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Abstract

Liposomal encapsulation of doxorubicin (DXR) improves tumor accumulation and reduces adverse effects. One
possible strategy for further optimization of this delivery technology would be to design the liposome carrier to
release its content within the tumor tissue in response to specific stimuli such as ultrasound (US). In this study, the
tumor uptake properties and therapeutic efficacy of 1,2 distearoyl-sn-glycero-3-phosphatidylethanolamine-based
liposomes containing DXR were investigated in nude mice bearing tumor xenografts. The liposomal DXR formulation
alone showed no inhibitory effect on tumor growth. However, upon exposure to low frequency US in situ inhibition

of tumor growth was demonstrated.
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Introduction

Solid tumors represent 85% of human cancers and most
chemotherapeutics used to treat such cases are small
molecular weight molecules (Jang et al., 2003). Such
molecules distribute non-specifically to both healthy and
tumor tissue resulting in therapy-limiting toxicities. One
strategy to improve the therapeutic-to-toxicity ratio has
been to encapsulate cancer drugs into nanosized lipo-
somes, which accumulate in tumors due to the so-called
enhanced permeability and retention effect (Maeda
et al., 2000). Here, leaky tumor vessels allow liposomes
to extravasate into tumor tissue, while reduced lymphatic
tumor drainage results in liposomal accumulation. To
avoid excessive liposomal uptake by the mononuclear
phagocyte system (MPS), introducing polyethylene glycol
(PEG) into the liposomal membrane reduces undesired
MPS accumulation and promotes prolonged circula-
tion time (Gabizon et al., 2003). The pegylated liposomal
doxorubicin (PL-DXR) formulation, Caelyx®, is today in
routine clinical use for treatment of various solid tumors
(Gabizon et al., 2003). By enclosing DXR in liposomes,

DXR accumulation in the heart is reduced, resulting in
less cardiac toxicities compared to conventional DXR
(Ewer et al., 2004; Batist, 2007).

The efficacy of liposomal drug delivery to tumor tis-
sue is determined by the blood circulation time, tumor
extravasation and the ability of the drug carrier to rap-
idly release its drug-load upon tumor accumulation.
Combining long circulation time and efficient drug
release is, however, nontrivial and still constitutes a
key challenge within liposomology (Drummond et al.,
1999). Several approaches have been proposed to induce
drug release from liposomes including hyperthermia-
(Needham and Dewhirst, 2001), enzymatic- (Davidsen
et al., 2001) and pH- (Sudimack et al., 2002) mediated
strategies. However, a growing line of evidence suggests
thatultrasound (US) may enhance liposomal drug release
improving therapeutic effect (Pitt et al., 2004; Schroeder
etal., 2007, 2009a).

Earlier animal studies have suggested improved anti-
tumor activity of liposomal cytostatics when combined
with low frequency US (LFUS). A recent study indicated
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an improved antitumor effect of PL-DXR when com-
bined with LFUS (Myhr and Moan, 2006). Schroeder
et al. (2009a) have convincingly shown that combining
liposomal cisplatin and LFUS produce an enhanced
therapeutic effect compared to liposomal Ccisplatin
alone. However, the observed therapeutic benefit of this
approach has so far been marginal.

In the studies mentioned above, the liposomes were
not specifically designed for US-mediated drug release.
We have previously reported that in vitro sonosensitiv-
ity is significantly enhanced for liposomes comprising
distearoylphosphatidylethanolamine (DSPE) compared
to phosphatidylcholine-based liposomes (Evjen et al.,
2010). The positive correlation between DSPE and sono-
sensitivity was suggested to be related to the non-bilayer
forming characteristics of the lipid, leading to membrane
perturbations on US exposure and concomitant drug
release (Evjen et al., 2010). In this study, the pharmacoki-
netics and biodistribution of DSPE-based liposomal DXR
were investigated in a prostate xenograft model in nude
mice, as well as the therapeutic effect of combining the
current liposomes with LFUS.

