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Abstract

The penetration of seven acyclovir prodrugs through the rat skin with or without an enhancer, 1-geranylazacyclo-
heptan-2-one (GACH), was analyzed based on a newly developed two-layer skin diffusion model with polar and
nonpolar routes in the stratum corneum including metabolic process. The Laplace-transformed equations for prodrug
and regenerated acyclovir were derived from Fick’s second law assuming first-order hydrolysis and were fitted to the
experimental data. Under the condition without GACH treatment, more lipophilic prodrugs gave higher partition
parameters in the nonpolar route. The enzymatic hydrolysis rate constants estimated by the model analysis of the
penetration experiment were basically similar in rank order to those obtained using skin homogenate. Concerning the
effect of GACH, the estimated partition parameters of prodrugs in the nonpolar route increased with an increase in
pretreatment dose of GACH, but their diffusivities were little affected being in good agreement with the theoretical
prediction. In addition, GACH significantly decreased the enzymatic hydrolysis rate constants of all prodrugs in the
skin.
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1. Introduction predict the enhancement effect by the combina-

tion approach (Bando et al., 1996). However, the

In a series of our investigation, we have demon-
strated that skin penetration of drug can be
efficiently enhanced by a prodrug and enhancer
combination (Bando et al., 1994). In addition, a
two-layer diffusion model with polar and nonpo-
lar routes in the stratum corneum enabled us to

* Corresponding author. Tel.: + 81 75 753 4535; fax: + 81
75 753 4575.

comprehensive understanding of bioconversion
process of prodrugs in the skin should also be
needed to accomplish an improvement of drug
penetration by this approach.

There are several methods for measuring the
metabolic rate of drug in skin; that is, the usage
of skin homogenate (Fort and Mitra, 1994,
Ghosh and Mitra, 1990; Seki et al., 1990; Yano et
al., 1991), uptake-metabolism experiment (Yu et
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al., 1979a; Valia et al., 1985), and model analysis
of drug transport (Liu et al., 1990, 1991; Tojo et
al., 1994; Yu et al.,, 1979b, 1980a,b). In vitro
experiment using skin homogenate is convenient,
but it is unclear whether the result reflects actual
metabolism of drug in the process of penetration
through the skin. The uptake-metabolism experi-
ment is superior in this point of view, in which the
skin structure is kept intact. However, this
method is applicable only to in vitro condition
because a drug is applied to dermal side. On the
other hand, the analysis of transport and metabo-
lite of a drug based on a skin diffusion model is
free from these problems.

Evaluation of a metabolic rate by means of
model analysis has been often done in the experi-
ments using tape-stripped skin (Liu et al., 1990,
1991; Tojo et al., 1994; Yu et al., 1980a,b). By
neglecting the penetration process through the
stratum corneum, not only enzymatic degradation
rate constants but also the distribution of skin
enzymes could be more easily estimated and dis-
cussed at steady-state (Liu et al., 1990, 1991; Tojo
et al,, 1994; Yu et al., 1980a,b) or non-steady-
state condition (Tojo et al., 1994). However, the
metabolic activities of viable cells may be changed
in this case because the cells are exposed to a
vehicle and, in addition, we cannot clarify the
effect of enhancers on metabolic activity of the
skin.

On the other hand, we have developed an ap-
proach to analyzing whole skin permeation pro-
cess by the use of a least-square regression
program, MULTI(FILT), combined with a fast
inverse Laplace transform (FILT) algorithm (Ya-
mashita et al., 1993). This approach enables us to
elucidate skin permeation of drugs in terms of
diffusion and partitioning, even if a complex skin
diffusion model, i.e. a two-layer model with paral-
lel pathways, is assumed.

In this study, we derived Laplace-transformed
equations for drug transport based on a diffusion
model including metabolic process in the skin and
evaluated each process of penetration, i.e. diffu-
sion, partitioning and metabolism. The perme-
ation of a series of prodrugs of acyclovir through
the skin treated with or without an enhancer,
1-geranylazacycloheptan-2-one (GACH), was an-
alyzed based on the present model.

