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Because of the potential of arsenic for causing cancer in hu-
mans, and of the fact of widespread environmental and occupa-
tional exposure, deriving acceptable human-limit values has been
of major concern to industry as well as to regulatory agencies.
Based upon epidemiological evidence and mechanistic studies, it
has been argued that a non-linear dose-response model at low-
level exposures is more appropriate for calculating risk than the
more commonly employed linear-response models. In the present
studies, dose-response relationships and recovery studies employ-
ing a cancer precursor marker, i.e., activating protein (AP)-1
DNA-binding activity, were examined in bladders of mice exposed
to arsenic in drinking water and compared to histopathological
changes and arsenic tissue levels in the same tissue. While AP-1 is
a functionally pleomorphic transcription factor regulating diverse
gene activities, numerous studies have indicated that activation of
the MAP kinase pathway and subsequently increased AP-1 bind-
ing activities, is a precursor for arsenic-induced cancers of internal
organs as well as the skin. We observed previously that within 8
weeks of exposure AP-1 activation occurs in urinary bladder tissue
of mice exposed to arsenic in the drinking water. In the present
studies, C57BL/6 mice were exposed to sodium arsenite at various
concentrations in the drinking water for 8 consecutive weeks.
Minimal but observable AP-1 activity occurred in bladder tissue at
exposure levels below which histopathological changes or arsenic
tissue accumulation was detected. Marked AP-1 DNA-binding
activity only occurred at exposure levels of sodium arsenite above
20 pg/ml, where histopathological changes and accumulation of
arsenic in the urinary bladder epithelium occurred. Although the
experimental design did not allow statistical modeling of the entire
dose-response curve, the general shape of the dose-response curve
is not inconsistent with the previously proposed hypothesis that
arsenic-induced cancer follows a non-linear dose-response model.
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Chronic arsenic exposure, which occurs primarily throuq“h
contaminated drinking water and in the environment of work-.
ers in the agricultural and mining industries, has been relate

the development of vascular disease, skin cancer, and internal
cancers. Regarding internal cancers, the association between
arsenic ingestion and cancers of the bladder have been well
documented in Taiwan (Chiaet al., 1995), Argentina (Hopen-
hayn-Richet al., 1996), Chile (Smittet al.,, 1998), and Japan
(Tsudaet al., 1995). Subsequently, arsenic has been ranked
highest in priority on a list of the top 20 hazardous substances
by the Agency for Toxic Substances and Disease Registry
(ATSDR) and the U.S. EPA (ATSDR, 1997). Epidemiological
studies in areas of the United States are underway to investi-
gate the quantitative association between exposure and in-
creased incidences of bladder cancer (Karagfaal,, 1998;
Lewis et al, 1999). At the present U.S. EPA arsenic water
standard of 5Qug/l, the internal cancer risk may be comparable
to those of environmental tobacco smoke and radon in homes,
with risk estimates of around 1 per 1000 (IARC, 1987; Smith
et al, 1992). It has been estimated that over 350,000 people in
the U.S. consume drinking water containing over /&l of
arsenic, and more than 2.5 million people use water containing
more than 25ug/l (Karagaset al., 1998). Subsequently, there
is significant regulatory pressure to lower the acceptable levels.
However, results from epidemiological studies where exposure
levels have been collected suggest that the current EPA cancer
slope factor (CSF) for arsenic may actually over-predict cases
at relatively low exposure levels (Valbery al,, 1998). This
may be due to the fact that the CSF was calculated assuming a
standard linear dose-response relationship, while a non-linear
or sublinear dose response may be more appropriate. Epide-
miological data are available providing empirical evidence
supporting both linear and non-linear associations between
excess cancer and arsenic exposure, and appropriate animal
models for use in risk assessment have yet to be developed.
Understanding the mechanism of action for arsenic carcino-
enicity can be an important factor in establishing the shape of
e dose-response curve and assessing cancer risk, particularly

datt low levels of exposure. The mechanism by which arsenic

0 : . .
causes cancer has been under intense investigation, and
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arsenic itself is not mutagenic at doses that are not cytotoxic,
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some deleterious effects on DNA have been observed inclii@smission electron microscopy as previously described (Simeataala
ing inhibition of DNA repair potentiation of DNA damage byZOOO). Ultrathin sections were prepared and stained with uranyl acetate and
other agents, sister chromatid exchange, and gene amplificatfgf 2¢¢!a and examined by electron microscopy.

