
Received: 2019.11.21
Accepted: 2020.02.12

Available online: 2020.03.26
Published: 2020.05.19

 5038   1   10   46

Effect of Oleanolic Acid on Apoptosis and 
Autophagy of SMMC-7721 Hepatoma Cells

 ABCE 1 Weipeng Zhou
 BE 2 Xianjun Zeng
 ACE 2 Xiaoping Wu

 Corresponding Author: Xiaoping Wu, e-mail: wuxiaoping2823@aIiyun.com
 Source of support: This work was supported by National Natural Science Foundation (No. 21665015)

 Background: Liver cancer is a common cancer with high morbidity and mortality. Due to the large toxic side effects of chemo-
therapeutic drugs and the overexpression of multidrug resistance genes in liver cancer, no effective chemother-
apeutic drug has yet been found. Therefore, the search for a highly effective, low-toxic, and safe natural anti-
cancer therapy is a hot issue.

 Material/Methods: SMMC-7721 cells (a hepatocellular carcinoma cell line) were treated with different concentrations of oleanolic 
acid (OA) plus autophagy inhibitor 3-methyladenine (3-MA) (3-MA+OA) or chloroquine (CQ) plus OA (CQ+OA). 
We used MTT and Hoechst 33258 staining methods to determine the proliferation and apoptotic effect of OA 
on cells. Flow cytometry was used to detect apoptosis. Mitochondrial function was assessed by measuring 
mitochondrial membrane potential and adenosine triphosphate (ATP) concentration. To evaluate the ability of 
OA on apoptosis and autophagy mechanisms on SMMC 7721 cells, the related protein expression for apopto-
sis, autophagy, and the autophagic pathway were detected and analyzed by western blot.

 Results: OA can inhibit and induce apoptosis of SMMC-7721 in a dose-dependent manner. Compared with the con-
trol group, OA significantly reduced the intracellular mitochondrial membrane potential, and the intracellular 
ATP concentration was also significantly reduced. Moreover, OA reduced the expression of p-Akt and p-mTOR. 
The expression of p62 was decreased, and LC3-II and Beclin-1 protein expression levels increased. After inhibit-
ing autophagy with 3-MA or CQ, compared with OA alone, cell mitochondrial membrane potential and ATP con-
centration were significantly reduced, cell p62 expression was reduced, and LC3-II expression was increased, 
apoptosis-related protein Bax protein was increased, and Bcl-2 protein was decreased, which suggested that 
3-MA or CQ treatment increased OA-induced apoptosis of SMMC-7721 cells. This suggested that OA activated 
autophagy of SMMC-7721 cells in a protective autophagic manner.

 Conclusions: The study findings suggest that OA combined with autophagy inhibitor 3-MA can better exert its anticancer 
effect.
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Background

Hepatocellular carcinoma is the most common liver cancer, 
and seriously endangers human health. It ranks third in deaths 
caused by tumors. Many patients with liver cancer do not have 
the option of radical resection because their tumors are limit-
ed by size and location and a late stage diagnosis. In addition, 
chemotherapeutic drugs tend to make tumor cells resistant to 
drugs, have toxic side effects, and have poor curative effects 
for liver cancer. Therefore, the search for a highly effective, 
low-toxic and safe natural anti-cancer component is a topic 
that cannot be ignored in the medical community. Apoptosis 
can help maintain the stability of the body’s environment by 
clearing senescent, abnormal and damaged cells; apoptosis can 
participate in the body’s immune response, embryonic devel-
opment, regulation of the hematopoietic system, tumor for-
mation, and other processes. Apoptosis is still the main goal 
for many liver cancer treatment methods. Therefore, finding 
drugs that can effectively induce apoptosis of liver cancer cells 
is particularly important for the clinical treatment of liver cancer.

Triterpenoids are widely present in many plants and have 
been used in traditional medicine. Oleanolic acid (OA) is an 
important pentacyclic triterpenoid which is widely present in 
herbaceous plants such as Ligustrum lucidum, American gin-
seng, Forsythia, Panax notoginseng, and Ginseng. It has been 
used as a liver protection and anti-hepatitis drug for many 
years in China. In addition to its anti-hepatitis effect, its anti-
tumor effect has attracted the attention of researchers in re-
cent years. Liver cancer [1], leukemia [2], and lung cancer [3] 
have been used as research subjects to verify that OA has an 
effect on restraining tumor growth. It can inhibit the growth of 
various cell lines such as colon cancer, liver cancer, and blad-
der cancer [4,5], and increase the rate of apoptosis [6] in vi-
tro. Scholars have explored different signaling pathways and 
protein expression molecules related to the mechanism of OA 
antitumor effects such as reflected in the inhibition of tumor 
cell proliferation [7], induction of tumor cell apoptosis [8], inhi-
bition of tumor neovascularization [9], inhibition of tumor cell 
invasion [10], and reverse the role of tumor cells and promote 
tumor cell differentiation [11]. For example, the literature re-
ports that OA can inhibit the phosphorylation of mTOR in pros-
tate cancer PC-3 cells and breast cancer MCF-7 cells [12], and 
OA also inhibits PI3K expression in human leukemia HL-60 
cells [13] through the PI3K-Akt-mTOR signaling pathway. In 
this study, the mechanism of OA-induced proliferation and 
apoptosis of SMMC-7721 hepatocellular carcinoma cells were 
explored from the perspective of autophagy and its effect on 
AKT protein expression. The research results will contribute to 
the development of clinical anti-liver cancer drugs and our un-
derstanding of the pharmacological effects of OA and provide 
a certain theoretical foundation for future studies.

