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Abstract. Hepatocellular carcinoma is the most common 
primary malignancy of the liver. The current systemic drugs 
used to treat hepatocellular carcinoma result in low overall 
survival time. It has therefore been suggested that new 
small‑molecule drugs should be developed for treating hepa‑
tocellular carcinoma. Eupatorium lindleyanum DC. (EL) has 
been used to treat numerous diseases, particularly respiratory 
diseases; however, to the best of our knowledge, studies have 
not yet fully elucidated the effect of EL on hepatocellular 
carcinoma. In the present study, the effect of eupalinolide A 
(EA), one of the extracts of EL, was evaluated on tumor growth 
in a xenograft model of human hepatocellular carcinoma cells, 
and on the proliferation and migration of hepatocellular carci‑
noma cell lines. Cell cycle progression and the type of cell 
death were then evaluated using the Cell Counting Kit 8 assay, 
flow cytometry, electron microscopy and western blotting. 
EA significantly inhibited cell proliferation and migration by 
arresting the cell cycle at the G1 phase and inducing autophagy 

in hepatocellular carcinoma cells. EA‑induced autophagy 
was mediated by reactive oxygen species (ROS) and ERK 
signaling activation. Specific inhibitors of ROS, autophagy 
and ERK inhibited EA‑induced cell death and migration. In 
conclusion, the present study revealed that EA may inhibit the 
proliferation and migration of hepatocellular carcinoma cells, 
highlighting its potential as a promising antitumor compound 
for treating hepatocellular carcinoma.

Introduction

Hepatocellular carcinoma is the most common type of primary 
liver cancer. Liver cancer is the second most common cause of 
cancer‑related death and the fifth most common type of cancer 
in China (1). Patients in the early and intermediate stages of 
the disease are treated with curative intent through surgery 
and local ablation; however, the disease develops rapidly and is 
associated with a high level of recurrence. The advanced disease 
stages of liver cancer are treated by systemic therapy (2,3). 
Multi‑kinase inhibitors have been approved as first‑line 
therapy drugs (4). Sorafenib, regorafenib and lenvatinib, which 
are multi‑kinase inhibitors, have all been approved as first‑line 
treatments for primary hepatocellular carcinoma (5); however, 
these drugs are limited by poor overall survival, low objective 
response rate, hepatotoxicity and high cost (6,7). Developing 
new small‑molecule drugs is thus of great clinical significance 
in treating hepatocellular carcinoma.

Eupatorium lindleyanum DC. (EL), also called ‘Yemazhui’, 
is a traditional Chinese medicine that has been used to treat 
cough and chronic bronchitis in China for several thousands 
of years (8). Scientists have isolated >100 compounds from 
EL, including sesquiterpenes, diterpenoids, triterpenoids and 
volatile oils, and sesquiterpenes are one of the most abundant 
ingredients. The present study investigated the effect of the 
sesquiterpene lactone constituent eupalinolide A (EA) on 
hepatocellular carcinoma. The constituents of EL have several 
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pharmacological effects, including anti‑bronchitis, antihy‑
pertensive, antiviral and anti‑lung cancer activities  (9‑11). 
Scientists have hypothesized that EL may alter the cell metab‑
olism to treat rat hyperlipidemia (12). Furthermore, it has been 
suggested that EL extracts can exert antipyretic effects by 
inhibiting myeloperoxidase activity in the liver (13). However, 
the effects of EL on hepatocellular carcinoma remain largely 
unknown.

The present study investigated the effect and mechanism 
of action of EA on hepatocellular carcinoma. The pharmaco‑
logical activity of EA on tumor growth was detected in vivo in 
a xenograft model of human hepatocellular carcinoma cells, 
whereas cell proliferation was evaluated in vitro using hepato‑
carcinoma cell lines (MHCC97‑L and HCCLM3). The effect 
of EA on the cell cycle was then investigated, as well as on the 
type of cell death, including apoptosis, necrosis and autophagy. 
Cell migration was evaluated using the wound‑healing and 
Transwell assays. Inhibitors of cell death, reactive oxygen 
species (ROS) and MAPK signaling pathways were used to 
identify the related mechanisms. EA exerted an inhibitory 
effect on hepatocellular carcinoma, highlighting its potential 
as a novel small‑molecule anticancer compound. The present 
study may improve the information available regarding the 
effect of EA on hepatocellular carcinoma, allowing for further 
investigation.

Materials and methods

Cell culture and treatment. Human hepatocellular carcinoma 
cells MHCC97‑L and HCCLM3 (Shanghai Zhongqiao Xinzhou 
Biotechnology Co., Ltd.) were cultured in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.), and incubated at 37˚C in an 
atmosphere containing 5% CO2. Media were supplemented with 
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.). EA was purchased from Chengdu Must Bio‑Technology 
Co., Ltd. and was dissolved in DMSO before being used to 
treat the hepatocellular carcinoma cell lines MHCC97‑L and 
HCCLM3 at different concentrations (7, 14 and 28 µM) at 37˚C 
for 24, 48 or 72 h, according to the subsequent experiment. The 
following inhibitors were used to treat the MHCC97‑L and 
HCCLM3 cell lines for 30 min prior to EA treatment at 37˚C: 
Z‑VAD‑FMK (20 µM; MedChemExpress LLC), necrostatin‑1 
(30 µM; MedChemExpress LLC), 3‑methyladenine (3‑MA; 
2 mM; MedChemExpress LLC), N‑acetylcysteine (NAC; 3 mM; 
MilliporeSigma) and PD98059 (20 µM; MedChemExpress 
LLC). DMSO was used to treat the control group. All experi‑
ments were performed independently and in triplicate.

