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ABSTRACT — Three-dimensional cultured skin (3D skin) models have been utilized for in vitro skin
permeation tests to evaluate the skin permeation rate and local effects (efficacy and toxicity) of applied
chemicals, particularly from the perspective of the 3Rs (reduction, replacement, refinement) approach.
The steady-state concentration of applied chemicals at different depths in the viable epidermis and dermis
(VED) is affected by their skin permeation parameters, such as permeability coefficient (K,) and partition
coefficient (K) from the donor solution to the skin of the chemicals. In the present study, the steady-state
concentration of chemicals in the VED of EpiDerm 606X (EpiDerm) as representative of a 3D skin mod-
el were compared with hairless rat skin. The VED concentrations of chemicals in EpiDerm were high-
er than those in hairless rat skin when a model hydrophilic compound, antipyrine, and a model lipophilic
compound, flurbiprofen, were applied, suggesting that the barrier functions of the VED against the whole
skin were higher in EpiDerm than in hairless rat skin. When an ester compound, ethyl nicotinate, was
applied, the VED concentration of nicotinic acid, a metabolite of ethyl nicotinate, was lower in EpiDerm
than in hairless rat skin. These differences in the VED concentrations of applied chemicals might be relat-
ed to false-positives and -negatives of topical effects evaluated with 3D skin models. It is important to pay
particular attention to differences in VED concentration in 3D skin models and real skin when evaluating
local efficacy and toxicity using 3D skin models.
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INTRODUCTION

Recently, many in vitro approaches have been con-
structed to predict human risk assessment for raw mate-
rials and chemicals (Punt et al., 2020; Stucki et al.,
2022). In particular, skin irritation, skin corrosion, sen-
sitization, and photosensitization tests are a require-
ment for the evaluation of novel active ingredients for
topical pharmaceutical and cosmetic use (Filaire ef al.,
2022; Zhao et al., 2023). In addition, in vitro approach-
es such as three-dimensional skin (3D skin) models have
increasingly been used as a tool to evaluate the skin per-
meation and local effects of applied ingredients (Filaire
et al., 2022). In vitro experiments with 3D skin models
have the advantage of low variation in skin permeation
profiles of chemicals compared with excised human skin

(Sekiguchi ef al., 2023). In addition, the expression of
metabolic enzymes such as cytochrome P450 in 3D cul-
tured skin models has been reported (Gibbs et al., 2007),
thereby detecting metabolites of applied chemicals in the
3D skin model.

In vitro skin permeation tests provide permeation
parameters such as the steady-state skin permeation rate
of chemicals, J .. J is expressed using Fick’s first law of
diffusion as follows:

_ CyD'K

Jss = 2 (1)

where C, K, D, and L are the applied chemical concen-
tration, partition coefficients of the chemical into the
skin barrier, diffusion coefficient of the chemical in the
skin barrier, and the skin barrier thickness, respectively.
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This equation shows that the skin permeation of chemi-
cals increases with increases in K and D and decreases in
L value (equating to thinner skin barrier). Potts and Guy
(1992) and Mitragotri et al. (2011) reported in silico mod-
els to predict the skin permeation of chemicals through
native skin using the molecular weight (M.W.) and lipo-
philicity (logarithm of n-octanol/water coefficients, log
K ) of chemicals as input descriptors. There is a linear
relationship between the log K, of chemicals and the K
value in the skin, so it is desirable that the K value in 3D
skin models should increase with an increase in the log
K, value, as observed for human skin.

The skin membrane simply consists of two layers: the
stratum corneum (SC) as a lipophilic layer and the viable
epidermis and dermis (VED) as a hydrophilic layer. The
SC is a strong barrier against hydrophilic drugs, where-
as the VED provides a barrier against lipophilic drugs.
Therefore, skin thickness is a crucial point in evaluat-
ing the risk assessment of the skin exposure of chemicals
(Pirot et al., 1997). Takeuchi et al. (2012) and Yamaguchi
et al. (2008) reported that the permeability coefficients of
chemicals (K)) through full-thickness skin were affect-
ed by the VED thickness, especially for lipophilic chem-
icals. K is expressed in a skin resistance model with Ry
and R, ,, which are calculated using the reciprocal of K,
through the SC (K, s) and the VED (K, ), respective-
ly, as follows:

