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Worldwide, hepatocellular carcinoma (HCC) is considered the sixth most prevalent cancer and ranked
third in causes leading to death. Pterostilbene (PTE), a dimethylated analog of resveratrol, is a phyto-
chemical found in fruits such as blueberries and grapes, and is known for its anticancer effect. The current
study intended to investigate the effect of PTE on HepG2 cells. Cell viability, colony-forming potential,
lipid peroxidation, catalase enzyme (CAT), superoxide dismutase (SOD), and caspase 3 activities, histone
release, and expression levels of mTOR, S6K1, p53, and STAT3 proteins were assessed in PTE-treated

Key Wor.ds" HepG2 cells. In addition, the cellular and ultrastructural alterations were evaluated by light and transmis-
Pterostilbene . . . .. . . e s

Resveratrol sion electron microscopy. PTE induced a significant reduction in HepG2 viability in a dose-dependent
HepG2 manner (ICso of PTE = 74 £+ 6 uM), accompanied by a decrease in colony formation potential. PTE-
Apoptosis treated cancer cells exhibited a decrease in lipid peroxidation and CAT activity, and an increase in histone
mTOR release, caspase-3, and SOD activities. Ultrastructurally, PTE-treated cells exhibited notable cell shrink-

P53 age, reduced number of filopodia, increased vacuolization, apoptotic bodies, accumulation of lipid dro-
Ultrastructure plets, enlarged mitochondria, dilated endoplasmic reticulum, pyknotic nuclei, and cellular
Liver cancer fragmentation. mTOR, S6K1, and STAT3 levels were downregulated, however p53 level was modulated
in PTE-treated cells. The anticancer potential of PTE might be related to its ability to alter the ultrastruc-
ture morphology, reduce mitotic activity, and modulate some key protein required for cell proliferation,

suggesting its potential to trigger cancer cells towards apoptosis.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer is expected to spread further and increase in its incidence
in the coming century (Siegel et al., 2020). Cancer is characterized
by a notable malfunction in the balance machinery between cell
division and cell death (Singh et al., 2019). Hepatocellular carci-
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noma (HCC) is considered the sixth most prevalent cancer and is
more likely to occur in men (Sung et al., 2021). The risk factors
for HCC can be divided into infectious risk factors such as hepatitis
B and C viruses (HBV and HCV), and non-infectious risk factors such
as smoking, alcohol, and exposure to chemical compounds. More-
over, there are host-related risk factors such as gender, ethnicity,
diet, oral contraceptives, diabetes, and the genetic background of
the host (Rashed et al., 2020). Middle- and low-income countries
have high rates of HCC. HCC is more abundant in regions with ende-
mic HBV and HCV infections (Petruzziello, 2018).

Stilbenes are phenolic compounds found naturally in various
plants. Stilbenes are synthesized in plants through the phenyl-
propanoid pathway, a mechanism similar to that of flavonoid syn-
thesis (Akinwumi et al., 2018). Pterostilbene (PTE) (trans-3, 5-
dimethoxy-4- hydroxystilbene) is a phytochemical stilbene found
in grapes and blueberries (McCormack and McFadden, 2013). It is
a dimethylated analogue of resveratrol, a well-known antioxidant,
which has anticancer activity, but with more bioavailability. Due to
its structure similar to that of resveratrol, PTE has significant
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antioxidant and anticancer activities (Akinwumi et al., 2018). Fur-
thermore, PTE has been proven to significantly inhibit the growth,
adhesion, and metastatic potential of different cancers (Elsherbini
et al.,, 2020; Remsberg et al., 2008).

Apoptosis is a normal physiological process committed by the
damaged cells under a tightly controlled system to eliminate the
abnormal cells from the cellular population (Singh et al., 2019). A
variety of intracellular stress can trigger apoptosis such as oxida-
tive stress, DNA damage, deficiency of growth factors, exposure
to toxins, reactive oxygen species (ROS) overload, and endoplasmic
reticulum (ER) stress (Checa and Aran, 2020). Regardless of the nat-
ure of the initiating stimulus of apoptosis or the intracellular orga-
nelle from which it originates, all lead to intracellular signaling
cascades that result in mitochondrial dysfunction and mitochon-
drial outer membrane permeabilization (MOMP) (Singh et al,,
2019). MOMP causes the release of cytochrome c in the cytoplasm
and forms an apoptosome with the APAF1, the apoptotic protease
activating factor 1 (Cavalcante et al., 2019). This complex hydroly-
ses ATP and upregulates the activation of caspase-9 which in turn
cleaves/activates caspase-3, -6, and -7 (Zhu et al., 2012). As a result,
caspase-3 promotes DNA fragmentation which is followed by
apoptosis (Cavalcante et al., 2019).

