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Abstract

Copper oxide nanoparticles (CuO NPs) are heavily utilized in semiconductor devices, gas sensor, batteries, solar energy
converter, microelectronics and heat transfer fluids. It has been reported that liver is one of the target organs for
nanoparticles after they gain entry into the body through any of the possible routes. Recent studies have shown cytotoxic
response of CuO NPs in liver cells. However, the underlying mechanism of apoptosis in liver cells due to CuO NPs exposure
is largely lacking. We explored the possible mechanisms of apoptosis induced by CuO NPs in human hepatocellular
carcinoma HepG2 cells. Prepared CuO NPs were spherical in shape with a smooth surface and had an average diameter of
22 nm. CuO NPs (concentration range 2–50 mg/ml) were found to induce cytotoxicity in HepG2 cells in dose-dependent
manner, which was likely to be mediated through reactive oxygen species generation and oxidative stress. Tumor
suppressor gene p53 and apoptotic gene caspase-3 were up-regulated due to CuO NPs exposure. Decrease in
mitochondrial membrane potential with a concomitant increase in the gene expression of bax/bcl2 ratio suggested that
mitochondria mediated pathway involved in CuO NPs induced apoptosis. This study has provided valuable insights into the
possible mechanism of apoptosis caused by CuO NPs at in vitro level. Underlying mechanism(s) of apoptosis due to CuO NPs
exposure should be further invested at in vivo level.
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Introduction

Copper oxide nanoparticles (CuO NPs) are used as industrial

catalysts in manufacturing processes and are heavily utilized in

semiconductor devices, gas sensor, batteries, solar energy convert-

er, microelectronics and heat transfer fluids [1,2]. Due to their

antimicrobial properties CuO NPs are also employed in textiles,

paints, plastics and food containers [3,4]. The increasing

production of CuO NPs has led to major concerns regarding the

potential toxicity to the environment and human health. CuO NPs

have been shown to be toxic to aquatic organisms such as

freshwater shredder, juvenile carp, mussels and ciliated protozoa

[5–8]. Recent studies have shown the oxidative stress mediated

toxicity of CuO NPs in different human cell lines e.g. human lung

epithelial (A549), human cardiac microvascular endothelial,

kidney and neuronal cells [9–13]. It is also reported in the

scientific literature that liver is one of the target organs for

nanoparticles after they gain entry into the body through any of

the possible routes [14,15]. There are very limited studies

evaluating the toxicity of CuO NPs in human liver cell lines.

Wang et al [16] (2011) observed that cytoxicity of CuO NPs in

HepG2 cells and catfish primary hepatocytes was mediated

through ROS. Recently, Piret et al [17] (2012) found that CuO

NPs induce ROS mediated cytotoxicity and pro-inflammatory

response in HepG2 cells. However, the underlying mechanism of

apoptosis in HepG2 cells due to CuO NPs exposure is largely

lacking.

Apoptotic cell death is a key process in cancer development and

progression. The ability of cancer cells to avoid apoptosis and

continue to propagate is one of the basic characteristics of cancer

[18]. There are several genes that involved in apoptotic cell death.

The p53 protein is regarded as the master guardian of the cell is

able to activate cell cycle checkpoints, DNA repair and apoptosis

response to maintain genomic stability [19]. In the presence of

DNA damage or cellular stress, p53 protein triggers cell cycle

arrest to provide time for the damage to be repaired or self-

mediated apoptosis [20,21]. The bcl-2 protein has an anti-

apoptotic effect, whereas the bax is known for pro-apoptotic

activity [22]. The ratio of bax/bcl-2 protein represents a cell death

switch, which determines the life or death of cells in response to an

apoptotic stimulus; an increased bax/bcl-2 ratio decreases the

cellular resistance to apoptotic stimuli, leading to apoptosis

[23,24]. It is also reported that destabilization of the mitochondrial

integrity by apoptotic stimuli precedes activation of caspases

leading to apoptosis [25]. In view of significant lack of knowledge

about the mechanisms of CuO NPs toxicity, this study was

designed to investigate the possible mechanisms of apoptosis

induced by CuO NPs in human hepatocellular carcinoma
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(HepG2) cells through ROS via mitochondrial pathway. HepG2

cell line is a classical hepatic model used to test the compounds

that are potentially cytotoxic, genotoxic or affect hepatocyte

functions [26,27].

