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Phloretin (Ph), which can be obtained from apples, apple juice, and cider, is a known inhibitor of the type II glucose
transporter (GLUT2). In this study, real-time PCR analysis of laser-capture microdissected (LCM) human hepatoma cells
showed elevated expression (>5-fold) of GLUT2 mRNA in comparison with nonmalignant hepatocytes. In vitro and in

vivo studies were performed to assess Ph antitumor activity when combined with paclitaxel (PTX) for treatment of
human liver cancer cells. Inhibition of GLUT2 by Ph potentiated the anticancer effects of PTX, resensitizing human liver
cancer cells to drugs. These results demonstrate that 50–150 mM Ph significantly potentiates DNA laddering induced
in Hep G2 cells by 10 nM PTX. Activity assays showed that caspases 3, 8, and 9 are involved in this apoptosis. The

antitumor therapeutic efficacy of Ph (10 mg/kg body weight) was determined in cells of the SCID mouse model that
were treated in parallel with PTX (1 mg/kg body weight). The Hep G2-xenografted tumor volume was reduced more
than fivefold in the Phþ PTX-treated mice compared to the PTX-treated group. These results suggest that Ph may be

useful for cancer chemotherapy and chemoprevention. � 2008 Wiley-Liss, Inc.
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INTRODUCTION

Glucose transport across the plasma membrane is
the rate-limiting step in its subsequent utilization,
and it is mediated by specific glucose transporter
(GLUT) proteins. There are 14 members in the
mammalian glucose transporter (GLUT) family,
including GLUT1 through GLUT12, GLUT14, and
the Ht/myo-inositol transporters [1]. Among normal
human tissues, GLUT2 is present in the liver,
pancreatic B-cells, hypothalamic glial cells, the
retina, and erythrocytes [2,3]. Increased expression
of GLUT2 has been found in many human tumor
tissues, including hepatic, breast, and gastric cancer
cells [1,4–6]. Previous studies have demonstrated the
absence of GLUT1 expression in human hepatoma
cells [7,8]. In this study, levels of GLUT2 mRNA
expression were found be more than fivefold higher
in human liver tumor tissues than in normal liver
tissue. Such observations prompted us to test
whether GLUT2 expression is important for human
liver cancer cell survival and to assess whether the

inhibition of glucose uptake could serve as an
efficient strategy for cancer therapy.

Phloretin (Ph), a natural polyphenolic compound
found in apples and pears, has been shown to exert
anti-tumor activity through its inhibition of protein
kinase C (PKC) activity and its induction of apoptosis
[9]. On the other hand, it has also been suggested
that Ph is a specific GLUT2 inhibitor [10,11]. A recent
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study demonstrated that Ph (IC50¼0.8 mM) isolated
from the Formosan apple (Malus doumeri var. for-
mosana), an indigenous Taiwanese plant, is the most
potent component of the anti-tumor extract. This Ph
exhibited significant hydroxyl radical-scavenging
activity in cultured primary human melanocytes
[12]. Ph at concentrations of 50–500 mM has been
shown not only to block eukaryotic urea transporters
[13,14] but also to efficiently inhibit the toxic effects
of the cytotoxin VacA (IC50¼ 15 mM), which is the
major virulence factor of the human pathogen
Helicobacter pylori [14]. Another study demonstrated
that Ph at 30 mM acts as a lipophilic dipolar substance
that decreases the membrane dipole potential,
leading not only to reduced accumulation of b-
amyloid peptides (Ab) into senile plaques, but also to
reduced Ab toxicity in neuron-like PC12 cells. In
contrast, Phat 300 mM was toxic to these cells [15].

The microtubule-stabilizing paclitaxel (PTX) has a
taxane structure (MW 853.9), and it can be half-
synthesized using 10-deacetylbaccatine extracted
from the Pacific yew tree (Taxus brevifolia) [16]. The
albumin-bound form of PTX (Abraxane1) is a
clinical product that is used in a formulation with a
mean particle size of approximately 130 nm. It has
a high affinity for microtubules and it enhances
tubulin polymerization, causing mitosis (M) phase
cell cycle arrest [17]. Side-effects induced by PTX
include myelosuppression, neurotoxicity, asthenia,
fatigue, and weakness [18]. Impaired liver function
has also been observed in patients administered PTX
as an anticancer agent [19]. Although the recom-
mended dosage of PTX is 210 mg/m2, side effects
such as leukocyte reduction and neutrocytopenia
can already be observed at this dosage. There
is an urgent need to develop more effective ther-
apeutic strategies involving PTX that cause fewer side
effects.