There are a number of morphological and biochemical features
that are unique to apoptosis including, disturbance in the antioxi-
dant enzymes, notable shrinkage in the cell’s size, blebbing of the
cell membrane, chromatin condensation, fragmentation of DNA,
and development of apoptotic bodies, followed by engulfing of
dying cells by macrophage-mediated phagocytosis (Elmore,
2007). Metastasis, a hallmark of malignancy, is mainly dependent
on the migration and invasive ability of cancer cells (Tahtamouni
et al.,, 2019). Migration of cancer cells is a complicated process con-
trolled by many factors including the dynamics of the cytoskeleton
and filopodia, which are finger-shaped cell protrusions formed of
bundled actin, as well as alterations in the molecular expression
of some adhesion and proteolytic enzymes (Gallop, 2020).

p53 is a key tumour suppressor protein that serves as a sensor
of cellular stress and responds to various stress signals either by
inducing apoptosis or cell cycle arrest (Cui et al., 2021). The mam-
malian target of rapamycin (mTOR) pathway is a key regulator of a
variety of cellular activities including; cell metabolism, prolifera-
tion, growth, and survival (Zou et al.,, 2020). mTOR pathway is
upregulated in different cancers, angiogenesis, insulin resistance,
adipogenesis, and T-lymphocyte activation (Feng et al., 2021;
Ferrin et al., 2020; Khalil and Gout, 2012). The current study aimed
to investigate the effect of PTE on hepatocellular carcinoma cells,
HepG2. Key proteins involved in cell proliferation and growth were
assessed, including mTOR, S6K1, p53, and STAT3 proteins. In addi-
tion, cellular and ultrastructural alterations were investigated by
light and transmission electron microscopy.

2. Materials and methods
2.1. Cell culture

HepG2 cells (ATCC, USA) were cultured/passaged in DMEM
(Dulbecco modified Eagle Minimum Essential Medium), supple-
mented with 10% fetal bovine serum (FBS), and 50 IU/ml peni-
cillin/streptomycin. Cancer cells were cultured in 25 cm? tissue
flasks at 37 °C in an incubator with 5% CO,.

2.2. Cell viability assay

The MTT cell viability assay was performed using the Cell Pro-
liferation Assay Kit (Invitrogen). Briefly, 96-well plates were used
to seed 10° cells/mL in complete DMEM. Cancer cells were treated
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24 h later with 10-150 uM PTE (P1499-10MG; Sigma-Aldrich,
USA). After 48 hrs, the medium was replaced with a fresh medium
supplemented with 12 mM MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to each well. Cells were further
incubated for 4 hrs at 37 °C. 100 pl of SDS-HCI solution was added
to each well. The 96-well plate was incubated in a humidified
chamber at 37 °C for 18 h. The results of three independent exper-
iments were normalizing to their respective controls and repre-
sented as mean = SEM. The absorbance (A) was measured at
545 nm using an ELISA microplate reader (ELISA Unit. Stat Fax
2100, USA). The cell viability percentage (%) was calculated as
follows:

Cellviability (%) — Asampe = Avianc 1
control — Ablank
The inhibitory concentration of PTE that resulted in the inhibi-
tion of 50% cell viability (ICsq PTE) was determined from the trend-
line of a sigmoidal curve that shows the effect of PTE (represented
by the log concentrations of PTE) on the cell viability percentage of
HepG2 cells.

2.3. Clonogenic assay

6 x 10® HepG2 cells were seeded per well in a 12-well plate
prior to treatment with different concentrations of PTE. Untreated
cells were used as a control. After 48 hrs, the culture medium was
replaced with a fresh medium with no PTE. After two weeks, colo-
nies were fixed with absolute methanol for 20 min before staining
with 2% crystal violet for 3 min. Digital images of the colonies were
obtained using Kodac digital camera (Kodak, USA), and colony
areas were calculated using Image] software (NIH, USA).

2.4. Biochemical assays

In a complete DMEM, 3.5 x 10° HepG2 cells were seeded prior
to PTE treatment. Cells were rinsed in ice-cold PBS prior to lysis in
lysis buffer (10 mM HEPES pH 7.4, 2 mM EDTA, 0.1% CHAPS, 350lg/
ml PMSF and 5 mM DTT). The cells were spun at 15000 rpm (4 °C)
for 15 min. The cleared lysates were used to assess lipid peroxida-
tion (Malondialdehyde; MDA (mol/ml)), catalase (CAT (U/ml)), and
superoxide dismutase (SOD (U/ml)) activities following the
instructions provided with the corresponding assay kit (Bio-
Diagnostic,Egypt). Caspase-3 activity (U/ml) was evaluated using
the Colorimetric kit (Bio Vision, Inc., CA, USA). The absorbances
were recorded using an ELISA microplate reader (ELISA Unit. Stat
Fax 2100, USA) at 534 nm, 510 nm, 560 nm, and 405 nm, for the
MDA, CAT, SOD, and Caspase-3 assays, respectively. The results of
each assay were generated from three independent trials.

2.5. Apoptosis enzyme-linked immunosorbent assay

In a complete DMEM, 2 x 10* HepG2 cells were seeded and
allowed to attach before treatment with PTE. Cells were washed
in ice-cold PBS prior to lysis using ice-cold lysis buffer (10 mM
HEPES pH 7.4, 2 mM EDTA, 0.1% CHAPS, 350lg/ml PMSF and
5 mM DTT) for 30 min on ice. Cell lysates were spun at
15000 rpm (4 °C) for 30 min. 20 pl of the supernatant was incu-
bated at RT, with anti-histone biotin and anti-DNA peroxidase in
a streptavidin-coated microplate for 2 hrs. Each well was subjected
to 100 pl of substrate solution (ABTS (2,2’-azinodi-3 ethylbenzthi-
azolinesulfonic acid) and incubated at room temperature for addi-
tional 15-20 min. The absorbance was recorded using an ELISA
microplate reader (ELISA Unit. Stat Fax 2100, USA).
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2.6. Light (LM) and transmission electron microscopy (TEM)

