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Bioavailability Effect of Methylprednisolone by Polymeric Micelles
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Purpose. To investigate the effect of PEO-PPO-PEO polymeric micelles (PM) formulation on the
bioavailability of methylprednisolone (MP), a treatment of spinal cord injury (SCI), to the blood and spinal
cord (SC) of rabbits.

Methods. The characteristic of MP formulated with PM (MP/PM) was evaluated by critical micelles
concentration (CMC), dynamic light scattering (DLS), atomic force microscopy (AFM) and in vitro
kinetic release measurements. HPLC was used to analyze the MP disposition in plasma and SC of rabbits
receiving single dose intravenous administration. After MP/PM delivery, the mRNA and protein levels of
anti-apoptotic marker, Bcl-x; , were monitored by Reverse Transcription -Real-Time -Polymerase Chain
Reaction (RT-qPCR) and Western blotting analysis, respectively.

Results. At a concentration of 0.1% and at 25°C, PEO-PPO-PEO copolymers formed micelles shown by
fluorescence probe, DLS and solubility test. The size of the MP/PM was in an average of 60 nm with a
single, rounded shape detected under AFM. Being formulated with 6% PM, MP had higher solubility
(219.6+3.6 pg/ml) and release rate (11.1+0.4 ng min'?) at 37°C. After intravenously administrated with
single dose of 1 mg/kg of MP/PM to rabbits, higher levels of MP in plasma and SC were detected
compared to animals receiving an equal dose of MP, analyzed by HPLC. PM formulation markedly
increased (7-fold) the plasma half-lives (¢/,) of MP (from 76.1+8.0 to 514.3+70.0 min). In addition, the
SC 11, of MP/PM also increased from 278 to 528 min. In SC, the mRNA level of Bcl-x; increased 4-fold
in animals receiving MP/PM compared to that with MP alone at 7 h post-administration. Similar
elevated Bcl-x, protein was also detected upon MP/PM administration compared to MP.

Conclusions. PM vehicle was able to deliver MP to improve its pharmacokinetic profile in plasma and

SC with higher expression of anti-apoptotic Bcl-x;, at both mRNA and protein levels.
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INTRODUCTION

High-dose methylprednisolone (MP) has been shown to be
an effective treatment and reduce apoptosis following spinal
cord injury (SCI), in a glucocorticoid receptor (GR)-dependent
manner (1-3). Furthermore, a decrease in the anti-apoptotic
proteins (TNF-alpha, NF-kB, and Bcl-x, e al.) detected after
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SCI was abrogated by MP treatment (3-7). The Third National
Acute SCI Study demonstrated that patients receiving an in-
tensive 24- to 48-h multiple intravenous MP regimen (30-mg/kg
bolus dose plus 5.4 mg/kg/h) within 8 h of the injury had im-
proved 6-month recovery compared with placebo-treated
patients (1). However, this “megadose” steroid therapy was
accompanied with adverse effects. Patients in the MP treat-
ment groups experienced a 2.6-fold increase in the incidence
of severe pneumonia and sepsis, an increased incidence of
wound infection, an increased number of days spent receiving
mechanical ventilation, and an increased number of days spent
in the intensive care unit (1,8). These complications are be-
lieved to result from GR-induced immune suppression (9,10).
In addition to these documented complications, there are also
valid theoretical concerns associated with high dose glucocorti-
coid therapy in the setting of neural injury. These include steroid-
induced hyperglycemia and sepsis-related hypotension, both of
which may contribute to secondary neuronal injury (11-13). This
may explain why some studies with high-dose steroids for SCI
have failed to demonstrate therapeutic benefit.

