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Recent advances in our knowledge of arsenic carcinogenesis
include the development of rat or mouse models for all human
organs in which inorganic arsenic is known to cause cancer–skin,
lung, urinary bladder, liver, and kidney. Tumors can be produced
from either promotion of carcinogenesis protocols (mouse skin and
lungs, rat bladder, kidney, liver, and thyroid) or from complete
carcinogenesis protocols (rat bladder and mouse lung). Experi-
ments with p531/2 and K6/ODC transgenic mice administered
dimethylarsinic acid or arsenite have shown some degree of car-
cinogenic, cocarcinogenic, or promotional activity in skin or blad-
der. At present, with the possible exception of skin, the arsenic
carcinogenesis models in wild-type animals are more highly de-
veloped than in transgenic mice. Recent advances in arsenic me-
tabolism have suggested that methylation of inorganic arsenic may
be a toxification, rather than a detoxification, pathway and that
trivalent methylated arsenic metabolites, particularly monomethy-
larsonous acid and dimethylarsinous acid, have a great deal of
biological activity. Accumulating evidence indicates that these
trivalent, methylated, and relatively less ionizable arsenic metab-
olites may be unusually capable of interacting with cellular targets
such as proteins and even DNA. In risk assessment of environ-
mental arsenic, it is important to know and to utilize both the
mode of carcinogenic action and the shape of the dose–response
curve at low environmental arsenic concentrations. Although
much progress has been recently made in the area of arsenic’s
possible mode(s) of carcinogenic action, a scientific concensus has
not yet been reached. In this review, nine different possible modes
of action of arsenic carcinogenesis are presented and discussed–
induced chromosomal abnormalities, oxidative stress, altered
DNA repair, altered DNA methylation patterns, altered growth
factors, enhanced cell proliferation, promotion/progression, gene
amplification, and suppression of p53.

1 This manuscript has been reviewed in accordance with the policy o
ational Health and Environmental Effects Research Laboratory, U.S.

onmental Protection Agency, and approved for publication. Approval doe
ignify that the contents necessarily reflect the views and policies o
gency, nor does mention of trade names or commercial products con
ndorsement or recommendation for use.
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Substantial scientific progress has been made recently
area of arsenic metabolism, pharmacokinetics, modes of ca
genic action, and the development of animal models of ar
carcinogenesis in both normal rodents and transgenic mice
review of arsenic carcinogenesis will discuss the modes of a
existing animal models, and the importance of methylated ar
metabolites. Additional, more speculative modes of arsenic
cinogenesis could have been included in this article. Some
included modes of action appear to be predominantly geno
(e.g., chromosomal abnormalities, oxidative stress, and gen
plification) while others seem to be more nongenotoxic (
altered growth factors, enhanced cell proliferation and prom
of carcinogenesis, and altered DNA repair). Whatever the b
label for a mode of carcinogenic action is, the dose–resp
relationship at low arsenic concentrations for any of these
putative modes of arsenic carcinogenesis is not known.

The present deficiency of scientific knowledge in the are
modes of carcinogenic action for arsenic and the true shape
dose–response curve at low arsenic concentrations (e.g.,
sponding to 2, 5, 10, 20, and 50 ppb in the drinking water su
of human beings) negatively effects the process of regu
environmental arsenic exposures. Without adequate scie
knowledge on arsenic carcinogenesis, default assumptions w
used for both the mode of carcinogenic action and the mode
for extrapolation from the experimentally observable range
human environmental exposures. Scientific knowledge may
take a back seat to economic pressures, political ideology
litigative outcomes.

PUTATIVE CARCINOGENIC MODES OF ACTION
FOR ARSENIC

Chromosome Abnormalities

As arsenicals are usually found to be effective for clast
nicity and low in point mutagenicity, this is a favorite putat
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250 KIRK T. KITCHIN
carcinogenic mode proposed by many individuals. There
many positive reports of arsenic-induced chromosomal
rations, including micronuclei and sister chromatid exchan
found in studies in humans and rodents bothin vivo and in
itro.
Dimethylarsinic acid (DMA) causes several genotoxic

lastogenic effects, including single strand breaks, formati
purinic/apyrimidinic sites, DNA base damage and oxida
ase damage, DNA–protein crosslinks, chromosomal ab

ions, and aneuploidy. Higher concentrations of DMA
eeded to demonstrate clastogenicity in comparison to l
oncentrations of arsenite. Li and Rossman (1989) have
ested that the clastogenicity of arsenite is due to the
ffinity of arsenic for sulfhydryl groups. Interactions of arse
ith the protein tubulin and spindle formation and function
reas that have attracted interest.
In humans’ drinking water containing 400mg/L of arsenic

an increased frequency of chromosome aberrations was
in peripheral lymphocytes (Beckmanet al., 1977; Nordensonet
al., 1978 and Petreset al., 1977). An increased frequency
micronucleated urothelial exfoliated cells was also foun
humans’ drinking water with high levels of arsenic (Warneet
al., 1994). A third study of exposed humans found incre
numbers of micronuclei in exfoliated epithelial cells from b
the bladder and oral cavity (Gonsebattet al., 1997).

The connection between the demonstrated clastogenic
arsenic and how exactly this may cause carcinogenicity in
different human organs is not well understood. Rather
continuing just to demonstrate clastogenicity in different
lular or animal systems, more effort should be spent tryin
illuminate the subsequent mechanistic steps of arsenic
nogenesis that may occur after clastogenicity.

Oxidative Stress

Oxidative stress is a relatively new theory of arsenic c
nogenesis. Since about 1990, additional data supporting
theory and greater scientific acceptance of this mode of a
have continued to accrue. The first oxidative stress theo
arsenic carcinogenesis that included a detailed arsenic
bolic pathway was presented by Yamanakaet al. (1990).
Dimethylarsine (a trivalent arsenic form) is a minorin vivo

2 Abbreviations used: DMA (the pentavalent form), dimethylarsinic a
DMA(III), dimethylarsinous acid; DMBA, 7,12-dimethylbenz[a]anthrace
GM-CSF, granulocyte macrophage-colony stimulating factor; K6/ODC, t
genic mice which overexpress a truncated ODC protein in hair follicle
tinocytes; MMA (the pentavalent form), monomethylarsonic acid; MMA(
monomethylarsonous acid; ODC, ornithine decarboxylase; 8-OHdG,
droxy-29-deoxyguanosine; PARP, human poly(ADP-ribose)polymerase;
reactive oxygen species; SAM,S-adenosylmethione; Tg.AC, female homo
gous transgenic mice with a fetal zeta-globulin promoter fused to the v-Hras
structural gene (with mutations at codons 12 and 59) and linked to a s
virus 40 polyadenylylation/splice sequence; TGF-a, tissue growth factor-a;
TMA(III), trimethylarsine; TMAO, trimethylarsine oxide (the pentaval
form); TNF-a, tumor necrosis factor-a; TPA, 12-O-tetradecanoylphorbol-1
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metabolite of DMA (a pentavalent arsenic form) produced
a process of reductionin vivo (Yamanaka and Okada, 199
As summarized in Fig. 1, dimethylarsine can react with
lecular oxygen forming a (CH3)2Asz radical and superoxid
anion. This (CH3)2Asz radical can add another molecule
molecular oxygen and form the (CH3)2AsOOz radical. Hy-
droxyl radical may be produced via cellular iron and o
transition metals. From exposure to these free radicals,
damage such as DNA single-strand breaks can occur.

