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Abstract 

The i.m. pharmacokinetics of prednisolone (5 mg/kg) in eight rabbits after its administration in a co-solvent 
(40:10:50; PEG 400/ethanol/water)  mixture, in a slightly hypertonic 0.09 M SBE443-CD (a sulfobutyl ether 
derivative variably substituted on the 2-, 3- and the 6-positions of/3-cyclodextrin) solution and from a water-soluble 
prodrug, the 21-phosphate ester, disodium salt were studied. Muscle damage as measured by changes in plasma 
creatine kinase (CK) levels caused by the administration of the three solutions was also assessed. The prednisolone 
plasma AUC values over 24 h from the SBE4-/3-CD formulation and the phosphate ester were 87.0 + 12.6 and 
78.0 + 14.1% of that from co-solvent, respectively. The apparent bioavailability of prednisolone over 24 h from the 
SBE4-/3-CD formulation and its prodrug was not significantly different from that of the co-solvent. The changes in 
CK levels from the SBE4-/3-CD were identical to those from normal saline, however, the co-solvent mixture caused 
significantly elevated CK levels. The presence or absence of prednisolone had no effect on the relative CK levels for 
the cyclodextrin solution and the normal saline. There was a small effect noted for the co-solvent, with and without 
prednisolone. These results confirm that i.m. administered drugs, such as prednisolone, appear to be rapidly, 
quantitatively and safely released from SBE4-/3-CD inclusion complexes. SBE4-/3-CD may provide an alternative to 
the use of co-colvents and possibly even prodrugs for the i.m. delivery of sparingly water-soluble drugs such as 
prednisolone. 
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I. Introduction 

The  objective of  this work was to compare  the 
muscle damage,  as measured  by the elevation of  
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the intracellular enzyme, creat ine kinase (CK), in 
plasma and the int ramuscular  pharmacokinet ics  
of  prednisolone in rabbits after  its administrat ion 
in a 40:10:50 polyethylene glycol 400 ( P E G  
4 0 0 ) / e t h a n o l / w a t e r  mixture, a 0.09 M SBE4-/3- 
CD (a sulfobutyl e ther  derivative variably substi- 
tu ted on the 2-, 3- and the 6-positions of  /3- 
cyclodextrin; Rajewski, 1990; Stella and Rajewski, 
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1992; Stella et al., 1995) solution and as a water- 
soluble prednisolone prodrug, the 21-phosphate 
ester, disodium salt. The aims were to demon- 
strate that a parenterally safe, anionic cyclodex- 
trin, SBE4-fl-CD (Tait et al., 1992), would have a 
minimal effect on the i.m. pharmacokinetics of 
prednisolone compared to a co-solvent formula- 
tion and to assess whether it caused any signifi- 
cant local tissue damage. Comparison to the pro- 
drug would provide insight into a formulation 
versus a chemical approach to the i.m. delivery of 
a sparingly water-soluble drug like prednisolone. 
A rabbit model was chosen over a rodent model 
because of the larger muscle mass of rabbits 
(Kaplan and Timmons, 1979) and because it ap- 
pears to be the acceptable model for muscle 
irritancy studies. 

Prednisolone is sparingly water soluble (Table 
1). The major, immediate release form of pred- 
nisolone for i.v. or i.m. administration is the wa- 
ter-soluble 21-phosphate ester prodrug (Pickup et 
al., 1977; Frey and Frey, 1990). The release of 
prednisolone from its 21-phosphate has not been 
studied extensively (Musson et al., 1991), al- 
though the release of other steroids from their 
21-phosphate esters has been well documented 
(Loo et al., 1981; Miyabo et al., 1981; Rohdewald 
et al., 1987; M611mann et al., 1988, 1989; Stella et 
al., 1995). 

Prednisolone can also be solubilized by the use 
of organic co-solvents. However, i.m. administra- 
tion of organic co-solvents can cause muscle dam- 
age (Brazeau and Fung, 1989a,b, 1990a,b). The 
mechanism of muscle damage caused by organic 
co-solvents has not been clearly explained. 