2. Materials and methods
2.1. Materials

GACH was synthesized by Kuraray Co.,
Okayama, Japan. Acyclovir (I) was kindly sup-
plied from Nippon Wellcome K.K., Osaka,
Japan. Esterification of acyclovir was carried out
as described previously (Bando et al, 1996).
Chemical structures of acyclovir prodrugs tested
(IT-VII) are in Fig. 1. Radiolabeled '*C-mannitol
(MT) was obtained from Daiichi Pure Chemicals,
Japan. Other materials were obtained commer-
cially from Nacalai Tesque Inc., Kyoto, Japan.

2.2. Hydrolysis of the prodrugs in skin
homogenate

Hydrolysis of acyclovir prodrugs in the pres-
ence and absence of rat skin homogenate was
measured. One gram of full-thickness abdominal
skin was homogenized in 5 ml of phosphate
buffered saline (PBS) (pH 7.4) at 4°C and the
supernatant was obtained after centrifugation at
10000 g (SCR20B, Hitachi Koki Co., Tokyo,
Japan). To the prodrug solution in 25 ml of PBS
{(pH 7.4), 5 ml of the supernatant was added to
give an initial concentration of 0.005, 0.05 and 0.5
mM, and a 1-ml sample was periodically with-
drawn for determination. The chemical stability
was studied in PBS (pH 7.4). The rates of enzy-
matic hydrolysis were evaluated with pseudo-first-
order rate constants in 3.3% (w/v) homogenates.
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Fig. 1. Chemical structures of acyclovir prodrugs tested. (I)
acyclovir: R =H; (II) acetate: R = CH,;CO; (III) propionate:
R = CH,;CH,CO; (IV) butyrate: R = CH;(CH,),CO; (V)
valerate: R = CH4(CH,),CO; (VI) hexanoate: R =
CH,(CH,),CO; (VII) isovalerate: R =(CH;),CHCH,CO;
(VII) pivarate: R = (CH,);CHCO.
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Fig. 2. Physiological skin diffusion/bioconversion model with polar and nonpolar routes in the stratum corneum. (A) diffusion model
for a prodrug, (B) shows diffusion model for regenerated parent drug. Well-stirred and sink conditions are assumed in the vehicle
and receptor, respectively. Note that each partition coefficient is defined against the vehicle. K, partition coefficient; D, diffusion
coefficient; V, volume; L, distance; f, area fraction; v, vehicle; p, polar domain; np, nonpolar domain; d, viable epidermis and dermis:
first subscripts p and m reveal prodrug and metabolized parent drug, respectively.

2.3. In vitro skin penetration experiment

The data of acyclovir and its prodrugs (II-VI)
used for the present analysis were obtained previ-
ously with a full-thickness rat skin diffusion ex-
periments (Bando et al., 1996). In this study, the
same penetration experiments were additionally
carried out for the structural isomers (VII, VIII)
of V. In vitro penetration through tape-stripped
skin was also studied to evaluate viable epidermis
and dermis penetration. In brief, the rat abdomi-
nal skin was stripped 15 times with adhesive tape
(Scotch tape, Sumitomo 3M Co., Japan), excised
and punched out to yield a disk after removal of
hair with a clipper. The skin sample was mounted
on a diffusion cell and pretreated with saline for 6
h. Saline was then removed by blotting with tissue
paper, and the drug was applied in a PBS
suspension to reduce osmotic convective flow. The
dermal side of the skin was continuously washed
with the same PBS containing 30% (v/v) ethanol.
The sample was analyzed by HPLC after ade-
quate dilution by distilled water. The rest of the
experimental procedures were the same as for
intact skin reported previously (Bando et al.,
1994).

The polar route penetration was estimated with
diffusion experiment using "“C-MT as described
previously (Yamashita et al., 1994). The receptor
fluid flowed at a rate of 5 ml/h and collected every
60 min for 12 h. The radioactivities of *C-MT in
the receptor fluid were determined by liquid scin-
tillation counter (Aloka Lsc-900, Japan).

