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a b s t r a c t

Most of methylxanthine derivatives including caffeine have been known to radiosensitize cancer cells, but
the obstacles such as toxicity, request of high dose and poor solubility hinder their preclinical evaluations
and clinical applications. In this study, we evaluated the efficacy of 1-methylxanthine (1-MTX), a caffeine
metabolite as a radiosensitizer and the in vivo effectiveness of the temperature-sensitive liposomal 1-
methylxanthine (tsl-MTX) in combination with ionizing radiation and regional hyperthermia. In human
colorectal and lung cancer cells, treatment of 1-MTX sensitized cells to ionizing radiation. To evaluate
the in vivo capability of 1-MTX to radiosensitize tumors, we developed temperature-sensitive liposomal
1-MTX using DPPC:DMPC:DSPC (4:1:1 molar ratio) with intention of overcoming lethal toxicity of 1-MTX
emperature-sensitive
iposome
enograft

and controlling drug-release. The particle size of the liposomes was approximately 200 nm in diame-
ter. The release of 1-MTX from the liposomes was responding to increase of temperature. In xenograft
tumor-bearing mice, the tsl-MTX administered using the i.p. route showed delay of tumor growth. Impor-
tantly, tsl-MTX in combination with radiation and regional hyperthermia exhibited marked delay of tumor
growth, suggesting that 1-MTX effectively enhanced radiation-induced suppression of tumor growth. In
conclusion, tsl-MTX has highly efficacious anticancer competence in vivo, enhancing radiotherapeutic

lity fo
effectiveness, and feasibi

. Introduction

The advance in nanomedicine that consists of effective anti-
ancer drugs and a tumor-targeting carrier may bring new hope
or cancer therapy. Although many anticancer drugs show phar-
acological effectiveness in cancer treatment, they are limited
n their preclinical evaluations and clinical translations because
f their serious toxicity and poor aqueous solubility. Not only to
vercome these difficulties but also to accomplish the successful

∗ Corresponding author at: Department of Radiation Oncology, University of Ulsan
ollege of Medicine, Seoul 138-736, Republic of Korea. Tel.: +82 2 3010 4432;

ax: +82 2 486 7258.
∗∗ Corresponding author at: Department of Microbiology, College of Medicine, Inha
niversity, Inchon 400-712, Republic of Korea. Tel.: +82 32 890 0953;

ax: +82 32 881 8559.
E-mail addresses: park001@inha.ac.kr (H.J. Park), ekchoi@amc.seoul.kr

E.K. Choi).
1 These authors equally contributed to this study.

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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r further clinical applications.
© 2009 Elsevier B.V. All rights reserved.

clinical translation, researchers have emphasized the development
of nano-sized anticancer drug carriers which improve therapeu-
tic efficacy and also reduce unwanted side effects (Duncan, 2003;
Kopecek, 2003). Among these carriers, temperature-sensitive lipo-
somes have been developed in cancer chemotherapy to increase
the release efficiency of the anticancer drug at tumor sites in com-
bination with hyperthermia and to reduce the severities of the side
effects associated with the drug (Kono et al., 1999; Needham and
Dewhirst, 2001).

In response to various genotoxic stresses, cells activates DNA
damage checkpoint to protect their genomic integrity (Sancar et
al., 2004). Following exposure of ionizing radiation, DNA double
strand breaks (DSBs) occur and cells undergo G2/M cell cycle arrest
to block replication and segregation of damaged chromosomes,

allowing time for DNA repair (Iliakis et al., 2003). DSBs are rec-
ognized by protein complex that contains both signaling kinases
and repair activity. The most important kinases are ataxia telang-
iectasia mutated (ATM) and ataxia telangiectasia mutated and Rad3
related (ATR) protein, although G2/M checkpoint induced by DSBs