Material and Methods

Cells and reagents

We used the following materials: hepatocellular carcinoma 
cell line SMMC-7721 (Shanghai Cell Bank, Chinese Academy 
of Sciences, China), OA (100 mg per tablet), MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 
reagents (Sigma, USA); Dulbecco’s Modified Eagle Medium 
(DMEM), calf serum, penicillin and streptomycin (Gibco, USA); 
dimethyl sulfoxide (DMSO) (Amresco, USA), Hoechst 33258 Kit 
(Sigma-Aldrich, USA); Annexin V-PE Apoptosis Detection Kit, 
ATP (adenosine triphosphate) Detection Kit, JC-1 Mitochondrial 
Membrane Potential Detection Kit, DAPI (4,6-diamidino-
2-phenylindole), Anti-fluorescent Attenuated Sealing Tablets 
(Shanghai Biyuntian Biotechnology Co., Ltd.), Polylysine (Wuhan 
Baoshide Biological Engineering Co., Ltd.), 4% paraformalde-
hyde, Triton X-100 (Beijing Dingguo Changsheng Biotechnology 
Co., Ltd.), Bcl-2 associated X protein (Bax), B-cell lymphoma-2 
(Bcl-2), b-actin, and horseradish peroxidase labeled secondary 
antibodies (Bioworld, USA); LC3, p62 antibody, p-mTOR anti-
body, p-Akt antibody (Cell Signaling Technology, USA); TRITC-
conjugated goat anti-rabbit IgG (Beijing Zhongshan Jinqiao 
Biological Company), western blot kit (Dr., Wuhan, China); 
3-methyladenine (3-MA) (Sigma-Aldrich, USA); chloroquine 
(CQ) (Taosu Biochemical Technology Co., Ltd. Shanghai, China).

Instruments

We used the following equipment: SK3c cell incubator (Sanyo 
Corporation, Japan); microplate reader (SpectraMaxM5, 
Molecular Device, USA); Gel Imaging System (UVP,USA), 
FACS420 Flow Cytometer (Becton-Dickinson, USA), Inverted 
fluorescence microscope (Olympus CKX71, Japan), and LB942 
Microplate Luminometer (Berthold Technologics, Germany).

Measurement indicators and methods

Detection of OA on the proliferation of SMMC-7721 cells by 
MTT assay

SMMC-7721 cells were inoculated into culture flasks with a 
final serum concentration of 10% in DMEM and incubated in 
saturated humidity (37°C, 5% CO2). Logarithmic growth phase 
cells were taken and digested to prepare single cell suspensions. 
The cells were seeded in 96-well culture plates at 200 μL/well. 
After cultured for 24 hours, medium was aspirated and differ-
ent concentrations of OA (15, 30, and 60 μmol/L) were added 
at 200 μL/well. Five replicate wells were set for each concen-
tration group. An equal volume of culture solution was added 
to the blank control group. After 24 hours of culture, 20 μL of 
5 g/L MTT solution was added and incubated in a 37°C incu-
bator for 4 hours. The medium was aspirated, 150 μL DMSO 
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per well was added, shaken with a shaker, and after the col-
or in the well was uniform, place in a microplate reader and 
the optical density (OD) of each well was measured (measure-
ment wavelength 490 nm); the cell survival rate was calculated.

Detection of OA on the apoptosis of SMMC-7721 cells 
through immunofluorescence Hoechst 33258/PI staining

The logarithmic growth phase of SMMC-7721 cells were seeded 
at a concentration of about 1 x 105 cells/mL in a 6-well plate. 
After the cell fusion rate reached 80%, 15, 30, and 60 μmol/L 
OA was added. After 24 hours of treatment, the cells were 
stained according to Hoechst 33258 staining apoptosis kit. 
After staining, the samples were placed under a fluorescent 
microscope to observe and take photos. Apoptotic cells were 
densely condensed and nucleated.

Annexin V-PE method to detect apoptosis

The cells in the logarithmic growth phase were cultured in 
culture solution containing 15, 30, and 60 μmol/L OA for 24 
hours, and then the cells were collected, centrifuge at 1000 g 
for 5 minutes, the supernatant discarded and the cells collect 
and gently resuspend in phosphate-buffered saline (PBS) and 
counted. We took 50 000–100 000 resuspended cells, centri-
fuge at 1000 g for 5 minutes, discarded the supernatant, and 
added 195 μL of Annexin V-PE binding solution to gently resus-
pend the cells. Then we added 5 μL Annexin V-PE and mixed 
gently. Cells were incubated at room temperature (20–25ºC) in 
the dark for 10–20 minutes before placing in an ice bath. Cells 
were resuspended 2–3 times during incubation to improve the 
labeling effect. Flow cytometry was performed immediately, 
and Annexin V-PE showed red fluorescence.

