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Abstract

Zinc oxide (ZnO) nanoparticles (NPs) are increasingly recognized for their utility in biological applications, including biosensor and
medicine. However, little is known about the toxicity mechanisms of ZnO nanorods in human cells. This study was designed to investigate
the possible mechanisms of apoptosis induced by ZnO nanorods in human alveolar adenocarcinoma (A549) cells. ZnO nanorod was found to
induce cytotoxicity, reactive oxygen species (ROS) generation, oxidative stress and activities of caspase-3 & caspase-9 in a dose- and time-
dependent manner. Western blot results showed that ZnO nanorods induced the expression of heat shock protein 70, a first-tier marker of cell
damage and a cell-cycle checkpoint protein pS3. Moreover, pro-apoptotic protein bax was upregulated and the antiapoptotic proteins,
survivin and bcl-2, were downregulated in ZnO nanorod exposed cells. In conclusion, our data demonstrateas that ZnO nanorod induced
apoptosis in A549 cells through ROS and oxidative stress via p53, survivin, bax/bcl-2 and caspase pathways.

From the Clinical Editor: This study describes the mechanisms of apoptosis induced by ZnO nanorods in human alveolar adenocarci-

noma cells.
© 2011 Elsevier Inc. All rights reserved.
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Nanoscale zinc oxide (nZnQ) is increasingly used in catalysis,
electronics, clothing, paints, sunscreens and cosmetics.!™
Current interest of nZnO has been focused on its biological
applications, including as biosensor and in medicine.*® These
broad applications, however, increase human and environmental
exposure and thus the potential risk related to their short- and
long-term toxicity. There are studies reporting the cytotoxic
potential of nZnO in mammalian cells.” Toxicity of nZnO to
bacteria, microalgae, protozoa, yeast and zebrafish is also shown
by investigators.'*'? Some of these studies provided evidence
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that the cytotoxicity of nZnO was mediated through reactive
oxygen species (ROS) generation and oxidative stress.”'® In
addition, a few recent studies showed the genotoxicity of nZnO in
human cells.'*'® For example, Sharma et al'* reported that nZnO
induced DNA damage in human epidermal cells, which may be
mediated through lipid peroxidation and oxidative stress. Lin et
al'® found that nZnO induced oxidative DNA damage in human
lung epithelial cells. Information, however, about mechanisms of
apoptosis induced by nZnO is largely lacking.

Several proteins are known to sense DNA damage and
apoptosis. The tumor-suppressor protein p53 is able to activate
cell-cycle checkpoints, DNA repair and apoptosis response to
maintain genomic stability.'® 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 for self-mediated
apoptosis.'® Survivin, an inhibitor of apoptosis, has recently
been reported to play an important role in both cell proliferation
and apoptosis.'” Downregulation of survivin may cause a cell-
cycle defect that leads to apoptosis. The bcl-2 protein has an
antiapoptotic effect, whereas the bax is known for pro-apoptotic

Please cite this article as: M., Ahamed, et al, ZnO nanorod-induced apoptosis in human alveolar adenocarcinoma cells via p53, survivin and bax/bcl-2
pathways: role of oxidative s.... Nanomedicine: NBM 2011;7:904-913, doi:10.1016/j.nan0.2011.04.011


mailto:maqusood@gmail.com
http://dx.doi.org/10.1016/j.nano.2011.04.011
http://dx.doi.org/10.1016/j.nano.2011.04.011

M. Ahamed et al / Nanomedicine: Nanotechnology, Biology, and Medicine 7 (2011) 904-913 905

activity.'® A critical ratio of bax/bcl-2 proteins plays a major role
in mitochondrial outer-membrane permeabilization, release of
cytochrome C in the cytosol and, thus, initiation of apoptosis.'’

