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AbSTrACT
Furanodiene (C15H20O), a pure compound isolated from Traditional Chinese 

medicine, Curcuma wenyujin, named Ezhu in Chinese, which structure was determined 
on the basis of NMR, MS and UV spectrum. In this study, we attempted to characterize 
in detail the signaling cascades resulted from furanodiene‑induced apoptosis in human 
hepatoma HepG2 cells. Furanodiene inhibited HepG2 cell growth by causing cell cycle 
arrest at G2/M and inducing apoptosis as evidenced by DNA fragmentation assay.  
We found that furanodiene induced mitochondrial transmembrane depolarization, release 
of mitochondrial cytochrome c, activation of caspases‑3 and the cleavage of PARP. The 
furanodiene mediated mitochondria‑caspase apoptotic pathway also involved activation 
of p38 and inhibition of ERK mitogen‑activated protein kinase (MAPK) signaling. These 
results for the first time have identified the biological activity of furanodiene against 
HepG2 cells and provide rationales for further development of essential oil of Ezhu and 
its ingredients such as furanodiene on treatment of liver diseases.

InTroduCTIon
Curcuma belongs to the Family Zingiberaceae. This genus is composed of about 70 

species of rhizomatous herbs which distributed all over the world. About 20 species could 
be identified in China, of which a few are traditional Chinese medicine being used for a 
long time. Chinese Pharmacopoeia indicated that the rhizomes of three species including 
Curcuma phaeocaulis, C. kwangsiensis and C. wenyujin are used as Chinese medicine and 
they are named as Ezhu in Chinese.1 The essential oil of Ezhu has been reported to possess 
various biological roles such as, antimicrobial activity,2 anti-inflammatory3 and anti-tumor 
activity.4,5 Furanodiene, a sesquiterpene compound, has been isolated from essential oil of 
Curcuma wenyujin.6,7 Furanodiene hás been identified to have anti-inflammatory effects8 

and hepatoprotective effects.9,10

Many sesquiterpenes are identified to possess protective effects against carcinogenesis 
or tumour growth. Artemisinin (AR), a sesquiterpene lactones, killed human oral cancer 
cells through apoptosis and has been suggested that artemisinin may be useful as an 
alternative treatment for oral cancer.11 Artemisinin has also demonstrated to have potent 
antiproliferative effects in vitro against P388 and A549 cells. This activity reflected in P388 
murine leukemia by an accumulation of cells in G1 phase, and induction of apoptosis12 
and displayed cytotoxicity to cloned murine Ehrlich ascites tumor (EAT) cells and human 
HeLa cells and against murine bone marrow using a clonogenic assay for committed 
progenitor cells of the granulocyte-monocyte lineage. Another compound, sesquiter-
pene lactones, Cynaropicrin from Saussurea lappa, has been reported to be a potential 
anticancer agent against some leukocyte cancer cells such as lymphoma or leukemia, 
through pro-apoptotic activity.13 Glyceroglycolipids from Serratula strangulate also possess  
cytotoxicity to SMMC-7721, B16 and HeLa cells.14

Hepatocellular carcinoma is the fifth most commonly diagnosed cancer with more 
than 1 million deaths reported annually worldwide.15 In order to develop effective means 
for prevention and treatment of hepatocellular carcinoma and related liver diseases.  
We have isolated and identified several chemical extracts and pure compounds from 
Chinese medicine with anti-hepatoma, anti-multidrug resistant hepatoma and anti- 
hepatitis viral effects.16-19 Essential oil of Ezhu and it active ingredients have been 
widely used for treatment of malignant tumors in China.4,5 Furanodiene, an ingredient 
from Ezhu oil, has been identified to have protective effects against D-galactosamine/ 
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lipopolysaccharide/TNFa induced liver injury.9,10 In order to 
control the consistence of chemical composition and efficacy of 
Ezhu for clinical use, we have quantitatively determined the chemical 
compositions of different species and cultivated sources of Ezhu in 
China.6,7 In present study, we attempt to determine the cytotoxicity 
of furanodiene in human hepatoma HepG2 cells and its action of 
molecular mechanism.

