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ABSTRACT

The antitumor activity of Adriamycin encapsulated in temperature-

sensitive liposomes combined with local hyperthermia (HT) was tested in
rats hearing well-developed liver W256 carcinosarcoma tumors. Two h
after rats received Adriamycin encapsulated in temperature-sensitive li

posomes via either the hepatic artery (i.a.) or the femoral vein (i.v.) or free
Adriamvcin i.u., liver HT was applied at 42"C for 6 min. In animals

treated with liposomal Adriamycin i.a., HT resulted in a 38% reduction in
the tumor volume ratio and a 2.2-fold increase in the life span of the

animals. In animals treated with liposomal Adriamycin i.v. or free Adri
amycin i.a., HT did not alter the tumor volume ratio or life span of the
animals. Administration i.a. of liposomal Adriamycin markedly increased
the tumor drug levels (4-14-fold), reduced the systemic distribution of the

drug, and slowed the drug decrease from both the tumor and liver com
pared with animals treated i.v.. Liver HT in animals treated with liposo
mal Adriamycin i.a. further increased tumor drug levels by 1.5-2.6-fold,

further slowed the drug decrease from the tumor, and resulted in a dis
sociation of the parallel decrease of drug and lipid from the tumor. This
latter effect was not observed in the other groups. These pharmacological
findings combined with the lack of beneficial effect from HT in animals
treated with free Adriamycin i.a. or liposomal Adriamycin i.v. suggest that
i.a. administration of Adriamycin encapsulated in temperature-sensitive

liposomes results in a significant retention of intact liposomes in the tumor
vasculature that are able to release the encapsulated drug into the tumor
cell compartment upon raising the temperature to the phase transition
level.

INTRODUCTION

Liposomes have been extensively explored in the past 20 years as
carriers of antitumor drugs ( 1-6). However, because most tumors are

not natural targets of liposomes, several methods have been developed
to enhance their tumor-targeting efficiency. Some of these methods

combine a targeting physical maneuver, such as the application of a
magnetic field or HT,2 with a nontargeting maneuver, such as the

administration of magnetic- or temperature-sensitive liposomes con

taining the antitumor agent. Encouraging results with the combination
of HT und temperature-sensitive liposomes containing nicthotrexate

have been reported previously (7, 8). With this method, tumor target
ing is achieved by enhancing the release of the liposome content into
the tumor cell compartment when HT is applied locally.

Liposomes injected i.v. distribute preferentially to the organs rich in
reticuloendothelial system cells, such as the liver, spleen, and bone
marrow (9, 10). Although it would seem that this phenomenon could
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be exploited for targeting liver tumors, it cannot. Unlike the liver
parenchyma, which receives less than 30% of its blood supply from
the hepatic artery and the rest from the portal vein, liver tumors
receive about 90% of their blood supply from the hepatic artery
(11-15). For well-established liver tumors that have developed an
independent blood supply, there is, therefore, no reason why i.v.-

administered liposomes should be able to preferentially deliver the
drug to the tumor cells.

Administration of antitumor agents into the hepatic artery with and
without concomitant embolization for the treatment of liver primary
and metastatic tumors has been extensively explored to achieve a
higher tumor drug concentration and to increase the therapeutic effect
(16). In experimental systems, i.a. administration of Adriamycin has
been shown to increase the drug tumor levels by 3-fold without

altering significantly the heart drug levels (17). In patients with ma
lignant tumors, the i.a. administration of Adriamycin reduced the
plasma AUC by about 30% (18).

In a previous study we showed that administration of LA via the
hepatic artery resulted in a more selective distribution of the drug into
the liver tumor than after i.v. administration ( 19). On the basis of these
results, we hypothesized that temperature-sensitive liposomes admin

istered into the hepatic artery may remain in the liver vasculature for
some time. Therefore, local HT applied after drug administration
might enhance the release of the encapsulated drug, increase the drug
levels in liver tumor, and result in an increased therapeutic effect. To
prove this hypothesis, we studied the tumor and normal tissue distri
bution and antitumor activity of Adriamycin encapsulated in temper
ature-sensitive liposomes administered i.v. and i.a. into the hepatic

artery in combination with liver HT. Antitumor activity experiments
were performed in rats bearing well-developed W256 carcinosarcoma

liver tumors.

