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Abstract Rotenone, a commonly used pesticide, is well

documented to induce selective degeneration in dopami-

nergic neurons and motor dysfunction. Such rotenone-

induced neurodegenration has been primarily suggested

through mitochondria-mediated apoptosis and reactive

oxygen species (ROS) generation. But the status of rotenone

induced changes in liver, the major metabolic site is poorly

investigated. Thus, the present investigation was aimed to

study the oxidative stress-induced cytotoxicity and apoptotic

cell death in human liver cells-HepG2 receiving experi-

mental exposure of rotenone (12.5–250 lM) for 24 h.

Rotenone depicted a dose-dependent cytotoxic response in

HepG2 cells. These cytotoxic responses were in concurrence

with the markers associated with oxidative stress such as an

increase in ROS generation and lipid peroxidation as well as

a decrease in the glutathione, catalase, and superoxide dis-

mutase levels. The decrease in mitochondrial membrane

potential also confirms the impaired mitochondrial activity.

The events of cytotoxicity and oxidative stress were found to

be associated with up-regulation in the expressions (mRNA

and protein) of pro-apoptotic markers viz., p53, Bax, and

caspase-3, and down-regulation of anti-apoptotic marker

Bcl-2. The data obtain in this study indicate that rotenone-

induced cytotoxicity in HepG2 cells via ROS-induced oxi-

dative stress and mitochondria-mediated apoptosis involv-

ing p53, Bax/Bcl-2, and caspase-3.
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Introduction

Rotenone is a plant-derived pesticide, commonly used to

protect crops from pests across the world since a long time

[1]. It is a neurotoxicant that specifically inhibits the flow of

electrons through the mitochondrial respiratory chain by

binding with mitochondrial complex-I [2–4], and is known to

cross blood brain barrier and gets accumulated in sub cellular

organelles [5]. Rotenone is also well known to inhibit the

biochemical processes at the cellular level, and can block

electron transfer from complex to ubiquinone, resulting

blocking of the oxidative phosphorylation, and an increase in

reactive oxygen species (ROS) generation [1, 6]. A number

of studies have evaluated the effects of rotenone under both

in vitro [7] and in vivo conditions [1]. Studies have shown

that rotenone is capable to induce apoptosis in various cells

derived from human B cell lymphomas [8], promyelocytic

leukemias [9], and neuroblastomas [10, 11]. Our group has

also reported that rotenone induces oxidative stress-medi-

ated cytotoxicity in rat pheochromocytoma cells-PC12 cell

line [12], and in human breast adenocarcinoma-MCF-7 cell

line [13]. Rotenone-induced mitochondrial complex-I inhi-

bition results in generation of free radicals and thereby
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induces the oxidative stress [14]. Experimental exposure of

rotenone has been documented to cause detrimental effect

under in vitro condition [15, 16], through environmental

exposure [17], and in occupational setups [18]. These det-

rimental effects of rotenone are reported due to dysfunction

of Complex-I of the mitochondrial electron transport chain,

however, the mechanisms through which systemic Com-

plex-I dysfunction produce toxicity are poorly understood.

Hence, the present investigations were aimed to study the

association between rotenone-induced cytotoxicity, ROS-

induced oxidative stress, and mitochondria-mediated apop-

tosis in human liver cells-HepG2. Since, liver is a major

metabolic site for xenobiotics and is known to be the primary

target organ targeted by variety of chemicals/drugs. HepG2

cells were selected as test model due to their metabolic active

nature and the expression of most of the marker gene proteins

of human hepatocytes as in liver [19–21]. Besides this,

HepG2 cells are also a well established model to study the

xenobiotics-induced alterations in the expression and activ-

ity of cytochrome P450s (CYPs) [22–24]. HepG2 cell line is

also among the most commonly used cell lines to evaluate

the pesticides-induced toxicity and detoxification [25–27].

