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ABSTRACT - Purpose. Lomerizine dihydrochloride (LOM) is a Ca?" channel blocker used as an
antimigraine drug, which is currently administered orally in Japan. We therefore investigated the effect of
terpenes in propylene glycol (PG) solvent on the percutaneous absorption of LOM by hairless mouse skin.
Methods. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR), confocal laser
scanning microscopy (CLSM), and small angle X-ray scattering (SAXS) were carried out to analyze the effects
of terpene enhancers on the biophysical properties of the stratum corneum (SC) of the skin. Results. Of the
terpenes tested, the highest permeation rate of LOM (28.8 ug/cm?h) was observed with 1,8-cineole, while
nerolidol conferred the lowest enhancement of LOM flux (14.2 pg/cm?/h). ATR-FTIR studies revealed that
terpenes/PG induced higher CH; stretching frequencies of SC lipids than PG alone. The extent of penetration
of the lipophilic fluorescence probes Nile Red and Dil was measured by CLSM in in vitro skin permeation
studies, using either PG or terpenes/PG as skin permeation enhancers. With PG alone, both fluorescence dyes
were undetectable in the skin. In contrast, when co-administered with terpenes/PG, both probes were
distributed into the intercellular space between corneocytes and detected in the deeper layers of the skin. SAXS
measurements showed that in SC treated with a combination of 1,8-cineole and PG, the scattering peak of the
SC was broad and very weak in intensity compared to untreated SC, whereas pretreatment with PG alone did
not alter the peak profile. Conclusion. A combination of terpenes and PG enhance the skin permeation of
LOM. Our findings suggest that the mechanism for this effect involves the ability of terpenes to increase the
fluidity of SC lipids, thus enhancing the distribution of LOM into the intercellular region of the SC.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.

INTRODUCTION

Migraine is a primary headache disorder Lomerizine dihydrochloride (1-[Bis(4-

characterized by recurring attacks of throbbing
(often  unilateral)  headache,  photophobia,
phonophobia, nausea, and other symptoms. The
headache may be preceded by transient focal
neurologic symptoms known as aura. The
prevalence of migraine peaks in midlife, and in the
United States alone more than 28 million people,
approximately 18% and 6% of the female and male
populations, respectively, have experienced
migraine (1). Sakai and Igarashi performed a
nationwide survey of Japan by telephone interview
and reported a migraine prevalence of 8.4% (2). The
high prevalence of migraine is concerning because
in a large American cohort migraine was associated
with increased risk of subsequent major
cardiovascular disease, which was driven by
increased risk of myocardial infarction (3).

fluorophenyl)methyl] - 4 - (2,3,4 trimethoxybenzyl)
piperazine dihydrochloride, LOM, Figure 1) is a
synthetic Ca*" channel blocker developed as an
antimigraine drug (4), which is currently
administered in an oral dosage form (Terranas®
Tablets 5 mg and Migsis® Tablets 5 mg) in Japan.
The oral LOM formulation is usually administered
twice a day, and treatment is usually continued for
several months. Imai et al. reported that LOM is
effective for long-term prophylaxis against frequent
migraine, and that it may be even more effective in
younger patients (5). Hence, there may be a clinical
need for LOM to be made available as a long-acting
formulation for migraine.
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Figure 1. Chemical structure of lomerizine
dihydrochloride (LOM).

Transdermal drug delivery (TDD), the delivery
of drugs across the skin, is gaining wide acceptance
among patients (6). Transdermal drug delivery
systems (TDDS) offer a number of advantages
over conventional drug administration methods:
avoidance of the hepatic first-pass metabolism,
improving bioavailability, longer duration of
action, reducing side effects and improving
patient compliance (7, 8).

