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Abstract. Tubeimoside I (TBMS) is a natural compound with 
antitumor properties. However, the detailed mechanism under-
lying the function of TBMS in liver cancer has not been fully 
elucidated. In the present study, TBMS was shown to suppress 
cell proliferation and induce S phase cell cycle arrest in HepG2 
cells. Furthermore, TBMS treatment induced autophagy, 
evidenced by autophagosome accumulation, and increased 
the mRNA expression of Beclin 1 and microtubule-associated 
protein 1 light chain 3 (LC3)-I. However, flow cytometry 
analysis demonstrated that TBMS exerted no effect on cell 
apoptosis. Moreover, TBMS increased the phosphorylation 
of AMP-activated protein kinase (AMPK) in a concentra-
tion-dependent manner, thereby activating the AMPK signaling 
pathway. A specific AMPK inhibitor, compound C (CC), 
caused markedly suppressed TBMS-induced accumulation 
of LC3‑II. In addition, the mRNA expression of LC3‑Ι and 
Beclin 1 was also suppressed in cells treated with TBMS and 
CC in combination. The results of the present study provide 
new insights into the role of TBMS in inducing autophagy 
and support the potential application of TBMS for liver cancer 
treatment in the clinical setting.

Introduction

Liver cancer is the third most common cause of cancer-asso-
ciated mortality and the sixth most common type of human 
cancer worldwide according to the global cancer statistic 
report in 2020 (1). The prognosis of patients diagnosed with 
liver cancer is very poor, due to the severity of the disease (2). 
Local ablation therapy and surgical resection are only effective 
at the early stages of liver cancer, and the disease recurs in the 
majority of patients within 5 years. Other than sorafenib, there 

are no effective chemotherapy for advanced disease (3). One 
of the limitations of anticancer therapy is that a small number 
of residual tumor cells survive, via autophagy, and repopulate 
in the host in the absence of stressors. However, molecular 
targeted therapy may be a potential method for prolonging the 
survival of patients with advanced liver cancer.

Recent studies have indicated that the autophagic process 
represents a crucial anticancer mechanism, and enhancing 
autophagy may be an important therapeutic approach to liver 
cancer (4-6). The process of autophagy involves the formation 
of double-membrane autophagosomes, followed by fusion of 
the autophagosomes with lysosomes to form autolysosomes, 
and degradation of the contents by lysosomal hydrolases (7). 
Autophagy may play a dual role in tumors; although it may 
inhibit tumor progression by degrading oncogenic proteins, 
autophagy may also assist tumor cells to overcome metabolic 
stress (8). Several anticancer drugs induce autophagy; however, 
it remains unclear whether autophagy leads to therapeutic 
resistance or enhances the antitumor activity of the drugs (9). 
TubeimosideⅠ(TBMS) is a triterpenoid saponin extracted from 
the tubers of Bolbostemma paniculatum. The sugar chains 
of TBMS are linked by 3-hydroxy-3-methylglutaric acid to 
form a distinct macrocyclic structure (10). TBMS has been 
shown to induce apoptosis in a variety of human cancer cell 
lines (11,12). However, the exact effect of TBMS on liver 
cancer cells remains unclear and the underlying mechanism 
has yet to be elucidated.

The aim of the present study was to investigate the mecha-
nisms underlying the potent antitumor properties of TBMS, 
by examining the role of TBMS in cell cycle progression and 
autophagy in HepG2 cells, in order to determine whether its 
potential as an alternative therapeutic strategy for liver cancer.

Materials and methods

Cell culture and drug treatment. HepG2 cells (cat. no. 72) 
were obtained from the National Infrastructure of Cell Line 
Resource (Beijing, China) and were authenticated using the 
STR profiling method. The cells were cultured in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum (both from Gibco; Thermo Fisher Scientific, Inc.) and 
incubated at 37˚C in an atmosphere of 5% CO2 in air. The 
cells were seeded at a density of 2x105 cells, 24 h prior to 
drug treatment. TBMS or Dorsomorphin [compound C (CC)] 
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(both purchased from Beyotime Institute of Biotechnology) 
was dissolved in DMSO and the final concentration of DMSO 
was maintained at 0.1%. For TBMS treatment, the indicated 
concentration of TBMS was added to the cells for 24 h. For 
CC treatment, 4 µM of CC was treated alone or together with 
TBMS for 24 h. Subsequently, the cells were harvested for 
analysis.

