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Abstract Hispidulin is a flavonoid compound which is an

active ingredient in a number of traditional Chinese

medicinal herbs. However, it’s therapeutic activity remains

poorly understood. The present study investigated the pro-

apoptotic effects and mechanism by which Hispidulin

induces apoptosis in human hepatoblastoma cancer

(HepG2) cells. The results showed that Hispidulin induced

cell death in a dose- and time-dependent manner in HepG2

cells whereas no toxic reaction was observed in normal

human liver cells at indicated concentration. This study

also demonstrated that Hispidulin induces apoptosis

through mitochondrial dysfunction, which is characterized

by decreased Bcl-2/Bax ratio, disrupted mitochondrial

membrane potential and increased release of cytochrome

C and activated capase-3. Our results also showed that

mitochondrial dysfunction was triggered by Hispidulin-

induced excessive ROS generation. Hispidulin also sig-

nificantly inhibited Akt activation. ROS inhibitor NAC

abrogated the inhibitory effect of Hispidulin on P13k/Akt

signalling pathway and the proapoptotic effect in HepG2

cells. Our results demonstrate for the first time that

Hispidulin induces apoptosis in HepG2 cells and suggested

that the pro-apoptotic effect of Hispidulin was mediated

through mitochondrial dysfunction and inhibition of P13k/

Akt signalling pathway. Since no toxic effect was observed

when normal liver cells were treated with Hispidulin,

Hispidulin may have the potential to be used as therapeutic

for liver cancer.
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Introduction

Hepatocellular carcinoma (HCC) is currently the most

common primary malignancy in liver and the third leading

cause of cancer related death worldwide, accounting for

more than 600,000 deaths annually [1, 2]. Current standard

therapy for HCC consists of surgery and chemotherapy.

However, the majority of patients with HCC die within one

year of diagnosis despite significant efforts in improving

treatment strategies [3]. Nowadays, the most widely used

agent against HCC is doxorubicin, either as a single agent

or in combination with other chemotherapeutics like cis-

platin, which has shown only a minimal survival advantage

due to the hepatotoxicity of doxorubicin [4]. Therefore,

novel therapeutic agents with high antitumour potency and

low hepatotoxicity are subjects of continued investigation.

Hispidulin (40,5,7-trihydroxy-6-methoxyflavone) is one of

the active ingredients in a number of traditional Chinese

medicinal herbs [5, 6]. Previous studies have reported it’s

antifungal, anti-inflammatory, antioxidant, anti-thrombosis

and anti-epileptic activities [7–11]. A few researches have

also demonstrated that Hispidulin could exert potent antitu-

mour effect on a variety cancer cells. In vitro studies by Chen’s
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group showed that Hispidulin could potentiate apoptosis of

human ovarian cancer cells and human glioblastoma multi-

forme cells by activating AMP-activated protein kinase

(AMPK), leading to mammalian target of rapamycin (mTOR)

inhibition [12, 13]. Besides inhibiting cell growth and induc-

ing apoptosis in tumour cells, further study showed that His-

pidulin could suppress angiogenesis of human pancreatic

cancer and prevent pancreatic cancer growth in xenograft

mice model by targeting vascular endothelial growth factor

2-mediated P13K/Akt/mTOR signalling pathway [14].

Apoptosis is a programmed cell death and induction of

apoptosis has been evaluated as a major mechanism to

eliminate cancer cells. Apoptosis can be driven by cell death

receptor-mediated extrinsic pathway and mitochondria-

mediated intrinsic pathways, which could be triggered by

various stimuli including cellular reactive oxygen species

(ROS), reactive nitrogen species (RNS), hormones, cell–cell

interaction, growth factor withdrawal, antigens and chemo-

therapeutics [15, 16]. Many chemotherapeutic agents induce

cell apoptosis by increasing oxidant stress in cancer cells via

production of ROS and/or the depletion of glutathione

(GSH). The imbalance redox status due to excessive oxida-

tive stress can further trigger downstream cellular events

such as mitochondrial dysfunction and other tumour necrosis

factor receptor (TNF-R) signalling pathways that lead to

apoptosis. Keeping in mind the ability of Hispidulin to

inhibit enzymes of the mitochondrial respiratory chain and

reduce fluidity of mitochondrial membrane [17, 18], we

hypothesized that Hispidulin can disrupt the intracellular

redox status and induce mitochondrial dysfunction which

may eventually lead to apoptosis of cancer cells. To evaluate

this hypothesis, we investigated the effect of Hispidulin on

ROS generation as well as downstream signalling pathways

in HepG2. Our study showed that Hispidulin induce apop-

tosis in HepG2 cells via ROS generation and activation of

mitochondrial intrinsic apoptotic cascade.