However, the stratum comeum (SC), the
outermost layer of the skin, is the principal limitation
to percutaneous delivery. The (SC) is composed of
keratin-rich cells embedded in multiple lipid bilayers,
which are mainly comprised of ceramides,
cholesterol, and free fatty acids (9, 10). It is widely
accepted that the intercellular lipid domain is the
main pathway for penetration of most drugs through
the SC (11). Both physical methods (SC stripping,
iontophoresis, phonophoresis and microneedle) (8,
12) and chemical methods (use of lipophilic
analogues and skin permeation enhancers) are used
to promote the delivery of drugs across the skin. Of
these methods, the most widely implemented
approach to increase percutaneous absorption is the
use of skin permeation enhancers, which ideally
cause a temporary, reversible reduction in the barrier
function of the SC in order to facilitate safe and
effective drug delivery through the skin (13).
However, there are cases where enhancement of skin
permeation cannot be obtained using chemical
enhancers.

Often, a parabolic dependence is found between
skin permeation and the octanol-water partition
coefficient (P) of the drug, with an optimum value of
log P = 2 (14, 15). At low log P, (i.e., hydrophilic
molecules), the permeability is low since
partitioning into the skin lipids is low. In this case,
drug permeation can be improved by increasing the
thermodynamic activity of the drug in the
transdermal formulation (16), by the use of a

permeation enhancer, or by physical enhancement
strategies (e.g., iontophoresis, phonophoresis or
microneedle) (8, 12). Surprisingly, at high log P
values, (i.e., highly lipophilic molecules),
permeability is also low. This is probably due to
accumulation of lipophilic drugs in the SC because
of low aqueous solubility. Although there are many
examples given in the literature with respect to
permeation enhancement of hydrophilic and
moderately lipophilic drugs (14), to date there are
few examples of permeation enhancement of highly
lipophilic drugs. The percutaneous absorption of
LOM is expected to be low, due to its highly
lipophilic nature (log P = 4.8). Indeed, to the best
knowledge of the authors, no research has yet been
carried out with respect to enhancing the skin
permeation of LOM with permeation enhancers.

Terpenes are a safe and effective class of skin
permeation enhancer, derived from plant essential
oils. The US Food and Drug Administration classify
them as “Generally Regarded as Safe” (GRAS) (17).
It has been reported that terpenes have good
toxicological profiles and high percutaneous
enhancement abilities (18, 19). Terpenes, in
combination with co-solvents (e.g., ethanol or
propylene glycol (PG)) have been investigated as
skin permeation enhancers for both lipophilic (e.g.,
haloperidol, log P =3.36) (20) and hydrophilic drugs
(e.g., 5S-fluorouracil, -0.89) (21). However, there is a
little information on the ability of terpenes to
enhance the transdermal delivery of highly lipophilic
drugs (> log P =4) (22).

In this paper, we proposed to improve the
percutaneous absorption of LOM using various
terpenes in PG solution. PG has been widely
employed to enhance the transdermal flux of drugs
(23) and has been used as a co-solvent for many
enhancers (24, 25). The skin permeation of LOM
through hairless mouse skin as a model membrane
was measured using Franz diffusion cells, in order to
identify terpenes appropriate for developing a new
transdermal system. In addition, the mechanism by
which the terpene/PG system enhanced the skin
permeation of LOM was elucidated in detail using
attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR), confocal laser scanning

microscopy (CLSM) and small angle X-ray
scattering (SAXS).

MATERIALS AND METHODS

Materials

LOM was purchased from LKT Laboratories, Inc.
(St. Paul, MN, USA). PG, 1,8-cineole, /-menthol and
menthone were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Tween 80
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was purchased from Kanto Chemical Industry Co.,
Ltd. (Tokyo, Japan). a-Pinene oxide, linalool,
trypsin (type II-S),1,1°’[-]Dioctadecyl[-]3,3,3",3’-
tetramethyl-indocarbocyanine perchlorate (Dil) and
9 - (Diethylamino) - SH[-]benzo [a] phenoxazin-5-
one (Nile Red) were purchased from Sigma Aldrich
(St. Louis, MO, USA). All other solvents and
reagents were commercial products of analytical
grade and were used without further purification.
Figure 2 shows the chemical structures and
physicochemical properties of various terpenes
which were used in this study.