Cell viability assay. Cell viability was assessed by the 
Cell Counting Kit-8 (CCK-8, Beyotime Institute of 
Biotechnology) assay. In brief, HepG2 cells were seeded 
at a density of 2,000 cells/well in 96‑well plates. The cells 
were untreated [negative control (NC) group] or treated with 
TBMS at the indicated concentrations (0, 0.4, 1, 2, 4, 8, 12 
and 16 µM). Cells in the 0 µM group were only treated with 
DMSO and no TMBS. At 12, 24, 48 and 72 h, 10 µl of the 
kit reagent was added to each well and incubated at 37˚C for 
2 h. Finally, all plates were scanned by a microplate reader 
at 450 nm. Cell viability was calculated on the basis of the 
absorption value.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR) analysis. Total RNA was extracted using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). RNA 
(1 µg) was then reverse transcribed to produce first‑strand 
cDNA using the PrimeScript RT Reagent kit (Takara Bio, 
Inc.), following the manufacturer's instructions: Incubation at 
42˚C for 60 min and 95˚C for 5 min. cDNA was then used 
as the template for qPCR using specific primers for Beclin 1, 
microtubule-associated protein 1 light chain 3 (LC3)-I, 
p53 and GAPDH. qPCR was conducted for 40 cycles, with 
30 sec of denaturation at 95˚C, and 1 min of annealing and 
extension at 60˚C. qPCR was performed with the SYBR 
Green qPCR Master Mix (Takara Bio, Inc.) on IQ5 machine 
(Bio-Rad Laboratories, Inc.). The analysis of gene expression 
was performed by Bio-Rad Software Manager, version 1.5 
(Bio‑Rad Laboratories, Inc.). The quantification of relative 
expression was performed using the 2 ΔΔCq method (13). The 
primers for qPCR were listed as follows: Beclin-1, forward: 
5'‑ACC GTG TCA CCA TCC AGG AA‑3' and reverse: 5'‑GAA 
GCT GTT GGC ACT  TTC TGT‑3'; LC3, forward: 5'‑GAT GTC 
CGA CTT ATT CGA AGC‑3' and reverse: 5'‑TTG AGC TGT 
AAG CGC CTT CTA‑3'; p53, forward: 5'‑AGA GTC TAT AGG 
CCC ACCCC‑3' and reverse: 5'‑GCT CGA CGC TAG GAT CTG 
AC‑3'; GAPDH, forward: 5'‑GAA ATC CCA TCA CCA TCT 
TCC AGG‑3' and reverse 5'‑GAG CCC CAG CCT TCT CCA 
TG‑3'.

Western blot analysis. Cells were lysed with lysis buffer 
(120 mmol/l NaCl, 40 mmol/l Tris‑HCl, 0.5% NP‑40). 
The protein concentrations were determined using a BCA 
kit (Beyotime Institute of Biotechnology). Samples (40 µg 
protein) were subjected to 10% SDS‑PAGE, and then blotted 
onto PVDF membranes. The membranes were blocked 
with 5% skimmed milk at room temperature for 1 h, and 
then probed with the indicated primary antibodies against 
p-AMPK (dilution 1:500, cat. no. ab23875, Abcam), AMPK 
(dilution 1:500, cat. no. ab32047, Abcam), LC3‑Ι (dilution 
1:1,000, cat. no. ab128025, Abcam), LC3-II (dilution 1:1,000, 
cat. no. ab62721, Abcam) or β-actin (dilution 1:10,000, 

cat. no. ab8227, Abcam) at 4˚C overnight. The membranes were 
washed and incubated with horseradish peroxidase-conjugated 
goat anti-rabbit secondary antibodies (dilution 1:5,000, 
cat. no. ab7090, Abcam) at room temperature for 1 h. Images 
were visualized using the electrochemiluminescence (ECL) 
kit (Beyotime Institute Biotechnology). Protein expression was 
normalized to the internal control GAPDH gene expression. 
The expression of proteins was quantified using densitometry 
analysis (ChemiDoc XRS+ gel imaging system) and analyzed 
using ImageLab Software (version 3.0; BioRad Laboratories, 
Inc.).

