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Research Article

Introduction

The global incidence of hepatocellular carcinoma (HCC) 
has risen steadily for the past 10 years. In 2012, the top 3 
causes of death worldwide were lung cancer, liver cancer, 
and gastric cancer according to data from the World Health 
Organization.1 Nearly 28% of patients with liver cancer 
present with metastatic disease at diagnosis, and 30% to 
40% of patients postsurgical resection develop liver cancer 
recurrence with metastatic disease. The prognosis of meta-
static HCC patients is very poor, with limited treatment 
options, resulting in a median survival of only 6 to 12 
months.2,3 At present, standard treatments for HCC are 
complete resection of the tumor, transcatheter arterial che-
moembolization, radiotherapy, and chemotherapy, all of 
which offer limited control of disease progression. Thus, 
research has focused on identifying effective drugs for the 
treatment of HCC. Grifola frondosa, also called maitake 
mushroom, is a basidiomycete fungus belonging to the 

Polyporaceae family. A novel polysaccharide-peptide iso-
lated from the cultured mycelia of G frondosa GF9801 has 
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Abstract
The aim of this study was to investigate the anticancer effect of a combination of D-fraction polysaccharide from Grifola frondosa 
(DFP) and vitamin C (VC) on hepatocellular carcinoma in vitro. DFP is a bioactive extract from the maitake mushroom. 
Anticancer activity was demonstrated using various concentrations of DFP alone or in combination with VC against the human 
hepatocarcinoma SMMC-7721 cell line. To investigate the anticancer mechanism, studies designed to detect cell apoptosis 
were conducted. Results from the MTT assay indicated that a combination of DFP (0.2 mg/mL) and VC (0.3 mmol/L) led to a 
70% reduction in cell viability. Flow cytometry results indicated that DFP/VC treatment induced apoptosis in approximately 
65% SMMC-7721 cells. Cell cycle analysis identified cell cycle arrest at the G2/M phase following DFP/VC treatment for 48 
hours. In addition, cellular morphological changes were observed using transmission electron microscopy. Western blot 
analysis revealed that the upregulation of BAX, downregulation of Bcl-2, activation of poly-(ADP-ribose)-polymerase (PARP), 
and the release of cytochrome c were observed in cells treated with the combination of DFP/VC, which showed that the 
mechanism of anticancer activity in the SMMC-7721 hepatocarcinoma cells involved induction of apoptosis.

Keywords
Grifola frondosa, D-fraction, vitamin C, apoptosis, hepatic carcinoma, SMMC-7721

Submitted Date: 21 December 2015; Revised Date: March 10 2016; Acceptance Date: 15 March 2016

mailto:kehuyangebm2006@126.com
http://jsagepub.com/journalsPermissions.nav
http://doi.org/10.1177/1534735416644674
http://journals.sagepub.com/home/ict


206 Integrative Cancer Therapies 16(2)

been reported to have antitumor activity, which includes 
significant inhibition of SGC-7901 cell proliferation.4

Recent research demonstrated that G frondosa polysaccha-
ride exerted its anticancer activity by inducing apoptosis in 
breast cancer MCF-7 cells.5 The same finding was published 
by Shomori et al6 where maitake water extract induced gastric 
cancer cell apoptosis. A recent study showed that a sulfate 
synthesized from G frondosa polysaccharides induced liver 
cancer cell HepG2 apoptosis via the notch1-NF-κB signal 
transduction pathway.7 Furthermore, Soares et al8 reported 
that a component of the maitake polysaccharide (D-Fraction, 
DFP) increased BAK-1 gene expression and promoted the 
release of cytochrome c, thereby initiating MCF-7 cell apop-
tosis. In addition, in vivo skin experiments showed that DFP 
significantly enhanced the expression of tumor necrosis 
factor–α (TNF-α), immunoglobulin G (IgG), T lymphocytes, 
and caspase-3 mRNA.9 Gene microarray analyses suggested 
that DFP could regulate the expression of genes involved in 
apoptosis; inhibit cell proliferation, migration, and metastasis; 
and block cell cycle in breast cancer cells; it alters the activity 
of IGFBP-7, ITGA2, ICAM3, among others.10

