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Abstract

Honokiol is an active compound purified from magno-
lia that has been shown to induce cell differentiation, 
apoptosis, and anti-angiogenesis effects, as well as an 
enhancement in tumor growth delay in combination 
with chemotherapeutic agents in several mouse xeno-
graft models. Our goal was to investigate the radio-
sensitization effect of honokiol on lung carcinoma. The 
radiosensitization effect of liposomal honokiol in 
Lewis lung carcinoma cells (LL/2) was analyzed using 
an in vitro clonogenic survival assay. For an in vivo 
study, Lewis lung carcinoma-bearing C57BL/6 mice 
were treated with either liposomal honokiol at 25 mg/kg 
or 5 Gy of single tumor radiation, or a combination of 
both over 12 days of treatment. The tumor growth delay 
and the survival time were evaluated. In addition, histo-
logical analysis of tumor sections was performed to ex-
amine changes by detecting the microvessel density 
and apoptosis in tumor tissues. In the clonogenic sur-
vival assay, LL/2 cells treated with IC50 Lipo-HNK for 24 
h showed a radiation enhancement ratio of 1.9. After 
12 days of combination treatment, the tumor volume 
decreased 78% and produced an anti-tumor activity 
1.3-fold greater than a predicted additive effect of hon-

okiol and radiation alone. This combination treatment 
also caused an 8.7 day delay in tumor growth. The cell 
cycle distribution and histological analysis demon-
strated that liposomal honokiol has an anti-tumor ef-
fect via inducing apoptosis and inhibiting angio-
genesis. Liposomal honokiol can enhance tumor cell 
radiosensitivity in vitro and in vivo, indicating that ra-
diotherapy combined with liposomal honokiol can 
lead to greater anti-tumor efficacy.

Keywords: angiogenesis inhibitors; honokiol; lipo-
somes; radiation tolerance; radiotherapy

Introduction

Lung cancer is a leading cause of death worldwide. 
Despite aggressive approaches in the treatment of 
lung cancer in the past few years, the five year 
survival rate is still less than 15% (Belinsky et al., 
2006) and about 90% of deaths from lung cancer 
are thought to result from metastasis (Yano et al., 
1997). Concurrent or sequential combinations of 
radiotherapy or chemotherapy with antiangiogenic 
therapy have been suggested as promising alter-
natives to single-agent therapies. Recent reports 
from experimental and clinical studies have pro-
posed that such combinations have shown greater 
than additive effects due to apparent mutual rein-
forcement of these approaches (Bello et al., 1999; 
Abdollahi et al., 2003; Burdelya et al., 2006). 
Irradiation induces the production of VEGF or 
PDGF, which may promote tumor regrowth after 
irradiation (Gorski et al., 1999; Abdollahi et al., 
2003; Colevas et al., 2003; Huber et al., 2005) and 
result in protection of vessels from radiation-in-
duced cell damage. Thus, the rationale for this 
combination involves killing endothelial cells with 
radiotherapy and preventing their regrowth using 
an anti-angiogenesis inhibitor, which may act as a 
radiosensitizing compound to increase the delete-
rious effects of X-rays on tumor cells.
    Honokiol is an active compound purified from 
magnolia that has drawn much attention for its 
anti-angiogenisis, cell differentiation, and apoptotic 
properties. Previous reports have demonstrated 
that honokiol can induce apoptosis in numerous 
cell lines, including murine endothelial SVR cells 
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(Bai et al., 2003), human leukemia MOLT 4B cells 
(Hibasami et al., 1998), human colorectal carcinoma 
RKO cells (Wang et al., 2004), and human 
squamous lung cancer CH27 cells (Yang et al, 
2002). The mechanism of anti-angiogenesis is 
down-regulation of the phosphorylation of vascular 
endothelial growth factor 2 (VEGFR2) (Bai et al., 
2003). Differences in the action mechanisms and 
toxicity profiles of honokiol and radiotherapy 
indicate that the combination treatment has clinical 
potential.
    We evaluated the ability of honokiol to enhance 
radiation-induced cytotoxity in the LL/2 cell line. 
The anti-tumor effects of a combination consisting 
of liposomal honokiol and radiotherapy were 
systematically investigated both in vitro and in vivo. 
The combined mechanisms underlying the anti- 
tumor effects were investigated by observing the 
microvessel density and apoptosis in tumor tissues. 
Honokiol was encapsulated with liposome due to 
poor water solubility. 

