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Reactive oxygen species-mitochondria pathway involved
in FV-429-induced apoptosis in human hepatocellular

carcinoma HepG2 cells

Zhen Yang, Lei Qiang, Tian Wu, Fei-Hong Chen, Hui-Ying Yang, Qing Zhao,
Mei-Juan Zou, Ya-Jing Sun, Zhi-Yu Li and Qing-Long Guo

FV-429 is a newly synthesized flavonoid with a
bis(2-hydroxyethyl) amino propoxy substitution. In this
study, we investigate the anticancer effect of FV-429 both
in vivo and in vitro. These data have shown that FV-429
could significantly inhibit tumor growth in mice inoculated
with Heps hepatoma cells without evident toxicity. After
the treatment of FV-429 (40 mg/kg), the inhibitory rate

of tumor weight was 52.12%. Then, we performed
diamidinophenylindole staining and annexin V/propidium
iodide double-staining assay to investigate the apoptosis
induced by FV-429 in HepG2 cells. Further research
revealed that FV-429 induced apoptosis through the
mitochondrial apoptotic pathway, as indicated by a change
in Bax/Bcl-2 ratios, collapse of mitochondrial membrane
potential, the transposition of apoptotic-inducing factor and
cytochrome c, caspase-3 and caspase-9 activation, and
degradation of poly (ADP-ribose) polymerase. The
accumulation of reactive oxygen species induced by
FV-429 in HepG2 cells was also observed. Moreover,

Introduction

Liver cancer or hepatic cancer is the third most common
cause of death from cancer and the sixth most common
incident cancer in China, and its incidence is rising not
only in China but also in many other countries [1]. It is
usually treated by surgical resection or liver transplanta-
tion, with curative options for the patients when the
disease is diagnosed at an early stage [2]. However,
approximately 70% of patients are inoperable because of
advanced tumor growth or liver cirrhosis, or, alternatively,
the hepatic cancer belongs to the group of cancers that
are resistant to systemic chemotherapies, radiation
therapy, and even immunotherapy [3]. Novel therapeutic
drugs accordingly are needed to improve the efficacy in
treating hepatic cancer.

Flavonoids are a group of compounds widely distributed
in plant sources, such as seeds, citrus fruits, olive oil, and
tea and red wine. It has long been recognized that
flavonoids possess anti-inflammatory, antioxidant, anti-
allergic, hepatoprotective, antithrombotic, and antiviral
activities [4]. In recent years, the antitumor effects of
flavonoids have been widely recognized and studied. For
instance, wogonin, a flavonoid originated from the root
of a medicinal herb Scutellaria baicalensis Georgi, induced
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the mitogen-activated protein kinases, the downstream
effect of reactive oxygen species accumulation including
c-Jun N-terminal kinase and p38 mitogen-activated protein
kinases, could be activated by FV-429. Taken together,
our results provided a mechanistic framework for further
exploration of FV-429 as a novel chemotherapy for human
tumors. Anti-Cancer Drugs 22:886-895 © 2011 Wolters
Kluwer Health | Lippincott Williams & Wilkins.

Anti-Cancer Drugs 2011, 22:886-895
Keywords: apoptosis, flavonoid, mitochondria, reactive oxygen species

Jiangsu Key Laboratory of Carcinogenesis and Intervention, China
Pharmaceutical University, Nanjing, People’s Republic of China

Correspondence to Dr Qing-Long Guo, Jiangsu Key Laboratory of
Carcinogenesis and Intervention, China Pharmaceutical University, 24
Tongjiaxiang, Nanjing, Jiangsu 210009, PR China

Tel/fax: +86 25 83271055; e-mail: anticancer_drug@yahoo.com.cn

Zhen Yang and Lei Qiang contributed equally to this study.