Furthermore, the needs of megadose MP were also cor-
related to low bioavailability of MP in spinal cord area and to
short elimination half-lives for insufficient effect-duration time
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profile (11). In addition, recent reports have indicated that P-
glycoprotein (MDR1)-mediated exclusion of MP from the
spinal cord (14,15) and that MDR1 is capable of interfering
with the absorption of MP in the rat small intestine (16). Poor
response to the MP therapy was therefore, proposed to be
possibly due to incomplete absorption of the MP by over-
expression of MDR1 in the GI tract. On the other hand, the
blood-brain barrier (BBB) and reticuloendothelial system
(RES) limit the potential intravenous administration to
achieve appreciable penetration to the brain and spinal cord
(17,18). Therefore, the nervous system presents unique chal-
lenges for vector-based MP delivery. A need exists for the
development of carrier-delivery to the nervous system such as,
low immnuosupression, stable in the physiological environ-
ments, long circulation time and deliverable target size/meth-
ods. Among different carriers used for controlled drug delivery,
many studies have focused on synthesized polymeric micelles
which may have better solubility as well as the potential for large-
scale production (19-24). Among non-ionic polymeric micellar
carriers, the non-ionic PEO-PPO-PEO triblock copolymer
micelles (PM) has been approved non-immunogenic, resistant
to protein absorption, capable of inhibiting P-glycoprotein
activity and stable in blood stream in the medical, pharmaceu-
tical, and cosmetic fields (20,25,26). This copolymer with hy-
drophilic corona of PEO chain and hydrophobic PPO polymer
core, can self-assemble to form nano polymeric micelles and
encapsulate molecules with poor water solubility (20,26).
Reports have indicated that PM with PEO chain can inhibit
P-glycoprotein activity and protein absorption, therefore, it
becomes a stable carrier with a sustained release in blood
circulation (23-28).

The nano-sized (<150 nm) character of polymeric micelles
prevents their uptake by the RES and facilitates their
extravasations at leaky sites of capillaries, leading to passive
accumulation in certain tissues and organs (28). The small
nano size of these PM may also ease further penetration of
micellar carrier through BBB into the CNS system (20,29),
and increase the transport of drug across membrane of BBB
by membrane perturbance (20,26). The lower toxicity and
non-immunogenic properties of PM carrier have been also
proved by the Food and Drug administration (30). Other
advantages related to the nanoscopic dimensions of this PM
include the ease of sterilization via filtration and safety of
administration. Therefore, a multifunctional nature of this
nano PM appears to fulfill several tasks required for an ideal
carrier capable of selective drug delivery.

The main purpose of this study is to evaluate the phar-
macokinetic profiles of MP in the systemic blood and local
spinal cord levels delivered with PM formulation. In addition,
anti-apoptotic Bcl-x; protein level was also investigated by
MP/PM treatment in SCI model.

EXPERIMENTAL
Animals

Male New Zealand rabbits (National Laboratory Animal
Center, Taipei, Taiwan) weighing approximately 1.5~2.0 kg
were used for all in vivo pharmacokinetic studies. Six to eight
weeks-old male nude mice (BALB/cAnN.Cg-Foxnlnu/
CrINarl) were used for in vivo intravenous delivery studies
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in SCI model and were purchased from the National
Laboratory Animal Center (Taipei, Taiwan). The protocols
were approved by the Laboratory Animal Research Com-
mittee of Taipei Medical University, and were maintained
under specific pathogen-free conditions. Animals were fasted
for 48 h before the experiment with free access to water.

Materials

MP was purchased from Sigma Co. (St. Louis, MO, USA).
Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene ox-
ide) (PEO-PPO-PEO) copolymer, with an average molecular
mass of 8,400 Da, was obtained from BASF (Ludwigshafen,
Germany). Acetonitrile (HPLC grade) was obtained from
BDH Laboratory Supplies (Pools, UK). All chemicals were of
reagent or analytical grade and were used as received.

Determination of the Critical Micelle Concentration (CMC)
of PEO-PPO-PEO Polymeric Micelles (PM)

The formation of PEO-PPO-PEO PM was confirmed by a
fluorescence probe technique using pyrene; the partition of
pyrene into the micellar phase was determined using the ratio of
peak I;/peak I5 of the pyrene spectrum as previously reported
(25,31,32). The fluorescence emission spectra of pyrene in the
PEO-PPO-PEO polymeric micelles solutions were measured
from 350 to 500 nm using a fixed excitation wavelength of 339 nm
with a constant pyrene concentration of 6x 107’ M. The
concentration of PEO-PPO-PEO polymers used varied from
1x107* to 10% (w/w). Spectral data were acquired using a
Hitachi F-4500 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan). All fluorescence experiments were carried out
at 25°C.