Cultured HepG2 cells were harvested by centrifugation at
1000 rpm (4 °C) from 25 cm? tissue culture flasks after 48 h of
PTE treatment. Semithin sections (1 pm thickness) were fixed in
a Formalin-Glutaradehyde mixture (4F;G) (4% Formaldehyde &
1% Glutaraldehyde in 0.1 M PBS, pH7.4), then postfixed in 1%
0504, dehydrated in ethanol, then embedded in Epon and stained
with 1% Toluidine Blue. Sections were examined with a LM and
photographed. Morphometric measurements of HepG2 cells in
light micrographs have been determined using Image] software
(NIH, USA) and statistically analyzed. For the TEM, cultured HepG2
cells were collected by centrifugation at 1000 rpm (4 °C) from
25 cm? tissue culture flasks after 48 hrs of PTE treatment prior to
immediate immersing in 4F;G, and then rinsed for 2 hrs. in 0.1 M
PBS at 4 °C. Post-fixation was carried out using 1% OsO4 at 4 °C
for 2 hrs. Samples were dehydrated through a graded series of
ethanol, treated with propylene oxide, and inserted in an
Araldite-Epon mixture. Ultrathin (70 nm) sections were cut using
a glass-knife on LKB-ultra-tome and were picked on 200 mesh-
naked copper grids. Following double-staining with lead citrate
and uranyl acetate, sections were assessed under Jeol 100 CX Elec-
tron Microscope (TESCAN, USA) at 80 kV. Ultrastructural changes/
observations of untreated or PTE-treated HepG2 cells were
assessed on a scale from (-) to (+++) as follows: (-) = no change,
(+) = mild change, (++) = moderate change, and (+++) = severe
change (Elsawy et al., 2021; Suzuki and Suzuki, 1998). Parameters
that were investigated include apoptotic body, pyknotic nuclei,
mitotic figure, pleomorphic mitochondria, aggregated mitochon-
dria, enlarged mitochondria, dilated endoplasmic reticulum,
filopodia, vacuolated cytoplasm, and cellular junction. A minimum
of three sections per sample were examined by a pathologist.

2.7. Immunoblotting

In a complete DMEM, HepG2 cells were seeded and then treated
with PTE. Cells were washed in ice-cold PBS prior to lysis in ice-
cold lysis buffer (10 mM HEPES pH7.4, 2 mM EDTA, 0.1% CHAPS,
350lg/ml PMSF and 5 mM DTT). The cells were centrifuged at
15000 rpm (4 °C) for 15 min. After cell lysis, the cleared lysates
were subjected to the Pierce BCA Assay Kit for protein concentra-
tion determination (Sigma Aldrich, USA). 30 pg of cleared lysates
were run in 10% SDS-PAGE (90 min, 90-120 V). Gel was blotted
onto a prewetted nitrocellulose membrane in transfer buffer
(48 mM Tris base, 390 mM Glycine, 0.1%(w/v) SDS, 20% Methanol)
(70 V — 2 h). The membranes were blocked for 30 min in blocking
buffer (3%BSA solution in TBST) prior to the incubation with the
primary antibody at the recommended dilution in blocking buffer
[MTOR polyclonal antibody (1:1000), S6K1 polyclonal antibody
(1: 1000)] (SantaCruz Biotech, USA). The membranes were washed
in TBST for several times before incubation with the secondary
antibody (1:10000 in TBST) at room temperature for 2 hrs. To
assess protein expression levels, the TMB kit (Sigma-Aldrich,
USA) was used. Band densitometry was quantified using Quantity
One (BioRad, USA).

2.8. Statistical analysis

Data were represented as mean = SEM. Student’s t-test or one-
way analysis of variance (ANOVA) was employed to compare
between data. This was followed by Tukey’s test using GraphPad
Prism software (California, USA). For the cell viability assay, each
calculated cell viability percentage at each PTE concentration used
for treatments was compared with the untreated control cells and
statistically evaluated using Student’s t-test. Differences in results
at p < 0.05 were considered as statistically significant.
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3. Results

3.1. PTE reduces cell viability and colony-forming potential of HepG2
cells

The MTT assay revealed a dose-dependent inhibition in HepG2
cells proliferation upon treatment with increasing concentrations
of PTE (10-150 uM). As shown in Fig. 1a, cell viability was signif-
icantly decreased upon treatment with 20 uM PTE. Highly signifi-
cant deterioration in cell viability is exhibited upon PTE treatment
with higher concentrations (80-150 puM). The calculated half-
maximal growth inhibitory concentration (ICsy) of PTE was
74 + 6 uM (Fig. 1b).

A colony-forming assay was employed to assess the ability of
PTE to reduce the colony-forming potential of HepG2 cells. Cells
were treated with ¥2ICsq or ICso of PTE. The mean colony area, as
well as the number of colonies, decreased with PTE treatment com-
pared with untreated control cells (Fig. 1c).

3.2. PTE modulates oxidative stress and induces apoptosis in HepG2
cells

HepG2 cells treated with the ICsq of PTE exhibited a significant
reduction in malondialdehyde (MDA), a secondary product of lipid
peroxidation, and catalase (CAT) activity. However, the treatment
with ICso PTE resulted in an insignificant increase in the activity
of superoxide dismutase (SOD) (Fig. 2a).