Received 2 November 2010 Revised form accepted 27 April 2011

apoptosis in murine sarcoma S180 by the concerted
modulation of p53, Bax, and Bcl-2 genes and proteins
[5,6]. Oroxylin A, a flavonoid isolated from the root of
Scutellaria baicalensis Georgi, has been reported to possess
anticancer effects on hepatic carcinoma both # vitro and
m vivo [7,8]. FV-429 is a newly synthesized flavonoid with
bis(2-hydroxyethyl) amino propoxy substitution (Fig. 1a).
Compared with most of the flavonoid family members,
FV-429 shows alkalescence and an improvement of the
water solubility (Table 1). In this study, we provided
evidence that FV-429 has potent antitumor activity by
inducing a reactive oxygen species (ROS)-mitochondrial-
mediated apoptosis.

The mitochondrion controls cell-life activities, and it is
not only the center of respiratory chain and oxidative
phosphorylation, but also the center of cell apoptosis [9].
A substantial increase in ROS occurs in mitochondria-
mediated pathway for damage of respiratory chain [10],
inhibiting the mitochondrial electron transport chain,
resulting in a subsequent release of cytochrome ¢ from
the mitochondrial intermembrane space to cytosol,
thereby activating the caspase—cascade system and
cleavage of poly (ADP-ribose) polymerase (PARP)
[11,12]. Tt has been previously demonstrated that the
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accumulation of ROS could cause the loss of mitochon-
drial membrane potential (MMP) and activates mitogen-
activated protein kinases (MAPK) pathways, including
the c-Jun N-terminal kinase (JNK) and the p38 pathways
that are responsible for ROS-mediated cell apoptosis [13].

In this study, we demonstrated that FV-429 shows
obvious antitumor effects # viwo and i vitro, in which
apoptosis may be involved. Furthermore, we showed that
in HepG2 cells treated with FV-429, ROS level and Bax/
Bcl-2 ratio increased, with MMP collapse and the
subsequent activation of caspase cascade. Moreover, we
provided evidence that apoptosis induced by FV-429 was
related with the activation of JNK and p38 MAPK

Fig. 1
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FV-429 inhibits cell viability in HepG2 cells. (a) Molecular structure of
FV-429 (Cy3H25NO7, molecular weight=429). (b) The inhibitory effect
of FV-429 on HepG2 cells with different concentrations for 24 h. Data
are shown as mean * standard deviation (n=3).
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pathways. The inhibition of PI3K/Akt and NF-xB path-
ways may also contribute to FV-429-induced apoptosis.
Taken together, our findings provide a new candidate
compound, FV-429, for its potential use in liver cancer
therapy.

Materials and methods

Materials

FV-429, prepared in Dr Zhiyu Li’s lab (China Pharma-
ceutical University, China), was dissolved in 100%
dimethylsulfoxide (DMSO) as a stock solution, stored
at -20°C, and diluted with medium before each
experiment. Controls were always treated with the same
amount of DMSO (0.1%) as used in corresponding
experiments. 3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheny-
tetrazoliumbromide (MTT) was obtained from Fluka
Chemical Co. (Ronkonkoma, New York, USA), and was
dissolved in 0.01 mol/l of phosphate-buffered saline
(PBS). Primary antibodies of JNK, p-JNK, p38, p-p38,
ERK1/2, p-ERK1/2, Bax, Bcl-2, caspase-3, procaspase-3,
caspase-9, procaspase-9, Akt, p-Akt, NF-xB, histones,
COX IV, and B-actin were obtained from Santa Cruz
Biotechnology (California, USA). Antibodies of cyto-
chrome ¢, apoptotic-inducing factor (AIF), and PARP
were purchased from Biosource (Camarillo, California,
USA) and Cell Signaling Technology (Beverly, Massachu-
setts, USA). Cyclosporin A was from Calbiochem (San
Diego, California, USA). Carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]-fluoromethylketone (Z-VAD-FMK, a caspase
inhibitor), N-acetyl-L-cysteine (NAC, the scavenger of
ROS), and SB203580 (an inhibitor of p38 MAPK),
SP600125 (an inhibitor of JNK) were obtained from
Beyotime Institute of Biotechnology (Haimen, China).

