vv

Pharma Group

International Journal of Pharmaceutical
Sciences and Developmental Research
Tomomi Hatanaka1,2,#, Saki
Yamamoto1, Mayuko Kamei1, Wesam
R Kadhum1, Hiroaki Todo1 and Kenji
Sugibayashi1*,#
Faculty of Pharmaceutical Sciences, Josai
University, Sakado, 350-0295, Japan
2
Tokai University School of Medicine, Isehara, 2591193, Japan
#These authors contributed equally to this work.
1

Dates: Received: 08 December, 2016; Accepted: 20
January, 2017; Published: 23 January, 2017
*Corresponding author: Kenji Sugibayashi,
Professor, Faculty of Pharmaceutical Sciences,
Josai University, Keyakidai 1-1, Sakado, Saitama
350-0295, Japan, Tel/Fax: +81-492-71-7943; E-mail:
Keywords: Skin concentration; Dermally metabolized
chemical; In silico estimation; Skin permeation; Skin
metabolism; Ester compound
https://www.peertechz.com

DOI

CC By

Research Article

In Silico Estimation of Skin Concentration
of Dermally Metabolized Chemicals
Abstract
Background: A great deal of in silico estimation methods were proposed for skin concentration and
permeation of drugs by many researchers including us. The aim of the present study was to expand our in
silico estimation method of skin concentration to dermally metabolized chemicals.
Materials and Methods: A three-layered diffusion model consisting of stratum corneum, viable
epidermis and dermis was constructed based on Fick’s second law of diffusion incorporated with
Michaelis–Menten equation and plasma clearance in the viable epidermis and dermis, respectively.
Ethyl nicotinate was used as a model chemical, and the in vivo skin concentration of the ester and its
metabolite, nicotinic acid were measured after topical application to hairless rats. Permeation parameters
were determined from the in vitro permeation data through full-thickness skin and stripped skin after
application of the ester or acid with and without esterase inhibitor treatment. Metabolic parameters were
obtained from the metabolic profile of the ester using skin homogenate.
Results and Conclusion: The skin concentrations calculated from our improved model using
the permeation and metabolic parameters obtained beforehand were similar to the observed values.
Influence of cutaneous enzyme distribution and plasma clearance on the skin concentrations were
also estimated using appropriately modified models, resulting in higher influence on the acid than the
ester. This estimation method will become an effective tool to assess the eﬃcacy and safety of dermally
metabolized chemicals.

Abbreviations
EN: Ethyl Nicotinate; NA: Nicotinic Acid; DPF: Diisopropyl
Fluorophosphates

Introduction
Skin has been the administration site for therapeutic
agents for skin diseases and disorders since ancient times [1].
Because skin is the direct interface with the environment, it

composed of two primary layers, the epidermis and subjacent
dermis; the former consists of the stratum corneum, stratum
granulosum, stratum spinosum and stratum basale [8]. The
stratum corneum, outermost epidermal layer, consists of 1025 layers of dead, elongated, and fully keratinized corneocytes
and the intercellular lipid lamellae linked to the cornified
envelope of corneocytes, so that this layer is frequently
described by “brick and mortar” model [9]. Because the lipid
matrix in the stratum corneum greatly contributes to the skin’s

also undergoes daily exposure to external substances including

barrier function [10] and only a small area of skin surface is

toxicants [2]. The pharmacological and toxicological activities

occupied by appendages such as hair follicles, sebaceous glands

of chemical compounds depend on their concentrations

and sweat glands [9], the two-layered membrane consisting

at the site of action, so many methods for estimating skin

of the stratum corneum and its lower layers has been often

concentration have been developed by utilizing a variety of

assumed in in silico models. We previously demonstrated that

techniques, including tape-stripping [3], microdialysis [4],

the mean skin concentration and concentration at each depth

Raman spectrophotometry [5] and in silico modeling [6,7].

in the skin layers can be estimated based on the two-layered

In silico modeling is a promising method for evaluating
efficacy and safety after dermal exposure to topically active

diffusion model for drugs and chemicals with a wide range of
lipophilicity [11,12].

compounds. Once the modeling of the permeation process is

Although in silico modeling provides sufficiently satisfactory

completed, the skin concentration of chemicals can be estimated

predictability of skin concentration, this is not the case for

noninvasively, rapidly, and at a low cost. Mammalian skin is

compounds that are easily metabolized in the skin. These
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compounds applied via the stratum corneum diffuse through

plasma clearance on the skin concentration of the dermally

the viable epidermis, which is the most metabolically active

metabolized chemical were also simulated using appropriately

layer in the skin and has many enzymes similar to the liver

modified three-layered diffusion models.