Brazeau and Fung (1989c) showed that co-solvent 
induced creatine kinase release from rat muscle 
was not correlated with the physicochemical 
properties of the aqueous co-solvent mixtures, 
i.e., tonicity, dielectric constant, pH, viscosity or 
surface tension. A possible mechanism for co- 
solvent induced myotoxicity is suggested to be the 
biochemical interaction between organic co- 
solvents and muscle fibers (Brazeau and Fung, 
1990b). These organic co-solvents have also been 
shown to cause hemolysis (Fort et al., 1984; Reed 
and Yalkowsky, 1985). 

Cyclodextrins have been extensively evaluated 
as a tool to improve the aqueous solubility of 
various drug molecules through the formation of 
inclusion complexes (Uekama et al., 1982; Brew- 
ster et al., 1989; Liu et al., 1990; Albers and 
Miiller, 1992). The relatively low aqueous solubil- 
ity of/3-CD and its nephrotoxicity have precluded 
its use in parenteral dosage forms (Brewster et 
al., 1989). Efforts in these and other laboratories 
have been directed toward developing parenter- 
ally safe cyclodextrins. An anionic, modified /3- 
CD, SBE4-/3-CD is more water soluble than/3-CD 
itself and has been identified as being safe after 
acute administration (Rajewski, 1990; Stella and 
Rajewski, 1992; Stella et al., 1995). The long-term 
parenteral safety of SBE7-/3-CD, a material simi- 
lar to SBE4-/3-CD is under extensive evaluation. 

2. Experimental 

2.1. Materials 

Table 1 
Aqueous solubility of prednisolone (mg/ml) in the presence 
of SBE4-/3-CD (M) 

SBE4-/3-CD Prednisolone solubility 
(M) (mg/ml) 

0 0.27 
0.025 7.3 
0.055 13.6 
0.11 26.6 

Prednisolone, prednisone and a commercial 
creatine kinase reagent kit were purchased from 
Sigma Chemical Co. (St. Louis, MO). Pred- 
nisolone 21-phosphate, disodium salt was ob- 
tained from Steroidals, Inc. (Wilton, NH). Dex- 
amethasone and PEG 400 were obtained from 
Aldrich Chemical Co. (Milwaukee, WI) while 
SBE4-/3-CD was prepared in our laboratory. Nor- 
mal saline was obtained from Baxter Healthcare 
Co. (Deerfield, IL). Eight male New Zealand 
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White rabbits weighing 4.4 + 0.3 kg were used 
with a 2 week washout period between studies. 

2.2. Dosage form preparation 

The co-solvent dosage form of prednisolone 
was prepared by dissolving prednisolone (20-23 
mg) in 0.8 ml of PEG 400, 0.2 ml of ethanol and 
adding water to make a final volume of 2 ml 
(40:10:50). For the SBE4-/3-CD dosage form, 
prednisolone (20-23 mg) was dissolved in 2 ml of 
a 0.09 M SBE4-/3-CD solution (see Table 1). The 
SBE4-/3-CD solution (0.09 M) is slightly hyper- 
tonic. An aqueous isotonic prednisolone 21-phos- 
phate ester, disodium salt (prednisolone equiva- 
lent 20-23 mg) dosage form was prepared by 
dissolving the prodrug in a 0.68% sodium chlo- 
ride solution to maintain tonicity. The blank solu- 
tions for the muscle damage studies were the 
co-solvent mixture, 0.09 M SBE4-/3-CD solution 
and normal saline. 

