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Mechanism study of oleanolic acid
derivative, K73-03, inducing cell apoptosis
in hepatocellular carcinoma
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Abstract

Oleanolic acid (33-hydroxyolean-12-en-28-oic acid, OA) is a kind of pentacyclic triterpene, which widely distributes
in nature. OA possesses a powerful anti-cancer effect; however, its low solubility limits its bioavailability and
application. In this study, a new OA derivative, K73-03, was used to determine its effect on liver cancer cells and
detailed molecular mechanisms. Here, we show that K73-03 may lead to the disorder of mitochondria in HepG2
cells, leading to excessive ROS production and apoptosis in cells. Meanwhile, K73-03 could induce cell apoptosis by
inhibiting JAK2/STAT3 pathway and NF-kB/P65 pathway. Collectively, this study may provide a preliminary basis for
further cancer treatment of hepatocellular carcinoma.
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Introduction

Liver cancer is one of the most common cancers in the
world. Its incidence rate is very high in Asia. More-
over, in recent years, the incidence rate of liver cancer
is increasing year by year, rising to the fifth most com-
mon cancer. The mortality rate is only after lung cancer
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treatment is high [5]. Therefore, the development of new
anti-liver cancer drugs with reliable effects is of great sig-
nificance for the adjuvant treatment of early liver cancer
surgery and the conservative treatment of advanced liver
cancer.

Traditional Chinese medicine (TCM) has the charac-
teristics of low toxicity and side effects, which is often
used in the treatment of various types of cancer in recent
years. Many pentacyclic triterpenoids, such as oleanolic
acid (OA), have been widely studied for their good bio-
logical activity. OA in nature often exists in the form of
free or glycoside type, which can be extracted from thou-
sands of medicinal and edible plants [6]. The most impor-
tant and widely used pharmacological action of OA is its
hepatoprotective effect. OA can not only effectively avoid
acute chemical-induced liver injury, but also protect the
liver from cirrhosis and fibrosis caused by chronic liver
disease. In addition to liver protection, in recent years,
researchers have found that OA has anti-inflammatory,
antioxidant, hypoglycemic and anti-tumor effects. Some
studies have confirmed that OA possesses an anti-tumor
effect on some human tumor cell lines, including human
lung cancer A549, NCI-H460 cell lines, human astro-
cytoma 1321IN1 cell lines and a variety of human liver
cancer cell lines [7]. It has proved that OA can induce
cell differentiation and apoptosis, and inhibit cancer
angiogenesis and cancer cell invasion and metastasis [8].
However, the bioavailability of OA in vivo still is limited
because of its low solubility. Therefore, though synthe-
sizing some OA derivatives, such as CDDO, CDDOEA,
CDDOIm, CDDOMeg, etc., the low solubility of OA has
been improved to some extent [9]. For example, CDDO-
Me has shown a promising anticancer effect in a phase
I trial. But, some transient and self-limiting side effects
still exist, such as an increase in adverse cardiovascular
events [10]. Hence, developing more new OA derivatives
with good anti-hepatic cancer effects is of great signifi-
cance. In our laboratory, we previously synthesized sev-
eral novel OA derivatives, called SZC014, SZC015, and
SZC017, and evaluated their antitumor effects against
different cancer cells [11-18]. However, the effects of
K73-03, a new OA derivative, on liver cancer especially
for in vitro cancer suppression activity, have not been
investigated.

Programmed cell death is defined as regulatory cell
death mediated by an intracellular program. Apopto-
sis and autophagy in cells are two main mechanisms for
inducing programmed cell death [19]. However, in can-
cer, they are always out of balance [20]. Apoptosis is a
type I programmed cell death form performed by activat-
ing caspases, which is a specific enzyme involved in the
signal cascade, eventually leading to the rapid elimination
of organelles and other cell structures [21, 22].
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Janus kinase 2/signal transducer and activator of tran-
scription 3 (JAK2/STAT3) signaling pathway plays an
important role in a variety of cancers, including prostate
cancer, hematological malignancies, and liver cancer [23].
In liver cancer, JAK / STAT signaling pathway is upregu-
lated in tumor tissues compared to normal tissues [24].
It has been found that methylation-induced silence of
SOCS1 and SOCS3 (a negative regulator of JAK / STAT
signal transduction) are observed in most liver cancer
cells, resulting in the activation of JAK / STAT signal
transduction, thus increasing the growth of liver cancer
cells and resistance to apoptosis [25].

