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The hair follicle-plugging method was used to analyze the effects of EtOH on skin permeation path-
ways. Methods: In vitro permeation experiments were performed on 4 model drugs [isosorbide mononitrate
(ISMN), ionized lidocaine (ionized LC), fluorescein (FL), and fluorescein isothiocyanate (FITC)-dextran
4kDa (FD-4)] using excised pig ear skin. The skin permeations of ionized LC, FL, and FD-4 were decreased
by hair follicle-plugging. Hair follicle-plugging prevented the skin permeation of FL and FD-4 in EtOH-
pretreated skin, but did not prevent that of ISMN. On the other hand, the effect of hair follicle-plugging on
the permeation of ionized LC was different among the pretreatment conditions. These results indicate that
the EtOH pretreatment greatly affected the aqueous pathway in the stratum corneum and hair follicles.
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Drug delivery systems (DDSs) have been investigated ex-
tensively to provide drug formulations with sustained release
and/or targeting properties. Transdermal therapeutic systems
(TTSs) are a typical example of DDSs. Therapeutic medicines
in TTSs that have already been marketed include tulobuterol
for the treatment of bronchial asthma," clonidine for hyperten-
sion,? nitroglycerin and isosorbide dinitrate for angina pec-
toris,™¥ and rivastigmine for Alzheimer’s disease.” However,
the enhancement of skin permeation is sometimes required
for drugs. Skin penetration enhancers are one of the methods
used to increase the skin permeation of drugs.

Skin penetration enhancers include alcohols,
acids,® fatty acid esters,'®'V terpenes,'>!¥ pyrrolidones,
surfactants,'®'” and Azone.'®™” Among these enhancers,
ethanol (EtOH) is the most commonly used additive in topical
formulations. It is applied not only as a skin penetration en-
hancer, but also a solvent, such as water, for skin disinfection,
as well as a solubilizer for poorly-soluble drugs. Estradiol
and fentanyl dermal patches are typical examples that con-
tain EtOH to enhance their absorption into the skin.**? The
mechanisms underlying the penetration-enhancement effect
of EtOH on the stratum corneum barrier were previously re-
ported to be lipid extraction, an increase in lipid fluidity, the
enhancement of drug solubility in stratum corneum lipids,
changes in skin hydration, effects on the putative pore path-
way, alterations in keratinized proteins, and effects on solvent
drugs.?Y Although many studies have already examined
skin permeability with the simultaneous application of EtOH
and drugs, few have investigated the effects of an EtOH pre-
treatment on the skin permeation of drugs. EtOH-containing
formulations are frequently applied to the skin surface for the
purpose of preventing disinfection and other therapeutic treat-
ments. Other topical formulations may also be applied follow-
ing treatments with EtOH-containing formulations.

We previously investigated the effects of an EtOH pretreat-
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ment on the pig skin permeability of drugs.?® Our findings
demonstrated that the skin permeation of hydrophilic drugs
was increased and decreased by pretreatments with low and
high concentrations of EtOH, respectively. We then specu-
lated that EtOH may have affected the permeation pathway
of these drugs. The permeation pathway of hydrophilic drugs
may be skin appendages as well as the aqueous region of the
stratum corneum.’*>® Therefore, we developed a method for
hair follicle infundibulum-plugging with a mixture of silicone
grease, cyanoacrylate adhesive and nile red, referred to as the
hair follicle-plugging method, to analyze drug permeability
through skin appendages.”” This method revealed that the hair
follicle could be the primary permeation pathway for water-
soluble compounds such as ionized lidocaine (ionized LC) and
fluorescein isothiocyanate-dextran 4kDa (FD-4).

As described above, we previously reported the effects of
EtOH on the skin permeability of drugs and developed an
evaluation method for drug permeation through specific path-
ways in the skin. The next step was to investigate the effects
of EtOH on different aqueous permeation pathways. Few
studies have examined hair follicle penetration in association
with the application of EtOH, which is commonly used as a
skin penetration enhancer. The purpose of the present study
was to analyze the effects of an EtOH pretreatment on stratum
corneum- and hair follicle-permeation. Isosorbide mononitrate
(ISMN), ionized LC, fluorescein sodium (FL), FD-4 were
selected as model drugs and the individual contribution of the
stratum corneum and hair follicles was determined from total
skin permeation using in vitro skin permeation experiments.
Furthermore, we considered the effects of the EtOH pretreat-
ment on electrical skin resistance and lipid composition in
skin, as determined by TLC analysis.

