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Purpose. The purpose of this study was to evaluate the stereoselective
permeation and concurrent cutaneous hydrolysis of a series of ester
prodrugs of propranolol (PL).

Methods. In vitro studies were performed across full-thickness,
stripped and diisopropylfluorophosphate (DFP) treated skins of hairless
mouse with flow-through diffusion cells at 37°C.

Results. The permeability coefficients (K,,), which were dependent on
partition coefficients (PC), of all the prodrugs were markedly increased
compared to the parent drug. In full-thickness skin, the (R) caproyl-
PL (CR-PL) showed the highest K, which was about 52-fold greater
than that of PL. Most of the more lipophilic prodrugs showed stereosel-
ectivity in K, (R > S). All the prodrugs underwent stereoselective
hydrolysis (R > S) during penetration. The prodrugs which showed
stereoselectivity in permeation were comparatively lipophilic and
showed great differences in hydrolysis percentages between the enanti-
omers. Permeation studies with stripped skin revealed that prodrugs
were more permeable across stratum corneum compared to PL, whereas
reverse was happened across viable skin. Although CR-PL showed high
stereoselectivity in permeation across full-thickness skin and underwent
higher percent of concurrent stereoselective cutaneous hydrolysis, the
prodrug showed no stereoselectivity in permeation across DFP, an
esterase inhibitor, treated skin and the concurrent cutaneous hydrolysis
was also stopped.

Conclusions. Lipophilic prodrugs may readily pass the stratum cor-
neum but may not be able to penetrate so easily through the deeper
tissues. Unlike the (S) isomers, the (R) isomers of lipophilic prodrugs
almost completely converted to propranolol in epidermis and can easily
pass through the dermis layer, resulting in stereoselective penetration.
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INTRODUCTION

PL, a widely used B-adrenergic receptor blocker, has a
very low and variable oral bioavailability due to extensive and
variable hepatic first-pass metabolism. The transdermal route of
administration has been demonstrated to be capable of avoiding
hepatic first-pass effects, thus achieving higher systemic bio-
availabilities of drugs (1). However, the relative impermeability
of the stratum corneum, the outermost layer of skin, offers
considerable resistance to the penetration of PL through the skin.
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Report

The prodrug approach represents an alternative and promising
method of enhancing the skin permeability of drugs by increas-
ing their lipophilicity (2). In a previous report, using only two
prodrugs [isovaleryl-(IV-) and cyclopropanoyl-(CP-) PL}, we
showed that ester prodrugs of propranolol could enhance the
permeability coefficient and also underwent stereoselective
hydrolysis in skin (3).

PL is clinically used as a racemic mixture of the pharmaco-
logically active S(—) enantiomer and the inactive or less active
R(+) enantiomer. Stereoselective penetration and hydrolysis
may therefore play an important role in delivery of the active
isomer of propranolol. Unfortunately, although transdermal
delivery has attracted considerable attention during the last two
decades, little attention has been paid to transfer characteristics
of individual enantiomers of chiral species. In the present study
we used ten ester prodrugs of PL with three different types of
substitution in order to evaluate their stereoselective transport
and concurrent cutaneous hydrolysis and to find out the relation-
ships of stereoselective skin penetration with physicochemical
and stercoselective hydrolytic properties during penetration.
Furthermore, extensive research has been performed across full-
thickness, stripped and esterase inhibitor treated skins of hairless
mice to propose the possible mechanism of stereoselective
penetration.

MATERIALS AND METHODS

Materials

Racemic PL hydrochloride and bovine serum albumin
(fraction V) were purchased from Sigma Chemical Company
(St. Louis, MO). DFP was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). All other chemicals and reagents
used were of analytical grade. The prodrugs were synthesized
from racemic PL hydrochloride and fatty acid chlorides (Tokyo
Kasei, Tokyo, Japan), according to the method described pre-
viously (4). In the present study, PL and its prodrugs were
always used as the hydrochloride salt because the prodrug bases
undergo intramolecular catalyzed hydrolysis and intramolecular
O-N acyl transfer reaction (5).

Animal

Male hairless mice (Kyudo, Fukuoka, Japan), 8-9 weeks
old, weighing 28-34 g, were used and the animals were main-
tained under normal housing conditions (25 * 2°C, 60% relative
humidity, and 12 h light/darkness cycle).