In this study, HL-7702(L02), SMMC-7721 and HepG2
cells were used to explore and elucidate the anti-tumor
mechanism of a new OA derivative K73-03 in liver can-
cer. The objective is to explore whether K73-03 could
induce apoptosis or autophagy in liver cancer cells and
clarify its relationship with JAK2 / STATS3 signaling path-
way or other possible mechanisms.

Materials and methods

Chemicals and materials

K73-03 was syntheésed by Professor Shi sheng Wang from
Dalian University of Technology. OA (2.0 mg) and K73-
03(2.0 mg) were dissolved by DMSO. They were stored
at —20°C. Dulbecco’s modified Eagle medium (DMEM)
was purchased from Gibco (Grand Island, NY, USA).
Uncoupler FCCP, rotenone and antimycin A were pur-
chased from Sigma (St Louis, MO, USA). The Annex-
inV-FITC Apoptosis Detection Kit, JC-1 fluorescent
molecular probe and DCFH-DA were obtained from the
Nanjing Jiancheng Bioengineering Institute (Haimen,
Jiangsu, China). The BCA protein concentration assay
kit, IP lysate and Hypersensitive ECL chemical kit were
obtained from the Beyotime Institute of Biotechnology
(Haimen, Jiangsu, China). The primary antibodies against
caspase-9, caspase-3, Bcl-2, Bax, LC3B, JAK2, p-JAK2,
p65, p-p65 were pased from Proteintech (Chicago, IL,
USA). The antibodies Beclinl, STAT3, p-STAT3, COX-2
were obtained from the Bioworld (Minnesota, St Paul,
USA).

Cell culture

The human normal liver cell line L02, and the human
HCC cell line SMMC-7721 and HepG2 were kindly pro-
vided by Professor Wang Shi Sheng at Dalian University
of Technology. All cell lines were cultured in DMEM sup-
plement with 10% fetal bovine serum, 100 units/mL peni-
cillin and 100 pg/mL streptomycin. All cells cultures were
maintained at 37 C in a humidified atmosphere contain-
ing 5% CO,,.
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MTT assay

Cell viability was measured using an MTT assay. L02,
SMMC-7721 and HepG2 cells were seeded at 7x10°
cells/well in 96-well plates (2.19x10* cells/cm?) for
24 h. And then, different concentrations of K73-03 (0, 2,
4, 8 uM) were added into plates. After 24 h incubation,
the growth of cells was measured. And then cells were
treated with 15uL. MTT stock solution (5 mg/mL) added
to the well. Additional 4 h later, 100pL SDS-isobutanol-
HCI solution was added and the plates were further
incubated at 37°C overnight. Absorbance was measured
at 570 nm by a microplate reader. Additionally, cell mor-
phology was imaged using a readout microscope.

In vitro migration assay

Cell migration was detected by scratch assay. HepG2
cells were seeded at 5x10° cells/well in 6-well plates
(5.26x10* cells/cm?), and then wounded with 100 uL
steriled pipette tips after 6 h of serum starvation. After
three PBS washes, cells were treated with indicated doses
of K73-03. Then, treated cells were photographed using
the light microscope for 0 h and then were contained
with fresh medium in a 37 C, 5% CO, incubator. After
48 h, the cells were washed with PBS three times and then
were photographed again using the light microscope.

Colony formation assay

HepG2 cells were seeded into 6-well plates at 0.8x 103
cells/well (84.2 cells/cm?). After 24 h, the cells were
exposed to various concentrations of K73-03 (0, 2, 4,
8uM). After 24 h, the cells were washed with PBS three
times and then contained with fresh medium in a 37 C,
5% CO, incubator. Until 14 days, the cells were immobi-
lized by 4% paraformaldehyde and then stained with 0.1%
crystal violet.

Transmission electron microscope

HepG2 cells were cultured in 6-well plates for 24 h. And
then the cells were treated with different concentrations.
The samples were post-fixed, dehydrated, embedded,
sectioned, and stained. Finally, the electron micrographs
were captured using a Transmission Electron Microscope
(TEM).

DAPI staining

HepG2 cells were cultured in 6-well plates for 24 h and
treated with various concentrations of K73-03 (0, 2, 4,
8uM) for 24 h. The cells were washed with PBS three
times and fixed with paraformaldehyde 15 min. Samples
were permeabilized with 0.4% TritonX-100 for 10 min
and washed with PBS three times, which was sealed with
2% bovine serum albumin (BSA) in PBS for 1 h at 37°C.
Finally, the samples were stained with DAPI (1 pg/mL)
for 15 min, and then washed with PBS for 3 times. The
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changes of blue fluorescence intensity in nucleus were
observed and photographed under an inverted fluores-
cence microscope.

