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Abstract

Arsenic is a naturally occurring element that is present in food, soil, and water. Inorganic arsenic can accumulate in
human skin and is associated with increased risk of skin cancer. Oxidative stress due to arsenic exposure is proposed
as one potential mode of carcinogenic action. The purpose of this study is to investigate the specific reactive oxy-
gen and nitrogen species that are responsible for the arsenic-induced oxidative damage to DNA and protein. Our re-
sults demonstrated that exposure of human keratinocytes to trivalent arsenite caused the generation of 8-hydroxyl-2′-
deoxyguanine (8-OHdG) and 3-nitrotyrosine (3-NT) in a concentration- and time-dependent manner. Pentavalent arsenate
had similar effects, but to a significantly less extent. The observed oxidative damage can be suppressed by pre-treating
cells with specific antioxidants. Furthermore, we found that pre-treating cells with Nω-nitro-L-arginine methyl ester (L-
NAME), an inhibitor of nitric oxide synthase (NOS), or with 5,10,15,20-tetrakis (N-methyl-4′-pyridyl) porphinato iron
(III) chloride (FeTMPyP), a decomposition catalyst of peroxynitrite, suppressed the generation of both 8-OHdG and 3-
NT, which indicated that peroxynitrite, a product of the reaction of nitric oxide and superoxide, played an important role
in arsenic-induced oxidative damage to both DNA and protein. These findings highlight the involvement of peroxynitrite
in the molecular mechanism underlying arsenic-induced human skin carcinogenesis. (Mol Cell Biochem 279: 105–112,
2005)
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Introduction

Arsenic is widely distributed in the environment and normally
exists in two oxidative states: trivalent arsenite (As(III)) and
pentavalent arsenate (As(V)). Environmental or occupational
exposures to arsenic may result in both acute and chronic
toxic effects in humans [1]. Dermatologic toxicities due to ar-
senic exposure are well documented. Arsenic accumulates in
the skin and is associated with hyperkeratosis and acanthosis,
pigmentation disorders, and skin cancers including basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC) [2–5].
Partly due to the lack of valid and reproducible animal mod-
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els, the molecular mechanism(s) underlying arsenic-induced
skin carcinogenesis remain unclear.

Reactive oxygen species (ROS) refers to a diverse group of
reactive, short-lived, oxygen containing species, such as su-
peroxide anion (O•−

2 ), hydrogen peroxide (H2O2), hydroxyl
radical (•OH), singlet oxygen (1O2), and peroxyl radical
(LOO•). Nitric oxide (NO•) and peroxynitrite (ONOO−) are
referred to as reactive nitrogen species (RNS). Our recent
study has shown that exposure of human keratinocytes to
arsenic leads to the formation of O•−

2 and H2O2 [6].
Generation of ROS is associated with a wide range of

DNA damage including modification of bases and DNA
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strand breaks. Alternatively, ROS can oxidize lipid or pro-
tein molecules to generate intermediates that react with DNA
to form adducts. The DNA damage can lead to cell apop-
tosis or DNA mutations [7]; therefore, analysis of oxida-
tive DNA damage in cells exposed to arsenic is necessary
in order to better understand mechanisms contributing to
arsenic-induced carcinogenesis. One of the major pathways
of ROS-induced DNA damage involves attack at the C-8
position of 2′-deoxyguanine to form the 8-hydroxyl-2′-
deoxyguanine (8-OHdG). The 8-OHdG has been shown to
cause mis-pairing during DNA replication, giving rise to G
to T conversion, and consequently the G:C → T:A muta-
tion occurs. This is one of the most common mutations ob-
served in selected codons in the H-ras proto-oncogene and
the p53 tumor suppressor gene that are frequently mutated
in human tumors [8, 9]. The formation of 8-OHdG is con-
sidered as an important biomarker of oxidative DNA damage
[10].

