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Abstract

Arsenic (As) isa ubiquitous metalloid found in several formsin food and the environment, such asthe sail,
air and water. The predominant form is inorganic arsenic in drinking water, which is both highly toxic and
carcinogenic and rapidly bioavailable. As is currently one of the most important environmental global
contaminants and toxicants, particularly in the developing countries. For decades, very large populations have
been and are currently still exposed to inorganic As through geogenically contaminated drinking water. An
increased incidence of disease mediated by thistoxicant isthe consequence of long-term exposure. In humans,
chronicingestion of inorganic ar senic (>500mg/L As) hasbeen associated with car diovascular, nervous, hepatic
and renal diseasesand diabetesmellitusaswell ascancer of theskin, bladder, lung, liver and prostate. Contrary
totheearlier view that methylated compoundsareinnocuous, the methylated metabolitesare now recognized to
be both toxic and carcinogenic, possibly due to genotoxicity, inhibition of antioxidative enzyme functions, or
other mechanisms. Asinhibitsindirectly sulfhydryl containing enzymesand interfereswith cellular metabolism.
Effectsinvolve such phenomenaascytotoxicity, genotoxicity and inhibition of enzymeswith antioxidant function.
These are all related to nutritional factors directly or indirectly. Nutritional studies both in experimental and
epidemiological studies provide convincing evidence that nutritional intervention, including chemoprevention,
offer sapragmatic approach to mitigatethe health effectsof ar senic exposure, particularly cancer, in therelatively
resource-poor developing countries. Nutritional intervention, especially with micronutrients, many of which
are antioxidants and share the same pathway with As, appears a host defence against the health effects of
ar senic contamination in developing countries and should be embraced asit is pragmatic and inexpensive.
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I ntroduction ingestion of inorganic arsenic (>500m/day As) has been
associated with cardiovascular, nervous, hepatic and renal
Arsenic (As) is a naturally occurring metalloid that isdiseases and diabetes mellitus as well as cancer of the
present in food, soil and water. The heavy metal is gkin, urinary bladder, lung, liver and prostate (Gebel,
recognized toxicant and carcinogen present in industri@i000).
settings and in the environment (Shi et al., 2004). As is Epidemiological studies indicate that populations
currently one of the highest priority hazardous substancexposed to high levels of arsenic are susceptible to develop
globally (NRC, 1999). Different types of As are recognizediver, bladder, skin and lung cancer (Cheu et al., 2001;
to exist in the environment and in the human bodySmith et al., 1998; Steinmaus et al 2000; Tseng et al.,
inorganic and organic arsenic. Millions of people arel968; Bates et al., 1992; Schwartz, 1997; Blot and
currently exposed all over the world to this ubiquitousraumen, 1995; Bates et al., 1995). In addition to its
toxicant at exposure levels leading to long-term toxicitycarcinogenic effects, As exposure has been suggested to
particularly cancer (Basu et al., 2001; Gebel, 2000). play a role in black foot disease (a form of peripheral
Exposure to As is a more serious problem invascular disease) (Tseng et al., 1996), type Il diabetes
developing countries where, due to inadequate municipatellitus (Tseng et al., 2000) and cardiovascular disease
potable water supply, many populations resort to sinkin¢Engel et al., 1994).
tube wells which are unfortunately contaminated by Cancer of the liver, common in developing countries
geogenic arsenic. Chronic ingestion of inorganic Ags an important member of the various types of cancer
contaminated drinking water is considered the majoassociated with chronic arsenic ingestion based on
source for the risk to human health. In humans, the chron@pidemiological evidence (IARC, 1987). These health

Department of Pathology, Osaka City University Medical School of Medicine, 1-4-3 Asahi-machi, Abeno-ku Osaka 545-8585,
2Department of Chemical Pathology, College of Medicine, University of |badan, Ibadan, Nigeria, *Japan Bioassay Research Center,
2445 Hirasawa, Hadano, Kanagawa 257-0015, Japan *For correspondence: s-fukushima@jisah.or.jp Fax: 81-463-82-3860

Asian Pacific Journal of Cancer Prevention, Vol 8, 2007 13



John | Anetor et al

effects of exposure or ingestion of arsenic are of majdor several hundred years for As ores. As the centuries
public health significance as over 200 million people, (thgrogressed, As wastes accumulated in the vicinity of the
population of the whole of Africa thirty years ago) largelymine shafts and were swept down from the mountains.
in developing countries, are exposed to As in drinkingJnderground water also became contaminated and As
water. This contamination is currently greatest in Chinagntered the drinking water. For several centuries a
Bangledesh and India where over 60% of drinking watesignificant segment of the population suffered from the
may be affected. disease known then as Reichstein disease, a chronic form
Despite these major health implications of As, itsof arsenicism with accompanying disorders of the liver,
contribution or potential contribution to serious healthskin, the gastrointestinal and nervous systems (Hutchinson,
problems in developing countries is insufficiently 1895). Malignant tumors were also commonly found in
recognized. The primary purpose of this review is to focuReichstein disease. Reichstein disease is now mainly of
on the health or potential (occult) health effects of arsenikistoric significance; improved modern water supplies has
contamination in developing countries, examining thdargely eliminated As from water supplies. This is largely
public health significance, pragmatic methods ofonly true in developed countries. As still constitutes a
prevention of associated toxicity including significant contaminant in water supplies in many
carcinogenicity, and priorities within an economicdeveloping countries (NRC, 1999, Bates et al., 1995). In
framework in which costs, cost-effectiveness and costordoba province in Argentina, for instance, chronic As

benefit analysis will also be highlighted. poisoning accompanied by arsenical skin cancers is
endemic because of the contamination of drinking water
History of Arsenic Exposure derived from rock weathering containing arsenic. The

eradicated Reichstein disease can be easily recreated or

After the Second World War there was a markedimulated as well as the endemic arsenicism in Cordoba
departure from inorganic chemicals as pesticides into thgy protracted use of arsenical insecticide which is common
use of carbon-based or organic pesticides; a few of the developing countries in an attempt to eradicate disease
old materials however persisted (Carson, 2002). Chiefind improve agricultural yield to feed the teeming
among these is As, which is still the basic ingredient in populations in these countries.
variety of weed and insect killers (Carson 2002) whichiThough As contamination largely focuses only on man,
are of particular relevance to developing countries as aks contaminated environment affects also animals. An
attempt to enhance food production to feed the teemingteresting report emanating from Germany in 1936
population, thus accentuating the risk of exposure. illustrates this (Carson, 2002).