Materials and Methods

Reagents
Dulbecco’s modified eagle’s medium (DMEM), Hank’s bal-

anced salt solution (HBSS), fetal bovine serum (FBS), penicillin-

streptomycin and trypsin were purchased from Invitrogen Co.

(Carlsbad, CA, USA). MTT [3–(4,5–2-yl)-2,5-diphenyltetrazo-

liumbromide], glutathione (GSH), 5,5-dithio-bis-(2-nitrobenzoic

acid) (DTNB), 2,7-dichlorofluorescin diacetate (DCFH-DA), N-

acetyl-cystein (NAC), Rhodamine-123 dye (Rh123), anti-bax

antibody, anti-bcl-2 antibody and anti-b-actin antibody were

obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-p53

antibody and cleaved caspase-3 antibody (Asp175, 17kDa) were

bought from Cell Signaling Technology, Inc. (Danver, MA, USA).

Secondary antibodies and RIPA buffer were purchased from

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All other

chemicals used were of the highest purity available from

commercial sources.

Synthesis of CuO nanoparticles
CuO NPs were synthesized by aqueous precipitation method

using copper (II) acetate [Cu (CH3COO)2?H2O)] (98%, Sigma-

Aldrich) as a precursor and sodium hydroxide (NaOH) as a

reducing agent. In brief, 0.2 M copper (II) acetate solution

(600 ml) and glacial acetic acid (CH3COOH) (2 ml) were added

into a round-bottomed flask and heated to boiling under magnetic

stirring. Then, 30 ml of 6 M NaOH solution was poured into the

flask. The colour of the solution turned from blue to black

immediately, and a black suspension formed simultaneously. The

reaction was carried out under stirring and boiling for 2.5 h. The

mixture was cooled to room temperature and centrifuged. Then, a

wet CuO precipitate was obtained. The precipitates were filtered,

washed with distilled water and absolute ethanol for several times.

The resulting product was dried (at 60uC for 6 h) to obtain the dry

powder of CuO NPs.

CuO nanoparticles characterization
The crystalline nature of CuO NPs was carried out by taking X-

ray diffraction (XRD) pattern. The XRD pattern of CuO NPs was

acquired at room temperature with the help of PANalytical X’Pert

X-ray diffractometer equipped with a Ni filtered using Cu Ka

(l= 1.54056 Å) radiations as X-ray source. Morphology of CuO

NPs was examined by field emission scanning electron microscope

(FESEM, JSM-7600F, JEOL Inc., Japan) and field emission

transmission electron microscopy (FETEM, JEM-2100F, JEOL

Inc., Japan) at an accelerating voltage of 15 kV and 200 kV

respectively. Energy dispersive X-ray spectroscopy (EDS) was

utilized used to see the elemental composition (purity) of the

prepared CuO NPs. Brunauer-Emmet-Teller (BET) surface area

measurement of CuO NPs was determined by multipoint nitrogen

adsorption using a Beckman Coulter SA3100 device (Beckman

Coulter, Inc., CA, USA).

The average hydrodynamic size and zeta potential of CuO NPs

in the water and complete cell culture medium were determined

by dynamic light scattering (DLS) (Nano-Zetasizer-HT, Malvern

Instruments, Malvern, UK) as described by Murdock et al [28].

Cell Culture and CuO nanoparticles treatment
HepG2 cells were obtained from American Type Culture

Collection (ATCC) (Manassas, VA, USA). Cells were used

between passages 10 and 20 and cultured in MEM medium

supplemented with 10% FBS, 100 U/ml penicillin-streptomycin,

1 mM sodium pyruvate and 1.5 g/l sodium bicarbonate at 5%

CO2 and 37uC. At 85% confluence, cells were harvested using

0.25% trypsin and were sub-cultured into 75 cm2 flask, 6-well

plate or 96-well plate according to selection of experiments. Cells

were allowed to attach the surface for 24 h prior to nanoparticles

exposure. CuO NPs were suspended in complete cell culture

medium and diluted to appropriate concentrations (2, 5, 10, 25

and 50 mg/ml). The dilutions of CuO NPs were then sonicated

using a sonicator bath at room temperature for 15 min at 40W to

avoid nanoparticles agglomeration prior to administration to the

cells. Selection of 2–50 mg/ml concentration of CuO NPs was

based on a preliminary dose-response study (data not shown).