Materials and Methods

Cell Culture and Treatment

Human HepG2 and HL7702 cells were obtained from

Shanghai Cell Bank, China, and were maintained in Dul-

becco’s modified Eagle’s medium (DMEM) supplemented

with 10 % fetal bovine serum (Invitrogen, USA). Cells were

grown at 37 �C in a 5 % CO2 (v/v) in humidified atmosphere.

Determination of Cell Viability

Cell viability was determined by MTT assay as previously

described [19]. Briefly, HepG2 cells were treated with

different concentrations of Hispidulin for 24, 48 and 72 h.

Following treatment, cells were further incubated with

MTT reagents (500 g/ml) at 37 �C for 4 h before DMSO

was added, to dissolve farmazan crystals, and absorbance

was measured at 570 nm in a microplate reader (Bio-Rad

Laboratories Ltd., Shanghai, China).

Determination of Cell Cycle Distribution and Apoptotic

Cells

To determine cell cycle distribution analysis, HepG2 cells

(1 9 105 cells/ml) were plated in 30-mm dishes and treated

with vehicle control and Hispidulin (50, 100 and 200 lM) for

24 h. Cells were resuspended in 1 ml of PBS buffer and 4 ml

of 70 % ice-cold ethanol. Cells were incubated overnight at

4 �C before washing with PBS buffer. The cells were then

resuspended in 250 ll of propidium iodide solution (50 lg/

ml final concentration) containing 1 ll of 20 lg/ml RNase A.

The cells were incubated in the dark setting for 15 min at

room temperature and analysed by flow cytometer (Elite ESP,

Beckman Coulter, Brea, CA) [20]. A minimum of 10,000

cells were collected and the cell distribution in each phase

(G0/G1, S and G2/M phases) of the cell cycle was determined

using windows multiple document interface (WinMDI)

software, including sub-G1 phase of apoptotic cells.

Measurement of ROS

The intracellular changes in ROS generation were detected

by staining the cells with 2,7-dichlorodihydrofluorescein-

diacetate (DCFH-DA) as described previously [21].

Briefly, HepG2 cells were treated with different concen-

trations of Hispidulin (50, 100 and 200 lM) for 24 h. After

treatment, cells were further incubated with 20 lM DCFH-

DA at 37 �C for 30 min. Subsequently cells were har-

vested, rinsed and resuspended in PBS before the fluores-

cence was analysed by flow cytometry.

Measurement of Mitochondrial Membrane Potential

(MMP)

Fluorochrome dye JC-1 was used to evaluate the changes

in MMP as described previously [18]. Briefly, HepG2 cells

were incubated with 50, 100 or 200 lM Hispidulin for

24 h. Following incubation, cells were collected and

stained with JC-1. Cells were then harvested and the cell

pellet was gently rinsed with PBS once and then resus-

pended in 500 l PBS. Fluorescent intensity of cells was

quantitatively analysed by flow cytometry.

Western Blotting

Proteins were isolated from control and Hispidulin-treated

cells as previously described [22]. 40 g proteins were
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electrophoresed on 12 % SDS-PAGE before transferring to

PVDF membrane. The membrane was then blocked with

5 % (w/v) non-fat milk and washed with Tris-buffered

saline-Tween solution (TBST) and the membranes were

incubated overnight at 4 �C with primary antibodies

according to manufacturer’s instructions. After another

washing with TBST, secondary antibody was added and

incubated for 2 h. The blots were washed with TBST

before signals were detected using chemiluminescent sub-

strate (KPL, Guildford, UK). BandScan software (Glyko,

Novato, CA) was used to quantify the blot density.

