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Abstract
Aim: To investigate the in vitro and in vivo activities and related mechanism 
of apogossypolone (ApoG2) alone or in combination with adriamycin (ADM) 
against human hepatocellular carcinoma (HCC).  Methods: The IC50 of ApoG2 
in vitro was tested by WST assay, and the synergistic effect was analyzed using 
the CalcuSyn method.  Cell apoptosis was determined using 4’,6-diamidino-2-
phenylindole staining and flow cytometric analysis.  Western blotting was used 
to determine the expression of apoptosis-related proteins.  In vivo activity was 
evaluated in the xenograft model in nude mice, and apoptosis in tumor tissues 
was determined by terminal deoxynucleotidyl transferase-mediated digoxigenin-
dUTP nick-end labeling (TUNEL) assay.  Results: The IC50 of ApoG2 in HCC 
cells was 17.28–30.63 μmol/L.  When ApoG2 was combined with ADM, in-
creased cytotoxicity and apoptosis were observed in SMMC-7721 cells compared 
to treatment with ApoG2 alone.  The Western blotting results indicated that the 
ApoG2 induced apoptosis in SMMC-7721 cells by downregulating anti-apoptotic 
proteins Bcl-2, Mcl-1, and Bcl-XL, up-regulating pro-apoptotic protein Noxa, and 
promoting the activities of caspases-9 and -3.  The tumor growth of xenograft 
SMMC-7721 was inhibited in nude mice when ApoG2 was administered orally 
without causing damage to the normal tissues.  The in vivo study also indicated 
an increasing anti-tumoral effect when ApoG2 at 100 or 200 mg/kg dosages were 
used together with ADM at 5.5 mg/kg, with relative tumor proliferation rate  
(T/C) values of 0.456 and 0.323, respectively.  Apoptosis induced in vivo by 
ApoG2 alone or combined with ADM was confirmed by TUNEL assay in tumor 
tissues.  Conclusion: ApoG2 is a potential non-toxic target agent that induces 
apoptosis by upregulating Noxa, while inhibiting anti-apoptotic proteins and pro-
moting the effect of chemotherapy agent ADM in HCC.
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Introduction
Hepatocel lular  carcinoma (HCC) is  the most 

common form of primary liver cancer and is the fifth 
most common cancer in the world, resulting in more 
than 660 000 deaths annually worldwide[1,2].  Despite its 
rising incidence, the overall prognosis of HCC is poor, 
as systemic chemotherapy is of low efficacy[3,4].  The 
most widely-used treatment is adriamycin (ADM), either 

alone or in combination with other drugs.  However, 
the response rate of ADM in a phase III clinical trials 
was only 10.5% when used alone and 20.9% for PIAF 
(cisplatin/interferon α-2b/ADM/fluorouracil) combination 
therapy[5], but chemotherapy usually causes cytotoxicity 
with poor selection.  Side-effects were frequently observed 
with each of the treatments.  On the contrary, the newly-
developed target therapies focus on the tumor-specific 
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proteins or kinases that are overexpressed in cancer cells 
or affect the development of tumors.  Those agents have 
shown promising effects on liver cancer in clinical trials, 
such as the RAF/MAP kinase kinase (MEK)/extracellular 
signal-regulated protein kinase (ERK) pathway blocker 
Nexavar[6], which is a multikinase inhibitor approved by the 
FDA for HCC therapy.  Lifespan was prolonged by 44% in 
comparison with the placebo group according the data of a 
phase III clinical trial[7].