2.4. Data analysis

Fig. 2 shows the diffusion model employed in
the present analysis. (A) shows a diffusion model
for prodrugs and (B) shows that of regenerated
parent drug. The skin is considered to be com-
posed of two serial layers, stratum corneum and
the underlying viable tissue, with parallel polar
and nonpolar routes in the stratum corneum. The
polar route in the stratum corneum is assumed to
be filled with water (Ackermann and Flynn, 1987,
Ackermann et al., 1987). A well-stirred condition
in the donor solution and sink condition in the
receptor phase is also assumed. In addition, the
following assumptions are made: (a) The hy-
drolytic enzyme, non-specific esterase, is homoge-
neously distributed in the secondly layer. (b) The
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hydrolysis follows first-order reaction kinetics. (c)
The stratum corneum essentially serves as a diffu-
sion barrier. Thus, prodrugs which penetrate
through the stratum corneum are metabolized to
the parent drug in the viable epidermis and der-
mis, and then the parent drug diffused in the skin
according to the drug concentration gradient.
Based on this model, the Laplace transform for
the amount of prodrug and parent drug appearing
in the receptor across the intact and stripped skin
are expressed as follows;

Qp.im = COZp.d(s + k)*(pr Sinh dp.np

+2Z,,, sinhd, ,/s*/k(s) (1)
Q~p.xl = COZp,d(s + k)/Sz/Sinh dp.d (2)
O = CoV.K(Z,, sinhd,,, +Z,,, sinhd,,)

* (m(s)/I(s) — d, )/s*/(d} a— d, )] (s5)
3)

Qm.sl = COZp.dkdp,d(n (S)/O (S) - dpd)/(did - dlznd
/s%/sinh d,q 4)

Where s is the Laplace operator with respect
to time and C, is the concentration in the donor.

d,,=L,\/s|D,, &)
Ay =Ly \/SIDpp (6)
d,q=L,~/(s+k)/D,, (7N
d,,,.p =L,\/s/D,,, ®
Ap = L /5D pp 9
da=Ly~/5/Dpa (10)
Z,p=K,,V,ld,, (11)
Zpp =Ko Vo [y (12)
Zpa= K, dVald, (13)
Zonp =KoVl (14)
Z iy = KorpVup 1@ (15)
Zoa=KnaValdpa (16)

k(s)=2,,
+Z

p.np

coshd,,sinhd,,, sinhd,,
sinhd,, coshd,,, * sinhd, ,

+Z,,sinhd,,sinhd,,, coshd,, (17)

pnp
I(s)

=Z,,coshd,,sinhd,,  sinhd,,

+Z,.,,sinhd,,, coshd, . *sinhd,,
+Z,4sinhd, ,sinhd,,, coshd,, (18)
m(s)
=Z,,d,4c0shd,,sinhd,,, sinhd,,
+Z,, p4maqsinh d,, , coshd,,,, * sinhd,,
+K,.D,A.,d,,sinhd,, sinhd,,, coshd,,
(19)
n(s)=Vd,,sinhd, ,+Z, d,,coshd,, (20)
o(sy=V,sinhd, ,+ Z, ,coshd, , 1)

where V, is the volume of vehicle; D;;, K;; and
Vij i=p, m and j=p, np, d) are the diffusion
coeflicient in the j domain, the partition coefficient
between the j domain and vehicle, and the effec-
tive volume of the j domain for diffusion, respec-
tively; and the first subscripts p and m reveal
prodrug and metabolized acyclovir, respectively,
and the second subscripts s, p, np and d denote
the stratum corneum, the polar route, and the
nonpolar route and the second layer, respectively.
V; is obtained from the area (A), area fraction of
the polar route (f) and diffusional pathlength (L;)
as, :

V,=AfL, (22)
V,=AL, (24)

The penetration profiles were analyzed based
on this model. Curve-fitting of Eq. (1), (2), (3) and
(4) to penetration data was conducted using the
nonlinear regression program MULTI(FILT)
(Yano et al., 1989) on the main frame computer
M-382 of the Kyoto University Data Processing
Center. Because of the difficulty in determining
the real diffusion pathlength, we involving diffu-
sional pathlength as follows:
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D;= D.//L_/2 (25)
K;=KV, (j=p,npord) (26)