When both O•−
2 and NO• are generated in the cell, these two

reactive species can react rapidly to form ONOO−. Nitration
on the 3-position of tyrosine is a major product of ONOO−

attack on proteins. There is mounting evidence that nitration
of tyrosine residues in proteins can profoundly alter protein
function [11–14], suggesting that protein nitration may be
fundamentally related to, and predictive of, oxidative cell
injury. Furthermore, this nitrated residue can also be used
as a diagnostic marker for the formation of ONOO− and
indirectly, O•−

2 and NO•.
The purposes of this study are to investigate the oxida-

tive damage to DNA and protein, using 8-OHdG and 3-NT
as biomarkers, and to determine the specific reactive species
that are responsible for these damages, after the exposure of
the human keratinocytes to inorganic arsenic, both As(III) and
As(V). The formation of 8-OHdG and 3-NT was sensitively
and quantatively measured by the high performance liquid
chromatography–electrochemical detection (HPLC–EC) as-
say.

Materials and methods

Materials

Sodium arsenite, sodium arsenate, deferoxamine mesylate
salt, superoxide dismutase (SOD), catalase, Nω-nitro-L-
arginine methyl ester (L-NAME), 3-nitrotyrosine (3-NT), 8-
hydroxy-2′-deoxyguanine (8-OHdG), 2′-deoxyguanine (2′-
dG), protease (XIV from Streptomyces griseus), potassium
phosphate (monobasic), and sodium citrate were all obtained
from Sigma (St. Louis, MO). 5,10,15,20-tetrakis (N-methyl-
4′-pyridyl) porphinato iron(III) chloride (FeTMPyP) and
Mn(III)tetrakis(1-methyl-4-pyridyl) porphyrin pentachloride

(MnTMPyP) were purchased from Calbiochem (San Diego,
CA). Nuclease P1 was obtained from US Biological (Swamp-
scott, MA). The calf intestine alkaline phosphatase (CIAP)
and CIAP buffer were obtained from Fermentas (Hanover,
MD). RNase A was from Ambion (Austin, TX). The DNA
extraction kit used was obtained from Wako Pure Chemical
industry (Osaka, Japan). The 30000 Da and 3000 Da cutoff
micro-filtration tubes were from Pall Life Science (East Hills,
NY).

Cell culture and arsenic treatment

Human keratinocyte cell line (HaCaT) was generously pro-
vided by Dr Mitch Denning (Loyola University Medical
Center, Maywood, IL). The HaCaT cells were maintained in
Dulbecco’s modified Eagle’s medium F:12 HAM (DMEM
F:12), supplemented with 10% newborn calf serum from
Life Technologies/Gibco, four-fold concentration of MEM
amino acids solution, 2 mM L-glutamine and antibiotics
(penicillin, 100 U/ml and streptomycin, 50 µg/ml). The cells
were cultured at 37 ◦C in 95% air/5% CO2 humidified
incubators.

Stock solutions of sodium arsenite and sodium arsen-
ate at 10 mM were prepared in doubled-distilled water and
sterilized by passing through a 0.22 µm syringe filter. The
working concentration was prepared by diluting the stock
with DME:F12 medium containing 0.1% bovine serum al-
bumin (BSA). For all experiments involving incubation with
arsenic, HaCaT cells were rinsed with phosphate-buffered
saline (PBS) and placed into BSA medium containing dif-
ferent concentrations of arsenic indicated in the figures and
figure legends.

Treatment of cells with antioxidants

Cells were treated with SOD and catalase according to Kessel
et al. [15]. Briefly, stock copper/zinc SOD from bovine liver
(Sigma, St. Louis, MO) was dissolved in double-distilled
water, filtered through a 0.22 µm syringe filter and stored
at −20 ◦C until use. A working solution of 400 U/ml was
prepared fresh each time from stock solution by dilution in
DME:F12 medium containing 0.1% BSA. Stock catalase so-
lution was membrane filtered and diluted with medium to
a final concentration of 5000 U/ml. The stock solutions of
MnTMPyP and FeTMPyP were prepared in double-distilled
water and filtered through a 0.22 µm syringe and diluted with
medium to a working concentration of 5 µM. Stock solution
of L-NAME was prepared in double distilled water after fil-
tering through a 0.22 µm syringe and diluted to a working
concentration of 1 mM. The final concentration of DMSO in
the culture medium was 1% (v/v).
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HPLC-EC detection of 8-OHdG

