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Honokiol, a novel antitumor agent, could induce apoptosis and inhibit the growth of vascular endothelium in
several tumor cell lines and xenograft models. It has been suggested that the antitumor effect of chemotherapy
could be increased by combining it with an antiangiogenesis agent in anticancer strategy. The present study
explored the potential to increase the antitumor effect of adriamycin by combining it with honokiol in mouse
4T1 breast cancer models, and the underlining mechanism was investigated. Honokiol was encapsulated in
liposomes to improve the water insolubility. In vitro, liposomal honokiol inhibited the proliferation of 4T1
cells via apoptosis and significantly enhanced the apoptosis of 4T1 cells induced by adriamycin. In vivo, the
systemic administration of liposomal honokiol and adriamycin significantly decreased tumor growth through
increased tumor cell apoptosis compared with either treatment alone. Collectively, these findings suggest that
liposomal honokiol may augment the induction of apoptosis in 4T1 cells in vitro and in vivo, and this
combined treatment has shown synergistic suppression in tumor progression according to the analysis of
isobologram. The present study may be important in future exploration of the potential application of the

combined approach in the treatment of breast cancer. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Breast cancer accounts for about 1.2 million cases world-
wide every year and has become the second leading
cause of cancer deaths in Western women (Fioretti
et al., 1999; Jemal et al, 2005). Despite aggressive
approaches made in the treatment of breast cancer in
the past few years, the prognosis remains poor. There-
fore, tremendous efforts have to be made to develop
new and less toxic therapeutic approaches for the treat-
ment of breast cancer.

Inhibiting tumor angiogenesis is one of the most
promising strategies for the treatment of cancer, and
antiangiogenesis agents, such as angiostatin, endostatin
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and antivascular endothelial growth factor (VEGF)
antibody, have already been conducted in experi-
mental and clinical trials in recent years (Eichhorn
et al., 2007). In most reports, however, the tumors
regrow after ceasing treatment with antiangiogenesis
agents for their tumoristatic property. Tumor cures have
been limited when angiogenesis inhibitors are used as
the sole method of treatment (Gao and Xu, 2006).
Hence, it has been suggested that chemotherapy could
favorably be combined with an antiangiogenesis agent
in anticancer strategy since the combination treatment
enhances the therapeutic ratio of chemotherapy by
targeting both tumor cells and tumor vessels. More-
over, these combined treatment modalities are achieved
without increased toxicity compared with chemotherapy
alone (Qiu et al., 2006; Xu et al., 2007).

Honokiol, an active compound purified from mag-
nolia, has drawn much attention for its antiangiogenesis
and apoptosis properties. Previous reports have demon-
strated that honokiol enhanced human HL-60 leukemia
cell differentiation (Fong et al., 2005), inhibited mouse
skin tumor promotion in an in vivo two-stage carcino-
genesis (Konoshima et al., 1991) and induced apoptosis
of human colon cancer cell RKO via p53-independent
pathways (Wang et al., 2004). Furthermore, honokiol
could inhibit the growth of new vessels by interfering
with the phosphorylation of vascular endothelial growth
factor 2 (VEGF,) and induce apoptosis of aggressive
angiosarcoma in nude mice (Bai et al, 2003; Reimer
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et al., 2002). Since the antitumor effects of honokiol
were reported as the sole therapeutic agent, there is
little information about the role of honokiol combined
with chemotherapy in vitro and in vivo.

Adriamycin (ADR), a DNA-intercalating agent, is
a significant active chemotherapy medicine for the
treatment of a variety of human and murine tumors
(Feleszko et al., 2002; Safrit and Bonavida, 1992). ADR
could induce the apoptosis of tumor cells by inhibiting
DNA polymerases and topoisomerases (Cutts et al.,
1996; Tanaka and Yoshida, 1980; Tewey ef al., 1984).
Moreover, ADR could also induce apoptosis of tumor
cells by inhibiting RNA synthesis or processing by
binding to RNA substrates (Zhu et al., 1999). In most
advanced breast cancer, ADR is a main option and can
improve both the quantity and quality of the patients’
lives. However, its practical therapeutic use has been
limited by conventional toxicities and dose-dependent
cardiotoxicity which is manifested by congestive cardio-
myopathy (Hequet et al., 2004; Zhou, 2000).

