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Abstract
Microcystin-LR (MCLR) is a potent hepatotoxin. Oxidative stress is thought to be implicated in the cytotoxicity of MCLR,
but the mechanisms by which MCLR produces reactive oxygen species (ROS) are still unclear. This study investigated the
role and possible sources of ROS generation in MCLR-induced cytogenotoxicity in HepG2, a human hepatoma cell line.
MCLR increased DNA strand breaks, 8-hydroxydeoxiguanosine formation, lipid peroxidation, as well as LDH release, all of
which were inhibited by ROS scavengers. ROS scavengers partly suppressed MCLR-induced cytotoxicity determined by the
MTT assay. MCLR induced the generation of ROS, as confirmed by confocal microscopy with 2-[6-(4?-hydroxy)phenoxy-
3H-xanthen-3-on-9-yl]benzoic acid, and upregulated the expression of CYP2E1 mRNA. In addition, CYP2E1 inhibitors
chlormethiazole and diallyl sulphide inhibited both ROS generation and cytotoxicity induced by MCLR. The results suggest
that ROS contribute to MCLR-induced cytogenotoxicity. CYP2E1 might be a potential source responsible for ROS
generation by MCLR.
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Introduction

Microcystins are potent hepatotoxins, produced by

several cyanobacteria including Microcystis, Anabaena

and Oscillatoria, that often form blooms in waters

where the nutrients are enriched. Exposure to these

toxins causes deaths of livestock, allergy, gastrointest-

inal disorders and liver diseases in humans [1,2]. So

far, more than 70 structural analogues of microcystins

have been identified [3]. Microcystin-LR (MCLR) is

the most commonly encountered microcystin with

strong hepatotoxicity and tumour promotion activity

[4]. It inhibits eukaryote serine/threonine protein

phosphatases (PP) 1 and 2A, leading to increases in

protein phosphorylation [5�7].

Recently, it has been reported that organic an-

ion transporting polypeptides (OATP)1B1 and

OATP1B3 are required for the hepatic uptake of

MCLR [8�10]. MCLR showed potent cytotoxicity in

OATP-transfected cells such as cervical adenocarci-

noma cells HeLa-OATP, human embryonic kidney

cells HEK293-OATP and xenopus oocytes-OATP.
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However, these OATP-transfected cells have been

reported to be more sensitive to MCLR than primary

rat hepatocytes [9,10], implying that there are meta-

bolic differences between transfected non-hepatic

cells and primary hepatocytes. In OATP1B1- and

OATP1B3-transfected HeLa cells, MCLR induced

cytotoxicity mainly through inhibition of PP2A, while

reactive oxygen species (ROS) may not be involved

[9]. On the other hand, Ding et al. [11] found that

exposure to MCLR (1 mM) caused rapid formation of

ROS in primary rat hepatocytes. ROS may be major

causes of hepatocyte apoptosis induced by MCLR

both in vivo and in vitro [12�17]. These previous

findings suggest that MCLR may have different

cytotoxic effects in different cell types due to different

metabolic system and ROS-generating system.

A human hepatoma cell line, HepG2, retains the

activities of various phase I and phase II drug

metabolizing enzymes which play crucial roles in the

activation/detoxification of xenobiotics, reflecting the

metabolism status similar to those of human hepato-

cytes. In addition, ROS-generating enzymes such as

cytochrome P450 and NADPH oxidase can be

induced in HepG2 cells [18�21]. Because MCLR is

a potent hepatotoxin and the main target organ of

MCLR is liver, the use of HepG2 cells with metabolic

system similar to original human hepatocytes may

properly estimate the hepatotoxic effects of MCLR.

Moreover HepG2 cells were reported to internalize

MCLR [22] and to respond to MCLR at similar

concentrations that induced cytotoxicity in primary

rat hepatocytes [23�25]. Several reports have de-

scribed the induction of oxidative stress by MCLR;

however, there is no report regarding the source and

mechanisms responsible for the generation of ROS

induced by MCLR.

In this study, we investigated the cytogenotoxic

effects of MCLR on HepG2 cells, particularly the

involvement of oxidative damages including DNA

strand breaks, 8-hydroxydeoxiguanosine (8OHdG)

formation and lipid peroxidation. Further, we also

analysed the mechanisms by which MCLR produces

ROS.

Materials and methods

Cells and reagents

HepG2 cells were donated from the Cell Resource

Centre for Biomedical Research Institute of Devel-

opment, Ageing and Cancer, Tohoku University

(Sendai, Japan) and grown with Dulbecco’s Modified

Eagle’s Medium (Sigma, St. Louis, MO) containing

10% heat-inactivated foetal calf serum, 100 U/ml

penicillin and 100 mg/ml streptomycin.