Experimental

Materials LC and FD-4 were obtained from Sigma-Al-
drich Co., Ltd. (St. Louis, MO, U.S.A.). Nile red was obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan). ISMN was ob-
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Table 1. Physicochemical Properties of Model Drugs
Model compounds Molecular weights Log K,.*) pK?
Isosoibide-5-mononitrate (ISMN) 191 —0.15” -
Lidocaine hydrochloride (ionized LC) 271 —0.939 7.931
Fluorescein sodium (FL) 376 —0.629 2.3, 4.3, 6.5
Fluorescein isothiocyanate-dextran 4kDa (FD-4) 33004400 —0.77% 6.4%)

a) Logarithm of the octanol/phosphate buffer partition coefficient at 37°C. b) Determined with pH 7.4 PBS.>” ¢) Determined with pH 5.0 PB. d) Determined with pH 7.4

PBS.? ¢) Acid dissociation constant. f) Electrically neutral compound.

tained from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). FL,
EtOH (99.5%, HPLC grade), sodium chloride, disodium hy-
drogen phosphate, and potassium dihydrogen phosphate were
obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). All other reagents and solvents were of reagent grade
or HPLC grade, and used without further purification. Table 1
shows the physicochemical properties of the model drugs.

Animals Pig ear skin sets were obtained from Saitama
Experimental Animals Supply Co., Ltd. (Sugito, Saitama,
Japan), and stored at —30°C until the permeation experiments.
Pig ear skin was thawed at 37°C on the day of the experiment.
Pig ear skin slices of 1.0mm in thickness were prepared using
a dermatome (Acculan® 3Ti Dermatome; B. Braun, Tuttlingen,
Germany) to separate the stratum corneum and upper epi-
dermis from the dermis and subcutaneous tissue. All animal
studies were performed following the recommendations of
the Institutional Board for Animal Studies, Josai University
(Sakado, Saitama, Japan).

Hair Follicle-Plugging Process Hair follicles were
plugged with a silicone grease—cyanoacrylate adhesive mix-
ture (PA-mixture) to block drug penetration through them.*”
The PA-mixture consisted of equal parts of silicone grease
(Super Lube® Silicone Dielectric Grease; Synco Chemical
Corp., Bohemia, NY, U.S.A.) and a-cyanoacrylate adhesives
(Aron Alpha Jelly; Konishi Co., Ltd., Osaka, Japan) with small
amounts of nile red being applied to the hair follicles. Nile red
was used to visualize the skin area treated by the PA-mixture.
Thus, hair follicles were plugged to prevent drug penetration
through the follicular pathway. There were approximately 60
hair follicles on the effective skin penetration area (1.77 cm?),
30 of which were plugged with the PA-mixture.

In Vitro Skin Permeation Experiments A dermatomed
pig ear skin membrane was mounted on vertical-typed dif-
fusion cells (effective diffusion area: 1.77cm?), followed
by the application of 0, 20, or 99.5% (v/v) EtOH aqueous
solution to the stratum corneum side and pH 7.4 phosphate-
buffered saline (PBS) to the dermal side (receiver cell volume:
6mL). Each concentration of the EtOH aqueous solution
was removed after the EtOH treatment for 12h and the skin
permeation experiment was then performed. When the skin
permeation experiment through hair follicle-plugged skin was
being conducted, EtOH-pretreated skin was removed from the
vertical-typed diffusion cell and the skin was treated with the
hair follicle-plugging method. The receiver solution was also
replaced by fresh PBS. A total of 0.8mL of 700mm ISMN,
100mm LC, Imm FL, or Smm FD-4 was then applied to the
stratum corneum side. The donor solution of LC was adjusted
to pH 5.0 by 1/30mwm phosphate buffer to become the LC cat-
ion, while that of ISMN, FL and FD-4 was dissolved in PBS,
such that LC predominantly existed in an ionized state in the
pH 5.0 solution, and FL and FD-4 predominantly existed in an