Due to differences in their mechanisms, combined
treatment with honokiol and ADR might have clinical
potential. To investigate whether honokiol synergistic-
ally potentiates the antitumor effects of ADR, the
growth inhibitory effects of liposomal honokiol alone
and in combination with adriamycin in the mouse 4T1
cell line in vitro and in BALB/c mice bearing 4T1 cell
line xenografts in vivo were examined. The tumor
volume and survival time were observed. Honokiol was
encapsulated with modified liposomes to improve its
poor water insolubility.

MATERIALS AND METHODS

Materials. Cholesterol and PEG4000 were purchased
from Sigma Chemical Co, Inc. (St Louis, MO). Honokiol
was separated and purified by our laboratory and its
purity and identification were analysed by high per-
formance liquid chromatography and nuclear magnetic
resonance (Chen et al, 2007). Adriamycin (ADR)
was purchased from Zhejiang Hisun Pharmaceutical
Company (China). BALB/c mice were purchased from
Sichuan University Animal Center (Sichuan, Chengdu,
China). Rat monoclonal antibodies against mouse CD31
antibodies were purchased from Santa Cruz Biotechno-
logy. Biotinylated goat anti-rat IgG was purchased from
Dako. An In situ Cell Death Detection kit was pur-
chased from Roche Co. (Promega, Madison, WI).

Cell lines and cell culture. The breast carcinoma cell
lines 4T1, Bcap-37 and Mcf-7 were obtained from
American Type Culture Collection, ATCC. These cells
were grown as monolayers in DMEM or RPMI-1640
medium (Gibco), containing 10% heat-inactivated
fetal calf serum, 100 units/mL penicillin, 100 units/mL
streptomycin, at 37 °C, 95% relative humidity, under
5% CO..

Preparation of liposomal honokiol. Liposomal honokiol
(LH) was prepared in our laboratory and described
briefly as follows: cholesterol, PEG4000 and honokiol
in weight ratios of 0.15:0.24:0.22 were mixed and dis-
solved in 15 mL chloroform/methanol at a ratio of 1:4
[v/v]. The mixture was gently warmed to 40 °C in a

Copyright © 2008 John Wiley & Sons, Ltd.

round-bottomed flask, and evaporated under vacuum
in a rotary evaporator until a thin lipid film was formed.
The dried lipid films were left overnight and sonicated
in ddwater followed by concentration and lyophilized.
The preparation of empty liposomes (LH) was the same
as for liposomal honokiol without the addition of hono-
kiol. The final liposomal honokiol and empty liposomes
were small multilamellar liposomes in a size range of
150 £ 20 nm and 100 + 20 nm, respectively. Lyophilized
liposomal honokiol and empty liposomes were dissolved
in 5% glucose for in vitro and in vivo studies.

Cell proliferation assay. Cell viability was evaluated
by the modified 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, the
cells were seeded in a 96-well plate at a plating density
of 2 x 10°/mL, and cultured for 24 h to allow them to
adhere to the plate. The cells were grown for 24 h and
treated with LH or ADR at various doses in fresh
DMEM, respectively. Four wells for each treatment
schedule were performed. After 24, 48 or 72 h incuba-
tion, the drug-containing medium was replaced by
200 pL fresh medium containing MTT for 4 to 6 h. After
incubation, the supernatant was discarded and 150 puL
DMSO was added to each well. The optical density
(OD) of each culture was determined at 570 nm by the
M5 (Molecular Corporation, USA). The absorbance of
untreated cells and those treated by empty liposomes
containing the equivalent dose polyethylene glycol
liposomes of LH were both considered 100%. The ICy,
was defined by the concentration that caused a 50%
absorbance decrease of drug-treated cells compared with
the control culture cells.

