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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 p53*~ 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.

! This manuscript has been reviewed in accordance with the policy of the
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Substantial scientific progress has been made recently in 1
area of arsenic metabolism, pharmacokinetics, modes of carcir
genic action, and the development of animal models of arser
carcinogenesis in both normal rodents and transgenic mice. Tl
review of arsenic carcinogenesis will discuss the modes of actic
existing animal models, and the importance of methylated arsel
metabolites. Additional, more speculative modes of arsenic ce
cinogenesis could have been included in this article. Some of t
included modes of action appear to be predominantly genoto»
(e.g., chromosomal abnormalities, oxidative stress, and gene &
plification) while others seem to be more nongenotoxic (e.g
altered growth factors, enhanced cell proliferation and promotic
of carcinogenesis, and altered DNA repair). Whatever the bett
label for a mode of carcinogenic action is, the dose—respon
relationship at low arsenic concentrations for any of these nir
putative modes of arsenic carcinogenesis is not known.

The present deficiency of scientific knowledge in the areas
modes of carcinogenic action for arsenic and the true shape of 1
dose—response curve at low arsenic concentrations (e.g., co
sponding to 2, 5, 10, 20, and 50 ppb in the drinking water supp
of human beings) negatively effects the process of regulatir
environmental arsenic exposures. Without adequate scienti
knowledge on arsenic carcinogenesis, default assumptions will
used for both the mode of carcinogenic action and the model us
for extrapolation from the experimentally observable ranges
human environmental exposures. Scientific knowledge may th
take a back seat to economic pressures, political ideology, a
litigative outcomes.

PUTATIVE CARCINOGENIC MODES OF ACTION
FOR ARSENIC

National Health and Environmental Effects Research Laboratory, U.S. Envi- -
ronmental Protection Agency, and approved for publication. Approval does fohromosome Abnormalities

signify that the contents necessarily reflect the views and policies of the . .
Agency, nor does mention of trade names or commercial products constituteAS arsenicals are usually found to be effective for clastoge

endorsement or recommendation for use.

nicity and low in point mutagenicity, this is a favorite putative

249

0041-008X/01



250 KIRK T. KITCHIN

carcinogenic mode proposed by many individuals. There are FREE RADICALS FROM DMA
many positive reports of arsenic-induced chromosomal aber-
rations, including micronuclei and sister chromatid exchanges, - Ha Hs
found in studies in humans and rodents bothvivo and in \ /:
vitro. As’ —_— Asl'H
Dimethylarsinic acid (DMA) causes several genotoxic or / \ /
clastogenic effects, including single strand breaks, formation of HsC o] H.C
apurinic/apyrimidinic sites, DNA base damage and oxidative
base damage, DNA—protein crosslinks, chromosomal aberra- A:SI,":’::;HZ;D DIMETHYL
tions, and aneuploidy. Higher concentrations of DMA are | (DMA) ARSINE l
needed to demonstrate clastogenicity in comparison to lower (GAS)
concentrations of arsenite. Li and Rossman (1989) have sug- FREE RADICAL
gested that the clastogenicity of arsenite is due to the high PRODUCTION
affinity of arsenic for sulfhydryl groups. Interactions of arsenic
with the protein tubulin and spindle formation and function are CH, CHs
areas that have attracted interest. / /
In humans’ drinking water containing 4Q@g/L of arsenic, As ASe
an increased frequency of chromosome aberrations was found / \
in peripheral lymphocytes (Beckmanal, 1977; Nordensognt H.,C 0\ H.C
al.,, 1978 and Petrest al, 1977). An increased frequency of Oe *

micronucleated urothelial exfoliated cells was also found in DIMETHYLARSENIC DIMETHYLARSENIC
humans’ drinking water with high levels of arsenic (Wareér PEROXYL RADICAL RADICAL
al., 1994). A third study of exposed humans found increased
numbers of micronuclei in exfoliated epithelial cells from both - o
the bladder and oral cavity (Gonsebattal., 1997). 0, HO
The connection between the demonstrated clastogenicity of SUPEROXIDE HYDROXYL
arsenic and how exactly this may cause carcinogenicity in five RADICAL RADICAL
different human organs is not well understood. Rather than
continuing just to demonstrate clastogenicity in different cel-Fig. 1. Free radicals from DMA. Pentavalent DMA may be reduced to ¢
lular or animal systems, more effort should be spent trying tvalent arsenic form, dimethyarsine. This minor pathway of arsenic metal

illuminate the subsequent mechanistic steps of arsenic carfism may generate free radicals such as dimethylarsenic radical, dimeth

nogenesis that may occur after clastogenicity. :Jsz_r;_icdpferonyradical,Ifrtindlira(;tglogenerate superoxide and hydroxy radic:
odified from Yamanakat al. .

Oxidative Stress

Oxidative stress is a relatively new theory of arsenic cardiétabolite of DMA (a pentavalent arsenic form) produced b

nogenesis. Since about 1990, additional data supporting tRi€rocess of reductiom vivo (Yamanaka and Okada, 1994).
AR summarized in Fig. 1, dimethylarsine can react with mo

theory and greater scientific acceptance of this mode of acti ! / ' '
have continued to accrue. The first oxidative stress theory /§fular oxygen forming a (Ci),As" radical and superoxide

arsenic carcinogenesis that included a detailed arsenic m&@@&on- This (CH),As" radical can add another molecule of
bolic pathway was presented by Yamanakaal. (1990). Molecular oxygen and form the (GHASOQG radical. Hy-
Dimethylarsine (a trivalent arsenic form) is a miniarvivo droxyl radical may be produced via cellular iron and othe
transition metals. From exposure to these free radicals, DN
2 Abbreviations used: DMA (the pentavalent form), dimethylarsinic acidd@mage such as DNA single-strand breaks can occur.
DMA(lIl), dimethylarsinous acid; DMBA, 7,12-dimethylbenz[a]anthracene; One striking advantage to the oxidative stress theory ¢
GM-CSF, granulocyte macrophage-colony stimulating factor; K6/ODC, trangrsenic carcinogenicity is that arsenic’s ability to cause hume
genic mice which overexpress a truncated ODC protein in hair follicle kere—ancer at high rates in the Iungs bladder. and skin can |

tinocytes; MMA (the pentavalent form), monomethylarsonic acid; MMA(III), tiall lained. High tial f f
monomethylarsonous acid; ODC, ornithine decarboxylase; 8-OHdG, 8-?19/ar ially explained. High paruial préssures or oxygen are toun

droxy-2 -deoxyguanosine; PARP, human poly(ADP-ribose)polymerase; RO®, the lung. Human lungs may be an organ responsive
reactive oxygen species; SAMadenosylmethione; Tg.AC, female homozy-arsenic carcinogenesis because of the high partial pressure
gous transgenic mice with a fetal zeta-globulin promoter fused to the rasla- oxygen and the fact that dimethylarsine, a gas, is excreted \
structural gene (with mutations at codons 12 and 59) and linked to a simimb Iungs (Yamanaka and Okada, 1994). Human bladder m
virus 40 polyadenylylation/splice sequence; T@ftissue growth factoe; . . . .

