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Arsenic: toxicity, oxidative stress and
human disease
K. Jomova,a Z. Jenisova,a M. Feszterova,a S. Baros,a J. Liska,b D. Hudecova,c
C. J. Rhodesd and M. Valkoc*
ABSTRACT: Arsenic (As) is a toxic metalloid element that is present in air, water and soil. Inorganic arsenic tends to be more toxic
than organic arsenic. Examples of methylated organic arsenicals include monomethylarsonic acid [MMA(V)] and dimethylarsinic
acid [DMA(V)]. Reactive oxygen species (ROS)‐mediated oxidative damage is a common denominator in arsenic pathogenesis. In
addition, arsenic induces morphological changes in the integrity of mitochondria. Cascade mechanisms of free radical formation
derived from the superoxide radical, combined with glutathione‐depleting agents, increase the sensitivity of cells to arsenic
toxicity. When both humans and animals are exposed to arsenic, they experience an increased formation of ROS/RNS, including
peroxyl radicals (ROO•), the superoxide radical, singlet oxygen, hydroxyl radical (OH•) via the Fenton reaction, hydrogen peroxide,
the dimethylarsenic radical, the dimethylarsenic peroxyl radical and/or oxidant‐induced DNA damage. Arsenic induces the
formation of oxidized lipids which in turn generate several bioactive molecules (ROS, peroxides and isoprostanes), of which
aldehydes [malondialdehyde (MDA) and 4‐hydroxy‐nonenal (HNE)] are the major end products. This review discusses aspects of
chronic and acute exposures of arsenic in the etiology of cancer, cardiovascular disease (hypertension and atherosclerosis),
neurological disorders, gastrointestinal disturbances, liver disease and renal disease, reproductive health effects, dermal
changes and other health disorders. The role of antioxidant defence systems against arsenic toxicity is also discussed.
Consideration is given to the role of vitamin C (ascorbic acid), vitamin E (α‐tocopherol), curcumin, glutathione and antioxidant
enzymes such as superoxide dismutase, catalase and glutathione peroxidase in their protective roles against arsenic‐induced
oxidative stress. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION
Arsenic is the 33rd element of the Periodic Table of the chemical
elements, and while it is classiﬁed formally as a metalloid, meaning
that it displays some properties of both a metal and a nonmetal, it
is frequently also referred to as a metal and in the context of
toxicology as a heavy metal (Mandal and Suzuki, 2002). Arsenic
exists in nature in three allotropic forms, α (yellow), β (black), γ
(grey), of the metallic state and in a number of ionic forms. The
most common oxidation numbers of arsenic are +5, +3 and −3, in
which the element is able to form both inorganic and organic
compounds both in the environment and within the human body
(Orloff et al., 2009). In combination with other elements such as
oxygen, sulfur and chlorine, the element is referred to as inorganic
arsenic and as combined with hydrogen and carbon as organic
arsenic. Since most arsenic compounds lack colour or smell, the
presence of arsenic is not immediately obvious in food, water or air,
thus presenting a serious human health hazard given the toxic
nature of the element. Indeed, the very name arsenic is
synonymous with poison, in consequence of its long and nefarious
history (Mandal and Suzuki, 2002). Arsenic is ubiquitous in nature
and its abundance ranks twentieth in the Earth's crust, fourteenth
in seawater and twelfth in the human body.

arsenites (AsO2−) occur in water, soil or food (Magalhaes, 2002;
Chou et al., 2007). In consequence of its widespread use in the
microelectronics industry, gallium arsenide (GaAs) is an inorganic arsenic compound which may also impact adversely on
human health.
The largest source of arsenic and other metals is usually food, of
which the main dietary forms are seafood, rice, mushrooms and
poultry (Jones, 2007; Petroczi and Naughton, 2009; Nepusz et al.,
2009; Smedley and Kinniburgh, 2002). While there is more arsenic
per se in seafood, this is mostly in an organic form called
arsenobetaine which is much less harmful than others. Mostly,
arsenic poisoning occurs through industrial exposure, from
contaminated wine or moonshine, or by malicious administration.
Very recently, it has been reported that traditional Chinese
herbal products, deliberately fortiﬁed with arsenic for therapeutic
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Arsenic trioxide (As2O3) is the most prevalent inorganic arsenical
found in air, while a variety of inorganic arsenates (AsO43−) or
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purposes, may represent a serious health hazard (Martena et al.,
2010). Mass spectrometry has revealed that, of 292 tested
samples sold in Dutch market, 20% signiﬁcantly exceeded safety
levels not only of arsenic but also of lead and mercury. It has been
concluded that traditional herbal preparations of Chinese and
Tibetian medicine require strict control by local authorities.
Colour pigments that are used in the cosmetic industry in the
production of eye‐shadows frequently contain toxic elements,
including arsenic (Sainio et al., 2000). The skin of the eyelids is very
delicate and the application of eye‐shadows may produce
eczemas. In addition, arsenic particles can be water soluble and
therefore may undergo percutaneous absorption through the
wet skin. When it eneters the circulatory system via percutaneous
absorption, at high concentrations, arsenic may represent a
potential risk of carcinogenesis. Based on the available toxicology
data, it has been recommended that cosmetic products should
contain less than 5 ppm of metal impurities.
As contained in water, soil or food, ingested arsenic may
quickly enter the human body. When air containing arsenic
dusts is breathed in, the majority of the dust particles settle onto
the lining of the lungs (Chen et al., 2006). Very little internal
exposure to arsenic occurs via the material passing through the
skin into the body, and so there is little risk of arsenic poisoning
posed by this route.

The majority of arsenic enters the body in the trivalent
inorganic form As(III) via a simple diffusion mechanism (Cohen
et al., 2006). Only a small amout of pentavalent inorganic arsenic
can cross cell membranes via an energy‐dependent transport
system, after which it is immediately reduced to trivalent
arsenic.
Both organic and inorganic forms of arsenic leave the body in
urine and thus most inorganic arsenic will be expelled after
several days, although some will remain for a number of months
or even longer (Aposhian et al., 2000a, b). The majority of
organic arsenic is expelled more rapidly and usually within
several days.
Groundwater contamination by arsenic and other metals has
impacted severely on the health of the populations of various
regions in the world. Some of the most profound examples of
contamination by arsenic occur in Bangaldesh and West Bengal, in
India, where it has been discovered that almost 43 million people
have been drinking water that is laden with arsenic (Chowdhury
et al., 2000). To place this in perspective, the WHO recommended
limit for arsenic in water is 10 μg l−1 (WHO factsheet no. 210, May
2001), while concentrations in the range 50–3200 μg l−1 have
been measured (Bhattacharya et al., 2003). Table 1 summarizes the
levels of arsenic in human tissues and urine collected from
residents from the arsenic‐contaminated areas.

Table 1. Levels of As in human urine and tissues of the residents from the arsenic‐polluted areasa
Country/town or region

Concentration of arsenic/source of sample

UK/Glasgow
0.650
0.048
0.015
0.007
Germany/Nürnberg, Saxony

Turkey/Ismir
Mexico/Hermosa
Concentration of As in water:
9 μg l−1
15 μg l−1
30 μg l−1
USA/Fort Valley

Middleport

μg
μg
μg
μg

(hair)
(liver)
(spleen)
(lung)

Raie (1996)

5.5 ng g−1 (lung)
7.58 μg g−1 (urine)

Kraus et al. (2000)
Gebel et al. (1998)

4.23 μg l−1 (breast milk)

Ulman et al. (1998)

10.26 μg per day (urine, 24 h)
10.54 μg per day (urine, 24 h)
25.18 μg per day (urine, 24 h)

Wyatt et al. (1998 )

11.6 μg l−1 (urine, randomly collected)
11.0 μg l−1 (urine, 24 h)
0.78 μg g−1 (hair)

Hewitt et al. (1995)

15.1 μg l−1 (urine) (children <7 years)
15.7 μg l−1 (urine) (children <13 years)
15.7 μg l−1 (urine) (adults)

Tsuji et al. (2005)

Spain/Catalania
<0.05
<0.05
<0.05
<0.05
India/West Bengal

g−1
g−1
g−1
g−1

References

μg
μg
μg
μg

g−1
g−1
g−1
g−1

(lung)
(bone)
(kidney)
(liver)

7.32 μg g−1 (ﬁnger nails)
4.46 μg g−1 (hair)

Garcia et al. (2001)

Mandal et al. (2003)

a

Adapted from Chou et al. (2007).
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phosphate in glycolytic and cellular respiration pathways
(Hughes, 2002). Uncoupling of oxidative phosphorylation occurs
because the normal high‐energy phosphate bonds are not
formed; e.g. in the presence of pentavalent arsenic, adenosine
diphosphate (ADP) forms ADP‐arsenate instead of ATP with the
absence of the high‐energy ATP phosphate bonds.
The methylation of inorganic arsenic has been considered to
be a detoxiﬁcation mechanism (Aposhian, 1997). However,
recent experimental results have documented the presence of
trivalent intermediates, monomethylarsonous acid [MMA(III)]
and dimethylarsinous acid [DMA(III)] in the urine of humans
exposed to drinking water containing high levels of inorganic
arsenic (Cohen et al., 2006). These trivalent intermediates are
structurally different from the pentavalent compounds and are
more reactive and more carcinogenic.

