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Abstract. Alsterpaullone (Alp) is a small-molecule inhibitor that 
targets cyclin-dependent kinases to inhibit tumor cell activity. 
However, to the best of our knowledge, the effect of Alp on hepa-
toblastoma has not been investigated. Therefore, the function of 
Alp in apoptotic induction of hepatoblastoma cells and a potential 
mechanism of action were investigated. Results indicated that 
low doses of Alp (1 µM) significantly induced apoptosis in the 
HepG2 hepatoblastoma cell line. In vivo experiments of tumor 
suppression further indicated that Alp (3 mg/kg) exerted an 
inhibitory effect on HepG2 xenograft tumor growth. Following 
Alp treatment, the expression level of B-cell lymphoma 2 
(Bcl-2)-associated X protein, and cleaved caspase-3 and -9 in 
HepG2 cells was significantly increased; however, the expression 
of Bcl‑2 was significantly decreased. In addition, phosphorylation 
of p38 mitogen‑activated protein kinase (MAPK) significantly 
decreased Alp-induced caspase-3 and -9 activation. These results 
suggested that Alp induces apoptosis and inhibited proliferation 
via the p38MAPK signaling pathway. Therefore, Alp may be a 
therapeutic agent for treating hepatoblastoma.

Introduction

Hepatoblastoma (HB) is the most common malignant liver 
tumor in children under 3 years of age (1). Epidemiological data 
indicate that the incidence of HB has increased in European 
countries, Japan and the USA in the last 30 years (2). HB is 
usually associated with constitutional genetic abnormalities, 
malformations and familial cancer syndromes (3,4). Overall 
survival rates of patients with HB was relatively low (20-30%) 
a few decades ago; however, the survival rates of these patients 
has increased to 70-80% because of the use of neoadjuvant 

and adjuvant chemotherapy (2). Thus, novel chemotherapeutic 
treatments are critical for HB.

Cyclin-dependent kinase (CDK) inhibitors induce cell cycle 
arrest and promote apoptosis of tumor cells (5). Among all 
small‑molecule CDK inhibitors, alsterpaullone (Alp; 9‑nitro‑7,
12-dihydroindolo[3,2-d][1]-benzazepin-6(5H)‑one; Fig. 1A) is 
a paullone derivative confirmed to have increased potency in 
enzymatic and anti-proliferative assays compared with other 
derivatives (6,7). Alp inhibits a variety of tumors (5,8-11) and 
it selectively inhibits CDK1, resulting in cell cycle arrest at 
G2/M phase (7,12). In addition, Alp can activate caspase‑9 via 
perturbation of the mitochondrial membrane potential, thereby 
inducing apoptosis in cancer cells (8,9,13). Studies indicate 
that Alp also inhibits glycogen synthase kinase-3β (14-16).

To the best of our knowledge, the present study is the 
first to investigate the effect of Alp in the HB HepG2 cell 
line in an in vivo and in vitro model, and it was identified 
that Alp inhibited HepG2 cell proliferation via apoptosis 
and downregulated B-cell lymphoma 2 (Bcl-2), upregulated 
Bcl-2-associated X protein (Bax) and p38 mitogen-activated 
protein kinase (p38MAPK), and activated caspase-3 and -9. Thus, 
Alp may be useful for treating HB.

Materials and methods

Animals. A total of 27 male nude mice (4-6-week-old, 18-20 g) 
were purchased from the Experimental Animal Center of 
The Second Military Medical University (Shanghai, China) 
and housed in a continuous air laminar chamber in a specific 
pathogen‑free animal facility in the Institute of Immunology 
of The Second Military Medical University with the following 
conditions: 28˚C, normal pressure, humidity of 40‑60%, and 
10 h of light and 14 h without light daily. All animals had 
free access to water and food. All treatments complied with 
the animal welfare guidelines of Chinese Official Guiding 
Opinions on the Treatment of Experimental Animals and 
the Secondary Military Medical University. Experimental 
protocols for animal experiments were approved by the ethics 
committee of The Secondary Military Medical University.