Under some conditions, HepG2 cells were pre-exposed for 1 h

with 10 mM of N-acetyl-cystein (NAC) before 24 h co-exposure

with or without CuO NPs. Cells not exposed to CuO NPs served

as control in each experiment.

MTT assay
MTT assay was carried out following the procedure as

described by Mossman [29] with some modifications [30]. The

MTT assay assesses the mitochondrial function by measuring

ability of viable cells to reduce MTT into blue formazon product.

In brief, 16104 cells/well were seeded in 96-well plates and

exposed to different concentrations of CuO NPs for 24 h. At the

end of exposure, medium was removed from each well to avoid

interference of nanoparticles and replaced with new medium

containing MTT solution in an amount equal to 10% of culture

volume, and incubated for 3 h at 37uC until a purple colored

formazan product developed. The resulting formazan product was

dissolved in acidified isopropanol. Further, the 96-well plate was

centrifuged at 2300 g for 5 min to settle down the remaining

nanoparticles present in the solution. Then, a 100 ml supernatant

was transferred to other fresh wells of 96-well plate and

absorbance was measured at 570 by using a microplate reader

(Synergy-HT, BioTek).

NRU assay
Neutral red uptake (NRU) assay was performed following the

procedure as described by Borenfreund and Puerner [31] with

some modifications [30]. In brief, 16104 cells/well were seeded in

96-well plates and exposed to different concentrations of CuO NPs

for 24 h. At the end of exposure, test solution was aspirated and

cells were washed with phosphate buffer saline (PBS) twice and

incubated for 3 h in medium supplemented with neutral red

Table 1. Physicochemical properties of CuO NPs.

Parameters Values (mean 6 SD)

Average XRD size (nm) 22.2463.67

Average TEM size (nm) 22.8365.48

Surface area (m2/g) 34.6262.11

Hydrodynamic size in distilled water (nm) 196.36620.18

Hydrodynamic size in culture medium (nm) 167.48618.69

Zeta potential distilled water (-mV) 20.3661.34

Zeta potential culture medium (-mV) 25.4162.25

Elemental impurities (by EDS spectrum) Not detected

doi:10.1371/journal.pone.0069534.t001

CuO Nanoparticles Induced Apoptosis in HepG2 Cells
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(50 mg/ml). The medium was washed off rapidly with a solution

containing 0.5% formaldehyde and 1% calcium chloride. Cells

were further incubated for 20 min at 37uC in a mixture of acetic

acid (1%) and ethanol (50%) to extract the dye. Further, 96-well

plate was centrifuged at 2300 g for 5 min to settle down the

remaining nanoparticles present in the solution. Then, a 100 ml

supernatant was transferred to other fresh wells of 96-well plate

and absorbance was measured at 540 by using a microplate reader

(Synergy-HT, BioTek).

Assay of mitochondrial membrane potential
Mitochondrial membrane potential (DY) was measured follow-

ing the protocol of Zhang et al [32]. In brief, control and treated

cells were harvested and washed twice with PBS. Cells were

further exposed with 10 mg/ml of Rhodamine-123 fluorescent dye

for 1 h at 37uC in dark. Again cells were washed twice with PBS.

Then, fluorescence intensity of Rhodamine-123 was measured

using upright fluorescence microscope (OLYMPUS CKX 41) by

grabbing the images at 206magnification.