Isobologram analysis. Interactions of the treatment of
combination were analysed by isobologram (Chou and
Talalay, 1984). The dose-dependent effects were deter-
mined for each compound and for one compound with
fixed concentrations of another, and the combination
index (CI) was calculated according to the following
formula:

CI = (d1/Dx1) + (d2/Dx2)

where Dx1 is the concentration of drug 1 (LH) required
to produce x percentage effect alone, and d1 is the
concentration of drug 1 required to produce the same
x percentage effect in combination with d2. Dx2 is
similarly the concentration of drug 2 (ADR) required
to produce x percentage effect alone, and d2 is the
concentration of drug 2 required to produce the same
x percentage effect in combination with d1. The CI
values were defined as follows: <1 synergism, = 1 addi-
tive, and >1 antagonism.

Flow cytometry. To determine tumor apoptosis and
analyse the specificity of the cell cycle, flow cytometric
analysis was done to identify sub-G; cells/apoptotic cells
and to measure the percentage of sub-G, cells after
propidium iodide staining in hypotonic buffer and briefly
described as follows: the cells were suspended in 1 mL
hypotonic fluorochrome solution which contains 50 mg
propidium iodide/mL in 0.1% sodium citrate plus 0.1%
Triton X-100. The cells were treated with LH plus ADR
analysed by flow cytometer (ESP Elite, Beckman-
Coulter, Miami, FL). A suitable dose of LH plus ADR
was chosen according to the lowest CI value. Apoptotic
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cells appearing in the cell cycle distribution were
estimated with Listmode software.

In vivo antitumor activity. In the first experiment, the
4T1 bearing-tumor model was established in BALB/c
mice (female; 18-20 g body weight; 8 weeks old). Mouse
4T1 breast cancer cells (1.0 x 10°) were suspended in
0.1 mL of normal saline (NS) and injected s.c. in the
right axillary fossa of BALB/c mice (Baliga et al., 2005;
Demaria et al., 2005; Huang et al., 2002; Laginha et al.,
2005; Li et al., 1999; Torrero et al., 2006). Once tumors
were palpable, the mice were randomly divided into
five groups (n = 8 animals/group). Treatments were
given i.p. with normal saline (NS, 0.2 mL each), empty
liposomes (EL) (30 mg/kg), LH at different doses of
5 mg/kg, 20 mg/kg and 50 mg/kg every day for 14 days,
respectively (Chen et al., 2004; He et al., 2002; To et al.,
2004).

In the second study, 4T1 tumor-bearing BALB/c mice
were established as described above. When the tumor
size reached around 65 mm?® after 11 days, the mice
were pooled and randomly assigned to five groups of
eight animals each: NS (0.2 mL each), EL (30 mg/kg),
LH (20 mg/kg), ADR (5 mg/kg, in 0.2mL NS), LH
(20 mg/kg) plus ADR 5 mg/kg. Each group was given
treatment every day for 2 weeks, except the ADR was
given every week for 2 weeks. Two perpendicular dia-
meters of tumors were measured every 2 days with a
caliper square, by the same investigator. The mice were
killed when they became moribund, and these dates
were recorded to calculate the survival time. To detect
the microvessel density and apoptosis, the excised
tumor tissues were fixed in 10% formalin and frozen
at —80 °C. Possible side effects such as weight loss,
spirit, appetite, behavior were also observed during the
treatment.

Analysis of the effects of combinations of drugs in vivo.
The tumor volume was calculated according to the fol-
lowing formula: V (mm®) = d* (mm?) x D (mm)/2, where
d and D are, respectively, the smallest and the largest
tumor diameters. Treated animals were monitored and
killed if any signs of death were observed. Mice in all
groups were killed 60 days after tumor establishment.
At the endpoint, tumor regression was calculated using
the formula: Tumor suppression index = (V, — V)/V x
100%, where V represents the mean tumor volume of
the treated group, and V, represents mean tumor vol-
ume of the control group.

