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a b s t r a c t

Due to the interesting magnetic and electrical properties with good chemical and thermal stabilities,
nickel ferrite nanoparticles are being utilized in many applications including magnetic resonance imag-
ing, drug delivery and hyperthermia. Recent studies have shown that nickel ferrite nanoparticles produce
cytotoxicity in mammalian cells. However, there is very limited information concerning the toxicity of
nickel ferrite nanoparticles at the cellular and molecular level. The aim of this study was to investigate the
cytotoxicity, oxidative stress and apoptosis induction by well-characterized nickel ferrite nanoparticles
(size 26 nm) in human lung epithelial (A549) cells. Nickel ferrite nanoparticles induced dose-dependent
cytotoxicity in A549 cells demonstrated by MTT, NRU and LDH assays. Nickel ferrite nanoparticles were
also found to induce oxidative stress evidenced by generation of reactive oxygen species (ROS) and
depletion of antioxidant glutathione (GSH). Further, co-treatment with the antioxidant l-ascorbic acid
mitigated the ROS generation and GSH depletion due to nickel ferrite nanoparticles suggesting the poten-
tial mechanism of oxidative stress. Quantitative real-time PCR analysis demonstrated that following the

exposure of A549 cells to nickel ferrite nanoparticles, the level of mRNA expressions of cell cycle check-
point protein p53 and apoptotic proteins (bax, caspase-3 and caspase-9) were significantly up-regulated,
whereas the expression of anti-apoptotic proteins (survivin and bcl-2) were down-regulated. Moreover,
activities of caspase-3 and caspase-9 enzymes were also significantly higher in nickel ferrite nanoparticles
exposed cells. To the best of our knowledge this is the first report showing that nickel ferrite nanoparticles
induced apoptosis in A549 cells through ROS generation and oxidative stress via p53, survivin, bax/bcl-2

and caspase pathways.

. Introduction

Spinel ferrite nanoparticles with the general formula MFe2O4
where M is +2 cation of Ni, Mn, Zn or Co) are very important

aterials because of their interesting magnetic and electrical prop-
rties with good chemical and thermal stabilities (Willard et al.,
004). These nanocrystalline materials are used in many applica-
ions including magnetic extraction, magnetic resonance imaging,
ell labeling, drug delivery and hyperthermia (Lee et al., 2007; Rana
t al., 2007; Sun et al., 2008; Chertok et al., 2008). Hyperther-

ia is a method of cancer treatments which is designed to raise

he temperature of cancer cells. Cancer cells more are susceptible
o heat than normal cells. Hyperthermia treatment thus has the
dvantage of being less risky to the body, with fewer side effects

∗ Corresponding author. Tel.: +966 4670662; fax: +966 4670664.
E-mail address: maqusood@gmail.com (M. Ahamed).

300-483X/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.tox.2011.02.010
© 2011 Elsevier Ireland Ltd. All rights reserved.

(Tomitaka et al., 2010). Nickel ferrite (NiFe2O4) is one of the most
important spinel ferrites. Despite the wide-spread application of
nickel ferrite nanoparticles, there is a serious lack of information
concerning the toxicity of these nanoparticles at the cellular and
molecular level. Only a few significant studies reported potential
cytotoxicity of spinet ferrite nanoparticles including nickel fer-
rite nanoparticles (Yin et al., 2005; Baldi et al., 2007; Beji et al.,
2010). Tomitaka et al. (2009) reported that nickel ferrite nanopar-
ticles showed only minimal changes on HeLa cell proliferation at
concentrations of 10 �g/ml, but significantly low viability at con-
centrations of 100 �g/ml (Tomitaka et al., 2009).

The molecular mechanisms of toxicity of nanoparticles are still
underway. One mechanism frequently discussed is the induction

of oxidative damage of cellular constituents, either due to the
generation of reactive oxygen species (ROS) or by inactivation of
antioxidant defense system (Nel et al., 2006; Stone and Donaldson,
2006). Experimental evidence has shown that metal and metal
oxide nanoparticles induced DNA damage and apoptosis through

dx.doi.org/10.1016/j.tox.2011.02.010
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:maqusood@gmail.com
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OS generation and oxidative stress (Park et al., 2008; Asharani
t al., 2009; Ahamed et al., 2010a,b; Lunov et al., 2010). For example,
ur previous studies have shown that silver nanoparticles, copper
xide nanoparticles and silica nanoparticles induced cytotoxicity,
NA damage and apoptosis in cultured human cells through lipid
eroxidation, ROS generation and oxidative stress (Ahamed et al.,
008, 2010c; Akhtar et al., 2010a).

