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Abstract. An increasing amount of evidence indicates that 
the inhibition of β adrenergic signaling can result in the 
inhibition of tumor growth. However, the role of propranolol 
in liver cancer and the underlying mechanism remain to be 
elucidated. The present study aimed to investigate the role 
of propranolol in liver cancer cell lines and provide evidence 
for further clinical study. Propranolol was added at different 
concentrations to HepG2 and HepG2.2.15 liver cancer 
cells and HL-7702 normal human liver cells. The prolif-
eration of the cell lines was monitored by live-cell imaging 
at a range of time intervals. Immunofluorescence using 
DAPI and Hoechst 33342/propidium iodide (PI) staining, 
Annexin V-FITC/PI double‑staining flow cytometry, western 
blotting and reverse transcription-quantitative polymerase 
chain reaction were used to investigate the effect of propran-
olol on liver cancer cell apoptosis. The proliferation of HepG2 
and HepG2.2.15 cells was inhibited by 40 and 80 µmol/l 
propranolol. However, the proliferation of HL-7702 cells was 
not affected by <160 µmol/l propranolol. Propranolol treat-
ment decreased the expression of adrenergic receptor β-2 to a 
greater extent than adrenergic receptor β-1, and induced apop-
tosis in the liver cancer cells. The apoptotic rates of HepG2 
and HepG2.2.15 cells increased following treatment with 

propranolol, while the apoptotic rate of HL-7702 cells was not 
affected. Propranolol promoted poly (ADP-ribose) polymerase 
cleavage and decreased the expression of full-length caspase-3 
in liver cancer cell lines; it induced S-phase arrest in HepG2 
and HepG2.2.15 cell lines, while HL-7702 cells were arrested 
at the G0/G1 phase of the cell cycle. Thus, it was demonstrated 
that propranolol inhibited proliferation, promoted apoptosis 
and induced S-phase arrest in HepG2 and HepG2.2.15 cells.

Introduction

The annual mortality rate of liver cancer ranks second among 
the malignant neoplasms worldwide in men. An estimated 
782,500 new liver cancer cases and 745,500 mortalities 
occurred worldwide during 2012, with approximately half of 
all cases of liver cancer and mortality occurring in China (1). 
Liver cancer initially develops without symptoms, progresses 
rapidly, is associated with a poor prognosis and poses a serious 
threat to human health (2).

An increasing amount of evidence suggests that β adren-
ergic signaling serves an essential role in progression of a 
variety of tumor types (3). Clinical epidemiological studies 
on the application of β receptor blockers and the reduction 
of tumor metastasis demonstrated that β receptor blockers 
decreased the development, metastasis, recurrence and 
tumor-associated mortality rate (4) of various types of solid 
tumor, including breast cancer (5,6), thyroid cancer (7), liver 
metastases (8) and pancreatic cancer (9). This suggests that 
β receptor blockers may be suitable as a novel adjuvant therapy 
for tumors. However, another study observed that β receptor 
blockers did not improve the survival rate of patients with 
breast cancer (10).

Among the aforementioned studies, the nonselective 
β receptor blocker propranolol was the most frequently inves-
tigated. Propranolol demonstrates high safety and tolerance, 
has been used in clinical practice for >40 years and it is a 
recommended first‑line oral medication for infantile heman-
gioma (11). Furthermore, propranolol has been clinically 
applied in patients with liver cirrhosis and liver cancer for a 
number of years, as a first‑line prophylaxis for esophageal and 
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gastric variceal bleeding (12). The present study aimed to 
determine whether propranolol, in addition to reducing the 
portal vein pressure in patients with liver cirrhosis, exhibits an 
anti-tumor effect in liver cancer.

In the present study, the effect of propranolol adminis-
tered at different concentrations and time intervals on the 
proliferation of the human liver cancer cell lines HepG2, 
HepG2.2.15 and the normal human liver cell line HL-7702 was 
investigated. Experiments were also performed to determine the 
effect of propranolol on the rate of apoptosis and cell cycle distri-
bution, detect the alterations in the expression of β receptors 
on the cell membrane and determine the biological influences 
exerted on the three cell lines. The results of the present study 
demonstrated that propranolol inhibited liver cancer cell prolif-
eration and induced apoptosis and S-phase arrest, thus exerting 
an anti-tumor effect on the liver cancer cells.