Materials and methods

Cell culture

HepG2 cells were grown in Dulbecco’s modified eagle’s

medium (DMEM) supplemented with 10 % fetal bovine

serum (FBS), 0.2 % sodium bicarbonate, and antibiotic/

antimycotic solution (1009, 1 ml/100 ml of medium,

Invitrogen, Life technologies, USA). The cells were

maintained in 5 % CO2–95 % atmosphere under high

humidity at 37 �C. Cells were assessed for cell viability by

trypan blue dye exclusion assay as described earlier by

Pant et al. [28] and batches showing more than 98 % cell

viability were used in the experiments.

Reagents and consumables

All the specified chemicals, reagents, and diagnostic kits were

procured from Sigma Chemical Company Pvt. Ltd., St. Louis,

MO, USA, unless otherwise stated. DMEM, antibiotics/an-

timycotics solution, and FBS were purchased from Sigma

company, USA. Culture wares and other plastic consumables

used in the study were procured from Nunc, Denmark.

Experimental design

HepG2 cells were exposed to various concentrations

(12.5–250 lM) of rotenone for 24 h. Cells receiving rote-

none were studied for cytotoxicity assays by MTT and

NRU assays and morphological alterations. Furthermore,

oxidative stress markers, i.e., lipid peroxidation (LPO),

glutathione (GSH), catalase, superoxide dismutase (SOD),

ROS, and mitochondrial membrane potential (MMP) were

studied. Rotenone-induced apoptotic marker genes associ-

ated with mitochondria-mediated apoptosis by western

blotting and RT-PCRq were also studied.

MTT assay

Percent cell viability was assessed using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

(MTT) assay as described [29]. In brief, cells (1 9 104)

were allowed to adhere for 24 h in CO2 incubator at 37 �C

in 96-well culture plates. After the exposure, MTT (5 mg/

ml of stock in PBS) was added (10 ll/well in 100 ll of cell

suspension), and plates were incubated for 4 h. The

supernatant was discarded and 200 ll of DMSO were

added to each well and mixed gently. The developed color

was read at 550 nm. Untreated sets were also run under

identical conditions and served as control.

Neutral red uptake (NRU) assay

NRU assay was carried out following the protocol descri-

bed [30]. After the exposure, the medium was aspirated and

cells were washed twice with PBS, and incubated for 3 h in

a medium supplemented with neutral red (50 lg/ml). The

medium was then washed off rapidly with a solution con-

taining 0.5 % formaldehyde and 1 % calcium chloride.

Cells were subjected to further incubation of 20 min at

37 �C in a mixture of acetic acid (1 %) and ethanol (50 %)

to extract the dye. The plates were read at 540 nm. The

values were compared with the control sets run under

identical conditions.

Morphological analysis

Morphological changes in HepG2 cells exposed with

rotenone were observed to determine the alterations

induced by rotenone. All the cells were exposed to

increasing concentrations (12.5–250 lM) of rotenone for

24 h and cell images were taken using an inverted phase

contrast microscope at 209 magnification.

Lipid peroxidation (LPO)

LPO was performed using thiobarbituric acid (TBA)-

reactive substances protocol [31]. In brief, after the expo-

sure, HepG2 cells were collected by centrifugation and

sonicated in ice cold potassium chloride (1.15 %) and

centrifuged for 10 min at 3,0009g. Resulting supernatant

(1 ml) was added to 2 ml of TBA reagent (15 % TCA,
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0.7 % TBA and 0.25 N HCl) and heated at 100 �C for

15 min in a boiling bath. Then samples were placed in cold

and centrifuged at 1,0009g for 10 min. Absorbance of the

supernatant was measured at 535 nm.

Glutathione (GSH) content

Intracellular GSH content was estimated as described [32]

with specific modifications. In brief, after respective

exposure, cells were collected by centrifugation and cel-

lular protein were precipitated by incubating 1 ml soni-

cated cell suspension with 1 ml TCA (10 %) and placed on

ice for 1 h followed by a 10 min centrifugation at

3,000 rpm. The supernatant was added to 2 ml of 0.4 M

Tris buffer (pH 8.9) containing 0.02 M EDTA followed by

an addition of 0.01 M 5,5’-dithionitrobenzoic acid (DTNB)

to a final volume of 3 ml. The tubes were incubated for

10 min at 37 �C in water bath with shaking. The absor-

bance of yellow color developed was read at 412 nm.