Apoptosis assay (annexin V-FITC/PI double staining)

The effect of K73-03 on HepG2 cells was detected using
Annexin V-FITC Apoptosis Detection Kit. HepG2 cells
were cultured in 6-well plates for 24 h and treated with
various concentrations of K73-03 (0, 2, 4, 8uM) for 24 h.
And then the cells were stained with Annexin V-FITC
and propidium iodide (PI) for 15 min in the dark at 37°C,
the samples were subsequently analyzed using Calibur
flow cytometry.

JC-1 fluorescent molecular probe

JC-1 is a type of fluorescence probe for detecting mito-
chondrial membrane potential (AYm). HepG2 cells were
cultured in 6-well plates for 24 h and treated with various
concentrations of K73-03 (0, 2, 4, 8uM) for 24 h. The cells
were washed with PBS three times and then added with
JC-1(1mL). After 15 min, the samples were observed by
an inverted fluorescence microscope.

Intracellular reactive oxygen species (ROS) level detection
The level of ROS production was measured by intracel-
lular ROS level detection. Briefly, HepG2 cells were cul-
tured in 6-well plates for 24 h and treated with various
concentrations of K73-03 for 24 h. And then the cells
were harvested and cultured with DCFH-DA at 37°C for
20 min in the dark. After washing with PBS three times,
the samples were monitored by FACS flow cytometry.

Detection of cell mitochondrial function

Oxygen concentration and oxygen flux or oxygen con-
sumption rate (OCR) were measured using oxygraph-
2k mitochondrial function test system. The cells in the
normal control group and the drug group with a den-
sity of 2x10° / mL were added into two glass chambers,
and the experiment was carried out under the condition
of continuous stirring at 37 ‘C and 750 rpm. After the
basal respiratory rate was recorded, inhibitors of differ-
ent mitochondrial respiratory complexes were added to
the cells in the following order: (1) 2 p g / mL oligomycin
(acting on ATP synthase and measuring mitochondrial
oxygen consumption unrelated to ATP synthesis); (2)
gradually increasing the amount of 1 u M into carbonyl
cyano- p-trifluoromethoxyhydrazone (FCCP) to evaluate
Maximum respiratory rate (MRC) 5 g M, respectively, to
determine the capacity of non-respiratory complex (5 p
M).

Western blot analyses
HepG2 cells were cultured in 6-well plates for 24 h and
treated with various concentrations of K73-03 for 24 h.
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The cytoplasmic and nuclear protein samples were mea-
sured by cell lysis kits. Protein was denatured by dis-
solving in 5x sample buffer and boiled for 5 min at 100
C. And then samples were loaded onto the SDS-PAGE,
separated by gel electrophoresis and transferred to PVDF
membranes. After blocking with 5% skimmed milk in
Tris Buffered Saline (TBS) containing 0.05% Tween 20
(TTBS) for 2 h, the membranes were incubated over-
night at 4 C with primary antibody (1:1000 dilution).
Next, the blots were washed by TBST three times, then
the membranes were cultured in horseradish peroxidase-
conjugated secondary antibody (1:1000 dilution) at 4 C.
After 2 h, the membranes were washed three times with
TBST. In the end, the membranes were detected by using
an enhanced chemiluminescence method and photo-
graphed by BioSpectrum Gel Imaging System. The data
were adjusted by pB-actin as an internal control.

Statistical analyses

All the data were analyzed using Graph Pad Prism 6
(Graph Pad Software, Inc, San Diego, CA) and expressed
as meantSD from at least three independent experi-
ments. A one-way ANOVA test was utilized to analyze
statistical differences between groups. P value<0.05 was
regarded as statistically significant.

Results

K73-03 inhibited the cell viability of L02, HepG2 and
SMMC-7721

The chemical structures of OA and OA derivative, K73-
03, are represented in Fig. 1A. To determine the speci-
ficity of K73-03 on HCC, we examined the effect of
K73-03 on morphological changes and cell viability of
L02, HepG2 and SMMC-7721 cell lines. The effect of
apoptotic morphological changes on HepG2 after K73-
03 treatment was evaluated by microscopic observation
as shown in Fig. 1B, including cell shrinkage and frag-
mentation, accompanied by occurring white fragments
with different sizes and irregular shapes beside cells,
and so on. Meanwhile, via MTT assay, the data showed
K73-03 could largely decrease the cell viability of HepG2
and SMMC-7721 cell lines in a time and dose-dependent
manner. The half maximal inhibitory concentration value
(ICsp) values of K73-03 for 24 h of HepG2 and SMMC-
7721 cell lines were 5.79 pM and 7.23uM respectively.
Moreover, the treatment of K73-03 caused a significant
reduction in cell viability of HepG2 and SMMC-77,721
with the augment of concentrations and the extension
of drug administration times. Compared to these two
HCC cell lines, K73-03 had less toxicity to normal liver
cell, L02 mammary epithelial cell line. Therefore, the data
suggested that K73-03 could potentially affect cell viabil-
ity and kill liver cancer cells, especially to HepG2 cells
(Fig. 1C).
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K73-03 suppressed migration and colony formation of HCC
cells

