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Background: Zinc oxide nanoparticles (ZnO NPs) are frequently used in industrial products
such as paint, surface coating, and cosmetics, and recently, they have been explored in biologic
and biomedical applications. Therefore, this study was undertaken to investigate the effect of
ZnO NPs on cytotoxicity, apoptosis, and autophagy in human ovarian cancer cells (SKOV3).

Methods: ZnO NPs with a crystalline size of 20 nm were characterized with various analytical
techniques, including ultraviolet-visible spectroscopy, X-ray diffraction, transmission electron
microscopy, Fourier transform infrared spectroscopy, and atomic force microscopy. The cyto-
toxicity, apoptosis, and autophagy were examined using a series of cellular assays.

Results: Exposure of cells to ZnO NPs resulted in a dose-dependent loss of cell viability, and
the characteristic apoptotic features such as rounding and loss of adherence, enhanced reac-
tive oxygen species generation, and loss of mitochondrial membrane potential were observed
in the ZnO NP-treated cells. Furthermore, the cells treated with ZnO NPs showed significant
double-strand DNA breaks, which are gained evidences from significant number of y-H,AX and
Rad51 expressed cells. ZnO NP-treated cells showed upregulation of p53 and LC3, indicating
that ZnO NPs are able to upregulate apoptosis and autophagy. Finally, the Western blot analysis
revealed upregulation of Bax, caspase-9, Rad51, y-H,AX, p53, and LC3 and downregulation
of Bel-2.

Conclusion: The study findings demonstrated that the ZnO NPs are able to induce significant
cytotoxicity, apoptosis, and autophagy in human ovarian cells through reactive oxygen spe-
cies generation and oxidative stress. Therefore, this study suggests that ZnO NPs are suitable
and inherent anticancer agents due to their several favorable characteristic features including
favorable band gap, electrostatic charge, surface chemistry, and potentiation of redox cycling
cascades.

Keywords: zinc oxide nanoparticles, human ovarian cancer cells SKOV3, mitochondrial

membrane potential, apoptosis, DNA fragmentation, autophagy

Introduction

Nanotechnology represents a new and enabling platform to produce novel nanomaterials
for a broad range of biologic and biomedical applications. Nanoscience and nanotech-
nology attracted much interest during the past decade due to the unique and exciting
physical and chemical properties of the nanomaterials, and they have been used for
a broad range of applications.! One of the major advantages of nanotechnology is its
ability to produce nanomaterials measuring <100 nm in a controlled manner. Metal
oxide in the nanorange acquires distinct properties that depend on the size, chemical
composition, and surface chemistry. Metal oxide nanoparticles (NPs) such as ZnO
NPs have been extensively used in cosmetic lotions, as these compounds are known to
possess effective UV absorbing properties, thereby acting as successful UV blockers.?
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Commonly, ZnO NPs have been used for industrial purposes
such as usage as semiconductors in microelectronic devices
and for accelerating degradation of water pollutants by
photocatalytic activity. Moreover, recently, ZnO NPs have
been found to have the potential for use in biomedical and
cancer applications due to the attractive chemical properties
of these nanomaterials.® Previous studies reported that ZnO
NPs exhibit a high degree of cancer cell selectivity with
the ability to surpass the therapeutic indices, compared to
chemotherapeutic agents.*?

Cancer is a condition of uncontrolled cell differentia-
tion, which has been treated by several modalities, includ-
ing chemotherapy, radiation, and surgery, during the past
several decades.® Although all these therapies seem to be
effective for destruction of cells, they have nonselective
and severe side effects. To overcome these side effects,
recently, nanomedicine-mediated modalities have been
shown much interest in cancer therapy due to their active/
passive targeting, high solubility/bioavailability, biocompat-
ibility, and multifunctionality.” Among several metal NPs,
ZnO NPs show enhanced cytotoxicity by generation of
reactive oxygen species (ROS), leading to oxidative stress
and eventually cell death, when the antioxidative capacity of
the cell is exceeded.’ ROS are oxygen metabolites that are
highly active in terms of oxidative modifications of cellular
macromolecules including proteins, lipids, and polynucle-
otides.® The cellular redox homeostasis is maintained by the
balance between ROS production and the antioxidant system
in the cell; when ROS is produced excessively or endogenous
antioxidant capacity is diminished, indiscriminate oxidation
elicits harmful effects, resulting in “oxidative stress”. Several
studies proved that excessive oxidative stress is harmful
to the cell and causes sever cytotoxicity.® Mitochondria
are the source of ROS. Once the level of ROS is exceeded,
the mitochondrial integrity and membrane structures are
damaged; ultimately, the redox balance system is compro-
mised, which eventually leads to mitochondrial dysfunction
and also causes severe damage to cellular macromolecules,
especially DNA.° The extent of DNA damage determines
the cell fate by cell cycle arrest, DNA repair or activation of
apoptotic pathways.!*!! Furthermore, DNA damage results
in chromosomal breakage and micronuclei formation. The
loss of mitochondrial membrane potential (MPT) leads to
exposure of cytochrome c¢ into the intermembrane space,
and the leakage of cytochrome c is responsible for activa-
tion of caspases.'? Therefore, ROS is a major and critical
player for both apoptosis and autophagy, which lead to cell
death.'® Excessive cellular damage may lead to cell death by
overstimulating autophagy and cellular self-consumption.'*