In view of the significant lack of information about the
mechanisms of nZnO toxicity, this study was designed to
investigate the possible mechanisms of apoptosis induced by
ZnO nanorods in human alveolar adenocarcinoma (A549) cells
through oxidative stress via p53, survivin and bax/bcl-2
pathways. Recent studies have shown that nZnO releases
zinc ions (Zn>") in the aqueous state.'™'" Therefore, we also
determined whether ZnO nanorods induce a cellular response
in A549 cells, and, if so, how they produce toxicity by
releasing soluble Zn>" or by exerting a toxic effect unique to
ZnO nanorods.

Methods
Reagents

Fetal bovine serum (FBS), penicillin-streptomycin, DMEM/
F-12 medium and HBSS were purchased from Invitrogen Co.
(Carlsbad, California), 3-(4,5-dimethylthiazol-2-y1)-2,5 diphe-
nyltetrazolium bromide (MTT), 2,7-dichlorofluorescin diacetate
(DCFH-DA), reduced glutathione (GSH), 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB), thiobarbituric acid (TBA), anti-p53
monoclonal antibody, anti-survivin (BIRCS) polyclonal anti-
body, anti-bax monoclonal antibody, anti-bcl-2 monoclonal
antibody and anti-p actin monoclonal antibody were obtained
from Sigma-Aldrich (St. Louis, Missouri). Secondary antibodies
and RIPA buffer were bought from Santa Cruz Biotechnologies,
Inc., (Santa Cruz, California). All other chemicals used were of
the highest purity available from commercial sources.

Synthesis of ZnO nanorods

ZnO nanorods were prepared via sol-gel chemistry using zinc
acetate dihydrate [(CH; COO), Zn.2H20, 99.0-101%, Merck
Chemicals, Darmstadt, Germany]| as a precursor with sodium
hydroxide solution through microemulsion technique as described
in our previous publication.?’

Characterization of ZnO nanorods

The crystalline nature of prepared ZnO nanorods was carried
out by taking x-ray diffraction (XRD) pattern at 25-28°C with a
PANalytical X Pert x-ray diffractometer equipped with a nickel
(Ni) filtered using Cu Ko (A = 1.54056 A) radiations as the x-ray
source. Morphology and size of ZnO nanorods were examined by
field emission scanning electron microscope (FESEM, JSM-
7600F, JEOL, Inc., Tokyo, Japan) and field emission transmis-
sion electron microscopy (FETEM, JEM-2100F, JEOL Inc.) atan
accelerating voltage of 15 kV and 200 kV, respectively. To check
the purity of ZnO nanorods, an energy-dispersive x-ray (EDX)
spectroscopy analysis was performed.

Dynamic light scattering (DLS) (ZetaSizer-HT Malvern
Instrument, Worcestershire, United Kingdom) was used to
determine the hydrodynamic size and zeta potential of the ZnO
nanorods suspension in cell culture medium. Dry powder of ZnO
nanorods was suspended in cell culture medium at a concentra-

tion of 1 mg/ml, and then sonicated using a sonicator bath at
room temperature for 15 minutes at 40 W to form a
homogeneous suspension. For DLS size measurement, sonicated
1 mg/ml ZnO nanorods stock solution was diluted to 5—-100 pg/ml
working solutions.

Cell culture and exposure to ZnO nanorods

The human alveolar adenocarcinoma (A549) cells have been
used widely in cytotoxicity and genotoxicity studies.”'** Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 medium supplemented with 10% FBS and 100
U/ml penicillin-streptomycin at 5% CO, and 37°C. At the
confluency of 85%, cells were trypsinized and subcultured into
75 cm? flasks, 6-well plates or 96-well plates according to
selection of experiments. Cells were allowed to attach the surface
for 24 hours before treatment. ZnO nanorods was suspended in
cell culture medium and diluted to appropriate concentrations (0,
5, 10, 25, 50 and 100 pg/ml). The appropriate dilutions of ZnO
nanorods were then sonicated using a sonicator bath at room
temperature for 10 minutes at 40 W to avoid particles
agglomeration before exposure to the cells. Cells not exposed
to ZnO nanorods served as control in each experiment.