It is well-established that the overexpression of Bcl-2 
family proteins plays an important role in tumor progres-
sion and drug resistance[8–10], and is associated with 
unfavorable outcomes.  The Bcl-2/Bcl-XL protein has a 
Bcl-2 homology domain 3 (BH3)-binding groove that can 
be combined with many pro-apoptotic factors, such as Bad 
and Bak or BH3-only proteins, such as Bid, Bim, Noxa, 
and Puma and forms heterodimers, thereby inhibiting 
their function and inducing apoptosis.  Targeting the 
BH3 domain of anti-apoptotic Bcl-2 members using non-
peptide small-molecule inhibitors is a new and exciting 
therapeutic strategy[11].  For example, ABT-737[12], which 
has high affinity to Bcl-2 and Bcl-XL, has shown potent 
inhibitory effects on the proliferation of tumor cells.  
Gossypol is another example of a potent inhibitor of Bcl-2 
family proteins.  It is a polyphenolic aldehyde occurring 
naturally in cottonseed.  It has been used and extensively 
investigated as a male oral contraceptive agent and was 
recently discovered as a potent pan inhibitor of Bcl-2 
family proteins[13,14].  Gossypol has demonstrated beneficial 
anti-tumoral effect on a variety of cancer cells[15–19].  Bcl-
2-directed treatment targets cancer cells specifically over-
expressing Bcl-2 proteins and is less toxic than traditional 
chemotherapy.  Therefore, employing small molecules 
targeting Bcl-2 has become a popular approach for targeted 
cancer therapy.

To overcome the potential non-specific reactivity related 
to the 2 aldehyde groups in gossypol[20], apogossypolone 
(ApoG2) was designed and synthesized, and 2 aldehyde 
groups of gossypol were completely removed (Figure 1).  
The Ki values of ApoG2 binding with Bcl-2, Mcl-1, and 
Bcl-XL were 35, 25, and 660 nmol[21], respectively.  Studies 

on ApoG2 for the treatment of pancreatic cancer, prostate 
cancer, leukemia, and lymphoma have been reported[21–24].  
The treatment of human pancreatic cell line BxPC-3 with 
curcumin sensitized ApoG2-induced cell killing.  Bcl-
XL and Bcl-2 expression levels were downregulated, 
along with the inactivation of NF-κB in combination with 
curcumin[22].  In addition, a higher apoptotic index (94%) 
of ApoG2 was observed in combination with gemcitabine 
in BxPC-3 cells[23].  An in vivo study showed that ApoG2 
could significantly increase the lifespan of lymphoma-
bearing SCID mice by at least 42%[23].  Those results 
indicated that ApoG2 was a potential pan Bcl-2 family 
protein inhibitor, targeting Bcl-2, Mcl-1, and Bcl-XL, and 
inducing apoptosis in cancer cells alone or in combination 
therapy.

As cancer cell-specific targets are not the only part 
of disease etiology, treatments combining targeted and 
conventional drugs may have a synergistic effect.  In the 
present study, we investigated the in vitro and in vivo 
activities of ApoG2, as well as its activity in combination 
with chemotherapy agent ADM in HCC.  

Materials and methods

Cells  The human liver cancer cell lines SMMC-7721, 
Bel-7402, and QGY-7703 were purchased from Shanghai 
Institutes for Biological Sciences, Chinese Academy 
of Sciences (Shanghai, China).  HepG2 was purchased 
from American Type Culture Collection (Manassas, VA, 
USA).  All cells were cultured in RPMI-1640 (GIBCO, 
Gaithersburg, MD, USA) with 10% fetal bovine serum 
(GIBCO), 1% L-glutamine, 100 U/mL penicillin G, and 
100 μg/mL streptomycin.  The cells were incubated at  
37 °C in a humidified incubator with 5% CO2.

Reagents  ApoG2 were synthesized by Ascenta Thera-
peutics (Malvern, PA, USA).  For the in vivo study, ApoG2 
was suspended in 0.5% carboxymethylcellulose (CMC) 
solution and administered by oral gavage.  ADM was 
purchased from Shanghai Richem International (Shanghai, 
China).  For the intravenous treatment study, it was 
prepared in 0.9% sterile saline solution.

Figure 1.  Structure modification of gossypol.
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For the in vitro study, ApoG2 and ADM were dissolved 
in 100% DMSO and made to a 10 mmol/L store solution on 
the day of treatment.  The working solution was prepared 
by dilution of the store solution with the culture medium.