TOXICITY OF ARSENIC
Inorganic arsenic includes arsenite [As(III)] and arsenate [As(V)]
and can be either methylated to form monomethylarsonic acid
[MMA(V)] or dimethylated as in dimethylarsinic acid [DMA(V)].
The metabolism of inorganic arsenic involves a two‐electron
reduction of pentavalent arsenic to trivalent arsenic, mediated
by glutathione, followed by oxidative methylation to form
pentavalent organic arsenic (Fig. 1; Hughes, 2002).
Inorganic arsenic tends to be far more toxic than organic arsenic
(Shi et al., 2004; Valko et al., 2005). Arsenic is toxic to the majority of
organ systems, the most sensitive target organ being the kidney
(Cohen et al., 2006; see Table 1). The extent of arsenic poisoning
depends on various factors such as dose, individual susceptibility
to arsenic and the age of the affected individuals. While chronic
arsenic exposure affects the vascular system and causes hypertension and cardiovascular disease, acute arsenic toxicity may
cause cardiomyopathy and hypotension. The most common
neurological effect of long‐term arsenic toxicity is peripheral
neuropathy and the gastrointestinal effects are manifested by toxic
hepatitis accompanied by increased levels of liver enzymes.
Trivalent inorganic arsenic inhibits pyruvate dehydrogenase by
binding to the sulfydryl groups of dihydrolipoamide, resulting in a
reduced conversion of pyruvate to acetyl coenzyme A (CoA),
while both citric acid cycle activity and production of cellular ATP
are decreased (Bergquist et al., 2009). Trivalent arsenic inhibits
numerous other cellular enzymes through sulfydryl group
binding. It also inhibits the uptake of glucose into cells,
gluconeogenesis, fatty acid oxidation and further production of
acetyl CoA. Signiﬁcant to oxidative stress is that trivalent arsenic
inhibits the production of glutathione, which protects cells
against oxidative damage (Miller et al., 2002).
In part, the toxicity of pentavalent inorganic arsenic is due to its
conversion to trivalent arsenic, from which the toxic effects
proceed as outlined above. At a more signiﬁcant and speciﬁc level,
pentavalent arsenic emulates inorganic phosphate and replaces

BIOMARKERS OF ARSENIC
Quantiﬁcation of the Exposure to Arsenic
Measurements of the level of arsenic in blood, urine, hair and
nails have all been used as biological indicators of exposure to
arsenic (Vahter, 1983). Since arsenic is metabolized from blood
within a period of several hours (Tam et al., 1979), the
measurement of blood arsenic levels is not a good indicator
of long‐term exposure of individuals to arsenic.
On the basis that no correlation was found between the level
of arsenic in the blood and the level of arsenic in the drinking
water of residents in several communities in the USA, where
water levels ranged from about 6 to 125 μg l−1 (Valentine et al.,
1979), it was concluded that measurement of blood arsenic is
not a reliable marker for arsenic exposure. We may note that
typical background values of blood concentration for Arsenic in
nonexposed individuals are <1 μg l−1 (Heydorn, 1970), while
blood levels in acutely toxic and fatal cases may be 1000 μg l−1
or even greater (Driesback, 1980).

Dimethylarsinious acid
DMA(III)

Arsenate (V)
OH

Dimethylarsinic acid
DMA(V)
CH3

CH3

V

V

As OH
_
O

O

O

III

As
HO

CH3

GSH

As
_
O

CH3

AsMethyltransferase

OH
III

As-Methyltransferase

As
HO

2e

OH
V

As

O

O

OH

Arsenite(III)
GSH

OH
CH3

_

Methylarsonic acid
MMA(V)

III

As

CH3

OH
Methylarsonous acid
MMA(III)

SG
III

As
GS

GS

J. Appl. Toxicol. 2011; 31: 95–107

97

Figure 1. The metabolism of inorganic arsenic.
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Since the majority of arsenic is absorbed from the lungs or the
gastrointestinal tract and excreted in the urine, normally within
1–2 days, measurement of urinary arsenic levels is generally
considered as the most reliable marker of acute arsenic
exposure (Polissar et al., 1990). Indeed, such measurements
are found to correlate well with exposures of populations living
near industrial point sources of arsenic (see for example Milham
and Strong, 1974).
Biomarkers of the Effect Caused by Arsenic
Arsenic is known to inﬂuence the activity of a number of
enzymes, in particular the group of enzymes responsible for
heme synthesis and degradation (Woods and Fowler, 1978) and
activation of heme oxygenase (Sardana et al., 1981). Menzel and
coworkers (Menzel et al., 1998) have also examined the in vitro
induction of human lymphocyte heme oxygenase 1 (HO1) as a
biomarker of arsenite exposure. Arsenite was observed to
induce de novo synthesis of HO1 in human lymphoblastoid cells,
but it has not been determined whether the same response is
induced in vivo.
Animal tests have shown that arsenic poisoning increased urinary
levels of uroporphyrin, coproporphyrin and bilirubin (Albores et al.,
1989). These tests have also been shown to be applicable to human
subjects (García‐Vargas and Hernández‐Zavala, 1996). Hence,
altered urinary levels of these heme‐related compounds could
serve as a sensitive biomarker of the effect of arsenic.

ARSENIC AND OXIDATIVE AND
NITROSATIVE STRESS
Many mechanistic studies of arsenic toxicity have suggested
that reactive oxygen species and reactive nitrogen species are
generated during inorganic arsenic metabolism in living cells
(Shi et al., 2004).
Arsenic induces morphologic changes in mitochondrial
integrity and a rapid decline of mitochondrial membrane
potential. Mitochondrial alterations are considered to be
primary sites where an uncontrolled random formation of
superoxide anion radical occurs. Cascade mechanisms of free
radical formation derived from the superoxide radical combined
with a decrease in cellular oxidant defence by treatment with
glutathione‐depleting agents results in an increased sensitivity
of cells to arsenic toxicity (Cohen et al., 2006; Valko et al., 2005).
Experimental results based on both in vivo and in vitro studies of
arsenic‐exposed humans and animals suggest the possible
involvement of increased formation of peroxyl radicals (ROO•),
superoxide anion radical (O2•–), singlet oxygen (1O2), hydroxyl
radical (•OH), hydrogen peroxide (H2O2), dimethylarsenic radical
[(CH3)2As•], blood nonprotein sulfydryls and/or oxidant‐induced
DNA damage (Flora et al., 2007). The exact mechanism
responsible for the generation of all these reactive species has
yet to be fully elucidated, but some studies have proposed the
formation of intermediary arsine species.
An interesting route to H2O2 production was proposed to
involve the oxidation of As(III) to As(V) which, under
physiological conditions, results in the formation of H2O2
(Valko et al., 2005 and references therein).
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H3AsO3 + H2O + O2 → H3AsO4
+ H2O2 (ΔrG θ = – 40.82 kcal mol− 1)
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(1)

The above reaction is spontaneous and exergonic with an
estimated standard reaction free energy change for H2O2
formation of –40.82 kcal mol−1 (–170.87 kJ mol−1).
Hydrogen peroxide is not a free radical species; however, when
an organism is overloaded by iron (as in the conditions of
haemochromatosis, haemolytic anemias and haemodialysis), the
high cellular concentrations of ‘free available iron’ may have
deleterious effects, as is demonstrated by the participation of Fe
(II) in the decomposition of hydrogen peroxide (Fenton reaction),
generating highly reactive hydroxyl radicals:
Fe(II) + H2O2 → Fe(III) + •OH + OH¯ (Fenton reaction)

(2)

The hydroxyl radical is a highly reactive ROS with a half‐life
shorter than 1 ns in an aqueous environment (Valko et al., 2007).
Thus when it is produced in vivo it reacts in regions close to its
site of formation. The formation of •OH in the vicinity of DNA
might lead to this radical reacting with DNA bases or with the
deoxyribose backbone of DNA to produce modiﬁed (damaged)
bases or strand breaks. The majority of the hydroxyl radicals
generated in vivo arise from the metal catalysed decomposition
of hydrogen peroxide, according to the Fenton reaction
(Naughton et al., 1993).
In addition to reactive oxygen species, arsenic exposure can
initiate the generation of reactive nitrogen species (RNS).
Several contradictory results describing arsenic‐induced production of NO• have been reported, one of which concluded
that there was no arsenic‐induced increase in NO• generation in
hepatocytes and human liver cells, which inhibited inducible
NO synthase gene expression in cytokine‐stimulated human
liver cells and hepatocytes (Hughes, 2002; Flora et al., 2008;
Germolec et al., 1996). However, in another study, arsenite was
said to inhibit inducible NO synthase gene expression in rat
pulmonary artery smooth muscle cells (Kodavanti et al., 1998). A
third study with low levels of arsenite (<5 μM) similarly recorded
no change in intracellular concentration of Ca(II), nor any NO•
generation, according to results from EPR spectroscopy
(Barchowsky et al., 1999).