Materials and Methods

Reagents

High-purity soybean phosphatidyl choline, polye-
thylene glycol 4000 (PEG 4000), and cholesterol 
were purchased from Sigma Chemical Co, Inc. (St. 
Louis, MO). Honokiol was obtained from Chengdu 
Sikehua Biotechnology Co. Ltd. (Chengdu, China). 
Mouse monoclonal antibodies against human 
CD31 antibodies were purchased from BD Bios-
ciences Co. (Dako LSAB kit, Dako). Biotinylated 
goat anti-rabbit IgG and biotinylated goat anti-rat 
IgG were obtained from Vector Laboratories. DAB 
coloring reagent, HRP labeled rabbit anti-mouse 
antibodies, and goat anti-rabbit were obtained from 
Beijing Zhongshanjinqiao Biotechnology Co. Ltd. 
(Beijing, China). 

Cell culture, tumor model, and irradiation

The human lung cancer cell lines SPC-A1 and 
A549, and the Lewis mouse lung cancer cell line 
LL/2 were purchased from American Type Culture 
Collection, ATCC. SPC-A1, and A549 cells were 
incubated in RPMI-1640 medium (GIBICO) and 
LL/2 cells were incubated in DMEM medium 
(GIBICO). Cells were supplemented with 10% 
heat-inactivated FCS, 100 units/ml of penicillin, 
and 100 units/ml of streptomycin at 37oC with 95% 
relative humidity under 5% CO2. Cell con-
centrations were determined by counting tryp-
sinized cells using a hemocytometer. For combina-
tion experiments, LL/2 cells were used for proli-

feration and clonogenic survival assays based on 
pilot experiments. 
    The LL/2 bearing-tumor model was established 
in C57BL/6N mice (female; 18-20 g body weight; 8 
weeks old). These mice were inoculated s.c. in the 
right posterior limb area with LL/2 cells (5 × 105). 
All mice were purchased from Sichuan University 
Animal Center (Chengdu, China). Photon irradiation 
was administered using a digital linear accelerator 
(Elekta Instrument AB, Sweden) at 6 MV at a dose 
rate of 2.4 Gy/min. All animals used in the expe-
riments were treated humanely in accordance with 
Institutional Animal Care and Use Committee gui-
delines.

Preparation of liposomal honokiol

Liposomal honokiol (Lipo-HNK) was prepared in 
our lab. Lecithin, cholesterol, PEG4000, and hono-
kiol were mixed in weight ratios of 3:3:6:4 and 
dissolved in 15 ml of chloroform/methanol at a ratio 
of 3:2 (v/v). The mixture was gently warmed to 
40oC in a round-bottomed flask, and the solvent 
was evaporated under a vacuum in a rotary 
evaporator until a thin lipid film was formed. The 
dried lipid films were left overnight and sonicated in 
5% glucose solution, followed by concentration 
and lyophilization. The preparation of empty lipo-
some (Lipo-null) was the same as Lipo-HNK 
without addition of honokiol. The final Lipo-HNK 
and Lipo-null were small multilamellar liposomes in 
a size range of 130 ± 20 nm and 100 ± 20 nm, 
respectively. The unencapsulated drug was sepa-
rated by passing the liposome preparation through 
a sterile Sephadex G-75 column (Pharmacia) eluted 
with PBS buffer at pH 7.4. The preparation was 
then filter sterilized by passage through a 0.22 μm 
Millex filter. Lyophilized Lipo-HNK and Lipo-null 
were dissolved in NS for in vitro and in vivo 
studies.

Cell growth inhibitory activities

The cell growth-inhibitory activities of Lipo-HNK for 
SPC-A1, A549, and LL/2 cells were evaluated 
using an MTT assay (Zhang et al., 2005). SPC-A1, 
A549, and LL/2 cells were seeded in a 96-well 
plate at a plating density of 0.5-1 × 104/ ml, and 
cultured for 24 h. Harvested cells were exposed to 
either Lipo-null or Lipo-HNK at various doses in 
fresh DMEM or RPMI-1640 medium at the 
indicated dosages. Free honokiol was dissolved in 
DMSO (the final concentration of DMSO did not 
exceed 0.1%). Four replicates of one well each for 
each treatment dose were performed. The control 
groups were treated with Lipo-null that contained 
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an equivalent dose of the polyethylene glycol 
liposomes of Lipo-HNK. Four to six wells were left 
as blanks. The plate was placed at 37oC in 5% 
CO2 for various times (12 h, 24 h, 36 h, 48 h), and 
then cells were added to 20 μ l of MTT (5 mg/ml) 
for 3 h at 37oC. After incubation, the supernatant 
was removed, the plate was reloaded with 0.15 ml 
of DMSO, and the absorbance was measured at 
570 nm using a Spectramax M5 Microtiter Plate 
Luminometer (Molecular Devices). The absorbance 
value of untreated cells was considered to be 
100%. IC50 was defined by the concentration that 
caused a 50% absorbance decrease in drug- 
treated cells compared with untreated cells. 