The present study took advantage of the previously
reported ability of PTX to trigger apoptosis in human
Hep G2 and Hep 3B cells [20]. Treatment plans that
combine the use of PTX with antineoplastic drugs
such as 5-fluorouracil (5-FU) or cisplatin significantly
enhance the apoptotic effect of PTX in human
hepatoma cell lines [20]. The present study sought
to extend these results by evaluating the cytotoxic
effects of Ph and PTX, which have different cellular
targets, in a variety of human cancers—COLO 205,
HT 29, Hep G2, Hep 3B, and HL 60—and normal
human colon epithelial (FHC) cell lines. The cancer
cells used in this study were chosen to have dif-
ferent p53 status [21], because it is important to
investigate whether regulators other than p53 par-
ticipate in Ph-mediated cytotoxicity. The results
from this study provide clear evidence that Ph
significantly potentiates PTX-induced apoptosis in
human hepatoma cells. These results support the use
of Ph in cancer chemoprevention and possibly also in
chemotherapy.

MATERIALS AND METHODS

Chemicals and Reagents

Phloretin (20,40,60-trihydroxy-3-(p-hydroxyphenyl)-
propiophenone) (purity>99%) and protease inhi-
bitors (phenylmethyl sulfonyl fluoride (PMSF),
pepstatin A, leupeptin, and aprotinin) were pur-
chased from Sigma Chemical Company (Sigma
Aldrich Chemicals, GmbH, Steinheim, Germany).
Dulbecco’s modified Eagle’s medium (DMEM), fetal
calf serum (FCS), penicillin/streptomycin solution,
and fungizone were purchased from Gibco-Life
Technologies (Paisley, UK).

Antibodies

The following monoclonal antibodies were
obtained from various sources as indicated: anti-
caspase-8, anti-cytochrome c, anti-Bax, anti-Apaf-1,
anti-Bcl-2, anti-Aif, anti-p53, anti-Bid, and anti-
GAPDH antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA); anti-caspase 9 and anti-caspase 3 anti-
bodies (Stressgen Biotechnologies, Victoria, British
Columbia, Canada); anti-PCNA antibody (Dako Cor-
poration, Glostrup, Denmark); and anti-cytochrome
c oxidase antibody (Research Diagnostics, Flanders,
NJ).

Cell Lines, Cell Culture, and Determination of
Cell Growth Curve

The HT 29 (p53 mutant) [22] and COLO 205 (p53
wild) [23] cell lines were isolated from human colon
adenocarcinoma (American Type Culture Collection
(ATCC) HTB-38 and CCL-222). Hep 3B (p53 partially
deleted) [24] and Hep G2 (p53 wild) [24] cell lines
were derived from human hepatocellular carcinoma
(ATCC HB-8064 and HB-8065). The FHC cell line
(CRL-1831; American Type Culture Collection) was a
primary cell line derived from long-term epithelial
cell cultures of human fetal normal colonic mucosa
[25]. The HL 60 cell line (p53 null) was derived from
human myeloid leukemia cells (59170; American
Type Culture Collection). Cell lines were cultured
in essential medium and appropriate conditions as
described in our previous papers [26,27]. A total of
1� 104 cells were plated in a 35-mm Petri dish and
treated with Ph for cell growth proliferation assays.

Protein Extraction, Immunoprecipitation,

and Western Blot Analysis

Hep G2 cells treated with DMSO, Ph, PTX, or Ph
and PTX were harvested for protein extraction as we
described previously [27]. To confirm equal loading
of proteins, the blots were immunoprobed with a
rabbit polyclonal antibody against GAPDH. Equal
amounts of protein were immunoprecipitated with
saturating amounts of anti-cytochrome c antibody.
The cytochrome c-immunoprecipitated Apaf-1 pro-
tein was then evaluated by Western blot.
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Isolation of Mitochondria and Cytosolic Fractions
of Cell Lysates

The Hep G2 cells were exposed to Ph (50–100 mM),
PTX (10 nM), or combined treatment with both
compounds for 24 h and then assayed for the
translocation of cytochrome c from the mitochon-
drial membrane to the cytosol or the reverse trans-
location of Bax. Lysis of cells for mitochondrial
protein extraction were fractionated according to
our previously published method [27]. Blots were
probed with a mouse monoclonal antiserum specific
for cytochrome c (Santa Cruz Biotechnology) or with
a rabbit polyclonal antibody specific for cytochrome
c oxidase, followed by the appropriate secondary
antibodies conjugated to horseradish peroxidase
(Santa Cruz Biotechnology) for used as a control
to demonstrate that mitochondrial protein was
successfully fractionated.