GENOTOXICITY OF ARSENIC
There have been a large number of in vitro and in vivo studies
made, devoted to determining the genotoxicity of inorganic
arsenicals (Yamanaka et al., 2004; Cohen et al., 2006). In vitro
studies on human ﬁbroblasts, leukocytes, lymphocytes and
hamster embryo cells have shown that arsenic induces chromosomal aberrations and sister chromatid exchange (Helleday et al.,
2000). Similar studies using human, mouse and hamster cells
explored a potential enhancement of DNA damage, DNA repair
enhancement or the inhibition of DNA synthesis.
Studies of humans have detected a higher than average
incidence of chromosomal aberrations in peripheral lymphocytes,
after both inhalation exposure (Nordenson et al., 1978) and oral
exposure (Nordenson et al., 1979). These studies must be
interpreted with caution, since in most cases, there were only a
small number of subjects and inﬂuences from exposure to other
chemicals could also affect the results.
Investigations of genotoxic effects of ingested arsenic in
Taiwanese residents have yielded mixed results, possibly due to
the different types of cells being examined and the different
exposure levels experienced by the populations studied.
Arsenic‐related skin cancer has shown an accompanying much
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higher rate in p53 mutations in comparison with those found in
UV‐induced skin cancer (Hsu et al., 1999).
Occupational exposure of arsenic among workers in a glass
plant in India whose levels of blood arsenic were ﬁve times
higher than in the control group was reported to lead to
increased DNA damage in leukocytes (Vuyyuri et al., 2006).
An increased occurence of chromosomal abnormalities was
detected in rats given oral doses of sodium arsenate (4 mg As
kg−1 per day) for 2–3 weeks (Datta et al., 1986). However, no
increase in chromosomal aberrations was detected in bone
marrow cells or spermatogonia from mice given sodium arsenite
for a period of 2 months (Poma et al., 1987). These studies suggest
that ingested arsenic may cause chromosomal effects, but the
data really are too limited to extract any ﬁrm conclusions.
The genotoxicity of organic arsenic has also been thoroughly
investigated (see for example Kuroda et al., 2004). DMA causes
several genotoxic effects, including single strand DNA breaks, the
formation of apurinic and apyrimidinic sites, an enhancement in
oxidative stress as documented by oxidation of DNA bases,
formation of DNA–protein crosslinks and chromosomal aberrations (Kitchin, 2001). Clastogenic effects of arsenic have been
attributed to the high aﬁnity of arsenic to sulfydryl groups of
proteins. Several tests indicate that not only DMA but also
roxarsone (3‐nitro, 4‐hydroxyphenylarsonic acid) may be able to
cause mutations and DNA strand breaks. In vitro studies with
MMA did not ﬁnd signiﬁcant increases in the occurrence of
chromosome aberrations, mutations or unscheduled DNA
synthesis. In addition, an increased number of DNA strand breaks
was detected in lung and other tissues of mice and rats given oral
doses of ~1500 mg kg−1 DMA (Okada and Yamanaka, 1994); this
effect appeared to be related to the formation of some active
oxygen species. Since the breaks were largely repaired within
24 h, the relevance related to any health risk is uncertain.
A study of p53 mutations in arsenic‐related skin cancers from
patients in Taiwan exposed to arsenic from drinking water found
a high rate of p53 mutations and different types of p53 mutations
compared with those seen in UV‐induced skin cancers; similar
results have been found in mice (Salim et al., 2003).
While some animal studies have shown an increased incidence
of chromosomal abnormalities in rats given oral doses of sodium
arsenate for several weeks (Datta et al., 1986), other sudies did not
conﬁrm any consistent increase in chromosomal aberrations
detected in bone marrow cells or spermatogonia in mice given
sodium arsenite (Poma et al., 1987). Thus the available data are
too limited to draw a solid conclusion.
The most extensively studied DNA lesion is the formation of
8‐OH‐G, one of the major products of DNA oxidation, which
originates from the reaction of hydroxyl radical with guanine
(Fig. 2; Valko et al., 2006). 8‐OH‐G is a sensitive genotoxic marker
of oxidatively damaged DNA. Associations with increased urinary
8‐OH‐G concentrations have been seen also for arsenic exposure.
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ARSENIC AND HUMAN DISEASE
Arsenic‐induced genotoxicity may involve an alteration of the
integrity of the cellular genetic material by oxidants or free
radical species. Many recent studies have provided experimental evidence that arsenic‐induced generation of free
radicals and oxidative stress can cause cell damage and cell
death through activation of oxidative sensitive signalling
pathways (Fig. 3; De Vizcaya‐Ruiz et al., 2009). Arsenic
exposure has been linked with various types of cancer (Miller
et al., 2002), cardiovascular diesase (Navas‐Acien et al., 2005),
diabetes (Díaz‐Villaseñor et al., 2007), neurological disorders
(Vahidnia et al., 2007) and dermal effects (Cohen et al., 2006).
Dermal Disease
Chronic exposure to arsenic leads to the development of lesions
on the skin, including hyperkeratosis and hyperpigmentation,
often used as diagnostic criteria for arsenicosis. (McCarty et al.,
2007). Dermal effects following the exposure to arsenic are
hallmarks of the early stages of arsenic poisoning. Arsenic‐
induced cancers may appear later, sometimes taking several
decades to develop symptoms (Lage et al., 2006).
Workers exposed to inorganic arsenic in the air suffered from
contact dermatitis and mild dermal irritation. Similar dermal
effects (hyperkeratosis and hyperpigmentation) have been
observed by the oral route of exposure among farmers in
Taiwan who had been drinking arsenic‐contaminated well
water. The author of the trial stated that occurence of dermal
lesions was found to increase with dose (Tseng, 1977). Low,
medium and high exposure levels corresponded to doses of
0.0008, 0.014, 0.038 and 0.065 mg As kg−1 per day, respectively.
There is limited data accumulated for humans exposed to
organic arsenic in air. Keratosis was observed in female workers
in a chemical plant who were exposed to aersanilic acid
(0.065 mg m−3; Chou et al., 2007). Animal studies have shown
that rats exposed to DMA (6 mg m−3) developed erythematous
lesions on the feet and ears.
Oral exposure to organic arsenicals (MMA) with respect to
dermal effects in humans has not been studied. Animal studies
using rats and mice reported no histological skin alterations
following chronic exposure to MMA.
Cancer
Arsenic is a pernicious environmental carcinogen, and leads
mainly to cancers of the skin, albeit that there is epidemiogolical
evidence for lung, bladder, liver and kidney cancers being

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 2. Reaction of guanine base (G) with hydroxyl radical.

As described above, arsenic is metabolized via methylation. A
high concentration in urine, of the monomethylated As
metabolite, methylarsonic acid (MMA), which is a susceptibility
factor for As‐induced toxicity, including carcinogenicity, has been
correlated with similarly high urinary concentrations of 8‐OH‐G
(Hu et al., 2006). Interestingly, based on clinical trials, for a wide
range of As exposure with urinary‐As concentrations up to
1200 μg l−1, accepting the known pro‐oxidative effects of As, the
association of 8‐OH‐G with urinary‐As was shown to be weaker
than that for moderate exposure to cadmium. Thus, 8‐OH‐G may
not be as sensitive a biomarker for As‐induced oxidative stress as
it is for Cd and for oxidative stress induced by other metals
(Engström et al., 2010).
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caused by exposure to arsenic (Rossman, 2003). It is thought
that the mechanism by which these cancers originate may
involve the promotion of oxidative stress by arsenic compounds, in which the antioxidant capacity of the living organism
is overwhelemed by ROS (reactive oxygen species), resulting in
molecular damage to proteins, lipids and most signiﬁcantly DNA
(Liu et al., 2001).
Trivalent arsenic has been demonstrated to exhibit a greater
toxicity than the corresponding pentavalent forms, in addition
to a far more pronounced ability to release iron from the iron‐
storage protein ferritin (Salnikow and Zhitkovich, 2008). Free
iron may catalyse the decomposition of hydrogen peroxide via
the Fenton reaction, thereby forming the reactive hydroxyl
radical which can cause DNA damage.
A large number of epidemiological trials have reported that
inhalation exposure to inorganic arsenic increases the risk of
lung cancer. An increased incidence of lung cancer has been
reported among workers exposed primarily to arsenic trioxide
dust, (Wall, 1980; Welch et al., 1982); however, the incidence of
lung cancers has also been observed among workers exposed
primarily to arsenate (Bulbulyan et al., 1996). The latter study
also reported an increased risk of stomach cancers among
workers who had been exposed to the highest concentrations
of arsenic.

