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Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon and malignant diseases in the world. Its incidence has 
been increasing globally, and more than 70% of all newly 
diagnosed liver cancers occur in Eastern Asia and Central 
Africa.1,2 The main cause of HCC is the cirrhotic liver, 
which is associated with chronic hepatitis B virus (HBV) 
or hepatitis C virus infections and the consumption of alco-
hol. Dysregulation of cellular proliferation and apoptosis 
are frequent events related to the malignant phenotype and 
poor responsiveness of HCC toward chemotherapy.3 
Therefore, developing effective pharmacological therapy 
for such dysregulation is a valid target for HCC clinical 
treatment.

Cell proliferation depends on the rates of both cell division 
and cell death. Tumors frequently have decreased cell death as 

a primary mode of increased cell proliferation.4 Genetic changes 
resulting in loss of programmed cell death are likely to be criti-
cal components of tumorigenesis. Many of the gene products 
that appear to control apoptotic tendencies are regulators of cell 
cycle progression. Two apoptotic pathways, the mitochondrial-
dependent intrinsic pathway and the death receptor–mediated 
extrinsic pathway, have been elucidated.5,6 Furthermore, the 
tumor suppressor p53 initiates various cellular responses that 
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can lead to cell cycle arrest and apoptosis, which also plays a 
role in the mitochondrial apoptosis pathway because its activa-
tion can directly induce Bax expression.7,8 Their roles in HepG2 
apoptosis remain to be defined, and they could be potential tar-
gets for drug-induced HepG2 cell cycle arrest and apoptosis 
implicated in antitumor therapy.

Ligusticum chuanxiong Hort is a plant classified in the 
family Apiaceae. It was known as a herb that promotes the 
circulation of blood in traditional Chinese medicine. Its main 
active constituent is tetramethylpyrazine (TMP), which can 
ameliorate microcirculation and also exhibits antioxidant 
activity and calcium antagonism. Recent studies suggest that 
TMP exhibits therapeutic promise for hepatic fibrosis and 
potent antitumor activities.9,10 However, the underlying 
molecular mechanisms remain to be defined. In the present 
study, our results demonstrated that TMP induced cell cycle 
arrest at the G0/G1 checkpoint and promoted mitochondrial 
apoptosis dependent on caspase activation in HepG2 cells. 
These effects were mediated by activation of p53 and upreg-
ulation of the Bax/Bcl-2 protein ratio. These discoveries pro-
vide novel insights into TMP induction of HepG2 cell cycle 
arrest and apoptosis and its anti–liver cancer properties.

Materials and Methods

Reagents and Antibodies

TMP was purchased from National Institutes for Food and 
Drug Control (Beijing, China). Cell Counting Kit-8 (CCK-8) 
was purchased from Dojindo Laboratories Science and 
Technology (Kamimashiki gun Kumamoto, Japan). The pri-
mary antibodies against cleaved-caspase-3, cleaved-cas-
pase-9, Bax, Bcl-2, p53, and cytochrome c (cyt c) were 
purchased from Cell Signaling Technology (Danvers, MA). 
Cellomics Multiparameter Cytotoxicity 3 Kit and Hoechst 
33342 staining were purchased from Thermo Fisher Scientific 
(Massachusetts, USA). Annexin V-FITC/PI kit and propidium 
iodide (PI) were purchased from Invitrogen (California, 
USA).

Cell Culture and Preparation of TMP

HepG2 cell line was purchased from Shanghai Institute of 
Biochemistry and Cell Biology. Cells were cultured in 
Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, 
NY) and supplemented with 10% heat-inactivated fetal 
bovine serum (Sijiqing Biotechnology Co, Hangzhou, 
China), 100 U/mL penicillin, and 100 µg/mL streptomycin 
(Hyclone, Thermo Fisher Scientific Inc, Massachusetts, 
USA) at 37°C with a humidified atmosphere of 5% CO

2
.

TMP was weighed and dissolved into dimethylsulfoxide 
(DMSO) as a 280 000 µmol/L stock solution; then diluted 
into 175, 350, 700, 1400, and 2800 µmol/L of serial solu-
tions, respectively; and next sterilized through a 0.22-µm 
filter membrane for subsequent study.

