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Induction of Hepatocellular Carcinoma Cell Cycle Arrest 
and Apoptosis by Dendropanax morbifera Leveille Leaf 
Extract via the PI3K/AKT/mTOR Pathway
Gi Dae Kim

Department of Food and Nutrition, Kyungnam University, Changwon, Korea

Liver cancer is prevalent worldwide and associated with a high mortality rate. Therefore, developing novel drugs derived from natu-
ral products to reduce the side effects of chemotherapy is urgently needed. In this study, the inhibitory effect of Dendropanax mor-
bifera Leveille extract (DME) on growth of hepatocellular carcinoma (HCC) cells and its underlying mechanisms were investigated. 
DME suppressed the growth, migration, and invasion of SK-Hep1 human HCC cells. It also reduced the expression of the G0/G1 
phase regulator proteins cyclin-dependent kinase (CDK) 4, cyclin D, CDK2, and cyclin E, thereby inducing G0/G1 arrest. Moreover, 
DME treatment reduced the expression of antiapoptotic proteins, including caspase-9, caspase-3, PARP, and Bcl-2 and increased 
the expression of the proapoptotic protein, Bax. DME also increased reactive oxygen species production and reduced the cellular 
uptake of rhodamine 123. DME treatment increased the levels of p-p38 and p-FOXO3a in a dose-dependent manner and de-
creased those of p-PI3K, p-AKT, p-mTOR, and p-p70 in SK-Hep1 cells. In addition, combined treatment with DME and LY294002, 
an AKT inhibitor, significantly reduced p-AKT levels. In summary, these results show that the PI3K/AKT/mTOR signaling pathway is 
involved in DME-mediated inhibition of proliferation, migration, and invasiveness, and induction of apoptosis of HCC cells.
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INTRODUCTION

Cancer has become a public health burden and is a major 
cause of morbidity and mortality in middle-aged and older 
adults worldwide. Hepatocellular carcinoma (HCC) is the 
sixth most common cancer and the second leading cause of 
cancer-related deaths worldwide [1,2].
 Compounds isolated from natural sources such as plants, 
marine organisms, and microorganisms have been used to 
treat various human diseases [3]. According to World Health 
Organization reports, approximately 80% of people continue 
to believe in and use natural products as medicines, and cer-
tain developed pharmaceuticals are derived from medicinal 
plants. There is ongoing research on novel compounds from 
natural resources that have therapeutic potential, resulting in 
many significant discoveries, including those with antioxidant, 
anti-inflammatory, analgesic, anti-infective, and anticancer 
properties [4-6].

One reason for the increased interest in natural com-

pounds is that while most chemically synthesized drugs 
demonstrate high toxicity against both cancer and normal 
cells, natural compounds have relatively few side effects or 
no cytotoxic effects [7]. In particular, discovering novel anti-
cancer agents from traditional medicines has been in focus 
[8-10]. Although traditional medicine has been used for thou-
sands of years as an important alternative for cancer treat-
ment in Asian countries, including South Korea, the molecular 
mechanisms underlying the effects of the natural compounds 
obtained from these medicinal plant extracts remain unclear.
 Dendropanax morbifera Leveille, which belongs to the Ara-
liaceae family, is a subtropical evergreen tree of great value 
worldwide. The main components of D. morbifera Leveille are 
β-selinene and capnellane-8-one, which belong to the ses-
quierpene group, members of which have two fused rings. D. 
morbifera Leveille also contains many other compounds that 
have not yet been identified [11]. The roots, leaves, seeds, 
and stems of these plants have been widely used in tradition-
al medicine in Korea to treat headaches, infectious diseases, 
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skin diseases, and other diseases. To date, studies on D. 
morbifera Leveille have reported various biological effects 
including antidiabetic, antioxidant, and anticancer effects [12-
15]. Crude extracts derived from the leaves of D. morbifera 
Leveille demonstrated cytotoxic effects in various cancer cell 
lines but not in normal cells [16].
 Based on these findings, D. morbifera Leveille extracts 
(DME) are currently used in health supplements and as food 
additives; however, studies establishing their anticancer ef-
fects are still insufficient. Rutin and quercetin were reported 
as the two major flavonoid components of DME [17]. In this 
study, SK-Hep1 human HCC cells were treated with DME to 
observe their effects on cancer cell growth, migration, inva-
sion, and apoptosis, and to elucidate the underlying mecha-
nisms.

