradbiomed.2017.02.015 [PubMed: 28188923] 

Wang L, Lu Y-F, Wang C-S, Xie Y-X, Zhao Y-Q, Qian Y-C, Liu W-T, Wang M, Jiang B-H, 2020. 
HB-EGF Activates the EGFR/HIF-1α Pathway to Induce Proliferation of Arsenic-Transformed 
Cells and Tumor Growth. Frontiers in Oncology 10. [PubMed: 32047721] 

Wang Q, Wang W, Zhang A, 2021. TET-mediated DNA demethylation plays an important role in 
arsenic-induced HBE cells oxidative stress via regulating promoter methylation of OGG1 and 
GSTP1. Toxicology in Vitro 72, 105075. 10.1016/j.tiv.2020.105075 [PubMed: 33388378] 

Wang TC, Jan KY, Wang AS, Gurr JR, 2007. Trivalent arsenicals induce lipid peroxidation, protein 
carbonylation, and oxidative DNA damage in human urothelial cells. Mutat Res 615, 75–86,. 
10.1016/j.mrfmmm.2006.10.003 [PubMed: 17134727] 

Speer et al. Page 36

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang T-S, Hsu T-Y, Chung C-H, Wang ASS, Bau D-T, Jan K-Y, 2001. Arsenite induces oxidative 
DNA adducts and DNA-protein cross-links in mammalian cells. Free Radical Biology and 
Medicine 31, 321–330. 10.1016/SQ891-5849(01100581-0 [PubMed: 11461769] 

Wang Z, Yang J, Fisher T, Xiao H, Jiang Y, Yang C, 2012. Akt Activation Is Responsible for Enhanced 
Migratory and Invasive Behavior of Arsenic-Transformed Human Bronchial Epithelial Cells. 
Environmental Health Perspectives 120, 92–97. 10.1289/ehp.1104061 [PubMed: 21954225] 

Wang Z, Zhao Y, Smith E, Goodall GJ, Drew PA, Brabletz T, Yang C, 2011. Reversal and 
Prevention of Arsenic-Induced Human Bronchial Epithelial Cell Malignant Transformation 
by microRNA-200b. Toxicological Sciences 121, 110–122. 10.1093/toxsci/kfr029 [PubMed: 
21292642] 

Warner ML, Moore LE, Smith MT, Kalman DA, Fanning E, Smith AH, 1994. Increased micronuclei 
in exfoliated bladder cells of individuals who chronically ingest arsenic-contaminated water in 
Nevada. Cancer Epidemiology, Biomarkers & Prevention 3, 583–590.

Watanabe T, Hirano S, 2013. Metabolism of arsenic and its toxicological relevance. Arch Toxicol 87, 
969–979,. 10.1007/s00204-012-0904-5 [PubMed: 22811022] 

Watcharasit P, Visitnonthachai D, Suntararuks S, Thiantanawat A, Satayavivad J, 2012. Low 
arsenite concentrations induce cell proliferation via activation of VEGF signaling in human 
neuroblastoma SH-SY5Y cells. Environmental Toxicology and Pharmacology 33, 53–59. 
10.1016/i.etap.2011.10.005 [PubMed: 22120617] 

Wei S, Xue J, Sun B, Zou Z, Chen C, Liu Q, Zhang A, 2018. miR-145 via targeting ERCC2 is involved 
in arsenite-induced DNA damage in human hepatic cells. Toxicology Letters 295, 220–228. 
10.1016/i.toxlet.2018.04.028 [PubMed: 29705342] 

Wise SS, Wise JP, 2012. Chromium and genomic stability. Mutation Research/Fundamental and 
Molecular Mechanisms of Mutagenesis, Micronutrients and genomic stability 733, 78–82. 
10.1016/i.mrfmmm.2011.12.002

Wiseman H, Halliwell B, 1996. Damage to DNA by reactive oxygen and nitrogen species: role in 
inflammatory disease and progression to cancer. Biochem J 313, 17–29. [PubMed: 8546679] 

WM M Jr, S E, J Cohen, I W, Cowden J, JS L, R S, 2017. Relationships between arsenic 
concentrations in drinking water and lung and bladder cancer incidence in U.S. counties. J Expo 
Sci Environ Epidemiol. 10.1038/ies.2016.58.

Wnek SM, 2011. Interdependent genotoxic mechanisms of monomethylarsonous acid: role 
of ROS-induced DNA damage and poly(ADP-ribose) polymerase-1 inhibition in the 
malignant transformation of urothelial cells. Toxicol Appl Pharmacol 257, 1–13,. 10.1016/
i.taap.2011.08.029 [PubMed: 21925530] 

Wnek SM, Jensen TJ, Severson PL, Futscher BW, Gandolfi AJ, 2010. Monomethylarsonous acid 
produces irreversible events resulting in malignant transformation of a human bladder cell 
line following 12 weeks of low-level exposure. Toxicol Sci 116, 44–57,. 10.1093/toxsci/kfq106 
[PubMed: 20375083] 

Wnek SM, Medeiros MK, Eblin KE, Gandolfi AJ, 2009. Persistence of DNA damage following 
exposure of human bladder cells to chronic monomethylarsonous acid. Toxicol Appl Pharmacol 
241, 202–209,. 10.1016/i.taap.2009.08.016 [PubMed: 19699219] 

Wong C, Roberts SM, Saab IN, 2022. Review of regulatory reference values and background levels for 
heavy metals in the human diet. Regul Toxicol Pharmacol. 10.1016/i.yrtph.2022.105122.

