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Amantadine inhibits cellular proliferation and induces
the apoptosis of hepatocellular cancer cells in vitro
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Abstract. Hepatocellular carcinoma (HCC) is one of the most
aggressive malignancies worldwide, and its incidence associated
with viral infection has increased in recent years. Amantadine is
a tricyclic symmetric amine that can effectively protect against
the hepatitis C virus. However, its antitumor properties remain
unclear. In the present study, the effects of amantadine on tumor
cell viability, cell cycle regulation and apoptosis were investi-
gated. The growth of HepG2 and SMMC-7721 cells (HCC cell
lines) was detected by an MTT assay. Flow cytometry was used
to investigate cell cycle regulation and apoptosis. Reverse tran-
scription-quantitative polymerase chain reaction and western
blot analysis were also performed to examine the expression of
cell cycle- and apoptosis-related genes and proteins, including
cyclin E, cyclin D1, cyclin-dependent kinase 2 (CDK?2), B-cell
lymphoma 2 (Bcl-2) and Bax. Our results demonstrated that
amantadine markedly inhibited the proliferation of HepG2
and SMMC-7721 cells in a dose- and time-dependent manner
and arrested the cell cycle at the GO/G1 phase. The levels of
the cell cycle-related genes and proteins (cyclin D1, cyclin E
and CDK?2) were reduced by amantadine, and apoptosis was
significantly induced. Amantadine treatment also reduced Bcl-2
and increased the Bax protein and mRNA levels. Additionally,
Bcl-2/Bax ratios were lower in the two HCC cell lines following
amantadine treatment. Collectively, these results emphasize
the role of amantadine in suppressing proliferation and
inducing apoptosis in HCC cells, advocating its use as a novel
tumor-suppressive therapeutic candidate.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most widespread
human cancer worldwide and the third most frequent cause

Correspondence to: Professor Jun Zhou, Department of Pharma-
cology, Xi'an Jiaotong University Health Science Center, 76 Yanta
West Road, Xi'an, Shaanxi 710061, P.R. China

E-mail: jzhou829@126.com

Key words: amantadine, hepatocellular carcinoma, cell viability,
cell cycle, apoptosis

of cancer-related mortality (1). HCC largely stems from hepa-
titis B viral (HBV) and hepatitis C viral (HCV) infections,
together with other risk factors, such as aflatoxin, cirrhosis,
alcohol consumption, non-alcoholic fatty liver disease,
diabetes and tobacco. Considerable evidence has shown that
the incidence of HCC in association with viral infection has
increased in recent years. Among the viral infections, HCV
was attributed to ~33% of total liver cancer studies in devel-
oping countries and ~20% of cancers reported in developed
countries (2-5). Surgical therapies, such as hepatectomy and
liver transplantation, are only effective for early stage HCC,
and systemic chemotherapy remains the main approach for
the majority of patients. However, current chemotherapeutics
and associated therapies, including antitumor antibiotics,
hormones, alkylating and antimetabolic agents, have a low
specificity for tumor cells, thereby causing adverse reactions
and resulting in drug resistance, which restricts their use.
Antiviral treatments can improve liver function and reduce
the occurrence of liver disease in advanced stages to improve
conditions for comprehensive therapy (6). Therefore, antiviral
therapy may be a novel strategy for the treatment of HCC.

The tricyclic symmetric amine amantadine is an antiviral
drug used to treat influenza A, which blocks the M2 proton
channel and inhibits viral reproduction. Amantadine can also
treat Parkinson's disease by increasing the release of dopa-
mine or postponing dopamine metabolism (7-10). Previous
studies have indicated that amantadine has a protective role
in mitochondrial dysfunction and oxidative stress mediated
by HCV protein expression and treats chronic HCV infection
by inhibiting p7 cation channel activity (11,12). Additionally,
emerging evidence suggests that antiviral treatments can
reduce the risk and prolong the survival rate of HCC patients
with chronic hepatitis B and C (13,14). With regards to these
findings, antiviral treatments, such as amantadine, represent
novel therapeutic approaches for HCC.