MATERIALS AND METHODS

Materials
DME was provided by Dr. Chul-yung Choi of Jeonnam In-
stitute of Natural Resources Research. The compound was 
dissolved in 100% dimethyl sulfoxide (DMSO). A 100 mg/
mL stock solution of DME was prepared and stored at −20°C 
until use. DMSO, MTT, rhodamine 123, verapamil, and 
horseradish peroxidase (HRP)-conjugated anti-rabbit and an-
ti-mouse antibodies were purchased from Sigma-Aldrich. The 
apoptosis detection kit was purchased from BD Bioscienc-
es. 2′7′-dichlorofluorescein diacetate (H2DCFDA) was pur-
chased from Molecular Probes. Phospho-specific anti-p38, 
anti-FOXO3a, anti-PI3K, anti-AKT, anti-mTOR, and p70 
antibodies; anti-PI3K, anti-AKT, anti-mTOR, p70, caspase-9, 
caspase-3, and PARP-specific antibodies; and the AKT in-
hibitor LY294002 were purchased from Cell Signaling Tech-
nology. HRP-conjugated β-actin, p53, p21, cyclin-dependent 
kinase (CDK) 4, cyclin D, CDK2, cyclin E, Bax, and Bcl-2 
antibodies were purchased from Santa Cruz Biotechnology.

Cell culture
The human HCC cell line (SK-Hep1) was purchased from the 
American Type Culture Collection. Cells were incubated in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% FBS and 1% antibiotic-antimycotics at 37°C in a 
5% CO2 incubator.

Cell viability assay
SK-Hep1 cell survival upon DME treatment was measured 
using MTT assay. Cells were plated in 96-well plates and in-
cubated overnight. After removing the media, DMEM with 0 to 
100 µg/mL DME was added, and the cells were incubated for 
24 to 72 hours. After each timepoint, 20 µL of 5 mg/mL MTT 
was added to each well and incubated for 4 hours. The me-
dium was removed thereafter, and the reaction was stopped 
by adding 200 µL of DMSO to each well. Cell viability was 
measured using a Synergy HTX plate reader (BioTek Instru-

ments, Inc.) and Gen5 by measuring absorbance at 570 nm.

Wound-healing assay to assess migration
Approximately 5 × 105 cells were seeded in six-well plates 
and incubated for 24 hours. Cells in each well were manu-
ally damaged using a P20 pipette tip. Dead cells from the 
damaged area were washed with fresh media, and new 
media supplemented with 0 to 40 µg/mL DME and 1% FBS 
were added to the cells for 24 hours incubation. The images 
were captured using an inverted microscope equipped with 
a camera. The wound-healing area was measured using the 
ImageJ software (National Institutes of Health).

Invasion assay
Cell invasion assays were performed using six-well dishes 
with Transwell inserts made with 8-µm polycarbonate mem-
branes (Costar; Corning Inc.). Briefly, 1.5 mL of serum-free 
DMEM with different DME concentrations was added to cells 
in the upper chamber (BD BioCoatTM MatrigelTM Invasion 
Chamber; Corning Inc.), whereas cells in the lower cham-
ber were supplemented with DMEM containing 10% FBS. 
The cells were then incubated at 37°C under 5% CO2 for 24 
hours. For invasion analysis, noninvading cells in the upper 
chamber were removed using Q-Tips. Cells in the upper 
chamber that invaded the lower chamber were fixed with 4% 
paraformaldehyde for 30 minutes and stained with 0.5% crys-
tal violet solution for 30 minutes. Invasive cells were observed 
under a microscope and quantified using ImageJ software.

