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Use of an in Vitro Model for the Assessment of Muscle
Damage from Intramuscular Injections: in Vitro—in Vivo
Correlation and Predictability with Mixed Solvent Systems

Gayle A. Brazeau'? and Ho-Leung Fung'

INTRODUCTION

Received January 18, 1989; accepted March 30, 1989

The potential of binary mixtures of propylene glycol-water, ethanol-water, and polyethylene glycol
400-water to cause skeletal muscle damage (myotoxicity) following intramuscular injection was ex-
amined with an in vitro model using the isolated rat muscle. At moderate concentrations (20-40%, v/v)
of the organic cosolvent, the order of myotoxicity was propylene glycol > ethanol > polyethylene
glycol 400. The in vitro results were then compared with in vivo toxicity in rabbits after injection of
normal saline, 40% (v/v) polyethylene glycol 400, 40% (v/v) propylene glycol, indocyanine green in
normal saline, and indocyanine green in 40% (v/v) propylene glycol. Employing the area under the
creatine kinase activity curve from 0 to 72 hr as the index of skeletal muscle damage, an excellent in
vitro—in vivo correlation was observed. The basic myotoxicity relationships obtained from the binary
cosolvent systems were then used to examine the myotoxicity of ternary organic cosolvent mixtures.
Several mixed solvent systems with the same theoretical molar solubilization power for a model
compound, diazepam, were selected to determine (1) if myotoxicity can be reduced by changing the
composition of the ternary mixtures and (2) if myotoxicity of the individual components is additive.
For the solvent systems containing propylene glycol, ethanol, and water, the total myotoxicity equaled
the sum of the individual myotoxicity of each component. In contrast, for the solvent systems con-
taining polyethylene glycol 400, the total myotoxicity was only half of the sum of individual toxicities.
These results suggest that polyethylene glycol 400 in mixed cosolvent systems might have a protective
effect on the myotoxicity generated by intramuscular injections.

KEY WORDS: myotoxicity; creatine kinase; propylene glycol; ethanol; polyethylene glycol 400;
myotoxicity, in vitro and in vivo.

isolated rat muscle model to screen agents for their potential
to cause skeletal muscle damage (14). A good rank order

Intramuscular administration is frequently employed in
drug therapy for prompt action, when intravenous or oral
administration is unsuitable (1-3). Many intramuscular for-
mulations for lipophilic drugs utilize aqueous organic cosol-
vents, viz., ethanol, propylene glycol, polyethylene glycol,
glycerol, and dimethylacetamide, to provide adequate solu-
bility (4). Propylene glycol, ethanol, and polyethylene glycol
400 are among the most commonly used organic cosolvents
in injectable formulations, e.g., of hydralazine, lorazepam,
phenytoin, digoxin, phenobarbital, pentobarbital, and diaz-
epam (4). However, parenteral administration of the organic
cosolvents can cause tissue damage and hemolysis (5-13).
The potential of these solvent mixtures to cause skeletal
muscle damage (myotoxicity) have not been systematically
characterized.

In previous work, we had developed an in vitro tech-
nique that measures the release of creatine kinase from an
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correlation was obtained between this ir vitro technique and
the in vivo myotoxicity of a number of pharmaceutical for-
mulations, as indicated by circulating creatine kinase levels
and histological evaluation (which are the commonly utilized
indices of skeletal muscle damage both clinically and exper-
imentally) (14). We determine here the myotoxicity of binary
mixtures of propylene glycol-water, ethanol-water, and
polyethylene glycol 400-water. These in vitro results are
then validated with in vivo studies on creatine kinase activity
in male New Zealand white rabbits.

The in vitro myotoxicity model was applied to the ra-
tional design of intramuscular injection systems. The com-
position of the solvent system of an intramuscular formula-
tion should cause minimal skeletal muscle damage and pa-
tient discomfort, with optimal pharmaceutical (e.g.,
solubility, stability, and injectability) and biopharmaceutical
(e.g., rate and extent of absorption) properties. A series of
mixed solvent systems, each possessing equivalent theoret-
ical molar solubility for a model compound (diazepam) was
compared to the commercially utilized and quite myotoxic
vehicle by evaluating their myotoxicity with the isolated in
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vitro rat muscle model. We intended to determine whether
skeletal muscle damage can be reduced by a change in the
solvent composition, while maintaining equal solubilization
power for the drug, and whether the myotoxicities of each
component are additive.