Caspase activity is a key apoptotic marker. Caspase-3 is essen-
tial for the apoptotic chromatin condensation and have a signifi-
cant role in DNA fragmentation. Here, the treatments with the
151Cs0 or ICso of PTE led to a significant increase in the activity of
caspase-3 in a dose-dependent manner (Fig. 2b). DNA fragmenta-
tion is an early event of apoptosis. The Apoptosis Enzyme-Linked
Immunosorbent Assay helps in detecting the quantity of histones
released in the cytoplasm which can reflect the extent of DNA frag-
mentation. Treatment with %2ICsq or ICs9 PTE led to a significant
increase in histone release, 193 % and 303 % increase, respectively,
compared to untreated control cells (Fig. 2c).

3.3. PTE alters the morphology and reduces the mitotic activity of
HepG2 cells

Semithin sections of the untreated HepG2 cells, treated with
151Cs0, or ICs50 of PTE were examined under light microscopy
(Fig. 3). Examination of semi-thin sections of HepG2 cells showed
that the cells exhibited two different morphologies, dark and light
cells, according to the stainability of their nuclei and cytoplasm.
Light cells possess less densely stained nuclei and lighter cytoplasm
in comparison to these of the dark cells. The mitotic activity of the
untreated cells was indicated by the presence of mitotic figures.
Cells treated with ¥2ICso PTE exhibited some mitotic figures. How-
ever, no mitotic figures were detected in cells treated with ICsg
PTE. Features of apoptosis were observed after PTE treatment,
including cellular and nuclear pleomorphism, cytoplasmic vac-
uolization, and increased incidence of pyknotic nuclei. Morphomet-
ric measurements of the light micrographs revealed a characteristic
apoptotic feature which is the shrinkage of both light and dark cells
after PTE treatment. PTE-treated cells showed a highly significant
reduction in cellular and nuclear dimensions (Fig. 4).

3.4. PTE decreases the number of filopodia and induces ultrastructural
alteration in HepG2 cells

To further investigate the subcellular alterations as a result of
PTE treatment, control and PTE-treated cells were examined by
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TEM (Fig. 5). The TEM revealed numerous evident filopodia around
control untreated HepG2 cells which was markedly reduced after
PTE treatments. Increased incidents of pyknotic nuclei, apoptotic
bodies, cytoplasmic vacuolization, and accumulation of lipid dro-
plets in the cytoplasm were detected after PTE treatments (Fig. 5
e-1). Enlarged mitochondria and dilation of the endoplasmic retic-
ulum, in comparison to their sizes in the untreated control cells,
were also detected (Fig. 5 h-1). ICs5o of PTE induced fragmentation
and dissolution of the cellular content of some cells. Completely
lysed cell membranes and cellular fragments of some cells were
detected (Fig. 5j). The results of the TEM showed that PTE-
treated HepG2 cells exhibited characteristic features of apoptosis
which is in agreement with LM observations.

The ultrastructural changes/observations of the untreated and
PTE-treated HepG2 cells were evaluated. Table 1 illustrates the
parameters that were investigated including, apoptotic bodies,
pyknotic nuclei, mitotic figures, pleomorphic mitochondria, aggre-
gated mitochondria, enlarged mitochondria, dilated endoplasmic
reticulum, filopodia, vacuolated cytoplasm, and cellular junction.

3.5. PTE downregulates mTOR, S6K1, STAT3 and modulates p53
expression

HepG2 cells were treated with 11Csq, or ICsg of PTE. Immuno-
blot analysis showed that PTE treatment exhibited a highly signif-
icant downregulation of mTOR, S6K1, and STAT3 protein levels in a
dose-dependent manner (Fig. 6). However, the ICsq of PTE resulted
in the insignificant upregulation of the p53 protein level. While PTE
modulated the expression level of the tumour suppressor protein
p53, it reduced the expression levels of mTOR, S6K1, and STAT3
proteins.

4. Discussion

Cancers are caused mainly due to the failure in controlling the
replication/DNA repair machinery of cells (Singh et al., 2019).
Hepatocellular carcinoma (HCC) is an aggressive malignant tumor
and registers high rates of lethality (Sung et al., 2021). In the pre-
sent study, Pterostilbene (PTE), a dimethylated analogue of Resver-
atrol was used to investigate its effect on HepG2 cells. Resveratrol
is a well-known antioxidant and anticancer phytochemical that
has been used in cancer research (Choudhari et al., 2020). The hall-
marks of cancer include uncontrolled proliferation, accompanied
by a disturbance in the apoptosis machinery (Singh et al., 2019).
The effect of PTE on the proliferation and viability of cancer cells
has been previously challenged using various cancer cell lines
(Gaoetal., 2021). The MTT assay was employed to assess the effect
of PTE treatments on the viability of HepG2 cells. Data revealed a
highly significant decline in cell viability after exposing cells to
PTE. PTE was reported to induce a significant decrease in the viabil-
ity of SMMC-7721 hepatocellular carcinoma cells after treatment
for 24 h with 50 uM PTE (Qian et al., 2017). The dose-dependent
inhibition in HepG2 cell proliferation observed in the current study
is in agreement with others. PTE decreased the cell viability of dif-