The aimed seven hybrid parameters for each
prodrug were determined according to the follow-
ing procedures: At first, D{, and K{4 values were
obtained from fitting Eq. (2) to a penetration
profile through the tape-stripped skin under the
assumption that all of the drugs penetrated
through the skin without degradation (k = 0) be-
cause enzymatic activity was removed by 30%
{v/v) ethanol in the receptor fluid. Secondly, the
penetration profiles of MT through the intact skin
were analyzed using Eq. (1) under the assump-
tions that MT, a highly hydrophilic compound,
only penetrates the polar domain in the stratum
corneum (K, =0) and that MT is not metabo-
lized in the skin (k =0). Since the partitioning
from the aqueous vehicle to the polar route (water
channel) is considered to be unity for all pene-
trants (Ackermann et al., 1987), the obtained
parameters were treated as the common ones for
all tested drugs. On the other hand, diffusion
parameters in the polar route of the tested drugs
were corrected based on their molecular weight
(Lambart et al., 1989). Thirdly, the parameters
corresponding to the nonpolar route for acyclovir
(Dionp and K, )were estimated by fitting Eq. (1)
to the penetration profile of acyclovir with four
pre-determined parameters (D, 4, D;, . K4 and
K}, p) under k = 0 as acyclovir did not metabolize
through the skin. Finally, the parameters corre-
sponding to the nonpolar route for acyclovir pro-
drugs (D, ,, and K, ;) and enzymatic hydrolysis
rate constant (k) were estimated by simultaneous
fitting of Eq. (1) and Eq. (3) to the penetration
profiles of prodrugs and the regenerated acyclovir.
Ten pre-determined parameters (D4, Dpp,
D;‘n,np’ ;n,d’ K;n.pa K;n.nps ;;.d’ D;,p’ K;:d and
K, ) were utilized in the calculation.

3. Results

3.1. Hydrolysis of the prodrugs in skin
homogenate

All prodrugs were very stable in PBS (pH 7.4)

and hydrolysis rate constants were in the range
from 1.01 x107% (V) to 1.8 3x10-3 h~! (II).
Hydrolysis of the prodrugs in PBS with rat skin
homogenate was examined (Fig. 3). Hydrolysis
rate constants of prodrugs at 0.5 mM in skin
homogenate were 5.77 + 0.16 x 10~ 2 (1), 5.57 +
0.11 x 1072 (1), 2.13 £ 0.03 x 10~ ' (IV), 4.84 +
0.49 x 10! V), 1.37 £ 0.06 (VD
3.79+0.27 x 1072 (VII), and 1.03+0.01 x 10~ ?
(VIII) h—', respectively. Saturation of enzymatic
degradation was not observed within a range of
the tested concentration (data not shown). Being
corresponded to the amount of the acyclovir pro-
drug which disappeared from the incubation
medium, regeneration of acyclovir was confirmed.

3.2. In vitro skin penetration experiment

The penetration profiles of acyclovir and its
prodrugs (II-V1) were previously reported. The
penetration profiles of structural isomers (VII,

100
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Time (hr)

Fig. 3. Hydrolysis of acyclovir prodrugs in phosphate buffered
saline (pH 7.4) with rat skin homogenate at 37°C. Initial
concentration was 0.5 mM. 11: (Hl); I1I: (A): 1V: (@); V: (L),
VI: (A); VII: (O); VIII: (¢). Each point represents the
mean + S.D. value of at least three experiments.
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Fig. 4. Time courses of penetrated amount of prodrug (A) and regenerated acyclovir (l) through the rat skin without GACH
treatment. V, VII and VIII were applied in forms of suspension. Each point represents the mean + S.D. value of least three

experiments.

VIII) of V through the rat skin were shown in
Fig. 4 without GACH treatment and in Fig. 5
with it. In Fig. 4, although almost all V appeared
in the receptor fluid as a metabolized form, i.e.
acyclovir, VIII showed little metabolism through
permeation of the skin. VII shows an intermediate
metabolism rate between V and VIIL

3.3. Analysis of penetration profiles based on a
diffusion /bioconversion model with polar and
nonpolar route in the stratum corneum

We analyzed all permeation profiles of drugs
based on a diffusion/bioconversion model. Table
1 summarizes penetration parameters of I and its
prodrugs (II-VIII) for the polar route, nonpolar
route and the lower viable layer. The diffusion
and partition parameters in the lower dermis were
relatively similar among tested drugs.

Parameters for the polar route were obtained
by analyzing the penetration profiles of MT as-
suming that it penetrates only through there due
to its high hydrophilicity (Ackermann et al.,
1987). As shown in Table 1, the K, value in-
creased up to two times with an increase in the
dose of GACH. This would be explained by a rise
in V, value or effective area of the polar route
since K, is a product of K (=1) and V. The D,

value, on the contrary, changed only by a factor
of 1.04 as compared with that of control.

