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Effectiveness of prodrug-enhancer combination for enhancement of skin penetration of drugs
is proposed and confirmed in this study. Based on a skin diffusion model, we hypothesized that
skin permeation of drug could be the most effectively enhanced by derivatizing into a prodrug
with the optimal lipophilicity for the enhancer, when its action mechanism is elucidated in the
same model. Employing acyclovir as a model drug, the hypothesis was proved by synthesizing
seven types of its prodrugs and evaluating their in vitro permeation in rat skin, pretreated with
1-geranylazacycloheptan-2-one(GACH), a penetration enhancer. Among seven prodrugs, those
with higher lipophilicities (propionate, butyrate, valerate, and hexanoate isovalerate, pivarate
prodrugs) showed larger enhancement in their skin penetration than those of hydrophilic ones
(acetate and acyclovir), when administrated in combination of GACH. In this approach, prodrugs
applied topically were metabolized through the skin, since skin was metabolically active tissues.
We have proposed that a two-layer skin diffusion model with polar and nonpolar route in the
stratum corneum, which included metabolic process in the viable epidermis and dermis, could
comprehensively account for skin permeation of acyclovir prodrugs. 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 was significantly decreased the
enzymatic hydrolysis rate constants of all prodrugs in the skin. These experiments have been
studied with an in vitro condition, and a goal of in vitro studies is the prediction of in vivo
absorption behavior. We previously demonstrated quantitative in vitro/in vivo differences in skin
penetration in terms of diffusion and partition parameters. However it has not been established
these differences concerning metabolic process. So we demonstrated to quantitate in vitro/in vivo
differences in skin penetration and bioconversion of acyclovir prodrugs. In order to confirm the
possibility of this combination approach with an in vivo condition, penetration profiles was
evaluated by a deconvolution method which enabled to estimate first-pass metabolism. Next we
analyzed in vivo skin urinary excretion profile based on a diffusion/bioconversion model, and
diffusion, partition and metabolic parameters were compared between in vitro and in vivo
condition.

In conclusion, skin permeation of prodrugs applied with an enhancer can be predicted and
optimized based on a model analysis. This combined approach would be applicable to a wide
range of drugs, since extreme alteration of physicochemical properties of drugs is not necessary
as is the case of single prodrug application.
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Fig.1 Pharmacokinetic Mode! to Estimate Prodrug Penetration through the skin
after in Vivo Percutaneous Application Using Deconvolution Method
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Table. I
Acyclovir prodrugs

Chemical Structures and physicochemica! properties of synthesized

O
H | ’\> H | N\>
+ CH4(CHp)aCOCI —>
HN N HN N
0/“\/0\1 od
H CH4CH 2),CO0

o . W, a) b)

n m.p.(° C) Solubility (mM) PCoct/w

Acyclovir (AC) 260~262 11.9 0.0123
AC acetate 0 242~245 4.89 0.0578
AC propionate 1 218~220 5.73 0.212
AC butyrate 2 220~222 4.64 0.402
AC valerate 3 206~208 2.50 0.702
AC hexanoate 4 213~215 0.741 3.352

a) prug solubility in water was determined at 37°C.

b) n-Octanol/water partition coefficient (PCoct/w) was calculated
as a ratio of solubilities in water and n-octanol at 37°C.
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Fig.4 Relationship between octano/water partition coefficient of drug and

enhancement effect of GACH under different conditions. In the finite
dose system the enhancement effect is defined as the amount of drug
penetrating within 24 hr with GACH divided by that without GACH. while
in the infinite dose system it is defined as the ratio of permeability
coefficient of drug with GACH to that without GACH treatment (control).
The following parameters were used in this simulation: Dp/Ls?=40
(guinea pig) or 60(rat) (hr™') ; Dnp/Ls?*=1.5Chr™") ; Dd/Ld*=0.06 (guinea
pig) or 0.08(rat) (hr™') ; KpVp=0.000015 (guinea pig) or 0.00007 (rat)
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Table. I Estimated penetration parameters for Drug penetration through the
Skin pretreated with various Doses of GACB
Stratum Corneum Enzymatic
Drug GACH dose Polar route Nonpolar route ;ig:oégigiant
b
(mol) Dp'a) Kp' ) an.c) Knp’C) X
(hir™h) (x10%m?®) (hcl) (cm®) (hr'h)
acyclovir 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 -~
-1.d) 3.d)
stripping Dd'=0.365 (hr 7) Kd'=0.177 (cm™)
acetate 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
-1.d) 3.d)
stripping Dd'=0.437 (hr ) Kd'=0.182 (cm™)
propionate 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 4.34 8.43 0.00778 0.298
C -1.d) 3.d)
stripping Dd'=0.256 (hr ™) Kd'=0.259 (cm™)
butyrate 0 77.4 2.05 9.16 0.000273 2.44
6.4 78.2 3.86 8.40 0.00111 1.20
25 35 80.8 4.34 8.34 0.0109 0.700
-1.d)
stripping Dd'=0.200 (hr *) Kd'=0.485 (cm*)!
valerate 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 4.34 7.67 0.0170 0.756
-1.d) 3.d)
stripping Dd*'=0.314 (hr 7) Kd'=0.216 (cm”)
hexanoate 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
-1.d) 3.d)
stripping Dd'=0.314 (hr 7) Kd'=0.247 (cm™)
isovalerate 0 76.2 2.05 7.91 0.000373 0.156
25.5 79.6 4.34 7122 0.0107 0.0685
-1.d) 3.d)
stripping Dd'=0.173 (hr 7) Kd'=0.371 (cm™)
pivarate 0 76.2 2.05 8.48 0.000446 0.0269
25.5 79.6 4.34 7.62 0.0164 0.0111
-2y, d) 3,d)
stripping Dd'=0.207 (hr 7) Kd'=0.223 (cm”)
mannitol 0 90.9 2:.105 - - -
6.4 91.8 3.86 -~ - -—
25.5 95.0 4.34 -— - -—
-1.d) d)
stripping Dd'=0.287 (hr ") Kd'=0.216 (cm)
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the sum of acyclovir and prodrugs de convolution method of acyclovir
appearing in the receptor is shown. prdrugs through In Vivo Rat Skin

ach point represents the mean=£S.D.
value of at least three experiments.
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Fig.7 Comparison of Enzymatic Hydrolysis Rate constants btween In Vivo and
In Vitro.
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