In each group, the relative tumor volume was
expressed as Vt/V, ratio where Vt is the mean tumor
volume on a given day during the treatment and V/,
is the mean tumor volume at the beginning of the
treatment. The expected reduced percentage of tumor
volume (Rptv) of the combined treatment was calcu-
lated according to the following modified Jin’s formula
(Jin, 1980):

Expected reduced percentage of tumor volume
=drug A + (1 — drug A) x drug B or drug B
+ (1 — drug B) x drug A

The combination index (CI) was assessed by the ratio
of the actual Rptv divided by that of expected Rptv. If
the CI was <0.85, the combination was antagonistic;
>1.15 the combination was synergistic; and 0.85 > CI <
1.15, the combination was additive.

Copyright © 2008 John Wiley & Sons, Ltd.

Immunohistochemistry. The antiangiogenesis effects
of LH plus ADR were determined by CD31 immuno-
staining. Tissue samples were cut into 4 mm slices
and immersed in icy acetone. The frozen sections were
probed with a monoclonal rat anti-mouse CD31 anti-
body (1:400) at 4 °C overnight, followed by incubation
with biotinylated polyclonal goat anti-rat antibody
(1:200) in a humidified chamber for 1h. Positive
reaction was visualized using 3,3-diaminobenzidine as
chromagen (DAB substrate kit). Sections were counter-
stained with hematoxylin and mounted with glass
coverslips. Then tissue sections were visualized in an
Olympus microscope at 20 magnifications to determine
the microvessel density (MVD) (Vermeulen et al., 1996;
Wei et al., 2001).

TUNEL assay. Apoptosis cells were identified by the
fluorescent in situ terminal deoxynucleotidyltransferase-
mediated nick end-labeling (TUNEL) assay (In Situ
Cell Death Detection Kit; Roche) according to the
manufacturer’s recommendations (Xiao et al., 2002).
Images were captured by fluorescence microscope at
an excitation wavelength of 488 nm. The apoptosis
cells were counted from five areas in each section in a
blinded manner to determine the apoptosis rate. The
apoptosis index = the number of apoptotic cells/total
cells X 100%.

Statistical analysis. All statistical tests were performed
using the SPSS 13.0 software. Statistical compari-
sons were made with one-factor analysis of variance
(ANOVA) with the Student-Newmann—Keuls (SNK)
test used for post hoc comparisons. For the survival
time of animals, Kaplan—-Meier curves were established
for each group, and the survivals were compared by
means of the log rank test. Values of p < 0.05 were
considered significant. The results are presented as
mean * SD. Experiments were performed at least in
duplicate.

RESULTS

Combined effects of liposomal honokiol and
adriamycin on the growth of 4T1 cells in vitro

To evaluate the most sensitive cell line towards
LH, dose 12 pg/mL was chosen to treat with breast
cancer cell lines 4T1, MCF-7 and Bcap-37, respectively.
4T1 cell line was found more sensitive towards LH
treatment.

Liposomal honokiol increased the effectiveness of
ADR in a dose and time-dependent manner (Fig. 1A,
1B). After the cells were treated for 48 h, either ADR
or LH produced moderate cytotoxicity in 4T1 cells. The
concentrations leading to a 50% decrease after 48 h in
cell number (ICy)) were about 17.65 + 0.32 ug/mL for
LH and 0.78 + 0.08 ug/mL for ADR. However, this
combination of LH and ADR was significantly enhanced
and caused 0.5-fold, 3-fold, 15-fold decreases in the 1Cy,
of ADR after 10 pg/mL, 12 ug/mL and 14 ug/mL LH
was added. The data indicated that LH had synergistic
effects (CI < 1) on antiproliferation of ADR in the
mouse breast cancer cell line 4T1 by isobologram
analysis. The CI had the lowest value when ADR
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Figure 1. Combined effect of LH and ADR on the proliferation of mouse breast cancer cell line 4T1. (A) Dose-dependent inhibition of
cell growth: 4T1 cells were treated with ADR at different concentrations (), LH (10 pg/mL @, 12 ug/mL, 14 ug/mL M) plus ADR at
different concentrations, EL (A) and NS ([J). Cell viability experiments were performed after 48 h of exposure to the compounds. (B)
Time-dependent inhibition of cell growth: 4T1 cells were treated with 0.2 ug/mL ADR + 12 ug/mL LH (H) and EL (A) for various time
intervals. (C) Interaction of the combination treatment: Isoboles for the combination of LH with ADR in 4T1 cells that were isoeffective
(ICsp) for inhibition of the growth of 4T1 cells. The dashed line indicates the zero interaction of the isobole. Cells were treated with
LH and ADR for 48 h. During the antitumor assays, the EL concentration was always the same as LH. Results are expressed as mean

