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Background: Arsenic is a ubiquitous environmental toxicant, and abnormalities of the skin, 

lung, kidney, and liver are the most common outcomes of long-term arsenic exposure. This 

study was designed to investigate the possible mechanisms of genotoxicity induced by arsenic 

trioxide in human hepatocellular carcinoma cells.

Methods and results: A mild cytotoxic response of arsenic trioxide was observed in human 

hepatocellular carcinoma cells, as evident by (3-(4,5-dimethyl thiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide) and lactate dehydrogenase assays after 24 and 48 hours of exposure. Arsenic 

trioxide elicited a significant (P , 0.01) reduction in glutathione (15.67% and 26.52%), with 

a concomitant increase in malondialdehyde level (67.80% and 72.25%; P , 0.01), superoxide 

dismutase (76.42% and 81.09%; P , 0.01), catalase (73.33% and 76.47%; P , 0.01), and 

reactive oxygen species generation (44.04% and 56.14%; P , 0.01) after 24 and 48 hours 

of exposure, respectively. Statistically significant (P , 0.01) induction of DNA damage was 

observed by the comet assay in cells exposed to arsenic trioxide. It was also observed that 

apoptosis occurred through activation of caspase-3 and phosphatidylserine externalization in 

human hepatocellular carcinoma cells exposed to arsenic trioxide.

Conclusion: The results demonstrate that arsenic trioxide induces apoptosis and genotoxicity in 

human hepatocellular carcinoma cells through reactive oxygen species and oxidative stress.

Keywords: arsenic trioxide, DNA damage, hepatocellular carcinoma cells, oxidative stress, 

apoptosis

Introduction
Arsenic is a naturally occurring element in the earth’s crust and is distributed 

throughout the environment by water. In addition, arsenic compounds are used for 

treatment of human disease as well as in agricultural applications, such as insecticides, 

fertilizers, and fungicides.1 The first time arsenic trioxide was used in cancer therapy 

was to treat acute promyelocytic leukemia, and there are now studies reporting the 

cytotoxic potential of arsenic trioxide in mammalian cells.2,3 Yedjou et al4 reported 

that the cytotoxicity of arsenic trioxide was mediated through generation of reactive 

oxygen species and oxidative stress. Apoptosis induced by arsenic trioxide is also 

associated with generation of reactive oxygen species that contribute significantly 

to cell killing.5 Arsenic trioxide has been found to be genotoxic in human cells.6 In 

addition, a few studies have shown that exposure to arsenic increases the frequency 

of micronuclei, chromosome aberrations, and sister chromatid exchanges both in 

humans and animals.7 Reactive oxygen species are an important factor not only in 

the apoptosis process but also in DNA damage, oxidative stress-induced damage, 
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and many other cellular processes.8–10 Oxidative stress 

and DNA damage induced by arsenic trioxide occur  

via production of superoxide and hydrogen peroxide radicals, 

specifically reactive oxygen species.11 The mechanism of 

genotoxicity is not clearly understood, but may be due to the 

ability of arsenate to inhibit DNA and replicating or repair 

enzymes.12 However, information about the mechanisms of 

apoptosis and genotoxicity induced by arsenic trioxide is 

scarce.

In the present study, we used human hepatocellular 

carcinoma cells because the human hepatic system plays an 

important role in the digestion of xenobiotic compounds. 

Subsequently, measurement of reactive oxygen species 

using the 2,7-dichlorfluorescein-diacetate (DCFH-DA) 

assay was done to determine whether reactive oxygen 

species generation could be a possible mechanism in the 

observed cytotoxicity of arsenic trioxide. The comet assay 

is a promising technique that has been applied mainly to 

the study of single-strand DNA breaks induced by a variety 

of toxic agents, including chemical compounds, ionizing 

radiation, nanoparticles in cells, and aquatic organisms.13–15 

Thus, the present investigations were carried out to study the 

mechanisms of apoptosis and genotoxicity induced by arsenic 

trioxide in human hepatocellular carcinoma cells through 

reactive oxygen species generation and oxidative stress.