Materials and methods

Materials

DXR hydrochloride, provided as lyophilized powder, was
supplied from Nycomed, Asker, Norway. The PL-DXR
product Caelyx® was supplied by the pharmacy at the
Norwegian Radium Hospital, Oslo, Norway (European
distributor Schering-Plough). 1,2-Distearoyl-sn-
glycero-3-phosphatidylethanolamine (DSPE), 1,2-dis-
tearoyl-sn-glycero-3-phosphatidylcholine (DSPC) and
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-
N-(methoxy(PEG)-2000) (DSPE-PEG 2000) were
purchased from Genzyme Pharmaceuticals, Liestal,
Switzerland. Cholesterol, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ammonium
sulfate, Triton X-100® solution and sucrose were obtained
from Sigma-Aldrich, Oslo, Norway. Serum of fetal bovine
origin was purchased from Autonorm, Sero, Billingstad,
Norway.

For anesthesia of mice, a mixture of 2.4mg/ml tile-
tamine and 2.4mg/ml zolazepam (Zoletil® vet; Virbac
Laboratories, Carros, France), 3.8mg/ml xylazine
(Narcoxyl® vet; Roche, Basel, Switzerland) and 0.1 mg/ml
butorphanol (Torbugesic®; Fort Dodge Laboratories, Fort
Dodge, IA) was prepared and used. Physiological saline
was supplied by Fresenius Kabi, Halden, Norway.

Liposome preparation

Liposomes composed of DSPE, DSPC, DSPE-PEG 2000
and cholesterol (54.5:10:5.5:30 mole% ) with a mean inten-
sity weighted diameter of 85+ 5nm were prepared by the
thin film hydration and sequential extrusion technique,
as previously described by Evjen and coworkers (2010).
In brief, lipids were dissolved in a chloroform/metha-
nol mixture (9/1 v/v) at 60°C, and rotary evaporated to
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dryness under high vacuum. The resulting dry lipid film
was hydrated with 300 mM ammonium sulfate followed
by three freeze-thawing cycles and stepwise extrusion
(Lipex extruder; Biomembrane Inc., Vancouver, BC,
Canada) through Nucleopore polycarbonate filters of
decreasing pore size (800 to 80nm) (Nucleopore, West
Chester, PA). The lipid hydration, liposome extrusion and
thawing process were performed at 75°C, above the gel-
to-liquid crystalline phase transition temperature of the
phospholipids.

Formation of an ammonium sulfate gradient was
achieved by extensive dialysis of extruded liposomes
against a 255mM sucrose solution, with intermediate
exchange of the dialysis solution for ~48h. DXR was
added as solution to the liposome dispersion to give a
drug-to-lipid ratio of 1:16 m/m. The final lipid concentra-
tion was 16 mg/ml. To obtain optimal drug entrapment
efficiency, the liposome dispersions were, after DXR
addition, further incubated for 30 min under stirring at
75°C. Any remaining free DXR was removed by liposome
dialysis against an isotonic sucrose solution containing
10mM HEPES (pH 7.4). The final liposomal DXR concen-
tration was quantified by fluorescence measurements as
described by Evjen and coworkers (2010).

In vitro liposomal characterization

The mean intensity-weighted hydrodynamic liposome
diameter was determined by photon correlation spectros-
copy at 23°C and at a scattering angle of 90° (Nanosizer;
Malvern Instruments, Malvern, UK). As an indicator for
the width of the particle size distribution, the polydisper-
sityindex (PI) was given. Each liposome batch was diluted
1:200 (v/v) with 0.22 pum filtered isotonic sucrose solution
containing 10mM HEPES (pH 7.4). Triplicate measure-
ments were performed. € Potential measurements were
performed using a Malvern Zetasizer 2000 (Malvern
Instruments, Malvern, UK). Liposome dispersions were
diluted 1:30 (v/v) with 0.22 pum filtered isotonic sucrose
solution containing 10 mM HEPES (pH 7.4). The diluted
liposome dispersions were injected into the measur-
ing cell immediately after pH measurements. Triplicate
measurements were performed.