Furthermore, As is a highly toxic mineral occurring  Radiation from certain rocks or As washed out of soil
widely in association with the ores of various metals (mangr rocks to contaminate food or water supplies have been
developing countries have a significant proportion of theinssociated with malignancy. The history of cancer is long
economy dependent on mineral exploitation and mining}ut our recognition of the etiologic agents causing it has
and in small amounts in volcanoes, in the sea and in sprifiggen slowly evolving. The first recognition of the
water, a major source of water for many rural populationswvolvement of environmental agents in the carcinogenic
in developing countries. The relations of As to man ar@rocess was first described by Pott (1775). He observed
varied and historic. The tasteless nature of As compoundsat the scrotal cancer so common among chimney sweeps
makes them more dangerous toxicants. This property hasust be caused by the soot that accumulated on their
been exploited to make As a favourite agent of homicidbodies. Though he could not defend his hypothesis in the
from long before the time of ancient poisoners to thetrict scientific manner, modern research methods have
present (Carson, 2002). As is one of the constituents imow isolated the harmful constituents in soot and
English chimney soot and along with certain aromatizindicated Pott. For over a century after Pott’s classical
hydrocarbons is considered responsible for thebservation, very little progress was made on the
carcinogenic action of the soot which was first recognizethvolvement of chemicals in the human environment and
about two centuries ago by the English physician, Percivéheir relationship to cancer by repeated skin contact,
Pott (Pott 1775). The economic situations in mosinhalation or swallowing. However, it had been observed
developing countries imply the use of low technologythat skin cancer was prevalent among workers exposed to
based domestic and industrial processes, many of whi&s fumes in wales (Carson, 2002). It was also observed
are associated with increased generation of soot. that workers in the cobalt mines in Saxony and in the

uranium mines at Joachimsthal in Bohemia were
Association between Arsenic and Cancer in  susceptible to a pathology of the lungs, later identified as
Humans and Animals cancer (Carson, 2002). These events were, however, pre-

industrial, before the explosion of industries, the industrial

Cancer is perhaps the most feared of the consequencgesolution, a phase that most developing countries appear
of exposure to environmental contaminants. Theo be in today, which involves the use of As and its
association between As and cancer in men and animalsdiesmpounds.
historic. Huerper (Huerper, 1957), gives a fascinating A common use of As is as an insecticide. One of the
account of the consequences of exposure to A®arliest pesticides associated with cancer is As, found in
Reichenstein, a city in Silesia, for almost a thousand yeas®dium arsenite as a weed killer, and in calcium arsenate
had been the site of mining for gold and silver ores andnd various other compounds as insecticides. In the district
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of Freiberg, Saxony, smelters for silver and lead pouregeblymorphism (Vahter, 2001). Available evidence suggests
As fumes into the air which was blown out, polluting thethat arsenic biotransformation involves both
surrounding countryside and settling down upon thbioinactivation and detoxification steps (Vahter, 2001).
vegetation. Horses, cows, goats and pigs, which fed drhe possibility exists that DMA plays a significant role
this vegetation, showed signs and symptoms of A arsenic carcinogenicity in humans, therefore,
poisoning, such as loss of hair and thickening of the skiglucidation of the mode and stage at which it exerts or
(Huerper, 1957). Wild animals, such as deer inhabitingommences its deleterious effect deserves attention, as
nearby forests, were also observed to exhibit abnormtiis will enhance not only cancer risk assessment but also
pigment spots and precancerous warts (Carson, 20@gncer prevention strategies. This has received a good deal
Huerper, 1957). of attention recently (Wanibuchi et al., 2004) and will be
Further evaluation indicated that one had a definitelgxamined in greater detail subsequently.
cancerous lesion. Both domestic and wild animals wernother major metabolite of As that is important for its
also affected by arsenical enteritis, gastric ulcers, aridxic and carcinogenic potential is MMA. In combination
cirrhosis of the liver. Furthermore, sheep kept near thwith As metabolites, it has been found to promote
smelters developed cancers of the nasal sinus; and at th#ieoneoplastic lesions in the liver possibly through a
death As was found in the brain, liver and tumors (Carsomechanism of oxidative stress in experimental models
2002; Huerper, 1957). Heavy mortality among insect{Nishikawa et al., 2001). This appears to hold more
especially among bees was also recorded. Rainfaltsircinogenic potential for humans who are more
washed arsenical dust from the leaves of vegetation asdsceptible to the health hazards of As (Goerring et al.,
carried it along into the water of brooks and pools; a gred®99). This is probably of greater significance in
many fish died. Apart from the food chain effect of As theleveloping countries where the biologic processes for
effect on direct agricultural production, including animalbiological protection to arsenicals, such as the immune
husbandry, a major economic activity in many developingystem and the antioxidant defense system, are
countries, is obvious. Detailed studies, includingcompromised (Anetor et al., 2005)
nutritional investigations conducted in Taiwan, showed
an increased rise of blackfoot disease in Taiwan (Tseng$8tudies of Arsenic Metabolites
al., 1996; Valenzuela et al., 2005). Additionally, the
combination of low intake of micronutrients and chronic  Improved understanding of As metabolites is important
exposure to As in drinking water has been considered tcause they are currently considered more potent in
lead to greater susceptibility to carcinogenesis in Taiwaloxicity than inorganic As. Earlier studies on As

(Cheu et al., 2001; Tseng et al., 1968). epidemiology have concentrated on inorganic arsenite
AS(Ill) and arsenate AS(V); experimental evidence was
M etabolism of Arsenics limited until recently (Yamanaka et al., 1989). DMA(V)

has since then been consistently demonstrated to have a
In most mammals, including humans thewide range of carcinogenic effects in F344 rats in our

biomethylation of inorganic As is an essential step for itkiboratory and others around the world. (Yamamoto et
elimination. This leads to the synthesis of organial., 1995) investigated the promotion effects of DMA(V)
arsenicals. Among the most recognized arsenicdh a two-stage carcinogenicity test after multi-organ
metabolites are monomethyl arsenic acid (MMA) andhitiation and found that DMA(V) significantly enhanced
dimethylarsinic acid (DMA). DMA is formed through tumor formation in the urinary bladder, kidney, liver and
alternating reduction of pentavalent arsenate to trivaletite thyroid gland. A study to assess the promotional
arsenite and addition of methyl groups through the actiactivity of DMA(V) on rat liver carcinogenesis and
of methyl transferase enzymes, reactions that require gessible mechanisms involved (Wanibuchi et al., 1997),
adenosine methionine. The metabolites are subsequentising the medium-term bioassay (Ito test) and varying
eliminated through the urine. Cullen et al, (1984) havdoses in drinking water for six weeks, showed that
proposed a sequence for methylation of inorganic AQMA(V) increased the excretion of 8-
though the complete sequence of events is stilydroxydeoxyguanosine (8-OHdG), elevated cell
incompletely elucidated. proliferation (PCNA) and increased the number and areas

of glutathione S-transferase placental form (GST-P)
IAS(V) > IAS(II) > MMA(V) > MMA(II) > DMA(V) positive foci. Ornithine decarboxylase (ODC) was also
> DMA(II increased in the liver exposed to DMA(V); consistent with

dose-dependent promotion of DMA(V), it also increased

The methylation of arsenic was initially considered @xidative DNA damage and increased cell proliferation,

detoxification process. Recent studies have, howevell consistent with the carcinogenic potential of this major
shown that some of these metabolites can also & metabolite.
carcinogenic (Gebel, 2001). Anumber of factors have been In another experiment investigating dose-dependent
identified in different mammalian species, includingpromotion effects of DMA(V) on a medium-term rat
humans, which affect methylation (Bertolero et al., 1981yrinary bladder bioassay, DMA(V) was administered at
Buchet et al., 1980; Tam et al., 1997; Vahter, 1981) Thes®ses ranging from 2 to 100ppm in drinking water for 32
include gender, age, ethnicity, dose, route and form afeeks after BBN initiation. Dimethylarsinic acid exerted
administration, pregnancy, nutritional status and genetitose-dependent promoting activity; 10ppm was the
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minimum effective dose. Increase in 5-bromo-2-of prevailing micronutrient deficiency disorders which are
deoxyuridine (BrdU) labeling index was observedendemic in these countries (Underwood and Smitasiri,
suggesting that enhanced turnover may play a major rol999). Micronutrients are the source of most antioxidant
in the profound promoting effect of DMA(V) (Li et al., agents; this puts populations in these countries at a greater
1998). Though most earlier studies largely examined thdisadvantage to the health effects of As.

