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Abstract

AIM: To investigate the mechanism by which galangin,
a polyphenolic compound derived from medicinal herbs,
induces apoptosis of hepatocellular carcinoma (HCC)
cells.

METHODS: The 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide assay was used to measure
cell viability. Apoptosis was evaluated by /n sitv uptake
of propidium iodide and Hoechst 33258 and was then
detected by fluorescence microscopy. Protein expres-
sions were detected by Western blotting. To confirm
the apoptotic pathway mediated by galangin, cells were
transfected by bc/-2 gene to overexpress Bcl-2 or siRNA
to down-regulate Bcl-2 expression.
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RESULTS: Galangin (46.25-370.0 umol/L) exerted an
anti-proliferative effect, induced apoptosis, and de-
creased mitochondrial membrane potential in a dose
and time-dependent manner. Treatment with galangin
induced apoptosis by translocating the pro-apoptotic
protein Bax to the mitochondria, which released apop-
tosis-inducing factor and cytochrome c into the cytosol.
Overexpression of Bcl-2 attenuated galangin-induced
HepG2 cell apoptosis, while decreasing Bcl-2 expression
enhanced galangin-induced cell apoptosis.

CONCLUSION: Our data suggests that galangin medi-
ates apoptosis through a mitochondrial pathway, and
may be a potential chemotherapeutic drug for the treat-
ment of HCC.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most com-
mon cancers wotldwide, particularly in China. Surgical
therapy, chemotherapy, and radiation have been used for
the treatment of HCC. However, HCC remains one of the
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more difficult cancers to treat. Although chemotherapy is a
common therapeutic strategy after surgery, its use has been
toxic to normal tissues and limits their use. Therefore, it is
important to screen for new anti-cancer drugs.

Recent studies show that a number of dietary com-
pounds possess anti-cancer propertiesm, including cur-
cumin, genistein, quercitin, resveratrol, piceatannol and
pterostilbene. These dietary compounds may enhance the
efficacy of chemotherapeutic agents by modifying the
activity of specific targets that control cell proliferation
and apoptosis such as Bcl-2, Bcl-xI., X-linked inhibitor
of apoptosis proteinm, Akt” c-myc, neuronal apoptosis
inhibitory protein, c-IAP-2, nuclear factor-1BY survivin,
p21WAF1 and p537.

Galangin (4H-1-Benzopyran-4-one, 3,5,7-trihydroxy-
2-phenyl-), a flavonoid, is a polyphenolic compound
derived primarily from medicinal hetbs, including Alpinia
officinarum Hance, Alnus pendula Matsum, Plantago ma-
jor L, and Scutellaria galericulata L. (S. scrodifolia Fisch.).
Faton ¢ a/* demonstrated that galangin could inhibit the
methoxytresorufin O-demethylase activity of CYP1A2,
CYP1A1 and P-form phenolsulfotransferase. These ob-
servations suggest galangin may be a potential chemopre-
ventive agent in sulfation-induced carcinogenesis.

Furthermore, Moon has reported that galangin had
cancer preventive properties and induced apoptosis in
several cancer cell lines"”. Another study showed that
galangin could induce a GO-G1 cell cycle arrest, modulate
the expression of cycline/cdk, and decrease Bcl-2 levels,
which leads to apoptosis of imatinib-resistant Ber-Abl ex-
pressing chronic myelogenous leukemia cell lines'”.

Based on these previous reports, it was suggested that
galangin could inhibit cell proliferation and induce apop-
tosis. Therefore, galangin may be a potential anti-tumor
agent. However, the mechanism by which galangin exert
its anti-tumor activity is unknown. In this study, we dem-
onstrate the effects of galangin on HCC cells and eluci-
date the mechanism by which galangin induces apoptosis.

MATERIALS AND METHODS

Cell culture

Three human liver cancer cell lines (HepG2, Hep3B and
PLC/PRF/5) wete obtained from American type culture
collection (Rockville, MD, USA) and kept in Institute of
Biochemistry and Molecular Biology, Guangdong Medi-
cal College. All cell lines were cultured in Dulbecco’s
modified Eagle medium (Gibco BRL, Grand Island, NY,
USA) containing penicillin (100 ug/mL) and streptomycin
(100 pg/ml) and supplemented with 10% fetal bovine
serum (Sijiqing Laboratories, Hangzhou, China) at 37°C in
a humidified atmosphere with 5% COs..