Stratum

Concentration Donor  corneum (SC)

a

K. C

SC v

~

/

b

C

Ksc CVK / K p VED

Ksc CVKI/ Kp_VEDXKVED/ Ksc

R RSC+ RVED or /Kp - /KP_SC + /KP_VED (2)

In our previous study, we indicated that the steady-
state skin concentration of chemicals was calculated
using skin permeation parameters, which were obtained
from the skin permeation profile from an in vitro skin per-
meation test (Sugibayashi et al., 2010). Briefly, because
the permeation resistance of the chemicals can be repre-
sented as in the electric circuit, the ratio of the line seg-
ment ab against bc at x=Lsc in the Fig. 1 should be the
ratio of R, against R,,. Thus, the chemical concentra-
tion at point b, C,, can be represented by:

Cp = Ksc " Cy " Rygp/R or K+ Gy Ky /Ky o (3)

Where C, is the applied concentration of the chemical.

Because the partition coefficient of chemicals from the
SC to VED is represented as K,/K,., the chemical con-
centration at point ¢, C,, can be represented by

Cc=Ksc-Cy - Kp/Kp_VED ' Kyep /Ksc 4)

A steady-state skin concentration in the VED layer can
be theoretically represented by the triangle area shown
in the region of Fig. 1 (i) with a skin resistance model

(eq. 5).
Kygp-CyKyp/K
CVED — VED Zp/ P_VED (5)

Viable epidermis and dermis (VED)

x=0 x=L

SC

x=LgotLygp

Depth

Fig. 1.

Schematic diagram of concentration-distance profile in two-layered models in membrane permeation experiments.

C,: Donor concentration, K.: Partition coefficient of chemical into the SC, K,,,: Partition coefficient of chemical into the
VED, K,: Permeability coefficient of chemical through full-thickness skin, K, ,,: Permeability coefficient of chemical
through the VED, L,.: Thickness of the SC, L,,,: Thickness of the VED, and C,,: average concentration of a chemical in
the VED. 1/K, and 1/ K,,_y;;, are expressed with a skin resistance model with R and R, respectively. The ratio of the line
segment ab against bc at x=Lsc should be the ratio of Ry against R .
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Therefore, differences between the R;,/R (K /K, ypp)
ratio in the 3D skin model and human skin may result in
a large difference in the skin concentration between both
membranes. Many reports have been published on the dif-
ference in K, values and higher skin permeation through
3D skin models than human skin (Vavrova et al., 2014;
Kano et al., 2010; Régnier et al., 1992). However, few
reports have investigated skin concentration differences
and R, /R ratio between 3D skin model and human skin.

It is important to realize that skin metabolism also
affects the skin concentration of the applied chemicals,
such as ester compounds. Detection of mRNA, protein,
and the activity of phase I metabolizing enzymes has
been evaluated in 3D skin models (Hu et al., 2010; Go6tz
et al., 2012). The skin concentration of a chemical and its
metabolites is expressed using Fick's second law of dif-
fusion incorporating the Michaelis—Menten equation in
the VED (Sugibayashi et al., 1996). Therefore, metabol-
ic parameters such as the Michaelis constant (K ) and the
maximum metabolic rate (V, ) as well as the R,,./R ratio
affect the skin concentration of a chemical and its metab-
olites. When the metabolites act in the cutaneous tissues,
there is a possibility that the effect will be underestimat-
ed.

False-positive and -negative reactions are sometimes
observed when skin irritation and acute toxicity are eval-
uated using 3D model models (Spielmann et al., 2007;
Kandarova et al., 2006). This might be related to the skin
concentration of the applied chemical and/or its metabo-
lite in 3D skin models. In our previous report, EpiDerm
606X showed a good relationship with the K values of
chemicals obtained from excised human skin (Kano et al.,
2010; Sekiguchi et al., 2023). Thus, in the present study,
EpiDerm 606X was selected as a 3D model, and the skin
concentration difference compared with real skin was
investigated based on a skin resistance model. In addi-
tion, the skin concentration of chemicals and their metab-
olites produced by carboxylesterase was also evaluated.