wileyonlinelibrary.com/journal/jat

Quantitative dose–response data obtained from copper
smelters provide the most compelling evidence that arsenic is
responsibile for the development of lung cancer (Mazumdar et al.,
1989). The conclusions of these studies are nonetheless limited
by the confounding exposure to other chemicals, such as sulfur
dioxide, and those from cigarette smoking.
An interesting link between arsenic exposure and smoking
has been found in a nested case–control analysis of 102 lung
cancer cases along with 190 controls. It was found that the
incidence of lung cancer increases with increasing arsenic
exposure in both smokers and nonsmokers (Järup and
Pershagen, 1991). Histological examinations found an increase
in several types of lung tumours, indicating that arsenic does
not speciﬁcally increase the incidence of one particular type of
lung cancer.
In addition to lung cancer, other minor types of nonrespiratory
cancers associated with inhalation exposure to inorganic arsenic
have been reported. Enterline and coworkers (Enterline et al.,
1995) found a signiﬁcantly increased mortality due to cancer of
the large intestine and bone cancer. It should be noted, however,
that the apparent increase in the risk of bone cancer was based
on a very small number of observations.
Other studies have shown an increase in nonmelanoma skin
cancers as a result of exposure from a Slovakian coal‐burning
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application of antioxidants. Positive effects have been found
following application of vitamin C and N‐acetylcysteine, which
preferentially interacts with trivalent arsenicals via its sulfydryl
group (Wei et al., 2005). Interestingly, melatonin and trolox did
not show a protective effect against arsenic toxicity. The
mechanism of genotoxicity of the DMA(III) does not involve
direct interaction with DNA, but is most probably achieved
indirectly via formation of ROS (Kitchin and Ahmad, 2003). ROS
formation activates the transcription factors (e.g. AP‐1, c‐fos and
NF‐kB), and oversecretion of proinﬂammatory and growth
promoting cytokines, resulting in increased cell proliferation
and ultimately carcinogenesis.
The exact molecular mechanism of carcinogenesis caused by
arsenic is still under investigation by many researchers.
Currently accepted molecular mechanisms of arsenic toxicity
involve genetic and epigenetic changes, the role of oxidative
stress, enhanced cell proliferation and modulation of gene
expression. Arsenic is known to induce the hypoxia signalling
pathway (Galanis et al., 2009). Treatment of DU145 prostate
cancer cells with arsenite induced HIF‐1α expression in a
concentration‐ and time‐dependent manner, whereas the level
of HIF‐1β remained unaffected. The VEGF (vascular endothelial
growth factor) protein level was also elevated. ROS formation
was linked with the activation of the PI3K/Akt pathway and the
subsequent induction of HIF‐1α and VEGF.
Cardiovascular Effect
While serious and adverse effects on the cardiovascular system
following oral exposure to arsenic are well known, there is some
evidence from epidemiological studies that the cardiovascular
system may also be affected by inhaled inorganic arsenic
(Navas‐Acien et al., 2005; States et al., 2009).
Among the more profound effects on the heart from long‐term
exposure to arsenic are altered myocardial depolarization and
cardiac arrhythmias (Cullen et al., 1995; Mumford et al., 2007).
Long‐term, low/medium‐level exposure has been shown to cause
mild damage to the vascular system; however, severe hypertrophy
of the ventricular wall was observed after an acute exposure to a
high (93 mg) concentration of arsenic (Quatrehomme et al., 1992).
Wang and coworkers (Wang et al., 2003) found an increased
incidence of disease in the blood vessels in Taiwanese populations
living in areas with arsenic‐polluted wells (>0.35 mg l−1). In
addition, attempts to assess the relative risks for stroke and
peripheral arterial disease have been conducted. However, there
are methodologic limitations for the interpretation of the observed
data and it would hence appear sensible to make such studies of
the effect of arsenic on the cardiovascular system a research
priority.
In another ecological study conducted in the USA, a signiﬁcant
increase in the number of deaths from arteriosclerosis, aneurysm
and other related diseases were found in the areas in which the
drinking water contained arsenic concentrations >20 μg l−1
(Engel and Smith, 1994). No signiﬁcant cardiovascular effects
were noted after acute ingestion of monosodium methylarsenate
(1714 mg kg−1).
Vascular endothelium is well known to regulate the release of
various mediators such as nitric oxide, angiotensin‐II, endothelin‐1,
adhesion molecules, cytokines and other similarly acting
species (Balakumar and Kaur, 2009; Quyyumi, 1998). NO has
been considered to be a major mediator released from
endothelium. It has vasodilatory and anti‐inﬂammatory
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power plant (Pesch et al., 2002) and an increase in the risk of
stomach cancer among workers exposed to the highest
average arsenic concentrations at a Russian fertilizer plant
(Bulbulyan et al., 1996).
Human exposure to inorganic arsenic is associated with an
increased risk of dermal malignancies (Pi et al., 2008); however,
arsenic has been found to act as a cofactor in the development
of skin tumours in combination with ultraviolet (UV) irradiation
or exposure to phorbol esters. This suggests that the events
associated with arsenic‐induced dermal carcinogenesis may be
distinct from other target tissues.
Long‐term arsenic exposure has been reported to cause a
malignant transformation of human keratinocytes in vitro (Pi et al.,
2008). Arsenic‐transformed cells were found to show a weakened
Nrf2 (nuclear factor E2‐related factor 2)‐mediated antioxidant
defence, activation coupled with apoptotic resistance, increased
expression of casein kinase 2 (CK2) and elevated basal Nrf2
activity. Arsenic‐induced apoptotic resistance and weakened
antioxidant response may therefore be critical steps in development of dermal cancer after exposure to arsenic.
It is generally accepted that methylated organic arsenicals are
signiﬁcantly less toxic than the inorganic forms (Kitchin, 2001).
Methylation is part of a natural process of enhanced excretion of
arsenic and appears to be a detoxiﬁcation mechanism for
inorganic arsenic. However, the process of methylation may lead
to formation of reactive and carcinogenic trivalent methylated
arsenicals (MMAIII and DMAIII; see above) (Cohen et al., 2001,
2002). Thus the process of methylation of inorganic arsenic may
provide a toxic pathway and both trivalent methylated arsenic
(monomethylarsonous and dimethylarsinous acids) may possess
harmful biological activity.
Animal studies did not show any signs of a prospective
carcinogenic effect of MMA(V) (reviewed in Cohen et al., 2006).
The absence of carcinogenic effect of MMA(V) is in agreement
with the negligible amount of DMA(V) formed from exogenously
administered MMA(V) (Hughes and Kenyon, 1998).
In contrast to MMA(V), DMA(V) has been shown to induce
bladder tumours in rats administered at high doses (100 pm) in
the diet for 2 years (Gemert and Eldan, 1998). Since DMA(V) and
MMA(V) are stored in the lumen of the bladder, this organ is
much more prone to carcinogenic transformation than liver and
kidney because of the reductive process leading to formation of
DMA(III) and MMA(III) (Kitchin, 2001).
DMA(V) has been documented by a number of studies to act
as a cancer promoter in co‐administration of other tumorigenic
compounds (Wanibuchi et al., 2004; Kitchin, 2001). DMA(V)
signiﬁcantly increased the incidence of bladder, kidney, thyroid
gland and liver cancer (Yamamoto et al., 1995). DMA(V) has
been reported to act as a skin tumour promoter in mice,
accelerating the induction of 7,12‐dimethylbenz[a]anthracene
(DMBA)‐induced skin tumours in mice (Morikawa et al., 2000).
Rats fed with DMA(V) (200 ppm in water) exhibited an
increased urinary concentration of DMA(III) in a dose‐dependent
manner (Okina et al., 2004). This study has also shown that the
levels of MMA(III) and DMA(III) may play a signiﬁcant role in
the toxicity and carcinogenicity towards the bladder induced
by DMA(V).
It has been proposed that DMA(III) is an unstable metabolite
and is stabilized through the formation of a DMA(III)–GSH
conjugate, which is responsible for the toxic effect of DMA(III)
(Styblo et al., 2000). The cytotoxicity of trivalent (MMA(III), DMA
(III) and also of As(III) arsenic can be suppressed by the
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properties, and inhibits platelet adhesion and aggregation,
smooth muscle cell proliferation and migration. Exposure of
endothelial cells to sodium arsenite induces a decline in the
integrity of vascular endothelium and endothelial cytotoxicity by
inactivating protein kinase B/Akt and eNOS, so reducing the
generation and bioavailability of NO, and increasing the oxidative
stress and subsequently decreasing the endothelium‐dependent
vasorelaxation (Balakumar and Kaur, 2009).
Arsenic has been shown to induce atherosclerosis by
increasing mRNA transcripts of growth factors including
granulocyte–macrophage colony‐stimulating factor, transforming
growth factor‐α and the inﬂammatory cytokinelike tumour
necrosis factor‐α (Germolec et al., 1997; Kitchin, 2001).
Experimental studies of the effect of arsenic on the vascular
system have shown that oxidized lipids are present in all stages
of atherogenesis which in turn generate several bioactive
molecules (e.g. ROS, peroxides and isoprostanes), of which
aldehydes are the major end products. Malondialdehyde
(MDA) and 4‐hydroxy‐trans‐2‐nonenal (HNE) are the most
abundant aldehydes generated from the oxidation of LDL and
possess mutagenic and carcinogenic properties (Valko et al.,
2005, 2007). Protein adducts of MDA and HNE have been
detected in atherosclerotic lesions of experimental animals
and humans.
Evidence from a large number of studies indicates that
inﬂammation plays a pivotal role in atherosclerotic plaque formation.
Vascular cells generate chemokines and proinﬂammatory
cytokines including monocyte chemoattractant protein‐1
(MCP‐1), interleukin‐6 (IL‐6) and tumour necrosis factor α. This
suggests that As‐induced inﬂammation could be an important
risk factor for atherosclerosis (Tsou et al., 2005).
Hypertension is another disorder associated with increased
arsenic exposure (Yang et al., 2007). Arsenic‐induced hypertension
has been explained by an enhanced myosin light‐chain
phosphorylation and an increase in calcium‐sensitization in
blood vessels. Disruption of the antioxidant defence system leads
to elevated systolic blood pressure. The possible mechanisms of
arsenic‐induced atherosclerosis, vascular endothelial dysfunction
and hypertension are shown in Fig. 4.

Gastrointestinal Disturbances
Inorganic arsenicals
Clinical signs of gastrointestinal irritation, including nausea,
vomiting, diarrhoea and abdominal pain, are observed in all cases
of short‐term high‐dose and longer‐term lower‐dose exposures to
inorganic arsenic (Uede and Furukawa, 2003; Vantroyen et al.,
2004). Haemorrhagic gastrointestinal lesions have been reported
in animal studies. For example, a monkey fed with 6 mg As kg−1 per
day for approximately 1 month was found, upon necropsy, to have
died of acute inﬂammation and haemorrhage of the small intestine
(Heywood and Sortwell, 1979).
Organic arsenicals
The gastrointestinal tract appears to be the critical target of
toxicity following oral exposure to MMA. Ingestion of 80 mg
kg−1 of organic arsenicals causes vomitting, abdominal pain,
hyperactive bowel and diarrhoea (Lee et al., 1995).
A dose level of 72.4 mg MMA kg−1 per day led to a thickened
wall, oedema and haemorrhagic, necrotic, ulcerated or perforated
mucosa in the large intestine and a signiﬁcant increase in the
incidence of squamous metaplasia of the epithelial columnar
absorptive cells in the colon and rectum. Squamous metaplasia
was also observed in the colon of mice chronically exposed to
67 mg MMA kg−1 per day (Arnold et al., 2003; Gur et al., 1991).
Liver Diesease
Inorganic arsenicals
A number of studies revealed symptoms of hepatic injury after
oral exposure of humans to inorganic arsenic. These effects
were most frequently observed after repeated exposure to
doses of 0.01–0.1 mg As kg−1 per day. Clinical examination
conﬁrmed liver damage (Liu et al., 2002) and blood tests showed
elevated levels of hepatic enzymes. Histological examination of
the livers has revealed a consistent ﬁnding of portal tract ﬁbrosis
(Mazumder et al., 2005). Individuals exposed more frequently to
arsenic suffered from cirrhosis, which was considered to be a
secondary effect of damage to the hepatic blood vessels.
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Figure 4. The inﬂuence of arsenic on the mechanisms of the vascular endothelial dysfunction, atherosclerosis and hypertension.
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Increased concentrations of zinc and copper were detected in
the livers of rats receiving a single oral dose of 10 mg As kg−1 as
sodium arsenite (Flora and Tripathi, 1998). Hepatic levels of
malondialdehyde and glutathione were decreased in the livers
of rats receiving 200 mg As kg−1 as GaAs (Flora et al., 1998). An
increase in peroxidation markers was reported in rats administered with 0.02 mg As kg−1 per day for 60 days from drinking
water containing 2.5 mg sodium arsenite l−1 (Bashir et al., 2006).
Organic arsenicals
No studies of the hepatic effects of organic arsenicals on
humans have been reported. Histology of livers from rabbits
repeatedly given MMA showed diffuse inﬂammation and mild
hepatocellular degeneration (Jaghabir et al., 1989). Rats exposed
to a dose of 72.4 mg MMA kg−1 per day for 104 weeks showed a
decrease in absolute liver weight. While rats exposed to DMA
(Siewicki, 1981) did not exhibit any effect, mice exposed to oral
doses of 720 mg DMA kg −1 exhibited decreased liver
glutathione and cytochrome P‐450 content and reduced serum
ornithine decarboxylase activity (Ahmad et al., 1999).

Renal Disease
Inorganic arsenicals do not cause any signiﬁcant renal injury in
humans. In some cases elevated levels of creatinine or bilirubin
have been reported (Moore et al., 1994). Similarly, animal studies
indicated that the kidney is not a major target for inorganic
arsenic. However, at high levels of exposure, mild histological
changes in the renal tubules of monkeys have been noted.
Animal studies have reported renal and urinary bladder effects
following oral exposure to organic arsenicals. The urinary system
is a more sensitive target for DMA than for MMA (Cohen et al.,
2001). Animal experiments have shown that DMA induced renal
damage characterized by increased volume and pH of urine and
decreased electrolyte levels, increased urinary calcium levels
and an increase in water consumption. In addition, increased
kidney weights and minimal tubular epithelial cell degeneration,
tubular casts and focal mineralization were observed. Some
studies on rats exposed to DMA have reported damage to the
urinary bladder. The observed damage included altered bladder
cell surfaces.