TMA(I), trimethylarsine; TMAO, trimethylarsine oxide (the pentavalentbfe an organ responswe to arsenic carC|noger_1eS|s beca_use of
form): TNF-«, tumor necrosis factos: TPA, 12O-tetradecanoylphorbol-13- high concentration of DMA and MMA that is stored in the

acetate. lumen of the bladder and the amount of DMA(III), dimethyl-
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arsine, or MMA(lIl) that might be generated by reductivexidative stress mode of carcinogenesis were found together
processes. Skin localizes and stores arsenic because of its tiighsame human skin tumor samples (Matsual, 1999).
keratin content, thus there is a pharmacokinetic reason whyPositive results were obtained in an electron spin resonan
skin may be so responsive to arsenic exposure. Skin seeawperiment utilizing mice (Liwet al, 2000). Mice were given
unusually sensitive to both arsenic’s toxic and carcinogergither 100umol/kg of arsenite or 50@umol/kg of arsenate by
effects. Two human organs that respond at much lower rateghe sc route. The animals were also given a spin trap agent
arsenic carcinogenesis are the liver and the kidney. DMA tike same time. Thirty minutes after the arsenic exposure, t
produced via oxidative methylation in the liver and the kidnefpouse livers were removed and extracted to separate the s
is exposed to high concentrations of DMA as it filters DMArap agent from other biological material. Both arsenite an
into the urine. arsenate gave positive results, with the stronger electron sy
Reactive oxygen species (ROS) such as hydrogen peroxiggsonance signals coming from arsenite-exposed mice. The
superoxide anion, singlet oxygen, and hydroxyl radical c4lata directly demonstrate that some free radicals are produc
directly or indirectly damage cellular DNA and proteinin mice after acute exposure to inorganic arsenic (¢ial,
Among these ROS, hydroxyl radical is generally assumed to £@00). o
the critical reactive species that directly attacks DNA. For N cultured human lymphocytes exposed to arsenite, ir
hydroxyl radical to be involved in arsenic carcinogenesis, &€ased sister chromatid exchange frequency was antagoni

free transition metal (such as iron) is normally thought to H& the addition of superoxide dismutase and catalase (Norde

required for Haber Weiss type processes to cause DNA da®?! and Beckman, 1991). Induction of micronuclei in CHO-K

age. When tested as releasers of iron from ferritin, (a) mefff!lS by 20uM arsenite was antagonized by either nitric oxide

ylated arsenic forms were more active than arsenate or arseriyélnase inhibitors, superoxide dismutase, or uric acid (&urr
(b) the trivalent arsenic forms were more active than thaé" 1998_)' These re_sults sgggest that_ some clastogenic (_eff_e
corresponding pentavalent arsenic forms, and (c) DMA(IIgf arsenic are mediated via free rad|cals_ (e.q., pgroxymtrm
was by far the most active releaser of iron from ferritin (Ahma uperoxide, hydrogen peroxide, and possibly free iron).
et al, 2000). A combinedn vitro exposure to both ascorbic
acid (a well known iron releaser) and DMA(lII) resulted in éAItered Growth Factors
large synergistic (greater than additive) increase in iron re-In primary human keratinocytes, arsenite exposure increas
leased from ferritin (under either aerobic or anaerobic condire mMRNA transcripts and secretion of transforming growt|
tions) and also in a large synergistic increase in DNA damaggetor« (TGF-a), granulocyte macrophage-colony stimulating
(Ahmadet al, 2000). Arsenite administration induces hepatitactor (GM-CSF), and tumor necrosis fac@i-TNF-«) (Ger-
and renal heme oxygenase isoform 1 in rats (Kitchiral, molecet al, 1997). Increased keratinocyte proliferation was
1999). Heme oxygenase induction results in the production @f0 observed.
carbon monoxide, biliverdin, and free iron. In a subsequent study with human keratinocytes, exposure
8-Hydroxy-2-deoxyguanosine (8-OHdG) is one of the mathree trivalent arsenicals, arsenite, MMA(IIl), and the
jor ROS-induced DNA damage products and is used asPDMA(lI)-glutathione conjugate, resulted in increased secre
biomarker of oxidative stress to DNA. In mice gavaged witfion of GM-CSF, TNFe, and interleukin-6 as well as increased
720 mg/kg of DMA, urinary 8-OHdG levels (obtained bycell proliferation (Vegeet al., 2001). The authors suggest that
sampling from the urinary bladder) were increased to about@senic exposure could increase the production of ROS, ac
3, and 8 times control levels at 3, 6,ch8 h after treatment, vation of transcription factors (e.g., AP-1fas and NF«B),
respectively (Yamanakat al, 2001). In a long-term rat car- and oversecretion of proinflammatory and growth promotin
cinogenensis study, hepatic 8-OHdG levels were increasedf¥iokines, resulting in increased cell proliferation and finall
DMA-treated rats, suggesting an elevated rate of free radi€arcinogenesis. At present, data suggesting altered growth f:
attack on DNA (Wanibuchét al, 1997). tors as a m_ode (_)f arsenic carcinogenesis are much more hig
In a human study, 28 cases of arsenic-related skin neoplagif¥€loped in skin models than for other tissues such as lung
and keratosis as well as 11 cases of arsenic-unrelated Bowdli!der. The possible role of growth factors, cell proliferation
disease were studied. By immunohistochemistry, 22 of Zf)@d_other epigene_tic modes of action in arsenic carcinogene
(78%) arsenic-related human skin samples were 8-OHdG pbsdiscussed by Simeonova and Luster (2000).
itive (Matsuiet al,, 1999). In the arsenic-unexposed group onl . .
1 of 11 Bowen'’s disease samples (9%) gave a positive imm gll Proliferation
nohistochemistry reaction with the 8-OHdG antibody proce- Increased ornithine decarboxylase (ODC) activity is ofte
dure. In addition, in the arsenic-exposed group, 4 of 5 depaiterpreted as a biomarker for cell proliferation. Arsenite ex
affined human skin tumor samples tested showed detectgidsure in rat liver (1.6 mg/kg) (Brown and Kitchin, 1996) anc
arsenic by neutron activation analysis. Thus, both the causativ®IA exposure in rat liver (at 10 ppm) (Wanibuchkt al,
chemical (arsenic) and a putative intermediate (8-OHdG) in 4897) and in rat kidney (at 100 ppm DMA) (Yamamabal,
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TABLE 1
DMA Carcinogenesis in Rodents