2.3. Animal experiment protocol 

Eight Male New Zealand White rabbits were 
used in two, three-way randomized cross-over 
studies, the first, to measure CK release from the 
blank vehicles after i.m. injection and the second, 
to measure prednisolone and CK release after 
i.m. injection from the chosen dosage form. The 
rabbits were gradually familiarized with the re- 
strainers and investigators before the experi- 
ments. A 23-gauge 1-inch needle and 3 ml syringe 
were used for the intramuscular injection study, 
and a 26-gauge 3/8-inch needle and 1 ml syringe 
were used for blood sampling. To avoid injecting 
too much solution volume in one injection site, 1 
ml was injected into the right mid-lumbar muscle 
and l ml injected into the left mid-lumbar muscle 
for both the bioavailability and muscle damage 
studies. To ensure i.m. administration, the needle 
was inserted into the muscle at an angle perpen- 
dicular to the skin for the full 1 inch of the 
needle. Blood samples were obtained from the 
right and left marginal ear veins alternatively with 
direct needle puncture. 

2.4. Muscle damage study 

Muscle damage caused by the blank solutions 
was determined by measuring the plasma CK 
levels after each i.m. injection of 2 ml of three 
drug-free solutions. Blood samples (100/.H) were 
obtained at 15 min before injection and 0.25, 0.5, 
1, 2, 3, 4, 6, 8, 12 and 24 h after the i.m. injection. 
Blood samples were transferred into heparinized 
micro centrifuge tubes (Fischer Scientific micro 
centrifuge tubes, colorless, 1.5 ml), centrifuged 
and 50 /zl of plasma was stored at -20°C until 
assayed. Plasma CK levels were analyzed using a 
commercial CK Reagent kit. After the mixing 
and sample incubation, changes in absorbance 
over a 2 min period at 340 nm were read and 
recorded on a Shimadzu UV 260 UV-Visible 
Recording Spectrophotometer. 

2.5. Prednisolone bioavailability study 

Three dosage forms of prednisolone (5 mg/kg) 
were injected into both the left and right mid- 
lumbar muscles using the same needle and sy- 
ringe size as for the CK study. Blood samples (1 
ml) were collected in heparinized micro-centri- 
fuge tubes at 15 min before injection and 0.25, 
0.5, 1, 2, 3, 4, 6, 8, 12 and 24 h of after dosing and 
400 /xl of plasma was stored at -20°C until 
assayed. Dexamethasone was used as an internal 
standard, and 500/~1 of ethyl acetate was added 
to the plasma sample with the internal standard 
(250 ng). The samples were vortexed for 20 s and 
centrifuged for 5 min to separate the aqueous 
and organic phases. The organic phase was de- 
canted into a clean micro centrifuge tube. The 
extraction step was repeated in order to improve 
the recovery. The combined organic phases were 
evaporated under a nitrogen stream (40°C) and 
the residue was reconstituted with 100 /xl of 
mobile phase for HPLC analysis. 

HPLC was performed using the system de- 
scribed in the preceding paper for methylpred- 
nisolone (Stella et al., 1995) except that the mo- 
bile phase consisted of tetrahydrofuran/methan- 
ol/water (25:12.5:62.5) at a flow rate of 1.8 
ml/min. The drug concentration was determined 
by comparison to a plasma prednisolone standard 
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curve which was linear over the range of plasma 
concentrations needed. The prednisolone quanti- 
tation limit was 10 ng/ml. The average recovery 
compared to a spiked plasma standard was 92.6 
+ 2.4%. Creatine kinase levels were also mea- 
sured after the i.m. injection of drug solution. 
Analyses for CK levels were the same as for the 
blank study process. 

2.6. Pharmacokinetic data analysis 

notes the AUC of prednisolone from the co- 
solvent formulation. Since no measurable pred- 
nisolone levels were seen at 24 h post-dosing, 
AUC values to 24 h were assumed to be equiva- 
lent to those to infinity. Cma x and Tma x were the 
average values of the maximum plasma concen- 
tration and time, respectively. Estimates of the 
apparent biological half-life for prednisolone were 
made from log-linear regression analysis of the 
3-12 h plasma samples. 

