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Pinus massoniana bark extract selectively induces
apoptosis in human hepatoma cells, possibly
through caspase-dependent pathways
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Abstract. Pinus massoniana bark extract (PMBE) is a
mixture of flavonoids, whose antioxidant and apoptosis-
inducing properties have been confirmed in vitro. In this study,
the apoptotic effect and mechanism of PMBE in HepG2 human
hepatoma cells were evaluated. PMBE exerted dose- and
time-dependent cell growth inhibition on HepG2 cells, and
selectively induced apoptosis without impact on normal liver
L-02 cells. Apoptosis induced by PMBE in HepG?2 cells was
also confirmed by annexin-V/PI staining, transmission electron
microscopy and sub-G1 phase accumulation. Moreover, PMBE
also slightly blocked the cell cycle in the G2/M and S phases in
HepG?2 cells. The investigation of the mechanism by which
PMBE induced apoptosis in HepG2 cells indicated that
activation of extrinsic and intrinsic caspase, inhibition of NF-kB
activation and decrease of the antiapoptotic protein Bcl-2 and
the intact Bid protein were involved. Furthermore, the anti-
tumor activity of PBME was demonstrated in vivo by a 42.88-
69.94% reduction rate of tumor weight in H22 tumor-implanted
mice. Taken together, these data indicate that PMBE selectively
induces apoptosis in HepG2 cells through caspase-dependent
pathways, and inhibits tumor growth in vivo, making it a
potential candidate for anticancer therapeutics.

Introduction

Hepatocellular carcinoma is one of the most common
malignant cancers worldwide, according to statistics from the
International Agency for Research on Cancer in 2002. Though
operative resection is still the most effective treatment (1), only
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20% of patients are suitable for surgery. Therefore, optimal
comprehensive therapy, combining different nonsurgical
therapies such as chemotherapy, biological therapy and
traditional Chinese medicine, has become the main trend (2).
Moreover, development of effective therapies capable of
discriminating between tumor and normal tissue are receiving
considerable attention in the field of anticancer studies (3).

Apoptosis is a cellular suicide program that eliminates
unwanted, defective and potentially dangerous cells during
the development and maintenance of cell homeostasis (4).
Inducing apoptosis is a primary approach to eliminating cancer
cells without stimulating an inflammatory reaction. Regulation
of apoptotic signaling networks involves a complicated system
consisting of numerous elements. Several conventional drugs
are presently used in anticancer chemotherapy which are
believed to induce cell apoptosis via activation of these
elements (5).

In recent years, interest in natural plant components with
potential cancer inhibiting effects has grown. Polyphenols are
one type of these important compounds, and flavonoids are the
most abundant polyphenols. They exert multiple biological
effects including vascular protection, anti-inflammatory and
-allergic responses, and antiviral and -tumor activities (6,7).
The pine tree contains many flavonoids (8). Pinus massoniana
Lamb, of the Pinaceae family, is an indigenous tree found
throughout China. Its needles, bark, pollen and turpentine
have been used in Chinese folk medicine for treatment of
hemorrhage, rheumatism, arthralgia, inflammation and cancer,
and it is listed in Shennongbencaojing and the Pharmacopoeia
of the P.R. China. HPLC analysis indicated that PMBE
contains several polyphenolic compounds, such as taxifolin,
epicatechin and epigallocatechin galloate (unpublished data).
We have found that Pinus massoniana bark extract (PMBE)
has strong, dose-dependent antioxidant and radical-scavenging
activities, that compare favorably to well-known antioxidants
such as a-tocopherol, butylated hydroxyanisole, butylated
hydrosytoluene and quercetin (9).

Our previous studies show that PMBE selectively
suppresses proliferation of human liver cancer Bel-7402 cells
without impacting the growth of normal liver L-02 cells (9).
However, the effects and mechanisms of PMBE-induced
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apoptosis in other human hepatoma cells are not clearly
defined. Human hepatoma HepG2 cells have similar biological
activities as normal liver cells (10). Therefore, to explore
whether PMBE distinguishes and displays different biological
effects between normal liver cells and hepatoma cells, we
investigated the effects of PMBE on proliferation and apoptosis
in human hepatoma HepG2 cells, and elucidated the possible
molecular mechanism. Our studies showed that treatment of
HepG2 cells with PMBE significantly reduced the viability,
correlating with a remarkably higher percentage of apoptosis
inducement and a slight cell cycle arrest in the G2/M and
S phases. Treatment of L-02 cells with PMBE had almost no
inhibitory effect on viability. Our results also suggested that
PMBE-induced apoptosis in HepG2 cells involved caspase
activation, inhibition of nuclear factor-kB (NF-xB) tran-
scriptional activity and downregulation of antiapoptotic
proteins Bcl-2 and Bid. Antitumor activity of PMBE was
further demonstrated in vivo by a 42.88-69.94% reduction rate
of tumor weight in mouse hepatocellular carcinoma H22
tumor-implanted mice. These findings suggest a potential
clinical application of PMBE for anticancer purposes.