ionized state in the pH 7.4 solution. Permeation experiments
were performed at 32°C over 8h (ISMN and LC) or 12h (FL
and FD-4) through pig ear skin, while the receiver solution
was continuously stirred with a star-head-type magnetic stir-
rer. An aliquot (0.5mL) was withdrawn from the receiver solu-
tion at predetermined times and the same volume of fresh PBS
was added to keep the volume constant. Each experiment was
repeated five times.

Determination of ISMN and LC ISMN and LC con-
centrations were determined in the samples using an HPLC
system (Prominence; Shimadzu, Kyoto, Japan) equipped with
a UV detector (SPD-M20A; Shimadzu). Briefly, 0.2mL of
ISMN and LC samples were added to the same volume of
neat methanol for ISMN or acetonitrile containing an internal
standard for LC (4-hydroxybenzoic acid n-amyl ester; 20 ug/
mL), respectively, and vortex-mixed. After centrifugation at
3600Xg and 4°C for 5min, the resulting supernatant (20 uL)
was directly injected into the HPLC system. Chromatographic
separation was performed using a Unison UK-CI8 (3um,
75X4.6mm i.d.; Imtakt, Kyoto, Japan) at 40°C. The mobile
phases for ISMN and LC were distilled in water—acetonitrile
(9:1, v/v) and 10mm phosphate buffer (pH 6.5)—acetonitrile
(1:1, v/v), respectively, and the flow rate was 1.0mL/min.
Detection was performed at UV 220nm (ISMN) and 230nm
(LO).

Determination of FD-4 and FL FL and FD-4 concentra-
tions in the samples were analyzed using a spectrofluoropho-
tometer (RF 5300PC; Shimadzu) at excitation wavelengths of
480nm and 490nm, respectively, and at fluorescent emission
wavelengths of 535nm and 520 nm, respectively.

Measurement of Skin Resistance Skin resistance was
determined by an impedance meter (AS-TZ-1; Asahi Techno
Lab. Ltd., Yokohama, Japan) following the pig ear skin perme-
ation experiments. Skin resistance indicated the reversal of ion
transport through the skin.

Identification of Lipid Extracted from the Skin with the
EtOH Treatment Thin-layer chromatography (TLC) was
performed to identify the lipids extracted from EtOH-pretreat-
ed skin. A total of 0, 20, and 99.5% EtOH solution (1.0mL)
and chloroform—methanol (2:1, v/v) solution (1.0mL) were
applied to the stratum corneum side (1.77cm?) over 12h, and
the pretreatment solution was then withdrawn. The withdrawn
solution was evaporated to dryness under a N, purge. The
residue was reconstituted with chloroform/methanol solution
(1.0mL). The sample (50uL) was applied to a HPTLC plate
(HPTLC Silica gel 60 F254; Merck, Darmstadt, Germany)
developed using chloroform/methanol/acetic acid (190/9/1)
for approximately 40 min. Detection was performed by plac-
ing 10% copper sulfate in 8% phosphoric acid and heating at
180°C for 10min. A total of 0.05% triolein, 0.05% cholesterol,
0.05% palmitic acid, and 0.05% N-stearoyl-phytosphingosine
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(ceramide IIT) in chloroform/methanol solution was used as a
control sample in the TLC analysis.

Analysis of Permeation Parameters The cumulative
amount of the drug permeating through the skin into the
receptor compartment was plotted against time to obtain the
skin permeation profile. The PA-mixture-treated area was
measured with a digital camera attached to a microscope
(DP21; Olympus Corp., Tokyo, Japan). The corrected effective
permeation area was calculated by subtract the PA-mixture-
treated area from the effective permeation area. Then, the
cumulative amount of drugs permeated through a unit area
of the skin was calculated using the corrected effective per-
meation area.”® The steady state flux (J) was estimated from
the slope of the linear portion of the profile. The permeability
coefficient (P) was calculated from J and the donor concentra-
tion (C,), by the following equation,

J
P C. )

In addition, the enhancement ratio was calculated by divid-
ing the P-value of model drugs through skin pretreated with
various EtOH concentrations by that through pretreated skin
with water to determine the effects of the EtOH pretreatment
on the P-value.