Preparation of Methylprednisolone/PEO-PPO-PEO PM
(MP/PM)

An excess amount of MP was added to 0.0001-10% (w/v)
PM and mixed by vortexing. The mixture was then kept at
25°C for 3 days to get to equilibrium. The equilibrated sample
was centrifuged at 1,000 rpm for 10 min to remove the
undissolved MP. The supernatant was collected and diluted
with methanol for quantification of MP by HPLC analysis.
The MP alone was also added to 1 ml of water with stirring at
25°C for 3 days to get to equilibrium. The amounts of MP were
quantified using a HPLC-UV system consisting of a pump, an
auto-injector (LC-10AD and SIL-10AD Shimadzu (Kyoto,
Japan), and a UV detector (SPD-10A vp, Shimadzu, Kyoto,
Japan) with an integrator (EZ chrom™ Chromatography Data
System Version 6, San Roman, CA, USA). Samples were
injected into a Cosmosil 5C18-MS reverse-phase column,
(250 x 4.6 mm, 5 pm, Merck); water/acetonitrile (66:34, pH
3.4) was used as the mobile phase. The flow was 1 ml/min with
the detector set at 243 nm, and cortisone (20 pg/ml) was added
to the sample solution as the internal standard. Calibration
curves were obtained by plotting the peak height of the
authentic drug as a function of drug concentration. The inter-
and intra-day coefficients of variation of each assay were all less
than 10%. The lower limit of quantitation of MP was 5 ng/ml. In
addition, MP was tested in PBS solution and no significantly
degradation of MP was observed at 37°C for 12 h.
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Size and Zeta Potential of MP/PM

The size and Zeta potential of formulation containing MP
and 6% PM solution were measured and compared with
mixtures containing either MP alone or 6% PM solution alone.
The average particle size and Zeta potential of MP/PM were
determined by quasielastic laser dynamic light scattering
(DLS) (Zetasizer 3000; Malvern Instruments, Malvern, UK),
using an assumed refractive index ratio of 1.33 and a viscosity
of 0.88 (31,32). The sampling time for each sample was 10 us
and the experimental duration was 100 s. All measurements
were performed at 25°C at a measurement angle of 90° and
results were presented as mean + S.E.M.

Atomic Force Microscopy (AFM)

Ten microliters of MP/PM were placed on a mica surface
with no further treatment. The AFM (CP-II; Digital Instru-
ments/Veeco Metrology Group, Santa Barbara, CA) was
operated in constant tapping mode, as described in the previous
study (31). The cantilevers were standard NanoProbe silicon
single-rectangular cantilevers (NSC15/AIBS 230 um) (Mikro-
Masch, Estonia); the constant force mode was used with a
typical scan frequency of 328 kHz. A scanner with 1-um
scanning range was used, and all images were collected within
3 x 3 um? area. Unless otherwise stated, all images shown were
subjected only to the normal image processing of leveling.

In Vitro Membrane Release of MP

In order to study the effect of PM on MP release, a Franz
cell with a cellulose membrane (active diffusion area 0.627 cm?)
was used for the in vitro release studies (25). MP or MP/PM
formulation (500 ng in 0.5 ml) was placed to the donor
compartment and 6 ml of pH 7.4 phosphate buffer solution
(PBS) in the receiver compartment. The diffusion cells were
maintained at 37°C in a water bath (SR70, Shimaden, Tokyo,
Japan), and stirring was set at 700 rpm throughout experiment.
Samples (0.6 ml) were withdrawn from the receiver compartments
at fixed intervals and replaced with an equal volume of pre-
warmed PBS. The MP samples were assayed by the HPLC-UV
method. The release time profile of MP was obtained by plotting
cumulative amount of MP released against time.

In Vivo Pharmacokinetic Study

Male New Zealand rabbits were fasted for 12 h before
each experiment but allowed free access to water. MP was
dissolved with 6% PM (MP/PM) for intravenous dosing.
Rabbits were given with MP/PM or MP solution intravenously
at doses of 1 mg/kg within 3 min administration. At prede-
termined intervals, blood samples (1 ml) were collected from
an ear vein and centrifuged at 3,000 rpm for 10 min, and stored
at —20°C before HPLC analysis. Spinal cords were collected
from rabbits after 5% pentobarbital injection through vein
and then were stored at —20°C before HPLC analysis.