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:park001@inha.ac.kr
mailto:ekchoi@amc.seoul.kr
dx.doi.org/10.1016/j.ijpharm.2008.12.040
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s more dependent on ATM (Ismail et al., 2005). The ATM kinase
ctivity is rapidly triggered by irradiation phosphorylates various
ownstream substrates including NBS1, p53, the E3 ubiquitin lig-
se MDM2, checkpoint kinase 1 (Chk1) and Chk2, histone 2AX
H2AX), and BRCA1 (Ahn et al., 2000; Cortez et al., 1999; Fernandez-
apetillo et al., 2002; Lavin et al., 2005; Matsuoka et al., 1998). The
ctivated Chk1 and Chk2 through phosphorylation by ATM inhibit
he entry into mitosis by downregulation of Cdc25 phosphatase
Matsuoka et al., 1998) and subsequently Cdc2 kinase, resulting in
2 phase arrest (Blasina et al., 1997).

Methylxanthine derivatives including caffeine, pentoxifylline,
nd staurosporine derivative, 7-hydroxystaurosporine (UCN-01)
ave been demonstrated to increase radiosensitivity of cells by

nhibiting G2 checkpoint activation (Jha et al., 2002; Sarkaria et al.,
999; Teicher et al., 1991; Wang et al., 1996). Caffeine had been
nitially thought to inhibit DNA repair, but it was found that caf-
eine abrogated G2 arrest, and drove cells through a lethal mitosis
Lau and Pardee, 1982). The ATM kinase was finally identified as a

olecular target for caffeine, as well as the AT-related homolog
TR for abrogating G2 arrest and radiosensitization (Choi et al.,
006). The inhibition of ATM kinase activity by caffeine leads to

nhibition of Chk1/Chk2 kinase activity and activation of Cdc2
inase, consequently abrogating G2 arrest. Increased cytotoxic-
ty by caffeine-induced abrogation of G2 arrest is resulted from
n inadequate time to repair the damaged DNA prior to mito-
is. Additionally, caffeine-induced radiosensitization is mediated
y inhibition of DNA double strand break repair requiring homol-
gous recombination repair (HRR) (Asaad et al., 2000; Wang et
l., 2004). These observations imply that the radiosensitization
nduced by caffeine is the combined result of G2 checkpoint abro-
ation and direct inhibition of DNA repair. However, caffeine was
nfortunately not a possible clinical drug because patients cannot
ear taking the millimolar concentrations required for the effect.
ther checkpoint inhibitor, staurosporine was identified (Tam and
chlegel, 1992), but it was too toxic for administration to humans.
CN-01, a protein kinase C (PKC) inhibitor, was developed as a
ore potent inhibitor than caffeine at abrogating cell cycle arrest

n human cells (Bunch and Eastman, 1996). The molecular tar-
et for UCN-01 was finally identified as Chk1, while the target for
affeine was ATM and the AT-related homolog ATR (Busby et al.,
000; Graves et al., 2000). The necessary concentration of UCN-
1 was well tolerated in murine tumor models where UCN-01
nhanced the activity of DNA-damaging agents (Akinaga et al.,
993). UCN-01 was, however, found to bind avidly to �1 acid gly-
oprotein in human plasma, leading to plasma concentrations in
xcess of 30 �M (Fuse et al., 1998; Sausville et al., 2001), while only
0 nM of UCN-01 is required to abrogate cell cycle arrest (Kohn
t al., 2002). Although the clinical trial of UCN-01 in combina-
ion with DNA-damaging agents has been continued, it has been
hought to be difficult to obtain an applicable amount of free drug
ithout threatening patient safety. Therefore, it is necessary to

ontinue the search for better inhibitors abrogating cell cycle check-
oint.

