Pharmaceutical Research, Vol. 9, No. 10, 1992

Metabolism, Distribution, and
Transdermal Permeation of a Soft
Corticosteroid, Loteprednol Etabonate

Nicholas Bodor,!** Thorsteinn Loftsson,’? and
Whei-mei Wu'

Received June 19, 1991; accepted April 5, 1992

The soft corticosteroid, loteprednol etabonate (chloromethyl 17a-
ethoxycarbonyloxy-11B-hydroxy-3-oxoandrosta-1,4-diene-178-
carboxylate), I, was designed based on the ‘‘inactive metabolite
approach.’” Accordingly, I should be metabolized by hydrolysis to
the corresponding inactive cortienic acid derivative, II. The in vitro
and in vivo metabolism of I indeed yielded mainly this inactive me-
tabolite, which is more hydrophilic and thus readily eliminated from
the body. Relatively high levels of I were found in tissues after
intravenous administration of the drug in rats. The permeability of I
through hairless mouse skin was comparable to what has been found
for related ‘‘hard”’ steroids, without significant metabolism taking
place in the skin.
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INTRODUCTION

In general, the main objective of drug design is to im-
prove the therapeutic activity, i.e., design, of more potent
drugs. Unfortunately, this increase in drug potency fre-
quently leads to a parallel increase in toxicity, particularly
for drugs that have multiple activities, such as corticoste-
roids. Drug toxicity can result from pharmacological effects
of the drug itself, but also from effects of the drug metabo-
lites or intermediates. The concept of soft drugs was put
forward to provide specific methods for introducing struc-
ture-metabolic relationships into the drug design process (1-
7). This approach to drug design is aimed at controlling and
directing metabolism by design. Soft drugs can be defined as
biologically active compounds (drugs) characterized by a
predictable and controllable active destruction (metabolism)
to nontoxic products (metabolites) after they have achieved
their therapeutic effect (7). Ideally, the soft drug is inacti-
vated in one metabolic step.

There are at least five approaches to soft drug design:
soft analogue, activated soft compounds, natural soft drugs,
soft drugs based on the activated metabolic approach, and
those based on the inactive metabolite approach (1,2,7). The
soft corticoid was designed by the inactive metabolite ap-
proach, which can be summarized as follows.

1. A pharmacologically inactive and nontoxic metabo-
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lite of a specific drug is identified and used as the lead
compound.

2. Chemical modifications are performed on this metab-
olite to obtain structures that resemble (isosteric and/
or isoelectronic) that of the drug from which the lead
inactive metabolite was derived. This is the activa-
tion step.

3. The structure of the new soft drug is designed in such
a way that its metabolism will yield the original in-
active metabolite without going through toxic inter-
mediates.

4. The transport and binding properties, as well as the
rate of metabolism and the pharmacokinetics, are
controlled by molecular manipulations in the activa-
tion stage.

According to this approach, several soft corticosteroids
have been synthesized and tested. One of the most promis-
ing soft corticosteroids tested so far is loteprednol eta-
bonate, I, which is currently undergoing clinical trials in hu-
mans. In this case the lead compound was the inactive me-
tabolite of prednisolone, A'-cortienic acid, III. The synthesis
has been described elsewhere (8,9). The structures of I and
its proposed metabolites, IT and III, are shown in Fig. 1.

A soft steroid such as I is intended to be used only
topically, including skin, lung, colon, eye, etc., as its facile
systemic metabolism (by design) would make its systemic
use meaningless. Accordingly, oral administration of I, even
at high doses, resulted in minimal thymolytic and adrenal
suppressive effects (10).

The topical antiinflammatory activities of I have been
shown to be similar to that of betamethasone, which is one of
the most active antiinflammatory steroids (8). However, I
causes far fewer side effects even locally than the traditional
corticosteroids (8,11). This study describes the initial inves-
tigation of the metabolism and distribution of I in rats, as
well as the permeability of I through hairless mouse skin.

MATERIALS AND METHODS

Materials

Loteprednol etabonate, I, was supplied by the courtesy
of Otsuka Pharmaceutical Co. (Japan). A!-Cortienic acid eta-
bonate, II, was supplied by the courtesy of Xenon Vision
Inc. (Alachua, FL). Heptakis(2,6-di-O-methyl)-B-
cyclodextrin (DMCD) was obtained from Sigma Chemical
Company (St. Louis, MO). All other chemicals were com-
mercially available products of special reagent grade.