Apoptosis is controlled by a large number of genes acting as
eath switches. The tumor suppressor gene p53 is regarded as the
uardian of the cell genome is able to activate cell cycle check-
oints, DNA repair and apoptosis to maintain stability of genome
Sherr, 2004). In the presence of cellular stress, p53 triggers cell
ycle arrest to provide time for the damage to be repaired or self-
ediated apoptosis (Farnebo et al., 2010). Survivin, one member

f inhibitor of apoptosis family, has recently been reported to play
n important role in both cell proliferation and cell death. Down-
egulation of survivin expression may cause a cell-cycle defect that
eads to apoptotic cell death (Ryan et al., 2009). The bcl-2 and bax
re two discrete members of a gene family also involved in the
egulation of apoptosis. The bcl-2 blocks cell death following var-
ous stimuli, demonstrating a death-sparing effect; however, over
xpression of bax has a pro-apoptotic effect and bax also counters
he anti-apoptotic activity of bcl-2 (Chougule et al., 2010). The ratio
f bax to bcl-2 expression represents a cell death switch, which
etermines the life or death of cells in response to an apoptotic
timulus; an increased bax/bcl-2 ratio decreases the cellular resis-
ance to apoptotic stimuli, leading to increased apoptotic cell death
Bai and Meng, 2005; Gao and Wang, 2009). It has also been well
ocumented that signaling pathway leading to apoptosis involved
he sequential activation of cysteine proteases known as caspases
Takadera and Ohyashiki, 2007; Tang et al., 2010). The present study
as designed to investigate the nickel ferrite nanoparticles induced

poptosis through ROS generation and oxidative stress via p53,
urvivin, bax/bcl-2 and caspase pathways in human lung epithe-
ial A549 cells. This preliminary study provides insight into nickel
errite nanoparticles induced apoptotic cell death in A549 cells and
ossible cellular and molecular mechanisms involved. Human lung
pithelial A549 cells, derived from human lung carcinoma, have
idely been used to study the cytotoxicity, ROS generation, oxida-

ive stress and molecular mechanisms of apoptosis (Sánchez-Pérez
t al., 2009; Ye et al., 2009; Ahamed et al., 2010c; Akhtar et al.,
010a,b; Barillet et al., 2010; Zhang et al., 2010).

. Materials and methods

.1. Nickel ferrite nanoparticles and reagents

Nickel ferrite (NiFe2O4) nanopowder (Product No. 637149, particle size: <50 nm
nd purity: ≥98% trace metals basis), MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazoliumbromide]), reduced glutathione (GSH), DTNB (5,5-dithio-bis-
2-nitrobenzoic acid)), DCFH-DA (2,7-dichlorofluorescin diacetate) and l-ascorbic
cid (AA) were purchased from Sigma–Aldrich, USA. Fetal bovine serum (FBS),
enicillin–streptomycin, DMEM/F-12 medium and HBSS were obtained from Invit-
ogen Co., USA. All other chemicals used were of the highest purity available from
ommercial sources.

.2. Characterization of nickel ferrite nanoparticles

The crystalline nature of nickel ferrite nanopowder was carried out by taking
-ray diffraction (XRD) pattern at room temperature with the help of PANalytical
’Pert X-ray diffractometer equipped with a Ni filtered using Cu K� (� = 1.54056 Å)
adiations as X-ray source. Morphology and size of the nanoparticles was exam-
ned by field emission scanning electron microscope (FESEM, JSM-7600F, JEOL Inc.)
nd field emission transmission electron microscopy (FETEM, JEM-2100F, JEOL Inc.)

t an accelerating voltage of 15 kV and 200 kV respectively. Briefly, suspension of
ickel ferrite nanoparticles was sonicated using a sonicator bath at room temper-
ture for 15 min at 40 W to form a homogeneous suspension. Further, a drop of
queous nanoparticles was placed onto a carbon-coated copper TEM grid, air-dried
nd observed with TEM. Energy dispersive X-ray (EDX) analysis was used to see the
lemental composition of the nanocrystalline nickel ferrite.
283 (2011) 101–108

Dynamic light scattering (DLS) (ZetaSizer-HT) was used to determine the hydro-
dynamic size the nickel ferrite nanoparticles suspension in the cell culture medium.
Nanoparticles were suspended in cell culture media, sonicated at room temperature
for 10 min at 40 W to form homogeneous mixture and DLS was performed.