US experiments were performed using a 40 kHz non-
focused 19 mm diameter US transducer (model VC 754;
Sonic and Materials Inc., Newtown, CT) connected to
a custom-built sample chamber as described by Huang
and MacDonald (2004). The temperature in the sample
chamber was kept below 30°C during the US exposure
by circulating room tempered water through adjacent
chambers. The liposome dispersions were diluted in a
1:500 v/v ratio with isosmotic sucrose solution contain-
ing 10mM HEPES (pH 7.4) just before the US experi-
ments. The diluted liposome dispersions were exposed
to 40kHz US at a nominal transducer input of ~12W/
cm?in continuous mode. Samples were taken out at 0.5,
1.0, 1.5, 2.0, 4.0 and 6.0 min of US. The following equa-
tion was used for quantification of US-mediated DXR
release:
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(E_Fo)

% DXR release =
(Fmax - F() )

*100. (1)

Where F, and F, are the fluorescence intensities of a
given liposome sample before and after a given dura-
tion () of US, respectively, and F__ is the fluorescence
intensity after liposome solubilization with surfactant
(Triton X-100) to mimick 100% DXR release. The diluted
liposome samples were solubilized with Triton X-100 at
a ratio of 50:1 (v/v). Triplicate US measurements were
performed.

Liposomestabilitywasstudied usingawell-established
serum-induced leakage assay mimicking biological
conditions (Allen and Cleland, 1980; Bonté and Juliano,
1986; Lasic, 1993). Liposome dispersions were diluted
1:125 (v/v) with an isotonic sucrose solution containing
10mM HEPES (pH 7.4) and 20% fetal bovine serum and
incubated for 24 h at 37°C. Time-dependent DXR leak-
age was quantified by fluorescence measurements of the
liposome samples further diluted 1:4 (v/v) with the above
mentioned sucrose solution, this according to equation 1.
Triplicate samples were measured.

The temperature sensitivity of the liposomes was
investigated by diluting liposome dispersions 1:125 (v/v)
with isotonic sucrose solution containing 10 mM HEPES
(pH 7.4) and exposed to 60°C for 2h. Temperature-
induced DXR leakage was quantified by fluorescence
measurements of the liposome samples further diluted
as described above, according to equation 1. Triplicate
samples were measured.

All fluorescence intensity measurements were per-
formed using a fluorescence spectrometer from Ocean
Optics (model QE65000; Duiven, the Netherlands).
The excitation and emission wavelength were 488 and
595 nm, respectively.

Experimental animals

Male athymic nude Balb/c mice were provided by the
Department of Comparative Medicine (animal facil-
ity), the Norwegian Radium Hospital. CWR22 prostate
adenocarcinoma, obtained from surgical specimens
(Pretlow et al., 1993), were serially transplanted in mice.
In brief, by blunt dissection through a skin incision, a
tumor fragment (~2x2x2mm) was subcutaneously
(s.c.) implanted into the flank of 4-5-week-old mice. The
skin incision was sealed with topical skin adhesive and
4 weeks later a tumor xenograft of 5-8 mm in diameter
developed. The mice were housed in transparent boxes
with bedding material, fed ad libitum and kept under
specific pathogen-free conditions. The temperature and
relative humidity were kept constant at 20-21°C and
60%, respectively. At the end of the experiments, all ani-
mals were euthanized by cervical dislocation. All proce-
dures were performed according to protocols approved
by the National Animal Research Authority and carried
outin compliance with the European Convention for the
Protection of Vertebrates Used for Scientific Purposes.