Lowest effective DMA

Complete concentration in water

Species carcinogen Promoter (ppm) Reference
Skin Mouse — Yes 1000 Yamanaled al., 2000
Lung Mouse — Yes 200 Yamanala al., 1996

Mouse Yes — 400 Hayasleit al., 1998
Bladder Rat — Yes 50 Yamamott al., 1995

Rat — Yes 25 Wanibuchet al., 1996

Rat Yes — 50 Wekt al., 1999

Rat Yes — 100 (in diet) Life Science Research, 1989
Kidney Rat — Yes 200 Yamamotet al., 1995
Liver Rat — Yes 200 Yamamotet al., 1995

Rat — Yes 50 Wanibuchet al., 1997
Thyroid Rat — Yes 400 Yamamotet al., 1995

1995) have resulted in increased ODC activity. Increased cptitential develops in one cell of the large number of existin
proliferation following arsenic exposure has been demonells of intermediate malignancy.

strated in skin (Germoleet al,, 1997 (at 0.00l.M), keratoses

in many human studies), and urinary bladder (Popoviceiva Altered DNA Repair

al,, 2000 (at 500 ppm); Amnolet al, 1999 (at 40 ppm)). _Arsenite is known to inhibit more than 200 enzymes (Ab.
'Two common causefs'of cell proliferation are mltogenlgmathyet al, 1999). That a sulfhydryl active agent like arsen-
stimulation and cell toxicity and death followed by compenyg \ouid inhibit this many enzymes is not surprising. Of the
satory regeneration. Errors of replication resulting from unreg,sgipje tens of thousands of cellular enzymes, almost all ha
paired DNA damage present at the time of DNA replicatiogy, ajent disulfide linkages (cystine), while a lower number o
can result in mutation of the genetic material. In cases in Wh'gf‘oteins have one or more free cysteine moieties along t
cell proliferation is the upstream cause of the eventual mutatiggyy nentide chain. After translation, proteins undergo comple
in DNA, it is difficult to decide if the be;t mechanlstlg label t%etabolism, redox changes, adduction with other moleculs
apply to such a sequence of events is nongenotoxic or g9y sugars), and binding with other cellular entities. A sma
toxic. trivalent oxyanion like arsenite with an unshared pair of 4
electrons has many opportunities for protein binding, confol
mational alteration of protein structure, and enzymatic inhibi
In carcinogenesis, the terms promoter and progressor #om. Arsenicals with this capability include arsenite,
operationally defined. These two terms are more difficult tdMA(IIl), DMA(II), TMA(III), and dimethylarsine.
translate into particular mechanistic steps than is carcinogenicarly work on DNA repair enzymes showed that DNA
initiation. Carcinogenesis can be thought of in terms of lagases | and Il were both inhibited by arsenite (Li and Ross
mutational/cellular proliferation cascade model (Moolgavkanan, 1989; Lee-Cheat al, 1993). Later work with purified
1986; Clayson and Kitchin, 1999). In a more holistic approadtuman DNA repair enzymes showed that arsenite actual
to understanding carcinogenesis, Hanahan and Weinbargreased the activities of DNA polymerase bei;methyt
(2000) state that the hallmarks of cancer include self-suffiuanine-DNA methyltransferase and DNA ligases |, II, and Il
ciency in growth signals, insensitivity to antigrowth signal§fHu et al, 1998). Human poly(ADP-ribose)polymerase
evading apoptosis, limitless replicative potential, sustained §RARP) activity is also inhibited by arsenite (Yager anc
giogenesis, and tissue invasion and metastasis. Current thedfiésncke, 1997).
of arsenic carcinogenesis have little or nothing to say about theAlthough trivalent arsenicals have a reasonable affinity fc
latter three of these important factors in carcinogenesis. Amgle sulfhydryl groups, trivalent arsenic can bind with &
shown in Table 1, there is positive evidence for DMA promdaigher binding affinity to two proximate sulfhydryl groups.
tion of carcinogenesis in skin, lung, bladder, kidney, liver, arithese nearby dithiols are relatively rare among proteins |
thyroid. Much of this promotional activity may be due tageneral but are fairly common among certain DNA-binding
increased cell proliferation rates. proteins, transcription factors, and DNA-repair proteins. Whe
Cell proliferation is an important driving force in promotioncertain amino acid sequences are complexed to endogen
of carcinogenesis; mutation is more important in initiation anzinc, these proteins are called “zinc finger” proteins. Som
in progression in which increasing malignancy and metastaggamples of zinc finger DNA-repair proteins are UVRA (Hu-

Promotion and/or Progression in Carcinogenesis
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sainet al, 1986), PARP (Chernest al,, 1987), RAD-18 (Jones ation has long been appreciated. In human lung adenocar
et al, 1988), and XPAC (Tanaket al. 1990). noma A549 cells exposed to arsenite (0.08 to 2.0 uM) c

The theory that altered DNA repair is the cause of arseracsenate (30 to 300 uM), a hypermethylation of a promote
carcinogenesis is particularly attractive because trivalent aegion of the p53 gene was observed (Mass and Wang, 199
senic species, such as arsenite, can bind strongly to dithiolS3tker researchers (Zha al, 1997) have found hypomethy-
well as free sulfhydryl groups. Such protein binding coulthtion, not hypermethylation, of DNA in a rat epithelial cell
induce inhibited DNA repair, mutation in key genetic sites, dme (TRL 1215) exposed to arsenic. They suggest DNA hy
increased cell proliferation which can then lead to subsequgmethylation could be capable of committing cells toward |

mutation via inhibited DNA repair. carcinogenic pathway. DNA methylation state changes cou
lead to altered gene expression and this could lead to carcir
p53 Gene Suppression genesis. What is more difficult to prove and is not presentl

The immortalized keratinocyte cell line HaCaT, which Conlgnown 1S hO.W DNA. hypo- or hypermgthylatl_on WOUIq act
. . . . through the intervening steps of arsenic carcinogenesis to
tains two UV-induced mutations in the p53 gene, was exposgg" result in an invasive tumor
to arsenite (1, 10, or 100 nM) (Hamadehal., 1999). After 2 y . ' . .
. . The methylation state of DNA following arsenite exposure
to 4 days of arsenite exposure, p53 protein levels were de- ; . . .
. o . : was further investigated in human lung A549 cells and in thre
creased. Concomitant arsenite-induced increase in mdm2 lgv- : .
: uman kidney cell lines (UOK123, UOK109, and UOK121)
els seemed to cause the observed p53 protein level decreghe

As p53 is the guardian of the genome, lessened p53 prot onget al, 2001). A total of eight differentially methylated