Previous studies have reported the cytotoxicity of ZnO
NPs in various types of cancer cells by increased oxidative
stress, increased intracellular [Ca®*] level, and decreased
MPT. ZnO NPs stimulate interleukin (IL)-8 production in
the BEAS-2B bronchial epithelial cells and A549 alveolar
adenocarcinoma cells,'® and they reduce MPT, loss of mem-
brane integrity, and activation of p53 pathway in RAW264.7
cells.'®'7 Furthermore, ZnO NPs are able to induce various
proinflammatory markers including interferon-c, tumor
necrosis factor-o., and IL-12 in peripheral blood mononuclear
cells. The expression of IL-1B and chemokine CXCL9 is
also induced in murine bone marrow-derived dendritic cells
and RAW264.7 murine macrophages.'® ZnO NPs not only
induce cytotoxicity, but also cause a variety of genotoxicity
in various type of cells, including DNA damage in the A431
human epidermal cells,'” and also induce micronuclei produc-
tion, H2AX phosphorylation, and DNA damage in human
SHSY5Y neuronal cells.?’ Several studies demonstrated that
involvement of various signaling pathways including c-Jun
N-terminal kinase, extracellular signal-related kinase, and
p38 mitogen-activated protein kinase in ZnO NPs induced
apoptosis, which is specifically activated by oxidative stress,”!
and also that metal NPs could induce mitochondrial apoptotic
pathway by activation of proapoptotic proteins, downregula-
tion of Bcl-2, activation of PARP and caspase cascades, and
DNA fragmentation in human neural cells and fibroblasts,
PC12 cells, and human breast cancer cells.?>?*

Although currently several anticancer chemotherapies are
available, they fail to produce a complete anticancer response
due to the development of drug resistance or their failure to
effectively differentiate between cancerous and normal cells,
and also, they require large quantity of drug administration.?
Among several NPs used in anticancer therapy, ZnO NPs
exhibit a high degree of cancer cell selectivity. They are
able to preferentially target rapidly dividing cancerous cells,
which could serve as a foundation for developing novel
cancer therapeutics. Therefore, this study was designed to
investigate the cytotoxic potential of ZnO NPs in human
ovarian cancer cells.

Materials and methods
Characterization of ZnO NPs

ZnO NPs (about 20 nm) were obtained from Beijing DK
nanotechnology Co. Ltd. The size, shape, and dispersion of
ZnO NPs were evaluated by transmission electron micros-
copy (TEM, H-7500; Hitachi Ltd., Tokyo, Japan). X-ray
diffraction (XRD) data were collected on aD8 Advance X-ray
Powder Diffractometer (Bruker Optik GmbH, Ettlingen,
Germany). Ultraviolet-visible (UV-vis) spectra were
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recorded using an OPTIZEN spectrophotometer (Hitachi
Ltd.). The surface chemical bonding and composition of NPs
were characterized using a Fourier transform infrared spec-
troscopy (FTIR) instrument (Spectroscopy GX; PerkinElmer
Inc., Branford, CT, USA). Atomic force microscopy (AFM)
was used for evaluating the surface morphology and proper-
ties of the ZnO NPs.

Cell culture and exposure of cells to
ZnO NPs

Ovarian cancer cell line (SKOV3 cells) was obtained from
Sigma-Aldrich and cultured in DMEM (Hyclone, Logan, UT,
USA) supplemented with fetal bovine serum (10%) and anti-
biotics (penicillin 100 U/mL and streptomycin 100 pg/mL)
at37°Cina 5% CO, atmosphere. The cells were seeded onto
plates at a density of 1x107 cells per well and incubated for 24
h prior to the experiments. The cells were washed with PBS
(pH 7.4) and incubated in fresh medium containing different
concentrations of ZnO NPs dissolved in water.

Cell morphology

Ovarian cancer cells were plated in six-well plates (2x10°
cells per well) and incubated with ZnO NPs for 24 h. Cells
cultured in medium without the addition of ZnO NPs were
used as the control. The cell morphology was analyzed
using an optical microscope at 24 h posttreatment. The
morphology of the cells was examined with an OLYMPUS
IX71 microscope (Olympus Corporation, Tokyo, Japan)
using the appropriate filter sets.

Cytotoxicity assays of ZnO NPs

The MTT assay was used to investigate mitochondrial func-
tion. In brief, 1x10* cells were seeded in each 96-well plate
and exposed to different concentrations of ZnO NPs for
12 and 24 h. After the exposure was completed, the culture
medium was removed from each well and replaced with
100 uL of new medium containing MTT and incubated
for 3 h at 37°C. The absorbance was measured at 450 nm
using a microplate reader (PerkinElmer Inc., Waltham, MA,
USA). Lactate dehydrogenase (LDH) leakage assay was
carried out using the LDH cytotoxicity assay kit (Abcam,
Cambridge, UK). LDH activity was determined in the spent
medium by measuring the absorbance at 490 nm using a
Multiskan FC multiplate reader.

Measurement of ROS levels

Intracellular ROS levels were measured using the detection
kit no S0033 purchased from Beyotime (Jiangsu, China).
Briefly, cells were seeded in six-well plates for 24 h and

then incubated with fresh medium containing 10 uM
dichlorodihydrofluorescein diacetate (DCFH-DA) at 37°C
in the dark for 20 min. Subsequently, the cells were treated
with different concentrations of ZnO NPs for 12 h. At the
end of incubation, the cells were washed with PBS and the
2’,7’-dichlorofluorescein (DCF) fluorescence intensity was
measured under a fluorescence microscope using image
analysis software. Images were captured with an electronic
camera (Olympus Corporation; 100 magnification).