Analysis of dissolution of ZnO nanorods and exposure of cells
with the same

To determine whether Zn>" released from ZnO nanorods
suspension may play a role in cellular toxicity, the released Zn*"
concentrations were measured in all the culture media collected
from ZnO nanorods treatment. Culture media were taken from
the ZnO nanorod-treated cells immediately at the end of
exposure and centrifuged at 30000g for 30 minutes. After
centrifugation, the released Zn>" concentrations in the superna-
tants were detected by graphite furnace atomic absorption
spectrometry (GFAA). Moreover, to compare the toxic effects of
released Zn®" with ZnO nanorods, another exposure regime with
soluble Zn** was performed. In that case, the ZnO nanorod
suspension was replaced by Zn** solution (10 and 100 pg/ml),
which was dosed by adding the required mass of zinc chloride
(ZnCl,, 98.0-100.5%, Merck Chemicals) to the culture medium.
Criteria for the selection of two concentrations 10 and 100 pg/ml
of soluble Zn** is explained in the Results section of this article.

Mitochondrial function

MTT assay was used to investigate mitochondrial function as
described by Mossman®® with some modifications reported in
our previous study.”* In brief, 1 x 10* cells per well were seeded
in 96-well plates and exposed to different concentrations of ZnO
nanorods and soluble Zn>* for 24 and 48 hours. After the
exposure completed, the culture medium was removed from each
well and replaced with 100 pl of new medium containing MTT
(0.5 mg/ml) and incubated for 3 hours at 37°C. The resulting
formazan product was dissolved by adding equal amount of
acidified isopropanol. To minimize the interference in absor-
bance caused by the turbidity occurring due to NPs, 96-well
plates were centrifuged at 2500g for 10 minutes. Then, a 100 pl
supernatant was transferred to other fresh wells of microtiter



906 M. Ahamed et al / Nanomedicine: Nanotechnology, Biology, and Medicine 7 (2011) 904-913

7000
6000
5000 1

4000 +

Intensity

3000

2000 A

1000

0 T T 1 T 1 1
20 30 40 50 60 70 80

2 Theta (Degree)

<50 50-55  >55-60 >60

3200 +

2800

2400

— Znla

£ 2000

— ZInKa

Counts

1600
1200
800 4 £ g g
400 - LE
\
0 n T T T T T T T T
0.00 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 13.50 15.00
keV

DLS size (nm) Zeta Potential (-mV)

97 -29

Figure 1. Characterization of ZnO nanorods. (A) XRD pattern of ZnO nanorods. (B) SEM image of ZnO nanorods. (C) TEM image of ZnO nanorods. (D)
Frequency of size distribution of ZnO nanorods analyzed by TEM. (E) EDX spectrum of ZnO Nanorods. (F) DLS measurement of ZnO nanorods for
hydrodynamic size and zeta potential.
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Figure 2. Comparative effects of ZnO nanorods and Zn>" on mitochondrial function (MTT reduction) and membrane damage (LDH leakage) in human alveolar
adenocarcinoma cells. Cells were treated with 5, 10, 25, 50 and 100 pg/ml of ZnO nanorods and 10 and 100 pg/ml of Zn>" for 24 and 48 h. At the end of
treatment MTT reduction and LDH leakage were determined as described in the materials and methods. (A) MTT reduction (B) LDH leakage. Data represented
are mean + SD of three identical experiments made in triplicate. *Statistically significant difference in comparison with the controls (P < 0.05 for each).

plate and then absorbance was measured at 570 nm by using a
microplate reader (Synergy-HT, BioTek Instruments, Winooski,
Vermont). Following noncellular background (i.e., a blank,
consisting of yellow MTT and acidified isopropanol) subtrac-
tion, all data were normalized to the MTT conversion activity
of media-treated control cells. This value corresponds to a
0% decrease in MTT conversion activity and represents 100%
cell viability.