MCLR was purchased from ALEXIS (Lausen,

Switzerland). MCLR was dissolved in dimethyl

sulphoxide (DMSO, Sigma) and then diluted in

Dulbecco’s phosphate-buffered saline (DPBS,

Sigma). The final concentration of DMSO in culture

medium was 0.1%. Mouse anti-8OHdG monoclonal

antibody (mAb, clone IF7, mouse IgG1) and mouse

IgG1 isotype control were purchased from R

& D Systems (Minneapolis, MN) and Sigma,

respectively. Other reagents were catalase (Boehrin-

ger-Mannheim GmbH, Mannheim, Germany), 2-[6-

(4?-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic

acid (HPF, Daiichi, Tokyo, Japan), superoxide dis-

mutase (SOD, Wako, Osaka, Japan), deferoxamine

mesylate (Sigma), propidium iodide (PI, Sigma),

chlormethiazole (CMZ, Sigma), diallyl sulphide

(DAS, Tokyo Kasei Kogyo Co., Tokyo, Japan),

diphenyl-1-pyrenylphosphine (DPPP, Dojindo, Ku-

mamoto, Japan) and 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT, Dojindo).

MTT assay

The MTT assay was used to test cell viability and cell

growth as previously described [26]. In brief, HepG2

cells were seeded at 8�103 cells/well in 96 well plates

and incubated at 378C, 5% CO2 for 24 h. MCLR at

indicated concentrations was then added to each well.

The cells were cultured for another 24, 48 or 72 h.

Subsequently, 50 mL of 1 mg/ml MTT was added to

each well followed by incubation at 378C for 3 h. The

medium was carefully aspirated and 100 mL DMSO

was added to each well to dissolve the formed

formazan crystals. Absorbance values at 570 nm

were measured using a MPR-A4i microplate reader

(Tosoh Corp., Tokyo, Japan). MTT reduction for

each treatment was expressed as the percentage of the

untreated control values.

LDH release assay

Lactate dehydrogenase (LDH) release from the cells

was measured in 96 well plates using a CytoTox 96

non-radioactive cytotoxicity assay kit (Promega, Ma-

dison, WI). Briefly, HepG2 cells were treated with

MCLR as described above. Contents in the wells

were mixed with gentle pipetting, then the plate was

centrifuged and the supernatants were taken for the

LDH release assay. Formation of the formazan

product at the end of the reaction was quantified.

Total cellular LDH activity was measured in un-

treated cell lysates obtained by addition of 0.1%

Triton X-100. LDH release into the medium was

expressed as the percentage of total cellular LDH.

Cell cycle analysis

The proportions of the cells in G0/G1, S and G2/M

phases were calculated from DNA content histo-

grams obtained by flow cytometric analysis of cells

stained with propidium iodide (PI). Briefly, HepG2

cells (8�104/well) were incubated in 12 well plates

for 24 h. After treatment with MCLR for 24 or 48 h,
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the cells were harvested using 0.25% Trypsin-EDTA,

washed with PBS and then fixed with 70% ethanol at

�208C overnight. The fixed cells were stained with

PI (50 mg/ml in PBS) at 378C for 30 min in the

presence of RNase (100 mg/ml). The stained cells

were then analysed on BD FACScan (Becton Dick-

inson, San Jose, CA). At least 10 000 cells were

collected for each sample, the percentage of cells in

different phases of the cell cycle was determined

using Cylchred software (Ver 1.0.2, CytonetUK,

University of Wales College of Medicine, UK). Cells

in sub-G1 fraction were considered as apoptotic cells.

Comet assay

HepG2 cells (1.6�105/dish) were plated in 35-mm

dishes and incubated for 24 h. After incubation with

MCLR for another 24 h, the cells were harvested by

0.25% Trypsin-EDTA and washed with PBS. The

comet assay, that determines DNA strand breaks in

individual cells, was performed as previously de-

scribed by Li et al. [27]. One hundred cells from

two slides were randomly selected to analyse tail

moment using SCG image analysis software (DHS-

SCG, version 1.0, KEIO Electronic Ind., Co., Ltd.,

Ibaraki, Japan). The tail moment was calculated as

previously described [28]. For the individual cell, the

DNA damage was graded according to the percen-

tage of DNA in the tail (grade 0, no damage,B5%;

grade 1, low level damage, 5�20%; grade 2, medium

level damage, 20�40%; grade 3, high level damage,

40�95%; grade 4, severe damage,�95%) [29].