Cell Viability Analysis

Cytotoxicity activity was assayed by CCK-8 as described.11,12 
Briefly, cells were seeded into 96-well plates (Costar, 
Corning Inc, Corning, NY) at a density of 1 × 104 cells/well, 
cultured for 24 hours, and then divided into a control treated 
with DMSO (Beijing Solarbio Science and Technology Co, 
Ltd, Beijing, China) and those undergoing TMP treatments 
(the final sample solutions at 5 concentrations of 175, 350, 
700, 1400, and 2800 µmol/L). After incubation for 48 hours, 
the cell viability was assayed by CCK-8. All experiments 
were performed at least 3 times. Data were calculated as the 
percentage of cell inhibition rate (%): [1 − (Sample solution 
absorbance value/Control absorbance value)] × 100%.

Real-Time Monitoring of Density-Dependent 
Growth

To monitor cellular adhesion and growth responses, we have 
exploited the system from Roche Applied Sciences, consist-
ing of microtiter plates (E-plates) with integrated gold 
microarrays in the bottom of the wells for continuous and 
label-free measurements of cellular status in real-time by the 
Real-time Cell Analyzer (RTCA DP) instrument.13-15 In our 
study, cells were seeded in E-plates at a density of 1 × 105 
cells/well. E-plates were then transferred to the RTCA-DP 
instrument for automated real-time monitoring at standard 
incubator conditions: quadruplet readout of the parameter 
“Cell Index” every 1 hour for the following 48 hours.

Flow Cytometer Analysis of Cell Cycle and 
Apoptosis

To determine cell cycle and apoptosis, PI cell cycle kit and 
Annexin V-FITC/PI staining assay were performed as previ-
ously described.16,17 The cells were seeded in 6-well plates at 
a density of 1 × 105 cells/well, incubated for 24 hours, and 
then exposed to TMP at a concentration of 700 µmol/L for 12, 
24, and 48 hours, respectively. After treatment, the cells were 
stained with Annexin V-FITC/PI kit according to the manu-
facturer’s instructions and were suspended in a fluorochrome 
solution containing 5 µg/mL PI, 1 mg/mL sodium citrate, 0.1 
mg/mL RNase, and 1% Triton X-100 and then analyzed with 
a flow cytometer (FACSCalibur, BD Instruments Inc, Franklin 
Lakes, NJ) and FlowJo 7.1.0 software (Tree Star, Ashland, 
OR). All experiments were performed in triplicate, and for 
each measurement, at least 20 000 cells were counted.

High-Content Screening (HCS) Analysis of Cell 
Apoptosis

HCS is a tool for generating data on multiple parameters in 
single cell as well as in populations of cells, which is used to 
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measure the toxicity or proapoptotic effect of compounds on 
the cell.16,18 In this experiment, cells were incubated with 
TMP for 48 hours and stained with fluorescent dyes, includ-
ing Hoechst 33342, Annexin V-FITC, and PI. Then, plates 
were sealed and run immediately on the HCS Assay Scan 
VTI HCS Reader to acquire images. Images were analyzed 
with HCS software.

HCS Analysis of Mitochondrial Function

Using HCS technology, TMP induction of HepG2 mito-
chondrial pathway apoptosis at different TMP doses was 
assayed by Assay Scan VTI HCS Reader with the Cellomics 
Multiparameter Cytotoxicity 3 Kit. The principle of the 
assay was that cells were labeled with fluorescent dyes that 
would indicate the cellular properties of interest, including 
nucleus, mitochondrial membrane potential (Δψm) and cyt 
c. All procedures were performed according to the manu-
facturer’s instructions.19-21 Afterward, plates were sealed 
and run immediately on the Assay Scan VTI HCS Reader to 
acquire images. Images were analyzed with HCS software.

Simple Western Analysis

Simple Western analyses were performed according to the 
ProteinSimple user manual.22-24 In brief, cell lysate samples 
were mixed with a master mix to a final concentration of 
sample buffer, fluorescent molecular weight markers, and 
dithiothreitol and then heated at 95°C for 5 minutes. Next, 
the samples, blocking reagent, primary antibodies, chemilu-
minescent substrate, and separation and stacking matrices 
were also dispensed to designated wells in a 384-well plate. 
After plate loading, the separation electrophoresis and 
immunodetection steps took place in the capillary system 
and were fully automated. The collected signal intensity was 
subsequently processed, converted to an electropherogram, 
and integrated using Compass software (ProteinSimple).

Statistical Analysis

All experimental values were presented as means ± SD. 
Data were analyzed using SPSS 15.0 software. The signifi-
cance of difference was determined by 1-way ANOVA with 
the least-significant difference tests, and Students’s t-test 
was used for comparing the 2 treatments, as needed. Values 
of P < .05 were considered to be statistically significant.