. ; A fragments were isolated using methylation-sensitive a
content and function could cause mutations to accumulate ab

. . . . irrarily primed PCR. DNA sequence studies found that twi
faster rate in organisms exposed to arsenite, leading eventuﬂ A fragments were repeat sequences of mammalian appar
to carcinogenesis (Hamadehal, 1999). In contrastin vitro g b d bp

. . . LTR retrotransposons, five were putatively identified as prc
arsenite exposure (1-50 uM) increased the p53 protein Ievr%lgter-like sequpences and one Dl[\)lA fragn)’:ent was not idgm
found in three (HelLa, Jurkat, and a lymphoblast cell Iinﬁ '

. . : ; ; able. Six of the DNA fragments were hypermethylated; twc
transformed with Epstein—Barr virus) of four cell lines inves- ) )
. : were hypomethylated. In A549 cells, elevations were found i
tigated (C-33A cells did not respond) (Salazaral., 1997). . . L

| . . . DNA methyltransferase mRNA and its enzymatic activity (uf

In arsenic-related skin cancers from Taiwan, p53 mutatio oS three times control levels after2M arsenite exposure for
were found in 39% of cases with Bowen'’s disease, 29% of tgleweeks) P
cases with basal cell carcinoma, and 56% of the cases with '
squamous cell carcinomas (39 cases total) (etsal,, 199_9). In GFne Amplification
arsenic-related skin lesions arising from therapeutic use 0
arsenic, no indications of p53 mutations were found among theLee et al. (1988) described arsenic-induced gene amplifice
18 basal cell carcinomas or 2 squamous cell carcinomas iti@ of the dihydrofolate reductase gene in mouse 3T6 cell
patients studied (Castraat al, 1998). However, in premalig- Cells had a 2- to 11-fold increased copy number of the dihy
nant lesions, mutations were found in 30% of the skin lesiodsofolate reductase gene. In causing gene amplification, arse
following arsenic exposure. Accumulation of p53 protein wage was active in the 0.2 to 0.8M range and arsenate was
found in 78% of the lesions from cases with arsenic exposuaetive between 1 and A4M. Higher concentrations of arsenite
(Castrenet al, 1998). In contrast, in Australian patients exer arsenate decreased cellular survival markedly but also h
posed to therapeutic use of arsenic, arsenic-related basal orlch higher relative rates of gene amplification. Other studie
carcinomas expressed p53 less often and with lower stainimgve also found arsenic-induced dihydrofolate reductase ge
intensities than did control patients exhibiting sporadic basamplification in SHE cells (Woloson, 1990) and in arsenite
cell carcinomas (Boonchait al., 2000). resistant trypanosomes (Katakura and Chang, 1989).

Altered DNA Methylation Patterns Summary

Most mammals biomethylate arsenic. In most species, inor-The modes of carcinogenic action of arsenic will remain a
ganic arsenic consumes the methyl groups of two moleculesaméa of active scientific research and disagreement. At tf
Sadenosylmethionine (SAM) in its metabolism to DMA (Figtime, three modes of action for arsenic carcinogenesis have
2). Some species, such as the guinea pig, the chimpanzee,@sgtee of positive evidence, both in experimental systen
the marmoset have extremely low rates of arsenic methylatiganimal and human cells) and in human tissues that warra
to the point where these species have been described as “rmreminence—chromosomal abnormalities, oxidative stre:
methylating.” Rats produce some urinary trimethylated arseraad a continuum of altered growth factors cell prolifera-
species (trimethylarsine oxide (TMAO); S. Fukushima, petion — promotion of carcinogenesis. The remaining possibl
sonal communication) from administered DMA. modes of carcinogenic action for arsenic (progression of ca

DNA is also methylated and the importance of this methytinogenesis, altered DNA repair, p53 suppression, altere
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ARSENIC METABOLISM

Reduction (As¥ — As')
Oxidation (As — AsY)
Methylation (As"' — MMAsV)

SAM = S-Adenosylmethionine

SAH = S-Adenosylhomocysteine
ASY s GSH = Glutathione (reduced)
reductase GSSG = Glutathione (oxidized)
2 ng\
assa’ AsH SAM
\%\}AH
MMAv
MMAY
\'eductase
MMAm SAM
' / asH SAH
. v
Urinary D“Q
Arsenic | DMA®
Metabolites

FIG. 2. A simplified scheme of overall arsenic metabolism in many mammals including humans. Reduction from pentavalent to trivalent arsenic stai
occur nonenzymatically via glutathione or enzymatically. Oxidation and methylation are coupled in arsenic metabolism with the trivalenbransasithé
substrate and a more methylated pentavalent arsenic form as the product. As(V), As(lll) MMA, MMA(IIl), DMA (the major form in many mammals),
DMA(lIN) are found in human urine. Humans excrete a relatively high amount of MMA in their urine. In rats, some arsenic is further metabolized tata forn
three methyl groups, TMAO. Only recently has it been possible to separate the two different valence states of MMA and DMA, hence, they are groeiped
within a single box in this figure. Some forms of arsenic can reversibly change valence state from pentavalent to trivalent and back again {e.gz, ars
arsenite).

DNA methylation patterns, and gene amplification) do nahowed rapid formation of free radicals after administration ¢
have as much evidence for them, particularly animal evidenaesenate or arsenite (Lat al, 2000). Formation of 8-OHdG in
in vivo, positive evidence in human cells, or human data fromouse bladder (Yamanale al, 2001) and human skin (Mat-
case or population studies. sui et al, 1999) suggests involvement of oxidative stress il
Chromosomal abnormalities can be easily caused becausarsknic carcinogenesis.
the tendency for trivalent arsenic forms to interact and disruptThe combined theory of altered growth facterscell pro-
the normal functioning of tubulin and spindles. It is the secontiferation — promotion of carcinogenesis is an excellent choic
third and fourth steps of cancer causality that are weakest in foe a carcinogenic mode of action for arsenic. The increases
chromosomal abnormalities theory of arsenic carcinogenesoncentrations of growth factors is a mitogenic pathway to ce
Oxidative stress is a mode of carcinogenic action for arserpooliferation and eventually promotion of carcinogenesis. Ce
that works particularly well in the lungs and bladder, but not afeath, coming from a trivalent form of arsenic, can also lead 1
well in skin. The oxidative stress theory partially depends a@ompensatory cell regeneration and eventually to carcinoge
the ability of DMA or MMA metabolites to form free radicals. esis. All three components of this combined mode of actio
Alternatively, the inorganic forms of arsenic could directlhave been demonstrated in one or more systems: alter
generate free radicals. This can occur because arsenic chamggewth factors (in human keratinocytes); mitogenesis (in ht
oxidation states from trivalent to pentavalent depending on thean keratinocytes); cell death (in human hepatocitestro,
exterior chemical environment. Recent mouse experimemstricket al, 2000; in rat bladder epitheliuim vivo, Cohenet
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al., 2001; cell proliferation (in human keratinocytes and rode@ontrol female rats had 0/59 incidence of bladder papillome
bladder cells and intact human skin), and promotion of car@nd carcinomas, while female rats exposed to 100 ppm DM
nogenesis (in mouse skin and lung and in rat bladder, kidnéyd 10/58 incidence (17%, withpa<< 0.01). Of the female rats

liver, and thyroid, see Table 1). that responded to DMA exposure with bladder tumors, si
were classified as carcinomas and four were classified as p:
ANIMAL MODELS OF ARSENIC CARCINOGENESIS illomas. Female B6C3F1 mice exposed to up to 500 ppm DM,
in their drinking water showed only an increase in fibrosarcc
Studies Showing No Tumors mas in multiple organs.