promotional effects of DMA(V), there are indications it  Additionally, enzymes may become inactive due to
may have other potentials. Previous investigators (Li edirect binding of As to their active sites, especially if the
al., 1998; Chen et al., 1999) have reported that DMA(V}ites contain sulphydryl groups (Quig, 1998). Furthermore,
demonstrated promotional effects in the National Cancetinc, which serves as a cofactor for many enzymes, may
Institute (NCI) - Black Reiter rat (NBR), which is more be replaced by As making the enzyme inactive. Zinc
resistant to BBN urinary bladder carcinogenesis comparedeficiency is prevalent in most developing countries
to other strains. Additionally, NBR rats, which lack alpha-(Gibson, 1994). Zinc interestingly is essential for vitamin
2-globulin-synthesizing ability, demonstrated induction ofA metabolism and deficiency of vitamin A predisposes to
preneoplastic lesions (papillary or nodular hyperplasiagancer and skin disease, thus potentiating the effect of
of bladder in the DMA(V) treated group (Wanibuchi etAs. All these in concert will put populations in developing
al., 1996). It is noteworthy that the induction of countries at greater risk to the adverse health effects of
preneoplastic lesions was significantly more increased iAs contamination. As previously indicated, As is
the DMA(V) treated group than the carcinogen BBNassociated with several diseases including diabetes (Lai
treated group. Furthermore, carcinomas were enhancedlal., 1994), hypertension (Chen et al., 1995) and tumors
as well as increased in BrdU labeling index of the urinarpf the skin, bladder, liver and lungs (Chen and Wang,
bladder epithelial cells for the DMA(V) treated group. 1t1990). The mechanisms by which As may induce cancer
is probable that apart from promotion activity, DMA(V) have not been fully elucidated (NRC, 1999; Modi et al.,
may also have initiation potential in some of these2004). However, besides various mechanisms that have
experiments. been proposed, oxidative stress is currently the theory most

These observations have a number of far reachingccepted as the major factor in arsenic-induced
implications for developing countries that are at greatetarcinogenesis. Arsenic-induced oxidative stress has been
risk of As exposure. This may be aggravated by the knoweomprehensively reviewed by Kitchen et al (Kitchen,
interaction between infections and chemicals in2001) and Bernstam et al (Bernstam and Nriagu, 2000).
carcinogenesis (Clayson, 2001). This may arise from thidowever, recent reports (Cohen et al., 2006) are beginning
inflammatory changes associated with infections, whictio challenge the oxidative stress phenomenon in arsenic
may enhance the effect of chemicals through oxidativenduced carcinogenesis as the major factor in this disorder.
damage and consequently the carcinogenic process. ToXibis is yet to be universally recognized. It remains to see
metal exposure, though strictly controlled and rathehow the scientific community will receive this emerging
uncommon in the developed countries, is seen quite ofteroncept.
in developing countries (Ercal et al., 2001), putting them Malnutrition in developing countries implies greater
at greater risk of toxic metal associated pathology. vulnerability to arsenic-induced cancer and other non-

communicable diseases, which are already known to be
Mode of Arsenic Toxicity and its Health  steadily on the increase in many developing countries
Effectsin Developing Countries (Parkin et al., 1993). The contribution of As to the raised

disease burden in these countries is uncertain, but it is

Like other heavy metals As has electron-sharingnost likely to be substantial given the huge population
affinities that can result in formation of covalentingesting As in drinking water and the geogenic nature of
attachment (Bondy, 1996). These attachments are mainys. Various lines of evidence for arsenic-induced free
formed between heavy metals and sulphydryl groups ohdical formation have been suggested (Ercal et al., 2001).
proteins (Quig, 1998). The tripeptide, glutathione (GSH),
found in mammalian tissues including humans, is presefthese include:
at millimolar concentrations and accounts for over 90% 1) Direct evidence for arsenic-induced free radical
of the total non-protein sulfur. The physiological andformation
pathological roles of GSH in cellular damage, including 2) Indirect evidence for arsenic-induced oxidative
those due to As, are well recognized (Meister, 1994)tress
Interactions of toxic metals with GSH metabolism are an  3) Effects of arsenic on cellular antioxidant defense
essential part of the toxic response of many metalsystems
(Hultberg et al., 2001), including As.