Preparation of Nuclear and Cytoplasmic Fractions

Nuclear and cytoplasmic fractions from control
(DMSO-treated) and drug-treated Hep G2 cells were
prepared as described previously [28]. The nuclear
extract was prepared using the same lysis buffer and
stored at�808C until use for Western blot analysis of
Aif. The blot was stripped and reprobed with anti-
PCNA antibody to ensure equal protein loading,
as well as to rule out cross contamination of cyto-
plasmic and nuclear fractions.

Caspase Activity Assays

Caspase activity was measured using caspases 3, 8
(Promega, Madison, WI), and 9 (Chemicon, Teme-
cula, CA) colorimetric activity assay kits as previ-
ously described [29,30]. Caspase activity was
measured by the release of p-nitroaniline (pNA) from
the labeled substrates, Ac-DEVD-pNA, Ac-IETD-pNA,
and Ac-LEHD-pNA for caspases 3, 8, and 9, respec-
tively, and the free pNA was quantified at 405 nm.

Flow Cytometry and DNA Fragmentation Analysis

The cell cycle stages in the Ph-, PTX-, combination-
or DMSO-treated groups were determined by flow
cytometry analysis [21]. After treatment, the DNA
fragmentation analysis was performed as previously
described [21].

Immunocytochemical Staining Analysis

Human liver cancer tissues from paraffin-embedded
blocks were sectioned at 5–7 mm thickness, deparaf-
finized, and rehydrated in PBS according to our
previous papers described [21,27]. The primary
antibody used in this study was raised against the
C-terminal oligopeptide predicted from the rat
GLUT2 DNA sequence. The specificity of this anti-
body was reported previously [1,31,32]. Negative
controls were performed using antibody that was
preabsorbed with human synthetic GLUT2 peptides

(Santa Cruz Biotechnology) to determine the specif-
icity of the primary antibody.

Real-Time PCR Analysis

A LightCycler thermocycler was used to conduct
real-time PCR (Roche Molecular Biochemicals,
Mannheim, Germany). The following concentrat-
ions proved optimal: forward primer, 0.5 mM; reverse
primer, 0.5 mM; Taqman probe, 0.1 M; and MgCl2,
5.0 mM. PCR-grade sterile H2O was used to adjust the
final reaction volume as per the manufacturer’s
instructions. Each genomic equivalent of positive-
control DNA was added in a 2 mL volume to 18 mL of
master mix. No-template controls were prepared
by adding 2 mL of PCR-grade sterile H2O to 18 mL of
master mix. Primers used for amplification were as
follows: GLUT2 specific primer, GLUT2-f (50-AGTT-
AGATGAGGAAGTCAAAGCAA-30) and GLUT2-r
(50-TAGGCTGTCGGTAGCTGG-30). The b-glucuro-
nidase (GUS) specific PCR products from the same
RNA samples were amplified and served as internal
controls. Primers GUS-f (50-AAACAGCCCGTTTAC-
TTGAG-30) and GUS-r (50-AGTGTTCCCTGCTAGAA-
TAGATG-30) were used for amplification of GUS. A
cycle of melting curve analysis for the PCR products
was then performed to confirm PCR accuracy with
the primers. A previous study found that GUS and
18S rRNA were better housekeeping genes than
GAPDH to control for the expression of tumor
antigens using real-time PCR [33]. Therefore, in this
study, the GLUT2 mRNA fluorescence intensity was
normalized with GUS using the Roche LightCycler
Software.