Materials and methods
Chemicals and reagents
Fetal bovine serum, penicillin-streptomycin, and Dulbecco’s 

modified Eagle’s medium/F-12 medium were purchased 

from Invitrogen (Carlsbad, CA). Glutathione, 5, 5-dithio-bis-

(2-nitrobenzoic acid) (DTNB), MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazoliumbromide), DCFH-DA, Annexin 

V FITC, and propidium iodide were obtained from Sigma-

Aldrich (St Louis, MO). Arsenic trioxide was purchased from 

Merck (Whitehouse Station, NJ). All other chemicals were 

obtained from commercial sources and were of analytical 

reagent grade.

Cell culture and exposure  
of arsenic trioxide
A human hepatocellular carcinoma cell line (passage 28) was 

sourced from the American Type Culture Collection (Accession 

HB-8065, Rockville, MD), preserved, subcultured up to passage 

40 in the laboratory, and then used to determine cell viability after 

exposure to arsenic trioxide. The cells were cultured in Dulbecco’s 

modified Eagle’s medium/F-12 medium supplemented with 10% 

fetal bovine serum and penicillin-streptomycin 100 U/mL at 5% 

CO
2
 and 37°C. At 85% confluence, the cells were harvested using 

0.25% trypsin and subcultured in 75 cm2 flasks, six-well plates, 

and 96-well plates according to the experiment being performed. 

The cells were allowed to attach to the surface for 24 hours prior  

to treatment. A stock solution of arsenic trioxide 1 mg/mL was 

made in slightly acidic water (Milli Q, Millipore, Billerica, MA) and 

diluted to appropriate concentrations in cell culture medium.

Cell morphology
The morphology of the hepatocellular carcinoma cells was 

observed using a DMIL phase-contrast microscope (Leica, 

Wetzlar, Germany) after exposure to different concentrations 

of arsenic trioxide for 24 and 48 hours.

Mitochondrial function
An MTT assay was used to investigate mitochondrial function 

as described by Mossman.16 Briefly, 1 × 104 cells/well 

were seeded in 96-well plates and exposed to different 

concentrations (0.1, 0.5, 2.5, 5.0, 10, and 20 µg/mL) of arsenic 

trioxide for 24 and 48 hours. At the end of exposure, the 

culture medium was replaced with new medium containing 

MTT solution (0.5 mg/mL) and incubated for 4 hours at 37°C. 

As a result, a formazan crystal was formed, and was dissolved 

in dimethyl sulfoxide. The plates were kept on a shaker for 

10 minutes at room temperature and then analyzed at 530 nm 

using a Multiwell microplate reader (FLUOstar Omega, BMG 

Lab Technologies Inc, Durham, NC). Untreated sets were also 

run under identical conditions and served as controls.

Lactate dehydrogenase leakage assay
The release of cytoplasmic lactate dehydrogenase into 

the culture medium was determined by Wroblewski and 

LaDue.17 The hepatocellular carcinoma cells were treated 

with arsenic trioxide at concentrations of 0.1, 0.5, 2.5, 5.0, 

10, and 20 µg/mL for 24 and 48 hours. After exposure, 

100 µL samples from the centrifuged culture medium were 

collected. The lactate dehydrogenase activity was assayed 

in 3.0 mL of reaction mixture with 100 µL of pyruvic 

acid (2.5 mg/mL phosphate buffer) and 100 µL of reduced 

nicotinamide adenine dinucleotide (NADH) (2.5 mg/mL 

phosphate buffer) and the rest of the volume was adjusted 

with phosphate buffer (0.1 M, pH 7.4). The rate of NADH 

oxidation was determined by following the decrease in 

absorbance at 340 nm for 3 minutes at one-minute intervals 

and 25°C using a spectrophotometer (Varian-Cary 300 Bio, 

Varian Medical Systems Inc, Palo Alto, CA). The amount 

of lactate dehydrogenase released is expressed as lactate 

dehydrogenase activity (IU/L) in culture medium.
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Measurement of intracellular reactive 
oxygen species
Generation of reactive oxygen species was assessed in the 

hepatocellular carcinoma cells after exposure to different 

concentrations (0.1, 0.5, 2.5, 5.0, and 10 µg/mL) of 

arsenic trioxide using DCFH-DA dye as a fluorescence 

agent.18 Reactive oxygen species generation was studied 

by two methods, ie, fluorometric analysis and microscopic 

fluorescence imaging. For fluorometric analysis, cells 

(1 × 104 per well) were seeded in 96-well black bottom 

culture plates and allowed to adhere for 24 hours in a CO
2
 

incubator at 37°C. The hepatocellular carcinoma cells were 

then exposed to the above concentrations of arsenic trioxide 

for 24 and 48 hours. On completion of the respective exposure 

periods, the cells were incubated with DCFH-DA (10 mM) 