Animals

Institute of Cancer Research species mice, weighing
18-22 g, were supplied by Experimental Animal Center,
China Pharmaceutical University. Animals were housed
under standard conditions at a temperature of 22°C = 1
and a 12-h light—dark cycle with free access to food and
water. All experiments were carried out according to the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals (publication no. 85-23, revised
1985) and were approved by the Institutional Animal

Table 1 Effect of FV-429 on Heps in mice by intravenous route (mean + standard deviation; n=10)
Weight (g)

Groups Dose (mg/kg) Pretreatment Posttreatment Weight of tumor (g) Inhibitory rate (%)
Control 19.80+1.48 26.90+3.41* 2.01+0.40
Cyclophosphamide 20 19.50+1.51 20.25+3.06 0.63+0.15 68.45%*

40 19.63+1.30 25.00+1.77* 0.96+0.19 52.12%*
FV-429 20 19.13%+1.13 26.25+4.74* 1.12+0.13 44.39%

10 19.00+1.07 27.63+5.07** 1.39+0.34 30.81*

*P<0.05 vs. control.
**P<0.01.
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Care and Use Committee of China Pharmaceutical
University.

Cells culture

The human hepatoma HepG2 cell line and human
hepatocyte 102 cell line were purchased from KeyGen
Biology Technology Company (Nanjing, Jiangsu, China).
Cells were grown in Roswell Park Memorial Institute-
1640 medium (Gibco, Grand Island, New York, USA)
supplemented with 10% heat-inactivated calf serum
(Sijiging, Hangzhou, Jiangsu, China), penicillin (100 U/ml),
and streptomycin (100 U/ml) in a 5% CO, atmosphere.

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenytetrazoliumbromide assay

The HepG2 cells were plated in 96-well plates with
100 pl of cells, which had previously been resuspended to
1 x 10°/ml. The cells were left to adhere overnight, and
were then exposed to media and FV-429 at different
concentrations for 24h. Subsequently, 20pul of MTT
solution (5 mg/ml) was transferred to each well to yield a
final assay volume of 220pul per well. Plates were
incubated for 4 h at 37°C and 5% CO,. After incubation,
supernatants were removed, and DMSO (100 pl) was
added to ensure total solubility of formazan crystals.
Plates were placed on an orbital shaker for 2 min, and the
absorbance was recorded at 562 nm. Cell viability was
determined based on mitochondrial conversion of MT'T
to formazan. Inhibition ratio (%) was calculated using the
following equation:

Inhibitory ratio (% ) = [(A(Jontrol — Atveated) /AControl]
x 100 %

ICsy was taken as the concentration that caused 50%
inhibition of cell viabilities and calculated by the Logit
method [14].

Apoptosis assessment

To detect morphological evidence of apoptosis, cell nuclei
were stained with the fluorescent dye diamidinophenyl-
indole (DAPI). HepG2 cells, plated in six-well plates
with 70-80% confluency, were treated with different
concentrations of FV-429. After incubation for 24 h, cells
were fixed with 4% paraformaldehyde for 20 min, and
were then washed with PBS twice, followed with
incubation with 0.3% TritonX-100 (in PBS) for 10 min
at room temperature. After washing with PBS, the cells
were incubated with DAPI (10 pg/ml) for 10 min and
were then observed under fluorescence microscopy
(Olympus, Japan) at an excitation wavelength of 340 nm.

Annexin V-fluorescein isothiocyanate apoptosis detection
kit (BioVision Research Products, Mountain View, Cali-
fornia, USA) assay was performed according to the
manufacturer’s protocol. This assay does not discriminate
between apoptosis and necrosis. In brief, cells were

pretreated with 1 mmol/l of NAC for 1h, then treated
with FV-429 (20, 40, and 80 umol/l) for 24 h, and were
washed with PBS. Then the cells were collected,
resuspended in binding buffer [pH 7.5, 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (10 mmol/l),
CaCl, (2.5 mmol/l), and NaCl (140 mmol/l)], and were
incubated with annexin V-fluorescein isothiocyanate and
propidium iodide (PI) for 10 min in the dark at room
temperature; cells were analyzed by flow cytometry
(FACSCalibur, Becton Dickinson, Franklin Lakes, New
Jersey, USA) and a computer station running CellQuest
software (BD Biosciences, Franklin Lakes, New Jersey,
USA).