Flow cytometry analysis of the cell cycle 
distribution
The cells were plated in a 100-mm dish and incubated for 
24 hours. After confirming cell proliferation to more than 
70% density, fresh media supplemented with 0, 10, 20, or 
40 µg/mL DME were added to the cells and incubated for 24 
hours. Cells were harvested using trypsin/EDTA and fixed 
overnight with 70% cold ethanol at –20°C. For cell cycle 
analysis, the fixed cells were centrifuged at 5,000 rpm for 5 
minutes at 4°C and washed with cold PBS. Thereafter, 50 
µg/mL RNase A was added for 30 minutes at 37°C. The cells 
were then stained with 50 µg/mL propidium iodide (PI) for 30 
minutes at 37°C, and the DNA quantity of the stained cells 
was analyzed using a FACS Vantage SE flow cytometer and 
CellQuest software (BD Biosciences).

Apoptosis assay
HCC cell apoptosis in response to DME treatment was as-
sessed according to the protocol provided with the annexin 
V-fluorescein isothiocyanate (V-FITC) apoptosis detection kit. 
Briefly, cells were incubated with 0, 10, 20, or 40 µg/mL DME 
for 24 hours and diluted to 1 × 105 cell/mL using a binding 
buffer. The cells were then incubated with Annexin V-FITC 
and PI for 30 minutes in the dark. The DNA content of the 
stained cells was analyzed using CellQuest Software and a 



187

DME Suppressed SK-Hep1 Cell Proliferation

http://www.jcpjournal.org

FACS Vantage SE flow cytometer.

Measurement of intracellular reactive oxygen 
species accumulation
Intracellular reactive oxygen species (ROS) production was 
measured using the fluorescent dye H2DCFDA. SK-Hep1 
cells were treated with 0, 10, 20, or 40 μg/mL DME for 24 
hours, washed twice with PBS, stained with 20 μM H2DCF-
DA for 30 minutes, and then washed again twice with PBS. 
H2DCFDA reacts with ROS to produce the fluorescent prod-
uct, dichlorofluorescein (DCF). Intracellular DCF levels were 
quantified using a flow cytometer (BD Biosciences).

Measurement of the mitochondrial membrane 
potential
Mitochondrial membrane potential was evaluated using 
rhodamine 123. After treating cells with DME for 24 hours, 
they were washed with PBS and incubated with 1 μL/mL 
rhodamine 123 for 60 minutes in the dark. The cells were 
then washed with PBS, stained with 1 μg/mL PI, and ana-
lyzed with a flow cytometer (BD Biosciences). Verapamil (20 
μM) was used as a positive control.

Determination of protein expression levels by 
western blotting
Cells were treated with DME (0, 10, 20, or 40 μg/mL) for 24 
hours. Proteins were extracted through a reaction with PRO-
PREP Protein Extraction Solution containing protease inhib-
itors and phosphatase inhibitors (Roche Diagnostics GmbH) 
for 30 minutes at 4°C, followed by centrifugation at 13,000 
rpm at 4°C for 30 minutes. Protein samples (40 μg) were sep-

arated by 6% to 12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to polyvinylidene fluoride 
membranes (Bio-Rad Laboratories, Inc.). The membranes 
were blocked with 5% bovine serum albumin (BSA; AMRES-
CO, Inc.) and TBS with 0.1% Tween 20 (TBS-T) for 1 hour 
and then incubated with primary antibodies (diluted 1:500-
1:1,000 with 5% BSA) overnight at 4°C. The membranes 
were then washed four times with TBS-T for 3 minutes each 
and incubated with horseradish peroxidase-conjugated 
anti-rabbit or anti-mouse secondary antibodies (1:1,000) 
for 1 hour at room temperature. Proteins were visualized 
using an Advanced Electrochemiluminescence Western Blot 
Detection Kit (Amersham).

Statistical analysis
The data are presented as the mean ± SD for the indicated 
number of independently performed experiments. Statistical 
significance (P < 0.05) was determined using Student’s t-test 
for paired data. Statistical analyses were performed using 
SPSS for Windows version 23 (IBM Corp.).