When GSH is depleted by any metal, GSH Biomakers of oxidative stress have been reported with
synthesizing systems adjust to make more GSH frorarsenite treatment over the last decade 8-OHdG, a major
cysteine via the _-cysteine glutamyl cycle, GSH is usuallppiomarker of ROS-induced DNA damage, has been
not effectively maintained, if GSH depletion continuesassociated with As exposure. Yamanaka et al(2001)
because of chronic ingestion of As in drinking water (Quigpbserved increased 8-OHdG in urine samples of mice
1998; Meister, 1994). Several enzymes involved irgavaged with 220 mg/kg of DMA(V). Furthermore, in a
antioxidant defenses may protect against this imbalanckng-term carcinogenesis study of rats, hepatic 8-OHdG
This is most unlikely in most developing countries becauskevels were found to be raised in DMA-treated rats,
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suggesting an increased rate of ROS attack on DN#A economically advanced countries like the United States
(Wanibuchi et al., 1997). One possible implication of thiddid not exhibit these health effects (Valentine et al., 1992;
in developing countries is greater genome instabilitiesSouthorick et al., 1983; Harrington et al., 1978). This
which is the precursor of proliferative disorders and maguggests the possibility that other factors may play
indeed be contributory to the rising incidence ofsignificant roles in the expression of chronic As toxicity,
malignancies in developing countries (Parkin et al., 1993ncluding differences in duration of exposure to As and
Phillip, 1985) where extensive populations in thesemportantly to nutritional status.
countries consume As in drinking water. Direct studies on the effects of nutrition on As toxicity
have been hindered by lack of an adequate animal model
Carcinogenicity and Arsenic Contamination  of chronic As toxicity and carcinogenicity. Nutritional
status in developing countries may be particularly relevant
As ground waters are contaminated with toXicin that populations exhibiting As toxicity have mostly been
substances and other chemicals, there is danger that Rise of low economic status and also suffering from some
only poisonous but also, cancer producing substances al8gree of malnutrition (Gebel, 2001).
being introduced into the public water supplies. AnNutritional studies in Chile revealed that food energy and
investigation at the National Cancer Institute (NCl) in USAtota| protein intakes below the recommended da”y
warned long ago that the danger of cancer hazards froglowances (Zaldivar et al., 1978) are equivocal. The
the consumption of contaminated water will growpossible effect of the possible risk factor of low protein
considerably within the foreseeable future (Carson, 200%jiet and health effects of As contamination in
Huerper, 1957). Indeed a study in Holland in the earlyjisadvantaged populations prompted Engel and Receiveur
1950s (a period comparable to the phase of developmefitngel And Receiveur, 1993) to study low protein diet.
in most developing countries) provides support for therhey found that the exposed population in Taiwan had
view that polluted water ways may carry a cancer hazargyotein and methionine intakes that met recommended
Cities Obtaining their drinking water from rivers had dlevels. This may however not be representative of the
higher death rate from cancer than did those whose WatRfajority of the population in developing countries.
supply came from sources presumably less susceptible igoreover, questions have been raised whether the cysteine
pollution, such as wells (Carson, 2002). and methionine levels they suggested as being required
As, the environmental contaminant most clearlyfor detoxification of As toxicity are below the methylation
established as causing cancer in man, has been reporeghacity needed to detoxify extra As burden, even though
in two historic cases in which polluted water supplieghose levels may be adequate for normal populations (Beck
caused wide spread occurrence of cancer. In one case, &sy| ., 1995) Mushak and Crocetti (Mushak and Crocetti
came from the slag heaps of mining operations, (an activityggs) have argued theoretically that these micronutrient
on the increase in Nigeria and other developing countriggyels may still be adequate.
as previously indicated) (Carson, 2002; Phillip, 1985).  pifferent micronutrients have different effects on the
These conditions may easily be enhanced in areas gfxicity of metals; these have also been shown to exhibit
mining activities when the As content of the earth crust igjifferent manifestations in different regions of developing
brought to the surface. The surface in such areas becomgsintries. Selenium deficiency has been known to be
heavily contaminated with As. The rains then carry pargndemic in China, giving rise to disorders such as Keshan’s
of the As into streams, rivers and reservoirs, as well agisease and Kaschin Beck’s disease. Selenium status has
into the vast subterranean seas of ground water. This feen demonstrated to be inversely related to the risk of
turn carries with it higher carcinogenicity events in thenepatocellular carcinoma mortality (Sakoda et al., 2005).
affected communities. It is also considered that As contamination may be
. ) . contributory to hepatocellular carcinoma. Selenium
Nutritional Status and its Effect on Arsenic  geficiency has been suggested to play a role in arsenic-
Contamination and Health in Developing associated health abnormalities. The role of selenium
Countries deficiencies in arsenic-induced skin cancer has also been
discussed (Wagner et al., 1979). A study conducted by
Among the factors that influence cellular response andlalentine et al (Valentine et al., 1994) initially evaluated
susceptibility to environmental contaminants, includingthe differences in selenium intakes between populations
As, nutrition has received increasing recognition in recent rural northern Mexico and a region in California known
years (Chow, 2002). Although the mechanism of chronito be exposed to equal levels of As in drinking water but
As toxicity is not fully understood, studies of populationsexhibiting different degrees of toxicity. This study
in Taiwan (Tseng et al., 1968), Chile (Bogono and Greibeinterestingly revealed that the only difference nutritionally
1971; Bogono et al., 1977) and Mexico (Cerbian et alfrom the recommended daily allowances was a greater
1983), living in regions endemically contaminated withlack of vitamin A in the Mexican study. It is noteworthy
As (0.3-0.8mg/L) in drinking water, have manifested thehat vitamin A, which plays an essential role for normal
well known signs of As toxicity such as vision, growth, immune function and maintenance of
hyperpigmentation, keratosis, skin cancer and black fo@pithelial cells (disorders of which increase
disease (NRC, 1999; Cheu et al., 2001; Smith et al., 1998arcinogenicity), is one of the major deficient
Tseng et al., 1968; Tseng et al., 1996). micronutrients of current focus by the international
Some other populations exposed to similar As levelsommunity in the developing world (Levin et al., 1993).
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These studies in humans, along with an understanding sfiggests that As appears to abolish the anti-carcinogenic
how various forms of As exert their toxicities andeffects of selenium (Schrauzer et al., 1978), though this
carcinogenicities, how they are metabolized and detoxifiecequires further clarification to demonstrate the benefit
or ameliorated, and other ways by which As may effectf the protective role of selenium against As toxicity. More
populations in developing countries may provide betterecent studies tend to confirm this protective effect.
insight into how nutritional status may enhance hosE&elenium is now known to alleviate As toxicity (Sakoda
defenses against As toxicity, and the corollary, howet al., 2005). Selenium ion also partially reverses or
endemic deficiencies of protective micronutrients put thg@revents the uncoupling of oxidative phosphorylation by
populations in the developing world at greater risk of tharsenate (Hill, 1975). Selenium has also been reported to
deleterious health effects of As toxicity. decrease the teratogenic toxicity of arsenate in
This may be particularly important in the case ofexperimental models when both selenate and arsenate salts
cancer in which As has been strongly implicated. Mosare administered simultaneously (Ferm, 1977).
cancers develop from a single abnormal cell through All of the above observations suggest that adequate
several successive rounds of mutations and natural even extra selenium in the diet may alleviate the health
selection. This process commences with a change in tledfects associated with As contamination in the
cell's DNA sequence. DNA damage has to occur duringpopulations at risk in developing countries.
its replication and there exist several phenotypic Further studies on arsenic-essential nutrient
expressions of this alteration. The study of the biochemicahteractions show decreases in selenium and iron levels
and molecular alterations during cell transformation areluring the progression of black foot disease in which As
the central theme of many research activities regardinigas been implicated (Tseng et al., 1996; Wang et al., 1994).
As toxicity and carcinogenicity. These are usuallyThe interaction between As and protein-containing food
regulated by enzymes and processes dependent substances deserves some attention concerning As related
micronutrients or modulated by them. health effects. Trivalent arsenicals, such as arsenite,
interact with sulphydryl containing amino acids, peptides
Diet and Mechanisms of Arsenic Toxicity:  and proteins (Winski and Carter, 1995). Arsenite exerts
Implicationsfor Developing Countries its cellular toxicity by binding major sulphydryl groups
resulting in enzyme inhibition. As earlier indicated, GSH
Pentavalent arsenic, As(v), is chemically similar tois a thiol tripeptide and antioxidant that plays a key role
phosphorus. Arsenate uncouples oxidativen many xenobiotic detoxification reactions, including As
phosphorylation by substitution for phosphate in ATPdetoxification. Several studies have demonstrated that
synthesis (Mitchell et al., 1971; Gresser, 1981). Oneellular toxicity is inversely related to intracellular GSH
implication of this is reduced energy for work performancdevels and that As toxicity is exacerbated by GSH
in countries that are dependent mainly on manual or sendepletion. But GSH level is dependent on the nutritional
manual operations, which will in turn result in low status of the subjects (Bray and Taylor, 1993). The sources
productivity and poor economy and health. of sulphur amino acids on which GSH is dependent
That phosphate and arsenate can share the sammaderstandably are low when intake of the sulfur amino
transport mechanism has been demonstrated by decreaseds is low in the diet. Thus, content of low sulfur
intestinal absorption of arsenate with phosphate infusiooontaining amino acids or poor protein diets (common in
in the rat (Gonzatez et al., 1995), owing to the considerablieveloping countries) generally leads to low GSH
abundance of phosphate in most natural foodsavailability, and this is associated with more pronounced
Theoretically, dietary phosphate could competitivelyarsenic-induced cellular toxicity (Baunnann et al., 1988).
displace arsenate uptake and decrease the toxicity of Roor protein diet also aggravates As toxicity in another
from contaminated drinking water. manner; low intake of sources of methyl groups, such as
The use of phosphate supplement to amelioratmethionine, choline or protein, decrease As excretion
arsenic-induced health effects has been largely unexplorg@specially excretion of the major metabolite DMA(V) in
Phosphorus, being so abundant in natural foods thatine) and enhances retention of As in tissues (Vahter et
deficiency states are uncommon, naturally may indeedl., 1987). Diets deficient in good sources of methyl
have offered some degree of protection against As relatetbnors, such as methionine and choline, decrease S-
health effects. There is need for a proper investigation @denosyl methionine (SAM) levels, thus enhancing
this possibility to understand the decreased risk, if anyntoxification processess (Shivapurkar and Poirier, 1983).
that phosphate offers in these populations, and th&inc is another essential micronutrient that is deficient in
converse owing to famine and starvation common imajor developing countries, especially in Africa (Gibson,
developing nations. 1994). Zinc induces increased synthesis of the low
Another chemical similarity exists between As andmolecular-weight, cysteine rich metal binding protein,
selenium, which generally allows for antagonistic effectsnetallothionein (MT), suggesting that As toxicity can be
between both metalloids (Levander, 1977). Unlike thelecreased by this mechanism, and thus the prevalence of
situation with phosphate no interaction exists between Azinc deficiency in these resource poor countries may
and selenium at the gut level. Instead, As and seleniupredispose them to the adverse effects of As exposure.
each enhances the biliary excretion of the other (Levand&xperimental evidence, however, suggests that this
and Baumann 1966). This mechanism may be useful imechanism may not account for the protection zinc offers
controlling As ingestion. But a report in the late 1970'sagainst arsenic toxicity (Kreppel et al., 1994). Despite the
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uncertainty of the mechanism of the tolerance to As Famine and starvation, which are common in many
toxicity, optimum or even above average zinc intake igleveloping countries especially in Africa as a result of
associated with increased elimination of As. Thus, effort&ars and other social strife, may aggravate the health
to improve zinc nutrition in developing countries in whichéffects of As contamination in these countries. Chronic
As contamination is a major public health concern magxposure to As may result in mitochondrial changes that
be a pragmatic measure to ameliorate the health probledaock coenzymes and enzymes such as lipoic acid and
of As contamination. dehydrogenase involved in bioenergetics and ultimately
hypoglycaemia. The inhibition of pyruvate dehydrogenase
Oxidative Stress Associated with Arsenic  gluconeogenesis (Szsinicz and Forth, 1988) may also
Contamination contribute to this, suggesting that protein and
micronutrients may be more important than carbohydrate