MATErIALS And METHodS
Materials. Furanodiene (C15H20O) was isolated and purified 

at the Institute of Chinese Medical Sciences, University of Macau. 
(Macau, China) as described.6,7 In brief, furanodiene was isolated 
and purified from Ezhu by silica-gel-column separation, medium 
pressure liquid chromatography (MPLC) and preparative HPLC  
(pre-HPLC). The purity of the compound was tested by HPLC-DAD. 
The structure, as shown in Figure 1 was confirmed by UV, MS and 
NMR analysis. Formula: C15H20O, MW: 216. EI-MS: 216(M+, 
52), 201(19), 159(26), 148(6), 145(27), 108(100), 91(33), 77(27), 
65(14), 53(16), 41(27).

MTT, JC-1 dye, caspase-3 Assay kit, and 488 Cytochrome c 
Apoptosis Detection Kit were purchased from Molecular Probes. 
Human Apoptosis Kit, Cell Signal Master Buffer Kit, Phospho p38 
(T180/Y182) Flex Set, Phospho ERK1/2 (T202/Y204) Flex Set and 
Phospho JNK1/2 (T183/Y185) Flex Set were purchased from BD 
Bioscience.

Cell culture and drug treatment. Human hepatoma cell line 
HepG2 was obtained from the American Type Culture Collection 
(ATCC, Rockville, MD). Cells were cultured with RPMI 1640 
medium (GIBCO, Grand Island, NY) supplemented with 10% 
(v/v) heat-inactivated fetal bovine serum (FBS) (Life Technologies 
Inc., Gaithersburg, MD), 100 mg/ml streptomycin and 100 unit/ml  
penicillin in 75 cm2 tissue culture flasks at humidified incubator 
at 37˚C with 5% CO2. Furanodiene (22 mg) was dissolved in  
1 ml DMSO to make a 1 mM stock solution and was then diluted to 
different concentrations as needed. The final volume of drug solution 
added to medium was 1%. Control samples contain 1% DMSO.

Growth inhibitory assay. Cells were seeded in 96-well microplates 
(1 x 105 cells/well in 100 ml medium). Furanodiene was added to 
the cells in serial concentrations and was incubated for 48 hours. 
Medium was discarded before 30 ml of tetrazolium dye (MTT)  
solution (5 mg/ml in PBS) was added to each well and incubated 
for additional four hours. DMSO (10 ml) was added to dissolve the 
formed formazan crystals. The plate was then read in a microplate 
reader at 570 nm. MTT solution with DMSO (without cells and 
medium) acted as blank while the DMSO (1%)-treated cells served 
as control of 100% survival.

Agarose gel electrophoresis for analysis of DNA fragmenta‑
tion. HepG2 cells were treated with drug for 24–72 hours while 
the DMSO (1%) containing medium treated cells served as control. 
Adherent cells (2 x 106/ml) were harvested and washed once with 
400 ml PBS. The washed-cells were fully suspended in 400 ml of lysis 
buffer (containing 200 mM Tris-HCl (pH 8.3), 100 mM EDTA 
and 1% SDS). Twenty microliters of 10 mg/ml proteinase K was 
added to digest the proteins, and then the tubes were incubated in a 
37˚C water bath overnight. The samples were allowed to cool down 
to room temperature and 300 ml of saturated NaCl solution was 
added. After centrifuging for 15 min at 9000 rpm, supernatants were 
collected. DNA fibers were obtained by adding 1 ml of cold absolute 
ethanol (EtOH) and centrifuged for 20 min at 4˚C at 16,000 rpm.  

Then, DNA fibers were washed once with 500 ml of -20˚C 70% 
EtOH and then DNA pellet was dried in a 70˚C oven. After 
dried-DNA pellet was obtained, 15 ml of TE buffer (10 mM 
Tris-HCl pH 8.0, 1 mM EDTA) containing 0.2 mg/ml of RNase A 
was added, and incubated at 37˚C for 90 min. 10 ml of each DNA 
samples were loaded on a 1.5% TBE agarose gel to observe the 
appearance of DNA ladder.

Cell cycle analysis. Cells were seeded at 6-well plates and treated 
with furanodiene at desired concentrations for 48 and 72 hours. 
DMSO (1%)-treated cells served as control. After treatment, 
mediums were discarded. The adherent cells were washed with 
PBS, and then 300 ml of trypsin was added to detach the cells for  
5 min incubation at room temperature. After centrifuging at 350 g 
at 4˚C for 5 min, the cell pellet was obtained. Then the cell pellet 
was resuspended with 1ml cold 70% EtOH at 4˚C for 12 hours.  
The cell pellet was centrifuged again for 5 min at 4˚C at 350 g.  
Finally, 1 ml propidium iodide (PI) staining solution (20 mg/ml PI, 
8 mg/ml DNase free RNase) was added to the samples. The samples 
were analyzed by a flow cytometry (BD FACS CantoTM). The results 
were analyzed by Mod Fit LT 3.0 software.