Clonogenic survival assay 

After treatment with drugs and irradiation, cells 
were harvested and plated in triplicate in 6 cm 
dishes with densities varying from 200 to 10,000 
cells/dish, depending on the radiation dose that the 
cells received (Xu et al., 2005). The cells were then 
cultured in a 37oC, 5% CO2 incubator for 14 days. 
The culture dishes were stained with crystal violet. 
Colonies with more than 50 cells were scored as 
positive and the surviving fraction was determined. 
Radiation survival data were corrected using Lipo- 
HNK-treated only cells as a control. Cell survival 
curves were constructed using the one-hit multi-
target equation. The radiation enhancement ratio 
(RER) was defined as RER = mean inactivation 
dose (radiotherapy)/mean inactivation dose (drug+ 
radiotherapy). A RER value of ＞ 1 was indicative of 
radiosensitization (Supiot et al, 2005). 

Flow cytometry and apoptosis analyses

Evaluation of the cell cycle phase distribution was 
done using flow cytometry. LL/2 cells were seeded 
in a 6-well plate and treated with 18 μg/ml of 
Lipo-HNK, Lipo-null that contained an equivalent 
dose of the polyethylene glycol liposomes of Lipo- 
HNK, 5 Gy of radiation, or 18 μg/ml of Lipo-HNK + 
5 Gy of radiation. Cells were then collected, washed 
with PBS, and suspended in 1 ml hypotonic 
fluorochrome solution that contained 50 μg of 
propidium iodide/ml in 0.1% sodium citrate plus 
0.1% Triton X-100. The cells were analyzed using 
a flow cytometer (ESP Elite, Beckman-Coulter, 
Miami, FL). The numbers of apoptotic cells appea-
ring in the cell cycle distribution were estimated 
using Listmode software.

In vivo anti-tumor efficacy

Tumor-bearing C57BL/6 mice were coded and 

divided randomly into 5 groups (n = 10 each 
group). Treatment was initiated at fifteen days 
when the tumor volume was approximately 500 
mm3. The five groups of mice bearing tumors were 
treated with i.p. axenic NS (0.5 ml each), Lipo-HNK 
at 25 mg/kg, Lipo-null at 37.5 mg/kg, radiotherapy 
(RT, 5 Gy each), and Lipo-HNK combined with 
radiotherapy. The first three groups were given 
treatment every day for 10 days. The RT group 
was given treatment at a dose of 5 Gy every day 
for 5 days. In the combination treatment, mice 
were given a dose of 5 Gy/day for five days after 
treatment with Lipo-HNK for 40 min, and then 
treated with Lipo-HNK for five days. Survival times 
and tumor volumes were observed. The tumor size 
was determined by measuring the largest and the 
perpendicular diameters every three days. Tumor 
volumes were calculated according to the formula 
V = a ×b2

×0.52, where a is the largest superficial 
diameter and b is the smallest superficial diameter. 
To detect necrosis, apoptosis, and the microvessel 
density, tumor tissues were excised, fixed in 10% 
formalin, and frozen at -80oC.

Immunohistochemistry for microvessel, cell 
apoptosis, and proliferation analyses

Tumor tissues were fixed in a 10% neutral buffered 
formalin solution and embedded in paraffin. 
Sections 3-5 μm thick were stained with hematoxylin 
and eosin (H&E) for detection of necrosis. Induced 
apoptosis was evaluated by a TUNEL assay using 
an in situ cell death detection kit (Roche Molecular 
Biochemicals) following the manufacturer's protocol 
(Xiao et al., 2002). Cells undergoing apoptosis and 
necrosis were identified per one high-power 
microscope field. The anti-angiogenesis activity of 
Lipo-HNK was detected using frozen sections fixed 
in acetone and incubated with monoclonal rat 
anti-mouse CD31. After washing in PBS, sections 
were treated with secondary biotinylated goat 
anti-rat antibody. The sections were then stained 
with labeled streptavidin biotin reagents. The 
vessel density was determined by counting the 
number of microvessels per one high-power field 
(Blezinger et al., 1999; Lu et al., 2003). 