In order to determine the parameters for the
nonpolar route, predetermined Dj, and K, for
MT, and Dj and Kj for each drug and D, and
K, for acyclovir were employed in the calcula-
tions. Under the condition without GACH treat-
ment, significant relationships were obtained
between Dy, and K, values and acyl chain length
of prodrugs, i.e. Dy, gradually decreased and K,
significantly increased as acyl chain length in-
creased (Table 1). As regards the effects of GACH
on the nonpolar route, K;, increased extensively
in all drugs with an increase in GACH pretreat-
ment dose, while the Dj, value did not change so
much.

With respect to enzymatic hydrolysis rate con-
stants in the viable epidermis and dermis without
GACH pretreatment, II and III showed approxi-
mately equal levels and the rate constant in-
creased as acyl chain length prolonged. In three
structural isomers, the order of hydrolysis rate
constant was V > VII > VIII. In Fig. 6, the enzy-
matic hydrolysis rate constants estimated from
two different experiments are compared against
acyl chain length of the promoieties (a) or be-
tween structural isomers (b). While absolute val-
ues of enzymatic hydrolysis rate constant were
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Fig. 5. Time courses of penetrated amount of prodrug (A) and regenerated acyclovir () through the rat skin pretreated with
GACH (25.5 ymol). V, VII and VIII were applied in forms of suspension. Each point represents the mean + S.D. value of least three

experiments.

different, the rank order was almost similar be-
tween these experimental systems. As shown in
Table 1, GACH significantly decreased the enzy-
matic activity for all prodrugs by a factor of 0.54
(I1)-0.23 (V) as compared with that of control.

4. Discussion

In the previously reported diffusion/metabolism
models, non-uniform localization of enzyme de-
grading drugs in skin was assumed (Liu et al,,
1990, 1991, 1994; Tojo et al., 1994). They may be
more accurate because the localization of various
enzymes was observed (Martin et al., 1987). How-
ever, it requires further information such as drug
transport data in the diffusion experiment using
the reversed skin and then the model is not usu-
ally applicable to in vivo absorption. In contrast,
a model assuming homogenous distribution of
enzymes in the viable layer is more easily applica-
ble to describe penetration profiles of the drug
and its metabolite. In this analysis, each penetra-
tion parameter was successively determined by
analyzing penetration profiles of acyclovir and its
prodrug under different conditions. The rational-
ity of this approach was discussed in a previous

report (Yamashita et al., 1993). To estimate diffu-
sion and partition parameters in a viable layer,
diffusion experiments with stripped skin were
done. For prodrug application, 30% ethanol was
added to a receptor solution to inhibit metabolic
activities of the skin. It was reported that 30%
ethanol solution completely inhibited the
metabolism of f-estradiol without any change in
its permeability coefficient (Liu et al., 1991). Our
preliminary study suggested that the penetration
of acyclovir, which is not metabolized, through
stripped skin did not significantly change by
adding ethanol in a receptor solution. This
method can be used to estimate the bioconversion
rate constants of prodrugs under more physiologi-
cal condition, since the contact of a viable layer
with a donor solution is avoided by the existence
of the stratum corneum.

Many reports demonstrated the presence of
esterases in the skin and Ghosh et al. have re-
cently shown the features of cutaneous esterase in
hairless mice and its inhibition by various in-
hibitors (Ghosh and Mitra, 1990). In this study,
while all acyclovir prodrugs were very stable in
PBS (pH 7.4), they rapidly converted to parent
drug in rat skin homogenate (Fig. 3). These find-
ings suggest that the hydrolysis of all the prodrugs
proceeds enzymatically in the skin.
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Estimated penetration parameters for drug penetration through the skin pretreated with various doses of GACH

