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Abstract

A series of ester derivatives of prednisolone (I-VII) with various lipophilicities was synthesized to investigate their
in vitro percutaneous absorption and their distribution and accumulation in the skin. Experimental findings were
supported with theoretical calculations, using the solubility parameter as an indicator of the lipophilicity of the
derivatives. The solubility parameters of the derivatives were well correlated with their partition coefficients in an
octanol-water system and increase in lipophilicity was well correlated with the theoretical and experimental values of
drug distribution into the skin. Drug distribution into the skin was increased, but the drug diffusion rate was
decreased with increasing derivative lipophilicity. These findings indicated that accumulation of the derivatives in the
skin increased with increasing derivative lipophilicity. This suggests that retention of prednisolone derivatives in the
skin is a function of their solubility parameters and that derivatives are partitioned in the skin relative to their
lipophilicities. © 1997 Elsevier Science B.V.
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1. Introduction only the possibility of local adverse reactions but

also that of systemic side effects. In an attempt to

Topical steroids are very useful for the treat-
ment of dermatological disorders, e.g. atopic der-
matitis. Recently, however, consecutive applica-
tion of steroids has ¢licited concern regarding not

* Corresponding author. Tel.: + 81 942 811540; fax: + 81
942 850593.

deal with these concerns, the antidrug steroids
have been developed. These are molecularly
modified steroids with few adverse reactions
which are converted to weak steroids following
their metabolism in skin (Brattsand and Sarn-
strand, 1989; Flynn and Yalkowsky, 1972). How-
ever, it is thought that these drugs have failed to
reduce adverse reactions to a satisfactory extent.
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We have examined several steroid prodrugs
which are retained in the skin for a long period of
time, are expected to exert long-term effects and
to a small extent may be absorbed into the body.
Increasing the lipophilicity of a drug is frequently
required to increase its accumulation in the skin.
Hence, our investigation examines derivatives
which will increase the steroid lipophilicity.

Since the stratum corneum is thought to be a
lipophilic layer, it is composed mainly of keratin
protein and lipids, improvement of drug
lipophilicity is expected to enhance the process of
drug dissolution into lipophilic material of the
stratum corneum, resulting in increased drug dis-
tribution into the skin. Numerous reports and
reviews are available on the relationship between
lipophilicity and percutaneous absorption of
drugs. It has been reported that a parabolic corre-
lation of convex type exists between lipophilicity
and the permeability coefficient of drugs, and that
there exist optimal values for the partition coeffi-
cients of drugs. Numerous studies have been pub-
lished concerning the prediction of percutaneous
absorption of drugs on the basis of their physico-
chemical properties, e.g. partition coefficient and
molecular weight (Schuplein et al., 1969; Tayer et
al., 1991; Rougier et al., 1987; Lin et al., 1995).
The majority of these studies were concerned with
the improvement of permeability. To achieve this,
the rate of diffusion in the skin, especially in the
stratum corneum, which possesses high resistance
against percutaneous absorption, must be im-
proved. However, in dermatological topical appli-
cation of drugs, e.g. steroids or antifungal agents,
it is thought that enhancement of drug distribu-
tion and accumulation in the stratum corneum is
more important for drug efficacy and safety than
the enhancement of percutaneous drug absorp-
tion. In this investigation, to examine the effect of
steroid lipophilicity on distribution into the skin,
we compared the theoretical and experimental
values of drug distribution using the method pro-
posed by Waranis et al. (1987), with the solubility
parameter as an indicator of the lipophilic
parameter. We synthesized several prednisolone
derivatives with different degrees of lipophilicity
and used them for an in vitro percutaneous ab-
sorption study.

2. Materials and methods
2.1. Materials

Prednisolone was purchased from Sigma (St.
Louis, MO). Heptane sulfonic acid (special
grade), acetic acid, propionic acid, butyric acid,
valeric acid, hexanoic acid, enantoic acid and
octanoic acid were purchased from Wako Pure
Chemical Industries, (Osaka, Japan). Diethyl se-
bacate (DES) was purchased from Nikko (Tokyo,
Japan). Other reagents were of analytical grade.
Hairless mice were purchased from Kyudo (Tosu,
Japan).