Detection of cell mitochondrial dysfunction

The JC-1 method for detecting mitochondrial membrane 
potential

Cells in the logarithmic growth phase were inoculate onto a 
6-well culture plate with 1×106 cells per well. After treating 
the cells with different concentrations of OA for 24 hours, the 
cells were trypsinize. We adjusted the cell concentration to 
1×1012/L with PBS, added 0.5 mL mitochondrial membrane 
potential detection fluorescent dye (JC-1) staining working 
solution (1x), mixed by inverting and incubated at 37ºC for 
20 minutes; then we discarded the supernatant. After resus-
pending the cells with an appropriate amount of JC-1 stain-
ing buffer (1×), we placed 150 uL cell suspension in a black 
96-well plate, and analyze the absorbance of the JC-1 poly-
mer and JC-1 monomer by flow cytometry (JC-1 monomer has 
an excitation wavelength of 490 nm and an emission wave-
length of 530 nm; JC-1 polymer has an excitation wavelength 

of 525 nm and an emission wavelength of 590 nm.) The mi-
tochondrial membrane potential was expressed as a ratio of 
fluorescence intensity.

Detection of ATP level

After culturing cells with OA at 15, 30, and 60 μmol/L for 24 
hours, the cells were lysed by adding 200 μL lysate, and then 
centrifuged at 1200 g for 10 minutes to obtain the superna-
tant. We drew the standard curve and prepared the ATP de-
tection working solution, then added 100 μL detection work-
ing solution to each well. We used a microplate luminescence 
detector (560 nm) for detection after 3–5 minutes at room 
temperature. Finally, the concentration of ATP was converted 
to nmol/mg protein.

Apoptosis, autophagy, and autophagic pathway-related 
protein expression were detected by western blotting

The cells were collected after incubation with 15, 30, and 
60 μmol/L OA for 24 hours, and lysate was added to extract 
the total protein. We used the bicinchoninic acid (BCA) meth-
od to quantify the protein level. The total protein was sepa-
rated using 12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), transferred to polyvinylidene diflu-
oride (PVDF) membrane. The membrane was placed in a 5% 
skimmed milk powder solution for blocking, placed on a hori-
zontal shaker at 80 rpm, and after 2 hours, the PVDF film was 
removed, rinsed in TBST (tris-buffered saline and Tween) so-
lution, and washed twice for 10 minutes each time. We added 
the primary antibody (dilution ratio 1: 1000; b-actin dilution 
ratio 1: 3000) to the antibody incubation box and incubat-
ed at 4°C in a closed bag overnight. After the primary anti-
body was incubated, the PVDF film was washed on the hor-
izontal shaker 3 times with TBST buffer for 10 minutes each 
time. We then added the secondary antibody (dilution ratio 
1: 1000) solution and incubate 2 hours at room temperature 
on a shaker at 80 rpm. After the secondary antibody incuba-
tion, we washed the PVDF membrane with 10 mL of TBST buf-
fer 3 times, 10 minutes each time. The PVDF membrane was 
treated with ECL (enhanced chemiluminescence) kit and the 
protein bands were detected. The relative content of a certain 
target protein was expressed as the ratio of the integral OD 
of the target protein to the internal reference.

LC3-II expression were detected with immunofluorescence 
analysis

To measure LC3-II expression, cells were divided into control 
groups and OA (15, 30, and 60 μmol/L OA) groups. The cell sus-
pension was added dropwise at a density of 1×105 cells per well 
on a special glass slide of a lysine-coated 6-well plate and sup-
plemented with medium. When 60% confluence was reached, 
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a blank control and OA intervention were performed. After 24 
hours, we discarded the original culture solution, washed 3 
times with pre-chilled PBS for 5 minutes, and then fixed the 
cells with 4% paraformaldehyde for 30 minutes. The fixative 
was discarded and washed 5 minutes 3 time with PBS, and per-
meabilized with 0.2% Triton X-100 at room temperature for 20 
minutes. After washing 5 minutes 3 times with PBS, we added 
5% bovine serum albumin (BSA) and blocked at room temper-
ature for 30 minutes, then removed the section, shook off the 
blocking solution, diluted the primary antibody LC3-II (1: 100), 
added the primary antibody dropwise, covered the section 
specimen, and incubated in a wet box at 4°C overnight. Then 
we removed the specimen from the wet box the next day and 
rewarmed it at room temperature for 1 hour. We washed the 
specimen for 5 minutes 3 times in PBS, then added a fluoro-
phore-labeled secondary antibody (TRITC-goat anti-rabbit IgG, 
1:100 dilution) in a wet box, and incubated at 37°C for 1 hour 
in the dark. The specimen was washed for 5 minutes 3 times 
in PBS, then we added DAPI and incubated for 5 minutes in 
the dark. We washed the specimens for 5 minutes 3 times in 
PBS, then covered the slides with glycerol containing anti-flu-
orescence extinguishing substance under dark conditions, and 
immediately observed and collected the images (200×, scale 
bars: 100 μm) under a fluorescence microscope.