Measurement of alternation of mitochondrial transmembrane 
potential (DYm). DYm was assessed by JC-1 (5,5',6,6'-tetra-
chloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide), 
Mitochondrial Potential Sensors (Molecular Probes, Leiden, 
Netherlands). Red fluorescence J-aggregate form of JC-1 indicates 
intact mitochondria, whereas green fluorescence shows monomeric 
form of JC-1 due to breakdown of the mitochondrial membrane 
potential. Cells were seeded in 6-well plates and then incubated with 
desired concentrations of furanodiene for 48 hours. The medium of 
each well was discarded and treated with 1 ml medium (5 mg/ml 
JC-1) for 15 min at 37˚C and 5% CO2 in the dark, then washed 
twice in PBS. The cells were collected and centrifuged, the cell pellet 
resuspended in 1 ml of medium and measured by a flow cytometry.

Immunostaining of Cytochrome C. Cytochrome C release was 
assessed by SelectFX Alexa Fluor 488 Cytochrome C Apoptosis 
Detection Kit (Molecular Probes, Leiden, Netherlands). Cells 
were seeded in 24-well plate, and treated with desired furanodiene 
concentrations for 24 hours in a humidified incubator (37˚C in  
5% CO2) for 24 hours while the DMSO (1%)-treated cells served as 
control. The medium were discarded and the cells were washed with 
warm PBS, fixed with fresh 4% formaldehyde in PBS for 15 min at 
37°C, and permeabilized with 0.2% Triton X-100 for 5 min at room 
temperature. The cells were washed and incubated in a blocking 
buffer [10% heat-inactivated normal goat serum (NGS)] for 30 min 
at room temperature. And then the cells were incubated for one hour 
with 1 mg/mL primary antibody (anti-cytochrome C, mouse IgG) at 
room temperature. Green fluorescence was observed by a fluorescent 
microscope.

Caspase‑3 enzymatic activity assay. Caspase-3 enzymatic activity 
was determined by measuring the cleavage of Ac-DEVD-R110 

Figure 1. Chemical structure of furanodiene.
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according to the protocol with the caspase-3 assay kit supplied 
by Molecular Probes. Cells were treated with desired furanodiene 
concentrations in a humidified incubator (37˚C in 5% CO2) for  
48 hours while the DMSO (1%)-treated cells served as control.  
Cells were harvested at a concentration of a minimum of 1 x 106 /ml, 
pellets were collected, appropriate cell lysis buffer was added and the 
samples were incubated on ice for 30 minutes. The samples were then 
centrifuged and supernatants were collected and transferred to micro-
plate. Cell lysis buffer was used as a no-enzyme control to determine 
the background fluorescence of the substrate. At the same time, 1 mL 
of 1 mM Ac-DEVD-CHO inhibitor was added to selected samples. 
One microliter of DMSO was added to no-inhibitor samples to 
serve as control and incubated for ten minutes simultaneously. Then,  
0.05 mM Z-DEVD-R110 substrate was added and incubated for  
30 minutes prior to the fluorescence measurement.

Measurement of cleaved PARP and active caspase‑3 protein 
levels. The BD™ CBA Human Apoptosis Kit (BD, Franklin Lakes, 
USA) was applied to quantify the active caspase-3 and PARP protein 
levels; Cytometric Bead Array (CBA) employs a particle with a 
discrete fluorescence intensity to detect a soluble analyte. This kit 
provided two types of bead populations with distinct fluorescence 
intensities that have been coated with capture antibodies specific for 
cleaved caspase-3 and PARP. Cells were seeded in 6-well plate and 
incubated with desired concentrations of furanodiene in a humidi-
fied incubator (37˚C with 5% CO2) for 48 hours. 1.0 x 106 cells 
per each sample were counted and harvested and then washed with 
PBS. Fifty microliters of cell lysis buffer was added to each sample 
for 30 min on ice and vortex at 10-minute intervals. Pellet cellular 
debris was removed by centrifugation at 12,500 rpm for ten minutes. 
Protein concentrations of all samples were measured by 2-D Quant 
Kit (Amersham Biosciences, Piscataway, USA). Each sample was 
normalized in a final concentration of 0.2 mg/ml. Thirteen standard 
curves (standard ranging from 0 to 6000 unit/ml) were obtained 
from one set of calibrators. For each sample and the standard mixture 
of lysate standard (caspase-3 and PARP beads), 50 ml of sample or 
standard of beads were added to the mixture of 50 ml of 2 mixed 
capture beads incubated for one hour, and then mixed 50 ml of PE 
detector bead for another one hour. After that, samples were washed 
before data acquisition with a flow cytometry. The results were 
analyzed by FCAP Array V1.0.