Immunostaining of 8OHdG

HepG2 cells were treated with MCLR for 24 h and

8OHdG staining was performed as previously de-

scribed [30]. Briefly, the cells were fixed with cold

70% ethanol at �208C for 10 min, treated with

RNase (100 mg/ml) at 378C for 1 h and proteinase K

(10 mg/ml) for 5 min at room temperature, then the

DNA was denatured with 4 N HCl for 7 min at room

temperature. The cells were incubated with anti-

8OHdG or its isotype control IgG1 (both 33.3 mg/ml)

at 48C overnight. The antibody-bound 8OHdG was

visualized using Vectastain ABC and DAB Kits

(Vector Laboratories, Burlingame, CA) according to

the manufacturer’s instructions. Five randomly se-

lected fields were photographed on a microscope

using a Pixera Penguin 150CL digital camera with

Pixera Viewfinder 3.0 (Pixera Co., Los Gatos, CA).

The staining intensity of 8OHdG in individual cell

was quantified using Image-Pro Plus (version 4.0,

Media Cybernetics, Silver Spring, MD).

Determination of lipid peroxide

Membrane lipid peroxides were detected using

DPPP, a specific fluorescent probe for lipid peroxide.

DPPP reacts with lipid peroxide stoichiometrically to

generate a fluorescent product, DPPP oxide (DPPP

�O) [31]. To detect lipid peroxides, HepG2 cells

were incubated with 50 mM DPPP at 378C for 15 min

immediately after exposure to MCLR for 4 h, The

images for the cell-associated fluorescence (DPPP�
O) were acquired on a fluorescent microscopy with

excitation and emission wavelength of 350 nm and

398 nm, respectively, using a Pixera Penguin 150CL

digital camera with Pixera Viewfinder 3.0. The

DPPP�O fluorescent intensity was quantified as

described for 8OHdG immunostaining analysis.

Detection of ROS production

Intracellular ROS in HepG2 cells were detected using

HPF as a fluorescence probe [32,33]. Briefly, HepG2

cells were seeded in 35-mm dishes and incubated for

24 h. After a further incubation for 4 h with MCLR in

Hanks’ balanced salt solution (HBSS) containing

10 mM Hepes (pH 7.3), the cells were incubated with

10 mM HPF at 378C for 15 min. Bioimages of HPF were

obtained using CSU-10 confocal laser scanning unit

(Yokogawa Electric Co., Tokyo, Japan) coupled to IX90

inverted microscope (Olympus Optical Co., Tokyo,

Japan) and C5810-01 colour chilled 3CCD camera

(Hamamatsu Photonics, Hamamatsu, Japan). HPF was

excited at488 nm and the emissionswere filteredusing a

515 nm barrier filter. Mean fluorescence intensity for

individual cell was determined using IPLab Spectrum

software (version 3.0, Scanalystics Inc., Fairfax, VA).

Real-time PCR analysis of cytochrome P450 isoforms

mRNA

The mRNA expression of cytochrome P450 isoforms

CYP1A1, 1A2 and 2E1 was determined by real-time

PCR. Briefly, total RNA was isolated from HepG2

cells by Trizol reagent (Invitrogen, Carlsbad, CA)

according to the manufacturer’s instructions. cDNA

was synthesized by reverse transcription of total RNA

using reverse transcriptase (Toyobo, Osaka, Japan)

and oligo-dT (Sigma). The resulting cDNA was

amplified at the following conditions: 508C for

2 min, 958C for 10 min, followed by 40 cycles of 15

s at 958C and 1 min at 608C, using the SYBR Green

PCR Master Mix (Applied Biosystems, Foster City,

CA). Real-time PCR was performed using an ABI

Prism 7000 Sequence Detection System (Applied

Biosystems, Foster City, CA). PCR primers were

CYP1A1 (sense 5?-CTT GGA CCT CCT TGG

AGC TG, antisense 5?-CGA AGG AAG AGT GTC

GGA AG) [34]; CYP1A2 (sense 5?-CAA TCA GGT

GGT GGT GTC AG, antisense 5?-GCT CCT GGA

CTG TTT TCT GC) [34]; CYP2E1 (sense 5?-ACC

CGA GAC ACC ATT TTC AG, antisense 5?-TCC

AGC ACA CAC TCG TTT TC) [34]; GAPDH

(sense 5?-TGG ACC TGA CCT GCC GTC TA,

antisense 5?-CCC TGT TGC TGT AGC CAA ATT

1328 Q. Nong et al.
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C) [35]. For each sample, relative expression level of

each cytochrome P450 isoform mRNA was calculated

using cycle time (Ct) values, which were normalized

against GAPDH. Relative quantification (Fold

Change) between different samples was then deter-

mined according to the 2�DDCt method [36].