Neurological Disorders
Inorganic arsenicals

J. Appl. Toxicol. 2011; 31: 95–107

Organic arsenicals
No neurological symptoms or brain lesions were observed
following chronic exposure of rats to MMA (72.4 mg kg−1 per
day) or mice to MMA kg−1 per day (67.1 mg; Arnold et al., 2003).
Two further studies in pigs indicated that oral doses of
roxarsone can cause signiﬁcant neurotoxicity in which the main
feature is a time‐dependent degeneration of myelin and axons
(Kennedy et al., 1986).
Reproductive Health Effects
Animal studies have shown that reproductive activity was
unaffected in rats receiving doses of 8 mg of As2O3 from 14 days
prior to mating. The evaluation of reproductive activity included
a mating index, a fertility index and the precoital interval (time
before mating) index (Holson et al., 1999).
A more comprehensive, three‐generation study of arsenic
intake in drinking water in mice revealed a signiﬁcant increase
in the incidence of small litters and a trend toward a smaller
number of pups per litter in all three generations of the treated
group (Schroeder and Mitchener, 1971).
This conclusion was recently conﬁrmed by another study
which showed changes in several reproductive system end
points, including reduced weights of the uterus and ovary and
reduced ovarian and uterine peroxidase activities; inhibition of
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Inorganic arsenic can cause serious neurological effects, after
both inhalation (Calderon et al., 2001; Lagerkvist and Zetterlund,
1994) and oral exposure (Uede and Furukawa, 2003). This
conclusion is based mainly on clinical observations and
neurological examinations of exposed individuals.
Animal studies have shown that neurological effects following
rat exposure to arsenic in the form of sodium arsenite involve
changes in levels of neurotransmitters such as dopamine,
norepinephrine and 5‐hydroxytryptamine (Kannan et al., 2001).
Since adult animals appear to be much less susceptible to the
neurological effects of inorganic arsenic than humans, studies in
adult animals would probably not help to estimate a safe
human exposure limit.
Recent ﬁndings indicate a possible association between
arsenic in drinking water and neurobehavioral alterations in
children (Tsai et al., 2003). Adolescents from various regions of

Taiwan and China exposed to low (0.0017–0.0018 mg As kg−1 per
day) levels of inorganic arsenic in their drinking water showed a
decreased performance in the switching attention task, while
children in the high exposure group (0.0034–0.0042 mg As kg−1
per day) showed a decreased performance in both the switching
attention task and in tests of pattern memory, relative to
unexposed controls.
Ingestion of inorganic arsenic can cause injury to the nervous
system. Exposure at a level of 2 mg As kg−1 per day or more can
lead to encephalopathy, with symptoms of headache, mental
confusion, seizures and coma (Bartolome et al., 1999). Prolonged
exposures to lower levels of arsenic (0.03–0.1 mg As kg−1 per day)
are typically characterized by a symmetrical peripheral neuropathy
(Chakraborti et al., 2003; Foy et al., 1992), which in its early stages
is characterized by numbness in the hands and feet then further
develops into a painful pins‐and‐needles sensation. Both
sensory and motor nerves are affected and muscle weakness
often develops (Goebel et al., 1990). A certain degree of recovery
is possible once the subject has been removed from the
contaminated area, but most commonly this is only partial
(Fincher and Koerker, 1987).
The most typical neurological feature of arsenic neurotoxicity is
peripheral neuropathy which may last for several years (Mathew
et al., 2010). Studies on patients with As neuropathy have
shown a reduced nerve conducting velocity in their peripheral
nerves, and this has become a hallmark of As‐induced
neurotoxicity, as is is a typical feature of axonal degeneration.
The majority of the unfavourable effects of Arsenic are caused
by the inactivation of enzymes that are important for cellular
energy metabolism, whereby As reacts with the thiol groups of
proteins and enzymes and inhibits their catalytic activity. In a
similar fashion to other neurodegenerative diseases, arsenic‐
induced neurotoxicity causes changes in cytoskeletal protein
composition and hyperphosphorylation. These changes may
lead to disorganization of the cytoskeletal structure, which is a
potential cause of As‐induced neurotoxicity.
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steroidogenic enzymes and decreased estradiol levels relative to
the controls (Chattopadhyay et al., 2001, 2003).
Antioxidant Protection Against Arsenic Mutagenicity
Oxidative stress to DNA is recognized as an underpinning
component of the mechanism of arsenic carcinogenesis (Valko
et al., 2005). Antioxidant enzymes are considered to be the ﬁrst
line of cellular defence against oxidative damage. Superoxide
dismutase (SOD) and catalase (CAT) are the most important, ﬁrst
line antioxidant defence in cells exposed to oxygen. SOD
catalyses the dismutation of superoxide into oxygen and
hydrogen peroxide, while CAT catalyses the decomposition of
hydrogen peroxide to water and oxygen. Arsenic‐intoxicated
rats revelaed reduced activity of SOD which was attributed to
the enhanced production of superoxide radical anions.
A second line of cellular defence system against free radical‐
induced damage is provided by a thiol‐based antioxidant
system (Manna et al., 2008). Decreased GSH pools and increased
levels of lipid peroxidation due to arsenic toxicity were found to
lead to a decrease in the activities of GST and GPx with a
concomitant decrease in the activity of the GSH‐regenerating
enzyme GR.
A ﬁeld trial was undertaken in West Bengal (a region whose
population is exposed to high levels of arsenic in drinking
water), to evaluate the role of the phytochemical, curcumin,
from turmeric for its antioxidant and antimutagenic activity
(Biswas et al., 2010). Blood samples taken from volunteers in the
region showed notable DNA damage and depleted antioxidant
activity. However, following dosage with curcumin capsules for
3 months, the DNA damage was reduced, ROS generation and
lipid peroxidation were suppressed, and the antioxidant activity
of blood plasma was raised, thus offering the hope of some
protective role for curcumin against DNA damage by arsenic.
The most effective known treatment for arsenic poisoning
is chelation therapy; however such agents as British anti
lewisite, sodium 2,3‐dimercaptopropane‐1‐sulfonate, meso
2,3‐dimercaptosuccinic acid etc. result in a number of
undesirable side‐effects (Flora et al., 2007). It has been shown
that supplementation of the chelating agent with antioxidants
may be beneﬁcial in achieving optimum effects.
Another study reported genotoxic effects of sodium arsenite
(known for its genotoxic effects through ROS generation) in
forming micronuclei in the polychromatic erythrocytes in the
bone marrow cells of Wistar rats (Balakumar et al., 2010).
Supplementation by orally administered α‐tocopherol (400 mg
kg−1 of body weight) and ascorbic acid (200 mg kg−1 of body
weight) to rats given 100 ppm of sodium arsenite in their
drinking water for 30 days suggested a protective effect on the
cellular antioxidant system and a modulation of arsenic‐induced
micronuclei formation.

CONCLUSION
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Arsenic exposure affects millions of people worldwide.
Epidemiological studies appear to provide an important guide
for arsenic risk assessment in water, air or dust. Research work
on arsenic poisoning has revealed that free radical‐mediated
oxidative damage is a common denominator of arsenic
pathogenesis. A dose‐dependent relationship between arsenic
concentration and cancer incidence has been found, however,
only among highly exposed populations.
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Although arsenic‐induced formation of various cancers has
been widely studied, less attention has been paid to arsenic‐
induced cardiovascular disorders, even though epidemiological
studies have shown that chronic arsenic exposure is associated
with increased morbidity and mortality from cardiovascular
disease. Arsenic has been found to initiate endothelial
dysfunction by dinishing the integrity of vascular endothelium
followed by inactivation of the eNOS, which therefore reduces
the generation and bioavailability of nitric oxide and increases
oxidative stress.
Arsenic‐induced formation of ROS and subsequent depletion
of antioxidant cell defences can result in disruption of the
antioxidant/prooxidant equilibrium in mammalian tissues. Owing
to its sulfydryl group binding capacity, arsenic can also inhibit the
activities of many enzymes, especially those involved in the
uptake of glucose in cells, fatty acid oxidation and production of
glutathione.
Although the toxic and carcinogenic effects on humans
exposed to arsenic have been well documented, the mechanisms
by which arsenic induces health effects, including cancer,
cardiovascular disorders, metabolic disease and other diseases
are not well characterized. To provide a deeper understanding of
the pathology of arsenic‐induced diseases and the toxicology of
arsenic in various organs, further research is necessary.
Acknowledgements
We thank the Slovak Grant Agency (Projects VEGA 1/0575/08,
VEGA 1/0213/08 and VEGA/1/0018/09) for ﬁnancial support. This
study was also supported by the Slovak Research and
Development Agency under the contract no. VVCE‐0004‐07.