Vitamin C (VC), also known as ascorbic acid, is a water-
soluble enzyme that is found in plants and serves as an enzy-
matic cofactor in animals. This powerful antioxidant can 
effectively quench the generation of free radicals in many pro-
cesses involving biological extracellular and intracellular reac-
tions.11 Recent studies demonstrated that VC reduces the 
adverse reactions induced by chemotherapy in cancer  
treatment.12,13 Lee et al14 suggested that VC could inhibit E3 
ubiquitin ligase, which induced SIAH1-mediated ubiquitina-
tion of the anti-apoptotic protein p34SEI-1, decreasing the lev-
els of expressed protein, leading to tumor cell apoptosis. 
Moreover, VC appears to induce osteosarcoma cell apoptosis.15 
While DFP or VC alone can induce apoptosis in a variety of 
tumor cell lines, further studies examining the anticancer effects 
of combination of substances are needed. In this study, the 
mechanism of antitumor activity of the combination of DFP 
and VC was investigated in human HCC SMMC-7721 cells.

Materials and Methods

Preparation of the Grifola frondosa 
Polysaccharide and Cell Culture

The D-fraction polysaccharide of G frondosa (DFP) was pre-
pared from the powdered fruit bodies of G frondosa (Zelang 
Biotech Co, Nanjing, China), as previously reported.16 Briefly, 
the hot water–soluble fraction from the powder of G frondosa 
was concentrated, and alcohol was added to yield a final con-
centration of 80%, which was subsequently centrifuged (8000 
rpm, 4°C, 30 minutes). Acid-soluble matter was derived from 
the precipitates. Following the subsequent addition of sodium 
hydroxide, the mixture was again centrifuged (5000 rpm, 4°C, 
15 minutes). An alkaline-soluble matter was obtained followed 

by dialysis, which removed the low-molecular-weight sub-
stances. The concentration of polysaccharide was determined 
by the phenol–sulfuric acid method. VC was purchased from 
Shanghai Seebio Biotech Co. The human HCC SMMC-7721 
cells (a gift from Dr Song in Lanzhou University) were main-
tained in Dulbecco’s modified Eagle’s medium (Gibco, Grand 
Island, NY, USA) containing 10% fetal bovine serum, penicil-
lin (100 units/mL), and streptomycin (100 µg/mL). SMMC-
7721 cells were seeded at the initial cell density of 6 × 105 
cells/mL in 60-mm dishes or T-25 flasks. When cells were 
treated with varying concentrations of DFP, VC, and combina-
tions of DFP and VC for specified times, the serum concentra-
tion of the medium was reduced to 8%.

Cell Viability Assay

Cell viability was determined by the MTT assay following 
the vendor’s protocol (Amresco, Cleveland, OH, USA). The 
SMMC-7721 cells were seeded at the initial cell density of 5 
× 103 cells/well in 96-well plates and cultured with varying 
concentrations of DFP or VC for specified times. At harvest 
time, the MTT reagent (0.5 mg/mL) was added to all wells in 
the 96-well plate, followed by incubation for 4 hours. 
Following the incubation, the supernatant was removed from 
the wells and dimethyl sulfoxide was added to each well to 
dissolve the formazan crystals. The absorbance was then 
measured using a spectrophotometer microplate reader (Bio-
RAD, Hercules, CA, USA) at a wavelength of 492 nm. The 
cell inhibitory rate was expressed as a percentage (%) of 1 
minus the ratio of viable cell number after drug treatment 
relative to the control cell number. The IC

50
 (50% inhibition 

concentration, defined as the drug concentration resulting in 
50% inhibition vs the untreated culture) of DFP and VC was 
calculated using the data generated from the MTT experi-
ment. This experiment was repeated 3 times, and the results 
were statistically analyzed using the unpaired Student’s t test.