Materials and methods

Experimental materials and instruments. HepG2, 
HepG2.2.15 and HL-7702 cell lines were routinely maintained 
and subcultured in the laboratory. Propranolol hydrochlo-
ride was purchased from Sigma-Aldrich (Merck KGaA, 
Darmstadt, Germany). Monoclonal antibodies against adren-
ergic receptor β-1 (ADRB1; cat. no. 12271), β-2 (ADRB2; cat. 
no. 8513), caspase-3 (cat. no. 9665) and poly (ADP-ribose) 
polymerase (PARP; cat. no. 9532) were purchased from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). β-actin 
rabbit polyclonal antibody (cat. no. E12-051) was purchased 
from EnoGene Biotech Co., Ltd. (Nanjing, China); Dulbecco's 
modified Eagle's medium (DMEM)/F12 culture medium 
and premium fetal bovine serum (FBS) were purchased 
from Biological Industries (Kibbutz Beit-Haemek, Israel). 
An Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) Apoptosis Detection kit was purchased from 
EnoGene Biotech Co., Ltd. (Nanjing, China). RNase A was 
purchased from Takara Bio, Inc. (Otsu, Japan). PI dye, 4% 
paraformaldehyde (PFA), Triton X-100 and DAPI dye were all 
purchased from Beijing Leagene Biotech Co., Ltd. (Beijing, 
China). Trypsin was purchased from Sangon Biotech Co., Ltd. 
(Shanghai, China) and Alexa Fluor 546-conjugated donkey 
anti-rabbit IgG secondary antibody (cat. no. A10040) was 
purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). The IncuCyte ZOOM second-generation live-cell 
imaging and analysis system was purchased from Essen 
Bioscience (Ann Arbor, MI, USA). A BD FACSCanto II flow 
cytometer was purchased from BD Biosciences (Franklin Lakes, 
NJ, USA). The CSP-IIventilator was purchased from Beijing 
Chengwei Lab-Equipment Engineering Technology Co., Ltd. 
(Beijing, China) and the MCO-20AIC carbon dioxide incu-
bator was purchased from SANYO Electric Co., Ltd. (Osaka, 
Japan). The ViiATM7thermocycler was purchased from 
Applied Biosystems (Thermo Fisher Scientific, Inc.).

Drug preparation. Propranolol hydrochloride (1.0 g) was 
dissolved in 20 ml of distilled water to form a working 
solution with a concentration of 169 mmol/l. Subsequently, 
1 ml of working solution was added to 9.6 ml of distilled 
water to form a stock solution with a concentration of 
16 mmol/l. The stock solution was filtered through a 0.22‑µm 

microporous membrane and stored at 4˚C for future use. 
The stock solution was diluted to different concentrations 
(2.5, 5, 10, 20, 40, 80, 160 and 320 µmol/l) to determine a suit-
able concentration for the treatment of liver cancer cells.

Cell culture. HepG2, HepG2.2.15 and HL-7702 cells were 
cultured in DMEM/F12 medium containing 6% FBS with 
100 U/ml penicillin and 100 µg/ml streptomycin. Cells were 
incubated at 37˚C supplemented with 5% CO2 in a humidified 
incubator. The culture medium was removed at cell subculture 
and the cells were washed twice with physiological saline. 
Trypsin was added and cells were incubated at 37˚C for 3‑5 min. 
When the cells rounded up and separated from each other, the 
trypsin was removed and the cells were tapped off the wall of the 
flask prior to adding fresh medium and the cells were transferred 
into a centrifuge tube. The suspended cells were centrifuged at 
92 x g at 25˚C for 3 min and the supernatant was discarded. 
Fresh medium was added to resuspend the cells, and the solution 
was thoroughly mixed prior to placing in the aforementioned 
incubator. For cell freezing, l ml cell cryopreservation solution 
(culture medium 9:1 DMSO) was added to the cell pellet and 
mixed thoroughly prior to being transferred into a cryotube for 
long-term storage in liquid nitrogen.

Observation of cell proliferation using a live‑cell imaging 
and analysis system. Cells in the logarithmic growth phase 
were obtained and the culture medium was removed, prior to 
washing twice with physiological saline. Subsequently, 0.2 ml 
0.25% trypsin was added to the washed cells and incubated at 
37˚C for 2‑5 min, prior to adding 2 ml DMEM/F12 medium 
to terminate the trypsinization. The trypsinized cells were 
collected, counted, and seeded in a 96-well plate at a density 
of 1x104/ml. The 96‑well plate was incubated at 37˚C supple-
mented with 5% CO2 overnight. The following day, the cells 
were observed to confirm their health, and culture medium 
was removed, prior to washing twice with physiological 
saline. Subsequently, culture medium containing propranolol 
at a range of concentrations (0, 2.5, 5, 10, 20, 40, 80, 160 and 
320 µmol/l) was added to the cells, which were then trans-
ferred to the IncuCyte ZOOM incubator.