Catalase activity

The activity of catalase in cells was assayed following the

protocol [33] using H2O2 as substrate. Reaction mixture in

a final volume of 1 ml consisted of phosphate buffer (pH

7.0), 0.08 lmol of H2O2, and enzyme protein. The enzyme

activity was measured following the disappearance of

H2O2 at 570 nm.

Superoxide dismutase (SOD) activity

The assay of SOD activity was carried out using protocol

described [34]. In brief, the reaction was initiated at room

temperature by adding 0.052 M sodium pyrophosphate

buffer (pH 8.3), 186 lM phenozine methosulphate,

300 lM nitroblue tetrazolium, 780 lM NADH, sonicated

enzyme, and distilled water in a final volume of 3 ml. The

reaction was stopped after 1.5 min at room temperature by

adding 1.0 ml acetic acid and then 4.0 ml of n-butanol. The

mixture was allowed to stand for 10 min, centrifuged, and

butanol layer was separated. The color intensity of chro-

mogen in butanol was measured at 560 nm against butanol.

A mixture devoid of enzyme containing cell suspension

served as control.

Reactive oxygen species (ROS) generation

ROS generation was assessed using 2,7-dichlorodihydro-

fluorescein diacetate (DCFH-DA; Sigma Aldrich, USA)

dye as a fluorescence agent following the protocol earlier

described by us [30]. Following the exposure of rotenone

for 24 h, cells were washed with PBS and incubated for

30 min in DCFH-DA (20 lM) containing incomplete

culture medium in dark at 37 �C. Then, the cells were

analyzed for intracellular fluorescence using fluorescence

microscope.

Mitochondrial membrane potential (MMP)

MMP was measured following the protocol of Zhang et al.

[35]. In brief, control and treated cells were washed twice

with PBS. Then, the cells were further exposed with 10 lg/

ml of Rhodamine-123 fluorescent dye for 1 h at 37 �C in

dark. Again cells were washed twice with PBS. Then,

fluorescence intensity of Rhodamine-123 was measured

using fluorescence microscope by grabbing the images at

209 magnification.

Transcriptional changes

Alterations in the mRNA expression of apoptosis marker

genes (p53, Bax, Bcl-2, and caspase-3) were studied fol-

lowing the protocol [36]. In brief, cells (1 9 106) were

allowed to grow in 6-well culture plates. Following the

exposure of cells to rotenone for 24 h, total RNA was

isolated from both experimental and control sets using

RNeasy mini Kit (Qiagen) according to the manufacturer’s

instructions. Concentration of the extracted RNA were

determined using Nanodrop 8000 spectrophotometer

(Thermo-Scientific) and the integrity of RNA were visu-

alized on 1 % agarose gel using gel documentation system

(Universal Hood II, BioRad). The first-strand cDNA was

synthesized from 1 lg of total RNA by Reverse Trans-

criptase using M-MLV (Promega) and oligo (dT) primers

(Promega) according to the manufacturer’s protocol.

Quantitative real-time PCR (RT-PCRq) was performed by

LightCycler� 480 instrument (Roche Diagnostics, Rotc-

reuz, Switzerland). Two microliter of template cDNA was

added to the final volume of 20 ll of reaction mixture.

Real-time PCR cycle parameters included 10 min at 95 �C

followed by 40 cycles involving denaturation at 95 �C for

15 s, annealing at 60 �C for 20 s, and elongation at 72 �C

for 20 s. The sequences of the specific sets of primer for

p53, Bax, Bcl-2, caspase-3, and b-actin used in this study

are given in our previous publication [37]. Expressions of

selected genes were normalized to b-actin gene, which was

used as an internal housekeeping control. All the real-time

PCR performed in triplicate and data was expressed as the

mean of at least three independent experiments.