<

Fig. 1. PTE reduces cell viability and colony-forming potential of HepG2 cells. a)
Dose-dependent inhibition of the viability of cancer cells by PTE treatment. HepG2
were either untreated or treated with the indicated concentrations of PTE for 48 hrs.
b) PTE ICs, equals to 74 + 6 pM as illustrated from the anti-log concentrations. c)
PTE reduces the colony formation potential of HepG2 cells. Cells were treated with
1ICsq or ICso of PTE for 48 hrs. After two weeks, PTE reduced the colony-forming
potential of HepG2 cells. Colonies were stained in 2% crystal violet. Image] software
was used to calculate the colony area. Values were compared with their respective
controls and statistically evaluated. *p < 0.05; **p < 0.01; and ***p < 0.005 represent
significance.
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Fig. 2. PTE modulates oxidative stress and induces apoptosis in HepG2 cells. a) cells were treated with ICsq of PTE. PTE induced a significant reduction in malondialdehyde
(MDA) and catalase (CAT) activity. However, the treatment with the ICsy PTE resulted in an insignificant increase in SOD activity. b and ¢) PTE induces apoptosis in HepG2
cells. PTE induced a significant increase caspase-3 activity (b) and histone release (c) in a dose-dependent manner. Values were compared with their respective controls and
statistically evaluated. *p < 0.05; **p < 0.01; ***p < 0.005; and ****p < 0.001 represent significance.

Fig. 3. Light micrograph (LM): Effect of PTE on HepG2 cells. a-c) Untreated HepG2 cells showing the morphological difference between light cells (LC) and dark cells (DC).
Most cells are oval or round. DC exhibit densely stained cytoplasm, mitotic figures (red star), clefted nucleus (yellow arrow), peripheral nucleolus (red arrowhead), central
nucleolus (black arrowhead) a small sized nucleus (white arrowhead). d-f) HepG2 cells treated with %2ICs, of PTE. d) The LM shows pleomorphic cells arranged in plates, pale
LC, densely stained DC, mitotic figures (red star). ) The LM shows cells with a large nucleus, mitotic figure (red star), nuclei possessing double nucleoli (red arrow), or
multiple nucleoli (black arrowhead), and cytoplasmic vacuolization (black star). f) The LM shows LC with large and rounded nuclei, DC with pleomorphic nuclei, cytoplasmic
vacuolization (black star), some cells with peripheral nucleolus (red arrowhead), and double nucleoli in the nuclei (red arrow). g-i) HepG2 cells treated with ICso of PTE. g) The
LM shows cells with a pleomorphic shape, an increased incidence of centric nucleoli (black arrowhead), binucleated cells (red arrow), cells with irregular nuclei (white star),
peripheral nucleoli (red arrowhead), and pyknotic nucleus (yellow star). h) The LM shows binucleated cells (red arrow), clefted nuclei (yellow arrow), multiple nucleoli
(double arrows), and pyknotic nucleus (yellow star). i) The LM shows large LC with a large, rounded nucleus, DC nucleus with central nucleolus, and clefted nucleus (yellow
arrow), peripheral nucleolus (red arrowhead), pyknotic nucleus (yellow star), and cytoplasmic vacuolization (black star). Specimens were fixed in 4F;G post-fixed in 0sO,4 and
stained with 1% Toluidine Blue. Magnification: d and g (x400) and a-c, e, f, h, and i (x1,000). Scale bar: a-d and g (20 pm) and e, f, h, and i (10 pm).

ferent multiple myeloma cells (Xie et al., 2016). Here, the ICsq for
PTE against HepG2 cells was equal to 74 + 6 puM. In addition, the
clonogenic assay revealed that, upon PTE treatment, the potential
of HepG2 cells to form colonies decreased. In agreement, PTE
caused inhibition in the colony-forming ability of breast cancer
cells (Daniel and Tollefsbol, 2018). The effect of PTE on other cancer
cells have been previously assessed. In this context, in Molt-4 and
Jurkat leukemic cell lines, PTE has showed an anti-cancer effect by
elevating Fas expression level that resulted in apoptosis (Ramezani
et al., 2019). Moreover, PTE exhibited an antiproliferation activity
against C32 and A2058 Melanoma Cells (Wawszczyk et al., 2023).
The antiproliferating capacity of PTE was further confirmed by
examining HepG2 cells under light microscopy, which revealed a

reduction in the number of mitotic figures after treatment with
PTE, indicating a decrease in the dividing potential of cancer cells.

Redox equilibrium is crucial in all living organisms, and any dis-
turbance in redox homeostasis as a result of the build-up of oxidiz-
ing molecules either by the overproduction or the diminished
cellular reducing capacity may lead to the oxidation of biological
molecules and, later, alter their physical properties, structure,
and activity (Sharifi-Rad et al., 2020). The superoxide dismutase
(SOD) enzyme catalyzes the conversion of superoxide radicals to
H,0, and oxygen, on the other hand, the catalase enzyme (CAT)
detoxifies H,0, into water and oxygen (Wang et al., 2018). In vitro
approaches have showed that PTE possesses strong free radical
scavenging/inhibiting activity (Acharya and Ghaskadbi, 2013).



M.I. Khalil, A.F. Agamy, S.S. Elshewemi et al.