© 2010 Informa UK, Ltd.
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Pharmacokinetic and biodistribution studies
Liposomal DXR was administered 4 weeks after tumor
transplantation when the mice carried xenografts sized
5-8mm in diameter. Animals received 3.5mg/kg lipo-
somal DXR as a single intravenous (i.v.) bolus through
the tail vein under anesthesia induced by s.c. administra-
tion of 0.1 ml anesthetic agent. Animals were sacrificed
in groups of four at different postinjection time points (1,
3, 8,12, 18, 24, 30, 48 h). Tumor, liver, spleen and kidneys
were excised and their weight registered. The total blood
volume was collected by cardiac puncture using heparin-
ized syringes and stored in heparinized tubes. All tissue
and blood samples were kept on ice bath until storage at
-80°C.

Quantification of DXR in blood and tissues
Quantification of DXR was performed similarly to the one
described by Gabizon et al. (1989). In brief, 0.1 ml whole
blood samples (lysed due to freezing) were mixed with
1.9 ml acidified ethanol (0.3 M HCl in 50% ethanol, pH <1)
giving a final 1:20 (v/v) dilution ratio. Duplicate samples
were prepared for further processing. Acidified ethanol
in a final 1:10 (v/v) dilution ratio was added to the tissue
samples and homogenized using a Polytron® Benchtop
Homogenizer. The digested blood and tissue samples
were incubated for 24h at 4°C in the dark. Following
incubation, the precipitate was removed by centrifuga-
tion (20,000g, 20 min, 4°C) and the supernatant (contain-
ing extracted DXR) stored at -20°C until fluorescence
measurements were performed. The extracted DXR was
quantified by fluorescence measurements as previously
described using multipoint calibration curves. The latter
were generated by adding known amounts of Caelyx® to
blood and tissue (tumor, liver, spleen and kidney) homo-
genate and incubated and centrifuged as described
above. All calibration curves had regression coefficients
(R?) >0.99. By adding known amounts of liposomal DXR
to blood and tissue homogenate, the assay had a recovery
greater than 91% for all studied tissues.

Therapy study

Animals carrying CWR22 xenografts were randomly allo-
cated into four groups (n=8) according to different treat-
ment regimes (Table 1). A dose of 3.5mg/kg liposomal
DXR was given i.v. to anesthetized animals. The rationale
for using the relatively low dose of 3.5mg/kg liposomal
DXR was to avoid reaching therapy saturation levels
where any potential effects produced by US would not be
detectable. Twenty-four hours postinjection, when the
tumor DXR concentration had reached peak levels (see
“Pharmacokinetic and biodistribution studies” section),
designated animals received LFUS treatment. In brief, a
40kHz ultrasonic processor (model VC 754; Sonic and
Materials Inc.) with a 19 mm diameter probe was par-
tially submerged into a cylinder containing deionized
water, degassed by boiling, and cooled in ice bath. The
bottom of the cylinder was sealed with a latex membrane
in firm contact with the skin covering the tumor of the
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anesthetized animallocated on an adjustable plate. A thin
layer of US gel was placed between the skin and the latex
membrane. The US probe was run at a nominal intensity
of ~12W/cm? for a duration of 4 min and with a 2 cm dis-
tance between the probe and skin. Preliminary tests were
performed to ensure that the combination of probe-skin
distance and duration of US exposure did not induce any
visible local skin lesions. Tumor size was measured in
3-5-dayintervals for 22 days using digital callipers (model
B220S; Kroeplin, Schliichtern, Germany). Tumor volume
was calculated using the formula (71/6) x length?x width
(Favier et al., 2007). Individual tumor volumes were nor-
malized to pre-treatment level on day 0 by dividing all
tumor volumes with measured volume at day 0.