Skin Membrane Preparation

Hairless mice were sacrificed by snapping the spinal cord
at the neck. Full-thickness skin was obtained from the dorsal
surface. Adhering fat and other visceral debris were removed
from the undersurface with tweezers. The excised skin was
used immediately. Stripped skin was prepared from full-thick-
ness skin. The stratum corneum was removed by 25 successive
strippings using cellophane adhesive tape (Nichiban K. K.,
Tokyo, Japan), and used immediately. Esterase inhibitor treated
skin was prepared by immersing the dermal side of full-thick-
ness skin into 1 mM DFP for 4 h prior to use.
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Permeation Studies

The in vitro permeation studies were performed using a
flow-through diffusion cell according to the method described
previously (3). Flow-through diffusion cell was used because it
maintains skin viability for longer periods and mimic the in vivo
situation well. Briefly, the receiving chamber had a volume of
about 4 mL and the area available for diffusion was about 1
cm?. The skin sample was mounted between the half-cells, with
the dermis side in contact with the receptor fluid, 0.01 M acetate
buffer (pH 4). In case of permeation study across DFP treated
skin, the receptor fluid also contained 1 mM DFP. One milliliter
of drug suspension (drug amount; 1.2 times of the amount
required for saturation) in pH 4 acetate buffer was added to the
donor half-cell. Both half-cells were maintained at 37°C and the
receptor chamber was perfused with acetate buffer (pH 4) at a
rate of 5 mL/h. Saturation concentration of the prodrugs was
maintained in the donor compartment until the end of the penetra-
tion experiment. To minimize problems with skin, such as
changes in its barrier function and enzyme activity, studies were
conducted for only 10 h. The apparent permeation parameters
were calculated from total drug (in case of prodrug, total drug
means sum of intact prodrug and converted PL) penetrated into
the receptor phase using the following equations:

Js=K, D-O=K,-C )]
and
T = 8%6D 2

where J; is the steady state flux, K|, denotes the solvent mem-
brane partition coefficient of drug, D is the diffusion coefficient,
C is the drug concentration in the donor chamber, & is the
thickness of hairless mouse skin (0.07 cm), K, denotes the
permeability coefficient of drug, and 7 represents the lag time.

Assay

PL and intact prodrug were simultaneously extracted from
the collected samples and analyzed by HPLC according to
the method described previously (3). Ovomucoid-conjugated
column (Ultron ES/OVM; 150 X 4.6 mm i.d., Shinwa Chemical
Industries, Japan) and Chiralcel OD column (250 X 4.6 mm
i.d., Daicel Chemical Industries Ltd., Japan) were used for
determination of prodrug and propranolol, respectively. The
fluorescence spectrophotometer was used at excitation and
emission wavelengths of 285 and 340 nm, respectively. The
eluent used for different prodrugs determination consisted of
10% to 26% (v/v) acetonitrile in 20 mM KH,PO,, and the
eluent used for PL determination consisted of n-hexane:etha-
nol:diethylamine [85:15:0.6 (v/v)].

Statistical Analysis

Data are expressed as means *SD. Statistical analysis was
performed with the r-test to detemine the significance of
differences.

RESULTS AND DISCUSSION

Physicochemical Properties

Solubility, PC and dissociation constant (pKa) of 10 ester
prodrugs of PL are listed in Table I. The solubility and PC of
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each isomer in the racemic prodrugs were determined in pH 4
buffer in which they proved to be most stable (4). Analysis by
HPLC showed insignificant degradation (<<0.5%) of the esters
during the solubility and PC determination. There were no
differences in the solubility and PC of (R) and (S) isomers in
racemic compounds. As shown in Table I, the solubility of the
esters decreased with increasing chain length of the promoiety
of all the prodrugs, except butyryl-PL. (BT-PL). The PC of the
prodrugs in octanol-pH 4 buffer increased markedly compared
with that of PL. The dissociation constant (pKa) of the prodrugs
were slightly decreased compared with propranolol, and this
type of decrease in pKa value was previously reported with
other O-acyl prodrugs of propranolol (5). A small change in
pKa values indicates slight effect on the dissociation of drugs
in the acidic environment (~pH 5.5) of the skin because all
compounds will'be primarily in their ionized form due to their
higher pKa values (8.59-9.44).