JC-1 assays

JC-1 assay was performed according to the manufacturer’s
instructions (JC-1 Mitochondrial Membrane Potential Assay
Kit; Abnova, Taipei City, Taiwan). Cells were cultured with
different concentrations of ZnO NPs for 12 h under the con-
ditions described above. They were then transferred onto a
coverslip housed in a four-well plate and incubated in DMEM
containing 10 uM JC-1 at 37°C for 15 min before washing
with PBS and rapidly mounted for observation. In all pro-
cedures, cells were mounted with Vectashield fluorescence
medium and visualized under a fluorescent microscope.

Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling analysis

For detection of apoptotic cells in the ZnO NP-treated group,
the terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) method was employed, using an
in situ detection kit (Promega Corporation, Fitchburg, WI,
USA) according to the manufacturer’s instructions. Cells were
treated with different concentrations of ZnO NPs for 12 h,
and then cell apoptosis was quantified using TUNEL analysis.
Samples were evaluated under a fluorescence microscope
Nikon Eclipse E400, Nikon 40x Plan 40/0.65. Differences
between the number of TUNEL-positive cells in the control
and experimental samples were statistically analyzed.

Immunohistochemistry

Cells were incubated with ZnO NPs for 12 h, fixed in 4%
paraformaldehyde, and blocked with 1% bovine serum
albumin for 30 min. Then, they were incubated with primary
antibodies against y-H2AX (ab26350; Abcam) or Rad51
(ab88572; Abcam), p53 (ab1431; Abcam) or LC3 (ab51520;
Abcam) at 4°C overnight. After washing with PBS, the cells
were labeled with Cy3-labeled goat anti-rabbit IgG at a dilu-
tion of 1:50 (A0516; Beyotime) at 4°C for 1.5 h. Finally,
the samples were counterstained with 4’,6-diamidino-
2-phenylindole and visualized under a confocal microscope
(Carl Zeiss LSM780; Instrument Development Center,
NCKU, Tainan City, Taiwan).
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Western blot analysis

For Western blot analysis, the cells were treated with ZnO
NPs (30 ug/mL) for 12 h. The harvested cell pellets were
incubated in RIPA lysis buffer in the presence of a protease
inhibitor. Protein concentrations were measured using BCA
Protein Assay Reagent (Pierce, Rockford, IL, US). The cell
lysates were then analyzed for protein content using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The
membrane was probed with antibodies to determine the level
of protein expression. The following primary antibodies
were used: anti-y-H2AX (ab26350; Abcam), anti-Rad51
(ab88572; Abcam), anti-Caspase-9 (ab202068; Abcam),
anti-p53 (ab1431; Abcam), anti-LC3 (ab51520; Abcam),
anti-BAX (#2772; Cell Signaling Technology, Boston, MA,
USA), anti-Bcl2 (YT0470; ImmunoWay, SuZhou, China),
and anti-B-action (ab8227; Abcam).

Statistical methods

Independent experiments were repeated at least three times,
so that data were represented as mean £ SD for all duplicates
within an individual experiment. Data were analyzed by
Student #-test or one-way analysis of variance followed by
the Tukey test for multiple comparisons to determine the dif-
ferences between groups (denoted by an asterisk or different
letters) using GraphPad Prism analysis software.

Results and discussion
Characterization of ZnO NPs

UV-vis spectroscopy is an important analytical tool for
characterization of NPs, which could provide the proof of
synthesis of ZnO due to characteristic absorption spectra at
300-380 nm. The size of the NPs plays an important role
in changing the entire properties of the materials. UV-vis
absorption spectroscopy is a widely being used technique
to examine the optical properties of nanosized particles.
The absorption spectrum of ZnO nanopowder is shown in
Figure 1A. It exhibits a strong absorption band at about
367 nm, which is consistent with previous publications.?’
Nagarajan and Arumugam Kuppusamy?® synthesized ZnO
NP using seaweeds of Gulf of Mannar with various concen-
trations of sea weed filtrate, which showed typical absorption
spectra at 372 nm. It is also evident that significant sharp
absorption of ZnO indicates the monodispersed nature of
the NP distribution.?®?® The absorption spectroscopy data
revealed that both the chemically and biologically prepared
ZnO NPs showed similar spectral images.

Figure 1B represents the XRD pattern of ZnO nanopow-
der. A definite line broadening of the XRD peaks indicates

that the prepared material consisted of particles in nanoscale
range. From this XRD pattern analysis, we determined the
peak intensity, position and width, and full width at half
maximum data. The diffraction peaks located at 32.84°,
34.52°,36.33°, 46.63°, 57.71°, 63.96°, 68.13°, and 69.18°
have been keenly indexed as hexagonal wurtzite phase of
7Zn0,”*3" and it also confirms further that the synthesized
nanopowder was free of impurities as it did not contain any
characteristic XRD peaks other than ZnO peaks. According
to the diffraction pattern, the synthesized ZnO NP diameter
was 20 nm using Debye—Scherrer formula.

