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Abstract. Ganoderic acid A (GA-A), a triterpenoid, has been 
demonstrated to suppress cell proliferation in various cancers, 
including breast cancer and osteosarcoma. However, its effect 
on human hepatocellular carcinoma (HCC) remains to be 
elucidated. The present study aimed to investigate the effect 
of GA-A on HCC cells in vitro. The HepG2 and SMMC7721 
human HCC cell lines were treated with differing concentra-
tions of GA-A for 24, 48 and 72 h. The cell growth rate, cell 
cycle and apoptosis, migration and invasion were determined 
using a Cell Counting Kit‑8, flow cytometry and transwell 
assays, respectively. The expression of apoptosis-associated 
proteins was detected via western blot analysis. GA‑A signifi-
cantly inhibited the proliferation of human HCC HepG2 and 
SMMC7721 cells in a dose-dependent manner. Furthermore, 
GA-A induced cell cycle arrest at the G0/G1 phase and apop-
tosis, and suppressed the migration and invasion of HCC cells. 
Furthermore, GA-A decreased the expression of cyclin D1 
and increased the expression of p21 and cleaved caspase-3. In 
conclusion, GA-A suppressed the proliferation of human HCC 
cells in vitro and may act as a promising natural therapeutic 
reagent in the treatment of HCC.

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause 
of cancer-associated mortality worldwide (1), and primarily 
results from chronic hepatitis, nonalcoholic fatty liver disease 
and other hereditary conditions (2). At present, surgical 
treatments, including liver resection and transplantation, are 
effective therapies for patients with early HCC (3). However, 
there is no effective therapeutic strategy for non-resectable 
HCC. Multiple chemotherapeutic drugs are extensively used 
in the treatment of HCC; however, neurotoxic adverse effects 

have resulted in their limited clinical application and efficacy. 
Therefore, the development of novel and effective agents with 
minimum adverse effects for the prevention and treatment of 
HCC is of primary concern.

Traditional Chinese Medicine (TCM) is used as effec-
tive cancer treatment in China (4,5). Ganoderma lucidum, 
which is a species of Basidiomycete, has been widely used in 
TCM for the prevention and treatment of a variety of human 
ailments, including hypertension, chronic hepatitis and immu-
nological disorders (6). The anticancer and immune properties 
of G. lucidum extracts result in the prevention of oxidative 
damage and disease (7). Ganoderic acids (GAs) are a class of 
triterpenoid extracts of G. lucidum, which are potential low-cost 
therapeutic candidates with a range of properties. At present, 
>130 GAs and associated derivatives have been isolated and 
identified from G. lucidum (8,9). These identified GAs have 
received increasing awareness due to their antitumor proper-
ties (10,11) and medicinal benefits (12), notably their potent 
toxicity to tumor cells. It has been reported that GA-X and GA-T 
may induce apoptosis in human hepatoma and lung cancer cells, 
respectively (13,14). A recent study additionally demonstrated 
that GA-Mf and GA-S induced apoptosis in human HeLa cells 
via a mitochondrial-mediated signaling pathway (15), and 
arrested the cell cycle in the G1 and S phases, respectively.

Consistent with the effects of GA-S, it was previously 
demonstrated that GA‑A significantly suppressed the growth 
and invasiveness of breast cancer cells via inhibition of tran-
scription factor activator protein-1 and nuclear factor-κB (16). 
In addition, GA-A inhibited cell proliferation, induced apop-
tosis and suppressed invasion in human osteosarcoma cells 
in vitro (17). Furthermore, purified GA‑A was demonstrated 
to exhibit a marked apoptotic effect on B-cell lymphoma cells 
with minimal toxicity to non-malignant B-cells (18). Various 
studies have demonstrated the underlying mechanisms 
involved in apoptosis induced by GA-A in cancer cell lines, 
including release of cytochrome c into the cytosolic compart-
ment, activity of caspase 3 and 9 and overexpression of B-cell 
lymphoma-2 associated X protein (18,19). In addition, GA-A has 
been demonstrated to enhance the chemosensitivity of HepG2 
cells to cisplatin via inhibition of the janus kinase/signal trans-
ducers and activators of transcription-3 signaling pathway. The 
underlying mechanisms of the bioactivity of purified GA‑A in 
HCC remain to be elucidated.