Statistical analysis

All experiments were performed in duplicate. Data

are presented as mean9SEM (standard error of the

mean) from at least three independent experiments.

Data on the comet assay and real-time PCR analyses

were analysed using non-parametric Mann�Whitney

U-test, while other statistical analyses were per-

formed using one-way analyses of variance (ANOVA)

followed by Dunnett’s test; pB0.05 was considered

to be statistically significant.

Results

Effects of ROS scavengers on MCLR-induced cytotoxicity

in HepG2 cells

First, we evaluated the effect of MCLR on cell

viability and cell growth in HepG2 cells using the

MTT assay. We found that MCLR at high (30 and

100 mM), but not low (1�10 mM) concentrations

decreased cell viability and cell growth in time-

dependent manners (Figure 1A). Although ROS

scavenger, catalase, suppressed MCLR cytotoxicity

at 24 h, the differences did not reach a statistically

significant level (data not shown). At 48 h and 72 h,

catalase and SOD significantly inhibited MCLR-

induced cytotoxicity (Figure 1B).

Then, we evaluated the cytotoxicity of MCLR on

HepG2 cells using the LDH release assay. MCLR did

not increase significant LDH release in HepG2 cells

at concentrations tested when incubated for 24 h.

However, significant LDH releases were observed

when the cells were incubated with MCLR at 30 mM

and higher concentrations for 48 or 72 h (Figure 1C).

Moreover, catalase significantly inhibited MCLR-

induced LDH release. SOD by itself inhibited the

formation of formazan product in LDH assay (data

not shown), thus we compared its effect on MCLR-

induced LDH release by adding SOD with MCLR

simultaneously (co-incubation) or after incubation

with MCLR (post-incubation). SOD did suppress the

cytotoxicity of MCLR (Figure 1D).

Effects of ROS scavengers on MCLR-induced cell cycle

arrest in HepG2 cells

To determine if the decreased cell viability and cell

growth in MCLR-treated HepG2 cells is associated

Figure 1. Effects of ROS scavengers on MCLR-induced cytotoxicity in HepG2 cells. (A) and (C) MCLR dose-dependently induced

cytotoxicity determined by MTT and LDH release assays. (B) and (D) HepG2 cells were treated with 100 mM MCLR in the presence or

absence of catalase (Cat, 1300 U/ml) or SOD (300 U/ml) at the indicated time periods. The data were presented as means9SEM from

three independent experiments conducted in duplicate. * pB0.05 and ** pB0.01 compared with untreated cells; # pB0.05 and ## pB0.01

compared with the cells treated with MCLR alone; $ pB0.05 significant difference between SOD added with MCLR simultaneously (co-,

co-incubation) and SOD added after incubation with MCLR (post-, post-incubation) by Student’s t test.

Involvement of reactive oxygen in MCLR 1329
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with changes in the cell cycle, we stained the cells

with PI and analysed the proportions of the cells in

different cell cycle phases. MCLR significantly in-

creased the proportion of the cells in G0/G1 phase

and correspondingly decreased the proportion of

the cells in S phase in a time-dependent manner

(Figure 2A). These effects could not be reversed by

catalase, SOD or deferoxamine (data not shown). We

found an increase in sub-G1 cell population after

incubation with MCLR, indicating the increase in

apoptosis. In contrast to the findings in cell cycle,

three ROS scavengers significantly inhibited the effect

of MCLR on sub-G1 cell population (Figure 2B).

Effects of ROS scavengers on MCLR-induced DNA

damage in HepG2 cells

To evaluate whether MCLR causes DNA damage in

HepG2 cells, we examined DNA strand breaks by the

comet assay. MCLR at high (30 and 100 mM), but not

low (1�10 mM) concentrations significantly increased

DNA strand breaks as indicated by increased tail

moments (Figure 3A and B). The percentage of the

control cells with DNA strand breaks was 14.09

2.3%, whereas it increased to 63.993.5% in cells

treated with 100 mM MCLR. The majority of the cells

that had DNA strand breaks were scored as Grade 1�
2. Catalase, SOD and deferoxamine effectively sup-

pressed MCLR-induced DNA strand break as shown

by the decrease in tail moments (Figure 3C).

Next, we used quantitative immunostaining of

8OHdG to determine if MCLR increased oxidative

DNA damage in HepG2 cells. As shown in

Figure 4A, 8OHdG was localized mainly in the

nucleus of both control and MCLR treated cells.

