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Abstract

Co-exposures to complex mixtures of arsenic and polycyclic aromatic hydrocarbons such as benzo[a]pyrene (BaP) are
common in the environment. These two environmental pollutants are carcinogenic, but the nature of their molecular interactions
in the induction of cancer is not well understood. Additive or synergistic interactions have been proposed to explain why
arsenic, which is not a potent mutagen itself, is comutagenic with a variety of DNA-damaging agents. We have examined
the genotoxicity of BaP-arsenic mixtures. We find that exposure of mouse hepatoma Hepa-1 cells to low concentrations of
arsenite increases BaP-DNA adduct levels by as much as 18-fold. This effect requires the activation of BaP by cytochrome
p450 1A1 (CYP1Al), although arsenite does not alter BaP-inducible CYP1A1 enzymatic activity, suggesting that arsenite
acts downstream of metabolic BaP activation. Glutathione homeostasis was important in modulating the potency of arsenite.
In cells depleted of reduced glutathione, arsenite increased BaP~-DNA adduct formation by an even greater degree than in cells
co-treated with BaP and arsenite in control medium. Although arsenic comutagenicity has been attributed to inhibition of DNA
repair, arsenite treatment did not alter adduct removal kinetics in BaP-treated cells, suggesting that mechanisms upstream of
DNA repair are responsible for increased adduct levels. Concentrations of arsenite and BaP that had no measurable mutagenic
effect alone, increased mutation frequency at the Hprt locus by eight-fold when given in combination, demonstrating a
comutagenic response between BaP and arsenite. These results provide strong support for the positive interaction between
arsenic and PAH-induced cancer observed in epidemiology studies, and help to identify additional mechanistic steps likely
to be involved in arsenic comutagenesis. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Arsenic; Benzo[a]pyrene; DNA adducts; Mixture; Genotoxicity

1. Introduction

Benzofa]pyrene (BaP) and inorganic arsenic are
toxicologically important compounds that are widely

Abbreviations: BaP, benzofalpyrene; BPQ, benzo{a]pyrene-3,6-
dione; BPDiol, benzo[a]pyrene-7,8-dihydrodiol; BSO, L-buthion-
ine-S.R-sulfoximine; CYPLA1l, cytochrome p450 1Al; DMSO,
dimethylsulfoxide; GSH, reduce glutathione; HPRT, hypoxan-
thine-guanine phosphoribosyl transferase; NQO!, NADPH:
quinone oxidoreductase; PAH, polycyclic aromatic hydrocarbon
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distributed in the environment. Important sources
of co-exposure to these two compounds include
emissions from fossil fuel combustion, cigarette
smoke, and migration from hazardous waste sites
[1,2]. In addition, occupational exposures to arsenic
in nonferrous smelters, pesticide manufacturing, or
from consumption of contaminated drinking water,
coupled with tobacco use, represents another po-
tential avenue for exposure to BaP and arsenic
mixtures.

A primary toxic consequence of concern for both
BaP and arsenic exposure is the induction of can-
cer. BaP is clearly tumorigenic in animal studies by
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multiple routes of exposure (reviewed in [1]). Evi-
dence for BaP involvement in human cancer is indi-
rect, since environmental and occupational exposures
are to mixtures of polycyclic aromatic hydrocarbons
(PAH), only one of which is BaP. Nevertheless, the
increased lung cancer risk identified in occupational
cohorts exposed to PAHs [3-5], or in individuals who
smoke tobacco, suggests a causal relationship be-
tween BaP exposure and human cancer. The epidemi-
ologic data supporting the human carcinogenicity of
arsenic, on the other hand, is very strong (reviewed in
[2,6)).

The weight of evidence suggests that estimated hu-
man cancer risk based on the carcinogenic potential
of either of these chemicals when evaluated singly
might underestimate risks resulting from co-exposure.
Results from several epidemiology studies suggest
more than additive effects on respiratory tract can-
cer incidence in arsenic-exposed populations when
stratified for smoking [7-11], although the avail-
able studies do not uniformly support this effect
[12—-14]. As additional support, tumorigenic responses
were significantly enhanced by arsenic and BaP
co-treatment for certain tumor types in animal studies
[15.16].