Laser Capture Microdissection (LCM)

The sections stained with hematoxylin/eosin were
subjected to LCM by using a PixCell IIe system
(Arcturus Engineering, Mountain View, CA) [34].
The parameters used for LCM included a laser
diameter of 7.5 mm and laser power of 48–65 mW.
Per specimen, 15 000 laser pulse discharges were used
to capture �10 000 morphologically normal epithe-
lial cells or malignant cell carcinoma cells for each
case. Each population was visualized under a micro-
scope to make sure that the captured cells were
homogeneous. The caps with the captured cells were
then fitted onto 0.5-mL Eppendorf tubes containing
42 mL DNA lysis buffer.

Treatment of Hep G2-Derived Xenografts In Vivo

Hep G2 cells (5�106) in 0.2 mL were injected
subcutaneously between the scapulae of each
NOD.CB17-PRKDC(SCID)/J (NOD-SCID) mouse
(purchased from the Animal Center of National
Cheng Kung University, Tainan, Taiwan). Mice at 6–
7 wk of age were used in the experiments as described
previously [17,21]. After transplantation, tumor size
was measured using calipers, and the tumor volume
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was estimated according to the following formula:
tumor volume (mm3)¼L�W2/2, where L and W are
the length and width of the tumor, respectively [17].
Once tumors reached a mean size of 200 mm3,
animals received intraperitoneal injections of
either Ph (10 mg/kg), PTX (1 mg/kg), both agents,
or 25mL DMSO plus 25mL peanut oil thrice weekly for
6 wk.

Statistics

All of the experimental data are expressed as
mean� SEM. Differences in tumor volumes were
determined by Student’s t-test using the Minitab
(version 10.2) software package. We assigned stat-
istical significance if P<0.05.

RESULTS

Detection of Higher GLUT2 Expression Levels in

Human Liver Cancer Cells

The expression of glucose transporters (GLUTs)
in rat hepatocytes has been studied using isoform-
specific antibodies. This strategy has demonstrated
that the type II glucose transporter (GLUT2) is
present in hepatocytes [35,36]. In the present study,
cancerous and normal human liver cells were
harvested by LCM (Figure 1A), and their GLUT2
mRNA levels were determined using real-time PCR
analysis (Figure 1B). Our results showed that GLUT2
mRNA was present at a level more than fivefold
higher in human hepatoma cells than in normal

Figure 1. Determination of GLUT2 expression levels in LCM-
isolated human hepatocellular carcinoma and normal liver cells. (A)
Human liver cells were dissected from liver tissues: normal (top panel)
and tumor (bottom panel). Left: Hematoxylin & Eosin (H&E) staining
of tissue sections (100�). Middle: Representative pictures of
tissue sections before, during, and after LCM. Right: Targeted cells
captured on the cap. Scale bar¼ 100 mm. (B) Quantitative real-time
PCR analysis of GLUT2 expression in human normal and hepatocel-

lular carcinoma cells captured by LCM. Three samples were analyzed
in each group, and values are the mean� SEM. *P< 0.05. (C)
Immunohistochemical analysis of GLUT2 protein levels in human
hepatocellular carcinoma tissues. The arrowhead indicates repre-
sentative GLUT2 immunoreactive cells (green). Scale bar¼ 20 mm.
(D) Quantitative real-time PCR analysis of GLUT2 expression in
human normal and cancer cell lines. Three samples were analyzed in
each group, and values are mean� SEM.
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hepatocytes (Figure 1B). Immunohistochemical
analysis was performed, and the intensity of GLUT2
positive-cells was compared between normal and
hepatoma tissues. Staining for GLUT2 protein was
intense in the cytosol of hepatoma cells (Figure 1C,
lower panel, arrowhead). Real-time PCR analysis was
also used to measure GLUT2 mRNA expression in
human hepatoma (Hep G2, Hep 3B), colon cancer
(HT 29, COLO 205), and leukemia (HL 60), as well as
in normal colon epithelial (FHC) cells as a control. As
shown in Figure 1D, more than 200–1000 copies of

the GLUT2 transcript per mg of mRNA were detected
in the Hep G2 and Hep 3B cell lines. In contrast, a
lower copy number of GLUT2 was detected in the
other cell lines (Figure 1D, bars 3–6). These results
suggest that specific GLUT2 expression is required for
the growth of these human liver cancer cells.