MATERIALS AND METHODS

Liposome Preparation and Characterization

The final liposome formulation was composed of 28.3 mg/ml of DPPC (M.
W.) 735; purity of DPPC >98<7c; Nippon Oil and Fats Co., Ltd., Tokyo, Japan)

and 7.08 mg/ml of Adriamycin (Adriamycin Injection; Kyowa Hakko Kogyo
Co.. Ltd.. Tokyo. Japan) in Tris-HCI buffer. pH 6.01.

Liposomes were prepared by the reverse-phase evaporation method (20).
The encapsulated drug was separated from the nonencapsulated drug by cen-
trifugation at 75,000 x g for 20 min at 4Â°C,and the pelleted vesicles were

resuspended in Tris-HCI buffer. This step was repeated 3 times. The final

concentration of total Adriamycin was adjusted to 7.08 mg/ml. Concentration
of nonencapsulated drug was <0.059i- of the total concentration.

Radiolaheled liposomes containing Adriamycin were prepared using [I4C]-
DPPC (i.-.Vphosphatidylcholine. l,2-di['4C]palmitoyl; 4.07 GBq/mmol; Daii-

chi Pure Chemicals Co., Ltd., Tokyo. Japan) mixed with the nonlabeled DPPC
at a molar ratio of 1:1.76 x IO5. The remaining steps of preparation were the

same as those for nonradiolabeled liposomes.
The average diameter and si/.e distribution of the liposomes were deter

mined by a Laser Particle Analyzer (LPA-3000/3100: Otsuka Electronics Co..

Ltd.. Osaka. Japan) using the dynamic light scattering method.
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TARGETING LIVER TUMORS

The %EE and the leakage of drug from LA were determined by separately
measuring both the free and total amount of Adriamycin in the liposomal
preparation at O min. 6 min. 2 h. and 8 h: an aliquot of the initial LA preparation
(200 n\) was transferred to Ultra-Free-C3GC centrifugal filtration tubes (M,

10.000: Millipore Kogyo Co.. Ltd.. Tokyo. Japan). The tube was centrifuged at
2000 x g for 30 s at 4Â°C.The concentration of nonencapsulated drug in the

filtered fraction at the bottom of the tube was determined by HPLC (21).
Phosphorus determinations with the Bartlett assay (22) were used to assess
phospholipid content. No phosphorus was detected in the filtered fraction thus
confirming that the Adriamycin measured in that fraction was nonencapsulated
drug. The standard Sephadex G-50 filtration method was also used to confirm

the 7cEE in the same samples.
The phase-transition temperature (Tm) of LA was determined by differential

scanning calorimetry (SSC/560; Seiko Denshi Instruments. Inc.. Tokyo.
Japan). A Tris-HCI solution containing Adriamycin at the same concentration
as in the LA was used as control. The heating rate was IÂ°C/min.

The sensitivity of drug release from LA in relation to the variation of
temperature was measured as follows. Test tubes containing 4975 ÃŸ\of Tris-

HCI buffer (pH 7.46) or fresh human plasma (obtained from the blood bank of
M. D. Anderson Cancer Center) were placed in a constant temperature envi
ronment (4. 10, 20. 30. 37. 39,40,41.42.43,45, and 50Â°C).5 parallel samples

being tested at each temperature. Twenty-five fil of LA with a known free-drug

concentration were added into each tube. Free drug concentration was deter

mined after gently shaking the tube at 20 rpm for 5 min. The drug release
percentage in each sample was calculated from the difference between the two
free-drug concentrations.