Drug GACH dose Stratum corneum Enzymatic hydrolysis rate constant k
(#mol) (h™h)
Polar route Nonpolar route
D2 (™) K2 (x10°em®) Dy (h~") K;c (cm?)
) 0 84.7 2.05 10.4 0.000102 -
6.4 85.5 3.86 10.7 0.000261 -
25.5 88.5 4.34 10.6 0.000690 -
Stripping D, =0.365 (h— "y K;=0.177 (cm®¢
(11) 0 80.0 2.05 8.35 0.000102 1.10
6.4 80.8 3.86 8.91 0.000487 0.590
25.5 83.6 4.34 9.03 0.00639 0.734
Stripping D, =0.437 (h—1)¢ K, =0.182 (cm*¢
(I11) 0 78.7 2.05 8.12 0.000138 0.900
6.4 79.4 3.86 8.01 0.000516 0.569
25.5 82.2 434 8.43 0.00778 0.298
Stripping D, =0.256 h—1)d K} =0.259 (cm?)¢
(V) 0 77.4 2.05 9.16 0.000273 2.44
6.4 78.2 3.86 8.40 0.00111 1.20
25.5 80.8 4.34 8.34 0.0109 0.700
Stripping D/, =0.200 (h~")¢ K, =0.485 (cm¥)¢
V) 0 76.2 2.05 7.22 0.000378 3.28
6.4 77.0 3.86 7.49 0.00130 0.992
25.5 79.6 434 7.67 0.0170 0.756
Stripping D} =0.314 (h—1) K, =0.216 (cm?)
%)) 0 75.1 2.05 7.24 0.000663 4.04
6.4 75.8 3.86 7.64 0.00391 1.51
25.5 78.4 4.34 7.20 0.0417 1.14
Stripping D, =0.314 (h—")¢ K, =0.247 (cm*)
(VID) 0 76.2 2.05 7.91 0.000373 0.156
25.5 79.6 4.34 7.22 0.0107 0.0685
Stripping D, =0.173 (h~H¢ K{=0.371 (cm®¢
(VIID) 0 76.2 2.05 8.48 0.000446 0.0269
25.5 79.6 4.34 7.62 0.0164 0.0111
Stripping D, =0.207 (h—')¢ K, =0.223 (cm*
Mannitol 0 90.9 2.05 - - -
6.4 91.8 3.86 - - -
25.5 95.0 4.34 - - -
Stripping D, =0.287 (h—')d K{=0.216 (cm?)?

*Diffusion parameters for polar route in the stratum corneum (Dj). The value for each drug was calculated from the corresponding
values of mannitol by correcting with molecular weight.
YPartition parameters for polar route in the stratum corneum (K}). The value for each drug was the same as the corresponding value

of mannitol.

“Parameters for the nonpolar route in the stratum corneum (Dj,, K[ .).

9Parameters for the second viable layer (D}, K|). These values were considered to be common to each drug regardless of GACH

dose.

In regard to the susceptibility of prodrugs to
esterase, many researchers reported similar types
of ester prodrugs (Seki et al., 1990; Shao et al.,

1994a). In a series of zidovudine esters, caprate or
caprylate showed the highest reactivity in the
presence of rat skin homogenate and either the



H. Bando et al. | International Journal of Pharmaceutics 135 (1996) 91-102 99

decrease or the increase in the acyl chain length
resulted in the decrease of the reactivity to en-
zymes (Seki et al., 1990). As shown in Fig. 3, the
effect of acyl chain length to the reactivity of
cutaneous esterase is almost the same as that of
zidovudine, and similar results had been shown
about acyclovir prodrugs in rat plasma (Shao et
al., 1994a) and in rat nasal homogenate (Shao et
al., 1994b).

The ratio of intact prodrug’s flux to total pro-
drug plus acyclovir flux was increased by GACH
in our previous report (Bando et al., 1994). In the
present analysis, hydrolysis rate constants of all
prodrugs were also shown to be decreased by the
pretreatment with GACH (Table 1). Similar phe-
nomenon was reported for other enhancers, e.g.
Azone in propylene glycol was decreased
metabolism of nitroglycerin (Higo et al., 1992) and
l-menthol and dl-camphor also inhibited the hy-
drolysis of methyl salicylate in hairless mouse skin
(Yano et al., 1991). One of the possible mechanism
is saturation of metabolic activity due to increased
flux of the prodrugs by GACH. However, pre-
treatment with oleic acid in ethanol gave similar
enhancement of total flux to that of GACH with-
out changing metabolism (data not shown). Fur-
ther, GACH also inhibited the metabolism of 11,
its total penetration was not so much increased.
These results suggest little effect of saturation
mechanism in metabolism and GACH is con-
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Fig. 6. Effect of substituent of prodrugs on enzymatic hydrol-
ysis rate constant in the viable epidermis and dermis. (a)
Prodrugs with different acyl chain lengths. (b) Prodrugs of
structural isomers. Enzymatic hydrolysis rate constants deter-
mined from skin penetration experiment (closed symbol) and
from homogenate experiment (opened symbol) are compared.

cluded to decrease metabolic activity in the skin.