In the present study, the efficacy of 1-MTX as a radiosensitizer
nd the effectiveness of the temperature-sensitive liposomal 1-
ethylxanthine (tsl-MTX) in combination with ionizing radiation

nd regional hyperthermia were evaluated. 1-MTX sensitized can-
er cells to ionizing radiation. The severe toxicity of 1-MTX in vivo
aused by NaOH that is a sole solvent for 1-MTX was overcome
y encapsulation of 1-MTX in the liposome. Furthermore, the tsl-
TX was designed for not only passive targeting to tumor by EPR
ffect, but also the accurate release of the drug by hyperthermia. By
dministration of tsl-MTX, it became evident that 1-MTX encapsu-
ated in temperature-sensitive liposome has a potent capability to
adiosensitize xenograft tumors and attenuate the tumor growth
ate in vivo.
harmaceutics 372 (2009) 132–139 133

2. Materials and methods

2.1. Cells and treatment

RKO human colorectal cancer cells and A549 human lung cancer
cells obtained from the American Type Culture Collection (ATCC)
were maintained in tissue culture flasks at 37 ◦C with Dulbecco’s
modified Eagle’s medium (DMEM, Hyclone) supplemented with
10% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin
(Invitrogen) in a humidified 5% CO2 incubator. Cells were used for
the experiments when they were in exponential growth phase.
1-MTX purchased from Sigma Chemical Co. was dissolved at a
concentration of 300 mM in 0.1N NaOH. The culture media was
supplemented with 25 mM HEPES to minimize the change of pH
when drugs were added. 1-MTX was added to the cell culture
30 min prior to radiation. Cells were irradiated with 137Cs irradi-
ator at 5 Gy/min (CIS Bio International), and then incubated for the
designated time.

2.2. Clonogenic survival assay

Cells were plated in 25T tissue culture flasks, incubated
overnight, and then irradiated in the presence or absence of 1-MTX.
Cells were further maintained in the drug solution for 72 h, and then
cultured in fresh complete medium for 14 days. After staining with
0.4% crystal violet (Sigma Chemical Co.), the colonies containing
more than 50 cells were counted and the surviving fractions were
calculated.

2.3. Western blot analysis

Cells were harvested by trypsinization and lysed in solubiliz-
ing buffer as we previously described (Choi et al., 2004; Park et al.,
2003). Aliquots of 30 �g proteins were separated by 10% SDS-PAGE
and blotted onto PVDF membrane (GE Healthcare) in transfer buffer.
Blots were blocked with 5% non-fat dry milk in 50 mM Tris–HCl,
pH 7.4, 150 mM NaCl, 0.1% Tween 20 (TBST), incubated with
primary antibodies, and then treated with horseradish peroxidase-
conjugated secondary antibody. Immunoreactive bands were
visualized using ECL Western Blotting Detection Reagents (GE
Healthcare). Equal loading of sample was confirmed with anti-actin.
Primary antibodies used in this study were anti-caspase-3 (Cell
signaling Technology), anti-PARP (BD Biosciences) and anti-actin
(Calbiochem).

2.4. Preparation of temperature-sensitive liposomal 1-MTX

Liposomes were prepared by a reverse-phase evaporation
(REV) method (Szoka and Papahadjopoulos, 1978) as recently
reported (Lim et al., 2007). Briefly, DPPC:DMPC:DSPC at a molar
ratio of 4:1:1 (10 mM total) was dissolved in 1 ml chloroform.
After evaporation of solvent, dry lipid film was suspended in
1 ml of freshly hydrated diethyl ether and 1 ml solution of 1-
methylxanthine. After sonicating the mixtures for 3 min, the
organic solvent was removed by rotary evaporation. Free (unen-
capsulated) drug was separated out by gel chromatography on
a 1 cm × 12 cm Sephadex® G-75 column eluted with PBS. Lipo-
somes were downsized by extrusion through 0.2 �m polycarbonate
membranes 10–20 times using a LipexTM extrusion device (Avestin

Inc.). PEGylation for long-circulation was done as reported (Lim et
al., 2007). 1,2-Dipalmitoyl-rac-glycero-3-phosphocholine (DPPC),
1,2-dimylistoyl-rac-glycero-3-phosphocholine (DMPC), and d,1-�-
phosphatidylcholine, distearoyl (DSPC) were perchased from Sigma
Chemical Co.
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.5. Scanning electron microscope (SEM) and size distribution
nalysis

After lyophilization, liposomes were coated with palladium and
he surface was examined under JSM-5410 Scanning Microscope
JEOL, Japan). The size distribution of liposomes was determined
sing dynamic laser-light scattering using a laser particle analyzing
ystem (Particle Sizing Systems, Inc., Santa Barbara, CA) at 23 ◦C
ith a He–Ne laser light source (at 632.8 nm).