Table I. Structure, Solubility, Partition Coefficient (PC), and Dissocia-
tion Constant (pKa) of Propranolol and Its Prodrugs

OR

|
OCH 2EHCH NHCH(CH ;) ,
HCI

QO * : asymmetric carbon

Propranolol / Prodrug

Solubility?
Compound R (n mokml) PC? pKa“
Propranolol (PL) H 391.72 240 944
O-Acetyl PL COCH; 33.69 4.15 9.28
(AC-PL)

O-Propionyl PL COCH,CH;, 31.21 1136 —
(PP-PL)

O-Butyryl PL CO(CH,),CH; 162.73 34.60 9.02
(BT-PL)

O-Valeryl PL CO(CH,);CH; 17.16 9735 —
(VL-PL)

O-Caproyl PL CO(CH,),CH; 6.40 197.00 —
(CR-PL)

O-Isobutyryl PL  COCH(CH,), 44.22 30.50 9.13
(IB-PL)

O-Isovaleryl PL COCH,CH(CHs), 13.56 88.90 8.59
(IV-PL)

O-Isocaproyl PL  CO(CH,),CH(CH;), 7.69 99.10 —
(IC-PL)

O-Cyclopropanoyl COcC;Hs 22.95 14.40 8.72
PL (CP-PL)

O-Cyclohexanoyl COcC¢H,, 3.60 11200 —
PL (CH-PL)

¢ Solubility was determined in pH 4.0 acetate buffer at 37°C; the values
represent the solubility of each isomer from racemate. The actual
values of the solubility of racemic compounds are twice the values
listed in the table.

# Partition experiments were performed in [-octanol and pH 4.0 phos-
phate buffer at 25°C.

¢ pKa values were determined in deionized water at 25°C.
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Permeation Studies

The best way to evaluate the penetration potential of a
compound is to perform experiments using human skin, but
unfortunately fresh human skin is not available.

On the other hand, hairless mouse skin has been widely
used as a model for permeation experiments (6) as well as
study to measure esterase activity in skin (7). Therefore, the in
vitro stereoselective permeation of propranolol and its prodrugs
was studied using hairless mouse skin.

Although all the prodrugs were more or less hydrolyzed
during permeation and penetrated as both intact form and con-
verted PL, to make the discussion simple only the total pene-
trated amount (sum of intact prodrug and converted PL) of
each isomer of the prodrugs was considered. The cumulative
penetrated amount (Qyo) of PL and its prodrugs after 10 h and
the apparent permeation parameters are shown in Table II. The
highest @, and flux (Js) were obtained with BT-PL. The other
prodrugs showed Qo and Js comparable or less to that of PL,
although 2-110-fold lower concentration of prodrugs were used
in the donor compartment. The K, values of all the prodrugs
were enhanced many folds compared to PL. K showed a linear
positive correlation with PC in a double logarithmic scale (Fig-
ure not shown). CR-PL showed the highest K, value, which
was about 52- and 38- fold greater [(R) and (S) isomers, respec-
tively] than that of PL. The higher K, values of the prodrugs
supports their superiority over PL for transdermal delivery.
Thus, most of the prodrugs appear promising, especially with
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regard to greater permeation using lower doses of drug which
is always preferable and is necessary to minimize skin irritation.
PL did not show any stereoselectivity in penetration across
hairless mouse skin as reported by Heard et al. across human
skin (8). However, most of the prodrugs of higher lipophilicity,
e.g. BT-PL, valeryl PL (VL-PL), CR-PL, isocaproyl PL (IC-
PL) and cyclohexanoyl PL (CH-PL), showed stereoselectivity
in Qyo, Js and K» (R > S). The stereoselectivity of lag time of
the isomers of these prodrugs was found opposite (§ > R).
We investigated from the view point of the structure-activ-
ity relationship why the transdermal penetration of most of
the lipophilic prodrugs were stereoselective. As expected from
Table II, a very good linear correlation (r = 0.98) was found
between the stereoselectivity of K and lag time of the prodrugs
and the slope of the straight line was also found to be 0.93
(Figure not shown), indicating that the stereoselectivity could
be due to the difference of diffusion coefficient between (R)
and (S) enantiomers. As we have already mentioned that skin
possesses stereoselective metabolic activity which is very high
in its cytosol (3), the prodrugs were easily hydrolyzed during
penetration resulting in stereoselectivity of intact prodrug as
well as delivered propranolol concentration in the receptor fluid.
Table II shows the hydrolyzed percentage (after 10 h) of the
isomers of all the prodrugs; hydrolysis of (R) isomers of all
the prodrugs was found to be remarkably greater than that of
the correspondent (S) isomers. The R/S ratios of the hydrolyzed
percentage of the isomers of the prodrugs at 10 h ranged from