These investigations, to our knowledge, provide the
first myotoxicity data for three individual organic cosolvents
commionly utilized in intramusclar formulations. These stud-
ies also illustrate a rational approach for the design and test-
ing of intramuscular injection solvent systems, accounting
for both vehicle myotoxicity and drug solubility.

MATERIALS AND METHODS

Materials

Propylene glycol, ethanol, and polyethylene glycol 400
were obtained from Fisher Scientific Company, Aaper Al-
cohol and Chemical Company, and Sigma Chemical Com-
pany, respectively. Double-distilled water was used in the
preparation of the binary and ternary organic cosolvent—
water mixtures. All other chemicals were at least reagent
grade and obtained from J. T. Baker Chemical Company or
Fisher Scientific Company.

Myotoxicity Screening

Skeletal muscle damage was determined using a previ-
ously described in vitro isolated rate muscle model (14).
Briefly, male Sprague Dawley rats were sacrificed, and the
extensor digitorum longus (EDL) muscle isolated and re-
moved. These muscles were injected with 15 pl of the test
solution and placed into a 37°C balanced salt solution bub-
bled with 95% 0,-5% CO,. The myotoxicity of the injected
solutions was evaluated by the cumulative release of cre-
atine kinase (an intracellualr cytosolic enzyme) into the in-
cubation medium over a 2-hr period. Creatine kinase activity
was measured using the CK reagent (Sigma Chemical Com-
pany, St. Louis, Mo.) as described previously. Possible
spectrophotometric and Kinetic interferences by the test so-
lutions were ruled out in preliminary experiments.

In Vitro Organic Cosolvent Myotoxicity

Binary mixtures of propylene glycol-water, ethanol-
water, and polyethylene glycol 400—water (0-100%, v/v, or-
ganic cosolvent) were prepared and tested for their in vitro
myotoxicity. Four to nine muscle preparations were used at
each concentration of the organic cosolvent. In order to use
these myotoxicity data in subsequent studies, the data for
each individual organic cosolvent (myotoxicity vs molar
concentration) were empirically fitted to a sigmoidal curve
(propylene glycol-water mixtures and ethanol-water mix-
tures) or to a straight line (polyethylene glycol 400-water
mixtures between 20 and 80%).

In Vivo Organic Cosolvent Myotoxicity

In order to validate the in vitro myotoxicity results, two
in vivo studies were carried out. First, the myotoxicity of
normal saline, 40% (v/v) propylene glycol, and 40% (v/v)
polyethylene glycol 400 was investigated. The skeletal mus-
cle damage caused by the above solvent systems was eval-
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uated using the suggested drug safety guidelines proposed by
the Pharmaceutical Manufacturers Association for muscu-
loirritant effects of drugs (15). Male New Zealand white rab-
bits (2.0-4.2 kg) were familiarized with the investigators and
the experimental surroundings prior to the start of the ex-
periment. The animals were then injected with 1 ml of each
test solution in a three-way crossover randomized design,
with a minimum of 2 weeks between each phase of the ex-
periment. The injection was made using a 23-gauge 1-in. nee-
dle into the midlumbar muscles. The injection sites were
randomly rotated to assure that no single muscle area re-
ceived more than one injection. Blood samples (1 ml) were
obtained from the central artery or the marginal vein of the
ear at —1.0, —0.75, —0.25,0.5, 1,2, 4,6, 12, 24, 48, and 72
hr after injection. The animals were given access to water
from 4 hr on. The samples were stored at —20°C until ana-
lyzed (not longer than 4-5 days) and serum creatine kinase
activity levels were analyzed using a commercial CK Re-
agent (Sigma Chemical Company, St. Louis, Mo.). Serum
creatine kinase activity was corrected in each animal by sub-
tracting the mean baseline creatine kinase activity (deter-
mined from the —1.0-, —0.75-, and —0.25-hr samples). The
area under the corrected serum creatine kinase activity ver-
sus time curve between 0 and 72 hr was calculated using the
linear trapezoidal rule. The reported values are the mean and
standard deviation of five animals.