Microscopic observation. Hepatocellular carcinoma cells 
(4x103 cells/well) were seeded into six‑well cell culture plates 
and incubated for 48 h after EA (7, 14 and 28 µM) and DMSO 
treatment. The cells were observed under a light inverted 
microscope (Leica Microsystems GmbH). Cell numbers 
were analyzed using Image‑Pro Plus 7.0 software (Media 
Cybernetics, Inc.). The proliferation rate was calculated as 
follows: 100x (mean number of cells in the experimental 
group/mean number of cells in control group).

Cell Counting Kit 8 (CCK8) assay. The CCK8 (Dojindo 
Laboratories, Inc.) was used to determine the viability of 

MHCC97‑L and HCCLM3 cells. Cells were seeded into 
96‑well culture plates at a density of 5,000 cells/well. EA was 
then added to the drug administration group at a final concen‑
tration of 7, 14 and 28 µM, and the cells were incubated for 24, 
48 and 72 h at 37˚C. CCK8 solution (10 µl) was then added to 
each well and the cells were further incubated at 37˚ for 4 h. 
The OD value of the cells was measured at 450 nm using a 
microplate reader.

5‑bromo‑2‑deoxyuridine (BrdU) staining. Cell proliferation 
was measured by BrdU staining. A total of 1x104 cells were 
seeded in 24‑well plates, followed by the addition of DMEM 
containing DMSO or EA (28 µM), and were incubated at 
37˚C for 2 days. Subsequently, the cells were incubated with 
10 µg/ml BrdU (MilliporeSigma) for 2 h at 37˚C and fixed with 
4% paraformaldehyde for 15 min at room temperature. The 
cells were then treated with 2 M HCl at 37˚C for 30 min and 
blocked with 10% goat serum (OriGene Technologies, Inc.) 
containing 0.3% Triton X‑100 for 1 h at room temperature. 
The cells were then incubated with BrdU primary antibody 
(1:1,000; cat. no. ab6326; Abcam) at 4˚C overnight and with 
an Alexa Fluor™ 594‑conjugated goat anti‑rat IgG secondary 
antibody (1:1,000; cat. no. A‑11007; Thermo Fisher Scientific, 
Inc.) for 2 h at room temperature. The cells were finally stained 
with DAPI for 15 min at room temperature and observed 
under a fluorescence microscope. BrdU‑positive cells in three 
random fields were counted. The cells were counted using 
Photoshop CC 2018 software (Adobe Systems, Inc.).

Soft agar assay. The effect of EA on the colony‑forming 
ability of hepatocellular carcinoma cells was determined 
using the soft agar assay. Briefly, 1.5  ml 2X RPMI‑1640 
(Gibco; Thermo Fisher Scientific, Inc.) containing 0.6% 
agarose (MilliporeSigma) was added to 6‑well plates as base 
agar at 37˚C for 1 h. A total of 103 cells and 28 µM EA were 
then added to the top of the base agar and incubated at 37˚C 
for 21 days. The hepatocellular carcinoma cells were finally 
stained with MTT for 30 min at 37˚C and were images were 
captured using a digital camera.

Wound‑healing assay. Hepatocellular carcinoma cells were 
seeded in a 6‑well plate and incubated until they reached 90% 
confluence. The cells were then scratched using a 100‑µl sterile 
pipette tip to form a linear wound, followed by the addition of 
serum‑free DMEM containing 7, 14 or 28 µM EA or DMSO. 
Cell migration across the wounded area was observed at 6, 24 
and 48 h and the extent of wound closure was measured at the 
indicated time points (14). The cells were observed under a 
light inverted microscope (Leica Microsystems GmbH). Cell 
migration was analyzed using Image‑Pro Plus 7.0 software. 
The wound closure rate was calculated as follows: Wound 
closure (%)=100x [scratch width at 0 h‑scratch width at 6, 24 
or 48 h)/(scratch width at 0 h)].

Cell migration. The migratory potential of hepatocellular 
carcinoma cells was measured using Transwell chambers 
(pore size, 8 µm; Corning, Inc.). Briefly, the hepatocellular 
carcinoma cells (2x105) were suspended in DMEM containing 
1% FBS and were seeded into the upper chamber. DMEM 
(500 µl) containing 20% FBS was then added to the lower 
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chamber to act as a chemoattractant. The cells were incubated 
for 48 h with DMEM at 37˚C containing 7, 14 or 28 µM EA, 
or DMSO. Cells on the lower surface of the membrane were 
stained with 0.5% crystal violet for 15 min at room temperature. 
The cells were observed under an light inverted microscope 
(Leica Microsystems GmbH). Images of the stained cells 
were randomly captured and the cells were counted using the 
Image‑Pro Plus 7.0 software. The migration rate was calcu‑
lated as follows: 100x (mean number of migrating cells in the 
experimental group/mean number of migrating cells in control 
group).