Preparation of crude cell extract
For the measurement of lipid peroxidation (LPO) and

glutathione (GSH), HepG2 cells were cultured in 75-cm2 culture

flask and exposed to CuO NPs at the concentrations of 2, 5 and

10 mg/ml for 24 h. After the treatment, cells were harvested in ice-

cold phosphate buffer saline by scraping and washed with

phosphate buffer saline at 4uC. The cell pellets were then lysed

in cell lysis buffer [1X 20 mM Tris-HCl (pH 7.5), 150 mM NaCl,

1 mM Na2EDTA, 1% Triton, 2.5 mM sodium pyrophosphate] as

described in our previous publication [26]. Following centrifuga-

tion (15000 g for 10 min at 4uC) the supernatant (cell extract) was

maintained on ice.

Lipid peroxidation assay
The extent of membrane LPO was estimated by measuring the

formation of malondialdehyde (MDA) using the method of

Ohkawa et al [33]. MDA is one of the end products of membrane

LPO. Briefly, 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 37uC for 1 h.

After the incubation mixture was precipitated with 5% trichlor-

oacetic acid (TCA) and centrifuged (2300 g for 15 min at room

temperature) to collect supernatant. Then 1.0 ml of 1%

thiobarbituric acid (TBA) was added to the supernatant and

placed in the boiling water for 15 min. After cooling to room

temperature absorbance of the mixture was taken at 532 nm and

was converted to MDA and expressed in nmole MDA/mg protein

Figure 1. Characterization of CuO NPs. (A) XRD pattern, (C) FETEM image (inset with higher magnification), (C) FESEM image and (D) EDS
spectrum.
doi:10.1371/journal.pone.0069534.g001
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using molar extinction coefficient of 1.566105 M21 cm21. A

reaction mixture devoid of cell extract served as control.

Intracellular glutathione assay
GSH level was quantified using Ellman’s method [34]. Briefly, a

mixture of 0.1 ml of cell extract and 0.9 ml of 5% TCA was

centrifuged (2300 g for 15 min at 4uC). Then 0.5 ml of

supernatant added into 1.5 ml of 0.01% DTNB and the reaction

was monitored at 412 nm. The amount of GSH was expressed in

terms of nmole/mg protein.

Measurement of intracellular reactive oxygen species
generation

The production of intracellular ROS was measured using 2,7-

dichlorofluorescin diacetate (DCFH-DA) as described by Wang

and Joseph [35] with some modifications [36]. The DCFH-DA

passively enters the cell where it reacts with ROS to form the

highly fluorescent compound dichlorofluorescein (DCF). In brief,

HepG2 cells (56104) were seeded in 6-well plates and allowed for

adherence. Following respective exposure, cells were washed twice

with PBS and incubated for 30 min in dark in culture medium

(without FBS) containing DCFH-DA (20 mM). The control and

treated cells were visualized by use of a fluorescence microscope

(OLYMPUS CKX 41) by grabbing the images at 206 magnifi-

cation.

Total RNA isolation and quantitative real-time PCR
analysis

HepG2 cells were cultured in 6-well plates and exposed to

10 mg/ml of CuO NPs for 24 h. At the end of exposure, total

RNA was extracted by RNeasy mini Kit (Qiagen,Valencia, CA,

USA) according to the manufacturer’s instructions. Concentration

of the extracted RNA were determined using Nanodrop 8000

spectrophotometer (Thermo-Scientific, Wilmington, DE) and the

integrity of RNA were visualized on 1% agarose gel using gel

documentation system (Universal Hood II, BioRad, Hercules,

CA). The first strand cDNA was synthesized from 1 mg of total

RNA by Reverse Transcriptase using M-MLV (Promega,

Madison, WI) and oligo (dT) primers (Promega) according to the

manufacturer’s protocol. Quantitative real-time PCR (RT-PCRq)

was performed by QuantiTect SYBR Green PCR kit (Qiagen)

using ABI PRISM 7900HT Sequence Detection System (Applied

Biosystems, Foster City, CA). Two microliter of template cDNA

was added to the final volume of 20 ml of reaction mixture. Real-

time PCR cycle parameters included 10 min at 95uC followed by

40 cycles involving denaturation at 95uC for 15 s, annealing at

60uC for 20 s and elongation at 72uC 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 [30].

Expressions of selected genes were normalized to b-actin gene,

which was used as an internal housekeeping control. All the real-

time PCR experiments were performed in triplicate and data

expressed as the mean of at least three independent experiments.