MATERIALS AND METHODS

Materials

Flurbiprofen (FP) was kindly provided by Lead
Chemical (Toyama, Japan), antipyrine (ANP) was pur-
chased from Fujifilm Wako Pure Chemical Corp.
(Osaka, Japan), and ethyl nicotinate (EN) and nicotinic
acid (NA) were purchased from Tokyo Kasei Kogyo
Co., Ltd (Tokyo, Japan). Hexyl salicylate (HS) was pur-
chased from Sigma Aldrich (St. Louis, MO, USA).
Salicylic acid (SA) was purchased from Kanto Chemical
Co. Inc. (Tokyo, Japan). EpiDerm™ Epi606X (EpiDerm)

Table 1. Molecular weight and XlogP of model
chemicals used in the present study.

Model chemical M.W. XlogP
FP 224.27 2.17
ANP 188.23 -1.51
EN 141.11 1.32
NA 123.11 0.36
HS 222.29 5.50
SA 138.12 2.19

was purchased from Kurabo Industries Ltd. (Osaka,
Japan). Other reagents and solvents were used with-
out further purification. Table 1 shows the M.W. and cal-
culated log K ,, (XlogP) values of chemicals obtained
from Pubchem. The XlogP value was used as a param-
eter for the lipophilicity of the chemicals in the present
study because it correlates well with log K, at pH 7.4
(Marczak et al., 2015).

Animals

Male hairless rats (WBN/ILA-Ht strain, weight
200-240 g) were purchased from the Josai University Life
Science Research Center (Sakado, Saitama, Japan) or
Ishikawa Laboratory Animals (Fukaya, Saitama, Japan).
Hairless rats were kept in a room regulated at 25 + 2°C
with a light/dark cycle (on, off time: 9:00-21:00) repeat-
ed every 12 hours. Water and food (MF, Oriental Yeast
Co., Ltd., Tokyo, Japan) were provided ad libitum. Ani-
mal care and experiments were conducted in accordance
with the Josai University Laboratory Animal Regulations
after obtaining approval from the Josai University Animal
Experiment Control Committee (H24003).

In vitro skin permeation study

The abdomens of hairless rats were shaved under tri-
ple anesthesia (medetomidine hydrochloride, 0.2 mg/kg;
midazolam, 2 mg/kg; butorphanol tartrate, 2.5 mg/kg,
i.p.), the skin was removed, and the fat on the dermal
side was carefully removed with scissors. Stripped skin
was also obtained by stripping the SC off 20-times with
adhesive tape (Cellotape®, Nichiban Corporation, Tokyo,
Japan). Then, intact skin (skin without the stripping pro-
cedure) or stripped skin was placed between side-by-side
diffusion cells (effective diffusion area, 0.95 cm?), and
phosphate-buffered saline (PBS; pH 7.4) was applied to
the donor (SC side) and receiver cells (2.5 mL each) and
allowed to hydrate the skin for 1 hour. After this hydra-
tion procedure, PBS was removed from the donor side.
A solution (2.5 mL) of various chemicals was applied to
the donor cell. In the case of HS application, an undiluted
solution of HS was applied to the donor cell. Samples of
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0.50 mL were taken periodically from the receiver side,
and then the same volume of the same solvent was add-
ed to keep the volume constant. The chemical concen-
tration in the collected sample was determined by high-
performance liquid chromatography (HPLC). Sufficient
amounts of chemicals were applied to the donor compart-
ment to maintain infinite applied dose conditions (negli-
gible decrease in drug concentration in the donor relative
to the amount permeated through the skin) during the in
vitro skin permeation test. This gave a straight line to the
skin penetration profile as long as the barrier function of
the SC was maintained.

For in vitro permeation tests with EpiDerm, Epi-
Derm was mounted in the side-by-side diffusion cell
after removing the EpiDerm pieces from the plastic insert
using a knife. In addition, SC stripped EpiDerm (stripped
EpiDerm) was obtained using the following procedure:
EpiDerm was warmed at 40°C using an electrical heat-
ing device for 15 min to dry the SC. Then, the SC was
physically scraped off using the metal part of a 27G nee-
dle bent into an L-shape. No tape-stripping procedure was
applied to EpiDerm to remove SC layer. This is because
EpiDerm is weak against physical force, and the process
of tape stripping removes not only the SC layer but also
the living viable epidermis beneath the SC layer.