[13]. Biotransformation in the viable epidermis may change
the biological activity of compounds after passage through this
layer. In fact, most steroids are applied to the skin as antedrugs
to avoid systematic adverse effects; they are metabolically
inactivated in the skin as well as in the blood circulation [14].
On the other hand, there have been numerous attempts at
transdermal drug delivery via the prodrug derivation [15]. After
having overcome the first critical step in skin permeation,
i.e. permeation via the stratum corneum, the prodrugs are
metabolized to drugs prior to exhibiting their biological effects.
Understanding of the skin concentrations of both the applied
chemical compound and its metabolite is required to correctly
evaluate the efficacy and safety of the drugs.
Although our previous estimation for skin concentration
used in vitro data after permeation experiments using the
excised skin, the final goal is to estimate the in vivo skin
concentration. The papillary layer of dermis directly under
the epidermis contains blood microcirculation consisting of
permeable capillaries and thus the plasma clearance plays

Materials and Methods
Chemicals and reagents
EN and NA were purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). Diisopropyl fluorophosphate (DFP)
was obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Other chemicals and reagents were of special grade or
HPLC grade obtained commercially and used without further
purification.

Animals
Male hairless rats (WBN/Ila-Ht) weighing 200–250 g
were obtained from the Life Science Research Center, Josai
University (Sakado, Saitama, Japan) or Ishikawa Experimental
Animal Laboratories (Fukaya, Saitama, Japan). All procedures
for animal care and experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Committee

an important role in the determination of skin concentration

of Josai University.

after dermal application of compounds [16]. It is expected

Skin permeation experiments

that the influence of plasma clearance makes the estimation
of skin concentration of dermally metabolized chemicals more
complicated: skin concentrations of both applied chemical and
its metabolite will be dramatically changed by the combination
of distribution of metabolic enzyme in skin and location of
cutaneous microvasculature.

Abdominal skin of hairless rat was freshly excised under
anesthesia by intraperitoneal injection of a combination
anesthetic (0.3 mg/ kg of medetomidine, 4.0 mg/kg of
midazolam, and 5.0 mg/kg of butorphanol) immediately before
permeation. Stripped skin was prepared by stripping the stratum

The aim of the present study was to expand our in silico

corneum 20 times with cellophane tape (CellotapeTM, No. 405,

estimation method of skin concentration to chemicals that are

Nichiban Co. Ltd., Tokyo, Japan) [19]. Excess subcutaneous fat

easily metabolized in the skin. A three-layered diffusion model

was trimmed off from the excised full-thickness or stripped

consisting of stratum corneum, viable epidermis and dermis

skin, and the obtained skin sample was mounted on a side-

was constructed based on the Fick’s second law of diffusion,

by-side diffusion cell (effective diffusion area of 0.95 cm2), in

with Michaelis–Menten equation and plasma clearance in the

which the donor (epidermis side) and receiver (dermis side)

viable epidermis and dermis, respectively. Ethyl nicotinate

chambers were prewarmed to 32°C. The skin was hydrated

(EN) was used as a model compound, because we have

by filling both chambers with 3.0 mL of phosphate buffered

already confirmed that EN is metabolized to nicotinic acid

saline (PBS; pH 7.4) for 30 min prior to starting permeation

(NA) in the human and rat skin [17, 18]. The skin permeation

experiments. After rinsing off the solutions, the same volume

experiments were carried out using excised hairless rat skin.
The permeation parameters, such as the diffusion coefficient
and partition coefficient, were determined from the amount
permeated through full-thickness skin and stratum corneumstripped skin after application of the ester or metabolite with
and without an esterase inhibitor. The metabolic parameters,
i.e. the Michaelis constant and maximum metabolic rate in
the Michaelis–Menten equation, were obtained from the
hydrolysis profiles of the ester in a skin homogenate. The skin
concentrations of the ester and metabolite were calculated
based on our improved three-layered diffusion model, using
the