2.2. Synthesis of prednisolone derivatives and
measurement of their partition coefficients

The derivatives of prednisolone were synthe-
sized in methylene chloride by condensation of
prednisolone with aliphatic carboxylic acids using
dicyclohexylcarbodiimido, with 4-dimethyl amino-
pyridine as a catalyzer. The partition coefficients
(log P) of these derivatives in an octanol-water
system were calculated from the retention time,
which was determined by HPLC using the method
proposed by Miyake and Terada (1982). The con-
ditions of HPLC and the measurement of reten-
tion time is described in Section 2.6. We used
dibenzyl (log Pcianoywater = 4.81) and benzene (log
P tanotjwater = 2.99) as reference substances for the
estimation of log P (Tomita et al., 1984).

2.3. Solubility parameters of hairless mouse skin

The solubility parameter of hairless mouse skin
was determined using the method proposed by
Liron and Choen (1984). The in vitro percuta-
neous absorption experiment was conducted at
25+42°C as follows: the abdominal skin of a
female hairless mouse (8 weeks old) was excised
and fixed between the donor and the receptor
chambers of a diffusion cell similar to that used
by Loftsson and Bodor (1981). The volume of the
receptor chamber was 5 cm?® and the effective
diffusion area was 0.785 cm?. The receptor phase
facing the dermis side of the excised skin was
filled with saline and 0.5 ml of alkanoic acids (28
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carbons) was applied to the stratum corneum
side. This 0.5 ml portion of receptor solution
was periodically removed for analysis and re-
placed with the same volume of fresh receptor
solution.

Alkanoic acids in the receptor solution were
assayed using the procedure described in Section
2.6. However, the following mobile phases were
used: 10 mM HCIO, for the assay of acetic acid
and propionic acid; a mixture (1:3) of acetoni-
trile and 10 mM HCIO, for the assay of butyric
acid and valeric acid; and a mixture (1:1} of
acetonitrile and 10 mM HCIO, for the assay of
hexanoic acid, enantoic acid and octanoic acid.
The UV detection wavelength was 210 nm and
the flow rate was 0.8 ml min '

2.4. Skin permeability experiment with derivatives
of prednisolone

A mixture (1:1) of DES and ethanol (DES/
EtOH) was used as the solvent to prepare test
solutions, i.e. 1% solutions of the prednisolone
derivatives. These test solutions were used to
conduct a skin permeability test similar to that
described for solubility parameter measurement.
However, the receptor phase was filled with a
mixture of ethanol and water (8:2) and the test
solution was applied to the stratum corneum
side. Drugs in the collected receptor solution
were assayed by HPLC.

2.5. Assay of drugs in the skin

After 48 h of the in vitro percutaneous ab-
sorption study, the skin was removed from the
cells, wiped with dry gauze and then twice with
gauze soaked in ethanol. The skin was washed
with 1 ml of 50% (v/v) aqueous methanol solu-
tion and wiped with a dry gauze. The skin was
then cut into pieces with scissors and homoge-
nized after the addition of 2 ml methanol. The
homogenized solution was centrifuged at 3000
rpm for 10 min. The agents in the supernatant
were determined by the analytical method de-
scribed in Section 2.6.

2.6. Method of analysis

The derivatives were assayed by HPLC. The
HPLC system was comprised of an LC-6A sys-
tem (Shimadzu, Kyoto, Japan) including SCL-
6A system controller, LC-6A pump, SIL-6A
autoinjector, SPD-6AV  detector, CTO-6A
column oven and C-R6A integrator. An ODS-
120T® column (4.6 x 150 mm; Tosoh, Tokyo,
Japan) was used for analysis and a temperature
of 40°C was maintained. The UV detection
wavelength was 254 nm. The mobile phase was
a mixture of acetonitrile and water (35:65). A
flow rate of 1.0 ml min~' was maintained.
Propylparaben was used as an internal standard.