Skin permeation studies

All animal experiments were carried out in
accordance with the guidelines of the Institutional
Animal Care and Use Committee (School of
Pharmacy, Nihon University, Chiba, Japan). The
full-thickness dorsal skin of male hairless mice (5-
10 weeks of age), sacrificed by ether, was excised
and adherent fat and other visceral debris were
removed from the undersurface. /n vitro skin
permeation studies were carried out with Franz cells
(Vertical diffusion cell™, Hanson Research
Corporation, CA, USA). Franz cells were mounted
in a Microette™ Plus system (Hanson Research)
equipped with a thermostatic bath, injection system,
vacuum pump, agitation clamp, archive samples in
Mulitfull™ collector, and autosampler. 1% LOM
solution (200 pL) in PG with or without various

" YOH Mw.: 156.27

>>| L

terpenes (10% w/w) was added to the donor cell. The
effective area of diffusion was 1.77 cm?, and the
receiver cell volume was 7 mL. The receiver cell was
filled with Tween 80 (0.5% w/w) in 0.9% NaCl
solution to give sink conditions (26) and stirred at
650 rpm using a magnetic stirrer. The entire system
was maintained at 32 £ 0.5 °C with a circulating
water jacket. The amount of LOM that permeated the
skin into the receiver cell was quantitated by
collecting 0.5 mL samples from the receiver cell at
the designated time intervals, and analyzing these by
HPLC. The volume of receiver cell fluid withdrawn
at each interval was replaced with Tween 80 (0.5%
w/w) in 0.9% NaCl solution.

Analytical method

The HPLC system comprised a PU-2080 plus
intelligent HPLC pump, a UV-2075 intelligent
UV/VIS detector, a CO-2065 plus intelligent column
oven, an AS-2055 plus intelligent sampler and a
ChromNAV chromatography data system (all from
JASCO Co., Tokyo, Japan). The analytical column,
an Inertsil C8-3 (150 mm x 4.6 mm i.d.; particle size
5 um; GL Sciences Inc., Tokyo, Japan) was used at
50 °C. The mobile phase consisted of 0.05 M
potassium dihydrogen phosphate (pH 2.5) and
acetonitrile (58:42, v/v) at a flow rate of 1.0 mL/min.
The column eluate was monitored using an
ultraviolet wavelength of 225 nm.

O Mw.: 152.23
clogP:2.82 = clogP:3.20 clogP:211
BP.:174 °C B.P.:2154 °C B.P.:188.6 °C
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Figure 2. Chemical structures and physicochemical properties of various terpenes used in this study
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DATA ANALYSIS

The cumulative amount of drug that had permeated
through the skin was plotted as a function of time.
The steady state flux was then calculated from the
slope of the linear region of this plot and expressed
as (ug/cm?/h). The lag time (h) was calculated by
extrapolating the linear region of the curve to the X-
axis.

ATR-FTIR spectroscopic studies

The hairless mouse skin for ATR-FTIR
spectrometry studies was prepared in the same
method as “Skin permeation studies” section.
Namely, the hairless mouse skin prepared as
described above was soaked in PG with or without
10% w/w various terpenes at 32 °C for 24 h. The
treated skin samples were washed with distilled
water and blotted dry. The infrared spectra of skin
samples were obtained using Fourier transform
infrared spectroscopy (FTIR-230 spectrometer,
JASCO Co.) with an attenuated total reflection
(ATR) unit (ATR-500/M, JASCO Co.). The
spectrum recorded represents an average of 32 scans
obtained with a resolution of 2 ¢m™' at room
temperature. The spectra were collected in the
wavenumber range of 4000-400 cm . The internal
reflectance element (IRE) used in this study was a
zinc selenide trapezoid having 45° entrance and exit
faces. Skin was carefully mounted on the IRE.