Effects of autophagy inhibitors on apoptosis and autophagy 
induced by OA in SMMC-7721 cells

SMMC-7721 cells were divided into 4 groups: 1) control group 
(without any treatment), 2) OA group (cells treated with 
30 μmol/L OA alone for 24 hours), 3) 3-MA+OA group (pre-
treatment of the cells for 12 hours with 2 mmol/L 3-MA, then 
treated with 30 μmol/L OA for 24 hours), and 4) CQ+OA group 
(pre-treatment of cells with 6.25 umol/L CQ for 12 hours, and 
then treated with 30 μmol/L OA for 24 hours). Cell prolifer-
ation activity, apoptosis, mitochondrial membrane potential, 
ATP content, and major proteins of autophagy and apopto-
sis were measured according to the test methods described.

Statistical analysis

The test data was statistically analyzed using SPSS 17.0, Excel, 
and Imagine ProPrus61 image processing software. Data were 
expressed by mean±standard deviation (x±s). One-way analy-
sis of variance and SNK-q test were used to perform multiple 
group and pairwise comparisons, respectively. P<0.05 was the 
difference considered statistically significant.

Results

Effect of OA on proliferation of SMMC-7721 cells

After MTT assay, the inhibitory rates of 15, 30, and 60 μmol/L 
OA on SMMC-7721 cells were 26.91±4.37%, 52.65±4.35%, and 
86.59±4.12%, respectively, and the inhibition rates of the blank 
control cells was 3.54% ± 0.12%. There were statistically sig-
nificant differences among the groups by analysis of variance, 
suggesting that OA inhibited the proliferation of SMMC-7721 
cells in a dose-response relationship.

Effect of OA on apoptosis of SMMC-7721 cells

Hoechst 33258/PI is a specific apoptotic cell fluorescent stain 
that binds to chromatin in the nucleus. Changes in the nucle-
us can be observed under a fluorescent microscope. As shown 
in Figure 1, the normal control cells grew well, the cell nucleus 
was intact, and the chromatin was evenly distributed. Twenty-
four hours after OA treatment, apoptotic cells increased, and 
nucleoplasm condensed and formed apoptotic bodies. With the 
increase of OA concentration, the staining and fluorescence of 
cells increased, and apoptotic cells gradually increased.

As shown in Figure 2, apoptosis rates of SMMC-7721 cells 
treated by OA at 15, 30, and 60 μmol/L were 15.91±3.37%, 
22.65±3.35%, and 31.12±3.12%, respectively, by Annexin V-PE 
method. The apoptosis rate of cells in the control group was 
7.15±0.23%. There were statistically significant differences 
among the groups by analysis of variance. Compared with 
the control group, the differences were statistically significant, 

Control group 15 µmol/L 30 µmol/L 60 µmol/L

Figure 1.  Nuclear morphology of SMMC-7721 cells after oleanolic acid treatment.
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suggesting that OA can significantly promote the apoptosis of 
SMMC-7721 cells.

Effect of OA on mitochondrial dysfunction of SMMC-7721 
cells

To evaluate mitochondrial dysfunction of SMMC-7721 cells, 
this study used 2 independent parameters: mitochondrial 
membrane potential and adenosine-50-triphosphate (ATP) lev-
els. The results showed that the mitochondrial membrane po-
tential ratio (OD polymer/OD monomer) of the control group 
cells was 1.76±0.054. The mitochondrial membrane potential 
ratio of SMMC-7721 cells caused by oleanolic acid at 15, 30, 
and 60 μmol/L was 1.29±0.037, 0.98±0.035, and 0.52±0.029, 
respectively. At the same time, the ATP content (nmol/mg) 
of SMMC-7721 cells decreased, the ATP content of cell with 
15, 30, and 60 μmol/L OA was 58.65±3.35%, 42.91±4.37, and 
35.12±4.12%, respectively, and the ATP content of control cells 
was 62.91±4.37; there was a statistically significant difference 
(P<0.05) (Figure 3).

Effect of OA on expression of apoptosis and autophagy-
related proteins in SMMC-7721 cells

After human hepatocellular carcinoma SMMC-7721 cells were 
treated with OA for 24 hours, and apoptosis-associated pro-
teins and autophagy-related proteins were detected by western 
blot. The results are shown in Figures 4 and 5. The expression 
of Bcl-2 anti-apoptotic protein in SMMC-7721 cells gradually 
decreased, while expression of Bax pro-apoptotic protein in-
creased gradually with the increase of OA dose. The expres-
sion of p62 decreased, and LC3-II and Beclin-1 protein gradu-
ally increased. Compared with the control group, the difference 
was significant, suggesting that OA may promote SMMC 7721 
apoptosis and autophagy in a dose-dependent manner.