Materials and methods

Materials. RPMI-1640 media, penicillin-streptomycin and
trypsin were all obtained from Hyclone (Logan, UT, USA).
Fetal bovine serume (FBS) was from Sijiqing (Hangzhou,
China). Cell Counting Kit-8 (CCK-8) was from Dojindo
Laboratories (Kumamoto, Japan). Cisplatin [cis-diamine-
dichloroplatinum (II), CP], cyclophosphamide (CTX),
Hoechst33258, dimethylsulfoxide (DMSO), epigallocatechin
galloate (EGCG) and vanillin reagents were from Sigma
Chemical Co. (St. Louis, MO, USA). CP was prepared fresh
as 50 mg/ml stocks in DMSO. Hoechst33258 was from
Molecular Probes, Inc. Annexin-V/propidium iodide (PI)
double staining assay kits were from Keygen Biotech Co.
(Nanjing, China). Rabbit anti-human Bax, Bid, IkB-a and
p-IkB-a polyclonal antibodies were from Cell Signaling
Technology (Beverly, MA, USA). Mouse anti-human Bcl-2,
caspase-9, -8, -3 and actin monoclonal antibodies were from
Neomarker (Fremont, CA, USA). z-IETD-fmk, z-LEHD-fmk
and z-VAD-fmk were from Calbiochem (San Diego, CA)

Preparation of extract from P. massoniana bark. P. massoniana
bark was collected from Chenzhou, Hunan Province, China
in May, 2005. The plant material was authenticated by an
engineer from the Institute of Songzhen Nutritional Recourses
(Guangdong, China). A voucher specimen (050500) was
deposited in our laboratory for future reference.

PMBE was provided by the Institute of Songzhen
Nutritional Recourses (Guangdong, China), and was prepared
as previously described (11). In brief, after being screened,
baked and crushed, pine bark powder (1,000 g) was extracted
with boiling pure water (2x10,000 ml, 20 min each) and
filtered through a fiber membrane to remove macro-
impurities. Liquid was concentrated by filtering to remove
saccharides, inorganic salts and water, and the final compound
was spray dried. The extraction yield was ~4%o (wt/wt). PMBE
was standardized by HPLC quantitation (HP 1100, Palo Alto,
CA, USA), using EGCG as a reference standard.
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PMBE powder was dissolved in DMSO to make a
100 mg/ml solution, which was sterilized through a 0.2 ym
Polytetrafluoroethylene microfilter (Milipore, Bedford, MA,
USA) and stored at -20°C for in vitro experiments. For cell
treatment, the PMBE solution was diluted to 10 mg/ml with
RPMI1640 media containing 10% FBS, 100 U/ml penicillin
and 100 ug/ml streptomycin. PMBE powder was dissolved in
saline to make a 50 mg/ml solution, which was sterilized
through a 0.2 ym Millipore Express microfilter (Millipore,
Carrighwohill, Ireland) and stored at -20°C for in vivo
experiment.

Estimates of proanthocyanidin. The content of proantho-
cyanidin in extracts was determined according to the BuOH-
HCI method (12). The content of proanthocyanidin was
determined based on a standard curve using proanthocyanidin
(95%, Jianfeng, Tianjin, China) as the standard, and expressed
as mg of equivalents (E) per g of extract.

In brief, for the BuOH-HCI assay, reaction mixtures
consisted of 1 ml of sample (0.1 mg/ml PMBE solution in
methanol) or proanthocyanidin standard (0.025-0.4 mg/ml
proanthocyanidin solution in methanol), 6.0 ml of 5%
concentrated HCI in 1-BuOH, and 0.2 ml of 2% NH,(SO,),
-12H,0 in 2 N HCI. After mixing, reactions were heated at
95°C for 50 min in covered test tubes and then cooled with ice
water. Absorbance at 550 nm was recorded. Absorbances of
unheated reaction mixtures from representative plant samples
and blank controls were compared to verify that plant pigments
did not interfere with the assay.

Cell culture. Human hepatoma HepG2 and normal human
hepatocellular L-02 were obtained from the Medical School
of SUN Yat-sen University. Cells were grown in monolayer
in RPMI-1640 media supplemented with 10% FBS and 1%
penicillin-streptomycin in a 5% CO, humidified atmosphere
at 37°C.

CCK-8 assay for growth inhibition by PMBE.1.-02 and HepG2
cells were cultured in a 96-well microplate at a density of
5x10° cells/well for 24 h. Cells were treated with 2.4 pg/ml
DMSO or 40-240 pg/ml of PMBE for 48 h. Cells were treated
with 10 g g/ml of CP for 48 h as a positive control, which was
used as an importmant chemotherapeutic agent for cancer
treatment. Cell cytotoxicity was assessed with CCK-8. The
absorbance value at 450 nm was read with a Multiskan MK3
microplate reader (Thermo Labsystems, Helsinki, Finland),
and was proportional to the growth activities of cells. The
50% inhibitory concentration (IC50) value was calculated by
regression analysis. To determine the time-dependent effects
of PMBE, HepG2 cells were treated with 120 pg/ml of PMBE
or 10 ug/ml of CP and CCK-8 assays were conducted at 12,
24,36, 48 and 72 h. In experiments with caspase inhibitors,
HepG2 cells were pre-treated with 50 yuM z-VAD-fmk, a
general caspase inhibitor, z-IETD-fmk, the caspase-8 inhibitor,
or z-LEHD-fmk, the caspase-9 inhibitor, for a 2-h incubation
before a 48-h incubation with 120 yg/ml PMBE. Cell viabilities
were detected with CCK-8 assays.