Male Sprague Dawley rats weighting 200 to 250 g were
obtained from Charles Rivers (Wilmington, MA) and female
hairless mice, 12 to 14 weeks old, from Temple University
(Philadelphia, PA).

EXPERIMENTAL METHODS

In Vitro Transformation in Rat Blood and Plasma

Freshly obtained rat trunk blood and plasma were used.
Animals were sacrificed by decapitation. Fifty microliters of
I in acetonitrile was added to 5 ml of whole blood or plasma
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Fig. 1. Loteprednol etabonate and its proposed metabolites.

at 37°C, giving a final concentration of 30 pg/ml. At appro-
priate time intervals, a 0.1-ml sample was taken and mixed
with 0.2 ml of 5% dimethyl sulfoxide (DMSO) in acetonitrile
solution. After centrifugation, the supernatant was diluted
1:1 with mobile phase and injected in HPLC.

In Vivo Metabolism in Rats

Male Sprague-Dawley rats were anesthetized by intra-
peritoneal injections of pentobarbital (30 mg/kg). Aqueous
20% (w/w) heptakis(2,6-di-O-methyl)-B-cyclodextrin solu-
tion containing 5 mg/ml of I was injected in the femoral vein
at a dose of 20 mg/kg. At appropriate time intervals, 0.1 ml
of blood was taken from the jugular vein, mixed with 0.2 ml
of 5% DMSO in acetonitrile solution and centrifuged, and
the supernatant was analyzed by HPLC. The metabolite of
loteprednol etabonate, II, 4 mg/ml in 20% (w/w) hep-
takis(2,6-di-O-methyl)-B-cyclodextrin solution, was injected
at a dose of 10 mg/kg and the samples were taken and treated
by the same procedure as described before.

Data obtained from intravenous injection of I or IT were
fit in a three-compartment model using a nonlinear regres-
sion program RSTRIP.

In Vivo Distribution in Rats

Male Sprague-Dawley rats were anesthetized and in-
jected with aqueous 20% (w/w) heptakis(2,6-di-O-methyl)-B-
cyclodextrin solution containing 5 mg/ml of I as before. At
various time points the animals were sacrificed by decapita-
tion, and samples of blood, brain, lung, kidney, and liver
were collected. The samples were weighed and mixed or
homogenized immediately with two times their weight of 5%
DMSO in acetonitrile solution. The homogenate was centri-
fuged and the supernatant was analyzed by HPLC.

Skin Permeability Studies

Female hairless mice were sacrificed by cervical dislo-
cation. The whole dorsal skin was removed, placed carefully
over a circular Teflon holder, and held in place with an
O-ring. This yielded a 7.07-cm? skin surface which was sus-
pended over a plexiglass reservoir (diffusion cells from
Kercso Engineering, Palo Alto, CA) containing 40 ml of re-
ceptor phase. The receptor phase consisted of pH 7.4 iso-
tonic phosphate buffer containing 0.3% Brij-58 (polyoxyeth-
ylene 20 cetyl ether), which was sonicated under vacuum
prior to usage to remove the dissolved air. An excess of 1
was added to the vehicle (donor phase) and the suspension
formed was sonicated for 2 hr. After equilibration at 34°C for
12 hr the suspension was spread over the skin surface (about
3 ml on each skin). The cells were placed on magnetic stir-
rers in a 34.0 = 0.5°C incubator, which contained a pan of

Bodor, Loftsson, and Wu

water for humidity control, and kept there under gentle stir-
ring for 48 hr. Samples of receptor were removed from the
cells at various time intervals and replaced with fresh buffer
solution. The samples were subsequently kept frozen until
analyzed by HPLC.

The solubility of I in the vehicles was determined by
adding an excess amount of I to a vehicle and sonicating the
mixture for 1 hr. After equilibration in a 34°C incubator for 5
hr, an aliquot of the mixture was filtered through a 0.45-pum
membrane filter, diluted, and analyzed by HPLC. The
steady-state flux was obtained from the linear portion of
individual cumulative amounts versus time plots. The per-
meability coefficient was calculated by dividing the flux by
the solubility of I in the donor phase (12). Each experiment
was repeated at least three times, and the results reported
are the mean values.