Chemicals and reagents. Alp (purity 99%) was dissolved 
in dimethylsulfoxide (DMSO; both Sigma Chemical Co.; 
Merck KGaA, Darmstadt, Germany) to concentrations of 
10 µM and 1 mg/ml and stored separately at 4˚C. The final 
concentration of DMSO in experimental culture medium 
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was consistently <0.1%. A Cell Counting kit-8 (CCK-8) 
was purchased from Dojindo Molecular Technologies, Inc. 
(Kumamoto, Japan). Dulbecco's modified Eagle's medium 
(DMEM) and fetal bovine serum (FBS) were obtained from 
Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). 
A Fluorescein Isothiocyanate (FITC)‑Annexin V/Propidium 
Iodide (PI) Apoptosis Detection kit and Hoechst 33342/PI 
were purchased from BD Biosciences (Franklin Lakes, NJ, 
USA) and Signalway Antibody LLC (College Park, MD, USA). 
Antibodies against cleaved caspase-3 (cat. no. sc-271759) and 
caspase-9 (cat. no. sc-133109) were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA), antibodies against Bcl‑2 
(cat. no. BS1511), p38 (cat. no. BS3566), p-p38 (cat. no. BS4635) 
and Bax (cat. no. BS6420) were from Bioworld Technology, 
Inc. (St. Louis Park, MN, USA) and antibody against GAPDH 
(cat. no. SAB2108266) was from Sigma Chemical Co.; Merck 
KGaA. SB202190 (a p38‑specific inhibitor; cat. no. 559388) was 
from EMD Millipore, Billerica, MA, USA. Cell lysis buffer 
was from Cell Signaling Technology, Inc. (Danvers, MA, USA), 
Protease Inhibitor Cocktail Tablets (cat. no. 617586) were from 
EMD Millipore and a Pierce™ Bicinchoninic Acid (BCA) 
Protein assay kit was from Thermo Fisher Scientific, Inc.

In vitro cell culture. A normal liver LO2 cell line and an HB 
HepG2 cell line were purchased from the Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China). LO2 and 
HepG2 cells were cultured in DMEM containing 10% FBS 
and incubated at 37˚C under 5% CO2.

CCK‑8 assay. To determine the cytotoxicity of Alp towards 
the two cell lines at various concentrations for various dura-
tions of treatment, a CCK-8 kit was used, according to the 
manufacturer's protocol. Briefly, each well of 96-well plate 
was seeded with 5x103 cells and cells were cultured until they 
reached 70‑80% confluence. Alp (0, 0.5, 1, 1.5, 2, 5, 10 or 20 µM) 
was applied to cells and controls were treated with DMEM 
containing 10% FBS and 0.1% DMSO. Cells were incubated for 
24, 48 or 72 h, and 10 µl CCK-8 solution was added to each well 
prior to incubation at 37˚C for 40 min. Sample absorbance was 
determined at 450 nm using an Epoch microplate spectropho-
tometer (BioTek Instruments, Inc., Winooski, VT, USA) and the 
half‑maximal inhibitory concentrations (IC50) were calculated.

Fluorescence staining. Hoechst 33342/PI double staining was 
performed to measure cytotoxicity of Alp in the two cell types. 
Cells (1x105 cells/well) were seeded on individual coverslips 
and incubated in 6-well plates. DMSO (0.1%) or Alp (1, 4 or 
8 µM) was added to wells prior to incubation at 37˚C for 24 h. 
The protocol was carried out as described previously (17). 
Cells for each treatment were stained with Hoechst 33342 
dye for 20 min and subsequently stained with PI for 15 min. 
Following three PBS washes, cells on coverslips were mounted 
on glass slides and observed under a fluorescence microscope 
(magnification, x200).

Annexin V/PI double staining. To determine the effect of Alp 
on HepG2 cell viability, Alp (2, 4 or 8 µM) was applied to 
HepG2 cells for 24 h and 0.1% DMSO was used for controls. 
An FITC‑Annexin V/PI Apoptosis Detection kit was used to 
determine levels of apoptosis. HepG2 cells (2x105 cells/well) 

were seeded in individual wells of 6-well plates and treated as 
aforementioned. Cells were harvested and 100 µl 1X binding 
buffer was used to resuspend cells, followed by labeling with 
5 µl FITC/annexin V and 5 µl PI at room temperature for 
15 min in the dark. To each sample, 400 µl 1X binding buffer 
was added prior to analysis by flow cytometry (Accuri™ C6 
instrument; BD Biosciences).

Colony formation assay. Colony formation is the basic ability of 
tumor cells (18). A cell colony formation assay was performed 
on HepG2 cells to verify the effect of Alp on HB cells. HepG2 
cells were plated into 6 cm plates at 5x102 cells/well and were 
incubated at 37˚C for 24 h. The culture medium was removed, 
and fresh DMEM containing 10% FBS and 0.1% DMSO, or 
2, 4 or 8 µM Alp was added. After 24 h of incubation at 37˚C, 
the medium was replaced with DMEM containing 10% FBS 
without DMSO or Alp. After 14 days of incubation at 37˚C, 
cells were washed twice with PBS, fixed in 2 ml 4% parafor-
maldehyde for 30 min, stained with 1 ml 0.1% crystal violet 
for 20 min and washed three times with double-distilled water. 
The images of the plates were captured using a digital camera, 
and colonies with <50 cells were discounted. Each experiment 
was performed three times.