2.7. Analysis of data

According to the regular solution theory pro-
posed by Davis (1970), the mole fraction solubil-
ity (X,,) of compound i/ in the solvent v in
relation to the thermodynamic activity com-
pound (g;) and the activity coefficient r is ex-
pressed by the following formulas:

a,=rX,, (1
Inr={V¢d,—9,)’}/RT (2)
Eq. (1) can be converted to the following:

InX,;=Ina,~{Vi$3(3,— 9,)*}/RT (3)

where V; and J,; denote the molar volume and
the solubility parameter, respectively, for the
compound i, while ¢, and J, denote the partial
molar volume and the solubility parameter of
the solvent v, repectively.

The partition coefficient P between octanol
and water is expressed as follows:

P= (XL‘.[)octanol/(Xv,i)water (4)

Therefore, (¢@,)octanot 18 almost equal to
(&, waters and Eq. (3) can be expressed as fol-
lows:

Vi:

Y — Azo— y — .2
7303 7T [P = 0P =@ =0P1 )

log P =

where J, and J,, denote the solubility parame-
ters of octanol and water, respectively.
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Fig. 1. Percutaneous absorption profiles of alkanoic acids through excised hairless mouse skin.

Similarly, the distribution of the compound i
from the vehicle into the skin in the process of
percutaneous absorption can be expressed as the
ratio between the solubility of the drug i in the
vehicle and the solubility of the drug in the skin.
Therefore, the parameter K for distribution be-
tween the skin and the vehicle under this condi-
tion can be expressed as follows:

Vig?

log K= —2v
o8 K=3303 RT

[0y — 8, = (6, — 9. (6)
where J, and J, denote the solubility parameters
of the vehicle and skin, respectively. The distribu-
tion of drug i into the skin is considered to be
dependent on the solubility parameter of the vehi-
cle alone.

3. Results and discussion

3.1. Measurement of the solubility parameter of
hairless mouse skin

The cumulative amounts of permeation-time
curves for alkanoic acids of 2-8 carbons are
shown in Fig. 1. The highest flux was obtained
with propionic acid (carbon n=3). The flux de-
creased with an increasing number of carbons in
the alkanoic acid. The relationship between the
permeability coefficient (K) obtained from these
curves and the solubility parameters of the alka-
noic acids is shown in Fig. 2. The K, values
formed a parabolic curve of convex type when
plotted against the solubility parameter. A solu-
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bility parameter of 10.2 yielded the maximum K,
which suggested that the solubility parameter of
hairless mouse skin would be close to this value.
This value was slightly higher than 9.7-10, the
solubility parameter of pig skin as reported by
Liron and Choen (1984). However, this value
appears to be correct given the fact that sebaceous
glands are poorly developed in hairless mice.
Therefore, we used this value (10.2) as the solubil-
ity parameter of hairless mouse skin in subsequent
steps of the experiment.

3.2. Distribution profile of prednisolone derivatives
for in vitro percutaneous absorption

The structural formulas and physicochemical
properties of prednisolone prodrugs, which were
synthesized systematically by esterifying the OH
group at the C-21 position of prednisolone with
aliphatic carboxylic acids, are shown in Table 1.
All the compounds obtained were white crys-
talline powders, whose melting points decreased
with elongation of their side chains. However, the
derivatives with molecular weights above 500 had
almost the same melting point. Both the experi-
mental and theoretical values, which were ob-
tained from Eq. (5), of log P in the octanol-water
system increased in proportion to the number of
carbons in the side chain. This was confirmation
that the lipophilicity of these derivatives was en-
hanced by an increasing carbon number in the
side chains. On the other hand, the solubility
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Fig. 2. Correlation of the permeability coefficient (K,,) and the

solubility parameter (d,) of straight-chain alkanoic acids
through excised hairless mouse skin at 25°C.

parameter was decreased with an increase in
lipophilicity and a significant negative correlation
existed between these two parameters. Therefore,
we used the solubility parameter as an indicator
of the lipophilicity of the derivatives.