One striking advantage to the oxidative stress theor
arsenic carcinogenicity is that arsenic’s ability to cause hu
cancer at high rates in the lungs, bladder, and skin ca
partially explained. High partial pressures of oxygen are fo
in the lung. Human lungs may be an organ responsiv
arsenic carcinogenesis because of the high partial press
oxygen and the fact that dimethylarsine, a gas, is excrete
the lungs (Yamanaka and Okada, 1994). Human bladder
be an organ responsive to arsenic carcinogenesis because
high concentration of DMA and MMA that is stored in t
lumen of the bladder and the amount of DMA(III), dimeth
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FIG. 1. Free radicals from DMA. Pentavalent DMA may be reduced
trivalent arsenic form, dimethyarsine. This minor pathway of arsenic m
olism may generate free radicals such as dimethylarsenic radical, dim
arsenic peroxy radical, or indirectly generate superoxide and hydroxy ra
Modified from Yamanakaet al. (1990).
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251ARSENIC CARCINOGENESIS
arsine, or MMA(III) that might be generated by reduct
processes. Skin localizes and stores arsenic because of i
keratin content, thus there is a pharmacokinetic reason
skin may be so responsive to arsenic exposure. Skin s
unusually sensitive to both arsenic’s toxic and carcinog
effects. Two human organs that respond at much lower ra
arsenic carcinogenesis are the liver and the kidney. DM
produced via oxidative methylation in the liver and the kid
is exposed to high concentrations of DMA as it filters DM
into the urine.

Reactive oxygen species (ROS) such as hydrogen pero
superoxide anion, singlet oxygen, and hydroxyl radical
directly or indirectly damage cellular DNA and prote
Among these ROS, hydroxyl radical is generally assumed
the critical reactive species that directly attacks DNA.
hydroxyl radical to be involved in arsenic carcinogenes
free transition metal (such as iron) is normally thought to
required for Haber Weiss type processes to cause DNA
age. When tested as releasers of iron from ferritin, (a) m
ylated arsenic forms were more active than arsenate or ars
(b) the trivalent arsenic forms were more active than
corresponding pentavalent arsenic forms, and (c) DMA
was by far the most active releaser of iron from ferritin (Ahm
et al., 2000). A combinedin vitro exposure to both ascorb
acid (a well known iron releaser) and DMA(III) resulted i
large synergistic (greater than additive) increase in iron
leased from ferritin (under either aerobic or anaerobic co
tions) and also in a large synergistic increase in DNA dam
(Ahmadet al., 2000). Arsenite administration induces hep

nd renal heme oxygenase isoform 1 in rats (Kitchinet al.,
999). Heme oxygenase induction results in the productio
arbon monoxide, biliverdin, and free iron.
8-Hydroxy-29-deoxyguanosine (8-OHdG) is one of the m

or ROS-induced DNA damage products and is used
iomarker of oxidative stress to DNA. In mice gavaged w
20 mg/kg of DMA, urinary 8-OHdG levels (obtained
ampling from the urinary bladder) were increased to abo
, and 8 times control levels at 3, 6, and 9 h after treatmen
espectively (Yamanakaet al., 2001). In a long-term rat ca
inogenensis study, hepatic 8-OHdG levels were increas
MA-treated rats, suggesting an elevated rate of free ra
ttack on DNA (Wanibuchiet al., 1997).
In a human study, 28 cases of arsenic-related skin neop

nd keratosis as well as 11 cases of arsenic-unrelated Bo
isease were studied. By immunohistochemistry, 22 o
78%) arsenic-related human skin samples were 8-OHdG
tive (Matsuiet al., 1999). In the arsenic-unexposed group o

of 11 Bowen’s disease samples (9%) gave a positive im
ohistochemistry reaction with the 8-OHdG antibody pro
ure. In addition, in the arsenic-exposed group, 4 of 5 de
ffined human skin tumor samples tested showed dete
rsenic by neutron activation analysis. Thus, both the caus
hemical (arsenic) and a putative intermediate (8-OHdG)
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xidative stress mode of carcinogenesis were found toget
he same human skin tumor samples (Matsuiet al., 1999).

Positive results were obtained in an electron spin reson
xperiment utilizing mice (Liuet al., 2000). Mice were give
ither 100mmol/kg of arsenite or 500mmol/kg of arsenate b

the sc route. The animals were also given a spin trap ag
the same time. Thirty minutes after the arsenic exposure
mouse livers were removed and extracted to separate th
trap agent from other biological material. Both arsenite
arsenate gave positive results, with the stronger electron
resonance signals coming from arsenite-exposed mice.
data directly demonstrate that some free radicals are pro
in mice after acute exposure to inorganic arsenic (Liuet al.,
2000).

In cultured human lymphocytes exposed to arsenite
creased sister chromatid exchange frequency was antag
by the addition of superoxide dismutase and catalase (No
son and Beckman, 1991). Induction of micronuclei in CHO
cells by 20mM arsenite was antagonized by either nitric ox
synthase inhibitors, superoxide dismutase, or uric acid (Get
al., 1998). These results suggest that some clastogenic e
of arsenic are mediated via free radicals (e.g., peroxyn
superoxide, hydrogen peroxide, and possibly free iron).

Altered Growth Factors

In primary human keratinocytes, arsenite exposure incre
the mRNA transcripts and secretion of transforming gro
factor-a (TGF-a), granulocyte macrophage-colony stimulat
factor (GM-CSF), and tumor necrosis factor-a (TNF-a) (Ger-
molec et al., 1997). Increased keratinocyte proliferation w
also observed.