Arsenite and arsenate are generally considered to have teste%canning electron microscopy of bladder epithelium of fe
9 y e F344 rats administered 100 ppm DMA in the diet showe

negative in standard carcinogenicity bioassays (NRC, 199 a L . o . .
Negative results have been obtained in mice (at dietary cony mlcrorldges, extefnswe pitting, mcreased separation

Lt=1.;ﬁl|thel|al cells, exfoliation, and necrosis (Cohetral, 2001).
na

centrations of 250 ppm for arsenite and 400 ppm for arsena )ese changes are consistent with cell death and regenera

rats (416 ppm arsen!te n the_d|et), beagles (arsenite or arse hg/gerplasia as the cause of DMA-induced bladder carcinoge
at up to 125 ppm in the diet), and cynomologus monkey: i

(arsenate at 0.1 mg/kg per day for 5 days per week for . . .
years) (NRC, 1999). In an unpublished study, hamsters WereBased on these multiple studies showing DMA to be both

. . ; promoter of carcinogenesis (Yamamatbal., 1995; Wanibu-
exposed for 425 days to biweekly administration of®@s(0.3 hi et al, 1997) and a complete carcinogen (Life Scienc

mg/kg, (this is not likely to be close to the maximum tOIGrateaesearch 1089; Wait al, 1999). rat bladder is the most

dose)) and/or TiQ(15 mg/kg) via intratracheal exposure (vol . .
ume 0.1 ml) but no lung masses were seen on gross examﬁgg'ed and p_robably b.ESt understood experimental model
arsenical carcinogenesis (Table 1).

tion (L. L. Hall, personal communication).
Lung. Human lung cancer can result from arsenic exposul

Animal Models of Arsenic (DMA) Carcinogenesis either via drinking water or inhalation. Male ddY mice initiated
Urinary bladder. Four positive studies of DMA as either aW'th 4-nitroquinoline 1-oxide anq subs.equ.ent.ly exposed to 2(
) . or 400 ppm DMA for 25 weeks in their drinking water devel-

promoter or a complete carcinogen in rat bladder are SUMMXed lung tumors that were described as adenocarcinomas
rized in Table 1. An indication that rat bladder was responsivé) g ‘

to DMA-induced carcinogenesis came from the Yamaneito adz?\]orsnc:g:ryvgl:: ciz\;\/recr:nso(;n 2%éY2:nfor?kalr'h 1[?I\3I?in drinkin
al. (1995) report. They utilized multiple initiators of carcino- 9 ’ ' bp 9

. . W}ater for either 25 or 50 weeks (Hayasial, 1998). At 25
genesis at the early stage of chemical exposure to start eeks there were no DMA-related pulmonary tumors. Alve
carcinogenic processes in several organs. Subsequently,v¥ %denomas were not increased prMA ad)r/ninistration ate
F344/DuCrj rats were exposed to either 50, 100, 200, or 4&5 y N

ppm of DMA in their drinking water. Bladder cancer resulte&veeks' In mice given 400 ppm DMA for 50 weeks, an elevate

in all four of the DMA-exposed groups. Rat bladder tumorg can number of lung tumors per mouse was observed (1.

were also obtained when only one initiatdx:butyl-N-(4- versus 0.5 for controlg < 0.05). Increased numbers of lung

. : hyperplasia, papillary adenomas, and adenocarcinomas w
hydroxybutyl)nitrosamine was followed by 25 ppm DMA ex- .
pgsurey(wgn)ibuchiet al, 1997). Weiet al. (132999) Rected DA, Observed after treaiment with 50, 200, or 400 ppm of DMA fo

as a complete carcinogen and found it to be carcinogenic to ?gt vyeeks. I_n X‘/'j' expelr:ment,tDIE)/IA 'S actu:_gl ai adcorrllplgt'
urinary bladder at 50 and 200 ppm. carcinogen in mice known to be susceptible to developin

In a structure—activity study, rats initiated wilrbutyl-N- pulmonary tumors.
(4-hydroxybutyl)nitrosamine developed 0.4, 0.3, 1.3, 3.8, andSkin. Despite the high responsiveness of human skin t
0.9 bladder tumors per rat after being given drinking watdoth arsenic’s toxicity and carcinogenicity, wild-type roden:
containing control, arsenite (17.3 ppm), MMA (187 ppm)skin models of carcinogenicity have not been very responsi
DMA (184 ppm), or TMAO (182 ppm), respectively (Wani-to arsenic. Mouse skin is well known to be sensitive to man
buchi et al, 2000). The rat bladder tumor incidence washemical carcinogens; rat skin is extremely unresponsive
elevated at the@ < 0.05 level for all three methylated arsenichemical carcinogenesis.
cals, with DMA clearly the most active chemical. Mice were treated for 25 weeks with UVB light at 2 kJ/m

In another study, female F344 rats exposed for 2 years totuygce per week with or without exposure to 400 or 1000 ppn
to 100 ppm DMA in their food developed dose-related transif DMA in the drinking water. All three treatment groups
tional cell bladder tumors with bladder hyperplasia observed dteveloped skin cancer, but the combination of UVB light an
both sexes. Life Sciences Research of Israel performed th800 ppm of DMA in the drinking water induced more tumors
study in support of the U.S. EPA pesticide registration fgrer mouse during weeks 13 to 19 than did UVB light exposur
cacodylic acid (EPA, 1994), however, the results of this stugjone. No statistically significant elevations in the percentac
were not initially widely known outside of regulatory circlesof tumor-bearing mice or tumors per mice occurred with th
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combination of UVB and 400 ppm DMA treatment versus After decades of not having an animal model of arseni
UVB treatment alone (Yamanal& al., 2000). carcinogenesis, the scientific community was somewhat st