Agents and chemicals

Galangin was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and dissolved in dimethyl sulfoxide (DMSO),
with the final concentration of DMSO in the culture
medium below 0.1% (v/v). 3-(4,5-Dimethyl-thiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT), Hoechst 33258,
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propidium iodide, rthodamine 123 [2-(6-amino-3-imino-
3H-xanthen-9-yl) benzoic acid methyl ester| were pur-
chased from Sigma (St. Louis, MO, USA). Rabbit or goat
polyclonal antibodies against Bax, caspase-3, caspase-9,
cytochrome c, apoptosis-inducing factor (AIF), PAPR,
Vox IV, GAPDH and Bcl-2 were from Santa Cruz Bio-
technology (Santa Cruz Biotechnology, CA, USA).

MTT viability assay

HCC cells (5.0 x 10”) were seeded and treated with dif-
ferent concentrations of galangin or different times in
96-well plates. The number of viable cells in each well was
determined by adding 10 pL 5 mg/mL MTT solution.
The cells were dissolved with 100 pl. of solution that
contained 20% SDS and 50% dimethyl formamide after
cells had been incubated for 4 h at 37°C. The optical den-
sities were quantified at a test wavelength of 570 nm and
a reference wavelength of 630 nm using a Varioskan Flash

Reader spectrophotometer (THERMO, MA, USA)”.

Cell apoptosis analysis by fluorescence staining

The HCC cells were cultured in 6-well plates (3.0 X 10°
cells/well) and treated with different concentrations of
galangin at 37°C in a humidified atmosphere with 5% CO:
for 24 h. Cell apoptosis was evaluated by z siftu uptake of
propidium iodide and Hoechst 33258 as described by McK-
eague ¢f al". Briefly, galangin-treated cells were washed with
phosphate buffered saline (PBS), and incubated in PBS
containing 40 pg/mL propidium iodide and 2.5 pg/mL
Hoechst 33258 for 10 min. Five hundred microliters of
methanol: acetic acid (3: 1) fixative were then added direct-
ly to each well. Cells were viewed under fluorescence mi-
croscopy (Nikon Eclipse ET2000-E, Japan). The apoptotic
index was calculated from the number of apoptotic nuclei
vs total number of nuclei at each visual field.

Measurement of mitochondrial membrane potential™
HCC cells were treated with different concentrations of
galangin for different times. Cells were then treated with
thodamine 123 with a final dye concentraton of 10 pg/mL
at 37°C for 15 min, 5% COzatmosphere prior to examina-
tion. Mitochondrial membrane potential was determined
by flow cytometry. The change of fluorescent intensity
of thodamine 123 indicated the change in mitochondrial
membrane potential.

Overexpression and knockdown of Bcl-2

The HCC cells were transfected with different plasmids
[pcDNA3.1(+)-Be/-2, pcDNA3.1(+) Vectors| using Li-
pofectamine 2000 (Invitrogen, CA, USA) according to
the manufacturer’s protocol. Bel-2 siRNA sequence was
synthesized according to Fu’s report!™?, sense sequence:
5'-CGGAGGCUGGGAUGCCUUUITAT-3', antisense
sequence: 3'-dTdTGCCUCCGACCCUACGGAAA-5".
Before transfection, cells were seeded in 6 well plates or
60 mm tissue culture dishes containing DMEM medium
without antibiotics for 24 h. Cells were transfected using
lipofectamine 2000 with 2 pg plasmid or 100 pmol siRNA

in each well. Bcl-2 protein level was measured by immu-
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noblot analysis 24 h post-transfection. Cells were treated
with galangin for another 24 h, and viability was deter-
mined by MTT and fluorescence staining methods.