Cell cycle analysis. The effect of TBMS on the cell cycle in 
HepG2 cells was determined by FACSCalibur flow cytometry 
(Becton Dickinson and Company). Specifically, HepG2 cells 
were seeded at a density of 2x105 cells/well. Following treat-
ment with TBMS, the cells were harvested with trypsinization 
and fixed with 70% ethanol overnight at 4̊C. The fixed cells 
were then resuspended in PBS solution containing 20 µg/ml 
propidium iodide (PI; Nanjing KeyGen Biotech Co., Ltd.), 
0.5 mg/ml RNase and 1% fetal calf serum, and incubated 
at 37̊C for 30 min without light exposure. The cells were 
finally analyzed using flow cytometry with FlowJo software 
(version 10, FlowJo, LLC).

Annexin V apoptosis assay. The effect of TBMS on the 
apoptosis in HepG2 cells was analyzed using flow cytom-
etry. HepG2 cells were seeded at a density of 2x105 cells/
well. Following treatment with TBMS, adherent cells were 
harvested by trypsinization and combined with suspended 
cells. Subsequently, the cells were collected and then resus-
pended in 500 µl of 1X Annexin V binding buffer (2.5 mM 
CaCl2, 140 mM NaCl, and 10 mM HEPES). A total of 2 µl PI 
(1 mg/ml) and 5 µl FITC‑conjugated Annexin V were added 
to the cells for 15 min at room temperature. The percentage 
of FITC‑positive cells was analyzed by flow cytometry using 
FlowJo software version 10 (FlowJo, LLC).

Transmission electron microscopy (TEM). The cells were 
fixed in 0.1 mol/l phosphate buffer (pH 7.4) containing 2.5% 
glutaraldehyde overnight at 4̊C, followed by the addition of 
1% OsO4. Then, the fixed cells were washed with PBS solu-
tion, dehydrated through different concentrations (70, 80, 90 
and 100%) of ethanol at room temperature for 30 min, and 
embedded in epoxy resin. After dehydration, thin sections 
(1 mm) were stained with lead citrate and uranyl acetate for 
30 min at 4̊C, and observed under a transmission electron 
microscope (100x magnification; JEM‑2010; JEOL Ltd.). The 
images were captured digitally and analyzed by Image Pro 
Plus7 software (Media Cybernetics, Inc.). The mean number 
of autophagosomes per cell was determined from a randomly 
selected pool of 15‑20 fields.

Statistical analysis. Data are expressed as the mean ± standard 
deviation from three independent experiments. Data analysis 
was performed using GraphPad Prism 5 software (GraphPad 
Software, Inc.). One-way ANOVA was used to analyze the 
comparisons among multiple groups, followed by Tukey's 
post hoc test for correction. P<0.05 was considered to indicate 
statistically significant differences.
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Results

TBMS induces extensive intracellular vacuolization and 
cell morphological changes. The chemical structure of 
TBMS is presented in Fig. 1A. To examine the changes in 
cell morphology in response to TBMS exposure, HepG2 
liver cancer cells were treated with either DMSO or TBMS 
at different concentrations for 24 h. The cell morphologies 
were then captured using an electron microscope (Fig. 1B). 
Following treatment with DMSO, HepG2 cells exhibited a 
common epithelial-like shape with adherence. In the presence 
of 8 µM TBMS, HepG2 cells displayed extensive intracel-
lular vacuolization, which was observed as early as 12 h after 
drug treatment. Of note, extensive vacuolization of cells may 
be triggered by a moderate increase in drug concentration. 
Following treatment with 16 µM TBMS, the cell morphology 
changed and the cells assumed a spindled shape. These results 
demonstrated that TBMS treatment induced morphological 
changes and intracellular vacuolization in HepG2 cells.