Western blot analysis. Western blotting was performed as 
previously described (15). The cells were treated with EA 
(7, 14 and 28 µM) for 24 h. The treated cells were harvested 
and lysed on ice using RIPA lysis buffer (Beyotime Institute 
of Biotechnology) containing protease and phosphatase 
inhibitors (Roche Diagnostics). The protein concentration of 
the cell lysate was measured using the BCA protein assay kit 
(Beyotime Institute of Biotechnology). The cell lysate was 
then denatured at 100˚C for 5 min. Subsequently, 50 µg protein 
extracts were subjected to SDS‑PAGE on 10 and 12% gels and 
were transferred onto a polyvinylidene difluoride membrane. 
The membrane was blocked in 5% bovine serum albumin 
(MilliporeSigma) at room temperature for 1 h, and was then 
incubated overnight at 4˚C with the following primary anti‑
bodies: E‑cadherin (1:1,000; cat. no. 14472), Vimentin (1:1,000; 
cat. no.  5741T), cleaved‑PARP (1:1,000; cat. no.  5625T), 
cleaved‑caspase‑3 (1:1,000; cat. no. 9661), autophagy‑related 
5 (Atg5; 1:1,000; cat. no. 12994T), p62 (1:1,000; cat. no. 8025T), 
MAPK family sampler kit (1:1,000; cat. no. 9926T), p‑ERK 
(1:1,000; cat. no. 4370T), p‑JNK (1:1,000; cat. no. 4668T), 
p‑p38 (1:1,000; cat. no. 4511T), LC3B (1:1,000; cat. no. 12741), 
Cyclin D1 (1:1,000; cat. no. 55506), fibronectin (1:1,000; cat. 
no. 26836), CDK4 (1:1,000; cat. no. 12790), PARP (1:1,000; cat. 
no. 9542), caspase‑3 (1:1,000; cat. no. 9662) (all Cell Signaling 
Technology, Inc.), CDK2 (1:500; cat. no.  sc‑6248), Cyclin 
E1 (1:500; cat. no. sc‑247) (both Santa Cruz Biotechnology, 
Inc.), RIP1 (1:1,000; cat. no. CY6582), p‑MLKL (1:1,000; cat. 
no. CY7146), MLKL (1:1,000; cat. no. CY5493) (all Shanghai 
Abways Biotechnology Co., Ltd.), N‑cadherin (1:1,000; cat. 
no. AP71171), ZEB1 (1:1,000; cat. no. AM1878A) (both from 
Abcepta Biotech Ltd. Co.) and β‑actin (1:1,000; cat. no. TA‑09; 
OriGene Technologies, Inc.). The membrane was subsequently 
incubated with horseradish peroxidase‑conjugated secondary 
antibodies [goat anti‑mouse IgG (cat. no. A0216) and goat 
anti‑rabbit IgG (cat. no. A0208); 1:10,000; Beyotime Institute 
of Biotechnology] at room temperature for 1 h. The protein 
bands were finally visualized using the Clarity Western ECL 
Blotting Substrate (cat. no. 1705061; Bio‑Rad Laboratories, 
Inc.) and images were captured using a ChemiDoc MP 
Imaging System (Bio‑Rad Laboratories, Inc.). The integrated 
optical density of the protein bands was measured using the 
Bio‑Rad Image Lab Software 5.2.1 (Bio‑Rad Laboratories, 
Inc.), with β‑actin employed as the loading control.

Cell cycle analysis. Hepatocellular carcinoma cells were incu‑
bated for 48 h after EA (14 and 28 µM) at 37˚C and DMSO 
treatment. The treated cells at 70‑80% confluence were fixed 
with 75% ethanol at 4˚C and then incubated in 500 µl PBS 

containing PI and RNase A (9:1) at 37˚C for 60 min (Cell Cycle 
Kit; Nanjing KeyGen BioTech Co., Ltd.). The cell samples were 
analyzed using DxFLEX flow cytometry (Beckman Coulter, 
Inc.). The cell percentage in each cycle was finally evaluated 
using Modfit‑LT V 3.0 software (Verity Software House).

Analysis of cell apoptosis. Hepatocellular carcinoma cells 
were cultured for 48 h after EA (7, 14 and 28 µM) and DMSO 
treatment. The cells were then collected, washed with cold PBS 
and suspended in 200 µl binding buffer (Annexin V‑FITC/PI 
apoptosis assay kit; Neobioscience Technology Co., Ltd.) at 
a density of 5x105/ml. Subsequently, cells in binding buffer 
(195 µl) were incubated with 5 µl Annexin V‑FITC at room 
temperature in the dark for 10 min. The cells were then washed 
with PBS, suspended in binding buffer, and mixed with 10 µl 
PI. The mixture was gently mixed and analyzed by DxFLEX 
flow cytometry. The apoptotic rate of the hepatocellular 
carcinoma cells was finally determined using CytExpert 2.0 
software (Beckman Coulter, Inc.).

Transmission electron microscopy. Hepatocellular carci‑
noma cells were incubated for 48 h after EA (28 µM) and 
DMSO treatment. The cells at a density of 106/ml were then 
collected into a 1.5 ml Eppendorf tube containing trypsin and 
centrifuged at 100 x g for 5 min at room temperature. The 
supernatant was collected, and the cells were fixed with 1 ml 
2.5% glutaraldehyde fixing solution for 1 h at 4˚C and treated 
with 1% OsO4 in PBS for 1 h at 4˚C The cells were then dehy‑
drated in ethanol, embedded in epoxy resin and sliced into 
90‑nm sections. The sections were stained with uranyl acetate 
for 5 min and lead citrate for 5 min at 37 .̊ Ultrathin sections 
of the cells were examined under a JEM1200EX transmission 
electron microscope (Jeol Ltd.).

ROS detection analysis. Hepatocellular carcinoma cells were 
incubated for 48 h after EA (14 and 28 µM) and DMSO treat‑
ment. The cells (4x103 cells/well) were seeded into six‑well 
plates, then collected, suspended in serum‑free DMEM 
containing 10 µM DCFH‑DA (Reactive Oxygen Species Assay 
Kit; Beyotime Institute of Biotechnology) and incubated at 
37˚C for 20 min. The cells were subsequently washed three 
times with serum‑free cell medium and analyzed by DxFLEX 
flow cytometry. The ROS content in the hepatocellular carci‑
noma cells was finally analyzed using CytExpert 2.0 software.