Statistical analysis

Statistical comparisons were made with one-factor 
analysis of variance (ANOVA) and a two-tailed t 
test. For the survival time of animals, Kaplan-Meier 
curves were established for each group, and 
survival was compared using a log rank test. Diffe-
rences between means or ranks as appropriate 
were considered significant when yielding a P ＜ 
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Figure 1. Dose and time-dependent inhibitions of proliferation of LL/2, A549, and SPC-A1 cells treated with Lipo-HNK (◆), Lipo-null (◇), free HNK (▲), 
and DMSO (△). (A-C) LL/2, A549, and SPC-A1 cells were treated with various doses of Lipo-HNK and free honokiol for 24 h. (D-F) LL/2, A549, and 
SPC-A1 cells were treated with 15 μg/ml of Lipo-HNK or free honokiol for various times. (G) Structure of honokiol. Data are expressed as mean ± SD (n
= 4 per group at each time point).

0.05. Results are presented as means ± SD. 
Experiments were performed at least in triplicate. 

Results

Tumor cell proliferation due to Lipo-HNK treatment

Before testing the effect of Lipo-HNK on the 

radiosensitivity of tumor cells, we first investigated 
the effects of free honokiol and Lipo-HNK alone on 
LL/2, A549, and SPC-A1 cell proliferation in a 24 h 
test with MTT. Lipo-HNK reduced the cell number 
with an IC50 of 17.7 ± 0.8 μg/ml for LL/2, an IC50 of 
19.9 ± 1.2 μg/ml for A549, and an IC50 of 19.7 ± 
1.1 μg/ml for SPC-A1. The cell killing effects of 
Lipo-HNK and free HNK for all of the three cell 
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Figure 2. Effect of Lipo-HNK on the radiosensitivity of LL/2 cells. A, LL/2 
cells were incubated with no drug (●), 6 μg/ml (▲), 12 μg/ml (◆), or 
18 μg/ml (□) of Lipo-HNK for 24 h, followed by irradiation. Cell survival 
was assessed using a clonogenicity assay. Survival curves were cor-
rected for the cytotoxicity induced by Lipo-HNK alone. B, LL/2 cells were 
exposed to 6 μg/ml (▲), 12 μg/ml (◆) , or 18 μg/ml (□) of Lipo-HNK 
for 2 h, 12 h, or 24 h prior to radiation. Cell survival was assessed using 
a clonogenicity assay. Values shown are the means ± SD (n = 3 per 
group at each time point).

Time of 6 μg/ml 12 μg/ml 18 μg/mlradiation

2 h before 
 1.03 ± 0.04 1.27 ± 0.04 1.45 ± 0.06  Lipo-HNK
2 h after 

0.94 ± 0.05 1.24 ± 0.07 1.47 ± 0.08  Lipo-HNK
12 h after 

1.05 ± 0.04 1.32 ± 0.08 1.63 ± 0.11  Lipo-HNK
24 h after 
 1.09 ± 0.07 1.44 ± 0.11 1.93 ± 0.12  Lipo-HNK

Table 1. Effect of timing of irradiation on radiation enhancement 
ratio by Lipo-HNK.

lines were dose and time-dependent (Figure 1). 
LL/2 cells were found to be more sensitive than 
other cells and were used for further experiments. 
Although free honokiol exhibited a slightly stronger 
effect in killing tumor cells than Lipo-HNK, there 
was no significant difference between them. In 
order to raise the water solubility and depress the 
toxicity towards normal organs, Lipo-HNK was used 
for in vivo experiments.