Rabbit anti-Bcl-XL (No 2762), p53 (No 9282), caspase- 
9 (No 9502), and caspase-3 (No 9665) antibodies were 
purchased from Cell Signaling Technology (Beverly, MA, 
USA).  The rabbit anti-Bcl-2 (No 1017-1) antibody was 
purchased from Eptomics (Burlingame, CA, USA). The 
rabbit anti-Mcl-1 (No D1207) antibody was from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA), The anti-
Noxa (No D3601) antibody was purchased from Calbio-
chem (La Jolla, CA, USA), and peroxidase-conjugated goat 
antimouse immunoglobulin G (IgG; No 31430) and goat 
antirabbit IgG (No 31460) were purchased from Pierce 
Biotechnology (Rockford, IL, USA).

WST assay  The inhibition of cell growth was 
determined by WST assay using cell counting kit-8 
(CCK-8) from Dojindo Molecular Technologies (Kuma-
moto, Japan).  The cells were seeded onto 96-well plates 
and treated with different concentrations of ApoG2 (0.1−80 
µmol/L) alone for 72 h.  The combinable effect of ApoG2 
and ADM was assayed using the 2 agents separately 
(ApoG2 at 1.97–10 μmol/L or ADM at 0.11–0.6 μmol/L) or 
in combination and at a fixed drug dilution ratio.  The cells 
were also treated for 72 h.  Three repeat wells per treatment 
were required.  After adding 10 μL CCK-8 to each well, 
the plates were incubated for 2 h.  Absorbance at 450 nm 
was then measured using the Spectra Max 190 (Molecular 
Devices) microplate reader.  Results were presented as the 
IC50 of ApoG2, dose effect, and combination index (CI) 
values of ED50, ED70, and ED90 for the combined treatment 
of ApoG2 and ADM.

The IC50 was calculated with GraphPad Prism 4 
software (Golden software, Golden, Colorado, USA).  Drug 
interaction was evaluated by using CalcuSyn software 
(Biosoft, Ferguson, MO, USA).  Drug combination studies 
were analyzed with the CI; CI values less than 1.00 were 
considered as showing synergetic effects.

4’,6-Diamidino-2-phenylindole assays and flow cyto
metric analysis of apoptosis and cell cycle in cul tured 
cells  Cell apoptosis and the nuclei changes were estimated 
by 4´,6-diamidino-2-phenylindole (DAPI) staining.  The 
cells were seeded in 6-well plates and treated with ApoG2 
(5, 10, or 15 µmol/L), ADM (1 μmol/L), and ApoG2 (10 
μmol/L) in combination with ADM at (1 μmol/L).  The 
cells in the control group were treated with the culture 
medium.  The cells were collected 48 h after treatment 
and fixed with 4% formaldehyde; cell nuclei were stained 

with DAPI (Sigma, St Louis, MO, USA).  The stained cells 
were collected and the sections were made.  The changes 
in the nuclei were observed under a fluorescent microscope 
with a 360 nm filter.

DNA contents were analyzed by flow cytometry.  The 
cells were fixed by 70% ethanol at 4 °C for at least 1 h.  
After washing with phosphate-buffered solution (PBS), 
the cells were incubated in RNase A/PBS (100 mg/mL) 
at 37 °C for 30 min.  Intracellular DNA was labeled with 
propidium iodide (PI) (50 mg/mL) and analyzed with a 
FACSCalibur fluorescent-activated cell sorter (FACS; 
Becton Dickinson, Franklin Lakes, NJ, USA).  The cell 
cycle profile and apoptosis was obtained by analyzing 
10 000 cells.  