Statistical analysis

By means of a multiple regression procedure, the differ-
ences in tumor growth delay between the four experi-
mental groups were operationally represented by three
between-group contrasts: (i) comparing the liposomal
DXR groups and the saline groups, (ii) comparing the
LFUS group with no-LFUS within the liposomal DXR
conditions and finally (iii) comparing the LFUS group
with no-LFUS within the saline conditions. The analysis
was performed using normalized tumor volumes. The
tumor growth delay was represented by developmental
growth curves of linear and quadratic polynomial con-
trasts, respectively, adjusted for unequal time intervals
between the measurement points (Pearson and Hartley,
1976; Cohen et al., 2003).

Results

In vitro liposomal characterization

Small-sized liposomes, slightly below 100nm, are
preferred to obtain long circulation in blood and
consequently high extent of accumulation in tissues
of increased vascular permeability, such as tumors
(Drummond et al., 1999). The liposomes showed a mean
diameter of 85+2nm. The mean PI of 0.077+0 indicated
a narrow size distribution. The measured T potential was
-19.5+1.2 mV. This slightly negative T potential is typical
for pegylated liposomes (Woodle et al., 1992, 1994).

US-mediated DXR release from liposomes are shown
in Figure 1. Release extent increased with US exposure
time and reached 25% after 6 min.

Accumulation of liposomes in tumors is a relatively
slow process requiring long circulation time (Gabizon
et al.,, 1997) and it is therefore important that circulat-
ing liposomes efficiently retain DXR en route to target.
Stability studies of the investigated liposomal formulation
in 20% serum demonstrated only 2% DXR leakage after
24-h incubation at 37°C, suggesting that the liposomes
would efficiently retain DXR after i.v. injection.

The liposomes also showed to be thermostable as no
detectable leakage of entrapped DXR was observed dur-
ing 2-h exposure to 60°C. The sample temperature dur-
ing an US run never exceeded 30°C, indicating that the
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observed in vitro drug release was not directly attribut-
able to temperature effects.

Pharmacokinetic and biodistribution studies

Analysis of blood samples showed that ~6.5 pg/ml of
injected DXR remained in the blood circulation 24h
after i.v. injection (Figure 2) corresponding to ~10% of
the injected dose. The tumor DXR concentration reached
a plateau between 24 and 48h postinjection (Figure 3).
As expected, high amounts of DXR were also found in
spleen (Figure 4) and liver (Figure 5) with peak levels 24 h
postinjection of, respectively, 8 and 35% of the injected
dose, corresponding to 66 and 21 ug DXR/g tissue. In the
kidneys, peak DXR concentration occurred 3 h postinjec-
tion followed by a gradual decrease (Figure 6).

Therapy study

Tumors were exposed to LFUS 24 h postliposome injec-
tion coinciding with the peak DXR tumor concentration as
determined in the biodistribution study. No difference in

30
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% DXR released from liposomes
o

0 1 2 3 4 5 6
LFUS duration time (min)

Figure 1. In vitro US-mediated DXR release from liposomes in
isosmotic sucrose solution (40 kHz, continuous mode). The mean
and standard deviation of triplicate measurements are given.
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Figure 2. DXR blood concentration as a function of time after i.v.
injection of liposomal DXR to tumor-bearing mice. The mean and
standard deviation are given (n=4).
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Figure 3. DXR tumor concentration as a function of time afteri.v.
injection of liposomal DXR to tumor-bearing mice. The mean and
standard deviation are given (n=4).
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Figure 4. DXR spleen concentration as a function of time afteri.v.
injection of liposomal DXR to tumor-bearing mice. The mean and
standard deviation are given (n=4).
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Figure 5. DXR liver concentration as a function of time after i.v.

injection of liposomal DXR to tumor-bearing mice. The mean and
standard deviation are given (n=4).
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Figure 6. DXR concentration in kidneys as a function of time after
i.v. injection of liposomal DXR to tumor-bearing mice. The mean
and standard deviation are given (n=4).