2.3. Cell culture and treatment of nickel ferrite nanoparticles

Human lung epithelial A549 cells were used between passages 10 and 20. Cells
were cultured in DMEM/F-12 medium supplemented with 10% FBS and 100 U/ml
penicillin–streptomycin at 5% CO2 and 37 ◦C. At 85% confluence, cells were har-
vested using 0.25% trypsin and were sub-cultured into 75 cm2 flasks, 6-well plates
or 96-well plates according to selection of experiments. Cells were allowed to
attach the surface for 24 h prior to treatment. Nickel ferrite nanoparticles were
suspended in cell culture medium and diluted to appropriate concentrations. The
dilutions of nickel ferrite nanoparticles were then sonicated using a sonicator bath
at room temperature for 10 min at 40 W to avoid nanoparticles agglomeration prior
to administration to the cells.

2.4. MTT assay

Viability of A549 cells after exposure to nickel ferrite nanoparticles was assessed
by MTT assay as described by Mossman (1983). The MTT assay assesses the mito-
chondrial function by measuring ability of viable cells to reduce MTT into blue
formazon product. In brief, 1 × 104 cells/well were seeded in 96-well plates and
exposed to nanoparticles at the concentrations of 0, 1, 2, 5, 10, 25, 50 and 100 �g/ml
for 24 h. After the exposure completed, the 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 37 ◦C until a purple colored formazan product developed. The resulting formazan
product was dissolved in acidified isopropanol. Further, the 96-well plate was cen-
trifuged at 2500 rpm for 5 min to settle down the remaining nanoparticles present
in the solution. Then, a 100 �l 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).

2.5. NRU assay

Neutral red uptake (NRU) assay was performed following the procedure as
described by Borenfreund and Puerner (1984) with some modifications (Siddiqui
et al., 2010). In brief, 1 × 104 cells/well were seeded in 96-well plates and exposed
to nickel ferrite nanoparticles at the concentrations of 0, 1, 2, 5, 10, 25, 50 and
100 �g/ml for 24 h. At the end of exposure the test solution was aspirated and cells
were washed with PBS twice and incubated for 3 h in medium supplemented with
neutral red (50 �g/ml). The medium was washed off rapidly with a solution con-
taining 0.5% formaldehyde and 1% calcium chloride. Cells were further incubated
for 20 min at 37 ◦C in a mixture of acetic acid (1%) and ethanol (50%) to extract the
dye. The plates were finally read at 540 nm using microplate reader (Synergy-HT,
BioTek).

2.6. LDH leakage assay

Lactate dehydrogenase (LDH) is an enzyme widely present in cytosol that con-
verts lactate to pyruvate. When plasma membrane integrity is disrupted, LDH leaks
into culture media and its extracellular level is elevated (Wroblewski and LaDue,
1955). LDH assay was carried out by the LDH-Cytotoxicity assay kit (Bio-Vision)
according to the manufacturer’s protocol. In brief, 1 × 104 cells/well were seeded
in 96-well plates and exposed to nickel ferrite nanoparticles at the concentrations
of 0, 1, 2, 5, 10, 25, 50 and 100 �g/ml for 24 h. After the exposure completed, the
96-well plate was centrifuged at 2500 rpm for 5 min to settle down the nanoparti-
cles present in the solution. A 100 �l of supernatant transferred to new fresh well
of 96-well plate that already containing 100 �l reaction mixture from BioVision kit
and incubated for 30 min at room temperature. After incubation, the absorbance of
solution was measured at 340 by using a microplate reader (Synergy-HT, BioTek).
LDH levels in the media versus the cells were quantified and compared to the control
values according to the instruction of kit.

2.7. Measurement of ROS and GSH

Oxidative stress markers (ROS and GSH) were determined in A549 cells exposed
to 100 �g/ml nickel ferrite nanoparticles for 24 h. Antioxidant ascorbic acid (1.5 mM)
was co-exposed with or without nickel ferrite nanoparticles to delineate the poten-
tial mechanism of oxidative stress.

The production of intracellular ROS was measured using 2,7-dichlorofluorescin
diacetate (DCFH-DA) (Wang and Joseph, 1999). The DCFH-DA passively enters the

cell where it reacts with ROS to form the highly fluorescent compound dichloroflu-
orescein (DCF). Briefly, 10 mM DCFH-DA stock solution (in methanol) was diluted in
culture medium without serum or other additive to yield a 100 �M working solution.
At the end of exposure with nanoparticles and l-ascorbic acids cells were washed
twice with HBSS. Then cells were incubated in 1 ml working solution of DCFH-DA at
37 ◦C for 30 min. Cells were lysed in alkaline solution and centrifuged at 2300 × g. A
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00 �l supernatant was transferred to 96-well plate and fluorescence was measured
sing at 485 nm excitation and 520 nm emission using a microplate reader (Synergy-
T, BioTek). The values were expressed as percent of fluorescence intensity relative