Radiosensitization assessed by a clonogenic 
survival assay

Clonogenic cell survival was assayed to determine 

whether Lipo-HNK increases the sensitivity of tumor 
cells to radiation. According to the results with 
MTT, the doses of Lipo-HNK 6 μg/ml (IC10), 12 μg/ml 
(IC30), and 18 μg/ml (IC50) were used to explore the 
sensitivity to radiation-induced cytotoxicity. LL/2 
cells were irradiated after incubation with Lipo-HNK 
for 24 h and the survival at 6 μg/ml was not 
significantly different from untreated cell survival. 
The enhancement ratio (RER) was 1.09 ± 0.07 
(P＞ 0.05). Both the 12 μg/ml and 18 μg/ml con-
centrations of Lipo-HNK produced a significant 
increase in radio sensitization with RER values of 
1.44 ± 0.11 (P ＜ 0.05) and 1.93 ± 0.12 (P ＜ 
0.05), respectively (Figure 2A). This combination 
resulted in synergistic effects compared to Lipo-HNK 
and irradiation alone.
    We then examined the effect of the timing of 
irradiation during exposure to Lipo-HNK. LL/2 cells 
were incubated with Lipo-HNK at 6 μg/ml (IC10), 12 
μg/ml (IC30), and 18 μg/ml (IC50) for a total of 24 h. 
The cells were also irradiated either 2 h before 
drug addition or 2 h, 12 h, or 24 h following Lipo- 
HNK addition. The greatest irradiation enhance-
ment ratio was obtained when cells were incubated 
for 24 h prior to irradiation (Table 1). There was no 
difference between irradiation either 2 h before or 
after Lipo-HNK addition.
    In order to assess whether the radiosensitivity 
enhancement effect of Lipo-HNK was time-depen-
ded, LL/2 cells were exposed to 6 μg/ml (IC10), 12 
μg/ml (IC30), and 18 μg/ml (IC50) of Lipo-HNK for 2 
h, 12 h, or 24 h, then the drugs were washed out 
prior to treatment with 1-8 Gy of radiation. The 
ability of Lipo-HNK to enhance the sensitivity of 
LL/2 cells increased with time (Figure 2B). When 
LL/2 cells were treated with 12 μg/ml of Lipo-HNK, 
the radiation enhancement ratio was 1.13 ± 0.09, 
for 12 h of incubation, and 1.44 ± 0.11 for 24 h of 
incubation. When LL/2 cells were treated with 18 
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Figure 4. Effect of Lipo-HNK on tumor growth and survival of tu-
mor-bearing mice. There were ten mice in each group. The five groups of 
tumor-bearing mice were treated with i.p. axenic NS (◆) (0.5 ml each), 
Lipo-HNK (▲) at 25 mg/kg, Lipo-null (□) at 37.5 mg/kg for 10 days, and 
RT (△) (5 Gy each) for 5 days. The combination group (■) was treated 
with a dose of 5 Gy/day for five days after treatment with Lipo-HNK for 40 
min, followed by continued treatment with Lipo-HNK for five days. Mice 
were inoculated s.c. in the right posterior limb with LL/2 cells. (A) 
Inhibition of tumor growth in mice. Combination therapy resulting in sig-
nificant tumor growth inhibition versus NS controls (P ＜ 0.01); There 
was no difference between NS and the Lipo-null control (P ＞ 0.05). (B) 
A significant increase in survival in the combination treated mice, com-
pared with the NS control (P ＜ 0.05, by log-rank test), was found. Data 
are expressed as mean ± SD. *P ＜ 0.05 vs. control (NS). **P ＜
0.01 vs. control (NS).

Figure 3. Effect of Lipo-HNK and/or radiation on the cell cycle 
distribution. LL/2 cells were exposed to 18 μg/ml of Lipo-HNK, Lipo-null 
that contained an equivalent dose of polyethylene glycol liposomes, 18 μg/ml of Lipo-HNK, 5 Gy of radiation, and 5 Gy + 18 μg/ml of Lipo-HNK, 
and then collected for analysis of the cell cycle phase distribution using 
flow cytometry. Data shown are representative of three independent 
experiments. Data are expressed as mean ± SD.

μg/ml of Lipo-HNK for 24 h, the radiation enhan-
cement ratio was 1.93 ± 0.12, which was almost 
2-fold greater than the 1.09 ± 0.07 value for 2 h of 
incubation. Our results demonstrated that Lipo- 
HNK increased the sensitivity to radiation-induced 
cytotoxicity in both a dose and time-dependent 
manner.

Effect of Lipo-HNK and/or radiation on the cell cycle 
distribution

To determine the effect of Lipo-HNK and IR on the 
cell cycle distribution, LL/2 cells were seeded in a 6 
well plate. The Lipo-HNK treated group was incu-
bated with 18 μg/ml (IC50) of Lipo-HNK for 24 h 
and/or 5 Gy of radiation. The cell cycle and 
apoptosis were analyzed by flow cytometry after 24 
h. LL/2 cells accumulated in the G0/G1-phase after 
treatment with Lipo-HNK alone (＞ 60%), with a 
corresponding decrease in the S-phase, compared 
with a control and with Lipo-null treatment results. 
The increase in the G0/G1 phase and the decrease 
in the S-phase indicated that the cells were 
blocked in the G0/G1 phase. At 24 h after a 5 Gy 
dose of ionizing radiation, more than 20% of cells 
were in the G2/M phase and the percentage of 
cells in the S-phase was decreased to nearly half 
the value of the control. The Lipo-HNK and radiation 
combination in LL/2 cells produced a conspicuous 
S-phase decrease that was only 0.3-fold of the 