The other procedure was the same as the experiment
with hairless rat skin. /n vitro skin permeation tests with
stripped skin were conducted to obtain skin permeation
parameters K, v, and K. In vitro skin permeation tests
with intact skin were performed to obtain the skin con-
centration at steady state. In addition, the skin permea-
tion parameter K, was calculated from the skin permea-
tion-time profile.

Skin concentration

After finishing in vitro skin permeation tests with intact
skin, the applied solution was collected, and the SC and
dermis sides of hairless rat skin were carefully washed
with PBS. Excess PBS remaining on the skin surface was
removed with a Kimwipe. The chemical concentration in
the VED was obtained after 20 applications of tape strip-
ping of intact skin. Then, the skin area where the chem-
ical was applied was cut with scissors, and the weight
was measured. The skin was carefully minced with scis-
sors and PBS was added. Then, the skin sample was pro-
cessed using an electric homogenizer (Polytron RT 1200,
Kinematica Inc., Bohemia, NY, USA) to make homogen-
ate solutions (12,000 rpm, 5 min, 4°C). After preparation
of the homogenate solution containing chemicals, 16%
trichloroacetic acid solution was added and stirred for
15 min, and the concentration of chemicals in the super-
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natant after centrifugation (15,000 rpm, 5 min, 4°C) was
determined by HPLC.

Similarly, the in vitro permeation experiments were
performed with EpiDerm, its surface was washed with
PBS, and excess PBS was removed with a Kimwipe.
Then, the supporting polycarbonate membrane attached
to the bottom side of EpiDerm was removed. The chem-
ical concentration in the VED was investigated after
removal of the SC with tweezers physically from the tis-
sue. The same procedures were applied for the subse-
quent treatments as for hairless rat skin.

The extraction ratio of each chemical was also meas-
ured with hairless rat skin and EpiDerm. The chemi-
cal solution was added to the skin homogenate solution
prepared from the skin without chemical application and
incubated for at 32°C for 1 hr. The extracted ratio was
then calculated as the ratio of measured to theoretical val-
ues.

HPLC detection

Chemical concentrations in the receiver solution
were determined using an HPLC system (Prominence,
Shimadzu, Kyoto, Japan) equipped with a UV detec-
tor (SPA-20A; Shimadzu). The collected receiver solu-
tion sample was mixed with acetonitrile with or without
an internal standard in a 1:1 volume ratio and centri-
fuged at 21,500 x g at 4°C for 5 min to remove proteins
and contaminants. The obtained supernatant was inject-
ed into the HPLC system. The HPLC system consisted of
a pump (LC-20AD; Shimadzu), UV detector (SPD-20A;
Shimadzu), system controller (SCL-10AVp; Shimadzu),
and auto injector (SIL-20A; Shimadzu). The Inert-
sil® ODS-3 column (4.6 x 150 mm, 3.5 um; GL
Sciences Inc., Tokyo, Japan) was maintained at 40°C dur-
ing elution of acetonitrile: 0.1% phosphoric acid = 1:1
for FP, acetonitrile: 0.1% phosphoric acid = 1:1 for ANP,
acetonitrile: 0.1% phosphoric acid containing 5 mM
SDS = 1:2 for EN and NA, acetonitrile: 0.1% phosphoric
acid = 8:2 for mobile phases at a rate of 1.0 mL/min. Peaks
were detected at 254 nm for FP, ANP, HS, and SA, and at
260 nm for EN and NA. As international standards iso-
propyl p-hydroxybenzoate for FP and hexyl p-hydroxy-
benzoate for HS and SA were used. An absolute calibra-
tion method was applied for the detection of ANP, EN,
and NA.