RNA sequencing and data analysis. HCCLM3 cells were 
harvested after 48 h of treatment with DMSO and EA (14 
and 28 µM) at 5% CO2 and 37˚C for total RNA isolation 
using TRNzol Universal Total RNA extraction reagent (cat. 
no. DP424, Tiangen Biotech Co., Ltd.). RNA samples were 
submitted to Shanghai Personalbio Technology Co., Ltd. 
for transcriptome sequencing and analysis. The concentra‑
tion, quality and integrity of RNA were determined using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.). 
Integrity was assessed by an Agilent 2100 Bioanalyzer using 
the RNA 6000 Nano kit (cat. no. 5067‑1511) (both Agilent 
Technologies Inc.). Subsequently, 3  µg RNA was used as 
the input material for RNA sample preparation. The experi‑
ment was performed according to manufacturer's protocol of 
NEBNext Ultra II RNA Library Prep Kit for Illumina (cat. 
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no. E7775; New England Biolabs, Inc.). Sequencing libraries 
were generated according to the following steps. Firstly, mRNA 
was purified from total RNA using poly‑T oligo‑attached 
magnetic beads. Fragmentation was carried out using divalent 
cations under elevated temperature in an Illumina proprietary 
fragmentation buffer (Illumina, Inc.). First strand cDNA was 
synthesized using random oligonucleotides and Super Script II. 
Second strand cDNA synthesis was subsequently performed 
using DNA Polymerase I and RNase H. Remaining overhangs 
were converted into blunt ends via exonuclease/polymerase 
activities and the enzymes were removed. After adenylation 
of the 3' ends of the DNA fragments, Illumina PE adapter 
oligonucleotides (Illumina, Inc.) were ligated to prepare for 
hybridization. To select cDNA fragments of the preferred 
400‑500 bp in length, the library fragments were purified 
using the AMPure XP system (Beckman Coulter, Inc.).

DNA fragments with ligated adaptor molecules on both 
ends were selectively enriched using Illumina PCR Primer 
Cocktail (Illumina, Inc.) in a 15‑cycle PCR reaction. Products 
were purified (AMPure XP system) and quantified using the 
Agilent High Sensitivity DNA assay on the 2100 Bioanalyzer 
system (both Agilent Technologies, Inc.). The sequencing 
library was then sequenced on the NovaSeq 6000 platform 
(Illumina, Inc.) by Shanghai Personal Technology Co. Ltd. To 
select cDNA fragments of the preferred 400‑500 bp in length, 
the library fragments were purified using the AMPure XP 
system. The library was uniformly diluted to 2 nM and PE150 
mode sequencing was performed on the Illumina sequencer.

The original off‑machine data were filtered for the tran‑
scriptome analysis. The high‑quality sequences obtained were 
aligned with the human reference genome (Homo_sapiens.
GRCh38.dna.primary_assembly.fa). The expression levels of 
the genes were calculated based on the comparison results, 
followed by expression difference analysis between the 
EA (24  µM) and control group, enrichment analysis and 
cluster analysis between EA and Control groups. Gene read 
counts were estimated with HTSeq (0.9.1) statistics  (16). 
FPKM was used to standardize the expression. The differ‑
ential expression of genes was analyzed using DESeq 1.30.0 
(Bioconductor)  (16,17). The screening conditions were as 
follows: |log2FoldChange|>1 and significant P<0.05. The 
R language heatmap (1.0.8) software package was used to 
perform a bi‑directional clustering analysis of all different 
genes in the samples  (16). The heatmap was developed 
according to the expression levels of the same gene in different 
samples and the expression patterns of different genes in the 
same sample. The Euclidean method was used to calculate the 
distance and the complete linkage method was performed for 
clustering. ClusterProfiler (3.4.4) software was used to carry 
out the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis of the differentially expressed 
genes, focusing on the pathways with P<0.05 (18‑20).

Animal studies. A total of 36 female nude mice (BALB/c; weight 
18‑20 g; age, 4 weeks) were purchased from Cavensbiogle and 
housed in a specific pathogen‑free room that was maintained at 
a constant temperature (20‑26˚C) and humidity (40‑70%). The 
mice were maintained under a 12‑h light/dark cycle with free 
access to food and water. The animals were divided into three 
groups and the number of mice per group was six; the number 

of mice in the MHCC97‑L group was 18 and the number of 
mice in the HCCLM3 group was also 18. MHCC97‑L and 
HCCLM3 cells (1x106 cells in 200 µl PBS) were subcuta‑
neously injected into the nude mice. The mice were then 
intraperitoneally injected with EA (30 or 60 mg/kg) and saline 
solution (Control) once per day for 3 weeks. The body weight 
of the mice was monitored, and the tumor size was measured 
to calculate the tumor volume, as follows: Volume=4π/3 x R3, 
where R=L + W/2; R refers to the radius of tumor, L refers to 
the longest diameter of the tumor mass and W to the longest 
transverse diameter perpendicular to the longest diameter. 
Volume was calculated from day 12 to 26 (once every 2 days). 
The mice were euthanized using CO2 (30% of the volume of 
the euthanasia chamber was replaced with CO2 every minute) 
on day 26 (the maximum tumor volume of the MHCC97‑L 
group was 810.41 mm3 and the maximum tumor volume of 
the HCCLM3 group was 960.66 mm3), and the tumors were 
subsequently excised and weighted.