Statistical Analysis

Statistical analysis was performed using an unpaired Stu-
dent’s t-test and ANOVA. A p value less than 0.05 was consid-
ered significant.

Results

Effect of the EtOH Pretreatment on the Pig Ear Skin
Permeation of Several Hydrophilic Drugs The effect of
the pretreatment with EtOH was investigated on the der-
matomed pig ear skin permeation of four hydrophilic drugs:
ISMN, ionized LC, FL, and FD-4. Based on the findings of
a previous study, EtOH concentrations for the pretreatment
aqueous EtOH solution were set at 0%, 20%, and 99.5%
EtOH, in which skin permeation was predicted to markedly
increase and decrease by 20% and 99.5% EtOH, respectively.
In vitro skin permeation experiments were performed on the
four compounds using aqueous drug solutions after the treat-
ment with any concentration of the EtOH solution without the
drug. Figure 1 illustrates the relationship observed between
the concentration of EtOH used to pretreat the skin surface
and logarithm of the skin permeability coefficient of the drug
tested. The skin permeability coefficient was calculated from
the steady-state flux and applied drug concentrations. In the
case of the 0% EtOH (100% water) pretreatment, which was
used as the control group, the highest permeability was ob-
served for ISMN, followed by ionized FL, LC, and FD-4.
The permeability coefficients of all model drugs through skin
pretreated with 20% EtOH were higher than those through pu-
rified water-pretreated skin. In addition, in the case of 99.5%
EtOH, the permeability coefficients were lower than those
with 20% EtOH, although a marked difference was observed
in the decreasing ratios. The permeability coefficients of FL
and FD-4 for the pretreatment with 99.5% EtOH were mark-
edly lower than those of the control group. The permeability
coefficient of FL for 99.5% EtOH was lower than that of ion-
ized LC, unlike that for 0% EtOH.
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Fig. 1. EtOH Concentration Profile of the Logarithm of Permeability
Coefficients of ISMN (O), Ionized LC (A), FL ((J), and FD-4 (<)

Each point represents the mean*S.E. (n=5).

Solvent front — Standard compounds (Rf value)

) ..H Triolein (0.81)

o
=l Cholesterol (0.56)
; Palmitic acid (0.45)
* ew»— Ceramidelll (0.23)
Start line —
a b c de

Fig. 2. Thin-Layer Chromatogram of Skin Lipids Extracted with Pre-
treated Water (a), 20% EtOH (b), 99.5% EtOH (c), Chloroform/Methanol
(d), and Standard Solution (e)

Analysis of Lipids Extracted from Skin Pretreated with
Various Concentrations of EtOH Figure 1 shows that
the permeability coefficients of hydrophilic drugs could be
changed by the different EtOH concentrations. These changes
may be related to the composition and amount of lipids ex-
tracted from the skin surface. The pretreatment solution was
withdrawn after skin was pretreated with different concen-
trations of EtOH, and the composition and amount of lipids
were qualitatively analyzed using TLC. Chloroform—methanol
(2:1), which has a strong extracting effect on skin lipids, was
used as a positive control. Figure 2 shows the results obtained
by the TLC analysis. No lipid spots were detected for 0% and
20% EtOH. Although weak spots for triglycerides, cholester-
ols, and ceramides were detected for 99.5% EtOH, these levels
were markedly smaller than those of the positive control, the
chloroform/methanol group. Moreover, fatty acids were not
detected for every EtOH solution.

