
Volume 1 Issue 1 (2022) 1 https://doi.org/10.36922/gtm.v1i1.34 

ORIGINAL RESEARCH ARTICLE

Green synthesized zinc oxide nanoparticles 
induce apoptosis by suppressing PI3K/Akt/mTOR 
signaling pathway in osteosarcoma MG63 cells

Satheeshkumar Subramaniyan1, Yoganathan Kamaraj1, 
Veenayohini Kumaresan1, Muthulakshmi Kannaiyan2, Ernest David3, 
Babujanarthanam Ranganathan3, Vijayanand Selvaraj3, and Agilan Balupillai3*
1Department of Microbiology, Faculty of Science, Annamalai University, Chidambaram, Tamil Nadu, 
India
2Department of Microbiology, Faculty of Science, Idhaya College for Women, Tiruvannamalai, 
Tamil  Nadu, India
3Department of Biotechnology, Thiruvalluvar University, Serkkadu, Vellore, Tamil Nadu, India

Global Translational Medicine

Abstract
This study aimed to assess the apoptosis-inducing mechanism of zinc oxide 
nanoparticles (ZnO NPs) stabilized by Solanum xanthocarpum plant extract in human 
osteosarcoma MG63  cells. In the present study, we synthesized ZnO NPs from 
S.   xanthocarpum extract and evaluated its anticancer mechanism on MG 63 cells. 
The synthesized ZnO NPs were characterized by ultraviolet spectroscopy, X-ray 
crystallography, transmission electron microscopy, energy dispersive X-ray, and 
Fourier-transform infrared spectroscopy analysis. The mean size of the synthesized 
ZnO NPs was 21.62 ± 7.45 nm and spherical in shape. The cytotoxicity of ZnO NPs on 
MG63 cells was determined by MTT assay. The Western blot analysis was carried out to 
examine the expression of apoptotic and autophagy-related proteins in MG63 cells. 
The findings of the study reveal that ZnO NPs treatment showed concentration-
dependent cytotoxicity, increased lipid peroxidation, decreased antioxidant activity, 
increased reactive oxygen species generation, and increased DNA damage. In 
addition, ZnO NPs treatment increased the expression of apoptotic members such as 
p53, Bax, caspase-3, -8, and -9 while downregulating Bcl-2 expression in MG63 cells. 
Furthermore, ZnO NPs treatment suppressed the P13K/AKT/mTOR signaling 
pathway and increased the expression of LC3 and beclin-1 in MG63 cells. The present 
study demonstrated that ZnO NPs induced apoptosis and autophagy in MG63 cells 
through modifying apoptotic and autophagy-related proteins.
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1. Introduction
Osteosarcoma is a primary malignancy of bone tumor in humans, which has a high rate 
of metastasis[1]. Although a few detection and diagnostic methods have been developed, 
the severity and rapid metastasis of osteosarcoma probably contributes to the poor 
prognosis of people with the metastatic form of the malignancy[2]. Compared to single-

*Corresponding author: 
Agilan Balupillai 
(agilanphd@gmail.com)

Citation: Subramaniyan S, 
Kamaraj  Y, Kumaresan V, et al., 
2022, Green synthesized zinc oxide 
nanoparticles induce apoptosis 
by suppressing PI3K/Akt/mTOR 
signaling pathway in osteosarcoma 
MG63 cells. Global Transl Med, 
1(1): 34. 
https://doi.org/10.36922/gtm.v1i1.34

Received: March 3, 2022 
Accepted: April 15, 2022 
Published Online: May 23, 2022

Copyright: © 2022 Author(s). 
This is an Open Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Global Translational Medicine ZnO NPs induce apoptosis in MG63 cells

Volume 1 Issue 1 (2022) 2 https://doi.org/10.36922/gtm.v1i1.34 

drug treatment like vincristine, nanoparticles can control 
cancer cell growth at various cell cycle stages, remove local 
or distant micro-metastases, and diminish the development 
of drug resistance. Among all malignancy cases, 40% have 
developed resistance to multidrug treatment after an early 
response to medication. In addition, 30% patients with 
multidrug resistance experience metastasis or recurrence 
within 5  years[3]. Disruption in transporter pumps, 
oncogenes, genes involved in tumor suppression, DNA 
repair mechanism, mitochondrial damage, autophagy, and 
epithelial-mesenchymal transition are some of the cellular 
events behind drug resistance[4]. Overall, the factors 
involved in drug resistance are complex and require further 
research. As a result, the underlying molecular processes 
and the involvement of biomarkers should be identified.

Nanotechnology has a significant impact on the 
development of anticancer and antibacterial drugs with 
higher efficacy. Nanoparticles with a size range of 1 – 
100  nm offer unique properties due to their small size 
compared to their bulk counterpart, allowing them to 
be used in various industries, including electronics, 
energy, biomedicine, and healthcare. Physical, chemical, 
and biological techniques may be used to prepare 
nanoparticles, and they can be customized in size and 
form[5]. However, physical and chemical methods are 
rarely used for synthesis due to high cost and toxicity of 
the substances used. As a result, many researchers use 
biological approach to generate nanoparticles, including 
zinc oxide nanoparticles (ZnO NPs)[6]. The therapeutic 
abilities of ZnO NPs have caught the attention of scientists 
worldwide. A plethora of approaches for synthesizing ZnO 
NPs are available, allowing for easy control of ZnO NP size. 
Evidence showed that the level of cytotoxicity in cancer 
cells was related to the size of the ZnO NPs synthesized. 
Due to their semiconductor nature and distinct exterior 
characteristics, ZnO NPs cause cytotoxicity in malignant 
cells by generating reactive oxygen species (ROS), 
leading to oxidative stress and cell death[7]. Nonetheless, 
understanding the molecular mechanism involved in 
anticancer activity of ZnO NPs is deem important.