Two images of each well were captured every 6 h, with 
a total observation period of 48 h; the 96-well plate was 
not moved during this time. IncuCyte 2104A software 
(Essen Bioscience) was used for the analysis of cell confluence 
and cell count in each image, and growth curves were gener-
ated. The cell proliferation ratio was calculated as the ratio 
between the cell confluence (%) of cells treated with propran-
olol a teach concentration and cells treated with 0 µmol/l 
propranolol at the same time point. The cell proliferation ratio 
at 6, 12, 18, 24, 30, 36, 42 and 48 h was calculated as the ratio 
between cell confluence (%) at each time point and the time 
when the drug was added (0 h). Each condition was performed 
in triplicate. The whole experiment was repeated three times.

Immunofluorescence detection of ADRB1 and ADRB2 and 
their alterations. Cells in the logarithmic growth phase were 
seeded in a 48‑well plate and incubated at 37˚C in 5% CO2 
overnight. The cells were observed, to confirm their health, 
prior to removing the culture medium and washing twice 
with physiological saline. Culture medium containing 0 or 
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40 µmol/l propranolol was added to the cells, which were incu-
bated at 37˚C in 5% CO2 for 48 h. Subsequently, the culture 
medium was removed and cells were washed three times with 
1X PBS, for 3 min each time.

A total of 100 µl 4% PFA was added to each well and incu-
bated at room temperature for 15-30 min. Subsequently, the 
PFA was discarded and the cells were washed three times with 
1X PBS for 3 min each time. This was followed by the addition 
of 100 µl 0.1% Triton X-100 into each well and incubation at 
room temperature for 30 min. Following the permeabilization 
with Triton X-100, cells were washed three times with 1X PBS 
for 3 min each time.

A total of 100 µl 1% bovine serum albumin (Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany) was added to each well 
and incubated at room temperature for 30 min. Antibodies 
against ADRB1 and 2 were diluted to 1:100 in 1X PBS. A total 
of 100 µl ADRB1 or 2 antibody solution was added to each well 
and incubated at 4˚C overnight. The following day, cells were 
washed three times with 1X PBS, 3 min each time. Fluorescent 
secondary antibodies were diluted 1:200 in 1X PBS. Diluted 
secondary antibodies (100 µl) were added to each well and 
incubated in the dark at room temperature for 1 h.

DAPI (100 µl; dilution, 1:1,000) or Hoechst 33342/PI was 
added to the wells and incubated in the dark at room tempera-
ture for 2-3 min. Subsequently, DAPI was removed from the 
cells and they were washed with PBS, followed by immediate 
imaging using an inverted fluorescence microscope. Captured 
images were analyzed using Image-Pro Plus5.0 image analysis 
software (Media Cybernetics, Inc., Rockville, MD, USA). Each 
condition was performed in triplicate. The whole experiment 
was repeated three times.

Western blotting. Following the treatment of the three cell lines 
with 0, 40 or 80 µmol/l propranolol for 48 h, cells were lysed 
with radioimmunoprecipitation assay lysis buffer (CW2333S; 
Cowin Biotech Co., Ltd, Beijing, China), proteinase/phospha-
tase inhibitor cocktail (cat. no. PP1301; Aidlab Biotechnologies 
Co., Ltd., Beijing, China) and phenylmethanesulfonyl fluoride 
(EnoGene, Nanjing, China) at a 100:1:1 ratio. A bicincho-
ninic protein assay kit (CW0014S; Cowin Biotech Co., Ltd., 
Beijing, China) was subsequently used to determine protein 
concentration. A total of 20 µg protein per lane was separated 
by 10-12% SDS-PAGE and electrotransferred onto polyvi-
nylidene fluoride membranes. Subsequently, the transferred 
membranes were blocked with 5% skimmed milk for 2 h at 
25˚C and incubated with primary monoclonal antibodies, 
including ADRB1, ADRB2, caspase-3, PARP and β-actin (all 
dilutions, 1:1,000) at 4˚C overnight. The membranes were then 
washed with Tris-HCl and incubated with a goat anti-rabbit 
IgG-horseradish peroxidase conjugated secondary antibody 
(dilution, 1:4,000; Abmart, Inc., Shanghai, China) at 37˚C 
for 1.5 h. Following incubation with an enhanced chemilu-
minescence reagent (BeyoECL Star; Beyotime Institute of 
Biotechnology, Shanghai, China) for 10 min at 25˚C, a dark 
chamber was used to develop images. The protein bands were 
quantified using Image J software (version 1.46r; National 
Institutes of Health, Bethesda, MD, USA).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). RT-qPCR was used to detect the expression  

of ADRB2 mRNA in the three cell lines. Total RNA was 
extracted from the cells using TRIzol® reagent (Thermo  
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Total RNA (3 µg) was reverse transcribed to cDNA using 
a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher 
Scientific, Inc.), with 1 µl Oligo(dT)18, 5X Reaction Buffer 
(4 µl), RiboLock RNase Inhibitor (1 µl), dNTP Mix 2 µl, 
RevertAid Reverse Transcriptase 1 µl and ddH2O to supple-
ment to a total volume of 20 µl. The synthesis conditions for 
cDNA were 5 min at 25˚C, 60 min at 42˚C and 15 min at 70˚C.

