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Purpose. The first objective was to study the in vitro myotoxicity of
empty liposomes and to examine whether liposome size, charge and
fluidity affect liposome myotoxicity. The second objective was to
investigate the effect of liposomal encapsulation on the in vitro and in
vivo myotoxicity of loxapine compared to the loxapine commercial
preparation (Loxitane®).

Methods. The in vitro myotoxicity of empty liposomes and loxapine
liposomes was evaluated by the cumulative efflux of the cytosolic
enzyme creatine kinase (CK) from the isolated rat extensor digitorum
longus (EDL) muscle over a 2 hour period. In the in vivo studies, the
area under plasma CK curve over 12 hours was used to evaluate
muscle damage.

Results. The in vitro myotoxicity for all empty liposomal formulations
was not statistically different from negative controls (untreated control
muscles and normal saline injected muscles). However, these empty
liposomal formulations were significantly less myotoxic than the posi-
tive controls (muscles injected with phenytoin and muscle sliced in
half). In vitro-in vivo studies showed that the liposomal encapsulation
of loxapine resulted in significant (P < 0.05) reduction in myotoxicity
(80% in vitro and 60% in vivo) compared to the commercially available
formulation which contains propylene glycol (70% V/V) and polysor-
bate 80 (5% W/V) prepared at equal concentration.

Conclusions. Results indicate that empty liposomes do not induce
myotoxicity. Furthermore, liposomal size, charge and fluidity do not
affect myotoxicity. In addition, in vitro and in vivo studies have demon-
strated that liposomal encapsulation of loxapine can reduce myotoxicity
compared to a formulation containing organic cosolvents.

KEY WORDS: myotoxicity; muscle damage; intramuscular; lipo-
somes; loxapine; and creatine kinase.

INTRODUCTION

A common problem associated with IM drug administra-
tion is skeletal muscle pain and/or damage at the injection
site (1). Liposomes have been reported to reduce drug-induced
myotoxicity (2). These lipid drug carriers are composed of
naturally occurring substances in the body. They are thought
to be compatible with muscle tissues and could reduce the
interaction between the drug and the muscle fibers, thereby
reducing the severity of muscle damage upon IM injection. In
the utilization of liposomes to reduce muscle damage, certain
variables may play a role in the residency time of liposomes
at the injection site and their fate following IM injection. These
factors include: size, charge and fluidity of liposomes. Large
multilamellar liposomes (0.3-2 p.m) reside at the injection site
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longer than small liposomes (0.15-0.7 pm) (3). Positively
charged stearylamine-liposomes have been reported to exert
cytolytic activity following intravenous administration in rab-
bits (4). This effect was attributed mainly to the interaction
between the positively charged liposomes with the negatively
charged erythrocyte membrane leading to cell damage. Fluidity
of phospholipid membranes can be influenced by the presence
of cholesterol. In the liquid state, cholesterol reduces the free-
dom of the acyl chains which causes phospholipid membrane
condensation with a reduction in area, closer packing and
decreased fluidity leading to more stable liposomes (5).

The first objective was to study the in vitro myotoxicity
of empty liposomes with respect to size (large vs. small), charge
(positive vs. negative) and fluidity (presence vs. absence of
cholesterol). Neutral liposomes were excluded from this study
because their size was constantly changing due to aggregation.
This work represents in our views the first and only systematic
and complete evaluation of liposomal factors and their impact
on muscle damage following IM administration. The second
objective was to investigate specifically whether liposomal for-
mulations, owing to their ability to enhance solubility without
the use of cosolvents, could be used to reduce the in vitro
myotoxicity of poorly water soluble drugs. In plasma, increased
levels of CK activity is considered a marker for skeletal muscle
damage (6). Increased plasma CK levels have been reported to
be well correlated with other indices used to monitor muscle
damage (viz., hemolysis and histological evaluation) (7). There-
fore, the third objective of this study was to use the rodent model
to investigate the in vivo myotoxicity of loxapine liposomes
following IM administration. We believe the use of the rodent
model to study in vivo myotoxicity contributes to the novelty
of this work. Traditionally, the use of other larger animal modelis
(viz., rabbit and dog) has been described. However, the rodent
model proves to be superior to other animal models due to a
variety of different reasons. In rabbits, pronounced fluctuations
in CK activity had been reported because of the escape reaction
before and during treatment (8). In addition, Olling and co-
workers (9) reported that repetitive blood sampling from the
ear vein leads to increased levels of CK which might interfere
with CK level following IM injection. In dogs, Aktas and
co-workers (10) reported numerous false negatives and false
positives in plasma CK levels following IM injection. Our
in vitro-in vivo results provide an insight on how liposomal
formulations can be utilized, without the use of cosolvents, to
reduce muscle damage upon IM injection of very poorly water
soluble drugs (e.g., loxapine) which often incorporate organic
cosolvents (e.g., propylene glycol and ethanol).