Liver HT and Organ Distribution

Walker 256 (W256) carcinosarcoma cells (Shionogi & Co., Ltd.. Osaka.
Japan) were surgically implanted (5 x IO6 cells/rat) into the left liver lobe of

male SLC Wistar/ST rats (8 weeks old; Japan SLC Co.. Ltd.. Hamamatsu.

Shizuoka. Japan). Nine days after the tumor inoculation, all animals had a
laparotomy. Animals showing a visible liver tumor (90%) were divided into 4
groups of 30 rats each. Animals of groups 1 and 2 had the femoral vein
cannulated: animals of groups 3 and 4 had the prehepatic artery cannulated
(Table 1). The positions of the cannulae were checked by a soft X-ray system
(Softex-CSM-2; Softex Co., Ltd.. Tokyo. Japan). The cannulation methods

have been described previously in detail by us (23). All animals received LA
(2.35 mg/kg) through the cannulae. Injection time was I min in all cases.

The livers of animals in groups 2 and 4 were heated with 2 emission plates
(30 x 50 mm) of HT (Thermotron RF IV; Yamamoto Vinyter Co., Ltd.. Osaka.
Japan; 200 W; 8 MH/.; precision, ().2Â°C)2 h after drug administration. This

timing was selected after preliminary studies showed that tumor and liver
drug levels at 2 h are only 10</i-lower than at 5 min after administration and

<5% of drug leakage occurs when LA is suspended in human plasma at
37Â°Cfor 2 h. The temperatures of the animal body, liver tumor, and liver

parenchyma were monitored using tissue implamahle thermocouple micro-
probes (type IT-18; sheath. 0.64 mm; Physitemp Instruments. Inc.. Clifton. NJ).

Four microprobes were used. One was placed on the back of the animal with

adhesive tape, where the HT emission plate was located. A second was inserted
into the center of the liver tumor. The other two were inserted into the left liver

lobe (with tumor) and right liver lobe (without tumor). The liver and tumor
temperatures were maintained at 42Â°Cfor 6 min. This particular time was

selected to avoid direct antitumor activity from HT itself. In our preliminary
studies, we found no antitumor activity with 10-60 min liver HT. Only 3 doses

lasting 60 min each resulted in detectable tumor growth inhibition. Therefore,
liver HT for 6 min can release most of the encapsulated drug both in vitro and
in vivo without direct antitumor activity. Body temperature was kept below
39Â°C.

At 5 min and at 2. 8. 24. and 120 h after drug administration. 6 animals in
each group were sacrificed by exsanguination. Animals sacrificed at the 2-h

time point had just completed HT treatment. The tumor, liver, and heart were

Table I Distribution of Atlriam\ein encapsulated in temperature-sensitive liposomes in liver Uintiir-heariiix rttls

Biodistribution of Adriamycin after administration of LA. Wistar rats bearing liver W256 tumors (30 rats/group) received a single dose (2.35 mg/kg) of LA via hepatic artery (i.a.)
or femoral vein (i.V.). Liver HT at 42DC for 6 min was given to 50r<i of animals 2 h later. Adriamycin levels in liver tumor, liver parenchyma, heart, plasma, and collected urine are
shown. Sampling points were 5 min and 2. 8. 24. and 120 h after drug administration. In the HT-treated groups, the 5-min point was skipped since animals did not receive HT. Tissue

and plasma Adriamycin levels are expressed as jig/g wet tissue and ng/ml. respectively. Cumulative urinary excretion is expressed as percentage of injected dose of Adriamycin.

GroupPlasma1234Heart1234Liver1234Tumor1234Urine1234Treatmenti.v.

LAi.V.
LA +HTi.a.

LAÂ¡.a.
LA +HTi.v.

LAi.v.
LA +HTi.a.

LAi.a.
LA +HTi.v.

LAi.v.
LA +HTi.a.

LAi.a.
LA +HTi.v.