As shown in Fig. 1D, the effect of K73-03 on the migra-
tion of HepG2 cells was observed via wound healing
assay. Based on the IC50 value of K73-03 on HepG2,
four different concentrations of K73-03 (0, 2, 4, 8uM)
were used for following experiments so as to take effi-
cacy and safety into consideration. The data showed that
K73-03 treatment could significantly inhibit the migra-
tion of HepG2 cells in a dose-dependent manner, com-
pared to the non-treatment group. Meanwhile, the effect
of K73-03 on the colony capacity of HepG2 cells was also
measured using a colony cell survival assay. The result
showed that K73-03 could significantly inhibit colony
formation in a dose-dependent manner (Fig. 1E). These
suggested that K73-03 could suppress the migration and
colony formation of HepG2 cells.

K73-03 induced apoptosis in the HCC cells

The effect of apoptotic morphological changes on HepG2
after K73-03 treatment was evaluated by microscopic
observation using DAPI staining. As shown in Fig. 2A,
K73-03 induced apoptosis in HepG2 cells in a concen-
tration-dependent manner, including cell shrinkage and
fragmentation so on. The ultrastructure was observed by
TEM. Figures showed that the cells in the non-treatment
group were normal, while the cells in K73-03 treatment
presented apoptotic morphology, becoming an abundant
of vacuoles, nucleus chromatin condensation and mar-
ginalization, narrowing of nuclei and loss of microvilli
(Fig. 2B).

To evaluate the apoptotic induction by K73-03 in the
HepG2 cells, Annexin V-FITC and PI double staining
were analyzed by flow cytometry. As shown in Fig. 2C,
K73-03 induced the apoptosis of HepG2 cells in a con-
centration-dependent manner. Moreover, the K73-03
treatment significantly increased the early apoptotic
rate from 8.64 to 19.3% and the total apoptotic rate from
15.97 to 27.26%. To further determine whether caspases
were activated in K73-03-induced apoptosis, the levels
of cleaved caspase-9 and cleaved caspase-3 of K73-03-
treated HepG2 cells were evaluated by Western blot. As
shown in Fig. 2D, K73-03 could significantly increase the
expression of cleaved caspase-9 and cleaved caspase-3.
Then, the relationships of K73-03-induced apoptosis with
the expression of anti-apoptotic protein Bcl-2 and pro-
apoptotic protein Bax were also confirmed, showing that
K73-03 could significantly increase the Bax/Bcl-2 ratio.
The results suggested that activation of caspases and an
increase in the Bax/Bcl-2 ratio may be a possible mecha-
nism of K73-03 induced apoptosis in HepG2 cells.
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Fig. 1 The inhibitory effect of K73-03 on L02, HepG2 and SMMC-7721 cells. (A) The chemical structure of OA and K73-03. (B) The effect of K73-03 on mor-
phological changes and cell viability of cell lines. (C) The effect of K73-03 concentration and time on cell survival rate after treatment with K73-03 (0, 2, 4,
8,16 uM) for 12, 24,48 h via MTT assay respectively. (D) K73-03-induced HepG2 Cell migration was analyzed by a wound-healing assay. (E) K73-03-induced
colony formation was also analyzed, and the colony formation rate was calculated. The data were presented as the mean +SD of three independent
experiments. (*p <0.05, **p < 0.01, significantly different from control group)
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Fig. 2 Induction of apoptosis by K73-03 in HepG2 cells. (A) Apoptotic morphological changes on HepG2 after K73-03 treatment (0, 2, 4 and 8 uM) using
DAPI staining. (B) TEM observed the occurrence of apoptosis in HepG2 cells after treatment with 8 uM K73-03 for 24 h. (C) The evaluation on apoptotic
rate using Annexin V-FITC and Pl double staining analyzed by flow cytometry. (D) The expressions of cleaved-caspase-9, cleaved-caspase-3, Bax and
Bcl-2 protein were determined by Western blotting. The data were presented as the mean =+ SD of three independent experiments. (*p <0.05, **p <0.01,

significantly different from control group)
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K73-03 induced autophagy in HepG2 cells