+ SD for four separate experiments.
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Figure 2. Flow cytometry histograms for 4T1 cancer cells
exposed to control (A), 0.2 ug/mL ADR (B), 14 ug/mL LH (C) and
14 ug/mL LH plus 0.8 ng/mL ADR (D) for 48 h. The cells in sub-
G, phase were considered as apoptotic cells. The apoptosis
rates in nontreated and drug-treated cells were 4.6% (A), 20.9%
(B), 33.8% (C), 69.0% (D) as assessed by flow cytometry.

(0.2 ug/mL) was combined with LH (14 ug/mL). This
might suggest that a low dose of ADR combined
with LH could generate more synergistic effects than a
high dose.

The rates of cell apoptosis were assessed by flow
cytometry. The 4T1 cells were treated in the control
group (Fig. 2A), ADR group (Fig. 2B), LH group
(Fig. 2C) and ADR plus LH group (Fig. 2D) for 48 h,
respectively. The combination treatment resulted in
69% apoptosis which is more than 3-fold that of ADR
and 2-fold that of LH alone. This apoptosis with the
combination of the two agents is consistent with the
definition of synergy.

Copyright © 2008 John Wiley & Sons, Ltd.

Effect of the combined treatment with liposomal
honokiol plus adriamycin on tumor growth in vivo

In the first test, 4T1-bearing BABL/c mice were treated
with LH at different doses every day for 2 weeks. The
5 mg/kg doses of LH had almost no significant inhibi-
tion response on the tumor (p > 0.05). Both the 25 and
50 mg/kg doses of LH could significantly suppress the
tumor growth, and they almost have no difference in
the effect on tumor growth (p > 0.05). There was no
difference between the NS and EL control (p > 0.05).
Therefore, a dose of 20 mg/kg was selected as an effec-
tive dose for combination treatment.

In the second test, the tumor volume was measured
every 3 days. Figure 3A indicates that the combination
group had more effective suppression of tumor growth
while either LH or ADR exhibited moderate antitumor
efficiency. After 26 days, the average tumor volumes in
mice treated with NS, EL, LH, ADR and combined
therapy were respectively 1165.82 + 383.17 mm?, 1116.57
+256.64 mm?, 605.98 + 121.51 mm’?, 539.99 + 128.29 mm’
and 150.62 + 36.42mm’ (p < 0.05). The antitumor
effects of this combined therapy of LH and ADR
showed that LH could synergistically (CI > 1.15)
enhance the antitumor efficacy of ADR from day 26 to
day 32 (Fig. 3B). On day 29, the CI reached a maximal
value of 1.32, indicating that these enhancements are
more effective at a moderate treatment period.

The results illustrated that the combination treatment
resulted in a 9 day delay of tumor growth to reach a
volume of 1000 mm® compared with the NS and EL
control in 4T1 tumor-bearing mice. The life span of
mice showed that the control animals receiving NS,
EL, LH or ADR treatment survived 41, 41, 43, 43 days
on average, respectively (p < 0.05). In contrast, the
combination group survived 51 days. At 60 days after
treatment, the survival of LH plus ADR was still 75%
(Fig. 3C).