DNA extraction and hydrolysis procedures were performed
according to the protocol by Helbock et al. [10] using the
DNA extraction kit from Wako Pure Chemical industry (Os-
aka, Japan). Briefly, cell pellets were suspended in 1 ml of
lysis buffer and then vortexed at moderate speeds for 30 s
and then centrifuged for 20 s at 10,000 × g and 4 ◦C. The su-
pernatant was discarded and replaced with 1 ml of fresh lysis
buffer. The sample was vortexed and centrifuged again. The
supernatant was discarded and 200 µl of enzyme solution was
added, followed by 15 µl RNase A to a final concentration of
15 µg/ml. The sample was then incubated at 50 ◦C for 10 min.
This first incubation was followed by the addition of 10 µl
of proteinase solution to a final concentration of 0.75 mg/ml
and further incubated at 50 ◦C for 50 min. During the sec-
ond incubation, the samples were mixed by inversion every
10–15 min. The supernatant was then transferred to a fresh
Eppendorf tube, 0.3 ml of NaI solution added and the sample
mixed by repeated inversion. 2-Propanol (0.5 ml) was added
and the sample mixed until 2–3 min after the first white DNA
precipitate appeared. The sample was centrifuged at 10,000
× g for 5 min at ambient temperature, following which the
supernatant was removed and the tube drained by inversion
on absorbent paper. The pellet was washed with 1 ml of wash-
ing solution A. Following another centrifugation at 10,000 ×
g for 5 min at room temperature, the supernatant was aspi-
rated and 1 ml of washing solution B added, the sample was
centrifuged as before and the pellet immediately hydrolyzed
as described below.

DNA hydrolysis
DNA samples were dissolved in 200 µl of 0.1 mM Des-
feral/20 mM sodium acetate, pH 4.8. This was accomplished
by using a micropipette to dislodge and disperse the pel-
let, followed by addition of 4 µl 3.3 mg/ml nuclease P1, and
hand agitation for 10 min. The samples were then incubated
for 15 min at 70 ◦C. After the incubation was complete, 20 µl
CIAP buffer was added to the sample mixture and mixed
by inversion. Four micro liters of 1 U/µl of CIAP was then
added. Samples were mixed well by slow inversion and then
incubated for 1 h at 37 ◦C. Following incubation, pH of the hy-
drolyzed DNA was adjusted by adding 20 µl of 3 M sodium
acetate buffer, pH 5.1. The samples were transferred to a
30,000-Da micro-filtration tube, and centrifuged for 30 min
at 10,000 × g and 4 ◦C. The samples were then placed in
auto-injector vials with low-volume inserts for HPLC-EC
analysis.

HPLC-EC analysis of hydrolyzed DNA
The mobile phase consisted of methanol/50 mM KH2PO4

(5:95), and was filtered through 0.22 µM membrane filter.

HPLC was performed with a 15 cm × 4.6 mm, 3 µm LC-
18-DB column (Supelco, Bellefonte, PA) using isocratic elu-
tion at a flow rate of 1.0 ml/min. The samples were analyzed
by a separate UV model 520 from ESA (Chelmsford, MA)
at 260 nm for dG and an electrochemical detection system
linked in series for 8-OHdG. The electrochemical detector
was an ESA (Chelmsford, MA) Model 5600 CoulArray. The
oxidation potentials used to detect 8-OHdG were set at 0.1
and 0.4 V, respectively.

The amount of 8-OHdG in the injected sample was mea-
sured by EC detection and the amount of dG was measured
by UV absorbance. The amount of 8-OHdG and dG in the
sample was calibrated with respective standards, i.e., using
authentic 8-OHdG and dG. The level of 8-OHdG in sample
DNA was expressed as the number of 8-OHdG per 106 dG.