In a subsequent study with human keratinocytes, expos
three trivalent arsenicals, arsenite, MMA(III), and
DMA(III)-glutathione conjugate, resulted in increased se
tion of GM-CSF, TNF-a, and interleukin-6 as well as increas
cell proliferation (Vegaet al.,2001). The authors suggest t
arsenic exposure could increase the production of ROS,
vation of transcription factors (e.g., AP-1, c-fos, and NF-kB),
and oversecretion of proinflammatory and growth promo
cytokines, resulting in increased cell proliferation and fin
carcinogenesis. At present, data suggesting altered growt
tors as a mode of arsenic carcinogenesis are much more
developed in skin models than for other tissues such as lu
bladder. The possible role of growth factors, cell proliferat
and other epigenetic modes of action in arsenic carcinoge
is discussed by Simeonova and Luster (2000).

Cell Proliferation

Increased ornithine decarboxylase (ODC) activity is o
interpreted as a biomarker for cell proliferation. Arsenite
posure in rat liver (1.6 mg/kg) (Brown and Kitchin, 1996) a
DMA exposure in rat liver (at 10 ppm) (Wanibuchiet al.,
1997) and in rat kidney (at 100 ppm DMA) (Yamamotoet al.,
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252 KIRK T. KITCHIN
1995) have resulted in increased ODC activity. Increased
proliferation following arsenic exposure has been dem
strated in skin (Germolecet al., 1997 (at 0.001mM), keratose
in many human studies), and urinary bladder (Popovicoet
al., 2000 (at 500 ppm); Arnoldet al., 1999 (at 40 ppm)).

Two common causes of cell proliferation are mitoge
stimulation and cell toxicity and death followed by comp
satory regeneration. Errors of replication resulting from u
paired DNA damage present at the time of DNA replica
can result in mutation of the genetic material. In cases in w
cell proliferation is the upstream cause of the eventual mut
in DNA, it is difficult to decide if the best mechanistic labe
apply to such a sequence of events is nongenotoxic or
toxic.

Promotion and/or Progression in Carcinogenesis

In carcinogenesis, the terms promoter and progresso
operationally defined. These two terms are more difficu
translate into particular mechanistic steps than is carcino
initiation. Carcinogenesis can be thought of in terms
mutational/cellular proliferation cascade model (Moolgav
1986; Clayson and Kitchin, 1999). In a more holistic appro
to understanding carcinogenesis, Hanahan and Wei
(2000) state that the hallmarks of cancer include self-s
ciency in growth signals, insensitivity to antigrowth sign
evading apoptosis, limitless replicative potential, sustaine
giogenesis, and tissue invasion and metastasis. Current th
of arsenic carcinogenesis have little or nothing to say abou
latter three of these important factors in carcinogenesis
shown in Table 1, there is positive evidence for DMA prom
tion of carcinogenesis in skin, lung, bladder, kidney, liver,
thyroid. Much of this promotional activity may be due
increased cell proliferation rates.

Cell proliferation is an important driving force in promoti
of carcinogenesis; mutation is more important in initiation
in progression in which increasing malignancy and metas

TAB
DMA Carcinog

Species
Complete
carcinogen Promot

Skin Mouse — Yes
Lung Mouse — Yes

Mouse Yes —
Bladder Rat — Yes

Rat — Yes
Rat Yes —
Rat Yes —

Kidney Rat — Yes
Liver Rat — Yes

Rat — Yes
Thyroid Rat — Yes
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potential develops in one cell of the large number of exis
cells of intermediate malignancy.

Altered DNA Repair

Arsenite is known to inhibit more than 200 enzymes (
ernathyet al., 1999). That a sulfhydryl active agent like ars
ite would inhibit this many enzymes is not surprising. Of
possible tens of thousands of cellular enzymes, almost all
covalent disulfide linkages (cystine), while a lower numbe
proteins have one or more free cysteine moieties alon
polypeptide chain. After translation, proteins undergo com
metabolism, redox changes, adduction with other mole
(e.g., sugars), and binding with other cellular entities. A s
trivalent oxyanion like arsenite with an unshared pair of
electrons has many opportunities for protein binding, con
mational alteration of protein structure, and enzymatic inh
tion. Arsenicals with this capability include arsen
MMA(III), DMA(III), TMA(III), and dimethylarsine.

Early work on DNA repair enzymes showed that D
ligases I and II were both inhibited by arsenite (Li and R
man, 1989; Lee-Chenet al., 1993). Later work with purifie
human DNA repair enzymes showed that arsenite act
increased the activities of DNA polymerase beta,O6-methyl-

uanine-DNA methyltransferase and DNA ligases I, II, an
Hu et al., 1998). Human poly(ADP-ribose)polymera
PARP) activity is also inhibited by arsenite (Yager

iencke, 1997).
Although trivalent arsenicals have a reasonable affinity

ingle sulfhydryl groups, trivalent arsenic can bind wit
igher binding affinity to two proximate sulfhydryl group
hese nearby dithiols are relatively rare among protein
eneral but are fairly common among certain DNA-bind
roteins, transcription factors, and DNA-repair proteins. W
ertain amino acid sequences are complexed to endog
inc, these proteins are called “zinc finger” proteins. S
xamples of zinc finger DNA-repair proteins are UVRA (H

1
sis in Rodents

Lowest effective DMA
concentration in water

(ppm) Reference

1000 Yamanakaet al., 2000
200 Yamanakaet al., 1996
400 Hayashiet al., 1998

50 Yamamotoet al., 1995
25 Wanibuchiet al., 1996
50 Weiet al., 1999

100 (in diet) Life Science Research, 1
200 Yamamotoet al., 1995
200 Yamamotoet al., 1995
50 Wanibuchiet al., 1997

400 Yamamotoet al., 1995
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253ARSENIC CARCINOGENESIS
sainet al., 1986), PARP (Cherneyet al., 1987), RAD-18 (Jone
et al., 1988), and XPAC (Tanakaet al. 1990).

The theory that altered DNA repair is the cause of ars
arcinogenesis is particularly attractive because trivalen
enic species, such as arsenite, can bind strongly to dithi
ell as free sulfhydryl groups. Such protein binding co

nduce inhibited DNA repair, mutation in key genetic sites
ncreased cell proliferation which can then lead to subseq

utation via inhibited DNA repair.

53 Gene Suppression

The immortalized keratinocyte cell line HaCaT, which c
ains two UV-induced mutations in the p53 gene, was exp
o arsenite (1, 10, or 100 nM) (Hamadehet al., 1999). After 2
to 4 days of arsenite exposure, p53 protein levels were
creased. Concomitant arsenite-induced increase in mdm
els seemed to cause the observed p53 protein level dec
As p53 is the guardian of the genome, lessened p53 pr
content and function could cause mutations to accumulat
faster rate in organisms exposed to arsenite, leading even
to carcinogenesis (Hamadehet al., 1999). In contrast,in vitro
arsenite exposure (1–50 uM) increased the p53 protein l
found in three (HeLa, Jurkat, and a lymphoblast cell
transformed with Epstein–Barr virus) of four cell lines inv
tigated (C-33A cells did not respond) (Salazaret al., 1997).