Assay for change in cell morphology. After seeding on cover-
slips, L-02 and HepG2 cells were treated with 120 xg/ml of
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PMBE for 48 h. Cells were rinsed with phosphate-buffered
saline (PBS) and incubated in 1 ml of 10 xg/ml of
Hoechst33258 and sheltered from light for 15 min. Cells were
rinsed with PBS, washed twice, and nuclear morphology was
analyzed using a fluorescent microscope (Olympus BH-2,
Osaka, Japan).

Annexin-V/PI staining. HepG2 cells (5x10°) were seeded in
25 cm? flasks. After 24 h of incubation, cells were treated with
0-160 pg/ml of PMBE for 24 h or 120 ug/ml of PMBE for 6,
12, 24, 36 and 48 h. After treatment, floating cells were
collected by centrifugation (1,000 x g, 5 min) and attached
cells were trypsinized and collected. Cells were washed twice
in PBS and then resuspended in a 1x binding buffer at a
concentration of 10° cells/ml according to the manufacturer's
protocol. Cells were then incubated with 10 gl of fluorescein
isothiocyanate-conjugated Annexin V (Annexin V-FITC) and
10 ul of PI. Then they were analyzed on an Epics flow
cytometer (FCM, Elite, Beckman Co., USA). Cells only
stained with Annexin V-FITC were considered to be apoptotic
cells that expressed phosphatidylserine in the outer layer of the
cell membrane.

Transmission electron microscopy (TEM) analysis. HepG2
cells (5x10%) were seeded in 25 cm? flasks. After 24 h, cells
were treated with 0 or 120 pg/ml of PMBE for 48 h. Floating
cells were collected by centrifugation (1,000 x g, 5 min) and
attached cells were trypsinized and collected. Cells were
washed in PBS and fixed with 2.5% glutaraldehyde overnight,
followed by osmium for 90 min, both without resuspension.
After washing with PBS three times for 10 min, cells were
dehydrated in an increasing gradient of ethanol (30, 50, 70,
80, 90 and 95%) rinsing cell pellets for 10 min at each change.
Pellets were rinsed in acetone three times for 10 min to allow
thorough dehydration. To prepare TEM samples, pellets were
permeabilized in acetone-epoxy resin (1:1) mixture for 1 h
followed by two rounds of permeabilization in epoxy resin for
1 h each, then immersed in epoxy resin overnight and baked
at 70°C overnight. After cropping to suitable size, samples
were analyzed under TEM (CM10 Philips, Mahwah, NJ).

Assessment of cell cycle by flow cytometry. To determine cell
cycle distribution, 3x10° HepG2 cells were plated in 6-well
plates, incubated overnight and allowed to reach 70-80%
confluency. Cells were treated with PMBE (120 pg/ml) for
24,48 and 72 h or PMBE (0, 80, 120, 160 pg/ml) for 48 h.
After treatment, floating cells were collected by centrifugation
(1,000 x g, 5 min) and attached cells were trypsinized and
collected. Cells were washed in PBS and fixed in 70% ethanol
at 4°C overnight. After fixing, cells were washed with PBS and
resuspended in 200 u1 of PBS containing 20 yg/ml RNase A
and 50 ug/ml PI, and incubated in the dark for 30 min at
room temperature before analysis on an Epics flow cytometer
(Elite, Beckman Co.). Cell cycle phase was determined using
MultiCycle software (Phoenix Flow System, USA). The
proportion of apoptotic cells was measured using WinMDI
2.9 software.

Protein extraction and immunoblotting analysis. Total protein
was extracted with RIPA lysis buffer (PBS containing 1%
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NP40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM sodium
orthovanadate and 5 mM EDTA) with 1% PMSF added before
use. For each sample, 30 pg of protein was separated by 12
or 15% SDS-polyacrylamide gel electrophoresis (PAGE)
(Sigma). After electrophoresis, proteins were transferred to
polyvinylidene fluoride membranes (Pall Corporation, East
Hills, NY, USA). After washing in PBS, membranes were
blocked in 5% nonfat powder milk in PBS/T (PBS with 0.1%
Tween-20). Individual membranes were incubated with
primary antibodies against human caspase-8 (1:1,000),
caspase-9 (1:1,000), caspase-3 (1:1,000), Bid (1:1,000), Bax
(1:1,000), Bcl-2 (1:1,000), IxkB-a (1:1,000), p-IxkB-a (1:1,000)
and actin (1:800) in PBS/T at 4°C overnight, with slight
agitation. Membranes were washed in PBS/T three times and
incubated in HRP-linked secondary antibodies (1:2,500) in
PBS/T at RT for 1 h, with slight agitation. Detection was
performed using the ECL Western blotting system (Amersham,
Piscataway, NJ, USA) according to the manufacturer's
instructions.