The mechanism(s) responsible for interactions
between BaP and arsenic carcinogenicity remain
unexplained. Arsenic is not a potent mutagen, but
it enhances the genotoxicity of DNA damaging
agents including ultraviolet radiation [17,18], methyl
methanesulfonate {19], and N-methyl-N-nitrosourea
{20]. Inhibition of DNA repair has been suggested
as one mechanism for this observed comutagenesis,
although the step in the DNA repair process that is
most affected is not entirely clear [20-22]. Little work
has been done to specifically investigate the poten-
tial mechanisms of arsenic and BaP comutagenesis,
although arsenic does appear to inhibit the repair of
DNA damage induced by BaP [23].

Since BaP initiates genetic damage through the
direct interaction of its metabolites with DNA, we
hypothesized that this initiation step in BaP muta-
genesis could also be a target for modification by
arsenic. To test this idea, we examined the ability of
the trivalent arsenic compound, sodium arsenite, to
enhance BaP-DNA adduct formation in mouse hep-
atoma, Hepa-1 cells. We find that arsenite strongly
potentiates the genotoxicity of BaP.

2. Materials and methods

2.1. Cell lines, growth conditions, and chemical
treatments

Unless specified otherwise, cells were seeded to
2 x 10 cells per 100 mm tissue culture plate and
grown for 24 h prior to treatment in a-minimal es-
sential medium (MEM) (GibcoBRL Life technolo-
gies) containing 5% fetal bovine serum and 1%
antibiotics. Chemicals were obtained from Sigma
unless specified otherwise. For chemical treatments,
BaP, benzo[a]pyrene-3,6-dione (BPQ) and benzo[a]
pyrene-7,8-dihydrodiol (BPDiol) (both from the NCI
Carcinogen Repository) were dissolved in dimethyl-
sulfoxide (DMSO) and stored at 4°C until use.
Sodium arsenite (hereinafter referred to simply as
arsenite) was freshly dissolved in sterile deionized
water. L-buthionine-S,R-sulfoximine (BSO) and glu-
tathione ethylester (GSH-ester) (a gift of Howard G.
Shertzer) were dissolved in serum free a-MEM and
stored at —20°C until use. Specific treatment regi-
mens are described in the legends to each figure. To
assess the dependence of DNA adduct formation on
cytochrome p450 1A1 (CYP1Al), we used the c37
cell line {24], which was derived from Hepa-1 cells,
but lacks functional CYP1Al activity [25]. We also
used a second Hepa-1-derived cell line, CX4, that is
isogenic with ¢37 cells, except that is has been sta-
bly transformed with a CYP1A1 expression plasmid
(26]. The CX4 cells were grown under similar condi-
tions as Hepa-1 and c37 cells, except for the addition
of 300 pg/ml geneticin to maintain the selection
conditions.

2.2. Colony forming efficiency assays

To identify appropriate levels of arsenite to use in
subsequent genotoxicity assays, we conducted initial
toxicity studies in Hepa-1 cells by measuring changes
in cell growth. Hepa-1 cells were seeded at a density
of 1000 cells per well in 6-well tissue culture plates
and allowed to adhere to the plates for 4 h in untreated
medium. The indicated concentrations of arsenite were
added to the medium, and following incubation in
the presence of arsenite for 24 h, the medium was re-
placed and the cells were grown until a total of 7 days
had elapsed. At that time, the medium was removed,
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Table 1
Effect of arsenite treatment on cell proliferation

As (pM) Colony forming

Control
1.0
25
50
1.5

10

Hepa-1 cells were seeded at 1000 cells per well and treated with
varying concentrations of arsenite for 24 h. The number of colonies
is shown as a percent of untreated control cells and each value
represents the mean =+ S.E. of two independent experiments. The
average plating efficiency in untreated controls was 25%. The
relative colony formation for the arsenite treatments was compared
to controls and statistically significant differences (P < 0.05) are
denoted with an asterisk (%).

the cells were washed twice with phosphate-buffered
saline (PBS), and fixed in a solution of 10% formalde-
hyde. The colonies were subsequently stained with
Giemsa and all visible colonies were counted. Treat-
ments with arsenite over the tested series of concen-
trations induced from minimal to marked decreases
in colony forming (Table 1). Therefore, this range of
concentrations was judged as adequate to ensure that
varying levels of cytotoxicity were accounted for in
the subsequent genotoxicity experiments.