The area under the plasma concentration vs 
time curve, AUC(0-24 h), was calculated by both 
the linear trapezoidal and the Lagrange method 
(Yeh and Kwan, 1978). The relative bioavailabil- 
ity of prednisolone from the SBE4-/3-CD dosage 
form and from its 21-phosphate ester prodrug 
were determined by comparison to the results 
from the co-solvent mixture (control). The per- 
cent bioavailability, F (%), was determined ac- 
cording to Eq. 1: 

F (%) = AUC(O - oo)x/AUC(O - OO)co_solven t 

X 100 (1) 

where AUC(0-oo) x is the AUC from the SBE4-~- 
CD dosage form or a molar equivalent of the 
21-phosphate ester, and AUC(0-oO)¢o_so,vem de- 
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Fig. 1. Change in plasma CK levels ( +  S.E.) after i.m. injec- 
tion of 1 ml into both right and left lumbar muscles of  a PEG 
4 0 0 / e t h a n o l / w a t e r  (40:10:50) mixture (O), a 0.09 M SBE4-/3- 
CD solution ( [] ) and normal  saline ( zx ) to rabbits (n  = 8). 

2. 7. Statistical analysis 

Statistical analysis of the various data sets was 
performed using the computer program ANOVA 
(SV 512). In all cases statistical significance was 
determined at the 95% confidence level (p  < 
0.05). 

3. Results and discussion 

Propylene glycol, ethanol and polyethylene gly- 
col are the water-miscible organic co-solvents 
most frequently used to solubilize drugs. The 
co-solvent mixture of PEG 400 (40%), ethanol 
(10%) and water to 100% is similar to those 
evaluated by others (Reed and Yalkowsky, 1985; 
Brazeau and Fung, 1989b). In the present study, 
such a solution was needed to sufficiently solubi- 
lize 22-23 mg of prednisolone. When a phase 
solubility study of prednisolone in aqueous SBE4- 
/3-CD solutions was performed, a 0.09 M SBE4-/3- 
CD solution was capable of dissolving the same 
quantity of prednisolone. Since a plot of pred- 
nisolone solubility vs SBE4-/3-CD was linear, a 
1:1 inclusion complex was assumed to be the 
mode of solubilization (see Table 1). 

3.1. Muscle damage from prednisolone-free solu- 
tions 

The change in plasma CK level vs time curves 
are shown in Fig. 1 for the three blank vehicles. 
The CK levels were corrected by subtracting the 
baseline CK activity determined from a plasma 
sample obtained 15 min before dosing. The cor- 
rected CK, area under the curve, CK-AUC(0-24 
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h), was calculated by the linear trapezoidal 
method. The CK-AUC(0-24  h) for the aqueous 
co-solvent mixture was 7.9 + 1.1 x 10 4 U h 1-1. 
This was significantly higher than the CK- 
AUC(0-24  h) values for the 0.09 M SBE4-/3-CD 
solution and normal saline, which were 1.1 + 0.3 
X 104 and 1.4 + 0.2 × 104 U h 1 - l ,  respectively. 
The CK-AUC(0-24  h) values for the SBE4-/3-CD 
solution and normal saline were not significantly 
different from each other. 

Both the normal saline and the 0.09 M SBE4- 
fl-CD solution caused a small increase in the CK 
levels over the baseline levels. Therefore,  a pre- 
liminary study was per formed with blood sam- 
piing without i.m. injection of any solution to 
determine if the slight elevation in the CK levels 
seen with the normal saline and the SBE4-/3-CD 
solution could be due tissue damage caused by 
the multiple venous punctures. The results for a 
number  of rabbits and different plasma sample 
numbers are shown in Fig. 2. The more plasma 
samples taken the greater  the elevation in plasma 
CK levels. It appears  as if the elevation seen with 
the normal saline and the SBE4-fl-CD solution 
may be attributable to the tissue damage caused 
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Fig. 2. Changes in plasma CK levels (+ S.E. where more than 
one animal was used) after multiple blood sampling at indi- 
cated times from the right and left marginal ear veins of 
rabbits; eight sample times (same as final sampling schedule, 
zx, n = 1); 11 sample times (e, n = 1); 17 sample times (o, 
n = 3). 
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F i g .  3. C h a n g e  in p l a s m a  C K  l eve l s  (_+ S .E . )  a f t e r  i .m.  in jec -  

t i on  o f  1 m l  i n t o  b o t h  r i g h t  a n d  le f t  l u m b a r  m u s c l e s  o f  

p r e d n i s o l o n e  in  a P E G  4 0 0 / e t h a n o l / w a t e r  ( 4 0 : 1 0 : 5 0 )  m i x t u r e  