Western blotting  To determine changes in the protein 
levels, the cells were seeded onto 10 cm dishes and treated 
with ApoG2 at 5, 10, or 15 μmol/L, ADM at 1 μmol/L, 
and ApoG2 at 10 μmol/L in combination with ADM at 1 
μmol/L.  The control cells were treated with the culture 
medium.  Floating and adherent cells were collected 48 h 
after treatment.  For the P53 assay, the cells were collected 
24 and 48 h after treatment.  The cells were lysed using 
lysate buffer (Cell Signaling Technology, USA).  The 
protein concentration of the supernatant was detected using 
the bicinchoninic Acid (BCA) protein assay kit (Beyotime 
Institute of Biotechnology, Haimen, China).  The cell 
lysates were loaded to the 12% SDS gels and subsequently 
transferred to Hybond P membranes (GE Healthcare, 
USA).  The first antibodies were incubated with the 
membranes at 4 °C overnight.  The peroxidase-conjugated 
secondary antibodies were incubated with the membranes 
at room temperature for 2 h.  Protein bonds were detected 
by ECL detection kit (GE Healthcare, USA).

Detecting the activation of caspases-9 and -3  The 
activities of caspases-9 and -3 of the cell lysates was 
measured using the caspase-9 and caspase-3 colorimetric 
assay kit (Nanjing KeyGen Biotechnology, Nanjing, China), 
according to the manufacturer’s instructions.  Alternatively, 
the cells were treated and collected as described in the 
Western blot assay.  The protein concentration of the cell 
lysate was measured by BCA assay.  The cell lysate was 
incubated with the chromophore-coupled substrates of 
caspases-9 and -3 at 37 °C for 4 h.  The chromophore 
liberated from the substrate was measured using a plate 
reader at 405 nm.  The activities were shown as the ratio of 
the optical density (OD) agent-treated sample/OD negative 
control sample.

Antitumoral effect of ApoG2 alone or in combination 
with ADM in animal models (nude mouse xenograft)  
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Female 6-week-old Balb/c nu/nu mice were purchased 
from Shanghai Laboratory Animal Center (Shanghai, 
China); 5×106 SMMC-7721 cells suspended in 0.2 mL PBS 
were inoculated sc to the right oxtor of each nude mice.  
Volumes of the tumor were estimated as V=LW2/2, where 
L and W stand for tumor length and width, respectively.  
Mice with tumors at 50–150 mm3 were randomized into 
treatment groups (6 mice per group in the treatment groups, 
and 10 mice in the vehicle control group) and commenced 
treatment.

The mice were treated with ApoG2 at 100 and 200  
mg/kg for 28 d by intragastric injection alone or in com-
bina tion with ADM at 5.5 mg/kg once a week intravenously 
for 4 weeks.  The positive control group was treated with 
ADM at 5.5 mg/kg once a week intravenously for 4 weeks.  
The vehicle control group was dosed ig daily with 0.5% 
CMC for 4 weeks.  The individual relative tumor volume 
(RTV) was calculated as follows: RTV=Vt/V0, where Vt 
is the volume on each day of measurement, and V0 is the 
volume on the initial day of treatment.  The therapeutic 
effect of the compound is expressed with the relative tumor 
proliferation rate (T/C).  The calculation formula was: T/
C=mean RTV of the treated group/mean RTV of the control 
group.  Treatments producing>20% lethality and/or 20% 
net body weight loss were considered toxic.

Tissue microscopy  In another pilot study, when the 
tumor size reached 150−200 mm3, 3 mice per group were 
treated with ApoG2 along (200 and 400 mg/kg, ig, daily) 
for 7 d, ADM at 10 mg/kg once intravenously on the first 
day, or ApoG2 in combination with ADM at 10 mg/kg.  
The vehicle control group was ig dosed daily with 0.5% 
CMC for 7 d.  The mice were euthanized 2 h after the 
last treatment.  Tumors and some tissues were removed 
from the animals and fixed in 10% formalin solution 
immediately.  Tissues were paraffin embedded, and 0.5 
µm-thick sections were prepared.  The tumor, liver, lung, 
heart, kidney, spleen, and gastric tissues were stained with 
hematoxylin–eosin.