TBMS causes S phase cell cycle arrest. To investigate the 
cytotoxic properties of TBMS, the effect of TBMS on HepG2 
cell viability was examined using the CCK-8 assay. HepG2 
cells were treated with TBMS at various concentrations (0, 
0.4, 1, 2, 4, 8, 12 and 16 µM) for different durations (12, 24, 
48 and 72 h). As shown in Fig. 2A, TBMS treatment mark-
edly inhibited cell viability in a concentration-dependent 
manner. Of note, although the viability of HepG2 cells was 
concentration-dependently suppressed, with prolonged time, 
all the cells treated with different concentrations of TBMS 
survived, although their growth was inhibited. Notably, there 
were no notable differences among the negative control (NC), 
0, 0.4, 1 and 2 µM TBMS groups (Fig. 2B). Starting from the 
4-µM group, the cell viability was suppressed by TMBS in 

a dose-dependent manner. However, when the concentration 
reached 16 µM, proliferation was significantly inhibited at 
48 h and did not proliferate at 72 h (P<0.01). These results 
suggested that TBSM caused the cells to lose their prolifera-
tive ability.

To further explore the effect of TBMS on cell cycle progres-
sion, HepG2 cells were treated with 16 µM TBSM or DMSO 
control for different durations, and flow cytometry analysis 
was subsequently performed. As shown in Fig. 2C and D, 
TBMS treatment led to a time-dependent accumulation of 
HepG2 cells in the S phase. Subsequently, prolonged treat-
ment of HepG2 cells resulted in a substantial increase in the 
percentage of S phase cells, from 18.74% at 24 h to 32.93% at 
96 h. In addition, the S phase of the NC group exhibited no 
significant changes at 24 and 96 h. These data suggest that 
TBMS induces cell cycle arrest at the S phase.

TBMS induces cell autophagy, but not apoptosis. To deter-
mine whether TBMS induces autophagy in HepG2 cells, the 
cells were treated with TBMS at different concentrations (8 
and 16 µM) or DMSO [negative control (NC)] for 24 h. The 
cytoplasmic accumulation of autophagosomes is generally 
consistent with the increased expression of biomarkers in the 
autophagic pathway. Therefore, TEM was first performed to 
evaluate the morphological changes in the treated cells. As 
shown in Fig. 3A, there was a higher number of mitochon-
dria around the nucleus in NC cells, indicating that the cells 
were in an active metabolic state. In comparison, several 
autolysosomes were observed in the TBMS-treated cells, and 
the mitochondria were swollen and fewer in number. These 
results suggested that the cells could be undergoing autophagy. 
To confirm this hypothesis, the biomarkers of autophagy, 
Beclin 1 and LC3‑Ι, were detected using RT‑qPCR. As shown 
in Fig. 3B and C, the mRNA expression of Beclin 1 and LC3‑Ι 

Figure 1. TBMS treatment induces cell morphological changes in HepG2 cells. (A) Chemical structure of TBMS. (B) Morphological changes in HepG2 cells 
in response to TBMS treatment. Bright field mode images of cells after treatment for 24 h with either DMSO or 0, 8, 16 µM TBMS. TBMS, tubeimoside I.
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Figure 2. TBMS causes cytotoxicity and S phase cell cycle arrest in HepG2. (A) HepG2 cells were treated with TBMS at various concentrations of 0, 0.4, 1, 
2, 4, 8, 12 and 16 µM for different durations (12, 24, 48, 72 h). The cytotoxicity of TBMS was determined using CCK-8 assay. *P<0.05 and **P<0.01 vs. NC. 
(B) The cells were treated with the different concentration of TBMS for different durations. The cell growth was determined by CCK-8 assay. (C) HepG2 cells 
were treated with DMSO (NC) or 16 µM TBMS for 24, 48, 72 and 96 h. The cell cycle distribution was analyzed by flow cytometry. (D) (Left) Quantification 
of cell cycle distribution after TBMS treatment; (right) the percentage of S phase in cells treated with NC or TBMS for different times. TBMS, tubeimoside I; 
CCK-8, Cell Counting Kit-8; NC, negative control.
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increased with increasing concentration of TBMS, indicating 
that the cells were indeed undergoing autophagy.