World Health Organization: Guidelines for drinking-water quality, http://apps.who.int/iris/bitstream/
10665/44584/1/9789241548151_eng, (2011)

Wu C-L, Huang L-Y, Chang CL, 2017. Linking arsenite- and cadmium-generated oxidative stress to 
microsatellite instability in vitro and in vivo. Free Radical Biology and Medicine 112, 12–23. 
10.1016/i.freeradbiomed.2017.07.006 [PubMed: 28690196] 

Wu J, Ferragut Cardoso AP, States VAR, Al-Eryani L, Doll M, Wise SS, Rai SN, States JC, 2019. 
Overexpression of hsa-miR-186 induces chromosomal instability in arsenic-exposed human 
keratinocytes. Toxicology and Applied Pharmacology 378, 114614. 10.1016/j.taap.2019.114614 
[PubMed: 31176655] 

Speer et al. Page 37

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng
http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng


Xie H, Huang S, Martin S, Wise JP, 2014. Arsenic is cytotoxic and genotoxic to primary human 
lung cells. Mutation Research/Genetic Toxicology and Environmental Mutagenesis 760, 33–41. 
10.1016/i.mrgentox.2013.11.001 [PubMed: 24291234] 

Xu H, 2017. Genotoxicity induced by monomethylarsonous acid (MMA(+3)) in mouse thymic 
developing T cells. Toxicol Lett 279, 60–66,. 10.1016/i.toxlet.2017.07.897 [PubMed: 28760575] 

Xu H, Wang X, Wang W, 2018. Monomethylarsonous acid: Induction of DNA damage and oxidative 
stress in mouse natural killer cells at environmentally-relevant concentrations. Mutat Res Genet 
Toxicol Environ Mutagen 832–833, 1-6,. 10.1016/i.mrgentox.2018.05.017

Yager JW, Erdei E, Myers O, Siegel M, Berwick M, 2016. Arsenic and ultraviolet radiation exposure: 
melanoma in a New Mexico non-Hispanic white population. Environ Geochem Health 38, 897–
910. 10.1007/s10653-015-9770-4 [PubMed: 26445994] 

Yamanaka K, Hayashi H, Kato K, Hasegawa A, Okada S, 1995. Involvement of Preferential 
Formation of Apurinic/Apyrimidinic Sites in Dimethylarsenic-Induced DNA Strand Breaks and 
DNA-Protein Crosslinks in Cultured Alveolar Epithelial Cells. Biochemical and Biophysical 
Research Communications 207, 244–249. 10.1006/bbrc.1995.1179 [PubMed: 7857272] 

Yamanaka K, Okada S, 1994. Induction of lung-specific DNA damage by metabolically methylated 
arsenics via the production of free radicals. Environ Health Perspect 102 Suppl 3, 37–40. 
10.1289/ehp.94102s337

Yen Y-P, Tsai K-S, Chen Y-W, Huang C-F, Yang R-S, Liu S-H, 2012. Arsenic induces apoptosis 
in myoblasts through a reactive oxygen species-induced endoplasmic reticulum stress and 
mitochondrial dysfunction pathway. Arch Toxicol 86, 923–933. 10.1007/s00204-012-0864-9 
[PubMed: 22622864] 

Yih L-H, Ho I-C, Lee T-C, 1997. Sodium Arsenite Disturbs Mitosis and Induces Chromosome Loss in 
Human Fibroblasts. Cancer Research 57, 5051–5059. [PubMed: 9371502] 

Yoshinaga J, Narukawa T, 2021. Dietary intake and urinary excretion of methylated arsenicals of 
Japanese adults consuming marine foods and rice. Food Addit Contam Part A Chem Anal 
Control Expo Risk Assess 38, 622–629,. 10.1080/19440049.2021.1877836 [PubMed: 33625959] 

Yuan Y, Marshall G, Ferreccio C, Steinmaus C, Liaw J, Bates M, Smith AH, 2010. Kidney 
cancer mortality: fifty-year latency patterns related to arsenic exposure. Epidemiology. 10.1097/
EDE.0b013e3181c21e46.