References
Ahmad S, Anderson WL, Kitchin KT. 1999. Dimethylarsinic acid effects on
DNA damage and oxidative stress related biochemical parameters in
B6C3F1 mice. Cancer Lett. 139: 129–135.
Albores A, Cebrian ME, Bach PH, Connelly JC, Hinton RH, Bridges JW.
1989. Sodium arsenite induced alterations in bilirubin excretion and
heme metabolism. J. Biochem. Toxicol. 4: 73–78.
Aposhian HV. 1997. Enzymatic methylation of arsenic species and other
new approaches to arsenic toxicity. Annu. Rev. Pharmacol. Toxicol. 37:
397–419.
Aposhian HV, Gurzau ES, Le XC, Gurzau A, Healy SM, Lu X, Ma M, Yip L,
Zakharyan RA, Maiorino RM, Dart RC, Tircus MG, Gonzalez‐Ramirez D,
Morgan DL, Avram D, Aposhian MM. 2000a. Occurrence of
monomethylarsonous acid in urine of humans exposed to inorganic
arsenic. Chem. Res. Toxicol. 13: 693–697.
Aposhian HV, Zheng B, Aposhian MM, Le XC, Cebrian ME, Cullen W,
Zakharyan RA, Ma M, Dart RC, Cheng Z, Andrewes P, Yip L,
O'Malley GF, Maiorino RM, Van Voorhies W, Healy SM, Titcomb A.
2000b. DMPS‐arsenic challenge test. II. Modulation of arsenic
species, including monomethylarsonous acid (MMA(III)), excreted
in human urine. Toxicol. Appl. Pharmacol. 165: 74–83.
Arnold LL, Eldan M, van Gemert M, Capen CC, Cohen SM. 2003. Chronic
studies evaluating the carcinogenicity of monomethylarsonic acid in
rats and mice. Toxicology 190: 197–219.
Balakumar BS, Suresh R, Venugopal R. 2010. Modulatory effects of
ascorbic acid and α‐tocopherol on arsenic induced micronuclei
formation. Int. J. Pharmacol. 6: 676–680.
Balakumar P, Kaur J. 2009. Arsenic exposure and cardiovascular
disorders: an overview. Cardiovasc. Toxicol. 9: 169–176.
Barchowsky A, Klei LR, Dudek EJ, Swartz HM, James PE. 1999. Stimulation
of reactive oxygen, but not reactive nitrogen species, in vascular
endothelial cells exposed to low levels of arsenite. Free Radic. Biol. Med.
27: 1405–1412.
Bartolome B, Cordoba S, Nieto S, Fernández‐Herrera J, García‐Díez A. 1999.
Acute arsenic poisoning: clinical and histopathological features. Br. J.
Dermatol. 141: 1106–1109.

Copyright © 2011 John Wiley & Sons, Ltd.

J. Appl. Toxicol. 2011; 31: 95–107

Toxicity of arsenic

J. Appl. Toxicol. 2011; 31: 95–107

Fincher R, Koerker RM. 1987. Long‐term survival in acute arsenic
encephalopathy: Follow‐up using newer measures of electrophysiologic parameters. Am. J. Med. 82: 549–552.
Flora SJS, Tripathi N. 1998. Hepatic and renal metallothionein induction
following single oral administration of gallium arsenide in rats.
Biochem. Mol. Biol. Interact. 45: 1121–1127.
Flora SJS, Kumar P, Kannan GM, Rai GP. 1998. Acute oral gallium arsenide
exposure and changes in certain hematological, hepatic, renal and
immunological indices at different time intervals in male Wistar rats.
Toxicol. Lett. 94: 103–113.
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.
Flora SJS, Mittal M, Mehta A. 2008. Heavy metal induced oxidative stress
and its possible reversal by chelation therapy. Indian J. Med. Res. 128:
501–523.
Foy HM, Tarmapai S, Eamchan P, Metdilogkul O. 1992. Chronic arsenic
poisoning from well water in a mining area in Thailand. Asia Pac. J.
Public Health 6: 150–152.
Galanis A, Karapetsas A, Sandaltzopoulos R. 2009. Metal‐induced
carcinogenesis, oxidative stress and hypoxia signalling. Mutat. Res.
674: 31–35.
Garcia F, Ortega A, Domingo JL, Corbella J. 2001. Accumulation of metals
in autopsy tissues of subjects living in Tarragona county, Spain. J.
Environ. Sci. Health. Part A 36: 1767–1786.
García‐Vargas GG, Hernández‐Zavala A. 1996. Urinary porphyrins and
heme biosynthetic enzyme activities measured by HPLC in arsenic
toxicity. Biomed. Chromatogr. 10: 278–284.
Gebel TW, Suchenwirth RHR, Bolten C, Dunkelberg HH. 1998. Human
biomonitoring of arsenic and antimony in case of an elevated
geogenic exposure. Environ. Health Perspect. 106: 33–39.
Gemert M, Eldan M. 1998. Chronic carcinogenicity assessment of
cacodylic acid. In Society for Environmental Geochemistry and Health
(SEGH) Third International Conference on Arsenic Exposure and Health
Effects, Book of Abstracts, San Diego, CA, 12–15 July; 113.
Germolec DR, Yoshida T, Gaido K, Wilmer JL, Simeonova PP, Kayama F,
Burleson F, Dong W, Lange RW, Luster MI. 1996. Arsenic induces
overexpression of growth factors in human keratinocytes. Toxicol.
Appl. Pharmacol. 141: 308–318.
Germolec DR, Spalding J, Boorman GA, Wilmer JL, Yoshida T,
Simeonova PP, Bruccoleri A, Kayama F, Gaido K, Tennant R,
Burleson F, Dong W, Lang RW, Luster MI. 1997. Arsenic can mediate
skin neoplasia by chronic stimulation of keratinocyte‐derived
growth factors. Mutat. Res. 386: 209–218.
Goebel HH, Schmidt PF, Bohl J, Tettenborn B, Krämer G, Gutmann L.
1990. Polyneuropathy due to acute arsenic intoxication: biopsy
studies. J. Neuropathol. Exp. Neurol. 49: 137–149.
Gur E, Pirak M, Waner T. 1991. Methanearsonic acid oncogenicity study
in the mouse. Luxembourg Industries (Pamol) Ltd. Submitted to the
US Environmental Protection Agency.
Helleday T, Nilsson R, Jenssen D. 2000. Arsenic [111] and heavy metal ions
induce intrachromosomal homologous recombination in the hprt
gene V79 Chinese hamster cells. Environ. Mol. Mutagen. 35: 114–122.
Hewitt DJ, Millner GC, Nye AC, Simmons HF. 1995. Investigation
of arsenic exposure from soil at a Superfund site. Environ. Res. 68:
73–81.
Heydorn K. 1970. Environmental variation of arsenic levels in human
blood determined by neutron activation analysis. Clin. Chim. Acta 28:
349–357.
Heywood R, Sortwell RJ. 1979. Arsenic intoxication in the Rhesus
monkey. Toxicol. Lett. 3: 137–144.
Holson JF, Stump DG, Ulrich CE, Farr CH. 1999. Absence of prenatal
developmental toxicity from inhaled arsenic trioxide in rats. Toxicol.
Sci. 51: 87–97.
Hsu CH, Yang SA, Wang JY, Yu HS, Lin SR. 1999. Mutational spectrum of
p53 gene in arsenic‐related skin cancers from the blackfoot disease
endemic area of Taiwan. Br. J. Cancer 80: 1080–1086.
Hu CW, Pan CH, Huang YL, Wu MT, Chang LW, Wang CJ, Chao MR. 2006.
Effects of arsenic exposure among semiconductor workers: a
cautionary note on urinary 8‐oxo‐7,8‐dihydro‐2′‐deoxyguanosine.
Free Radic. Biol. Med. 40: 1273–1278.
Hughes MF. 2002. Arsenic toxicity and potential mechanisms of action.
Toxicol. Lett. 133: 1–16.
Hughes MF, Kenyon EM. 1998. Dose‐dependent effects on the
disposition of monomethylarsonic acid and dimethylarsinic acid in

Copyright © 2011 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jat

105

Bashir S, Sharma Y, Irshad M, Nag TC, Tiwari M, Kabra M, Dogra TD. 2006.
Arsenic induced apoptosis in rat liver following repeated 60 days
exposure. Toxicology 217: 63–70.
Bergquist ER, Fischer RJ, Sugden KD, Martin BD. 2009. Inhibition by
methylated organo‐arsenicals of the respiratory 2‐oxo‐acid
dehydrogenases. J. Organomet. Chem. 694: 973–980.
Bhattacharya R, Chatterjee D, Nath B, Jana J, Jacks G, Vahter M. 2003. High
arsenic groundwater: mobilization, metabolism and mitigation – an
overview in the Bengal delta plain. Mol. Cell. Biochem. 253: 347–355.
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. Human Exp. Toxicol. 29: 513–524.
Bulbulyan MA, Jourenkova NJ, Boffetta P, Astashevsky SV, Mukeria AF,
Zaridze DG. 1996. Mortality in a cohort of Russian fertilizer workers.
Scand. J. Work Environ. Health 22: 27–33.
Calderon J, Navarro ME, Jimenez‐Capdeville ME, Santos‐Diaz MA, Golden
A, Rodriguez‐Leyva I, Borja‐Aburto V, Díaz‐Barriga F. 2001. Exposure
to arsenic and lead an neuropsychological development in Mexican
children. Environ. Res. 85: 69–76.
Chakraborti D, Mukherjee SC, Saha KC, Chowdhury UK, Rahman MM,
Sengupta MK. 2003. Arsenic toxicity from homeopathic treatment. J.
Toxicol. Clin. Toxicol. 41: 963–967.
Chattopadhyay S, Ghosh S, Debnath J, Ghosh D. 2001. Protection of
sodium arsenite‐induced ovarian toxicity by coadministration of
L‐ascorbate (vitamin C) in mature Wistar strain rat. Arch. Environ.
Contam. Toxicol. 41: 83–89.
Chattopadhyay S, Pal Ghosh S, Ghosh D, Debnath J. 2003. Effect of dietary
co‐administration of sodium selenite on sodium arsenite‐induced
ovarian and uterine disorders in mature albino rats. Toxicol. Sci. 75:
412–422.
Chen W, Yang J, Chen J, Bruch J. 2006. Exposures to silica mixed dust and
cohort mortality study in tin mines: exposure–response analysis and
risk assessment of lung cancer. Am. J. Ind. Med. 49: 67–76.
Chou S, Harper C, Ingerman L, Llados F, Colman J, Chappell L, Osier M,
Odin M, Sage G. 2007. Toxicological Proﬁle for Arsenic. US Department
of Health and Human Service, Agency for Toxic Substances and
Disease Registry.
Chowdhury UK, Biswas BK, Chowdhury TR, Samanta G, Mandal BK, Basu
GC, Chanda CR, Lodh D, Saha KC, Mukherjee SK, Roy S, Kabir S,
Quamruzzaman Q, Chakraborti D. 2000. Groundwater arenic
contamination in Bangladesh and West Bengal, India. Environ. Health
Perspect. 108: 393–397.
Cohen SM, Yamamoto S, Cano M, Arnold LL. 2001. Urothelial cytotoxicity
and regeneration induced by dimethylarsinic acid in rats. Toxicol. Sci.
59: 68–74.
Cohen SM, Wanibuchi H, Fukushima S. 2002. Lower urinary tract. In
Handbook of Toxicologic Pathology, 2nd edn, Haschek WM,
Rousseaux CG, MA Wallig (eds), Vol. 2. Academic Press: San Diego,
CA: 337–361.
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.
Cullen NM, Wolf LR, St Clair D. 1995. Pediatric arsenic ingestion. Am. J.
Emerg. Med. 13: 432–435.
Datta S, Talukder G, Sharma A. 1986. Cytotoxic effects of arsenic in
dietary oil primed rats. Sci. Cult. 52: 196–198.
De Vizcaya‐Ruiz A, Barbier O, Ruiz‐Ramos R, Cebrian ME. 2009.
Biomarkers of oxidative stress and damage in human populations
exposed to arsenic. Mutat. Res. 674: 85–92.
Díaz‐Villaseñor A, Burns AL, Hiriart M, Cebrián ME, Ostrosky‐Wegman P.
2007. Arsenic‐induced alteration in the expression of genes related
to type 2 diabetes mellitus. Toxicol. Appl. Pharmacol. 225: 123–133.
Driesback RH, ed. 1980. Arsenic and arsine. In Handbook of Poisoning:
Prevention, Diagnosis and Treatment, 11th edn. Lange Medical
Publications: Los Altos, CA; 241–245.
Engel RR, Smith AH. 1994. Arsenic in drinking water and mortality from
vascular disease: An ecologic analysis in 30 counties in the United
States. Arch. Environ. Health 49: 418–427.
Engström KS, Vahter M, Johansson G, Lindh CH, Teichert F, Singh R,
Kippler M, Nermell B, Raqib R, Strömberg U, Broberg K. 2010. Chronic
exposure to cadmium and arsenic strongly inﬂuences concentrations
of 8‐oxo‐7,8‐dihydro‐2′‐deoxyguanosine in urine. Free Radic. Biol.
Med. 48: 1211–1217.
Enterline PE, Day R, Marsh GM. 1995. Cancers related to exposure to
arsenic at a copper smelter. Occup. Environ. Med. 52: 28–32.