To assess the effect of TBMS on apoptosis, HepG2 
cells were treated with different concentrations of TBSM 
(0, 0.2, 2, 4, 8 and 16 µM) for 24 h (Fig. 4A), or treated 
with 16 µM of TBSM for different durations (24, 48 and 
72 h; Fig. 4B). Subsequently, the cells were harvested for 
apoptosis analysis by flow cytometry. The results demon-
strated that TBMS induced neither concentration-dependent 
nor time‑dependent apoptosis significantly. There were no 
statistical differences among the groups after quantifica-
tion analysis (Fig. S1). By contrast, doxorubicin, which was 
used as a positive control, was able to induce apoptosis in 
HepG2 cells in a dose-dependent manner (Fig. S2). In cells 
undergoing apoptosis, the upregulation of the p53 gene is 
considered as an indication of apoptosis (14). The mRNA 
expression level of p53 was then detected in cells following 
treatment with different doses of TBMS. The RT-qPCR 
results demonstrated that the mRNA expression of p53 

decreased with increasing dose of TBMS, confirming that 
apoptosis did not occur (Fig. S3). Taken together, these 
results suggest that TBMS induces autophagy; however, not 
apoptosis in HepG2 cells.

TBMS induces autophagy by activating the AMP‑activated 
protein kinase (AMPK) signaling pathway. The AMPK and 
mTOR signaling pathways have been reported to be involved 
in the initiation of autophagy (15). To further explore the 
molecular mechanism underlying TBMS-induced autophagy, 
the AMPK expression levels were measured in HepG2 cells 
following treatment with TBMS. Western blot analysis 
demonstrated that TBMS treatment led to increased expres-
sion of phosphorylated-AMPK (pAMPK) in a dose-dependent 
manner (Fig. 5A). To further investigate the role of AMPK in 
TBMS‑induced autophagy, CC, a specific AMPK inhibitor, 
was employed. As shown in Fig. 5B, co-treatment with 
TBMS and CC markedly suppressed the mRNA expression 
of Beclin 1 and LC3‑Ι. During autophagosome formation, free 

Figure 3. TBMS induces autophagy in HepG2 cells. (A) HepG2 cells were treated with DMSO, 8 or 16 µM of TBMS for 24 h. Autolysosomes in cells were 
observed by transmission electron microscopy and quantified. Red arrows denote autolysosomes. RT‑qPCR analysis was performed to detect the mRNA 
expression of (B) Beclin 1 and (C) LC3‑I in cells treated with DMSO, 8 or 16 µM of TBMS. *P<0.05 and **P<0.01 vs. NC. TBMS, tubeimoside I; RT-qPCR, 
reverse transcription-quantitative PCR; LC3, microtubule-associated protein 1 light chain 3; NC, negative control; N, nucleus; M, mitochondria. 
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LC3‑I in the cytosol is modified and converted to LC3‑II, and 
finally aggregates on the membrane of the autophagosomes. 
Therefore, the transformation of LC3-I to LC3-II in HepG2 
cells was investigated following treatment with TBMS and/or 
CC. The western blot analysis results demonstrated that CC 
significantly decreased TBMS‑induced LC3‑II accumulation 
(Fig. 5C and D). Taken together, these results suggest that 
TBMS induces autophagy by activating the AMPK signaling 
pathway in HepG2 cells.

Discussion

The results of the present study may improve the current 
understanding of the function of TBMS, by uncovering its 
cellular effects on autophagy in HepG2 cells. HepG2 cells have 
been proven to be valuable in liver cancer research. Moreover, 
their ability to genetically modify genes of interest, such as by 
silencing or overexpression, facilitates in-depth mechanistic 
studies at the molecular level (16). Although human primary 

Figure 4. TBMS does not induce apoptosis in HepG2 cells. (A) HepG2 cells were treated with different concentrations (0, 0.2, 2, 4, 8 and 16 µM) of TBMS for 
24 h. The cells were then harvested and stained with Annexin V‑FITC/PI, and flow cytometry was used to analyze apoptosis. (B) HepG2 cells were treated 
with DMSO or 16 µM TBMS for 24, 48 or 72 h. The cells were then harvested and stained with Annexin V/PI, to analyse apoptosis by flow cytometry. TBMS, 
tubeimoside I; PI, propidium iodide; NC, negative control.
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hepatocytes may be more relevant, the high variability and 
limited availability among different donors limit their use (17). 
Therefore, the HepG2 cell line is a useful model for studying 
the mechanism of action of anticancer drugs in liver cancer.