for 30 minutes at 37°C. The reaction mixture was aspirated 

and replaced by 200 µL of phosphate-buffered solution in 

each well. The plates were kept on a shaker for 10 minutes 

at room temperature in the dark. Fluorescence intensity was 

measured using a Multiwell microplate reader (FLUOstar) 

at an excitation wavelength of 485 nm and at emission 

wavelength of 528 nm, and the values were expressed as a 

percentage of fluorescence intensity relative to the control 

wells.

A parallel set of cells (5 × 104 per well) was analyzed 

for intracellular fluorescence using an upright fluorescence 

microscope equipped with a charge-coupled device color 

camera (Nikon Eclipse 80i equipped with a Nikon DS-Ri1 

12.7 mega pixel camera, Nikon, Tokyo, Japan).

Oxidative stress biomarkers
Cells at a final density of about 6 × 106 in a 75 cm2 culture 

flask were exposed to different concentrations of arsenic 

trioxide (0.1, 0.5, 2.5, 5.0, and 10 µg/mL) for 24 and 48 hours. 

After exposure, the cells were scraped and washed twice 

with chilled 1× phosphate-buffered solution. The harvested 

cell pellets were lysed in cell lysis buffer (20 mM Tris-HCl 

[pH 7.5], 150 mM NaCl, 1 mM Na
2
EDTA, 1% Triton, and 

2.5 mM sodium pyrophosphate). The cells were centrifuged 

at 15,000 g for 10 minutes at 4°C and the supernatant (cell 

extract) was maintained on ice until assayed for oxidative 

stress biomarkers. Protein content was measured using the 

method described by Bradford19 using bovine serum albumin 

as the standard.

Lipid peroxidation assay
The extent of membrane lipid peroxidation was estimated 

by measuring the formation of malondialdehyde using 

the method of Ohkawa et al.20 Malondialdehyde is one of 

the products of membrane lipid peroxidation. A mixture 

of 0.1 mL cell extract and 1.9 mL of 0.1 M sodium 

phosphate buffer (pH 7.4) was incubated at 37°C for one 

hour. The incubation mixture, after precipitation with 5% 

trichloroacetic acid, was centrifuged (2300 g for 15 minutes 

at room temperature) and the supernatant was collected. 

Next, 1.0 mL of 1% thiobarbituric acid was added to the 

supernatant and placed in boiling water for 15 minutes. After 

cooling to room temperature, absorbance of the mixture was 

taken at 532 nm and expressed in nmol malondialdehyde/

hour/mg protein using a molar extinction coefficient of 

1.56  × 105 M per cm.

Glutathione estimation
The glutathione level was quantified using Ellman’s reagent.21 

The assay mixture contained phosphate buffer, DTNB, and 

cell extract. The reaction was monitored at 412 nm and 

the amount of glutathione was expressed in terms of nmol 

glutathione per mg protein.

Measurement of super oxide dismutase
Superoxide dismutase activity was estimated employing 

a method described by Kakkar et al.22 The assay mixture 

contained sodium pyrophosphate buffer, nitroblue tetrazolium, 

phenazine methosulphate, reduced NADH, and the required 

volume of cell extract. One unit of superoxide dismutase 

enzyme activity is defined as the amount of enzyme required 

for inhibiting chromogen production (optical density at 

560 nm) by 50% in one minute under assay conditions and 

expressed as specific activity in units per minute per mg 

protein.

Measurement of catalase level
Catalase activity was measured by following its ability to split 

hydrogen peroxide (H
2
O

2
) within one minute of incubation 

time. The reaction was then stopped by adding dichromate-

acetic acid reagent, and the remaining H
2
O

2
 was determined 

by measuring the chromic acetate formed by reduction of 

dichromate-acetic acid in the presence of H
2
O

2
 at 570 nm 

as described elsewhere.23 Catalase activity was expressed 

as µmol H
2
O

2
 decomposed per minute per mg protein.