Statistical analysis. Data were analyzed using GraphPad Prism 
5.01 software (GraphPad Software, Inc.) and were presented as 
the mean ± SD. All experiments were repeated at least three 
times. Two groups were compared using an unpaired two‑tailed 
Student's t‑test. One‑way ANOVA followed by Tukey's test 
was used to assess and compare the mean differences among 
multiple groups. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

EA inhibits the proliferation of human hepatocellular carci‑
noma cells in vitro. Hepatocellular carcinoma is characterized 
by rapid development and high mortality  (21). Effective 
inhibition of tumor growth is therefore of great importance. 
The concentration of EA used in the present study was 
chosen based on relevant studies of EL extract and the IC50 
of EA in MHCC97‑L and HCCLM3 cells (Fig. S2B) (22,23). 
When the concentration of EA was ~10 µM, it could serve 
a significant inhibitory effect on hepatocellular carcinoma 
cell lines; therefore, the concentrations of EA used in the 
present study were selected. In the present study, MHCC97‑L 
and HCCLM3 cells were treated with different concentra‑
tions of EA (7, 14 and 28 µM) for 48 h to investigate the 
anti‑proliferative effects of EA on human hepatocellular 
carcinoma cells. DMSO was used as the control. The viability 
of hepatocellular carcinoma cells was examined through 
light morphological analysis, CCK8 assay, BrdU staining 
and soft agar assay. Microscopic examinations revealed that 
EA altered their morphology in a dose‑dependent manner 
(Fig. 1A). Decreased cell number, cell shrinkage, dispersed 
cell growth and pleomorphic cell morphology were observed 
following EA treatment. Images of the cells were captured 
and the number of cells was statistically analyzed to obtain 
the proliferation rate. The proliferation rate was measured by 
comparing the proliferation of the DMSO group with that of 
the EA group and the proliferation rate was reduced following 
EA treatment (Fig.  1B). Notably, there was a significant 
decrease in the viability of the two cell lines treated with EA 
after 24, 48 and 72 h compared with that in the DMSO group 
(Fig. 1C). DNA synthesis in cells treated with EA was also 
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reduced (Fig. 1D and E). The soft agar assay further revealed 
smaller and fewer colonies following EA treatment (28 µM 
EA for 48 h) compared with the colonies in the DMSO group 

(Fig. 1F and G). These results suggested that EA markedly 
inhibited the viability and proliferation of human hepatocel‑
lular carcinoma cells.

Figure 1. Effect of EA on the proliferation of human hepatocellular carcinoma cells in vitro. (A) Morphology of MHCC97‑L and HCCLM3 cells after EA treat‑
ment for 48 h. Arrows indicate morphologically altered cells. Scale bar, 100 µm. (B) Proliferation rate of MHCC97‑L and HCCLM3 cells after EA treatment 
for 48 h. Scale bar, 100 mm. Representative of biologically independent samples, n=5. (C) Viability of MHCC97‑L and HCCLM3 cells after EA treatment for 
1, 2 or 3 days. At each time point, DMSO was regarded as the control group. n=6. (D) Image of MHCC97‑L and HCCLM3 cells positive for BrdU staining 
after EA treatment for 48 h. Scale bar, 100 µm. Representative of biologically independent samples, n=3. (E) Quantification of BrdU‑positive MHCC97‑L 
and HCCLM3 cells in (D). (F) Effects of EA on colony formation in MHCC97‑L and HCCLM3 cells. (G) Colony numbers in (F) were quantified. Scale bar, 
100 µm. n=3. All data are shown as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001. EA, eupalinolide A; BrdU, 5‑bromo‑2‑deoxyuridine.
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EA suppresses the migration of human hepatocellular carci‑
noma cells. Surgical resection remains the main treatment 
method for hepatocellular carcinoma and it significantly 
reduces the mortality of patients with hepatocellular carci‑
noma; however, the postoperative recurrence rate remains high 
at >70% (24). Therefore, the present study assessed whether 
EA affected cell motility using the wound‑healing assay. 
Notably, there was a significant decrease in cell migration 
following EA treatment for 24 and 48 h compared with that 
in the DMSO group (Fig. 2A and B). The results of Transwell 
assays were similar to the results of the wound‑healing 
assay (Fig. 2C and D). E‑cadherin, Vimentin, N‑cadherin, 
fibronectin and ZEB1 are major canonical markers of the 
epithelial‑mesenchymal transition (EMT), which serve crucial 
roles in the tumor migration process  (25). In the present 
study, E‑cadherin, N‑cadherin, fibronectin and ZEB1 were 
significantly upregulated, whereas Vimentin was significantly 
downregulated following EA treatment in a dose‑dependent 
manner (Figs.  2E  and  F, and S1A  and  B). These results 
suggested that EA treatment reversed the EMT of human 
hepatocellular carcinoma cells, thus strongly inhibiting their 
migration.

EA induces cell cycle arrest at the G1 phase. The proliferation 
of tumor cells is determined by cell cycle progression (26). 
Antitumor drugs can be divided into cell cycle‑specific and 
non‑specific drugs (27). In the present study, the effect of 
EA on the cell cycle was examined using flow cytometry. 
The percentage of MHCC97‑L and HCCLM3 cells in the 
G1 phase was significantly increased following treatment 
with 14 and 28 µM EA for 48 h compared with the control 
cells (Fig.  3A  and  B). Notably, the expression levels of 
CDK2, CDK4, cyclin E1 and cyclin D1, the key regulators 
for G1 phase transition (28), were downregulated following 
treatment with 14 and 28  µM EA (Figs.  3C  and D, and 
S1C and D). These results demonstrated that EA induced 
G1‑phase arrest by affecting the expression of cell cycle 
regulatory proteins.