(Leeet al, 1988; Lerda, 1994; Li and Rossman, 1989) TheseArsenic determination in tissues. Urinary bladders from control or ar-
" ’ ' ’ ’ ’ S€énic-treated mice were quick-frozen in acid-free vials and stored at —70°C.

eﬁ?CtS do nOI. adquately eXpI_am arsesicarcinogenic prop- The tissue samples were digested by additib & HCI at 80°C for 16 h in
erties, and epigenetic mechanisms have been proposed. Ceatéﬁbcially designed reaction vessel. Analyses of arsenic tissue levels were
to an epigenetic process is evidence indicating that arsepécformed by Battelle Marine Sciences Lab (Seqium, WA) using a complex
stimulates cell proliferation by affecting specific Ce||_signa|atomic absorption methqd (Crecelius, 1998) as previously des_cribe_d (Sime-
transduction pathways. Specifically, arsenic has been show?1g/2et &t 2000). Quality control was established through calibration and

. . . L. gs ing of the hydride generation, purging, and detection systems.
activate the mitogen-activated protein kinase (MAPK) casca

. s . uclear extracts and electrophoresis mobility-shift assay (EMSANu-
(Chenet al, 1998; Huanget al, 1999; Liuet al., 1996; Trouba clear proteins were prepared from aliquots 0k 110’ cells or frozen samples

etal, 2000), ultimately resulting in the activation of transcripof bladder tissue pooled from 3 identically treated mice as previously described
tion factors, such as the activating protein (AP)-1 family (BurSchreiberet al., 1989). DNA binding reactions and EMSAs were performed
lesonet al, 1996; Cavigelliet al, 1996; Simeonovat al., as described previously (Simeonasteal, 1997, 2000). Briefly, the'sends of

2 _AP-1. which is one of several transcription f r h&ﬁ double-stranded oligonucleotides were labeled witR-ATP (New En _
000) ’ ch Is one of several transcription factors t nd Nuclear/Dupont, Boston, MA), using 6—-10 U of T4 polynucleotide

helps regulate the expression of diverse genes, is reSponS%ﬂgse (USB/Amersham, Cleveland, OH). Binding reactions (30were
for many of the biological effects of tumor promoters, includperformed on ice for 30 min in reaction mixtures containingudpof nuclear
ing induction of transforming oncoproteins and growth-factaroteins, 20 mM Tris—HCI (pH 7.8), 100 mM NaCl, 5 mM Mgl mM
expression (Angett al., 1991). A consequence of chronic celEDTA, 5 mM dithiothreitol, 50ug/ml bovine serum albumin, 29 of poly(dI-
proliferation would be an increased likelihood of neoplasia, t%g)'po'y(d"dc)' 10% glycerol and approximately 0.1 ng>210° cpm) of

idi . . t for i d liferati ecified probe. For detection of AP-1 DNA-binding activity, an oligonucle-
providing a microenvironment 1or increased profireration Oli;qe \yas obtained from Santa Cruz (Santa Cruz, CA) containing an AP-1

mutated cells. Consistent with the hypothesis are studies defisensus sequence:6GC TTG ATG ACT CAG CCG GAA-3. Protein-
onstrating increased numbers of papillomas in Tg:AC tranBNA complexes were separated on a 5% non-denaturing polyacrylamide gel.
genic mice given sodium arsenite (Germolecal, 1998). Gels were electrophoresed _at 125V in 50 m_M Tris-50 mM boric acid/1 mM
Similarly, bladder tumors have been reported in diethynitrg-DTA' dried, and autoradiographed overnight. The autoradiograms were

. . . . . scanned with a computerized laser densitometer (Eagle Eye Il Image Analysis
samine-treated rats prowded dlmethyarsemc acid (DMA) @ystem, Stratagene, La Jolla, CA) and the results were examined using the One

their drinking water (Yamamotet al., 1995). Dscan gel-analysis software and the NIH Image 1.54 analysis software. The
On the assumption that AP-1 activation represents a “préata are presented graphically as a ratio of the mean control to experimental

cursor” marker for arsenic-induced bladder cancer, its DNyRIues.

binding activity was semi-quantified in urinary bladders of Statistical analysis. All experiments were replicated and representative

mice exposed to control and arsenic-containing drinking wat#}dings are shown. Analyses were conducted using JMP software (SAS

in order to helo define d r n haracteristi Ch r]Institute, Cary, NC). One-way analysis of variance was performed on the data
order o help defin€ dose-response characteristics. a linear contrasts were determined using the least-squares means. The

in AP-1 binding aCt.iVity were cqmpgred to hiStppatho|09ice.\ionckheere—Terpstra test was used to establish dose-response trends using
changes and arsenic accumulation in bladder tissue. one-side alternatives, which givespriori hypothesis for the direction of the
response.