2.3. Genomic DNA purification and DNA adduct
analysis

At the end of the treatment period, cells were
trypsinized and recovered in PBS. The cells were
centrifuged to remove the excess PBS and the cell
pellet was stored at —70 °C. Genomic DNA was pre-
pared using a Wizard Genomic DNA Purification Kit
(Promega).

The *2P-postlabeling assay was performed as de-
scribed previously [27] with modifications described
in detail elsewhere {28). Briefly, 2-4 pg of DNA were
hydrolyzed with 0.25 units of micrococcal endonucle-
ase and 0.001 units of calf spleen phosphodiesterase
for 3h at 37 °C. The hydrolyzed DNA was digested
with 3.5 units of nuclease P1 for 30 min at 37 °C and
the adducted nucleotides were subsequently labeled
by addition of 50 wCi/sample of [y->2P}-ATP and 2.8
units of polynucleotide kinase and incubating the re-
action mixture for an additional 30 min at 37 °C. The

post-labeled mixtures were applied to 20cm x 20cm
PEI-cellulose plates (Alltech). Chromatography was
done using a four solvent system as described pre-
viously [29). The solvents were D1 (0.65M sodium
phosphate, pH 6.8), D3 (3.6 M lithium formate con-
taining 3.5M urea), D4 (0.8 M-LiCl, 0.5M Tris-HCl
containing 3.5 M urea, pH 8.0), and D5 (1.5 M sodium
phosphate, pH 6.0). Adducts were visualized by au-
toradiography, and were quantified by scintillation
counting.

2.4. Engymatic activity assays

CYPI1AL activity was determined by measuring the
formation of 3-OH-BaP as described previously (30].
Enzymatic activity was normalized to cellular protein
content as determined by the Bradford assay using
bovine serum albumin as a standard.

2.5. Determination of glutathione levels

Cells were rinsed twice with PBS and harvested in
750 ul of 0.1 M potassium phosphate buffer (pH 6.8)
containing 150 mM potassium chloride and 5 mM di-
ethylenetriaminepentaacetic acid (DPTA). The sam-
ples were mixed by vortexing, an aliquot was taken
for protein measurement, and an equal volume of a
buffer containing 40 mM HCl, 10 mM DPTA, and 10%
trichloroacetic acid was added. The sample was cen-
trifuged at 15,000 rpm for 5 min and the deproteinized
supernatant was transferred to a fresh tube for sub-
sequent reduced glutathione (GSH) determinations.
GSH levels were determined as described elsewhere
[31] and were normalized to total protein content as
measured using the bicinchoninic acid protein assay

(Pierce).
2.6. Hprt mutagenesis assay

The ability of BaP to induce mutations at the Hprt
locus in Hepa-1 cells has been demonstrated by others
[32). Building on this earlier work, we used a similar
approach in conducting the mutagenesis experiments
for our studies. Briefly, Hepa-1 cells were seeded to
7.5 x 10° cells per 150mm plate and grown 24h
prior to treatment. After 24h of treatment, the cells
were trypsinized and live cells were counted by try-
pan blue exclusion. Cells from each treatment group
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were seeded at a density of 1 x 107 live cells per
plate in untreated medium. As a minimum, a total of
at least 3 x 107 cells were plated for each treatment
group. After 24h, the medium was replaced with
medium containing 10 pg/m! 6-thioguanine for selec-
tion of cells harboring Hprt mutations. At the end of a
2-week selection period, colonies were fixed, stained
as described for the cell proliferation assay, and all
visible colonies were counted. Mutation frequency
was determined as the number of 6-thioguanine re-
sistant colonies per 1 x 10 viable cells plated at the
initiation of the selection period.

2.7. Statistical analysis

Group comparisons were made by one- or two-way
analysis of variance. Differences were considered sig-
nificant at P < 0.05.