Various plant species have been reported to biosynthesize 
ZnO NPs which include Garcinia mangostana[8], 
Tamarindus indica[9], Aeromonas hydrophila[10], and Aloe 
barbadensis[11]. Solanum xanthocarpum is a medicinal 
plant that belongs to the member of Solanaceae family. 
S.  xanthocarpum has been used to treat various illnesses 
such as joint pain, inflammation, fever, and gastrointestinal 
diseases. Moreover, it has anti-tumorigenic, antioxidant, 
anti-inflammatory, diuretic, antipyretic, and antibacterial 
properties and can be used to treat sexually transmitted 
infections as well. The Solanaceae family plants contain 

a variety of compounds that are responsible for diverse 
bioactivity. The plant bioactive compounds encompassing 
glycoalkaloids, glycoproteins, polysaccharides, and 
polyphenolic substances that include gallic acid, catechin, 
protocatechuic acid, caffeic acid epicatechin, rutin, 
and naringenin were used for the preparation of ZnO 
NPs[12]. Several studies have been conducted to evaluate 
the anticancer activity of biologically prepared ZnO 
NPs; however, the formulation of ZnO NPs from S. 
xanthocarpum extract and its anticancer mechanism on 
osteosarcoma cells has not yet been studied. Hence, in this 
study, we synthesized ZnO NPs using S. xanthocarpum 
extract and investigate its molecular mechanism in 
inducing apoptosis in osteosarcoma MG63 cells.

2. Materials and methods
2.1. Chemicals

Zinc acetate, 3-  (4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT), non-fluorescent 
2’,7’-dichlorofluorescein diacetate (DCFH-DA), 
acridine orange (AO), ethidium bromide (EtBr), 
trypsin-ethylenediaminetetraacetic acid (EDTA), and 
4’,6-diamidino-2-phenylindole (DAPI) were obtained 
from Sigma-Aldrich, USA. Phosphate-buffered saline 
(PBS) solution (pH  7.2), Dulbecco’s modified eagle’s 
medium (DMEM), and all other chemicals were acquired 
from HiMedia Laboratories, India.

2.2. Preparation of plant extracts and synthesis of 
ZnO NPs

The disease-free fresh leaves of S. xanthocarpum were 
collected from the area around Jinan City, Shandong 
Province, China. The collected plant materials were 
splashed several times with pure water to remove dust 
particles. Further, the plant material was dried in shadow 
and minced into fine powder. 20  g of rinsed fine dried 
powder were combined with 100 mL of sterile water in a 
250 mL flask to make the extract. After that, the mixture 
was boiled for 20 min, or until the aqueous solution color 
changed from watery to light yellow. Before being filtered 
using Whatman filter paper, the extract was left at room 
temperature to cool. The extract was then stored at room 
temperature for future analysis. For the amalgamation of 
ZnO NPs, 20 mL of the obtained extract was transferred 
into aqueous zinc acetate (3 mM, 80 mL). The reactant was 
incubated in the dark for 24 h using a mechanical stirrer. 
When zinc acetate was reduced entirely to ZnO NPs, the 
solution initially changed from colorless to dark brown. 
Afterward, the reaction solution was maintained at room 
temperature for another 24 h without shaking to precipitate 
the amalgamated nanoparticles thoroughly. Then, the 
settled particles were centrifuged for 10 min at 500 ×g, and 
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the resulting residue was obtained and completely dried 
for further analysis.

2.3. Ultraviolet (UV)-vis spectra and size distribution 
analyses

After being harvested by centrifugation, the ZnO NPs 
were examined using UV-vis spectral analysis. The UV-vis 
spectrophotometer was used to record a spectral reading 
of amalgamated ZnO NPs at 300 – 700  nm wavelength 
(Hitachi, model U-2800). A light scattering crystallite size 
analyzer was used to explore the size and distribution of 
the prepared nanoparticles. After ultrasonication, ZnO 
NPs were placed into a sample stage, and then the size and 
its distribution were estimated using a computer-based 
dynamic light scattering analyzer.

2.4. Transmission electron microscopy (TEM) and 
elemental analyses

The produced ZnO NPs were mixed in water, which was 
deionized previously, and one drop of the mixture was 
placed on the sample stage and dried under a vacuum 
before being coated with carbon. Tecnai G-10, an 80kV 
transmission electron microscope, was used to obtain 
micrographs of carbon-coated nanoparticles. The produced 
ZnO NPs were deposited on a section of micro-glass slip 
closed by a carbon layer for energy dispersive X-ray (EDX) 
studies, and then permitted to dehydrate at 37°C. The 
mimicked elements were studied using the spectrum of 
EDX (BrukerAXS Incorporation., USA).

2.5. X-ray crystallography (XRD) and Fourier-
transform infrared spectroscopy (FTIR) 
examinations

The ZnO NPs were thoroughly dehydrated for XRD 
analysis before being bonded in an XRD condition by 
the prominent 30  kV at 20  mA between and radiation 
through an XRD analyzer (Philips Model PW1252/36). 
The scanning temperature range was set from 20°C to 
80°C. FTIR measurements were used to investigate the 
surface functional group of chemicals coupled with phyto 
produced ZnO NPs (Shimadzu 8201PC, Japan). The sample 
was mixed with 10 mL of deionized water and examined in 
KBr pellets using FT-IR with a resolution of 4 cm−1.

2.6. Cell culture

The osteosarcoma MG63 and normal Vero cell lines were 
obtained from ATCC. The cells were cultivated in DMEM 
37°C in a 5% CO2 and 95% air environment (humidified 
incubation). The S. xanthocarpum-stabilized ZnO NPs 
were dissolved in dimethyl sulfoxide (DMSO) before being 
treated with the cells.

2.7. Cytotoxicity of ZnO NPs on MG63 cells

The cytotoxic effect of produced ZnO NPs on MG63 and 
Vero cells was measured by MTT assay. The MG63 and Vero 
cells were inoculated (1 × 105 cells/well) in a 96-well plate 
and cultivated for 24 h in a humified environment. Except 
for control, the cells were introduced to increasing dosages 
of ZnO NPs for 24 h. Further, the cells were subsequently 
exposed to MTT (100 µL, 5.0 mg/mL in PBS) for 4 h in 
dark conditions to form formazan crystals. The resulting 
formazans in the wells were diluted by 100 µL of DMSO. 
The optical density value of the well was scrutinized by a 
microplate reader (Tecan Multimode Reader, Austria). 
Regression analysis was used to determine the ZnO NP 
concentrations.

2.8. Biochemical assays

The biochemical assays for lipid peroxidation (LPO), 
superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPx) were conducted to analyze 
the LPO and endogenous antioxidant activity in ZnO 
NPs-treated MG63 cells. The cell suspension was obtained 
by trypsinization after treatment and processed for 
biochemical studies. The LPO biomarker, thiobarbituric 
acid reactive substances (TBARS) activity was assessed 
by adapting the procedure suggested previously[13]. The 
antioxidant activity in MG63  cells was determined by 
quantifying the antioxidant markers SOD, CAT, and GPx 
by adapting the aforementioned protocols[14-16]. The cells 
that remained untreated were designated as control.