Liver. Liver was one of the four rat organs (the others wefised by the 1995 report of DMA being a promoter of carci
bladder, kidney, and thyroid) that developed tumors after mflogenesis in four different rat organs (Yamametal., 1995).
tiple organ initiation and exposure to DMA as a promoteWh”e the scientific reaction to this major contribution was
(Yamamotoet al, 1995). Rat liver carcinogenesis can p®ositive in many ways, some of the less positive reactions m:
studied in a two-stage system in which diethylnitrosamine f@ve been based on the following four factors. First, it wa
the initiator and DMA is the promoter. Concentrations of 25nticipated that arsenite, not DMA would be the cause «
50, or 100 ppm DMA are active as promoters in this eXpe,‘arsenic carcinogenesis. Second, the use of a multiple org
mental system based on the area stained for gmtatr@neinitiation protocol caused some consternation in interpretin
transferase placental form-positive foci (Wanibuai al, this study because (a) a multiple rather than a single initiat
1997). Rat hepatic ODC activity was increased after admini4as used, (b) these initiators are complete carcinogens in so
tration of both 10 and 50 ppm DMA in the drinking watef@Xposure protocols, and (c) the cumulative and interacti
(Wanibuchiet al, 1997). effects of using multiple initiators are not well known in the

In a structure—activity study, rats initiated with diethylnitro/nutational sense. Third, the minimal drinking water concer
samine developed about 1.5, 2.5, 2.4, and 2.5 glutathiof@tions of DMA needed to promote carcinogenesis (25 ppn
Stransferase placental form-positive focifcfollowing expo O to be a complete carcinogen (50 ppm) were higher th
sure to promotional regimens of control, MMA, DMA, oré€xpected. Fourth, humans exposed to inorganic arsenic ¢
TMAO, respectively (Wanibuchi and Fukushima, 2000). Thi#mited by the toxicity and lethality of arsenite in how high

number of liver foci per area was statistically elevated at tH&MA concentrations their tissue can reach. _
p < 0.05 for all three methylated arsenicals. Animals models of DMA-induced promotion of carcinogen-

esis have been described for all five organs in which huma
develop cancer after exposure to inorganic arsenic (skin, lun
%Iadder, kidney, and liver, Table 1). Complete carcinogenes

DMA has been achieved in rat bladder and mouse lur

Kidney. At concentrations of 200 or 400 ppm DMA in
drinking water, rats initiated with a multiple initiator procedur
developed kidney cancer (Yamamabal., 1995). These kid-

ney tumors were classified as adenomas, adenocarcino Shle 1). Of the four organs in which Yamamatbal. (1995)
renal cell tumors, or nephroblastomas. - . . . . ;
) i ~__ originally described promotion of carcinogenesis following us

Thyroid. At a concentration of 400 ppm DMA in drinking of a multiple initiator protocol, experimental protocols using
water, rats initiated with a multiple initiator procedure deveﬁust a single initiator and subsequent promotion by DMA hav
oped thyroid cancer. Interestingly, Sprague-Dawley rats &fsen successfully developed for cancer of the rat bladd
posed for 2 years to dietary concentration of 200 ppm MMAwanibuchiet al, 1996) and liver (Wanibuctet al, 1997). A
the precursor of DMA, showed increased thyroid tumors igrotocol that uses a single initiator and DMA promotion of
males_ (EPA, 1981). Five rodent organs that are responsivécicinogenesis has also been developed for mouse lung ()
DMA-induced cancer match the five human organs that dgranakaet al, 1996). No carcinogenesis experiments have ye
velop cancer after inorganic arsenic exposure. The thyrgiden reported with DMA administered to hamsters, dogs,
gland (also responsive to DMA in rats) is the only site NGhonkeys, species that do not develop tumors after inorgar
known to develop cancer after inorganic arsenic exposure dpsenic administration.
humans. Among mammals that methylate arsenic, humans are u

Summary. The pharmacokinetics and dynamics of adminisual because they excrete a relatively large amount of MM
istered pentavalent DMA in rats suggests (a) substantial DM®Xahter, 1994). Thus, human tissues may be exposed to mu
binding to hemoglobin that sequesters the DMA and increadg@gher concentrations of pentavalent or trivalent MMA than ar
its biological lifetime but not necessarily its access to targetsice, rats, beagles, hamsters, or rabbits, for example (Vaht
needed to be carcinogenic, (b) an appreciable fraction of th894).
DMA may be in the pentavalent state, (c) rapid excretion of Trivalent arsenic species are capable of electronic intera
unbound DMA, and (d) the likely active carcinogenic form ofions with biological molecules via the unshdré s electron
the administered DMA could be DMA(V), DMA(lIl), TMAO, pair. Pentavalent arsenic species lack this chemical reactiv
or TMA(IIl). One research group has found that rats metabdue to this unshared pair of electrons. Several arsenic spec
lize DMA to TMAO to a larger extent (about 30% of theform complexes with glutathione. Methylated trivalent arseni
administered DMA material) (S. Fukushima, personal commapecies not only possess the reactive unshared electron pair
nication) than do mice, hamsters, and humans (about 3 to @%o0 contain one, two, or three methyl substituents that take t
of administered DMA) (Kenyon and Hughes, 2001). Followinglace of hydroxyl groups. These methyl groups could greatl
DMA administration to rats, there are two predominant trivechange the properties of arsenic by increasing the hydroph
lent arsenicals that might be causal in carcinogenesisieity and decreasing the ionizability and negative charges du
DMAC(I) and TMAC(II). to hydroxyl group(s). Thus, likely candidates for the cause
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TABLE 2
Arsenic Carcinogenesis in Transgenic Mice

Transgenic
mice Treatment protocol Arsenic dose Experimental finding Reference
p53+/— As(lll), As(V), MMA, or 50, 150, No tumors Maset al., personal communication
DMA 1500, 1000
p53+/— DMA 50 ppm Earlier tumors in p58/— Salimet al., 1999
p53+/— As(lll) ALONE 50 ppm No tumors Popovicovet al., 2000
As(lll) + p-CRESIDINE 50 ppm Increased bladder hyperplasia and carcinoma
(0.2% IN DIET)
K6/0DC DMA 10 ppm 8% Skin tumors (squamous papillomas) Céeal., 2000
DMA 100 ppm 22% Skin tumor (squamous papillomas)
As(l11) 10 ppm 15% Skin tumors (squamous papillomas)
K6/0DC VEHICLE — DMA 3.6 mg 0.0 Skin tumors per mouse Morikawaal., 2000
DMBA — CONTROL — 9.7 Skin tumors per mouse
DMBA — DMA 3.6 mg 19.4 Skin tumors per mouse
Tg.AC As(I11) 200 ppm No papillomas Germolest al., 1998
TPA — Some papillomas
As(lll) and TPA 200 ppm Increased number of papillomas