o control wells.
For the measurement of GSH, cells were cultured in 75-cm2 culture flask. After

he treatment cell pellets from control and treated group were then lysed in cell lysis
uffer [1×20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1% Triton, 2.5 mM
odium pyrophosphate]. Following centrifugation (15,000 × g for 10 min at 4 ◦C) the
upernatant (cell extract) was maintained on ice until assayed for the cellular GSH
sing Ellman’s method (1959). Briefly, a mixture of 0.1 ml of cell extract and 0.9 ml
f 5% TCA was centrifuged (2300 × g for 15 min at 4 ◦C). Then 0.5 ml of supernatant
dded into 1.5 ml of 0.01% DTNB and the reaction was monitored at 412 nm. The
mount of GSH was expressed in terms of nmol/mg protein.

.8. Total RNA isolation and quantitative real-time PCR analysis of apoptotic
arkers

For total RNA isolation, A549 cells were cultured in 6-well plates and exposed
o nickel ferrite nanoparticles at a concentration of 100 �g/ml for 24 h. At the end
f exposure total RNA was extracted by RNeasy mini Kit (Qiagen) according to the
anufacturer’s instructions. Concentration of the extracted RNA was determined

sing Nanodrop 8000 spectrophotometer (Thermo-Scientific) and the integrity of
NA was visualized on 1% agarose gel using gel documentation system (Univer-
al Hood II, BioRad). The first strand cDNA was synthesized from 1 �g of total RNA
y Reverse Transcriptase using M-MLV (Promega) and oligo (dT) primers (Promega)
ccording to the manufacturer’s protocol. Real-time quantitative PCR (RT-PCRq) was
erformed by QuantiTect SYBR Green PCR kit (Qiagen) using ABI PRISM 7900HT
equence Detection System (Applied Biosystems, USA). Two microliters of template
DNA was added to the final volume of 20 �l of reaction mixture. Real-time PCR
ycle parameters included 10 min at 95 ◦C followed by 40 cycles involving denatu-
ation at 95 ◦C for 15 s, annealing at 60 ◦C for 20 s and elongation at 72 ◦C for 20 s.
he sequences of the specific sets of primer for p53, bax, bcl-2, survivin, caspase-3,
aspase-9 and �-actin used in this study are given in Table 1. Expressions of selected
enes were normalized to �-actin gene, which was used as an internal housekeep-
ng control. All the real-time PCR experiments were performed in triplicate and data
xpressed as the mean of at least three independent experiments.

.9. Assays of caspase-3 and caspase-9 enzymes

Activities of caspase-3 and caspase-9 enzymes were measured in A549 cells
reated with nickel ferrite nanoparticles at the concentrations of 25, 50 and
00 �g/ml using the standard assay kit (BioVision, Inc.). This assay is based on
he principle that activated caspases in apoptotic cells cleave the synthetic sub-
trates to release free chromophore p-nitroanilide (pNA), which is measured at
05 nm. The pNA was generated after specific action of caspase-3 and caspase-9
n tertrapeptide substrates DEVD-pNA and LEHD-pNA, respectively (Berasain et al.,
005; Ahamed et al., 2010b). The reaction mixture consisted of 50 �l of cell extract
rotein (50 �g), 50 �l of 2× reaction buffer (containing 10 mM dithiothreitol) and
�l of 4 mM DEVD-pNA (for caspase-3) or LEHD-pNA (for caspase-9) substrate in a

otal volume of 105 �l. The reaction mixture was incubated at 37 ◦C for 1 h and
bsorbance of the product was measured using microplate reader (Synergy-HT,
ioTek) at 405 nm according to manufacturer’s instruction. Activities of caspase-
and caspase-9 enzymes are presented as picomol DEVD-pNA/�g protein and

icomol LEHD-pNA/�g protein respectively.

.10. Protein estimation

Estimation of protein was done using a BCA protein assay kit (Pierce Biotech-
ology). The BCA protein assay is a detergent-compatible formulation based on
icinchoninic acid (BCA) for the colorimetric detection and quantification of total
rotein.

.11. Statistical analysis

All the data represented in this study are means ± SD of three identical experi-
ents made in three replicate. Statistical significance was determined by one-way

nalysis of variance (ANOVA) followed by Dunnett’s multiple comparison test. Sig-
ificance was ascribed at p < 0.05. All analyses were conducted using the Prism
oftware package (GraphPad Software).