2.9. Determination of ROS

The ZnO NPs-induced ROS generation in MG63 cells was 
determined by staining the cells with DCFH-DA, which was 
then oxidized into fluorescent dichlorofluorescein (DCF). 
The cells were inoculated and grown (1 × 106 cells) for 24 h 
in six-well plate. After treatment with 15, 30, and 45 µg/mL 
of ZnO NPs for 24 h, the cells were administered 100 µL of 
DCFH-DA for 10 min under dark conditions, then the cells 
were observed under a fluorescence microscope equipped 
with appropriate filters. The cells were trypsinized and the 
fluorescence intensity of the cell suspension was estimated 
using a spectrofluorometer (Shimadzu RF-5301 PC). The 
untreated wells served as a control group.

2.10. Examination of apoptotic morphological 
changes

The ZnO NPs-mediated apoptotic sign represents the 
hallmark of morphological alterations in MG63 cells and 
this sign was confirmed by staining with AO and EtBr[17]. 
The cells were inoculated in six-well plate and incubated in 
humified incubator, and treated with various doses (15, 30, 
45 µg/mL) of ZnO NPs for 24 h under the same humified 
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conditions. Further, the cells were exposed to a 1:1 ratio 
of AO/EB for 30 min and then gently splashed with PBS. 
Then, the cells were observed under the fluorescence 
microscope (Olympus, Japan).

2.11. DAPI staining

The ZnO NPs-induced nuclear condensation in MG63 cells 
were assessed by staining the cell with a DAPI stain. The 
cells were inoculated (1 × 105 cells) and seeded in six-well 
plates for 24  h. Then, the cells were exposed to 15, 30, 
and 45 µg/mL of ZnO NPs for 24 h. The cells were gently 
washed and fixed with paraformaldehyde before being 
cleaned and fixed again with 70% ethanol. After that, the 
cells were exposed to DAPI (1 mg/mL) and kept for 20 min 
in the dark. The treated ZnO NPs and untreated control 
cells were observed under the fluorescence microscope for 
nuclear condensation.

2.12. Determination of DNA damage (comet assay)

The gel electrophoresis method was used to determine 
the ZnO NPs-induced DNA damage in MG63 cells. The 
cells were obtained after administration with various 
doses (15, 30, and 45  µg/mL) of ZnO NPs. Then, the 
harvested cell suspension was transferred into a 1× 
PBS solution. After that, 10  mL of the suspensions 
were transferred to low melting 0.5 % agarose (60 mL), 
which was then laden into slides and allowed to solidify 
correctly. The slides were submerged in ice-cold lysis 
buffer for 1  h at 4°C after full solidification and then 
left for DNA to loosen up in electrophoresis solution 
for 30 min. The electrophoresis setup was operated at a 
continuous voltage of 22 V and 200 mA. Using 0.4 M Tris 
(pH 7.5), the slides were neutralized for 10 min, and then 
fixed using ethanol (70%). Further, slides were exposed 
to 0.5  mg/mL of ethidium bromide for 20  min in a 
dark room. The epifluorescence microscope captured 
the images using a 40× objective lens aided by a digital 
camera.

2.13. Determination of caspase 3, 8 and 9 activities

The ZnO NPs-induced modulations in caspase 3, 8, and 
9 expressions in MG63  cells were assessed by adapting 
caspase assay as per manufacturer’s instructions. The 
MG63 cells were inoculated and grown in six-well plates 
for 24 h before being supplemented with different doses of 
ZnO NPs (15, 30, and 45 g/mL) for another 24 h. After the 
cells were collected, the cells were lysed by utilizing a lysis 
buffer containing 1 mM EDTA, 10 mM EGTA, 50 mM 
Tris-HCl, 10 mM digitonin, and 2 mM DTT. Further, 
the lysates were collected by centrifugation at 15,000 ×g 
for 1 h at 4°C, and then treated with caspase-3, 8, and 9 
specific substrates in a 96-well plate with reaction buffer 

for 1 h at 37 °C. The caspase expressions were examined by 
detecting the optical density value at 405 nm wavelength 
using a spectrophotometric plate reader (BioRad, Tokyo, 
Japan), in adherence with steps described by Huang 
et  al.[18] The assays were conducted in three independent 
experiments.

2.14. Western blot analysis

The cell suspension was obtained by trypsinization after a 
24-h treatment with ZnO NPs. The collected suspension 
was processed for centrifugation and the pellet was 
collected. After rinsing with cold PBS, the pellet was 
lysed using RIPA lysis buffer (Pierce Biotechnology, IL, 
USA). The protein separation was achieved on a 10% 
SDS-PAGE and then transferred onto a polyvinylidene 
difluoride membrane. After that, the membrane was 
blocked with 5% bovine serum albumin for 2 h at room 
temperature. Monoclonal primary antibodies (p53, 
Bcl-2, Bax, P13K, AKT, mTOR, LC3, beclin-1, P62, 
and β-actin 1:1000) were used to probe the membrane 
overnight at 4°C. The probed membrane was treated for 
1  h with secondary antibodies that were horseradish 
peroxidase-conjugated. By following the manufacturer’s 
instructions, the protein bands were visualized using 
a chemiluminescence detection ECL kit (Amersham 
Biosciences, Buckinghamshire, UK).

2.15. Statistical analysis

The mean ± standard deviation of three replicates was 
used to display all results. One-way ANOVA analysis was 
used to analyze the significant differences between various 
groups using GraphPad Prism 5. P < 0.05, P < 0.01, and 
P < 0.001 were considered as statistically significance 
between different groups.

3. Results
3.1. UV-vis and particle size distribution analysis

The optical characteristics of metal oxide nanoparticles 
are highly dependent on the size, shape, and interaction 
of the constituents on the nanoparticles. After 48  h of 
incubation, the reaction solution changed from pale yellow 
to brown, indicating that ZnO NPs had been synthesized. 
The increased strong absorption arises at 380  nm in the 
UV-vis spectra readings affirms the amalgamation of ZnO 
NPs (Figure 1A). The formed ZnO NPs ranged from 5 to 
60 nm and had a mean size of 21.62±7.45 nm in diameter 
(Figure 1B).

3.2. TEM and EDX analysis

The TEM observation shows that the ZnO NPs were 
spherical and cylindrical. The ZnO NPs size had ranged 
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from 5 nm to 60 nm. This suggests that the particles were 
synthesized with near-size uniformity (Figure  2A). The 
elemental properties of produced ZnO NPs were assessed 
using the EDX patterns of ZnO NPs. The EDX profile of 
ZnO-NPs displays only zinc and oxygen atoms, showing 
that the ZnO-NPs synthesized was impurity-free. Since 
the identification lines for the principal emission energies 
for zinc and oxygen match the peaks in the spectrum, 
we consider that zinc has been accurately identified 
(Figure 2B).