Localization of hydrophobic fluorescence probes
(Nile Red and Dil) in the skin

This procedure was carried out in a similar manner
to that reported previously (27). The procedure was
the same as for the regular skin permeation study
described above. Briefly, 200 uL of Nile Red or Dil
(10 uM) solution in PG with or without 10% w/w
various terpenes were added to the donor cell. The
receiver cell was filled with Tween 80 (0.5% w/w)
in 0.9% NaCl solution. The skin was fixed with 20%
formalin neutral buffer solution 8 h after the
application of donor solution containing the
fluorescein probe. Next, the surface of the skin was
observed using CLSM (LSM 510, Carl Zeiss Co.
Ltd., Tokyo, Japan). All samples were excited at 488
(Nile Red) or 543 nm (Dil) and X-Z sectioning was
used to determine the depth of permeation using a
40x% objective lens. The skin surface (Z =0 um) was
defined by the user as the brightest fluorescence
image with morphological characteristics of the SC
surface (28).

Preparation of SC samples
SC was separated from hairless mouse skin by

digestion with 0.1% w/v trypsin in PBS solution (pH
7.4) at 32 °C for 12 h. The SC was then rinsed in
distilled water and dried under vacuum using a
rotary pump. Dry SC was soaked in PG with/without
1,8-cineole (10% w/w) solution at 32 °C for 24 h.
The treated SC was carefully wiped using a
KimWipe® and then dried under vacuum using a
rotary pump for 12 h. Before use, the SC was
hydrated to give a water content varying between 30-
40% w/w. Water content is defined as: [(weight
hydrated SC-weight dry SC) / weight hydrated SC]
% 100. Untreated SC samples served as controls.

Small angle X-ray scattering measurement
SAXS measurements of treated SC samples were
performed using a NanoSTAR instrument (Bruker
AXS, WI, USA) with a Cu-Ko radiation source
operating at 45 kV/120 mA. The wavelength (1) of
the X-ray beam was 0.155 nm. The sample SC
(approximately 10 mg) was held in an aluminum
sample holder, which was sealed with Kapron films
on both sides. The sample to detector distance was
set to 106 cm. Scattering intensity was plotted as
function vector S, defined as S = (4 & sin 6/ A), in
which A and 0 are wavelength and scattering angle,
respectively. The position of the diffraction peaks in
the S space are directly related to the periodicity (d)
of the molecular structure (in real space), as defined
in Braggs law where 2 d sin@ = n A, in which » is the
order of the diffraction peak. The different
diffraction orders are equidistant in the S space, as
shown by the equation Sn = 2 n 7/ d, in which S, is
the position of the diffraction peak order 7.

STATISTICAL ANALYSIS

The results were analyzed by one-way analysis of
variance (ANOVA), followed by the modified
Fisher’s least-squares difference method. The level
of statistical significance was set at p<0.05.

RESULTS

Skin permeation studies

Table 1 depicts the skin permeation parameters of
LOM with various terpenes in PG solution. At 10%
w/w concentration in PG solution, all terpenes
enhanced the steady state flux of LOM, whereas no
enhancement was observed with PG alone (Figure 3).
Among the terpenes, the highest permeation rate of
28.8 pg/cm’/h was observed with 1,8-cineole, while
nerolidol produced the lowest enhancement in LOM
flux (14.2 pg/cm?/h).
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Figure 3. Skin permeation profiles of LOM with various terpenes in PG solution. Q, Cumulative amount of LOM; Data

are represented as mean = SD values (n=3—-4)