Table II. Cumulative Penetrated Amount at 10 h (Q,), Apparent Permeation Parameters, and Hydrolyzed Percentage (after 10 h) of the Isomers
of Propranolol Prodrugs Through Full-thickness Skin of Hairless Mouse

Compound Q,o{nmol/ Js(nmo)/ Hydrolyzed
cm?) R/S cmZ.h) K, X 10%cm/h) R/S 7 (h) S/R percentage R/S

PL (R) 164.0 = 349 1.00 30.57 = 2.74 0.78 = 0.07 1.01 4.85 = 0.44 0.99 — —
(S) 164.0 = 33.2 3022 * 2.74 0.77 = 0.07 4,79 = 0.40

AC-PL (R) 169.4 = 245 0.99 2422 = 3.00 7.19 £ 0.89 0.99 3.13 £ 0.16 1.01 6.8 = 0.9% 2.83
(S) 170.6 = 24.3 2453 * 3.10 7.28 + 0.92 317 = 0.16 24 * 04

PP-PL (R) 85.6 £ 10.9 0.93 19.48 = 2.31 6.24 + 0.74 0.87 6.12 £ 0.22 0.91 37.1 = 5.2* 15.46
(S) 91.7 = 10.4 2244 + 256 7.19 = 0.82 563 £ 0.18 24 04

BT-PL (R) 2538 £ 41.3%* 124 5696 = 537% 349 = 033* 109 608+ 038* 1I3 648 £42% = 495
(S) 2055 =283 5223537 321 =033 6.87 = 0.20 131 = 5.1

VL-PL (R) 1498 = 1.1* 1.56 31.46 = 4.26* 18.33 = 2.48* 1.21 5.58 = 0.70* 1.30 89.6 £ 1.6** 2.74
(S) 959 +* 35 26.01 = 245 15.14 £ 143 723 £ 0.89. 327 £43

CR-PL (R) 181.0 = 21.7* 1.74* 26.11 = 1.98* 40.83 = 3.10* 1.38 299 * 0.31* 1.57 96.8 = 3.0** 1.38
(S) 104.5 = 155 18.87 = 2.18 29.49 * 340 4.68 = 0.89 699 * 7.8

IB-PL  (R) 1202 = 41.2 1.00 21.85 = 3.67 494 *+ 0.83 0.95 471 = 0.68 1.07 18.2 £ 7.8* 479
(S) 1200 = 41.3 23.06 = 3.45 521 = 0.78 5.05 = 0.82 3816

IV.PL  (R) 158.7 = 20.3 1.00 32.62 = 5.84 24.07 = 4.31 1.01 5.48 * 0.25 0.99 10.7 = 2.6* 9.73
(S) 158.7 = 12.7 3238 * 6.85 23.89 * 5.05 5.45 * 0.56 1.1 £0.7

IC-PL  (R) 1239 = 13.8* 247 19.75 = 1.35% 25.67 £ 1.76* 1.54 3.81 = 0.28* 1.55 95.6 = 0.4** 2.07
(S) 502 = 83 12.63 = 0.62 16.42 = (.80 590 = 042 462 = 84

CP-PL (R) 153.3 = 57.1 0.91 29.15 = 4.22 12.62 = 1.83 0.95 4.69 = 1.29 0.98 8.2 * 2.4* 13.67
(S) 167.8 = 52.1 30.60 = 5.99 13.33 £ 2.22 478 * 1.06 0.6 *0.2

CH-PL (®) 493 * 1.6* 4.81 7.77 £ 0.53* 21.59 = 1.47* 2.14 375 £ 022 225 969 * 1.0** 2.84

103 1.6 3.63 * 0.66 10.09 = 1.83 8.42 * 1.09 34154

Note: Values are the mean * S.D. (n = 4). *p < 0.05 vs. corresponding S- isomer; **p < 0.01

vs. corresponding S- isomer.
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1.4-15.5. Therefore, the time required for hydrolysis and the
difference of diffusion coefficient between PL and prodrug
might influence the stereoselective transport of prodrug. The
chemical hydrolysis of the prodrugs in pH 4 buffer was found
to be non stereoselective and insignificant (<1%) during the
experimental period, indicating that the stereoselective hydroly-
sis of the prodrugs during penetration was enzymatic. Further-
more, the possibility of wash out of enzymes during penetration
was investigated by separate experiment and no esterase leach-
ing was found when the esterase activity of washed buffer was
checked every 2 h up to 12 h (3). In all types of promoiety,
the hydrolysis activity was generally increased with increases
in carbon number, suggesting that hydrophobic interaction plays
an integral part in the hydrolysis of propranolol prodrugs by
skin esterase(s). However, it may be mentioned here that CP-
PL and IV-PL showed lower cutaneous hydrolysis as compared
with their lipophilicity which means that factors other than
lipophilicity are also important, e.g., structure of prodrug moiety
which may cause high steric hindrance (9).