Methylprednisolone (MP) Assay in Plasma and Spinal Cord

The MP plasma samples were determined chromato-
graphically by an HPLC-UV system consisting of a pump, an
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auto-injector (LC-10AD and SIL-10AD Shimadzu (Kyoto,
Japan), and a UV detector (SPD-10A vp, Shimadzu, Kyoto,
Japan) with an integrator (EZ chrom™ Chromatography Data
System Version 6, San Roman, CA, USA). Plasma (0.5 ml) and
10 pl of dexamethasone (20 pg/ml), as the internal standard,
were denatured with methanol (0.6 ml) and centrifuged at
13,000 rpm for 5 min, and 100 pl of the supernatant was injected
into a Cosmosil SC18-MS reverse-phase column, (250 x 4.6 mm,
5 um, Merck); water/acetonitrile (66:34, pH 3.4) was used as the
mobile phase. The MP in spinal cord sample (50 mg) and 10
ul cortisone (20 pg/ml), as an internal standard, were mixed with
100 ul water and denatured with methanol (0.6 ml) and
centrifuged at 3,000 rpm for 15 min, and 100 pl of the
supernatant was injected into a Biosil SU ODS-U column
(250 x 4.6 mm, 5 um, Merck) with 0.01 M phosphate buffer /
acetonitrile (84:31, pH 7.4). The flow was at 1 ml/min with the
detector set at 243 nm. All calibration curves were obtained by
plotting the peak height of the authentic drug as a function of
drug concentration. The inter- and intra-day coefficients of
variation of each assay were all less than 10%. The lower limit
of quantitation of MP was 20 ng/ml and 10 ng/mg for plasma and
spinal cord sample, respectively. The recovery of MP with the
blank plasma and spinal cord were at least 82 and 72%,
respectively.

Pharmacokinetic Data Analysis

Individual data of MP concentrations in plasma and spinal
cord after intravenous administration were analyzed using
noncompartmental analytic model (WinNonlin 4.1, Pharsight
Corporation, Mountain View, CA, USA). Differences in the
area under the plasma concentration-time curve (AUC),
terminal half-lives (¢;,) of plasma and spinal cord, clearance
(Cl), terminal volume of distribution (Vss), and the mean
residence time (MRT) between MP and MP/PM were com-
pared by one-way ANOVA analysis followed by the post-hoc
Scheffe test and the differences were considered to be
significant at a level of p<0.05. Because of the limit of
detection of the assay (20 ng/ml for plasma, 10 ng/mg for
spinal cord), the plasma and spinal cord concentration of MP
could not be measured up to the last sampling time point at 9
and 10 h, respectively. AUCy_., was calculated, using Ct/p,
with Ct being the last measured concentration. The elimination
half-life (#;,) values were calculated from In2/B, where B is
calculated by log-linear regression analysis of the terminal log-
linear phase. Total body clearance (Cl) was estimated by
dividing the dose by area under the plasma concentration-time
curve (AUC). Volume of distribution at steady state (Vss) was
estimated based on statistical moment analysis. The mean
residence time (MRT) of MP in the body for each dose was
estimated by MRT = AUMCy_.,/AUCy_, , where
AUMC,_,, is the area under the moment curve from zero to
infinity.

Spinal Cord Injury (SCI)

Due to size limited of SCI impactor, SCI was induced in
adult female mice (20£5 g) with characterized New York
University MASCIS impactor as our previously studies (33).
Under halothane anesthesia (induction 4%, maintenance 2%,
in an oxygen and nitrous oxide 50:50 mixture), a T9-T10
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laminectomy was performed and the spinal cord was injured
by dropping a 10-g weight from a height of 25 mm. Sham-
operated controls were laminectomized, but were not con-
tused. The incisions were closed and mice were returned to
their cages after recovering from anesthesia. Mice surviving for
24 h after the injury underwent manual bladder expression.
Injured mice were delivered with MP formulated of PM or MP
alone after SCI. A segment of spinal cord (0.8 cm) covering the
epicenter of injury was removed and used immediately for
Western blotting and total RNA extraction.

Reverse Transcription -Real-Time -Polymerase Chain
Reaction (RT-qPCR)