In arsenic-related skin cancers from Taiwan, p53 muta
ere found in 39% of cases with Bowen’s disease, 29% o
ases with basal cell carcinoma, and 56% of the cases
quamous cell carcinomas (39 cases total) (Hsuet al., 1999). In

arsenic-related skin lesions arising from therapeutic us
arsenic, no indications of p53 mutations were found amon
18 basal cell carcinomas or 2 squamous cell carcinomas
patients studied (Castrenet al., 1998). However, in premalig
nant lesions, mutations were found in 30% of the skin les
following arsenic exposure. Accumulation of p53 protein
found in 78% of the lesions from cases with arsenic expo
(Castrenet al., 1998). In contrast, in Australian patients

osed to therapeutic use of arsenic, arsenic-related bas
arcinomas expressed p53 less often and with lower sta
ntensities than did control patients exhibiting sporadic b
ell carcinomas (Boonchaiet al., 2000).

ltered DNA Methylation Patterns

Most mammals biomethylate arsenic. In most species,
anic arsenic consumes the methyl groups of two molecu
-adenosylmethionine (SAM) in its metabolism to DMA (F
). Some species, such as the guinea pig, the chimpanze

he marmoset have extremely low rates of arsenic methyla
o the point where these species have been described as
ethylating.” Rats produce some urinary trimethylated ars

pecies (trimethylarsine oxide (TMAO); S. Fukushima,
onal communication) from administered DMA.
DNA is also methylated and the importance of this met
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tion has long been appreciated. In human lung adeno
oma A549 cells exposed to arsenite (0.08 to 2.0 uM
rsenate (30 to 300 uM), a hypermethylation of a prom
egion of the p53 gene was observed (Mass and Wang, 1
ther researchers (Zhaoet al., 1997) have found hypometh

ation, not hypermethylation, of DNA in a rat epithelial c
ine (TRL 1215) exposed to arsenic. They suggest DNA
omethylation could be capable of committing cells towa
arcinogenic pathway. DNA methylation state changes c
ead to altered gene expression and this could lead to ca
enesis. What is more difficult to prove and is not prese
nown is how DNA hypo- or hypermethylation would
hrough the intervening steps of arsenic carcinogenesis
ally result in an invasive tumor.
The methylation state of DNA following arsenite expos
as further investigated in human lung A549 cells and in t
uman kidney cell lines (UOK123, UOK109, and UOK1
Zhonget al., 2001). A total of eight differentially methylate
NA fragments were isolated using methylation-sensitive
itrarily primed PCR. DNA sequence studies found that
NA fragments were repeat sequences of mammalian app
TR retrotransposons, five were putatively identified as
oter-like sequences, and one DNA fragment was not id

able. Six of the DNA fragments were hypermethylated;
ere hypomethylated. In A549 cells, elevations were foun
NA methyltransferase mRNA and its enzymatic activity

o three times control levels after 2mM arsenite exposure f
2 weeks).

Gene Amplification

Lee et al. (1988) described arsenic-induced gene ampli
tion of the dihydrofolate reductase gene in mouse 3T6 c
Cells had a 2- to 11-fold increased copy number of the d
drofolate reductase gene. In causing gene amplification, a
ite was active in the 0.2 to 0.8mM range and arsenate w
active between 1 and 4mM. Higher concentrations of arsen
or arsenate decreased cellular survival markedly but als
much higher relative rates of gene amplification. Other stu
have also found arsenic-induced dihydrofolate reductase
amplification in SHE cells (Woloson, 1990) and in arsen
resistant trypanosomes (Katakura and Chang, 1989).

Summary

The modes of carcinogenic action of arsenic will remain
area of active scientific research and disagreement. A
time, three modes of action for arsenic carcinogenesis h
degree of positive evidence, both in experimental sys
(animal and human cells) and in human tissues that wa
preeminence–chromosomal abnormalities, oxidative s
and a continuum of altered growth factors3 cell prolifera-
tion 3 promotion of carcinogenesis. The remaining poss
modes of carcinogenic action for arsenic (progression of
cinogenesis, altered DNA repair, p53 suppression, al
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254 KIRK T. KITCHIN
DNA methylation patterns, and gene amplification) do
have as much evidence for them, particularly animal evid
in vivo, positive evidence in human cells, or human data f
case or population studies.

Chromosomal abnormalities can be easily caused beca
the tendency for trivalent arsenic forms to interact and dis
the normal functioning of tubulin and spindles. It is the sec
third and fourth steps of cancer causality that are weakest
chromosomal abnormalities theory of arsenic carcinogen

Oxidative stress is a mode of carcinogenic action for ars
that works particularly well in the lungs and bladder, but no
well in skin. The oxidative stress theory partially depend
the ability of DMA or MMA metabolites to form free radica
Alternatively, the inorganic forms of arsenic could direc
generate free radicals. This can occur because arsenic ch
oxidation states from trivalent to pentavalent depending o
exterior chemical environment. Recent mouse experim

FIG. 2. A simplified scheme of overall arsenic metabolism in many m
occur nonenzymatically via glutathione or enzymatically. Oxidation and
substrate and a more methylated pentavalent arsenic form as the prod
DMA(III) are found in human urine. Humans excrete a relatively high am
three methyl groups, TMAO. Only recently has it been possible to separa
within a single box in this figure. Some forms of arsenic can reversibly
arsenite).
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showed rapid formation of free radicals after administratio
arsenate or arsenite (Liuet al., 2000). Formation of 8-OHdG

ouse bladder (Yamanakaet al., 2001) and human skin (Ma
sui et al., 1999) suggests involvement of oxidative stres
arsenic carcinogenesis.

The combined theory of altered growth factors3 cell pro-
iferation3 promotion of carcinogenesis is an excellent ch
or a carcinogenic mode of action for arsenic. The increas
oncentrations of growth factors is a mitogenic pathway to
roliferation and eventually promotion of carcinogenesis.
eath, coming from a trivalent form of arsenic, can also lea
ompensatory cell regeneration and eventually to carcino
sis. All three components of this combined mode of ac
ave been demonstrated in one or more systems: a
rowth factors (in human keratinocytes); mitogenesis (in
an keratinocytes); cell death (in human hepatocytesin vitro,
etricket al., 2000; in rat bladder epitheliumin vivo, Cohenet

mals including humans. Reduction from pentavalent to trivalent arsenic
thylation are coupled in arsenic metabolism with the trivalent arsenic form as the

t. As(V), As(III) MMA, MMA(III), DMA (the major form in many mamm
t of MMA in their urine. In rats, some arsenic is further metabolized to aith
the two different valence states of MMA and DMA, hence, they are groupher
ange valence state from pentavalent to trivalent and back again (e.g.,te7
am
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255ARSENIC CARCINOGENESIS
al., 2001; cell proliferation (in human keratinocytes and rod
bladder cells and intact human skin), and promotion of c
nogenesis (in mouse skin and lung and in rat bladder, kid
liver, and thyroid, see Table 1).