K. Jomova et al.

106

the mouse after intravenous administration. J. Toxicol. Environ. Health
A 53: 95–112.
Jaghabir MTW, Abdelghani AA, Anderson AC. 1989. Histopathological
effects of monosodium methanearsonate (MSMA) on New Zealand
white rabbits (Oryctalagus cuniculus). Bull. Environ. Contam. Toxicol.
42: 289–293.
Järup L, Pershagen G. 1991. Arsenic exposure, smoking, and lung cancer in
smelter workers – a case–control study. Am. J. Epidemiol. 134: 545–551.
Jones FT. 2007. A broad view of arsenic. Poultry Sci. 86: 2–14.
Kannan GM, Tripathi N, Dube SN, Gupta M, Flora SJ. 2001. Toxic
effects of arsenic (III) on some hematopoietic and central nervous
system variables in rats and guinea pigs. J. Toxicol. Clin. Toxicol.
39: 675–682.
Kennedy S, Rice DA, Cush PF. 1986. Neuropathology of experimental
3‐nitro‐4‐hydroxyphenylarsonic acid toxicosis in pigs. Vet. Pathol.
23: 454–461.
Kitchin KT. 2001. Recent advances in arsenic carcinogenesis: modes of
action, animal model systems, and methylated arsenic metabolites.
Toxicol. Appl. Pharmacol. 172: 249–261.
Kitchin KT, Ahmad S. 2003. Oxidative stress as a possible mode of action
for arsenic carcinogenesis. Toxicol. Lett. 137: 3–13.
Kodavanti UP, Hauser R, Christiani DC, Meng ZH, McGee J, Ledbetter A,
Richards J, Costa DL. 1998. Pulmonary responses to oil ﬂy ash
particles in the rat differ by virtue of their speciﬁc soluble metals.
Toxicol. Sci. 43: 204–212.
Kraus T, Quidenus G, Schaller KH. 2000. Normal values for arsenic and
selenium concentrations in human lung tissue. Arch. Environ.
Contam. Toxicol. 38: 384–389.
Kuroda K, Yoshida K, Yoshimura M, Endo Y, Wanibuchi H, Fukushima S,
Endo G. 2004. Microbial metabolite of dimethylarsinic acid is highly
toxic and genotoxic. Toxicol. Appl. Pharmacol. 198: 345–353.
Lage CR, Nayak A, Kim CH. 2006. Arsenic ecotoxicity and innate
immunity. Integr. Comp. Biol. 46: 1040–1054.
Lagerkvist BJ, Zetterlund B. 1994. Assessment of exposure to arsenic
among smelter workers: a ﬁve‐year follow‐up. Am. J. Ind. Med. 25:
477–488.
Lee DC, Roberts JR, Kelly JJ, Fishman SM. 1995. Whole‐bowel irrigation as
an adjunct in the treatment of radiopaque arsenic. Am. J. Emerg. Med.
13: 244–245.
Liu J, Zheng B, Aposhian HV, Zhou Y, Chen ML, Zhang A, Waalkes MP.
2002. Chronic arsenic poisoning from burning high‐arsenic containing coal in Guizhou, China. Environ. Health Perspect. 110: 119–122.
Liu SX, Athar M, Lippai I, Waldren C, Hei TK. 2001. Induction of
oxyradicals by arsenic: implication for mechanism of genotoxicity.
Proc. Natl Acad. Sci. USA 98: 1643–1648.
Magalhaes MCF. 2002 Arsenic. An environmental problem limited by
solubility. Pure Appl. Chem. 74: 1843–1850.
Mandal BK, Suzuki KT. 2002. Arsenic round the world: a review. Talanta
58: 201–235.
Mandal BK, Ogra Y, Suzuki KT. 2003. Speciation of arsenic in human nail and
hair from arsenic‐affected area by HPLC‐inductively coupled argon
plasma mass spectrometry. Toxicol. Appl. Pharmacol. 189: 73–83.
Manna P, Sinha M, Sil PC. 2008. Arsenic‐induced oxidative myocardial
injury: protective role of arjunolic acid. Arch. Toxicol. 82: 137–149.
Martena MJ, Van Der Wielen JC, Rietjens IM, Klerx WN, De Groot HN,
Konings EJ. 2010. Monitoring of mercury, arsenic, and lead in
traditional Asian herbal preparations on the Dutch market and
estimation of associated risks. Food Addit. Contam. Part A Chem. Anal.
Control Expos. Risk Assess. 27: 190–205.
Mathew L, Vale A, Adcock JE. 2010. Arsenical peripheral neuropathy.
Pract. Neurol. 10: 34–38.
Mazumdar S, Redmond CK, Enterline PE, Marsh GM, Costantino JP, Zhou
SY, Patwardhan RN. 1989. Multistage modeling of lung cancer
mortality among arsenic‐exposed copper‐smelter workers. Risk Anal.
9: 551–563.
Mazumder DN, Steinmaus C, Bhattacharya P, von Ehrenstein OS, Ghosh
N, Gotway M, Sil A, Balmes JR, Haque R, Hira‐Smith MM, Smith AH.
2005. Bronchiectasis in persons with skin lesions resulting from
arsenic in drinking water. Epidemiology 16: 760–765.
McCarty KM, Chen YC, Quamnuzzaman Q, Rahman M, Mahiuddin G,
Hsueh YM, Su L, Smith T, Ryan L, Christiani DC. 2007. Arsenic
methylation, GSTT1, GSTM1, GSTP1 polymorphisms and skin lesions.
Environ. Health Perspect. 115: 341–345.
Menzel DB, Rasmussen RE, Lee E, Meacher DM, Said B, Hamadeh H,
Vargas M, Greene H, Roth RN. 1998. Human lymphocyte heme