3. Results

3.1. Arsenite co-treatment enhances the formation
of stable BaP-DNA adducts

Arsenic is cocarcinogenic with BaP in animals
{15,16] and possibly with cigarette smoking in hu-
mans [7-11]. We asked whether these observations
might be rooted in the ability of arsenic to enhance
the interaction of BaP metabolites with DNA. To
answer this question, we examined the formation of
bulky DNA adducts after treating cells with BaP or
BaP plus arsenite. BaP treatment generated a single
major adduct that had a migration pattern consistent
with that of 7,8-diol-9,10-epoxide-benzo[a]pyrene
adducted with guanine [33].

As expected, DNA adduct formation was dependent
on the concentration of BaP. Adduct yields were not
distinguishable from background (1.4 adducts per 10°
nucleotides versus 3.9 adducts per 10° nucleotides in
the DMSO controls) following treatment with 0.1 p.M
BaP without arsenite, but were increased by as much as
17-fold over control levels in cells treated with 1.0 uM
BaP in the absence of arsenite (Fig. 1).

For each BaP concentration tested, arsenite
co-treatment increased the net yield of adducts in
a concentration-dependent manner. The potentiat-
ing effect of arsenite was greatest at the lowest BaP
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Fig. 1. Formation of BaP-DNA adducts is dose-dependent and is
potentiated by arsenite co-treatment. Hepa-1 cells were pre-treated
with arsenite for 30 min before addition of BaP to the culture
medium, and cells were harvested for adduct determination after
24h of BaP treatment. Cells were treated with either 0.1 pM
(circles), 0.5 uM (squares), or 1.0 uM (triangles) BaP plus the
indicated concentration of arsenite. Total adduct level is shown as
the number of adducts per 10° normal nucieotides. The adduct
yield in DMSO controls was 3.9 adducts per 10° nucleotides (not
shown). Each point represents the mean+ S.E. of two independent
experiments. Arsenite treatments were compared to treatments with
the same BaP concentration, but without arsenitc. None of the
increases in adducts with arsenite co-treatments were statistically
significant, P > 0.05.

concentration, in which co-treatment with 10 pM ar-
senite resulted in an 18-fold increase over the adduct
levels observed with 0.1 uM BaP alone (Fig. 1).
Co-treatment with 10 uM arsenite resulted in eight-
and five-fold higher levels of adducts compared to the
corresponding BaP-only treatments of 0.5 and 1 pM
BaP, respectively. Although the effects of arsenite
were not statistically significant based on pair-wise
comparisons (P > 0.05), the consistent pattern of
increasing adduct yield with increasing arsenite con-
centration suggests that the results are biologically
meaningful.

3.2. Increased BaP-DNA adduct formation is
cytochrome p450 1Al (CYPIAl) dependent

To verify that the DNA adducts we observed
were metabolism dependent, we made use of Hepa-1
derived cells lines that have different (CYP1Al)
activity phenotypes. Consistent with our expectations,
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Fig. 2. BaP-DNA adduct formation is CYP1A1-dependent. Panel A: Hepa-1, c37, and CX4 cells were pretreated with 10 uM arsenite for
30min before addition of 0.5 uM BaP to the culture medium, and were harvested for adduct determination after 24 h of BaP treatment.
Each bar represents the mean + S.E. of two independent experiments. Adduct levels in 37 cells and CX4 cells were compared to Hepa-1
cells. Statistically significant differences are noted with an asterisk (x), P < 0.05. Panel B: the same conditions were used as for Panel
A, except c37 and CX4 cells were treated with either 0.5 uM BaP or BPDiol. Adduct levels for different arsenite and BaP or BPDiol
treatments for each cell line were compared to the treatment with the PAH without arsenite in the same cell line. None of these comparisons

were statistically significant, P > 0.05.