Measurement of expression levels of phospho‑ERK1/2,  
phospho‑JNK1/2 and phospho‑p38. Expression of ERK1/2, 

JNK1/2 and p38 were measured by Cell Signaling Master Buffer Kit 
(BD, Franklin Lakes, USA). Three beads in a BD CBA provided a 
capture surface for specific proteins like phospho ERK1/2, phospho 
JNK1/2 and phospho p38 proteins. All procedures were carried out 
as described in above mentioned BD™ CBA Human Apoptosis Kit, 
except at which cell-denaturation buffer was used in stead of lysis 
buffer. Cell-denaturation buffer containing sample was placed in a 
boiling water bath for 5 min immediately. Pellet cellular debris were 
removed by centrifugation at 10,000 g for 5 min. Ten standard curves  
(standard ranging from 0 to 1000 pg/ml) were obtained from one 
set of calibrators. For each sample and the standard mixture of 
lysate standards (phospho ERK1/2, phospho JNK1/2 and phospho 
p38 beads), 50 ml of sample or standard of beads was added to the 
mixture of 50 ml of 3 mixed capture beads and 50 ml PE detector 
beads were incubated for four hours. After that, samples were washed 
before data acquisition with a flow cytometry. The results were 
analyzed by FCAP Array V1.0.

Statistical analysis. The data are expressed as mean ± S.D. from 
at least three independent experiments. Differences between groups 
were analyzed using a Student’s t-tests.

rESuLTS
Furanodiene inhibits cells growth and induces DNA fragmenta‑

tion in HepG2 cells. Furanodiene treatment inhibited the growth 
of HepG2 cells in a dose-dependent manner, and the IC50 of fura-
nodiene was approximately 300 mM (Fig. 2). We then examined 
whether furanodiene inhibited HepG cell growth through inducing 
cell death and apoptosis. HepG2 cell were treated with different 
concentrations of furanodiene for 24–72 hours. Figure 3 showed that 
DNA ladder and fragmentation was evidently observed, especially  
at the concentrations of 100 and 300 mM after 48 and 72 hours 
treatments.

Furanodiene causes G2/M cell cycle arrest. The effect of different 
concentrations of furanodiene on cell-cycle progression was studied 
after 48 and 72 hours of drug exposure. Furanodiene treatment 
resulted in a dose- and time-dependent accumulation of cells in G2/
M phase with concomitant losses from G0/G1 phase (Fig. 4A and B). 

Figure 2. HepG2 was treated with different concentrations of furanodiene for 
48 hours. Cell growth was determined by the MTT assay and was directly 
proportional to the absorbance at a wavelength of 570 nm. Data expressed 
as mean ± S.D. from three independent experiments.

Figure 3. Agarose gel of electrophoresis of genomic DNA of HepG2 cells 
treated with different concentrations of furanodiene for 24–72 hours. DNA 
fragmentation with a ladder pattern is a characteristic of apoptosis.

1046 Cancer Biology & Therapy 2007; Vol. 6 Issue 7
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The changes in cell cycle were much more dramatic when exposure 
time increased from 48 to 72 hours.