Mitochondrial transmembrane potential (A¥m)
assessment

The electrical potential difference across the inner-
mitochondrial membrane (A¥m) was monitored using the
A¥m-specific fluorescent probe JC-1 (Molecular Probes
Inc., Eugene, Oregon, USA), a sensitive fluorescent dye.
In brief, the HepG2 treated with different concentrations
of FV-429 (20, 40, and 80 umol/l) for 24 h were harvested
with ice-cold PBS and resuspended in Roswell Park
Memorial Institute-1640 medium at a density of 0.5 x 10°
cells/ml. Then the cells were washed with ice-cold PBS,
incubated with 10 pmol/l of JC-1 for 15 min at 37°C in the
dark, and were observed under a fluorescence microscope
(Olympus IX51, Japan). Red fluorescence is attributable
to a potential-dependent aggregation in the mitochon-
dria. Green fluorescence, reflecting the monomeric form
of JC-1, appeared in the cytosol after mitochondrial
membrane depolarization. Relative fluorescence intensi-
ties were monitored using the flow cytometry (FACSCa-
libur, Becton Dickinson), and were analyzed by the
software Modfit and CellQuest (BD Biosciences) with
settings of FLL1 (green) at 530nm and FL2 (red) at
585 nm [15].

Measurement of reactive oxygen species formation
Generation of ROS was assessed by using the fluorescent
signal 2,7-dichlorodihydrofluorescein (H,DCFDA), a
cell-permeable indicator for ROS [16]. As described
previously, H,DCFDA was oxidized to a highly green
fluorescent 2,7-dichlorofluorescein by the generation of
ROS. The HepG?2 cells were pretreated with 20, 40, and
80 umol/l for 10h. The cells were incubated with
H,DCFDA (100 umol/l) in PBS for 30 min. After 30 min
at 37°C, 2,7-dichlorofluorescein fluorescence (excitation
of 485 nm and emission of 525 nm) was observed under a
fluorescence microscope (Olympus IX51, Japan). The
fluorescence intensity was measured using flow cytome-
try (FACSCalibur, Becton Dickinson), and was analyzed
by the software Modfit and CellQuest (BD Biosciences,
Franklin Lakes, New Jersey, USA) with settings at
excitation and emission equal to 488/525 nm.
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Western blot analysis

After the treatment of the indicated concentration of
FV-429 (20, 40, and 80 umol/l) for 24 h, the HepG2 cells
were collected and lysed in lysis buffer [Tris—Cl
(100 mmol/l), pH 6.8, 4% (m/v) SDS, 20% (v/v) glycerol,
B-mercaptoethanol (200 mmol/l), phenylmethanesulfo-
nylfluoride (1 mmol/l), and aprotinin (1 g/ml)], and were
measured using the bicinchoninic acid protein assay
with Varioskan spectrofluorometer and spectrophoto-
meter (Thermo; Thermo Fisher Scientific, Hudson,
New Hampshire, USA) at 562 nm. The fractionation of
the nuclear protein and cytoplasmic protein was performed
according to the nuclear/cytoplasmic fractionation kit
(Biovision Research Products) instruction. The mito-
chondrial and cytosolic fractions of cells were performed
according to the cytosol/mitochondria fractionation kit
instruction. The proteins were separated on a 10-12%
SDS-polyacrylamide gel electrophoresis and were trans-
ferred onto nitrocellulose membranes. Immune complexes
were formed by incubation of the corresponding anti-
bodies for 1 h at 37°C, followed by IRDye 800-conjugated
antimouse and antirabbit secondary antibodies for 1h at
37°C. Immuno-reactive protein bands were detected with
the Odyssey Scanning System (Li-COR, Nebraska, USA).

Antitumor effects in mice

The mice were transplanted with Heps cells (1 x 10° per
mouse) according to protocols of transplanted tumor
research. After 24 h, the mice were randomly divided into
five groups containing 10 mice each. The groups with FV-
429 treatment received three dosages (10, 20, 40 mg/kg),
respectively. The positive group was treated with
cyclophosphamide (20 mg/kg). The control group re-
ceived 0.9% normal saline. All test drugs were given
through injections 24h after tumor transplantation (or
inoculation). The corresponding agent for each group was
administrated every day, which lasted for 9 days. At the
end of treatments, all mice were killed and weighed
simultaneously, and then the tumor was segregated and
weighed [17]. The tumor inhibitory ratio was calculated
by the following formula:

Tumor inhibitory ratio (% ) = [(Wecontrol — Wrreated) / Weontrol]

x 100 %

Wieated and Weoneol Were the average tumor weight of
the treated and control mice, respectively.