Tumour Xenograft Study

Tumours were established by injecting 5 9 106 HepG2

cells into the right flank of 5-week-old BALB/cA nude

mice (National Rodent Laboratory Animal Resource,

Shanghai, China). After tumour sizes reached approxi-

mately 50 mm3, mice were divided into two groups and

treated with DMSO or Hispidulin at a dosage of 10, 20 or

40 mg/kg/day for 35 days. Hispidulin was dissolved in

minimum DMSO and subcutaneously injected around the

solid tumours. The body weight of tumour-bearing mice

was recorded every week and tumour volume was calcu-

lated according to the formula A 9 B2 9 0.5, where A is

the length and B is width of the tumour.

Statistical Analysis

All experimental results are expressed as mean ± SD.

Statistic analysis was performed using Student’s test and

one-way ANOVA test (SPSS, Chicago, IL). P value of

\0.05 was considered statistically significant.

Results

Hispidulin Inhibits Growth of HepG2 Cells In Vitro

Hispidulin exhibited dose- and time-dependent anti-pro-

liferative effects as evaluated by MTT assay. As shown in

Fig. 1a, treatment with Hispidulin (50, 100 and 200 lM)

for 24 h resulted in reduction in cell viability by

24.3 ± 3.2, 45.5 ± 5.2 and 53.6 ± 6.7 %, respectively.

After 48-h incubation with Hispidulin, cell viability

decreased by 36.3 ± 6.2, 51.2 ± 7.3 and 68.3 ± 9.6 %,

respectively. When incubation was prolonged to 72 h,

further decrease in cell viability was observed as shown in

Fig. 1. In order to assess the safety of Hispidulin, the

toxicity was examined in human liver cells (HL7702). No

significant effect was found on HL7702 cell growth as

shown in Fig. 1b.

Hispidulin Induces Cell Cycle Arrest and Apoptosis

To further elucidate the mechanism of cell growth inhibi-

tion, the cell cycle distribution was examined following

Hispidulin treatment. Previous study by He’s group in

glioblastoma cells showed that Hispidulin treatment caused

G0/G1 phase arrest [14]. Consistent with their results, our

study also showed that Hispidulin treatment resulted in

accumulation of G0/G1 phase and considerable drop in G2/

M phase and S phase as shown in Fig. 2a, b. Apoptotic cell

death was determined by examining the flow cytometry.

After 24-h treatment with Hispidulin, apoptotic cell death

increased in a dose-dependent manner compared to control.

Apoptotic markers including cleaved caspase-3 and PARP

Fig. 1 Hispidulin reduces the viability of HepG2 cells. Cells were

incubated with Hispidulin at indicated concentration for 24, 48 or

72 h and then proceeded for MTT assay. a Analysis of the viability of

HepG2 cells after Hispidulin treatment. b Analysis of the cytotoxicity

of Hispidulin in HL-7720 cells. The results are shown as mean ± SD

of nine experiments. *P \ 0.05 versus control, **P \ 0.01 versus

control
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cleavage were also observed in Hispidulin-treated cells,

which further suggested that Hispidulin-induced cell death

is mainly due to apoptosis (Fig. 2c).

Hispidulin Activates Mitochondria-Mediated Apoptosis

Pathway

To further confirm the role of mitochondria in Hispidulin-

induced apoptosis, the change in MMP and release of

cytochrome C from mitochondria to cytosol were exam-

ined. Experimental data demonstrated that Hispidulin

treatment caused an obvious loss in MMP relative to cor-

responding control as shown in Fig. 3a, b. Western blot

showed increase in cytosol cytochrome c and decrease in

mitochondrial cytochrome c, which also supported the role

of mitochondria in Hispidulin-induced apoptosis (Fig. 3c).

Along with MMP collapse and release of cytochrome c,

downregulation of Bcl-2 and upregulation of Bax were

observed.

Inhibition of the P13k/Akt Pathway by Hispidulin

P13k/Akt pathway plays an important role in apoptosis

protection. To confirm the role of inhibition of Akt acti-

vation in Hispidulin-induced apoptosis, total and phos-

phorylated Akt were examined by Western blotting. After

treated by Hispidulin, the levels of p-Akt in cells were

reduced whereas total Akt level was not markedly affected

(Fig. 4a).