Autophagy is a highly conservative process to main-
tain cell homeostasis. The cytoplasmic contents can be
isolated and transported to the lysosome through the
membrane autophagosomes. TEM is the best standard
method to assess autophagy. As shown in Fig. 3A, the
ultrastructure in HepG2 cells could be observed after the
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treatment of K73-03. Compared with the normal group,
autophagosomes appeared in HepG2 cells of the K73-03
treatment group, indicating that K73-03 could induce
HepG2 autophagy. The autophagy was further confirmed
using western blot. To determine whether autopha-
gic-related proteins were attached to K73-03-induced
autophagy, the levels of LC3B-II/LC3B-I and Beclin 1
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Fig. 3 Induction of autophagy by K73-03 in HepG2 cells. (A) After treatment with 8 uM K73-03 for 24 h, the occurrence of autophagosome in HepG2 cells
was observed by TEM. (B) The expressions of the autophagy protein LC3B and Beclin-1 in HepG2 cells were analyzed by Western blotting. The data were
presented as the mean + SD of three independent experiments. (*p <0.05, **p <0.01, significantly different from control group)
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in K73-03-treated HepG2 cells were evaluated by west-
ern blot. As shown in Fig. 3B, K73-03 could significantly
increase the expression of the ratio level of LC3B-II/
LC3B-I and Beclin 1.

Effect of K73-03 on mitochondrial function of HepG2 cells
Changes in HepG2 A¥m induced by K73-03 were
detected by JC-1. As shown in Fig. 4A, the fluorescence
of JC-1 was gradually changed from orange to green with
the increasing concentration of K73-03, suggesting that
the AYm was gradually decreased with the increase of
concentration of K73-03.

Mitochondrial failure can lead to a significant increase
in ROS overproduction, and excessive ROS acts on the
mitochondrial stress pathway, thus inducing cancer cell
apoptosis. Results indicated that K73-03 could affect
mitochondrial function and induce apoptosis of HepG2
cells through the mitochondrial pathway. After 24 h
K73-03 treatment for HepG2, the formation of ROS was
investigated by flow cytometry. K73-03 could increase
ROS content in a dose-dependent manner (Fig. 4B).
N-acetyl-L-cysteine (NAC) is an active oxygen scavenger.
In this study, NAC was used as a positive control to fur-
ther determine the effect of K73-03 on ROS production.
As shown in Fig. 4B, the ROS level in HepG2 cells was
decreased after NAC treatment, while the ROS level was
increased significantly after pretreating NAC for 1 h and
then adding K73-03.

Since K73-03 triggers intrinsic apoptosis, we aimed to
identify key upstream events leading to this phenom-
enon. As shown in Fig. 4C, the baseline OCR of the con-
trol group was higher than that of the K73-03-treated
group. Additionally, some other parameters derived from
the assays were calculated. Oligomycin-resistant respira-
tion rates are most attributed to proton leakage, whereas
basal OCR is affected by ATP synthesis, proton leak-
age, and substrate oxidation. Then, K73-03 significantly
reduced the oligo-OCR compared to controls, which
could be a combination of proton leakage, mitochondrial
electron transport chain (ETC) uncoupling, or due to
membrane damage or at the expense of electrochemical
gradients metabolite transport [26]. Differences in cou-
pling efficiency were also observed, suggesting that ETC
decoupling is not a major contributor to proton leakage.
The results showed that oligomycin-sensitive OCR (res-
piration-driven ATP synthesis) was significantly reduced
in K73-03-treated cells, indicating a decrease in com-
plex V ATP synthesis. As further evidence of increased
mitochondrial reserves, cancer cells had a higher reserve
respiratory capacity than K73-03-treated cells, suggest-
ing that K73-03 treatment was unable to increase energy
production in the face of increased demands. Therefore,
these results suggested that K73-03 may cause mitochon-
drial damage in HepG2 cells. Mitochondrial dysfunction
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often results in a massive increase in intracellular ROS,
which in turn triggers intrinsic apoptosis [27]. Collec-
tively, our data suggested that K73-03-induced mito-
chondrial damage largely impairs the cell viability of
HepG2 cells. Moreover, the results showed that NAC
pretreatment could inhibit the expression of cleaved-cas-
pase9, as shown in Fig. 4D. In conclusion, K73-03 could
induce apoptosis and reduce cell proliferation by induc-
ing ROS overproduction and activating the mitochon-
drial pathway.