Figure 1(A) revealed that when the difference of hydrolysis
% between (R) and (S) isomers of any prodrug except CR-
PL was less than 50%, it failed to show stereoselectivity in
permeation. Especially, the prodrugs which are less susceptible
to enzymatic hydrolysis [e.g., acetyl PL (AC-PL), IV-PL and
CP-PL] showed similar permeation for both (R) and (S) isomers.
The prodrugs which underwent greater percentages of hydroly-
sis with the (R) isomers showed stereoselective permeation.
Figure 1(B) shows the relation of stereoselective permeation
with the relative lipophilicity of the prodrugs, expressed as the
ratio of log PC of prodrug and log PC of PL. Here, the more
lipophilic prodrugs (log PCprogrugs/10g PCpropranotor = 4.5) showed
stereoselective permeation. In the case of CR-PL, although the
-difference in the hydrolyzed percentages of its isomers was
small, it did show stereoselective penetration. This is because
CR-PL is the most lipophilic prodrug among those examined,
so there was a large difference in diffusion between its intact
form and converted propranolol across viable skin. On the
other hand, although BT-PL showed large difference in the
hydrolyzed percentage between its isomers, there was little
stereoselectivity in permeation because the prodrug has low
lipophilicity, which failed to result in big differences in diffusion
between intact prodrug and converted propranolol. The pro-

2.2
1.8

1.4 @CR-PL

R/S Ratio of Kp

1.0

0.6 'l L ] 3 0.6 "l -l A 3
0 20 40 60 80 0 2 4 6 8

(% R - %S) Hydrolyzed  log PC poung / 109 PC prograncia

Fig. 1. Relations of stereoselective permeation of the prodrugs with
differences in percentage of hydrolysis between their isomers (A) and
their relative partition coefficients (as compared with propranolol) (B).
The compounds above the dotted line showed statistically significant
stereoselectivity in permeation.
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drugs which showed stereoselectivity in permeation were more
lipophilic and had greater stereoselective differences in
hydrolyzed percentage of the isomers.

Moreover, to propose the possible mechanism of stereose-
lective permeation of propranolol prodrugs across hairless
mouse skin, detailed permeation studies with stripped skin and
enzymatically inactive skin were done. At first, in order to
clarify the difference in barrier functions of stratum corneum
and viable skin between hydrophilic PL and lipophilic prodrug
(intact), the permeation of (§) PL and (S) IV-PL across full-
thickness skin and stripped skin was compared (Figure 2). Here
the (§) isomer of IV-PL was used as lipophilic prodrug because
of its resistance to cutaneous hydrolysis. It is evident from the
Figure that although the permeation of PL and prodrug is same
from full-thickness skin, the permeability of PL tremendously
increased across stripped skin, IV-PL failed to show such
enhancement. Therefore, it can be concluded that stratum cor-
neum is the main barrier for permeation of PL, while the drug
can pass very easily across hydrophilic epidermis and dermis.
Stratum comneum is also a barrier for lipophilic drug but the
resistance is less as compared with PL. Moreover, the lipophilic
prodrugs are less permeable across viable epidermis and dermis.