Adaptation to the tumor microenvironment (TME) is crucial 
for tumor cell survival. Metabolic stress is a characteristic of 
the TME, and most chemotherapeutic agents lead to cellular 
stress (18). Extracellular stimulation may also induce autophagy; 
however, its specific function in stress response is not clear. 
Therefore, whether autophagy-dependent survival should be 
prevented in these environments to stimulate tumor-cell death is 
an area that warrants further in-depth investigation. Autophagy 
plays a complex role in tumorigenesis, since its function in 
tumor cell death and survival depends on the context. The 
results of the present study indicated that autophagy is involved 
in tumor cell survival, particularly as a modulator of the AMPK 
signaling pathway. The AMPK pathway is considered to be one 
of the most crucial signaling pathways in human cancer (19). 
The sustained activation of AMPK regularly occurs in human 
cancer, and results in a variety of changes to gene expression, 
involving in cell proliferation, differentiation, metastasis or 
invasion. The results of the present study demonstrated that 
TBMS treatment activated the phosphorylation of AMPK 
dose‑dependently, and blocked AMPK function by its specific 
inhibitor CC suppressed the mRNA expression of Beclin 1 and 

LC3‑Ι, indicating that TBMS promotes autophagy by activating 
the AMPK signaling pathway.

Autophagy, or cellular self-digestion, is a vital cellular 
recycling mechanism that is responsible for the degrada-
tion of malfunctioning or unnecessary cellular proteins and 
organelles (20). Autophagy is particularly active during meta-
bolic stress. In cancer cells, autophagy plays a dual role as a 
promoter or inhibitor of tumor growth. Functional autophagy 
can prevent inflammation and necrosis, which are involved in 
cell death and result in genetic instability. On the other hand, 
autophagy provides energy through its circulatory mechanism 
in an adverse metabolic environment, which may be important 
for tumor progression (21). Autophagy may be triggered by 
a wide range of stimuli, and it can induce either cell death 
or cell survival under different conditions (8). Therefore, 
studying autophagy may eventually help clinicians and scien-
tists identify methods of interfering with this process, thereby 
improving human health. Researchers are starting to realize 
the role of autophagy in drug-induced hepatotoxicity (22,23). 
LC3 is a biomarker that is widely used for monitoring 
autophagy (24). To determine whether TBMS treatment can 
induce autophagy, the activity of autophagy was measured in 
HepG2 cells. The lipid-conjugated form of LC3 is localized 
to the membranes of autophagosomes. RT-qPCR revealed that 
LC3-I was upregulated in TBSM-treated cells, suggesting the 

Figure 5. TBMS induces AMPK‑dependent autophagy. (A) Western blot analysis of AMPK and AMPK phosphorylation (T172) in HepG2 cells treated with the 
indicated concentrations of TBMS for 24 h. β-actin was used as the internal control. (B) HepG2 cells were treated with TBMS in the absence or presence of CC 
for 24 h. The mRNA expression of Beclin 1 and LC3-I was measured by RT-qPCR assay. (C) HepG2 cells were treated with TBMS in the absence or presence 
of CC for 24 h. The protein expression of LC3-I and LC3-II was measured by western blot analysis. β‑actin was used as the internal control. (D) Densitometric 
analysis of LC3‑II/LC3‑I is shown in the histogram. The data represent the mean ± SD. *P<0.05, **P<0.01 vs. NC group. TBMS, tubeimoside I; AMPK, 
AMP-activated protein kinase; CC, compound C; LC3, microtubule-associated protein 1 light chain 3; RT-qPCR, reverse transcription-quantitative PCR.
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accumulation of autophagosomes. These changes were veri-
fied by electron microscopy and the results demonstrated the 
different stages of autophagic vacuole formation. These data 
confirmed that TBSM treatment is accompanied by the activa-
tion of autophagy.

In conclusion, the present study demonstrated that TBMS 
triggered autophagy in HepG2 cells by inducing the accumu-
lation of impaired autophagosomes, and its mechanisms of 
action may be associated with the activation of the AMPK 
signaling pathway. Therefore, TBMS is a specific autophagy 
regulator that may be used as a potential adjuvant for cancer 
therapy, particularly in the treatment of liver cancer.
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