Lactate dehydrogenase leakage assay

Lactate dehydrogenase (LDH) leakage assay was carried out
by the LDH-Cytotoxicity assay kit (BioVision Technologies
Inc., Exton, Pennsylvania). In addition, 1 x 10* cells per well
were seeded in 96-well plates and exposed to different
concentrations of ZnO nanorods and soluble Zn*" for 24 and
48 hours. At the end of treatment, LDH levels in the media
versus the cells were quantified and compared with the control

values using microplate reader (Synergy-HT, BioTek) at 340 nm,
according to the manufacturer’s protocol. To minimize the
interference in absorbance caused by the turbidity occurring due
to ZnO nanorods, the 96-well plates were centrifuged as
described above.

Measurement of reactive oxygen species generation

The production of intracellular ROS was measured using 2,7-
dichlorofluorescin diacetate (DCFH-DA).”> The DCFH-DA
passively enters the cell where it reacts with ROS to form the
highly fluorescent compound dichlorofluorescein (DCF). Briefly,
10 mM DCFH-DA stock solution (in methanol) was diluted in
culture medium without serum or other additive to yield a 100 pM
working solution. At the end of exposure cells were washed twice
with cold HBSS and then incubated in 1 ml working solution of
DCFH-DA at 37°C for 30 minutes. Cells were lysed in alkaline
solution and centrifuged at 2500g for 10 minutes. Then, a 200 ul
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supernatant was transferred to the other fresh well of microplates
and fluorescence was measured at excitation of 485 nm and
emission of 520 nm using a microplate reader (Synergy-HT,
BioTek). The values of ROS were expressed as percent of
fluorescence intensity relative to controls.

Assays of oxidative stress biomarkers

For the measurement of oxidative-stress biomarkers, cells
were cultured in a 75-cm? culture flask and exposed to different
concentrations of ZnO nanorods and soluble Zn*" for 24 and 48
hours. After the treatment, cells were washed and harvested in
ice-cold phosphate buffer saline at 4°C. The harvested cell pellets
were then lysed in cell lysis buffer [20 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1 mM Na,EDTA, 1%Triton and 2.5 mM sodium
pyrophosphate]. Following centrifugation (15000g for 10
minutes at 4°C) the supernatant (cell extract) was maintained
on ice until assayed for oxidative-stress biomarkers.

The extent of membrane lipid peroxidation (LPO) was
estimated by measuring the formation of malondialdehyde
(MDA) using the method of Ohkawa et al.>® MDA is one of the
products of membrane LPO. A mixture of 0.1 ml cell extract and
1.9 ml of 0.1 M sodium phosphate buffer (pH 7.4) was incubated
at 37°C for 1 hour. The incubation mixture, after precipitation
with 5% TCA, was centrifuged (2300g for 15 minutes at room
temperature) and collected the supernatant. Then, 1.0 ml of 1%
TBA was added to the supernatant and placed in the boiling
water for 15 minutes. After cooling to room temperature,
absorbance of the mixture was taken at 532 nm and expressed in
nmol MDA/h/mg protein using molar extinction coefficient of
1.56 x 10> M! em™. Glutathione (GSH) level was quantified
using Ellman’s reagent‘27 The assay mixture consisted of
phosphate buffer, DTNB and cell extract. The reaction was
monitored at 412 nm and the amount of GSH was expressed
in terms of nmol GSH/mg protein. Superoxide dismutase
(SOD) activity was estimated employing a method described
earlier.”® The assay mixture contained sodium pyrophosphate
buffer, nitrobluetetrazolium (NBT), phenazine methosulphate
(PMS), reduced nicotinamide adenine dinucleotide (NADH)
and the required volume of cell extract. One unit of SOD
enzyme activity is defined as the amount of enzyme required
for inhibiting the chromogen production (optical density at
560 nm) by 50% in 1 minute under assay conditions and
expressed as specific activity in units/minute/mg protein.
Catalase (CAT) activity was measured by following its ability
to split hydrogen peroxide (H,O,) within 1 minute of
incubation time. The reaction was then stopped by adding
dichromate/acetic acid reagent, and the remaining H,O, was
determined by measuring chromic acetate at 570 nm which is
formed by reduction of dichromate/acetic acid in the presence
of H,0, as described earlier.”* CAT activity was expressed as
pmol H,0, decomposed/minute/mg protein.