ImageJ was used to quantify the protein and the OD ratio of 
the target protein to b-actin is used to indicate the relative ex-
pression of the target protein (Table 1). After statistical analy-
sis, compared with the control and 15 μmol/L OA group, the ex-
pression of Bcl-2 decreased and Bax and the autophagy marker 
proteins LC3-II and Beclin-1 increased significantly in the 30 
and 60 μmol/L OA group (P<0.05).The expression of autoph-
agic substrate p62 decreased with the increase of OA dose; 
the difference was statistically significant (P<0.05).

0 0.8 1.6 2.4 3.3

1.5

1.2

0.8

0.4

0

FSC-H (106)
Control groups

SS
C-

H 
(1

06 )

0 0.8 1.6 2.4 3.2 3.7

1.6

1.2

0.8

0.4

0

FSC-H (106)
15 µmol/L

SS
C-

H 
(1

06 )
0 0.8 1.6 2.4 3.2 3.7

1.6

1.2

0.8

0.4

0

FSC-H (106)
30 µmol/L

SS
C-

H 
(1

06 )

0 0.8 1.6 2.4 3.2 3.7

1.6

1.2

0.8

0.4

0

FSC-H (106)
60 µmol/L

SS
C-

H 
(1

06 )

Figure 2.  Apoptosis rate of SMMC-7721 cells after oleanolic acid treatment.

Control

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

M
M

P R
ad

io

15 µmol/L

*

30 µmol/L

*

60 µmol/L

*

Control

70

60

50

40

30

20

10

0

AT
P c

on
te

nt
 (n

m
ol/

m
g)

15 µmol/L 30 µmol/L

*

60 µmol/L

*

Figure 3.  Effect of oleanolic acid on mitochondrial dysfunction of SMMC-7721 cells. * P<0.05 versus the control group; n=6 in each 
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Effect of OA on LC3-II levels of SMMC-7721 cells with 
immunofluorescence assay

Immunofluorescence cytochemical staining results (Figure 6) 
showed that OA can stimulate autophagy of SMMC-7721 cells. 
Compared with the control group, with the increase of OA dose, 
the intensity of red fluorescent staining of LC3-II expression in 

cells increased after OA treatment of cells. This shows that au-
tophagy-induced protein LC3-II significantly increase.

Effect of OA on autophagy pathway in SMMC-7721 cells

By examining the expression of p-Akt (phosphorylated Akt) pro-
tein and p-mTOR (phosphorylated mTOR) protein, the effect 
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Figure 4.  Apoptosis-related protein expression levels in SMMC-7721 cell treated by oleanolic acid. * P<0.05 versus the control group; 
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Groups Control 15 μmol/L OA 30 μmol/L OA 60 μmol/L OA 

Bc1-2 0.985±0.102 0.773±0.098 0.531±0.042# 0.241±0.039#

Bax 0.289±0.045 0.297±0.082 0.370±0.079# 0.604±0.087#

p62 0.605±0.072 0.292±0.052* 0.145±0.032# 0.112±0.004#

LC3-II 0.047±0.011 0.068±0.008 0.137±0.007# 0.211±0.009#

Beclin-1 0.223±0.009 0.271±0.032 0.471±0.054# 0.603±0.062#

Table 1. Relative protein level of apoptosis or autophagy-related protein in SMMC-7721 cells.

* P<0.05 versus the control group; # P<0.05 versus 15 μmol/L oleanolic acid groups; n=6 in each group.
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of OA on Akt/mTOR activity of autophagy-related signaling 
pathway in SMMC-7721 cells was further explored. Western 
blot results (Figure 7) showed that p-mTOR protein level in the 
15 μmol/L OA group was not significantly different from that in 
the control group, while the p-mTOR expression in the 30 and 
60 μmol/L OA groups decreased significantly; the p-Akt pro-
tein level gradually decreased with increasing dosage of OA. 
Quantitative analysis of proteins was performed using ImageJ 
software. The relative levels of p-Akt in the SMMC-7721 cells 
at 15, 30, and 60 μmol/L OA were 0.738±0.086, 0.251±0.031, 
and 0.080 ± 0.011, respectively, while the expression level of 
p-Akt at the control group was 0.967±0.102. The p-Akt expres-
sion levels in 30 and 60 μmol/L OA groups had statistically 
significant differences (P<0.05); the relative expression levels 
of p-mTOR were similar to p-Akt. The expression of p-mTOR 
in the 30 and 60 μmol/L OA groups was 0.175±0.047 and 
0.060±0.009, respectively, which was obviously lower than 
the control group (0.817±0.098) and the 15 μmol/L OA group 
(0.776±0.054) (P<0.05). This result suggests that OA inhibits 
the activity of Akt/mTOR autophagy signaling pathway in hep-
atoma SMMC-7721 cells.