Determination of in vivo antitumor effect. Antitumor activity
against a solid tumor mass was evaluated in Kunming mice.
Kunming mice of either sex, weighing 18-20 g, specific-
pathogen free, were obtained from the Laboratory Animal
Center of Guangdong and housed in a laminar air flow cabinet
under pathogen-free conditions on a 12 h light - 12 h dark
schedule. Ascites (0.2 ml of 5x10° hepatoma cells H22) from
tumor-bearing mice 7 days after tumor inoculation was sub-
cutaneously implanted into the right armpit. Before treatment,
forty mice were randomly selected and divided into five groups
(n=8) for drug injection. Treatments were initiated 24 h after
the injection of tumor cells. One group (saline group) was given
0.9% saline intraperitoneally (i.p.), while other groups were
injected i.p. with 20 mg/kg CTX or 100, 200 or 300 mg/kg
PMBE once a day for twelve consecutive days. Tested mice
were sacrificed and tumor weights were recorded at day 13.
Their care was in accord with approved procedures of the
Institutional Animal Care and Use Committee of the Chinese
Academy of Medical Sciences. The antitumor activity of the
treatments was evaluated in terms of inhibition rate (IR),
which was calculated as IR (%) = (1- Wt/Wc¢) - 100, where
Wt is the mean tumor weight of group injected i.p. with CTX
or PMBE and Wc is the mean tumor weight of saline group.

Statistical analysis. All data are expressed as means + standard
deviation (SD) from three independent experiments. Statistical
significance was evaluated either by the two-tailed and unpaired
Student's t-test or the one-way analysis of variance (ANOVA).
A P-value <0.05 was considered statistically significant, and
a P-value <0.01 was considered statistically very significant.

Results

Total proanthocyanidin content of PMBE. To determine the
main components of P. massoniana extracts, the total
proanthocyanidin content was measured. PMBE contained
total proanthocyanidin at 734.967+31.243 mg E/g of extract.

Concentration and time-dependent cell growth inhibition of
PMBE in L-02 and HepG2 cells. To analyze the cell growth



754
GV
120
ODMSO

100
S DO PMBE
< 80

SCp
2 60 *x
2
% 40 *%
O 2 ﬂ *% * % *%
2.4 40 80 120 160 200 240 10
Concentration (ug/ml)
® e/

120 ODMSO
$ 100 ol *k OPMBE
; 80 SCP
2 &

E 40
3 20 *%
0
2.4 40 80 120 160 200 240 10
Concentration (pg/ml)
'@Q
120
§ 100 b =. ——PMBE (120 peg/mD)
~ k%
B ogo [ x* = ---m-- CP (10 pg/mD
3 *%
s 60 *%
> ¥ %%
= 40
20 o
0 1 L L N
12 24 36 48 72

Time (h)

Figure 1. Effect of PMBE on growth of HepG2 and L-02 cells. (A) HepG2 cells
were treated with 2.4 yg/ml of DMSO, or 40, 80, 120,160, 200 or 240 pg/ml
of PMBE, or 10 yg/ml of CP for 48 h and cell viabilities were detected with
CCK-8 assays. (B) L-02 cells were treated with 2.4 pg/ml of DMSO, or 40,
80, 120,160, 200 or 240 pg/ml of PMBE or 10 yg/ml of CP for 48 h and cell
viabilities were detected with CCK-8 assays. (C) HepG2 cells were treated
with 120 pg/ml of PMBE or 10 ug/ml of CP, and CCK-8 assays were
performed at 0, 12, 24, 36, 48 or 72 h to detect cell viabilities. Values are
expressed as means +SD from three independent experiments. "p<0.05 and
“p<0.01 represent significant differences between the experimental and
control groups.

of PMBE-treated L-02 and HepG2 cells, CCK-8 assays were
performed. After 48-h treatment with 0, 40, 80, 120, 160, 200
and 240 ug/ml PMBE or 10 xg/ml CP as the positive control,
the CCK-8 assay results showed a dose-dependent decrease
in viability of PMBE-treated HepG2 cells (Fig. 1A). PMBE
exhibited little growth inhibition of L-02 cells, however, not
until the concentration of PMBE was >200 ug/ml (Fig. 1B).
The IC50 value of PMBE on growth inhibition was ~359 and
125 pg/ml for L-02 and HepG2 cells, respectively. This
suggested that PMBE selectively inhibited cell growth of
cancerous cells, rather than normal cells. To determine the time
course of action, HepG2 cells were treated with 120 pg/ml of
PMBE or 10 pg/ml CP, and CCK-8 assays were conducted at
12,24,36,48 and 72 h. Cell viability of both PMBE and CP-
treated HepG2 cells decreased gradually with time (Fig. 1C).
Taken together, these results showed that PMBE inhibited
cell viability in a dose- and time-dependent manner in HepG?2
cells. Low dose PMBE (40 pg/ml) exhibited very little
inhibition of HepG2 cell proliferation. Therefore higher doses,
ranging from 80-160 pg/ml, at which PMBE could significantly
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Figure 2. DNA fragmentation effect of PMBE in L-02 and HeLa cells. L-02
and HepG?2 cells were treated with or without 120 pzg/ml of PMBE for 48 h
and nuclear morphological changes were detected by Hoechst staining.
Arrows indicate apoptotic bodies of nuclear fragmentation. Scale bar, 25 ym.

inhibit HepG2 human hepatoma cell growth without impact
on normal liver L-02 cells, were choosen for the subsequent
experiments

DNA fragmentation induced in hepatoma cells by PMBE. To
further investigate whether PMBE causes apoptosis in L-02
and HepG?2 cells, Hoechst staining was performed. As shown
in Fig. 2, condensed chromatin was observed in treated HepG2
cells, indicating apoptosis. These effects were not obvious in
PMBE-treated L-02 cells, indicating that PMBE selectively
induced apoptosis of cancer cells.