Caspase-3 and caspase-9 assays

Activity of caspase-3 and caspase-9 enzymes was measured
in A549 cells treated with different concentrations of ZnO
nanorods and soluble Zn>" using standard kit (BioVision, Inc.).
This assay is based on the principle that activated caspases in
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Figure 3. Comparative effects of ZnO nanorods and Zn** on intracellular
ROS generation in human alveolar adenocarcinoma cells. Cells were treated
with 5, 10, 25, 50 and 100 pg/ml of ZnO nanorods and 10 and 100 pg/ml of
Zn*" for 24 and 48 h. At the end of treatment ROS level was measured as
described in the Methods section. Data represented are mean + SD of three
identical experiments made in triplicate. *Statistically significant difference
as compared to the controls (P < 0.05 for each).

apoptotic cells cleave the synthetic substrates to release free
chromophore p-nitroanilide (pNA), which is measured at 405
nm. The pNA was generated after specific action of caspase-3
and caspase-9 on tertrapeptide substrates DEVD-pNA and
LEHD-pNA, respectively. The reaction mixture consisted of
50 pl of cell extract protein (50 pg), 50 ul of 2% reaction buffer
(containing 10 mM dithiothreitol) and 5 pul of 4 mM DEVD-pNA
(for caspase-3) or LEHD-pNA (for caspase-9) substrate in a total
volume of 105 pl. The reaction mixture was incubated at 37°C
for 1 hour and absorbance of the product was measured using
microplate reader (Synergy-HT, BioTek) at 405 nm according to
manufacturer’s instruction.

Western blot analysis

For western blot analysis cells were cultured in 6-well plates
and exposed to ZnO nanorods at the concentration of 100 pg/mL
for 24 h. The harvested cell pellets were lysed in RIPA lysis buffer
[1x TBS (0.5M Tris-HCI and 1.5M 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 cocktail. The cell lysates were
then analyzed for protein content using SDS-PAGE immuno-
blotting. The membrane was then probed with antibodies to
determine levels of protein expression. The following dilutions of
primary and secondary antibodies were used: anti-p53 (1:1000,
Sigma-Aldrich #P7874), anti-survivin (1:500, Sigma-Aldrich
#S8191), anti-bax (1:400, Sigma-Aldrich #B8429), anti-bcl-2
(1:500, Sigma-Aldrich #2521), anti-p-Actin (1:3000, Sigma-
Aldrich #A1978) and goat anti-mouse IgG-HRP (1:3000, Santa
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Figure 4. Comparative effects of ZnO nanorods and Zn>" on the biomarkers of oxidative stress in human alveolar adenocarcinoma cells. Cells were treated with
5,10, 25, 50 and 100 pg/ml of ZnO nanorods and 10 and 100 pg/ml of Zn>* for 24 and 48 h. At the end of treatment oxidative stress biomarkers were determined
as described in the Methods section. (A) MDA level, (B) GSH level, (C) CAT activity and (D) SOD activity. Data represented are mean + SD of three identical
experiments made in triplicate. *Statistically significant difference in comparison with the controls (P < 0.05 for each).

Cruz #sc-2005) and goat anti-rabbit I[gG-HRP (1:3000, Santa
Cruz #sc-2004).

Protein estimation

Estimation of protein was done using a bicinchoninic acid
(BCA) protein assay kit (Pierce Biotechnology, Inc., Rockford,
Illinois). This kit is a detergent-compatible formulation based
on BCA for the colorimetric detection and quantification of
total protein.

Statistical analysis

Statistical significance 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
Inc., La Jolla, California).