EA does not affect apoptosis and necrosis. Apoptosis and 
necrosis are the major cell death mechanisms  (29), and 
numerous antitumor drugs exert their effects by inducing 
apoptosis or necrosis (30,31). The present study therefore 
investigated whether EA treatment caused apoptosis and 
necrosis of hepatocellular carcinoma cells by detecting the 
expression levels of apoptosis‑ and necrosis‑related proteins 
using western blot analysis following treatment of the cells 
with 7, 14 and 28 µΜ EA for 48 h. Notably, EA treatment 
did not affect the expression levels of cleaved‑PARP and 
cleaved‑caspase‑3, which are apoptosis‑related proteins, 
nor those of RIP1 and p‑MLKL, which are necrosis‑related 
proteins (Fig. 4A and B). The Annexin V‑FITC/PI apoptosis 
assay conducted using flow cytometry further revealed that 
EA did not induce early or late apoptosis (Fig. 4C and D). 
Furthermore, treatment with the apoptosis inhibitor 
(Z‑VAD‑FMK) and necrosis inhibitor (necrostatin‑1) did not 
restore the EA‑induced decrease in cell viability (Fig. 4E). 
These results suggested that EA‑induced inhibition of human 
hepatocellular carcinoma cell viability was independent of 
apoptotic and necroptotic factors.

EA induces autophagy and ROS activation in human hepa‑
tocellular carcinoma cells. Autophagy is a classic type of 
programmed cell death that participates in the functional 
modulation of cancer cells by affecting Atg proteins (32). The 
present study investigated whether EA served an anti‑liver 
cancer role by inducing autophagy. Notably, EA upregulated 
the expression levels of LC3 II/I and Atg5, but downregu‑
lated p62/SQSTM1 expression, compared with those in the 
DMSO group (Fig. 5A‑F). LC3 II/I, Atg5 and p62/SQSTM1 
are autophagy biomarkers. Autophagosomes, which are 
two‑layered structures containing cytoplasmic components, 
were formed following treatment with 28 µM EA (Fig. 5G). 
ROS regulate the autophagy pathway in cancer cells (33‑35). 
Notably, excessively high levels of ROS can induce cell death 
through oxidative damage  (36). In the present study, EA 
strongly induced ROS production compared with in DMSO 
cells (Fig. 5H and I). Treatment with the pharmacological 
inhibitor of autophagy 3‑MA and anti‑ROS reagent NAC 
efficiently reversed the EA‑induced inhibition of cell viability 
and migration (Fig. 5J and K). These results suggested that 
autophagy and ROS activation potentially contributed to 
human hepatocellular carcinoma cell death and defects in 
migration induced by EA.

EA treatment activates the ERK/MAPK signaling pathway 
in human hepatocellular carcinoma cells. Abnormal activa‑
tion of the MAPK signaling pathway is closely related to the 
occurrence, development and metastasis of hepatocellular 
carcinoma (37). In the present study, transcriptome analysis, 
which was conducted to investigate the mechanism underlying 
EA‑induced cell death and migration, revealed that gene 
expression levels were significantly altered after EA treatment 
compared with in the control group (Fig. 6A). According to the 
KEGG pathway enrichment analysis results of differentially 
expressed genes, the top 10 pathways with the minimum P‑value 
or the most significant enrichment were selected (Fig. 6B). 
The present study focused on the ‘MAPK signaling pathway’. 
Further validation of the transcriptome sequencing data using 
western blotting revealed that EA significantly upregulated 
p‑ERK expression, but did not affect p‑p38 and p‑JNK expres‑
sion, in MHCC97‑L and HCCLM3 cells compared with in the 
DMSO group (Figs. 6C and S2A). Furthermore, the decreased 
cell viability and migration induced by EA were reversed by 
ERK inactivation using PD98059 (Fig. 6E‑G). These results 
suggested that ERK signaling participated in EA‑induced cell 
death and migration inhibition.

EA induces autophagy via the ROS/ERK signaling pathway. A 
ROS scavenger (NAC) and ERK‑specific inhibitor (PD98059) 
were used to investigate the interplay between ROS and ERK 
in EA‑induced autophagy using western blotting. Pretreatment 
with NAC significantly reduced the activation of p‑ERK and 
LC3 II/I induced by EA in both MHCC97‑L and HCCLM3 
cells, indicating that ROS was an upstream signal of EA and 
induced ERK activation and autophagy (Fig. 7A‑D). Notably, 
the ERK‑specific inhibitor PD98059 also suppressed the 
EA‑induced increased expression of p‑ERK and LC3 II/I 
in both MHCC97‑L and HCCLM3 cells (Fig. 7E‑H). These 
data suggested that EA induced autophagy by activating ROS 
production and ERK signaling.
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EA inhibits tumor growth in vivo. In vivo assays using nude 
mice were further performed to determine whether EA 
inhibited the growth of hepatocellular carcinoma. Nude mice 

were subcutaneously inoculated with 1x106 hepatocellular 
carcinoma cells. The mice were subsequently intraperitoneally 
injected with EA or DMSO (control) daily for 21 days, followed 

Figure 2. Effect of EA on the migration of human hepatocellular carcinoma cells. (A and B) Migration of MHCC97‑L and HCCLM3 cells following treat‑
ment with EA for the indicated durations, as determined by wound‑healing assay. Scale bar, 250 µm. Representative of biologically independent samples, 
n=3. (C and D) Migration of MHCC97‑L and HCCLM3 cells following treatment with EA for 24 h, as determined by Transwell migration assay. Scale bar, 
100 µm. Representative of biologically independent samples, n=5. (E and F) Western blot analysis of the expression levels of EMT‑related proteins at 48 h 
in MHCC97‑L and HCCLM3 cells. β‑actin was used as a control. All data are shown as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001. EA, eupalinolide A.
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by an assessment of tumor growth following cessation of treat‑
ment. Mice treated with EA exhibited a smaller tumor volume 
and weight than mice in the control group (Fig. 8A‑C), thus 
indicating that EA markedly inhibited tumor growth in vivo.