MATERIALS AND METHODS

Materials

Egg-phosphatidylcholine (PC) and egg-phosphatidylglyc-
erol (PG) were purchased from Avanti Polar Lipids (Alabaster,
AL.). Stearylamine (SA), cholesterol (CH) and Sephadex G-
50 (medium) were purchased from Sigma Chemical Company
(St. Louis, MO.). Loxapine base was a gift from American
Cyanamid Company. Phospholipids used were of highest purity
(>99%) and all other substances used were of analytical grade.
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Preparation of Empty Liposomes

Positively charged liposomes were composed of PC:SA
(9:1 M) or PC:SA:CH (7:1:2 M), while negatively charged
liposomes were composed of PC:PG (7:3 M) or PC:PG:CH
(4:3:3 M). Liposomes were prepared at a lipid concentration
of 25 mg/mL by the thin film hydration method. Using a high
pressure extrusion device (Lipex Biomembranes, Inc., Vancou-
ver, BC), extrusion through two polycarbonate membranes of
2 pm pore size and two membranes of 0.4 wm with two mem-
branes of 0.2 pm pore size was used to produce four large (L)
liposomal preparations (1.5-2.0 pwm) (viz., LPCSA, LPCPG,
LPCSACH and LPCPGCH) and four small (S) liposomal prepa-
rations (0.2-0.5 pm) (viz., SPCSA, SPCPG, SPCSACH, and
SPCPGCH), respectively. Liposome particle size was analyzed
using laser light scattering (Nicomp Instruments, Inc., Menlo
Park, CA)).

Preparation of Loxapine Liposomes

Loxapine was incorporated in PC:PG (7:3 M) at a drug
to lipid molar ratio of 1:2 and lipid concentration of 100 mg/
mL. Dried lipids and loxapine were dissolved in tertiary butanol.
Tertiary butanol was dried using rotary evaporation at 40°C (in
vitro studies) or freeze drying at —40°C (in vivo studies) to
form a thin film on the vessel wall. The dry lipids were dispersed
in isotonic phosphate buffer (0.1 M, pH 6) and shaken for
2 hours at room temperature under nitrogen. The resulting
liposomes were freeze-thawed 5 times to obtain equilibrium
transmembrane solute distribution. The freeze thawed lipo-
somes were extruded 5 times to produce a homogeneous popula-
tion of liposomes with an average diameter of 1.1 pm. To
separate free drug from encapsulated drug, liposomes were
passed down a Sephadex G-50 minicolumn preequilibrated with
isotonic phosphate buffer (0.1 M, pH 7.4) (11).

Measurement of Encapsulation Efficiency

The HPLC assay to determine the entrapped amount of
loxapine in liposomes was a modification of a method of
Cheung (12). To lyse loxapine liposomes, an aliquot (10 wl)
was diluted 100 times with 80% (V/V) methanol solution. After
centrifugation, supernatant (50 pl) was injected directly onto
the column. The encapsulation efficiency was determined as
the ratio of liposomal drug load to the initial drug load and
calculated to be 48-57%.

In Vitro Myotoxicity Studies

Male Sprague-Dawley rats (350-500 g, Charles River,
Wilmington, MA.) were sacrificed via cervical dislocation fol-
lowing the administration of an anesthetic cocktail. All proto-
cols were approved by the Animal Care and Use Committee
at the University of Florida in accordance with NIH guidelines.
The EDL muscles were isolated, removed, injected with test
formulation (15 wl) and placed into 9 mL of a balanced salt
solution as previously described (13). After injection, the bal-
anced salt solution was drained from the incubation vessel at
30-minute intervals followed by the addition of fresh media.
CK activity in the drained solutions was measured spectrophoto-
metrically (Amax 340 nm) using a commercially available kit
(Sigma Chemical Company, St. Louis, Mo.). The assay was
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run at 30°C and validated using a standard (Accutrol Normal).
Myotoxicity was assessed by the cumulative release of CK into
the incubation medium over a 2 hour period.