Therefore, the aim of the present study was to determine 
the effect of GA-A on human HCC cell proliferation, apoptosis 
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and invasion, and elucidate the mechanisms underlying these 
effects, which will aid in gaining a better understanding of the 
effects of GA-A so that it may be used as a natural, therapeutic 
anti-cancer reagent in the future.

Materials and methods

Reagents. GA-A and dimethyl sulfoxide (DMSO) were 
purchased from the State Center for Standard Substances 
(Beijing, China). The GA‑A was purified via high performance 
liquid chromatography to a purity >96% (20) and was dissolved 
in DMSO at the concentration of 50 mmol/l and stored at 4˚C. 
Primary antibodies against cyclin D1 (ab134175), caspase-3 
(ab2175), p21 (ab109520) and GAPDH (ab8245) were obtained 
from Abcam (Cambridge, UK).

Cell culture and treatment. The HepG2 and SMMC7721 
human HCC cells were obtained from the Cell Bank of The 
Chinese Academy of Sciences (Shanghai, China). HepG2 cells 
were cultured in minimum essential medium (MEM) supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). SMMC7721 cells 
were maintained in RPMI-1640 (Hyclone; GE Healthcare, 
Logan UT, UTA) supplemented with 10% FBS. These cells 
were incubated at 37˚C in a humidified atmosphere containing 
5% CO2. Subsequently, the cells of control group were treated 
with DMSO whereas HepG2 and SMMC7721 cells were 
exposed to 50, 100, 150, 200, 250 and 300 µmol/l GA-A for 
24 and 48 h (16). In addition, HepG2 and SMMC7721 were 
exposed to 100 and 75 µmol/l of GA-A for 24, 48 and 72 h.

Cell viability assay. To measure the effect of GA-A on cell 
viability, a Cell Counting kit-8 (CCK-8) assay was applied to 
HCC cells, as previously described (21). Cells were plated in a 
96-well plate (6,000 cells/well) and grew to 80% confluence. 
Following 24, 48 or 72 h drug stimulation (75 and 100 µmol/l), 
the optical density (OD) of each well was determined using a 
microplate reader at a wavelength of 450 nm following incu-
bation with 10 µl CCK‑8 solution for 2 h at 37˚C. The half 
maximal inhibitory concentration (IC50) value was calculated 
by nonlinear regression analysis using GraphPad Prism 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA). Each sample 
was analyzed in triplicate.

Flow cytometric analyses. HepG2 and SMMC7721 cells were 
treated with GA-A (100 and 75 µmol/l) respectively for 48 h. 
A total of 1.5x105 cells were seeded on 6 cm dishes in 1640 
antibiotic-free medium containing 10% FBS. For cell cycle 
analysis, the treated cells were collected and washed twice 
with cold phosphate buffered saline (PBS). Then, the cells 
were collected and fixed in 70% cold ethanol overnight at 4˚C, 
followed by incubation with 50 mg/l propidium iodide (PI) 
100 mg/l RNase A (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany), and 0.1% Triton X‑100 for 30 min at 37˚C in 
the dark. The cells were analyzed by a flow cytometer (BD 
FACSCalibur System, BD Biosciences, Franklin Lakes, NJ, 
USA).

For cell apoptosis analysis, cells were harvested, washed 
twice and resuspended with cold PBS. Then the cells were 
treated with 5 µl Annexin V/fluorescein isothiocyanate 

(FITC), and 10 µl PI solution, and incubated at room tempera-
ture for 10 min in the dark. The results were analyzed by flow 
cytometry (BD FACSCalibur System, BD Biosciences) and 
the experiments were performed in triplicate.