Statistical analyses

All data in different experimental groups were expressed
as mean = standard error of the mean. These data shown
in the study were obtained in at least three independent
experiments. Statistical analyses were conducted using an
unpaired, two-tailed Student’s #-test. All comparisons are
made relative to untreated controls (significance of
difference is indicated as *P < 0.05 and **P < 0.01).
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Results

FV-429 inhibits cell viability in HepG2 cells

To investigate the inhibitory effect of FV-429 on HepG2
cells, cell viability was assessed by MTT assay after
incubation with increasing concentrations of FV-429 for
24h. As showed in Fig. 1b, in a concentration-dependent
manner, the viability of HepG2 cell was evidently inhibited
after FV-429 treatment, with ICs value of 39.8 + 1.5 umol/l.

FV-429 inhibits the growth of transplantable tumors in vivo
To evaluate the antitumor effect of FV-429 i vivo, we
established a mice model bearing inoculated Heps tumor.
After the 9-day treatment, FV-429 (40, 20, and 10 mg/kg)
and cyclophosphamide (20 mg/kg) showed significant in-
hibitory effects on the growth of inoculated Heps in mice
(Table 2). The inhibitory rates were 68.45, 52.12, 44.39 and
30.81%, respectively. Meanwhile, there was no significant
difference in the average weight of FV-429-treated mice
compared with control mice. Nevertheless, cyclophospha-
mide could significantly inhibit the weight of mice.

FV-429 induces apoptosis in HepG2 cells

Changes in the morphology of HepG2 cells with
characteristic apoptotic appearance were observed after
the treatment with FV-429. Under an inverted light
microscope, the HepG2 cells treated with FV-429 were
severely distorted, grew slowly, and some cells turned
round in shape (Fig. 2a). Apoptotic morphology was
further confirmed by using DAPI staining. Control cells
emitted blue fluorescence with consistent nucleus
intensity, presenting typical homogeneous distribution
of chromatin in the nucleus. In contrast, cells treated
with FV-429 presented the morphological features of
early apoptotic cells, especially apoptotic bodies and
nuclei pyknosis (Fig. 2b). FV-429-induced apoptosis in
HepG2 cells was further determined using an annexin
V/PI staining assay. As shown in Fig. 2c, treatment with
FV-429 for 24h increased the apoptotic death rate of
cells, including both the early and the late apoptotic cells,
contrasted to untreated cells. Pretreatment with NAC or
7Z-VAD-FMK, a caspase inhibitor, could partly inhibit the
apoptosis induced by FV-429. Here, we also analyzed the
specificity of FV-429 toxicity toward 1.02, a noncarcinoma
hepatocyte, by annexin V/PI staining assay (Fig. 2d).
These data suggested that the FV-429 is lower in toxicity
to noncarcinoma hepatocytes m vitro.

Effects of FV-429 on the mitochondria of HepG2 cells

Intact mitochondrial membrane allows accumulation of
JC-1 in the mitochondria, in which it will generate red
fluorescent light when a critical concentration is reached.
As loss of A¥Ym occurs, JC-1 cannot accumulate in the
mitochondria and will remain as a monomer in the cytosol
and fluoresce green light [18]. In this study, the A¥Ym
change by FV-429 treatment in HepG2 cells was
performed by using JC-1staining. As shown in Fig. 3a,
with the increase of drug concentration, the red
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Table 2 Comparison of the solubility, stability, and IC5, of FV-429 with wogonin, oroxylin A, or baicalein