SYBR Premix Ex Taq™ II (Tli RNaseH Plus; cat. 
no. RR820A; Takara Bio, Inc.) was used for the PCR reac-
tion, including 10 µl SYBR Premix Ex Taq II (Tli RNaseH 
Plus), 0.4 µl ROX Reference Dye II, 0.8 µl ADRB2 forward 
primer (5'-GCC TGT GCT GAT CTG GTC AT-3'), 0.8 µl 
ADRB2 reverse primer (5'-AAT GGA AGT CCA AAA CTC 
GCA-3'; primers synthesized by Invitrogen; Thermo Fisher 
Scientific, Inc.), 2.0 µl cDNA template and 6.0 µl ddH2O, in a 
20 µl reaction system. The following conditions were used for 
PCR: 10 min at 95˚C, 40 cycles of 15 sec at 95˚C and 60 sec 
at 60˚C. GAPDH was used as a reference gene (forward, 
5'-GAC CCC TTC ATT GAC CTC AAC-3' and reverse, 5'-CGC 
TCC TGG AAG ATG GTG AT-3'; Invitrogen; Thermo Fisher 
Scientific, Inc.). According to the analysis of the amplification 
and melting curves, the relative expression of the ADRB2 gene 
was calculated using the 2-ΔΔCq method (13).

Detection of apoptosis using flow cytometry. Following incu-
bation with 0, 40 or 80 µmol/l propranolol for 48 h, culture 
medium was removed from the cells and transferred into a 
centrifuge tube. Adherent cells were washed with PBS once 
prior to trypsinization with trypsin (with 0.25% EDTA). The 
trypsinized cells were added to back into the culture medium 
and mixed well prior to centrifugation 92 x g for 5 min at 
25˚C. The supernatant was discarded and the cell pellet was 
gently resuspended in PBS and counted. A total of 4x105 cells 
were then centrifuged at 92 x g for 5 min 25˚C. The super-
natant was discarded and 500 µl binding buffer (apoptosis 
detection kit; EnoGene Biotech Co., Ltd.) was added to gently 
resuspend the cells. Subsequently, cells were filtered through 
a 400‑mesh filter to form a single‑cell suspension, followed by 
the addition of 5 µl Annexin V-FITC and 5 µl PI, with gentle 
mixing. The cells were incubated in the dark at room tempera-
ture for 10 min and immediately subjected to flow cytometry 
detection. The results were analyzed using FlowJo software 
(version 7.6.1; Tree Star, Inc., Ashland, OR, USA). Each condi-
tion was performed in triplicate. The whole experiment was 
repeated three times.

Detection of cell cycle distribution using flow cytometry. 
Following incubation with 0, 40 or 80 µmol/l propranolol for 
48 h, the cell culture medium was removed from the cells 
and transferred to a centrifuge tube. Adherent cells were 
washed with PBS twice, trypsinized and resuspended. The 
cell suspension was centrifuged at 138 x g at 4˚C for 5 min. 
The supernatant was discarded and the cells were washed 
with precooled 1X PBS once and centrifuged at 1,000 x g at 
4˚C for 5 min. The supernatant was discarded, and the cell 
pellet was added to 5 ml of 70% ethanol, gently mixed and 
incubated at 4˚C overnight. The following day, the cells were 
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centrifuged at 138 x g for 5 min at 25˚C and the supernatant was 
discarded. The pellet was washed three times with precooled 
1X PBS, for 3 min each time. The cell suspension was centri-
fuged at 138 x g for 5 min at 25˚C and the supernatant was 
discarded. The pellet was added to a 0.4-ml PI mixture (with 
4 µl RNase) in the dark and stained for 30 min at 25˚C prior to 
immediate detection using a flow cytometer. The results were 
analyzed using FlowJo 7.6.1 software (Tree Star, Inc.).

Statistical analysis. Data were statistically analyzed using 
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Quantitative 
results were expressed as the mean ± standard deviation. A t-test 
was used to compare differences between two groups, and a 
one‑way analysis of variance followed by the Least‑significant 
difference post hoc test was used to compare differences among 
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Propranolol inhibits the proliferation of liver cancer cells. 
IncuCyte ZOOM phase-contrast imaging revealed the growth 
rates as indicated by the cell confluence (%) of the three inves-
tigated cell lines.