PMBE-triggered apoptosis in cancer cells. FCM analysis with
annexin V/PI staining showed that when cells were exposed to
different concentrations of PMBE (0, 80, 120 and 160 pg/ml)
for 24 h, the proportion of apoptotic cells increased from 3.5
to 79.2% (Fig. 3A). After 6, 12, 24 and 36 h of treatment with
120 pg/ml of PMBE in HepG2 cells, the proportion of
apoptotic cells increased from 5.6% in control cells to 78.9%
in the PMBE-treated group (Fig. 3B). These results suggested
that PMBE induced HepG2 cell apoptosis in a dose- and
time-dependent manner.

To further investigate if the toxicity of PMBE was inducing
apoptosis, HepG2 cells treated with 120 pg/ml of PMBE for
48 h were analyzed by transmission electron microscopy
(Fig. 4). Control cells showed a lack of electron dense regions
compared to the notable electron dense region in the nucleus
of the extract-treated cells (Fig. 4A and B), which indicated
that chromatin condensation was induced by PMBE. Plasma
membrane blebbing and ultimate fragmentation of the cell
into membrane-enclosed vesicles (apoptotic bodies) was also
induced by PMBE (Fig. 4C and D).

Cell cycle assay. In order to investigate whether changes in
cell cycle regulation were responsible for the observed anti-
proliferative effects of PMBE, the cell cycle distribution was
evaluated using flow cytometric analysis. As shown in Table I,
treatment of HepG2 cells with 80, 120 and 160 xg/ml PMBE
appreciably increased the percentage of cells in the G2/M phase
from 11.4 to 25.0% after 24 h exposure compared with control.
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Table I. Effect of PMBE on cell cycle distribution in HepG2 cells.
Time Treatment Distribution Distribution of cell cycle (%)
(h) (ug/ml) of sub-G1
G0/G1 S G2/M
24 Control 3.8+1.2 66.5+4.9 222427 11.4+2.6
PMBE (80) 14.1+5.3* 61.0+1.7 19.5+1.1 19.5+1.0
PMBE (120) 30.7£5.4" 58.2+3.8 18.5+1.1 23.3+3.3"
PMBE (160) 50.5+11.8* 49.9+4.1* 25.1+4.1 25.0+3.3"
48 Control 7.6x2.1 70452 19.8+3.2 9.3+2.0
PMBE (80) 35.4+4.0" 58.8+3.4 26.0+1.8" 153+2.7°
PMBE (120) 54.1+4.9" 53.0+£2.3" 26.8+£2 4" 20.2+3.9*
PMBE (160) 74.4+10.6* 52.1£8.0° 31.4+64" 16.6+3.1*
72 Control 7.4+22 72.3+4.6 19.2+£2.5 84+2.4
PMBE (80) 41.9+£5.1* 59.2+5.0 28.7£3.0" 122134
PMBE (120) 70.3+5.8™ 56.8+4 .9 29.6+2.5" 13.6+5.3
PMBE (160) 79.5+3.7 56.0+1.6 32.6+2.2* 11.3+34

Numeric data are expressed as means +SD from three independent experiments, indicating proportion of cells in the sub-G1 and different cell
cycle phases (GO/G1, S, and G2/M). "p<0.05 and “p < 0.01 represent significant differences between the experimental and control groups.

A
100 -
*k
-~ 80 -
S *%
e +
»n
§ o *%
2 40 T
&
& 20 ¢
0
0 80 120 160
Concentration of PMBE (pg/ml)
®)
100 0O PMBE( 20 pg/ml) "
g 80 *k
=
o 60
9 *k
g 40
iz 20 | *I*
<
o LE1 . . . )
0 6 12 24 36
Time (h)

Figure 3. Effect of PMBE on apoptosis induction in HepG2 cells. (A) HepG2
cells were treated with 0, 80, 120 or 160 yg/ml of PMBE for 24 h. Apoptotic
cells were determined by an annexin V-FITC/PI apoptosis detection kit. (B)
HepG?2 cells were treated with 120 yg/ml of PMBE and apoptotic cells were
detected by an annexin V-FITC/PI apoptosis detection kit at 0, 6, 12, 24, 36 or
48 h. Cells stained with annexin V-FITC were considered to be apoptotic cells.
Values are expressed as means +SD from three independent experiments.
“p<0.01 represents significant differences between the experimental and
control groups.