While the modes of action are complex anddeficiency caused by suppression of gluconeogenesis,
multifarious, increased oxidative stress is directly owhich may aggravate As poisoning. Studies in
indirectly responsible for causing and/or exacerbating thexperimental models show that starved rats were more
adverse effects from exposure to a number osusceptible to As(lll) than rats with free access to food
environmental agents (Chow 1991), including As.(Szsinicz and Forth, 1988). Starvation, so common in some
Oxidative damage, which may exacerbate many of théeveloping countries at risk of As contamination, may
various pathologies already prevalent in the majogIso involve other important nutritional factors.
developing countries, is a consequence of decreaség pointed out earlier As exposure may play a role in the
antioxidant potential and increased oxidative stress (Chodevelopment of diabetes mellitus, based on studies of the
1979). Current hypotheses favour the view that loweringssociation with As in drinking water in Taiwan (Laim et
oxidative stress can have clinical benefit. More and moral., 1994) in addition to occupational exposure to As in
evidence indicates that a proper balance between oxida@pper smelter workers in Sweden (Rahman and Axelson,
and antioxidants is involved in maintaining health andL995), reminiscent of what happens in smelters dotted all
longevity and that altering this balance in favour ofover many developing countries.
oxidants may result in pathological responses causing Nutritional modulation by way of supplements may
functional disorders and disease. attenuate the degree of As toxicity and carcinogenicity.

The metabolism of As generates reactive oxyged\rsenite-associated bone marrow chromosomal
species that may lead to the damage of majoaberrations were found to be reduced in experimental
biomolecules, including DNA, proteins, lipids and othermodels fed crude garlic extract (Roychoudhury et al.,
body constituents of which these are component part$996). The beneficial effect may derive from arsenite’s
including antibodies. affinity for the sulphur moieties in many of the chemical

As concentrations in tissues such as the liver, heagonstituents of garlic extract. This garlic and the related
and kidneys have been positively correlated with lipidonions, which are fortuitiously common in the regions
peroxidation in rats (Ramos et al., 1995). Studies in humaahere As contamination is most prevatlent, can, through
fibroblasts (Lee and Ho, 1995) with arsenite indicate tha@ppropriate health education, be employed in prophylaxis
it induces the body’s antioxidant activities. against the adverse health effects of As contamination.

Arsenite has been reported to induce haem oxygenasB)is experimental report has recently been corroborated
resulting in haem degradation, iron release and decread® the observation of Fukushima et al (2001) that
in the cytochrome P450 biotransformation enzymes th&nvironmental compounds are likely involved in the
are involved in both endogenous and xenobioticlevelopment of many human cancers, that their
metabolism (Albores et al., 1995). Another majorelimination would prevent cancer. But this is not practical,
antioxidant, enzyme superoxide dismutase(SOD) activitghus it is important to search for naturally occurring or
was also increased by sodium arsenite treatment of humayinthetic compounds that may suppress or prevent the
fibroblasts (Lee and Ho, 1995), again reiterating the rolgrocess of carcinogenesis. As contamination appears a
of antioxidants in combating the health disordersvery appropriate candidate for chemo-preventive
associated with As contamination. intervention.

The dietary antioxidants, vitamins A and E, may also  This view also appears consistent with epidemiological
alleviate As toxicity and can be manipulated as a dietargnd experimental observations that strongly correlate the
tool against As contamination. Experimental studieglietary intake of food, vegetables and medicinal plants
confirm that supplementation of vitamin E could at leaswvith reduced risk of cancer and other health problems
in part prevent arsenite-induced death of human fibroblast¥vattenberg, 1990; Steinmetz and Potter, 1991; Sultana
(Lee and Ho, 1994). et al., 2005). Whatever the mechanisms and degree of

A pragmatic and sustainable method of deriving th&ctual success achieved with nutrients, it is clear that
benefit of the antioxidant defense system against the hugiitritional status may play an important role in the
problem of As contamination in developing countries is2xpression of As toxicity. The recent study of Wei et al
copious dietary intake of fruit and vegetables, particularl2005) on effects of co-administration of antioxidants and
coloured vegetables (rich in vitamin A afiecarotene), arsenicals and the inhibitory effects of antioxidants in
which have been inversely associated with the odds ratfJadder carcinogenesis again elegantly demonstrates the
of lung cancer in tin miners at high risk of arsenic exposurgromise of micronutrients to pragmatically combat the
and associated risk factors (Forman et al., 1992). serious health effects of As contamination in affected
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populations. controlling toxic exposure generally are to remove the

In the past it was thought that the most importanaffected individuals or population from the site of the
nutritional factor, at least in principle, is adequate proteirxposure or to remove the source of exposure.
intake for the detoxifying methylation reactions. With the  In the case of As contamination, very large populations,
demonstration of the carcinogenic nature of some of thebout 200 million people globally, particularly in India
major methylated compounds of As (Sultana et al., 2005nd the Gunga-Meghna-Bruhmaptura (GMB) of
WEei et al., 2005; Wei et al., 1999; Wei et al., 2002); this iBangladesh. Under such circumstances, it is impracticable
unlikely. Rather it is most probable that given the moddo remove everyone from exposure or to remove the source
of toxicity of As largely through oxidative stress, itis likely of exposure. In situations like this, nutritional intervention
that micronutrients, which are constituents of theas a form of chemoprevention may prove to be the best
antioxidant defense system, may be more effective d®wst defense against As contamination and it appears
weapons against the adverse health effects of Awithinthe reach of these relatively resource poor countries.
contamination in developing countries. The fact thafThus, the nutritional intervention approach will go a long
studies of highly exposed populations from developingvay to mitigate the problem of As contamination of these
countries have been employed as the basis for settihgrge populations in developing countries, which
regulatory levels in other countries implies that the effeceventually affects their health and ultimately their
of nutritional status on As contamination occupies a centraconomy - a vicious circle.
position in combating the adverse health effects of As.
Furth_e_r studi_es are, however, required t(_) deterrr_]ine thReferences
specific nutrients that are more protective against As
toxicity and to fully establish if correction of dietary Albores A, Cebrian ME, Bach PH, et al (1995). Sodium arsenite
deficiencies will be adequate to handle the magnitude of induced alteration in bilirubin excretion and heme
the As burden or whether megadoses will be required metabolismJ Biochem Toxicol, 69, 498-504.
remains speculative. Though the recent study of Islam énetor JI, Yaqub SA, Akingbola TS, et al (2005). Mixed chemical
al (2004) on the manipulation of air and bacteria in tc'inc'i'Fy associated oxidative st_r_essin_occ_upational exposure:
controlling As contamination in water is promising, its ~ Significance for genome stability. Nigerian Association of