Table 1. Skin permeation parameters of LOM with various terpenes

Terpene Flux Lag time Qat26h
(pg/cm?’/h) ) (pg/cm?)
PG only 0.0 - 0.0
+1,8-Cineole 28.8+8.5 3.9+0.5 381.1+64.1
+I-Menthol 28.4+6.6 4.5+0.1 272.4+128.5
+a-Pinene oxide 23.1£1.9 3.6+1.3 234.5+23.7
+Menthone 20.6+£2.5 3.4+0.2 223.8+11.1
+Linalool 16.6+4.1 4.8+0.6 158.3+28.1
+Nerolidol 14.2+£3.0 5.0+£2.2 212.6+£7.3

Q, Cumulative amount of LOM; +, includes PG and the stated compound; Data are represented as mean + SD

values, n=3-4.

ATR-FTIR studies

To elucidate the effect of terpenes on the
intercellular lipids in the (SC), ATR-FTIR stretching
peaks near 2850 cm™ (CH, symmetric stretching
absorbance frequency peak) and 2920 cm” (CH»
asymmetric stretching absorbance frequency peak)
(29) were measured before and after the application
of PG or a combination of terpene/PG to hairless
mouse skin (Figure 4). These bands are due to the
methylene groups of the (SC) lipid alkyl chains. It
has been demonstrated that enhancers which cause a
shift to a higher CH; stretching frequency improve

drug permeation (30). Peaks near 2920 ¢cm™ and
2850 cm™, for asymmetric and symmetric stretching,
respectively, showed that treatment of skin with PG
alone did not result in a significant shift in stretching
frequencies compared with untreated skin. In
contrast, in skin treated with a combination of
terpenes/PG, shifts were observed to CH, symmetric
and asymmetric stretching frequencies which were
approximately 2 to 6 cm™ higher than those observed
with no treatment or with PG alone.
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Figure 4. Effect of PG with/without various terpenes (1,8-Cineole (A), /-Menthol (B), a-Pinene oxide (C), Menthone
(D), or Linalool (E)) on C-H asymmetric (left-hand graphs) and symmetric (right-hand graphs) stretching frequencies.
Data are represented as mean = SD values (n=3), **p<0.01, *p<0.05 (ANOVA).

CLSM studies

In this study, CLSM was used to clarify the site of
action of PG and terpenes/PG in the SC. Figures
5(A) and (B) show confocal images treated with
Nile Red and Dil respectively, obtained from
PG- and terpene/PG-treated samples of hairless
mouse skin. Lipophilic fluorescent probes (Nile
Red or Dil) in PG solutions with and without
terpenes were administered to an in-focus XY plane
(parallel to the skin surface) for 8 h. When Nile Red
or Dil were applied in PG solution, no fluorescence
was detected on the surface of the SC. In contrast,
the distribution of fluorescence into the intercellular
space and around the corneocytes was increased
remarkably by the addition of terpenes to the donor
solution compared with treatment with PG alone.

SAXS studies

To elucidate the effect of 1,8-cineole, the most
effective enhancer of LOM permeation in the skin
permeation study, on the structure of SC lipids, we
carried out SAXS measurements on hairless mouse
SC. SAXS measurement of untreated SC hydrated to
approximately 40% w/w revealed 1 to 4™ order
diffraction of approximately 14 nm lamellar spacing
(d =14, 6.7, 4.5, and 3.3 nm from 1% to 4™ order
diffraction, respectively) (Figure 6(A)). This is in
close accordance with results from synchrotron X-
ray diffraction published by other authors (31, 32).
The SAXS profile of hairless mouse skin treated
with PG was almost identical to that of the untreated
skin (Figure 6(B)). In contrast, the scattering peak of
SC prepared using 1,8-cineole/PG was broad and