MCLR increased 8OHdG in a dose-dependent

manner. A significant increase in 8OHdG induction

was observed at MCLR concentrations higher than

10 mM (pB0.01). Similar to DNA strand breaks,

catalase, SOD and deferoxamine significantly inhib-

ited MCLR-induced 8OHdG formation (Figure 4B).

Effects of ROS scavengers on MCLR-induced lipid

peroxidation in HepG2 cells

To examine whether MCLR causes oxidative lipid

damage, we determined the formation of lipid per-

oxides in HepG2 cells using DPPP as a fluorescent

probe. MCLR increased lipid damages significantly

as indicated by the appearance of DPPP�O-derived

fluorescence. The fluorescent staining was confined

to the cell membrane, but not nucleus (Figure 5A).

Catalase, SOD and deferoxamine almost com-

pletely inhibited DPPP�O-dependent fluorescence

(Figure 5B).

Effects of MCLR on ROS generation in HepG2 cells

Using a laser confocal microscopy with HPF as a

fluorescent probe, we examined whether MCLR

induces the generation of ROS in HepG2 cells.

HPF selectively detects intracellular hydroxyl radical

(+OH), but not other ROS [33]. As shown in Figure

6A and B, a low level of ROS as indicated by the weak

HPF fluorescence was observed in untreated cells.

Exposure to 100 mM MCLR for 4 h significantly

increased intracellular ROS level in HepG2 cells

(pB0.001).

Effects of MCLR on the mRNA expression of cytochrome

P450 enzymes

To examine the potential sources of MCLR-induced

ROS generation, we analysed the mRNA expression

of ROS-generating enzymes cytochrome P450 iso-

forms including CYP1A1, 1A2 and 2E1 using real-

time PCR analysis. The mRNA for CYP1A1 was

constitutively expressed at a relatively high level in

untreated cells. MCLR did not affect the expression

of CYP1A1. In contrast, a low level of CYP2E1

mRNA expression was detected in untreated cells and

it was significantly upregulated after exposure to

100 mM MCLR for 4 h (Figure 7). The expression

Figure 2. Effects of ROS scavengers on MCLR-induced cell cycle arrest in HepG2 cells. HepG2 cells were treated for 24 h or 48 h with

100 mM MCLR in the presence or absence of catalase (Cat, 1300 U/ml), SOD (300 U/ml) or deferoxamine (DFO, 1 mM) and stained with

propidium iodide. (A) Cell cycle distribution was assessed by flow cytometry. (B) Apoptotic cells were estimated by determination of the cell

proportion in sub-G1 fraction. The data were presented as means9SEM from three independent experiments. * pB0.05 and ** pB0.01

compared with untreated cells; # pB0.05 compared with the cells treated with MCLR alone.
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level of CYP1A2 was extremely low in both control

and MCLR-treated cells (data not shown).

Effects of CYP2E1 inhibitors on MCLR-induced ROS

generation and cytotoxicity in HepG2 cells

To confirm the role of CYP2E1 in ROS generation by

MCLR, we examined the effects of CYP2E1 inhibi-

tors on MCLR-induced ROS generation in HepG2

cells. As shown in Figure 6B, in the presence of

CYP2E1 inhibitors DAS and CMZ, the intracellular

levels of ROS in MCLR-treated cells (pB0.01) were

similar to that in control (medium alone) cells. In

addition, DAS and CMZ also significantly inhibited

MCLR-induced cytotoxicity determined by the LDH

release assay (Figure 8).

Discussion

Organic anion transporting polypeptides OATP1B1

and OATP1B3 are considered to be necessary for the

hepatic uptake of MCLR [8�10]. MCLR induced

potent cytotoxicity in OATP-transfected HEK293

and HeLa cells, as well as xenopus oocytes. These

transfected cells have been reported to be more

sensitive toward MCLR than primary rat hepatocytes

[9,10]. The metabolic differences may be responsible

for the differences in sensitivity toward MCLR

between transfected non-hepatic cells and primary

hepatocytes. MCLR is a potent hepatotoxin and the

main target organ of MCLR is liver. Hepatocytes

have a different metabolic system from other cell

types. The human hepatoma cell line, HepG2,

expresses a variety of xenobiotic metabolizing en-

zymes, particularly ROS-generating enzymes such as

cytochrome P450 and NADPH oxidase, although the

expression levels of some cytochrome P450 isoforms

are lower than that of primary human hepatocytes

[18�21]. Additionally, HepG2 cells express antiox-

idant enzymes such as SOD, catalase and glutathione

peroxidase on a par with or more than that of primary

human hepatocytes [21]. Therefore, HepG2 cells

may be of great help to identify pro-oxidants and

antioxidants of in vivo relevance [21]. Substantial

evidence has shown that MCLR can be taken into

HepG2 cells through non-specific transport mechan-

isms other than OATP, although they lack note-

worthy OATP expression [22,37]. Zegura et al. [23]

also demonstrated that exposure to MCLR (1 mM)

did, in fact, have induced time-dependent alteration

of intracellular reduced glutathione (GSH) levels in

HepG2 cells. From these findings, we used HepG2

cells with metabolic system similar to human hepa-

tocytes to investigate the role and possible mechan-

isms of ROS generation in MCLR-induced

cytogenotoxicity.