Pretreatment Effect of Different Concentrations of
EtOH on the Skin Permeability of Hydrophilic Drugs and
Electrical Skin Resistance Relationships were investigated
between the skin permeability coefficients of drugs and the
reciprocal of electrical skin resistance and pretreatment con-
centrations of EtOH. The reciprocal of electrical skin resis-
tance was calculated from the electrical impedance of the skin
following skin permeation experiments. Figure 3 shows the
effects of the EtOH pretreatment on the enhancement ratio of
the skin permeability coefficient of drugs or the reciprocal of
electrical skin resistance. As shown in Fig. 1, the permeability
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coefficients of all model drugs were increased by the pretreat-
ment with 20% EtOH. In addition, the permeation of FL was
decreased by 99.5% EtOH, while that of FD-4 was decreased
even further. The reciprocal of electrical skin resistance was
increased and decreased after the pretreatment with 20% and
99.5% EtOH, respectively. Similar profiles were found for
ISMN and ionized LC due to the effects of EtOH concentra-
tions between the enhancement ratio of permeability coeffi-
cient and reciprocal of electrical resistance.

Effect of the EtOH Pretreatment on the Skin Perme-
ation Pathway of Hydrophilic Drugs Hair follicles, which
are considered to be one of the permeation pathways of
drugs through skin, were plugged using a newly established
method. Approximately 60 hairs could be visually recognized
in the effective penetration area (1.77cm?) on pig ear skin.
Therefore, the number of hair follicles plugged was set at 30
(approximately half of the hair follicles) in the present study.
In vitro skin permeation experiments were performed after
hair follicle-plugging, and the contribution of hair follicles to
skin permeation was estimated from the decreasing ratio in
the cumulative amount of the drug that permeated through
the skin with hair follicle-plugging against that without the
treatment. Figure 4 shows the time course of the cumulative
amount of model drugs that permeated through pig ear skin,

5 1 2.0
£
s 5 i
.| 1155
&9 ga
£3 -
3 o
£ = i
o= 1
22 :
< QO i
= E 5
6§ EE
EtOH conc. (%, v/v)
d) FD-4
- 2.0
£
s 5 i
| 155 §
! £9
g3 :
TH/SN g%
TN ER:
£E | i
A § 4
&
0 0
0 0 a0 0 50 oos

EtOH conc. (%, v/v)

Effect of the EtOH Pretreatment on the Enhancement Ratio of Permeability Coefficients (O) or Reciprocal of Electrical Skin Resistances (@)

and Table 2a summarizes the cumulative amount of the drugs
permeated over 8h (ISMN and ionized LC) or 12h (FL and
FD-4) through the skin. With or without hair follicle-plugging,
approximately the same amount of permeation was observed
in the case of ISMN permeation. On the other hand, in the
case of ionized LC, the cumulative permeation amount was
decreased by hair follicle-plugging through 0% EtOH-treated
skin, while negligible changes were observed through 20%
and 99.5% EtOH-treated skin. The cumulative permeation
amounts of FL and FD-4 were decreased by hair follicle-plug-
ging, and the decreasing ratio was independent of the EtOH
concentration. Table 2b summarizes the decreasing amount
and ratio of the skin permeation of drugs by hair follicle-
plugging after the pretreatment with different concentrations
of EtOH. The decreasing amount and ratio of the ISMN per-
meation were low at any EtOH concentration, while those of
ionized LC were high with the 0% EtOH pretreatment only.
A high decreasing amount and ratio were observed under all
conditions for the permeation of FL and FD-4, and that after
99.5% EtOH pretreatment was lower than those of the 0% and
20% EtOH pretreatments.

Discussion
In the present study, the effects of the EtOH pretreatment
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Fig. 4. Time Course of the Cumulative Amount of FD-4 That Permeated through Different Concentrations of EtOH Pretreated-Skin with or without

30-Hair Follicles-Plugging

Symbols; water pretreated-skin without hair follicle-plugging (O), 20% EtOH pretreated-skin without hair follicle-plugging (A), 99.5% EtOH pretreated-skin without
hair follicle-plugging (), water pretreated-skin with 30-hair follicles-plugging (@), 20% EtOH pretreated-skin with 30-hair follicles-plugging (A), and 99.5% EtOH
pretreated-skin with 30-hair follicles-plugging (M). Each point represents the mean*S.E. (n=5).