Terminal deoxynucleotidyl transferasemediated 
digoxi genindUTP nickend labeling assay  To examine 
apoptosis in the specimens, sections were stained by 
terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) using the fluorescein FragEL DNA 
fragmentation detection kit (Calbiochem, USA), according 
to the manufacturer’s instructions.  Briefly, the slides 
were dewaxed in xylene and 70%–100% ethanol at room 
temperature as routine protocol.  The slides were rinsed 
with 1×TBS and the entire specimen was incubated with 
100 μL of 20 μg/mL proteinase K at room temperature 

for 20 min.  The slides were rinsed with 1×TBS and the 
entire specimen were covered with 1 μg/μL DNase I in 
1×TBS/1 mmol/L MgSO4.  The slides were incubated at 
room temperature for 20 min.  After washing with 1×TBS, 
the specimens were incubated with 100 μL of 1×terminal 
deoxynucleotidyl transferase (TdT) equilibration buffer 
at room temperature for 10–30 min.  The 1×equilibration 
buffer was carefully blotted from the specimen and 
60 μL TdT labeling reaction mixture was immediately 
applied onto each specimen.  The slides were placed in a 
humidified chamber and incubated at 37 °C for 1–1.5 h.  
After washing with 1×TBS, the slides were mounted with 
a glass coverslip and the edges were sealed.  The labeled 
nuclei in the slides were analyzed by using a standard 
fluorescent filter at 465–495 nm.  Ten high-power fields 
were examined for each sample, and the number of cells 
stained positive in each field was determined.  Values 
were then averaged to provide an apoptotic number for 
each tumor specimen, and an average of 3 tumors was 
determined for each tumor group.

Statistical analysis  Statistical evaluation was per form-
ed using two-tailed t-test.  P-values less than 0.05 were 
considered statistically significant.

Results

Evaluation of the combined growth inhibitory effects 
of ApoG2 and ADM in cultured human liver cancer cells  
The in vitro cytotoxicity of ApoG2 on the 4 HCC cell lines 
were determined by WST assay (Figure 2).  The 4 cell lines 
had a high expression level of Bcl-2 family proteins.  The 
IC50 value of ApoG2 for the SMMC-7721, Bel-7402, QGY-
7703, and HepG2 cell lines were 17.28±4.71, 21.61±5.25, 
17.36±4.30, and 30.63±3.83 μmol/L, respectively (Figure 
2A).  The most sensitive cell lines were SMMC-7721 and 
QGY-7703.

Increased cytotoxicity was observed when ApoG2 
was used in combination with ADM in the HepG2, 
SMMC-7721, and QGY-7703 cell lines, calculated by the 
CalcuSyn method, but not in the Bel-7402 cell line.  The 
data demonstrated that the CI plots of interactions between 
ApoG2 and ADM in HepG2, SMMC-7721, and QGY-
7703 cells after 72 h treatment were less than 1.0 (Figure 
2B, Table 1), which indicated synergy between two agents.  
As HepG2 has poor tumorigenicity in nude mice, and 
SMMC-7721 was the most sensitive cell line to ApoG2 in 
our studies and readily formed progressive tumors in nude 
mouse xenograft models, further detailed investigations 
were carried out in this cell line.
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ApoG2 alone or in combination with ADM induced 
apoptosis of SMMC7721 and influenced the expression 
of apoptosis-related proteins  ApoG2 in combination with 
ADM resulted in increased apoptosis in SMMC-7721 cells.  
The results of the DAPI staining indicated that ApoG2 
induced apoptosis alone or in combination with ADM 
(Figure 3A).  The data of the FACS analysis demonstrated 
that ApoG2 at 5, 10, and 15 μmol/L increased the counting 
apoptosis rate by 3.87%, 12.92%, and 30.76%, respectively.  
The apoptosis rate for ADM at 1 μmol/L was 3.89%, and 

an enhanced apoptosis rate of 18.67 % was detected for 
ApoG2 at 10 μmol/L with ADM at 1 μmol/L in the cultured 
cells (Figure 3C).  The cell cycle analysis demonstrated 
that ApoG2 also induced cell arrest at the G0/G1 phase, 
whereas ADM caused S-phase arrest in SMMC-7721 cells, 
both alone and in combination, compared with 10 μmol/L 
ApoG2 (Figure 3B).