.6. Release of 1-MTX from tsl-MTX

1-MTX was loaded into the temperature-sensitive liposomes
DPPC:DMPC:DSPC at the molar ratio of 4:1:1) or non-temperature-
ensitive liposomes (DPPC:DSPC at the molar ratio of 1:2) prepared
y REV method. 0.1 ml of tsl-MTX or liposome-MTX were mixed
ith 0.9 ml of phosphate-buffered saline in each tube, and incu-

ated at 25, 35, 37, 39, 41, 43, and 45 ◦C for 10 min using a heating
lock. The absorbance was determined using UV–vis spectropho-
ometer. The absorbance was determined again after heating at
0 ◦C for 10 min. The release (%) was calculated by the followed
ormula.

elease (%) = ((FT − F25)/(F60 − F25)) × 100

here FT is the absorbance after incubation at specific tempera-
ure, F25 is the absorbance after incubation at 25 ◦C and F60 is the
bsorbance after incubation at 60 ◦C.

.7. Tumor xenograft studies in nude mice

RKO or A549 cells in exponential growth phase in culture were
arvested, and then 4 × 105 cells suspended in serum free medium
ere injected subcutaneously into the right hind leg of BALB/c-
uscle nude mice weighing about 20 g. When the tumors grew
o 120–130 mm3, the host mice were randomized and divided
nto the experimental groups (n = 10 per group). The mice were
njected intraperitoneally or not injected with 100 mg/kg of 1-

TX encapsulated in temperature-sensitive liposome (tsl-MTX).
h later the tumors of the mice injected with tsl-MTX were heated

n 42 ◦C water-bath for 1 h. The tumors were irradiated or not
rradiated with 5 Gy using 6MV photon beam linear accelerator
CL/1800, Varian, CA, USA). A customized photon beam shielding
lock was used to irradiate the right hind leg bearing the tumor
nly. The 3 perpendicular tumor diameters were measured with
caliper every 2 or 3 days and the tumor volume was calculated

rom the measured length (R1), width (R2), and height (R3) on the
ssumption that the tumors were hemi-ellipsoids using following
ormula; V = (4�/3) × (R1/2) × (R2/2) × (R3/2). At the end of experi-

ental period, the tumors were isolated and the photograph was
aken. For the test of tolerance against soluble 1-MTX dissolved in
.1N NaOH, mice were i.p. injected with 100 mg/kg soluble 1-MTX.
ll experiment was done following the protocol approved by The
niversity of Ulsan Animal Use Committee.

.8. Immunohistochemical analysis

Tumor tissues were obtained from A549 xenograft mice after
days of treatment. Formalin-fixed, paraffin-embedded tumor

locks were sectioned to 5 �m, mounted onto lysine-coated glass
lides, deparaffinized with xylene, and rehydrated through graded

lcohols, and then incubated with protease-K for 10 min in a
0 ◦C humidity chamber. Endogenous peroxidase was blocked by
% H2O2 for 15 min. Tissues were incubated overnight at 4 ◦C in
umidity chamber with antibodies to phospho-histone H3 (Upstate
iotechnology), cleaved caspase-3 (Cell Signaling Technology) and
harmaceutics 372 (2009) 132–139

DcR2 (Stressgen Bioreagents). For TUNEL staining, tissues were
incubated with terminal transferase and Biotin-16-dUTP (Roche
Applied Science). The detection was performed with ChemMate
DAKO Envision (DAKO Corporation) and 3,3′-diaminobenzidine
(DAKO Corporation). The slides were counterstained with Harris
hematoxylin, dehydrated in graded alcohols, and covered with a
cover slip.