Results

Effects of TMP on Viability of HepG2 Cells

To investigate the effect of TMP on the survival of HepG2 
cells, a wide range of doses of TMP, from 175 to 2800 
µmol/L, were incubated with HepG2 cells for 48 hours. Cell 
viability was determined by CCK-8 assay. As shown in 

Figure 1A, TMP significantly increased HepG2 cell inhibi-
tion in a dose-dependent manner (P < .01) compared with 
controls. Moreover, we further characterized the TMP-
incubated HepG2 cell growth rate using the real-time cell 
analysis system, which allows continuous data recording 
over a period of several days (Figures 1B and 1C). In our 
experiment, measurements on untreated and TMP-
stimulated cells demonstrated that the proliferation rate of 
TMP-treated cells was remarkably reduced in a dose- and 
time-dependent manner (P < .01).

Effects of TMP on HepG2 Cell Cycle and 
Apoptosis

Flow cytometric analysis of HepG2 cells stained with PI 
showed a significant increase in G0/G1 when TMP was 
induced for 12 hours and subG1 phase when TMP was 
induced form 12 to 48 hours (P < .01; Figures 2A and 2B). 
These results demonstrated that TMP could arrest HepG2 
cells at the G0/G1 phase and induce cell apoptosis. 
Subsequently, Annexin V-FITC/PI staining was used to quan-
titatively determine the percentage of cells that were actively 
undergoing apoptosis. Cells were incubated with TMP for 12, 
24, and 48 hours, respectively; stained with Annexin V-FITC/
PI; and analyzed by flow cytometry. As shown in Figures 2C 
and 2D, compared with controls, the number of apoptotic 
cells significantly increased in the TMP-treated cells in a 
time-dependent manner (P < .01). Additional evidence for 
TMP induction of HepG2 apoptosis was provided by Hoechst 
staining and Annexin V-FITC/PI, as analyzed by HCS 
(Figures 3A-3D). Data analyzed by HCS showed that com-
pared with control treatment, the nuclear size became smaller 
(P < .05) and both the Annexin V-FITC and PI fluorescence 
intensity significantly increased (P < .01) in TMP-treated 
cells. Collectively, these data indicated that TMP could 
induce HepG2 cell cycle arrest and apoptosis.

Effects of TMP on HepG2 Cell Mitochondrial 
Function and Caspase Activation

To further elucidate the mechanism of cell apoptosis, we 
next explored the pathway by which TMP promoted HepG2 
apoptosis. Mitochondria play a pivotal role as the gatekeep-
ers of apoptosis.25 During apoptosis, several key events 
occur in mitochondria, including a decrease in Δψm and 
increase in the release of cyt c.26,27 Using HCS technology, 
nuclear, Δψm and the release of cyt c from mitochondrial 
were costained with fluorescent dyes, and these images 
were taken by the HCS assay scan VTI Reader. Data derived 
from these images were analyzed using HCS software. The 
results (Figures 4A-4D) suggested that the mitochondrial 
pathway is involved in TMP-induced HepG2 apoptosis, and 
compared with control treatment, after cells were exposed 
to TMP for 48 hours, the fluorescent intensity associated 
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with size of the nucleus and Δψm significantly decreased (P 
< .05), whereas that associated with the release of cyt c 
from mitochondria markedly increased (P < .01).

Next, despite varying conditions under which apoptosis 
can occur, caspase activation is a universal event, and for 
that reason, it is considered an apoptotic marker. In the cur-
rent study, we demonstrated that TMP significantly increased 
cleaved-caspase-3 (P < .01) and cleaved-caspase-9 (P < .01) 
compared with the control group (Figures 5A-5E). Our 
results indicate that TMP could induce HepG2 cell mito-
chondrial-mediated and caspase-dependent apoptosis.

Effects of TMP on p53 Signaling and Bcl-2/Bax 
Protein Ratio

Some cell survival pathways control foundational cellular 
functons such as proliferation, cell cycle, and apoptosis and 
can be affected by many types of cellular stimuli or toxic 
insults.28 We investigated the signaling pathway by which 

TMP induced HepG2 cell cycle arrest and apoptosis by 
simple Western analysis (Figures 6A-6E). Because the Bax/
Bcl-2 ratio is critical for regulating the release of cytocrome 
c from mitochondria, we investigated the potential involve-
ment of the Bcl-2 family of proteins in the process of TMP-
mediated hepatocyte apoptosis. Our subsequent Western 
blot assays demonstrated that compared with control treat-
ment, TMP-treated cells showed an obvious decrease in 
Bcl-2/Bax protein ratio (P < .01; Figures 6A-6F). Results in 
Figures 6C to 6F show that the upregulation of p53 was 
detected in TMP-treated cells. Thus, these data suggest that 
TMP could induce G0/G1 cell cycle arrest and destroy 
mitochondrial function via activation of p53 and upregula-
tion of the Bcl-2/Bax protein ratio.