A second in vivo experiment was later carried out to
include the presence of a myotoxic compound in an intra-
muscular injection solution. Indocyanine green (5 mg/kg) in
normal saline or in 40% (v/v) propylene glycol (total injection
volume of 0.5 ml/kg) was injected into the midlumbar mus-
cles of male New Zealand white rabbits (two rabbits per
treatment). Heparinized blood samples (1.5 ml) were col-
lected at 0, 0.33, 0.66, 1.0, 1.5,2,4, 6,8, 12, 24, 72, 120, 168,
and 240 hr after injection. The data were treated as previ-
ously described. Plasma concentrations of indocyanine
green were examined using high-performance liquid chroma-
tography (16). The in vitro myotoxic potentials of these in-
docyanine green solutions were determined using the iso-
lated rat muscle model.

Ternary Cosolvent—Water Mixtures

A series of ternary mixtures (viz., propylene glycol-
ethanol-water, polyethylene glycol 400—ethanol-water, and
polyethylene glycol 400-propylene glycol-water) was se-
lected based on their equivalent ability to solubilize diaze-
pam. The mixtures were chosen by using the linear solubi-
lization relationships of Yalkowsky and associates (17,18).
In this theoretical relationship, Eq. (1),

lOg(Sm/Sw) = f181 + .f282 (1)

the log ratio of drug solubility in the ternary solvent mixture
(S, to that in water alone (S,,) is estimated as a linear com-
bination of the product of the volume fraction of each cosol-
vent (f;, f,) and the solubilization slope for the drug in the
respective cosolvent (3,, 3,). Assuming that this ideal linear
relationship exists for diazepam solubility in these ternary
mixtures, a series of solutions having theoretically equiva-
lent diazepam molar solubility to a reference solution was
prepared (Table I). The reference solution was 40% (v/v)
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Table I. Ternary Cosolvent Mixtures with Theoretically Equivalent
Isomolar Solubility for Diazepam®

% (vIV) % (vIV) % (viIv) % (VIv)
Number PG EtOH PEG 400 DDW
1% 40 10 — 50
30 16.5 — 53.5
3 20 23.2 _ 56.8
4 10 29.4 — 60.6
5¢ 10 10 —_ 80
6 34.2 — 20 45.8
7 — 16.5 28 55.5
8 20 — 33.3 46.7
9 — 10 37.6 52.4

¢ PG, propylene glycol; EtOH, ethanol; PEG 400, polyethylene gly-
col 400; DDW, double-distilled water.

® Reference solution.

¢ Exception: solvent mixture does not solubilize equal amounts of
diazepam compared to other mixtures.

propylene glycol-10% (v/v) ethanol-water, the cosolvent
system used currently in the commercial injection. The in-
dividual slope value of the diazepam solubilization curve (3,)
in propylene glycol-water, ethanol-water, and polyethylene
glycol 400-water mixtures was obtained from the literature
(18). These mixtures were tested for their in vitro myotox-
icity as described previously.

Organic Cosolvent Additivity Studies

For the above ternary mixtures, the predicted myotox-
icity values were calculated assuming that the total creatine
kinase release was an additive function of the damage caused
by each cosolvent and water [Eq. (2)].

CKro = CK, + CKgp + CKppw )

In this relationship, CKr.,,., is the predicted total cumulative
creatine kinase release. CK, and CKy, are the predicted val-
ues of the cumulative creatine kinase release caused by the
individual cosolvents in the mixture. These values are ob-
tained from the empirically fitted myotoxicity curves for the
individual organic cosolvents (Fig. 2). The value for CKppw
(the myotoxicity caused by double-distilled water) was the
mean value obtained from the two separate series of exper-
iments involving each of the two cosolvents.