The aim of the present study was to determine whether
amantadine exerts significant anticancer effects on HCC cells
and elucidate the mechanisms by which it produces these effects.
Therefore, the effects of amantadine on cell cycle-related genes
and proteins, including cyclin D1, cyclin E and CDK?2, and apop-
tosis via modulation of Bax and Bcl-2 were investigated. Results
of the present study will help to validate whether amantadine can
be used as a novel therapeutic agent for treatment of liver cancer.
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Materials and methods

Cell lines and reagents. Human HCC cell lines (HepG2 and
SMMC-7721) and normal hepatocellular cells (LO2 cells) were
obtained from the Key Laboratory of Environment and Gene
Related to Diseases, Ministry of Education (Xi'an Jiaotong
University Health Science Center, Xi'an, China). HepG2 and
SMMC-7721 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM), while LO2 cells were cultured in
RPMI-1640 (both from HyClone, Logan, UT, USA). DMEM
and RPMI-1640 were supplemented with 10% inactivated
fetal bovine serum and 1% penicillin/streptomycin (both
from HyClone). Cells were incubated in a 37°C humidified
atmosphere with 5% CO,. Amantadine hydrochloride was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell growth assay. Cell viability was determined using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma-Aldrich, USA) colorimetric assay. HepG2,
SMMC-7721 and LO2 cells were seeded in 96-well plates
(5x10? cells/well) and treated with various concentrations of
amantadine (0, 1, 2, 5, 10, 25, 50 and 100 pg/ml) for 24, 48
and 72 h. At the end of the treatment, 20 1 of a 5 mg/ml MTT
solution was added to each well and incubated with cells for
4 h at 37°C. Dimethyl sulfoxide (150 pl; Sigma-Aldrich) was
added to dissolve the formazan crystals, and the absorbance at
490 nm was recorded using a Microplate Reader (FLUOstar
OPTIMA; BMG Labtech, Offenburg, Germany) to calculate
cell viability.

Cell cycle analysis. Cell cycle analysis was performed by
propidium iodide (PI) staining according to the manufacturer's
instructions (KeyGEN, Nanjing, China). Cells were seeded
in 6-well plates (2x10° cells/well) and treated with various
concentrations of amantadine (0, 10, 25, 50 and 75 pg/ml) for
48 h. Cells were subsequently harvested and washed with cold
phosphate-buffered saline (PBS) followed by fixing in cold
70% ethanol overnight at 4°C. The next day, fixed cells were
washed with cold PBS and incubated with 100 1 RNaseA
(100 pg/ml) for 30 min at 37°C. Cells were subsequently
stained with 400 pl PI for 30 min at 4°C in the dark. Stained
cells were examined by flow cytometry (Becton-Dickinson,
Franklin Lakes, NJ, USA).

Apoptosis assay. Double staining with Annexin V-fluorescein
isothiocyanate (FITC) and PI was used to assess cellular
apoptosis using an apoptosis detection kit (BD Bioscience,
Franklin Lakes, NJ, USA). HepG2 and SMMC-7721 cells were
incubated with various concentrations of amantadine (0, 10,
25,50 and 75 pg/ml) for 48 h and were collected by centrifuga-
tion at 100 x g for 5 min and washed with ice-cold PBS. Cells
were resuspended in 100 u1 1X binding buffer and mixed with
5 ul of Annexin V-FITC and 5 ul of PI for 15 min at room
temperature (RT) in the dark. Another 400 pl of 1X binding
buffer was added to samples for flow cytometry analysis
(Becton-Dickinson).