Discussion

The present study investigated the effect of EA on hepatocel‑
lular carcinoma. In vitro, MHCC97‑L and HCCLM3 cell lines 

Figure 3. Effect of EA on the cell cycle progression of human hepatocellular carcinoma cells. (A) Cell cycle progression of MHCC97‑L and HCCLM3 cells was 
analyzed by flow cytometry following EA treatment. (B) Percentage of MHCC97‑L and HCCLM3 cells in each phase of the cell cycle. n=5. (C and D) Western 
blot analysis of the expression levels of cell cycle‑related proteins at 48 h in MHCC97‑L and HCCLM3 cells. β‑actin was used as a control. All data are shown 
as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001. EA, eupalinolide A.
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were selected because MHCC97‑L is a human hepatocellular 
carcinoma cell line with low metastatic potential and HCCLM3 
is a human hepatocellular carcinoma cell line with high meta‑
static potential. In addition, MHCC97‑L and HCCLM3 cell 
lines have been adopted in a number of studies (38,39).

The present study revealed that EA inhibited the growth of 
hepatocellular carcinoma cells in vivo and in vitro. The in vitro 
results demonstrated that EA caused cell cycle arrest at the G1 
phase and induced cell autophagy via the ROS/ERK signaling 
pathway. By contrast, treatment with a ROS scavenger, ERK 

Figure 4. Effect of EA on apoptosis and necroptosis of human hepatocellular carcinoma cells. (A and B) Western blot analysis of the expression levels of 
apoptosis and necroptosis‑related proteins at 48 h in MHCC97‑L and HCCLM3 cells. β‑actin was used as a control. (C and D) Effect of EA on apoptosis in 
MHCC97‑L and HCCLM3 cells, as determined by flow cytometry. n=5. (E) Viability of MHCC97‑L and HCCLM3 cells treated with or without apoptosis or 
necroptosis inhibitors was measured by Cell Counting Kit 8 assays. n=6. All data are shown as the mean ± SD. ***P<0.001. EA, eupalinolide A; C‑, cleaved; 
p‑, phosphorylated.

https://www.spandidos-publications.com/10.3892/ijo.2022.5421
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Figure 5. Effect of EA on the autophagy of human hepatocellular carcinoma cells. (A‑F) Western blot analysis of the expression levels of autophagy‑related 
proteins at 48 h in MHCC97‑L and HCCLM3 cells. β‑actin was used as a control. (G) Transmission electron microscopy of MHCC97‑L and HCCLM3 cells 
following EA treatment for 48 h. Arrow indicates autophagosomes. Scale bar, 500 nm. (H and I) ROS production of MHCC97‑L and HCCLM3 cells was 
measured by DFC fluorescence following EA treatment. Representative of biologically independent samples, n=6. (J) Viability of MHCC97‑L and HCCLM3 
cells treated with or without ROS or autophagy inhibitors, as measured by Cell Counting Kit 8 assays. Representative of biologically independent samples, n=6. 
(K) Migratory ability of MHCC97‑L and HCCLM3 cells treated with or without ROS or autophagy inhibitors, as measured by Transwell migration assays after 
EA treatment. All data are shown as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001. EA, eupalinolide A; Atg5, autophagy‑related 5; 3‑MA, 3‑methyladenine; 
NAC, N‑acetylcysteine; ROS, reactive oxygen species.
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inhibitor or autophagy inhibitor reversed the decrease in cell 
viability and migration induced by EA. The ROS scavenger 
induced a nearly complete recovery of the proliferative and 
migratory ability of hepatocellular carcinoma cells. The 

anti‑hepatocellular carcinoma mechanism of EA is summa‑
rized in Fig. 9.

Several types of traditional Chinese medicine have been 
explored for their use in the treatment of cancer (40,41). Our 

Figure 6. Effect of EA on MAPK signaling in human hepatocellular carcinoma cells. (A) Heatmap showing differential gene expression in HCCLM3 cells with 
or without 28 µM EA treatment for 48 h. (B) KEGG analysis of genes in HCCLM3 cells. The top 10 KEGG pathways based on fold enrichment are shown. 
The arrow indicates the ‘MAPK signaling pathway’. (C) Western blot analysis of the expression levels of MAPK‑related protein at 48 h in MHCC97‑L and 
HCCLM3 cells. β‑actin was used as a control. (D) Viability of MHCC97‑L and HCCLM3 cells treated with or without an ERK inhibitor was measured by Cell 
Counting Kit 8 assay. n=6. (E and F) Migratory ability of MHCC97‑L and HCCLM3 cells treated with or without an ERK inhibitor, as measured by Transwell 
migration assays after EA treatment. All data are shown as the mean ± SD. ***P<0.001. EA, eupalinolide A; p‑, phosphorylated; KEGG, Kyoto Encyclopedia 
of Genes and Genomes.
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research team has aimed to identify a new drug for treating 
liver cancer. EL has been widely applied to treat respiratory 
diseases, because of its antihypertensive, antiviral and anti‑
tumor effects. In the present study, EA markedly reduced the 
proliferation of MHCC97‑L and HCCLM3 cells. EA, espe‑
cially at 28 µM, led to a number of floating cells, a change in 
cell morphology and death of most MHCC97‑L and HCCLM3 
cells. These results demonstrated that EA had a powerful 
hepatocellular carcinoma cell‑killing ability in vitro.

Chemotactic migration is vital for the invasion of 
cancer cells into the surrounding tissue, resulting in tumor 
metastasis  (42). In the present study, the migratory ability 
of hepatocellular carcinoma cells was inhibited by EA, 
especially at 28 µM. Notably, the invasive and metastatic 
ability of carcinoma cells has been reported to be promoted 

by EMT (43). E‑cadherin has a vital role in maintaining the 
integrity of intercellular junctions in cell adhesion. Loss of 
E‑cadherin expression can lead to a loss of contact, increased 
cell motility and cancer advancement (44). Vimentin has been 
shown to be overexpressed in gastrointestinal tumors, and 
usually aggravates tumor growth and invasion, leading to poor 
prognosis (45). In the present study, EA inhibited EMT by 
increasing the expression levels of E‑cadherin and decreasing 
those of Vimentin. In addition, EA can affect the expression of 
other EMT‑related proteins, including N‑cadherin, fibronectin 
and ZEB1. EA thus inhibited the migration of hepatocellular 
carcinoma cells by reversing EMT progression.