formation of bulky adducts was nearly completely
dependent on the presence of an active CYP1A1 en-
zyme, since adduct levels in Hepa-1 cells and CX4
cells, which have functional CYP1A1 activity, were
more than an order of magnitude higher than in ¢37
cells, which lack CYP1A1 activity (Fig. 2A). In a sec-
ond experiment, CX4 and c¢37 cells were treated with
BPDiol as well as BaP to test whether arsenite-induced
reactive oxygen species might directly oxidize the di-
hydrodiol metabolite of BaP, and therefore, increase
the formation of DNA reactive metabolites at a step
downstream of the initial metabolic activation step
by CYP1ALl. Although this mechanism has been sug-
gested for adduct enhancement by other sources of
oxidative stress [28,34], the absence of a significant
number of adducts in ¢37 cells co-treated with arsen-
ite and BPDiol argues against direct oxidation of BaP
metabolites, and confirms the central role of CYP1A1
in BaP activation.

The dependence on CYP1A1 for the formation of
a significant yield of DNA adducts suggested that
this enzyme might be a target for arsenite. To test
this possibility, we measured CYP1A1 activity fol-

lowing BaP and arsenite co-treatments. CYP1A1 was
highly inducible by BaP treatment (Table 2), but
arsenite co-treatments had no discernable effect on
this activity at any of the BaP concentrations tested,
indicating that modulation of CYP1Al activity by
arsenite is not the explanation for the enhancing

Table 2
BaP-inducible CYP1A1 activity with arsenic co-treatment

BaP (pnM) As (uM) CYPIATL activity
(nmol/min/mg) protein

0.0 00 0.2 + 0.06
0.5 0.0 37x011
25 4.0 £ 025
10 4.6 + 0.20
50 0.0 6.3 + 0.96
25 7.6 + 0.08
10 71 £ 0.16

Hepa-1 cells were treated with varying concentrations of BaP and
arsenite for 24h. Each value represents the mean + S.E. of two
independent samples. Enzymatic activities in the arsenite-treated
cells were compared to the activity in cells receiving the same
BaP treatment, but without arsenite. None of these comparisons
yielded a statistically significant difference (P > 0.05).
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affect of arsenite on BaP-DNA adduct yields. These
data strongly suggest that arsenite potentiates adduct
formation at a step downstream of the metabolic
activation of BaP, since, although the effect is depen-
dent on CYP1AL activity, arsenite does not alter this
activity.

3.3. Glutathione depletion enhances the potentiating
effect of arsenite on adduct formation

Arsenite binds sulfhydryl groups avidly and glu-
tathione has been clearly shown to protect against
arscnic-mediated toxicity [35-40). Glutathione is
also important for cellular protection against elec-
trophiles, serving as the primary source of conjuga-
tion of BaP-derived epoxide metabolites {41]. Both
BaP metabolites and arsenic bind to GSH, suggest-
ing that depletion of GSH by arsenite might serve
to decrease BaP metabolite conjugation and, thus,
increase the potential for reaction with DNA. To
examine the role of cellular thiol status on the po-
tentiation by arsenite of BaP-DNA adduct levels,
we modulated GSH levels with exogenous treat-
ments. We used BSO to deplete GSH levels and
GSH ethylester to replenish them. Co-treatment with
arsenite had no concentration-dependent effect on
GSH levels in the cells pretreated in regular medium
(Fig. 3, top panel), suggesting that direct competi-
tion between arsenite and BaP metabolites was not
the cause of increased adduct levels. In cells pre-
treated with medium containing 20 uM BSO, GSH
levels were decreased to between 24 and 65% of
cells given the same arsenite treatment, but grown
in control medium. The addition of GSH ethylester
to the culture medium enhanced the GSH levels to
a maximum of 173% over cells grown in control
medium.

Changes in cellular GSH status had a noticeable
effect on DNA adduct yields. In the cells co-treated
with BaP and arsenite in regular medium, adduct
yields increased with increasing arsenite concentra-
tion to a maximum of 3.5-fold in cells co-treated
with 10 uM arsenite (Fig. 3, bottom panel). The po-
tentiation by arsenite was further enhanced in the
cells pretreated with BSO, confirming the important
role that GSH plays in protection against reactive
BaP metabolites. Consistent with this conclusion,
treatment of the cells in medium containing GSH

50['£:JMedium W
e==m BSO |
401 | mmm GSH-ester \

GSH (nmol/mg protein)