Protein expression (Western blotting)

Alterations in the expression of selected marker proteins

(p53, Bax, Bcl-2, and caspase-3) associated with apoptosis

were carried out by western immunoblotting as described

earlier [30]. In brief, after respective exposure, cells were
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washed twice with ice-cold PBS (pH 7.4) and centrifuged

at 1,000 rpm for 10 min. Cell pellets were lysed using Cell

Lysis Reagent (Catalog No# C2978, Sigma, USA) in the

presence of 19 protein inhibitor cocktail (Catalog No#

P8340, Sigma, USA). Equal amount (50 lg/well) of pro-

teins was loaded in 10 % Tricine-SDS gel and electro-

phoresis was carried out. Following electrophoresis,

protein bands from the gel were transferred on polyvinyl-

idene fluoride membrane (Millipore, Bedford, MA, USA)

in an electrophoresis transfer apparatus (BioRad, Hercules,

CA, USA). The membrane was blocked overnight in TBST

(30 mM Tris, pH 7.5, 150 mM NaCl and 0.1 % Tween 20)

containing 5 % non-fatty milk. Membranes were then

probed with primary antibodies specific for Bax (1:500,

Santa Cruz, USA), Bcl-2, caspase-3 (1:1,000, CST, USA),

and b-Actin (1:2,000, Santa Cruz, USA). After several

washings with TBST, membrane was re-incubated with

horseradish peroxidase-conjugated secondary antibody

(goat anti-rabbit for Bax and cleaved-caspase-3, goat anti-

mouse for all others) for 2 h at room temperature. Then, the

blots were developed by using TMB–H2O2 (Sigma, USA).

Picture of specific band were taken by Gel Documentation

System (Alpha Innotech, USA) and densitometry was done

by AlphaEaseTM FC StandAlone V. 4.0.0 software.

Protein estimation

Protein estimation of each sample was done following the

method of Lowry et al. [38] using bovine serum albumin as

a reference standard.

Statistical analysis

Results were expressed as mean ± standard error of three

experiments. Statistical analysis was performed using one-

way analysis of variance (ANOVA) and post hoc Dunnett’s

test was applied to compare values between control and

treated groups. The values depicting p \ 0.05 were con-

sidered as statistically significant.

Results

Cytotoxicity assessment

The cytotoxic effect of rotenone was evaluated by MTT

and NRU assays. The percent cell viability observed by

MTT and NRU assays are presented in Figs. 1 and 2. The

results showed that rotenone significantly reduced the cell

viability of HepG2 cells in a concentration-dependent

manner (Fig. 1). The cell viability at 12.5, 25, 50, 100, and

250 lM concentrations of rotenone were recorded 95, 82,

70, 58, and 46 %, respectively by MTT assay (Fig. 1).

Similar kinds of results were also found in HepG2 cells

exposed with various concentrations of rotenone by NRU

assay (Fig. 2). The results showed that the rotenone sig-

nificantly reduced the viability of HepG2 cells in a con-

centration-dependent manner (Fig. 2). The cell viability at

12.5, 25, 50, 100, and 250 lM concentrations of rotenone

were found 94, 81, 69, 60, and 46 %, respectively (Fig. 2).

Rotenone at 12.5 lM and lower concentrations did not

cause any adverse effect on cell viability of HepG2 cells

(Figs. 1, 2).

Morphological changes

The morphological changes observed in HepG2 cells after

the exposure of rotenone for 24 h are shown in Fig. 3.

Alterations in the morphology of HepG2 cells after the

exposure of rotenone were observed under phase contrast

inverted microscope. The cells indicated the most
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Fig. 1 Cytotoxicity assessment by MTT assay in HepG2 cells

following the exposure of various concentrations of rotenone for

24 h. Values are mean ± SE of three independent experiments.