Western blotting
HepG2 cells were cultured in 6-well plates and exposed to 10

mg/ml of CuO NPs for 24 h. The harvested cell pellets were lysed

in RIPA lysis buffer [1X TBS (0.5 M Tris-HCl and 1.5 M NaCl)

pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,

0.004% sodium azide] in the presence of a protease inhibitor [26].

The cell lysates were then analyzed for protein content using SDS-

Page immunoblotting. The membrane was then probed with p53,

bax, bcl-2, cleaved caspase-3 and b-actin antibodies to determine

the expression of proteins. The b-actin was used as a loading

control. Protein levels were also analyzed by desitometric analysis

using AlphaEase TM FC StandAlone V.4.0.0 software. Results are

expressed as a fold change over the control group.

Protein estimation
The total protein content in cell extracts was estimated by the

Bradford method [37] (Bradford 1976) using bovine serum

albumin as the standard.

Statistical analysis
All the data represented in this study are means 6 SD of three

identical experiments made in three replicate. Statistical signifi-

cance was determined by one-way analysis of variance (ANOVA)

followed by Dunnett’s multiple comparison test. Significance was

ascribed at p,0.05. All analyses were conducted using the Prism

software package (GraphPad Software, Version 5.0).

Results

Physicochemical characterization of CuO nanoparticles
Fig. 1A shows the XRD pattern of prepared CuO NPs that

clearly exhibits the crystalline nature of this material. The peaks at

2h= 32.62u, 35.61u, 38.80u, 48.75u, 53.68u and 58.42 were

assigned to (110), (002), (111), (202), (020) and (113) of CuO

NPs. The crystallite size has been estimated from the XRD pattern

Figure 2. CuO NPs induced dose-dependent cytotoxicity in
HepG2 cells. (A) MTT assay and (B) NRU assay. Data represented are
mean 6 SD of three identical experiments made in three replicate.
*Statistically significant difference as compared to the controls (p,0.05
for each).
doi:10.1371/journal.pone.0069534.g002

CuO Nanoparticles Induced Apoptosis in HepG2 Cells
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using the Scherrer’s equation [38]. The average crystallite size of

CuO NPs was found to be around 22 nm. Fig. 2B and C show the

typical FETEM and FESEM images of the CuO NPs, respectively.

These pictures exhibit that the majority of the particles were

spherical shaped with smooth surfaces. HRTEM (Fig. 2B inset

image) also suggested the crystalline nature of CuO NPs. TEM

average diameter was calculated from measuring over 100

particles in random fields of TEM view. The average TEM

diameter of CuO NPs was also approximately 22 nm, supporting

XRD results. EDS spectrum of CuO NPs is given in Fig. 2D. The

EDS result shows that there are no other elemental impurities

present in the prepared CuO NPs. The specific surface area of

CuO NPs determined by BET was 34 m2/g. The average

hydrodynamic size of CuO NPs in water and cell culture media

determined by DLS was around 196 nm and 167 nm, respective-

ly. Further, the zeta potential of CuO NPs in water and culture

media was approximately 220 mV and 225 mV, respectively.

The physicochemical characteristics of CuO NPs are listed in

Table 1.

Cytotoxic effects of CuO nanoparticles
HepG2 cells were exposed to CuO NPs at the concentrations of

0, 2, 5, 10, 25 and 50 mg/ml for 24 h and cytotoxicity was

determined using MTT and NRU assays. Results showed that

CuO NPs significantly decreased the cell viability in dose-

dependent manner. In MTT assay cell viability decreased to

Figure 3. CuO NPs induced dose-dependent oxidative stress in HepG2 cells. (A) ROS level in HepG2 cells treated with CuO NPs in presence
or absence of NAC, (B) lipid peroxidation and (C) glutathione level. Data represented are mean 6 SD of three identical experiments made in three
replicate. *Statistically significant difference as compared to the controls (p,0.05 for each).
doi:10.1371/journal.pone.0069534.g003