Phytother. Res. 22, 1125-1132 (2008)
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Figure 3. Antitumor effects of LH plus ADR in BALB/c mice bearing 4T1 models. Mice were i.p. injected with respectively 0.2 mL NS
(A), 30 mg/kg EL (M), 20 mg/kg LH (), 5 mg/kg ADR (®) and 5 mg/kg ADR plus 20 mg/mL LH (OJ) every 3 days. The results are
expressed as the mean + SD of eight mice. (A) Reduction of tumor volume in mice: No difference was discovered between NS and
EL control (p > 0.05). * p < 0.05; ** p < 0.001. (B) The interaction of combined therapy: From 26 day to 30 day, this treatment showed
a synergistic effect. (C) A delay of the survival time: Combination therapy also significantly increased the survival time compared
with the control (p < 0.05).
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Figure 4. Tumor angiogenesis was assessed by immunohistochemical staining with anti-CD31 antibody on frozen tumor tissue
sections. Microvessel counting was performed at 200 x. Significantly reduced numbers of blood vessels in tumors treated with
combination (E) in comparison with ADR (D) or LH alone (C). No significant difference between NS (A) and EL (B) groups (p < 0.05)
was observed. (F) shows the influence of combination therapy on MVD. Data represent the mean + SD of microvessels per high-
power field. * p < 0.05 vs control (NS or EL). ADR or LH were i.p. administered every day for 2 weeks. The extent of inducing
apoptosis was more severe than that of any other treatment (p < 0.05).

Liposomal honokiol inhibited angiogenesis and
induced apoptosis by combination with adriamycin

Microvessel density (MVD) was quantified to measure
angiogenesis by immunolabeling of CD31 in frozen
tumor tissue sections. The microvessel density in mice
treated with ADR, LH, or LH plus ADR was, respec-
tively, 21.60 £ 3.05 (Fig. 4C), 27.60 £ 2.19 (Fig. 4D),
13.20 £ 2.22 (Fig. 4E) (p < 0.05) while the NS (Fig. 4A)
group and EL (Fig. 4B) group were relatively higher
(p > 0.05). The microvessel density was significantly
reduced in tumors treated with the combination in
comparison with LH alone or ADR alone (p < 0.05).
The observations suggest that the combination LH with

Copyright © 2008 John Wiley & Sons, Ltd.

ADR may inhibit tumor angiogenesis to a significant
extent (Fig. 4H).

Increase of apoptosis (TUNEL)

Histological sections of tumors from each group were
stained with a TUNEL reagent (Fig. 5) kit and de-
tected by immunofluorescence microscopy to determine
the apoptosis rate. The data showed no significant dif-
ferences in the apoptosis count between 0.2 mL NS and
30 mg/kg EL groups, while more apoptotic cells were
observed in those from the 5 mg/kg ADR or 20 mg/kg
dose LH administered alone. Furthermore, tumors from

Phytother. Res. 22, 1125-1132 (2008)
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ADR

Figure 5. TUNEL assay for apoptotic cells. Single LH (C) or ADR (D) treatment sections revealed a little necrosis, which was much
less than the combination of ADR plus LH treatment section (E). There was no obvious difference between NS (A) and EL (B) groups
which had little necrosis (p > 0.05). (F) shows apoptotic index within tissue from 4T1.

animals receiving 20 mg/kg LH plus 5 mg/kg ADR
showed the highest apoptotic rate compared with the
control group. Figure 5 shows the synergistic tumor
apoptosis effect of LH combined with ADR.

Toxicity assays

The classic toxic side effects of ADR therapy are car-
diovascular, gastrointestinal, hematologic and neuro-
logical (Hogberg et al., 2001; Kimby et al., 2001; Zhou,
2000). All groups’ mice maintained normal activity, with-
out gross signs of cumulative adverse results, such as
weight loss, ruffling of fur, behavioral and postural
changes. Furthermore, no pathological changes in heart,
lung, liver, spleen or kidney were found by microscopic
examination.