Solubility
ICso
Sparingly Practically (HepG2)
Title Structural formula Freely soluble Soluble soluble insoluble  Stability (umol/l, h)
FV-429 Alcohol, methanol, Chloroform Water - Light 40, 24
acetone, ethyl acetate, and
glacial acetic acid heat
stable
Wogonin - Alcohol, methanol, acetone,  Chloroform, Water Light 100, 48
ethyl acetate glacial and
acetic acid heat
stable
Oroxylin - Alcohol, acetone, hot Chloroform Water Light 80, 48
A benzene, ether, alkalis, and
glacial acetic acid heat
stable
Baicalein - Alcohol, methanol, ether, Chloroform, Water Light 100, 24
acetone, ethyl acetate, hot nitrobenzene and
glacial acetic acid heat
stable

fluorescence was attenuated whereas the green fluores-
cence was enhanced markedly. In contrast, flow cyto-
metric analysis also revealed that more cells became
susceptible to mitochondrial membrane depolarization
after FV-429 treatment, compared with the control group
(Fig. 3b). Pretreatment with NAC could partly inhibit the
effect of FV-429 on the AYm change of HepG2 cells.
However, Z-VAD-FMK, a caspase inhibitor, has little
effect on the AWm change induced by FV-429. To further
investigate the proapoptotic effects of FV-429 on
mitochondria, the levels of intracellular ROS in HepG2
cells was measured by flow cytometry. As shown in
Fig. 3¢, compared with control cells, the treatment of FV-
429 for 24 h resulted in a conspicuous and concentration-
dependent increase in ROS content, and this effect could
be partly inhibited by NAC. The time-dependent level
of loss of MMP and ROS generation were also analyzed
(Fig. 3d and e). Data suggested that ROS generation
preceded the loss of MMP.

Effects of FV-429 on apoptotic signaling pathway

To determine the signaling pathway responsible for
apoptosis induction of FV-429, the expressions of Bax,
Bcl-2, and caspase-3 and caspase-9 were examined
subsequently. Results showed that the expression of
Bcl-2 was decreased, whereas Bax was increased after
cells were treated with FV-429 for 24h, leading to an

outstanding increase of the Bax/Bcl-2 ratio. Caspase-9 and
caspase-3 were activated significantly after FV-429
treatment for 24h in HepG2 cells and PARP cleavage
was also observed, indicating that the mitochondrial
pathway was involved in FV-429-induced apoptosis
(Fig. 4a). Mitochondrial dysfunction could induce the
translocation of proapoptotic proteins, such as cyto-
chrome ¢ and AIE which subsequently causes a caspase-
dependent or a caspase-independent apoptosis. Here, we
demonstrated the translocation of cytochrome ¢ and AIF
induced by FV-429 using western blot analysis (Fig. 4b
and c¢). Cyclosporin A, which inhibits mitochondrial
permeability transition, could deduce the FV-429-induced
loss of MMP and release of proapoptotic factor cyto-
chrome ¢. (Fig. 4c and d). Besides this, we also found that
FV-429 could dose dependently decrease the protein
level of phospho-Akt in HepG2 cells without affecting
the total Akt and inhibit activated NF-xB into nuclei
from cytosol (Fig. 4e).

Mitogen-activated protein kinase pathway may be
involved in the apoptosis induced by FV-429

As it has been reported that ROS could activate MAPK
pathway and induce cell apoptosis we investigated the
activation of MAPK pathway in cells treated with FV-429.
These data showed that the levels of phosphorylated JNK
and p38 were increased, whereas the level of phosphorylated
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Fig. 2
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FV-429 induces apoptosis in HepG2 cells. HepG2 cells were treated with 20, 40, and 80 umol/l of FV-429 for 24 h. (a) Morphological change of
HepG2 cells was observed under an inverted light microscope ( x 400). (b) Nucleolus morphological changes observed by a fluorescence
microscope ( x 400). Apoptotic cells are observed for apoptotic bodies and nuclei pyknosis. (c) Annexin V/propidium iodide (PI) double-staining
assay of HepG2 cells. (d) Annexin V/PI double-staining assay of L02 cells. NAC, N-acetyl-L-cysteine. PIPE-H, propidium iodide of phycoerythrin-H.