. . . . . Clinical Chemists, Bi-Annual Scientific Conference,

application in the poorly educated populations in

. . . oo 1 University of Calabar, Nigeria, Book of Abstracts,pp 19-20.
developing countries may be fraught with difficulties. g, A, Mahara J, Gupta S, et al (2001). Genetic toxicology of

a paradoxical human carcinogen, arsenic: a re\Navat
Conclusions Res, 488, 171- 94.
Bates MN, Smith AH, Cantor KP (1995). Case control study of
As contamination is undoubtedly a problem in many  bladder cancer and arsenic in drinking waerJ Epidemiol,
developing countries, although the true magnitude of the 142, 523-30.
problem in some others, particularly in Africa, is Bates MN, Smith AH, Hopenhayn-Rich C (1992). Arsenic
incompletely elucidated. Scattered reports and ingestion and internal cancers: a reviédm J Epidemiol,

experimental evaluations indicate that the burden there Esauier;:r?nzgf'smth TK, Bray TM (1988). The effect of dietary
also large. ! ’ ’

o ) o proteins and sulfur amino acids on hepatic glutathione
Data from mechanistic studies indicate that concentration and glutathione dependent enzyme activities

micronutrients have a significant role in modulating the  in the rat.Can J Physiol Pharmacol, 63, 1048-52.

toxicity of As. Beck BD, Boardman PD, Hook GC, et al (1995). Response to
Micronutrients interact with As at various stages in  Smith et al (Letter)Environ Health Perspect, 103, 15-7.

the body-affecting metabolism, including absorption,BerstamL, Nriagu J (2000). Molecular aspects of arsenic stress.

distribution and excretion. One other mechanism is J ToxEnviron Health B, 3, 293-322.

oxidative stress, which accompanies micronutrienB€rto/ero F, Maranfate E, Rande JE, et al (1981).

deficiency disorders so common in these countries. One B'OtranSforma.t'on and. intracellular b'n.d'.ng O.f arsenic in

. . .y o . . . tissue of rabbits after intracellular administration of 74 As

|mpl|c§t|on of this is that populations in Qevelop_lr)g labeled arsenitefoxicology, 20, 35-44.

countries who unfortunately also consume diets deficierjot wJ, Fraumeni JF Jr (1975). Arsenical air pollution and

in micronutrients will also be increasingly susceptible to  jung cancerLancet, 2, 142-4.

the adverse health effect of As. Bogono JM, Greiber R (1971). Estudio epidemiologico el
Evidence abounds that adequate diet can ameliorate arsenicismo en la ciudad de Anto faga&eu Med Chile,

the deleterious effects of As contamination. The studies 99, 702. _ o

that have evaluated the effects of nutritional status on AB090n0 JM, Vincent P, Venturiano H, et al (1977). Arsenic in

toxicity will also facilitate the process of risk assessment 1 drinking water of the city of Antofagasta: epidemiological
. . and clinical study before and after the installation of the
in these populations.

treatment plantEnviron Health Perspect, 19, 103-5.

) Addi_tionally, t_h_e opportunity pr0\_/ide_d by the Bondy SC (1996). Oxygen generation as a basis for neurotoxicity
interaction of nutrition with As contamination shows  py metals. In: Toxicology of Metals. Chang LW, Eds CRC

clearly that this is a pragmatic approach to curtail the press Boca, Raton, pp 699-706.
adverse health effects of As contamination. Consequentlgray TM, Taylor CG (1993). Tissue glutathione, nutrition and
it is no longer acceptable to ignore the effects of nutrition oxidative stressCan J Physiol Pharmacol, 71, 746-51.

on the health of the huge population of humans exposéichet JP, Lauwerys R, Roels N (1980). Comparison of several
to As contamination. The traditional methods for  Methods for the determination of arsenic compounds in water

20  Asian Pacific Journal of Cancer Prevention, Vol 8, 2007



Micronutrients for Protection Against Arsenic Exposurein Asia

and urine. Their application for the study of arsenicGonzatez MJ, Aguilar MV, Martinez-para MC (1995).

metabolism and for monitoring of workers exposed to  Gastroinstinal absorption of inorganic arsenic(v): the effect

arseniclnt Arch Occup Environ Health, 46, 11-29. of concentration and interactions with phosphate and
Carson R (2002). Elixirs of Death. In Silent Spring. A Mariner  dichromateMet Hum Toxicol, 37, 131-6.

Book, Houghton Mifflin Company, Boston, pp 17-18, 219- Gresser MJ (1981).ADP-arsenate formation by submitochondrial

23. particles under phosphorylating conditiodsBiol Chem,
Cerbian ME, Albores A, Aguilar M, et al (1983). Chronic arsenic 256, 5981-3.
poisoning in North MexicoHuman Toxicol, 2, 121-33. Harrington JM, Middaugh JP, Morse DL, et al (1978). A survey

Chen CJ, Hsueh YM, Laiu MS, et al (1995). Increased prevalence of a population exposed to high concentrations of arsenic in
of hypertension and long-term arsenic exposure. well waterin Fairbanks, AlaskamJ Epidemiol, 108, 377-
Hypertension, 25, 53-60. 85.

Chen JC, Wang CJ (1990). Ecological correlation betweehlill CH (1975). Interrelationship of selenium with other trace
arsenic level in well water and age-adjusted mortality from  elementsFASEB J, 34, 2096-100.
malignant neoplasm&ancer Res, 50, 5470-4. Huerper WC (1957). Newer developments in occupational and

Chen T, Na Y, Wanibuchi H, et al (1999). Difference of promoting  environmental canceAMA Arch Int Med, 100, 487-503.
activating and loss of heterozygosity betweenHultberg B, Andersson A, Isaksson A (2001). Interaction of
dimethylarsinic acid and sodium L-ascorbate in F1 rat metals and thiols in cell damage and glutathione distribution:
urinary bladder carcinogenesis. Arsenic Exposure and Health  potentiation of mercury toxicity by dithiothreitgbxicology,
Effects. Chappell WR, Abernathy CO, Calderon RL(eds), 156, 93-100.

Elsevier Science, pp 263-6. Hutchinson (1895). On some examples of arsenic keratosis of

Cheu NY, Cheu ST, HSU, et al (2001). Incidence of transitional ~ the skin and of arsenic canc@rans path Soc Lond, 39,
cell carcinoma and arsenic in drinking water: a follow upin ~ 352-93.

102 residents in an arseniasis-endemic area in northeastd&RC (International Agency for Research on Cancer) (1987).