When HepG2 cells were incubated with 80 µmol/l propran-
olol for 48 h, cell confluence was reduced and a small number of 
cells became detached from the surrounding cells and suspended, 
suggesting the inhibition of cell proliferation (Fig. 1A). The 
proliferation ratio of HepG2 and HepG2.2.15 cells was 
significantly decreased at 48 h of treatment with 80 µmol/l 

propranolol (P<0.05), whereas the proliferation of HL-7702 
cells was unaltered (Fig. 1B). The results demonstrated that at 
the same concentration, the inhibitory effect of propranolol on 
the proliferation ratio of HepG2 and HepG2.2.15 cells increased 
with the increase in duration of the treatment. At the same treat-
ment time point, the inhibitory effect was enhanced with the 
increase in propranolol concentration. Therefore, propranolol 
hydrochloride suppressed liver cancer cell proliferation in a 
time and concentration dependent manner (Fig. 1C).

The proliferation ratio of HepG2 cells decreased after 18 h 
of treatment with 20 µmol/l propranolol (P<0.05) and after 
48 h of treatment with 40 or 80 µmol/l of propranolol (both 
P<0.05). The proliferation ratio of HepG2.2.15 cells decreased 
when the cells were treated with 40 µmol/l propranolol for 18 h 
(P<0.05), and when treated with 40 or 80 µmol/l of propranolol 
for 48 h (P<0.05). No inhibitory effect was observed following 
treatment with different propranolol concentrations for 48 h in 
HL-7702 cells.

Following the incubation of HepG2 and HepG2.2.15 cells 
with 160 µmol/l propranolol, and all three cell lines with 
320 µmol/l propranolol, the adherent cells visibly shrank 
and the microscopic observation revealed a large number of 
floating cells (data not shown); therefore, statistical analysis 
of the cell proliferation ratio was not performed in the present 
study at these doses of treatment.

Propranolol decreases the expression of β receptors for 
the three cell lines. The spatial distribution of ADRB1 and 
ADRB2 on HepG2, HepG2.2.15 and HL-7702 cells was 
measured by immunofluorescence. It was demonstrated that 

Figure 1. Propranolol hydrochloride treatment inhibits the proliferation of HepG2 and HepG2.2.15 cells. (A) Following 48 h of incubation with 80 µmol/l 
propranolol hydrochloride, the confluence of HepG2 cells was decreased, based on the analysis performed using the IncuCyte ZOOM live‑cell imaging and 
analysis system. Scale bar, 200 µm. (B) In HepG2 and HepG2.2.15 cells, the cell proliferation ratio was decreased at 48 h of incubation with 80 µmol/l 
propranolol. However, propranolol exhibited no effect on the proliferation ratio of HL-7702 cells. (C) Propranolol hydrochloride suppressed the proliferation of 
HepG2 and HepG2.2.15 cells in a time- and concentration-dependent manner, while the proliferation of HL-7702 cells remained unaltered. *P<0.05 vs. 0 µmol/l.
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ADRB1 and ADRB2 were expressed on the membrane of the 
three cell lines, and were more highly expressed on HepG2 
and HepG2.2.15 cells compared with HL-7702 cells (P<0.05). 
The expression of ADRB2 was higher than the expression of 
ADRB1 on all cell lines (all P<0.05; Fig. 2A and B).

Propranolol (40 µmol/l; the lowest that inhibited the 
proliferation of HepG2 and HepG2.2.15 cells) was added 
to HepG2, HepG2.2.15 and HL-7702 cells, and the altera-
tions in the expression of β receptors on the membranes of 
the three cell lines were observed. The results demonstrated 
that treatment with propranolol decreased the expression of 
ADRB1 and ADRB2 on HepG2 and HepG2.2.15 cells (all 
P<0.05), while only the expression of ADRB2 was decreased 
on HL-7702 cells (P<0.05). The decrease in the expression of 

ADRB2 on the three cell lines was more pronounced than the 
expression of ADRB1 (Fig. 2C).

The protein expression of ADRB1 and ADRB2 in HepG2 
and HepG2.2.15 cells decreased following treatment with 
40 and 80 µmol/l propranolol for 48 h, as demonstrated using 
western blotting (Fig. 2D). As propranolol treatment most 
markedly decreased the level of ADRB2 protein, the ADBR2 
mRNA expression level was determined by RT-qPCR. 
Following incubation with propranolol for 48 h, the relative 
ADRB2 mRNA level decreased in the liver cancer cells, but 
not in HL-7702 cells (Fig. 2E).