The JAK2/STAT3 and NF-kB/COX-2 signaling pathway were
the potential target of K73-03 in HepG2 cells

Studies have shown that the high expression of cyclo-
oxygenase2 (COX-2) could induce cancer proliferation
and migration. NF - k B is an essential transcription fac-
tor regulating COX-2, and the promoter region of the
COX-2 gene contains the binding sequence of NF -«xB
[28]. To determine the change of COX-2 expression after
K73-03 treatment on HepG2, the expression of COX-2
was evaluated by western blot. As shown in Fig. 5A, the
expression of COX-2 in HepG2 cells was decreased with
the increase of the K73-03 treatment. The expression of
p-p65 in the cytoplasm and p65 in the nucleus were also
evaluated. The results showed that K73-03 inhibited the
expression of p-p65 in cytoplasm and p65 in the nucleus
in a dose-dependent manner (Fig. 5A). At the same time,
immunofluorescence result showed that K73-03 could
inhibit p65 nuclear translocation (Fig. 5B).

JAK/STAT could induce cell differentiation, prolifera-
tion and apoptosis progress. STAT3 is associated with
cancer, cell proliferation, vascularization and immune
evasion [29, 30]. As shown in Fig. 5C, western blot analy-
sis showed that K73-03 decreased the phosphorylation
of JAK2 and STATS3 after 24 h in a concentration-depen-
dent manner in HepG2 cells. Collectively, these results
suggested that K73-03 may not only regress NF - k B /
COX-2 pathway but also inhibit JAK2/ STAT3 in HepG2
cells.

Discussion

Our previous studies have shown that several new OA
derivatives synthesized by us, SZC014, SZC015, and
SZC017, induced apoptosis of a variety of human can-
cer cells [11-18]. In this study, K73-03, our newly syn-
thesized OA derivative, has less toxicity to the L02 cell
line (normal liver cell), while having an obvious killing
effect on cancer cells, SMMC-7721 and HepG2 cell lines.
Moreover, this study found that K73-03 not only induced
apoptosis but also autophagy in HepG2 cells.

In the present study, K73-03 induced excessive intra-
cellular ROS generation, ROS is conferred as a kind of
signaling molecule to induce autophagic cell death. The
potential sources of ROS contain the mitochondrial
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respiratory chain, xanthine oxidase, NADH/NADPH
oxidase and hemoprotein [31-33]. Understanding ROS
production will be a valuable tool for us to study new
therapeutic targets and ways. Suitable ROS is beneficial
while excessive ROS leads to mitochondrial dysfunc-
tion, inducing cell apoptosis and causing vacuolization
[34]. At the results of our study, we think the formation
of vacuoles increased the activity of apoptosis [35, 36].
It has been generally believed that cytotoxicity is one
of the reasons for inducing massive macropinocytosis,
resulting in catastrophic vacuolization [37]. On the other
hand, mitochondria membrane destabilization may be
the main reason for the induction of autophagic vacuoles
[38]. Besides, ROS assists in promoting cell death during
autophagy and apoptosis [39]. The autophagic vacuole
formation including many molecular apoptoses is char-
acterized as autophagic degeneration during physiologi-
cal autophagy in healthy cells [40]. Our results supported
the view that apoptosis and autophagy occur simultane-
ously during vacuolation. This phenomenon is worth
further exploring the relationship among them and the
underlying mechanism and their logic.

In addition, mitochondria are reported to be involved
in their pathological process of them. The mitochondrial
function is degraded and autophagy takes place when
a few mitochondria are damaged. Moreover, the more
mitochondria are damaged, the more cells die resulting
from the occurrence of apoptosis and vacuolization [41,
42]. Mitochondrial fission accelerates mitophagy, leading
to membrane permeabilization by the autophagic vacu-
oles, eventually resulting in severe cell death [43, 44]. Our
results confirmed that K73-03 caused ROS overgenera-
tion, and subsequently induced the dysfunction of mito-
chondria, including the decrease of ETC, FCCP, OCR,
and ATPD, resulting in the occurrence of apoptosis and
the formation of vacuoles. It suggested that vacuoliza-
tion may be involved in the occurrence of apoptosis and
autophagy of liver cancer cells [45]. Collectively, these
suggested that ROS overgeneration could cause vacuoles.
However, the links between them still need to be further
investigated.