TEM was used to determine the size and shape of NPs.
Generally, ZnO NPs appeared as agglomerated form without
any definite size and shape. The fine powder of ZnO nano-
crystals was dispersed in ethanol on a carbon-coated copper
grid and the high-resolution TEM images were obtained with
ultrahigh resolution at an accelerating voltage of 200 kV. The
average crystal size was estimated considering the number
of crystals and it was found to be 20 nm (Figure 1C). TEM
result of zinc oxide NPs showed 20 nm. Consistent with our
results, Nagarajan and Arumugam Kuppusamy?® produced
ZnO NPs with an average size of 20-36 nm at a higher tem-
perature using sea weed filtrate.

Figure 1D shows the FTIR spectra of ZnO NPs. Infrared
studies were performed to confirm the purity and nature of
the metal NPs. The FTIR measurements of the ZnO NPs
showed peaks at 3,445 cm™ (phosphorous compounds, sec-
ondary sulfonamide), 2,922 cm™" (monosubstituted alkynes,
B-lactones, amine salts), 1,628 cm™ (medium charge vinyl,
cis-trisubstituted), 1,387 cm™ (amide II), and 1,111 cm™
(monosubstituted alkyne).” The peaks observed at 3,445 and
1,111 cm™ indicate that O-H stretching and deformation,
respectively assigned to the water adsorption on the metal
surface. The peaks at 1,628 and 439 cm™ correspond to
stretching vibration of C—N and OH, respectively. The
metal-oxygen frequencies observed for the respective metal
oxides are in accordance with literature values.*' The data
obtained from our study show significant agreement with
ZnO NPs prepared by microemulsion route.*

AFM is an important technique for the morphologic
characterization of ZnO NPs and can be used to image
and evaluate their surface morphologies and properties.?
Figure 1E (left panel) is a typical AFM image of ZnO NPs
dispersion in water after their deposition on a freshly cleaned
glass surface. The average width of the as-prepared ZnO
NPs was measured from the size of the AFM image; the
size of A—B was 26.96 nm, the size of C-D was 33.33 nm
(Figure 1E, right panel), and the size of E-F was 22.15 nm.
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Figure | Characterization of ZnO NPs by UV-visible spectroscopy, XRD, TEM, FTIR, and AFM.

Notes: (A) UV-visible spectroscopy, (B) XRD spectrum, (C) TEM, (D) FITR, and (E) AFM. At least three independent experiments were performed for each sample and
reproducible results were obtained. The results of a representative experiment are presented. Scale bar 200 nm.

Abbreviations: AFM, atomic force microscopy; FTIR, Fourier transform infrared; TEM, transmission electron microscopy; UV, ultraviolet; XRD, X-ray diffraction;

ZnO NPs, zinc oxide nanoparticles.

AFM showed the topographic image of well-dispersed
7ZnO NPs, which further confirmed the size of the NPs of
around 30.81 nm; this is consistent with that of biologically
synthesized ZnO NPs.?** The data derived from AFM cor-
roborate with the data obtained from TEM and XRD analysis.
Eita et al** observed that ZnO NPs stabilized with cationic
surfactant showed high surface roughness of 22.9 nm, in
comparison with the average thickness of the film, and
that the size of the ZnO NPs, 30.81 nm, indicates that the

multilayer is highly porous with random adsorption of ZnO
NPs. The tip-corrected NPs are shown with an average size
of 30.81 nm, which is consistent with biologically prepared
ZnOP using sea weeds.?

Effect of ZnO NPs on cell viability and

cell morphology
Figure 2 shows the dose-dependent response for changes in
cell viability of human ovarian cancer cells after exposure
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Notes: SKOV3 cells were incubated with different concentrations of ZnO NPs for 12 and 24 h, and then the viability of SKOV3 cells was determined using WST-8 assay.
(A) The results are expressed as the mean = standard deviation of three independent experiments. A significant difference was observed between control and treated cells.
The viability of treated cells was compared to that of the untreated cells using Student’s t-test (*P<0.05). (B) Phase contrast microscopy data showing the morphologic
appearance of SKOV3 cells after treatment with ZnO NPs for 12 h. Scale bars =200 um.

Abbreviation: ZnO NPs, zinc oxide nanoparticles.

to ZnO NPs. The results depicted that there was a significant
reduction in cell viability following treatment with 20 and
30 ug/mL (P<<0.05). Although significant differences in cell
viability were observed between 10 and 30 pg/mL, a remark-
able difference was observed only between 20 and 30 pg/mlL.
The cell viability of human ovarian cancer cells decreased
significantly in a time- and dose-dependent manner during
the 24 h exposure to 20 and 30 pg/mL ZnO NPs (P<<0.05), as

shown in Figure 2A. No significant difference in cell viability
was observed on exposure to a lower concentration, 5 and
10 pg/mL, between 12 and 24 h. Altogether, significant effect
was observed at higher concentration (20 and 30 pg/mL)
at 24 h; nevertheless, at an increasing concentration from
20 to 30 pug/mL, a significant difference in cell viability was
observed. Therefore, 20 and 30 pg/mL seem to be workable
concentrations that are sufficient to know the effect of ZnO
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NPs in ovarian cancer cells (Figure 2A). Lee et al*® reported
the toxic effect of ZnO NPs on human epidermal keratinocyte
HaCaT cells after exposure to concentrations of 0, 10, 20,
40, and 80 pg/mL for 24 h. The results revealed that ZnO
NPs reduced the mitochondrial function and induced leak-
age of LDH. In addition, ZnO NPs induced oxidative stress,
due to which ROS and LPO were produced. Consistent with
our results, concentration-dependent effect was observed in
human pulmonary adenocarcinoma cell line LTEP-a-2.%¢
Chuang et al’” demonstrated the effect of two different sizes
of ZnO NPs, such as 20 and 90 nm, in human coronary
artery endothelial cells. Exposure of human coronary artery
endothelial cells to ZnO NPs resulted in decreased cell
viability and increased levels of 8-0x0-2’-deoxyguanosine,
IL-6, and nitric oxide. ZnO NPs were internalized by Leydig
cells and Sertoli cells, and this resulted in cytotoxicity in a
time- and dose-dependent manner through the induction
of apoptosis.?