Isobologram Method

To determine the synergistic or antagonistic interactions of 
DFP and VC, we used the isobologram method.17 The SMMC-
7721 cells were exposed to various concentrations of VC 
(0.05, 0.1, 0.15, 0.20, 0.25, 0.30 mmol/L) with specific con-
centrations of DFP, including 1/8, 1/4, 1/2, 3/4 of the IC

50
. 

According to the comparison of the IC
50

s of DFP or VC with 
the new IC

50
 drug combination, the interaction of DFP and VC 

were determined. The fractional inhibitory concentration (FIC) 
for each combination of VC and DFP was calculated as fol-
lows: FIC

DFP
 = (concentration of DFP in the combination at the 

end point)/(concentration of DFP alone required to achieve the 
end point) and FIC

VC
 = (concentration of VC in the combina-

tion at the end point)/(concentration of VC alone required to 
achieve the end point). The combinations resulting in an addi-
tive anticancer effect (FIC

DFP
 + FIC

VC
 = 1) are represented by 
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a straight line (unity line) on the isobologram. When the com-
bination results in synergy, that is, stronger antitumor effects 
than the sum of the individual effects (FIC

DFP
 + FIC

VC
 < 1), the 

FIC value falls below the unity line. When the combination 
results in an antagonistic antitumor effect (FIC

DFP
 + FIC

VC
 > 

1), the FIC value rises above the unity line.

Detection of Apoptotic Cells and Cell Cycle by 
Flow Cytometry

Apoptotic and necrotic cells were measured using a double 
staining method with the Annexin V-FITC/propidium iodide 
(PI) apoptosis detection kit (KeyGen Biotech Co, Nanjing, 
China). The 1 × 105 SMMC-7721 cells were processed 
according to the manufacturer’s instructions after they were 
treated with DFP and VC for 48 hours. Five hundred micro-
liters of binding buffer containing 5 µL Annexin V-FITC and 
5 µL PI was added to each cell suspension, and the resultant 
mixture was incubated for 20 min at room temperature in the 
dark. Detection of the stained cells was completed using a 
NovoCyte flow cytometer (ACEA Biosciences Inc, San 
Diego, CA, USA). For the cell cycle analysis, approximately 
1 × 106 cells were collected and fixed overnight in 70% etha-
nol at 4°C. Cells were then resuspended in 400 µL PI solu-
tion (containing 0.2 mg/mL RNase) followed by incubation 
at room temperature for 1 hour. Twenty thousand nuclei 
were analyzed from each sample, and flow cytometry (FCM) 
software was used to quantify cell cycle compartments and 
estimate the cell cycle phase fractions. This experiment was 
repeated 3 times, and the results were statistically analyzed.

Detection of Apoptosis by Transmission Electron 
Microscopy

After DFP and VC treatment for 24 hours, cells were fixed 
with 2% glutaraldehyde in 0.1 mol/L PBS (pH 7.4), fol-
lowed by 1% osmic acid. After dehydration, thin sections 
were stained with uranyl acetate and lead citrate for obser-
vation using JEM-1230 transmission electron microscopy 
(JEOL, Tokyo, Japan).

Western Blot Analysis of Apoptosis-Related 
Proteins

After incubation with control treatment, DFP, VC, and DFP 
and VC for 48 hours, approximately 2 × 106 cells were har-
vested and lysed in 200 µL of RIPA (radioimmunoprecipitation 
assay) lysis buffer by “freeze-thaw” at −80°C to obtain total 
protein extracts. The protein concentration was determined 
using the BCA protein assay (Erwan Biotechnology Co, 
Shanghai, China). Equal amounts of cell lysate (20 µg) were 
first subjected to 10% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE; Sigma Co, St Louis, MO, 
USA) and then transferred to a nitrocellulose membrane. The 

blot membrane was incubated for 90 minutes with the primary 
antibodies against Bcl-2, BAX, or poly(ADP-ribose) poly-
merase (PARP) (Immunoway Biotechnology Co, Plano, 
Texas, USA), followed by a 30-minute incubation with the 
secondary antibody conjugates. The specific immunoreactive 
protein bands were then detected by chemiluminescence using 
the manufacturer’s protocol (Sigma Co, St. Louis, MO, USA).