Results

Characterization of ZnO nanorods

Figure 1, A shows the XRD pattern of prepared ZnO
nanorods that clearly exhibits the crystalline nature of this
material. The crystallite size has been estimated from the XRD
pattern using the Scherrer’s equation.*

094
Bcos0

[where D is the grain size, N the wavelength of x-ray (1.54056 A),
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 50 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 particles. Figures 1, B and C show the typical SEM and
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Figure 5. Comparative effects of ZnO nanorods and Zn** on the activity of caspase-3 and caspase-9 enzymes in human alveolar adenocarcinoma cells. Cells were
treated with 5, 10, 25, 50 and 100 pg/ml of ZnO nanorods and 10 and 100 pg/ml of Zn>" for 24 and 48 h. At the end of treatment enzymes activity were
determined using BioVision kit as described in the Methods section. (A) Caspase-3 activity and (B) caspase-9 activity. Data represented are mean = SD of three
identical experiments made in triplicate. *Statistically significant difference i comparison with the controls (P < 0.05 for each).

TEM images of the nanoscale ZnO particles, respectively.
These pictures show that the majority of the particles were in
rod shape with smooth surfaces and monodispersity. TEM
average diameter was calculated from measuring over 100
particles in random fields of TEM view. The average TEM
diameter of ZnO nanorods was 52 nm further supporting the
XRD result. Figure 1, D represents the frequency of TEM size
distribution of ZnO nanorods. The aspect ratio of ZnO
nanorods used in this study is obtained by dividing the mean
length of the major axis with the mean width of minor axis (n =
100). The average aspect ratio of ZnO nanorods was 2.88. The
EDX spectrum of ZnO nanorods is given in Figure 1, E. An
oxygen peak at about 0.52 keV and Zn signals at about 1 keV
and 8.6 keV were observed in the spectra. The presence of Cu
signal was from the Cu grid used. The EDX result showed that
there were no other elemental impurities present in ZnO
nanorods used in this study.

All of the data from electron microscopy and associated
techniques was obtained under high vacuum and constitutes the
size, morphology, electron diffraction and composition analysis
characteristics of the ZnO nanorods. However, once the ZnO
nanorods were introduced cell culture media, the sizes changed to
approximately 2 times the primary size. The average hydrody-
namic size and zeta potential of the ZnO nanorods suspension in
cell culture medium determined by DLS was 97 nm and -29 mV,
respectively (Figure 1, F). The higher size of NPs in aqueous
suspension in comparison with TEM and XRD sizes might be due
to the tendency of particles to aggregate in aqueous state. This
finding is supported by other investigators and has been briefly
discussed in our previous publications.'*'"!43!

ZnO nanorod induced cytotoxicity

We examined the mitochondrial function (MTT reduction) and
membrane damage (LDH leakage) as cytotoxicity end points.

MTT results demonstrated a time- and concentration- dependent
cytotoxicity after exposure to ZnO nanorods in A549 cells (Figure
2, A). The MTT reduction observed after 24 hours of exposure at
the concentrations of 10, 25, 50, and 100 pg/ml was 73%, 60%,
49%, and 41%, respectively, with a further reduction to 61%, 48%,
38% and 27% after 48 hours’ exposure. ZnO nanorod was also
found to induce LDH leakage in a time- and dose-dependent
manner (Figure 2, B). A linear correlation was also observed
between LDH leakage and MTT reduction (Figure 2, C).

Zn0O nanorod induced oxidative stress

Higher production of intracellular ROS led to cellular oxidative
stress, which has been cited to be one of the more important
mechanisms of toxicity related to NP exposure.*** The potential of
Zn0 nanorods to induce oxidative stress was assessed by measuring
the ROS, LPO, GSH, SOD and CAT in A549 cells. Results showed
that ZnO nanorod induced the intracellular production of ROS in a
time- and dose-dependent manner (Figure 3). ZnO nanorod-
induced oxidative stress was further evidenced by depletion of GSH
and induction of LPO, SOD and CAT with time and concentrations
of ZnO nanorods (Figures 4, 4, B, C and D).