Caspase-3 assay
The activity of caspase-3 was determined from the cleavage 

of the caspase-3 substrate (N-acetyl-DEVD-p-nitroaniline), 

with p-nitroaniline used as the standard. Cleavage of the 

substrate was monitored at 405 nm, and its specific activity 

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

77

Arsenic trioxide-mediated oxidative stress and genotoxicity in hCC

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2013:6

was expressed in picomoles of the product (nitroaniline) per 

minute per mg of protein.

4’,6-diamidino-2-phenylindole (DAPI) 
staining for chromosome condensation
Chromosome condensation in hepatocellular carcinoma 

cells due to arsenic trioxide was observed by DAPI staining 

according to the method described by Dhar-Mascareno et al.24 

The DAPI solution was added to the exposed cells on eight 

chamber slides, which were incubated for 10 minutes in the 

dark at 37°C. Images of the nuclei were captured by a Nikon 

fluorescence microscope at an excitation of 330 nm and at 

an emission of 420 nm.

Phosphatidylserine externalization
Human hepatocellular carcinoma cells (5 × 104) were 

seeded in eight-chamber precoated slides (Nunc, Roskilde, 

Denmark). After 24 hours, the cells were exposed to 

different concentrations of arsenic trioxide for 24 hours. 

After exposure to arsenic trioxide, the cells were incubated 

in Hank’s Buffered Salt Solution for 15 minutes with 5 µL 

of Annexin V-FITC and 5 µL of propidium iodide. The cells 

were then fixed using fresh ice-cold 2% paraformaldehyde 

in Hank’s Buffered Salt Solution for 15 minutes. 

Fluorescence was observed with a confocal microscope 

(Leica DMRB/E, confocal scanner Leica TCS 4D) using 

485 nm excitation and 525 nm emission for Annexin-V 

and 580 nm excitation and 610 nm emission for propidium 

iodide (40×, NA = 1.4).

Determination of DNA strand breakage
Alkaline single cell gel electrophoresis (the comet assay) 

was performed as a three-layer procedure25 with slight 

modification.15 In brief, 70,000 cells/well were seeded 

in a six-well plate. After 24 hours of seeding, the cells 

were treated with different concentrations (0.1, 0.5, 1.5, 

and 2.5 µg/mL) of arsenic trioxide for 24 and 48 hours. 

After treatment, the hepatocellular carcinoma cells were 

trypsinized and resuspended in Dulbecco’s modified Eagle’s 

medium. The cell suspension was then centrifuged at 1200 

rpm and 4°C for 5 minutes. The cell pellet was finally 

suspended in chilled phosphate-buffered solution for single 

cell gel electrophoresis. Viability of the cells was evaluated 

using the trypan blue exclusion method.26 The cell samples 

showing viability greater than 84% were further processed 

for single cell gel electrophoresis. In brief, about 15 µL of 

cell suspension (approximately 20,000 cells) was mixed 

with 85 µL of 0.5% low melting point agarose and layered 

on one end of a frosted plain glass slide precoated with a 

200 µL layer of normal agarose (1%). Next, it was covered 

with a third layer of 100 µL of low melting-point agarose. 

After solidification of the gel, the slides were immersed in 

lysing solution (2.5 M NaCl, 100 mM Na
2
EDTA, 10 mM 

Tris pH 10, with 10% dimethyl sulfoxide and 1% Triton 

X-100 added fresh) overnight at 4°C. The slides were then 

placed in a horizontal gel electrophoresis unit. Fresh cold 

alkaline electrophoresis buffer (300 mM NaOH, 1 mM 

Na
2
 EDTA, and 0.2% dimethyl sulfoxide, pH 13.5) was 

poured into the chamber and left for 20 minutes at 4°C 

for DNA unwinding and conversion of alkali-labile sites 

to single-strand breaks. Electrophoresis was carried out 

using the same solution at 4°C for 20 minutes at 15 V (0.8 

V/cm) and 300 mA. The slides were neutralized gently 

with 0.4 M Tris buffer at pH 7.5 and stained with 75 µL 

of ethidium bromide (20 µg/mL). For the positive control, 

hepatocellular carcinoma cells were treated with 100 µM 

H
2
O

2
 for 10 minutes at 4°C. Two slides were prepared 

from each well (per concentration) and 50 cells per slide 

(100 cells per concentration) were scored randomly and 

analyzed using an image analysis system (Komet-5.0, 

Kinetic Imaging, Liverpool, UK) attached to a fluorescence 

microscope (DMLB, Leica) equipped with appropriate 

filters. The parameters, ie, percent tail DNA (ie, percent 

tail DNA = 100 − % head DNA) and olive tail moment 

were selected for quantification of DNA damage in the 

hepatocellular carcinoma cells as determined by the 

software.