LAi.v.
LA +HTi.a.

LAÂ¡.a.
LA +HTi.v.

LAi.v.
LA +HTi.a.

LAi.a.
LA + HT5

min 2h6.76

Â±1.19 3.87Â±0.683.98
Â±0.740.45

Â±0.09 0. 11Â±0.040.12
Â±0.045

min 2h2.56

Â±0.21 2.72 +0.212.86
Â±0.200.45

Â±0.04 0.47 Â±0.040.63
Â±0.0710.77

Â±1.24 12.74Â±1.41I2.90Â±
1.32I7.06Â±

1.40 16.49Â±0.62I4.83Â±

1.067.03

Â±1.21) 5.90Â±0.945.85
Â±0.8827.78+1.69

24.38Â±1.5128.
10Â±2.02rk

of Injecteddose0.01

Â±0.00 3.42Â±1.073.55
Â±1.212x

10- 'Â±0.1X1 0.18Â±0.060.48

Â±0.04jig/ml

Â±SD2.5

h3.72

Â±0.304.03
Â±0.300.10

Â±0.040.42
Â±0.10(ig/g

Â±SD8

h2.79

Â±0.122.91
Â±0.130.52

Â±0.060.69
Â±0.045.30

Â±0.874.82
+0.811

1.36 Â±0.947.
19Â±0.772.29

Â±0.702.24
Â±0.6216.99
Â±2.1628.95
Â±2.50Â±

SD9.27

Â±1.739.34
Â±1.970.75
Â±0. 131.92
Â±0.208h2.55

Â±0.222.75
+0.300.05
+0.030.10

Â±0.0124

h1.51

Â±0.111.55
Â±0.160.44
Â±0.040.53
Â±0.031.37

+0.151.25
Â±0.155.21
Â±0.771.41
Â±0.290.50

Â±0. 110.49
Â±0.096.85
Â±1.7517.98
Â±2.2524

h0.17

Â±0.020.18
Â±0.030.04

+0.010.04
Â±0.01120

h0.17

Â±0.030.17
Â±0.040.08
Â±0.010.07
Â±0.010.32

Â±0.040.30
Â±0.041.I3Â±0.090.44

Â±0.080.10

Â±0.030.10
Â±0.020.63

Â±0.060.94
Â±0.16120

h0.12

Â±0.020.13
Â±0.040.01
Â±0.010.02

Â±0.01
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resected and a plasma sample obtained. Urine was also collected at 5 min. 2 h.
and X h through a catheter. A volume of Kuthoff buffer equal to 5 times the
tissue sample weight was added, the tissues were homogenized, and the Adri-
umycin was extracted with butanol:toluene (1:1). The samples were centri-

tuged at 3(XX) x g for IO min. The supematants were collected, dried, and

dissolved in PBS:methanol (1:1). Adriamycin concentrations in these samples
were determined by HPLC (21).

The tumor and liver parenchyma levels of radiolabeled LA (25 /Â¿Ciof
|'4C]DPPC/ml of LA), which has the same physical and chemical properties as

the unlabeled formulation, were studied in groups of 15 rats each following the
experimental protocol described above. Tissue samples were treated with the
combustion method (24). and the tissue radioactivity was measured with a
scintillation counter (LSC-900: Aloka Co.. Ltd.. Tokyo. Japan). Adriamycin

concentrations in the same samples were determined by HPLC.