Apoptosis is a rigorous programmed cell death with
a unique biochemical and genetic pathway, which plays
a key role in the development and maintenance of nor-
mal tissues. Evasion of apoptosis is a significant marker
of cancer, and cancer cells can cause apoptosis signal
transduction damage, which can promote cancer devel-
opment and metastasis. At present, inducing apoptosis is
the main mechanism of most anticancer drugs. Previous
studies have shown that OA could induce apoptosis of
cancer cells [7]. Apoptosis is induced in a dose-dependent
manner. In the process of apoptosis, Bcl-2 family proteins
play a role by interfering with caspase, as the key effec-
tor of programmed cell death. It can form ion channels in
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the biofilms and regulate apoptosis by affecting the per-
meability of mitochondria. It has been reported that the
change in the ratio of Bcl-2 to Bax plays a more impor-
tant role in the regulation of apoptosis than the change
of Bcl-2 family protein level alone. During apoptosis, Bax
induces the initiation of the intrinsic apoptotic pathway
and forms apoptotic bodies, leading to the release of
cytochrome C and the activation of Caspase-9 and Cas-
pase-3, thereby promoting the execution of apoptosis. In
this study, K73-03 could increase the ratio of Bax / Bcl-2
and the expression of cleaved-caspase-3 and cleaved-cas-
pase-9 in a dose-dependent manner, suggesting that K73-
03 could induce the mitochondrial apoptosis pathway of
HepG2 cells.

Autophagy is a highly conserved cell self-protection
process that maintains cell homeostasis. After isolation,
the cytoplasmic contents are transferred to the lysosome
by biomembrane autophagy and degraded. Autophagy
ensures the transport of metabolizable substrates to meet
the energy requirements during stress, thus supporting
cell growth and survival [46, 47]. Although autophagy
usually promotes cell survival, over-activation leads to
nonapoptotic programmed cell death. At present, the
most famous autophagy marker is LC3-II protein [48].
Our results showed that K73-03 induced autophagosome
formation accompanied by the enhancement of Beclinl
and ratio of LC3BII/I, suggesting that the phenomenon
may be related to one of the mechanisms of anticancer
action, resulting from autophagic cell death.

Autophagy and apoptosis are complicated. Under some
conditions, autophagy can improve cell survival and
avoid apoptosis [49]. In other conditions, autophagy may
be consistent with apoptosis or lead to cell death inde-
pendently when apoptosis fails. At present, most cancer
studies involve both regards to different pathways. For
example, the p53 signaling pathway plays a crucial role
in restraining the growth of mutated cancer cells by pro-
moting apoptosis, autophagy, and other stress responses
[34]. Moreover, the STAT3 signaling pathway has the
ability to influence apoptosis and autophagy, leading
to the destruction of cancer cells. When STAT3 is acti-
vated, it can alter the levels of Bax and Bcl-2, resulting
in a decrease in apoptosis. Additionally, the activation of
STAT?3 also impacts molecules associated with autoph-
agy. Deficiencies in Beclin-1 and ATG7 make individuals
highly susceptible to septic shock induced by LPS, par-
tially due to the activation of STAT3 signaling [50]. Col-
lectively, our study has found the coexisting phenomenon
of apoptosis and autophagy-induced cell death, which
present apoptotic cell death by inhibiting JAK2/STAT3
pathway and NF-kB/P65 pathway respectively, and
autophagic cell death by observing the overproduction
of Beclinl, IC3BII/I and autophagosomes. However, the
in-depth mechanisms of complex interactions between
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apoptosis and autophagy-induced cell death by K73-03
treatment are still unclear, which is also one of our inter-
esting points and goals that we want to accomplish in the
future.

Mitochondria release a variety of pro-apoptotic fac-
tors into the cytoplasm, which plays an important role in
complex apoptosis. Therefore, mitochondria-mediated
apoptosis is a very important internal apoptosis pathway.
Mitochondrial integrity is controlled by various members
of the Bcl-2 superfamily [51]. Increasing the permeabil-
ity of mitochondrial membrane and reducing its poten-
tial induces caspase activator release rapidly [52]. In
this study, we examined the changes of AYm in HepG2
treated with K73-03. The results showed that K73-03
could decrease the A¥m in a dose-dependent manner. At
the same time, we also detected the effect of K73-03 on
mitochondrial respiratory function of HepG2 cells. The
results showed that the respiratory rate, including ETC,
FCCP, OCR, and ATP, in HepG2 cells was significantly
decreased by K73-03, suggesting that mitochondrial dys-
function occurred in HepG2 cells. When the mitochon-
drial function is not completed, a large number of ROS
will be generated, which will activate the mitochondrial
apoptosis pathway. At present, many chemotherapy
drugs play an anti-cancer role by inducing excessive ROS
production, and the intrinsic apoptosis pathway is par-
ticularly sensitive to ROS [53, 54]. In this study, K73-03
could induce ROS production in a dose-dependent man-
ner, suggesting that ROS may also play an important role
in the apoptosis of HepG2 cells induced by K73-03.