. Results
.1. Characterization of nickel ferrite nanoparticles

Fig. 1 shows the XRD pattern of nickel ferrite nanopowder that
learly exhibits crystalline nature of this material. The crystallite
ize has been estimated from the XRD pattern using the Scherrer’s
Fig. 1. X-ray diffraction pattern of nickel ferrite nanoparticles.

equation (Patterson, 1939).

D = 0.9�

B cos �

where D is the grain size, � the wavelength of X-ray (1.54056 Å), B
the full-width at half-maxima of the diffraction peak (in radian)

The average crystallite size corresponding to the highest peak
observed in XRD was found to be 26 ± 17 nm. The presence of sharp
structural peaks in XRD patterns and average crystallite size less
than 100 nm suggested the nano-crystalline nature of the parti-
cles. Fig. 2A and B shows the typical SEM and TEM images of the
nickel ferrite nanoparticles respectively. TEM average diameter was
calculated from measuring over 100 particles in random fields of
TEM view. The average TEM diameter of nickel ferrite nanoparticles
was 25 ± 97 nm further supporting the XRD result. The EDX spec-
trum of nickel ferrite nanoparticles is given in Fig. 2C. The presence
of Cu and C signals was from the carbon-coated-copper TEM-grid.
The EDX result showing that there is no other elemental impurities
present in nickel ferrite nanoparticles used in this study.

The average hydrodynamic size of nickel ferrite nanoparticles
suspension in cell culture medium as determined by dynamic light
scattering (DLS) was 97 ± 23 nm. The higher size of nanoparticles
in aqueous suspension as compared to TEM and XRD sizes might
be due to the tendency of particles to aggregate in aqueous state.
This finding is supported by other investigators (Bai et al., 2009;
Sharma et al., 2009) and has been briefly discussed in our previous
publication (Ahamed et al., 2010b).

3.2. Nickel ferrite nanoparticle-induced cytotoxicity

Human lung epithelial A549 cells were exposed to nickel fer-
rite nanoparticles at the concentrations of 0, 1, 2, 5, 10, 25, 50
and 100 �g/ml for 24 h and cytotoxicity was determined using
MTT, NRU and LDH assays. All the three assays have shown that
nickel ferrite nanoparticles up to the concentration of 10 �g/ml,
did not produce significant cytotoxicity (p > 0.05 for each). As the
concentration of nanoparticles increased to 25, 50 and 100 �g/ml
cytotoxicity was observed in dose-dependent manner. In MTT assay
cell viability was significantly decreased to 83%, 76% and 69% for the

concentrations of 25, 50 and 100 �g/ml respectively (p < 0.05 for
each) (Fig. 3A). Fig. 3B shows the results of cell viability obtained by
NRU assay. In this assay the cell viability decreased to 84%, 78% and
73% when cells exposed to nickel ferrite nanoparticles at the con-
centrations of 25, 50 and 100 �g/ml respectively (p < 0.05 for each).
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Table 1
Sequences of primers used for quantitative real-time PCR.

Target gene Forward Reverse

p53 5′-CCCAGCCAAAGAAGAAACCA-3′ 5′- TTCCAAGGCCTCATTCAGCT-3′

Survivin 5′-AGAACTGGCCCTTCTTGGAGG-3′ 5′-CTTTTTATGTTCCTCTATGGGGTC-3′

bax 5′-TGCTTCAGGGTTTCATCCAG-3′ 5′-GGCGGCAATCATCCTCTG-3′
′ ′ ′ ′

A
2
f
m
L
c
(

3

s
l
n
R
(
b
l
(

F
m

bcl-2 5 -AGGAAGTGAACATTTCGGTGAC-3
Caspase-3 5’-ACATGGCGTGTCATAAAATACC-3’
Caspase-9 5′-CCAGAGATTCGCAAACCAGAGG-3′

�-Actin 5′TCACCCACACTGTGCCCATCTACGA-3′

significant LDH leakage in culture media was also observed at
4 h on exposure to 25, 50 and 100 �g/ml concentrations of nickel
errite nanoparticles (p < 0.05 for each) (Fig. 3C). We further deter-

ined the correlation between the cell viability (MTT assay) and
DH leakage of treated and untreated cells. A significant negative
orrelation observed between the cell viability and LDH leakage
p < 0.05) (Fig. 4).