Taiwan.AmJ Epidemiol, 153, 411-8. Monograph on the Evaluation of Carcinogenic Risk to
Chow CK (1979). Nutritional influences on cellular antioxidant ~ Humans: Over all evaluation — carcinogenicity: an updating
defense systemAm J Clin Nutr, 32, 1066-8. of IARC monographsl- 42 (suppl 7).
Chow CK (1991). Vitamin E and oxidative streSsee Rad Biol Islam FS, Gault AG, Boothman C, et al (2004). Role of metal-
Med, 11, 215-52. reducing bacteria in arsenic release from Bengal delta
Chow CK (2002). Antioxidant nutrients and environmental  sedimentsNature, 430, 68-71.
health: IntroductionToxicology, 180, 1-3. Kitchin KT (2001). Recent advances in arsenic carcinogenesis:
Clayson DB (2001). Toxicological Carcinogenesis. Lewis  Modes of action of animal model systems and methylated
PublishersBoca Raton, pp 26, 158. arsenic metabolite3oxicol Appl Pharmacol, 172, 249-61.

Cohen SM, Amold LL, Eldan M, et al (2006). Methylated Kreppel H, Liu J, Liu Y, et al (1994). Zinc-induced arsenite
arsenicals: the implications of metabolism and tolerance in mice-undam Appl Toxicol, 23, 32-7.
carcinogenicity studies in rodents to human Gkt Rev Lai MS, Hsueh YM, Chen CJ, et al (1994). Ingested inorganic
Toxicol, 36(2), 99-133. arsenic and prevalence of diabetes mellAnsJ Epidemiol,

Cullen WR, McBride BC, Reghinski J (1984). The reaction of 139, 484-92.
methylarsenicals with thiols: some biological implications.Lee TC, Ho IC (1994). Differential cytotoxic effects of arsenic
J Inorg Biochem, 21, 179-93. in human and animal cell&€nviron Health perspect,

Engel RR, Hopenhayn RC, Receiveur O, et al (1994). Vascular 102(suppl 3), 1001-105.
effects of chronic arsenic exposure: a revigpidemiol Rev, Lee TC, Ho IC (1995). Modulation of cellular antioxidant

16, 184-209. defense activities by sodium arsenite in human fibroblasts.
Engel RR, Receiveur O (1993). Arsenic ingestion and internal  Arch J Toxicol, 69, 498-504.
cancers: a review (Letterhm J Epidemiol, 138, 896-7. Levander OA (1977). Metabolism interrelationships between

Ercal N, Guerer-Orhan H, Aykin-Burns N (2001). Toxic metals  arsenic and seleniurnviron Health Perspect, 19, 159-64.
and oxidative stress, part I: Mechanisms involved in metal.evander OA, Baumann CA (1966). Selenium metabolism. VI:

induced oxidative damag€urr Top Med Chem, 1, 529-9. Effect of arsenic on the excretion of selenium in the bile.
Ferm VH (1977). Arsenic as a teratogenic agemiron Health Toxicol Appl Pharmacol, 9, 106-15.
Perspect, 19, 215-7. Levin HM, Poll EE, Galloway R, et al (1993). Micronutrient

Forman MR, Yao SX, Graubard B, et al (1992). The effect of  deficiency disorders. In: Jamison DT, Mosley WH, Measham
dietary intake of fruits and vegetables on the odd ratio of AR, Bobadilla JL eds. Disease control priorities in
lung cancer among Yunan tin minehst J Epidemiol, 21, developing countries. Oxford Medical Publications
437-41. (Published for the World Bank) Oxford, pp 21-451.

Fukushima S, Takada N, Wanibuchi H, et al (2001). Suppressidd W, Wanibuchi H, Salim El, et al (1998). Promotion of NCI-
of chemical carcinogenesis by water soluble organosulfur Black-Reiter male rat bladder carcinogenesis by
compounds. In: Recent Advances on the Nutritional Effects  dimethylarsinic acid, an organic arsenic compoathcer

Associated with the Use of Garlic as a SupplemENtitr, Lett, 134, 29-36.

131, 1049s-53s. Meister A (1994). Glutathione, ascorbate and cellular protection.
Gebel TW (2000). Genotoxicity of arsenical compounds.Jint. Cancer Res, 54 (suppl), 1969s-75s.

Hyg Environ Health, 203, 249-62. Mitchell RA, Chang BF, Huang CH, et al (1971). Inhibiton of
Gebel TW (2001). Unanswered questions in arsenic toxicology. mitochondrial energy-linked functions by arsenate: evidence

J Environ Pathol Toxicol Oncol, 20, 299-309. for a non-hydrolytic mode of inhibitor actioBiochemistry,
Gibson R (1994). Zinc nutrition in developing countrisstr 10, 2049-54.

ResRev, 7, 1-73. Modi M, Gupta R, Prasad GBKS, et al (2004). Protective value
Goerring PI, Aposhian HV, Mass J, et al (1999). The enigma of of concomitant administration of trace elements against

arsenic carcinogenesis: role of metaboli$axicol Sci, 49, arsenic toxicity in rats] Tissue Res, 4, 257-62.

5-14. Mushak P, Crocetti AF (1995). Risk and revisionism in arsenic

Asian Pacific Journal of Cancer Prevention, Vol 8, 2007 21



John | Anetor et al

cancer risk assessment in arsenic cancer risk assessment. gluconeogenesigrch Toxicol, 61, 444-9.

Environ Health Perspect, 103, 684-9. Tam GK, Charbonneau SM, Bryce F, et al (1997). Metabolism
Nishikawa T, Wanibuchi H, Ogawa M, et al (2001). Promoting  of inorganic arsenic (74As) in human following oral

effects of monomethylarsonic acid, dimethylarsinic acid, and ingestion.Toxicol Appl Pharmacol, 50, 319-22.

trimethylarsine oxide on rat liver preneoplastic glutathioneTseng CH, Chong CK, Chen CJ, et al (1996). Dose-response

S-transferase placental form positive foci: a possible reactive relation between peripheral vascular disease and ingested

oxygen species mechanismt J Cancer, 100, 136-9. inorganic arsenic among residents in black foot disease
NRC (National Research Council) (1999). Arsenic in the villages in TaiwanAtherosclerosis, 120, 125-33.

Drinking Water. National Academy Press, Washington, Dc,Tseng CH, Chong CK, Heng LT, et al (2000). The incidence of

pp 1-310. type Il diabetes mellitus in Taiwabiabetes Res Clin Pract,
Parkin DM, Pisani P, Ferlay J (1993). Estimates of the world 5 (suppl), s61- 4.

wide incidence of eighteen major cancénsJ Cancer, 54, Tseng WP, Chu HM, How WW, et al (1968). Prevalence of skin

594-606. cancer in an endemic area of chronic arsenicism in Taiwan.
Phillip PR (1985). Arsenic exposure: Health effects and the risk  J Natl Cancer Inst, 40, 453-63.
of cancerRev Environ Health, 5, 27-57. Underwood B, Smitasiri S (1999). Micronutrient malnutrition:

Pott P (1775). Chururigical observation relative to the cataract, Policies and programs for control and their implications.
the polypus of the nose, the cancer of the scrotum, the Ann Rev Nutr, 19, 303-24.
different kinds of ruptures and the modification of the ToesVahter M (1981). Biotransformation of trivalent inorganic arsenic

and Feet; James Clarke and Gillie, London. in mice and ratsEnviron Res, 25, 286-96.
Quig D (1998). Cysteine metabolism and metal toxigityMed Vahter M, Concha G, (2001). Role of metabolism in arsenic
Rev, 3, 262-70. toxicity. Pharmacol Toxicol, 89, 211-7.