ZnO nanorod induced the activity of caspase-3 and
caspase-9 enzymes

Apoptosis refers to programmed cell death in response to
various intrinsic or extrinsic death signals, and is executed by
series of cysteine proteases known as caspases.’* Caspase-9
activation is dependent on the release of cytochrome ¢ from
mitochondria to form the apoptosome, which in turn activates
caspase-3. In this study, significant higher activity of caspase-3
and caspage-9 enzymes was observed in a time- and dose-
dependent manner (Figures 5, 4 and B) that suggest the
involvement of caspase cascade in ZnO nanorod-induced
apoptosis in A549 cells.
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Dissolution of ZnO nanrods into Zn>" and effects of soluble
Zn®" on mitochondria function, lactate dehydrogenase
leakage, oxidative stress, apoptosis markers

To determine whether our observed cytotoxicity, oxidative
stress and apoptosis could be attributed to the released Zn*", we
analyzed the level of Zn>" released from ZnO nanorods and
tested the effect of this defined concentration of Zn*" in A549
cells. The released Zn>* concentrations in the ZnO nanorods
suspension at the end of exposure were measured, and the
highest dissolution of 10.23 + 0.41 pg/ml released Zn*" was
found in 100 pg/ml ZnO nanorods suspension. Furthermore, the
released Zn?" concentrations in 5, 10, 25 and 50 pg/ml ZnO
nanorods treatments were 0.43 £+ 0.05, 0.89 + 0.23, 2.33 + 0.27

and 4.90 £+ 0.43 pg/ml, respectively. Our data on the dissolution
of ZnO nanoparticles in aqueous state are in agreement with
other recent studies.'*"!

Keeping in view the fact that 10 pg/ml soluble Zn>" present in
the 100 pg/ml of ZnO nanorods suspension, we examined the
toxic effect of 10 pg/ml of soluble Zn>" in A549 cells and found
that Zn>" caused no apparent cytotoxicity (MTT reduction and
LDH leakage), oxidative stress (ROS, LPO, GSH, CAT and
SOD) and apoptosis (caspase-3 & -9). These results suggest that
toxicity observed by ZnO nanorods (in the concentration range
10-100 pg/ml) was due solely to ZnO nanorods, not soluble
Zn**. We further examined the toxic effects of 100 pg/ml of
soluble Zn** and found that higher concentration of Zn*" exerted
toxicity, but their effect was less significant in comparison with
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the similar concentrations of ZnO nanorods, as shown in Figures
2, 3,4, and 5. Taken together, our data highlight the differences
between ZnO nanorods and soluble Zn>" in causing cytotoxicity
and oxidative stress and apoptosis in A549 cells.

ZnO nanorods modulate the expression of proteins involved in
DNA damage and apoptosis

We utilized the western blot analysis to see the effect of ZnO
nanorods on DNA damage and apoptosis markers in A549 cells
exposed to ZnO nanorods at a concentration of 100 pg/ml for 24
hours. The result showed that expression of Hsp70, a first-tier
biomarker of cellular damage, was significantly higher in ZnO
nanorod-treated cells in comparison with untreated control cells
(Figure 6, 4). The expression level of p53 protein, a cell-cycle
checkpoint protein was significantly higher in cells treated with
Zn0O nanorods (Figure 6, B). The expression level of survivin, a
fascinating protein that acts as an inhibitor of apoptosis was
lower in ZnO nanorods treated cells (Figure 6, C). We further
examined the effect of ZnO nanorods on bcl-2 and bax proteins.
These are two members of the bcl-2 family that play a prominent
role in the regulation of apoptosis. Results showed that the
expression of bcl-2 (antiapoptotic protein) was significantly
lower and the expression of bax (pro-apoptotic protein) was
significantly higher in the cells exposed to ZnO nanorods
(Figure 6, D). Higher expression level of bax/bcl-2 proteins ratio
in cells treated with ZnO nanorods suggests that these 2 proteins
also play a significant role in the pathway of ZnO nanorod-
induced apoptosis.