Detection of Cytochrome c Release by Western 
Blot Analysis

The whole cell total protein and cytoplasm protein were 
extracted after 48 hours of drug incubation. The extraction 
method of the whole cell total protein is the same method 
described above for the BAX protein. The extraction method 
of cytoplasmic protein was as follows: approximately 2 × 106 
cells were harvested and solubilized in 200 µL RIPA lysis 
buffer. The cytoplasmic protein was then extracted using a 
nuclear and cytoplasmic protein extraction kit (Beyotime 
Biotechnology Co, Shanghai, China). After addition of the 
cytoplasmic protein lysis solution to the cellular precipitate 
and centrifugation at 12 000 rpm for 20 minutes at 4°C, the 
cytoplasmic protein was partitioned into the supernatant from 
the cellular precipitate. Subsequently, the targeted protein 
was separated by SDS-PAGE under reducing conditions 
using a 12% gel and electrotransferred to a polyvinylidene 
difluoride membrane (Millipore Co, Bedford, MA, USA). 
After blocking with 5% skim milk in PBS(−) containing 
0.01% Tween-20 (T-PBS), the membrane was blotted with a 
mouse anti-human cytochrome c monoclonal antibody 
(Immunoway Biotechnology Co, Plano, TX, USA) overnight 
at 4°C. The membrane was washed with T-PBS once for 30 
minutes and 5 times for 3 minutes each, and then incubated 
with peroxidase-labeled antimouse IgG (1:10000) for 40 
minutes at room temperature. After washing in T-PBS as 
described above, signals were observed with an enhanced 
chemiluminescence system (LI-COR, Lincoln, NE, USA).

Assays of the Activity of Caspase-3, Caspase-8, 
and Caspase-9

Cells were seeded at a density of 8 × 105 cells/mL in 10-mm 
diameter culture dishes. After cells were incubated with 0.2 mg/
mL DFP, 0.3 mM VC, and combinations of both for 24 and 48 
hours, the activities of caspase-3, caspase-8, and caspase-9 in 
SMMC-7721 cells were examined. In brief, cells were treated 
with cell lysis buffer and then centrifuged at 4°C for 10 min-
utes. The resultant supernatants were then used for further eval-
uation. The total protein concentration was determined using 
the BCA protein assay kit. The activity of caspase enzymes was 
measured using the caspase activity assay kits according to the 
manufacturer’s instructions (Beyotime Biotechnology Co, 
Shanghai, China). The assay was based on the spectrophoto-
metric detection of the chromophore p-nitroanilide (pNA), 
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which is cleaved from each caspase-specific substrate by acti-
vated caspases (DEVD-pNA for activated caspase-3, IETD-
pNA for activated caspase-8, and LEHD-pNA for activated 
caspase-9). This series of experiments was repeated 3 times, 
and the data were analyzed statistically.

Statistical Analysis

Statistical analysis was performed with Statistical Product 
and Service Solutions (IBM SPSS, Somers, NY, USA) ver-
sion 18.0 software. All data were presented as mean ± stan-
dard deviation ( X ±SD ). Statistical differences between 
groups were assessed with either one-way analysis of vari-
ance or the unpaired Student’s t test. Values of P < .05 were 
considered statistically significant.