Western blotting. Cell cycle and apoptosis-related proteins were
evaluated by western blot analysis. Anti-Bax (Cat. no.ab32503),
anti-cyclin D1 (Cat. no. ab134175), anti-cyclin E
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(Cat. no. ab33911) and anti-CDK?2 (Cat. no. ab32147) primary
antibodies were purchased from AbCam (Cambridge,
MA, USA), while anti-Bcl-2 (Cat. no. GTX100064) and
anti-f-actin (Cat. no. CW0096) primary antibodies were
purchased from GeneTex (Wuhan, China) and CW Biotech
(Beijing, China) respectively. Horseradish peroxidase-conju-
gated goat anti-mouse (Cat. no. ZB2305) and anti-rabbit
(Cat. no. ZB2301) secondary antibodies were obtained from
Zsbio (Beijing, China). All antibodies were diluted with
5% skimmed milk in PBS containing 0.1% Tween-20. HepG2
and SMMC-7721 cells were exposed to different concentra-
tions of amantadine (0, 10, 25, 50 and 75 pg/ml) for 48 h
prior to collection. Cellular protein samples were separated
on a 12% sodium dodecyl sulfate-polyacrylamide gel and
wet transferred to polyvinylidene fluoride membranes. Blots
were blocked with 5% skimmed milk in PBS containing
0.1% Tween-20 for 2 h and were subsequently probed with
the appropriate primary antibody overnight at 4°C. The next
day, blots were washed with PBS containing 0.1% Tween-20
and were incubated with horseradish peroxidase-conjugated
goat anti-mouse or anti-rabbit immunoglobulin G (1:5,000)
for 1 h at room temperature. Proteins were detected with
ECL™ western blot detection reagents (Millipore, Darmstadt,
Germany) according to the manufacturer's instructions.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR) assay. Total RNA was extracted from HepG2
and SMMC-7721 cells following amantadine treatment (0O,
10, 25, 50 and 75 pg/ml) for 48 h using an RNA Fast 200 kit
(Pioneer Biotechnology, Inc., Shanghai, China); cDNA was
obtained using a cDNA synthesis kit (Takara, Shiga, Japan).
Primer sequences were as follows: Bcl-2 forward, 5'-CCG GAT
CAC CAT CTG AAG AG-3' and reverse, 5'-AGG GCA AAG
AAA TGC AAG TG-3'; Bax forward, 5'-ATG GGC TGG
ACA TTG GAC-3' and reverse, 5'-GGG ACA TCA GTC GCT
TCA GT-3'; cyclin D1 forward, 5'-GTG TAT CGA GAG GCC
AAA GG-3' and reverse, 5'-GCA ACC AGA AAT GCA CAG
AC-3'; cyclin E forward, 5'-CTG GAT GTT GAC TGC CTT
GA-3' and reverse, 5'-ATG TCG CAC CAC TGA TAC CC-3
CDK2 forward, 5'-CAG GAT GTG ACC AAG CCA GT-3'
and reverse, 5'-TGA GTC CAA ATA GCC CAA GG-3'; and
GAPDH forward, 5-AGG TCC ACC ACT GAC ACG TT-3'
and reverse, 5'-GCC TCA AGA TCA TCA GCA AT-3". The
RT-gPCR reaction mixtures were prepared following the manu-
facturer's instructions (Takara) and performed using a Bio-Rad
iQ5 real-time PCR system. Experiments were performed in
triplicate, and the data were calculated using the AACt method.

Statistical analysis. The data are expressed as mean + stan-
dard error of the mean and were analyzed using one-way
analysis of the variance followed by least significant difference
correction for multiple comparisons tests. All the figures were
generated using GraphPad Prism v.5.01 (GraphPad Software
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Amantadine selectively inhibits HCC cell growth. To detect the
anti-proliferative effect of amantadine, HepG2, SMMC-7721
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Figure 1. Effects of amantadine on cell growth. (A-C) Cell viability assay (MTT) after 24,48 or 72 h exposure of human hepatocellular carcinoma cells HepG2
and SMMC-7721 and normal hepatocellular cells (L02) to various concentrations of amantadine. (D) Viability of HepG2, SMMC-7721 and LO02 cells after
48 h incubation with different concentrations of amantadine. All the data are representative of at least three independent experiments with similar results.

and LO2 cells were treated with a variety of amantadine
concentrations (0, 1, 2, 5, 10, 25, 50 and 100 pg/ml) for 24,
48 and 72 h, and were analyzed by the MTT assay. Although
amantadine reduced the viability of HepG2, SMMC-7721 and
LO02 cells, this reduction was greater in the HCC cells (HepG2
and SMMC-7721) compared to the control (L02) cells (Fig. 1).
Amantadine inhibited cellular proliferation in a time- and
dose-dependent manner in HepG2 and SMMC-7721 cells.
Following 48 or 72 h amantadine exposure, cell growth was
significantly inhibited relative to 24 h treatment. These results
indicated that amantadine may be a promising therapeutic
agent for HCC.

Amantadine induces GO/G1 phase cell cycle arrest. The effect
of amantadine on cell cycle distribution was examined by flow
cytometry to investigate the mechanisms by which it reduced
tumor cell viability. Incubation with 10, 25, 50 and 75 pg/ml
amantadine for 48 h significantly increased the population
of HepG2 and SMMC-7721 cells in the GO/G1 phase in a
dose-dependent manner. Amantadine (10,25, 50 and 75 ug/ml)
treatment led to a significant decrease in the number of HepG2
cells in the S phase (Fig. 2). In addition, the population of
SMMC-7721 cells in the S phase was markedly decreased at
25,50 and 75 pg/ml amantadine (Fig. 3).