Preparation of proteins in the mitochondrial and
cytosolic fractions

Twenty four hours after treating with different concen-
trations of galangin, cells were washed twice in ice-cold
PBS and resuspended in five volumes of ice-cold extract
buffer (20 mmol/L Hepes-KOH, 1.5 mmol/L MgClz,
1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L DTT,
and 0.1 mmol/L PMSE, pH 7.5). The resuspended cells
were homogenized and centrifuged at 750 g for 10 min
at 4°C. The supernatants wete centrifuged at 13000 g for
15 min at 4°C to obtain the mitochondrial pellets. The re-
maining supernatants were centrifuged to obtain the cyto-
solic fractions. The protein concentrations of the resulting
supernatants and mitochondrial fractions were measured.

Western blotting

The cells were loaded with cell decomposition buffer (pH
8.0) that contained 50 mmol/L Tris-HCl, 150 mmol/L
NaCl, 5 mmol/L EDTA, 1% NP40, 0.05% phenylmeth-
anesulfonyl fluoride (PMSF), 2 ug/ml. aprotinin (Sigma,
USA), and 2 ug/ml leupeptin (Sigma, USA). The pro-
teins were determined as described previously by Western
blottingm using the antibody (Santa Cruz Biotechology,
Santa Cruz, CA, USA), and Western blotting luminal re-
agent (Amersham Biosciences, Uppsala, Sweden).

Statistical analysis

The values given are presented as mean + SD. Statistical
analysis was performed using one-way analysis of variance
with LSD test. In all cases, P < 0.05 was considered as sig-
nificant.

RESULTS

Galangin inhibits proliferation of HCC cells

We used the MTT assay to determine the effects of galan-
gin on the proliferation of HCC cells. Using galangin at
concentrations of 46.25, 92.5, 185 and 370 pumol/L, we
observed an anti-proliferative effect on HCC cells that was
dose-dependent (Figure 1A). Additionally, galangin could
also inhibit HCC cell proliferation in a time-dependent
manner (Figure 1B). The ICso of galangin to HCC cells
(HepG2, Hep3B, and PLC/PRF/5) 24 h post-treatment
were 134.0, 87.3 and 79.8 pmol/L, respectively.

Galangin induces apoptosis of HCC cells

To determine whether galangin-treated HCC cells un-
dergo apoptosis, we stained cells using Hoechst 33258/P1.
As shown in Figure 2A, we observed a significant increase
in the number of cells that exhibited nuclear condensation
when treated with galangin for 24 h. This observation was
similarly found in all three HCC cell lines tested. Our data
also showed that the apoptotic index of the three HCC
cells increased in a dose-dependent manner treated by

galangin (Figure 2B).
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Figure 1 Effects of galangin on cell viability of three hepatocellular carcinoma
cell lines. A: Three hepatocellular carcinoma (HCC) cell lines were treated
with 46.25, 92.5, 185, and 370 umol/L galangin for 24 h. The ICso of galangin
to HepG2, Hep3B, and PLC/PRF/5 cells were 134.0, 87.3 and 79.8 pumol/L,
respectively; B: Three HCC cell lines were treated with 92.5 umol/L galangin for
24, 48 and 72 h. mean % SD. n = 4. °P < 0.05 vs HepG2 cell/dimethyl sulfoxide
(DMSO)-treatment group; °P < 0.05 vs PLC/PRF/5 celllDMSO-treatment group; °P
< 0.05 vs Hep3B/DMSO cell/DMSO-treatment group.

Galangin reduces the mitochondrial membrane potential
of HCC cells

We observed a reduction in the mitochondrial membrane
potential of all three HCC cell lines after treating with
galangin (Figure 3). The mitochondrial membrane poten-
tial of the HCC cells decreased following treatment with
galangin and this occurred in a dose- and time-dependent
mannet.