We showed that MCLR at high concentrations (30

and 100 mM) suppressed cell viability and cell growth

in HepG2 cells using the MTT assay (Figure 1A). It

has been demonstrated that MCLR does not perme-

ate the cell membrane and requires organic anion

transporting polypeptides, OATP1B1 and OATP1B3

[8�10], for its uptake at low concentrations. Thus a

higher concentration of MCLR might be required for

its cytotoxicity in HepG2 cells. ROS scavengers,

catalase and SOD, partially inhibited the suppression

Figure 3. Effects of ROS scavengers on MCLR-induced DNA strand breaks expressed as tail moment in HepG2 cells. (A) These are the

representative comet assay images showing DNA strand breaks in HepG2 cells treated with 100 mm MCLR (b) and medium alone (a) for 24

h. (B) MCLR dose-dependently induced DNA strand breaks as indicated by increased tail moment. (C) HepG2 cells were treated with 100

mm MCLR for 24 h in the presence or absence of catalase (Cat, 1300 U/ml), SOD (300 U/ml) or deferoxamine (DFO, 1 mm). DNA strand

breaks in each scavenger-treated group are expressed as the percentage of that in cells treated with MCLR alone where the value is set as

100%. The data were presented as means9SEM from three independent experiments conducted in duplicate. * pB0.05 and ** pB0.01

compared with untreated cells; ## pB0.01 compared with the cells treated with MCLR alone.
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in cell viability and cell growth induced by MCLR

(Figure 1B). These findings indicate that ROS is in

part involved in MCLR-induced cytotoxicity. Our

results are consistent with previous reports [11,12].

Another ROS scavenger, deferoxamine (1 mM), was

toxic to HepG2 cells when incubated for 48 h (data

not shown). Therefore, we did not use deferoxamine

in MTT and LDH release assays.

We then investigated whether MCLR induces

DNA damage. The comet assay showed that

MCLR at high (30 and 100 mM), but not low

(1�10 mM) concentrations significantly increased

DNA strand breaks in HepG2 cells after a 24-h

exposure (Figure 3A and B). Catalase, SOD and

deferoxamine significantly inhibited the formation of

DNA strand breaks (Figure 3C). These findings

indicate that ROS are involved in MCLR-induced

DNA damage. Zegura et al. [24,25] previously

reported that MCLR at non-toxic concentration

(0.01�1 mM) increased DNA strand breaks in

HepG2 cells. However, the damage they observed

was transient or reversible because it declined with

further exposure to toxin. DNA strand breaks can be

caused by multiple factors including ROS and thus

are not specific for oxidative DNA damage [38,39].

By analysing 8OHdG, which is a specific oxidative

DNA damage product [40�43], we found that

MCLR even at non-cytotoxic concentrations signifi-

cantly increased the levels of 8OHdG, suggesting that

the observed DNA damage is not the consequence of

the cytotoxicity. Consistent with our findings, a

previous report showed that MCLR increased

8OHdG in primary rat hepatocytes [44]. The sup-

pressive effects of catalase, SOD and deferoxamine

on 8OHdG induction further confirm that ROS are

generated in this system.

The results of LDH release assay showed that

MCLR caused membrane damage and cell death in

HepG2 cells when incubated for 48 h (Figure 1C),

and that MCLR-induced membrane damage and

Figure 4. Effects of ROS scavengers on MCLR-induced 8OHdG in HepG2 cells. (A) These are the representative images for anti-8OHdG

mAb immunostaining in HepG2 cells. (a) without MCLR; (b) incubated with 100 mm MCLR for 24 h; (c) control IgG1 staining in 100 mm

MCLR-treated HepG2 cells; (d�f) incubated with 100 mm MCLR for 24 h in the presence of catalase (Cat, 1300 U/ml), SOD (300 U/ml) or

deferoxamine (DFO, 1 mm), respectively. (B) Staining intensities of 8OHdG were analysed by Image-Pro Plus as described in the Materials

and methods section. The data were presented as means9SEM from three independent experiments. ** pB0.01 compared with the

untreated cells; ## pB0.01 compared with the cells treated with MCLR alone.
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cell death could be reversed by catalase and SOD