.3. Nickel ferrite nanoparticle-induced oxidative stress

The potential of nickel ferrite nanoparticles to induce oxidative
tress was assessed by measuring the ROS and GSH levels in human
ung epithelial A549 cells. Fig. 5A shows that the nickel ferrite
anoparticles significantly induced the intracellular production of

OS (p < 0.05). We further noted that co-exposure of l-ascorbic acid
an antioxidant) effectively prevented the ROS generation induced
y nickel ferrite nanoparticles. ROS level was reduced up to control

evel for nickel ferrite nanoparticles in the presence of ascorbic acid
Fig. 5A, p < 0.05). When the nickel ferrite nanoparticles induced

ig. 2. Electron microscopy characterization of nickel ferrite nanoparticles. (A) Field emis
icroscope image, and (C) energy dispersive X-ray spectrum.
5 -GCTCAGTTCCAGGACCAGGC-3
5′-CACAAAGCGACTGGATGAAC-3′

5′-GAGCACCGACATCACCAAATCC-3′

5′ AGCGGAACCGCTCATTGCCAATGG 3′

ROS was 1.52-fold, in the presence of ascorbic acid it was reduced
and found to be 1.06-fold of control level.

Fig. 5B shows that nickel ferrite nanoparticles significantly
reduced the intracellular level of GSH (p < 0.05). Further, co-
exposure of an antioxidant (l-ascorbic acid) significantly prevented
the reduction of GSH due to nickel ferrite nanoparticles (Fig. 5B,
p < 0.05). GSH reduction due to nickel ferrite nanoparticles expo-
sure was 1.43-fold as compared to untreated control cells, where
as in the presence of ascorbic acid there was no significant reduc-
tion in GSH as compared to control (1.07-fold). These results clearly
demonstrated that nickel ferrite nanoparticles induced oxidative
stress in A549 cells by induction of oxidants (ROS) and depletion of
antioxidant (GSH).
3.4. Nickel ferrite nanoparticle-induced apoptosis

It has widely been reported that ROS generation and oxidative
stress leads to DNA damage and ultimately apoptotic cell death
(Paz-Elizur et al., 2008; Ahamed et al., 2010b,c). In this study, quan-

sion scanning electron microscope image, (B) field emission transmission electron
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ig. 3. Nickel ferrite nanoparticle-induced cytotoxicity in A549 cells. Cells were tr
00 �g/ml for 24 h. At the end of treatment cytotoxicity parameters were determine
epresented are mean ± SD of three identical experiments made in three replicate.

itative real-time PCR was utilized to analyze the mRNA levels of
poptotic markers (e.g. p53, survivin, bax, bcl-2, caspase-3 and
aspase-9) in A549 cells exposed nickel ferrite nanoparticles at a
oncentration of 100 �g/ml for 24 h. Results showed that the mRNA

evels of these apoptotic markers were significantly altered in A549
ells due to nickel ferrite nanoparticles exposure (Fig. 6, p < 0.05 for
ach). The mRNA level of tumor suppression gene p53 was 1.66-
old higher (Fig. 6A, p < 0.05) while the m RNA level of survivin,

ig. 4. Significant negative correlation between the cell viability and LDH leakage
fter 24 h exposure to 0, 1, 2, 5, 10, 25, 50 and 100 �g/ml of nickel ferrite nanopar-
icles.
with nickel ferrite nanoparticles at the concentrations of 0, 1, 2, 5, 10, 25, 50 and
escribed in Section 2. (A) MTT assay (B) NRU assay and (C) LDH leakage assay. Data
tically significant difference as compared to the controls (p < 0.05 for each).

a well-known member of the inhibitor of the apoptosis protein
(IAP) family was 1.34-fold lower (Fig. 6B, p < 0.05) in treated cells as
compared to the control. We further found higher mRNA expres-
sion of pro-apoptotic gene bax (1.43-fold) (Fig. 6C, p < 0.05) and
lower expression of anti-apoptotic gene bcl-2 (1.41 fold) (Fig. 6D,
p < 0.05) in exposed cells than those of untreated cells. Moreover,
we examined the effect of nickel ferrite nanoparticles on the mRNA
expression of caspase-3 and caspase-9 enzymes. The expression of
caspase-3 was 1.38-fold (Fig. 6E, p < 0.05) and caspase-9 (Fig. 6F,
p < 0.05) was 1.31-fold higher in treated cells in comparison with
untreated control cells. To support our hypothesis of apoptosis
induction by nickel ferrite nanoparticles, we further examined the
activities of caspas-3 and caspase-9 enzymes at the concentra-
tions of 25, 50 and 100 �g/ml. Results showed that nickel ferrite
nanoparticles induced the activities of both apoptotic enzymes in
a dose-dependent manner (Fig. 7A and B).