Antitumor Activity Studies

Tumor (irowth Inhibition. Nine-week-old rats bearing single W256 liver

tumors had a laparolomy on day 7. Animals with visible liver tumor were
divided into 7 groups of 6-8 animals/group (Table 2). The animals were given

injections of LA (2.35 mg/kg) into either the hepatic artery (groups 4 and 5) or
the femoral vein (groups 6 and 7) or free Adriamycin (2.35 mg/kg) into the

hepatic artery (groups 2 and 3). Animals in groups 3. 5. and 7 were treated with
HT using the same techniques and procedures described above. Animals in the
control group (group Ib) were treated with an equivalent volume of normal
saline given via the hepatic artery. The longest and shortest diameters (n and
/>) of the tumors were measured before drug administration and 5 days later
through a second laparotomy. The tumor volume was calculated as

a x b-

The tumor volume ratio (TVR) was calculated as

TVR =
Tumor volume on day 12

Tumor volume on day 7

Increased Life Span. The design was identical to that of the tumor growth
inhibition experiment, but a no-treatment group of 15 animals (group la) was

added as control. Before drug administration, the existence of liver tumors was
surgically confirmed. Animal survival was monitored until day 90 and the
ÃHLSwas calculated as

/ Median survival of treated group \
'7rlLS = r-r-p â€”¿�â€”. p I X 100

\ Median survival ot control group /

Animals with a survival time >90 days were considered cured.

Statistical Analysis

Differences in biodistrihulion and tumor growth inhibition were analy/ed
for statistical significance using Student's / test, and differences in median

survival between animal groups were analy/ed using a log rank test.

Table 2 \nnt\tmor activity ttf lipttMimtil /Wm/Hivcm iiilniinistert'il Â¡.ti.unti i.V. tilone
in- {Oinbint'il \\itli liypenliermia itauin.H liver VV756 /n/ucn

Tumor volume rate (TVR). ILS. and cure rate of liver tumor-bearing rats. A single
injection of LA (2.35 mg/kg l or free Adriamycin (FA) was injected via hepatic artery (i.u. )
or femoral vein (i.V.) 7 days after inoculation of 5 x 10*'viable W256 cells inlo the left

liver lobe of the animals. Fifteen rats were included in the control group. 8 in the i.a. LA
+ HT group, and 6 in the other groups. Superscripts h and r indicate P < 0.05 and P <
0.01 compared with group without HT. All drug-injected groups in both experiments are
significantly diffÃ©rentfrom normal saline or no treatment group.

GrouplaIb234567TreatmentNo

treatmentNormal
salineFA
i.a.FA

i.a. +HTLA
i.a.LA

i.a. +HTLA
i.v.LA

i.v. + HTTVR4.

XIÂ±(l.d9"1.53

Â±0.23I.55Â±O.I90.84

Â±0.290.52
Â±0.12''1.89

Â±0.481
.87 Â±0.44<7f

ILS1)-5+

27+
26+
108+
242'+

26+
25r/r

Cure000005000

RESULTS

Characterization of LA. As assessed by the laser dynamic light
scattering method, the LA preparation was a homogeneous liposome
suspension. The mean particle size was 850 Â±50 (SD) nm in diam
eter, and the size of all particles (1007r ) ranged from 772 to 903 nm.

By two different methods, centrifugal filtration and gel filtration,
the %EE of Adriamycin in the liposomes were 37.70 Â±1.72 and 38.14
Â±1.64, respectively, in at least five different samples. Physical sta
bility (change of drug remaining in liposomes) of LA suspended in
Tris-HCI buffer or human plasma at 2 h at 37Â°Cwas >95%.

To compare the Tm and temperature of maximum release of encap
sulated drug from the liposomes, the variation in relative endothermic
value and the percentage of release of encapsulated Adriamycin from
LA suspended in Tris-HCI buffer is shown in the same figure (Fig. I).

The temperature of maximum release of encapsulated Adriamycin was
4IÂ°C.which corresponds to the endothermic peak (Tm). At this tem

perature, about 84% of the encapsulated drug was released from the
liposomes. Similar results were obtained when LA was suspended in
human plasma (data not shown) in accordance with previous results
(25-27).

Biodistribution. Table 1 shows the organ distribution of liposomal
Adriamycin in rats bearing liver W256 carcinosarcoma tumors. The
route of administration, i.v. or i.a.. was found to alter significantly the
organ distribution, independently of the addition of HT. HT was found
to alter the organ distribution only when applied after i.a. administra
tion.