Next we examined the effect of ZnO NPs on cell mor-
phology. The observation of morphologic nature of cells
could indicate the apoptotic status of cells. To determine
the cell morphology, the cells were treated with various
concentrations of ZnO NPs (5, 10, 20, and 30 pg/mL). The
results showed that control cells were distinct in shape with
elongated spindle morphology and a regular cell margin.
However, the cells treated with 5-30 pg/mL of ZnO NPs
showed significant morphologic changes of cell damage
(Figure 2B). However, at a higher concentration, such as
20 and 30 pg/mL, the majority of cells were round in shape
with a shrunken morphology (Figure 2B). At 30 ug/mL, the
numbers of cells with round shape morphology were higher
than the cells exposed to 5, 10, or 20 pg/mL. Cells exposed
to 20 pg/mL ZnO NPs demonstrated no morphologic changes
in L929 cells, whereas higher concentration of NPs induced
the cells to become rounded up and lose their spindle shape
morphologic features.*® ZnO NP-treated astrocytes exhibited
numerous lamellapodia and filopodia that were found project-
ing from the cell membranes over the substratum, which were
probably formed by the aggregation of ZnO NPs in random
clusters at the cell surface.* The data from cell viability and
cell morphologic analysis provided evidence for the increas-
ing number of shrinking cells in a dose-dependent manner
(Figure 2B). The increasing morphologic changes in the
presence of ZnO NPs coincided well with the decline in cell
survival rate; thus, they were associated with proliferation
inhibition and/or cell death.** Similarly, Pandurangan et al
demonstrated that ZnO NPs significantly induced morpho-
logic changes such as loss of cell-cell and cell-substrate

adherence and rounding of cells in human cervical carcinoma
cells. However, they concluded that cell alteration depends
on the size, concentration, and type of cells.*!

Effect of ZnO NPs on intracellular
ROS level

The generation of intracellular ROS seems to be an important
player for ZnO NP-induced cell death. Increasing the level
of ROS leads to decrease in the level of antioxidative system
in the cells and eventually results in oxidative damage to
the cell components.** Based on cell viability and cell mor-
phology assay, we assumed that ZnO NPs could affect the
intracellular ROS levels in the treated human ovarian cancer
cells. Therefore, ROS were assayed using the fluorescent
probe DCFH-DA. DCFH-DA fluorescent probe can freely
cross the cell membrane and is oxidized to fluorescent
DCF by intracellular ROS. The levels of intracellular ROS
were quantified by the intensity of DCFH-DA fluorescence
(Figure 3A). Compared with the control, the fluorescence
intensity was enhanced by comparing with the guidance line
as the standard, indicating that the intracellular ROS level was
significantly increased. When the ovarian cancer cells were
treated with ZnO NPs for 12 h at increasing concentrations,
fluorescent intensity was increased in the ovarian cancer
cells loaded with DCFH-DA probe (Figure 3B). The results
demonstrated that the intercellular ROS in the ovarian cells
could be upregulated by ZnO NPs. The fluorescence intensity
of DCF was increased following exposure to ZnO NPs in a
dose-dependent manner. When the astrocytes were treated
with various concentrations of ZnO NPs, the ROS level
was significantly increased, and also, it increased in a time-
dependent manner.®3¢ Recently, Pandurangan et al reported
that HeLa cells treated with 0.02 and 0.03 mg/mL of ZnO
NPs for 48 h exhibited increased fluorescence intensity of
DCF than the control cells, and also that the effect was dose
dependent.*! Altogether, the results suggest that ZnO NPs are
able to induce ROS generation and eventually lead to oxida-
tive stress. Previously, several studies reported that on using
several NPs, including silver, graphene, and palladium, the
major cause of cell death was ROS production.** Next we
examined the effect of ZnO NPs on LDH leakage as the end
point of toxicity. The results suggest that leakage of LDH was
in a dose-dependent manner, which was substantially consis-
tent with cell viability and generation of ROS (Figure 3C).
Similarly, the effect of ZnO NPs was also observed in
mouse testicular cells.” Altogether, all cytotoxicity assays
confirmed that ZnO NPs potentially induce cytotoxicity in
human ovarian cancer cells.
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(*P<<0.05; **P<<0.01). (C) LDH leakage levels were measured in cells cultured in the presence of ZnO NPs (0, 5, 10, 20, and 30 pg/mL) for 12 h.

Abbreviations: DCFH-DA, dichlorodihydrofluorescein diacetate; LDH, lactate dehydrogenase; ROS, reactive oxygen species; ZnO NPs, zinc oxide nanoparticles.