Skin permeation parameters

The cumulative amount of the skin permeation of
chemicals at time n, Q, was calculated using the follow-
ing equation (6).
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Qn = (Co XV, + X111 C; X V) /A (6)

where C, is the concentration of chemicals in the sample,
V_is the receiver volume of the diffusion cell, Xi='¢ is
the sum of the concentrations of chemicals in the sam-
pling solution, Vs is the sample volume, and 4 is the
effective skin permeation area (1.77 cm?). The steady-
state flux, J, is expressed as the slope of the linear por-
tion of the obtained permeation profile by regression
analysis with at least three successive points. The J is
also expressed using the following equation (7):

_ CyDK
]SS - L

=Cy- Kp (7)

where K is further expressed as the product of partition
parameter (KL) and diffusion parameter (D/L?). The lag
time, #,,, was calculated as the intersection of the extrap-
olation of the linear steady-state skin permeation profile
with the time axis. 7, is expressed with D and L using the
following equation (8):

LZ
tlag = 6_D (8)

When the skin permeation test with a full-thickness
skin was conducted, K, was calculated from the aver-
age J obtained from the permeation profile. On the oth-
er hand, in the skin permeation test performed with SC
stripped skin, Ky, Dygp, and K., were calculated from
the average J obtained from the average permeation
profile. The permeation parameters K, and K, .y, were
obtained from three to four repeated experiments, and the
permeation parameters Ky, and Dy, in EpiDerm and
rat skin were estimated from the average skin permeation
profile, and EpiDerm (53 um) (Kano et al., 2011) and rat
skin (580 um) (Kano et al., 2011) were set to the L val-
ues of VED thickness, respectively. In addition, chemi-
cal concentrations of ANP and FP in VED were calculated
with the following equation with the obtained permeation
parameters (9) (Sugibayashi et al., 2010):

KvED 'Cv'Kp
Kp vED 9)
2

Cvep =

RESULTS

Figure 2 shows the permeation profiles of ANP, a
hydrophilic chemical, through hairless rat skin and Epi-
Derm. The permeation of ANP through SC-stripped skin
(Fig. 2b and d) was found to be higher in both skins com-

pared with those through full-thickness skin (Fig. 2a and c).
When Q,, values through full-thickness skin were com-
pared between hairless rat skin and EpiDerm, the O,
value through EpiDerm (Fig. 2¢) was higher than that
through hairless rat skin (Fig. 2a). On the other hand, the
O;in Value through hairless rat was higher through the
SC-stripped skin than that through EpiDerm. Notably,
there was a large difference in Q;,,,,, values in hairless rat
skin through full-thickness and SC-stripped skins, but a
slightly higher Q,, values were confirmed in SC-stripped
EpiDerm (Fig. 2d) compared with through full-thickness
EpiDerm (Fig. 2c¢).

Figure 3 shows the permeation profiles of FP, a lipo-
philic chemical, through hairless rat skin and EpiDerm.
The same tendency for the FP permeation was observed
as like in the ANP permeation, such as a slightly high-
er permeation through SC-stripped EpiDerm (Fig. 3d)
than through corresponding full-thickness skin (Fig. 3c¢).
Table 2 summarizes the permeation parameters obtained
from the permeation profiles of ANP and FP. The K, and
K, yip values observed with FP application were high-
er than those observed with ANP application. How-
ever, the K, values in EpiDerm were lower than
those observed in hairless rat skin, although the cal-
culated K,,, values were almost the same between
them when the same chemical was applied. Then,
K/ K, yip OF Ry, /R was calculated for hairless rat
skin and EpiDerm. The R ., /R values of ANP in hair-
less rat skin and in EpiDerm were 1.8x10-3 and 6.1x10-,
respectively, and the R /R values of FP in hairless
rat skin and in EpiDerm were 2.4x10-2 and 7.7x10-1,
respectively.

Table 3 shows the steady-state VED concentrations of
ANP and FP obtained from the in vitro skin permeation
tests. After finishing the experiment with full-thickness
skin, the VED concentration was obtained after remov-
al of the SC using the tape-stripping method. VED con-
centrations in EpiDerm were higher than those in hairless
rat skin for both ANP and FP applications. The calculat-
ed VED concentrations in hairless rat skin and EpiDerm
exhibited differences, except for ANP in hairless rat skin,
where the difference was within a 2-fold range.

Figure 4 shows the permeation profiles of ester com-
pound EN and its metabolite NA through hairless rat skin
and EpiDerm after the application of EN. When EN was
applied to hairless rat skin, the Q,, value of NA was high-
er than that of EN (Fig. 4a). However, the results were the
opposite when EN was applied to EpiDerm (Fig. 4b). NA
permeation was confirmed in EpiDerm, but the Q,, value
for NA was much lower than that for EN.