Western blot analysis. For western blot analysis, the cells were 
exposed to GA-A for 48 h. after GA-A treatment, Harvested 
cells were then washed and lysed in lysis buffer (1% NP40, 
20 mM Tris, 137 mM NaCl, 10% glycerol and 1 mM phenyl-
methyl sulfonyl fluoride). Whole cell lysates were extracted 
with 2X SDS lysis buffer containing 100 mM Tris-HCl 
(pH 6.8), 10 mM EDTA, 4% SDS and 10% glycine, and centri-
fuged at 13,000 x g for 30 min at 37˚C. Protein supernatant 
was collected via centrifugation at 15,000 x g for 15 min. 
Protein concentration was determined using the BCA protein 
assay. Each extract, containing ~30 µg protein was separated 
by SDS-PAGE on a 10% gel, and then transferred to polyvi-
nylidene fluoride membranes for 2 h at 300 mA. Subsequently, 
the membranes were incubated with the primary antibodies 
overnight at 4˚C following blocking with 5% non‑fat milk 
in Tris buffered saline (TBS) buffer with 0.05% Tween-20 
for 1 h at room temperature. The primary antibodies used 
were as follows: anti-p21 (1:1,000), anti-cyclin D1 (1:800), 
anti-Caspase-3 (1:1,000) and anti-GAPDH (1:1,500). The 
membranes were subsequently incubated with horseradish 
peroxidase-conjugated secondary antibodies (sc-2054; 
1:5,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 
for 2 h at room temperature. Immunodetection was performed 
using Super ECL Detection reagent (Applygen Technologies, 
Inc., Beijing, China) according to the manufacturer's protocol.

Transwell migration and invasion assay. A total of 2x106 
SMMC7721 and HepG2 cells were treated with GA-A (100 and 
75 µmol/l respectively), and were resuspended in serum-free 
Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher 
Scientific, Inc.) and seeded in the upper chamber. The lower 
chamber was filled with DMEM supplemented with 10% FBS 
at 37˚C in 5% CO2 for 24 h. Then, the cells remaining on 
the upper surface of the filter were removed, and those cells 
attached to the lower compartment were stained with 0.1% 
crystal violet (GenMed Scientifics Inc., Shanghai, China) at 
room temperature. The cells that had migrated through the 
membrane were visualized using an inverted microscope 
(Olympus Corporation, Tokyo, Japan). Migration was assessed 
by counting the number of stained cells from 10 random fields 
at x200 magnification. For the cell invasion assay, cells were 
treated with similar procedures, except that transwell inserts 
were matrigel-coated. The experiment was performed in 
triplicate.

Statistical analysis. All statistical data were analyzed 
using GraphPad Prism 6.0 software and expressed as the 
mean ± standard deviation. The differences between groups 
were evaluated by the two-tailed Student's t- test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GA‑A suppresses the cell viability of HCC cells. The CCK-8 
assay was used to measure cell growth and proliferation. As 
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presented in Fig. 1A, dose-associated inhibitory effects of 
GA-A were observed in HepG2 and SMMC7721 cells. The 
IC50 of GA-A for HepG2 at 24, 48 h was 187.6, 203.5 µmol/l, 
and that for SMMC7721 cells was 158.9 and 139.4 µmol/l, 
respectively. Based on these results, 100 and 75 µmol/l were 
chosen as the optimal cell treatment concentrations for HepG2 
and SMMC7721 cells, respectively. As presented in Fig. 1B, 
100 and 75 µmol/l GA‑A significantly inhibited the growth 
of HepG2 and SMMC7721 cells at 48 h (P<0.05) and 72 h 
(P<0.01), respectively. Following these observations, 100 and 
75 µmol/l GA-A for 48 h was selected as the optimal cell treat-
ment condition for the following assays.

GA‑A induces cell cycle progression arrest and cell apoptosis 
in HCC cells. The effects of GA-A on the HCC cell cycle 
progression were evaluated by flow cytometry analysis. As 
presented in Fig. 2A, HCC cells in two groups (control and 
GA‑A) were stained by PI and analyzed by fluorescence‑acti-
vated cell sorting. Statistical analysis indicated that the 
percentage of cells in the G0/G1 and G2/mitotic phase was 
increased in the GA-A group (48.56 and 21.93%, respectively), 
accompanied by a decrease in the S phase (29.51%) compared 
with control groups (43.43, 18.62 and 37.95%, respectively) in 
HepG2 cells (Fig. 2B). Additionally, a greater number of cells 
accumulated in the sub-G1 phase representing early apoptotic 
cells (Fig. 2C; P<0.01). Similar results were obtained for 
SMMC7721 cells (Fig. 2D and E).