Preferential Cytotoxicity of Ph in Human Cancer Cells

The chemical structure of Ph, a well-known
GLUT2-specific inhibitor, is shown in Figure 2A. To
ascertain whether GLUT2 is essential for Ph-induced

Figure 2. Dose- and time-dependent effects of Ph-induced cell growth inhibition in human cancer and normal
cells. (A) The chemical structure of Ph. (B–D) Human Hep G2, Hep 3B, and normal FHC cells were treated with
50–150 mM Ph in a time-dependent manner. Media with or without Ph were renewed daily until the cells were
counted. Three samples were analyzed in each group, and values are the mean� SEM. *P<0.05 and #P<0.01.
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cytotoxicity and therefore whether the two correlate
in a cell type-specific manner, Ph cytotoxicity was
examined in various cell lines showing different
levels of GLUT2 expression: human hepatoma cells
(Hep G2 and Hep 3B), which express GLUT2 at
extremely high levels; human colon cancer cells
(COLO 205 and HT 29), which do not express
detectable levels of GLUT2); human leukemia cells
(HL 60), which express GLUT2 at low levels; and
normal colon epithelial cells (FHC), which do not
express detectable levels of GLUT2. These cell lines
were treated with Ph and then analyzed for cell
growth using a proliferation assay (Figure 2B–G).

Our results show that Ph significantly inhibited
the growth of human liver cancer cells (Hep G2 and
Hep 3B) when used at a concentration of 50mM for 1–
5 d (Figure 2B and C). However, similar results were
also seen in the human cancer cell lines expressing
lower levels of GLUT2 (HT 29, COLO 205 and HL60;
Figure 2D–F). This implies that GLUT2 was not the
only molecular target for Ph-induced cytotoxicity.
This cytotoxicity is more likely to be specific to
certain cancer cells. To confirm these observations,
effects of Ph exposure on normal human colon cells
(FHC) and on cancer cells (COLO 205 and HT 29) not
expressing GLUT2 were compared. The results show
that the FHC cells were very resistant to Ph-induced

cytotoxicity over a concentration range of 50–
100 mM (Figure 2G). This suggests that Ph-induced
cytotoxicity is cancer cell-specific and acts through
cell-specific mechanisms in addition to GLUT2
inhibition.

Ph Enhances PTX-Induced Apoptosis in Human Liver

Cancer Cells

Next we demonstrated significant apoptosis of
Hep G2 cells treated with Ph at concentrations
higher than 150 mM for 24 h, based on the results
of DNA fragmentation assays (Figure 3A). Recent
studies have suggested that drug-induced apoptosis
of human malignant cancer cells may be enhanced
using a combined treatment protocol that includes
anticancer therapeutics with different mechanisms
of action. Thus, the present study exposed Hep G2
cells to both Ph and PTX, which induce cell apoptosis
and G2/M phase arrest, respectively. After treatment,
the cells were examined for the presence of DNA
laddering using gel electrophoresis (Figure 3B). DNA
laddering was not detected in Hep G2 cells exposed
to a low dose of either Ph (50–100 mM) or PTX
(10 nM) for 24 h (Figure 3B, lanes 2–4). Significant
DNA fragmentation, however, was observed for Hep
G2 cells treated with both agents at the same time

Figure 3. Combined treatment with Ph and PTX induces apoptosis
in Hep G2 cells. (A) Hep G2 cells were treated with different doses of
Ph (10–150 mM) for 24 h. Induction of apoptosis in Hep G2 cells was
demonstrated by DNA fragmentation detected by electrophoresis of
genomic DNA. (B) Hep G2 cells were treated with different doses of
Ph (50–100 mM), PTX (10 nM), or both agents. DNA fragmentation
was assessed 24 h later. Cells in lane 1 were mock-treated with

DMSO and served as controls. (C–D) Hep G2 cells were treated with
Ph (50–100 mM), PTX (10 nM), or both agents for 24 h. The cells
were harvested for flow cytometry analysis. The percentages of cells
in the (C) sub-G1 and (D) G0/G1 phases of the cell cycle were
determined using the CellFIT DNA analysis software. Three samples
were analyzed in each group, and the values are the mean� SEM.
*P< 0.05.
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(Figure 3B, lanes 5–6). This finding indicates that Ph
enhances PTX-induced apoptosis in Hep G2 cells.