Effects of autophagy inhibitors on the proliferation of 
SMMC-7721 cells induced by OA

The results of MTT experiments showed that the cell inhibition 
rate of the control group was 3.85±0.32%, and the inhibition 
rate of OA (30 μmol/L) treated cells was significantly increased 
to 50.25±4.65%. The inhibition rate of cells in the 3-MA+OA 
and CQ+OA groups was 68.52±4.78% and 70.23±5.21%, re-
spectively. Compared with the control group, the difference 
was significant (P<0.05). Compared with the OA group alone, 
the cell viability of the 3-MA+OA and CQ+OA groups was sig-
nificantly reduced (P<0.05), but there was no statistical differ-
ence between the 3-MA+OA and CQ+OA groups. The results 
suggest that the combination of autophagy-specific inhibitor 
3-MA or CQ with OA enhances the proliferation inhibition ef-
fect on SMMC-7721 cells.

Effects of autophagy inhibitors on apoptosis induced by 
OA in SMMC-7721 cells

By Annexin V-PE method (as shown Figure 8), the apopto-
sis rates of SMMC-7721 cells in OA group, 3-MA+OA group, 
and CQ+OA group were 20.65±4.12%, 28.72±3.96%, and 
30.63±4.23% respectively. The apoptotic rate of the control cells 
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was 7.15±0.23%; there were statistically significant differences 
among the groups by analysis of variance (P<0.05). Compared 
with the OA group alone, the apoptosis of the 3-MA+OA and 
CQ+OA groups increased, and the difference was significant 
(P<0.05), and there was no statistical difference between the 
3-MA+OA and CQ+OA groups (P>0.05). The results suggest that 
3-MA or CQ, an autophagy-specific inhibitor, can interact with 
OA and enhance the apoptosis effect on SMMC-7721 cells.

Effect of autophagy inhibitors on mitochondrial 
dysfunction of SMMC-7721 cells induced by OA

The mitochondrial membrane potential ratios of SMMC-7721 
cells in the OA group, 3-MA+OA group, and CQ+OA group were 
0.98±0.035, 0.45±0.018, 0.54±0.025, respectively, and the con-
trol group’s membrane potential ratio was 1.76±0.054. The ATP 
levels (nmol/mg) of SMMC-7721 cells in the OA group, 3-MA+OA 
group, and CQ+OA group were 42.91±4.37, 36.86±3.65, and 
34.26±3.98, respectively, and the control group had ATP of 
62.91±4.37. There were statistical significance differences 
among the groups by analysis of variance, as shown in Figure 9).

Effects of autophagy inhibitors on autophagy and 
apoptosis-related protein expression of SMMC-7721 cells 
induced by OA

Western blot results showed (Figure 10) that compared with 
the OA group, the 3-MA and CQ groups inhibited autophagy, 
the expression of p62 decreased, the expression of LC3-II in-
creased, the expression of apoptosis-related protein Bax in-
creased, and the expression of Bcl-2 decreased. This sug-
gested that 3-MA and CQ treatment increased OA-induced 
SMMC-7721 cell apoptosis.

Discussion

Oleanolic acid (OA) and its derivatives not only have anti-oxi-
dation, anti-inflammatory, and antiviral effects [14,15], but 
also have been proven to induce apoptosis of different types 
of cancer cells through various pathways [16–18]. In this ex-
periment, SMMC-7721 cells were treated with different dos-
es of OA, and MTT assay showed that OA can significantly in-
hibit the proliferation of SMMC-7721. After Hoechst 33258 
staining, immunofluorescence assay also found OA induced 
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apoptosis in SMMC-7721 hepatoma cells with a dose-depen-
dent relationship.

Apoptosis is a complex regulatory mechanism in which or-
ganisms maintain their health and homeostasis. This process 
involves the participation of a series of genes [19]. Bcl-2 and 
Bax are considered classical anti-apoptotic and pro-apoptotic 
members, respectively. Bcl-2 protein is mainly distributed on 
the mitochondrial outer membrane, endoplasmic reticulum 
membrane surface, and nuclear membrane. It can inhibit apop-
tosis by participating in inhibiting the transmembrane trans-
port of calcium ions, inhibiting the release of cytochrome C, 
and apoptosis-inducing factor. Bax protein, on the other hand, 
has an anti-apoptotic effect that antagonizes Bcl-2. Bax is an 
important component of the mitochondrial apoptotic path-
way of cells, and it cooperates with Bcl-2 to cause changes in 
mitochondrial membrane permeability, make transmembrane 
potential disappear, release cytochrome C, and apoptotic pro-
tease activation factors. So, the overexpression of Bax pro-
motes apoptosis. Our study results showed that OA can pro-
mote the expression of Bax protein in SMMC-7721 cells, and 
downregulate the expression of anti-apoptotic protein Bcl-2 
and reduce the formation of dimer of Bc1-2 and Bax, suggest-
ing that OA can promote apoptosis through the Bax protein-
mediated gene pathway.