Saudi Journal of Biological Sciences 30 (2023) 103717

B e
o N

Dimension (um)
-]

N Control m%IC50 PTE O IC50 PTE

Cell Cell Nucleus Nucleus
Length Width Length Width
Light Cells

Cell Cell Nucleus Nucleus
Length Width Length Width

Dark Cells

Fig. 4. Morphometric measurements of the light micrographs of PTE-treated HepG2 cells. Light and dark cells exhibited a significant decrease in cellular and nuclear
dimensions after treatment with either %21Csq or ICso of PTE. Image] software was used for the morphometric measurements of HepG2 cells. Values were compared with their
respective controls and statistically evaluated. *p < 0.05; **p < 0.01; and ***p < 0.005 represent significance.

Here, PTE-treated HepG2 cells exhibited insignificant increase in
SOD activity and highly significant decrease in CAT activity. PTE
treatment was shown to increase singlet oxygen and of H,O, pro-
duction, implying a ROS-induced apoptosis (Chakraborty et al.,
2012). Furthermore, PTE-treated-MCF-7 treated with CAT exhib-
ited a decrease in H,0, levels accompanied by inhibition of PTE-
induced cell death, confirming the involvement of H,O, in PTE
cytotoxicity (Chakraborty et al., 2010). HaCaT cells pre-treated
with PTE and then co-treated with H,0, had increased expression
of SOD and glutathione but decreased catalase (Cheng et al., 2021).
In addition, malondialdehyde (MDA) is an indicator for lipid perox-
idation (Ayala et al., 2014). Here, PTE-treated cancer cells showed a
highly significant decrease in MDA as reported previously (Pandey
and Rizvi, 2011). Polyunsaturated fatty acids (PUFAs), which are
targets of the lipid oxidation process, are converted to polyunsatu-
rated fatty acyl-triacylglycerols and stored within lipid droplets
during apoptosis (N. Li et al., 2018). This in turn will provide cells
with protection from lipid-mediated toxicity and lipid peroxide-
induced membrane damage during apoptosis and will decrease
lipid peroxidation (N. Li et al., 2018). Studies showed that both
ER stress and high levels of H,O, induce the abundance of lipid
droplets in HepG2 cells (Jin et al., 2018). Furthermore, increased
levels of H,0, may result in ER stress and apoptosis in other types
of cancer (Pierre et al., 2014). Here, the increase in the activity of
SOD, simultaneously with the decrease in CAT activity, may lead
to an increase in H,0; levels in PTE-treated HepG2 cells and may
result in H,0,-induced apoptosis. Elevation in H,0, levels along
with ER stress led to the accumulation of lipid droplets, which
helps to sequester polyunsaturated fatty acids, thus decreasing
lipid peroxidation, which may mediate ferroptosis which is distinct
from apoptotic cell death (Kajarabille and Latunde-Dada, 2019; N.
Li et al., 2018).

It is well recognized that apoptosis has some characteristic fea-
tures including; nuclear condensation, cellular shrinkage, oligo-
nucleosomal DNA fragmentation, and nuclear fragmentations
(Cavalcante et al., 2019; Mcllwain et al., 2013). Caspases are endo-
proteases and important mediators of apoptosis. Many types of
caspases function in the cell, including caspase 3, which is one of
the most important caspases (Araya et al., 2021). Here, PTE-
treated cancer cells exhibited a notable increase in the activity of
caspase 3. Similarly, PTE induced caspases-8, —9, and —3 activation

(Xie et al., 2016). In apoptosis, oligo- and mononucleosomes are
generated by inter-nucleosomal cleavage of chromatin which leads
to DNA fragmentation (Gsell et al., 2020). Here, the percentage of
DNA fragmentation, reflected by the amount of histone release,
was elevated in PTE-treated HepG2 cells, which may indicate a
possible apoptosis of HepG2 cells. As previously reported, PTE-
treated melanoma cells (SK-MEL-2) exhibited DNA fragmentation
and nucleosomal release (Huang et al., 2014). A well-known mor-
phological apoptotic feature is apoptotic bodies, which are vesicles
that are formed during the apoptotic process and contain frag-
ments of dying cells. These bodies are then phagocytosed by
macrophages and degraded (Gregory and Dransfield, 2018). EM
showed increased incidence of apoptotic bodies in PTE-treated
cells as reported previously in resveratrol-treated HelLa cells (L. Li
et al., 2018).