ANIMAL MODELS OF ARSENIC CARCINOGENESIS

Studies Showing No Tumors

Arsenite and arsenate are generally considered to have
negative in standard carcinogenicity bioassays (NRC, 1
Negative results have been obtained in mice (at dietary
centrations of 250 ppm for arsenite and 400 ppm for arsen
rats (416 ppm arsenite in the diet), beagles (arsenite or ars
at up to 125 ppm in the diet), and cynomologus monk
(arsenate at 0.1 mg/kg per day for 5 days per week fo
years) (NRC, 1999). In an unpublished study, hamsters
exposed for 425 days to biweekly administration of As2O3 (0.3
mg/kg, (this is not likely to be close to the maximum tolera
dose)) and/or TiO2 (15 mg/kg) via intratracheal exposure (v-

me 0.1 ml) but no lung masses were seen on gross exa
ion (L. L. Hall, personal communication).

nimal Models of Arsenic (DMA) Carcinogenesis

Urinary bladder. Four positive studies of DMA as eithe
romoter or a complete carcinogen in rat bladder are sum
ized in Table 1. An indication that rat bladder was respon
o DMA-induced carcinogenesis came from the Yamamoet
l. (1995) report. They utilized multiple initiators of carcin
enesis at the early stage of chemical exposure to sta
arcinogenic processes in several organs. Subsequent
344/DuCrj rats were exposed to either 50, 100, 200, or
pm of DMA in their drinking water. Bladder cancer resul

n all four of the DMA-exposed groups. Rat bladder tum
ere also obtained when only one initiator,N-butyl-N-(4-

hydroxybutyl)nitrosamine was followed by 25 ppm DMA e
posure (Wanibuchiet al., 1997). Weiet al. (1999) tested DMA
as a complete carcinogen and found it to be carcinogenic
urinary bladder at 50 and 200 ppm.

In a structure–activity study, rats initiated withN-butyl-N-
(4-hydroxybutyl)nitrosamine developed 0.4, 0.3, 1.3, 3.8,
0.9 bladder tumors per rat after being given drinking w
containing control, arsenite (17.3 ppm), MMA (187 pp
DMA (184 ppm), or TMAO (182 ppm), respectively (Wa
buchi et al., 2000). The rat bladder tumor incidence w
elevated at thep , 0.05 level for all three methylated arse
cals, with DMA clearly the most active chemical.

In another study, female F344 rats exposed for 2 years
to 100 ppm DMA in their food developed dose-related tra
tional cell bladder tumors with bladder hyperplasia observe
both sexes. Life Sciences Research of Israel performed
study in support of the U.S. EPA pesticide registration
cacodylic acid (EPA, 1994), however, the results of this s
were not initially widely known outside of regulatory circl
t
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Control female rats had 0/59 incidence of bladder papillo
and carcinomas, while female rats exposed to 100 ppm D
had 10/58 incidence (17%, with ap , 0.01). Of the female ra
that responded to DMA exposure with bladder tumors,
were classified as carcinomas and four were classified as
illomas. Female B6C3F1 mice exposed to up to 500 ppm D
in their drinking water showed only an increase in fibrosa
mas in multiple organs.

Scanning electron microscopy of bladder epithelium o
male F344 rats administered 100 ppm DMA in the diet sho
ropy microridges, extensive pitting, increased separatio
epithelial cells, exfoliation, and necrosis (Cohenet al., 2001)

hese changes are consistent with cell death and regene
yperplasia as the cause of DMA-induced bladder carcino
sis.
Based on these multiple studies showing DMA to be bo

romoter of carcinogenesis (Yamamotoet al., 1995; Wanibu
hi et al., 1997) and a complete carcinogen (Life Scie
esearch, 1989; Weiet al., 1999), rat bladder is the mo
tudied and probably best understood experimental mod
rsenical carcinogenesis (Table 1).

Lung. Human lung cancer can result from arsenic expo
ither via drinking water or inhalation. Male ddY mice initia
ith 4-nitroquinoline 1-oxide and subsequently exposed to
r 400 ppm DMA for 25 weeks in their drinking water dev
ped lung tumors that were described as adenocarcinoma
denosquamous carcinomas (Yamanakaet al., 1996).
A/J mice were given 50, 200, or 400 ppm DMA in drink
ater for either 25 or 50 weeks (Hayashiet al., 1998). At 25
eeks there were no DMA-related pulmonary tumors. Alv

ar adenomas were not increased by DMA administration
eeks. In mice given 400 ppm DMA for 50 weeks, an elev
ean number of lung tumors per mouse was observed

ersus 0.5 for controls,p , 0.05). Increased numbers of lu
yperplasia, papillary adenomas, and adenocarcinomas
bserved after treatment with 50, 200, or 400 ppm of DMA
0 weeks. In this experiment, DMA is acting as a comp
arcinogen in A/J mice known to be susceptible to develo
ulmonary tumors.

Skin. Despite the high responsiveness of human sk
oth arsenic’s toxicity and carcinogenicity, wild-type rod
kin models of carcinogenicity have not been very respon
o arsenic. Mouse skin is well known to be sensitive to m
hemical carcinogens; rat skin is extremely unresponsiv
hemical carcinogenesis.
Mice were treated for 25 weeks with UVB light at 2 kJ/2

twice per week with or without exposure to 400 or 1000 p
of DMA in the drinking water. All three treatment grou
developed skin cancer, but the combination of UVB light
1000 ppm of DMA in the drinking water induced more tum
per mouse during weeks 13 to 19 than did UVB light expo
alone. No statistically significant elevations in the percen
of tumor-bearing mice or tumors per mice occurred with
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256 KIRK T. KITCHIN
combination of UVB and 400 ppm DMA treatment ver
UVB treatment alone (Yamanakaet al., 2000).

Liver. Liver was one of the four rat organs (the others w
ladder, kidney, and thyroid) that developed tumors after

iple organ initiation and exposure to DMA as a prom
Yamamoto et al., 1995). Rat liver carcinogenesis can
tudied in a two-stage system in which diethylnitrosamin
he initiator and DMA is the promoter. Concentrations of
0, or 100 ppm DMA are active as promoters in this exp
ental system based on the area stained for glutathioS-

ransferase placental form-positive foci (Wanibuchiet al.,
997). Rat hepatic ODC activity was increased after adm

ration of both 10 and 50 ppm DMA in the drinking wa
Wanibuchiet al., 1997).