To calculate apoptotic cell death, drug-treated Hep
G2 cells were harvested for flow cytometry analysis
(Figure 3C). A significant sub-G1 peak was detected
for Hep G2 cells following combined treatment with
Ph and PTX for 24 h (Figure 3C, bars 5 and 6).
Interestingly, significant G0/G1 arrest was induced
in Hep G2 cells treated with 50–100 mM Ph for 24 h
(Figure 3D, bars 3 and 4). The apoptosis-inducing
effects that resulted from combined treatment with
Ph and PTX were assessed over time using flow
cytometry (Figure 4). These results demonstrate that
neither 50 mM Ph nor 10 nM PTX on its own can
induce significant apoptosis of Hep G2 cells, even at

48 h posttreatment (Figure 4B and C). Significant
apoptosis was induced only in Hep G2 cells exposed
to Ph doses greater than 150 mM for more than 24 h
(Figure 4D, bar 3). Ph-mediated potentiation of
PTX-induced apoptosis was detected in Hep G2 cells
(Figure 4E and F).

Ph Potentiation of PTX-Induced Apoptosis in Human Liver

Cancer Cells Involves Caspase Activation

To further explore the molecular mechanisms of
drug-induced apoptosis in Hep G2 cells, the apop-
totic mediators, including initiator caspases (8 and 9)
and effector caspases (3) caspases, were examined
by Western blotting and caspase activity assays
(Figure 5A and B). Hep G2 cells were treated either

Figure 4. Ph enhances PTX-induced apoptosis of human Hep G2 cells. Human Hep G2 cells were treated with (A)
DMSO, (B) PTX (10 nM), (C) Ph (50 mM), or (D) Ph (150 mM) for the indicated times. Hep G2 cells were also treated
with PTX (10 nM) in combination with (E) Ph (50 mM) or (F) Ph (100 mM) for different periods of time. The apoptotic,
sub-G1 population of the drug-treated cells was determined by flow cytometry. Three samples were analyzed in
each group, and values are the mean� SEM. *P<0.05 and #P< 0.01.
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with PTX (10 nM), Ph (50–100 mM), or both drugs for
24 h. The results indicate that substantial changes in
caspase protein activation were not observed in cells
treated with Ph or PTX by themselves (Figure 5A,
lanes 2–4). In contrast, combined treatment with
both drugs activated caspase 3, as determined by
detection of the degraded form of the enzyme, and
this activation coincided with the degradation of
poly-ADP-ribose polymerase (PARP), a substrate of
caspase 3 (Figure 5A, lanes 5 and 6). To further
elucidate the apoptotic pathways involved in the
activation of caspase 3, we examined changes in
caspases 8 and 9 in drug-treated Hep G2 cells.
Combined treatment of Hep G2 cells with Ph and
PTX activated caspases 8 and 9, as evidenced by

degradation of the procaspases (Figure 5A, lanes 5
and 6). The activities of caspases 3, 8, and 9 were
elevated by 3.2-, 4.3-, and 8.6-fold, respectively, in
Hep G2 cells treated with both 100 mM Ph and 10 nM
PTX for 24 h compared to DMSO-treated control cells
(Figure 5B). These observations indicate that caspase
activation is involved in drug-induced apoptosis of
human liver cancer cells.

Ph Potentiation of PTX-Induced Apoptosis Occurs

Through Mitochondrial Signaling Pathways That Involve
Caspases 8 and 9

Furthermore, we detected the truncated form of
Bid (t-Bid) (Figure 5C). This result reveals that the
caspase 8 signaling pathway is activated in drug-

Figure 5. Changes in regulatory protein expression following the
Ph potentiation of PTX-induced apoptosis in human Hep G2 cells. (A)
Hep G2 cells were treated with DMSO (vehicle), PTX (10 nM), Ph
(50–100 mM), or both agents for 24 h. The cells were harvested, and
caspase-associated protein expression was determined by Western
blot analysis. (B) Hep G2 cells were treated with both Ph (100 mM)
and PTX (10 nM) for the indicated time points. After drug treatment,

the cells were harvested and the lysates were used in activity
assays for caspases 3, 8, and 9. Three samples were analyzed for
each group, and values are the mean� SEM. *P<0.05 and
#P<0.01. (C–F) Hep G2 cells were treated with DMSO, PTX
(10 nM), Ph (50–100 mM), or both agents for 24 h. The cells were
harvested, and the expression levels of apoptosis-regulatory proteins
were determined by Western blot analysis.
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treated cells. Our results also demonstrate that
combined treatment with Ph and PTX induced a
significant increase in the level of cytosolic cyto-
chrome c in Hep G2 cells (Figure 5D, lanes 5 and 6).
To examine whether the drug-induced release of
cytochrome c is involved in apoptosome assembly,
cytochrome c was immunoprecipitated from cyto-
solic preparations of drug-treated cells. As shown in
Figure 5D, Apaf-1 was found to co-immunoprecipi-
tate with cytochrome c from Hep G2 cells.