With increased time of PMBE treatment (48 and 72 h), the
proportion of cells arresting at S phase was increased, while the
effect of G2/M phase arrest was alleviated. Meanwhile, the
proportion of cells at GO/G1 phase was reduced at 24-72 h after
PMBE treatment. In addition, apoptotic cells, as judged from
the appearance of a sub-G1 peak, were also observed at 24-

Figure 4. Morphology observation of HepG2 cells by TEM. HepG2 cells
incubated without (A) or with (B-D) 120 xg/ml PMBE for 48 h examined
by TEM. (A) Control HepG2 cell grown without PMBE. (B) Cells showing
nuclear condensation. (C) Cells showing signs of membrane breakdown. (D)
Apoptotic bodies in some cells, as well as evidence of cells entering apoptosis.
Scale bar, 2.5 ym.

72 h after PMBE treatment. Cells significantly accumulated
in sub-G1 phase with increased time and PMBE concentration
(Table I). These results indicated that PMBE induced cell cycle
arrest in the G2/M and S phases, as well as apoptosis in
HepG?2 cells.

Effect of PMBE on caspase activation. Since apoptosis induced
by PMBE was observed in HepG2 cells, activation of the
caspase family was investigated. To elucidate the apoptotic
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Figure 5. PMBE-induced apoptosis by activation of caspases and the effects of PMBE on regulation of apoptosis-related proteins. (A) Total extracts were
analyzed to examine caspase activation. HepG2 cells were treated with PMBE at indicated concentrations, and equal amounts of total lysates were separated
by SDS-PAGE and immunoblotted with anti-caspase-8, -9 and -3. Actin was used as a loading control. (B) Caspase inhibitors prevented PMBE-induced
reduction in cell viability. HepG2 cells pre-treated with 50 yM z-IETD-fmk, z-LEHD-fmk and z-VAD-fmk for 2 h were incubated with 120 pg/ml PMBE for
48 h, then cell viabilities were detected with CCK-8 assays. Results represent the mean of three different experiments. “p<0.05 and “‘p<0.01 represent
significant differences between the experimental and control groups. (C) Total extracts were also used to examine the effect of PMBE on the basal expression
level of Bid, Bax, Bcl-2, IkB-a and p-IkB-a proteins. HepG2 cells were treated with PMBE at indicated concentrations, and equal amounts of total lysates were
separated by SDS-PAGE and immunoblotted with anti-Bid, anti-Bax, anti-Bcl-2, anti-IkB-a and anti-p-IxB-a.

pathways involved in PMBE-treatment, we examined the
expression of caspase-3, -8 and -9 by immunoblotting using
antibodies that recognized the inactive forms of enzymes.
HepG2 cells were treated with 80, 120 or 160 ug/ml PMBE
for 48 h, or 120 yg/ml PMBE for 24, 48, and 72 h. Total
extracts were blotted for the caspases. A reduction in the
inactive forms of caspases-3, -8 and -9 was seen 24 h after
treatment of HepG2 cells with PMBE, indicating that the
caspases were activated by PMBE (Fig. 5A). To determine
whether the activity of caspases was essential for apoptosis, the
effect of z-VAD-fmk, a general caspase inhibitor, z-IETD-
fmk, a caspase-8 inhibitor and z-LEHD-fmk, a caspase-9
inhibitor, was examined. As shown in Fig. 5B, pretreatment

with 50 M z-IETD-fmk, z-LEHD-fmk or z-VAD-fmk for 2 h
before the administration of PMBE prevented the decline in
cell growth. These results indicated that PMBE-induced
apoptotic cell death was caspase-dependent.

Effect of PMBE on apoptosis-related genes. The Bcl-2 family
members can be subdivided into two groups according to their
function, the antiapoptotic and the proapoptotic members (13).
Bcl-2 is an antiapoptotic protein that prevents the release of
cytochrome ¢ from mitochondria to the cytosol (14). We
examined the expression of Bax and Bcl-2 levels in PMBE-
treated HepG2 cells. Our results showed that Bax underwent
no obvious changes after PMBE treatment. However, PMBE
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Table II. Tumor growth inhibitory effect of PMBE on H22
cells.

Samples  Dosage  Tumor weight  Growth inhibition
(mg/kg) @ (%)

Control - 2.87+0.67 -

CTX 20 0.98+0.23" 65.74

PMBE 100 1.64+0.31" 42.88

PMBE 200 1.24+0.24" 56.86

PMBE 300 0.87+0.17" 69.94

PMBE suppression of tumor growth in transplanted hepatoma H22
mice. Mice were injected with H22 cells as described in Materials and
methods, and PMBE, at the dose of 100, 200 or 300 mg/kg, or CTX
20 mg/kg was applied by i.p. once a day for 12 days. Each group
consists of 8 mice. Results are presented as mean +SD. “p<0.05 and
“p<0.01 represent significant differences between the experimental
and control groups.

treatment greatly downregulated Bcl-2 expression (Fig. 5C),
indicating that downregulation of Bcl-2 protein is involved in
the process of apoptosis induced in HepG2 cells by PMBE.
Since PMBE may lead to caspase-9 activation, and Bid
cleavage is often associated with caspase-9 activation (15), we
examined the effects of PMBE on Bid (Fig. 5C). In HepG2
cells, the level of intact Bid decreased after PMBE treatment,
suggesting that Bid underwent extensive cleavage upon PMBE
treatment.