In Vivo Myotoxicity Studies

Male Sprague-Dawley rats (250-450 g, Charles River,
Wilmington, MA.) were employed for this study. The carotid
artery was catheterized with propylene tubing (PES0, Clay
Adams, Parsippany, NJ.) under Metofane® anesthesia. The cath-
eter was exteriorized between the scapulae and exposed areas
closed using surgical suture (Ethicon, Inc. Somerville, NJ). The
rats were allowed to recover for 24 hours before the study to
make sure the CK levels reached pre-catheterization baseline
levels as originally described by Brazeau (14). Following IM
injection (0.3 mL) in the right thigh muscle (musculus rectus),
blood samples (0.5 mL) were collected via the carotid artery
catheter at 0, 0.5, 1, 2, 4, 8 and 12 hours. Heparinized (100 U/
mL) normal saline solution (0.05 mL) was used to fill the
catheter just after each blood sample to prevent blood clotting.
The blood samples were centrifuged immediately and plasma
was stored in the freezer (—20°C) for analysis of CK, while
blood cells were reconstituted in heparinized (40 U/mL) normal
saline solution (0.25 mL) and vortex mixed to be reinjected
into the rat following the next sample to maintain blood volume.
Myotoxicity was assessed by the area under the plasma CK
curve over a 12 hour period calculated by the linear trapezoi-
dal rule.

Data Analysis

Data are presented as the mean and standard error of the
mean with n = 5-8 muscles per treatment for in vitro studies
or n = 4-5 for in vivo studies. Statistical analysis of cumulative
CK activity or area under plasma CK curve among the different
treatments was performed using one-way ANOVA followed by
Tukey’s test (p < 0.05).

RESULTS AND DISCUSSION

In Vitro Myeotoxicity of Empty Liposomes

The cumulative CK release for four large empty liposomal
preparations along with two positive controls {(muscles injected
with phenytoin and muscles sliced in half) and two negative
controls (untreated control muscles and muscles injected with
normal saline) is shown in Figure 1, while the cumulative CK
release for four small empty liposomal preparations along with
two positive controls and two negative controls is shown in
Figure 2. The injection of phenytoin (Dilantin®) was approxi-
mately 45-times more myotoxic than untreated control muscles.
This difference in myotoxicity between untreated control mus-
cles versus phenytoin was similar in magnitude to that reported
in a previous study (13). Muscles injected with normal saline
were used as negative controls to rule out muscle damage caused
by needle puncture. The eight empty liposomal formulations
prepared at different size, charge and fluidity (viz., LPCSA,
LPCPG, LPCSACH, LPCPGCH, SPCSA, SPCPG, SPCSACH,
and SPCPGCH) were found to be slightly more myotoxic than
untreated control muscles (Figure 1 and Figure 2). Furthermore,
the myotoxicity of these empty liposomes were approximately
equal to muscles injected with normal saline, which is known
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Fig. 1. Cumulative creatine kinase release versus time for muscles
injected with phenytoin, 50mg/mL (O), sliced muscles (@), muscies
injected with normal saline ((]), untreated controls (l), LPCSA (A),
LPCPG (A), LPCSACH (V), and LPCPGCH (¥). Each point repre-
sents the mean and standard error of the mean (n = 5-8).

to be non-myotoxic as measured by enzyme release and histo-
logical examination (13). However, these liposomal formula-
tions were significantly less myotoxic than muscles injected
with phenytoin or muscles sliced in half. Furthermore, there was
no significant difference in myotoxicity between the liposomal

180
160
140
120 -
100

g

= 80

S 60

x

P 40

g 2

= 10

o)

) 8

2

=

=

E

3

O

0 20 40 60 80 100 120 140

Time (min)
Fig. 2. Cumulative creatine kinase release versus time for muscles
injected with phenytoin, 50mg/mL (O), sliced muscles (@), muscles
injected with normal saline ((]), untreated controls (), SPCSA (A),
SPCPG (A), SPCSACH (V), and SPCPGCH (V). Each point represents
the mean and standard error of the mean (n = 5-8).
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preparations which indicates that liposomal size, charge and
fluidity do not impact on the extent of muscle damage i.e., all
these empty liposomal formulations are tissue compatible.