control and 0.5-fold of the Lipo-HNK and radiation 
treatment results alone. More than 70% of cells 
were in the G0/G1-phase (Figure 3).
    Apoptosis was measured using the sub-G1 DNA 
content determined via flow cytometry. Cells in the 
sub-G1 phase were considered to be apoptotic. 
The apoptosis rates in non-treated, Lipo-null- 
treated, 18 μg/ml Lipo-HNK-treated, and 5 Gy 
radiation-treated cells were 4.8 ± 1.3%, 6.1 ± 
2.2%, 29.7 ±4.6%, and 24.4 ±6.2%, respectively. 
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Day of Combined Combined Expected/Lipo-HNK Irradiationtreatment (Expected)b (Observed) Observedc

 6 0.6035 0.617 0.3724 0.4695 0.7932
 9 0.5902 0.5814 0.3431 0.3307 1.0375
12 0.5794 0.5748 0.333 0.2492 1.3363
15 0.4104 0.4387 0.2017 0.1987 1.016

amean tumor volume experimental/mean tumor volume control; bmean fractional tumor volume of Lipo-HNK × mean fractional tumor volume of radiation; 
cObtained by dividing the expected fractional tumor volume by the observed fractional tumor volume. A ratio of ＞1 indicates a synergistic effect, and a ratio 
of ＜1 indicates a less than additive effect.

Table 2. Effect of combining Lipo-HNK and ionizing radiation measured by fractional tumor volume relative to untreated controlsa. 

Figure 5. Necrosis and induction of apoptosis assayed by immunohistochemistry with H&E and TUNEL staining, respectively. Representative histological 
features of LL/2 tumors at 200× magnification were documented. (A-E) TUNEL assay for apoptotic cells. Lipo-HNK (C) and RT (D) treatment groups ex-
hibited an effective induction of apoptosis in tumor tissues compared with NS (A) and Lipo-null (B) groups (P ＜ 0.05). More TUNEL-positive cells were 
observed in the combination group (E) than in the single treatment Lipo-null and RT groups (P ＜ 0.05). (F-J) H&E for necrosis and blood vessels. Single 
Lipo-HNK (H), radiotherapy (I) treatment sections revealed a great quantity of necrosis, but less than for the combination of Lipo-HNK and radiotherapy 
(J). NS (F) and Lipo-null (G) control groups exhibited little necrosis and some of the tumor cells exhibited active proliferation.

The apoptosis rate in the combination treatment 
was 48.2 ± 7.4%, which was nearly 2-fold greater 
than for the Lipo-HNK or radiation treatments alone 
(Figure 3). This was confirmed by a TUNEL assay. 

Combination of honokiol and irradiation 
synergistically inhibits tumor growth

Single Lipo-HNK significantly inhibited tumor growth 
in LL/2-bearing C57BL/6N mice compared with NS 
and Lipo-null control (P ＞ 0.05) groups. However, 
the combination treatment group showed more 
significant tumor growth inhibition compared with 
both radiotherapy and liposomal honokiol treatments 
alone. After 12 days of combination treatment, the 
tumor volume was 734.4 ± 256.1 mm3, which was 
decreased 78% compared with the untreated 
tumor volume. The single Lipo-HNK and radio-

therapy treatments only reduced the tumor sizes 
by 42% (1,707.6 ± 523.1 mm3 and 1694.1 ±
291.1 mm3, respectively) compared with the 
untreated tumor volume (2,947.3 ± 1,330.0 mm3) 
(Figure 4A). On day 12 after the combination trea-
tment, the synergistic ratio reached a value of 1.34, 
showing that Lipo-HNK synergistically (ratio ＞ 1) 
enhances the antitumor efficacy of radiation (Table 
2). However, on day 15 after the combination treat-
ment, the ratio was decreased to 1.02, showing 
only an additive effect. The combination treatment 
resulted in a significant improvement in the survival 
time (Figure 4B). The Lipo-HNK/ radiotherapy 
combination treatment resulted in an 8.7 day delay 
in tumor growth to reach a volume of 1,000 mm3. 
In contrast, Lipo-HNK and radiotherapy treatments 
alone resulted in 2.7 and 3.2 day delays in tumor 
growth to reach the same volume. The delay time 
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Figure 6. Tumor angiogenesis was 
assessed using immunohistochem-
ical staining with anti-CD31 antibody 
on frozen tumor tissue sections. 
Microvessel counting was performed 
at 200×. Significantly reduced 
numbers of blood vessels in tumors 
treated with the combination (E) in 
comparison with Lipo-HNK alone 
(C) or radiation alone (D). There 
was no difference between NS (A) 
and Lipo-null (B) in MVD (P ＜
0.05). Data represent the mean ±
SD of microvessels per high-power 
field. *P ＜ 0.05 vs. control (NS). ** 
P ＜ 0.01 vs. control (NS). #combi-
nation index ＞ 1.

of tumor growth was defined as the average 
difference in time for the tumor volume to reach 
1,000 mm3 between the treated group and the NS 
control group. The average time was 6.5 days for 
the NS control group.