Western immunoblotting. HepG2 cells were treated with 
0.1% DMSO and various concentrations (2, 4 or 8 µM) of 
Alp for 24 h. The cells were washed twice with ice-cold PBS 
and lysed with cell lysis buffer supplemented with protease 
inhibitor. Protein concentrations were determined using BCA 
assays. Equal amounts (30 µg) of protein from each sample 
were separated by SDS-PAGE (10% polyacrylamide gels), 
transferred electrophoretically onto a nitrocellulose membrane, 
and incubated in blocking buffer containing 5% bovine serum 
albumin (Bio-Light Co., Ltd., Shanghai, China) in TBST for 1 h 
at room temperature. Nitrocellulose membranes were incubated 
with primary antibody overnight at 4˚C, washed and incubated 
with secondary antibody for 120 min at room temperature. 
Both peroxidase‑conjugated AffiniPure goat anti‑rabbit (cat. 
no. BS13278) and peroxidase-conjugated AffiniPure goat 
anti-mouse (cat. no. BS12478) secondary antibodies were 
purchased from Bioworld Technology, Inc. (St. Louis Park, 
MN, USA). Proteins were detected using chemiluminescence 
(Tanon Science and Technology Co., Ltd., Shanghai, China). 
The following antibody dilutions were used: Anti-GAPDH 
at 1:2,000; anti‑cleaved caspase‑3 and ‑9 at 1:200; anti‑Bcl‑2, 
-Bax, -p38 and -phospho (p)-p38 at 1:1,000. Both secondary 
antibodies of rat and mouse were used at 1:2,000. HepG2 cells 
were pretreated (or not) with 25 µM SB202190 for 45 min prior 
to treatment (or not) with 8 µM Alp for 24 h. Results were 
analyzed and quantified using ImageJ (version 1.49v; National 
Institutes of Health, Bethesda, MD, USA).

In vivo tumorigenic experiments. To verify the effect of Alp on 
HepG2 cells in an in vivo model, a tumorigenic animal model 
was established using male nude mice. To establish experimental 
animals, 5x106 HepG2 cells were injected (subcutaneously) 
singly into the backs of nude mice and tumors were allowed to 
reach ~3x3 mm. The optimal Alp dose was 3 mg/kg according 
to the results of the pre experiment (Alp dose 0, 0.5, 1, 1.5, 3, 
5 mg/kg) and this was administered to animals (intraperitoneally) 
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Figure 2. Alp induces death of HepG2 cells as visualized by fluorescence microscopy. (A) Hoechst 33342 and PI staining of HepG2 cells treated with the 
indicated concentrations of Alp for 24 h (original magnification, x200). (B) Quantification of dead cells relative to the total number of HepG2 cells treated with 
various concentrations of Alp for 24 h. Results are presented as the mean ± standard deviation for three separate experiments. *P<0.05, ***P<0.001, ****P<0.0001. 
Alp, alsterpaullone; PI, propidium iodide; DMSO, dimethylsulfoxide; Ctrl, control.

Figure 1. Alp time- and dose-dependently inhibits the proliferation of LO2 and HepG2 cells. (A) Chemical structure of Alp. (B) Viability analysis of LO2 and 
HepG2 cells incubated with various concentrations of Alp for 24 h, as assayed using a Cell Counting kit-8 assay. (C) Viability of HepG2 cells incubated with 
0, 0.5, 1, 1.5, 2, 5, 10 or 20 µM Alp for 24, 48 or 72 h. The half-maximal inhibitory concentration of Alp for HepG2 cells was determined to be 3.095, 2.333 
and 1.681 µM at 24, 48 and 72 h, respectively. Results are presented as the mean ± standard deviation (n=3). Results for each concentration and time point are 
significantly different (P<0.05) from those for all other concentrations and time points. Alp, alsterpaullone.
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once daily for 2 weeks. Nude control mice were given the same 
volume of 40% propylene glycol (Sigma Chemical Co.; Merck 
KGaA). In total, 9 mice were used in each group. At the end 
of the experimental period, animals were sacrificed using CO2 
(the flow rate was 250 ml/min and the volume of the cage was 
1,000 cm3) and tumors were collected and analyzed.