HPLC-EC detection of 3-NT

Protein extraction and hydrolysis
Protein extraction and hydrolysis procedures were performed
according to the protocol by Crow et al. [16]. Briefly, 1 ml of
0.1 M NaOAc, pH 7.2 was added to the collected cell pellet.
The samples were vortexed and sonicated (Branson Sonifier,
Branson Corp., Danbury, CT) to disrupt the cells. The con-
centration of proteins in the samples was measurement by
Bradford Assay (Biorad Laboratories, Richmond, CA). Af-
ter cells were lysed, samples were centrifuged at 14,000 ×
g for 10 min at 4 ◦C. One milliliter acetonitrile was added to
the supernatant, solutions were placed at 4 ◦C for 10 min and
precipitates were gently pelleted by centrifugation at 3800
× g for 5 min. Supernatants were decanted and the pellets
dissolved again in 0.1 M NaOAc, pH 7.2 at a final concen-
tration of protein at 4 mg/ml. Twenty milligram per milliliter
protease (XIV from Streptomyces griseus) dissolved in 0.1 M
NaOAc, pH 7.2 were added to samples at a final ratio of 1:5
(w/w). The protease was prepared by dialysis in 1:500 0.1 M
NaOAc, pH 7.2 for 3 days with daily buffer change. The sam-
ples were placed in 50 ◦C water bath for 18 h. All hydrolyzed
mixtures were then transferred to a 3000 Da micro-filtration
tube to prevent intact protease or undigested protein from
being injected into the HPLC.

HPLC-EC analysis and calculation
All samples were analyzed on an ESA (Chelmsford, MA)
CoulArray HPLC instrument equipped with 12 electrochem-
ical cells (channels) utilizing platinum electrodes arranged
in line and set to increase specified potentials between
100 and 870 mV [channel(potential): 1(100 mV); 2(170 mV);
3(240 mV); 4(310 mV); 5(380 mV); 6(450 mV); 7(520 mV);
8(590 mV); 9(660 mV); 10(730 mV); 11(800 mV); 12(870
mV)]. The analytical column was a TOSOHAAS
(Mongtomeryville, PA) ODS 80-TM C-18 reverse phase
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column and the mobile phase was 50 mM sodium citrate/5%
methanol (v/v), pH 4.7. HPLC analysis was performed un-
der isocratic conditions at a flow rate of 1.0 ml/min. 3-NT
was analyzed by direct injection; tyrosine was analyzed after
samples were diluted 1000-fold by mobile phase. Both 3-NT
and TYR were detected by the EC detector and the level of
3-NT was expressed as the number of 3-NT per 100 tyrosine
(TYR).

Statistics

Statistical analysis of data was carried out using Student’s
t-test. Differences between means were regarded as signifi-
cant if p < 0.05 and significant differences were labeled by
an asterisk (∗).

Results

Generation of 8-OHdG by arsenic in human keratinocyte

Oxidative damage to DNA is postulated to be an important
contributor to degenerative diseases including aging and can-
cer [17]. 8-OHdG is a particularly useful biomarker of oxida-
tive DNA damage because it represents approximately 5% of
the total oxidized bases that are known to occur in DNA [18],
and also because it can be measured with excellent sensitivity
using electrochemical detection [10]. In the present study, an
HPLC-EC assay was used to detect the formation of oxidative
DNA lesions in HaCaT cells treated with arsenic. Treatment
of cells with different concentrations of As(III) for 24 h in
BSA medium resulted in a concentration-dependent increase
in 8-OHdG levels with a significant increase (p < 0.05) ob-
served at 10 µM of As(III) (Fig. 1(A)). Treatment of cells
with 20 µM As(III) for increasing periods of time resulted
in a time-dependent increase in 8-OHdG level with a sig-
nificant increase (p < 0.05) observed after 16 h incubation
(Fig. 1B).

In order to determine the specific reactive species that are
responsible for the formation of 8-OHdG, we have inves-
tigated the effects of various antioxidants and scavengers
on the level of 8-OHdG. HaCaT cells were pre-incubated
with 400 U/ml SOD (an antioxidant to O•−

2 ), 5000 U/ml cata-
lase (decomposes H2O2), 5 µM MnTMPyP (a cell perme-
able SOD mimic), 1% DMSO (a scavenger of •OH), 1 mM
L-NAME (an inhibitor of NO• synthase (NOS)), or 5 µM
FeTMPyP (ONOO− decomposition catalyst) for 30 min in
BSA medium. Then As(III) was added to the medium to
a final concentration of 20 µM and incubated at 37 ◦C for
24 h. Compared with cells treated with As(III) alone, prein-
cubation of cells with SOD, MnTMPyP, catalase, and DMSO
almost completely inhibited 8-OHdG formation induced by
the As(III) treatment. Interestingly, L-NAME and FeTMPyP

Fig. 1. As(III) induced 8-OHdG generation in a concentration- and time-
dependent manner. (A) HaCaT cells were incubated with the indicated con-
centrations of As(III) in serum-free medium for 24 h. (B) HaCaT cells were
incubated with 20 µM As(III) for the indicated times in BSA medium. Each
experiment was repeated 3–5 times. Bars represent ±S.D., asterisk (∗) rep-
resents p < 0.05.

also partially decreased 8-OHdG level (Fig. 2). These results
suggested that both O•−

2 and NO• were involved in oxidative
DNA damage and the formation of 8-OHdG.