In Vitro Myotoxicity of Loxapine Liposomes

The ability of liposomes to protect against loxapine-
induced muscle damage was investigated using loxapine incor-
porated into negatively charged liposomes PC:PG (7:3 M).
Loxapine was selected because of its limited water solubility.
The commercial parenteral formulation of loxapine (Loxitane®)
contains loxapine hydrochloride (equivalent to 50 mg/mL loxa-
pine base) dissolved in 70% V/V propylene glycol and 5% W/
V polysorbate 80. In previous studies, propylene glycol was
found to be extremely myotoxic at this concentration (13).

To determine whether the commercial preparation of loxa-
pine is myotoxic and whether this myotoxicity can be attributed
to the solvent system and/or loxapine, the myotoxic potential
of the following formulations were investigated: 1) loxapine
commercial formulation (Loxitane®-50 mg/mL) and 2) loxapine
solvent system (70% V/V propylene glycol and 5% W/V poly-
sorbate 80) (Figure 3). The commercial formulation of loxapine
was shown to be 1.7-times more myotoxic than phenytoin and
35-times more myotoxic than muscles injected with normal
saline. Furthermore, the loxapine solvent system was found to
be as myotoxic as phenytoin and 20-times more myotoxic than
muscles injected with normal saline (Figure 3). These results
indicate that the commercial formulation of loxapine is indeed
myotoxic, with this myotoxicity attributed to both the solvent
system and the drug.

To study the effect of liposomes on loxapine myotoxicity,
two formulations were studied: 1) loxapine liposomes (12.2
mg/mL) and 2) loxapine formulation at an equal concentration
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Fig. 3. Cumulative creatine kinase release versus time for muscles
injected with loxapine, 50mg/mL (O), phenytoin, 50mg/mL (@), loxa-
pine solvent system ((J), sliced muscles (lll), muscles injected with
normal saline (A), and untreated controls (&), Each point represents
the mean and standard error of the mean (n = 5-8).
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as the loxapine liposomes (12.2 mg/mL) and containing the
organic cosolvents. Loxapine liposomes were found to signifi-
cantly reduce muscle damage (80%) when compared to loxapine
formulation prepared at equal concentration (12.2 mg/mL) (Fig-
ure 4). In addition, loxapine liposomes were shown to be 3-
times less myotoxic than muscles injected with phenytoin and
6.5-times more myotoxic than muscles injected with normal
saline. These results indicate that a liposomal formulation of
loxapine can indeed reduce the severity of muscle damage
following IM injection. This can be explained by the fact that
the solvent system, which is thought to be primarily responsible
for muscle damage, was excluded from the liposomal formula-
tion. In addition, liposomes have been reported to deliver drugs
in a sustained release manner (15). Loxapine will, therefore,
be released from the liposomes over a period of time which is
expected to decrease initial drug-muscle tissue interaction and
consequently reduce muscle damage. On the other hand, the
fact that these loxapine liposomes were found to be more myo-
toxic than normal saline controls can be explained by the fact
that loxapine itself is myotoxic and should be expected to cause
muscle damage to some extent. This effect was seen to be
concentration dependent. i.e., a loxapine preparation (50 mg/
mL) was found to be more myotoxic than a loxapine preparation
at a concentration of 12.2 mg/mL (Figure 4). Results of the in
vitro myotoxicity of loxapine liposomes is in close agreement
with a previous work published by Kadir and coworkers (2)
who reported that histological examinations had shown that
the IM injection of a negatively charged “gel state” liposomal
formulation did not cause any signs of an inflammatory reaction
at the injection site.
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Fig. 4. Cumulative creatine kinase release versus time for muscles

injected with loxapine, 50mg/mL (O), loxapine, 12.2mg/mL (@), phe-
nytoin, 50mg/mL ([J), sliced muscles (M), loxapine liposomes,
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Fig. 5. Plasma creatine kinase versus time for muscles injected with
loxapine, 50 mg/mL (QO), phenytoin, 50mg/mL (@), muscles injected
with normal saline ({J), Each point represents the mean and standard
error of the mean (n = 4-5).