NF-«B is the key transcription factor in the regulation of
apoptosis by both mitochondrial (intrinsic) and death receptor
(extrinsic) pathways (16). Since one of the target proteins
regulated by NF-«xB is Bcl-2, whose expression decreased
after PMBE treatment, we investigated if the activity of NF-xB
is inhibited by PMBE. The results demonstrated that total
expression of NF-kB inhibitor IkB-a was not altered, but the
phosphorylation of IxB-a decreased in a dose- and time-
dependent manner after PMBE treatment of HepG2 cells
(Fig. 5C), suggesting inhibition of NF-kB activity. Consistent
with the decrease in expression of Bcl-2, the result suggested
that inhibition of NF-xB activity is involved in the suppression
of cell apoptosis.

Antitumor activity in H22 tumor-bearing mice. The results of
assaying in vivo antitumor action of PMBE showed that after
tumor implantation for 24 h, administration of PMBE (100,
200 or 300 mg/kg, i.p) and cyclophosphamide (20 mg/kg, i.p)
once a day for 12 days, significantly suppresses the growth of
H22 tumors. The reduction rates of tumor weight were 42.88,
56.86, 69.94 and 65.74%, respectively (Table II). With higher
PMBE dosages, the effect of PMBE was more marked. In
addition, no marked body weight loss was observed in the
PMBE treated group. This implies that PMBE is a candidate
precursor substance for new anticancer therapeutics.

Discussion

Previously, we investigated the total flavonoid concentration
of PMBE by AL(NO;); colorimentry and revealed that 1 g
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PMBE contained 271.429+11.283 mg quercetin equivalent of
flavonoids (9). But total flavonoid concentration of PMBE is
low and this method cannot reflect the proanthocyanidin
content of PMBE. Many studies of pine bark extracts showed
that the major constituents in pine bark extracts are pro-
anthocyanidin (17,18). Therefore, to explore whether pro-
anthocyanidin is the main component in PMBE, the
concentration of total proanthocyanidin was measured by the
most commonly used colorimetric method, BuOH-HCI assay,
to quantify proanthocyanidin (19). Our results showed PMBE
contained atotal proanthcyanidin at 734.967+31.243 mg E/g
of extract and indicated that proanthocyanidin is the main
constituent of PMBE.

Pine bark extract has been reported to have apoptosis-
inducing activities against several kinds of cancer cells. For
example, Huynh and Teel found that pycnogenol extracted
from the bark of Pinus maritima selectively induces apoptosis
in human mammary cancer cells (MCF-7) but not in normal
human mammary MCF-10 cells (20). It also can induce
differentiation and caspase-3-dependent apoptosis in leukemia
cells HL-60, U937 and K562 (21). We have found that PMBE
extracted from the bark of P. massoniana has the ability to
induce apoptosis in Bel-7402 cells by downregulating the
expression of the Bcl-2 protein (22). It also causes apoptosis
in HeLa cells through the mitochondrial pathway (23). In this
study, the IC50 value of PMBE on growth inhibition was
~359 and 125 pg/ml for L-02 and HepG2 cells, respectively,
which suggested a selective cell viability inhibition by PMBE
on human hepatoma HepG2 cells compared to normal L-02
human hepatic cells (Fig. 1). This is consistent with the
expectation of different sensitivities to apoptotic inducement by
PMBE (Fig. 2), from the study of Huynh and Teel (20). To
further investigate the induction of apoptosis by PMBE in
HepG2 cells, the FCM assay was employed after staining
cells with annexin V/PI. PMBE was able to induce apoptosis
in HepG2 cells as early as 6 h after treatment (Fig. 3). TEM
also confirmed apoptotic inducement by PMBE in HepG2
cells (Fig. 4). Thus, differential sensitivity of apoptotic
inducement to PMBE appeared to contribute to the selective
growth inhibition of human hepatoma vs. normal cells. Results
from the cell cycle assays (Table I) indicated cells were slightly
arrested in G2/M phase at 24 h after PMBE treatment, but
G2/M phase arrest decreased with longer PMBE treatment
time, and S phase arrest increased in HepG2 cells. According
to these findings, we hypothesized that the HepG2 cells
arrested in G2/M phase were induced to undergo apoptosis
before 24 h of PMBE treatment. But some cells whose cell
cycle was not affected by PMBE continued to divide and go
through the G1 phase. Then cells were subsequently arrested in
S phase, and continuously induced into apoptosis by PMBE.
Although the effects on G2/M and S phase arrest are notable,
they are marginal compared to the pronounced effect observed
on the sub-G1 phase when treated by the same dose of PMBE.
These findings indicate that PMBE directly induces apoptosis,
which is primary in cell cycle arrest for cell proliferation
inhibition in HepG?2 cells.