Ultrastructural investigations revealed several PTE-induced
morphological apoptotic features, including cell nuclear pyknosis.
Pyknosis, an early apoptotic event, involves chromatin condensa-
tion and nuclear shrinkage (Hou et al., 2016; Prokhorova et al.,
2018). Here, PTE-treated cancer cells exhibited a notable increase
in the frequency of pyknotic nuclei. The incidence of pyknotic
nuclei, as well as, fragmented DNA were reported in B16 mela-
noma cells treated with resveratrol (Gatouillat et al., 2010). Addi-
tionally, PTE treatment induced cellular fragmentation in HepG2
cells, which is a late apoptotic event of apoptosis (Wong, 2011).
The TEM preparations showed few lipid droplets scattered in the
cytoplasm of the control untreated HepG2 cells. Lipid droplets
may be used by the cancer cells as a source of energy. A remarkable
elevation in the incidence of lipid droplets were noticed in PTE-
treated HepG2 cells. Lipid droplets are dynamic and are formed
of a monolayer of phospholipids containing several proteins
bounding neutral lipids that mainly consist of triacyl glycerides
and cholesterol esters, which function in lipid metabolism and
membrane trafficking (Olzmann and Carvalho, 2019). Cancer cells
are often exposed to severe stress that weaken their ability to syn-
thesize fatty acids. The survival of cancer cells depends on its abil-
ity to store lipids, as lipid droplets, from the microenvironment
(Petan et al., 2018). Accumulation of lipid droplets in the cytoplasm
may indicate apoptotic death (Boren and Brindle, 2012). Further-
more, vacuolization of the cytoplasm often accompanies different
types of cell deaths, where in many cases irreversible vacuolization
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Fig. 5. Transmission electron micrograph (TEM): Effect of PTE on HepG2 cells. a-d) Control untreated HepG2 cells. e-g) HepG2 treated with ¥2ICs. h-1) Cells treated with
ICs0. TEM shows that PTE caused a reduction in the number of filopodia (arrowhead), accumulation of lipid droplets (L), enlargement in mitochondria (M), dilation of the
endoplasmic reticulum (rER), formation of apoptotic bodies (AP), increased incidents of the pyknotic nucleus (Py), shrinkage nucleus (white arrow), shrunken cell (star), cell
fragments with completely lysed cell membrane (double arrow) and furrow (triple arrow). Light cell (LC), dark cell (DC), intracellular space (IS), nucleus (N), nucleolus (Nu),
vacuoles (v), cellular junctions (J), secretory granules (black arrow). Specimens were fixed in 4F;G post-fixed in OsO4 and stained with uranyl acetate-lead citrate. Bar =5 pm
(a-c, e, and h-j); bar = 10 um (d, f, g, k, and 1).
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Table 1
Scores of the ultrastructural observations of the untreated and PTE-treated HepG2
cells.

Ultrastructural observations Untreated HepG2 14IC50 ICso
cells PTE PTE
Apoptotic body - + 4t
Pyknotic nuclei - + .
Mitotic figure ++ + -
Pleoymorphic mitochondria ++ ++ ++
Agregated mitochondria + + +
Enlarged mitochondria - + ++
Dilated endoplasmic - + o
reticulum
Filopodia +++ + +
Vacuolated cytoplasm + + ++
Cellular junction ++ + +

Cells were assessed on a scale from (-) to (+++) as follows: (-) = no change,
(+) = mild change, (++) = moderate change, and (+++) = severe change.

is a hallmark of cytopathological conditions leading to cell death
(Huang et al., 2020). After PTE treatment, the incidence of vac-
uolization of the cytoplasm was observed to increase in cells trea-
ted with PTE ICso. In agreement, cytoplasmic vacuoles were
detected in the bladder cancer cells (T24) treated with 100 pM of
PTE (Chen et al., 2010).

Mitochondria regulate metabolism and other cellular function
beside its crucial role in controlling apoptosis (Lee et al., 2022).
Apoptosis is usually accompanied by mitochondrial swelling prior
to other events including the disturbance in its membrane poten-
tial and the cytochrome c release into the cytosol (Elmore, 2007).
Here PTE-treated cancer cells exhibited larger-sized and swollen
mitochondria than those in the control untreated cells. Further-
more, the endoplasmic reticulum lumen of cancer cells treated
with PTE ICso showed notable dilation and enlargement. These fea-
tures have been reported previously in apoptotic cells (Bottone
et al., 2013). The dilation of the endoplasmic reticulum lumen is
an ultrastructure response to ER stress, an event that may con-
tribute to apoptosis (Chavez-Valdez et al., 2016; Ozcan and
Tabas, 2012).

The mTOR pathway is a crucial pathway that is abnormally reg-
ulated in many cancers (Zou et al., 2020). The mTOR kinase is
related to the PIKK family of proteins (Feng et al., 2021). mTOR par-
ticipates in the formation of two complexes, mTORC1 and mTORC2
(Ferrin et al., 2020; Khalil and Gout, 2012). Each mTOR complex
has its physiological functions and downstream effector proteins.
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mTORC1 functions in protein synthesis via S6K1 and 4E-BP pro-
teins (Feng et al., 2021). mTORC1 activates S6K1 by phosphoryla-
tion, which in turn phosphorylates/activates different substrates
that participate in the initiation of mRNA translation, including
elF4B (Ismail et al., 2014; Zou et al., 2020). Here, PTE treatment
downregulated both mTOR and S6K1. In accordance, PTE signifi-
cantly inhibited mTOR and S6K1 activation in primary spinal cord
neurons (He et al., 2018).

Cell shrinkage, a characteristic feature of apoptosis, is mani-
fested by cellular and nuclear shrinkage, denser cytoplasm, and
tightly packed organelles (Banfalvi, 2016; Bortner and Cidlowski,
2020). Upon induction of apoptosis in HeLa S3, an apoptotic chro-
matin condensation occurs in three stages, the second of which is
nucleus shrinkage (Toné et al., 2007). This occurs as apoptotic cells
restructure their cytoskeleton to provide the plasticity required for
cell volume reduction (Nufez et al., 2010). Here, morphometric
measurements of LM preparations confirmed the significant
shrinkage in the cellular and nuclear dimensions of PTE treated
HepG2 cells. Interestingly, the downregulation of mTOR, which
consequently lead to the downregulation of S6K1 upon treatment
with PTE, may explain the notable shrinkage in the HepG2 cells
(Fumarola et al., 2005). Cell shrinkage was observed after inhibi-
tion/deficiency of the S6K gene (Aguilar et al., 2007; Um et al,,
2006). Relevantly, shrunken nuclei were observed in theca intersti-
tial ovarian cells treated with resveratrol (Wong et al., 2010).