In Vivo Myotoxicity of Loxapine Liposomes

Similar to the in vitro studies, a positive control (animals
injected with phenytoin) and a negative control (animals
injected with normal saline) were included in the study (Figure
5 and Figure 6). The area under plasma CK for 12 hours (U-
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Fig. 6. Plasma creatine kinase versus time for muscles injected with
loxapine, 10.2mg/mL (O), phenytoin, 50mg/mL (@), loxapine lipo-
somes, 10.2mg/ml ((J), and muscles injected with normal saline
(IW), Each point represents the mean and standard error of the mean
(n = 4-5).



1388

h/L, Mean * SEM) was used to assess muscle damage. The
injection of phenytoin (Dilantin®) was approximately 4-times
more myotoxic than an injection of normal saline (29.7 X 10?
* 7.6 X 102 vs. 7.12 X 102 = 1.21 X 10?). Peak plasma CK
were found to occur at 0.5-2 hours following injection which
is in close agreement with a previously published report (14).
The myotoxicity of the commercial formulation of loxapine
(Loxitane®-50 mg/mL) was studied by comparing plasma CK
to the negative control or the positive control (Figure 5). Results
indicate that the commercial formulation of loxapine is 6-times
more myotoxic than phenytoin (182 X 10> = 104 X 107 vs.
29.7 X 10* = 7.6 X 10% and 26-times more myotoxic than
normal saline injected animals (182 X 10° = 104 X 10? vs.
7.12 X 10? = 1.21 X 10%).

To study the effect of liposomes on the in vivo myotoxicity
of loxapine, two formulations were studied: 1) loxapine lipo-
somes (10.2 mg/mL) and 2) loxapine formulation prepared at
an equal concentration as the loxapine liposomes (10.2 mg/
mL) and containing the organic cosolvents. L.oxapine liposomes
were found to significantly reduce muscle damage (60%) when
compared to a loxapine formulation (15.3 X 10> = 1.01 X 10°
vs. 37.2 X 102 * 5.38 X 10?) (Figure 6). In addition, loxapine
liposomes were shown to be 1.9-times less myotoxic than mus-
cles injected with phenytoin (15.3 X 10? = 1.01 X 10? vs.
29.7 X 10 £ 7.6 X 10% and 2-times more myotoxic than
muscles injected with normal saline (15.3 X 10 = 1.01 X 10?
vs. 7.12 X 102 X 1.21 X 10% which can be explained by the
fact that loxapine itself induces myotoxicity.

CONCLUSIONS

The in vitro myotoxicity studies of the empty liposomes
with different size, charge and fluidity indicate that liposomes
do not cause muscle damage and are safe to inject intramuscu-
larly. In addition, liposomal size, charge and fluidity do not
impact on the extent of muscle damage. The in vitro myotoxicity
studies of loxapine indicate that the commercial formulation
of loxapine (Loxitane®-50 mg/mL) is indeed myotoxic and this
myotoxicity can be attributed to both the solvent system and
loxapine. An important finding in the in vitro studies is that
loxapine liposomes were found to significantly reduce muscle
damage (80%) when compared to a loxapine formulation con-
taining an organic cosolvent system. Results of the in vivo
myotoxicity studies were in close agreement with the in vitro
studies. The in vivo studies in rats indicate that the commercial
formulation of loxapine is myotoxic. In addition, loxapine lipo-
somes were found to significantly reduce muscle damage (60%)
when compared to loxapine formulation containing organic
cosolvents. Two mechanisms were proposed to explain the
ability of loxapine liposomes to reduce muscle damage and
these are: 1) the solvent system (70% V/V propylene glycol
and 5% W/V polysorbate 80) which is thought to be primarily
responsible for muscle damage was excluded from the liposo-
mal formulation, 2) liposomes have been reported to deliver
drugs in a sustained release manner, therefore following IM
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injection of loxapine liposomes, loxapine will be released from
the liposomes over a period of time which is expected to cause
a gradual exposure of the muscle tissue to the drug and conse-
quently reduce muscle damage.
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