4. Discussion

Due to wide spread application of magnetic nanoparticles it is
imperative to evaluate their potential risks to the environment and
human health. Results published in the scientific literature con-
cerning toxic potential of iron-based nanoparticles are conflicting.
These nanoparticles have been shown to generate toxicity (Zhu
et al., 2010; Apopa et al., 2009; Lunov et al., 2010; Park et al.,

2010), while others report that they do not only show good biocom-
patibility but also exert very low toxicity (Mahmoudi et al., 2009,
2010; Song et al., 2010). One of our previous studies has shown
the cytotoxicity and oxidative caused by nickel (Ni) nanoparticles
in human lung epithelial cells (Ahamed, 2011). This prompted us
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Fig. 5. Nickel ferrite nanoparticle-induced oxidative stress in A549 cells. Cells were treated with nickel ferrite nanoparticles at a concentration of 100 �g/ml for 24 h. l-Ascorbic
acid (AA) was co-exposed with or without nickel ferrite nanoparticles. At the end of treatment ROS and GSH levels were determined as described in Section 2. AA and 100
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efers to concentrations of ascorbic acid (1.5 mM) and nickel ferrite nanoparticles (
hree identical experiments made in three replicate. *Statistically significant differe
Significant inhibitory effect of l-ascorbic acid (AA) on ROS generation and GSH de

o investigate the toxicity of nickel ferrite nanoparticle (NiFe2O4),
hich has both Ni and Fe2O4 components and has tremendous
otential for biological applications. Therefore in this study, toxic
esponses of nickel ferrite nanoparticles to human lung epithelial
549 cells were investigated. Our results demonstrated that expo-
ure of nickel ferrite nanoparticles to A549 cells cause cytotoxicity
nd oxidative stress. We have also observed apoptotic response of
ickel ferrite nanoparticles in A549 cells for which ROS generation

nd oxidative stress may be attributed as one of the possible cause.

We used more than one assay to evaluate the cytotoxicity of
ickel ferrite nanoparticles to get more reliable data. The cyto-
oxicity assays employed were mitochondrial function (MTT),
eutral red uptake (NRU) and membrane integrity (LDH leakage).

ig. 6. Effect of nickel ferrite nanoparticle on mRNA expression level of apoptotic markers
f 100 �g/ml for 24 h. Quantitative real-time PCR (RT-PCRq) was performed by QuantiTe
-actin was used as the internal control to normalize the data. Nickel ferrite nanoparticle
ompared with those for the respective unexposed control cells. Data represented are
ignificant difference as compared to the controls (p < 0.05 for each).
l) respectively. (A) ROS level and (B) GSH level. Data represented are mean ± SD of
ROS generation and GSH depletion as compared to the controls (p < 0.05 for each).
(p < 0.05 for each).

In general, all the three assays are frequently used to assess the
cytotoxicity of nanoparticles in different kinds of cell lines (Sharma
et al., 2009; Ahamed et al., 2010c; Akhtar et al., 2010a; Mahmoudi
et al., 2009; Barillet et al., 2010). All the three assays revealed
that the nickel ferrite nanoparticles exert significant cytotoxicity to
A549 cells in dose-dependent manner in the concentration range
of 25–100 �g/ml. Nickel ferrite nanoparticles at the concentra-
tion of ≤10 �g/ml did not produce significant cytotoxicity to A549

cells. Our cytotoxicity data is in accordance to the recent results of
Tomitaka et al. (2009). They investigated the cytotoxic response
of nickel ferrite nanoparticles (20–30 nm) to HeLa cells for the
concentrations of 10 and 100 �g/ml. Results showed that nickel fer-
rite nanoparticles at low concentration (10 �g/ml) did not produce

in A549 cells. Cells were treated with nickel ferrite nanoparticles at a concentration
ct SYBR Green PCR kit using ABI PRISM 7900HT Sequence Detection System. The
-induced alterations in mRNA expression levels are expressed in relative quantity
mean ± SD of three identical experiments made in three replicate. *Statistically
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Fig. 7. Nickel ferrite nanoparticles increased the activities of Caspase-3 and Caspase-9 enzymes in A549 cells. Cells were treated with nickel ferrite nanoparticles at the
c ties of
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oncentrations of 0, 25, 50 and 100 �g/ml for 24 h. At the end of treatment activi
escribed in Section 2. (A) Caspase-3 activity and (B) caspase-9 activity. Data repres
ignificant difference as compared to the controls (p < 0.05 for each).

ytotoxicity while the higher concentration (100 �g/ml) signifi-
antly reduced the viability of HeLa cells. As with most published
ork in nanotoxicology, the high concentration-induced cytotoxi-

ity observed in this study may be difficult to translate to a realistic
uman exposure scenario. We believe these data are positioned
o provide a springboard for other researchers to create mecha-
istic pathways involved in nickel ferrite nanoparticles induced
poptosis and provide knowledge for this important deficiency in
his rapidly evolving area of human exposure concern.