3.3. XRD analysis

The XRD analysis reveals the nature of the produced ZnO 
NPs. The peaks raised in XRD at 31.77°, 34.44°, 36.26°, 
47.52°, 56.58°, 62.85°, and 67.91° correspond to the lattice 
plane of (100), (002), (101), (102), (110), (112), and (201), 
respectively, suggesting the spherically shaped crystal 
structure of the nanoparticle (Figure 2C).

3.4. FTIR analysis

FTIR spectral examination was employed to determine 
the association of bioactive molecules with the zinc 

ions. The unique signals were acquired from the 
substance-distinct vibrations of the ZnO NPs-coupled 
biomolecules (Figure  3). The band at 3424-3452 cm−1 
assisted in determining the functional groups associated 
with nanoparticles. The strong, deep absorption peak at 
3424 cm−1 represents the stretching of alcohol groups O-H. 
The C=C stretching vibrations of primary amines were 
responsible for the absorption band at about 1632 cm−1. 
The O-H vibrations of aromatic groups were responsible 
for the vibration bounds observed at 1382 cm−1. The 
1110 cm−1 band shows the existence of C-O stretching 
in alcohol, carboxylic acids, an ester, and other group 
compounds. The band verifies the stretching vibration of 
ZnO NPs at 452 cm−1.

3.5. Cytotoxic effect of ZnO NPs on MG63 cells

The ZnO NPs-induced cytotoxic effect on MG63 and 
normal Vero cells were determined by MTT assay. The 
administration of ZnO NPs has attenuated the cell 
proliferation in MG63 cells in a dose-dependent manner. 
The concentration of ZnO NPs required for 50% inhibition 
of MG63 cells was recorded as 28.12 ± 0.42 µg/mL. As a 
result, we selected dosages of 15, 30, and 45 µg/mL for 
further investigations. ZnO NPs showed no significant 
cytotoxicity in normal Vero cells (Figure 4).

3.6. Effect of ZnO NPs on antioxidant enzymes and 
LPO

Apoptotic hallmarks in cancer cells are characterized 
by increased LPO activity and diminished antioxidant 
activity. Depending on the doses used, the TBARS 
activity has considerably enhanced in cells incubated 
with ZnO NPs compared to cells that remained untreated. 
The levels of SOD, CAT, and GPx in ZnO NPs-exposed 
MG63  cells were significantly attenuated depending on 
the quantities of ZnO NPs used compared to untreated 
cells (Figure 5A).

3.7. Effect of ZnO NPs on ROS activity

The augmentation of ROS production in cancer cells is a 
prominent hallmark of oxidative stress-induced apoptosis. 
The DCF fluorescence emission of control and ZnO 
NPs-administered cells was assessed, and the results are 
presented in Figure 5B. The augmented green fluorescence 
depth was observed in ZnO NPs-exposed MG63  cells 
according to the doses utilized, indicating ZnO NPs-
induced ROS production. The DCF fluorescence depth 
in MG63  cells is depicted graphically (Figure  5C). These 
results suggest that the high fluorescence intensity is due 
to the augmented intracellular ROS activity in MG63 cells 
induced by ZnO NPs.

Figure 1. Characterization of synthesized ZnO NPs. (A) UV-vis spectral 
analysis shows that the formation of ZnO NPs in the reaction mixture as 
peak elevated at 380 nm wavelength in the spectrum. (B) A size dynamic 
light scattering analyzer analyzed the size and distribution of ZnO NPs. 
The ZnO NPs were evenly distributed, and the size ranged from 5 to 
60 nm with an average diameter of 21.62 ± 7.45 nm. 

B

A
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3.8. Effect of ZnO NPs on apoptotic morphological 
changes

Cell shrinkage and membrane bleebing are essential 
hallmarks of apoptosis in cancer cells. ZnO NPs induced 
apoptotic changes in MG63  cells morphology, which 
were evaluated using a dual staining method after 24 h of 
treatment. Compared to the control cells which displayed 
morphologically distinct healthy cells, the number of 
detached cells with shrunken shapes increased in ZnO 
NPs-treated cells. The orange-colored, round-shaped 

cells in the ZnO NPs-exposed group (45 µg) indicate the 
late apoptotic cells, evidenced by membrane damage and 
damaged nuclei in MG63 cells (Figure 6A).

3.9. Effect of ZnO NPs on chromatin condensation in 
MG63 cells

DAPI staining was used to decide whether ZnO NPs caused 
condensation in chromatin and nuclear fragmentation in 
cancer cells. These hallmarks in ZnO NPs-exposed cells 
were determined by DAPI staining, which indicates that the 
ZnO NPs caused nuclear damage in MG63 cells. However, 
the untreated cells remained with intact nuclei (Figure 6A).

Figure 2. (A) TEM analysis shows the shape of the formed ZnO NPs. (B) The EDX analysis explores the elemental structure of amalgamated ZnO NPs. 
(C) The XDR pattern analysis of ZnO NPs stabilized with Solanum xanthocarpum extract: (a) 5 mL and (b) 20 mL confirms the crystalline nature of the 
formed ZnO NPs.

C

BA

Figure 3. FTIR examination shows the association of different bioactive 
compounds with amalgamated ZnO NPs.

Figure 4. The cytotoxicity of synthesized ZnO NPs on (A) MG63 cells 
and (B) normal Vero cells was determined by MTT assay. The synthesized 
ZnO NPs exhibited concentration-dependent cytotoxicity on MG63 cells, 
whereas significant toxicity was not shown on Vero cells. Bars represent 
mean ± S.D. of three experiments.

BA
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Figure 5. (A) Effect of ZnO NPs on LPO marker (TBARS) and antioxidants SOD, CAT, and GPx in MG63 cells. (B) The effect of ZnO NPs on ROS activity 
in MG63 cells. The images show that the increased green fluorescence on ZnO NPs-treated cells indicates the increased ROS activity in MG63 cells. (C) 
The graphical presentation of intracellular ROS production was detected by spectrofluorometer. The bars represent the mean ± standard deviation of three 
experiments. *P < 0.05, **P < 0.01 and #P < 0.001 versus control group. The scale bar is 50 µm.