MATERIALS AND METHODS
RESULTS AND DISCUSSION
Experimental animals. Female C57BL/6 mice were obtained from

Charles River, Portage, MI. All animals were housed at NIOSH facilities in Animal models for arsenic Carcinogenicity have been diffi-

compliance with AAALAC-approved guidelines for the humane treatment (H It to establish. Thus. we quantified AP-1 DNA-binding ac-
laboratory animals. Animals were maintained on a 12-h light/dark cycle anfy. ) '

were provided chow and wated libitum. Groups of 8-week-old mice were t!VIty in the _u”nary blgdcier Of_mlcle E_ldmmIStered Con?entr%
provided concentrations of sodium arsenite ranging from 0 to ggoml  tions of sodium arsenite in their drinking water, assuming this
(Sigma Chemical Co., St Louis, MO) in drinking water for 8 weeks. No arsenfepresents a cancer precursor marker. Similar to classical tu-
was detected in control drinking water as measured by ICP-MS (detection lirfifor promoters such as phorbol esters, okadaic acid, and UV

0.01 pg/ml). In recovery studies, mice were provided drinking water contain, yiation, arsenic activates several transcription factors, includ-
ing 50 pg/ml for 8 weeks and then placed on normal drinking water for

indicated times. Mice were sacrificed by €@sphyxia and the urinary blad !ng AP.']" to a similar degree, resgltlng in the induction of
ders were collected under aseptic conditions. Mice receiving the higher céfimediate early genes such a$os, c-jun, EGR-1,and emyc
centrations of arsenic-treated water demonstrated a moderate reductiofBurlesonet al, 1996; Cavigelliet al, 1996; Ishikaweet al.,
water consumption. Previous findings in this laboratory, using paired-wateg9Q9; Simeonovaet al, 2000) involved putatively in cell
studies, indicated that this reduction was not sufficient to cause any Signiﬁc@%wth. This appears to occur through the ability of arsenic to
clinical or pathological effects (Simeonoea al., 2000). . . . :

activate upstream events including the MAP kinase pathway

Histology. Bladders were removed and fixed by immersion in 10% nem#uang et al, 1999; Liu et al, 1996; Troubaet al, 2000)

tral-buffered formalin and processed for paraffin embedding. Each para ) - . '
block was step-sectioned and stained with hematoxylin and eosin. Pathologld4nile these studies were CondUCted. eXF:lUS'“elW'ter we
assessments were performed in a blind fashion. The samples were fixeddemonstrated recently that AP-1 activation occurs in urinary
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]

A B increase in the AP-1 response at comparable exposures varied
between the 2 experiments (compare Figs. 1A and 1B). As
0

20 50 100 would be expected from the results observed in the first study,

] g
5 AP-1 activity in the 50ug/ml dose group was significantly
£ increased over controls. However, AP-1 was only slightly
2 i ‘u ' u . “ increased in mice that received &@/ml of sodium arsenite or
* less, and only values from the 0.5- and 1§Anl-dosed groups
) , were statistically different from controls. There was no statis-
. gl I tical indication that any of these groups within this range
C 3 L ) ] +cold AP-1  differed from one another.
00515105 0 50 When the data from 0.5 to 10g/ml exposure groups were
pooled for comparison with the control group, the average
AP-1 activity was significantly different from controlp =
0.03). In an attempt to provide a more thorough examination of
the dose-response relationship between arsenic exposure and
AP-1 activity, the AP-1 values from the 2 experiments were
normalized to the 5Qeg/ml dose groups and then presented as
the percent change from controls (Fig 1E). Since this repre-
/ sented pooled data, the response curve was not statistically
/ modeled. However, features reflected in the combined dose-
response curve suggest that measurements at and below 10
rg/ml may have a much shallower slope than measures above
10 pg/ml, and thus, reflect a non-linear response curve. Alter-
natively, the measurement error for the EMSA’s in this dose
range may be relatively high compared to the real impact of
arsenic on induction of AP-1 activity enough so as to bias the
FIG. 1. AP-1 DNA binding activity in mouse urinary bladders as meadose-response curve to reflect a linear-type relationship. In any
sured by EMSA. Mice were given drinking water containing various amountsase, at arsenic exposure levels between 10 andug0l, a
of sodium arsenite for 8 weeks. Nuclear protein extracts were isolated from ?S‘Sse—responsive, monotonic increase in AP-1 activity is noted.