An in vitro percutaneous absorption experi-
ment was subsequently performed with the ex-
cised abdominal skin of the hairless mouse to
examine the effects of lipophilicity of these deriva-
tives on the distribution and diffusion parameters
of the skin. In this experiment, we considered the
stratum corneum to constitute the main barrier to
drug distribution and retention in the skin. There-
fore, suppression of drug metabolism in the skin
was required in order that the lipophilic proper-
ties of the derivatives themselves might be
reflected in the process of percutaneous absorp-
tion. Thus, 80% aqueous ethanol was added to
the receptor solution and was simultaneously used
to maintain the sink condition.

The derivatives of prednisolone were dissolved
in DES/EtOH. The permeation profile curve ob-
tained from the results of percutaneous absorp-
tion experiments is shown in Fig. 3.

In the one-layer model, the total amount of
drugs @ which penetrates through the excised
hairless mouse skin in time ¢ from the donor
phase at constant concentration C to the receptor
phase is given as follows (Komatzu et al., 1986):

Dt 1
— AKLC[= —=
Q (LZ 6
2 oxL _ ] #
.._F Z ( n?_) exp(—Dnznzt/L2)> (7)
n=1

where A is area of application, K is the partition
coefficient, L is thickness of skin and D is the
diffusion coefficient. Based on Eq. (7), D and K
were determined by the method of nonlinear least
squares (Yamaoka et al., 1981).

The permeation parameters obtained from the
in vitro percutaneous absorption study are shown
in Table 2. The experimental distribution values
obtained and the results of plotting the theoretical
values obtained from Eq. (6) in terms of the drug
solubility parameter are shown in Fig. 4, where o,
is 11.2. 5, was obtained by using solubility
parameter values of 9.6 for DES, calculated by
the method of Fedors (1974), and 12.7 for EtOH
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Table 1
Synthesized derivatives of prednisolone 21-esters
cl:Hzo-R
c=—0
CH;
Number Prednisolone 21- R m.p. Mol. wt. logP?* logP® §° \'
ester 0 (cal'’? em~¥%)  (cm® mol™!)
I Heptanoate -CO(CH,);,CH; 186-189 472.62 4.08 33.80 12.02 370.2
II Octanoate -CO(CH,)sCH; 159-161 486.65 4.39 36.23 11.89 386.3
III Nonanoate -CO(CH,),CH, 131-134 500.68 4.66 38.57 11.78 402.4
v Decanoate -CO(CH,);CH, 145-147 514.70 5.15 40.99 11.67 418.5
v Undecanoate -CO(CH,),CH; 129-132 528.73 5.54 43.39 11.57 434.6
VI Tridecanoate -CO(CH,),;CH, 140-143 556.78 6.02 48.19 11.39 466.8
VII Pentadecanoate -CO(CH,),sCH; 139-141 584.84 6.79 53.02 11.23 499.0

# Represents partition coeffcients in octanol-water determined with HPLC method.
b Represents partition coeffcients in octanol-water calculated by Eq. (5). ¢, =0.992, é,, = 23.4 and .= 10.3 (Barton, 1975) were

used for calculation.

¢ Represents solubility parameters calculated by the method of Fedors (1974).
4 Represents molar volumes calculated by the method of Fedors (1974).