experimentally

obtained

permeation

and

metabolic

of 145 mM EN or 145 mM NA in PBS was added to the donor
chamber, and PBS in the receiver chamber was replaced. For
inhibition of hydrolysis by skin esterase, DFP, a serine protease
inhibitor, was added to the PBS in the receiver chamber at a
concentration of 2.7 mM during hydration and 0.54 mM during
permeation [17]. The donor and receiver solutions were stirred
with a Teflon stirrer bar driven by a magnetic stirrer and
maintained at 32°C throughout the experiments. An aliquot
was sampled periodically from the receiver chamber, and the
same volume of PBS or 0.54 mM DFP in PBS was added to the
chamber to keep the volume constant. The samples were mixed

parameters and the literature values of plasma clearance.

with the same volume of acetonitrile containing 1 mM methyl

The in vivo skin concentrations were separately measured 6 h

4-hydroxy benzoate as an internal standard for HPLC analysis,

after dermal application of the ester compound to hairless rat,

the mixture was centrifuged at 21,500 rpm and 4°C for 5 min,

and the observed values were compared with the calculated

and the supernatant was stored at 4°C until determination of

values. Influence of cutaneous enzyme distribution and

EN and NA concentrations.
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Hydrolysis experiment in skin homogenate
Rat skin was freshly excised by the same method as for
the skin permeation experiment and homogenized directly
with PBS at 4°C for 2 min using a homogenizer (Polytron PT
1200 E, Kinematica AG, Littau-Lucerne, Switzerland) to make
10% skin homogenate. The homogenate was centrifuged at
9,000 × g and 4°C for 20 min, and the supernatant, except
for the floating lipid layers, was stored at -80°C until the
following experiments. The supernatant was thawed on ice and
preincubated at 37°C for 10 min together with PBS containing
EN at various concentrations. Two tubes of solutions were
mixed, resulting in a final concentration of EN of 0.098–4.9
mM and in the skin homogenate of 0.2%. The reaction solution
was kept at 37°C and sampled at 0, 5, and 10 min. The sample
was mixed with the same volume of acetonitrile containing
16% trichloroacetic acid and 1 mM methyl 4-hydroxy benzoate,
the mixture was centrifuged (21,500 rpm, 4°C and 5 min), and
the concentration of NA in the supernatant was determined.
Protein content in the reaction solution was determined by
Lowry’s method [20].

Determination of skin concentrations
EN was applied for 6 h to 0.95 cm2 area of abdominal skin
of hairless rat under anesthesia by i.p injection of the above
anesthetic as 3.0 mL of 145 mM EN in PBS. After removing and
wiping EN solution, the applied area of skin was immediately
excised and the excess subcutaneous fat was trimmed off.
The skin sample was washed with 1 mL PBS three times,
dipped into liquid nitrogen and then stored at -80°C until the
determination of EN and NA concentrations. After thawing the
skin sample at 4°C, it was dipped into 2.7 mM DFP in PBS for
30 min to completely inhibit esterase activity. It was weighed,
minced with scissors and homogenized with 0.5 mL PBS at
12,000 rpm and 4°C for 5 min. Acetonitrile (0.5 mL) containing
16% trichloroacetic acid for deproteinization and 1 mM methyl
4-hydroxy benzoate was added to the skin homogenate,
followed by agitation at 32°C for 15 min, and then the mixture
was centrifuged (21,500 rpm, 4°C and 5 min). The EN and NA
concentrations in the resulting supernatant were determined
by HPLC.

High-performance liquid chromatography analysis
The HPLC system (Shimadzu; Kyoto, Japan) consisted of
a system controller (SCL-10AVP), pump (LC-20AD), autosampler (SIL-20A), column oven (CTO-20A), UV detector
(SPD-20A), and analysis software (LC Solution). The column
was Inertsil ODS-3 4.6 mm×250 mm (GL Sciences Inc.; Tokyo,
Japan), which was maintained at 40°C. The mobile phase
was acetonitrile: 33.3 mM phosphate buffer (pH 6.5) = 20:80
containing 5.0 mM dodecyltrimethylammonium chloride, and
the flow rate was adjusted to 1.0 mL/min. EN and NA were
detected at UV 260 nm.