The expressions of anti-apoptotic proteins Bcl-2 
and Mcl-1 were reduced by ApoG2 in a dose-dependent 
manner, and the expression of Bcl-XL was completely 
inhibited by an even lower concentration of 5 μmol/L in 
this study.  The BH3-only pro-apoptotic protein Noxa was 
increased by ApoG2 at 15 μmol/L.  ApoG2 reduced full-
form caspases-9 and -3, and the caspase activity assay 
indicated that the activities of caspases-9 and -3 increased 
in a dose-dependent manner.  The results demonstrated that 
ApoG2 could induce apoptosis through the Bcl-2 pathway 
and activate a caspase cascade reaction (Figure 3C).

There appeared to be no difference in all of the protein 
expressions between 10 μmol/L ApoG2 alone and the 

Table 1.   The CI values of interactions between ApoG2 and ADM by 
CalcuSyn method in four kinds of liver cancer cells after 72 h treatment.

       Cells                                      Combination index values (CI)
                                                ED50             ED75                   ED90

 
 SMMC-7721 0.657 0.763 0.911
 QGY-7703 0.536 0.276 0.143
 HepG2 0.499 0.578 0.712
 Bel-7402 1.493 1.228 1.044

Figure 2.  (A) Cell viability 
of ApoG2-treated liver cancer 
cells (IC50 values).  (B) Dose-
effect curve of interactions 
between ApoG2 and ADM 
b y C a l c u S y n m e t h o d i n 
liver cancer cells after 72 h 
treatment.
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Figure 3.  SMMC-7721 cells treated with ApoG2 single at 5, 10 or 15 μmol/L, ADM at 1 μmol/L or ApoG2 at 10 μmol/L in combination with ADM.  
(A) The condensed chromatin is seen as spot in the nucleus by DAPI staining after treatment for 48 h.  (B) Cell cycle and apoptosis assay by FACS (PI 
staining) after treatment for 48 h.  (C) Protein blotting after treatment for 24 h and 48 h and the caspase-9 and caspase-3 activity assay for 48 h.
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combination of ApoG2 at 10 μmol/L with ADM, according 
to the Western blot analysis.  Although ADM alone did 
not affect the expression of Bcl-2 family members, it 
could promote the activities of caspases-9 and -3 and 
induce apoptosis for SMMC-7721.  Enhanced activities of 
caspases-9 and -3 were observed in combination treatment.  
As p53 plays an important role in chemotherapy, further 
studies examining p53 should show that ADM increases 
the expression of p53 both alone and in combination with 
ApoG2 after treatment for 48 h (Figure 3C).  The treatment 
of SMMC-7721 cells with concentrations up to 10 µmol/L 
ApoG2 for 48 h did not produce significant changes in the 
levels of p53 in this assay.

Growth inhibition in the SMMC7721 xenograft 
model  In the liver cancer SMMC-7721 xenograft model, 
ApoG2 alone at a dose of 100 or 200 mg/kg (ig, once daily 
for 28 d) resulted in modest tumor growth inhibition with 
T/C values of 0.688 and 0.676, respectively.  The T/C 
value for intravenous ADM at 5.5 mg/kg (once a week for 
4 weeks) was 0.853, indicating limited or no antitumoral 
activity.  An enhanced effect of ADM was observed when 
combined with ApoG2, with T/C values of 0.456 (P<0.05) 
and 0.323 (P<0.01) for 100 mg/kg ApoG2 with ADM or 
200 mg/kg ApoG2 with ADM, respectively.

Significant body weight loss was not observed in the 
ApoG2-alone treatment groups compared with the control 
group during the experiment.  However, ADM caused 
significant weight loss whether it was used alone or not 
(P<0.05), especially during the second and third weeks 
of treatment.  Nevertheless, the weight changes were 
recovered after the cessation of treatment.