Propranolol affects the rate of apoptosis in liver cancer cell 
lines. The effect of propranolol on the apoptotic morphology 

Figure 2. Inhibitory effect of PPL on the proliferation of liver cancer cells by the inhibition of ADRB2. (A) ADRB1 and ADRB2 were localized on the cell 
membrane of the three cell lines, as demonstrated by immunofluorescence. Scale bar, 50 µm. (B) The expression of ADRB1and ADRB2 on HepG2 and 
HepG2.2.15 cells was higher than HL-7702 cells. The expression of ADRB2 was higher than ADRB1 on all three cell lines. (C) PPL decreased the expression 
of ADRB1 and ADRB2, particularly ADRB2, on liver cancer cells, as demonstrated by immunofluorescence. (D) PPL treatment decreased the expression of 
ADRB1 and 2 in liver cancer cells, as demonstrated by western blotting. (E) ADRB2 mRNA expression was determined with reverse transcription-quantitative 
polymerase chain reaction. PPL decreased ADRB2 expression in a concentration-dependent manner in the HepG2 and HepG2.2.15 cells. *P<0.05. PPL, 
propranolol hydrochloride; ADRB1, adrenergic receptor β-1; ADRB2, adrenergic receptor β-2.
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Figure 3. PPL treatment induced the apoptosis of HepG2 and HepG2.2.15 cells. (A) Representative DAPI staining images of HepG2 cells cultured with or 
without PPL for 48 h. The nuclei of HepG2 without PPL treatment (the control) were homogeneously stained and regularly shaped. Following treatment with 
PPL, the HepG2 cells demonstrated the characteristics of stage I apoptosis; the nuclei of HepG2 cells were corrugated and chromatin condensation was visible. 
In stage IIa, the nuclei displayed chromatin condensation and marginalization. In stage IIb, the nuclei of HepG2 cells were cleaved and apoptotic bodies 
were formed. The white arrow indicates an apoptotic body. Scale bar, 25 µm. (B) Representative images of the Hoechst 33342/PI double staining of HepG2 
cells cultured with different concentrations of PPL for 48 h. Incubation with 80 µmol/l PPL induced the Hoechst 33342 (blue) and PI (red) staining of HepG2 
cells, which was visibly increased compared with 0 µmol/l PPL. Scale bar, 50 µm. (C) PPL increased the rate of apoptosis for HepG2 and HepG2.2.15 cells, 
while it exhibited no significant effect on the apoptosis of HL‑7702 cells, as demonstrated by flow cytometry. Q1, Annexin V‑FITC-/PI+, necrotic cells; Q2, 
Annexin V-FITC+/PI+, late apoptotic cells; Q3, Annexin V-FITC-/PI-, viable cells; Q4, Annexin V-FITC +/PI-, early apoptotic cells. The apoptotic rate was 
calculated based on the sum of quadrants 2 and 4, which included all Annexin V-FITC+ cells. *P<0.05. (D) In HepG2 and HepG2.2.15 cells treated with 
different concentrations of PPL for 48 h, the expression of full-length caspase3 decreased, and expression of the PARP fragment (89 kDa) increased, as 
demonstrated by western blotting. PPL, propranolol hydrochloride; PI, propidium iodide; PARP, poly (ADP-ribose) polymerase. *P<0.05.
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of liver cancer cells was observed under a microscopeby 
staining the nuclei with DAPI and Hoechst 33342/PI. The 
HepG2 cells treated with propranolol for 48 h demonstrated 
alterations in their nuclear chromatin that represented each 
stage of apoptosis, including stages I, IIa and IIb, and the 
formation of apoptotic bodies, suggesting that treatment 
with propranolol could induce apoptosis in liver cancer cells 
(Fig. 3A). Following Hoechst 33342/PI double staining, the 
number of apoptotic cells (strong blue staining) increased with 
the increase in propranolol concentration, indicating that the 
apoptosis of HepG2 cells occurred following the incubation 
with propranolol for 48 h (Fig. 3B).

Furthermore, Annexin V-FITC/PI double staining was used 
to quantitatively measure the rate of apoptosis. Cells incubated 
with 0, 40 and 80 µmol/l propranolol for 48 h were subjected to 
flow cytometry detection. It was demonstrated that 80 µmol/l 
propranolol increased the rate of apoptosis of the HepG2 and 
HepG2.2.15 cell lines (both P<0.05), while it exerted no influ-
ence on the apoptotic rate of HL-7702 cells (Fig. 3C). The same 
gate could not be used for all flow cytometry apoptosis assays 
due to alterations in the size and morphology of cells following 
the incubation with propranolol, particularly 160 µmol/l 
propranolol. Instead, a positive control was used in each 
sample to adjust the position of the gate. The location on the 
X-axis and Y-axis were then adjusted on the basis of the posi-
tive control data.

Following incubation with 40 and 80 µmol/l propranolol 
for 48 h, the extent of PARP cleavage increased, whereas the 

expression of full-length caspase 3 (35 kDa) decreased in HepG2 
and HepG2.2.15 cells (Fig. 3D). These results indicated that 
propranolol may have induced the apoptosis of liver cancer cells 
by promoting caspase-associated signaling.