As same as our previous findings (Yamashita et
al., 1993), this analysis demonstrated that GACH
mainly affected the nonpolar route in the stratum
corneum. Recently, Azone was reported to in-
crease the electric resistance of the stratum
corneum, deducing that drug penetration enhance-
ment by enhancer might take place due to in-
creased drug partitioning (Kontturi et al., 1990).
Previously, our analysis based on a linear free-en-
ergy relationship revealed that the change of drug
partitioning by GACH is caused by increasing the
polarity of the nonpolar route (Yamashita et al.,
1993). The present result suggests that even if
metabolic process is included, this model ana-
lysis gives reasonable values of diffusion and
partition.

In conclusion, the present skin model and com-
puter analysis enable us to comprehensively dis-
cuss the mechanism of skin penetration of drug
which is metabolized in there and the action of
enhancers on it. It may be also useful in predicting
therapeutic utilities of the transdermal drug deliv-
ery system, such as prodrug derivation and appli-
cation of penetration enhancers. Furthermore,
since this model has some generality in physiology
and anatomy of the skin, it could also be ex-
panded to an in vivo model by introducing some
additional physiological factors such as blood
flow.

Appendix

The Fick's second law of diffusion for each
domain about prodrug is expressed as follows;

an‘p /”61 = Dp‘p((?ch,p/axz) (A 1 )
oc,,,l0t=D,,,(8°C,,,[0x?) (A2)
an.tl/at = Dp,d(a ZCp.d/axz) - ka,zl’ (A3)

Assuming that the donor is under a well-stirred
infinite-dose condition and the receptor is under
perfect sink condition, respectively, the boundary
conditions are given as follows;

K, C=C, (x=—L) (A4)

PP »p

K, C=C (x=—L,) (A5)

v At p.ap
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K, iCpplKyy=Cpa (x=0) (A6)
K, iCorplKyp=Cpa (x=0) (A7)
D, ,Af(0C, ,/0x) + D, ,,A(1 — f}OC, ,,/x)

=D, A(0C, 4/0x) (x=0) (A8)
C,u=0 (x=Ld) (A9)

where C, is the drug concentration in the vehicle.
The initial conditions are as follows;

C, =G (A10)

Cp=0Cop=Coa=0 (All)

where C, is the initial concentration, solubility of
each drug in the vehicle. Eqs. (A1-A3) have the
general Laplace transforms, respectively:

C,p ="y, sinh (s/D, )'*x + 6, , cosh (s/D, ,)'"*x
(A12)
C,p = Vpup Sinh (s/D,, )" x
+9,,, cosh (s/D,,,)"*x (Al13)
C,u=Ypasinh {(s + k)/D, ,}'*x
+ 0,4 cosh {(s +k)/D, .}'*x (Al4)
From Eqs (A4-A9), Yop Oppr Vpapr Opnpr Vpd
and J,4 are determined as;
oy = K, ,Co {cosh d, , sinhd, (Z,, sinhd,,,
+Z,,,sinhd, )/k(s)— 1}/s/sinhd,,
(Al5)
6,,=K,,Cysinhd, (Z, , sinhd,,,
+Z,,, sinh d, ,)/s/k(s) (A16)

Vpp = Ky pCo {cosh dp',,p sinh dp'd(Zp.p sinh dp.np
+Z,,,sinhd, )/k(s)—1}/s/sinh d,,,

(A17)
pmp =K, ,,Cosinhd, (Z,, sinh d,,,
+ Zp.np sinh dp.p)/s/k(s) (A18)
Ypa= — Kp,dCO cosh dp‘d(ZH, sinh dp.np
+Z,,, sinh d, ,)/s[k(s) (A19)

0,.= — K, ,Cysinhd, (Z,, sinhd, ,,
+2Z,,,sinh d, ,)/s/k(s)

p.np

(A20)