Furthermore, flow cytometry was conducted in order to 
measure the apoptotic rate in HepG2 and SMMC7721 cells. 
As presented in Fig. 3A, Annexin V-FITC vs PI plots from the 
gated cells revealed the populations corresponding to viable 

(Annexin V-/PI-), necrotic (Annexin V-/PI+), early apoptotic 
(Annexin V+/PI-) and late apoptotic (Annexin V+/PI+) cells. 
Statistical analysis (Fig. 3B) indicated numbers of early 
apoptotic cells and late apoptotic cells were increased in the 
GA-A group, compared with control groups in HepG2 and 
SMMC7721 cells. These results suggested that GA-A induced 
cell cycle arrest and cell apoptosis.

To further investigate the mechanism underlying 
GA-A-induced suppressed cell growth, the altered expression 
of various cell cycle regulators and apoptotic markers was 
investigated in HCC cells. As presented in Fig. 4, the protein 
expression of cyclin D1 was decreased in HCC cells treated 
with GA-A. However, the expression levels of p21 and cleaved 
caspase-3 were upregulated in HCC cells treated with GA-A 
compared with controls.

GA‑A inhibits the migratory and invasive ability of HCC cells. 
To investigate the effect of GA-A on migratory/invasive capa-
bilities of HCC cells, a transwell migration/invasion assay was 
performed on HepG2 and SMMC7721 cells. As presented in 
Fig. 5A and B, the number of HepG2 and SMMC7721 cells that 
migrated through the membrane into the lower chamber was 
significantly decreased in GA‑A treatment groups compared 
with control (P<0.01). Similarly, GA‑A treatment significantly 
lowered the invasive cell number of HepG2 and SMMC7721 
cells compared with the control cells (Fig. 5C and D; P<0.01).

Discussion

GA-A is a bioactive component extracted from the traditional 
Chinese medicine TCM, Ganoderma lucidum, which has been 

Figure 1. Inhibitory effect of GA-A on the proliferation of HepG2 and SMMC7721 cells determined by a Cell Counting Kit-8 assay. (A) Cells were exposed 
to different concentrations of GA-A for 24 and 48 h. (B) HepG2 and SMMC7721 were exposed to 100 and 75 µmol/l of GA-A for 24, 48 and 72 h. Data was 
expressed as mean ± standard deviation from triplicate determinations. *P<0.05, **P<0.01 vs. control. GA-A, ganoderic acid A; OD, optical density.
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used to treat a variety of diseases including cancer, and which 
has been considered to be a multitarget agent with antitumor 
activities. So far, it has been extensively studied with respect 
to its potential anti-cancer activity in vitro (6). To further 
elucidate the antitumor mechanism of GA-A, the present study 
investigated its biological function on human HCC HepG2 and 
SMMC7721 cells in vitro.

The present study demonstrated that GA-A inhibited prolif-
eration of HCC cells in a dose- and time-dependent manner. 
GA-A arrested the cell cycle at the G0/G1 phase, induced 
apoptosis and suppressed invasion of HCC cells in vitro. 
Consistent with the findings of the present study, GA‑A has 
previously been demonstrated to suppress cell proliferation, 

colony formation and invasive behavior in breast cancer (16) 
and osteosarcoma cells (17). Furthermore, western blot anal-
ysis revealed that GA‑A treatment significantly suppressed 
the expression level of cyclin D1 and increased the expression 
levels of p21 and cleaved caspase-3.