(o), a 0.09 M SBE4-fl-CD solution ([2) and from an isotonic 
prednisolone 21-phosphate solution (zx) to rabbits (n = 8). 

by the venous punctures. These results are consis- 
tent with earlier observations by Hsu and Watan- 
abe (1983). The results suggest that the 0.09 M 
SBE4-/3-CD solution caused minimal, if any, tis- 
sue damage. 

3.2. Muscle damage from prednisolone containing 
solutions 

The changes in plasma creatine kinase levels 
after i.m. administration of the three pred- 
nisolone containing dosage forms are demon- 
strated in Fig. 3. The corrected change in CK- 
AUC(0-24  h) from the co-solvent, 0.09 M SBE4- 
/3-CD solution and the 21-phosphate ester pro- 
drug solution were 5.l _+ 1.0 X 10 4, 7.7 _+ 2.3 x 10 s 
and 9.7 _+ 3.3 X 10 3 U h 1-1, respectively. Like 
the results from the prednisolone free formula- 
tions, the co-solvent mixture caused significantly 
higher CK release when compared to the SBE4- 
/3-CD and the isotonic 21-phosphate prodrug so- 
lutions. 

There were no significant differences between 
the CK-AUC values, with and without pred- 
nisolone, for the sa l ine /prodrug  formulations and 
the two SBE4-/3-CD solutions. There was a signif- 
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Fig. 4. Concentration (±S .E . )  vs time profiles for pred- 
nisolone after 5 m g / k g  i.m. injection of a 1 ml solution into 
both the right and left lumbar muscles of rabbits (n = 8) from 
a co-solvent mixture ( o )  and a 0.09 M SBE4-/3-CD solution 
([]).  Inset is the same data plotted on semilog scale. 

icant decrease in the AUC with the prednisolone 
in the co-solvent compared to the co-solvent 
blank. This may have been due to the local anti- 
inflammatory action of the prednisolone. 

3.3. Bioavailability of preclnisolone from i.m. injec- 
tion 

The prednisolone co-solvent mixture dosage 
form was used as a control for the bioavailability 
studies. Fig. 4 and 5 show the mean prednisolone 
concentration ( _+ S.E.) vs time curves for both the 
co-solvent and SBE4-/3-CD solutions and from 
the co-solvent and the prodrug solutions, respec- 

tively. The mean pharmacokinetic parameters de- 
termined for each dosage form are listed in Table 
2. 

Prednisolone is reversibly metabolized to pred- 
nisone in most animal species. Although an at- 
tempt was also made to analyze prednisone in the 
plasma samples, an unexpected interfering peak 
prevented quantitation in some rabbits. For those 
rabbits where prednisone could be quantitated 
with some confidence, the following AUC 
(trapezoid) values were estimated; 0.76 ___ 0.34/zg 
min m1-1 (n = 3, co-solvent); 0.94 + 0.19/zg min 
m1-1 (n =3, SBE4-/3-CD); 0.15 +0.04 /zg min 
ml-1 (n  = 3, 21-phosphate). No attempt was made 
to analyze the prednisolone/prednisone data by 
a more sophisticated model proposed by Huang 
and Jusko (1989), since our principle goal was to 
determine whether SBE4-/3-CD grossly altered 
the pharmacokinetics of prednisolone after i.m. 
dosing. 