Synergistic induction of apoptosis

DNA fragmentation determined by TUNEL detection 
revealed differences between groups. Although 
treatment with either Lipo-HNK or irradiation in-
creased apoptosis compared to the untreated 
groups, the combination treatment induced more 

significant apoptosis. Significant increases in the 
number of TUNEL-positive nuclei were found for 
the combined treatment compared with the Lipo- 
HNK and irradiation treatments alone (Figure 
5A-E).
    H&E staining was performed to measure necrosis 
and the number of blood vessels in paraffin sections. 
Tissue sections of Lipo-HNK and radiotherapy 
treatment specimens exhibited significant necrosis, 
but less than for the combination of Lipo-HNK and 
radiotherapy treatments. NS and Lipo-null control 
group specimens exhibited little necrosis and some 
of the tumor cells showed active proliferation 
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(Figure 5F-J).

Synergistic inhibition of angiogenesis

Angiogenesis within tumor tissues was estimated 
in tumor sections stained with an antibody reactive 
to CD31 and quantified as described in Materials 
and Methods. Compared to untreated groups, both 
liposomal honokiol and irradiation treatments re-
sulted in apparent inhibition of angiogenesis in 
tumors. The average numbers of blood vessels 
observed at a magnification of 200× in tumors 
treated with NS, Lipo-null, Lipo-HNK, irradiation, and 
the combination of Lipo-HNK and irradiation were 
55.8 ± 5.7, 57.2 ± 4.3, 33.7 ± 4.1, 38.6 ± 4.5, 
and 16.2 ± 3.4, respectively. The combination of 
Lipo-HNK and irradiation resulted in enhanced 
inhibition of angiogenesis and revealed a syner-
gistic effect in the tumor MVD (Figure 6A-F) (the 
synergistic index was 1.44). Significantly reduced 
numbers of blood vessels in tumors treated with a 
combination in comparison with Lipo-HNK and 
radiation alone (P ＜0.01) indicated that a reduction 
in tumor vascularity contributes to enhanced tumor 
regression.

Toxicity assays 

All groups of mice tolerated Lipo-HNK and no 
gross signs of cumulative adverse consequences 
were observed, such as huddling, weight loss, 
ruffling of fur, reduced life span, unusual behavior, 
and unusual feeding habits. Furthermore, no pa-
thologic changes in the liver, lung, kidney, spleen, 
brain, heart, pancreas, intestines, or bone marrow 
were found under microscopic examination. In 
order to measure the systemic toxicity of the 
treatments, pathologic inspection was assessed by 
hematoxylin & eosin staining of sections. No 
pathologic changes in the liver, lung, kidney, spleen, 
brain, heart, pancreas, intestines, or bone marrow 
were found under microscopic examination (data 
not shown).

Discussion

Anti-angiogenesis therapy has become a novel 
method for the treatment and prevention of tumors 
by restraining or destroying tumor vessels 
(Marshall et al., 1998; Mauceri, 1998; Marx, 2000, 
2003; Rakhmilevich et al., 2004; Garkavtsev et al., 
2004). However, this therapy can not lead to 
complete regression of the tumor. Continued 
medication is usually required to prevent dormant 
tumor growth. Previous research has indicated that 
the content of VEGF in the blood of tumor patients 