Furanodiene causes mitochondrial transmembrane depolar‑
ization in HepG2 cells. Some chemotherapeutic drugs induced 
apoptosis via mitochondrial pathways by altering mitochondrial 
transmembrane potential, DYm. To monitor the DYm, we used 
JC-1 probe to detect the DYm after cells were treated with 
different concentrations of furanodiene for 48 hours. Mitochondria 
with normal DYm concentrates JC-1 into aggregates (red/orange 
fluorescence), while in depolarized mitochondria, JC-1 forms  
monomers (green fluorescence). As compared to untreated HepG2 
cells (control), the green fluorescence increased while the red/orange 
fluorescence decreased after exposure to furanodiene. Figure 5 
indicated that little shift from red/orange to green fluorescence was 
observed in 100 mM furanodiene group while 200, 300 and 500 mM 
furanodiene groups, all showed a significant change in mitochondrial 
transmembrane potential.

Furanodiene causes cytochrome‑c releasing from mitochondria  
into cytosol. Cytochrome c release from the mitochondria to 
the cytosol is implicated in mitochondria dependent apoptosis.20 
Cytochrome c staining in the cytosol of HepG2 cells showed markedly 
stronger green fluorescence than in control cells in a dose-dependent 
fashion (Fig. 6). Furanodiene treated cells showed obvious punctuate 

green fluorescence staining or appeared to have green fluorescence 
accumulated in large aggregates than in control cells.

Furanodiene activates caspase‑3 enzymatic activity. Many studies 
previously have demonstrated that programmed cell death is associ-
ated with the activation of caspase as key elements involved in the 
sequence of events that lead to cell death.21 Caspase-3 particularly, 

Figure 4. Effect of furanodiene in cell‑cycle distribution of HepG2 cells. Flow 
cytometric analysis of propidium iodide‑stained HepG2 cells treated with 
100–300 mM furanodiene for 48 h (A) and 72 h (B). The results of HepG2 
cells treated with furanodiene were analyzed by Mod Fit LT 3.0. Data 
expressed as mean ± S.D. from three independent experiments. **p < 0.01; 
***p < 0.001 versus control.

Figure 5. Analysis of change of mitochondrial transmembrane potential in 
HepG2 cells. HepG2 treated with 100, 300 and 500 mM furanodiene for 
48 hours, were stained with JC‑1 probe. The cells were analyzed by flow 
cytometry. Red Fluorescence and Green Fluorescence were measured by 
FL2 and FL1 channel respectively. Red fluorescence indicates intact mito‑
chondrial potential while green fluorescence indicates breakdown of mito‑
chondrial potential. The ratio of intensity of FL2 to FL1 indicates the change 
of mitochondrial transmembrane potential. Data expressed as mean ± S.D. 
from four independent experiments. ***p < 0.001 and **p < 0.01 versus 
control.

Figure 6. Cytochrome C release into the cytosol in furanodiene treated 
HepG2 cells. Cytochrome C immunofluorescence was observed with fluores‑
cent microscope. (A) control; (B) 100 mM; (C) 300 mM; (D) 500 mM. Fine 
punctate/granular stainings for cytochrome c are observed. Cytochrome c 
release also increases the global cytosolic fluorescent signal. Similar results 
were obtained for three independent experiments. (Original magnification, 
20×).
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is essential for propagation of the apoptotic signal after exposure 
to many DNA-damaging agents and anticancer drugs. Then, we 
examined caspase-3 activity after cells were treated with 100–300 mM 
furanodiene for 24 hours. The result clearly demonstrated that 
caspase-3 activity increased in a dose-dependent manner (Fig. 7). 
Caspase-3 activities were two and six times enhanced on 200 and 
300 mM of furanodiene treatment groups respectively as compared to 
the control. When the cellular samples were incubated with specific 
Ac-DEVD-CHO inhibitors simultaneously, the caspase-3 activity 
was blocked.

Furanodiene increases cleaved PARP and active caspase‑3 protein 
levels. Drug-induced cell death via apoptosis pathway, signaling 
can generally be divided into receptor- and mitochondrial-medi-
ated pathways. These pathways converge at several downstream 
points including the mitochondria, caspase activation, and substrate 
cleavage.22 Figure 8 showed that there was significant increase in 
protein levels of cleaved PARP and active caspase-3 in a does-depen-
dent manner as determined by BD™ CBA (Cytometric Bead Array) 
Human Apoptosis Kit. HepG2 cells treated with 100, 200 and  
300 mM of furanodiene were 3, 22 and 44 times higher in caspase-3 
protein level than control group (Fig. 8A). The level of cleavage of 
PARP had 6-folds increase in HepG2 cells treated with 300 mM 
furanodiene compared to the control (Fig. 8B).