(Figure 1D). In support for this, Ding et al. [12]

reported that MCLR induced-ROS generation

preceded the MCLR-induced LDH release in rat

hepatocytes. Membrane lipid peroxidation is a ROS-

mediated specific membrane damage. Using DPPP

as a specific lipid peroxide probe, we directly demon-

strated the formation of lipid peroxides on the

membrane of MCLR-treated cells as shown by the

increased DPPP�O-dependent fluorescence (Figure

5A). The complete abortion of DPPP�O-dependent

fluorescence by catalase, SOD and deferoxamine

Figure 5. Effects of ROS scavengers on MCLR-induced lipid peroxidation in HepG2 cells. (A) These are the representative fluorescent

images showing the presence of lipid peroxides, as determined by fluorescent probe DPPP, on the membrane of HepG2 cells. (a) without

MCLR; (b) or (c) incubated with 30 or 100 mM MCLR for 4 h; (d�f) incubated with 100 mM MCLR for 4 h in the presence of catalase (Cat,

1300 U/ml), SOD (300 U/ml) or deferoxamine (DFO, 1 mM), respectively. (B) DPPP oxides-dependent fluorescence intensities were

analysed by Image-Pro Plus as described in the Materials and methods section. The data were presented as means9SEM from three

independent experiments. ** pB0.01 compared with the untreated cells; ## pB0.01 compared with the cells treated with MCLR alone.

Figure 6. Effects of MCLR on intracellular ROS generation in HepG2 cells. (A) These are the representative fluorescent images showing

the presence of intracellular ROS in HepG2 cells treated with 100 mm MCLR (b) and medium alone (a) for 4 h. (B) HepG2 cells were

treated with 100 mm MCLR for 4 h in the presence or absence of DAS (2 mm) or CMZ (20 mm, pre-treated for 6 h). HPF fluorescence

intensities were quantified using IPLab Spectrum software. The data were presented as means9SEM from three independent experiments.

** pB0.01 compared with the untreated cells; ## pB0.01 compared with the cells treated with MCLR alone.
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(Figure 5B) further supports that lipid peroxidation

on MCLR-treated cell membrane is caused by ROS.

The induction of oxidative DNA and lipid damages

by MCLR in HepG2 cells encourage us to directly

examine whether ROS are generated in MCLR-

treated cells using HPF, a new fluorescence probe.

Unlike dichlorofluorescin diacetate (DCFH-DA),

HPF, which is resistant to light-induced autooxida-

tion, selectively and dose-dependently generates a

strong fluorescent compound, fluorescein, upon re-

action with +OH, but not other ROS [32,33,45].

These advantages thus allow us to quantitatively

analyse ROS in cells more correctly. We demon-

strated that MCLR increased intracellular ROS levels

in HepG2 cells (Figure 6A and B). Further, using

DMPO as an ESR spin trapper we also detected the

presence of +OH in MCLR-treated cells. Catalase,

SOD and deferoxamine decreased the intensity of the

DMPO-OH signals (data not shown). These findings

indicate that MCLR increased the generation of ROS

and the detected, +OH was derived from the Fenton

reaction.

We further analysed the mechanisms by which

MCLR produces ROS. Several studies have identi-

fied NADPH oxidase and cytochrome P450 as

potential sources for the generation of ROS in

HepG2 cells [46�50]. Thus, to clarify the major site

of ROS generation in MCLR-treated cells we inves-

tigated whether MCLR affects the phosphorylation of

NADPH oxidase and the expression of cytochrome

P450. Because it is so hard to obtain enough amounts

of MCLR from chemical company that 100 mM

MCLR-treated cells were extremely limited, we

were unable to demonstrate if p47phox, one of the

components of NADPH oxidase [48], is related to

ROS generation by MCLR using Western blot

analysis. It has been shown that the over-expression

of cytochrome P450 isoforms CYP1A1, 1A2 and 2E1

increased ROS generation in lymphocytes and

HepG2 cells [50,51]. We showed here that MCLR

significantly upregulated the expression of CYP2E1

mRNA, but not CYP1A1 mRNA (Figure 7). The

expression level of CYP1A2 was extremely low in

both control and MCLR-treated cells, thus we could

not analyse its expression. As reported by Gonzalez

[50], CYP2E1 mRNA was constitutively expressed at

a low level in untreated HepG2 cells. However, its

expression could be detected using real-time PCR

analysis. CYP2E1 exhibits NADPH oxidase activity

and is the most active form of ROS-generating

cytochrome P450. It generates ROS such as O2

+�

and H2O2 during its catalytic cycle even in the

absence of substrate. It also produces powerful

oxidants such as +OH in the presence of iron catalysts

[50,52]. Therefore, the upregulation of CYP2E1

observed in our study might contribute to MCLR-

induced +OH generation in the presence of iron.