Total spinal cord RNA was extracted with TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. cDNA was prepared with Super-
Script II reverse transcriptase (Invitrogen Life Technologies) as
previous studies (32,33); quantitative real-time PCR was then
performed on ABI PRISM 7300 sequence detection systems
(Applied Biosystems, Foster city, CA, USA). The sequence of
the primers used were as followings: mouse Bcl-x; forward
primer (on exon 2), 5-AGG CTG GCG ATG AGT TTG AA-
3’; mouse Bcl-x;_reverse primer, 5-TGA AAC GCT CCT GGC
CTT TC-3' (34,35). Mouse GAPDH was chosen as the
housekeeping gene for comparative analysis (forward primer,
5-TGG TAT CGT GGA AGG ACT CAT GAC-3, primer, 5
ATG CCA GTG AGC TTC CCG TTC AGC-3) (36). The
gPCR amplifications were performed in 25 pl reaction mixtures
containing 5 pl cDNA (1:4 diluted), 12.5 pl mastermix with
SYBR®™ Green I containing a hot-start polymerase and a final
concentration of 3 mM MgCl, (Applied Biosystems, Foster city,
CA, USA), and 200 nM for GAPDH primers or 500 nM for
Bcl-x;. primers. Thermocycling was carried out for 2 min at
50°C, 10 min at 95°C, and over 40 cycles of 15 s at 95°C, 1 min
at 60°C. At the end of the PCR cycles, amplification specificity
was confirmed by dissociation curve analysis and the products
were separated on 3% agarose gel and stained with ethidium
bromide for visual confirmation of PCR products. The
quantification values were obtained from the threshold cycle
(Ct) number at which the increase in signal associated with an
exponential growth of PCR products began to be detected using
SDS software. The fold change in Bcl-x; expression relative to
the GAPDH endogenous gene control was determined by: fold
change = 274(C1) | where ACt = Crpa-xt) — CT(GAPDH RNA)
and A(ACr)= ACrBd—xL/MP/PM orMPalone) ~ACT(®Bdx1) - Cr i
the threshold cycle determined at 84 for fluorescence data
collection. All results were presented as Mean = S.E.M.

Western Blotting Analysis

Protein levels for Bcl-x; in spinal cord tissue at 10 h after
first dosing were detected by Western blotting analysis. Mice
(n=5 per group) were decapitated, and spinal cord fragments
with 3 cm length centered at T10 were rapidly removed,
weighed, and frozen at —80°C until use. Tissue homogenates
were prepared by direct lysis with 2x SDS gel-loading buffer
(100 mM Tris HCI pH 6.8; 200 mM dithiothreitol; 4% SDS;
0.2% bromophenol blue and 20% glycerol), lysates were
mixed thoroughly and heated in boiling-water bath for 10 min,
following by centrifugation (13,000 g for 10 min at 4°C). After
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collect the supernatant, protein concentrations were deter-
mined (37). Protein samples were separated on a SDS-
polyacrylamide gel, and transferred overnight to methanol
activated polyvinylidene difluoride (PVDF) membrane
(Hybond-P; Amersham Biosciences, NJ, USA) at 4°C. Before
incubating with antibody, the membranes were blocked for 1
h at room temperature in 5% nonfat dry milk in Tris-buffered
saline (TBS). Primary antibody (a polyclonal rabbit anti-Bcl-
xp. at 1:200 dilutions and a polycolonal rabbit anti-GAPDH at
1:300) was then added to the membrane and incubated over-
night at 4°C. The membranes were then washed three times
with 0.1% Tween 20 in TBS, incubated with horse-radish
peroxidase (HRP)-conjugated goat anti-rabbit’ secondary
antibody (1:500) for 1 h at room temperature. The immunore-
active complex was visualized by the ECL chemiluminescent
substrate using the Amersham enhanced chemiluminescence’s
lighting system (ECL, RPN 2209; Arlington Heights, IL).

Statistical Analysis

All data are expressed as Mean + S.E.M. Overall, inter-
group comparisons were made using one-way ANOVA, and
means of individual group were compared using the ¢ statistic
for least significant differences. Statistical significance of
differences among means of groups was determined using
Student’s paired ¢ test. Differences were considered to be
significant at p <0.05.

RESULTS

Characterization of Micelle Formation of PEO-PPO-PEO
Copolymer with Methylprednisolone (MP)

By measuring the intensity ratios of the first to the third
vibrational bands of pyrene at various concentrations of PEO-
PPO-PEO copolymers in the presence of 6 x 1077 M pyrene
(with excitation at 339 nm) are shown in Fig. 1. The data
showed that the I;/I5 peak height ratio decreased at copolymer
concentration above 0.01% (w/w). The magnitude of I,/I;
(here 1.1) in solution with higher polymer concentration is
similar to that of pyrene in toluene solution (1.04) and
significantly lower than that in water (1.7). The ratio of
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Fig. 1. The plot of intensity /;/I; ratio of vibrational bands in the
pyrene fluorescence spectrum and solubility of methylprednisolone
(MP) as a function of PEO-PPO-PEO polymer concentration.
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Table I. Characteristics of Methylprednisolone (MP) with PEO-
PPO-PEO Polymeric Micelles (MP/PM)