Autophagy, or “self-phagocytosis”, is an important regulatory 
mechanism for cell growth, development, maturation and death, 
and is closely related to the occurrence and development of 
a variety of human diseases, including tumors. The relation-
ship between autophagy and tumors has been a hot topic in 
recent years. It has been found that autophagy can be found 
associated with the action of some anticancer drugs, such as 
rapamycin, resveratrol, and tamoxifen, suggesting that autoph-
agy may be a potential anticancer mechanism. The effect of 
autophagy is often determined by detecting autophagy-related 

markers, including LC3 and Beclin-1. LC3 plays an important role 
in autophagy. LC3 exists in 2 forms, LC3-I and LC3-II. Among 
them, LC3-I is an inactive form. After autophagy begins, LC3-I 
will enzymatically dissolve a small peptide, transforming into 
LC3-II and then aggregate to the autophagosome membrane. 
Therefore, the level of LC3-II reflects the degree of autophagy 
to a certain extent, and it is a specific protein marker for in-
tracellular autophagy level. Beclin-1 gene is also a mammal-
specific gene involved in autophagy [20]. Beclin-1 gene main-
ly participates in the formation of complexes with type III PI3K 
and regulates autophagic activity. Besides, p62 is a protein that 
accumulates on autophagosomes and can interact with LC3II 
to guide autophagosome degradation. Therefore, p62 is an in-
dex for evaluating autophagosome degradation [21]. Therefore, 
p62 can also reflect autophagic activity, and p62 protein is neg-
atively correlated with the level of autophagy. In this experi-
ment, western blot showed that when the concentration of OA 
increased, the expression level of autophagic substrate p62 
decreased, and the autophagy marker protein LC3-II and the 
Beclin-1 protein were gradually increased. Therefore, the ex-
perimental results showed that when OA acts on tumor cells, 
autophagy can be induced in SMMC-7721 hepatoma cells, and 
the autophagy level gradually increases with the increase of 
OA concentration. Combined with the aforementioned inhib-
itory proliferation effect of SMMC-7721 tumor cells, this in-
dicates that OA inhibits tumor growth through autophagy.

Autophagy-related signal transduction pathways are intricate 
and complex. At present, there are several important related sig-
nal pathways such as mTOR, PI3K/AKT, ROS, and NF-kB. Studies 
have shown that PI3K/AKT/mTOR autophagy-related signal-
ing pathways are abnormally active in tumor cells [22]. It has 
been reported in the literature that some antitumor drugs can 
induce autophagy by inhibiting this pathway [23–25]. A study 
on hydrogen sulfide showed that hydrogen sulfide could in-
duce autophagy and apoptosis of hepatocellular carcinoma cell 
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lines Hep G2 and HLE by inhibiting the PI3K/Akt/mTOR sig-
nal transduction pathway, and inhibiting liver cancer cell pro-
liferation and migration [26]. In a study of a histone acetyl-
transferase P300/CBP-associated factor (PCAF), it was found 
that PCAF could also promote the autophagy of liver cancer 
cells by inhibiting the PI3K/Akt/mTOR signal transduction 
pathway and inhibiting the growth of liver cancer cells [27]. 
Furthermore, anti-apoptotic proteins BC1-2 and BCI-XI, which 
can bind to Beclin-1 and inhibit Beclin-1 activity, can also reg-
ulate autophagy activity and have important implications for 
cell survival [28]. The experimental results showed that OA 
can reduce the expression p-Akt, p-mTOR of autophagy path-
way proteins, while downregulating the expression of Bcl-2, 
enhancing Beclin-1 expression and promoting autophagic cells. 
In summary, these results suggest that OA may induce the ac-
tivation of SMMC-7721 hepatoma cellautophagy by inhibiting 
Akt/mTOR signaling pathway.

At different stages of tumor development, the role of autoph-
agy has changed dramatically. In the early stage, inhibition of 
autophagy leads to the continuous growth of tumor cells. At 
this time, autophagy exerts a tumor-suppressing effect [29]. 
When tumor cells continue to divide and proliferate, cancer 
cells use autophagy mechanisms to counteract external ad-
verse factors. At this time, autophagy plays a role in promot-
ing the growth and survival of cancer cells [30]. On the oth-
er hand, regulation of autophagy has become a new direction 
in the current treatment of cancer [31]. In recent years, more 
and more autophagy inhibitors have been used in the treat-
ment of tumors. Most scholars believe that autophagy inhib-
itors can enhance the anti-tumor effect [32,33]. Studies have 
shown that autophagy inhibitors can work synergistically with 
chemotherapy and radiotherapy to enhance the lethality of tu-
mor cells. Schonewolf et al. found that the autophagy inhibi-
tor CQ can significantly increase the sensitivity HT-29 cells to 
5-FU and radiotherapy [34]. Liang et al. also found that autoph-
agy inhibition enhances the sensitivity of breast cancer cells 
to radiotherapy [35]. Research by Wu et al. [36] also showed 
that autophagy inhibitors 3-MA and chloroquine (CQ) can ef-
fectively enhance the effect of bortezomib on inducing apop-
tosis, thereby inhibit lung cancer cell proliferation. The specif-
ic effect of autophagy on hepatocellular carcinoma is related 
to various factors such as tumor growth stage, microenviron-
ment, gene polymorphism, and other external stimuli [37]. 
Some researchers have studied the autophagy of liver cancer 
cells. Ding et al. [38] found that the expression of autophagy-
related protein Beclin-1 in liver cancer tissues was significant-
ly lower than in surrounding normal tissues, and the expres-
sion level of Beclin-1 was related to the malignant degree of 
liver cancer. Ren et al. [39] found that autophagy can inhibit 
the proliferation of Hep G2 cells, and autophagy is not condu-
cive to the survival of Hep G2 cells. Glaaer et al. [40] applied 
PEG-modified arginine deiminase to break down arginine in 