carcinogenic species of arsenic would include MMA(III) in K6/ODC transgenic mice. ODC activity is induced in
humans and DMAC(lII) in rats. The trimethylated compoundhany epithelial tumors in both rodents and humans. ODC h:
TMA(IIN) in rats and arsenite in humans could also be involveldeen extensively studied in mouse skin and rat liver carcin
in the carcinogenic process. However, the amount of evidergenesis systems and ODC induction is considered a biomar}
for TMA(III) as a carcinogenic arsenic species is considerabfgr promotion (O’Brienet al., 1976; Russell, 1985; Kitchiat
weaker than the evidence for arsenite, MMA(III), or DMA(III).al., 1992). K6/ODC transgenic mice overexpress a truncate
ODC protein in hair follicle keratinocytes. A bovine keratin IV
Transgenic Animal Models of Arsenic Carcinogenesis (K6) promoter/regulatory region drives expression of ODC. i
K6/ODC mice given either 10 ppm DMA, 100 ppm DMA, or
1[9 ppm arsenite in their drinking water for 5 months, 8, 22, c

Table 2. No tumors that could be associated with arseri]_icr,’% of the mice developed skin squamous papillomas,_ respe
exposure were found in one unpublished study of wild-tydd/€)y (Chenet al, 2000). No tumors were observed in the
and p53-deficient mice (M. Mass, personal communicatiorfNtrol group of K6/ODC transgenic mice not exposed t
These mice were exposed to either arsenite (50 ppm), arsef@&fNiC and in nontransgenic littermates given 100 ppm DM/

(150 ppm), MMA (1500 ppm), or DMA (1000 ppm) in their These data in transgenic mice are one of the few observatio
drinking water for 1 year. of rodent tumors caused by inorganic arsenic exposure. N

In an experiment with p53 heterozygous knockout arlgitiators of carci_nogenesis were givep to these K6/ODC mic
C57BL/6T wild-type male mice, DMA was given at 50 or 20dnstead these mice may function as highly promoted transger
ppm in the drinking water for 80 weeks (Saliet al, 1999). animals in which the initiating or progressing potential of &
DMA exposure caused an increase in the total numbers gyemical is being assayed. Interestingly, at the same drinkil
spontaneous tumors in wild-type mice and earlier induction #fater concentration of 10 ppm, arsenite and DMA had fairl
tumors in p53 knockout mice. similar tumor responses, 15 versus 8%, respectively. Thus,

In a third experiment, p53 mice were exposed for 26 this experimental system, trivalent arsenite was not mol
weeks to various combinations of arsenite, a choline-deficidtighly potent than pentavalent DMA, a surprising finding
diet, andp-cresidine, a known bladder carcinogen (Popovicovaoncentrations of arsenite above 10 ppm and DMA above 1(
et al, 2000; Moseret al, 2000). Treatment with 50 ppm ppm were not tested. DMA concentrations as high as 400 pp
arsenite in the drinking water alone did not cause mouBeA/J strain mice (Hayasht al., 1998) and 1000 ppm in mice
tumors. Inp-cresidine-exposed mice, coexposure to either gdf¥amanakaet al, 2000) have been utilized in animal experi-
senite or a choline-deficient diet enhanced the extent of bladdeentation.
hyperplasia and the incidence of bladder carcinomas. ThusA two-stage mouse skin carcinogenesis experiment in K
although arsenite did not appear to be carcinogenic alone, wWC mice was performed using the initiator 7,12-dimethyl
concomitant exposure f@-cresidine, arsenite appeared to be benzplanthracene (DMBA, 50ug, one application), 18-
cocarcinogen in p53~ mice. tetradecanoylphorbol-13-acetate (TPAuG twice per week)

p53"" mice. The results of six different experiments per
formed in three types of transgenic mice are summarized
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and DMA (3.6 mg twice per week) (Morikawet al, 2000). mouse skin (Cheret al, 2000; Morikawaet al, 2000) and
Twenty weeks after initiation, the average number of tumoldadder (Popovicovat al., 2000) have shown some degree o
per mouse was 20.7, 19.4, 9.7, and 0.0 in the four treatmearcinogenic response following arsenic exposure (Table Z
groups of DMBA — TPA, DMBA — DMA, DMBA — To date there are not any positive models of arsenic-induc
control cream, and acetone vehieleDMA, respectively. The lung carcinogenesis in transgenic animals. Once one or mc
DMBA — TPA treatment group responded with an increasday genetic events in the pathway of arsenic carcinogenesis
tumor incidence about 2 weeks faster than the DMBAMA  humans are known, use of transgenic animals may be mu
group. Microscopically, most tumors in the three respondirgore fruitful.
treatment groups were squamous papillomas, with some squa-
mous carcinomas with disorderly arrangement and atypical METHYLATED METABOLITES OF ARSENIC
nuclei.

Tg.AC transgenic mice.One group has published resuilts The generally held view of arsenic carcinogenesis in the pa

using Tg.AC female homozygous transgenic mice with tHas that arsenite was the mo§t Iikely.cause of carcinqgeng:
fetal £-globulin promoter fused to the v-Has structural gene and that methylgthn. of arsenic species was a d(f,‘tOX.IflcatI(
(with mutations at codons 12 and 59) and linked to a simiapr’?thway: Some |nd|\{|duals had an qlmost Ptoler.nalc. view .th‘
virus 40 polyadenylylation/splice sequence (Gematecal. methylation of arsenic was of great importance in minimizing

1998). Wild-type (FVB/N) or Tg.AC transgenic mice Werearsenic’s toxicity and/or carcinogenicity. Other scientists, nc

exposed to combinations of TPA (given dermally twice péf"‘bly Aposhian (1989), have stressed the importance of &

week for 2 weeks) and 200 ppm arsenite in the drinking Watg?nic's binding to proteins. Trivalent species are stronger pr
?in-binding agents than are pentavalent arsenic species.