-
o

- Liposomal DXR/no LFUS
—O—Saline/LFUS

8 1| —v—Saline/no LFUS
—4-Liposomal DXR/LFUS

Normalized tumor volumes (relative units)

0 5 10 15 20
Time post inj. (days)

Figure 7. Tumor growth in mice receiving different treatments
(Table 1). Mean and standard deviations are given (n=8).
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Figure8. Normalized bodyweighttime evolution of micereceiving

different treatments (Table 1). Mean and standard deviation are
given (n=8).
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the linear trend for tumor growth was obtained between
the liposomal DXR groups and saline groups (contrast
1, “Statistical analysis” section). Also for the difference
between the LFUS vs. no-LFUS groups within the saline
conditions, no effect was proved significant (contrast 3,
“Statistical analysis” section).

However, mice receiving liposomal DXR in combi-
nation with LFUS demonstrated a significantly slower
linear growth trend compared to those receiving only
liposomal DXR (contrast 2, “Statistical analysis” sec-
tion), controlled for the two other contrasts (p<0.5).
No relationships between any of the contrasts and the
quadratic trend controlled for the linear trend were
obtained. The differential observed pattern of growth
curves for the four experimental conditions is portrayed
in Figure 7.

Preliminary toxicity

The mice were monitored throughout the therapy study
with respect to potential weight loss (Figure 8) and other
external signs indicative of toxicity. After drug adminis-
tration under anesthesia, all experimental groups expe-
rienced an initial weight loss independent of treatment.
The two groups receiving liposomal DXR experienced
a larger weight loss, but the mean maximum weight
reduction was less than 10% of initial body weight and
less than 5% of untreated control (group 3), which was
considered acceptable. US treatment per se did not pro-
duce any visible skin lesions. No animals succumbed
or showed signs of discomfort during the 22-day-long
experiment.

Discussion

Cytostatic drugs used in the treatment of solid tumors
have a non-specific distribution resulting in numerous
off-target effects and suboptimal therapeutic-to-toxicity
ratio. Although liposomal formulations of cytostatic
drugs like DXR reduce side effects and improve tumor
accumulation (Gabizon et al., 2003), efficient release
from liposomes in the tumor is still considered a chal-
lenge. This challenge has been sought accommodated
by triggered liposomal release with LFUS (Frenkel, 2008;
Schroeder et al., 2009b).

To obtain maximum effect of LFUS treatment, it
is desired to expose the tumor to LFUS at the time of
maximum DXR concentration. Numerous biodistribu-
tion studies performed in tumored mice with different
PL-DXR formulations and drug dosages all describe a
peak DXR tumor concentration 1-2 days postinjection
(Gabizon et al., 1997, 2003; Cui et al., 2007). This was
confirmed in the present study and LFUS treatment was
consequently performed 24 h postinjection. The method
used for quantification of tumor DXR concentrations did
not differentiate between free DXR and liposomal DXR
nor between extravasated and circulating liposomal DXR
in tumor tissue. However, since the blood concentration
of DXR at the point of LFUS treatment (24 h postinjection)

GDRT 551401

represented only 10% of the injected dose, the contribu-
tion of DXR in the tumor vasculature to the total tumor
DXR concentration was expected to be minimal. It fol-
lows that most of the measured DXR in tumor tissue may
be assumed to be interstitial rather than circulating lipo-
somal DXR.

Further, we show improved therapeutic outcome in
tumor-bearing mice receiving liposomal DXR with sub-
sequent exposure to LFUS. By contrast, neither liposomal
DXR nor LFUS alone produced any therapeutic effect
compared to untreated control. In vitro studies showed
an ~20% DXR release from liposomes after 4min of US
exposure and it may be assumed that similar release lev-
els are obtained in tumor tissue. This assumption is, how-
ever, not unproblematic. Acoustic cavitation has been
hypothesized as a key factor in US-mediated drug release
(Pitt et al., 2004) and it is known that the threshold for
inducing cavitation in a medium depends on several fac-
tors like the level of dissolved gases, viscosity, purity, etc
(Atchley et al., 1988; Deng et al., 1996; Ogawa et al., 2002).
These factors clearly vary between the current experi-
mental systems rendering the above assumption uncer-
tain. Furthermore, the liposome sonosensitivity may be
directly influenced by interaction with plasma proteins,
cells, etc within the tumor tissue. It is therefore possible
that the observed tumor growth inhibition resulted from
other effects induced by LFUS, in particular enhanced
cellular drug uptake (Sundaram et al., 2003; Pitt et al.,
2004) and improved liposomal extravasation (Dvorak
etal., 2004).