From the relative prednisolone AUC values 
calculated by the Lagrange method, the percent- 
age bioavailability of prednisolone from the 
SBE4-fl-CD formulation was 87.0 __ 12.6% which 
was not significantly different from 100%, i.e., 
prednisolone appeared to be quantitatively re- 
leased from the SBE4-/3-CD inclusion complex 
after i.m. injection. Prednisolone AUC values 
from the 21-phosphate ester prodrug were also 
not significantly lower than those from the co- 
solvent control and from the SBE4-fl-CD solu- 
tion. When the AUC values and relative bioavail- 
abilities were assessed using a simple trapezoid 
method, the results were essentially identical ex- 
cept that there was a statistically significant de- 
crease in the relative bioavailability of pred- 

Table 2 
Average pharmacokinetic parameters (+  S.E.; n = 8) for prednisolone (5 mg /kg  or its equivalent for the 21-phosphate prodrug) 
after i.m. injection of 1 ml into the right and left lumber muscles of rabbits from a co-solvent mixture, a 0.09 M SBE4-/3-CD 
solution and from a prednisolone 21-phosphate ester solution 

Dosage form AUC(0-0o) tl/2 Tma x Cma x F 
(/zg h m1-1) (h) (h) (/Lg/ml) (%) a 

Co-solvent 14.6 + 2.8 2.5 _+ 0.9 0.41 _+ 0.09 4.58 _+ 0.59 100 
SBE4-fl-CD 10.5 _+ 0.6 1.5 _+ 0.2 0.47 _+ 0.12 6.45 _+ 0.35 b 87.0 _+ 12.6 
21-Phosphate 10.0 _+ 0.9 1.6 +_ 0.1 0.32 4-_ 0.04 6.16 _+ 0.65 b 78.0 + 14.1 

a Bioavailability, AUC(0-0O)dosag e form/AUC(0-O0)co_solven t X 100. 
b Significantly different ( p  < 0.05) from the co-solvent control. 



KJ. Stella et al. / International Journal of  Pharmaceutics 120 (1995) 197-204 203 

e L  

8000" 

6000'  

4OO0 

2000 

10 

3 6 9 12 

Time (hr) 

Fig. 5. Concentration (_+ S.E.)vs time profile of prednisolone 
after a 5 mg/kg i.m. injection of 1 ml solutions into both the 
right and left lumbar muscles of rabbits (n = 8) from a co- 
solvent mixture (o)  and from an isotonic solution of pred- 
nisolone 21-phosphate, disodium salt ( : ,) .  Inset is the same 
data plotted on a semilog scale. 

nisolone from the 21-phosphate ester relative to 
the co-solvent control. 

The loss of plasma prednisolone appears to 
follow first-order kinetics (inset, Fig. 4), with an 
apparent biological half-life of 1.5 h (Table 2). 
The complete release, relative to the co-solvent 
formulation, the early Tma x and high Cm~ x values 
are consistent with rapid and quantitative release 
of prednisolone from the injection site. However, 
the longer apparent half-life for prednisolone 
from the co-solvent (Table 2 and inset, Fig. 4) 
and the significantly lower Cma x value, but an 
early Tma ~ value suggest that a significant portion 
of the prednisolone dose is rapidly released from 
the site but that a portion of the dose may also 
have precipitated. Slow dissolution of the precipi- 
tated material could account for the longer ap- 
parent prednisolone half-life from the co-solvent. 
This phenomenon has also been observed by oth- 
ers for drugs administered in co-solvents, e.g., 
diazepam and digoxin, where the drug precipi- 
tates due to a pH difference between the formu- 
lation and physiological pH values, or a combina- 
tion of co-solvent dilution and pH shift (Boxen- 
baum et al., 1977). 

4. Summary 

The degree of muscle damage caused by an 
i.m., slightly hypertonic SBE4-/3-CD injection was 
significantly less than the co-solvent control and 
was similar to that observed for a normal saline 
injection. Intramuscular administered pred- 
nisolone appears to be rapidly, quantitatively and 
safely released from SBE4-/3-CD inclusion com- 
plexes. Therefore, SBE4-/3-CD may provide an 
alternative to the use of co-colvents and possibly 
even prodrugs for the i.m. delivery of sparingly 
water-soluble drugs such as prednisolone, provid- 
ing the long-term safety of SBE4-/3-CD and 
SBE7-/3-CD (the most probable clinical material) 
can be confirmed. 
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