In order to get direct evidence that stereoselective hydro-
lysis has great influence on stereoselective permeation of the
prodrugs, permeation experiments were performed with CR-
PL across stripped skin and enzymatically inactive or less
active full-thickness skin. Figure 3 indicates the stereoselective
penetration of CR-PL across full-thickness, DFP treated and
stripped skins. DFP has already been reported by many
researchers to inhibit esterase activity of skin markedly (10).
It was reported that DFP had less effect to the stratum corneum
barrier properties and, hence, delivery because incubation of
human stratum cormmeum in DFP resulted in no changes in
lipid or protein thermal transition as measured by differential
scanning calorimetry (11,12). It is evident from the Figure
3 that hydrolysis of CR-PL was completely stopped during
permeation across DFP treated skin. There was no preferential
formation of hydrophilic (R) PL resulting no stereoselectivity
in permeation. We have already shown that IV-PL, a hydrolysis
resistant lipophilic prodrug, did not show any stereoselectivity
during permeation across enzymatically active full-thickness
skin. The present result indicated that if the enzymatic activity
of full-thickness skin could be destroyed at that time hydrolysis
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Fig. 2. Cumulative penetrated amount of (S) propranolot (circle) and
(8) isovaleryl propranolol (triangle) across hairless mouse skin.
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Fig. 3. Permeation profiles of caproy! propranolo! across full-thick-
ness, DFP treated and stripped skins of hairless mouse. Circles and
triangles represent intact prodrug and converted propranolol, respec-
tively. Open and closed symbols represent (R) and (S) isomers,
respectively.

sensitive prodrug also did not show enantiomeric differences
in permeation. Furthermore, limited cutaneous hydrolysis was
evident from the permeation of CR-PL. across stripped skin.
The permeation of intact CR-PL was greater than converted
propranolol across stripped skin, although opposite result was
obtained across full-thickness skin. But interestingly, the
amount of converted (R)-PL across stripped skin was greater

Ahmed, Imai, and Otagiri

Propranolol Prodrug

Stratum corneum

R=S Prodrug > Propranolol R=8
{Permeation rate) {Permeation rate) {Permeation rate)
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Propranolo} Km Prod;
et
Vmax 9
AR=S8S Prodrug < Propranolo! R=S
{Permeation rate) {Pemmeation rate) (Permeation rate)}
l ‘ Receptor chamber
\
Propranolol  Converted propranolol Intact prodrug
A=S A»S A<S
(Permaated amount)  (Permeated amount) {Permeated amount}
Total drug
(Permeated amount)
R>S

Fig. 4. Possible mechanism of stereoselective penetration of lipophilic
propranolol prodrugs across hairless mouse skin.

than that of across full-thickness skin, whereas the amount of
converted (S)-PL was decreased in stripped skin, indicating
that hydrolysis of (S) isomer was inhibited by (R) isomer.
However, the decrease in hydrolysis percent in stripped skin
might be because when the stratum corneum was removed
from skin, the permeability of CR-PL was increased by many
folds, and the amount of esterases became insufficient for
hydrolysis of the prodrug, indicating enzyme saturation, i.e.,
non linear hydrolysis kinetics in stripped skin. This enzyme
saturation was also supported by the previously reported results
of CH-PL (13). When the hydrolysis rates of the isomers
of CH-PL during penetration across both full-thickness and
stripped skins were analyzed, it was observed that the hydroly-
sis rate was gradually increased with time due to increase
concentration of prodrug in epidermis of full-thickness skin,
whereas the hydrolysis rates become very fast and were
decreased or remained constant for both (R) and (§) isomers
during permeation across stripped skin.

Finally, on the basis of all the results, the mechanism
of stereoselective permeation of lipophilic prodrug has been
proposed and shown schematically by Figure 4. Stratum cor-
neum is lipid-like in nature and favors the penetration of lipo-
philic drug, but the viable epidermis and dermis are hydrophilic
and present a substantial barrier for lipophilic drug. Therefore,
the prodrugs of higher lipophilicity readily enter and diffuse
within the stratum corneum but be unable to penetrate so easily
through the viable epidermis and dermis. The skin esterases
are mainly present in viable epidermis (14) and the prodrugs
were hydrolyzed here in a non linear hydrolysis kinetics. Since
the hydrolysis of (R) isomers of most of the prodrugs of higher
lipophilicity is very fast, the (R) isomers almost converted to
propranolol, which is hydrophilic, and can easily passes the
dermis layer. Similar results have been obtained with human
and mouse skins in vitro, where metabolism of topically applied
xenobiotics resulted in a polar compounds which were preferen-
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tially removed to the aqueous buffer (10,15). However, the (S)
isomer of the prodrugs mainly remained as intact form and
faces difficulties in passing the dermal layer due to their higher
lipophilicity. Therefore, it can be concluded that the stereoselec-
tive penetration was not due to stereoselective transport of PL
or intact prodrug, but due to the great differences in hydrolysis
percentages between the enantiomers and the great difference
in lipophilicity between prodrug and PL.
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