(Barton, 1975). The values for DES/EtOH were
then calculated by the method of Chertkoff and
Martin (1960) where ¢, was almost 1.0. As shown
in Table 2 and Fig. 4, distributions of these
derivatives into the skin were estimated to be
enhanced with an increase in their lipophilicity,
while the diffusion coefficients were estimated to
decrease with such increases (Fig. 5). In Fig. 4, the
difference between experimental and calculated
data appears to be caused by being out of the
regular solution, and influence of the receptor
solution. It was thought that an increase of the
diffusion coefficient is due to affinity for the stra-
tum corneum. However, no large changes were
noted in K, over change in lipophilicity. These
findings suggested that drugs with high distribu-
tion and low diffusion into the skin will show high

accumulation in the skin. Therefore, drug concen-
trations in the skin appear to increase with in-
creases in drug lipophilicity. In fact, the
experimental values of drug distribution between
vehicle and skin were well correlated with theoret-
ical values. When drug concentrations in the skin
were directly measured following the termination
of the experiment, highly lipophilic derivatives
tended to have higher concentrations in the skin
(Table 3). These findings suggest that the stratum
corneum plays a major role as a drug reservoir for
highly lipophilic drugs and that highly lipophilic
derivatives accumulate in the skin more than
prednisolone itself. The derivatives lipophilicity,
which improves percutaneous absorption kinetics,
was confirmed to contribute to drug accumulation
in the skin.
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Fig. 3. Percutaneous absorption profiles of prednisolone derivatives in DES/EtOH (1:1) solution through the excised hairless mouse
skin. Each symbol and bar represent the mean + SD of three determinations.

4. Conclusions

The increased lipophilicity of derivatives of
prednisolone contributed to their distribution into
the stratum corneum of the skin. Although the
permeation constants of the prednisolone deriva-
tives were lower than that of prednisolone itself,
drug retention in the skin increased and diffusion
rate decreased with increase in the lipophilicity of
the derivatives. These findings suggested that
derivatives of steroids with increased lipophilicity
are retained in the skin for a long time, resulting
in lower systemic absorption, which may reduce

Table 2
Permeation absorption parameters of prednizolone derivatives
through hairless mouse skin

Drug Dm?*h~")y K K, (cm h™h
Compound I 1.37x10~4 0.023 0.77 x 10~
Compound II 1.96 x 10—# 0.023 1.10x 10~
Compound HI 0.89x 104 0.042 0.92x10~*
Compound IV 1.14x 104 0.039 111 x10~*
Compound V 0.59x 10=* 0.102 1.49x 104
Compound VI 0.79x 104 0.084 1.06 x 104
Compound VII 0.42x 104 0.093 0.98 x 10—
Prednisolone 1.59%x 104 0.074 3.14x107%

adverse reactions. Furthermore, with regard to
the effects of the derivatives on drug accumula-
tion in the skin, both theoretical and experimental
values of the drug solubility parameter were in
agreement. We therefore consider it possible to
predict the degree of accumulation of a series of
derivatives in the skin, using the solubility para-
meter as an indicator of the lipophilic parameter.

o] experimental

calculated

log K(skin/vehicle)

2 T T T T
1.2 11.4 1.6 1.8 12 12.2

& i of prednisolone derivatives

Fig. 4. Comparison between experimental and calculated data
in log K (skin/vehicle). Experimental data were obtained from
in vitro permeation study through the excised hairless mouse
skin and calculated data were obtained from Eq. (6).
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Fig. 5. Correlation of solubility parameters (J;) and diffusion
coefficients of prednisolone derivatives through excised hair-
less mouse skin.

Our results suggest that theoretical calculations
based on the solubility parameter are useful for
molecular design of derivatives for local use,
which takes percutaneous absorption kinetics into
account.

Acknowledgements

The authors wish to express their appreciation
to Mr Junichi Kubo and Mr Yoshihiro Tanoue
(Tosu Research Laboratories, Hisamitsu Pharma-
ceutical Company) for their help in synthesizing
the prednisolone derivatives.

References

Barton, A.M.F., 1975. Solubility parameters. Chem. Rev. 75,
731-753.

Brattsand, R., Sarnstrand, B., 1989. Prospects for future topi-
cal glucocorticoids development. Acta Derm.-Venereol. 69,
37-46.