3. Results

3.1. 1-MTX sensitizes cells to ionizing radiation

To examine the effect of 1-MTX on radiation-induced cytotox-
icity, RKO and A549 cells were treated with different doses of
radiation in the presence or absence of 1-MTX, and then the clono-
genic survival rates of cells were measured. As shown in Fig. 1A,
the survival rate of RKO was decreased by radiation alone in a
dose-dependent manner. Compared to the survival rate decreased
by radiation, additional treatment with 1-MTX displayed more
decreases in the survival rate which is gradually aggravated by
increasing dose of radiation and 1-MTX. In A549 cells, similar pat-
tern of decrease in the survival rate was observed by treatment with
1-MTX (Fig. 1B). The effect of 1-MTX without radiation on the sur-
vival rate was also determined (Fig. 1C). The survival rate of RKO
cells was very slightly affected by 1-MTX alone, suggesting that
1-MTX is quite less toxic in this condition. Although 1-MTX dis-
played more toxicity in A549 cells than in RKO cells, it was quite
less than the toxicity of combined treatment of 1-MTX and radi-
ation. To explore the effect of 1-MTX in a short period, RKO cells
were treated with 4 Gy radiation alone or in a combination of 3 mM
1-MTX and the cleavage of caspase-3 and PARP, the markers of
apoptosis induction, was determined at 24 h and 48 h. Caspase-3
and PARP in the cells treated with radiation alone were remained
as a form of uncleaved till 48 h (Fig. 1D), suggesting that the induc-
tion of apoptosis is not sufficient. In contrast, both proteins were
completely cleaved at 48 h in the cells irradiated in the presence of
1-MTX. These results indicate that 1-MTX is a potent radiosensitizer
enhancing the killing effect of radiation in cancer cells.

3.2. Preparation and characterization of temperature-sensitive
liposomes

Since we ascertained that 1-MTX has a property to radiosen-
sitize cancer cells, we addressed to test whether 1-MTX exerts
an anti-tumor activity in vivo. On a trial test for the tolerance,
mouse immediately died after i.p. injection with a minimal dose
of 1-MTX dissolved in 0.1N NaOH. The lethality happened in the
mouse was accompanied with having swollen stomach and their
nails and claws turned to red. The same lethality was observed
in the mouse injected with the equal volume of 0.1N NaOH with-
out 1-MTX, indicating that the death was due to the 0.1N NaOH,
only in which 1-MTX is dissolved. Hence, we designed to envelop
the 1-MTX in a drug delivery carrier to overcome the lethality
of it. 1-MTX was encapsulated in temperature-sensitive liposome
(tsl-MTX) that is responding to increasing temperature, and the
problem of lethality was completely overcome with this tsl-1-MTX.
Another advantage that we aimed to get with the tsl-MTX was
to control the release of drug only in a specific site. Although it
was expected that the liposomal drug would passively targeted
to tumor site by EPR effect, we designed a strategy of hyperther-
mia to increase the accuracy of drug-release only in the tumor

site, but not in other unwanted sites. After preparation of tsl-MTX,
we characterized the tsl-MTX for micrographic surface, size and in
vitro drug release. Fig. 2A shows the typical surface morphology
of the tsl-MTX that was observed under scanning electron micro-
scope. The distribution of particle size determined by dynamic
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Fig. 1. 1-MTX sensitizes cells to ionizing radiation. Clonogenic surviving fraction of RKO (A) or A549 cells (B). Cells were irradiated in a gradually increased dose in the
presence or absence of 1, 2, 3 mM of 1-MTX, and cultured in a 5% CO2 incubator for 14 days. The numbers of colonies formed with more than 50 cells were counted, and the
average survival (%) was calculated. The values of all concentrations at 0 Gy were normalized. The results are expressed as means ± S.D. for six independent experiments. (C)
Effect of 1-MTX on clonogenic survival of RKO or A549 cells. Cells were treated with 1, 2, 3 mM of 1-MTX without radiation. (D) Western blot analysis against caspase-3 and
PARP. Total cell lysates were prepared at 0, 24, 48 h after the treatment, and aliquots of 30 �g protein were subjected to western blot analysis against caspase-3 and PARP.
Equal sample loading was confirmed with anti-actin.