To our knowledge, the p53 protein in Hep G2 cells
is wild-type [21,24]. Genes regulated by p53, such as
Bax and Bcl-2, play important roles in cellular
apoptosis. In the cells treated with both drugs, p53
was significantly induced (Figure 5E). We also found
that cytosolic Bax had apparently translocated to
the mitochondria, whereas the total level of Bcl-2
protein decreased (Figure 5E, lanes 5 and 6). Trans-
location of Aif from the cytosol to the nucleus has
been shown to activate apoptosis. Our findings
demonstrate that combined treatment with both
Ph and PTX induces Aif translocation from the
mitochondria to the nucleus (Figure 5F). All of these

results support the hypothesis that Ph-mediated
apoptosis occurs through mitochondrial signaling
pathways, which involve caspases 8 and 9.

Ph Potentiation of PTX-Induced Antitumor Effects In Vivo
in Hep G2-Xenografted SCID Mice

Next, we examined the therapeutic efficacy of Ph
in vivo by administering it to SCID mice bearing Hep
G2-xenografted tumors (Figure 6). After the estab-
lishment of palpable tumors, with a mean tumor
volume of 200 mm3, animals received intraperito-
neal injections of Ph (10 mg/kg body weight), PTX
(1 mg/kg body weight), or both drugs three times
per week. Control mice received DMSO in peanut oil
vehicle. After 6 wk, the tumor volumes in mice
treated with Ph and PTX were significantly smaller
than those in animals treated with either Ph or PTX
alone (Figure 6A). A reduction in tumor weight of
more than fivefold was observed in mice treated with
both Ph and PTX compared to those given a vehicle
control (DMSO) (Figure 6B). Visible inspection of
general appearance and microscopic examination of
individual organs showed no gross signs of toxicity,

Figure 6. Ph potentiates the antitumor activity of PTX in a human Hep G2-xenografted tumor bearing SCID
mouse. (A) Average tumor growth volume of DMSO- versus drug-treated SCID mice (n¼ 10). The (B) tumor
weight, (C) animal body weight, and (D) tumor/body weight ratio were measured at the end of the experiment. Ten
samples were analyzed for each group, and values are the mean� SEM. Comparisons were subjected to ANOVA
followed by Fisher’s least significant difference test. Significance was accepted at P< 0.05. *Groups treated with
Ph, PTX, or both differed significantly from the DMSO-treated group. #The combined drug-treated group was
significantly different from the groups that received Ph or PTX alone.
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including loss of body weight, in any of the mice
(Figure 6C and D). These results provide evidence
indicating that the Ph potentiation of apoptosis
induced by anticancer drugs may aid in the develop-
ment of novel cancer chemotherapies.

DISCUSSION

Ph, a natural polyphenolic compound found in
apples and pears, has been reported to be a hepato-
protective agent, with studies showing that it
prevents tacrine-induced cytotoxicity in human
liver cancer cells with an EC50 value of 37.55 mM
[37]. Furthermore, Ph at concentrations of 0.4–
200 mM was found to significantly reduce cytotox-
icity induced by tert-butyl hydroperoxide-induced in
rat primary hepatocytes, based on measurements of
cellular leakage of lactate dehydrogenase and the
serum level of aspartate transaminase [37]. Incubat-
ing isolated rat hepatocytes with higher Ph concen-
trations caused a concentration-dependent decrease
in cell viability. The concentration of Ph required to
cause a 50% decrease in hepatocyte cell viability
(LD50) in 2 h was>500�50 mM [38]. These results are
consistent with several other studies demonstrating
that the cell viability of normal rat hepatocytes from
in vivo perfused rat liver was unaffected by the
infusion of Ph at 200 mmol/L [39,40]. The results of
this literature suggest that it may be possible to use
the apple polyphenolic compound Ph for chemo-
prevention to reduce the growth of liver cancer cells
and induce their apoptosis [41].