Amantadine induces apoptosis of HCC cells. In order to
investigate whether amantadine had an effect on cellular

apoptosis, its potential proapoptotic activity was examined
in HepG2 and SMMC-7721 cells by flow cytometry using
Annexin V-FITC and PI staining. After 48 h exposure to 0,
10, 25, 50 or 75 ug/ml amantadine, the percentage of apop-
totic HepG2 and SMMC-7721 cells (early- and late-stage
apoptosis) markedly increased in a dose-dependent manner.
Following amantadine treatment at 10 to 75 yg/ml for 48 h, the
percentages of apoptotic cells were markedly increased from
8.4% in non-treated control cells to 10.9, 13.1, 20.7 and 27.5%
in HepG2, respectively (Fig. 4). In SMMC-7721 cells, the
apoptosis index increased from 6.7% in non-treated control
cells,to 7.6, 13.1, 21.1 and 31.9% in the amantadine-pretreated
cells (10, 25, 50 and 75 ug/ml, respectively) (Fig. 5).

Amantadine regulates the expression of cell cycle- and
apoptosis-related proteins and genes. To further define the
effects of amantadine on cell cycle regulation and apoptosis,
the expression levels of the genes (Fig. 6) and proteins (Fig. 7)
involved in cell cycle regulation and the apoptosis pathway
were examined in HepG2 and SMMC-7721 cells. The
cyclin E-CDK?2 complex and cyclin DI are critical regula-
tory factors in the G1/S phase cell cycle transition. After 48 h
incubation with amantadine, HepG2 and SMMC-7721 cells
showed downregulation of cyclin D1, cyclin E and CDK2
in comparison to the control group. The cyclin DI, cyclin E
and CDK?2 genes were similarly decreased compared to the
control. These results confirmed the flow cytometry results
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Figure 2. Amantadine promotes cell cycle arrest in HepG2 cells. (A) Cell cycle examination of HepG2 cells treated with various concentrations of amantadine
for 48 h. (B) Data of HepG2 cells are presented as the percentage distribution of a specific phase. All the data are representative of at least three independent
experiments with similar results (n=3, mean + standard error of the mean). "P<0.05 and “"P<0.01 vs. control.
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Figure 3. Amantadine promotes cell cycle arrest in SMMC-7721 cells. (A) Cell cycle examination of SMMC-7721 cells treated with various concentrations of
amantadine for 48 h. (B) Data of SMMC-7721 cells are presented as the percentage distribution of a specific phase. All the data are representative of at least
three independent experiments with similar results (n=3, mean + standard error of the mean). "P<0.05 and “P<0.01 vs. control.

demonstrating the amantadine-induced GO0/G1 phase cell Western blotting was used to validate the changes in the
cycle arrest. protein levels of apoptotic regulators Bcl-2 (antiapoptotic)
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Figure 4. Amantadine induces apoptosis in HepG2 cells. (A) Apoptosis of HepG2 cells treated with various concentrations of amantadine for 48 h. (B) Data
summary and analysis of the apoptotic index in HepG2 cells. Q1, necrosis; Q2, late-stage apoptosis; Q3, healthy cells; Q4, early-stage apoptosis. All the data
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. 25 pg/ml

A 0 " 10 pg/ml
2 2

10 10 102 10
AnnexinV FITC Annexin V FITC

" 75 pg/ml
: bt SMMC-7721
© L] E 40-
273 29 @
3 g 301
-
=T T £ =
a3y, 2 10'
E! % 101
<
0-
% 0 10 25 50 75
" 10! 102 108 10t 0 1 1 Amantadine hydrochloride
Annexin V FITC Annexin V FITC

concentration (pg/ml)

Figure 5. Amantadine induces apoptosis in SMMC-7721 cells. (A) Apoptosis of SMMC-7721 cells treated with various concentrations of amantadine for 48 h.
(B) Data summary and analysis of the apoptotic index in SMMC-7721 cells. Q1, necrosis; Q2, late-stage apoptosis; Q3, healthy cells; Q4, early-stage apoptosis. All
the data are representative of at least three independent experiments with similar results (n=3, mean + standard error of the mean). “P<0.01 vs. control.

and Bax (proapoptotic); downregulation of the Bcl-2/Bax  for 48 h. In addition, RT-qPCR revealed an increase in Bax
ratio is a known molecular switch initiating apoptosis. The and decrease in Bcl-2 genes. Thus, the Bcl-2/Bax ratios in
results showed that a decrease in Bcl-2 levels was accompa-  HepG2 and SMMC-7721 cells were lower compared to the
nied by an increase of Bax levels in HepG2 and SMMC-7721  control cells, suggesting induction of apoptosis by amanta-
cells treated with amantadine (0, 10, 25, 50 and 75 yg/ml)  dine.
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ments with similar results (n=3, mean =+ standard error of the mean).