Zhang A, Tang S, Yang Y, Li C, Ding X, Zhao H, Wang J, Yang G, Li J, 2020. Histone demethylase 
JHDM2A regulates H3K9 dimethylation in response to arsenic-induced DNA damage and repair 
in normal human liver cells. Journal of Applied Toxicology 40, 1661–1672. 10.1002/iat.4026 
[PubMed: 32608101] 

Zhang AL, Chen L, Ma L, Ding X, Tang S, Zhang AH, Li J, 2020. Role of H3K18ac-regulated 
nucleotide excision repair-related genes in arsenic-induced DNA damage and repair of HaCaT 
cells. Hum Exp Toxicol 39, 1168–1177. 10.1177/0960327120903482 [PubMed: 32031413] 

Zhang F, Paramasivam M, Cai Q, Dai X, Wang P, Lin K, Song J, Seidman MM, Wang Y, 2014. 
Arsenite Binds to the RING Finger Domains of RNF20-RNF40 Histone E3 Ubiquitin Ligase 
and Inhibits DNA Double-Strand Break Repair. J. Am. Chem. Soc 136, 12884–12887. 10.1021/
ja507863d [PubMed: 25170678] 

Zheng L, 2017. Deriving water quality criteria for trivalent and pentavalent arsenic. Sci Total Environ 
587–588, 68–74,. 10.1016/i.scitotenv.2017.02.004

Zhou J, Zhang X, Tang H, Yu J, Zu X, Xie Z, Yang X, Hu J, Tan F, Li Q, Lei X, 2020. . Clinica 
Chimica Acta 506, 1–8. 10.1016/i.cca.2020.02.028

Zhou X, 2019. Peroxynitrite contributes to arsenic-induced PARP-1 inhibition through ROS/RNS 
generation. Toxicol Appl Pharmacol 378, 114602. 10.1016/i.taap.2019.114602 [PubMed: 
31152818] 

Zhou X, 2014. Differential binding of monomethylarsonous acid compared to arsenite and arsenic 
trioxide with zinc finger peptides and proteins. Chem Res Toxicol 27, 690–698,. 10.1021/
tx500022i [PubMed: 24611629] 

Zhou X, Cooper KL, Sun X, Liu KJ, Hudson LG, 2015. Selective Sensitization of Zinc Finger 
Protein Oxidation by Reactive Oxygen Species through Arsenic Binding *. Journal of Biological 
Chemistry 290, 18361–18369. 10.1074/ibc.M115.663906 [PubMed: 26063799] 

Speer et al. Page 38

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zhou X, Ding X, Shen J, Yang D, Hudson LG, Liu KJ, 2019. Peroxynitrite contributes to 
arsenic-induced PARP-1 inhibition through ROS/RNS generation. Toxicology and Applied 
Pharmacology 378, 114602. 10.1016/i.taap.2019.114602 [PubMed: 31152818] 

Zhou X, Medina S, Bolt AM, Zhang H, Wan G, Xu H, Lauer FT, Wang SC, Burchiel SW, Liu KJ, 
2020. Inhibition of red blood cell development by arsenic-induced disruption of GATA-1. Sci 
Rep 10, 19055. 10.1038/s41598-020-76118-x [PubMed: 33149232] 

Zhou X, Sun X, Cooper KL, Wang F, Liu KJ, Hudson LG, 2011. Arsenite Interacts Selectively with 
Zinc Finger Proteins Containing C3H1 or C4 Motifs *. Journal of Biological Chemistry 286, 
22855–22863. 10.1074/jbcM111.232926 [PubMed: 21550982] 

Speer et al. Page 39

Adv Pharmacol. Author manuscript; available in PMC 2024 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Cancers associated with arsenic exposure. Epidemiology studies support the association 

of arsenic exposure through drinking water with increased risk of developing skin, lung, 

bladder, kidney, and liver cancers.
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Figure 2. Mechanism of arsenic-induced ROS and oxidative damage to macromolecules.
Arsenic exposure stimulates the production of ROS and RNS through mechanisms such 

as the dysregulation of the electron transport chain and stimulation of enzymes such as 

NADPH oxidase and nitric oxide synthase. The depletion of GSH through the metabolism 

of arsenic further promotes redox imbalance. Consequently, macromolecules such as DNA, 

protein, and lipids are damaged by arsenic-induced ROS and RNS.
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Figure 3. Arsenic inhibits DNA repair.
Exposure to DNA damaging agents such as ROS, UV light, and ionizing radiation can 

generate single-base damage, bulky lesions, and double-strand breaks, respectively. These 

types of damage are remediated by repair pathways which contain critical DNA repair 

proteins that facilitate the recruitment of repair proteins, removal of damage, and the 

synthesis and sealing of undamaged DNA. Arsenic alters the function of key DNA repair 

proteins through several means: zinc finger domain inhibition leading to loss of activity, 
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disruption in recruitment to DNA damage, and the suppression of expression by altering 

transcription and protein turnover.
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Figure 4. 
The metabolism of arsenic. The uptake of trivalent arsenic into eukaryotes is mediated 

through several transporters such as AQPs. Trivalent arsenic is metabolized by successive 

oxidative methylation and reduction reactions. First, iAs(III) is oxidatively methylated into 

MMA(V) by S-adenosyl methionine (SAM), then reduced into MMA(III) by GSH. Second, 

MMA(III) is oxidatively methylated into DMA(V), then reduced into DMA(III)
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