Chertkoff, M.J., Martin, A.N., 1960. The solubility of benzoic
acid in mixed solvents. J. Pharm. Sci. 49, 444447,

Davis, S.S., 1970. Molar attraction constants applied to struc-
ture activity relationships. Experimentia 26, 671-672.

Fedors, R.F.A., 1974. Method for estimating both the solubil-
ity parameters and molar volumes of liquids. Polym. Eng.
Sci. 14, 147-154.

Flynn, G.L., Yalkowsky, S.H., 1972. Membrane diffusion 11I:
Influence of solvent composition and permeant solubility
on membrane transport. J. Pharm. Sci. 61, 838-852.

Table 3
Amount of prednisolone derivatives in the excised hairless
mouse skin

Drug Amount of drugs in the skin (uM cm~2)
Compound I 0.000364 + 0.000050
Compound II  0.000212 + 0.000055
Compound 1II  0.000733 4 0.000163
Compound IV~ 0.000594 + 0.000071
Compound V. 0.002388 + 0.000609
Compound VI 0.002777 + 0.001222

Compound VII  0.014047 £ 0.003091

These values represent the mean + SD for three examinations
which were determined after a 48 h permeation study. DES/
EtOH mixture (1:1) solution was used as a vehicle.

Komatzu, H., Okamoto, H., Miyagawa, K., Hashida, M.,
Sezalci, H., 1986. Percutaneous absorption of butylparaben
from liposomes in vitro. Chem. Pharm. Bull. 34, 3423~
3430.

Lin, H.H., Hsu, L.R., Wu, P.C., Tsai, Y.H., 1995. Increased
norfloxacin skin permeability for fatty alcohol propylene
glycol (FAPG) ointment by optimized process of prepara-
tion: Behavior of stearic acid in stratum corneum lipids.
Biol. Pharm. Bull. 18, 1560-1565.

Liron, Z., Choen, S., 1984. Percutaneous absorption of alka-
noic acids. II. Application of regular solution theory. J.
Pharm. Sci. 73, 538--542.

Loftsson, T., Bodor, N., 1981. Improved delivery through
biological membrane X. Percutaneous absorption and
metabolism of methylsulfinylmethyl 2-acetoxy benzoate
and related aspirin prodrugs. J. Pharm. Sci. 70, 756-758.

Miyake, H., Terada, H., 1982. Determination of partition
coefficients of very hydrophobic compounds by high-per-
formance liquid chromatography on glyceryi-coated con-
trolled-pore glass. J. Chromatogr. 240, 9-20.

Rougier, A., Lotte, C., Maibach, H.I., 1987, The hairless rat:
A relevant animal model to predict in vivo percutaneous
absorption in humans. J. Invest. Dermatol. 88, 577-581.

Schuplein, R.J., Blank, I.H., Brauner, G.L., Macfarlane, D.J.,
1969. Percutaneous absorption of steroids. J. Invest. Der-
matol. 52, 63-70.

Tomita, Y., Ozawa, M., Katsuura, H., 1984. New methods for
determination of n-octanol—water partition coefficient. J.
Hygenic Chem. 6, 3—11.

Tayer, N.E., Tsai, R., Testa, B., Carrupt, P., Hansch, C., Leo,
A., 1991. Percutaneous penetration of drugs: A quantita-
tive structure—permeability relationship study. J. Pharm.
Sci. 80, 744-749.

Waranis, R.P., Silver, K.G., Sloan, K.B., 1987. The solubility
parameter of vehicles as a predictor of relative vehicle
effects on the diffusion of 6-mercaptopurine. Int. J. Pharm.
36, 211-222.

Yamaoka, K., Tanigawara, Y., Nakagawa, T., Uno, T.A,
1981. Pharmacokinetic analysis program (MULTI) for mi-
crocomputer. J. Pharmacobio-Dyn. 4, 879-885.