Figure 4C shows the damaged cells in combination 
therapy-treated tumor tissues.  Compared with the control 
or single agent-dosing groups, there were spaces between 
the cells (cells were necrotic) and pyknotic nuclei in the 
slides of the tumor tissues of the combination groups.  
However, there were no significant lesions in the normal 
liver or other tissues, even with a high dose of ApoG2 
(Figure 4D).

The results demonstrated that ApoG2 had low toxicity 
to normal tissues and demonstrated excellent therapeutic 
potential for human liver cancer either alone or in a 
combinable regimen.

Induction of apoptosis in tumor tissues  The mice 
were treated with ApoG2 alone (200 or 400 mg/kg, ig, 
daily) for 7 d, or with ADM at 10 mg/kg once intravenously 
on the first day, or with ApoG2 in combination with ADM 
at 10 mg/kg.  The vehicle control group was dosed ig 
daily with 0.5% CMC for 7 d.  The mice were killed 2 h 

after the last treatment.  The apoptotic cells in the tumor 
sections were detected by TUNEL assay.  In this assay, 
TdT bound to the exposed 3´-OH ends of DNA fragments 
generated in response to apoptotic signals and catalyzed 
the addition of fluorescein-labeled deoxynucleotides.  The 
green fluorescent staining in the tumor sections represented 
apoptotic cells (Figure 5).  The number of apoptotic cells 
in the ApoG2 alone group at 400 mg/kg was more than that 
of the ApoG2 alone group at 200 mg/kg.  ApoG2 at 400 
mg/kg with ADM at 10 mg/kg significantly induced more 
apoptotic cells in comparison with those treated with either 
ApoG2 or ADM alone in SMMC-7721 tumor tissues.

Discussion

ApoG2 is a potent, small molecule inhibitor of Bcl-2, 
Bcl-XL, and Mcl-1 by binding to the BH3 binding pocket.  
The Bcl-2 family members all contain a BH3 domain, 
and it has been proposed that gossypol and its derivatives, 
acting as non-selective BH3 mimetic polygon, may bind to 
the BH3-binding pocket of various Bcl-2 family members.  
This binding activates Bak or Bax directly and promotes 
cell death, also simultaneously inhibiting anti-apoptotic 
members[25].  Our study demonstrated that ApoG2 could 
dose dependently alter the expression of Bcl-2 family 
members, downregulating Bcl-2, Mcl-1 and Bcl-XL, and 
up-regulating the expression of pro-apoptotic proteins, 
such as Noxa.  

With the binding of ApoG2 to Bcl-2 family proteins, it 
would be expected that ApoG2 could lead to the activation 
of downstream apoptotic proteins.  In the present study, 
we show that ApoG2 can activate caspase-9, which in 
turn activates caspase-3.  Caspase-3 is one of the key 
executioners of apoptosis.  Biochemical and genetic 
evidence indicates that Bcl-2 prevents apoptosis at the point 
of caspase-3 activation[26].  Here, its changes corresponded 
with the results of induced apoptosis in SMMC-7721 cells.  

These findings demonstrate that ApoG2 can activate the 
Bcl-2 apoptotic pathway in vitro.  The exact mechanism 
of action of ApoG2 is still not clear.  The proposed 
mechanisms would be that ApoG2 binds to Bcl-2 family 
members and its association interferes with BH3-only pro-
apoptotic proteins, thus pro-apoptotic proteins participate 
in the apoptotic response.  The results of the cell cycle 
assay also indicated that ApoG2 could induce cell cycle 
arrest at the G0/G1 phase in SMMC-7721 cells.  Studies 
of (-)-gossypol show that it induces G0/G1 arrest in 
colon cancer and lymphoma cells[27,28].  As a derivative 
of gossypol without two aldehyde groups, ApoG2 could 
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Figure 4.  (A) Growth inhibition in xenograft SMMC-7721 model.  Tumor growth curves show the mean tumor volume as a function of time.  Tumor 
cells were inoculated into immunocompromised nude mice. After establishment of tumors, animals were treated po for 28 days on a daily schedule with 
ApoG2 and ADM iv once a week for 4 weeks at the concentration indicated.  bP<0.05, cP<0.01, compared with control group.  Tumor volumes in mice 
that received 100 or 200 mg/kg ApoG2 daily +ADM 5.5 mg/kg once a week were significantly smaller than tumor volumes in mice that received a vehicle 
control.  This difference remained statistically significant from the 3rd to 4th weeks of the treatment.  (B) Body weight change (%) of the tumor bearing 
mice during the treatment.  There was no significant difference between the ApoG2 single treatment groups and the control group, P>0.05 compared with 
control group.  But ADM (5.5 mg/kg) inhibited the growth of body weight in both single or combined groups, bP<0.05, compared with control group.  (C) 
H&E stain of xenograft SMMC-7721 tumor tissues after 7 days treatment (×100).  (D) H&E staining of normal tissues in xenograft SMMC-7721 model 
mice after 7 days treatment with ApoG2 400 mg/kg.
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inhibit the proliferation of SMMC-7721 through cell cycle 
arrest and the induction of apoptosis.  