Furanodiene increases phospho‑p38 and decreases phospho‑ 
ERK MAPK proteins levels. In order to evaluate if furanodiene 
induced the HepG2 cell death through activation of the cell signaling 
cascades of mitogen-activated protein kinases (MAPKs), we assessed 
the kinetics of p38 MAPK, ERK1/2 and JNK phosphorylation by 
BD™ CBA Cell Signaling Flex Set system. Figure 9 showed that the 
expression levels of phosphorylated p38 and phosphorylated ERK1/2 
were regulated in opposite directions in furanodiene-induced HepG2 
cell death at which phospho-p38 significantly increased in a dose 
dependent manner while phospho-ERK1/2 significantly diminished. 
Expression level of phospho-JNK was measured simultaneously with 
phospho-p38 and phospho-ERK1/2 but there was only a slight and 
statistically insignificant change in phospho-JNK level (Data not 
shown).

dISCuSSIon
The essential oil of Ezhu and it’s ingredients have been widely 

used for treatment of malignant tumors in China5 and has been 

identified to have hepatoprotective effects.9,10 In order to iden-
tify the active ingredients and mechanism of action of this herb, 
we have quantitatively determined the chemical compositions of 
different species and cultivated sources of Ezhu including Curcuma 
phaeocaulis, C. kwangsiensis and C. wenyujin in China.6,7 We have 
found that the essential oil extract of Curcuma wenyujin inhibited 
HepG2 cells growth with IC50 at approximately 70 mg/ml (Data 
not shown). Thus, we are interested to further identify active ingre-
dients in that herb. Furanodiene, a sesquiterpene compound, had 
been isolated from essential oil of Curcuma wenyujin previously and 
the furanodiene-induced apoptotic mechanism on HepG2 cells was 
studied. Apoptosis is a tightly regulated process under the control 
of several pathways, such as mitochondrial- and caspase-dependent 
pathways.20,21 In present study, furanodiene has been identified  
to inhibit HepG2 cell growth via inducing apoptosis as evidenced  
by activation of depolarization of mitochondrial transmembrane 

Figure 8. Protein expression levels of active caspase‑3 and cleaved PARP 
in furanodiene‑induced apoptosis. HepG2 cells were treated with medium 
alone (control) or different concentration of furanodiene for 48 h. Cells of 
each sample were counted to 1.0 × 106 and all the samples were normal‑
ized to final protein concentration in 0.2 mg/ml. It was detected with BD™ 
CBA Human Apoptosis Kit (BD, Franklin Lakes, USA) according to manu‑
facturer instruction. The results were analyzed by FCAP Array V1.0. Active 
caspase‑3 protein level in HepG2 was shown in (A) and the cleaved PARP 
protein level in HepG2 was shown in (B). The x‑axis indicated the concentra‑
tion of furanodiene while the y‑axis indicated amount of proteins (unit per 
ml). Concentration of active caspase‑3 and cleaved PARP in test samples 
were determined using the standard curve. Data expressed as mean ± S.D. 
from three independent experiments. **p < 0.01; ***p < 0.001 versus 
control.

Figure 7. A concentration dependent increase in caspase‑3 activation 
after 24 hours treatment with furanodiene. Caspase‑3 cleaves substrate 
Ac‑DEVD‑R110 to emit green fluorescence. Higher fluorescent intensity indi‑
cates higher caspase‑3 enzymatic activity. Ac‑DEVE‑CHO inhibitor can inhibit 
caspase‑3 enzymatic activity. Data expressed as mean ± S.D. from three 
independent experiments. **p < 0.01, *p < 0.1 versus control.

1048 Cancer Biology & Therapy 2007; Vol. 6 Issue 7
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Figure 9. (A) phospho p38 expression level; (B) phospho ERK1/2 expres‑
sion level. HepG2 cells were treated with medium alone (control) or differ‑
ent concentration of furanodiene for 48 h. Phosphorylation of p38 MAPK 
and ERK1/2 were determined by BD™ CBA Cell Signaling Flex Set system 
according to manufacturer instruction. Data expressed as mean ± S.D. from 
three independent experiments. **p < 0.01; ***p < 0.001 versus control.

potential, mitochondrial cytochrome-c release, caspase-3, PARP 
cleavage, G2/M cell cycle arrest and finally DNA fragmentation.