RESULTS

DME suppressed SK-Hep1 cell proliferation
To confirm the inhibitory effects of DME on human HCC cell 
growth, SK-Hep1 cells were treated with 0 to 100 μg/mL 
DME for 24 to 72 hours. The half-maximal inhibitory concen-
trations (IC50) of DME against SK-Hep1 cells after 24, 48, 
and 72 hours were 48.9, 18.6, and 11.0 μg/mL, respectively 
(Fig. 1A). Treatment with 25 μg/mL DME for 24, 48, and 72 
hours demonstrated significant suppression of cell prolif-
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Figure 1. Effects of Dendropanax morbifera Leveille extract (DME) on SK-Hep1 cell growth. (A) Cell survival curve after DME treatment. Cells 
were cultured for 24, 48, and 72 hours with 0, 6.25, 12.5, 25, 50, and 100 μg/mL DME. The cell survival rate was determined by the MTT assay. (B) 
Morphological changes of DME-treated SK-Hep1 cells. DME suppressed SK-Hep1 cell growth, resulting in decreased cell density. The results are 
presented as the mean ± SD. Statistical differences were determined using Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001 vs. control). Cell mor-
phology was visualized by inverted microscopy (×200). Scale bar = 50 μm.
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eration (P < 0.05). Moreover, DME treatment for 72 hours 
significantly suppressed cell proliferation, starting at a con-
centration of 12.5 μg/mL (P < 0.05). In a subsequent study, 
we confirmed the concentration at which the biological effects 
were apparent; however, the cytotoxicity was low, based on 
the IC50 concentration and changes in morphology after a 24-
hour incubation. DME concentrations up to 40 μg/mL were 
used for subsequent analyses (Fig. 1B).

DME suppressed SK-Hep1 cell migration and 
invasion
For migration analysis, a scratch was made in the cells grown 
in a culture dish at a density of 70%. The cells were then in-
cubated for 24 hours in fresh media with 1% FBS and DME 
was added at 0, 10, 20, and 40 μg/mL to observe its effect 
on migration. In Figures 2A and 2B, the wound healing areas 
were significantly reduced after treatment with 20 μg/mL and 
40 μg/mL DME compared to the wound healing area in the 
control group, with migration rates of 73.5% and 19.2%, re-
spectively (P < 0.05). To measure HCC invasion, cells were 
treated with 0, 10, 20, and 40 μg/mL DME in an 8-μm poly-

carbonate membrane chamber for 24 hours, and the number 
of cells that invaded the lower chamber was compared to 
the number in the control group. In Figure 2C, the number of 
invading cells after treatment with 10, 20, and 40 μg/mL DME 
was significantly reduced to 55.5, 23.1, and 14.8%, respec-
tively, compared to the control group (P < 0.05).

DME induced G0/G1 arrest and apoptosis of 
SK-Hep1 cells
Since we confirmed the inhibition of SK-Hep1 cell prolifera-
tion, migration, and invasion by DME, we performed an addi-
tional study to determine the effects of DME on SK-Hep1 cell 
cycle regulation. As shown in Figure 3, after treatment with 0 
to 40 μg/mL DME for 24 hours, a dose-dependent increase in 
the number of cells in G0/G1 phase was observed. Addition-
ally, the expression of proteins related to the G0/G1 phase 
was confirmed by western blot analysis. As shown in Figure 
3C, DME increased the phosphorylation of p38 and FOXO3a 
as well as the expression levels of p53 and p21, which are 
cell cycle regulatory factors. This treatment led to a dose-de-
pendent reduction in the expression of G0/G1 phase regula-