Particle Size Zeta Potential MP Solubility

(nm) (mV) (ng/ml)
MP - —16.9+54 70.8+1.1
PM 62.7+9.2 —3.8+1.2% -
MP/PM 47.4+6.1 —6.2+2.1* 219.6 £3.6*

Values are expressed as the mean + S.E.M.
*Denotes a statistical significant increase (p <0.01) compared to MP.

fluorescence intensities was usually correlated with the
hydrophobicity of the molecular environment of the pyrene
probe (19,21). In addition, the solubility of MP in PEO-PPO-
PEO copolymers at various concentrations is shown in Fig. 1.
The results showed that the solubility of MP increased with
copolymer concentration until 0.1%. Taken together, these
data indicated that at concentration above 0.1% of PEO-PPO-
PEO copolymer, pyrene or MP should be relocated to the
hydrophobic portion of the micelles. In the following study,
polymer at 6% (w/w) concentration was used to form PM. By
dynamic light scattering (DLS) particle size measurement,
PEO-PPO-PEO copolymer at 6% (w/w) exhibited a single
modular population distribution of particle within the 62.7+£9.2
nm range (Table I). MP/PM formulation of particle size by DLS
measurement was observed around 47.4+6.1 nm. The Zeta-
potential of MP significantly increased from —16.9+54 mV to
—6.2+2.1 mV after formulated with PM (Table I). In order to
visualize the morphology of MP/PM, AFM was used. The shape
of MP/PM was observed mainly being single, smooth and round
(Fig. 2). The diameter of MP/PM formulation measured from
one edge across the center to the other edge was 53-60 nm. It is
notable that an increased solubility of MP in the presence of PM,
in that the maximum MP solubility was 219.6+ 3.6 png/ml for MP/
PM and 70.8+ 1.1 pg/ml for MP alone (Table I).

2.0 nm/Div

T 1
0 200 400 nm

Fig. 2. AFM images of 10 pl of PEO-PEO-PPO polymeric micelles
(PM) (6%) with MP on mica surface.
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Fig. 3. Effect of 6% PEO-PEO-PPO polymeric micelles (PM) on

MP release from a cellulose membrane (each value represents the
mean = S.D. of n=3).

Effect of PM on MP release

The release rates of MP from MP/PM formulation or in
solutions were determined. Fig. 3 shows the cumulative amount
of MP versus time in minutes. The release patterns indicate that
PM with MP decreases the release rates of MP. In the presence
of 6% copolymer, the rate of MP release was calculated by the
least-squares Higuchi method (Mr/Moo = k+/t) (25) and to be
11.1£0.4 ng min"% However, the release rate of MP without
PM was 9.3+0.3 ng min'?.

In Vivo Intravenous Delivery of MP/PM
The bioavailability of MP/PM was evaluated and com-

pared with MP solution as a control in vivo. The results are
shown in Fig. 4 and indicate that MP was eliminated and
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Fig. 4. Plasma and spinal cord concentrations—time curves of MP

alone and MP with 6% PEO-PEO-PPO polymeric micelles (MP/PM)

after intravenous administration of 1 mg/kg to six rabbits (n=6)

(each value represents the mean + S.E.M.).
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could not be detected at 4 h post-injection of MP only.
However, relatively higher concentrations of MP were
detected in plasma until 9 h after intravenous injection of
MP/PM. The relevant pharmacokinetic parameters are listed
in Table II. MP/PM formulation gave the higher AUC,,
(89.8£1.2 pug min/ml) compared to MP solution (39.9+7.7 ug
min/ml). Statistical analysis revealed that the AUC,, and
AUC_, of MP/PM were significantly higher (p <0.05) than
that of MP solution. The relative bioavailability of MP/PM
increased by 2-3 folds compared to that of MP solution. The
plasma half-live was significantly increased for MP/PM
(514.3+70.0 min) compared to that of MP (76.1 £8.0 min). MP
with PM exhibited a smaller clearance (8.8+1.5 ml/min) and
longer mean residence time (MRT=463.6+129.5 min). Al-
though the spinal cord levels of MP alone were below the limit
of quantitation after 360 min, substantial amounts of MP were
still detected in the spinal cord with PM formulation until 600
min (Fig. 3) for dose of 1 mg/kg. The AUC,, of MP at spinal
cord was also increased from 4,875 to 10,500 ng min for MP only
and MP/PM administration, respectively (Table II); and the
relative bioavailability of MP/PM increased by 2 folds compared
to MP solution. The half-life of MP in spinal cords was increased
from 278 to 528 min for MP only and MP/PM, respectively. MP
with PM exhibited the smaller clearance (0.0001 ml/min) and
longer mean residence time (MRT=303 min).