Currently, it is still unknown how JAK/STAT signaling
affects ROS overproduction, including tyrosine kinase,
related receptors, JAK and transcription factor STAT.
However, there is some study evidence that STAT is acti-
vated in AYm, while JAK kinase seems to be involved
in it [55]. Moreover, both p65 and p-p65 are associated
with cancer genesis, cell proliferation and angiogenesis,
which is activated in liver cancer tissue and significantly
expressed in liver cancer cells with poor prognosis [56].
Taken together, mitochondria mediate apoptosis, cell
cycle arrest and inhibition of JAK/STAT signaling path-
way in liver cancer cells. And JAK/STAT is ultimately
targeted to the inner mitochondrial membrane. It was
reported that JAK/STAT signaling pathway may play a
vital role in hematological malignancies, prostate cancer
and so on [57]. Therefore, the development of inhibi-
tors targeting on JAK/STAT signaling pathway is of great
significance in the treatment of various cancers in the
future, which is closely related to ROS overgeneration.
Our study showed that K73-03 could decrease ROS over-
generation, suggesting JAK/STAT may be one of the path-
ways involved in the induction of HepG2 cells apoptosis,
autophagy or vacuolization. Therefore, we speculated
that K73-03 may participate in the process of inactivation
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of JAK2/STAT3 pathway. Our results authenticated our
above assumption, showing the decrease of expressions
of p-JAK2 and p-STAT3 respectively. However, it remains
uncertain how K73-03 acts on JAK2/STAT3 pathway,
directly or indirectly? Hence, it is necessary to further
study the relationship between JAK2/STAT3 pathway
and inhibition of K73-03 on liver cancer cells.

COX-2 is an enzyme involved in tumorigenesis and
development, which plays an important role in regulating
cancer cell growth, migration, invasion and inflammatory
reaction. COX-2 is overexpressed in malignant tumor
tissues [58]. Studies have shown that COX-2 inhibitors
(including NSAIDs) prevent a variety of tumors [59-61].
NF - k B is an important transcription factor in regulat-
ing COX-2. The promoter region of COX-2 gene con-
tains the binding sequence of NF - k B [62]. Studies have
confirmed that activation of NF - « B signal induces the
expression of COX-2, meaning that the anticancer effect
of drugs may be accompanied by the down-regulation of
COX-2 expression. Inhibition of NF - k B pathway leads
to cancer cells being more sensitive to apoptosis induced
by anticancer drugs. NF- k B is expressed in liver epithe-
lial cells, which regulates the proliferation and survival of
hepatocytes. Some studies have shown that the activation
of NF - k B has an effect on all aspects of liver cancer pro-
gression [63—65]. In addition, RelA / p65 is closely related
to inflammation, cell proliferation and cancer in NF - k B
family. Activation of NF - k B / p65 regulates many bio-
logical functions, and the down-regulation of NF - x B
pathway reduces the viability of cancer cells [66, 67]. In
this study, K73-03 could reduce the expression of COX-2
in a dose-dependent manner. Besides, K73-03 could
reduce the content of p65 in nucleus and p-p65 in cyto-
plasm, and inhibit p65 nuclear translocation, suggesting
that K73-03 may down-regulate the NF - k B / P65 path-
way and induce the apoptosis of HepG2 cells. This study
revealed that K73-03 could cause mitochondrial dysfunc-
tion including the decrease of ETC, FCCP, OCR, ATP,
producing excessive ROS in HepG2 cells. We have dem-
onstrated that the vacuoles are closely associated with
inducing cell apoptosis and autophagy, making NF- xB/
P65 translocating into the nucleus and the upregulation
of COX-2 through the inhibition of JAK2 / STAT3 path-
way and NF - k B / P65 pathway.

Conclusion

In summary, K73-03 could increase the generation of
ROS, resulting in not only inducing autophagosome
accompanied by the enhancement of Beclinl and the
ratio of LC3BII/I, ultimately leading to autophagic cell
death, but also stimulating JAK2/STAT3 and NF- B/
P65 signals. Both could be alleviated by NAC. Subse-
quently, for these two signals, on one side, mitochondria
were damaged, manifesting by the increase of Bcl-2, Bax
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