In liver and tumor, the drug levels in i.a. treated groups were
1.2-2.5 and 4-24.8 times higher than those in i.v.-treated groups,

respectively. Application of liver HT 2 h after i.a. drug administration
increased by 1.5-2.6-fold the tumor drug levels at all time points and

resulted in sustained tumor drug levels for 6 h. In the liver paren
chyma. HT had the opposite effect. The rate of drug disappearance
was faster in animals treated with HT: between 2 and 120 h the liver
drug levels were reduced by 14-fold in animals not receiving HT and
by 33-fold in animals receiving HT.

Administration i.a. resulted in a decreased systemic distribution of
liposomal Adriamycin. In heart, plasma, and urine, the drug levels in
i.v.-treated groups were 2.2-5.7, 7.0-10.6. and 4.5-35.3 times higher
than those in i.a.-treated groups. In animals treated i.v., the addition of

liver HT did not alter the systemic organ distribution; in contrast, in
animals treated i.a., it increased the plasma drug levels by 4-fold 30

min after completion of HT and the heart drug levels and urine
excretion by 1.3- and 2.7-fold at 8 h. respectively.

o
M
co
S.
Â«
OC
SS

' Mean Â±SD.

o
E

Â£ ,

Oâ€¢¿�o
C
0)

o>
oc

Temperature Â°C

Fig. I. Phase-transition temperature and temperature-controlled release of Adriumycin
encapsulated in temperature-sensitive liposomes. The relative endothermic value ( )
was measured with differential scanning calorimetry. A mixture of hydrated DPPC and
Adriamycin at the same concentrations as in the liposomal Adriamycin sample was used
as control. The percentage of Adriamycin release (â€¢ â€¢¿�]was monitored at different
temperatures (5 samples/point). Armw. heating time.
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The AUCs for each tissue and l'or plasma and urine were calculated

and compared between animals treated with i.a. or i.v. LA. with or
without HT (Table 3). In tumor and liver parenchyma, the AUCs alter
i.a. administration were 8.3-16.8 and 1.3-2.6 times greater than after

i.v. administration, respectively. In heart, plasma, and urine, the AUCs
after i.a. administration were 26-31. 6-9. and 7-18% of those ob
served after i.v. administration, respectively. In the i.a. -treated animals

the addition of HT increased the tumor, plasma, and urine AUCs by
1.5-2.6-fold but had no effect on the heart AUC. No significant

differences were observed between the animals treated i.v. with or
without liver HT.

Fig. 2 shows the tumor and liver parenchyma percentage of injected
dose decrease of [I4C|DPPC and Adriamycin after i.a. administration

of radiolabeled LA alone or in combination with HT. HT did not alter
rate of [I4C]DPPC disappearance in the tumor and liver parenchyma

whereas it increased the tumor Adriamycin levels by 1.5-2.6-fold and

decreased the liver parenchyma Adriamycin levels.
No significant differences in the clearances of | MC]-DPPC or Adri

amycin were found between animals that received radiolabeled LA
i.v.. with or without liver HT (data not shown).

Tumor:Liver and Tumor:Heart Adriamycin Ratio. Tumonliver
and tumorheart drug level ratios were calculated for each animal and
are shown in Fig. 3. The tumonliver drug level ratios after i.a. ad
ministration without HT were about 1.50 until 24 h. and decreased to
0.61 at 120 h. With i.a. administration and HT the ratio greatly
increased to 4.10 at 8 h and 12.5 at 24 h: at 120 h. it was 2.1. The
tumonliver drug ratios in i.v.-treated animals were much lower than
those in i.a. -treated animals (0.30-0.66 verxus 1.50) and were un

changed after the HT. Therefore, i.a. administration resulted in a
preferential distribution of the drug into the tumor tissue compared
with i.v. administration, and HT further enhanced the delivery of drug
into the tumor, but only in animals treated i.a.