Hispidulin Induces Apoptosis and Inhibited P13k/Akt

in ROS-Dependent Manner

To investigate the role of ROS generation in Hispidulin-

induced apoptosis and P13k/Akt signalling pathway inhi-

bition, HepG2 cells were treated with Hispidulin in the

presence or absence of antioxidant NAC. As shown in

Fig. 4d, NAC almost blocked Hispidulin-induced release

of cytochrome c and Caspase-3 cleavage. These observa-

tions suggest that Hispidulin-induced ROS generation is an

early event that triggers mitochondrial apoptotic pathways

in HepG2 cells. Interestingly, pretreatment with NAC

abolished the inhibitory effect of Hispidulin on Akt phos-

phorylation, indicating that Hispidulin-induced ROS gen-

eration was relevant to its effect on P13k/Akt signalling

pathway. Taken together, these results indicate that His-

pidulin could induce mitochondria-mediated apoptosis by

inhibiting the P13k/Akt pathway.

Hispidulin Inhibits Tumour Growth in Xenografted

Nude Mice Model

To further evaluate whether Hispidulin had an effect to

inhibit tumour growth in vivo, we measured the tumour

volume in a xenograft tumour model in which HepG2 cells

were injected subcutaneously into nude mice. 10, 20 and

40 mg/kg of Hispidulin was selected for in vivo experi-

ments [14]. When transplant tumours reached a mean

group size of approximately 50 mm3, mice were treated

Fig. 2 Hispidulin-induced apoptosis in HepG2 cells. Change in cell

cycle distribution and apoptosis was examined by flow cytometry

after HepG2 cells were incubated with Hispidulin at indicated

concentration for 24 h. a Representative flow cytometry diagram of

cell cycle distribution analysis. b Analysis of cell cycle distribution.

The results were expressed as the mean ± SD of nine separate

experiments. c Caspase 3 and PARP cleavage were examined by

Western blot with b-actin as an internal control
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every day for 35 days with varying dose of Hispidulin (i.p.,

10, 20 and 40 mg/kg). Results clearly show that compared

with the control group, Hispidulin showed significant

inhibitory effect on tumour size (Fig. 5).

Discussion

HCC accounts for 90 % of all primary liver cancers and the

median survival duration for patients with HCC is only

7–8 months from the time of diagnosis [23]. Owing to the

high hepatotoxicity, currently available chemotherapeutics

remain ineffective and half of the patients now have no

adequate treatment. Therefore, novel therapeutic agents

that kill tumour cells without harming normal hepatocytes

are highly desirable. As a natural small molecule of fla-

vonoid, Hispidulin has been reported to possess anti-

inflammatory, anti-epileptic and antifungal activities. The

antitumour activity of Hispidulin has been examined in

human ovarian cells, human glioblastoma multiform cells

and human pancreatic cancer cells [12–14]. However, the

effects and mechanism of Hispidulin on human HCC cells

have not been elucidated. In our study, HepG2 cells were

used as model cell line to investigate the antitumour

activity. Results showed that Hispidulin treatment not only

results in dose- and time-dependent inhibition of viability,

but also trigger apoptosis in HepG2 cells. Experimental

data showed that Hispidulin provoked the generation of

ROS in HepG2 cells. In addition, Hispidulin-induced

inhibition on cell growth and apoptosis were completely

abolished when the cells were treated with NAC, sug-

gesting that disruption in intracellular redox balance was

responsible for apoptotic cell death. Furthermore, we found

that Hispidulin treatment also blocked activation of P13K/

Akt signalling pathways in a ROS-dependent manner.

Decreased apoptosis and enhanced proliferation of

cancer cells are early events in the progress of cancers,

which makes the induction of apoptosis an important

strategy to treat cancers. A series of studies showed that

flavonoid compounds can lead to apoptotic cell death via

mitochondria-mediated pathway. In line with those find-

ings, our study found that Hispidulin triggered the mito-

chondria-mediated apoptosis pathway as evidenced by an

increased ratio of Bax/Bcl-2, subsequent release of

Fig. 3 Hispidulin-induced mitochondrial dysfunction in HepG2 cells.

Cells were incubated with Hispidulin at indicated concentration for

24 h before tests were performed. a Representative flow cytometric

diagram of MMP analysis. b Fluorescence intensity analysis of JC-1

staining cells. The results were expressed as the mean ± SD of nine

separate experiments. c Representative image of immunoblots for

Bcl-2, Bax and Cytochrome c (in cytosol) with actin as an internal

control. *P \ 0.05 versus control
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cytochrome c and sequential activation of caspase-3.