Anti-apoptotic Bcl-x;, Expression after Delivery of MP/PM

To further investigate the correlation between Bcl-xp
expression and MP delivered in the formulation with PM, we
performed quantitative real-time PCR (qPCR) to determine the
expression levels of Bcl-xp in spinal cord tissues. A pair of
primers specific to mouse GAPDH mRNA was included to
serve as an internal control in the qPCR analysis. Our results
indicated that the mRNA level of Bcl-x;_ in spinal cord at 60 min
after MP/PM and MP alone delivery were about 1.59+0.21,
0.68+0.12 folds compared that delivered with shamed-water

Table II. Non-compartment Pharmacokinetic Parameters of Intra-
venous Delivery of 1 mg/kg Methylprednisolone (MP) alone and MP
with PEO-PEO-PPO Polymeric Micelles (MP/PM) in Rabbits (1 =6)

Parameters MP MP/PM

Plasma

AUC_; (ng min/ml) 39.9+7.7 89.8+1.2%

AUC(_, (pug min/ml) 42.6+7.9 140.0+34.3*

t1> (min) 76.1+8.0 514.3+70.0*

Vss (1) 2.8+0.4 6.5+1.3%

Cl (ml/min) 26.3+3.0 8.8+1.5%

MRT (min) 71.8+6.1 463.6+129.5%
Spinal cord (50 mg tissues)’

AUC_, (ng min) 4,875 10,500

tin (mln) 278 528

Cl (ml/min) 0.0002 0.0001

MRT (min) 181 303

Values are expressed as the mean + S.E.M.

“Spinal cord (50 mg) was collected from each animal with one single
time point and six animal experiments. Thus, values are expressed as
the mean without S.E.M.

*Denotes a statistical significant increase (p <0.01) compared to MP
alone.
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Fig. 5. a Bcl-x;, expression correlated with MP delivery alone and
with PEO-PPO-PEO polymeric micelles (MP/PM) on spinal cord
injury (SCI) mice. MP delivery with PM (MP/PM) had higher
expression level of Bcl-x; as indicated by reverse transcription -
real-time -PCR assay. *p <0.05. A pair of primers specific to rabbits
GAPDH mRNA was also included to provide an internal control.
The graph represents the average of five independent assays using
2500 ng of total RNA, and the error bar indicated the S.E.M. b
Representative Western blot for Bcl-x; protein (33 kDa) 7 h after
the first delivery of MP or MP/PM on spinal cord injury (SCI) mice.
Shamed-watered control for loading was GAPDH.

control groups. Although at 240 min, in spinal cord levels of
mRNA Bcl-xp in spinal cord between MP with PM was
expressed similar 1.64+0.2 and 2.28+0.12 folds, respectively
(Fig. 5a), MP alone delivery were significantly decreased the
expression of mRNA Bcl-x;. (0.44+0.15) at 420 min. However,
substantial the expression of mRNA Bcl-xp (1.95+0.20) with
MP/PM were still observed at 420 min. There were no significant
difference among shamed-water control groups and shamed-PM
groups within 60, 240, 420 min (data no shown). In addition,
Western blotting analysis with anti-Bcl-x;, antibody was used to
confirm the gene expression at protein level after spinal cord
injury (SCI) in mice. As shown in Fig. 5b, the level of Bcl-xy.
protein with the expected size was increased upon MP treatment
in the spinal cord of SCI mice, which was further elevated when
MP delivery in the PM-formulated form.