Figure 2. Effects of Dendropanax morbifera Leveille extract (DME) on cell migration and invasion. (A, B) Once cells were confluent on six-
well plates, they were wounded with a scratch and treated with various concentrations of DME from 0 to 40 μg/mL. The migration area was measured 
after 24 hours. Magnification, ×100. (C, D) Cells were added to the upper chamber with 1.5 mL of serum-free Dulbecco’s modified Eagle’s medium 
(DMEM), and DMEM with 10% FBS was added to the lower chamber. After incubation for 24 hours, non-invading cells in the upper chamber were 
removed using a Q-tip, and the cells invading the lower chamber were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. Invasive 
cells were then examined under a microscope and quantified using ImageJ (National Institutes of Health). Magnification, ×100. The results are pre-
sented as the mean ± SD. Statistical differences were determined using Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001 vs. control).
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tory proteins, including CDK4, cyclin D, CDK2, and cyclin E, 
thereby inducing G0/G1 arrest.
 Since cell cycle analysis showed a dose-dependent in-
crease in the number of sub-G1 cells at DME concentrations 
of 10 μg/mL and higher, annexin V-FITC/PI double staining 
assays were performed to evaluate whether DME treatment 
could induce apoptosis. Cells treated with 40 μg/mL DME 
showed a significantly increased the apoptotic cell population 
by 35.27% (P < 0.001; Fig. 4B). To investigate the mech-
anism underlying the induction of apoptosis, the levels of 
proapoptotic proteins such as caspase-9, caspase-3, PARP, 
and Bax, and the antiapoptotic protein Bcl-2, were evaluat-
ed using western blotting (Fig. 4C). The levels of antiapop-
totic proteins, such as caspase-9, caspase-3, PARP, and 
Bcl-2, decreased in a dose-dependent manner after DME 
treatment. The expression of the proapoptotic protein Bax 
increased in a dose-dependent manner with the induction of 
apoptosis. Moreover, ROS production increased from 1.38% 
in the control group to 50.23% in the group treated with 40 
μg/mL DME (Fig. 4D).
 We then also analyzed whether the induction of ROS 
production by DME treatment was associated with the regu-
lation of the intracellular mitochondrial membrane potential. 

In Figure 4E, the positive control group (20 μM verapamil) 
had a cellular accumulation of rhodamine 123 by 94.59% 
compared to the control group (Immunoglobulin G, negative 
control). However, after treatment with 40 μg/mL DME, this 
was reduced to 67.17%. A significant reduction in the intracel-
lular accumulation of rhodamine 123 indicates mitochondrial 
dysfunction due to oxidative stress, which suggests that DME 
affects mitochondrial membrane potential.

DME regulated the PI3K/AKT/mTOR signaling 
pathway in SK-Hep1 cells
The PI3K/AKT/mTOR signaling pathway regulates cell surviv-
al, proliferation, and migration. We verified that DME regulat-
ed the PI3K/AKT/mTOR signaling pathway in SK-Hep1 cells 
(Fig. 5A and 5B). To evaluate the inhibitory effects on the ex-
pression of components of this pathway after DME treatment, 
western blotting analysis was performed after treatment of 
SK-Hep1 cells with 0, 10, 20, and 40 μg/mL DME for 24 
hours. DME treatment reduced the p-PI3K, p-AKT, p-mTOR, 
and p-p70 levels. Moreover, LY294002, which is an AKT 
inhibitor, was combined with either 0 or 40 μg/mL DME to 
determine whether DME can act as a PI3K/AKT inhibitor (Fig. 
5C). DME significantly inhibited p-AKT expression in SK-

Figure 3. Effects of Dendropanax morbifera Leveille extract (DME) on cell cycle progression. (A) After treating cells with 0, 10, 20, or 40 μg/mL 
DME for 24 hours, they were stained with propidium iodide, and cell cycle progression was confirmed by flow cytometric analyses. (B) Cell cycle dis-
tribution in the G0/G1, S, G2/M phases after DME treatment. (C) The expression levels of G0/G1-related proteins, such as p38, FOXO3a, p53, p21, 
CDK4, cyclin D, CDK2, and cyclin E, were determined using western blotting. β-actin was used as an internal control.