Oxidative stress has been proposed as a common mechanism of
ell damage induced by many types of nanoparticles (Park et al.,
008, 2010; Ahamed et al., 2010a; Stone and Donaldson, 2006).
or example, iron-based nanoparticles produced toxicity to biolog-
cal systems by generating ROS (Stroh et al., 2004; Zhu et al., 2010;
popa et al., 2009). In our previous study, we found that Ni nanopar-

icles induced cytotoxicity in A549 cells through ROS generation
nd lipid peroxidation (Ahamed, 2011). In the present study, we
ypothesized that the nickel ferrite nanoparticles induced toxic
esponse in A549 cells through ROS generation and GHS deple-
ion. The cell has a number of mechanisms of protection against
xidative damage including direct interaction with anti-oxidants.
ndeed, co-treatment with the antioxidant l-ascorbic acid miti-
ated the ROS generation and GSH depletion in A549 cells due
o nickel ferrite nanoparticles exposure, suggesting that oxidative
tress may be responsible for the toxicity of these nanoparticles.

ROS has been suggested to be signaling molecule for the ini-
iation and execution of the apoptotic death program (Ott et al.,
007; Rana, 2008). The production of ROS, in particular, has also
een associated with programmed cell death in many condi-
ions such as stroke, inflammation, ischemia, lung edema and
euro-degeneration (Kannan and Jain, 2000; Bai and Meng, 2005).
e analyzed the mRNA expression of six genes; p53, survivin,

ax, bcl-2, caspase-3 and caspase-9 in response to nickel ferrite
anoparticles exposure in A549 cells, because apoptosis is con-
rolled through these pathways. Quantitative real-time PCR results
howed that nickel ferrite nanoparticles up-regulated mRNA level
f cell cycle checkpoint protein p53 and pro-apoptotic protein
ax. Expression of anti-apoptotic proteins survivin and bcl-2
as down-regulated in cells exposed to nickel ferrite nanopar-
icles. Furthermore, both the mRNA expressions and activities
f apoptotic enzymes caspase-3 and caspase-9 enzymes were
igher in nanoparticles treated cells. Taken together, up-regulation
f p53 and down-regulation of survivin leads to activation of
ro-apoptotic members of bcl-2 family, such as bax induces
caspase-3 and caspase-9 enzymes were determined using BioVision assay kit as
are mean ± SD of three identical experiments made in three replicate. *Statistically

permeabilization of the outer mitochondrial membrane, which
releases soluble proteins from the intermembrane space into the
cytosol, where they promote caspase activation (Fuentes-Prior and
Salvesen, 2004; Youle and Strasser, 2008). 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 apopto-
some complex. This apoptosome can bind procaspase-9 and cause
its auto-activation through a conformational change. Once initi-
ated 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 (Timmer
and Salvesen, 2007). Survivin inhibition also induce the activa-
tion of caspase-3 (Blanc-Brude et al., 2002) and caspase-9 enzymes
(Marusawa et al., 2003). These quantitative real-time PCR results
are supported by our previous studies where Western blot results
demonstrated that ZnO and CuO nanoparticles significantly up-
regulated the expression p53 and bax, and down-regulated survivin
and bcl-2 in A549 cells (Ahamed et al., 2010c, 2011).

In conclusion, we have shown that nickel ferrite nanoparticles
produce significant cytotoxicity to A549 cells in dose-dependent
manner in the concentration range of 25–100 �g/ml. This nanocrys-
talline particle was also found to induce oxidative stress by
induction of ROS level and depletion GSH level, while co-treatment
with the antioxidant l-ascorbic acid mitigated the ROS generation
and GSH depletion. Furthermore, quantitative real-time PCR analy-
sis displayed that mRNA levels of proteins involved in the apoptosis
were altered by nickel ferrite nanoparticles. Overall, our data sug-
gesting that nickel ferrite nanoparticles may induce apoptosis in
A549 cells through ROS generation via p53, survivin, bax/bcl-2 and
caspase pathways. This in vitro study showed the induction of apo-
ptosis by nickel ferrite nanoparticles warrants further investigation
to determine if in vivo exposure consequences may exist for nickel
ferrite nanoparticles application.
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