Statistical Analysis

Values are presented as the mean + SD. Data analysis
was performed using one-way analysis of variance followed
by a Tukey'’s test for differences between the mean values.

RESULTS AND DISCUSSION

In Vitro Organic Cosolvent Myotoxicity

The cumulative creatine kinase release following the in-
jection of different binary cosolvent water mixtures was lin-
ear over 2 hr (/* values between 0.94 and 0.99). Represen-
tative profiles for the cumulative release of creatine kinase
versus time following the injection of propylene glycol-
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water, ethanol-water, and polyethylene glycol 400-water (at
an intermediate percentage of organic cosolvent) are shown
in Fig. 1. The myotoxicity as a function of the percentage
(v/v) of organic cosolvent in the injection mixture is shown
for all three cosolvents in Fig. 2. In the propylene glycol-
water and ethanol-water mixtures, a higher myotoxicity was
associated with a higher organic cosolvent concentration.
For the polyethylene glycol 400-water mixtures, the solu-
tions containing 20% (v/v) and 30% (v/v) polyethylene glycol
400 exhibited a smaller creatine kinase release compared to
the injection of double-distilled water. Beyond these concen-
trations, higher polyethylene glycol 400 levels brought about
higher observed myotoxicities, similar to that observed for
the other two organic cosolvents.

Similar results demonstrating increased tissue damage
following exposure to solutions with higher concentrations
of propylene glycol and ethanol have been reported in the
literature. In rabbits, the levels of serum creatine kinase pro-
gressively increase following the intramuscular injection of
glass-distilled water, 10% propylene glycol in glass-distilled
water, and 50% propylene glycol in glass-distilled water, re-
spectively (5). Likewise, subcutaneous administration of in-
creasing concentrations of propylene glycol in water to dogs
caused a corresponding increase in the degree of local tissue
irritation (6). Erythrocyte hemolysis studies also showed
that formulations with lower concentrations of ethanol
caused less in vivo hemolysis in rats and in vitro hemolysis in
dogs (7).

At moderate cosolvent concentrations (20-40%, v/v),
propylene glycol was found to be more myotoxic than eth-
anol and polyethylene glycol 400 (P < 0.05) (Fig. 2). Propyl-
ene glycol was found to be approximately 3 times more
myotoxic than polyethylene glycol 400 at 40% (v/v) organic
cosolvent and 10 times more myotoxic than polyethylene
glycol 400 at 20% (v/v) organic cosolvent. Ethanol was found
to exhibit myotoxicity values intermediate to those of pro-
pylene glycol and polyethylene glycol 400. Studies investi-
gating the hemolysis of red blood cells by the organic cosol-
vents have also demonstrated the same rank order (19).
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Fig. 1. Cumulative creatine kinase release over 2 hr for 40% (v/v)
propylene glycol (O), 39% (v/v) ethanol (A), and 40% (v/v) polyeth-
ylene glycol 400 ([J). Each curve is the mean + SD of six to eight
muscles.
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Fig. 2. Cumulative creatine kinase release over 2 hr versus percent-
age (v/v) of propylene glycol (O), ethanol (A), and polyethylene
glycol 400 ({J). Each value is the mean + SD of between four and
nine muscles. Statistical significance, P < 0.05 (*).