Galangin affects protein levels involved in the apoptosis
pathway of HCC cells

In Figure 4, we evaluated the effects of galangin on pro-
tein expression involved in apoptosis of the HCC cell
lines. Translocation of Bax to the mitochondria can alter
the outer mitochondrial membrane permeability. Some
pro-apoptotic proteins, including cytochrome ¢ and AIE,
are released into the cytosol from the mitochondria. Our
data shows that Bax levels in the mitochondrial fraction
of galangin-treated HCC cells increased in a dose-depen-
dent manner, suggesting that the translocation of Bax
into the mitochondria was involved in cell death induced
by galangin (Figure 4A). Furthermore, we observed that
the levels of cytochrome ¢ and AIF in the cytosol of
galangin-treated HCC cells increased in a dose-dependent
manner. This suggests that the mitochondrial release of
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Figure 2 Hepatocellular carcinoma cells apoptosis induced by galangin. A: Morphology of apoptotic cells, pictures were taken under a 20 x objective; B: Cells were
treated with different concentrations of galangin for 24 h and stained with Hoechst 33258/PI to measure apoptosis. mean = SD. n = 4. °P < 0.05 vs HepG2 cell/dimethyl
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Figure 3 Effect of galangin on the mitochondrial membrane potential of
hepatocellular carcinoma cell lines. A: Three hepatocellular carcinoma (HCC)
lines were treated with 46.25, 92.5, 185, and 370 umol/L galangin for 24 h; B:
Three HCC were treated with 92.5 umol/L galangin for 24, 48 and 72 h. mean
SD. n=4.%P <0.05 vs HepG2 cell/dimethy! sulfoxide (DMSO)-treatment group;
°P < 0.05 vs PLC/PRF/5 cell/DMSO-treatment group; °P < 0.05 vs Hep3B/
DMSO-treatment group.

cytochrome ¢ and AlF into the cytosol may play a role
in induction of cell apoptosis by galangin (Figure 4B).
We also analyzed the effects of galangin on caspase-3
and caspase-9 activation, and poly(ADP-ribose) poly-
merase (PARP) cleavage by Western blotting. We showed
caspase-9 activation in a dose-dependent mannet, and
observed a concomitant increase of caspase-3 activation

and PARP cleavage (Figure 4C).
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Bcl-2 protein level affects galangin-induced HepG2 cell
apoptosis

To determine the role of Bcl-2 in galangin-treated HepG2
cells, we overexpressed and downregulated Bcl-2 by trans-
fecting cells with pcDNA3.1-Bcl-2 and siRNA targeting
Bcl-2, respectively. In Figure 5A, we show that we were
able to overexpress and knockdown Bcl-2 sufficiently. As
shown in Figure 5B and C, HepG2 cells overexpressing
Bcl-2 were more resistant to galangin-induced apoptosis
than control cells (P < 0.05). However, Bcl-2-knockdown
HepG2 cells were more sensitive to galangin leading to
decreased cell survival (P < 0.05) (Figure 5D). Taken to-
gether, these observations suggest that galangin induces
apoptosis of HepG2 cell apoptosis vz the mitochondtial
pathway.

DISCUSSION

Studies have showed that most flavonoids exhibit anti-
proliferative effects against tumor derived cell lines includ-
ing leukemia”! melanoma¥, colon"”, breast carcinoma!®,
lung, and prostatem. Some reports have demonstrated
that galangin is a naturally occurring non-toxic flavonoid
with chemopreventive and anti-proliferative effects™®"*".

In this study, we demonstrated that galangin inhibited
the proliferation of HCC cells and induced apoptosis at
concentrations as low as 46.25 umol/L and in excess of
185 umol/L, tespectively. Galangin-induced apoptosis was
characterized by analyzing the effects on caspase-3 activa-
tion, PARP cleavage, and DNA condensation in HCC cells.

The mitochondrial pathway is commonly involved in
the death stimuli. There are primarily two major events
involved in apoptosis vz the mitochondrial pathway. The
first event is a change in mitochondrial membrane perme-
ability, which leads to decreased mitochondrial membrane
potential. Our data demonstrated reduced mitochondrial
membrane potential as indicated by rhodamine 123 stain-
ing following treatment with galangin at different concen-
trations. The second event in the mitochondria-induced
apoptotic pathway is the release of cytochrome c and AIF
from the intermembrane space of the mitochondria into
the cytosol. Here, we also showed that galangin increased
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Figure 4 Effects of galangin-treated hepatocellular carcinoma cells on protein expression involved in the mitochondria pathway. A: The changes of Bax in
the mitochondria; B: The changes of cytochrome ¢ and apoptosis-inducing factor (AIF) in the cytosol; C: Caspase-3 and caspase-9 activation, and Poly(ADP-ribose)
polymerase (PARP) cleavage induced by galangin. 1: Blank control group; 2: Dimethyl sulfoxide-treatment groups; 3: Cells were treated with 46.25 umol/L galangin for 24 h;
4: Cells were treated with 92.5 umol/L galangin for 24 h; 5: Cells were treated with 185 pumol/L galangin for 24 h; 6: Cells were treated with 370 pumol/L galangin for 24 h.