Statistical analysis. GraphPad Prism software (version 6.0; 
GraphPad Software, San Diego, CA, USA) was used for statis-
tical analyses and figure preparation. Experimental data are 
presented as the mean ± standard deviation. Student's t-test was 
used to compare two groups and analysis of variance followed 
by a Dunnett's multiple comparisons test was used when more 
than three groups were analyzed. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Cytotoxicity of Alp in LO2 and HepG2 cells. Fig. 1B indicates 
that Alp exhibited significantly less inhibitory effect on LO2 
normal liver cells compared with on HepG2 HB cells and these 
inhibitory effects were dose- and time-dependent. Fig. 1C pres-
ents the half-maximal inhibitory concentration data for 24, 48 
and 72 h of incubation with Alp. Fig. 2A indicates that normal 
nuclei fluoresced blue following Hoechst 33342 staining and 
dead cells fluoresced red following PI staining. Cell morphology 
was altered with increasing Alp concentration. Alp signifi-
cantly increased HepG2 cell death in a dose-dependent manner 
(Fig. 2B). Annexin V and PI double staining data presented in 
Fig. 3 indicated that that proportion of apoptotic HepG2 cells 
increased significantly with increasing Alp concentration, to a 
maximum at 8 µM Alp (P<0.05).

Alp decreases colony formation in HepG2 cells. Fig. 4 presents 
the results of a colony formation assay. The number of colonies 
of HepG2 cells treated with Alp at concentrations of 0, 2, 4 
and 8 µM was 437±36, 312±27, 248±24 and 153±28, respec-
tively, representing a significant decrease with increasing 
concentrations of Alp (P<0.05).

Alp induces the activation of caspase‑3 and ‑9 in HepG2 cells. 
To elucidate whether Alp-induced apoptosis was associated 
with caspase-3 or -9, levels of these enzymes were determined 
and, as presented in Fig. 5, caspase-3 and -9 cleavage in HepG2 
cells was dose-dependent. Cleaved caspase-3 and -9 expression 
increased in HepG2 cells following 8 µM Alp treatment. Bax 
expression also increased, whereas Bcl-2 expression decreased 
following Alp treatment.

Alp induces HepG2 apoptosis via p38 pathways. Fig. 6A indi-
cates that, whereas total p38 expression levels in HepG2 cells 
were consistent, phospho-p38 levels increased with increasing 
concentrations of Alp. HepG2 cells treated with 25 µM 
SB202190, a p38MAPK inhibitor, prior to 8 µM Alp treatment 
for 24 h exhibited weak casapase-3 and -9 activity (Fig. 6B).

Inhibitory effect of Alp on HB xenograft tumor growth. HB 
xenografts isolated from nude mice following sacrifice were 
weighed and images were captured. Fig. 7 presents repre-
sentative images of HB xenografts and tumor weights from 

different treatment groups. Alp-treated animals had smaller 
tumors compared with those of PG-treated controls.

Discussion

HB is an embryonal tumor (3). Children with HB require 
complete surgical resection, but ~50% of tumors are 
unresectable at diagnosis (19). Currently, prognosis is dismal 
with a low survival rate (20-30%) (18). The use of pre-operative 
chemotherapy, surgical resection and post-operative 
chemotherapy has increased the survival rate to 70-80% (20). 
Therefore, novel chemotherapeutic drugs for HB are urgently 
required. Modulation of CDKs is considered to be critical to 
the treatment and prevention of human malignancies (6). Alp, a 
potent CDK modulator, competes with ATP for the CDK-binding 
site (9,10), suggesting promise as a novel chemotherapeutic 
agent. Previous studies have identified antitumor effects of Alp 
in breast cancer, leukemia cells and cervical cancer (5,8,10,11). 
In the present study, HepG2 cells were selected to determine the 

Figure 3. Alp induces dose-dependent apoptosis of HepG2 cells. (A) HepG2 
cells were incubated with increasing concentrations of Alp for 24 h, prior to 
analysis of cell apoptosis by flow cytometry. (B) Quantification of apoptotic 
HepG2 cells after 24 h of treatment with Alp at various concentrations. 
Results are presented as the mean ± standard deviation for at least three 
independent experiments. **P<0.01, ***P<0.001, ****P<0.0001 vs. control. Alp, 
alsterpaullone; DMSO, dimethylsulfoxide; PI, propidium iodide; UL, upper 
left; UR, upper right; LL, lower left; LR, lower right; Q, quadrant.
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antitumor effects of Alp in HB. The HepG2 cell line, which has 
been widely used in biological fields, was originally classified 
as a cell line from hepatocellular carcinoma. Recently, HepG2 
was reidentified as a HB‑derived cell line (1). The results of 
the present study reveal for the first time, to the best of our 
knowledge, that Alp inhibited HepG2 cells in vitro and in vivo, 
offering significant cytotoxicity towards HepG2 cells in a dose‑ 
and time‑dependent manner. In a model of tumorigenicity using 
HepG2 cells in nude mice, Alp significantly decreased tumor 
weight at 3 mg/kg. These results suggested that Alp exhibits 
significant antitumor effects in hepatic neoplasms.