Effect of treatment with propranolol on the cell cycle 
distribution of the three cell lines. Propranolol was demon-
strated in the present study to promote the apoptosis of 
liver cancer cells. Subsequently, flow cytometry and PI 
staining were used to investigate whether cell cycle arrest 
occurred during propranolol-induced liver cancer cell apop-
tosis. It was demonstrated that the treatment of HepG2 and 
HepG2.2.15 cells with 40 or 80 µmol/l propranololincreased 
the proportion of cells in S-phase (all P<0.05), suggesting an 
S-phase arrest during the cell cycle. However, the incubation 
of HL-7702 cells with propranolol led to an increase in the 
number of G0/G1 phase cells (both P<0.05), suggesting that 
cells were arrested at the G0/G1 phase of the cell cycle (Fig. 4).

Discussion

Recent studies have indicated that propranolol hydrochlo-
ride treatment may reduce the progression, metastasis and 
recurrence of various tumors, and therefore reduce the 
tumor-associated mortality rate, through the inhibition of β 
receptors (14-16), which may be suitable as a novel clinical 
adjuvant therapy against tumors (17). However, there is limited 
data regarding the anti-tumor effect of propranolol in liver 

Figure 4. PPL treatment induced S phase arrest in liver cancer cells. The treatment of HepG2 and HepG2.2.15 cells with PPL induced a gradual increase in the 
proportion of cells in S-phase, indicating that the cell cycle was arrested in the S phase. However, the culture of HL-7702 cells with PPL resulted in a gradual increase 
in the percentage of G0/G1 phase cells, indicating that the cell cycle was arrested in the G0/G1 phase. PPL, propranolol hydrochloride; PI, propidium iodide. *P<0.05.
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cancer cells. The present study demonstrated that propranolol 
inhibited liver cancer cell proliferation by inhibiting the 
expression of ADRB2 and inducing apoptosis by activating 
caspase-associated signaling.

A previous meta-analysis reported that β receptor blockers 
reduced the mortality rate of patients with liver cirrhosis. One 
potential explanation for this effect is the reduction in gastro-
intestinal bleeding by β receptor blockers; another possible 
explanation is a reduction in the incidence of liver cancer (18). 
It was also demonstrated that propranolol reduced the 10-year 
cumulative incidence of liver cancer in patients with hepatitis 
C-associated cirrhosis (19). Liver cancer in patients in China 
primarily develops from hepatitis B virus (HBV)-associated 
liver cirrhosis and is frequently accompanied by an increase in 
α-fetoprotein levels (20-22). The HepG2 cell line, the parental 
cell line of HepG2.2.15, has been reported to be misidentified; 
it was originally identified as a hepatocellular carcinoma cell 
line, but was later revealed to be derived from a hepatoblas-
toma (23). Hepatoblastoma is a tumor that originates from cells 
in the liver. At present, HepG2 is widely used to study liver 
cancer in vitro. Therefore, the present study was performed 
with HepG2 (which secretes α-fetoprotein) and HepG2.2.15 
(which expresses HBV antigen and secretes complete HBV 
particles) cells, as well as the human normal liver cell line 
HL-7702, to investigate the anti-tumor effect of propranolol.

It was initially demonstrated in the present study that β 
receptors were localized on the cell membrane of the liver 
cancer cell lines and were more highly expressed in liver 
cancer cells compared with normal liver cells, and the expres-
sion was reduced by treatment with propranolol. Previous 
studies have reported that the expression of β receptors in liver 
cancer patients was elevated, particularly ADRB2 (24,25). The 
results of the present study are therefore consistent with the 
results of previous in vitro and in vivo studies. Propranolol, 
as a nonselective receptor blocker, primarily affects ADRB2, 
with a lesser effect on ADRB1 (26), suggesting an anti-tumor 
effect of propranolol. The results of the present study demon-
strated that propranolol reduced the expression of the ADRB2 
receptor on the liver cancer cell membranes to a greater extent 
than the expression ofADRB1, suggesting that ADRB2 may 
serve a more important role in liver cancer. Previous studies 
indicated that the ADRB2 receptor may be a prognostic 
indicator for liver cancer (27), and that the ADRB2 receptor 
signaling pathway is associated with liver cancer cell prolif-
eration and autophagy (28), while the underlying mechanisms 
remain to be elucidated.