Figure 5 shows the permeation profiles of ester com-
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Fig. 2. Cumulative amount of antipyrine (Q) that permeated through hairless rat skin (a, b) and EpiDerm (¢, d). Symbols: closed
circle: full-thickness skin, and open circle: SC-removed skin. Mean + S.E. (n=4).
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Fig. 3. Cumulative amount of flurbiprofen (Q) that permeated flurbiprofen through hairless rat skin (a, b) and EpiDerm (c, d). Sym-
bols: closed circle: full-thickness skin, and open circle: SC-removed skin. Mean + S.E. (n=3-4).
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Fig. 4. Cumulative amount of nicotinate and nicotinic acid (Q) that permeated through full-thickness hairless rat skin (a) and
EpiDerm (b, c) after application of ethyl nicotinate. Symbols: e: ethyl nicotinate, and m: nicotinic acid. c) Enlarged y-axis
of (b) with respect to the permeation of NA. Mean =+ S.E. (n=3-4).

Table 2. Skin permeation parameters after topical application of ANP and FP.

Applied ) Hairless rat skin EpiDerm

hemical Applied conc. - : - - - : - -

chemica Full-thickness skin (cm/s) SC-stripped skin (cm/s) Kyzp  Full-thickness skin (cm/s) SC-stripped skin (cm/s)  Kyzp

ANP 0.71 g/mL (5.29 + 0.62)x10” (229 +0.37)x10°  0.17 (3.76 + 0.25)x10° (6.20 = 0.47)x10%  0.11

FP 3.46 pg/mL (3.59 + 0.40)x 107 (149 +0.13)x105 4.4 (4.63 +0.21)x10° (6.04+081)x10° 3.2

Table 3. Concentrations of ANP and FP in hairless rat Table 4. Concentrations of EN, HS, and their metabolites

skin and EpiDerm after topical application. in the viable epidermis and dermis of hairless
Hairless rat skin EpiDerm rat skin and EpiDerm.

Applied Observed Calculated Observed Calculated Hairless rat skin EpiDerm

chemical  Cyzp (mg/mL) Cygp (mg/mL) Cyzp (mg/mL) Cygp (mg/mL) Cyep (pmol/mL) Cyep (pmol/mL)

ANP 0.50 £ 0.04 0.11  43.09 +16.14 237 EN 15.61 +2.69 46.52 £ 4.75

FP 0.45 % 0.00 0.25 6.79 + 0.08 3.99 NA 2042+ 0.94 1.02 £ 0.02

Cyep: concentration in the viable skin after stripping off the SC layers. HS 1.90 £ 0.01 16.28 + 4.99

1 th + S.E. (n=4).
Values are the mean + 8.E. (n=4) SA 0.25 % 0.00 0.69 + 0.05

pound HS and its metabolite SA through hairless rat skin
and EpiDerm after the application of HS. In contrast to
the application of EN, skin permeation of HS was not
detected even in hairless rat skin until 8 hr after applica-
tion, and only the permeation of metabolite SA was con-
firmed in hairless rat skin as well as in EpiDerm. When
0y, values with SA were compared between hairless rat
skin as well as in EpiDerm, EpiDerm showed a higher
skin permeation than hairless rat skin.

Cyzep: concentration in the viable skin after stripping off the SC layers.
Values are the mean = S.E. (n=4).

Table 4 shows the steady state skin concentration of
EN, HS, and their metabolites in hairless rat skin and Epi-
Derm. The VED concentrations of the parent compounds
EN and HS in EpiDerm were higher than those in hairless
rat skin. On the other hand, the VED concentration of the
metabolite NA was lower in EpiDerm than in hairless rat
skin, although the VED concentration of SA was higher in
EpiDerm than that in hairless rat skin.
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Cumulative amount of hexyl salicylate and salicylic acid (Q) that permeated through full-thickness hairless rat skin (a) and

EpiDerm (b) after the application of hexyl salicylate. Symbols: e: hexyl salicylate, and m: salicylic acid. Mean + S.E. (n=3-4).