Results

Effects of DFP and VC on SMMC-7721 Cell 
Proliferation

SMMC-7721 cells were cultured separately with various con-
centrations of DFP or VC. After 24 and 48 hours of drug expo-
sure, the MTT assay showed that both DFP and VC alone had 
time- and dose-dependent antitumor effects. DFP produced a 
4.23% to 49.43% reduction in cell viability in the dose range 
of 0.1 to 1.0 mg/mL at 24 hours and 7.34% to 54.95% at 48 
hours (Figure 1A). In contrast, VC produced a 4.93% to 
74.87% reduction in cellular viability over the dose range of 
0.1 to 0.5 mM at 24 hours and 8.37% to 77.19% at 48 hours 
(Figure 1B). Differences in cell viability rates between the 
DFP and VC drug treatment groups compared with the control 
group were statistically significant (DFP: *P < .05; VC: **P 
< .01). The IC

50
 values of DFP and VC at 48 hours were 0.80 

± 0.08 mg/mL and 0.368 ± 0.07 mM, respectively.

Synergistic Cytotoxic Effect of DFP and VC

Vitamin C has previously been proposed as a modulator of 
bioactivity of β-glucan in DFP.18 In this study, various 

combinations and concentrations of DFP with VC were tested 
in SMMC-7721 cells. The results of the MTT assay showed 
that a synergistic effect was observed when cells were treated 
with both DFP and VC for 48 hours. As shown in Figure 2, 
using 0.1 mg/mL DFP (1/8 IC

50
) in combination with  

0.289 mM VC (4/5 IC
50

), or 0.2 mg/mL DFP (1/4 IC
50

) with 
0.210 mM VC (1/2 IC

50
), or 0.4 mg/mL DFP (1/2 IC

50
) with 

0.161 mM VC (2/5 IC
50

) inhibited the proliferation of SMMC-
7721 cells by more than 50%. However, the combination of 
0.6 mg/mL DFP (3/4 IC

50
) with 0.092 mM VC (1/4 IC

50
) pro-

duced an antagonistic effect where cells were inhibited by less 
than 50%. The analysis using the isobologram method 
revealed that the specific combination of 0.2 mg/mL DFP and 
0.3 mM VC had the most synergistic effect (FIC

DFP
 + FIC

VC
 = 

0.82, synergism defined as <1). Additionally, the 0.2 mg/mL 
DFP and 0.3 mM VC combination produced ~70% inhibition 
while both 0.2 mg/ml DFP or 3 mM VC alone had little inhibi-
tory effect (DFP: 16.03% ± 1.80 and VC: 29.85% ± 1.02). 
DFP at >0.6 mg/mL decreased cell viability. Based on this 
finding, 0.2 mg/mL DFP and 0.3 mM VC doses were chosen 
as the final concentration for further evaluation.

DFP and VC Promote Apoptosis and Cell Cycle 
Arrest of SMMC-7721 Cells

Flow cytometry results revealed that marked (65.30%) cell 
apoptosis was achieved using the combination of DFP and VC, 
while 9.50% and 27.79% cell apoptosis were detected with 
DFP and VC alone, respectively (Figure 3A). The difference in 
apoptosis rates between the control group and the DFP/VC 
groups was statistically significant (*P < .05) (Figure 3B). In 
addition, the percentage of cells in different phases of the cell 
cycle was determined by FCM. As shown in Figure 4A, the 
DFP and VC treatment reduced the cell population in the G0/
G1 phase and increased the percentage of cells in the G2/M-
phase. Compared with the control group, the percentage of 
cells in the G2/M phase increased from 13.28% to 39.08% fol-
lowing treatment with DFP and VC for 48 hours (Figure 4B).

Figure 1. Effects of DFP or VC on SMMC-7721 cell viability. Cells were treated with different concentrations of DFP (0.2-1.0 mg/
mL) (A) or VC (0.1-0.5mmol/L) (B) for 24 and 48 hours. Cell inhibition (absorbance at 492 nm) was determined by an MTT assay and 
compared with control. Data are expressed as mean ± SD of 3 separate experiments (*P < .5; **P < .1 with control). DFP, D-fraction 
of Grifola frondosa polysaccharide; VC, vitamin C.
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Morphological Changes

DFP and VC treatment for 24 hours altered the morphol-
ogy of SMMC-7721 cells compared with the control 
group, as observed by transmission electron microscopy. 