Analytical Method

A high-performance liquid chromatographic (HPLC)
method was developed for the quantitative determination of
Iand II. A NOVA-PAK phenyl column (4 pm, 3.9 X 7.5 cm)
from Waters was connected to a Spectra-Physics component
system consisting of a SP 8810 isocratic pump, Rheodyne
7125 injector (10-pl injection volume), SP 8450 UV/Vis de-
tector (operated at 254 nm), and SP 4290 integrator. The
system was operated at ambient temperature. The mobile
phase consisted of acetonitrile, acetic acid, and water (45:1:
54). At a flow rate of 1.5 ml/min, the retention time of I was
4.2 min and that of II was 1.3 min. The concentration of the
compounds was determined by comparing the peak area
with the corresponding standard peaks. The extraction ratio
of I and II was, on the average, 99.6 = 5.5 and 101.0 = 4.0%,
respectively.

RESULTS AND DISCUSSION

In Vitro Transformation in Rat Blood and Plasma

Soft drug, I, possesses a metabolically labile function
group, the 17-B-ester, which is designed to be rapidly deac-
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Fig. 2. Mean blood concentration-time profiles of loteprednol eta-

bonate, I (@), and its metabolite, II (M), following intravenous ad-
ministration of 20 mg/kg of I in rats.
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Fig. 3. Mean blood concentration-time profile of A'-cortienic acid

etabonate, II, following intravenous administration of 10 mg/kg of II
in rats.

tivated systemically, forming the expected inactive metabo-
lite, II; during in vitro studies in rat blood or plasma, the
biotransformation of I was found to be relatively fast. The
degradation half-lives in blood and plasma were 8.91 + (.48
min (r = 0.998, three experiments) and 4.89 min (r = 0.998,
one experiment), respectively. The rate of formation of II
was approximately equal to the disappearance of I, which
indicates that the designed metabolite, II, was the main deg-
radation product.

In Vivo Metabolism in Rats

Figure 2 shows the mean blood levels of I and II follow-
ing intravenous administration of 20 mg/kg of I in rats. From
the linear portion of the curves, the half-lives of I and II in
the terminal phase were determined to be 51.4 = 1.42 and
39.5 = 2.69 min, respectively. Also, in Fig. 3, after 10 mg/kg
of II was administered in rats, the terminal-phase half-life of
II was determined to be 20.42 *= 1.30 min, which is much
shorter than after administration of I, since in that case II is
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still forming, which makes the slope less negative. The total-
body clearance of the metabolite II was found to be about
four times greater than that of I (~83 vs ~24 ml/min/kg).
These results indicate that in vivo in rats, the metabolism of
I indeed follows the predicted degradation pathway, and the
inactive metabolite, II, is rapidly eliminated from the body.

In Vivo Distribution in Rats

The anesthetized animals were sacrificed at S, 40, and
150 min after intravenous administration of 20 mg/kg of L.
The concentrations of I and II in blood, brain, kidney, liver,
and lung were determined (Table I). The distribution of I was
consistent with the lipophilic nature of the molecule. The
compound penetrated the blood-brain barrier easily and was
widely distributed in other tissues. The concentration of I in
tissues tested was, in general, much higher than in blood (P
< 0.05). The high concentrations of both I and its metabolite,
IL, in the liver indicate that this organ is the main site of
metabolism when 1 is given systemically. Urinary excretion
of I and II from 0 to 150 min indicated a total amount of I and
II of less than 5% of the dose administered. The high initial
concentration of I in the kidney is probably due to the high
dose in this preliminary investigation. Some of the metabo-
lite II is further hydrolyzed to III, but concentrations of III
were not determined here: generally, they are much lower
than that of II. Detailed metabolism studies of I in vivo in
rabbit eye (13) have also shown that II is the main metabo-
lite, and its concentration in some eye compartments, such
as the cornea and aqueous humor, exceeds that of I. In ad-
dition, recent unpublished studies indicate that significant
amounts of the metabolite II are eliminated via the bile.
Thus, the actual plasma concentrations of II after intrave-
nous administration of I do not reflect the extent of conver-
sion of I to II. The present studies, however, clearly dem-
onstrate that II is the main metabolite of I.