very weak in intensity (Figure 6(C)).
DISCUSSION

Skin Permeation studies

There is few report that be concerned in transdermal
delivery of antimigraine drug. Sumatriptan succinate
is a selective serotonin 5-HTg/1p agonist used in the
treatment acute migraine episodes and it is available
in several dosage forms including subcutaneous
injection, oral, and nasal delivery. Patel et al.
reported that the transdermal delivery of sumatriptan
is feasible using an iontophoretic patch system (33).
They showed that the in vivo results indicated that
the pharmacokinetics following transdermal
iontophretic delivery were similar to those seen after
oral nasal, and rectal delivery. But, the iontophoresis
technique is not convenient due to use the special
equipment. In contrast, improving percutaneous
absorption of drug using chemical enhancer is a
simple and cheap method. In pre-study, we
examined the enhancing effect of the skin
permeation of LOM with the combination of PG and
various enhancers. All enhancers such as isopropyl
myristate, carboxylic acids, non-ionic surfactants,
alcohols, urea and terpenes were used for their
enhancing effects on the percutaneous absorption of
various drugs. Of all enhancers used in this
screening, the PG solvent system containing
terpenes markedly enhanced LOM permeation
through the skin. In contrast, no significant
enhancing effects were observed with other
enhancers.

557



J Pharm Pharm Sci (www.cspsCanada.org) 16(4) 551 - 563, 2013

(A) Nile red
Depth
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Figure 5. Confocal fluorescence images of hairless mouse skin to which Nile Red (A) or Dil (B) were administered for
8h
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Figure 6. The scattering curves of untreated SC (A), SC treated with PG (B) and SC treated with a combination of PG
and 1,8-Cineole (C). Open arrows indicate the 1% to 4™ order diffraction peaks for the long lamellar structure of untreated
SC and the closed arrow indicates the diffraction peak of SC treated with PG and 1,8-Cineole.

Terpenes, neat or combination with cosolvents have
been investigated as skin permeation enhancers for
both lipophilic (34) and hydrophilic drugs (35)
through human skin.

Skin permeation studies result revealed that
terpenes/PG enhanced the skin permeation of LOM,
with the highest permeation rate of 28.8 ug/cm*h
observed with 1,8-cineole. However, it was not clear
whether the different efficacies of skin permeation
enhancement were dependent upon certain
characteristics of the terpenes. The enhancement of
skin permeation of a drug often depends on
physicochemical characteristics of the enhancer
molecule, such as log P, boiling point, and
hydrophilic-lipophilic balance (HLB). In particular,
a previous report indicated that since they are
volatile compounds, the boiling points of terpenes
play a major role in their enhancement of the
permeability of zidovudine (36). It was reported that
low boiling point’s terpene like cineole (174 °C)
enhanced the skin permeation of zidovudine than
that of carvone (230 °C). Furthermore, Jain et al.
showed that the similar result of skin permeation of
imipramine hydrochloride using by terpenes (37).

We investigated the relationships between the
flux of LOM through the skin and various physical
properties of the terpenes used as permeation
enhancers. Figure 7 depicts the relationships

between the flux of LOM and molecular weight (A),
clog P (B) (38), and boiling point (C) of several
terpenes used in the present study. The
physicochemical parameters of all terpenes used in
this study, except nerolidol, can be grouped as
having molecular weight over 150, clog P under 3.3
and boiling point over 170 °C, but the correlation
coefficients  between the  physicochemical
parameters of terpenes and the flux of LOM all fell
below 0.64. Hence, no clear relationship was found
between the physicochemical parameters of specific
terpenes and their ability to enhance the skin
permeation of LOM. From the view of structure’s
feature of terpenes used in this study, nerolidol is a
kind of sesquiterpenes, and the others are of
monoterpenes. Nerolidol is the least enhancement
effect among the terpenes used in this study. It was
considered that sesquiterpenes, probably due to a
more bulky molecular structure, tend to be less
effective and favorable. They are less active and
have a long duration of action implying poor
reversibility, i.e., they do wash out of the skin readily.
However, Nokhodchi et al reported that
sesquiterpenes (farnesol, nerolidol) were found to be
more potent enhancers than monoterpenes (carvone,
limonene oxide) for diclofenac sodium (39).
Therefore, we did not find the clear structure-activity
relationship.
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Figure 7. The relationships between flux of LOM and
molecular weight (A), clog P (B) or boiling point (C) of
various terpenes