(*p \ 0.01, **p \ 0.001 vs control)
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Fig. 2 Cytotoxicity assessment by neutral red uptake (NRU) assay in

HepG2 cells following the exposure of various concentrations of

rotenone for 24 h. Values are mean ± SE of three independent

experiments. (*p \ 0.01, **p \ 0.001 vs control)
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prominent effects after the exposure of rotenone, and

changes in their morphology were found in concentration-

dependent manner. Cells exposed to 25 lM and above

concentrations of rotenone reduced the normal morphology

of the HepG2 cells and cell adhesion capacity in compar-

ison to control (Fig. 3). Most of the cells at 250 lL of

rotenone lost their typical morphology and appeared

smaller in size, shrunken, and rounded (Fig. 3).

Glutathione level

Depletion in GSH level in cultured HepG2 cells exposed to

12.5–250 lM concentrations of rotenone for 24 h are

summarized in Fig. 4a. The result indicates that rotenone

decreased the GSH levels in a dose-dependent manner.

Fig. 4a shows a significant decrease in the GSH activity at

higher concentrations as compared to the untreated control.

A concentration-dependent significant decrease of 20, 33,

44, and 55 % (p \ 0.001) were observed in GSH activity at

25, 50, 100, and 250 lM of rotenone, respectively as

compared to untreated control (Fig. 4a).

Lipid peroxidation

The rotenone-induced LPO in HepG2 cells are summarized

in Fig. 4b. A concentration-dependent significant increase

in LPO was also observed. An increase of 12, 32, 45, and

57 % at 25, 50, 100, and 250 lM, respectively were found

in HepG2 cells exposed for 24 h (Fig. 4b).

Catalase activity

The results of catalase activity are summarized in Fig. 4c.

A clear-cut significant decrease of 19, 34, 42, and 52 %

were observed at 25, 50, 100, and 250 lM of rotenone,

respectively as compared to untreated control (Fig. 4c).

Superoxide dismutase activity

SOD levels in HepG2 cells exposed to 12.5–250 lM of

rotenone for 24 h are presented in Fig. 4d. A concentra-

tion-dependent decrease in the level of SOD was also

observed in HepG2 cells. The decrease in SOD activity at

50 lM (12 %), 100 lM (25 %), 250 lM (37 %) were

observed as compared to untreated control (Fig. 4d).

ROS generation

Statistically significant (p \ 0.001) ROS generation was

observed in HepG2 cells after the exposure of rotenone at

25, 50, and 100 lM concentrations for 24 h (Fig. 5A, B).

The increase in ROS generation was concentration-

dependent i.e., 23, 46, and 69 % of untreated control

Fig. 3 Morphological changes in HepG2 cells exposed to various concentrations of rotenone for 24 h. Images were taken using an inverted

phase contrast microscope at 920 magnification
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following the exposure of 25, 50, and 100 lM of rotenone,

respectively.

Mitochondrial membrane potential

The effect of rotenone exposure on MMP was evaluated in

HepG2 cells. A concentration-dependent statistically sig-

nificant (p \ 0.001) decrease in the level of MMP was

observed in HepG2 cells after the exposure of rotenone at

25, 50, and 100 lM concentrations for 24 h (Fig. 6A, B).

Decrease in MMP was observed 14, 29, and 45 % at 25, 50,

and 100 lM of rotenone, respectively as compared to

untreated control (Fig. 6A, B).

Transcriptional changes in apoptosis markers

The alterations in the levels of mRNA expression of

selected apoptosis marker genes in HepG2 cells exposed to

rotenone for 24 h are presented in Fig. 7a–d. A significant

(p \ 0.05) upregulation in the expression of pro-apoptotic

genes, i.e., p53 (2.15 fold), Bax (1.77 fold), Caspase-3

(1.34 fold), were observed at 100 lM concentration,

whereas, anti-apoptotic gene Bcl-2 (0.45 fold) was signif-

icantly downregulated at 100 lM of rotenone.