Discussion

HCC is most common in Asian countries, where the HBV is 
endemic.29 Induction of cell apoptosis has been proposed to 

Figure 1.  The effects of tetramethylpyrazine (TMP) on HepG2 cell viability and real-time monitoring of cellular proliferation. A. The 
HepG2 cells were treated with TMP at concentrations of 175, 350, 700, 1400, and 2800 µmol/L for 48 hours, and then, cell viability 
was assessed using the Cell Counting Kit-8 assay. B. Cells were seeded in an E-plate and then monitored for 72 hours with the real-
time cell analyzer instrument. C. The proliferation of TMP-treated cells for 12, 24, and 48 hours, respectively. Values are expressed as 
mean ± SD from 3 independent experiments, *P < .05, **P < .01 compared with control treatment.
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Figure 2.  The effects of tetramethylpyrazine (TMP) on HepG2 cell cycle and apoptosis using flow cytometry. Cells were treated 
with TMP at a concentration of 700 µmol/L for 12, 24, and 48 hours, respectively. (A) Cell cycle distribution and (B) cell number 
percentage in each phase (subG1, G0/G1, S, and G2/M) were detected and calculated. (C) Images and (D) quantification of apoptotic 
cells were analyzed and expressed. Data are presented as mean ± SD from triplicate samples. *P < .05, **P < .01 compared with the 
control group.
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be a potential strategy for treatment of HCC.30,31 Previous 
studies demonstrated that TMP could protect the liver and 
reverse tumor multidrug resistance.9,10 Our present study 
explored the TMP effects on HepG2 cell proliferation and 
apoptosis and underlying mechanisms in vitro and further 
predicted the potential molecular target for TMP actions.

To clarify the effect of TMP on regulating HepG2 cellu-
lar proliferation, we initially examined the dose-response 
effect of TMP on cell viability. The results obtained by the 
CCK-8 assay and real-time cell analysis system demon-
strated that TMP markedly inhibited HepG2 cell prolifera-
tion in a dose- and time-dependent manner.

Cell cycle arrest in cancer cells has been known to be a 
major indicator for anticancer effects; the loss of cell cycle 
control has been implicated in tumor development and  
proliferation.32 Subsequently, we performed flow cytometry 
to examine the effect of TMP on the cell cycle. Our data 
suggested that TMP induced a significant cell-cycle arrest 
in the G0/G1 phase during cell cycle progression and apop-
tosis. As a mechanism for cell death, apoptosis plays impor-
tant roles in many normal processes, ranging from fetal 
development to adult tissue homeostasis.33 Many tumors 
have been associated with the inhibition of apoptosis. 
Apoptotic induction has been a new target for innovative 

Figure 3.  The effects of tetramethylpyrazine (TMP) on HepG2 cell apoptosis using high-content screening (HCS) analysis. (A) 
HepG2 cells were stained by Hoechst 33342 and Annexin V-FITC/PI (propidium iodide) fluorescent dyes, and (B) the nucleus size, 
(C) Annexin V-FITC fluorescence, and (D) PI fluorescence were evaluated by HCS. Data are presented as mean ± SD from triplicate 
samples. *P < .05, **P < .01 compared with the control group.
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mechanism-based drug discovery.34 Hence, to further con-
firm whether TMP can induce cell apoptosis, we used the 
Annexin V-FITC/PI kit for flow cytometry and HCS, 
respectively. These results indicated that TMP could induce 
HepG2 cell cycle arrest and apoptosis.