In a structure–activity study, rats initiated with diethylnit
amine developed about 1.5, 2.5, 2.4, and 2.5 glutath
-transferase placental form-positive foci/cm2 following expo-

sure to promotional regimens of control, MMA, DMA,
TMAO, respectively (Wanibuchi and Fukushima, 2000).
number of liver foci per area was statistically elevated a
p , 0.05 for all three methylated arsenicals.

Kidney. At concentrations of 200 or 400 ppm DMA
drinking water, rats initiated with a multiple initiator proced
developed kidney cancer (Yamamotoet al., 1995). These kid
ney tumors were classified as adenomas, adenocarcin
renal cell tumors, or nephroblastomas.

Thyroid. At a concentration of 400 ppm DMA in drinkin
water, rats initiated with a multiple initiator procedure de
oped thyroid cancer. Interestingly, Sprague–Dawley rats
posed for 2 years to dietary concentration of 200 ppm M
the precursor of DMA, showed increased thyroid tumor
males (EPA, 1981). Five rodent organs that are respons
DMA-induced cancer match the five human organs tha
velop cancer after inorganic arsenic exposure. The th
gland (also responsive to DMA in rats) is the only site
known to develop cancer after inorganic arsenic exposu
humans.

Summary. The pharmacokinetics and dynamics of adm
istered pentavalent DMA in rats suggests (a) substantial D
binding to hemoglobin that sequesters the DMA and incre
its biological lifetime but not necessarily its access to tar
needed to be carcinogenic, (b) an appreciable fraction o
DMA may be in the pentavalent state, (c) rapid excretio
unbound DMA, and (d) the likely active carcinogenic form
the administered DMA could be DMA(V), DMA(III), TMAO
or TMA(III). One research group has found that rats met
lize DMA to TMAO to a larger extent (about 30% of t
administered DMA material) (S. Fukushima, personal com
nication) than do mice, hamsters, and humans (about 3 t
of administered DMA) (Kenyon and Hughes, 2001). Follow
DMA administration to rats, there are two predominant tr
lent arsenicals that might be causal in carcinogen
DMA(III) and TMA(III).
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After decades of not having an animal model of ars
carcinogenesis, the scientific community was somewhat
prised by the 1995 report of DMA being a promoter of ca
nogenesis in four different rat organs (Yamamotoet al., 1995)
While the scientific reaction to this major contribution w
positive in many ways, some of the less positive reactions
have been based on the following four factors. First, it
anticipated that arsenite, not DMA would be the caus
arsenic carcinogenesis. Second, the use of a multiple
initiation protocol caused some consternation in interpre
this study because (a) a multiple rather than a single init
was used, (b) these initiators are complete carcinogens in
exposure protocols, and (c) the cumulative and intera
effects of using multiple initiators are not well known in
mutational sense. Third, the minimal drinking water con
trations of DMA needed to promote carcinogenesis (25 p
or to be a complete carcinogen (50 ppm) were higher
expected. Fourth, humans exposed to inorganic arsen
limited by the toxicity and lethality of arsenite in how hi
DMA concentrations their tissue can reach.

Animals models of DMA-induced promotion of carcinog
esis have been described for all five organs in which hum
develop cancer after exposure to inorganic arsenic (skin,
bladder, kidney, and liver, Table 1). Complete carcinogen
by DMA has been achieved in rat bladder and mouse
(Table 1). Of the four organs in which Yamamotoet al. (1995)

riginally described promotion of carcinogenesis following
f a multiple initiator protocol, experimental protocols us

ust a single initiator and subsequent promotion by DMA h
een successfully developed for cancer of the rat bla
Wanibuchiet al., 1996) and liver (Wanibuchiet al., 1997). A

protocol that uses a single initiator and DMA promotion
carcinogenesis has also been developed for mouse lung
manakaet al., 1996). No carcinogenesis experiments have
been reported with DMA administered to hamsters, dog
monkeys, species that do not develop tumors after inorg
arsenic administration.

Among mammals that methylate arsenic, humans are
usual because they excrete a relatively large amount of M
(Vahter, 1994). Thus, human tissues may be exposed to
higher concentrations of pentavalent or trivalent MMA than
mice, rats, beagles, hamsters, or rabbits, for example (V
1994).

Trivalent arsenic species are capable of electronic int
tions with biological molecules via the unshared 4 s electro
pair. Pentavalent arsenic species lack this chemical reac
due to this unshared pair of electrons. Several arsenic sp
form complexes with glutathione. Methylated trivalent ars
species not only possess the reactive unshared electron p
also contain one, two, or three methyl substituents that tak
place of hydroxyl groups. These methyl groups could gre
change the properties of arsenic by increasing the hydro
bicity and decreasing the ionizability and negative charges
to hydroxyl group(s). Thus, likely candidates for the ca
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257ARSENIC CARCINOGENESIS
carcinogenic species of arsenic would include MMA(III)
humans and DMA(III) in rats. The trimethylated compou
TMA(III) in rats and arsenite in humans could also be invol
in the carcinogenic process. However, the amount of evid
for TMA(III) as a carcinogenic arsenic species is consider
weaker than the evidence for arsenite, MMA(III), or DMA(II

Transgenic Animal Models of Arsenic Carcinogenesis

p531/2 mice. The results of six different experiments p-
formed in three types of transgenic mice are summarize
Table 2. No tumors that could be associated with ars
exposure were found in one unpublished study of wild-
and p53-deficient mice (M. Mass, personal communicat
These mice were exposed to either arsenite (50 ppm), ars
(150 ppm), MMA (1500 ppm), or DMA (1000 ppm) in the
drinking water for 1 year.

In an experiment with p53 heterozygous knockout
C57BL/6T wild-type male mice, DMA was given at 50 or 2
ppm in the drinking water for 80 weeks (Salimet al., 1999)
DMA exposure caused an increase in the total numbe
spontaneous tumors in wild-type mice and earlier inductio
tumors in p53 knockout mice.

In a third experiment, p531/2 mice were exposed for 2
weeks to various combinations of arsenite, a choline-defi
diet, andp-cresidine, a known bladder carcinogen (Popovic
et al., 2000; Moseret al., 2000). Treatment with 50 pp
arsenite in the drinking water alone did not cause m
tumors. Inp-cresidine-exposed mice, coexposure to eithe
senite or a choline-deficient diet enhanced the extent of bla
hyperplasia and the incidence of bladder carcinomas. T
although arsenite did not appear to be carcinogenic alone
concomitant exposure top-cresidine, arsenite appeared to b
cocarcinogen in p531/2 mice.