The extrinsic, caspase 8/Fas-Associated protein with
Death Domain (FADD) death receptor pathway and intrinsic,
mitochondrial pathway (24) are the two major signalling
pathways regulating the apoptosis process. Caspases are crucial
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mediators of apoptosis. Caspase-3 is an effector caspase, which
can be activated by activation of an initiator caspase such as
caspase-8 or -9, thus inducing subsequent apoptosis events
(25). Immunoblotting (Fig. 5A) indicated that PMBE induced
apoptosis in HepG2 cells through the activation of caspase-3,
-8, and -9. To determine whether the activity of caspases was
essential for apoptosis, cells were pretreated with caspase
inhibitor before the administration of PMBE. These results
(Fig. 5B) indicate that PMBE-induced apoptotic cell death
was caspase-dependent. Interestingly, we found the inhibitory
effects of the caspase-8, -9 and the pan-caspase inhibitors on
PMBE-induced reduction of cell growth to be almost the same.
This implied that the caspase-8/FADD death receptor pathway
and the mitochondrial pathway are the main caspase apoptosis
mediators that contribute to apoptosis induced by PMBE.
Furthermore, it is likely that the two caspases operate in line
with each other, not in parallel, to mediate the apoptosis
cascade. Since recent studies have reported that activated
caspase-8 can cleave Bid, a pro-apoptotic member of the Bcl-2
family that mediates mitochondrial-dependent death pathway,
then activate caspase-9 (26), the effect of PMBE on the intact
Bid protein was examined to explore the relation of caspase-8
and -9 activity. Immunoblotting (Fig. 5C) suggested that Bid
underwent cleavage upon PMBE treatment in HepG2 cells.
The Bid protein cleaved by caspase-8 is likely to be involved
in caspase-9 activation.

NF-kB seems to play an important role in resistance to
apoptosis since it can activate the transcription of several genes
involved in the suppression of cell apoptosis (16). Since the
Bcl-2 protein is one of the targets regulated by NF-kB and its
expression is decreased after PMBE treatment in HepG2 cells
(Fig. 5C), the activity of NF-kB might be inhibited by PMBE.
It was reported that the degradation of NF-«B inhibitor IkB-a
can been used as an indirect method to measure the presence
and transcriptional activity of free and nucleus-oriented NF-«xB
(27). The results suggested the total expression of IkB-a was
not altered in HepG2 cells, but the phosphorylation of IkB-a
was decreased by PMBE (Fig. 5C), indicating inhibition of
the activity of NF-kB.

In light of these findings (Fig. 5), the induction mechanism
of PMBE-induced apoptosis can be assumed. First, interaction
of PMBE with the conjugate death receptor induces receptor
trimerization, activating caspase-8. Activated caspase-8 then
catalyzes the truncation of Bid, which together with a decreases
ratio of Bcl-2/Bax, facilitates the intrinsic, mitochondrial
apoptosis pathway. Activated initiator caspase-9 can cleave
executor caspase-3 to induce subsequent apoptosis events.
Meanwhile, PMBE decreases the phosphorylation of NF-xB
inhibitor IkB-a, which decreases the ubiquitylation and
degradation of IkB-a, thereby resulting in NF-kB remaining
in the cytoplasm in an inactive form, bound to IkB-a, where it
is unable to translocate to the nucleus to upregulate transcription
of specific genes such as Bcl-2. Collectively, the findings
demonstrate that PMBE induces apoptosis probably mediated
by caspase, and is dependent on both the extrinsic and intrinsic
apoptosis pathways and inhibition of NF-kB activity.

Recent interest in the natural plant components proantho-
cyanidins has been stimulated by their potential protective
effects on normal cells and apoptosis-inducing effects on cancer
cells (28,29). Until now, several kinds of proanthocyanidins,
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abundantly available in various parts of plants, such as seeds,
fruits, bark, and berries, have been extracted from wide variety
of plants such as grape, cocoa, apple, pine, sorghum,
blackberry, black raspberry, blueberry, cranberry, red raspberry,
and strawberry, each of which has been claimed to exert anti-
carcinogenic activity in cellular models of cancer. A cranberry
proanthocyanidin-rich extract induces apoptosis in human
esophageal adenocarcinoma cells SEG-1 cells (30). Grape seed
proanthocyanidins can mediate intrinsic pathway apoptosis,
including activation of caspase-9, -3 and a decrease in the ratio
of Bcl-2/Bax proteins in human epidermoid carcinoma A431
cells (31), which is similar to the effect of PMBE in HepG2
cells (Fig. 5). Proanthocyanidins differ in the nature of their
constitutive units, sequences, positions of interflavanic linkages,
chain lengths, and presence of substituents (32). Diverse
chemical structure and compounding of proanthocyanidins
may explain the different effects and antitumor mechanisms.
For instance, gallate groups and polymerization enhance the
antiproliferative capacity of procyanidin-rich natural extracts,
which suggests that natural polyphenolic extracts with a high
degree of galloylation and oligomers are more suitable as
potential antiproliferative agents than those containing
monomers (33). Therefore, exact isolation and structure
elucidation of the proanthocyanidin oligomer mixture in PMBE
is needed to find the most active oligomer components or
fractions for further study. A deep understanding about natural
plant components will be the trend of future medical research.

In conclusion, PMBE can inhibit cell viability, cause cell
cycle arrest, induce apoptosis mediated by caspases of both the
extrinsic and intrinsic pathways, and inhibit NF-xB activity in
HepG2 cells in vitro. PMBE also can significantly suppress
the growth of H22 tumors in tumor-bearing mice in vivo.
These results provide a foundation for future potential
development of PMBE for cancer treatment.
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