DISCUSSION

Differences in the SC lipid composition such as cer-
amides and fatty acids and their organization between
native human skin and 3R skin models may be the main
reason for the weaker barrier function of the 3R skin
model than human skin (SCCS, 2010; Ponec et al., 2000;
Vévrovaé et al., 2014). The skin concentration of topical-
ly applied chemicals is strongly related to their skin per-
meation rates (Kretsos et al., 2004; Sugibayashi et al.,
2010; Scheuplein, 1967). When the skin was assumed to
be a single membrane, the steady-state skin concentration
of an applied chemical is expressed as K-Cv/2 (Herkenne
et al., 2007). In addition, Hatanaka et al. (2015) report-
ed that skin the concentration after topical application of
chemicals can be accurately estimated with skin perme-
ation parameters. Therefore, the obtained skin concen-
tration should be theoretically identical when the K val-
ue in 3D skin models was the same as in native skin.
Sugibayashi et al. (2010) reported that steady-state con-
centrations of topically applied chemicals both in SC
and VED were estimated with skin permeation parame-
ters, i.e., K., and K, . A weak barrier function of the
SC and a higher ratio of K/ K, \gp are the reason for the
higher concentration of the applied chemicals.

The chemical concentration in the VED is very impor-
tant because topically applied pharmaceuticals and cos-
metics must be assessed for their skin toxicities. 3D skin
models have been widely used to evaluate acute skin irri-
tation (Filaire et al., 2022; Zhao et al., 2023), skin bright-
ening, and anti-aging effects (Khmaladze ef al., 2020). In
general, the tissue response at the target site is expressed
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using the Hill equation (Hill, 1910), which is a formu-
la relating concentration and response. Therefore, high-
er and lower VED concentrations result in false-positives
and -negatives for topically applied chemicals compared
with in vivo results. Thus, we focused on the barrier func-
tion of the VED against skin permeation in the present
study.

Hairless rat skin was used instead of human skin
in the present study, because a good relationship was
observed with K in hairless rat and human skin (Rougier
et al., 1987; Neupane et al., 2020), although skin ester-
ase activity varies greatly among species (Prusakiewicz
et al., 2006; Ngawhirunpat et al., 2004). In the present
study, R ,;,/R, an index of the VED contribution to the
total barrier function of the chemical permeation through
the whole skin, was higher in EpiDerm for both chem-
icals. The remaining of SC layers in EpiDerm after the
removal process was not confirmed in the present study,
but the K, values in hairless rat skin and EpiDerm cal-
culated from the permeation profiles were almost the
same. Thus, the K, value is related to the partitioning of
chemicals into the VED, suggesting that both skins have
similar membrane characteristics, especially in the terms
of membrane lipophilicity, after removal of the SC lay-
er from the full-thickness skin. In addition, the calculated
VED concentrations of ANP and FP were within two-fold
differences compared with observed values, except for
ANP in hairless rat skin. Generally, the predominant skin
permeation route of chemical is through to the SC (Naik
et al., 2000). However, for a hydrophilic chemical such
as ANP (XlogP: -1.5) and a high molecular weight com-
pound, the contribution of the skin appendage route such
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a) .
Donor Receiver
SC | VED
Hydrophilic
compound
Low conc.
X = O X = LSC x:LSC+LWD
Hairless rat skin
o) Donor Receiver
SC| VED
Lipophilic
compound
Low conc.
¥=0 x=b, x=LgctLygp

Fig. 6.

3D skin model
b)

Donor Receiver
SC | VED
\ High conc.
x=0 x=1_ x=LgotLypp
3D skin model
d) Donor Receiver
% VED
High conc.
x=0 =1 x=LgotLypp,

Schematic diagram of the steady-state skin concentration-distance profile after application of hydrophilic (a, b) and lipo-

philic chemicals (c, d) using hairless rat skin (a, ¢) and the 3D skin model (b, d). Gray color shows the skin concentration of
the applied chemicals. Ly.: Thickness of the SC, L,,,: Thickness of the VED

as hair follicles and sweat ducts against the overall skin
permeation becomes important (Barry, 2002). The mod-
el to calculate VED concentration was constructed with
chemical permeation through the SC route, with no con-
sideration of involvement in the trans-appendage route.
Therefore, the VED concentration of the hydrophilic
chemical of ANP in hairless rat skin was underestimated
in the present study. No investigation was conducted to
evaluate detailed chemical concentration-depth profiles in
the SC and VED. However, Fleischli et al. (2015) investi-
gated the in vivo depth profile in the SC of applied chem-
icals with confocal Raman microscopy. They compared
Raman signal intensity in the SC derived from chemicals
between human skin and 3D model of SkinEthic RHE
after application of caffein, salicylic acid, benzoic acid,
and 4-methylbenzylidene. The Raman signal intensi-
ties in the VED in SkinEthic RHE were higher than those
obtained in human skin. Therefore, the chemical concen-
tration in the VED was assumed to increase in 3D skin,
which was due to a weaker barrier function in SC.