Visible cells showed typical characteristics of early apop-
tosis such as loose cytoplasm, changes in cell nucleus, and 
chromatin edge set (Figure 5D), whereas cells treated only 
with DFP or VC did not show these changes (Figure 5B 
and C).

Figure 2. Isobologram analysis: synergy effect of the combinations of DFP and VC to inhibit cell proliferation in SMMC-7721cells. 
FIC

DFP
 + FIC

VC
 = 0.91, 0.82, 0.94 (all <1) when used DFP 0.1, 0.2, 0.4 mg/mL, respectively; antagonistic effect of the combinations of 

DFP and VC, FIC
DFP

 + FIC
VC

 = 1.27(>1) when used DFP 0.6 mg/mL. FIC, fractional inhibitory concentration; DFP, D-fraction of Grifola 
frondosa polysaccharide; VC, vitamin C.

Figure 3. Effect of DFP with or without VC on SMMC-7721cell apoptosis. (A) Flow cytometry analysis: cell apoptosis was induced by 
DFP/VC using Annexin V-FITC/propidium iodide staining after 48 hours. The cells are characterized as early apoptosis (bottom right 
quadrant), late apoptosis (top right quadrant), necrotic (top left quadrant), and healthy cells (bottom left quadrant) based on the flow 
cytometry results, and the total apoptosis rate is summarized in a bar chart on the right. (B) Histogram of corresponding apoptotic 
ratios. *P < .05; **P < .01 compared with control. DFP, D-fraction of Grifola frondosa polysaccharide; VC, vitamin C.
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Effects of DFP and VC Combination on 
Apoptosis Regulators

Based on the observed synergistic effect of the combination 
of DFP and VC in inducing SMMC-7721 cell death, the pos-
sible molecular mechanisms of apoptosis were investigated. 
The expression of 3 key apoptosis-related proteins was ana-
lyzed by Western blot after cells were treated for 48 hours 
with DFP, VC, and DFP and VC. Compared with DFP or VC 
alone, the combination of DFP and VC upregulated the 
expression of the pro-apoptotic protein, BAX, and activation 
of the pro-apoptotic PARP (poly-(ADP-ribose)-polymerase). 
Conversely, the expression level of the Bcl-2 protein 
decreased in SMMC-7721 cells (Figure 6). Because the 
upregulation and increased activation of BAX and PARP 
combined with the downregulation of Bcl-2 is indicative of 
apoptosis,19,20 it is plausible that DFP and VC combination 
induces cell death through apoptosis, possibly via the mito-
chondrial signaling transduction pathways.

Cytochrome c Release Into the Cytoplasm of 
SMMC-7721 Cells

To investigate whether DFP and VC combination induces 
the release of cytochrome c from mitochondria into the 

cytoplasm, the expression of cytochrome c protein in whole 
cell and cytosolic fractions of SMMC-7721 cells were 
simultaneously determined through comparison of the pro-
tein levels within each fraction. Western blot analysis results 
indicated that the expression of cytochrome c in the cytosol 
increased after 48 hours of treatment with DFP, VC, and 
DFP and VC, although the expression level of cytochrome 
c in the whole cell fraction remained unchanged between 
the control and 3 active treatment groups (Figure 7).

Activity Assay of Caspase-3, Caspase-8, and 
Caspase-9

Caspase-3 activity in SMMC-7721 cells that were treated 
for 24 hours with DFP, VC, and DFP and VC increased by 
1.2-, 1.8-, and 3.5-fold, respectively, compared with con-
trols, and these differences were statistically significant 
(Figure 8A). The activity of caspase-8 and caspase-9 in 
SMMC-7721 cells was different following exposure to the 
different treatments. There was a significant difference in 
caspase-8 activity (P < .05), but not of caspase-9 activity  
(P > .05) between VC-treated and control cells. A different 
activity profile was revealed following treatment with DFP, 
where caspase-9 activity was significantly increased in cells 
compared with controls (P < .05), whereas the activity of 