Combination therapy is considered to be more
effective than monotherapy for prolonging life. A
combination regime also reduces side effects because
the doses of the drugs used in the treatment are lower
than in monotherapy. For example, the starting PTX
dose recommended for combined therapy with other
antineoplastic drugs, which is as low as 70 mg/m2, is
only two-thirds of the dose recommended for PTX
monotherapy [42]. A toxicokinetic study demon-
strated that the level of PTX in the blood of patients
given 70 mg/m2 PTX for 24 h was 17–27 ng/mL
(corresponding to 19.9–31.6 mM) [42]. These results
imply that administering PTX at a concentration
that results in a serum PTX level below 19.9 mM may
decrease toxic side effects. In this study, we demon-
strate that 10 nM PTX does not induce Hep G2
apoptosis (Figure 4B, sub-G1 population¼2.42%).
However, when 10 nM PTX was used in combination
with 50 mM Ph, apoptosis in Hep G2 cells jumped
from 2.42% to 49.15%. In vivo experiments show
that combined therapy reduced tumor weight by
more than fourfold compared to treatment with PTX
alone. These results are consistent with the in vitro
study results and confirm the antitumor effects of
combination regimens.

Ph at concentrations up to 100 mM has been
reported to inhibit the growth of several cancer cells
and to induce apoptosis of HT 29, B16 melanoma,

and HL 60 human leukemia cells [9,43,44]. Our
results confirm that the Ph-induced cytotoxic effect
is cancer cell-specific and occurs via mechanisms in
addition to GLUT2 inhibition. PKC is involved in
carcinogenesis, proliferation, apoptosis, and meta-
stasis of liver cancer [45]. New anticancer strategies
have been developed with PKC as a potential target
for therapeutic intervention. However, most of the
encouraging preliminary data have been observed
only in liver cancer cell lines [46]. New possibilities
for anticancer treatment came with the report that
the apple polyphenolic compound Ph significantly
inhibits different types of cytosolic PKC isoforms in
human colon cancer cells (HT 29) [47]. Ph-induced
apoptosis was also demonstrated in human HL 60
and multiple myeloma cells [9,48,49]. Similar results
were reported by another group, who found that the
inhibition of PKC activity increases the susceptibility
of HT-29 cells to PTX-induced apoptosis, and that
phorbol ester induction of PKC reduces this suscept-
ibility [50]. All of these reports suggest that dereg-
ulation of the PKC signaling plays a role in tumor
progression. Therefore, PKC has been exploited as a
target for antitumor treatment [51]. Additional
studies should be performed to investigate whether
Ph exerts antitumor effects on liver cancer cells by
inhibiting PKC.

At least in some tumors, PKC inhibition appears to
be essential for reducing growth or inducing apop-
tosis. It has been difficult to gain deeper insight into
this observation, since none of the PKC inhibitors
currently available is specific to individual PKC
isoenzymes. Despite these problems, PKC modula-
tors such as miltefosine, bryostatin, safingol,
CGP41251, and UCN-01 are currently being used in
the clinic or are in clinical trials. The important
question is whether PKC is the molecular target of
Ph, since this drug also is known to interfere with
other molecular targets, such as GLUT2. Our results
fail to resolve this question; in fact, they are
consistent with the possibility that Ph induces
apoptosis by inhibiting both GLUT2 or PKC inhib-
ition, depending on the cell type or culture con-
ditions. Our results suggest that Ph in human cancer
cells participates not only in these PKC-mediated
signaling pathways but also in pathways that are
linked to the PKC ones. For example, Ph-induced
apoptosis depends on many additional factors,
including p53, bcl-2, and bax (Figure 5). Further-
more, our results provide detail into the molecular
mechanism of Ph-mediated caspase activation, since
mitochondria in liver cancer cells were found to
signal the stimulation that eventually triggered
apoptosis. Consistent with our results, another study
detected that caspase activation, DNA fragmenta-
tion, and cleavage of poly(ADP ribose) polymerase in
Ph-induced colon cancer cells (HT 29) [43].

These studies point up the contradictory results
that have been reported concerning the ability of Ph
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to inhibit PKC expression and modulate apoptosis in
human cancer cells. Nevertheless, this study clearly
shows that combining antitumor drugs (such as PTX)
with PKC modulators (such as Ph) can enhance the
effects of the former. A major challenge for future
research is to determine whether PKC modulation
can be used to improve cancer therapy.
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