In Vivo Organic Cosolvent Myotoxicity

Validation of these in vitro myotoxicity results for pro-
pylene glycol and polyethylene glycol 400 was carried out by
investigating the changes in serum creatine kinase activity
following the intramuscular injection of 40% (v/v) propylene
glycol, 40% (v/v) polyethylene glycol 400, and normal saline
in rabbits (Fig. 3). Serum creatine kinase activity increased
following the injection of all three solvent systems. Serum
creatine Kinase activity returned to baseline within 72 hr of
injection. Serum creatine kinase activity was higher follow-
ing the intramuscular injection of 40% (v/v) propylene glycol
compared to 40% (v/v) polyethylene glycol 400. Normal sa-
line injection caused only a small increase in serum creatine
kinase activity over baseline levels. The corrected area un-
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Fig. 3. Mean serum creatine kinase activity versus time following
the intramuscular injection of 40% (v/v) propylene glycol (O), 40%
(v/v) polyethylene glycol 400 (J), and normal saline (<) into rab-
bits. The inset is the serum creatine kinase activity between 0 and 12
hr. Each curve is the mean + SD of five animals.
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der the serum creatine kinase activity versus time curve fol-
lowing the propylene glycol injection (1.71 = 0.68 x 10°
U-hr/liter) was statistically larger (P < 0.05) compared to
those after the injection of polyethylene glycol 400 (0.62 *
0.16 x 10° U-hr/liter) and normal saline (0.21 + 0.18 x 10°
U-hr/liter). Similar to the in vitro myotoxicity results, the
injection of 40% (v/v) propylene glycol caused serum cre-
atine kinase activity levels that were approximately three
times higher than the injection of 40% (v/v) polyethylene
glycol 400. This finding is consistent with a previous litera-
ture observation that the intravenous administration of poly-
ethylene glycol solutions resulted in fewer adverse hemato-
logic changes than propylene glycol solutions (7).

To validate further the in vitro isolated rat muscle model
and to examine the presence of a myotoxic agent in an in-
tramuscular solvent system, indocyanine green in normal
saline and in 40% (v/v) propylene glycol was injected into
rabbits in a subsequent study. Indocyanine green was used
as the model compound since it is not known to have any
systemic or local pharmacologic effect(s) that could alter the
release of compounds (either endogenous or exogenous)
from the intramuscular site. The presence of indocyanine
green in normal saline and in 40% (v/v) propylene glycol
caused a substantial increase in creatine kinase activity (Fig.
4) compared to the enzyme activity in the solvent system
alone (Fig. 3). As before, creatine kinase activity returned to
baseline levels within 72 hr. There was no detectable plasma
levels of indocyanine green up to 240 hr in the four animals.

In Vitro—in Vivo Correlation

The results of the correlation between the in vivo and
the in vitro results are shown in Fig. 5. There is an excellent
linear correlation in the degree of skeletal muscle damage
caused by the various injection systems as measured by the
two experimental methods (/2 = 0.985). This finding vali-
dates the usefulness of the isolated in vitro rat muscle model
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Fig. 4. Individual plasma creatine kinase activity versus time curves
following the injection of indocyanine green in normal saline (Rabbit
G, O; Rabbit J, A) or indocyanine green in 40% (v/v) propylene
glycol (Rabbit H, [J; Rabbit I, V). The solid line and dashed line are
the mean values of the two rabbits for indocyanine green in 40%
(v/v) propylene glycol and indocyanine green in normal saline, re-
spectively. The inset is the plasma creatine kinase activity between
0 and 24 hr.
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Fig. 5. Correlation between the in vivo and the in vitro myotoxicity
methods. The solid line is the result of the linear regression. The
various investigated treatments are (A) normal saline, (B) 40% (v/v)
polyethylene glycol 400, (C) indocyanine green in normal saline, (D)
40% (v/v) propylene glycol, and (E) indocyanine green in 40% (v/v)
propylene glycol. For the in vitro data, the values are the mean *+
SD (N = 6-9). For the in vivo data, the values are the mean + SD
(N = 5) for solutions A, B, and D and are the mean * range (N =
2) for solutions C and E.

system for the screening of injection systems with respect to
their potential to cause in vivo skeletal muscle damage.

Optimization of Mixed Organic Cosolvent Systems

The individual myotoxicity curves for each individual
organic cosolvent was then utilized to examine whether the
myotoxicity of mixed solvent systems (containing two or-
ganic cosolvents and water) can be predicted from simple
additivity. To choose a series of mixed solvent systems, we
elected to assign a common characteristic for them, viz.,
they should possess the same solubilization power for diaz-
epam as the 40% (v/v) propylene glycol-10% (v/v) ethanol-
water system. This approach is similar to one frequently
faced by pharmaceutical formulators who must choose the
least toxic solvent system among a number of possible can-
didates possessing a similar acceptable physicochemical
characteristic.