Fig. 2. Scanning electron microscope (SEM) and size distribution analysis. Typical micrograph of liposomes containing 1-MTX (A). After lyophilization, liposomes were coated
with palladium and the surface was examined under JSM-5410 Scanning Microscope (JEOL, Korea). (B) The size distribution of liposomes was determined using dynamic
laser-light scattering (Particle Sizing Systems, Inc., Santa Barbara, CA, USA).
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Fig. 3. Temperature dependent release of 1-MTX from tsl-MTX. 1-MTX loaded into
the temperature-sensitive liposomes (tsl-MTX, DPPC:DMPC:DSPC in the molar ratio
of 4:1:1) or non-temperature-sensitive liposomes (liposome-MTX, DPPC:DSPC in
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he molar ratio of 1:2) were mixed with 0.9 ml of phosphate-buffered saline in each
ube, and incubated for 10 min at various degrees. The absorbance was determined
sing UV–vis spectrophotometer and the release (%) was calculated. Results are given
s mean ± S.D. for three independent experiments.

aser-light scattering indicated that the liposomes after extrusion
ere approximately 200 nm in diameter (Fig. 2B). The loading effi-

iency of 1-MTX in the temperature-sensitive liposome was about
5% (0.322 mg 1-MTX/mg lipid on the final liposomes). In vitro
rug release studies in phosphate-buffered saline showed that
he release of 1-MTX from the temperature-sensitive liposome
as increased in a temperature-dependent manner, while that

rom non-temperature-sensitive liposome was quite less released
Fig. 3). The absorbance of liposome-MTX and tsl-MTX was signifi-
antly lower than the absorbance of released 1-MTX after heating.
ince the tsl-MTX was designed for in vivo experiment combined
ith hyperthermia, we focused on within the boundary of temper-

ture available for in vivo hyperthermia. This result indicates that
he tsl-MTX would be in vivo effective when it is combined with
yperthermia.

.3. 1-MTX encapsulated in temperature-sensitive liposome

nhibits tumor growth in vivo

The in vivo effect of tsl-MTX was examined using nude mice
earing xenograft tumors established by implantation with RKO or
549 cells in the hind leg. The xenograft animals were administered

ig. 4. The effect of tsl-MTX on the growth of RKO xenograft tumors. (A) The nude mice be
ot injected with 100 mg/kg of tsl-MTX, and 1 h later the tumors were heated or not in 42 ◦

r not irradiated with 5 Gy in a single dose, the 3 perpendicular tumor diameters were me
rradiation. (B) RKO xenograft tumors without injection of tsl-MTX were heated in 42 ◦C w
he 3 perpendicular tumor diameters were measured every 2 days and the growth rates w
harmaceutics 372 (2009) 132–139

with tsl-MTX suspension at a dose of 100 mg/kg of 1-MTX by i.p.
injection to give sufficient dose and treated as described in Section
2. The injection of tsl-MTX resulted in marked inhibition of tumor
growth in combination with radiation and regional hyperthermia,
as well as by itself, for both RKO (Fig. 4A) and A549 xenograft
(Fig. 5A), although the tumor growth of RKO was more potently
inhibited than that of A549. The volume of untreated tumor in RKO
xenograft increased 5 times in 13.3 ± 0.5 days while the volume
of tumors in the host injected with tsl-MTX increased 5 times in
21.5 ± 1.9 days, indicating that there was a growth delay of about 8
days by tsl-MTX similarly to the growth delay caused by 5 Gy of radi-
ation in a single dose (Fig. 4A). The predominant inhibition observed
in the host mice irradiated after injection with tsl-MTX was that
the volume of tumors increased about 2 times during 26 days. In
addition, tsl-MTX without hyperthermia showed meaningful sup-
pressive effect on the tumor growth, which was more augmented
by combination with radiation. The killing effect of tsl-MTX with-
out radiation and external heat could be due to leakage of liposome
contents in vivo, similarly to the previous report showing that the
content release of liposome even without external heat (Ferraretto
et al., 1996). It is also interesting that tsl-MTX without radiation dis-
played suppressive effect on the tumor growth in vivo, while free
1-MTX was observed not fatal to the survival rate of cultivated RKO
cells (Fig. 1C). To examine the influence of hyperthermic effect on
the retardation of tumor growth caused by radiation, RKO xenograft
tumors were heated or not heated before radiation. As shown in
Fig. 4B, notable difference in tumor growth between heated or not
heated was not observed, indicating that the effect of tumor growth
by tsl-MTX was not reflected by hyperthermic effect in this study
of xenograft model.