CB

A

Figure 6. (A) The effect of ZnO NPs on apoptotic morphological changes, nuclear fragmentation, and DNA damage in MG63 cells. Apoptotic morphological 
changes were determined by AO/EB staining. DAPI staining explores the nuclear condensation and fragmentation in MG63 cells. The comet assay shows the DNA 
damage in MG63 cells. (B) The effect of ZnO NPs on the activities of caspase-3, -8, and -9 in MG63 cells. The graphical illustration shows the percentage of caspase 
activity. The bars represent mean ± standard deviation of three experiments. *P < 0.05, **P < 0.01, and #P < 0.001 versus control group. The scale bar is 50 µm.

B

A
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3.10. Effect of ZnO NPs on DNA damage

The comet test demonstrated that the ZnO NPs caused 
DNA damage in MG63  cells. In untreated control cells, 
we observed normal, intact DNA in the electrophoresis 
plot. On the contrary, the damaged increased head DNA 
was detected in ZnO NPs-exposed cells. The increased 
DNA head DNA was directly associated with increasing 
concentrations of ZnO NPs (Figure 6A).

3.11. Effect of ZnO NPs on caspase-3, -8, and -9

The expression of caspase-3, -8, and -9 in MG63 cells was 
ascertained by standard protocols. When comparing ZnO 
NPs-administered MG63 cells to control cells, the levels of 
caspase-3,  -8, and  -9 were increased in a concentration-
dependent manner. The graphical representation of 
caspase-3, -8, and -9 is depicted graphically (Figure 6B).

3.12. Effect of ZnO NPs on p53, Bcl-2, and Bax 
protein expression

The expression of apoptotic proteins induced by ZnO NPs 
in MG63  cells was determined using Western blots and 
the relevant antibodies. The treatment of produced ZnO 
NPs significantly increased the expression of p53 and 
Bax proteins but dramatically decreased the expression 
of Bcl-2 proteins, according to concentrations used 
(Figure 7A  and  B).

3.13. Effect of ZnO NPs on PI3K/Akt/mTOR and LC3 
signaling pathway

Cell cycle, proliferation, apoptosis, and autophagy are all 
regulated by the PI3K/Akt/mTOR signaling cascade. The 
function of the PI3K/Akt/mTOR cascade in ZnO NPs-
induced apoptosis in MG63 cells was investigated utilizing 
phosphorylated antibodies in a Western blot assay. Western 
blot analysis was used to quantify the expression of 

apoptosis-related proteins in ZnO NPs-treated MG63 cells. 
In comparison to untreated cells, the injection of ZnO 
NPs significantly reduced the expression levels of p-P13K, 
p-AKT, and p-mTOR, depending on the concentrations 
applied (Figure  8A and B). The activation of multiple 
conjugation processes mediate the lipidation of LC3 onto 
cell membranes, thereby transforming LC3-I to LC3-II. 
The LC3-positive puncta indicative of this lapidated form 
is required for autophagosome formation. The treatment 
of ZnO NPs at the doses utilized in MG63 cells caused the 
conversion of LC3-I to its lapidated LC3-II form, as shown 
by Western blot results. Furthermore, ZnO NPs treatment 
considerably increased beclin1 expression. Nevertheless, 
another autophagy marker, P62, was dramatically decreased 
by MG63 treatment at doses determined (Figure 8C). The 
relative expression of LC3, beclin-1, and P62 versus β-actin 
is depicted in the graph (Figure 8D).

4. Discussion
Most currently available anticancer medications fail to reach 
their intended target and are harmful to human health. 
Therefore, it is necessary to identify effective and safer 
anticancer medicines or formulations[19]. The ZnO NPs are 
a popular metal-based nano-formulation that demonstrates 
a significant cytotoxic effect on many cancers, including 
cervical, breast, lymphomas, leukemia, bone, brain, and colon 
cancers[20]. The selective cytotoxicity of ZnO NPs, which 
inhibits the proliferation of cancer cells while boosting the 
growth of non-dividing healthy cells, indicates that increasing 
sensitivity to ZnO NPs can cause cell death. The ZnO NPs 
have been widely investigated for anticancer treatments 
against quickly dividing malignant cells due to their intrinsic 
selective toxicity. The stimulation of extreme ROS generation 
serves as the major factor in triggering apoptosis[21].

In this study, ZnO nanoparticles using S. xanthocarpum 
extract were produced. The ZnO NPs were first observed by 
measuring UV absorbance, which revealed an enhanced peak 
at 380 nm, consistent with a study by Santhoshkumar et al.[22] 
The existence of various saponin, alcohol, phenol, and amine 
groups of chemicals responsible for stabilizing ZnO NPs 
were observed by the FTIR investigations of the produced 
ZnO NPs. According to the researchers, the nanoparticles are 
guarded by the phytochemicals found in S. xanthocarpum 
leaf extract. Saponins, alkaloids, glycosides, phenols, and 
flavonoids were commonly found in S. xanthocarpum[23]. 
When zinc acetate is used as a precursor, the ZnO NPs form 
tiny sphere-shaped particles that gather like bullets over time. 
We employed zinc acetate as a precursor, which was reduced 
by S. xanthocarpum extract and resulted in nano-sized 
spherical nanoparticles. In theory, zinc and oxygen have a 
stoichiometric mass of 80.3% and 19.7%, respectively[24].

Figure 7. (A) Western blot results show the ZnO NPs-induced protein 
expression in MG63 cells. The expression of p53 and Bax was significantly 
upregulated, while Bcl-2 expression was inhibited by the treatment of 
ZnO NPs. (B) The graphical representation shows the relative expression 
of p53, Bax and Bcl-2 versus β-actin. The bars represent mean ± standard 
deviation of three experiments. *P < 0.05, **P < 0.01, and #P < 0.001 
versus control group.
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The activation of excessive free radicals generation, 
which acts as the key mechanism to trigger apoptosis in 
tumor cells, could advance the proposed mechanism of 
nanoparticles-induced cytotoxicity in cancerous cells[21]. 
In the current research, the treatment of ZnO NPs induced 
augmented ROS production in MG63  cells according to 
the concentrations administered. The increased activity of 
LPO is a significant example of oxidative stress activated 
by the extreme generation of endogenous oxidative free 
radicals in cancer cells. The induced apoptotic features in 
cancer cells include the augmented LPO with diminished 
endogenous antioxidant activity[25]. SOD is a crucial 
antioxidant in cellular metabolism that protects against 
indigenous free radicals. In cancer and asthmatic cases, the 
SOD activity was reduced compared to healthy adults[26]. 
In the current investigation, we noticed the diminished 
antioxidant activities and increased ROS activities in 
ZnO NPs-administered MG63 cells. It may be due to an 
overabundance of magnesium ions released into the cancer 
cell microenvironment. In malignant cells, the release of 

magnesium ions leads to an increased intracellular ROS 
activity, which activates apoptosis through the apoptotic 
signaling pathway. Oxidative stress generated by ROS can 
result in the expression of apoptotic protein p53, inducing 
DNA, protein, and lipid damage in cancer cells. ROS-
mediated cell regulation will be regulated by oxidative 
modifications of oxidative transcriptional regulators and 
intermediary signaling molecules[27].