Activation of intrinsic apoptosis pathway is also charac-

terized by loss of integrity of mitochondrial membrane,

which is regulated by Bcl-2 family. Therefore, we mea-

sured the change in MMP. Our data showed that Hispidulin

treatment caused a significant decrease in MMP in HepG2

cells. Taken together, our results indicated that Hispidulin

induced apoptosis by activating mitochondria-dependent

apoptosis pathway.

Accumulating evidence showed that excessive ROS

generation and/or antioxidant depletion such as GSH could

disrupt intracellular balance, which then triggers mito-

chondria-dependent apoptosis pathway in tumour cells [22,

24, 25]. Early study showed that Hispidulin exerted

inhibitory effect on mitochondrial respiratory chain, pro-

moting alteration of the electron flux in the respiratory

chain and increasing the ROS generation [17, 26]. There-

fore, we were interested whether Hispidulin induced

mitochondrial dysfunction through generation of excessive

oxidative stress. Our data showed that the intracellular

ROS levels were significantly increased in Hispidulin-

treated HepG2 cells. Treatment with antioxidant (NAC)

effectively protected against Hispidulin-induced cell death.

All these results suggest that the ROS acted as upstream

signalling molecule to initiate mitochondria-mediated cell

apoptosis.

Recent studies highlighted that ROS was involved in the

phosphorylation of Akt as secondary signalling molecules

[27, 28]. In this study, we found that ROS inhibitor (NAC)

Fig. 4 Effect of Hispidulin on P13k/Akt signalling pathway and ROS

generation and Effect of ROS inhibitor on Hispidulin-induced

apoptosis and P13k/Akt signalling pathway. Cells were incubated

with Hispidulin at indicated concentration for 24 h before tests were

performed. a Representative image of immunoblots for Akt and

p-Akt. b Representative flow cytometric diagram for ROS analysis.

c Analysis of ROS generation. The results are expressed as the

mean ± SD of nine separated experiments. d Effect of NAC on the

expression level of p-Akt, Akt, Cytochrome c and caspase-3 cleavage.

Cells were treated with NAC for 30 min before incubating with

Hispidulin. Diagram showed representative immunoblot of Western

blot analysis with b-actin as internal standard

Fig. 5 Hispidulin inhibits tumour growth in xenograft mice model.

Measurements of tumour volume at indicated time points depicted the

in vivo therapeutic efficacy of Hispidulin at indicated dosage. N = 15

per group. *P \ 0.05 versus animals treated with vehicle. **P \ 0.01

versus animals treated with vehicle
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strongly abrogated the inhibitory effect of Hispidulin on

P13k/Akt activation. Furthermore, NAC caused signifi-

cantly reduced cytochrome c release in the cytosol and

caspase-3 cleavage, suggesting that Hispidulin mediated

mitochondria dysfunction via inhibition P13k/Akt pathway

through generating excessive ROS. P13k/Akt signalling

pathway also plays a crucial role in cell survival by directly

regulating apoptotic proteins, such as Bcl-2 and Bcl-xL

[29, 30]. P13k/Akt signalling pathway could regulate other

crucial targets which play crucial role in cell metabolism,

growth, proliferation and survival, such as NF-jB and

mTOR [31, 32]. Therefore, by inhibiting P13k/Akt sig-

nalling pathway, Hispidulin may act as a multi-target

therapeutic.

To examine whether the enhanced cell growth inhibition

and apoptosis induction could be validated in vivo, an

animal model using xenograft was employed. Our results

showed that Hispidulin treatment led to a significant inhi-

bition of tumour growth. Pang’s group [14] reported that

Hispidulin could suppress the angiogenesis of human

pancreatic cancer, Hispidulin treatment might also be able

to inhibit cell invasion in HCC, in addition to suppression

of tumour growth.

In conclusion, our results demonstrate for the first time

that Hispidulin induces HCC cell apoptosis through mito-

chondrial dysfunction and inhibiting the P13k/Akt pathway

in a ROS-dependent manner. Hispidulin also suppressed

tumour growth in vivo. Therefore, we consider Hispidulin

as a potential drug for HCC treatment. However, further

studies, including in vivo toxicity of Hispidulin, are needed

to fully evaluate Hispidulin as a novel therapeutic in cancer

prevention and treatment.
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