Statistical analysis
At least three independent experiments were carried out in 

duplicate for each experiment. Data were expressed as the 

mean (± standard error) and analyzed by one-way analysis 

of variance. P , 0.01 was considered to be statistically 

significant.

Results
Effect of arsenic trioxide on 
morphological changes and cytotoxicity
Figure 1 shows the comparative morphology of untreated 

and arsenic trioxide-treated hepatocellular carcinoma 

cells. Morphological changes in the cells started to become 

visible after exposure to arsenic trioxide 0.5 µg/mL for 

24 hours. After 48 hours, the cells treated with arsenic 

trioxide 5.0 µg/mL changed to a spherical shape and 

detached from the surface (Figure 1B). The morphology 

of the hepatocellular carcinoma cells exposed to arsenic 
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trioxide was consistent with the membrane damage and 

cytotoxicity results.

We examined mitochondrial function (by MTT reduction) 

and membrane damage (by lactate dehydrogenase leakage) 

as end points for cytotoxicity. The MTT results demonstrated 

concentration-dependent and time-dependent cytotoxicity 

after exposure to arsenic trioxide in the hepatocellular 

carcinoma cells (Figure 2A). The MTT reduction observed 

after 24 hours of exposure at the concentrations of 2.5, 5.0, 

10, and 20 µg/mL was 86%, 70%, 56.0%, and 40.70%, 

respectively, with a further reduction to 81%, 53%, 30.41%, 

and 12.20% after 48 hours of exposure. Arsenic trioxide 

was also found to induce lactate dehydrogenase leakage 

in a concentration-dependent and time-dependent manner 

(Figure 2B).

Arsenic trioxide-induced reactive oxygen 
species generation and oxidative stress
The ability of arsenic trioxide to induce oxidative stress was 

evaluated by measuring levels of reactive oxygen species, 

lipid peroxidation, glutathione, superoxide dismutase, 

and catalase in the hepatocellular carcinoma cells. The 

results showed that arsenic trioxide induced generation of 

intracellular reactive oxygen species in a dose-dependent 

and time-dependent manner (Figure 3A-C). Arsenic 

trioxide-induced oxidative stress was further evidenced by 

Figure 1 Morphology of human hepatocellular carcinoma cells. (A) Control cells and (B) cells exposed to 5.0 µg/mL of arsenic trioxide for 48 hours (magnification 200×).
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Figure 2 Cytotoxicity of arsenic trioxide in human hepatocellular carcinoma cells for 24 hours and 48 hours. (A) MTT reduction and (B) lactate dehydrogenase leakage.
Notes: Each value represents the mean ± standard error of three experiments performed in duplicate. *P , 0.01 versus control.
Abbreviations: LDh, lactate dehydrogenase leakage; MTT, 3-(4,5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide.
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Figure 3 Representative microphotographs showing arsenic trioxide-induced reactive oxygen species generation in human hepatocellular carcinoma cells. Reactive oxygen 
species generation was studied using dichlorofluorescein diacetate dye. The images were captured by a Nikon phase contrast fluorescence microscope. (A) Control cells, 
(B) cells exposed to 2.5 µg/mL of arsenic trioxide, (C) and percentage change in reactive oxygen species generation assessed by microplate reader after 24 and 48 hours of 
exposure to various concentrations of arsenic trioxide in human hepatocellular carcinoma cells. 
Notes: Each value represents the mean ± standard error of three experiments performed in duplicate. *P , 0.01 versus control.
Abbreviation: DCF, 2’,7’-dichlorofluorescein.

depletion of glutathione and induction of lipid peroxidation, 

superoxide dismutase, and catalase with increasing 

concentrations and duration of arsenic trioxide exposure 

(Figure 4A–D).

Induction of caspase-3 activity and 
chromosome condensation by arsenic 
trioxide
Caspase-3, which plays a key role in the apoptotic pathway, 

was induced following treatment with arsenic trioxide 

(Figure 5C). When cells were treated with 0.1, 0.5, 1.5, 

and 2.5 µg/mL concentrations of arsenic trioxide for 24 

and 48 hours, the activity of caspase-3 was increased even 

from the lowest concentration of 0.1 µg/mL to the highest 

concentration of 2.5 µg/mL. In addition to caspase-3 activity, 

chromatin condensation was also evaluated by DAPI staining. 