The Laplace-transformed equation for the cu-
mulative amount of a prodrug penetrating the
skin (Q, ;) is caluculated by,

Q~p.int = - DpdA /S * (an,d/ax)x =Ly (Azl)
= —D,A/s* {(s+k)/D, }"7
X (y,acoshd, ,~d,,sinhd,,) (A22)

Likewise, the Fick’s second law of diffusion
about metabolized parent drug is expressed as
follows;

aC,,,/0t =D, ,(6°C,, ,/0x?) (A23)
aC,,,,/0t =D, ,,(0*C,,,,/0x?) (A24)
0C,, 4/0t = D, [0°C,, 4/0x*) + kC, 4 (A25)

Assuming that the donor and receptor is under
perfect sink condition, the boundary conditions
are given as follows;

K, ,C,=C,, (x=—L) (A26)
KnrpCo= Conp (x= —Ly) (A27)
KodConp/ Konp= Cna (x=0) (A28)
KodConinp/ Ky = Cipa - (x=0) (A29)

D, ,Af(0C,, ,/0x) + D,, ,,A(1 — )@C,,,,,/0x)
=D, 44(0C, 4/0x) (x=0) (A30)
C,.=0

(x=L,) (A31)

where C, is the drug concentration in the vehicle.
The initial conditions are as follows;

C,o=0 (A32)

(A33)

Cm,p = Cm,np =Lma= 0

Eqgs. (A23-25) have the general Laplace trans-
forms respectively:

ém‘p =Y, sinh (s/D,, ,)'x

+ 8, cosh (s/D,,,)"x (A34)
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C’,,,.np = Ypnp SiINW (s/D,,, )%
+ 0,y cOsh (s/D,,, ) x (A35)
C,ru= Yma sinh (s/D,, )'?x
+ 4,4 cosh (s/D,, )'x
+kC,a/Dynal {5/Dpya— (s + k) D 4}
(A36)

From Eqs (A26_31)s ym,ps 5m,p5 ym.npa 5m.npv
Yma and o, 4 are determined as;

Ymp =k coshd,, K, K, ,CoiZ,,

+Z,,, sinhd, ,/s/k(s)}

*{d, s — m(s)/l(s)}

/sinh d,, /K, i/ D, a/{8/Dpa— (s + k) D, a}
(A37)

sinh d

p.np

5m.p = KmApr,dCO {Zp,p sinh dp,np

+Z,,, sinhd, ,/s/k(s)}

* Ad, s —m(s)/l(s)}

/Kona/ Dimal A8/ Dypa— (s +K)[Dyay  (A38)

Ymp =k coshd, K, K,,CoiZ,,
+Z,,,sinhd, ,/s/k(s)}

* Adyu— m(s)/1(s)}

/Sinh dm.np /Km.d/Dm,d/{s/Dm,d

—(s+k)/D, 4}

sinh d

p-hp

(A39)

Opnp = kK

m.np

Kﬂ.dc() {Zp,p
+Z,,,sinhd, ,/s/k(s)}
* {d,a— m(s)/1(s)}
K/ Dpal {8/Dpa— (s + k) Dpat  (A40)

sinh 4,

m.np 'p.np

Vma= = kK, K, 4Co cosh d,, , {m(s)/I(s)/d, 4}

m.pip,
*1Z,,sinhd,, +Z,,, sinhd,,/s/k(s)}
fsinh d,, 4/ D,y 4 {5/ Dypq— (s + k)[D, 4}
(Ad1)

Oma= — kK, K, iCo {m(s)/I(s)/d,, 4}

m.p=ops

*{Z,,sinhd,,, +Z

pnp p.np

sinh d, /s /k(s)}

/Dy 48[ Da— (s + k) D, 4} (A42)

The Laplace-transformed equation for the cu-
mulative amount of a regenerated parent drug

(Qm,im) iS,

Qm.[nt = - Dm,dA /S * (0Cm,d/ax)x =L, (A43)

= — D, s * {(s/D,.)'"

X (ym,d COSh dm,d - 5m,d Sinh dm,d)}

— (s +k)/D,, 4} ]/2/ka,dC0

*{Z,,sinhd,,, +Z

p.np p.np

sinh d, ,/s/k(s)}

IDpa AS/Dpa— (s + K}/ Dy (A44)
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