Figure 6 illustrates concentration-depth profiles in the
skin, considering the barrier function of the VED against

the permeation of chemicals through whole skin. A higher
VED concentration can be obtained due to the weak bar-
rier function of the SC (Fig. 6b), suggesting that a false-
positive result may be observed when evaluated with the
3D skin model.

When the ester compound EN was applied, a differ-
ent behavior was observed between hairless rat skin and
in EpiDerm. Species differences in ester metabolism
activity have been reported (Prusakiewicz et al., 2006;
Ngawhirunpat et al., 2004). Kano et al. (2011) reported
differences in metabolite distribution in 3D skin models.
Sugibayashi et al. (1996) proposed a mathematical mod-
el to predict the skin permeation of ester compounds by
incorporation of the Michaelis-Menten equation in Fick’s
second law of diffusion. Then, the reason for the differ-
ent skin concentrations is related to the difference in V_
and K between hairless rat skin and EpiDerm, in addi-
tion to the difference in the R ,/R. Sugibayashi et al.
(2004) reported a 30-fold higher ¥, /K _ value in hair-
less rat skin compared with that in an LSE-high 3D skin
model when metabolism experiments were conducted
with skin homogenates. Therefore, the amount (V_, ) and

ax
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a) Hairless rat skin
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Fig. 7.

b) 3D skin model
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EN
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SC

>

Schematic diagram of the skin concentration-distance profile of ethyl nicotinate and nicotinic acid after the application of

ethyl nicotinate using hairless rat skin (a) and the 3D skin model (b). Solid and dotted lines show the skin concentration of
ethyl nicotinate and nicotinic acid, respectively. L.: Thickness of the SC, L,,.,: Thickness of the VED

affinity (K ) of enzymes should be considered when we
select 3D skin models to evaluate chemicals that can be
metabolized in the skin. Figure 7 shows typical concen-
tration-distance profiles of EN and NA in hairless rat skin
(Fig. 7a) and EpiDerm (Fig. 7b) after topical application
of EN. According to the above assumption, a lower con-
centration in the VED may give a false-negative result
when the metabolite is the cause of skin toxicity.

When HS was applied, the skin permeation of its
metabolite SA was observed. In vitro skin permeation
tests of “C-radiolabelled HS in dipropylene glycol with
excised human skin results in the major component of SA
and an absence of HS (ECHA, 2022). The carboxylester-
ase 1 (CES1) and CES2 families are the main esterases
involved in the hydrolysis of many prodrugs and xenobi-
otics (Imai et al., 2016). CES1 preferentially hydrolyzes
esters with a small alcohol group and a large acyl group
and CES2 preferentially hydrolyzes esters with a large
alcohol group (ECHA, 2022). The expression of CES
family esterases in the skin is related to metabolite con-
centration in the VED. Therefore, this may be the reason
for the lower VED concentration of SA in hairless rat skin
than in EpiDerm. Further experiments using human skin
and other 3D skin models should be conducted to under-
stand the results of 3D skin models in evaluating the effi-
cacy and toxicity of locally applied chemicals.

Vol. 50 No. 4

Conclusion

3D skin models have received increasing attention as
excellent alternatives to animal testing for evaluation of
the efficacy and toxicity of topically applied chemicals.
Further investigation is necessary to provide experimental
results on the difference in skin concentrations that affect
false-positive and -negative results. However, the find-
ings in the present study indicated that the barrier func-
tion of 3D skin models significantly affected not only skin
permeation rate but also the concentration of the chem-
icals. Therefore, understanding the characteristics of 3D
skin models is necessary for the evaluation of efficacy
and toxicity of topically applied chemicals. In addition,
research to improve the barrier function of 3D skin mod-
els should attract more attention.
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