Adducts per 10° nucleotides

]

10 uM As

Fig. 3. Depletion of cellular giutathione enhances the ability of
arsenite to potentiate BaP-DNA adduct formation. Hepa-1 cells
were seeded 10 1 x 105 cells per plate and grown 24h prior to
treatment. The cells were then pre-treated for 24h with 20 uM
BSO or for 2h with 2.5 mM GSH-cthylester. Following these pre-
treatments, the culture medium was replaced with fresh medium,
and the cells were subsequently treated with the indicated con-
centrations of arsenite for 30 min before addition of 0.5 uM BaP
to the culture medium. Cells were harvested after 1.5h of arsen-
ite and BaP co-treatment for determination of GSH levels or after
24h for DNA adduct analysis. The GSH level in DMSO controls
(not shown) was 19.8 nmol/mg protein.

ethylester mitigated the potentiating effect of arsenite
co-treatment.

3.4. Arsenite does not alter the kinetics of adduct
removal

To test whether the arsenite-induced increases in
net yield of BaP-DNA adducts was the result of an
increase in the rate of adduct formation or of a de-
crease in the rate of adduct removal, we evaluated
the rate of adduct removal in the presence of 2.5 phM
arsenite (Fig. 4). The presence of arsenite did not
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disrupt the rapid removal of adducts, showing that
DNA adduct excision was not substantially affected
by arsenite treatment, and suggesting that arsenite af-
fects the genotoxicity of DNA reactive compounds by
mechanisms upstream of DNA repair.

3.5. Arsenite synergizes with BaP mutagenicity

To determine whether the enhancement in BaP-
DNA adduct levels induced by arsenite co-treatment
is converted into an increased mutagenic response,
we measured mutation frequencies in Hepa-1 cells
co-exposed or singly exposed to 0.5uM BaP and
2.5 pM arsenite. We followed the appearance of mu-
tant colonies at the Hprt locus by selecting cells for
their ability to grow in the presence of 6-thioguanine.
We found that the low concentrations of BaP and
arsenite that we used had no significant effect on mu-
tation frequencies relative to vehicle-treated control
cells; however, the combined exposure resulted in a
seven-fold increase in the number of mutant colonies
(Fig. 5), indicating that the effect of arsenite on
BaP-DNA adduct levels has a profound consequence
on the mutagenicity and genotoxicity of BaP.
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Fig. 5. Arsenic and BaP are comutagenic. Hepa-1 cells were
seeded to 7.5 x 10° cells per 150mm plate and grown 24h prior
to treatment. For the co-treatment group, cells were treated with
2.5 1M arsenite for 30min prior to the addition of 0.5pM BaP.
The number of Hprt mutant colonies was normalized to the number
of cells surviving the initial BaP and arsenite treatments as shown
in the figure. The average number of colonies counied per plate
were 27 for DMSO controls, 24 for BaP alone, 17 for arsenite
alone, and 183 for the combined BaP and arsenite treatrnent. Each
barreptuennthemun:ts.ﬁ.ﬁomdneeindepathsamples.
Treated groups were compared to DMSO controls and statistically
significant differences (P < 0.05) are denoted with an asterisk (%).
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4. Discussion

We report here that arsenite co-treatment potenti-
ates the formation of bulky DNA adducts induced by
BaP, and that this effect is a major factor in the mu-
tagenicity of mixtures of these compounds. We tested
several hypotheses that addressed potential mecha-
nisms for the enhanced genotoxicity of BaP-arsenite
mixtures. BaP-DNA adduct formation required func-
tional CYP1A1 activity, but arsenite did not directly
enhance the activity of this enzyme, suggesting that
the target for the biological activity of arsenite resides
downstream of the metabolic activation of BaP. This
absence of an arsenite effect on CYP1ALl activity is
inconsistent with other recent reports using chick em-
bryo hepatocytes [42] or human hepatocytes [43], but
is consistent with our earlier studies in Hepa-1 cells
[44]. One potential explanation for the difference
may relate to species-specificity of arsenite-induced
changes. If this were the case, it would be of signif-
icant interest to test whether arsenite also potentiates
BaP-DNA adduct formation in human cells that rep-
resent targets for arsenic and BaP toxicity, including
cardiovascular, lung, and skin cells.