Discussion

ROS generation and cellular oxidative stress have been cited
as possible mechanisms of NPs’ toxicity.** Our results also show
that ZnO nanorods induced cytotoxicity and oxidative stress in
human alveolar adenocarcinoma A549 cells. ZnO nanorods
induced the generation of ROS in treated cells. MDA level, a
marker of LPO, was significantly higher and antioxidant GSH
level was significantly lower in ZnO nanorod-treated cells.
Antioxidant enzymes SOD and CAT levels were also signifi-
cantly higher in the cells exposed to ZnO nanorods. The
depletion of GSH in ZnO nanorods-exposed cells combined with
the increased level of ROS, LPO, SOD and CAT, suggesting that
oxidative stress might be the primary mechanism for toxicity of
ZnO nanorods in A549 cells. Our results are consistent with
previous studies suggesting that cytotoxcity of nZnO was
mediated through ROS generation and oxidative stress.”"?

It has been demonstrated that Zn*" released from the surface
of nZnO when they were suspended in aqueous state'*'!
Therefore, we examined the degree of ionization of ZnO
nanorods in cell culture medium and their effects on cytotoxicity,
oxidative stress and apoptosis markers. Atomic absorption
spectrometry results showed that the highest dissolution of 10
pg/ml released Zn>* was found in 100 pg/ml ZnO nanorods in
cell culture media. Biological data demonstrated that soluble Zn*"
at the concentration of 10 pg/ml did not produce significant
cytotoxicity, oxidative stress and apoptosis in A549 cells. Our
findings are in agreement with earlier in vitro studies

demonstrating that nZnO liberate Zn*' ions in aqueous state,
but the levels of Zn*" released were insufficient to promote
cytotoxicity in human cells unless the particulate matter is in
contact with the cells.>>*® Moreover, in vivo studies were also
reported that nZnO was not likely a result solely of particles’
dissolution, as soluble Zn** alone caused much less toxicity to
zebrafish embryos than nZnO.'%"!

Apoptosis 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
and is a major target of cancer-therapy development.*’ We
provided evidence that ZnO nanorods induced apoptosis in human
alveolar adenocarcinoma A549 cells. Western blot results showed
that the expression of Hsp70, a biomarker of cell damage was
induced by ZnO nanorods. ZnO nanorods upregulated the cell
cycle checkpoint protein p53 and downregulated the antiapoptotic
protein survivin. Investigations have shown that there is a strong
association between decreased survivin levels and induction of
apoptosis in cancer cells.'”** Antiapoptosis function of survivin
also seems to be related to the ability to disturb the function of
caspases.’® To support this finding our results also show that ZnO
nanorods inhibit the expression of survivin along with activation of
caspase-3 and caspase-9 enzymes. Furthermore, expression of
antiapototic protein bcl-2 was significantly lower, and the
expression of pro-apoptotic protein bax was significantly higher
in cells exposed to ZnO nanorods, suggesting that these proteins
could be excellent molecular biomarkers to assess the apoptotic
response of NPs.*’ Our results are consistent with other
investigators’ findings that demonstrated metal oxide NPs have
the potential to induce apoptotic cell death.?***>

In conclusion, we demonstrated that ZnO nanorods induced
cytotoxicity, oxidative stress and apoptosis in human alveolar
adenocarcinoma cells. The expressions of cell-cycle checkpoint
protein p53 and pro-apoptotic protein bax were upregulated, and
the antiapototic proteins, survivin and bel-2, were downregulated
by ZnO nanorods. Activity of caspase-3 and caspase-9 enzymes
was also induced in ZnO nanorod-treated cells. These results
suggest that ZnO nanorod induced apoptosis in human alveolar
adenocarcinoma cells via p53, survivin, bax/bcl-2 and caspase
pathways mediated by oxidative stress through which most of the
chemotherapeutic drugs trigger apoptosis.
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