Figure 4. N-acetyl-cystein (NAC) significantly preserved the
viability (MTT assay) of HepG2 cells caused by CuO NPs. Data
represented are mean 6 SD of three identical experiments made in
three replicate. *Statistically significant difference in percentage of cells
as compared to the controls (p,0.05). #Significant inhibitory effect of
NAC on cell viability reduction (p,0.05).
doi:10.1371/journal.pone.0069534.g004

CuO Nanoparticles Induced Apoptosis in HepG2 Cells
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83%, 69%, 52%, 34% and 28% when cells exposed to CuO NPs

at the concentrations of 2, 5, 10, 25 and 50 mg/ml, respectively

(Fig. 2A). Fig. 2B shows the results of cell viability obtained by

NRU assay. In NRU assay cell viability decreased to 81%, 66%,

51%, 40% and 33% when cells exposed to CuO NPs at the

concentrations of 2, 5, 10, 25 and 50 mg/ml, respectively. In

agreement with cell viability data phase contrast microscopy

results also showed that lowering of cell density and rounding of

cells in dose-dependent manner due to CuO NPs exposure

(Fig. S1 in Supporting Information S1).

Moreover, measurement of Cu2+ released in cell culture

medium suggested that Cu2+ released from CuO NPs were not

involved in the toxicity induced by these nanoparticles on HepG2

cells (Fig S2 in Supporting Information S1).

Toxicity of CuO nanoparticlse was mediated through
oxidative stress

We examined the effect of CuO NPs on ROS generation in the

presence or absence of the anti-oxidant N-acetyl-cystein (NAC).

Fluorescent microscopy data revealed that CuO NPs (2–10 mg/

ml) induced the intracellular production of ROS in dose-

dependent manner (Fig. 3A). We further observed that co-

exposure of NAC effectively prevented the ROS generation

induced by 10 mg/ml of CuO NPs. ROS level was reduced up to

control level for CuO NPs in the presence of NAC.

We also determined the membrane lipid peroxidation (LPO)

and intracellular glutathione (GSH) levels in HepG2 cells exposed

to CuO NPs (2–10 mg/ml) for 24 h. MDA level, an end product of

membrane LPO was significantly higher in cells exposed to CuO

NPs in the concentration range of 2–10 mg/ml (p,0.05 for each)

(Fig. 3B). Fig. 3C shows that CuO NPs significantly reduced the

intracellular level of GSH in a dose-dependent manner (p,0.05

for each).

In order to investigate whether oxidative stress could play a role

in the cytotoxicity of CuO NPs, HepG2 cells were exposed to CuO

NPs in the presence of the NAC. Results showed that NAC

abolished almost fully the harmful effect of CuO NPs at all

concentrations studied (Fig. 4)

CuO nanoparticles decreased the mitochondrial
membrane potential

It is well known that during apoptosis the mitochondrial

membrane potential (MMP) decreases [27]. The effect of CuO

NPs on mitochondrial membrane potential (MMP) was evaluated

in HepG2 cells. Cells were exposed to CuO NPs (2–10 mg/ml) for

24 h and assayed for Rhodamine 123 uptake using fluorescence

microscope. The brightness of the fluorescent intensity was

reduced in cells exposed to CuO NPs that indicates a significant

reduction of mitochondrial membrane potential in HepG2 cells

(Fig. 5).

CuO nanoparticles induced apoptosis
Quantitative real-time PCR was used to analyze the mRNA

levels of apoptotic genes (p53, bax, bcl-2, and caspase-3) in HepG2

cells exposed to CuO NPs at the concentration of 10 mg/ml for

24 h. Results showed that CuO NPs significantly altered the

expression levels of mRNA of these genes in HepG2 cells. The

mRNA expression level of tumor suppressor gene p53 and

apoptotic genes bax & caspase-3 were significantly up-regulated

while the expression of anti-apoptotic gene bcl-2 was significantly

down-regulated in CuO NPs treated cells as compared to controls

(Fig. 6A) (p,0.05 for each).

To confirm the quantitative real-time PCR results, we further

examined the protein expression levels of these genes in CuO NPs

exposed HepG2 cells using Western blotting. Similar to mRNA

results, the protein levels of p53, bax and cleaved caspase-3 were

significantly up-regulated while the expression of bcl-2 was

significantly down-regulated in CuO NPs treated cells (p,0.05

for each) (Fig. 6B).