Figure 4. Effect of DFP or/and VC on cell cycle in SMMC-7721 cells. (A) Diagram of cell cycle analyzed by flow cytometry. (B) 
Histogram of cell cycle. *P < .05; **P < .01 compared with control. DFP, D-fraction of Grifola frondosa polysaccharide; VC, vitamin C.
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caspase-8 remained unchanged between the groups. 
Moreover, the activities of caspase-8 and caspase-9 in cells 
treated with the combination of DFP and VC significantly 
increased compared with the control cells after 24 hours of 
treatment (approximately 2.1- and 2.6-fold for caspase-8 
and caspase-9, respectively) (Figure 8, *P < .05; **P < .01).

Discussion

The potential antitumor effects of the combination of the 
DFP and VC on the growth of human HCC SMMC-7721 
cells were investigated in our study. DFP or VC, when 
applied separately, decreased cell viability in a dose- and 
time-dependent manner. The IC

50
 values of DFP and VC 

were 0.798 mg/mL and 0.3682 mM, respectively. In addi-
tion, the analytical results of the isobologram indicate that 
DFP (0.2 mg/mL) and VC (0.3 mM) at their respective opti-
mal concentrations have synergistic cytotoxic effects in 
SMMC-7721 cells (70%). However, an antagonistic effect 
was observed when the concentration of DFP >0.6 mg/mL. 

This finding may be due to the possibility that VC is the 
dominant contributor to the observed antitumor effect when 
the 2 drugs are administered in combination. Mechanistically, 
VC has direct antitumor effect while DFP regulates the 
intracellular conditions that facilitate the antitumor activity 
of VC. DFP at low concentrations has no direct inhibitory 
effect on SMMC-7721 cells, but may influence the level of 
cell metabolism and oxidative stress, thereby sensitizing the 
cells to VC. However, DFP at high concentrations can pro-
mote cell growth, which may overcome the inhibitory effect 
of VC when used in combination.

In addition, the FCM results revealed that more cell 
apoptosis (65.30%) was induced by the combination than 
that by the individual agents and that the number of cells in 
the G2/M phase of the cell cycle increased (from 13.28% to 
39.08%) compared with controls. The morphological 
changes associated with apoptosis in cells were observed by 
transmission electron microscopy.

Many signal transduction pathways are involved in  
apoptosis.21 The Bcl-2 protein is mainly located on the outer 

Figure 5. Detection of apoptosis (original magnification, 10 000×). (A) Control; (B) 0.2 mg/mL DFP; (C) 0.3 mmol/L VC; (D) DFP/
VC-treated cell 24 hours. DFP, D-fraction of Grifola frondosa polysaccharide; VC, vitamin C.
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membrane of mitochondria and prevents the release of cyto-
chrome c and the resultant activation of caspase. It is also 
known that BAX can promote cell apoptosis. Therefore, the 
changes in the expression levels of various apoptosis-related 
proteins, namely upregulation of BAX and downregulation 
of Bcl-2, and the mitochondrial release of cytochrome c, 
were investigated to confirm the induction of apoptosis 
through the intracellular mitochondrial signal transduction 
pathways. Furthermore, activation of caspase-3, which is 
essential for the induction of apoptosis and cleavage of 
PARP, an endogenous substrate of caspase-3, provides addi-
tional evidence of apoptosis at the molecular level.22,23

Western blot analysis of cells treated with the combina-
tion of DFP and VC showed that BAX was clearly upregu-
lated compared with controls. Meanwhile, Bcl-2 expression 
was downregulated. Although the total expression level of 
cytochrome c remained constant independent of DFP and/or 
VC treatment, the cytochrome c level in cytoplasm was 
increased by the DFP and VC combination treatment com-
pared with controls. These results suggest that cytochrome 
c was released from mitochondria into the cytoplasm. In 
addition, the expression of PARP was enhanced in our 
study. These overall results suggest that the combination of 
DFP and VC induces SMMC-7721 cell apoptosis through 
interruption of the mitochondrial signal transduction 
pathway.