Mitochondrial dysfunction

MPT was regulated by a number of factors including reac-
tive oxygen and nitrogen species.* Recent observations in
several cancer cells have shown that NPs could enhance
the impairment of mitochondria; particularly in mitochon-
drial membranes, they impaired the ability of a PI3K-like
protein kinase (ATR) to induce MPT and the release of
apoptogenic proteins.*” Thus, we tested the effect of ZnO
NPs on the regulation of MPT caused by enhancement of
ROS generation. Healthy cells are known to have intact and
functionally active mitochondria which can retain the red
JC-1 aggregates, whereas impaired mitochondria could take

up green color and exhibit enhanced green JC-1 monomers.
As shown in Figure 4A, ZnO NP-exposed cells exhibited a
marked impairment of mitochondria in a dose-dependent
manner, as evident by a shift in JC-1 florescence from red to
green. With increasing concentration of ZnO NPs, particu-
larly at a higher concentration, the level of JC-1 monomers
was significant. ZnO NPs induce cytotoxicity in the human
liver cell line HepG2 by increasing the ROS levels and, con-
sequently, causing a decrease in MPT and an increase in the
ratio of Bax/Bcl-2.# Human keratinocytes treated with ZnO
NPs induced significant intracellular ROS and mitochondrial
ROS production. The increased ROS levels eventually led to
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Figure 4 Effects of ZnO NPs on mitochondrial membrane permeability and apoptosis in SKOV3 cells.

Notes: SKOV3 cells were treated with ZnO NPs (0, 5, 10, 20, and 30 pg/mL) for 12 h. (A) Mitochondrial membrane potential (Aym) was evaluated using JC-| in treated
cells. Red fluorescence indicates JC-| aggregates within the mitochondria in healthy cells, whereas green fluorescence indicates JC-1 monomers in the cytoplasm and loss
of Aym. Scale bars =100 pum. (a) Ratio of JC-I monomers to JC-| aggregated. (B) Apoptosis was assessed in a TUNEL assay; the nuclei were counterstained with DAPI.
Representative images show apoptotic (fragmented) DNA (red staining) and the corresponding cell nuclei (blue staining). (b) The average intensity of TUNEL fluorescence

in SKOV3. Scale bars =100 um. *P<<0.05; **P<0.01.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; ZnO NPs, zinc oxide nanoparticles.

the dissipation of the MPT and elicited cellular apoptosis.*’
Our previous findings also suggest that treatment of mouse
testicular cells with ZnO NPs induces loss of MPT.?
Following this, we were interested to investigate the
influence of ROS, which is a major player for mitochondrial
dysfunction. Then we investigated the impact of ROS on the
level of apoptosis in ZnO NP-treated ovarian cancer cells
using TUNEL assay. ROS consist of free radicals, such as
superoxide anion radical (O,"), and non-free radicals, includ-
ing hydrogen peroxide (H,0,).”” With the enrichment of
O, and H,O,, oxidative stress occurs and the cellular redox
balance is impaired, resulting in oxidative damage to cells.>!
ROS at higher levels easily react with membrane lipids,
causing an alteration in membrane permeability, and with
DNA, causing damage and genomic instability.** Our findings

clearly indicated that ZnO NP-treated ovarian cancer cells
showed higher level of TUNEL-positive cells, which clearly
suggests that the level of ROS was high and the redox bal-
ance was impaired, eventually leading to DNA fragmentation
(Figure 4B). The DNA profiles of the cells treated with ZnO
NPs for 12 h along with those of untreated control cells were
analyzed. In the control cells, there were no TUNEL-positive
cells, whereas the cells treated with ZnO NPs had started the
apoptotic process, as was evident from DNA fragmentation
analysis. Similarly, ZnO NP-treated human liver cancer
HepG2 cells showed remarkable fragmentation of DNA.%*
Several studies substantially proved that oxidative
stress seems to be an important mechanism underlying the
toxic effects of metal oxide NPs, using both in vitro and
in vivo models.>>>® Oxidative stress is definitely caused
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by an imbalance between production of various ROS and
antioxidant defense. ROS have been identified as the sig-
naling molecules in various pathways regulating both cell
survival and cell death.>-%! ROS have dual functions; lower
level induces cell signaling for cell survival and higher level
causes severe damage to DNA, RNA, and proteins.®>% Our
finding and those of previous studies have demonstrated that
oxidative stress plays a major role and it is involved in ZnO
NP-induced cytotoxicity in human ovarian cancer cells.