the release of cytochrome c and AIF in the cytosol. Thus,
our data indicates that galangin-induced apoptosis of
HCC cells occurs through the mitochondrial pathway.
The Bcl-2 family of proteins is involved in the mito-
chondrial apoptotic pathway by inducing the release of
cytochrome ¢ from the mitochondrial intermembrane
space. Cytochrome ¢ cooperates with Apaf-1 (Apoptotic
protease activating factor 1) to induce caspase activation,
leading to cell apoptosis™. The Bcl-2 family proteins are
categorized into three groups based on the four Bcl-2
homology domains (BH1-4 domains). Bcl-2, Bel-w, Bel-
xL. and Mcl-1, which contain BH domains 1-4 and are
localized to the outer mitochondrial membrane, are anti-
apoptotic Bcl-2 proteins'’. These proteins can directly
bind and inhibit the proapoptotic Bcl-2 family in the
mitochondria pathway of apoptosis. The proapoptotic
proteins of Bcl-2 family members are functionally divid-
ed into two classes. One class is the effector molecule,
which includes Bak and Bax, and permeabilizes the outer
mitochondrial membrane to release cytochrome ¢ into
the cytosol. The other class is the BH3-only proteins in-
cluding Bad, Bid, Bik, Bim, Bmf, bNip3, Hrk, Noxa and
Puma, which promote cell apoptosis through protein-
protein interactions with other Bel-2 family members™.
Our data indicates that galangin causes Bax transloca-
tion to the mitochondria in HCC cells. In non-apoptotic
cells, Bax is located in the cytosol or loosely bound to
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the outer membrane of the mitochondria in monometic
forms. However, Bax translocates to the mitochondrial
membrane and homodimerizes in the presence of a death
signal. As a result, the outer mitochondrial membrane is
permeable to release cytochrome ¢ and AIF into the cy-
tosol. The release of cytochrome c, which is an important
protein in the electron transfer chain, can lead to reduced
mitochondria membrane potential and adenosine triphos-
phate (ATP) synthesis. The results of our experiments
showed that galangin induces cytochrome c release and
decreases mitochondrial membrane potential.

In the cytosol, cytochrome ¢ can bind to Apaf-1, which
is a cytosolic protein. Apaf-1 undergoes a conformational
change upon binding to dATP or ATP, leading to the
formation of the apoptosome complex. The apoptosome
recruits procaspase-9, resulting in caspase 9-caspase 3
activation. This caspase cascade is responsible for the hy-
drolysis of key cytoplasmic proteins and for the cleavage
of genomic DNA nucleosomes into 180 bp fragments iz
caspase-activated DNase, such as PARP. Caspase-3 is an
executioner of apoptosis that subsequently cleaves many
important intracelluar substrates, leading to chromatin
condensation, nucleosomal DNA fragmentation, nuclear
membrane breakdown, externalization of phosphatidylser-
ine, and formation of apoptotic bodies™. Our data also
shows galangin-treated HCC cells did indeed cause cas-
pase-9 and caspase-3 activation, and PARP cleavage.
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Figure 5 Effects of Bcl-2 on galangin-induced HepG2 cell apoptosis. A: Bcl-2 protein level was measured in HepG2 cells by Western blotting after cells were transfected; B:
Morphology of apoptotic cells. Cells were treated with 185 umol/L galangin for 24 h and stained with Hoechst 33258/PI to measure apoptosis. Pictures were taken under a
20 x objective. 1: Control vector group; 2: pcDNA3.1-bcl-2-transfected group; 3: Control siRNA group; 4: Bcl-2 siRNA-transfected group; C: Bcl-2 level affect apoptotic index
of HepG2 cell induced by galangin. mean + SD. n = 4. *P < 0.05 vs pcDNA3.1 group; °P < 0.05 vs control sIRNA group; D: The effect of Bcl-2 level on cell viability induced by

galangin. mean + SD. n = 4. °P < 0.05 vs HepG2 cell/dimethyl sulfoxide-treatment group; °P < 0.05 vs pcDNA3.1-transfected group; °P < 0.05 vs control sSiRNA group.