Figure 5. CuO NPs induced dose-dependent mitochondrial membrane potential in HepG2 cells.
doi:10.1371/journal.pone.0069534.g005

CuO Nanoparticles Induced Apoptosis in HepG2 Cells
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Discussion

Toxicity of CuO NPs has been considered as a serious limitation

for their implementation in new applications and prior mechanis-

tic toxicological characterization of this material is needed [12,13].

The present study demonstrates the cytotoxicity, oxidative stress

and apoptosis response of CuO NPs on human hepatocellular

carcinoma HepG2 cells. Our data also revealed that the mode of

cell death was apoptosis which was mediated by the ROS

triggered mitochondria pathway as evidenced by decrease in

MMP along with modulation of bax, bcl-2 and cleaved caspase-9

proteins expression.

Physicochemical characterization of nano-scale materials is

essential in nanotoxicity research for better interpretation of results

[28,39,40]. Characterization of CuO NPs was done using a

combination of XRD, TEM, EDS, DLS and BET techniques in

order to provide clear insight into crystalline nature, morphology,

particle size, surface property and the chemical composition. Our

XRD results confirm the crystalline nature of CuO NPs. SEM and

TEM showed that nanoparticles were spherical in shape with a

smooth surface and had an average diameter of 22 nm. EDS data

indicated that synthesized CuO NPs were highly pure with no

traces of impurities. Agglomeration and stability of nanoparticles

in aqueous suspension are major challenges nanotoxicology

[26,41]. Once the nanomaterials were introduced to aqueous

media, the sizes changed to approximately five to ten times of the

primary size. We found the same results in case of CuO NPs

(Table 1). The higher size of nanoparticles in aqueous suspension

as compared to TEM and XRD might be due to the tendency of

particles to agglomerate in aqueous state. This finding is supported

by other investigators [42,43] and has been discussed in our

previous publications [26,41]. In brief, DLS measures Brownian

motion and subsequent size distribution of an ensemble collection

of nanoparticles in suspension gives a mean hydrodynamic

diameter that is usually larger than TEM diameter because it

represents a dried layer of nanoparticles on a TEM grid. During

DLS measurement, there is a tendency of nanoparticles to

agglomerate in aqueous state thereby giving the size of clustered

particles rather than individual particles [27]. Moreover, mean

hydrodynamic size of CuO NPs in complete cell culture medium

was found to be about slightly smaller than that in distilled water.

Similar drop in the hydrodynamic size of nanoparticles in culture

medium was reported by other researchers [44,45], suggesting that

Figure 6. CuO NPs induced apoptosis in HepG2 cells. (A) Quantitative real-time PCR analysis of mRNA levels of apoptotic genes in HepG2 cells
exposed to CuO NPs. (I) p53, (II) bax, (III) bcl-2 and (IV) caspase-3. Data represented are mean 6 SD of three identical experiments made in three
replicate. *Statistically significant difference as compared to the controls (p,0.05 for each). (B) Western blot analysis of protein levels of apoptotic
genes in HepG2 cells treated with CuO NPs. (I) Immunoblot images of p53, bax, bcl-2 and bax proteins. (II) Protein levels were also analyzed by
desitometric analysis using AlphaEase TM FC StandAlone V.4.0.0 software. Results are expressed as a fold change over the control group. *Statistically
significant difference as compared to the controls (p,0.05 for each).
doi:10.1371/journal.pone.0069534.g006
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salts and proteins could help in nanoparticle dispersion in an

aqueous environment. The tendency of particles to form

aggregates depends on the surface charge. The CuO NPs charge,

determined as zeta potential was 220 and 225 mV for distilled

water and cell culture media, respectively.

Oxidative stress has been suggested to play an important role in

the toxicity mechanisms of nanoparticles [46,47]. This has been

attributed due to their small size and large surface area which is

generally thought to generate ROS. ROS such as superoxide

anion (O22), hydroxyl radical (HON) and hydrogen peroxide

(H2O2) elicit a variety of physiological and cellular events

including inflammation, DNA damage and apoptosis [39,48,49].