Skin Permeability in Vitro

The effect of various vehicle systems on the transdermal

Table I. The Concentration of Leteprednol Etabonate, I, and A'-Cortienic Acid Etabonate, II, in
Blood and Various Tissues After Intravenous Administration of 20 mg/kg of I to Rats®

Time
(min) Blood Brain Kidney Liver Lung
Concentration of I (ng/ml or pg/g)
5 2.26 + 3.6 35.2 + 3.4 99.5 =+ 28.1* 1020 = 7.1% 41.8 = 6.1*
40 2.6 =0.2 8.2 +0.7% 72.8 = 9.7* 153 = 2.4*% 8.8 * 0.6%
150 0.51 = 0.14 —t 0.43 = 0.10 1.1 =0.1* —_
Concentration of IT (pg/ml or pg/g)
5 1.8 =04 0.32 = 0.03 5.1 %= 0.25 9.1 = 2.2%* 23+0.3
40 1.9 =0.2 1.3 +0.2 11.0 = 1.5% 10.0 =+ 0.5% 2.9+ 0.6
150 0.10 = 0.04 —_ 1.1 = 1.0 0.07 = 0.04

2 The data reported are the mean value + standard error of four animals.

5 Not determined.
* Significant difference, P < 0.05.
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Table II. The Vehicle Composition, the Solubility (C,) of Loteprednol Etabonate, 1, in the Vehicle,
and the Permeability Coefficient (P) of I Through Hairless Mouse Skin®

Vehicle® C, (mg/ml) P (cm/hr)

Water 0.001 —

2% (viv) OA in PG 2.45 1.06 + 0.06 x 1075
2% (w/v) CL in PG 2.66 9.92 + 0.44 x 10°°
20% (w/v) DMCD in water 6.25 4.08 £ 0.72 x 10~
20% (w/v) DMCD, 1% (v/v) PG in water 7.76 8.49 = 3.04 x 10°°
40% (w/v) DMCD in water 17.8 54 =017 x 107°
40% (w/v) DMCD, 1% (v/v) PG in water 18.0 5.65 * 0.61 X 1073
10% (w/v) DMCD, 10% (v/v) PG in water 1.41 1.03 £ 0.15 x 1073

2 Each experiment was repeated three to five times and the values shown are the mean values =

standard error.

® PG, propylene glycol; OA, oleic acid; CL, choline laurate; DMCD, heptakis(2,6-di-O-methyl)-8-

cyclodextrin.

¢ No loteprednol etabonate or Al-cortienic acid etabonate was detected on the receptor side.

delivery of I was investigated. The permeability coefficient,
which is an index of how well the drug molecule permeates
the skin, was used for the comparison. As shown in Table II,
the permeability coefficients obtained ranged from 1 x 10~*
to 1 X 10~> cm/hr, which shows that the soft corticosteroid,
I, permeates the skin at a rate which is comparable to what
has previously been found for other nonsoft steroids (14). In
this in virro study, about 5 to 7% of II was detected in the
receptor phase after the permeation process, which was es-
timated from the I/IT concentration ratios formed in the re-
ceptor phase and the rate constant for the degradation of I
and II in the solution (1.7 X 1072 min ).

CONCLUSIONS

The soft corticosteroid, loteprednol etabonate, I, pos-
sesses antiinflammatory activity which is comparable to that
of betamethasone, with fewer side effects (8,10). This fact by
itself demonstrates the soft character of the compound,
which can be explained by the simplified inactivation pro-
cess in vivo as we have reported in this study. Iis hydrolyzed
mainly to the predicted inactive metabolite, II. This metab-
olite is more hydrophilic than loteprednol and is eliminated
from the body directly or, possibly, in conjugated forms. The
permeability of the lipophilic soft corticosteroid 1 through
biological membranes is good, resulting in relatively high
concentrations of the compound in brain and other organs
after intravenous administration and efficient transdermal
delivery after topical application. This study demonstrates a
successful design of a soft corticosteroid which currently is
undergoing phase 2 clinical trials.
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