Discussion

To the best of our knowledge, this is the first study to inves-
tigate the anticancer effects of amantadine on HCC in vitro.
Amantadine could exert its antitumor properties by markedly
inhibiting cellular proliferation and inducing apoptosis in the
HCC cell lines (HepG2 and SMMC-7721), with less prolifera-
tive inhibition of normal hepatocellular (L02) cells. Further
studies revealed that amantadine could inhibit cell growth
by modulating cyclin D1, cyclin E and CDK2 and inducing
apoptosis via regulation of Bax and Bcl-2.

The development and progression of HCC is a multistage
process involving regulation of genes that are crucial to cell
cycle control, cell growth, apoptosis and cell migration (15).
Transformation and uncontrolled cell growth caused by cell
cycle dysregulation are some of the fundamental biological
features of malignancy. The cell cycle is regulated by signaling
pathways mediated by different cyclins and CDKs. Cyclins
positively regulate cell cycle progression and function by
forming a complex with CDKs (16). Cyclin D1 acts as a growth
sensor and provides a link between mitogenic stimuli and the
cell cycle. Mutated cyclin D1 expression has been identified in
numerous human cancers (17,18). Cyclin E is one of the main
limiting factors of G1/S phase transition, which has a crucial
role in cellular proliferation; overexpression of cyclin E can
accelerate G1 phase procession of the cell (19). CDK2 is a

Ser/Thr kinase and CDK2 induces downstream processes
by phosphorylating selected proteins during G1/S phase
transition. Cyclin E complexes with CDK?2 to regulate the
progression of cells from GI into the S phase (17). In the
present study, flow cytometric analysis clearly revealed that
amantadine significantly arrested the two HCC cell lines in
the GO/G1 phase. Furthermore, western blotting and RT-qPCR
demonstrated that the amantadine-induced GO/G1 phase cell
cycle arrest was closely associated with a marked downregula-
tion in the protein and gene levels of cyclin E, cyclin D1 and
CDK2, suggesting that inhibiting proliferation is a main anti-
cancer mechanism of amantadine.

Apoptosis is essential to cell growth and has an important role
in oncogenesis. Apoptosis has long been regarded as a barrier to
carcinogenesis (20) and its induction is crucial to the suppression
of tumorigenesis. The present study showed that amantadine
markedly increased the percentage of apoptotic cells in the two
HCC cell lines. Bcl-2 (antiapoptotic) and Bax (proapoptotic) are
two critical regulators of cellular apoptosis (21). Overexpression
of Bcl-2 results in apoptotic resistance, whereas overexpression
of Bax increases apoptosis. The ratio of Bcl-2/Bax is vital for
determining whether cells undergo apoptosis (22-24). In the
present study, Bcl-2 expression significantly decreased with
the increased expression of Bax following amantadine treat-
ment, thereby reducing the ratios of Bcl-2/Bax in HepG2 and
SMMC-7721 cells and further confirming the flow cytometry
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results. Thus, the present data indicate that amantadine induces
apoptosis by regulating the expression of Bcl-2 and Bax.

In conclusion, the present results revealed that the HCC cell
lines, HepG2 and SMMC-7721, were highly sensitive to growth
suppression by amantadine, which is associated with cell cycle
arrest and apoptosis induction. Amantadine exerts its anti-
cancer effects by downregulating the expression of cyclin E,
cyclin D1 and CDK?2, influencing cell cycle progression, and
inducing apoptosis by increasing the level of proapoptotic Bax
and decreasing antiapoptotic Bcl-2 levels. Thus, the present
study provides insight into a new prospective HCC therapeutic.
Further studies investigating amantadine suppression of tumor
cell proliferation and induction of apoptosis in vivo are clearly
warranted, in addition to examination of the precise mecha-
nisms associated with the antitumor effects of amantadine.
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