Numerous studies proposed that the ZnO NPs exert 
significant cytotoxic activity on various human cancer 
cells lines by inducing increased ROS activity while 
diminishing the activities of intracellular antioxidants. The 
loss of mitochondrial membrane integrity resulted in the 
opening of outer membrane pores, release of cytochrome-c 
and activation of caspase proteins. It is well established that 
MMP-related cell death was triggered by an imbalance in 
the Bcl-2/Bax ratios and the stimulation of caspase-9[28]. 
Most anticancer drugs characteristically destroy DNA 
and form DNA breaks to induce apoptosis[29]. As a result, 
the generation of ROS in nanoparticle-exposed cells was 

Figure  8. ZnO NPs induces protein expression in MG63  cells. (A) The expression of p-P13K, p-Akt and p-mTOR was significantly inhibited by the 
treatment of ZnO NPs in a dose-dependent manner. (B) The graphical representation shows the relative expression of p-P13K/P13K, p-Akt/AKT and 
p-mTOR/mTOR versus β-actin. (C) The expression levels of LC3 and beclin-1 were triggered in a dose-dependent manner, while P62 was downregulated 
by the treatment of ZnO NPs. (D) The graphical representation shows the relative expression of LC3, beclin-1 and P62 versus β-actin. The bars represent 
mean ± standard deviation of three experiments. *P < 0.05, **P < 0.01, and #P < 0.001 versus control group.
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investigated to see if it was linked to the onset of ROS-
mediated DNA damage. The DAPI staining revealed the 
typical cell apoptosis in ZnO NPs-treated MG63 cells. It is 
demonstrated that ZnO NPs induced significant changes 
in cell morphology and DNA damage in MG63 cells.

Cellular regulations such as apoptotic alterations, cell 
proliferation, and cellular responses to cancer treatment 
are heavily influenced by members of pro-apoptotic and 
anti-apoptotic proteins[30]. A  pro-apoptotic member is a 
homolog of an anti-apoptotic member which can oppose 
as a heterodimer[31]. Most of the adaptive mechanisms of 
anticancer drugs that induce apoptosis in cancer cells are 
through the induction of pro-apoptotic member’s expression 
while attenuating the expression of the anti-apoptotic 
protein. In our study, we discovered that the administration 
of ZnO NPs augmented the modulation of pro-apoptotic 
proteins, including p53, Bax, Caspase-3, Caspase-8, and 
Caspase-9, while suppressing the modulation of the anti-
apoptotic member Bcl-2. The induction of apoptosis in 
ZnO NPs-treated MG63 cells may be due to the suppression 
of Bcl-2. Nuclear fragmentation that precedes the repair of 
DNA damage induced the activation of p53 expression in 
ZnO NPs-treated MG63 cells. The occurrence of cellular 
oxidative stress activated the p53 gene, thereby causing cell 
cycle arrest and self-mediated apoptosis[32]. Furthermore, 
increased caspase-3,  -8, and  -9 levels cause cancer cells 
to undergo rapid and permanent apoptosis. In our study, 
the treatment of MG63  cells with ZnO NPs increased 
the caspase-3,  -8, and  -9 expressions. As per a previous 
report, when HepG2 cells were treated with ZnO NPs, the 
expression of p53 and Bax was notably high, while anti-
apoptotic Bcl-2 members were inactivated[33].

The PI3K/Akt/mTOR signaling cascade is the most 
commonly impaired in cancer cells[34]. Most studies 
conducted on cancer cells found an increase in Akt 
protein expression from 50% to 70% due to PI3K/AKT/
mTOR signaling[35]. It is shown that a drug that suppresses 
the overexpression of PI3K/AKT/mTOR signaling 
molecules may be a potent drug for the treatment of 
lung cancer. Therefore, we evaluated the effect of ZnO 
NPs on the inhibition of PI3K/AKT/mTOR signaling in 
the MG63 cells. The PI3Ks consist of three types of lipid 
kinases, with class  IA PI3Ks being the most frequently 
altered in cancer cases. Receptor tyrosine kinases 
activate PI3K, and active PI3K activates AKT further. 
AKT activation then phosphorylates downstream PDK1 
and mTOR molecules, and subsequently activating 
transcription factors involved in cell survival, growth, and 
proliferation[36]. In the present study, ZnO NPs effectively 
induced apoptosis and autophagy by inhibiting PI3K/Akt/
mTOR signaling pathway. Hence, ZnO NPs are considered 
a potent anticancer candidate to treat osteosarcoma.

In cancer cells, autophagy is considered an alternative 
therapeutic target[37]. Autophagy entails the production of 
autophagosomes, which encircle and encapsulate injured 
organelles or cellular detritus before fusing with lysosomes 
to destroy their contents[38]. Autophagy is defined by the 
involvement of LC3 in autophagosomes and the alteration 
of LC3-I to LC3-II[39]. According to Western blot results, 
administration of ZnO NPs in MG63  cells promoted the 
conversion of LC3-I to LC3-II in a dose-dependent manner. 
LC3-II binds to P62, a protein involved in protein trafficking 
to the proteasome and autophagic breakdown of ubiquitinated 
protein aggregates. When autophagy is defective, p62 
accumulates and is normally destroyed by autophagosomes[40]. 
ZnO NPs treatment also reduced the expression of p62 levels 
in MG63 cells in this investigation. The effect of ZnO NPs on 
apoptosis induction in MG63 could be utilized for conceiving 
an alternative chemotherapeutic formulation containing the 
currently available anti-cancer drugs to treat osteosarcoma. 
However, proper in vivo experiments should be carried out to 
explore its effect on other biochemical markers.