When cells were treated with the above concentrations of 

arsenic trioxide for 24 hours, chromatin condensations were 

observed in the treated group in a concentration-dependent 

manner (Figure 5A and B). The caspase-3 activation and 

chromatin condensation in hepatocellular carcinoma cells 

suggest that arsenic trioxide caused cell death via an apoptotic 

process.

Externalization of phosphatidylserine by 
arsenic trioxide
Externalization of phosphatidylserine, another marker of 

apoptosis, is one of the first events in the apoptotic process. The 

externalization of phosphatidylserine from the inner to the outer 

surface of the lipid bilayer membrane occurs without disruption 

of other membrane components. We assessed externalization 

of phosphatidylserine in hepatocellular carcinoma cells 

treated with arsenic trioxide using Annexin-V FITC as a 

specific marker. Both Annexin-V FITC and propidium 

iodide fluorescence were observed in the arsenic trioxide-

treated cells. The results suggest that either early apoptosis or 

necrosis was induced in the treated cells (Figure 6B and C). No 

externalization of phosphatidylserine was observed in untreated 

hepatocellular carcinoma cells (Figure 6A).

DNA damage by arsenic trioxide
DNA damage was measured as percent tail DNA and 

olive tail moment in both the controls and exposed cells. 

During electrophoresis, DNA in the cells was observed 

to migrate more rapidly towards the anode at the highest 

concentration than at the lowest concentration. The cells 

exposed to different concentrations of arsenic trioxide 
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Figure 5 Increase in chromosome condensation and caspase-3 activity in human hepatocellular carcinoma cells after exposure to arsenic trioxide for 24 and 48 hours. 
(A) Control cells, (B) cells exposed to 2.5 µg/mL of arsenic trioxide, and (C) caspase-3 activity. 
Notes: Each value represents the mean ± standard error of three experiments. *P , 0.01 versus control.
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showed significantly (P . 0.01) more DNA damage in cells 

than did the control cells. The gradual nonlinear increase in 

DNA damage was observed in cells as the dose and duration 

of exposure to arsenic trioxide increased. The greatest DNA 

damage was recorded in hepatocellular carcinoma cells 

exposed to 2.5 µg/mL arsenic trioxide (see Figure 7).

Discussion
Reactive oxygen species generation and cellular oxidative 

stress have been cited as a possible mechanism for the 

toxicity of arsenic trioxide.27 Our results also show arsenic 

trioxide-induced cytotoxicity and oxidative stress in 

human hepatocellular carcinoma cells. Arsenic trioxide 
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induced generation of reactive oxygen species in the 

treated cells. Levels of malondialdehyde, a marker of lipid 

peroxidation, were significantly higher and antioxidant 

glutathione levels were signif icantly lower in arsenic 

trioxide-treated cells. Levels of the antioxidant enzymes, 

superoxide dismutase and catalase, were also significantly 

higher in the cells exposed to arsenic trioxide. Depletion of 

glutathione in arsenic trioxide-exposed cells combined 

with the increased levels of reactive oxygen species, lipid 

peroxidation, superoxide dismutase, and catalase, suggest 

that oxidative stress might be the primary mechanism for 

the toxicity of arsenic trioxide in human hepatocellular 

carcinoma cells. Our results are consistent with previous 

studies suggesting that the cytotoxicity of arsenic trioxide 

Figure 6 Phosphatidylserine translocation in human hepatocellular carcinoma cells. (A) Control cells, (B) red fluorescence is propidium iodide indicating disruption of the 
plasma membrane, and (C) green fluorescence is phosphatidylserine detected on the outer surface of the plasma membrane by Annexin-V-FITC in arsenic trioxide-treated 
cells. 
Note: The data are representative of three independent experiments.
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Figure 7 DNA damage in human hepatocellular carcinoma cells after 24 and 48 hours of exposure to different concentrations of arsenic trioxide. (A) Percent tail DNA, 
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is mediated via generation of reactive oxygen species and 

oxidative stress.28

Apoptosis is a key process in the development and 

progression of cancer. The ability of cancer cells to 

avoid apoptosis and continue to propagate is one of the 

basic characteristics of cancer and is a major target in the 

development of cancer therapy.29 We have provided evidence 

that arsenic trioxide induces apoptosis in hepatocellular 

carcinoma cells. In support of this finding, our results also 

show that arsenic trioxide activates the caspase-3 enzyme. 