Dendropanax morbifera Leveille ( g/mL)�

DNA content

C
e
ll

n
u
m

b
e
r

A

0 10 20 40

30 60 90 120

Channels (FL2-A)

1,000

800

600

400

200

N
u

m
b

e
r

0 30 60 90 120

Channels (FL2-A)

1,000

800

600

400

200

N
u

m
b

e
r

030 60 90 120

Channels (FL2-A)

1,000

800

600

400

200

N
u

m
b

e
r

030 60 90 120

Channels (FL2-A)

1,000

800

600

400

200

N
u

m
b

e
r

0

p-p38

p-FOXO3a

p53

p21

CDK4

Cyclin D

CDK2

Cyclin E

�-actin

0 10 20 40

Dendropanax morbifera ( g/mL)�Leveille

0

100

50

D
is

tr
ib

u
ti
o
n

o
f
c
e
ll

c
y
c
le

(%
)

0
10 20 40

Sub-G1 G0/G1 S G2/M

Dendropanax morbifera ( g/mL)�Leveille

B C



190 J Cancer Prev 28(4):185-193, December 30, 2023

Kim 

Figure 4. Effects of Dendropanax morbifera Leveille extract (DME) on ROS production and mitochondrial membrane potential after apop-
tosis induction. (A, B) Cells were treated with 0, 10, 20, or 40 μg/mL DME for 24 hours, stained with annexin V and propidium iodide (PI), and 
analyzed using a FACS Calibur flow cytometer (BD Biosciences). (C) The expression levels of proapoptotic and antiapoptotic proteins in apoptosis-in-
duced cells after DME treatment were analyzed using western blotting. (D) Reactive oxygen species generation was measured in cells exposed to 0, 
10, 20, and 40 μg/mL DME by adding H2DCFDA and measuring the fluorescent product, dichlorofluorescein (DCF). (E) Cells were treated with DME 
or verapamil (positive control) for 24 hours and cultured with rhodamine 123. They were analyzed using a flow cytometer. Data are presented as the 
mean ± SD of triplicate tests. β-actin was used as an internal control. FITC, fluorescein isothiocyanate; APC, allophycocyamine. ***P < 0.001 vs. con-
trol.
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Hep1 cells (P < 0.05).

DISCUSSION

Currently available anti-cancer treatments exert anticancer 
effects via are based on various strategies. Development of 
novel anticancer drugs derived from natural compounds with 
low toxicity remains an area of interest. In this study, treat-
ment of SK-Hep1 cells with DME inhibited cancer cell growth 
by inducing G0/G1 arrest and apoptosis.
 p38 is a mitogen-activated protein kinase that links im-
portant extracellular signals by regulating cell proliferation, 
differentiation, migration, and apoptosis [18,19]. Similar to 
p21, p27, p53, cyclin D, and cyclin B, FOXO3a promotes the 
expression of its target genes, resulting in cell cycle arrest 
and growth inhibition in cancer cells [20,21]. The cell cycle 
is a typical cell division process in eukaryotes. It progresses 
to four major checkpoints: G1/S, S, G2/M, and spindle as-
sembly [22,23]. Cyclins and CDK complexes play significant 
roles in regulating cell cycle progression. CDKs and cyclins 
regulate different cell cycle stages The G1 and S phases are 
regulated by CDK2, CDK6, CDK4, cyclin D1, and cyclin E, 
whereas the G2/M phase is regulated by CDK2, cdc2, cyclin 

A and cyclin B [24]. This study confirmed that DME induced 
G0/G1 cell cycle arrest, significantly upregulated p53 and p21 
protein levels, and downregulated CDK4, cyclin D, CDK2, 
and cyclin E levels.
 Apoptosis is a spontaneous programmed cell death that 
occurs under normal physiological and pathological condi-
tions. It is induced in various ways, including death receptors, 
mitochondrial pathways, and in response to endoplasmic 
reticulum stress [25,26]. Various factors downregulate prosur-
vival protein expression while elevating proapoptotic protein 
levels in the mitochondrial apoptosis pathway, which leads to 
a decrease in mitochondrial membrane potential and the re-
lease of cytochrome c from the mitochondria. Cytochrome c 
in the cytoplasm triggers caspase-9 and caspase-3 activation 
and PARP degradation, eventually leading to apoptosis [27]. 
The Bcl-2 family of proteins play an important role in apopto-
sis [28]. This involves a reduction in the levels of antiapoptotic 
proteins, such as Bcl-2 and Bcl-xL, in the mitochondrial mem-
brane and an increase in the levels of proapoptotic proteins, 
such as Bax.
 The flow cytometry results showed that the rate of apopto-
sis in SK-Hep1 cells increased in a dose-dependent manner 
in response to DME treatment. Moreover, western blotting 