For A549 tumors (Fig. 5A), the volume of untreated tumor
increased 5 times in 16.3 ± 2.5 days while the volume of tumors
in the host injected with tsl-MTX alone, irradiated alone, and
the combination of tsl-MTX and radiation increased 5 times in
18.2 ± 3.1 days, 25.6 ± 5.7 days, and 29.6 ± 4.2 days, respectively.
In consequence, compared to the growth of untreated tumors for
the 5 times increase, the growth delay caused by tsl-MTX, radi-
ation and the combination were about 2 days, 9 days and 13
days, respectively. At the end of experimental period, a photo-
graph was taken for comparison of A549 tumors isolated from
the host mice after excluding the biggest and smallest tumors in
each group (Fig. 5B). Therefore, the tsl-MTX exerts a potent in
vivo anti-tumor activity in xenograft animals, especially when it
is combined with radiation. During the in vivo experiment using

A549 xenograft mice, tumor tissues were isolated from the animal
in each group at 2 days after treatment. The tumor tissues were
subjected to TUNEL staining or immunohistochemistry against
marker proteins for cell proliferation, apoptosis, and senescence.
As shown in Fig. 6, many of cells presenting phosphorylated his-

aring RKO xenograft tumors on the right hind leg were injected intraperitoneally or
C water-bath for 1 h for the mice injected with tsl-MTX. The tumors were irradiated
asured every 2 days and the growth rates were plotted. ***P < 0.001 as compared to
ater-bath for 1 h or not. The tumors were irradiated with 10 Gy in a single dose, and
ere plotted.
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Fig. 5. The effect of tsl-MTX on the growth of A549 xenograft tumors. (A) The nude mice bearing A549 xenograft tumors on the right hind leg were injected intraperitoneally
o 42 ◦C
o ere m
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r not injected with 100 mg/kg of tsl-MTX, and 1 h later the tumors were heated in
r not irradiated with 5 Gy in a single dose, the 3 perpendicular tumor diameters w
rradiation. (B) The photograph of the tumors isolated from the A549 xenograft anim

one H3, a marker for proliferation, were appeared in tumor tissues
ntreated or treated with tsl-MTX in combination of hyperthermia.
istinctively, phosphorylated histone H3 was not shown in tis-

ues irradiated alone or irradiated with administration of tsl-MTX,
uggesting that the cellular proliferation was inhibited in these
umor tissues. Apoptotic cell detected by TUNEL staining was not
hown in untreated tissue, but several apoptotic cells were detected
n both tissues treated with tsl-MTX and irradiated alone. More
otent induction of apoptosis was observed in the tissue treated

n combination of tsl-MTX and radiation. For cleaved caspase-3, an
poptotic marker, many cells in tumor tissue irradiated with admin-
stration of tsl-MTX were immunodetected by cleaved caspase-3
ntibody, but not in tissues untreated or treated with tsl-MTX with-
ut radiation. Few cells in tumor irradiated without tsl-MTX were
mmunoreacted with the antibody. These results indicate that tsl-
TX radiosensitizes tumor tissue and induces apoptosis in vivo,
hich contribute to lead the tumor growth delay. DcR2, a senes-

ence marker protein, was detected in the tumor tissue that was
solated from the mouse administrated with tsl-MTX and irradi-
ted, while it was not appeared in the tumor tissue from untreated

ig. 6. Immunohistochemical analysis in tumor tissues. Tumor tissues were isolated from
taining or immunodetection with antibodies against phospho-histone H3, cleaved caspa
,3′-diaminobenzidine. The tissues for phospho-histone H3 were counterstained with Ha
water-bath for 1 h for the mice injected with tsl-MTX. The tumors were irradiated
easured every 3 days and the growth rates were plotted. *P < 0.05 as compared to

t the end of the experimental period.

mouse, implying that tsl-MTX induces senescence which might
be associated also with the tumor growth delay occurred by tsl-
MTX.