Furthermore, externalization of phosphatydylserine and 

chromosomal condensation occurred in arsenic trioxide-

exposed cells, suggesting that these could be excellent 

biomarkers to assess the apoptotic response. Our results are 

consistent with the finding by other investigators that arsenic 

trioxide has the potential to induce apoptotic cell death.30

In the present study, various concentrations of arsenic 

trioxide caused a significant increase in mean percentage 

tail DNA and olive tail moment indicative of DNA damage 

after 24 hours of treatment when compared with controls. 

The mean percentage tail DNA and olive tail moment 

showed a dose-related and time-related increase at different 

concentrations of arsenic trioxide. The DNA damage caused 

by arsenic trioxide in the present study can be explained 

on the basis of the experimental evidence of its genotoxic 

effect. Its mode of action may include inhibition of various 

enzymes involved in DNA repair and expression, and possibly 

induction of reactive oxygen species capable of inflicting 

DNA damage. Walker et al31 reported that arsenic trioxide is 

acutely toxic to both breast carcinoma and lung carcinoma 

cell lines. Moreover, in vivo studies have also reported that 

arsenic trioxide induces micronuclei in Swiss albino mice 

after 24 hours of exposure.32 The fact that arsenic is able 

to cause chromosomal damage but unable to induce direct 

mutations has led to the concept that arsenic promotes 

DNA damage by inhibiting DNA repair. Arsenic trioxide 

has been found to induce gene expression of a number of 

stress response proteins, such as ubiquitin, that has resulted 

in alteration of the DNA repair mechanisms causing DNA 

damage.33,34 After 48 hours of treatment, all the doses showed 

a significant increase in DNA damage when compared with 

those at 24 hours post-treatment. This can be attributed to 

inefficient DNA repairing capacity and increased levels of 

free oxygen radicals. Glutathione is known to provide good 

protection against xenobiotics. Depletion of glutathione 

below a critical concentration allows enhancement of lipid 

peroxidation evoked by endogenous substances. This could 

result in oxidative stress leading to induction of reactive 

oxygen species that play a key role in DNA damage. 

Arsenic trioxide is reported to deplete cellular glutathione 

levels and to induce oxidative stress.11 This could result in 

induction of reactive oxygen species affecting DNA repair 

mechanisms, leading to DNA damage. Arsenic trioxide is 

reported to induce reactive oxygen species in mammalian 

cells, also causing DNA damage.35 The findings of the 

above studies contribute to the observed DNA damage 

caused by different doses of arsenic trioxide. It is reported 

that the presence of arsenic trioxide in the body activates 

antioxidants, such as superoxide dismutase and catalase, 

to metabolize the reactive oxygen species causing damage 

to DNA.36 Reactive oxygen species typically include the 

superoxide radical (O
2
−), hydrogen peroxide and the hydroxyl 

radical (•OH), which cause damage to cellular components, 

including DNA, and ultimately apoptotic cell death.37,38 The 

results of the present study are in agreement with the findings 

of Yedjou et al4 for human leukemia (HL-60) and human 

Jurkat T cells exposed to arsenic trioxide. Gallagher39 has 

also shown that in certain leukemia cell lines, thiol diester 

bonds are lysed by arsenic trioxide and that this is the main 

mechanism of cytotoxicity. Reactive oxygen species, such 

as hydrogen peroxide, superoxide anion, singlet oxygen, and 

hydroxyl radicals, can directly or indirectly damage cellular 

DNA and protein.40 Consequently, arsenic trioxide shows 

much promise as a new anticancer agent given its specific 

apoptotic activity in cancer cells, as shown in this work. 

Long-term biological safety is another issue that will need 

clarification in future investigations. Our results demonstrate 

arsenic trioxide-induced oxidative stress, caspase-3 activity, 

and DNA strand breaks in human hepatocellular carcinoma 

cells. Therefore, arsenic trioxide has the potential to be a 

potent cytotoxic and genotoxic agent capable of inducing 

DNA damage.
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