In our study, overexpression of Bcl-2 could suppress
the apoptotic effects of galangin on HCC cells. Bcl-2
is an important anti-apoptotic protein that suppresses
different drug-induced activation of the mitochondria-
apoptotic pathway, such as etoposide™, berberine™
safatoposide™, epigallocatechin-3-gallate™, curcumin
and anti-inflammatory drugsml. The Bcl-2 protein can
block the oligomerization of Bax and Bak and inhibit the
apoptotic programm’mj. Moreovet, our data also showed
that Bcl-2 decrease could enhance HCC cell sensitivity to
galangin. These results show that Bcl-2 can modulate the
effects of galangin on HCC cells and indicate that galan-
gin induces apoptosis via the mitochondrial pathway.

We demonstrated that AIF is released from mito-
chondria into the cytosol in HCC cells upon galangin
treatment. AIF migrates into the nucleus and induces
high-molecular-mass DNA fragmentation and marginal
chromatin condensation independent of caspasesm’m.
Therefore, HCC cells undergoing apoptosis may be due
to a combination of caspase activation and AlF release.

In summary, we demonstrate that galangin induces
HCC cell apoptosis via the mitochondrial pathway. Our
data demonstrated that (1) galangin induces HCC cell
apoptosis by triggering Bax translocation to the mito-
chondria; (2) galangin-treated HCC cells causes the release
of AIF and cytochrome c into the cytosol from the mi-
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[27]

tochondria; and (3) overexpression of Bcl-2 attenuated
galangin-induced HepG?2 cells apoptosis, while down-
regulated Bcl-2 expression enhanced galangin to induce
cell apoptosis.

COMMENTS

Background

Hepatocellular carcinoma (HCC) is one of the most common cancers world-
wide, particularly in China. However, HCC remains one of the more difficult
cancers to treat. It is important to screen for new anti-cancer drugs. Dietary
compounds possess anti-cancer properties.

Research frontiers

A number of dietary compounds possess anti-cancer properties. These dietary
compounds may modify the activity of specific targets that control cell proliferation
and apoptosis. Galangin could inhibit the methoxyresorufin O-demethylase activity
of CYP1A2, CYP1A1 and P-form phenolsulfotransferase. Galangin induced
apoptosis in several cancer cell lines and arrested the cell cycle, modulated the
expression of cycline/cdk, and decreased Bcl-2. It was suggested that galangin
may be a potential anti-tumor agent. However, the mechanism by which galangin
exerts its anti-tumor activity is unknown.

Innovations and breakthroughs

In this study, the authors demonstrate the effects of galangin on HCC cells
and elucidate the mechanism by which galangin induces apoptosis. This is the
first study to report that galangin mediates apoptosis through a mitochondrial
pathway. Galangin may be a potential chemotherapeutic drug for the treatment
of hepatocellular carcinoma cells.

Applications

Understanding the mechanism by which galangin induces apoptosis may lead
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to its use as an anti-cancer treatment of HCC. This study may represent a
future potential chemotherapeutic drug in the treatment of HCC with galangin.

Terminology

The mitochondrial pathway is an important apoptotic pathway involved in the
mitochondrial membrane permeability change and the release of cytochrome
¢ and apoptosis-inducing factor (AIF) from the intermembrane space of the
mitochondria into the cytosol. Bcl-2 is an important anti-apoptotic protein that
suppresses different drug-induced activation of the mitochondria-apoptotic
pathway.

Peer review

In this study, Zhang et al demonstrated that galangin, a polyphenolic compound
from herbs, induced apoptosis in hepatocellular carcinoma cells through the
mitochondrial pathway. Galangin treatment led to inhibition of cell growth, nuclear
fragmentation, mitochondrial membrane potential collapse, caspase activation,
Bax mitochondrial translocation, and release of cytochrome ¢ and AIF. Modulation
of Bcl-2 by overexpression or knockdown altered galangin-induced apoptosis.
The results are convincing and the study is informative. The manuscript could be
improved by making several changes.
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