Translational changes in apoptosis markers

Western blot analyses for apoptotic proteins were further

used to study the level of protein expression in HepG2 cells

exposed to rotenone for 24 h. The results of western blot

analyses are shown in Fig. 8a–d. Cells exposed to rotenone

at 100 lM showed a significant up-regulation in the

expressions of p53 (2.1 fold), Bax (2.3 fold), and caspase-3

(twofold), whereas, the expression of Bcl-2 protein was

down-regulated by 0.65 fold, respectively.

Discussion

In this study, MTT and NRU assays were used to determine

the cytotoxicity of rotenone in human liver carcinoma

(HepG2) cells. We found from the present investigations

that these assays indicate a concentration-dependent

decrease in the percent cell viability of HepG2 cells after

the exposure of rotenone for 24 h. Results showed that

rotenone exposure modulates the viability of HepG2 cells.

The concentrations 25 lM and above showed a significant

decrease (p \ 0.01) in the percent cell viability of HepG2

cells compared to the untreated control. Findings from our
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d Superoxide dismutase (SOD). Values are mean ± SE of three independent experiments. (*p \ 0.01, **p \ 0.001 vs control)

64 Mol Cell Biochem (2013) 384:59–69

123



study are well consistent with the previous studies that

reports the toxicity of rotenone in various cell types [27,

39, 40], and by the other pesticides in HepG2 cells [25, 26,

41]. In our previous studies, we have also reported that

higher concentrations of rotenone-induced cytotoxicity in

PC12 and MCF-7 cells by MTT and NRU assays [12, 13].

Oxidative stress can be viewed as an imbalance between

pro-oxidants and antioxidants, both excess production of

ROS and LPO, and deficiency in cellular antioxidant

defenses e.g., GSH, catalase, and SOD levels. Moreover,

rotenone is a known inhibitor of mitochondrial complex-I,

and the mitochondria are the major subcellular organelles

responsible for ROS production [40, 42]. The role of

rotenone in triggering ROS generation in HepG2 cells

indicates that the higher concentrations of rotenone resul-

ted in enhanced ROS generation, which led to oxidative

stress. Our results showed that rotenone depleted intracel-

lular GSH, catalase, and SOD levels, and increased the

level of LPO. Results indicating that these alterations in

HepG2 cells may be due to the oxidative stress, which is a

mediator of rotenone cytotoxicity. It is well known that the

GSH, catalase, SOD, and LPO are crucial components of

cellular antioxidant defenses and play a major role in

protecting cells against oxidative stress and cellular injuries

[43–45]. Another oxidative stress marker ROS production

was also examined. ROS are continuously generated

through normal cellular metabolisms or by exogenous

insults. In this study, rotenone induced intracellular ROS

production in a concentration-dependent manner. Similar

to other oxidative stress markers, ROS production was also

significantly observed in HepG2 cells, since the excess

generation of ROS has been considered as a crucial

mediator of cell death [46–48]. We also found that rote-

none decreases the MMP in HepG2 cells. As shown in

Fig. 6A, B, HepG2 cells exposed to rotenone reduced

MMP in a dose-dependent manner are well agreement with

Dornetshuber et al. [49], suggesting a less preserved

mitochondrial integrity. It might be the oxygen radicals
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produced during mitochondrial respiration which suggests

a possible correlation between oxidative stress and mito-

chondrial activity [50], which leads to apoptosis [51].

The involvement of mitochondrial chain complexes in

ROS-induced apoptotic changes has been reported [52].

These apoptotic changes are known to follow different

pathways [53, 54]. Mitochondria-dependent apoptotic

pathway is also known to be involved in cell death [30, 36].

In this study, we observed that rotenone significantly up-

regulates the expression (mRNA and protein) of p53, Bax,
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Fig. 7 Real Time-PCR analysis

of alterations in the mRNA

expression of various apoptosis

genes. a p53; b Bax; c Bcl-2;

d Caspase-3 in HepG2 cells

exposed for 24 h. The data

provided are mean ? SE from

three separate experiments.