During the 4-min in vivo exposure, the temperature of
the water inside the cylinder increased from ~4 to 42°C. A
similar temperature increase in the treated tumor cannot
be excluded. In vitro release studies excluded tempera-
ture as factor in drug release and no tumor growth effects
of LFUS alone could be demonstrated. It follows that if
intratumor temperature increased, it did not induce drug
release nor was it tumouricidic alone.

All the above theories may alone or in combination
explain the observed therapeutic effect of liposomal
DXR combined with LFUS treatment. Surprisingly, the
group receiving solely liposomal DXR did not experi-
ence any anti-tumor effect suggesting that tumoricidic
concentrations of free DXR in the tumor were not
obtained. The in vitro serum stability studies and in
vivo pharmacokinetic studies demonstrated high sta-
bility and reduced bioavailability of the encapsulated
DXR. This may both explain why tumouricidic levels of
free DXR was not obtained in the group receiving solely
liposomal DXR, as well as provide support for LFUS-
triggered drug release in the group receiving liposomal
DXR in combination with LFUS. Still, a conclusion on
the mechanism of action will have to await further stud-
ies distinguishing between free and liposomal DXR
post-LFUS treatment.

There were relatively large variations in measured
tumor DXR concentrations between mice within the same
groups. This heterogeneous liposome uptake is likely to
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Table 1. Experimental groups receiving different treatments.
Experimental groups

Group no n Administered test article LFUS
1 8 Liposomal DXR (3.5 mg/kg) -
2 8 Liposomal DXR (3.5mg/kg) +
3 8 Saline (0.25 ml/animal) -
4 8 Saline (0.25ml/animal) +

be caused by intratumoural differences in physiological
features such as necrosis and vascularization. Also, the
CWR22 tumor model is an androgen-dependent human
prostate adenocarcinoma and individual differences in
tumor growth rate may, to a certain extent, be explained
by differences in androgen levels between individual
animals.

Acute toxicity studies with PL-DXR in mice have
reported LD and LD, tobe 11.7+2.1 and 38.3 £7.2mg
DXR/kg, respectively (Working and Dayan, 1996).
Accumulated doses of 36 mg DXR/kg of PL-DXR have
also reported to give severe toxicities in mice (Charrois
and Allen, 2003). The current liposomal DXR dose of
3.5mg/kg is well below these levels and no adverse
effects were observed. The biodistribution study
revealed substantial liver uptake and liver toxicities
could be a potential problem. However, in this study,
only moderate therapy associated weight loss was
observed during the first days postdrug administra-
tion and did not deviate significantly from untreated
control. Hence, the probable cause of weight loss was
anesthesia rather than toxic effects of the liposomal
DXR formulation. Animals receiving LFUS did not
develop any local skin lesions nor did they experience
any additional weight loss.

Conclusion

In this study, a new treatment strategy combining DSPE-
based liposomal DXR and LFUS in tumor-bearing mice
has been demonstrated. The data suggest an enhanced
antitumor effect of liposomal DXR when combined
with acoustic energy as observed by a significant tumor
growth delay. However, as US may have complex effects
on exposed tissues, new studies are necessary to clarify
the mechanism behind the observed therapeutic effect.
Also, optimization of liposome sonosensitivity at clini-
cally relevant US frequencies will be important upon
clinical implementation.
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