Discussion
As one important group of natural products derived from

extracellular receptor kinase was decreased (Fig. 5a).
Pretreatment with NAC could partly reverse the activa-

tion of MAPK pathway induced by FV-429, but Z-VAD-
FMK, a caspase inhibitor, has little effect on this activation
(Fig. 5b). Here, we also performed annexin V/PI double-
staining assay of HepG2 cells treated with FV-429
(80 umol/l) alone or with SB203580 (P38 MAPK inhibitor)
and SP600125 (JNK inhibitor). As shown in Fig. 5c, the
results suggested that apoptosis induction of FV-429 could
be partly inhibited by JNK and p38 inhibitors.

flavone, flavonoids are widely spread in plants, with a
variety of biological activities including antimicrobial,
anti-inflammatory, antimutational activities and anti-
cancer effects [19]. FV-429 is a newly synthesized
flavonoid with a bis(2-hydroxyethyl) amino propoxy
substitution. In this study, we have provided evidence
that FV-429 has potent antitumor activity by inducing
a ROS-mitochondrial-mediated apoptosis.
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Fig. 3
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Effects of FV-429 on the mitochondria of HepG2 cells. (a and b) The change of A¥m was detected by using JC-1 staining under fluorescence
microscopes and was analyzed by flow cytometry. (c) The level of intracellular reactive oxygen species (ROS) in HepG2 cells was measured by flow
cytometry and was expressed as geometric mean fluorescence intensity (GMFI). (d) HepG2 cells were treated with FV-429 (80 umol/l) for an
indicated time and then the change of A¥m was analyzed by flow cytometry. () HepG2 cells were treated with FV-429 (80 umol/l) for an indicated
time and then level of intracellular ROS was measured by flow cytometry and expressed as GMFI. MMP, mitochondrial membrane potential; NAC,
N-acetyl-L-cysteine. Results represent mean values of three experiments + SEM, *P<0.05 compared with control; **P<0.01 compared with

control. PE-H: phycoerythrin-H.

Here, we used a mice model bearing inoculated Heps
tumor to evaluate the antitumor effect of FV-429 iz vivo.
Compared with control, FV-429 had no significant
influence on the body weight in mice with Heps, whereas
very significant change on them resulted from cyclophos-
phamide. The significant suppression of tumor growth
was also observed in Heps-bearing mice. After the
treatment of FV-429 (40 mg/kg), the inhibitory rate of
tumor weight was 52.12%. These results suggested that

FV-429 exerted a remarkable anticancer activity m vivo
and might be with low toxicity. On the basis of the above
data, we next focussed our effort on investigating the
mechanism of tumor growth repression by FV-429.

Apoptosis is characterized by a variety of morphological
features, including changes in the plasma membrane such
as loss of membrane asymmetry and attachment, cell
shrinkage, chromatin condensation, and chromosomal
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Effects of FV-429 on apoptotic signaling pathway. (a) Western blotting analysis of Bax, Bcl-2, procaspase-3 and procaspase-9, cleaved caspase-3
and caspase-9, and poly (ADP-ribose) polymerase (PARP) of HepG2 cells treated with 20, 40, and 80 pmol/l of FV-429 for 24 h. (b) The
transposition of apoptotic-inducing factor (AIF) from mitochondria to nuclei was detected. (c) HepG2 cells were treated with FV-429 (20, 40,
80 pumol/l) and cyclosporin A (5 umol/l). Cytochrome c in mitochondria and cytosol were identified by western blot analysis. (d) Flow cytometric
analysis of the change of A¥m in HepG2 cells treated with FV-429 (80 pumol/l) alone or with cyclosporin A (6 umol/l). (e) The status of NF-xB
activation, Akt, and p-Akt in FV-429-treated (20, 40, 80 umol/l) HepG2 cells were measured by western blotting analysis. The relative densitometric
values are listed below each row. Results represent mean values of three experiments + SEM, *P<0.05 compared with control; **P<0.01

compared with control.