*p \ 0.05 versus control

0

1

2

3

Control 100 μM

p53

β-actin

F
o

ld
 C

h
an

g
e

(A)

*

0

1

2

3

Control 100 μM
Bax

β-actin

F
o

ld
 C

h
an

g
e

(B)

*

0

0.5

1

1.5

Control 100 μM

Bcl-2

β-actin

F
o

ld
 C

h
an

g
e

(C)

*

0

1

2

3

Control 100 μM

caspase-3

β-actin

F
o

ld
 C

h
an

g
e

(D)

*

Fig. 8 Rotenone-induced

alterations in the protein

expression of apoptosis

markers. a p53; b Bax; c Bcl-2;

d Caspase 3 in HepG2 cells

exposed for 24 h. Data are

expressed as mean ? SE.

*p \ 0.05 versus control
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caspase-3, and down-regulated Bcl-2 in a concentration-

dependent manner. In general, transcriptional changes were

well coordinated with translational changes in HepG2 cells

exposed to rotenone for 24 h. In the present study, after the

exposure of various concentrations of rotenone, the

expression of Bax, caspase-3, and p53 was found to be

increased significantly, while Bcl-2 expression decreased

in a concentration-dependent manner. The present study,

confirmed that rotenone may induce apoptosis in HepG2

cells. Our data reveals that rotenone-induced caspase-3

activity and the apoptotic response of rotenone are asso-

ciated with decreased Bcl-2 expression and increased Bax

expression. This suggests that HepG2 cells are able to

undergo apoptosis when stimulated by rotenone. Altera-

tions in the p53 gene are the most frequent genetic change

in human cancers. It is estimated that about 50 % of all

human malignancies contain mutations of this gene [55,

56]. However, a higher level of cytoplasmic p53 protein

interacts with mitochondria, thereby promoting mitochon-

drial membrane permeabilization [57], and plays an

important role in the regulation of apoptosis [58]. As p53

has been reported to play a role of transcriptional activator,

active p53 induces the transcription of many genes,

including many apoptosis-related genes. The Bax gene has

recently been found to be a transcriptional target of p53 and

could be up-regulated in response to a variety of p53-

dependent apoptosis triggers [56, 59]. Thus, the alterations

in the expression profile of marker genes in this study

indicate that p53 triggers the mitochondrial apoptotic cas-

cade in HepG2 cells exposed to rotenone. Our results

demonstrate that up-regulated levels of p53 promote

induction in the expression of pro-apoptotic Bax, whereas

down-regulation in the expression of anti-apoptotic Bcl-2

protein. Therefore, this imbalance in the ratio of Bax/Bcl-2

could lead the dissipation in MMP. Finally, dysfunctional

mitochondria could release cytochrome-c in cytosol, which

could activate caspase-3 via the activation of procaspase-9.

In the case of rotenone-induced apoptosis, imbalance of

Bax/Bcl-2 protein may be an upstream event followed by

mitochondrial-mediated activation of caspase-3, a final

executer caspase, which leads to cell apoptosis. Our result

demonstrates that the up-regulation of Bax is due to the

activated p53 and hence, it is in agreement with the

observation on the collapse of MMP in mitochondria

because Bax and Bax-like proteins have been reported to

initiate caspase-independent death via channel forming

activity, which promotes the mitochondrial permeability,

increased ability to bind DNA and mediate transcriptional

activation [60, 61].

In conclusion, the present study demonstrated that

rotenone-induced cytotoxicity and oxidative stress in a

concentration-dependent manner in human liver cells

(HepG2). The apoptosis was found to be associated with

ROS and oxidative stress. Both the mRNA and protein

expressions of p53 and apoptotic genes (Bax and caspase-

3) were up-regulated while the anti-apoptotic gene Bcl-2

was down-regulated. These findings suggest that oxidative

stress plays an important role in rotenone-induced cyto-

toxicity and apoptosis in human liver cells.
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