ATR-FTIR studies

ATR-FTIR is a powerful method for analyzing SC
structure from a biophysical standpoint. This
technique allows greater understanding of the

mechanism by which various permeation enhancers
alter the barrier function of the SC; through
molecular characterization of its lipid, protein and
water content, analysis of the drug penetration
pathway, and identification of the biochemical
modifications induced by penetration (40-43). The
major advantage is that this technique enables the
elucidation of the extent and mechanism of
percutaneous absorption enhancement in vitro and in
vivo (44).

The peaks obtained near 2920 and 2850 cm™'
correspond to asymmetric and symmetric stretching
modes, respectively, of the terminal methylene
groups of the lipids, and these provided specific
information about the interior composition of the
lipid bilayer (29). The incorporation of ceramides,
cholesterol, fatty acids, cholesterol esters, and
cholesterol sulfate into the lipid lamellae confer
barrier properties to the SC. The trans/gauche ratio
of the alkyl tails influence the frequencies of the
FTIR bands. The band positions for symmetric and
asymmetric peak stretching represent the stable
trans form. A change in the band position from trans
to gauche conformation indicates fluidization of the
lipid bilayer. Fluidization of SC lipids enhances the
permeation of drugs. The magnitude of blue shift in
the peak frequency of the asymmetric and symmetric
stretching vibration absorbance is correlated with an
increased number of gauche conformers in the lipid
acyl chain (rotamer disordering). The higher the
shifts, the higher the ratio of gauche to trans.

It has been demonstrated that promoters causing
a higher shift in CH, stretching frequency improve
drug permeation most. Analysis of peaks near 2920
and 2850 cm’ for asymmetric and symmetric
stretching, respectively, showed that treatment of
skin with PG resulted in a shift to frequencies which
were not significantly higher than those in untreated
skin. It has been reported that PG interacts
predominantly with keratins in the SC and does not
significantly alter SC lipid organization. Our results
were consistent with previous findings (45). In
contrast, in skin treated with a combination of
terpenes and PG, higher frequency shifts in CH;
symmetric and asymmetric stretching were observed
than with PG alone. This increased lipid fluidity
after combination treatment with terpenes and PG
was likely responsible for the enhanced permeability
of LOM through hairless mouse skin.

We suggest that the molecular basis of these
permeability changes is lipid fluidization. Normally,
hydrocarbons within the lipid domain of the SC
below their transition temperature exist in a trans
conformation. When the lipid domain becomes
fluidized by thermal induction (46) and/or by
treatment with chemical enhancer(s), an increase in
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the wavenumber of CH; frequency would occur due
to increased motional freedom and numbers of
gauche conformers of lipid alkyl chains (47).
Therefore, this increased lipid fluidity after
combination treatment with terpenes and PG might
be responsible for the enhanced permeability of
LOM through hairless mouse skin.

CLSM studies

CLSM has become a well-established technique for
obtaining high-resolution images from biological
and other specimens (48). The advantage of CLSM
is its high resolution and the option of omitting tissue
fixation, thereby avoiding label delocalization
during sample preparation. Furthermore, the label
distribution can be visualized in deeper layers of the
skin using optical cross-sections. Visualization of
fluorescence “hotspots” by CLSM is therefore a
valuable method for examining the extent of skin
permeation of various molecules and for identifying
the pathways by which they are transported (49).