In the present study, we compared the ability of As(V)
to induce 8-OHdG generation in HaCaT cells. It is often
stated that As(V) is less toxic than trivalent As(III). How-
ever, our results showed that treatment of cells with different
concentrations of As(V) in BSA medium for 24 h could also
induce 8-OHdG generation, with a significant increase evi-
dent at 20 µM As(V) exposure (Fig. 3). This concentration is
greater than that of As(III) required to generate an equivalent
response.

Generation of 3-NT by arsenic in human keratinocytes

When both NO• and O•−
2 are generated, they can react rapidly

to form ONOO−. The resulting peroxynitrite can then react
with L-tyrosine to form the chemically stable end product
3-NT. This nitrated residue has been used as a diagnostic



109

Fig. 2. Effects of antioxidants and scavengers on As(III)-induced 8-OHdG
generation in HaCaT cells. HaCaT cells were pre-incubated with 400 U/ml
SOD (an antioxidant to O2

•−), 5000 U/ml catalase (an antioxidant to H2O2),
5 µM MnTMPyP (a cell permeable SOD mimic), 1% DMSO (a scavenger
of •OH), 1 mM L-NAME (an inhibitor of NOS), and 5 µM FeTMPyP (an
ONOO− decomposition catalyst) for 30 min in BSA medium, then As(III)
was added to the medium to a final concentration of 20 µM and incubated
at 37 ◦C for 24 h. The experiment was repeated for 3–5 times, and bars
represent ± S.D., asterisk (∗) represents p < 0.05.

Fig. 3. As(V) induced generation of 8-OHdG. HaCaT cells were treated with
0, 10, 20, 30, 50 and 100 µM of As(V) at 37 ◦C for 24 h in BSA medium.
The experiment was repeated three times, bars represent ±S.D., asterisk (∗)
represents p < 0.05.

marker for the formation of RNS in vivo and may com-
promise cellular functions by affecting enzymatic activi-
ties and components of the signal transduction cascades
[19, 20]. Cells were treated using exactly the same experi-
mental conditions as described in previous experiments. We
observed that As(III) exposure in HaCaT cells resulted in a
concentration-dependent 3-NT generation with a significant

Fig. 4. As(III) induced generation of 3-NT in HaCaT cells. (A) Cells were
incubated with 0, 5, 10, 15, and 20 µM of As(III) in BSA medium at 37 ◦C
for 24 h. (B) Cells were incubated with 20 µM As(III) at 37 ◦C for 0, 4, 8,
16, and 24 h in BSA medium. Each experiment was repeated three times,
bars represent ±S.D., asterisk (∗) represents p < 0.05.

increase at 5 µM As(III) in 24 h (Fig. 4A). The generation of
3-NT was also time-dependent with a significant increase ob-
served after cells were incubated with 20 µM As(III) for 8 h
(Fig. 4B).

The effect of different ROS/RNS antioxidants and scav-
engers on the generation of 3-NT was also examined. Data
in Fig. 5 shows the inhibitory effect of SOD (400 U/ml),
MnTMPyP (5 µM), FeTMPyP (5 µM), and L-NAME (1 mM)
on the generation of 3-NT induced by incubating HaCaT cells
with 20 µM As(III) for 24 h. Suppression of 3-NT by the
NOS inhibitor L-NAME suggested that NO• was induced by
As(III) through the action of NOS. Similarly, suppression of
3-NT by SOD and MnTMPyP suggested that O•−