DISCUSSION

In general, the half-live of free MP alone usually is short with
a range of 1.5-2 h in rabbits, cat, rats and human being (38-40),
and is similar to our results (71.8+6.1 min). In addition, the Cl
(13.1£1.5 I/min/kg), Vss (1.4+0.2 1/kg), and MRT (71.8+6.1
min) of MP when delivered without PM were similar to the
values reported in rabbits by Piekosewsk et al. (40), (15+3 I/
min/kg, 1.1£0.25 I/kg and 144+30 min, respectively). Other
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investigators have shown that MP alone is rapidly concentrated
in the spinal cord after a single i.v. bolus, with peak concen-
trations achieved by 10 min (38). Due to its greater lipid
solubility, MP is expected to enter the central nervous system.
Indeed, the MP content in spinal cord following i.v. administra-
tion was found to reach the steady state after 1 h (Fig 4).
However, it has been shown that poor bioavailability of MP in
spinal cord after i.v. administration is due to a p-glycoprotein-
mediated exclusion of MP from the spinal cord (14). Indeed,
our results showed that the MP in spinal cord declined after 1
h and could not be detected after 4 h.

Although MP is practically insoluble in aqueous media,
several approaches, such as the preparation of prodrugs
(dextran-MP) (41), and liposomal inclusion complexes (42)
have been attempted to improve its water solubility. Their
results show that the highly lipophilic MP molecules can be
effectively incorporated into the delivery vehicles, providing a
novel delivery system for MP with a prolonged release.
Although the maximum amount of MP could be increased from
70 to 220 pg/ml, this PM only enhanced the solubility of MP by a
factor of 3 compared with other PM such as poly(caprolactone)-
b-poly(ethylene oxide) (PCL-b-PEO) could enhance 300 folds
(29). However, the ideal vehicle-incorporated MP solution
should not only provide the maximum content of MP, but also
enhance the stability of MP in circulation and increase its
transport across BBB membranes (27,37).

In addition, by coating with PEO or PEO-PPO-PEO, a
number of studies have demonstrated the ‘stealth’ behavior of
delivery that decreased the uptake or degradation by the
reticuloendothelial system (RES) or reduced the adsorption
by plasma proteins (43-46). Our in vivo pharmacokinetic data
(Fig. 4) indicated that the elimination half-life (¢;,,) of MP
was 514.3+70.0 min in the presence of PM and it is almost 7
times slower than MP only (76.1+8.0 min). This was similar
to other reports that the plasma circulation half-life of coated
particles was increased from 20 to 780 min (43, 45). On the
other hand, the nano size (<150 nm) of delivery carrier has
been reported that it could ease further penetration of BBB
into CNS system (20, 29). The major different pharmacoki-
netic profiles of MP with PM formulation in spinal cord were
that MP would be detected after 240 min. We found that
AUC, MRT, and half-life of MP formulated with PM in
spinal cord were all higher than those of MP only. Thus,
these suggest that PEO-PPO-PEO PM, which contains PEO
in the outer shell of the micelles, may serve not only as a drug
carrier in i.v. administration, but also has the advantages of
decreasing the systemic concentration of free drug, inhibiting
the intracellular drug uptake.

Bcel-x; is a well characterized anti-apoptotic member of
bcl-2 family, which is expressed in adult neurons, oligoden-
drocytes and T cells in CNS and plays an essential role in
preventing neuronal cell death (7,47,48). Nesic-Taylor et al.,
(7) reported that Bel-x;. protein directed to injured spinal cord
increased neuronal survival. This is consistent with the finding
that administration of glucocorticoid after SCI increased Bcl-
xp. expression. (48-51). Our RT-qPCR and Western blotting
analyses also showed elevated Bcl-x;, mRNA and protein in
spinal cord after delivery of MP/PM, compared to that
detected in MP alone-delivery groups. The pharmacological
profile of MP correlated well with the onset and duration of
the pharmacological actions of MP on neurochemistry and

45

neurophysiology in spinal cord tissues as other reported
(1,2,38,42). Our results showed that the Bcl-x; protein
decreased by 16% at 7 h after SCI, consisting with 20%
decreasing at the Bcl-x;, protein upon SCI reported by Nesic-
Taylor et al.(7). They also indicated that direct injection of
Bcl-xy, protein obtained 2 fold Bcl-xp in spinal cord area and
60% of motoneurons could be preserved and protected after
24 h of SCI. We also found a significant increasing Bcl-xp.
mRNA level (2.16 fold) at 7 h after delivery with MP/PM in
SCI mouse, compared with that in SCI mouse. In conclusion,
MP administered with PM instead of MP alone is likely to
improve its bioavailability in both plasma and spinal cord. In
addition, anti-apoptotic Bcl-x; effect was significant upon
MP/PM treatment in SCI model mouse.
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