A similar phenomenon was found in the tumonheart drug level
ratio. The tumonheart drug level ratios after i.a. administration (7.17-

57.62) were at least 20 times higher than those after i.v. injection
(0-2.57) at all time points. After liver HT. the tumonheart drug level
ratio in i.a.-treated animals was increased by 1.3-1.9-fold between 8

and 120 h after drug administration. No change was observed in the
i.v.-treated animals.

Antitumor Activity. In the tumor growth inhibition experiment.
the size of tumors in animals receiving i.a. LA with or without HT was
decreased by 46.7 and 16.1%. respectively. 5 days after treatment
(P < 0.05), whereas the tumors of the animals treated with free
Adriamycin i.a. or LA i.v. with or without HT were increased by 55.
53, 87, and 89%, respectively (P < 0.01 compared with liposomal
Adriamycin i.a). The actual volumes of tumors of the normal saline
control group were 0.08-0. 10 cm ' on day 7 and 0.36-0.50 cm ' on day

12.
In the survival experiment, the %ILS was 4-9-fold higher in ani

mals treated i.a. with LA than in animals treated i.a. with free Adri-

Tahle 3 //AM/O. plasma, ami urine AUC after i.a. anil i.\: injection itf li[n>\onitil
Ailriamvcin alone or finnhinetl \\'itll in'/it't'tlu'i'initi

Superscripts /) and r indicate /' < 0.01 and P < 0.05 compared wilh animals treated i.a..
without hyperthermia (non-HT). The AUC units for tissue, plasma, and urine samples are
/xg x h/g. /xg x h/ml. and percentage of injected dose x h. respectively.

AUCTissue

and
FluidTumor

Liver
Heart
Plasma
Urinei.v.HT87

Â±18"

199 Â±25
141 Â±13
68 Â±10
42 Â±IINon-HT88

Â±20
212Â±26140

Â±10
65 Â±8
41 Â±9i.a.HT1469

Â±171''
255 Â±34''

44 Â±36Â± I1'
8Â± 1"Non-HT725

Â±132
554 Â±63

36 Â±3
4Â± 1
3Â±1

amycin or i.v. with LA ( 108% versus 27 and 26%, respectively. P <
0.05). When animals received both i.a. LA and HT. the %ILS was
further increased by 2.2-tbld to 242% (P < 0.01) and 50% of animals

were alive on day 90 versus none in all other groups. On the other
hand. HT did not alter the %ILS in animals treated with i.a. free
Adriamycin or i.v. LA.

DISCUSSION

The results of our experiments show that subtherapeutic doses of
liver HT applied 2 h after drug administration increase the tumor drug
levels and enhance the antitumor activity of Adriamycin against liver
tumors when the drug is encapsulated in temperature-sensitive lipo

somes and delivered via the hepatic artery. These effects were not
observed when HT was combined with free Adriamycin administered
into the hepatic artery or with Adriamycin encapsulated in the same
liposomes administered i.v. Since about 85% of the Adriamycin en
capsulated in this type of liposomes has been shown to leak out from
the vesicles in vitro at 41UC. the most likely mechanism for the

increased tumor drug levels and enhanced therapeutic activity appears
to be drug leakage from liposomes retained in the tumor vasculature
into the tumor cell compartment. Alternative mechanisms are possible
but unlikely to account for most of the beneficial effect observed.
Local HT may have profound effects on the tumor vasculature. rang
ing from dilation of small vessels and increased blood How when heat
at 42Â°Cis applied for 30 min to severe vessel damage accompanied

with stasis and extravasation of RBC and complete shutdown of the
circulation when heat at >43Â°Cis applied (28). A temperature-depen

dent chemoemboli/.ation or extravasation type of effect might, there-
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fore, explain the results obtained. However, both types of effects
appear very unlikely: the chemoembolization effect because HT was
applied 2 h after drug administration; and the extravasation effect
because of the mild characteristics of the HT treatment used (duration
of 6 min and highest temperature reached of 42Â°C).Synergism be

tween Adriamycin and HT has been described previously (29). Syn
ergism between subtherapeutic doses of HT and Adriamycin or the
lipid components of the liposomes can be ruled out with a high level
of certainty since no enhancement of antitumor activity was observed
when HT was applied to animals treated with free Adriamycin ad
ministered into the hepatic artery or LA administered i.v.