ZnO NPs induce DNA double-strand

breaks

Metal NPs are able to induce oxidative stress within cells,
which often results in DNA damage.**% Therefore, ROS
formation and DNA damage in treated human ovarian cancer
cells were analyzed to investigate their possible involve-
ment in the induction of DNA damage. DNA double-strand
breaks (DSBs) are one of the most toxic of these lesions
and must be repaired to preserve chromosomal integrity.%
DNA damage can occur as a result of endogenous metabolic
reactions and replication stress or from exogenous sources
such as radiation, chemotherapeutics, or NPs.®® ZnO NPs
induced double-strand DNA fragmentation was studied using
v-H2AX staining. Phosphorylation of the core histone variant
H2AX (y-H2AX), a suitable marker of DNA damage-induced
histone modification, serves as a hallmark of DNA DSBs.®7¢°
Therefore, we measured the distribution of y-H2AX in the
nucleus after exposure to ZnO NPs for 12 h (Figure 5A).
The phosphorylation of histone H2AX (a marker of DNA
DSBs) was analyzed according to the method described
previously.” The immunofluorescent images of histone
H2AX phosphorylation in y-H2AX-stained human ovarian
cancer cells are shown in Figure SA. The immunostaining
results showed that the y-H2AX signals were increased sig-
nificantly in treated samples compared with controls and that
the signals were dispersed throughout the whole nucleus after
treatment with 10, 20, and 30 pug/mL, whereas the signals
were stronger after treatment with 30 ug/mL (Figure 5A).
Treatment with ZnO NPs resulted in a dose-dependent induc-
tion of y-H2AX foci. In the control group, ovarian cancer
cells had no y-H2AX foci in the nuclei. It was concluded
that increasing concentration of ZnO NPs induced foci for-
mation and increased the percentage of y-H2AX-positive
cells. As shown in Figure 5A, ZnO NPs exhibited distinct
concentration-dependent effects (P<<0.01) on y-H2AX foci
formation in human ovarian cancer cells. The accumulation
of y-H2AX signals indicated that DNA breaks had occurred
and that the damage exacerbated with higher concentrations

of ZnO NPs, consistent with a previous report that observed
increased y-H2AX signals in cultured (CHO)-K1 cells and
human epidermal keratinocytes after exposure to increasing
concentrations of ZnO NPs.”"?

Next we examined the effect of double-strand DNA
breaks using another tool, Rad51 antibody. Rad51 is a
DNA-dependent ATPase that forms a filament on ssDNA
and promotes strand invasion with a homologous double-
stranded partner.®® When the ovarian cancer cells were treated
with ZnO NPs, it led to an increase in Rad51 foci formation
after 12 h of treatment. More pronounced foci formation was
observed with 20 pg/mL treatment than with a concentration
of 30 ug/mL. Although we used the same NPs for DSBs using
v-H2AX and Rad51 antibodies, H2AX highly responded to
30 ug/mL and Rad51 to 20 pg/mL concentration. Rad51
foci appeared in more micronuclei 12 h after exposure than
v-H2AX foci. Although Rad51 foci may only mark a subset
of the DSBs, the number of residual Rad51 foci per cell was
invariably higher than the number of residual y-H2AXX foci
(Figure 5A and B). This study found that ZnO NPs inhibited
growth of ovarian cancer cells through induction of apoptosis
and DNA damage in vitro. Furthermore, ZnO NPs were found
to induce apoptosis and DNA damage of ovarian cancer cells
in a dose-dependent manner. Therefore, ZnO NPs act as a
potent genotoxin by inducing marked accumulation of DNA
DSBs. The results indicate that treatment with ZnO NPs
triggers a cascade that includes DNA damage.

ZnO NPs induce apoptosis and

autophagy by activation of p53 and

LC3 expression

p53 is a key player for determining a multitude of important
cellular responses that may vary from protecting the integrity
of the genome, inducing apoptosis, regulating glycolysis and
autophagy, to even promoting cell differentiation.”® Apoptosis
is mainly regulated by p53, particularly by the intrinsic mito-
chondrial or extrinsic death receptor pathway.” Therefore, in
this study, the expression of tumor suppressor protein p53 was
examined to correlate the DNA damaging potential of ZnO, as
shown in previous experiments. The results revealed that the
cells treated with ZnO NPs showed increased number of p53-
positive cells compared to control. We observed a significant
(P<<0.05) dose-dependent increase in the expression of tumor
suppressor protein p53 in ovarian cancer cells treated with
ZnO NPs at concentrations of 10, 20, and 30 pg/mL for 12 h
(Figure 6A). These results demonstrated that ZnO NP-induced
tumor suppressor gene expression can inhibit proliferation of
ovarian cancer cell remarkably, providing new strategy for
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Figure 5 Nuclear DNA damage in SKOV3 cells after ZnO NP treatment using immunocytofluorescense with y-H2AX and Rad51| antibody.

Notes: (A) Nuclear y-H2AX foci in cells in vitro exposed to ZnO NPs (0, 5, 10, 20, and 30 ug/mL) for 12 h. The results are expressed as the mean * standard deviation
of three separate experiments. (a) The average intensity of y-H2AX fluorescence in SKOV3. Scale bars =100 um. (B) Nuclear Rad51 foci in cells in vitro exposed to ZnO
NPs (0, 5, 10, 20, and 30 ug/mL) for 12 h. The results are expressed as the mean + standard deviation of three separate experiments. (b) The average intensity of Rad5|

fluorescence in SKOV3. Scale bars =100 um. *P<<0.05; **P<0.01.
Abbreviation: ZnO-NPs, zinc oxide nanoparticles.

cancer therapy. The p53 pathway is extremely sensitive to a
very small number of DNA strand breaks or single-stranded
gaps. This can also be considered as a factor that could be
important in the early detection of DNA lesions in tumors. The
activation of p53 is able to control many biologic processes
including growth arrest and apoptosis.”’® The expression
profile of p53 protein was significant, which supports the
DNA damaging potential of the ZnO NPs.