CMZ has been reported to specifically inhibit the

induction of CYP2E1 at the mRNA and protein

levels [53], while DAS inactivates CYP2E1 activity

via a suicide-inhibitory action [54]. Both CMZ and

DAS decreased the elevated intracellular level of ROS

(Figure 6B). CMZ and DAS also inhibited MCLR-

induced LDH release (Figure 8), suggesting the

involvement of CYP2E1 in MCLR-induced cytogen-

otoxicity in HepG2 cells. CYP2E1 might be a

potential source of ROS generation by MCLR.

Although ROS scavengers prevented DNA da-

mage, lipid damage and extracellular LDH release

caused by MCLR, they had weak inhibitory effects

on total cytotoxicity of MCLR as measured by the

MTT assay. These findings suggest additional

mechanism(s) other than ROS in MCLR-induced

Figure 7. Effect of MCLR on the expression of CYP1A1 and

CYP2E1 mRNA in HepG2 cells. HepG2 cells were treated with or

without 100 mM MCLR for 4 h, then total RNA was extracted and

the mRNA expression of cytochrome P450 isoforms CYP1A1 and

2E1 were analysed by real-time PCR as described in the Materials

and methods section. The data were presented as mean value with

the range (minimum and maximum) from four independent

experiments conducted in triplicate. * pB0.05 compared with

the untreated cells.

Figure 8. Effects of CYP2E1 inhibitors on MCLR-induced

cytotoxicity in HepG2 cells. HepG2 cells were treated with

100 mM MCLR for 48 h in the presence or absence of DAS

(2 mM) or CMZ (20 mM, pre-treated for 6 h) and then subjected to

the LDH release assay. The data were presented as means9SEM

from three independent experiments conducted in duplicate. ** pB

0.01 compared with untreated cells; # pB0.05 and ## pB0.01

compared with the cells treated with MCLR alone.
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cytotoxicity. Because the MTT assay detects both cell

viability and cell growth [55], we then analysed the

effects of MCLR on cell cycle. We found that MCLR

decreased the cells in S phase and increased the cells

in G1 phase, indicating that MCLR induced cell

cycle arrest. Further, the ROS scavengers did not

reverse the cell cycle arrest. The cell cycle is

controlled by the phosphorylation of cyclin-depen-

dent kinase inhibitors (CKIs), cyclin-dependent ki-

nases (CDKs) and other regulatory proteins of CDK

[56,57]. It has been reported that MCLR potently

inhibited PP1 and PP2A [5�7]. Thus, we speculate

that MCLR may change the phosphorylation of these

regulatory proteins and thus causes cell cycle arrest.

We found that MCLR increased sub-G1 cell popula-

tion, indicating an increase in apoptotic cells and that

ROS scavengers were able to reverse the effect of

MCLR on sub-G1 cell population. This helps explain

why ROS scavengers showed less effects on cytotoxi-

city of MCLR as measured by the MTT assay.

Addition of catalase, SOD or deferoxamine sup-

pressed the cytogenotoxicity of MCLR in HepG2

cells. The inhibitory effect of deferoxamine is likely

due to its chelation of iron in cells, while catalase

probably exerts its effects by removing both intracel-

lular and extracellular H2O2, because hydrogen

peroxide can permeate the cell membrane freely

[58]. On the other hand, some studies have observed

rapid endocytosis of exogenously added SOD into rat

hepatocytes and human endothelial cells [59�61].

Thus, the suppressive effect of SOD we observed in

this study may be related to intracellular uptake of

SOD via endocytosis.

In conclusion, MCLR caused the generation of

ROS, subsequent induction of oxidative damages in

lipid and DNA, which were suppressed by ROS

scavengers, and upregulated the expression of

CYP2E1 mRNA in HepG2 cells. MCLR also in-

duced cell death partially due to the generation of

ROS. In addition, CYP2E1 inhibitors suppressed

MCLR-induced ROS generation and cytotoxicity.

Thus, CYP2E1 might be a potential source of ROS

generation by MCLR. Further studies are required to

clarify the mechanisms of induction of CYP2E1 by

MCLR and the relationship between oxidative stress

and perturbation in protein phosphorylation induced

by MCLR.
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