DNA fragmentation [20-23]. It has been proved that
mitochondria play a major role in apoptosis triggered by
many stimuli, such as the loss of MMP [20,24]. Collapse
of MMP is associated with translocation of cytochrome ¢
and AIE thereby activating the caspase—cascade system
and a caspase-independent apoptosis [12]. Cytochrome ¢,
once released, forms an apoptosome with apoptotic
protease-activating factor 1 and procaspase-9 in the
presence of deoxyadenosine triphosphate, resulting in
the activation of caspase-9. The active subunit of caspase-
9 further activates downstream procaspase-3. At the
execution phase of apoptosis, caspase-3 is believed to be

an important cell apoptosis-inducing protease that
cleaves PARP and other vital proteins [25]. AIE a
caspase-independent death effector, causes chromatin
condensation, phosphatidylserine externalization, and
large-scale DNA fragmentation when translocating from
the mitochondrial intermembrane space to the nucleus
[26]. In this study, we showed that FV-429 could
obviously induce the collapse of MMP in HepG2 cells,
and the subsequent translocation of AIF and cytochrome ¢
and the activation of the caspase—cascade system were
also found. Z-VAD-FMK, a caspase inhibitor, was used
here and the apoptosis induced by FV-429 was partly
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Mitogen-activated protein kinases (MAPK) pathway may be involved in the apoptosis induced by FV-429. (a) Cells were treated with FV-429 (20, 40,

and 80 umol/l) for 24 h and the expressions of extracellular receptor ki
p-p38 were identified by western blot analysis. (b) Cells were treated

nase (ERK) 1/2, p-ERK1/2, c-Jun N-terminal kinase (JNK), p-JNK, p38, and
with FV-429 (80 pumol/l) alone or with N-acetyl-L-cysteine (NAC, 1 mmol/I)

and Z-VAD-FMK (50 pmol/Ifor 24 h. Then expression of ERK1/2, p-ERK1/2, JNK, p-JNK, p38, and p-p38 were identified by western blot analysis.
(c) Cells were treated with FV-429 (80 umol/l) alone or with SB203580 (25 umol/l, p38 MAPK inhibitor) and SP600125 (25 pmol/l, JNK inhibitor),

then the apoptotic rates were identified by flow cytometry.

inhibited. This suggested that the apoptosis induced by
FV-429 was largely caspase dependent, and the collapse
of MMP may be upstream of this apoptosis pathway.

It has been reported that the accumulation of ROS is
associated with the collapse of MMP and the subsequent
oxidative damage to the mitochondrial membranes

impairs the membrane integrity, leading to cytochrome ¢
release, caspase activation, and apoptosis [27,28]. More-
over, ROS was recently shown to induce apoptosis by
regulating phosphorylation and activation of the MAPK
pathways, resulting in an increased proapoptotic protein
levels and decreased antiapoptotic protein expression,
with subsequent loss of MMP and cell death [29,30]. Our
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study showed that FV-429-induced apoptosis involves ROS
generation. Furthermore, we attempted to investigate
whether the MAPK pathways were involved in FV-429-
treated HepG2 cells. The results suggested that FV-429 is
an activator of MAPK including extracellular receptor
kinases, JNK, and p38 kinase in HepG2 cells. Pretreatment
with NAC could partly inhibit the accumulation of ROS, the
activation of MAPK pathway, and the apoptosis induced by
FV-429. Further study suggested that the activation of
MAPK pathway is essential for FV-429-induced apoptosis,
and may have occurred between the accumulation of ROS
and the activation of caspase. Previous study reported that
flavonoids could induce apoptosis through downregulating
defensive pathways, such as PI3K/Akt and NF-xB [31].
Here, we also found that FV-429 could dose dependently
inhibit the activation of PI3K/Akt and NF-kB pathways. This
inhibition effect may also have contributed to FV-429-
induced apoptosis in HepG2 cells.

On the basis of all those results, we come to a conclusion that
FV-429 exhibited potent antitumor effects in the hepatic
carcinoma cell both # virro and i vive, in which apoptosis may
be involved. Further data showed that FV-429 could induce
the increase of Bax/Bcl-2 ratio, collapse of the MMP, and the
subsequent activation of the caspase cascade. The accumula-
tion of ROS and the activation of JNK and p38 MAPK
pathways induced by FV-429 were also observed. Besides
these, the inhibition of PI3K/Akt and NF-xB pathways may
also have contributed to FV-429-induced apoptosis. Whatever
our findings provide a new candidate compound, FV-429, for
its potential use in liver cancer therapy.
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