Previously, several studies in tumor cells have shown
that the p53 tumor suppressor protein, which is an impor-
tant cellular stress sensor, can trigger cell cycle arrest and
apoptosis and also regulate autophagy.”’-*" In addition, p53

appears to play a dual role in the control of autophagy. At
basal levels, p53 has an inhibitory effect and its activation
initiates the autophagic process.”® Thus, we examined the
effect of ZnO NPs on LC3 expression in ovarian cancer
cells. In this study, the effects of ZnO NPs on autophagy
were investigated in ZnO NP-treated cells via fluorescence
microscopy using an LC3 antibody to detect LC3-11/-1
expression and Hoechst 33258 to assess nuclear morphol-
ogy. Visualization of LC3 immunofluorescence revealed
remarkable detectable fluorescence in the ZnO NP-treated
cells, whereas there was no detectable fluorescence in the
control cells. However, the fluorescence was observed at a
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Figure 6 ZnO NP exposure increases apoptosis and autophagy in cultured SKOV3 cells in 12 h.
Notes: The cells were treated with ZnO NPs (0, 5, 10, 20, and 30 pg/mL) for 12 h and then processed for immunofluorescence analysis. (A) p53-stained SKOV3: (a) the
average intensity of p53 fluorescence in SKOV3. Scale bars =100 um. (B) LC3-stained SKOV3: (b) the average intensity of LC3 fluorescence in SKOV3. Scale bars =100 um.

*P<0.05; **P<<0.01.
Abbreviation: ZnO NPs, zinc oxide nanoparticles.

higher concentration only, but not in lower concentration
(Figure 6B). Quantitative analysis revealed significant dif-
ference in treated cells when compared to the control group.
Consistent with our findings, ZnO NPs induced autophagic
cell death and mitochondrial damage via ROS generation
in JB6 CI 41-5a mouse skin epidermal normal cells.®?> The
results suggest that activation of autophagy may promote
or inhibit apoptosis, depending on the level of the insult
caused by ZnO NPs.

Activation of signaling molecules involved
in apoptotic and autophagy

Next we examined the mechanism of cell death caused by ZnO
NPs using Western blot analysis by activation/deactivation

of certain crucial components in the cellular system.
The expression of apoptosis-related proteins such as Bax,
Bcl-2, caspase-9, Rad51, y-H2AX, p53, and LC3 was exam-
ined by Western blotting analysis (Figure 7). All marker pro-
tein levels were increased, except antiapoptotic protein Bel-2,
consistent with its well-known downregulation of apoptotic
process, whereas all other proteins were upregulated. In the
presence of DNA damage or cellular stress, p53 triggers cell
cycle arrest to provide time for the damage to be repaired or
for self-mediated apoptosis.®*** The activation of p53 could
be the possible regulator for upregulation of Bax. Cleavage of
DNA at the internucleosomal linker sites yielding DNA frag-
ments is regarded as a biochemical hallmark of apoptosis.®
Enhanced expression level of caspase-9 leads to rapid and
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Figure 7 Assessment by Western blotting.

Notes: The SKOV3 cells were treated with ZnO NPs (30 ug/mL) for 12 h and
the expression analysis of Bax, Bcl-2, caspase-9, Rad51, y-H2AX, LC3, and p53 was
performed by Western blot analysis. Data are presented from three independent
experiments.

Abbreviation: ZnO NPs, zinc oxide nanoparticles.

irreversible apoptosis. This study demonstrates that ZnO
NPs treated ovarian cancer cells showed high level expres-
sion caspase-9 and significant level of DNA fragmentation
causes apoptosis. Consistent with our findings, Akhtar
et al reported that the protein levels of p53 and bax were
significantly upregulated, while the expression of bcl-2 was
significantly downregulated in ZnO NP-treated human lung
cancer (HepG2) cells.>* Furthermore, the cells treated with
ZnO NPs showed significant expression of y-H2AX and
Rad51 than the control group, which is also consistent with
immunofluorescence data. Altogether, the results showed
that ZnO NP-induced ROS generation is responsible for
mitochondrial-mediated apoptosis and autophagy-induced
apoptosis. Exposure of human ovarian cancer cells to ZnO
NPs resulted in autophagic death and increased levels of LC3,
an essential component of autophagic vacuoles. Johnson et al
demonstrated that ZnO NPs induce cell death in immune cells
via enhanced expression of LC3A.% Yu et al provided sub-
stantial evidence for ZnO NP-induced autophagy, in which
ZnO NPs significantly increased LC3-positive dots and also
the expression of autophagy-related proteins (BECN1 and
LC3) was significantly increased in JB6 Cl 41-5a mouse
skin epidermal normal cells.®? Altogether, these findings
suggest that ZnO NPs lead to cell death through apoptosis
and autophagy and also mitochondrial damage via ROS
induction.

Conclusion

In this study, we demonstrated that ZnO NPs with an
average size of 20 nm are able to induce significant cyto-
toxicity to human ovarian cancer cells via induction of
intracellular ROS through which they could directly affect
a mechanical pathway of cell viability by apoptosis and
autophagy, cause mitochondrial disruption, and altera-
tion of MPT and function. Particularly, ZnO NPs could
interact with DNA and induce DNA fragmentation and
double-strand DNA breaks and eventually lead to cell death.
Further, this study clearly demonstrated that the induction
of apoptosis is directly associated with the genotoxicity of
ZnO NPs. The mechanisms underlying the genotoxicity
of ZnO NPs require further investigation to clearly dem-
onstrate that ZnO NPs cause genotoxicity and apoptosis.
Further studies are required to understand the biologic
consequences of DNA damage on exposure to ZnO NPs
and induction of autophagy.
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