Most human somatic cells experience a fixed life cycle 
through a highly coordinated and regulated process; however, 
faults occur during the cell cycle in cancer cells, resulting in 

Figure 7. Effect of EA on the ROS/ERK signaling pathway in human hepatocellular carcinoma cells. (A‑D) Western blot analysis of the protein expression 
levels of p‑ERK and LC3 II/I at 48 h in MHCC97‑L and HCCLM3 cells treated with or without a ROS inhibitor. β‑actin was used as a control. (E‑H) Western 
blot analysis of the protein expression levels of p‑ERK and LC3 II/I at 48 h in MHCC97‑L and HCCLM3 cells treated with or without the ERK inhibitor 
PD98059. β‑actin was used as a control. All data are shown as the mean ± SD. *P<0.05. EA, eupalinolide A; NAC, N‑acetylcysteine; p‑, phosphorylated.
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unchecked cell growth (46). Numerous anticancer drugs, such 
as vincristine and colchicine, induce cell cycle arrest (47,48). 
In the present study, EA arrested the cell cycle at the G1 phase, 
which is similar to the effect of vinblastine, by regulating 
the cell cycle phase checkpoint proteins such as Cyclin E 
and CDK2 (49). These results indicated that EA exerted an 
anticancer effect by arresting the cell cycle.

Apoptosis and necrosis are classic cell death mechanisms 
and promising targets in anticancer therapy (40,50,51). In the 
present study, EA had no significant effect on apoptosis and 
necrosis. Moreover, apoptosis and necrosis inhibitors did not 
reverse the EA‑induced decrease in cell viability. These results 
suggested that EA induced cell death independent of apoptosis 
and necrosis.

Autophagy and ROS are involved in cell survival and 
cell death pathways. A number of anticancer drugs activate 
autophagy and ROS signaling (52,53). Autophagy is a dynamic 
process of protein degradation that usually occurs during nutrient 
deprivation. Autophagy serves dual roles in cancer by acting as 
a tumor suppressor and a tumor promoter that accelerates the 
growth of established tumors (54). Autophagy is thus a common 

target for drugs used to treat cancer. The LC3 II/I ratio is used 
to estimate the level of autophagy. p62/SQSTM1 binds directly 
to Atg8/LC3 to facilitate the degradation of ubiquitinated 
proteins aggregated by autophagy. The overexpression of Atg5 
can also enhance autophagy (55,56). In the present study, EA 
significantly activated the autophagy signal biomarker LC3 II/I 
and Atg5, and suppressed the expression of p62. Furthermore, 
EA induced autophagy in hepatocellular carcinoma cells, which 
was verified by electron microscopic observation. Autophagy is 
categorized into macro‑autophagy, micro‑autophagy and chap‑
erone‑mediated autophagy (57). EA‑induced autophagy belongs 
to macro‑autophagy, which is characterized by the formation 
of autophagosomes and autolysosomes. ROS is an important 
upstream molecule that regulates cancer cell death and survival; 
excessive levels of ROS can cause oxidative damage to cancer 
cells (58). In the present study, EA significantly increased ROS 
generation in hepatocellular carcinoma cells; however, treatment 
with the ROS scavenger NAC and autophagy‑specific inhibitor 
3‑MA reversed EA‑induced inhibition of cell proliferation and 
migration. These results indicated that ROS and autophagy 
were involved in EA‑induced cell death.

Figure 8. Effect of EA on tumor growth in a xenograft model of human hepatocellular carcinoma cells in vivo. (A) MHCC97‑L and HCCLM3 xenograft tumor 
volume. n=6. (B) Weight of xenograft tumors formed by MHCC97‑L and HCCLM3 cells. n=6. (C) Images of MHCC97‑L and HCCLM3 cell xenograft tumors 
treated with or without EA treatment. All data are shown as the mean ± SD. **P<0.01, ***P<0.001. EA, eupalinolide A.
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A number of signals are involved in regulating ROS and 
autophagy in cancer. The MAPK signaling pathway, a down‑
stream pathway of ROS, is known to have an essential role in 
inducing autophagy (59,60). In the present study, there was an 
increase in the phosphorylation of ERK. The specific inhibitor 
PD98059 also partially reversed EA‑induced inhibition of cell 
viability and migration. Furthermore, the ROS scavenger NAC 
almost abolished the effect of EA on p‑ERK and LC3 II/I. The 
in vivo study also indicated that EA inhibited the growth of 
hepatocellular carcinoma xenografts.

EL mainly contains flavonoids, sesquiterpenoids, diterpe‑
noids, triterpenoids, volatile oils, organic acids, amino acids, 
trace elements and other bioactive substances, and has been 
used for the clinical treatment of tracheitis. In recent years, 
numerous scientists have focused on studying the role of EL in 
cancer. EL extracts, including eupalinolide O, eupalinolide J 
and other sesquiterpene lactones, have been reported to serve 
vital roles in breast and prostate cancer  (10,23,61). In the 
present study, EA inhibited liver cancer in vitro and in vivo. 
These findings indicated that EL and other similar sesquiter‑
pene lactones may be potential anticancer drugs. However, 

the mechanisms of other sesquiterpene lactones in cancer 
should be investigated further. EA is a promising candidate 
for treating hepatocellular carcinoma, as the present study 
indicated that it may induce cell autophagy via the ROS/ERK 
signaling pathway in vitro and in vivo.
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