Figure 5. Dendropanax morbifera Leveille extract (DME) regulated the PI3K/AKT/mTOR signaling pathway. (A) The expression levels of pro-
teins related to the PI3K/AKT/mTOR signaling pathway were determined using western blotting after treating SK-Hep1 cells with 0, 10, 20, or 40 μg/
mL DME for 24 hours. (B) Band intensity was normalized using a total form protein. (C) Cells were treated with 0 or 40 μg/mL DME and the AKT inhib-
itor LY294002, and the levels of p-AKT were assessed by western blotting analysis. Band intensities were normalized to total AKT. β-actin was used 
as an internal control. Values indicate the mean ± SD. *P < 0.05, **P < 0.01 as shown by the Student’s t-test.
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results showed that the expression levels of caspase-9, 
caspase-3, PARP, and Bcl-2 decreased and the expression 
level of Bax increased, demonstrating apoptosis as a result 
of DME treatment. ROS play important roles in apoptosis. In 
cancer cells, high levels of endogenous oxidative stress lead 
to increased ROS production, which inhibits cancer growth 
[29]. Under pathological conditions, excessive ROS damage 
DNA, proteins, mitochondria, and the endoplasmic reticulum 
and can induce cell cycle arrest and apoptosis [30,31]. In 
this study, we confirmed that ROS production increased in a 
dose-dependent manner after DME treatment.
 The PI3K/AKT/mTOR signaling pathway is an important 
cellular signaling pathway. It plays a pivotal role in cell prolif-
eration, growth and survival, and angiogenesis by affecting 
the activities of downstream molecules and is closely related 
to the development and progression of cancer in humans. 
AKT signaling induces cell proliferation and blocks apoptosis, 
by regulating expression/activity of apoptotic proteins, includ-
ing those belonging to the Bcl-2 family [32]. FOXO3a is an 
important target of the PI3K/AKT signaling pathway [33,34] 
and regulates cell cycle arrest by activating transcriptional tar-
gets such as p27 and p21 [35]. In this study, deactivation of 
the PI3K/AKT/mTOR pathway regulated p38 and FOXO3a, 
thereby downregulating CDK4, cyclin D, CDK2, and cyclin E, 
and resulting in G0/G1 cell cycle arrest. It also increases the 
expression of p53, resulting in the regulation of Bcl-2, Bax, 
caspase-9, caspase-3, and PARP expression, leading to 
apoptosis.
 Natural compounds with anticancer activities exert their 
effects by targeting various signaling pathways. Many studies 
have demonstrated the functional roles of various bioactive 
compounds in the prevention of HCC via the regulation of the 
PI3K signaling pathway. PI3K inhibition is a key area of HCC 
prevention [36-38]. DME acts as an inhibitor of the PI3K/AKT/
mTOR signaling pathway and decreases the levels of p-AKT 
after treatment in combination with an AKT inhibitor.
 In conclusion, we confirmed that DME inhibited cell prolifer-
ation by inducing cell cycle arrest and apoptosis in HCC (SK-
Hep1) cells. DME treatment altered cell cycle distribution by 
increasing the proportion of cells in the G0/G1 phase. More-
over, it regulates the expression of Bcl-2 family proteins and 
proteins related to the mitochondria, resulting in apoptosis. 
Moreover, treatment with a combination of DME and an AKT 
inhibitor decreased the levels of p-AKT, and it was confirmed 
that inhibition of the PI3K/AKT/mTOR signaling pathway in 
SK-Hep1 cells was involved in contributed to DME-induced 
cell cycle arrest and apoptosis. Based on these findings, we 
suggest that DME has the potential to treat liver cancer.
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