were investigated on the skin permeations of four hydrophilic
drugs: ISMN, ionized LC, FL, and FD-4. The permeability
coefficients of ISMN with a higher LogK, and ionized LC
with a smaller molecular weight among these four drugs were
not significantly affected by the treatment with a high concen-
tration of EtOH. When the skin permeations of FL and FD-4,
which have similar LogK ,, were compared, the decreasing
ratio in FD-4 permeation was lower than that in FL after the
pretreatment with a high concentration of EtOH. The per-
meation of FD-4 with a high molecular weight was strongly
prevented by the high concentration of EtOH, which suggested
that a high concentration of EtOH may decrease the size of the
aqueous pathway in skin by the high concentration of EtOH.
The decreasing ratio in the skin permeation of FD-4 obtained
in the present study was higher than our previous findings for
the permeation of calcein (molecular weight (MW); 645) after
a pretreatment with a high concentration of EtOH.>> On the
other hand, the reciprocal of electrical skin resistance™ ob-
tained in the present study suggests that ion transport through

skin was detected under all conditions independently of the
EtOH concentration. The low reciprocal of skin resistance of
ionized LC has been attributed to low ion concentrations in
the buffered solution (we used 1/30mm PB instead of PBS)
in the donor compartment, and the relationship between skin
resistance and the EtOH concentration was similar to that of
the other drugs. These results indicate that the permeability
coefficients of Na™ and CI~ remained unchanged after the pre-
treatment with a high concentration of EtOH. Nevertheless,
the permeability coefficients of FL and FD-4 were decreased,
which indicated that the size of the aqueous pathway may
have been decreased into a narrow pathway by the high con-
centration of EtOH or that the permeation routes of FL and
FD-4 may be markedly different from those of Na* and CI".
Although the present TLC analysis revealed that no lipids
were extracted from the skin by 20% EtOH, the skin per-
meation of drugs was increased. Extracted skin lipids were
detected following 99.5% EtOH; however, the amount was
markedly smaller than that with the positive control, chloro-
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Table 2. Difference in the Cumulative Amount of Model Drugs That Permeated through EtOH-Pretreated Skin at Each Concentration with or without

30-Hair Follicles-Plugging

a)
Cumulative amount of model drugs permeated (hair follicle-plugged skin)
EtOH conc.
0 20 99.5
ISMN (over 8h, umol/cm?) 6.68+2.39 12.21%£2.22 7.58+2.10
(6.26+1.91) (11.79=2.01) (6.80x1.77)
Ionized LC (over 8h, umol/cm?) 0.147%+0.049 0.240%0.034 0.203+0.051
(0.092£0.023) (0.2050.020) (0.1560.025)
FL (over 12h, nmol/cm?) 1.78+0.32 4.20+0.71" 0.75+0.24"
(1.04=0.34) (2.35+£0.42) (0.53x0.11)
FD-4 (over 12h, nmol/cm?) 1.06+0.22 2.60+0.78 0.14+0.02"
(0.600.28) (1.51%0.55) (0.10x0.03)
b)
Decreasing amount of model drugs permeated (reduction ratio)
EtOH conc.
0 20 99.5
ISMN 0.42 umol 0.42 pmol 0.78 umol
—6.30% —3.40% —10.30%
Ionized LC 0.055 umol 0.035 umol 0.047 umol
—37.40% —14.60% —23.20%
FL 0.74nmol 1.85nmol 0.22nmol
—41.60% —44.00% —29.30%
FD-4 0.44nmol 1.09 nmol 0.04nmol
—43.20% —41.90% —28.60%

Each value represents the mean=S.E. (n=5). "p<<0.05: significantly different from 0% EtOH-pretreated skin.

form/methanol. Hatta et al. previously reported that EtOH had
a moderate effect on lipid extraction from skin.*® In addition,
low concentrations of EtOH were reported to increase lipid
fluidity in the intercellular lipids in the stratum corneum, and
high concentration of EtOH might decrease the permeation
pathway by protein denature in the stratum corneum, viable
epidermis and dermis.>®