Initially, three ternary mixtures of propylene glycol-
ethanol-water with theoretically equivalent molar solubiliz-
ing power for diazepam (mixtures 2—4 in Table I and Fig. 6A)
to the reference mixture (mixture 1 in Table I and Fig. 6A)
were examined. An additional mixture, which did not have
this solubilization property (mixture 5 in Table I and Fig.
6A), was also included in the examination. The total myo-
toxicity of these propylene glycol-ethanol-water mixtures
appeared to be an additive function of the components in the
mixture since there was reasonable agreement between the
predicted creatine kinase values and the experimentally ob-
served values (Fig. 6A). The agreement was better in those
mixtures where the concentration of propylene glycol in the
mixture was lower (mixtures 3-5). Further examination re-
veals that the three mixed solvent systems with theoretically
equivalent diazepam solubilization (mixtures 2—4) showed no
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Fig. 6. Observed cumulative creatine kinase release over 2 hr ver-
sus predicted values for solvent systems containing polyethylene
glycol-ethanol-water (A) and for systems containing polyethylene
glycol 400-ethanol-water and polyethylene glycol 400—propylene
glycol-water (B). The numbers represent the solvent mixtures listed
in Table 1. The dashed line is the identity line, slope = 1 (A), and the
dotted line is the half-identity line, slope = 0.5 (B). Each value is the
mean * SD of results from five to seven muscles.

notable reduction in the magnitude of the myotoxicity com-
pared to the reference solution (mixture 1).

Our previous in vitro and in vivo data on organic cosol-
vent-induced skeletal muscle damage suggested that poly-
ethylene glycol 400 is less myotoxic than propylene glycol.
Furthermore, polyethylene glycol 400 has been shown to
have equivalent solubilizing power for diazepam when com-
pared to propylene glycol (18). The combination of these two
pieces of experimental information suggested the possibility
that a complete or partial substitution of polyethylene glycol
400 in place of propylene glycol in the formulation of diaz-
epam could maintain adequate drug solubility, while reduc-
ing the degree of skeletal muscle damage. Consequently, we
examined four additional ternary solvent systems containing
polyethylene glycol 400 (mixtures 6-9 in Table I and Fig.
6B). The myotoxicities of these mixtures were generally
lower than those of the mixtures containing propylene gly-
col-ethanol-water. The observed myotoxicities of these
mixtures were, on the average, 50% lower than the predicted
values (Fig. 6B). This result suggested the possibility that the
presence of polyethylene glycol 400 in these ternary injec-
tion mixtures may have a protective effect on organic cosol-
vent-induced skeletal muscle damage. This finding is consis-
tent with those of Korttila and co-workers, who have dem-
onstrated that the intramuscular injection of a diazepam
formulation which utilizes half the normal amount of propyl-
ene glycol and included polyethylene glycol (Macrogel 300)
to solubilize diazepam caused less patient discomfort and
pain and exhibited equivalent or higher serum levels of di-
azepam (20).

Another possible explanation is that the total myotox-
icity caused by ternary solvent mixtures containing polyeth-
ylene glycol 400 was not an additive function of the myotox-
icity of the individual components in a mixture. The nature
of the composite interaction of these injection mixtures with
skeletal muscle fibers is unknown. It may be related to the
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mechanism by which individual organic cosolvents cause
skeletal muscle damage following intramuscular injection.
These mechanisms have yet to be elucidated.

These experiments represent, to our knowledge, the
most systematic investigation of the degree of skeletal mus-
cle damage following the intramuscular administration of the
three selected organic cosolvents. Polyethylene glycol 400
has been shown to be less myotoxic than propylene glycol
and ethanol, although the reason for this difference is pres-
ently unknown. From these studies, we have illustrated an
experimental approach which may allow the pharmaceutical
formulator to screen rapidly and systematically a series of
intramuscular injection solvent systems for their potential to
cause skeletal muscle damage. These myotoxicity data, in
conjunction with the required physicochemical properties
and biopharmaceutical characteristics of the drug, can define
the intramuscular solvent systems that should be used.
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