wileyonlinelibrary.com/journal/jat

oxygenase 1 as a response biomarker to inorganic arsenic. Biochem.
Biophys. Res. Commun. 250: 653–656.
Milham S, Strong T. 1974. Human arsenic exposure in relation to a
copper smelter. Environ. Res. 7: 176–182.
Miller WH Jr, Schipper HM, Lee JS, Singer J, Waxman S. 2002.
Mechanisms of action of arsenic trioxide. Cancer Res. 62: 3893–3903.
Moore MM, Harrington‐Brock K, Doerr CL. 1994. Genotoxicity of arsenic and
its methylated metabolites. Environ. Geochem. Health 16: 191–198.
Morikawa T, Wanibuchi H, Morimura K, Ogawa M, Fukushima S. 2000.
Promotion of skin carcinogenesis by dimethylarsinic acid in keratin
(K6)/ODC transgenic mice. Jpn J. Cancer Res. 91: 579–581.
Mumford JL, Wu K, Xia Y, Kwok R, Yang Z, Foster J, Sanders WE. 2007.
Chronic arsenic exposure and cardiac repolarization abnormalities
with QT interval prolongation in a population‐based study. Environ.
Health Perspect. 115: 690–694.
Naughton DP, Grootveld M, Blake DR, Guestrin HR, Narajanaswamy R. 1993.
An optical hydroxyl radical sensor. Biosens. Bioelectron. 8: 325–329.
Navas‐Acien A, Sharrett AR, Silbergeld EK, Schwartz BS, Nachman KE,
Burke TA, Guallar E. 2005. Arsenic exposure and cardiovascular
disease: a systematic review of the epidemiologic evidence. Am. J.
Epidemiol. 162: 1037–1049.
Nepusz T, Petroczi A, Naughton DP. 2009. Food alert patterns for metal
contamination analyses in seafoods: longitudinal and geographical
perspectives. Environ. Int. 35: 1030–1033.
Nordenson I, Beckman G, Beckman L, Nordström S. 1978. Occupational
and environmental risks in and around a smelter in northern
Sweden: II. Chromosomal aberrations in workers exposed to arsenic.
Hereditas 88: 47–50.
Nordenson I, Salmonsson S, Brun E, Beckman G. 1979. Chromosome
aberrations in psoriatic patients treated with arsenic. Hum. Genet. 48:
1–6.
Okada S, Yamanaka K. 1994. Induction of lung‐speciﬁc DNA damage by
methylarsenics via the production of free radials. In Arsenic in the
Environment, Nriagu J (ed.). John Wiley: New York.
Okina M, Yoshida K, Kuroda K,Wanibuchi H, Fukushima S, Endo G. 2004.
Determiniation of trivalent methylated arsenicals in rat urine by liquid
chromatography–inductively couple plasma mass spectrometry after
solvent extraction. J. Chromatogr. B 799: 209–215.
Orloff K, Mistry K, Metcalf S. 2009. Biomonitoring for environmental
exposures to arsenic. J. Toxicol. Environ. Health B Crit. Rev. 12:
509–524.
Pesch B, Ranft U, Jakubis P, Nieuwenhuijsen MJ, Hergemöller A, Unfried
K, Jakubis M, Miskovic P, Keegan T. 2002. Environmental arsenic
exposure from a coal‐burning power plant as a potential risk factor
for nonmelanoma skin carcinoma: Results from a case–control study
in the district of Prievidza, Slovakia. Am. J. Epidemiol. 155: 798–809.
Petroczi A, Naughton DP. 2009. Mercury, cadmium and lead contamination in seafood: a comparative study to evaluate the usefulness of
Target Hazard Quotients. Food Chem. Toxicol. 47: 298–302.
Pi J, Diwan BA, Sun Y, Liu J, Qu W, He Y, Styblo M, Waalkes MP. 2008.
Arsenic‐induced malignant transformation of human keratinocytes:
involvement of Nrf2. Free Radic. Biol. Med. 45: 651–658.
Polissar L, Lowry‐Coble K, Kalman DA, Hughes JP, van Belle G, Covert DS,
Burbacher TM, Bolgiano D, Mottet NK. 1990. Pathways of human
exposure to arsenic in a community surrounding a copper smelter.
Environ. Res. 53: 29–47.
Poma K, Degraeve N, Susanne C. 1987. Cytogenetic effects in mice after
chronic exposure to arsenic followed by a single dose of
ethylmethane sulfonate. Cytologia 52: 445–449.
Quatrehomme G, Ricq O, Lapalus P, Jacomet Y, Ollier A. 1992. Acute
arsenic intoxication: forensic and toxicologic aspects (an observation). J. Forensic Sci. 37: 1163–1171.
Quyyumi AA. 1998. Endothelial function in health and disease: new
insights into the genesis of cardiovascular disease. Am. J. Med. 105:
32S–39S.
Raie RM. 1996. Regional variation in As, Cu, Hg, and Se and interaction
between them. Ecotoxicol. Environ. Saf. 35: 248–252.
Rossman TG. 2003. Mechanism of arsenic carcinogenesis: an integrated
approach. Mutat. Res. 533: 37–65.
Sainio EL, Jolanki R, Hakala E, Kanerva L. 2000. Metals and arsenic in eye
shadows. Contact Dermat. 42: 5–10.
Salim EI, Wanibuchi H, Morimura K, Wei M, Mitsuhashi M, Yoshida K,
Endo G, Fukushima S. 2003. Carcinogenicity of dimethylarsinic acid
in p53 heterozygous knockout and wild‐type C57BL/6J mice.
Carcinogenesis 24: 335–342.

Copyright © 2011 John Wiley & Sons, Ltd.

J. Appl. Toxicol. 2011; 31: 95–107

Toxicity of arsenic
Salnikow K, Zhitkovich A. 2008. Genetic and epigenetic mechanisms in
metal carcinogenesis and cocarcinogenesis: nickel, arsenic, and
chromium. Chem. Res. Toxicol. 21: 28–44.
Sardana MK, Drummond GS, Sassa S, Kappas A. 1981. The potent heme
oxygenase inducing action of arsenic in parasiticidal arsenicals.
Pharmacology 23: 247–253.
Schroeder HA, Mitchener M. 1971. Toxic effects of trace elements on the
reproduction of mice and rats. Arch. Environ. Health 23: 102–106.
Shi H, Shi X, Liu KJ. 2004. Oxidative mechanism of arsenic toxicity and
carcinogenesis. Mol. Cell. Biochem. 255: 67–78.
Siewicki TC. 1981. Tissue retention of arsenic in rats fed witch ﬂounder or
cacodylic acid. J. Nutr. 111: 602–609.
Smedley PL, Kinniburgh DG. 2002. A review of the source, behaviour
and distribution of arsenic in natural waters. Appl. Geochem. 17:
517–568.
States JC, Srivastava S, Chen Y, Barchowsky A. 2009. Arsenic and
cardiovascular disease. Toxicol. Sci. 107: 312–323.
Styblo M, Del Razo LM, Vega L, Germolec DR, LeCluyse EL, Hamilton GA,
Reed W, Wang C, Cullen WR, Thomas DJ. 2000. Comparative toxicity
of trivalent and pentavalent inorganic and methylated arsenicals in
rat and human cells. Arch. Toxicol. 74: 289–299.
Tam GKH, Charbonneau SM, Bryce F, Pomroy C, Sandi E. 1979.
Metabolism of inorganic arsenic (74As) in humans following oral
ingestion. Toxicol. Appl. Pharmacol. 50: 319–322.
Tsai S, Chou H, The H, Chen CM, Chen CJ. 2003. The effects of chronic
arsenic exposure from drinking water on the neurobehavioral
development in adolescence. Neurotoxicology 24: 747–753.
Tseng W. 1977. Effects and dose–response relationships of skin cancer and
blackfoot disease with arsenic. Environ. Health Perspect. 19: 109–119.
Tsou TC, Yeh SC, Tsai EM, Tsai FY, Chao HR, Chang LW. 2005. Arsenite
enhances tumor necrosis factor‐induced expression of vascular cell
adhesion molecule‐1. Toxicol. Appl. Pharmacol. 209: 10–18.
Tsuji JS, Van Kerkhove MD, Kaetzel RS, Kaetzel RS, Scrafford CG, Mink PJ,
Barraj LM, Crecelius EA, Goodman M. 2005. Evaluation of exposure to
arsenic in residential soil. Environ. Health Perspect. 113: 1735–1740.
Uede K, Furukawa F. 2003. Skin manifestations in acute arsenic
poisoning from the Wakayama curry‐poisoning incident. Br. J.
Dermatol. 149: 757–762.
Ulman C, Gezer S, Anal O, Ruhi Tore I, Kirca U. 1998. Arsenic in human and
cow's milk: a reﬂection of environmental pollution. Water Air Soil Pollut.
101: 411–416.
Vahidnia A, van der Voet GB, de Wolff FA. 2007. Arsenic neurotoxicity – a
review. Hum. Exp. Toxicol. 26: 823–832.
Vahter M. 1983. Metabolism of arsenic. In Fowler BA (ed.), Biological
and Environmental Effects of Arsenic. New York: Elsevier Science;
171–198.
Valentine JL, Kang HK, Spivey G. 1979. Arsenic levels in human blood,
urine and hair in response to exposure via drinking water. Environ.
Res. 20: 24–32.

Valko M, Morris H, Cronin MT. 2005. Metals, toxicity and oxidative stress.
Curr. Med. Chem. 12: 1161–1208.
Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. 2006. Free radicals,
metals and antioxidants in oxidative stress‐induced cancer. Chem.
Biol. Interact. 160: 1–40.
Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. 2007. Free
radicals and antioxidants in normal physiological functions and
human disease. Int. J. Biochem. Cell Biol. 39: 44–84.
Vantroyen B, Heilier JF, Meulemans A, Michels A, Buchet JP,
Vanderschueren S, Haufroid V, Sabbe M. 2004. Survival after a lethal
dose of arsenic trioxide. J. Toxicol. Clin. Toxicol. 42: 889–895.
Vuyyuri SB, Ishaq M, Kuppala D, Grover P, Ahuja YR. 2006. Evaluation of
micronucleus frequencies and DNA damage in glass workers
exposed to arsenic. Environ. Mol. Mutagen. 47: 562–570.
Wall S. 1980. Survival and mortality pattern among Swedish smelter
workers. Int. J. Epidemiol. 9: 73– 87.
Wang SL, Chiou JM, Chen CJ, Tseng CH, Chou WL, Wang CC, Wu TN,
Chang LW. 2003. Prevalence of non‐insulin‐dependent diabetes
mellitus and related vascular diseases in southwestern arseniasis‐
endemic and nonendemic areas in Taiwan. Environ. Health Perspect.
111: 155–159.
Wanibuchi H, Salim EI, Kinoshita A, Shen J, Wei M, Morimura K, Yoshida K,
Kuroda K, Endo G, Fukushima S. 2004. Understanding arsenic
carcinogenicity by the use of animal models. Toxicol. Appl.
Pharmacol. 198: 366–376.
Wei M, Cohen SM, Cano M, Arnold LL. 2005. Effects of co‐administration
of antioxicants and arsenicals on the rat urinary bladder epithelium.
Toxicol. Sci. 83: 237–245.
Welch K, Higgins I, Oh M, Burchﬁel C. 1982. Arsenic exposure, smoking
and respiratory cancer in copper smelter workers. Arch. Environ.
Health 37: 325–335.
Woods JS, Fowler BA. 1978. Altered regulation of mammalian hepatic
heme biosynthesis and urinary porphyrin excretion during prolonged
exposure to sodium arsenate. Toxicol. Appl. Pharmacol. 43: 361–371.
Wyatt CJ, Fimbres C, Romo L, Méndez RO, Grijalva M. 1998. Incidence of
heavy metal contamination in water supplies in Northern Mexico.
Environ. Res. A76: 114–119.
Yamamoto S, Konishi Y, Matsuda T, Murai T, Shibata MA, Matsui‐Yuasa I,
Otani S, Kuroda K, Endo G, Fukushima S. 1995. Cancer induction by
an organic arsenic compound, dimethylarsinic acid (cacodylic acid),
in F344/DuCrj rats after pretreatment with ﬁve carcinogens. Cancer
Res. 55: 1271–1276.
Yamanaka K, Kato K, Mizoi M, An Y, Takabayashi F, Nakano M, Hoshino M,
Okada S. 2004. The role of active arsenic species produced by
metabolic reduction of dimethylarsinic acid in genotoxicity and
tumorigenesis. Toxicol. Appl. Pharmacol. 198: 385–393.
Yang HT, Chou HJ, Han BC, Huang SY. 2007. Lifelong inorganic arsenic
compounds consumption affected blood pressure in rats. Food
Chem. Toxicol. 45: 2479–2487.

107

J. Appl. Toxicol. 2011; 31: 95–107

Copyright © 2011 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jat