5. Conclusion
We synthesized ZnO NPs from S. xanthocarpum leaves 
extract and investigated their anticancer activities on 
human osteosarcoma MG63 cells. Based on our findings, 
ZnO NPs induced ROS-mediated apoptosis and DN 
damage in MG63 cells. Furthermore, ZnO NPs influenced 
the expression of apoptotic proteins, such as p53, Bax, 
Bcl-2, caspase-3, -8, and -9. Moreover, ZnO NPs induced 
apoptosis and autophagy in MG63 cells by inhibiting the 
P13K/AKT/mTOR signaling pathway and increasing the 
conversion of LC3-I to LC3-II. These findings suggest that 
ZnO NPs synthesized by S. xanthocarpum could be an 
effective anticancer formulation to treat osteosarcoma.

Acknowledgments
None.

Funding
This research did not receive any specific grant from 
funding agencies in the public, commercial, or not-for-
profit sectors.

Conflict of interest
The authors declare no conflict of interest.

Author contributions
Conceptualization: Agilan Balupillai
Data curation: Muthulakshmi Kannaiyan
Formal analysis: Ernest David, Babujanarthanam 

Ranganathan, Vijayanand Selvaraj



Global Translational Medicine ZnO NPs induce apoptosis in MG63 cells

Volume 1 Issue 1 (2022) 11 https://doi.org/10.36922/gtm.v1i1.34 

Investigation: Satheeshkumar Subramaniyan, Yoganathan 
Kamaraj, Veenayohini Kumaresan

Resource: Agilan Balupillai
Writing – original draft: Satheeshkumar Subramaniyan, 

Yoganathan Kamaraj, Veenayohini Kumaresan, Agilan 
Balupillai

Writing – review and editing: Yoganathan Kamaraj

References
1. Cai ST, Zhang D, Zhang G, et al., 2015, Volume-sensitive 

chloride channels are involved in cisplatin treatment of 
osteosarcoma. Mol Med Rep, 11: 2465–2470. 

 https://doi.org/10.3892/mmr.2014.3068

2. Zhang YL, Zhang G, Zhang S, et al., 2014, Osteosarcoma 
metastasis: Prospective role of ezrin. Tumor Biol, 35: 5055–5059. 

 https://doi.org/10.1007/s13277-014-1799-y

3. Hattinger CM, Pasello M, Ferrari S, et al., 2010, Emerging 
drugs for high-grade osteosarcoma. Expert Opin Emerg 
Drugs, 15: 615–634. 

 https://doi.org/10.1517/14728214.2010.505603

4. Brasseur K, Gévry N, Asselin E, 2017, Chemoresistance 
and targeted therapies in ovarian and endometrial cancers. 
Oncotarget, 8: 4008–4042. 

 https://doi.org/10.18632/oncotarget.14021

5. Jayarambabu N, Kumari BS, 2015, Beneficial role of 
zinc oxide nanoparticles on green crop production. Int J 
Multidiscip Adv Res Trends, 2: 273–282.

6. Senthilkumar SR, Sivakumar T, 2014, Green tea (Camellia 
sinensis) mediated synthesis of zinc oxide nanoparticles and 
studies on their antimicrobial activities. Int J Pharm Pharm 
Sci, 6: 461–465.

7. Rasmussen JW, Martinez E, Louka P, et al., 2010, Zinc oxide 
nanoparticles for selective destruction of tumor cells and 
potential for drug delivery applications. Expert Opin Drug 
Deliv, 7: 1063–1077. 

 https://doi.org/10.1517/17425247.2010.502560

8. Aminuzzaman M, Ying LP, Goh WS, et al., 2018, Green 
synthesis of zinc oxide nanoparticles using aqueous 
extract of Garcinia mangostana fruit pericarp and their 
photocatalytic activity. Bull Mater Sci, 41: 50. 

 https://doi.org/10.1007/s12034-018-1568-4

9. Elumalai K, Velmurugan S, Ravi S, et al., 2015, Facile, eco-
friendly and template free phytosynthesis of cauliflower 
like ZnO nanoparticles using leaf extract of Tamarindus 
indica (L.) and its biological evolution of antibacterial 
and antifungal activities. Spectrochim Acta A Mol Biomol 
Spectrosc, 136: 1052–1057. 

 https://doi.org/10.1016/j.saa.2018.09.018

10. Jayaseelan C, Rahuman AA, Kirthi VA, et al., 2012, Novel 

microbial route to synthesise ZnO nanoparticles using 
Aeromonas hydrophila and their activity against pathogenic 
bacteria and fungi. Spectrochim Acta A Mol Biomol Spectrosc, 
90: 78–84. 

 https://doi.org/10.1016/j.saa.2012.01.006

11. Sangeetha G, Rajeshwari S, Venckatesh R, 2011, Green 
synthesis of zinc oxide nanoparticles by Aloe barbadensis 
miller leaf extract: structure and optical properties. Mater 
Res Bull, 46: 2560–2566. 

 https://doi.org/10.1016/j.materresbull.2011.07.046

12. Sreenivasan CV, Jovitta J, Suja S, 2012, Synthesis of ZnO 
nanoparticles from Alpinia purpurata and their antimicrobial 
properties. Res J Pharm Biol Chem Sci, 3: 1206–1213.

13. Okhawa H, Ohishi N, Yagi K, 1979, Assay for lipid peroxides 
in animal tissues by thiobarbituric acid reaction. Anal 
Biochem, 95: 351–358. 

 https://doi.org/10.1016/0003-2697(79)90738-3

14. Kakkar P, Das B, Viswanathan PN, 1984, A modified 
spectrophotometric assay of superoxide dismutase Indian. 
J Biochem Biophys, 21: 130–132.

15. Sinha KA, 1972, Colorimetric assay of catalase. Anal 
Biochem, 47: 389–394. 

 https://doi.org/10.1016/0003-2697(72)90132-7

16. Wang CP, Myung E, Lau BH, 1993, An automated micro-
fluorometric assay for monitoring oxidative burst activity of 
phagocytes. J Immunol Methods, 159: 131–138. 

 https://doi.org/10.1016/0022-1759(93)90150-6

17. Karthikeyan S, Kanimozhi G, Prasad NR, et al., 2011, 
Radiosensitizing effect of ferulic acid on human cervical 
carcinoma cells in vitro. Toxicol In Vitro, 25: 136675. 

 https://doi.org/10.1016/j.tiv.2011.05.007

18. Huang WW, Ko SW, Tsai HY, et al., 2011, Cantharidin 
induces G2/M phase arrest and apoptosis in human 
colorectal cancer colo 205 cells through inhibition of CDK1 
activity and caspase-dependent signaling pathways. Int J 
Oncol, 38: 1067–1073. 

 https://doi.org/10.3892/ijo.2011.922

19. Le Marchand L, 2002, Cancer preventive effects of flavonoids 
a review. Biomed Pharmacother, 56: 296301.

20. Guo D, Wu C, Jiang H, et al., 2008, Synergistic cytotoxic effect 
of different-sized ZnO nanoparticles and daunorubicin 
against leukemia cancer cells under UV irradiation. 
J Photochem Photobiol B, 93: 119–126. 

 https://doi.org/10.1016/j.jphotobiol.2008.07.009

21. Ryter SW, Kim HP, Hoetzel A, et al., 2007, Mechanisms of 
cell death in oxidative stress. Antioxid Redox Signal, 9: 49–89.