Inhibition of cell proliferation is critical to apoptosis and 
blockade of cell cycle progression. Lahusen et al (8) first 
reported that Alp induced cell cycle arrest and also apoptosis 
in a Jurkat cell line. Additional studies indicated that Alp 
could induce apoptosis in various cell lines (5,8,10,11), but 
the molecular mechanism by which Alp induces apoptosis in 
HB cells is unclear. Previous results indicate that apoptotic 
proteins participate in Alp-mediated HepG2 cell death, and 
that caspases and Bcl-2 family members may be critical to 
this apoptotic process (21,22). Bcl-2 family proteins either 
suppress or promote apoptosis (23): Bcl-2 is an important 
anti-apoptotic protein, whereas Bax belongs to a pro-apoptotic 
subfamily (24). It was identified in the present study that Bax 
expression increased and Bcl-2 expression decreased following 
Alp treatment. Furthermore, caspases are indicators of apop-
tosis, and also critical regulators of initial apoptotic processes. 
Among the 14 caspases identified in mammals, caspase-9 
and -3 are essential for apoptosis (21,22,25). Caspase-9, as an 
initiator caspase, can initiate a cascade of increasing caspase 
activity by processing and activating effector caspases (22). 
In addition, caspase‑3, as an effector caspase, can cleave and 
inactivate certain vital cellular proteins by proteolysis (22,26). 
Of note, Alp was identified to induce apoptosis by activating 
caspase-9 and -3, as well as by increasing the expression of 
cleaved caspase-9 and -3 in HepG2 cells.

Figure 4. Alp decreases colony formation in HepG2 cells. (A) Colony-forming ability of HepG2 cells treated with various concentrations of Alp or with 
DMSO as a control. (B) Quantification of colonies formed following Alp treatment compared with DMSO‑treated controls. Results are presented as the 
mean ± standard deviation (n=3). **P<0.01, ***P<0.001, ****P<0.0001 vs. control. Alp, alsterpaullone; DMSO, dimethylsulfoxide.

Figure 5. (A) HepG2 cells were treated with 2, 4 or 8 µM Alp for 24 h and 
subjected to western blotting. Bcl-2 was suppressed in Alp-treated HepG2 
cells, whereas activation of caspase-3, caspase-9 and Bax was increased. 
(B) Following treatment with 8 µM Alp for 24 h, the relative expression 
levels of Bax, cleaved caspase-3 and cleaved caspase-9 in HepG2 cells were 
increased 7.8±1.2-, 6.9±1.3- and 7.5±1.5-fold, respectively. The relative 
expression level of Bcl-2 was decreased 0.27±0.09-fold. Results are presented 
as the mean ± standard deviation (n=3). Alp, alsterpaullone; Bcl‑2, B‑cell 
lymphoma 2; Bax, Bcl‑2‑associated X protein.
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MAPKs are involved in cell death (27), and activation 
of the MAPK signaling pathway serves a central function in 
HB proliferation and cell cycle progression (28). The p38MAPK 
cascade is known to be involved in the apoptotic pathway of 
human HB cell lines and, compared with non-tumorous liver 
tissue, human HB cells have less p38MAPK activity, suggesting 
that attenuation of p38MAPK activity causes resistance to apop-
tosis in human HB cells. p38MAPK activation has been identified 
to be associated with an apoptotic response induced by several 
anticancer agents (29). However, to the best of our knowledge, 
there have been no studies of the association between Alp, 
the MAPK signaling pathway and HB proliferation. Thus, 
p38MAPK activation was investigated in Alp-treated HepG2 
cells. Results indicate that SB202190 (a p38MAPK-specific 

inhibitor) significantly inhibited the expression of caspase‑3 
and -9 induced by Alp, indicating that p38MAPK is critical for 
Alp-induced apoptosis in HepG2 cells.

In summary, Alp inhibits the growth of HB in vivo and 
in vitro by inducing apoptosis via increasing caspase expres-
sion and modulating Bcl-2/Bax protein expression. Finally, the 
p38MAPK pathway may be involved in HB apoptosis induced by 
Alp. Thus, Alp may hold promise as a novel chemotherapeutic 
agent for treating HB.
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