Apoptosis can be initiated via 2 alternative signaling 
pathways: the mitochondrion-mediated intrinsic apoptotic 
pathway and the death receptor–mediated extrinsic apop-
totic pathway.35,36 Mitochondria play critical roles in the 
regulation of various apoptotic processes, including drug-
induced apoptosis.37 On induction of apoptosis, activation of 
the ion channel complex triggers mitochondrial membrane 
permeabilization that finally results in an increased permea-
bility of the outer mitochondrial membrane, which permits 
the release of mitochondrial proapoptotic proteins, such as 
cyt c, into the cytoplasm.38,39 In our study, we assessed the 
effect of TMP on cell nuclear size, Δψm, and the release of 
cyt c from mitochondria using HCS analysis. Strikingly, 
these results confirmed that TMP induced HepG2 cell apop-
tosis via the cyt c–dependent mitochondrial pathway.

A further characteristic of apoptosis is the activation of 
caspase family members. It is now well established that in 
most cell types, once cyt c is released into the cytosol, it 

triggers caspase-9 activation, results in the cleavage of cas-
pase-3, and ultimately leads to the activation of the execu-
tion phase of apoptosis.40 In this study, as expected, we 
found that TMP significantly increased cleaved-caspase-3 
and cleaved-caspase-9 activation. These observations sug-
gested that TMP induced HepG2 cell apoptosis by activat-
ing caspases.

Bcl-2 family members are critical regulators of the mito-
chondrial pathway.41,42 Death-promoting members of the 
Bcl-2 family, such as Bax, play key roles in the chemical-
induced release of cyt c, thereby activating caspases and the 
mitochondrial apoptotic pathway.43,44 To determine which 
apoptosis-related proteins are regulated by TMP, the expres-
sion of Bax and Bcl-2 protein were measured by Western 
blotting analysis. In this study, we demonstrated that TMP 
downregulated the Bcl-2/Bax protein ratio in HepG2 cells, 
inducing the release of cyt c and activating caspase-3- 
dependent mitochondrial apoptosis. The p53 gene is an 
essential component of the pathway leading to 2 different 
critical functions: G1 growth arrest and apoptosis. Also, the 
p53-dependent expression of Bax gene triggers apoptosis as 
a facile cytotoxic response to chemotherapeutic agents.45,46 
Our mechanistic investigations uncovered an activation of 

Figure 4.  The mitochondrial function induced by tetramethylpyrazine (TMP) in apoptotic HepG2 cells. Cells were treated with 
TMP for 48 hours at a concentration of 700 µmol/L and then , respectively stained with the Hoechst 33342, cytochrome c, and 
mitochondrial membrane potential (Δψm). The release of cytochrome c from mitochondria to cytosol is shown in image (A) and 
quantification of the average cytochrome c intensity in (B). The cell Δψm is shown in image (C) and quantification of the average Δψm 
intensity in (D). Data are presented as mean ± SD from triplicate samples. *P < .05 and **P < .01 compared with the control group.
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Figure 5.  The activation of caspases induced by tetramethylpyrazine (TMP) in apoptotic HepG2 cells. HepG2 cells were incubated 
with TMP for 48 hours at a concentration of 700 µmol/L, and then, cleaved-caspase-3, cleaved-caspase-9, and β-actin were assessed 
via simple Western blotting. (A-C) The electropherogram, (D) pseudo-gel, and (E) quantification of simple Western blotting were 
measured using antibody for blotting. Data are presented as mean ± SD from triplicate samples. *P < .05, **P < .01 compared with the 
control group.

p53 signaling responsible for TMP-induced cell cycle arrest 
and mitochondrial apoptosis in HepG2 cells.

Conclusion

In conclusion, our results demonstrated that TMP induced 
HepG2 cell G0/G1 arrest and stimulated mitochondrial 
apoptosis dependent on cyt c–mediated caspase cascades in 

vitro. Moreover, the above results demonstrated that the 
activation of p53 and downregulation of the Bcl-2/Bax pro-
tein ratio by TMP resulted in HepG2 cell cycle arrest and 
apoptosis. Molecular mechanisms indicated that p53 could 
be the target molecule for TMP within HepG2. Our results 
provide new insight into the mechanisms underlying the 
anti–liver cancer effect of TMP and its implications for anti-
HCC therapy.
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Figure 6.  The p53 signaling and Bax/Bcl-2 protein ratio mediates tetramethylpyrazine (TMP)-induced HepG2 apoptosis. HepG2 
cells were incubated with TMP for 48 hours at a concentration of 700 µmol/L, and then Bax, Bcl-2, p53, and β-actin were assessed 
via simple Western blotting (A-D). The electropherogram (E) pseudo-gel and (F) quantification of simple Western blotting were 
measured using antibody for blotting. Data are presented as mean ± SD from triplicate samples. *P < .05, **P < .01 compared with the 
control group.
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