There has been an increase in biochemical and clinical evidences

that indicate the involvement of ROS and oxidative stress in

various diseases including cancer [50,51]. In previous study, we

found that CuO NPs were able to induce ROS mediated

cytotoxicity and genotoxicity in A549 cells [10]. In the present

study, ROS and lipid peroxidation levels were significantly higher

while the antioxidant GSH level was significantly lower in HepG2

cells exposed to CuO NPs. Moreover, antioxidant NAC reduced

cell death drastically indicating that oxidative stress plays an

important role in CuO NPs induced cytotoxicity.

ROS has been suggested to be signaling molecule for the

initiation and execution of the apoptotic cell death program [52].

The production of ROS, in particular, has also been associated

with programmed cell death in many conditions such as stroke,

inflammation, ischemia, lung edema and neuro-degeneration

[53,54]. In the present study, we observed that the expressions

of both mRNA and protein levels of tumor suppressor gene p53

and apoptotic genes (bax and cleaved caspase-3) were up-regulated

while the expression of anti-apoptotic gene bcl-2 was down-

regulated in HepG2 cells treated with CuO NPs. It has been

suggested that bax is up-regulated by p53 [55]. Since an increase

in bax expression was observed, the role of p53 in the up-

regulation of bax upon CuO NPs exposure can be postulated. The

insertion of bax into the mitochondrial membrane possibly leads to

p53-mediated apoptosis [55]. Caspases are activated during

apoptosis in many cells and are known to play a vital role in

both initiation and execution of apoptosis. It was reported that

activated caspase-3 (cleaved caspase-3) is essential for cellular

DNA damage and apoptosis [56]. Taken together, up-regulation

of p53 leads to activation of pro-apoptotic members of bcl-2

family, such as bax induces permeabilization of the outer

mitochondrial membrane, which releases soluble proteins from

the intermembrane space into the cytosol, where they promote

caspase activation [57]. The best studied of these proteins is

cytochrome c, which binds to apoptosis protease activating factor-

1 (Apaf-1) and leads to the assembly of an apoptosome complex.

This apoptosome can bind procaspase-9 and cause its auto-

activation through a conformational change. Once initiated

caspase-9 goes on to activate caspase-3 (effector caspase), which

cleaves substrates at aspartate residues and activation of this

proteolytic activity appears to be an event in apoptosis [25].

Results of the present study are supported by our previous studies

where ZnO NPs nanoparticles significantly up-regulated of p53

and bax genes along with the down-regulated proapototic gene

bcl-2 in A549 and HepG2 cells [41,49].

Conclusion

CuO NPs were found to induce cytotoxicity in HepG2 cells in

dose-dependent manner, which was likely to be mediated through

ROS. Tumor suppressor gene p53 and apoptotic gene caspase-3

were up-regulated due to CuO NPs exposure. Decrease in MMP

with a concomitant increase in the expression of bax/bcl2 ratio

suggested that CuO NPs induced apoptosis in HepG2 cells

through mitochondrial pathway. Our study provided valuable

insights into the possible mechanism of liver toxicity caused by

CuO NPs at in vitro level. Our short-term exposure study of high

level induction of apoptotic response of CuO NPs will need to be

further investigated to determine whether long-term exposure

consequences may exist for CuO NPs application.

Supporting Information

Supporting Information S1. Figure S1 Morphology of

HepG2 cells exposed to different concentrations of CuO NPs for

24 h. (A) control, (B) 2 mg/ml, (C) 5 mg/ml, (D) 10 mg/ml, (E)

25 mg/ml and (F) 50 mg/ml. Figure S2, Effect of dissolved Cu2+

on the viability and morphology of HepG2 cells. (A) MTT assay

and (B) NRU assay. Data represented are mean 6 SD of three

identical experiments made in three replicate. *Statistically

significant difference as compared to the controls (p,0.05 for

each). (C) Morphology of HepG2 cells exposed to Cu2+ at the

concentration of 5.0 mg/mL for 24 h.
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