2 was also
involved in the protein damage. On the other hand, DMSO
(1%), and catalase (5000 U/ml), the specific scavengers of
•OH and H2O2, had no suppressive effect on the formation
of 3-NT, which indicate that •OH and H2O2 were not involved
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Fig. 5. Effects of antioxidants and scavengers on As(III)-induced 3-NT gen-
eration in HaCaT cells. HaCaT cells were pre-incubated with 400 U/ml SOD,
5000 U/ml catalase, 5 µM MnTMPyP, 5 µM FeTMPyP, 1% DMSO, or 1 mM
L-NAME in BSA medium for 30 min at 37 ◦C, then As(III) was added to the
medium to a final concentration of 20 µM and incubated at 37 ◦C for 24 h.
The experiment was repeated 3–5 times, and bars represent ±S.D., asterisk
(∗) represents p < 0.05.

in the generation of 3-NT. The observed pattern of antioxi-
dant inhibition suggests that generation of 3-NT is through
the action of ONOO−, and that ONOO− is formed through
the reaction of O•–

2 and NO•.
The ability of As(V) to induce 3-NT in HaCaT cells

was also examined. As(V) induced 3-NT generation in a
concentration-dependent manner with a significant increase

Fig. 6. As(V) induced 3-NT generation in HaCaT cells. HaCaT cells were
incubated with 0, 5, 10, 15, and 20 µM of As(V) in BSA medium at 37 ◦C
for 24 h. The experiment was repeated three times. Bars represent ±S.D.,
asterisk (∗) represents p < 0.05.

observed after cells were incubated with 20 µM As(V)
for 24 h (Fig. 6). As was observed with the generation of
8-OHdG, the concentration of As(V) required to generate an
equivalent response was greater than that required for As(III).

Discussion

Although arsenic compounds are occasionally used as a
medicine to treat acute promyelocytic leukemia (APL) [21],
they are also known as human carcinogen [22]. The lack of
suitable animal models hampers accurate risk assessment of
the health effects of arsenic to humans. In the absence of an
acceptable animal model, human keratinocytes, which rep-
resent a primary in vivo target of arsenic, provides a relevant
and reasonable in vitro model to study the molecular mecha-
nisms of arsenic carcinogenicity. In the present study, our data
demonstrated that both ROS and RNS were generated after
exposure of HaCaT cells to the inorganic arsenic compounds,
both As(III) and As(V), based on the production of signature
cellular damage. Furthermore, we found that ONOO−, a pow-
erful oxidant generated by the near diffusion-limited reaction
of NO• with O•−

2 , played an important role in oxidative dam-
age to both DNA and proteins. These results provide the direct
evidence that ONOO− is the key species in arsenic-induced
DNA and protein damage in the skin.

Recently oxidative stress is proposed as a possible mode of
carcinogenic action of arsenic [23]. Mutagenesis and DNA
damage caused by ROS contributes to the initiation of can-
cer. Among the ROS, neither O•−

2 nor H2O2 reacts with DNA
bases, while •OH generates a multiplicity of products from
all four DNA bases and this pattern appears to be a diagnos-
tic ‘finger-print’ of •OH attack. The formation of 8-OHdG is
often used as a biomarker to measure this attack [24]. When
ROS cause damage to tumor suppressor genes or enhance
the expression of proto-oncogenes, the cells may go on to
become tumor cells [25]. Our results demonstrated that ex-
posure of HaCaT cells to As(III) induced 8-OHdG generation
in a concentration-dependent (Fig. 1A) and time-dependent
(Fig. 1B) manner. In addition, we found that pre-treating cells
with DMSO (a scavenger of •OH), SOD (an antioxidant to
O•−

2 ), MnTMPyP (a cell permeable SOD mimic), catalase (an
antioxidant to H2O2) suppressed the generation of 8-OHdG
induced by As(III) (Fig. 2). These results further confirm the
role of •OH in the formation of 8-OHdG.