We also evaluated the activity of caspase-3, a key media-
tor in the apoptosis pathway, which is responsible for initia-
tion of degradation of cellular proteins through the caspase 
cascade. The results of our colorimetric evaluation revealed 
that DFP and/or VC induced a significant increase in activa-
tion levels of caspase-3 in a time-dependent manner.

Caspase-8 activates downstream caspases in the apoptotic 
process through direct or indirect cleavage of Bid and induces 
cytochrome c release from mitochondria.24 Kim et al25 
reported that caspase-9 is the critical upstream molecule 
involved in the apoptotic protease cascade and becomes acti-
vated by cytochrome c and dATP. In addition, caspase-3 is 
known to be activated by caspase-8 and/or caspase-9. To 
determine whether a caspase-8-dependent or caspase-9- 
dependent pathway is operating in the present apoptotic cell 
system, the activation of caspase-8 and caspase-9 was ana-
lyzed. As shown in Figure 8, treatment of SMMC-7721cells 
for 24 hours with DFP resulted in an increase in caspase-8 but 
not in caspase-9 activity. Interestingly, a contrary result was 
observed in cells following VC treatment, while caspase-8 

Figure 6. Effects of DFP or/and VC on apoptosis regulators after SMMC-7721 cells were addressed with DFP, VC, and DFP/VC for 
48 hours. (A) Expressions of Bcl-2, BAX, and PARP were analyzed with Western blotting. Autoradiographs of those regulators (on 
the X-ray film) in control, DFP, VC, and DFP/VC-treated cells are shown. In addition, β-actin is shown as a protein loading control. (B) 
Histogram of Western blotting results, #P < .05; ##P < .01 compared with control. DFP, D-fraction of Grifola frondosa polysaccharide; 
PARP, (poly-(ADP-ribose)-polymerase); VC, vitamin C.

Figure 7. Detection of cytochrome c release by Western 
blotting. Cytochrome c is released after treatment of SMMC-
7721 cells with DFP, VC, and DFP/VC for 48 hours. The total 
protein level of cytochrome c at the cellular remains unchanged 
(whole cell), but the levels in cytosol were distinct among 
the 4 groups (cytosol). DFP, D-fraction of Grifola frondosa 
polysaccharide; VC, vitamin C.



Zhao et al 213

Figure 8. Activation of caspase-3, caspase-8, and caspase-9 in SMMC-7721 cells treated with DFP, VC, DFP/VC. (A) Caspase-3 
activity significantly increased in cells treated with DFP/VC after 24 and 48 hours (*P < .05). (B) Caspase-8 activity significantly 
increased in cells treated with VC and DFP/VC while caspase-9 activity significantly increased in cells treated with DFP and DFP/VC 
after 24 hours (*P < .05, **P < .01 compared with control). DFP, D-fraction of Grifola frondosa polysaccharide; VC, vitamin C.

and caspase-9 were both activated by the combination treat-
ment of DFP and VC. This result demonstrates that DFP may 
activate caspase-8 while VC may activate caspase-9; the 
apoptosis of SMMC-7721 cells is induced ultimately by the 
activation of caspase-3 through the activation of either  
caspase-8 or caspase-9.

Conclusion

The present study demonstrated that the combined use of 
DFP and VC can produce synergistic cytotoxic effects on 
SMMC-7721 cells, resulting in cell apoptosis. This apopto-
sis is mainly attributed to interruption of the mitochondrial 
signal transduction pathways. Therefore, the combined 
application of DFP and VC may have clinical implications 
in researching a new, improved, and safer therapeutic 
modality for treating advanced HCC. Nevertheless, addi-
tional studies of the efficacy of the combination of DFP and 
VC in actual HCC cases are needed, such as those in ani-
mals bearing HCC (in vivo).
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