22. Santhoshkumar J, Kumar SV, Rajeshkumar S, 2017, 
Synthesis of zinc oxide nanoparticles using plant leaf 

https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/0003-2697(72)90132-7
https://doi.org/10.1016/0022-1759(93)90150-6


Global Translational Medicine ZnO NPs induce apoptosis in MG63 cells

Volume 1 Issue 1 (2022) 12 https://doi.org/10.36922/gtm.v1i1.34 

extract against urinary tract infection pathogen. Resour 
Efficient Technol, 3: 459–465. 

 https://doi.org/10.1016/j.reffit.2017.05.001

23. Amudha P, Prabakaran R, Senthil Kumar S, et al., 2017, 
Phytochemical analysis of Albizia chinensis (Osbeck) Merr 
medicinal plant. J Pharm Biol Sci, 12: 89–92.

24. Fakhari S, Jamzad M, Fard HK, 2019, Green synthesis of 
zinc oxide nanoparticles: A  comparison. Green Chem Let 
Rev, 12: 19–24. 

 https://doi.org/10.1080/17518253.2018.1547925

25. Shilpa PN, Krishnan SS, Niranjali D, 2012, Induction of 
apoptosis by methanolic extract of Rubia cordifolia Linn in 
HEp-2cell line is mediated by reactive oxygen species. Asian 
Pac J Cancer Prev, 13: 27538. 

 https://doi.org/10.7314/apjcp.2012.13.6.2753

26. Yoganathan K, Sangeetha D, Uma C, et al., 2021, Triterpenoid 
compound betulin attenuates allergic airway inflammation 
by modulating antioxidants, inflammatory cytokines and 
tissue transglutaminase in ovalbumin-induced asthma mice 
model. J Pharm Pharmacol, 73: 968–978. 

 https://doi.org/10.1093/jpp/rgab015

27. Kuo CH, Michael HH, 2010, Morphologically controlled the 
synthesis of Cu2O nanocrystals and their properties. Nano 
Today, 5: 10616. 

 https://doi.org/10.1016/j.nantod.2010.02.001

28. Sharma V, Anderson D, Dhawan A, 2012, Zinc oxide 
nanoparticles induce oxidative DNA damage and 
ROS- triggered mitochondria mediated apoptosis in human 
liver cells (HepG2). Apoptosis, 17: 85270. 

 https://doi.org/10.1007/s10495-012-0705-6

29. Carmody RJ, Cotter TG, 2001, Signalling apoptosis: A 
radical approach. Redox Rep, 6: 77-90.

30. Collis SJ, DeWeese TJ, Jeggo PA, et al., 2005, The life and 
death of DNA-PK. Oncogene, 24: 94961. 

 https://doi.org/10.1038/sj.onc.1208332

31. Youle RJ, Strasser A, 2008, The BCL-2 protein family: 
Opposing activities that mediate cell death. Nat Rev Mol Cell 
Biol, 9: 47–59. 

 https://doi.org/10.1038/nrm2308

32. Burger H, Nooter K, Boersma AW, et al., 1998, Expression of 

p53, Bcl-2 and Bax in cisplatin-induced apoptosis in testicular 
germ cell tumour cell lines. Br J Cancer, 77: 1562–1567. 

 https://doi.org/10.1038/bjc.1998.257

33. Priya K, Vijayakumar M, Janani B, 2020, Chitosan-mediated 
synthesis of biogenic silver nanoparticles (AgNPs), 
nanoparticle characterisation and in vitro assessment of 
anticancer activity in human hepatocellular carcinoma 
HepG2 cells. Int J Biol Macromol, 149: 844–852. 

 https://doi.org/10.1016/j.ijbiomac.2020.02.007

34. Patnaik A, Appleman LJ, Mountz JM, et al., 2011, A first-
in-human phase I study of intravenous PI3K inhibitor BAY 
80-6946 in patients with advanced solid tumors: Results of 
dose-escalation phase. J Clin Oncol, 29: 3035. 

 https://doi.org/10.1200/jco.2011.29.15_suppl.3035

35. Yip PY, 2015, Phosphatidylinositol 3-kinase-AKT-
mammalian target of rapamycin (PI3K-Akt-mTOR) 
signaling pathway in non-small cell lung cancer. Lung 
Cancer Res, 4: 165. 

 https://doi.org/10.1016/j.ctrv.2014.06.006

36. Liu J, Chen W, Zhang H, et al., 2017, miR-214 targets the 
PTEN-mediated PI3K/Akt signaling pathway and regulates 
cell proliferation and apoptosis in ovarian cancer. Oncol 
Lett, 14: 5711–5718. 

 https://doi.org/10.3892/ol.2017.6953

37. Chen S, Rehman SK, Zhang W, et al., 2010, Autophagy is 
a therapeutic target in anticancer drug resistance. Biochim 
Biophys Acta; 1806: 220–9. 

 https://doi.org/10.1016/j.bbcan.2010.07.003

38. Pattingre S, Espert L, Biard-Piechaczyk M, et al., 2008, 
Regulation of macro autophagy by mTOR and Beclin 1 
complexes. Biochimie, 90: 313–323. 

 https://doi.org/10.1016/j.biochi.2007.08.014

39. Kabeya Y, Mizushima N, Ueno T, et al., 2000, LC3, a 
mammalian homologue of yeast Apg8p, is localised in 
autophagosome membranes after processing. EMBO J, 
19: 5720–5728. 

 https://doi.org/10.1093/emboj/19.21.5720

40. Mathew R, Karp CM, Beaudoin B, et al., 2009, Autophagy 
suppresses tumorigenesis through elimination of p62. Cell, 
137: 1062–1075. 

 https://doi.org/10.1016/j.cell.2009.03.048