There is evidence demonstrating that 8-OHdG is generated
following treatment of cells with ONOO− generators, which
suggests that ONOO− derived from the reaction of NO• and
O2

•– is involved in modifying the DNA bases [26, 27]. We
found that pre-treating cells with L-NAME, an inhibitor of
NOS, suppressed the generation of 8-OHdG, although not
as much as DMSO, which implied that NO• was partially
involved in the DNA damage (Fig. 2). Pre-treating cells with



111

FeTMPyP, a recently developed ONOO− decomposition cat-
alyst [28–30], also suppressed the 8-OHdG generation in a
similar manner as L-NAME (Fig. 2). These results indicate
that at least part of 8-OHdG formation was induced by the
production of ONOO− inside the HaCaT cells. This finding
is important since formation of 8-OHdG is usually associ-
ated with the generation of ROS, hence has often been used
as a biomarker for ROS. Here we demonstrate that ONOO−,
derived from NO• and O•−

2 , contributes to the formation of
8-OHdG.

As(III) has been reported to increase NO• production in
human fetal brain [31] and in human umbilical vein endothe-
lial cells, [32] and can also increase NO• and ONOO− pro-
duction in bovine aorta endothelial cells [24, 33]. As(V)
has been reported to upregulate iNOS (inducible NO syn-
thase) and to induce 3-NT generation in Swiss mice [34].
Souza et al. [35] also reported that after exposure of HaCaT
cells to 200 µM As(III), the activation of eNOS (endothe-
lial NO synthase) started 30 min after As(III) treatment and
peaked at about 2 h. On the other hand, opposite effects of
arsenic on NO• production have been reported. For exam-
ple, prolonged exposure to arsenic impaired production of
endothelial NO• in human blood [36]. As(III) also inhib-
ited iNOS gene expression in rat pulmonary artery smooth
muscle cells [37]. In vascular endothelial cells, no increased
NO• production was observed under environmental rele-
vant exposure level of As(III) [38, 39]. In the present study,
we demonstrated that As(III)-induced 3-NT generation in
a time- and concentration-dependent manner (Fig. 4) with
a significant increase observed after cells were incubated
with as low as 5 µM As(III), a concentration that is gener-
ally considered nontoxic. Furthermore, pre-treating cells with
SOD (an antioxidant to O•−

2 ), MnTMPyP (a cell-permeable
SOD mimic), L-NAME (an inhibitor of NOS), FeTMPyP
(a decomposition catalyst of ONOO−), suppressed the gen-
eration of 3-NT after As(III) exposure. On the other hand,
pre-treating cells with DMSO (a scavenger of •OH), and
catalase (an antioxidant of H2O2), had no effect on 3-NT
generation. Together, these results indicate that As(III) in-
duced oxidative damage to protein is caused entirely by the
production of ONOO− through the reaction of NO• and O•−

2 ,
and •OH and H2O2 do not play a role in the observed protein
damage.

As(V) is normally considered to be less toxic than As(III).
In the present study, As(V) was found to be able to induce the
generation of both 8-OHdG (Fig. 3) and 3-NT (Fig. 6) in a
concentration-dependent manner, although at a significantly
higher concentration than As(III) for the same effect. Since
our earlier study has shown that As(V) did not produce a
detectable increase of O2

•– even at a concentration as high
as 100 µM when HaCaT cells were exposed to As(V) for a
short 20 min [6], we postulate that the observed DNA and
protein damage by As(V) in this study is likely due to the

fact that at an over-extended incubation time (such as 24 h),
As(V) is slowly reduced to As(III) in a cellular environment.
Therefore, the DNA and protein damage is most probably
caused by the As(III) that was converted from As(V). Indeed,
it has been reported that after human renal proximal tubule
epithelial cells (HK-2) were incubated with As(V) for 24 h,
more than half of As(V) was reduced to As(III) intracellularly
[40], providing a strong support for our postulation.

In summary, using 8-OHdG and 3-NT as biomarkers, we
find that inorganic arsenic, both As(III) and As(V), can induce
oxidative damage to DNA and protein in human keratinocytes
in a concentration- and time-dependent manner. These dam-
ages are caused by the arsenic-induced production of ROS
and RNS, including O•−

2 , H2O2, •OH, NO•, and ONOO−.
Our results also demonstrate that ONOO−, a product of the
reaction of O•−

2 and NO•, plays an important role in ox-
idative stress to both DNA and proteins. This implies that
ONOO− production may be a crucial step in the mecha-
nism of arsenic toxicity and carcinogenesis. These findings
will contribute toward a better understanding of the molec-
ular mechanism underlying arsenic-induced human skin
carcinogenesis.
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