TAB
Arsenic Carcinogene

Transgenic
mice Treatment protocol Arsenic dose

p531/2 As(III), As(V), MMA, or
DMA

50, 150,
1500, 1000

No tumo

p531/2 DMA 50 ppm Earlier t
p531/2 As(III) ALONE 50 ppm No tumo

As(III) 1 p-CRESIDINE
(0.2% IN DIET)

50 ppm Increas

K6/ODC DMA 10 ppm 8% Skin
DMA 100 ppm 22% Sk
As(III) 10 ppm 15% Sk

K6/ODC VEHICLE3 DMA 3.6 mg 0.0 Skin
DMBA 3 CONTROL — 9.7 Skin
DMBA 3 DMA 3.6 mg 19.4 Sk

Tg.AC As(III) 200 ppm No pap
TPA — Some p
As(III) and TPA 200 ppm Increas
d
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K6/ODC transgenic mice. ODC activity is induced i
many epithelial tumors in both rodents and humans. ODC
been extensively studied in mouse skin and rat liver car
genesis systems and ODC induction is considered a biom
for promotion (O’Brienet al., 1976; Russell, 1985; Kitchinet
al., 1992). K6/ODC transgenic mice overexpress a trunc
ODC protein in hair follicle keratinocytes. A bovine keratin
(K6) promoter/regulatory region drives expression of ODC
K6/ODC mice given either 10 ppm DMA, 100 ppm DMA,
10 ppm arsenite in their drinking water for 5 months, 8, 22
15% of the mice developed skin squamous papillomas, re
tively (Chen et al., 2000). No tumors were observed in
control group of K6/ODC transgenic mice not exposed
arsenic and in nontransgenic littermates given 100 ppm D
These data in transgenic mice are one of the few observa
of rodent tumors caused by inorganic arsenic exposure
initiators of carcinogenesis were given to these K6/ODC m
Instead these mice may function as highly promoted trans
animals in which the initiating or progressing potential o
chemical is being assayed. Interestingly, at the same dri
water concentration of 10 ppm, arsenite and DMA had fa
similar tumor responses, 15 versus 8%, respectively. Thu
this experimental system, trivalent arsenite was not m
highly potent than pentavalent DMA, a surprising find
Concentrations of arsenite above 10 ppm and DMA above
ppm were not tested. DMA concentrations as high as 400
in A/J strain mice (Hayashiet al., 1998) and 1000 ppm in mic
(Yamanakaet al., 2000) have been utilized in animal expe
mentation.

A two-stage mouse skin carcinogenesis experiment in
ODC mice was performed using the initiator 7,12-dimet
benz[a]anthracene (DMBA, 50mg, one application), 12-O-
tetradecanoylphorbol-13-acetate (TPA, 5mg twice per week

2
in Transgenic Mice

Experimental finding Reference

Masset al., personal communicatio

ors in p531/2 Salim et al., 1999
Popovicovaet al., 2000

bladder hyperplasia and carcinoma

mors (squamous papillomas) Chenet al., 2000
umor (squamous papillomas)
umors (squamous papillomas)
mors per mouse Morikawaet al., 2000
mors per mouse
umors per mouse

as Germolecet al., 1998
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number of papillomas
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258 KIRK T. KITCHIN
and DMA (3.6 mg twice per week) (Morikawaet al., 2000)
wenty weeks after initiation, the average number of tum
er mouse was 20.7, 19.4, 9.7, and 0.0 in the four treat
roups of DMBA 3 TPA, DMBA 3 DMA, DMBA 3
ontrol cream, and acetone vehicle3 DMA, respectively. Th
MBA 3 TPA treatment group responded with an increa

umor incidence about 2 weeks faster than the DMBA3 DMA
roup. Microscopically, most tumors in the three respon

reatment groups were squamous papillomas, with some
ous carcinomas with disorderly arrangement and aty
uclei.

Tg.AC transgenic mice.One group has published resu
sing Tg.AC female homozygous transgenic mice with

etal z-globulin promoter fused to the v-Ha-ras structural gen
(with mutations at codons 12 and 59) and linked to a sim
virus 40 polyadenylylation/splice sequence (Gemolecet al.,
1998). Wild-type (FVB/N) or Tg.AC transgenic mice we
exposed to combinations of TPA (given dermally twice
week for 2 weeks) and 200 ppm arsenite in the drinking w
for up to 22 weeks. All mice were pretreated with arsenite
4 weeks before TPA exposure. In wild-type mice expose
arsenite and TPA together, no tumors were seen. In T
transgenic mice exposed to arsenite but no TPA, no tu
were observed. In Tg.AC transgenic mice, some skin pap
mas were caused by TPA treatment alone. The numb
mouse skin papillomas was increased if the dermal TPA t
ment was combined with exposure to arsenite in the drin
water (Table 2). This research group has suggested ar
was acting as a copromoter.

Summary. The key mutational events in arsenic carc
genesis in humans are not yet known. Thus, at this time
difficult to select or develop an appropriate transgenic an
model for arsenic carcinogenesis. None of the three trans
mouse models tried so far have mimicked the pattern of hu
arsenic carcinogenesis with large elevations of skin, bla
and lung carcinogenesis in the same animals.

In p53 transgenic animals exposed to 50 ppm arsenite
50 ppm DMA, no clear pattern of skin, lung, and blad
tumors was observed (Table 2). Thus, despite the impor
of p53 in many human tumors and the known alterations in
in arsenic-induced human tumors, the p53 transgenic m
system does not seem to be a good model for arsenic-in
carcinogenesis studies.

In Tg.AC transgenic mice, no skin tumors were seen
lowing exposure to 200 ppm arsenite alone. A more prom
transgenic model system is the K6/ODC transgenic mo
Two different experimental groups have observed skin c
nogenesis in K6/ODC mice after arsenic exposure. In one
either As(III) or DMA in the drinking water acted as a co
plete carcinogen (Chenet al., 2000); in the other case topica
applied DMA acted as a promoter (Morikawaet al., 2000).

Overall, there is reason for limited optimism for the use
ransgenic animals in the study of arsenic carcinogenesis.
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mouse skin (Chenet al., 2000; Morikawaet al., 2000) and
bladder (Popovicovaet al., 2000) have shown some degree
carcinogenic response following arsenic exposure (Tabl
To date there are not any positive models of arsenic-ind
lung carcinogenesis in transgenic animals. Once one or
key genetic events in the pathway of arsenic carcinogene
humans are known, use of transgenic animals may be
more fruitful.