is significantly heightened during radiotherapy 
treatment, and there is a correlation between the 
expression level of VEGF and the prognosis after 
radiotherapy. Radiation can induce the creation of 
VEGF by the MAPK pathway, so that tumor 
vessels form and degrade the therapeutic effect of 
the radiotherapy. Hence, angiogenesis inhibitors 
have shown a fairly strong synergistic effect when 
combined with radiotherapy (Huber et al., 2005). 
    Honokiol has been reported to have anti-angio-
genesis effects (Yang et al., 2002) and can induce 
apoptosis in many tumor cells (Hibasami et al., 
1998; Chen et al., 2004; Wang et al., 2004; 
Ishitsuka et al., 2005). The mechanism of its 
anti-angiogenesis effect is interference with the 
phosphorylation of vascular endothelial growth 
factor 2 (VEGFR2) (Bai et al., 2003). A recent 
study has confirmed that honokiol can inhibit 
vasiformation in the microenvironment of the bone 
marrow and kill tolerated multiple myeloma cells 
(Ishitsuka et al., 2005). 
    This study demonstrated for the first time that 
liposomal honokiol enhances the radiation response 
of LL/2 cells in in vitro and in in vivo in tumor 
xenograft models. In a clonogenicity assay, Lipo- 
HNK exhibited an enhancement to radiosen-
sitization in LL/2 cells in both a dose and time- 
dependent manner. Cell cycle studies showed that 
honokiol combined with radiotherapy can induce 
LL/2 cells to arrest in the G0/G1 phase with a 
corresponding decrease in the S-phase, indicating 
that radiation combined with honokiol interrupts 
tumor cell division. CD31 staining of blood vessel 
endothelial cells to visualize the microvessel density 
in the combination treatment group showed signi-
ficant inhibition of tumor vessel formation. Honokiol 
combined with radiotherapy apparently reduced 
the vessel number compared with NS and Lipo- 
HNK treatments alone. H&E and TUNEL staining 
indicated that honokiol has the effect of inducing 
apoptosis in LL/2 tumor cells, and can enhance the 
effect of inducing apoptosis when combined with 
radiotherapy.
    We investigated the dose-effect relationship of 
Lipo-HNK in vivo (Liu et al.) using four doses of 
honokiol from 5 mg/kg to 50 mg/kg and found that 
25 mg/kg presented a favorable therapeutic efficacy. 
In order to mimic the frequently used clinical 
method, we applied a routine divided method for 
radiotherapy. The RT group was administered a 
dose of 5 Gy every day for 5 days and the 
combination group was administered a dose of 5 
Gy/day for five days after treatment with Lipo-HNK 
for 40 min, followed by continued treatment with 
Lipo-HNK for five days. This combination treatment 
significantly improved the survival time versus 
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other groups and resulted in a delay in tumor 
growth compared with liposomal honokiol and 
radiotherapy treatments alone. A synergistic rela-
tionship in tumor volume, angiogenesis, apoptosis, 
and proliferation was demonstrated according to a 
combined index calculation. Our findings indicate 
that angiogenesis inhibitors have a fairly strong 
synergistic effect on a combination therapy with 
radiotherapy. It should be pointed out that the total 
irradiation dose and the total dosage time for the 
mice in our study were deficient compared with 
clinical therapies. Better therapeutic efficacy may 
be obtained if the irradiation dose is increased and 
the time is lengthened. 
    Previous in vitro and in vivo studies have shown 
that encapsulating antitumor agents with liposome 
is an effective way to avoid rapid clearance and 
short circulation time in order to significantly prolong 
the plasma residence time of drugs (Boman et al., 
1995; Emerson et al., 2000; Tardi et al., 2000; Lee 
et al., 2002). As previously reported (Yi Liu et al., 
Fan et al., 1995), defects in the capillary endo-
thelium of tumor vasculature are typically in the 
size range of 400-600 nm. Liposomes, having a 
diameter smaller than 400 nm, can efficiently 
accumulate within the tumor interstitial space. In a 
previous study, we developed honokiol encap-
sulated with liposomes to overcome problems of 
water insolubility and toxicity towards normal 
organisms (Liu et al., 2008). We found the toxicity 
of free honokiol towards mice is strong and water 
insolubility hampers honokiol application for intra-
venous injection. MTT results indicated that tumor 
cytotoxicity is not significantly different between 
free honokiol and Lipo-HNK. Encapsulating 
honokiol with liposome does not degrade the effect 
on tumor cells. Our experiments demonstrated that 
there are no significant differences for both tumor 
growth and mouse life span between Lipo-null and 
NS control groups, and no visible side effects of 
Lipo-null were observed. Thus, the use of a liposo-
mal formulation is feasible.
    The data presented in this report indicate that 
liposomal honokiol combined with RT mediates a 
potent inhibition of Lewis lung cancer tumor growth 
and prolongs the survival time of tumor-bearing 
mice. In addition, a combination treatment results 
in significantly increased necrosis and a synergistic 
decrease in tumoral blood vessels and angio-
genesis. Honokiol encapsulated with liposome 
presents the favorable effect of radiosensitization 
and organism tolerance. Our findings support the 
design of treatment strategies that combine IR with 
liposomal honokiol, a potent anti-angiogenesis inhi-
bitor. Further exploration of the potential applica-
tion of this combined approach in the treatment of 

lung cancer is indicated.
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