4. Discussion

In the present study, we showed that 1-MTX, a caffeine deriva-
tive, has a potency of radiosensitizer both in vitro and in vivo.
In RKO human colorectal and A549 human lung cancer cells, the
results obtained through clonogenic cell survival assay and west-
ern blot analysis against caspase-3 and PARP showed that treatment
with 1-MTX sensitized cells to ionizing radiation. Although 1-
MTX showed its potent pharmacological influence to enhance
the killing effect against cancer cells by radiation, the lethality
of 1-MTX to animal model as a form of aqueous drug in 0.1N

NaOH hampered the further preclinical evaluation of this drug.
To overcome this obstacle, we applied the temperature-sensitive
liposomes prepared by reverse-phase evaporation method using
DPPC:DMPC:DSPC at 4:1:1 molar ratio, in which 1-MTX was
adequately loaded. The tsl-MTX was characterized to have approx-

A549 xenograft mice at 2 days after treatment. Tissues were subjected to TUNEL
se-3 and DcR2. The detection was performed with ChemMate DAKO Envision and

rris hematoxylin.
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mately 200 nm size in diameter and temperature-based release
inetics. In xenograft mice, the temperature-sensitive liposomes
ontaining 1-MTX displayed notable anticancer effect, which was
ulminated in its effectiveness when combined with ionizing radi-
tion. This study demonstrates that the delivery of 1-MTX to solid
umors using the temperature-sensitive liposomes can potentially
educe the toxicity and increase the efficacy of the targeted com-
ound.

It has been known that methylxanthine derivatives includ-
ng caffeine, pentoxifylline, and staurosporine derivative 7-
ydroxystaurosporine (UCN-01) increase radiosensitivity of cancer
ells by inhibiting G2 checkpoint activation (Jha et al., 2002;
arkaria et al., 1999; Teicher et al., 1991; Wang et al., 1996). Although
e have not shown the accurate molecular mechanism of 1-MTX

hat enhances radiosensitivity, it was evident that 1-MTX increases
he radiation-induced apoptosis in cancer cells and xenograft tumor
issues, which implies the possibility that 1-MTX enhances the
poptosis induction by abrogating radiation-induced G2 check-
oint. Many checkpoint inhibitors have been discovered with an

ntention to sensitize tumors to certain genotoxic and chemother-
peutic drugs. Caffeine, a methylxanthine derivative was the first
nhibitor of G2 checkpoint (Walters et al., 1974). Other compounds
uch as pentoxifylline, lisofylline, staurosporine, UCN-01 and SB-
18078 have been discovered as a G2 checkpoint inhibitor (Jackson
t al., 2000; Russell et al., 1996; Tam and Schlegel, 1992; Wang
t al., 1996). Despite the many pharmacological activities, their
oxicity at the high concentrations required for clinical use and
roblem of solubility unfortunately preclude them from clinical
pplication (Anderson et al., 2003). 1-MTX basically has a problem
f lethality in experimental animal, which is due to the solubility
f 1-MTX limited in only NaOH solution. To overcome the problem,
e have developed tsl-MTX and this approach shown in this study

hould be principally applicable to any other chemotherapeutic
rug including methylxanthine derivatives that has poor property

n solubility.
In conclusion, 1-MTX radiosensitized cancer cells in vitro, and

sl-MTX has a potent capability to radiosensitize xenograft tumors,
esulting in augmentation of apoptosis induction and attenuation
f the tumor growth rate in vivo. Further study is warranted to
xamine the feasibility of using tsl-MTX to enhance the response of
uman tumors to radiotherapy.
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