Rahman M, Axelson O (1995). Diabetes mellitus and arseni¥ahter M, Maranfante E, (1987). Effects of low dietary intake
exposure: a second look at case-control data from Swedish of methionine, choline or proteins on the biotransformation
copper smelteOccup Environ Med, 52, 773-4. of arsenite in the rabbitoxicol Lett, 37, 41-6.

Ramos O, Carrizalens L, Yanez L, et al (1995). Arsenic increasédalentine JL, Cebrian ME, Garcia-Vargas GG, et al (1994). Daily
lipid peroxidation in rat tissues by a mechanism independent selenium intake estimates for residents of arsenic endemic
of glutathione level€Environ Health Perspect, 103(suppl), areaEnviron Res, 64, 1-9.

85-8. Valentine JL, He S-Y, Resbord LS, et al (1992). Health response

Roychoudhury A, Dast Sharma A, Talukdar G, (1996). Dietary by questionnaire in arsenic exposed populatidnGlin
garlic extraction modifying clastogenic effects of inorganic ~ Epidemiol, 45, 487- 94.
arsenic in mice: two generation studigdutat Res, 359, Valenzuela OL, Borja-Aburto VH, Garcia-vargas GG, et al
165-70. (2005). Urinary trivalent methylated arsenic species in a

Sakoda LC, Graubard BI, Evans AE, et al (2005). Toe nail population chronically exposed to inorganic arsebancer
selenium and risk of hepatocellular carcinoma mortality in  Res, 65, 250-4.

Haimen City.China Int J Cancer, 115, 618-24. Wagner SL, Maliner JS, Morton WE, et al (1979). Skin cancer

Schrauzer GN, White D, McGinness JE, et al (1978). Arsenic and arsenical intoxication from well watérch Dermatol,
and cancer: effects of joint administration of arsenite and 115, 1205-7.
selenite on the genesis of mammary adenocarcinoma Wang CT, Chang WT, Hyang CW, et al (1994). Studies on the

inbred female C3H/S+ mic8ioinorg Chem, 9, 245-53. concentration of arsenic, selenium, copper, zinc and iron in
Schwartz RA, (1997). Arsenic and the skim.J Dermatol, 36, the hair of Blackfoot disease patients in different clinical
241-50. stagesEur J Clin Chem Clin Biochem, 32, 107-11.
Shi N, Shi Y, Liu J (2004). Oxidative mechanisms of arsenidVanibuchi H, Hori T, Meenahshi V, et al (1997). Promotion of
toxicity and carcinogenesislol Cell Biochem, 255, 67-8. rat hepatocarcinogenesis by dimethylarsinic acid as assessed

Shivapurkar N, Poirier LA (1983). Tissue levels of S-adenosine in rat in vivo models: a reviewlutat Res, 386, 353-61.
methionine and S-adenosine homocysteine in rats fewanibuchi H, Hori T, Meenaksin V, et al (1997). Promotion of
methyl-deficient amino acid defined diets for one to five  rat hepatocarcinogenesis by dimethylarsinic acid: association
weeks.Carcinogenesis, 4, 1051-7. of elevated ornithine decarboxylase activity and formation

Smith AH, Goycola M, Haque R, et al (1998). Marked increase  of 8-hydroxyguanosine in the livelpn J Cancer Res, 88,
in bladder and lung cancer mortality in a region of northern ~ 1149-54,

Chile due to arsenic in drinking watémJ Epidemiol, 147, Wanibuchi H, Salim El, Kinoshita A, et al (2004). Understanding
660-9. arsenic carcinogenicity by the use of animal modelgcol

Southorick JW, Western AE, Beck MM, et al (1983). An  Appl Pharmacol, 198, 366-78.
epidemiological study of arsenic in drinking water in Millard Wanibuchi H, Yamamoto S, Chen H, et al (1996). Promotion
County, Utah. In; Arsenic Industrial Biomedical and effects of dimethylarsinic acid on N-butyl-N-(4-
Environmental Health perspectives, Lederer W, Fensterheim hydroxybutyl) nitrosamine — induced urinary bladder

W (eds.) New York, Van Nostrand-Reinhold, pp 210-25. carcinogenesis in rat€arcinogenesis, 17, 2435-9.
Steinmaus C, Moore L, Hopehayn-Rich C, et al (2000). ArsenidVattenberg LW (1990). Inhibition of carcinogenesis by naturally
in drinking water and bladder candgancer Invest, 18, 174- occurring and synthetic compounds. In: Kuroda Y, Shankel
82. DM, Waters MD eds. Antimutagenesis and
Steinmetz KA, Potter JD (1991). Vegetables, fruit and cancer, I.  Anticarcinogenesis, Mechanisms Il, Plenum Publishing
Epidemiology.Cancer Cause Control, 2, 325-57. Corp, New York, pp 155-66.

Sultana S, Ahmed S, Jahangiv T, et al (2005). Inhibitory effectvei M, Arnord L, Cano M, et al (2005). Effects of
of celery seeds extract on chemically induced coadministration of antioxidants and arsenicals on rat urinary
hepatocarcinogenesis: modulation of cell proliferation, bladder epitheliumToxicol ci, 83, 237-45.
metabolism and altered hepatic foci developm€ancer Wei M, Wanibuchi H, Morimura K, et al (2002). Carcinogenicity
Lett. of dimethylarsinic acid in male F344 rats and genetic

Szsinicz L (1988). Forth W. Effects of As203 on alterations induced in urinary bladder tumors.

22  Asian Pacific Journal of Cancer Prevention, Vol 8, 2007



Micronutrients for Protection Against Arsenic Exposurein Asia

Carcinogenesis, 32, 1387-7.

Wei M, Wanibuchi H, Yamamoto S, et al (1999). Urinary bladder
carcinogenicity of dimethylarsinic acid in male F344 rats.
Carcinogenesis, 20, 1873-6.

Winski SL, Carter DE (1995). Interactions of rat red blood cell
sulphydryl with arsenate and arsenileToxicol Environ
Health, 46, 379-97.

Yamamoto S, Konishi Y, Matsuda T, et al (1995). Cancer
induction by an organic arsenic compound, dimethylarsinic
acid (cacodylic acid) in F344 Ducrj rats after pretreatment
with five carcinogensCancer Res, 55, 1271-6.

Yamanaka K, Haegawa A, Sawamura R, et al (1989). Dimethyl
arsenics induce DNA strand breaks in lung via the production
of active oxygen in mice. Arsenic ingestion and internal
cancers: a revievisiochem Biophys Res Comm, 1965, 43-

50.

Yamanaka K, Mizoi M, Kato K, et al (2001). Oral administration
of dimethylarsinic acid, a main metabolite of inorganic
arsenic in mice promotes skin tumourigenesis initiated by
dimethylbenz(a)anthracene with or without ultraviolet B as
a promoter in miceBiol Pharm Bull, 24, 510-4.

Zaldivar R, Viullav |, Wetterstrand WH, et al(1978).
Epidemiological dietary toxicological and clinical nutrition
studies on low-income population groups from a
geographical area with endemic chronic arsenic poisoning.
Zentralbl Bakteriol 13, 167, 242-7.

Asian Pacific Journal of Cancer Prevention, Vol 8, 2007 23