for up to 22 weeks. All mice were pretreated with arsenite f(S Th Vi f . . is is that th .
4 weeks before TPA exposure. In wild-type mice exposed to € present view of arsenic carcinogenesis Is that there &
ny possible chemical forms of arsenic that may be causal

arsenite and TPA together, no tumors were seen. In Tg. ; ) . .
g g garcinogenesis and that methylation of arsenic may be a to;

transgenic mice exposed to arsenite but no TPA, no tum?lcation not a detoxification, pathway. In a relatively shor
were observed. In Tg.AC transgenic mice, some skin papillo- ' P Y- y

mas were caused by TPA treatment alone. The numberpc()?f: :;(;ji ?T: ;'rr:f?’aﬁ\éliegﬁis?;;iscgﬁgluIgti? slgefr?t\:f?cr cc))firtl?cln
mouse skin papillomas was increased if the dermal TPA tre pradig 9 P
} i o . -has occurred. Much of the present interest centers on tl
ment was combined with exposure to arsenite in the dnnkmrqv . .
. trivalent methylated species of arsenic—-MMA(IIl), DMA(III),
water (Table 2). This research group has suggested arsenltta :
. and to a lesser extent TMA(llIl)-which may be formed by
was acting as a copromoter. : X
_ _ _ ~ reductive processes from pentavalent arsenicals. TMA(II
Summary. The key mutational events in arsenic carcinomay exist in higher concentrations in rat tissues than in hums
genesis in humans are not yet known. Thus, at this time ittigsyes.
difficult to select or develop an appropriate transgenic animal
model for arsenic carcinogenesis. None of the three transgeRimA(l11)
mouse models tried so far have mimicked the pattern of human

arsenic carcinogenesis with large elevations of skin, bIadder,MMA(m,) has been found in_urine of humans exposgd tc
and lung carcinogenesis in the same animals. arsenic without (Aposhiaet al, 2000a) and with concomitant

In p53 transgenic animals exposed to 50 ppm arsenite orligatment with chelators (Aposhiahal, 2000b). MMA(III) is an

50 ppm DMA, no clear pattern of skin, lung, and bladdet?xcellent choice as a cause of arsenic carcinogenesis bece
tumors was observed (Table 2). Thus, despite the importa %ns excrete mucf:] rrr:ore MMA t?an gny gther specllles, th
of p53 in many human tumors and the known alterations in p viding & reason why humans are found to be unusually sen

in arsenic-induced human tumors, the p53 transgenic mod¥g arsenic-induced carcinogenesis. Some of the biologic

system does not seem to be a good model for arsenic—indu@&&vt't'?s trlat MMAI(HC;) IS known_ t(rjl_g_ct)_ssesgrg; \{ggguz e)éf)e”_
carcinogenesis studies. mental systems include enzyme inhibition (keirel., ; Styblo

ft al, 1997), cell toxicity (Petriclet al, 2000), and genotoxicity

In Tg.AC transgenic mice, no skin tumors were seen fol t al. 2001). Thi rainly | . ive list of biol
lowing exposure to 200 ppm arsenite alone. A more promisir, assel al, )- This certainly is an impressive list of biolog-

transgenic model system is the K6/ODC transgenic moui | activities for a methylated arsenic metabolite formerly

Two different experimental groups have observed skin car E]_ought to be a "detoxified” form of arsenic.

nogenesis in K6/ODC mice after arsenic exposure. In one Caﬁ?}IA(III)

either As(lll) or DMA in the drinking water acted as a com-

plete carcinogen (Chest al., 2000); in the other case topically DMA(III), as well as MMA(llI), has been demonstrated in

applied DMA acted as a promoter (Morikavea al,, 2000). human urine of arsenic-exposed humans administered 2
Overall, there is reason for limited optimism for the use adimercapto-1-propane sulfonate (a chelator) étel, 2000).

transgenic animals in the study of arsenic carcinogenesis. Batha study of hamsters given arsenate (Sampayo-Retyak,
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2000), substantial hepatic concentrations of trivalent MM#forms have a substantial negative charge at physiological p
and DMA were found in addition to the expected pentavalesb these negatively charged arsenic forms would not be e
MMA and DMA. MMA reductase activity was fairly high in pected to easily interact with DNA because of electrostati
hamster bladder tissue (Sampayo-Regesal, 2000). The repulsion. When arsenic is successively methylated, the ioni
capacity to separate the trivalent forms of the methylatedble hydroxy groups are replaced by uncharged methyl grouy
arsenic species from the pentavalent forms has just recerflus, a molecule of DMA(III) may be able to directly interact
been developed (Del Raat al, 2000; Sampayo-Reyeg al, with DNA far more easily than trivalent arsenite.

2000; Leet al, 2000). Future research will probably give us a

much better view of the relative tissue ratios of trivalent tdMA(III)

pentavalent arsenic chemical forms for each of the methylatedTMA(”D may be produced from TMAO by reduction. Data
spe_cies. Feyv data are currently avai_lable on the tissue CoNCLH, one group suggest that only rats may have relatively hic
trations of trivalent methylated species. In rats, the oral LD3Q, o5 of TMAOQ in their urine. Rats are also the most responsiv

is approximately 100 for arsenate, 41 for arsenite, 961 fQhima| model for arsenic carcinogenesis yet found. A molecule
MMA, and 644 mg/kg for DMA (Browretal, 1997). The high 1y1a(jj) possesses no ionizable hydroxyl groups to limit the

LD50 values for administered pentavalent MMA and DMAypijiny of this trivalent arsenic species to interact with DNA.
suggest that in rats only a small fraction of these methylated

arsenic forms is both trivalent and biologically active at angummary

given time. After pentavalent methylated arsenicals have gen- . -
erated a certain amount of trivalent methylated arsenicals by! N€ data from rodent animal models that respond to admini
reductive processes, protein binding of trivalent methylatd@'ed pentavalent DMA have been criticized for the high conce
arsenicals to noncritical sulfhydryl targets may protect tHEations of pentavalent DMA that are required for promotion o
organism from trivalent methylated arsenicals binding to crifa"cinogenesis or for complete carcinogenesis (Table 1). It may
ical sites that cause toxicity or carcinogenicity. Otherwisd1at the trivalent compound DMA(lII) is actually the active car-

biologically active trivalent methylated arsenicals might haygnogenic species and that pentavalent DMA is entirely or large
produced death in the experimental animals at much lower ofctive. Thus, the observation that only high drinking water ¢
doses than 644 mg/kg of DMA or 961 mg/kg of MMA. Therdlietary concentrations of pentavalent DMA are active in exper

have been many animal models of arsenic carcinogenesis &ntal systems of carcinogenesis is exactly as it should t
veloped in which pentavalent DMA was given to rats or micBentavalent DMAis a poor delivery system for DMA(IlI) in rats.

(Tables 1 and 2). In these models, the cancers are likely duetghilarly, inorganic arsenic exposure is a poor delivery system ft
the trivalent species of DMA(III) or TMA(III) or alternatively €ither MMA(III) or DMA(III) in humans. Nonetheless, in both

to the pentavalent species DMA or TMAO. As an organism@“mans and rats, either MMA(II1) or DMA(II) could be the cause
cells are exposed to a whole range of arsenic metabolites?fitdrsenic carcinogenesis. These trivalent methylated arsenic
may be very naive to think of just one causative arsen’%‘owd be vigorously investigated for biological and carcinogen

species. Similarly, it may be naive to think of just one causatiAVIL-
mode of action of carcinogenesis for arsenic. For example,
arsenic carcinogenesis might arise from the combination of ACKNOWLEDGMENTS
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