Metastasis in cancer requires the metastatic cells to go through
severe steps including detachment, migration, invasion, and adhe-
sion (Fares et al., 2020). Filopodia are finger-like cell protrusions
formed of bundled actin that are crucial in cell-cell contacts, cell
adhesion, migration, and angiogenesis (Arjonen et al, 2011;
Gallop, 2020). The inhibition of the mTOR/S6K pathway results in
the inhibition of cell motility and migration ability (Memmel
et al., 2017). The inactivation of Raptor, a regulatory protein in
mTORC1, was found to cause inhibition in the formation of filopo-
dia (Solano and Odaka, 2019). The filopodia play key role in the
migratory and invasive capacities of cancer cells (Jacquemet
et al., 2015). Here, numerous filopodia were surrounding the
untreated HepG2 cells as reported previously (Zhao et al.,, 2011).
However, a considerable reduction in the filopodia was evident
after treating cells with 14ICso of PTE. HepG2 treated with PTE
ICsp resulted in a smooth cell membrane without any protrusions
which may imply the role of PTE in inhibiting the formation of
filopodia. Thus, PTE may play a role in weakening the invasive abil-
ities of HepG2 cells.
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Fig. 6. PTE downregulates mTOR, S6K1, STAT3 and modulates p53. a) Cells were treated with %2ICs, or ICso of PET for 48 hrs. b) Quantification of protein expression levels
in HepG2 cells using Quantity One software. Values were compared with their respective controls and statistically evaluated. **p < 0.01; ***p < 0.005; and ****p < 0.001

represent significance.
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P53, a transcription factor, activates numerous target genes
involved in apoptosis induction (Hernandez Borrero and El-Deiry,
2021). Here, the treatment with the ICsy of PTE modulated p53
expression in HepG2 as previously reported (Guo et al., 2016). PTE
activated the wild type p53 in H460 lung cancer cells (Chen et al.,
2017). It was reported that p53 upregulated SOD activity which
may explain the increased levels of H,0, and induction of H,0,-
mediated apoptosis (Huang et al., 2020). Furthermore, p53 can bind
to the prosurvival Bcl-2 protein family members, to release the
proapoptotic proteins Bak and Bax, and induce mitochondrial apop-
tosis (Hernandez Borrero and El-Deiry, 2021). p53 is involved in the
ER-induced apoptosis via the activation of NOXA and PUMA located
on the membranes of the ER (Hernandez Borrero and El-Deiry,
2021). The p53-dependent accumulation of triacylglycerols contain-
ing polyunsaturated fatty acyl chains (PUFA-TAGs) during apoptosis
was reported to occur via the activation of diacylglycerol acyltrans-
ferases (DGATs) (N. Li et al., 2018). Additionally, it has been reported
that upregulated p53 induces the expression of its downstream tar-
get, p21, thereby inhibiting the G1/S transition in HepG2 cells and
other models (Jiang et al., 2023; Karimian et al., 2016). Here, we
did not assess the levels of p21 upon PTE treatments which is one
of the limitations of the study.

Here, PTE negatively regulated the transcription factor STAT3 in
HepG2 in a dose-dependent manner, as previously reported (Wen
et al., 2018). Downregulation of STAT3 was correlated with modu-
lation of p53 expression. It was previously reported that binding of
STATS3 to the p53 promoter will provoke STAT3-induced inhibition
of p53 (Niu et al., 2005). Blocking STAT3 upregulated p53 expres-
sion and induced p53-mediated apoptosis, an approach to reacti-
vating p53 in many cancers (Niu et al., 2005). Additionally, the
downregulation of STAT3 could be related to the modulation of
p53, however, more research should be done to clarify the included
mechanism (Pham et al., 2020). Investigating the levels of the acti-
vated form of STAT3 (pSTAT3), may clarify the mode of action. The
downregulation of mTOR may explain the downregulation of
STAT3. For its proper activity, STAT3 should be phosphorylated
on Ser727 by mTOR (Rad et al., 2018). In addition, in response to
stress signals, p53 activates PTEN, TSC2, and AMPK that negatively
regulate mTOR (Cui et al., 2021).

5. Conclusions

The current results emphasise that PTE reduced the cell viability
and colony-forming potential of the hepatocellular carcinoma
HepG2 cells. The increase in histone release, increase in SOD activ-
ity, decrease in catalase activity and malondialdehyde, and the
numerous lipid droplets in PTE-treated HepG2 may lead to apopto-
sis. PTE altered the morphology, reduced mitotic activity, and
induced ultrastructural alterations in HepG2 cells. Additionally,
PTE downregulated the expressions of mTOR, S6K1, STAT3, and
modulated p53 expression. The data showed that the reduction
in mTOR and S6K1 expressions may lead to several apoptotic fea-
tures including notable cell shrinkage and a reduction in the num-
ber of filopodia of PTE treated HepG2 cells. Downregulated STAT3
correlated with the modulation of the expression level of the
tumour suppressor protein p53 and positively affected the activity
of caspase-3. The results of this study revealed that mTOR, S6K1,
p53, and STAT3 may be involved in the anticancer mechanism of
PTE against HepG2 cancer cells.
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