At least two pathways have been proposed for the perme-
ation of hydrophilic drugs and ions through skin: the aqueous
region of the stratum corneum and skin appendages such as
hair follicles.?**” 1t is difficult to evaluate the permeabil-
ity of drugs through each specific penetration pathway using
permeation experiments because topically-applied drugs are
simultaneously permeated through these different pathways.
One millimeter thick split porcine skin may have tunnel-like
hair follicles. Several studies have already reported that these
tunnel-like hair follicles may become a permeation route for
nanoparticles, although nanoparticles could not permeate
through full-thickness skin. Therefore, dermatomed skin was
selected for the present study. However, the effects of EtOH
on the skin permeation of chemical compounds differed be-
tween hydrophilic and lipophilic compounds in this experi-
ment. Furthermore, the permeability coefficient of lipophilic
compounds has been shown to decrease with an increase in
the thickness of the dermis,*® which also affected estimations
of the blood concentrations of topically applied drugs.*” Thus,
unlike the skin permeation experiments using nanoparticles,
skin permeation can be examined with the 1-mm thick skin
used in the present study. We also selected 1-mm porcine split
skin for one more reason. The highest skin permeation of
hydrophilic chemical compounds was observed after the pre-
treatment with 20% EtOH in the present study. Manabe ef al.
reported that the skin permeation of hydrophilic compounds

was increased by the simultaneous application of 10 to 20%
EtOH on full-thickness skin.*® These findings were consistent
with the results obtained in the present study. Therefore, I-mm
thick split porcine skin can also be used to evaluate enhance-
ments caused by aqueous EtOH as well as full-thickness skin.

Several studies recently assessed hair follicle pathways. 04"
The findings of our previous study, which used a newly de-
veloped hair follicle-plugging method, demonstrated that hair
follicles played an importance role in the skin permeation
of ionized LC and FD-4.* The present study was based on
the assumption that hydrophilic drugs permeated through the
aqueous pathway in the stratum corneum and hair follicles,
and we evaluated the effects of the EtOH pretreatment on
each specific skin permeation pathway using the hair follicle-
plugging method. The number of hair follicles plugged was set
as 30 because the amount of permeation through hair follicles
should be markedly decreased by plugging approximately
half of the recognizable hair follicles in the effective penetra-
tion area, and a good relationship was observed between the
decreasing ratio of FD-4 permeation and the number of hair
follicles plugged. The total number of hair follicles was esti-
mated to be approximately 60 based on the interception of the
linear extrapolation of the relationship. It was also difficult to
plug all hair follicles because many unrecognized hair follicles
existed under a stereoscopic microscope. Therefore, drug per-
meation through the hair follicle pathway could be estimated
from the decreasing ratio or amount achieved by the hair
follicle-plugging of 30 follicles.

Drug distribution and diffusion in and through skin bar-
riers are very important factors for the skin permeation or
penetration of chemical compounds. Patzelt et al. showed that
follicular penetration with nanoparticles was reduced by 90%
in excised skin.*® This may have been due to a reduction in
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permeation through the hair follicle pathway. The skin per-
meation of chemical compounds can generally be expressed
by dissolution-diffusion phenomena. Thus, skin-insoluble
nanoparticles could not permeate into the stratum corneum
and remained in tube-like tissue, the hair follicles. Thus, a re-
duction in hair follicle size may directly affect the distribution
of nanoparticles. On the other hand, high molecular weight
hydrophilic compounds such as calcein and FD-4 could per-
meate into the stratum corneum and viable epidermis/dermis,
although the permeation rates through full-thickness skin
were extremely low.