Although we did not observe an effect of arsenite on
phase 1 metabolism of BaP, arsenite might affect the
fate of DNA reactive metabolites of BaP by altering
phase II conjugation reactions. Arsenic is an inducer
of phase II genes, such as glutathione-S-transferases
(Gstal) [45-47] as well as genes that regulate GSH
synthesis [44]. The data are mixed as to whether
GSTM1 null phenotype may be an important determi-
nant of DNA adduct formation by BaP [48-50], but
GSTPI over-expression in tissue culture cells appears
to block the formation of adducts [51]. Our results
suggest that GSH is an important modulatory agent in
BaP-DNA adduct formation, since arsenite was much
more potent in enhancing BaP-DNA adduct yields
in GSH-depleted cells, and this effect was blocked
by excess GSH. While our results show an important
role of GSH homeostasis in arsenite comutagenesis,
they do not suggest that arsenite increases BaP-DNA
adducts through direct competition with BaP metabo-
lites for the cellular GSH pool. Our data are most
consistent with a model in which depletion of GSH
levels increases unbound arsenite in the cell, which
can then act to enhance adduct formation through an
as of yet unidentified mechanism(s).

Arsenite also modulates other conjugation reactions
important for BaP metabolism, for example by regu-
lating the expression of NADPH:quinone oxidoreduc-
tase (Ngol) [52]. DNA adduct formation in vitro has
been reported for 3,6-BPQ [53], and 7,8-BPQ [54-57],
which are substrates for NQO1. We did not find ev-
idence that stable quinone adducts were formed in
our experiments following treatment with up to 5 uM
3,6-BPQ (data not shown). It has been suggested that
metabolites of BaP can form depurinating adducts
[58]. Therefore, it is possible that the formation of
depurinating adducts or other adducts not detected by
our chromatography system could also contribute to
arsenite comutagenesis.

We found that arsenite co-treatment did little to
change the rapid removal of DNA adducts. Most of
the existing data describing the inhibitory role of ar-
senite in DNA repair suggests that inhibition of re-
pair occurs at the ligation step that joins the newly
repaired DNA to the pre-existing strand. Inhibition of
ligation would contribute to DNA damage and muta-
genesis, but would not necessarily play a role in DNA
adduct removal. Although less well studied, inhibition
of other aspects of DNA repair, including the incision
process has been reported [59]. While our data are not
inconsistent with a contribution of DNA repair to the
increase in mutagenesis that we observe, our results
identify a step preceding DNA repair as a major con-
tributor to the enhanced genotoxicity of BaP in the
presence of arsenite.

There are other effects of arsenite that may be im-
portant in regulating the efficiency by which reactive
BaP metabolites interact with DNA. For example,
gene methylation changes induced by arsenic may
alter nuclear architecture and increase the number of
targets for BaP metabolite—-DNA interactions. Arsenic
has been reported to generate global DNA hypomethy-
lation [60] and global hypomethylation promotes a
more open chromatin structure [61,62], perhaps al-
lowing for the enhancement of BaP metabolite-DNA
interactions. Arsenic has also been shown to cause
DNA hypermethylation {63—-65], which may also
have an impact on the formation of DNA adducts
since methylated CpG islands have been shown to
favor BaP-DNA adduct formation {66]. Hence, DNA
methylation changes induced by arsenite exposure
might be important elements in the ability of arsenic
to potentiate BaP metabolite-DNA adduct formation.
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Uncovering the mechanisms involved in arsenic co-
mutagenesis has important public health implications.
Our results suggest that co-exposure to arsenite and
BaP leads to synergistic toxic responses that differ
considerably from those that would be predicted based
on the assumption of response-additivity, currently
used for quantitative mixtures risk assessment for car-
cinogens. Further development of these data would
allow for direct testing of the appropriateness of this
additivity assumption for co-exposures to metals and
other PAHs and could contribute to the development
of quantitative risk assessment methods for mixtures
that more accurately estimate human health risk under
environmental exposure conditions.
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