In animals treated with liposomal Adriamycin but no HT. the use of
the intrahepatic route resulted in 4-fold and Su'/i increases in tumor

and liver parenchyma peak drug levels, respectively, and a slower
drug decrease from both organs compared with the i.v. route. As a
result, the tumor and liver AUC's were about 8.2- and 2.6-fold higher,

respectively, in animals treated i.a. than in animals treated i.v. The
slower drug decrease from the tumor and the liver parenchyma in
animals treated i.a. is consistent with a significant retention of intra-

vascular liposomes as a result of i.a. administration of liposomes.
The observed dissociation of the parallel decrease of |I4C]DPPC

(liposome marker) and Adriamycin after liver HT in animals treated
i.a. with |14C]DPPC LA is an additional indication that HT results

in significant liposome disruption. Interestingly, application of HT
had opposite effects in the drug level change in tumor and liver
parenchyma. It accelerated drug decrease from the liver parenchyma,
probably by enhancing drug uptake, metabolism, and biliary excre
tion from the vesicles retained in the liver capillaries into the
liver parenchyma! cells and slowed drug decrease from the tumor,
resulting in sustained tumor drug levels for several h after applica
tion of HT. probably as a result of transfer of most drug bound to
the liposomes in the tumor vascular bed into the tumor cellular
compartment.

Large unilamellar vesicles were used because they have the best
temperature-controlled drug release properties as a result of their

homogeneous size and lesser curvature compared with small unila
mellar vesicles (25-27). The c/cEE of the liposomes used in our study

is significantly lower than that reported by others (30-33). The %EE

can be easily increased to >70% by preparing the liposomes at a pH
of >7.4 which enhances a tight binding between the lipids and the
drug in non-ionic form. However, in these type of liposomes, the
maximum percentage of drug release by HT is <b()c/c. By preparing

the liposomes at a lower pH (6.01). the Adriamycin in ionic form is
encapsulated in the aqueous phase which increases the percentage of
drug release by HT. although at the expense of a lower %EE.

The use of HT in combination with cytotoxic agents encapsulated
in temperature-sensitive liposomes has been described previously in

murine models of subcutaneous tumors using liposomal methotrexate
and other cytotoxic agents administered i.v. and HT applied less than
30 min after drug administration rather than 2 h as in our study (7, 8,
34-36). In the initial reports, the authors stated that one of the limi

tations of this approach was its narrow spectrum of clinical use be
cause the concept did not address the problem of disseminated ma
lignancies. However, the development of improved local HT
techniques has opened the possibility of applying HT to deep-seated

tumors (e.g., liver tumors) (37). The studies presented here represent
a step toward the development of this strategy for the treatment of
liver metastatic disease, which is an extremely common occurrence in
patients with epithelial malignancies. For example, intrahepatic artery
administration of a cytotoxic agent encapsulated in temperature-sen

sitive liposomes followed by liver HT at the time of the surgical
resection of a colon carcinoma would be a reasonable approach to
investigate in view of the results obtained in our study and the high
incidence and mortality from liver mÃ©tastasesin this disease. The dose
and timing of HT deserve further investigation to optimize drug re
lease into the tumor and to exploit and integrate the inherent antitumor
effects of HT (28). By using the i.a. route of administration, our
studies indicate that the application of HT may be delayed for at least
2 h. probably as a result of retention of intact liposomes in the tumor
vasculature. and this should allow for a greater flexibility in designing
the most appropriate treatment schedule.
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