METHYLATED METABOLITES OF ARSENIC

The generally held view of arsenic carcinogenesis in the
was that arsenite was the most likely cause of carcinoge
and that methylation of arsenic species was a detoxific
pathway. Some individuals had an almost Ptolemaic view
methylation of arsenic was of great importance in minimiz
arsenic’s toxicity and/or carcinogenicity. Other scientists,
tably Aposhian (1989), have stressed the importance o
senic’s binding to proteins. Trivalent species are stronger
tein-binding agents than are pentavalent arsenic species

The present view of arsenic carcinogenesis is that ther
many possible chemical forms of arsenic that may be cau
carcinogenesis and that methylation of arsenic may be a
fication, not a detoxification, pathway. In a relatively sh
period of time, evidence has accumulated in favor of
paradigm shift and a substantial change of scientific op
has occurred. Much of the present interest centers o
trivalent methylated species of arsenic–MMA(III), DMA(II
and to a lesser extent TMA(III)–which may be formed
reductive processes from pentavalent arsenicals. TMA
may exist in higher concentrations in rat tissues than in hu
tissues.

MMA(III)

MMA(III) has been found in urine of humans exposed
arsenic without (Aposhianet al., 2000a) and with concomita
treatment with chelators (Aposhianet al., 2000b). MMA(III) is an
excellent choice as a cause of arsenic carcinogenesis b
humans excrete much more MMA than any other species
providing a reason why humans are found to be unusually s
tive to arsenic-induced carcinogenesis. Some of the biolo
activities that MMA(III) is known to possess in various exp
mental systems include enzyme inhibition (Linet al.,1999; Styblo
et al., 1997), cell toxicity (Petricket al., 2000), and genotoxici
Masset al., 2001). This certainly is an impressive list of biolo
cal activities for a methylated arsenic metabolite form
hought to be a “detoxified” form of arsenic.

MA(III)

DMA(III), as well as MMA(III), has been demonstrated
uman urine of arsenic-exposed humans administered
imercapto-1-propane sulfonate (a chelator) (Leet al., 2000)

n a study of hamsters given arsenate (Sampayo-Reyeset al.,
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259ARSENIC CARCINOGENESIS
2000), substantial hepatic concentrations of trivalent M
and DMA were found in addition to the expected pentava
MMA and DMA. MMA reductase activity was fairly high i
hamster bladder tissue (Sampayo-Reyeset al., 2000). The
apacity to separate the trivalent forms of the methyl
rsenic species from the pentavalent forms has just rec
een developed (Del Razoet al., 2000; Sampayo-Reyeset al.,
000; Leet al., 2000). Future research will probably give u
uch better view of the relative tissue ratios of trivalen
entavalent arsenic chemical forms for each of the methy
pecies. Few data are currently available on the tissue co
rations of trivalent methylated species. In rats, the oral L
s approximately 100 for arsenate, 41 for arsenite, 961

MA, and 644 mg/kg for DMA (Brownet al., 1997). The hig
D50 values for administered pentavalent MMA and DM
uggest that in rats only a small fraction of these methy
rsenic forms is both trivalent and biologically active at
iven time. After pentavalent methylated arsenicals have
rated a certain amount of trivalent methylated arsenica
eductive processes, protein binding of trivalent methyl
rsenicals to noncritical sulfhydryl targets may protect
rganism from trivalent methylated arsenicals binding to

cal sites that cause toxicity or carcinogenicity. Otherw
iologically active trivalent methylated arsenicals might h
roduced death in the experimental animals at much lowe
oses than 644 mg/kg of DMA or 961 mg/kg of MMA. The
ave been many animal models of arsenic carcinogenes
eloped in which pentavalent DMA was given to rats or m
Tables 1 and 2). In these models, the cancers are likely d
he trivalent species of DMA(III) or TMA(III) or alternative
o the pentavalent species DMA or TMAO. As an organis
ells are exposed to a whole range of arsenic metabolit
ay be very naive to think of just one causative ars

pecies. Similarly, it may be naive to think of just one causa
ode of action of carcinogenesis for arsenic. For exam
rsenic carcinogenesis might arise from the combinatio
hromosomal abnormalities, oxidative stress, and the aug
ation of growth factors causing cell proliferation and eve
lly promotion of carcinogenesis. Some of the biological

ivities that DMA(III) is known to possess in vario
xperimental systems include enzyme inhibition (Linet al.,
999; Stybloet al., 1997) cell toxicity (Petricket al., 2000)
enotoxicity, and clastogenicity (Masset al., 2001).
If DMA(III) produced from pentavalent DMA is the cau

tive chemical of arsenic carcinogenesis, it is wise to rem
er that any animal experiments performed with administ
MA(III) may significantly differ in the tissue levels
MA(III) achieved and in the pharmacokinetics of the adm

stered DMA(III) compared to that of DMA(III) produced fro
dministered pentavalent DMA.
At physiological pH, DNA is negatively charged from t

hosphate groups. The bases have a substantial num
lectronegative atoms, such as oxygen and nitrogen, whic

requently adducted by chemicals. Many arsenic chem
t
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orms have a substantial negative charge at physiologica
o these negatively charged arsenic forms would not b
ected to easily interact with DNA because of electros
epulsion. When arsenic is successively methylated, the i
ble hydroxy groups are replaced by uncharged methyl gr
hus, a molecule of DMA(III) may be able to directly inter
ith DNA far more easily than trivalent arsenite.

MA(III)

TMA(III) may be produced from TMAO by reduction. Da
rom one group suggest that only rats may have relatively
evels of TMAO in their urine. Rats are also the most respon
nimal model for arsenic carcinogenesis yet found. A molecu
MA(III) possesses no ionizable hydroxyl groups to limit
bility of this trivalent arsenic species to interact with DNA.

ummary

The data from rodent animal models that respond to adm
ered pentavalent DMA have been criticized for the high con
rations of pentavalent DMA that are required for promotio
arcinogenesis or for complete carcinogenesis (Table 1). It m
hat the trivalent compound DMA(III) is actually the active c
inogenic species and that pentavalent DMA is entirely or la
nactive. Thus, the observation that only high drinking wate
ietary concentrations of pentavalent DMA are active in ex
ental systems of carcinogenesis is exactly as it shoul
entavalent DMA is a poor delivery system for DMA(III) in ra
imilarly, inorganic arsenic exposure is a poor delivery system
ither MMA(III) or DMA(III) in humans. Nonetheless, in bo
umans and rats, either MMA(III) or DMA(III) could be the cau
f arsenic carcinogenesis. These trivalent methylated arse
hould be vigorously investigated for biological and carcinog
ctivity.
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