urinary bladder and probed using®®-labeled double-stranded oligonucleo dent behronicall dministered dium rsenit
tide containing the AP-1 consensus sequence as described in the Methods arﬁo ents subchronically a stered sodiu arsenite

Discussion section. The gels were autoradiographed and scanned usir{gSiéfneonOVaet al, 2009) or DMA (Arnold et al., 1999;
computerized laser densitometer. Data are presented as fold-change fb@mamotoet al, 1995) in the drinking water develop hyper-

animals that received untreated drinking water. A and C are representative ¢sf@sia of the urinary bladder epithelium, manifested by struc-
from 2 experiments employing identical experimental designs, exceptdiffer%trm irregularities and thickening of the transitional cell |ayer_

dose levels. E shows adjusted values from combining results from experim ntsth r nt studi multiole hist tholoaical chan inth
A and B; B and D autoradiographs of gels from A and B, respectively showin € present studies, multiple histopathological changes €

in some instances, duplicate samples. D also shows nuclear extracts fromiadder epithelium were also evident in mice administered
control and 50sg/ml treated groups pre-incubated with a 50-fold excess of texposure levels of 50 and 10@g/ml (Fig. 2B) of sodium
unlabeled probe to help establish specifichyrow, AP-1 band. Each value grsenite in the drinking water. The changes in the 50 and 100
represents a meah SE of 3 samples, where a sample represents a pool Ofﬁg/ml exposure groups were indistinguishable, Consisting of
bladders. . - . i,

simple hyperplasia and the appearance of eosinophilic, cyto-

plasmic inclusions. The latter reflect pathological degenerative
bladder epithelium of mice and rats, following exposure tchanges. Urothelial cells from hyperplastic bladders did not
sodium arsenite in the drinking water or in similarly exposefibrm papillary structures but progressed toward the lumen of
transgenic mice possessing an AP-1 luciferase reporter ctime bladder. Occasional squamous metaplasia, without kerati-
struct (Simeonoveaet al, 2000). In the present studies wenization, was observed in some hyperplastic areas. Transmis-
observed a marked increase in AP-1 DNA binding activitgion electron microscopy indicated the presence of pleomor-
within 8 weeks in mice receiving sodium arsenite at exposupdic projections representing microvilli formation on the
levels ranging between 20 and 109/ ml (Figs. 1A and 1D). intercellular surface (Fig. 2D). There was no evidence of

In order to better define the dose response, a second sthibtopathological changes in mice exposed to levels below 50

was conducted under identical exposure conditions, excegj/ml (data not shown), nor was there evidence of microcrys-
with lower doses of arsenic (Figs. 1B and 1E). The&gfml talluria, calculi, or amorphous precipitates in any of the tissues
exposure level was selected as the high dose to be examineaasnined.
AP-1 activity was consistently increased at this concentration.Previously, we demonstrated that arsenite was the predom-
Due to the complex nature of the assay, the relative percémant form of arsenic contained within the bladder tissue of
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inherently proceed with a supralinear dose-response, where
effects at lower doses are disproportionately lower than at
higher doses, or with a supralinear dose-response, where ef-
fects at lower doses are disproportionately higher than at higher
doses. A supralinear model would also be consistent if physi-
ological saturation of detoxification activities occurred, as has
been proposed to occur from high-dose or chronic arsenic
exposure (Thompson, 1993). Arsenite is enzymatically meth-
ylated in the liver to monomethyarsonic acid (MMA) and then
to DMA, resulting in urinary excretion and detoxification. This
biotransformation process involves glutathione (GSH) as a
cofactor, methyltransferase for methylation, and cofactor S-
adenosyl-methionine (SAM) as the methyl donor. Thus, as-
suming inorganic arsenite is the toxic metabolite, a linear
response would only occur when methylation (detoxification
; 5t processes) are exhausted, while a different dose-response curve