In order to confirm the apoptosis was mediated by furano-
diene, the uptake of furanodiene in HepG2 cells was quantitatively 
measured using HPLC method. When HepG2 cells were treated 
with 2 ml culture medium containing 300 mM furanodiene for  
six hours, the amount of furanodiene absorbed into 106 cells is 2.57 x 
10-9 mol which is equivalent to 4.3% of total amount of furanodiene 
in culture medium (Data not shown).

Active caspase-3 has been considered to be indicative of apop-
tosis21 and another characteristic event of apoptosis is the proteolytic 
cleavage of PARP, a nuclear enzyme involved in DNA repair, DNA 
stability, and transcriptional regulation.23 Furanodiene induced 
significant increase in caspase-3 enzymatic activity as well as the 
protein levels of active caspase-3 and cleaved PARP (Figs. 7 and 
8). These results suggested that furanodiene induced apoptosis via 
caspase pathway. Moreover, whether furanodiene induced apoptosis 
in HepG2 cell is mitochondria-dependent is unknown. To address 
this question, the change of mitochondrial transmembrane potential 
(DYm), and mitochondrial cytochrome c release were determined. 
Figures 5 and 6 suggested that the furanodiene-mediated apoptosis 
was accompanied with the DYm as well as the release of mitochon-
drial cytochrome c into cytosol. These results demonstrated that a 

mitochondrial pathway was also involved in furanodiene-induced 
apoptosis.

The mitogen-activated protein kinase (MAPK) superfamily 
consists of three serine/threonine kinase cascades.24 Extracellular-sign
al-related kinases (ERKs) respond to growth factors or other external 
mitogenic signals by promoting cell proliferation and opposing 
cell death signals. The other two pathways—p38 MAPK and the 
c-Jun N-terminal kinase (JNK) pathways—are typically described 
as stress-activated kinases that promote programmed cell death.25  
It is now widely believed that p38 and JNK mediate apoptotic 
signals, while ERK promotes growth, differentiation, and prolifera-
tion. Nowadays, many studies have shown that p38 MAPK activation 
is necessary for cancer cell death initiated by a variety of anti-cancer 
agents.26 Four chemotherapeutic agents have been shown to induce 
mitotic cell-cycle arrest through p38 activation in HeLa human 
cervical carcinoma cells and p38 MAPK activation is necessary for 
these chemotherapeutic drugs-induced cell death.27

Furthermore, different MAPK signaling pathways can be coor-
dinately manipulated to enhance the efficacy of anticancer drug. 
Cotreatment of anticancer drugs with ERK inhibitors has been found 
to enhance anticancer effects. Anti-cancer drug paclitaxel (Taxol) 
induces tumor cell apopotsis through activating endogenous JNK in 
tumor cells.28 When paclitaxel and ERK inhibitor were combined 
in cancer treatment, ERK inhibitor significantly enhances the JNK 
activation-mediated cytotoxic effect of paclitaxel.28 ERK inhibitor 
also found to enhance docetaxel-induced apoptosis of androgen- 
independent human prostate cancer cells.29

In our experiments, as shown in Figure 9, furanodiene obviously 
elevated phosphorylated form of p38 and reduced phosphorylated 
form of ERK1/2 in a dose-dependent manner, but a slight and statis-
tically insignificant change in phosphorylated form of JNK (data not 
shown). Therefore, furanodiene induced-apoptosis in HepG2, not 
only involve mitochondria-caspase pathways but also activation of 
P38 and inhibition of ERK MAPK signaling. It provides insight into 
the molecular action of furanodiene on HepG2 and provides clues 
for explanation of biological activities of furanodiene on treatment 
of liver diseases. The results are also important to provide rationales 
for further development of the Ezhu and its active ingredients on 
treatment of liver diseases and cancer. Although the cytotoxic effect 
of furanodiene to HepG2 cells is not as strong as those reported  
anticancer drugs, the chemical structure of furanodiene could be 
further modified to enhance its anti-tumour activities. Also, furano-
diene could be used in combination with other chemotherapeutic 
drugs in order to allow the use of lower chemotherapeutic drug 
dosage, likely leading to lowered toxicity and enhanced tumor killing. 
In short, we conclude that furanodiene induces apoptosis in HepG2 
cells through activation of mitochondrial and caspase-3-pathway 
which involved activation of P38, and inactivation of ERK1/2 
MAPK signaling cascades.
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