The activation of P53, which promotes apoptosis 
of tumor cells, is considered to be a key mechanism of 
action of antitumoral drugs, including ADM[29,30].  In this 
experiment, although ADM did not affect Bcl-2 family 
proteins of SMMC-7721, other studies on P53 showed that 
ADM could promote P53 expression.  The results indicated 
that the promotion of P53 expression would be a possible 
cause for the induction of apoptosis by ADM in SMMC-
7721 cells.  ADM could inhibit biosynthesis of nucleic acid 
in tumor cells and cause cell toxicity in all the cell cycle 
phases.  In our study, ADM at 1 µmol/L induced S-phase 
arrest to SMMC-7721 cells.  Nevertheless, based on the 
data presented in this study, apoptosis and cytotoxicity 

induced by combination therapy of ApoG2 with ADM is 
more significant than with either agent alone.  

The in vivo data found that the effect of ApoG2 alone 
was stronger than that of ADM alone, and that ApoG2 
alone at an oral dose of 100 or 200 mg/kg, once daily 
for 28 d, resulted in modest tumor growth inhibition 
and T/C values of 0.688 and 0.676, respectively, in the 
liver cancer SMMC-7721 xenograft model.  The T/C 
value for intravenous ADM at 5.5 mg/kg (once a week 
for 4 weeks) was 0.853.  More importantly, there was 
no body weight loss in the animals treated with ApoG2 
with all doses, indicating no toxicity to the animals at 
the dosages administered.  The maximal tolerated dose 
(MTD) of ApoG2 in the mice by oral gavage was more 
than 2000 mg/kg in our separate studies.  Furthermore, 

Figure 5.  TUNEL assay results of SMMC-7721 xenograft tumor tissues after 7 days treatment, the bright fluorescence spots indicated the apoptosis cells. 
n=10.  Mean±SEM. cP<0.01 compared with control group; fP<0.01 compared with ApoG2 single group; hP<0.05, iP<0.01 compared with ADM single 
group.
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histopathological examinations indicated that no lesions 
were found in the normal tissues of major organs in mice 
after continuing treatment with ApoG2 at 400 mg/kg for 
7 d.  The combination treatment did not result in greater 
toxicity to the animals.  When combined with ADM, an 
enhanced effect of ApoG2 was observed, with T/C values 
of 0.456 (P<0.005) and 0.323 (P<0.001) for the 100 mg/kg 
plus ADM and 200 mg/kg plus ADM groups, respectively.  
These results indicate that ApoG2 would be a safe and 
effective agent for anti-liver cancer therapy either alone or 
in combination therapy.

In summary, the data demonstrated that ApoG2 
can promote apoptosis through the Bcl-2 pathway by 
upregulating the BH3-only pro-apoptotic protein Noxa and 
downregulating Bcl-2, Mcl-1, and Bcl-XL in SMMC-7721 
cells.  ApoG2 could have great therapeutic potential as an 
effective new therapy for HCC when used with traditional 
chemotherapy ADM.
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