the environment, creating an arginine-deficient environment, 
which can promote cell autophagy and lead to liver cancer cell 
death. Studies have shown that autophagy inhibitors 3-MA and 
chloroquine can inhibit the growth of liver cancer tumors [41]. 
Therefore, we investigated whether the OA-induced autopha-
gy is a cytoprotective response or leads to the cell death pro-
cess. We introduced the autophagy-specific blocker 3-MA and 
CQ to prevent autophagy. In this experiment, SMMC-7721 cells 
were incubated with a culture solution containing 2 mmol/L 
3-MA or 6.25 umol/L CQ for 12 hours, and then treated with 
30 μmol/L OA. The results showed that 3-MA or CQ signifi-
cantly enhanced the inhibition of proliferation of hepatoma 
SMMC-7721 cells by OA. Since the anti-apoptotic proteins and 
pro-apoptotic proteins in the Bcl-2 family can determine the 
cell’s life and death. 3-MA or CQ can further enhance the ex-
pression changes of these 2 proteins. After treatment with 
3-MA or CQ and OA, the expression of Bcl-2 further decreased, 
while Bax protein further increased. Therefore, we speculat-
ed that 3-MA or CQ inhibited autophagy and increased apop-
tosis caused by OA. These data indicate that OA activates the 
protective autophagy of SMMC-7721 cells to adapt to the se-
vere environment and protect SMMC-7721 cells from death, 
while inhibition of protective autophagy can increase anti-
tumor effect of OA.

Metabolic changes are one of the hallmarks of tumor cells, 
and redox signaling pathways play an important role in tu-
mor cell formation, metabolism, and response to radiotherapy 
and chemotherapy [42]. Mitochondria are one of the important 
sources of intracellular oxidative stress and are involved in the 
maintenance of redox balance, which is essential for cell sur-
vival. Mitochondrial dysfunction is characterized by the break-
down of mitochondrial membrane which is manifested by a 
decrease in membrane potential and an increase in membrane 
permeability. When tumor cells are exposed to external harm-
ful factors, the mitochondrial membrane potential is attacked 
first, and then a series of apoptotic signals are triggered, and 
the anti-apoptotic pathway is inhibited, which leads to inhibi-
tion of tumor cell proliferation, activation of apoptosis, and cell 
death At the same time, it is accompanied by the activation 
of cell autophagy to reduce the damage caused by oxidative 
stress to tumor cells [43]. Studies have shown that during the 
initial stage of apoptosis, mitochondrial membrane potential 
will decrease rapidly, and the changes may be earlier than the 
eversion of the cell membrane, phosphatidylserine eversion, 
activation of cysteine proteinase caspase-3, and changes in 
cell morphology. Once the mitochondrial membrane potential 
decreases, it indicates that the cell has entered an irreversible 
apoptotic process, and it is proven that the decrease in mito-
chondrial membrane potential is a characteristic event in the 
process of apoptosis [44]. In addition, mitochondria are the 
cell’s energy supply factory and can efficiently use ATP. Cancer 
cells need to consume large amounts of ATP as energy supply. 
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Therefore, any disruption in this supply could lead to tumor cell 
apoptosis. More and more studies have shown that inhibition 
of autophagy can lead to mitochondrial dysfunction, which in 
turn induces cell death [45-46]. In this study, we found that 
OA inhibits autophagy of SMMC-7721 cells accompanied by 
mitochondrial dysfunction, and that inhibition of autophagy 
increases OA-induced mitochondrial dysfunction. These re-
sults indicate that in liver cancer cell SMMC-772, changes in 
autophagy can cause cell mitochondrial dysfunction, and OA 
causes apoptosis by inhibiting SMMC-7721 cells autophagy.

Conclusions

OA can significantly inhibit the growth of liver cancer SMMC-7721 
cells and induce autophagy and apoptosis. Interfering with mito-
chondrial function of SMMC-7721 cells may be one of the mech-
anisms. Autophagy activation decreased the toxicity of OA on 
SMMC-7721 cells. Blocking OA-induced autophagy by 3-MA 
can significantly enhance the growth inhibition and apoptosis 
of SMMC-7721 cells induced by OA. This study suggests that 
the combination of autophagy inhibitor 3-MA or CQ and OA 
can exert its anti-cancer effect better, which suggest OA could 
play in role in the clinical treatment of liver cancer.
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