DISCUSSION

Cytotoxic chemotherapy has been one of the mainstays
in the treatment of solid cancers. Although ADR is the
first line drug in combating the growth and spread of
tumors, the dose-dependent toxicity and the develop-
ment of resistance during treatment have become ob-
stacles to the cure of most solid tumors, thus the cancer
mortality rate remains staggering (Hvizdala et al., 1976;
Nguyen et al., 1992). Antiangiogenesis, for instance, is
a promising approach for the treatment of breast can-
cer. Folkman and others thoroughly demonstrated that
the rationale of why tumor expansion is stalled in a
quiescent state, is that the tumor growth and metastasis
are inhibited by reducing angiogenesis which is caused
by decreasing the essential nutrients and oxygen (Ellis
et al., 2001; Folkman, 1990; Nguyen et al., 1992, 1994).
As the most abundant and active component of mag-
noliae cortex, honokiol has also been shown to have
antiangiogenic property. Recent studies have shown that
treatment with honokiol could exhibit an inhibitory
effect on several cancer cells in vitro and a variety of
murine and human tumors in vivo (Bai et al, 2003;
Battle et al., 2005; Fong et al., 2005; Hirano et al., 1994;
Nagase et al., 2001; Wang et al., 2004; Yang et al., 2002).

Copyright © 2008 John Wiley & Sons, Ltd.

It has also been demonstrated that honokiol could
enhance ADR-cytotoxicity by the down-regulation of
P-gp in the MCF-7/ADR cell line (Xu et al., 2006).
Therefore, the objectives of the present study were to
determine whether LH could enhance apoptosis induced
by ADR and to evaluate the therapeutic efficacy of a
combination with LH and ADR on tumor growth in
breast cancer models.

The present study, to our best knowledge, for the
first time demonstrated that LH potentiated the thera-
peutic index of ADR in the treatment of the 4T1 tumor
bearing mice model. The combination treatment of LH
plus ADR resulted in synergistic and significant anti-
tumor activity in vitro and in vivo. This conclusion is
based on the following observations. First, combina-
tion therapy displayed a dose and time-dependent
inhibition of 4T1 cell proliferation, and significantly
decreased the IC5, of ADR when combined with LH.
The isobologram analysis indicated that this combina-
tion therapy was synergistic even at a low dose of ADR
(Fig. 1C). The breast 4T1 cancer cells treated with LH
plus ADR obviously showed growth arrest of the cells
at the G1 phase of propidium iodide (PI)-stained nuclei
analysed by flow cytometry. Second, the combination
therapy substantially reduced tumor growth and caused
prolonged tumor survival in a synergistic manner from
the period of day 26 to day 32 in vivo (Fig. 3B). This
result might suggest that this is the most effective thera-
peutic time, while the effects during other periods
showed antagonism or were additive. Even when the
combined treatment was continued for 14 days and then
stopped, 75% mice were survived to day 60 compared
with none surviving in the other treatment group.
Furthermore, the synergistic effect of combination treat-
ment resulted in reduction of tumor vascular (Fig. 4)
which might contribute to enhanced tumor regression,
and enhancement of apoptosis of 4T1 cells (Fig. 5)
compared with either treatment alone. The continuous
administration of LH inhibits the process of reparation
of tumor vessels and enhances antitumor efficacy during
combination therapy. Throughout the study, it was observed
that combination treatment was well tolerated, and no
obvious undesired toxicity such as loss of weight was
observed throughout the study. Taken together, all these
results suggest that the combination therapy of LH plus
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ADR has a synergistic and significant antitumor effect
in the breast cancer model, and may have therapeutic
value for the treatment of advanced breast cancer.

CONCLUSION

In summary, the present data indicate that the com-
bination of LH with ADR could increase the therapeutic
effectiveness of each agent. The study showed that
tumor growth was inhibited to a greater extent by com-
bined treatment with LH plus ADR, resulting in a

synergistic interaction for all concentrations tested
in vitro and a moderate treatment time in vivo. More-
over, the combined treatment with LH and ADR
significantly inhibited the growth of 4T1 cells as xeno-
grafts without apparent adverse effects, providing a
promising approach in breast cancer therapy.
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