Many studies on the transdermal deliveries of hydro-
philic compounds have been performed using excised
skin 284042434549 Eyalyations of skin permeation parameters
using excised skin are very useful for developing transdermal
formulations. The skin permeation ratios of drugs through
hair follicles against those through the whole permeation area
should be considered to clarify the contribution of the hair fol-
licle route. Thus, in vitro skin permeation experiments utiliz-
ing hair follicle-plugging may be of importance in evaluating
skin permeation parameters both for the stratum corneum and
hair follicle pathways. However, further studies, such as those
using in-situ experiments, may be needed to consider the con-
tribution of hair follicles against the overall skin permeation
of chemical compounds. Since no significant difference was
found in the skin permeation of ISMN with or without hair
follicle-plugging, the aqueous pathway in the stratum corneum
must be the primary permeation route for this drug. Ionized
LC could permeate through both the aqueous pathway of the
stratum corneum and hair follicles; however, the latter may
be a more important route. In addition, the EtOH pretreat-

Lipophilic pathway
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ment affected the aqueous pathway in the stratum corneum,
and the contribution of the stratum corneum to the total skin
permeation of ionized LC may have been high. Hair follicles
may be the primary route for the permeation of FL and FD-4
because hair follicle-plugging decreased the amount of FL
and FD-4 that permeated through. Furthermore, the perme-
ability coefficients of FL and FD-4 were increased after the
20% EtOH pretreatment, and the decreasing ratio due to
hair follicle-plugging for 20% EtOH was similar to that for
0% EtOH, which indicated that EtOH affected the aqueous
pathway in the hair follicles. The reduction ratio of perme-
ability coefficients by hair follicle-plugging for 99.5% EtOH
was slightly lower than that for 0% or 20% EtOH because
of the intrinsically very low permeabilities of FL and FD-4
for 99.5% EtOH. We previously reported that FL and FD-4
permeabilities through three-dimensional cultured skin were
markedly lower than those through hairless rat skin,®® and
concluded that this may have been due to the absence of ap-
pendages in the cultured skin. The results of the present study,
in which FL and FD-4 preferentially permeated through skin
appendages, support our previous conclusion.

In summary, the permeability coefficients of ISMN, ionized
LC, FL, and FD-4 were increased by the pretreatment with
20% EtOH and decreased by that with 99.5% (especially for
the permeation of FL and FD-4); however, the approximately
constant transport of ions was observed by the pretreatment
with any concentration of EtOH. In addition, the decrease
in drug permeation by hair follicle-plugging was observed
for LC after the pretreatment with 0% EtOH and for FL and
FD-4 with any concentration of EtOH. We finally decided on
the skin permeation pathway of drugs following the EtOH

Epidermis side

Aqueous pathway in the stratum corneum

Aqueous pathway in hair follicles

Viable epidermis side

Hydrophilic compounds

ISMN Tonized LC

0%
EtOH-treated skin

20%
EtOH-treated skin

99.5%
EtOH-treated skin

Fig. 5.

Lipophilic
drugs

FL and FD-4 NA* and CI

Schematic Pathway Model of the Effects of EtOH on the Skin Permeation of Drugs
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pretreatment from the results obtained as above. Figure 5
shows a schematic model of the skin permeation pathway. The
penetrants were categorized into 5 groups for their primary
permeation route (ISMN; aqueous pathway in the stratum cor-
neum, ionized LC or Na* and CI7; both aqueous pathways in
the stratum corneum and hair follicles, FL and FD-4; aqueous
pathway in hair follicles and lipophilic compounds; lipophilic
pathway). Moreover, the permeability coefficients of lipophilic
compounds were estimated from our previously reported re-
sults in which EtOH did not have a significant effect on the
skin permeation of isosorbide dinitrate (MW; 236, LogK;
1.22).2 The reason why different behaviors were observed
between ionized LC and FL, which have similar molecular
weights and Log K, was attributed to the existence of differ-
ent permeation pathways dependent on the different physico-
chemical properties of penetrants such as the electrical charge
or functional group. Thus, EtOH could affect both aqueous
pathways to change the permeability coefficients of hydro-
philic drugs.

In conclusion, multiple pathways were found for the skin
permeation of hydrophilic compounds, and the skin perme-
ation route may be determined depending on the physico-
chemical properties of the drugs. In addition, EtOH, when
used as a skin penetration enhancer, affects the hair follicle
pathway, which plays an importance role in penetration espe-
cially that of hydrophilic drugs.
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