A previous suggested that cancer cells exhibit an uncon-
trolled growth, mediated by abnormalities in cell cycle 
regulation (22). The cell cycle is modulated by cyclin-depen-
dent kinase (CDK) complexes. Reduction in cyclin D1-CD 
4/6 complexes may restrain the progression of G0/G1 to 
S phase (23). The results of the present study indicated that 
GA-A induced cell cycle arrest at the G0/G1 phase via down-
regulation of cyclin D1. This observation is in agreement with 

Figure 2. Effect of GA-A on cell cycle distribution of HepG2 and SMMC7721 cells. (A) Flow cytometry analysis of HepG2 and SMMC7721 cells induced 
by 100 and 75 µmol/l GA-A, respectively for 48 h. Comparison of HepG2 cells in (B) G0/G1, S, G2/M phases and (C) sub-G1 phase between the control and 
treatment groups. Comparison of SMMC7721 cells in (D) G0/G1, S, G2/M phases and (E) sub-G1 phase between the control and treatment groups. Data are 
expressed as the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001 vs. control. GA-A, ganoderic acid A.
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previous reports that GAs disrupt cell cycle progression via 
downregulation of cyclin D1 in ovarian (24) and breast cancer 
cells (25). It has additionally been demonstrated that p21 is 
a broad-acting CDK inhibitor and may promote cell cycle 
arrest at the G1 phase by downregulating the cyclin-CDK 
complex (26,27). Therefore, cell cycle arrest is considered to 

be a promising strategy in suppressing cancer cell growth, 
via upregulation of p21 and downregulation of cyclin D1, 
which may be induced by treatment with GA-A. Apoptosis 
is the process of programmed cell death and important in 
maintaining cellular homeostasis (28). The caspase-cascade 
is important in cell apoptosis and its activation and execu-
tion requires a key enzyme, caspase-3 (29). The present 
study demonstrated the potential induction of cell apoptosis 
by GA-A via increase of cleaved caspase-3 protein expres-
sion levels, which is similar to the effect of GA-T, which is a 
chemotherapeutic drug isolated from G. lucidum, on human 
cervical cancer cells (30). Therefore, the results indicated 
that activation of the caspase-cascade acts as the mechanism 
involved in GA-A-induced cell apoptosis in HCC cells.

Cancer metastasis is a multi-step process that includes 
migration and invasion into surrounding tissues (31), and is the 
primary cause of mortality in numerous human cancers. The 
present study observed that GA-A possesses anti-invasive and 
anti-metastatic functions in HCC cells. Consistent with these 
results, previous studies have demonstrated that GAs suppress 
cell migration and invasion of cancer cells. GA-T possessed 
an inhibitory effect on tumor invasion via inhibition of matrix 
metalloproteinase expression in colon cancer (32). In lung 
cancer, GA-Me has been demonstrated to effectively suppress 
lung metastasis by enhancing immune function in vivo (33). 
These results suggested that GA-A impacted apoptosis, 
migration and invasion of HCC cells via alteration of factors 
associated with their occurrence.

Figure 3. Effect of GA-A on apoptosis in HepG2 and SMMC7721 cells. (A) Flow cytometric analysis of HepG2 and SMMC7721 cells induced by 100 and 
75 µmol/l GA-A, respectively for 48 h. (B) Statistical analysis of early and late apoptotic rates of HepG2 and SMMC7721 cells between the control and treat-
ment groups. Data was expressed as the mean ± standard deviation. **P<0.01, ***P<0.001 vs. control. GA-A, ganoderic acid A; PI, propidium iodide.

Figure 4. Expression of cell cycle regulators and apoptotic markers. Western 
blot analysis was used to detect protein expression levels of cell cycle regula-
tors and apoptotic markers in HepG2 and SMMC7721 cells, induced by 100 
and 75 µmol/l GA-A, respectively, for 48 h. GAPDH served as an internal 
control. GA-A, ganoderic acid A.
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In conclusion, the results of the present study provide prelimi-
nary evidence that GA-A may be applied to HCC as a therapeutic 
agent. To the best of our knowledge, the present study has been 
the first to identify that GA‑A inhibits HCC cell progression. 
However, further studies in vivo are necessary to elucidate the 
exact underlying mechanism of GA-A and aid in its development 
as a novel and clinical therapeutic anticancer agent in HCC.
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