CLSM was used to identify the site of action of
PG and terpenes/PG in the SC. Because CLSM
studies give qualitative data, both Nile Red and Dil
were employed as lipophilic fluorescent probes in
order to assess reproducibility. Nile Red is an
uncharged phenoxazone dye whose fluorescence
properties are altered by the effective polarity of its
environment (50). Dil is one of the long-chain
carbocyanine dyes. Two long alkyl chains attached
to the fluorophore determine its affinity for the
membrane. Carbocyanine dyes with short alkyl
chains partition between the aqueous and membrane
phases in a membrane-potential-dependent manner,
while the hydrophobic nature of long-chain
carbocyanine dyes leads to their insertion into cells
with their alkyl chains embedded in the lipid bilayer
(51). Both fluorescent probes are used for
visualization of the intercellular spaces in the SC (52,
53).

In mouse skin treated with Nile Red or Dil in PG
solution, absorption of the dyes was poor, and no
fluorescence was detected within the SC. This
suggests that PG did not affect SC intracellular lipids.
However in skin treated with fluorescence probes in
PG solution with terpenes, permeation of the
fluorescence probes was increased and the shape of
the corneocytes could be distinguished at the surface
of'the SC. Furthermore, the fluorescent probes were
also detected in the deeper skin tissues when applied
with terpenes in PG solution.

Taken together with the ATR-FTIR findings, it
is likely that the combined application of terpenes
and PG affects the SC lipids, causing the tightly
packed intercellular lipid in the SC to become
disordered. Therefore, the percutaneous absorption

of lipophilic drugs such as LOM would be promoted
by the combination of terpenes used in this study
with PG.

SAXS studies

Understanding the structure of the intercellular lipid
matrix of the SC is important in order to elucidate
the mechanism involved in the percutaneous
absorption of drugs. Intercellular lipids form
multilamellar structures, which have been observed
by SAXS (54) and electron microscopy (55).

Using SAXS, we revealed the effect of PG or a
combination of 1,8-cineole/PG on the multilamellar
structures of SC lipids. It was reported that the
multilamellar structures in the SC were classified
mainly into long lamellar structures with repeat
distances of approximately 13-14 nm and, a
scattering peak position for 1st to 4th order
diffraction of approximately 13-14 nm was not
observed in untreated SC. Ohta et al. reported that
with increased water content up to approximately
30%, the diffraction peak positions for long lamellar
structures are almost unchanged, although the
sharpness of these peaks depended on water content
(32). Therefore, for the following experiments,
SAXS measurements were carried out on samples
with a water content of approximately 30-40% w/w.

Pretreatment with PG did not alter the peak
profile of intact SC. This suggests that PG may not
affect the stacking arrangement of the lipid bilayers.
In contrast, SAXS measurements showed that in SC
treated with a combination of 1,8-cineole and PG,
the scattering peak of SC was broad and very weak
in intensity. This suggested that the combination of
1,8-cineole and PG may cause disorder of the
stacking arrangement of the lipid bilayers.

CONCLUSIONS

In this study, we demonstrated that a combination of
terpenes and PG enhanced the skin permeability of
LOM. 1,8-cineole showed the greatest enhancement
effect on the percutaneous absorption of LOM
among the terpenes examined. ATR-FTIR
measurements revealed that the combination of
terpenes and PG affects the SC lipids, causing the
tightly packed intercellular lipid in the SC to become
disordered. The extent of penetration of the
lipophilic fluorescence probes Nile Red and Dil
were measured by CLSM, in in vitro skin
permeation studies, using PG or terpenes/PG as skin
permeation enhancers. When administered with PG
alone, no fluorescence probe was observed to
permeate significantly into the skin. In contrast,
when applied with terpenes in PG, both fluorescence
probes were distributed into the intercellular space
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between the corneocytes and were also detected in
the deeper layers of the skin. SAXS measurements
showed that the combination of PG and 1,8-cineole
affects the SC lipids, causing the tightly packed
intercellular lipid in the SC to become disordered.

Taken together, these results indicate that
terpene/PG systems are effective enhancers of the
flux of LOM, which is a highly lipophilic drug, and
that terpene/PG systems have potential application
as anew TDDS.
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