Furthermore, the present study confirmed that propranolol 
inhibited the proliferation of HepG2 and HepG2.2.15 cells. 
The inhibitory effect of propranolol on liver cancer cells was 
enhanced with a prolonged duration of treatment or an increase 
in propranolol concentration. A previous study demonstrated 
that propranolol inhibited the proliferation, invasion and 
migration of MCF7, HT-29 and HepG2 cells (26). However, 
since propranolol inhibited tumor cell proliferation, it was 
necessary to ensure that the drug did not affect normal cell 
function while inhibiting tumor cell proliferation. Therefore, 
the determination of the optimal dose of propranolol is neces-
sary in cellular and clinical studies. The effect of propranolol 
was studied with eight different concentrations, ranging from 
2.5 to 320 µmol/l. The results demonstrated that propranolol 

at low concentrations demonstrated no significant influence on 
cell proliferation and that propranolol at the highest concen-
trations led to cell death. Treatment with 40 and 80 µmol/l 
propranolol demonstrated significant inhibitory effect on 
HepG2 and HepG2.2.15 cells while demonstrating no influ-
ence on normal liver cells.

Furthermore, the present study confirmed that propranolol 
induced apoptosis of HepG2 and HepG2.2.15 cells and 
resulted in the S-phase arrest of these cells. A previous study 
demonstrated that propranolol induced cell cycle arrest and 
cell apoptosis in melanoma cells (29). It was also identified 
in the present study that propranolol induced morphological 
alterations in the nuclei of liver cancer cells during the process 
of apoptosis, and stimulated the formation of apoptotic bodies. 
The apoptotic rate of liver cancer cells increased with the 
increase in the concentration of propranolol, while the drug did 
not affect the apoptotic rate of HL-7702 cells. Furthermore, it 
was demonstrated that propranolol induced the apoptosis of 
liver cancer cells by promoting caspase-dependent signaling, 
which may provide a direction for further research. Anti-tumor 
drugs include cell cycle‑specific and cell cycle‑non‑specific 
drugs; the data of the present study demonstrated that the 
effect of propranolol on liver cancer cells is cell cycle‑specific, 
and led to a significant increase in the percentage of HepG2 
and HepG2.2.15 cells in the S phase, indicating that cells 
were arrested at the S phase. Clinically, commonly available 
anti‑tumor drugs that affect S phase progression include fluo-
rouracil and methotrexate. Whether the anti-tumor effect of 
propranolol is also achieved by targeting the S phase requires 
further investigation.

The above results indicate that 80 µmol/l is the optimum 
dose of propranolol for studying anti-tumor effects in liver 
cancer cells. Propranolol at 80 µmol/l inhibited cell prolif-
eration and induced apoptosis to the greatest extent without 
affecting the biological function of HL-7702 cells.

HepG2.2.15 cells demonstrated greater resistance 
to propranolol compared with the HepG2 cells. The 
HepG2.2.15 cell line expresses the HBV antigen and secretes 
complete HBV particles, and therefore can serve as a cellular 
model for HBV-associated liver cancer. The present study 
demonstrated that the proliferation ratio of HepG2 and 
HepG2.2.15 cells started to significantly decline following 
treatment with 20 and 40 µmol/l propranolol, respectively. 
Microscopic observation demonstrated that the alterations in 
HepG2.2.15 were not as evident as in HepG2 cells following 
incubation with the same concentration of propranolol. 
Compared with HepG2 cells, the decrease in expression of 
ADRB2 and the apoptotic rate were lower in HepG2.2.15 
cells following the incubation with propranolol (P<0.05). 
HepG2.2.15 cells required a larger dose of propranolol to 
induce the same effect as in HepG2 cells. Future studies 
should aim to determine whether HepG2.2.15 cells are more 
resistant to propranolol due to the HBV infection, whether an 
increased dose of propranolol will be required when treating 
HBV-associated liver cancers in patients, and whether the 
use of anti‑HBV drugs could reduce the difficulty in treating 
HBV-associated liver cancer.

There are certain limitations associated with the present 
study; although it was demonstrated that propranolol could 
inhibit the proliferation of liver cancer cells and induce their 
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apoptosis, and that the apoptosis induced by propranolol 
maybe activated by caspase-dependent signaling, the mecha-
nism underlying the anti-tumor effect of propranolol was not 
elucidated. Therefore, the mechanisms of the anti-tumor effect 
of propranolol should be elucidated in future studies.

In conclusion, the expression of β receptors, primarily 
ADRB2, in HepG2 and HepG2.2.15 cells was markedly 
higher than in HL-7702 cells; this was reduced by treat-
ment with propranolol. Propranolol inhibited proliferation, 
and induced apoptosis and S-phase arrest in liver cancer 
cells. Further investigation of the role of the inhibition of β 
adrenergic receptor signaling in liver cancer cells is required. 
The possible mechanisms underlying the anti-tumor effect of 
propranolol and the pathogenesis of liver cancer need to be 
elucidated to provide novel insights into the development of 
adjuvant therapies for liver cancer.
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