FIG. 2. Histopathology of representative urinary bladder tissue from mid®light be observed prior to saturation.
provided either untreated drinking water (A, C) or §/ml (B, D) of sodium A series of experiments were also conducted to help estab-
arsenite-treated drinking water for 8 weeks. Full-thickness bladder sectidfish time-to-recovery. Groups of mice were provided drinking
were cut e_md (_ibm sections were prepgred and'gtained with H&E (A,'B). Th@vater containing 5@g/ml of sodium arsenite for 8 weeks, and
magnification isx40. Arrows note mild transitional cell hyperplasia and . .
apparent eosinophilic inclusions. Transmission electron microscopy of a blzsa-en_ a||OWE‘.d. untreated ther for varying pe”Od.S' AP-1 DNA
der of a mouse administered either vehicle (C) op@@ml sodium arsenite in PINding activity and arsenic bladder concentrations were ex-
its drinking water (D). The magnification ix3000. Bladders from treated amined at 2, 4, and 8 weeks following exposure cessation, and
animals showed microvilli (arrow) consistent with hypermetabolic activity. yalues were adjusted relative to their respective controls (Fig.

4). Mice treated for 8 weeks at the p@/ml level served as the

rodents exposed to sodium arsenite in the drinking wat@-time group. Pairwise contrasts indicated that arsenic levels
representing more than twice as much DMA (Simeoneiva.,, remained statistically elevated until week 8 following removal
2000). This is in contrast to urine where the predominant foraf arsenic from the drinking water, at which time there was a
is DMA. Only trace amounts of other metabolites were designificant decrease from time P € 0.03). At-test between
tected in the urine or the bladder epithelium. To examine tlamimals never exposed to arsenic and those allowed to recover
relationship between exposure levels and arsenic accumdtam exposure for 8 weeks indicated that a significant amount
tion, total concentrations of arsenic in the bladder epitheliuof arsenic, however, remained in the tissue at this time=(
were assessed, and to establish experimental error variabili§03). AP-1 levels at each time point were also compared to the
were followed by pairwise treatment contrasts (Fig.3). TH&time recovery point. AP-1 activity at 2 and 4 weeks remained
mean arsenic tissue concentration in theugml group was
significantly greater than all other group meaps<{ 0.0001). 3
No other pairwise contrasts were significant.

Based upon indirect evidence froin vitro genotoxicity
studies, and more recent albeit controversial, epidemiologiceE
finding, a sublinear or threshold relationship has been propose.28 2
to characterize the relationship between arsenic exposure a g
skin and internal cancers (Rudet al, 1996). This response =+
relationship is in contrast to a linear dose-response relatior =
ship, which is used historically by U.S. regulatory agencies fo% 1
cancer relationships and which reflects a more conservativ =
approach. The latter originates from the “one-hit” notion that .
one molecule has some probability of interacting with DNA to -
produce a mutation that may lead to cancer. Based upon wh 0 L e i e
many believe is the mechanism by which arsenic induce 0 0.5 1 5 10 50
cancer, a sublinear or threshold model might be more apprc Sodium arsenite(pg/ml)

priate, and is dependent upon the assumption that arsenic does _ . -
IG. 3. Urinary bladder tissue levels of arsenic. Mice were exposed to

notinduce cancer. thro“gh Initiation, 1.e., a genotoxic event, b&tﬁcentraﬁons of sodium arsenite in the drinking water for 8 weeks and total
rf”‘ther through eplg'e_n'etlc processes Such as altered cell groyytBnic determined from bladder epithelium as described in Materials and
(i.e., promoter activities). These biological processes woulgkthods. Each value represents the meaBE of 3 animals.
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7 AP-1 activity is associated with normal physiological pro-
! 3 O cesses (e.g., cell turnover) as well as pathological conditions, it
= s could be argued that a no-observable-adverse-effect level
B 5| g (NOAEL) was observed in the 20g/ml exposure range. Since
2 £ AP-1lactivity in the bladder epithelium occurs even at levels of
E 4r 2 E  exposure less than 1pg/ml, an impact of arsenic above
2 .1 ; zero-exposure levels may reflect effects leading to increased
':; & risk of cancer or it may reflect repair processes. It is possible
2= 2t . 1 E that these low-level effects are of a more “shallow” nature than

~ dose-response relations above dgfml. To clearly establish

Ir Z  this, however, better characterization of this response would be

0 : . : : : required, focusing on laboratory methods and study designs

0 2 4 6 8 that would minimize error in this dose range.

Weeks after exposure completed
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