Data analysis
Figure 1 shows a three-layered diffusion model consisting
of the stratum corneum, viable epidermis and dermis for the in
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Figure 1: A three-layered diffusion model consisting of the stratum corneum, viable
epidermis and dermis for the in vivo simultaneous skin transport and metabolism
of chemical compounds. C, K, D, L, Vmax , Km,, Q and f are the concentration, partition
coeﬃcient from the donor vehicle, diffusion coeﬃcient, thickness, maximum
metabolic rate, Michaelis constant, plasma volume flow and unbound fraction;
the subscripts p and m refer to the parent compound and metabolite; and the
subscripts do, sc, ve, de and denote the donor, stratum corneum, viable epidermis,
dermis and both of viable epidermis and dermis, respectively.

vivo simultaneous skin transport and metabolism of chemical
compounds. It was assumed that the stratum corneum is
different from other lower layers in the diffusion and partition
properties, and that these properties of viable epidermis and
dermis are the same. Metabolic activity and blood clearance
were supposed to take place only in the viable epidermis
and dermis, respectively. According to Fick’s second law of
diffusion, the concentration of parent compound in the stratum
corneum at position x and time t is given by

¶C p , sc
¶t

= D p , sc

¶ 2C p , sc

(1)

¶x 2

where C and D are the concentration and diffusion
coefficients, and the subscripts p and sc refer to the
parent compound and stratum corneum, respectively. In the
viable epidermis where parent compound is transformed to
metabolized compound, the rate of change in the concentrations
of chemicals with time at a position are described as follows:

¶C p , ve
¶t
¶Cm , ve
¶t

= D p , ved

= Dm , ved

¶ 2C p , ve
¶x 2
¶ 2Cm , ve
¶x 2

-

+

VmaxC p , ve
K m + C p , ve
VmaxC p , ve
K m + C p , ve

(2)

(3)

where Vmax and K m are the maximum metabolic rate
and Michaelis constant, and the subscripts m , ve and ved
refer to the metabolite, viable epidermis, and both of viable
epidermis and dermis, respectively. Assuming remarkably
higher concentrations of chemicals in the dermis than plasma,
the concentration changes in the dermis are represented by

¶C p , de
¶t
¶Cm , de
¶t

= D p , ved
= Dm , ved

¶ 2C p , de
¶x 2
¶ 2Cm , de
¶x 2

- Qde f p , deC p , de

(4)

- Qde f m , deCm , de

(5)
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where Q and f are the plasma volume flow and unbound
fraction, and the subscript de denotes the dermis.
Initial and boundary conditions of the skin concentrations
of two compounds are defined by:

obtain the Dm , ved value, the permeation data for NA applied to

C p , sc = 0

(6)

0 < x < Lve (t = 0)

C p , ve = Cm , ve = 0

(7)

values from the permeation data of EN applied to stripped skin

Lve < x < Lved (t = 0)

C p , de = Cm , de = 0

(8)

x = -Lsc (t > 0)

C p , sc = K p , scCdo

(9)

full-thickness skin to the two-layered diffusion model using

x = 0(t > 0)

K p , scC p , ve = K p , veC p , sc

(10)

profiles of the ester in the skin homogenate were fitted to

dC p , sc
dx

= D p , ved

(11)

dx

(12)

C p , ve = C p , de

(13)

Cm , ve = Cm , de

(14)

C p , de = Cm , de = 0

(15)

where L and K are the thickness and partition coefficients
from the donor vehicle, and the subscript do refers to donor
solution, respectively. The concentration of parent and
metabolized compounds at any position of the skin, x at any
time t , can be obtained by solving equations (1)–(5) under the
conditions defined by equations (6)–(15).

term, i.e. Michaelis–Menten equation, is possible by numerical
analysis using finite differences [21]. The right and left sides of
Fick’s second law of diffusion can be written approximately as:

Ci , j +1 - Ci , j

2

d Ci , j

=

sc

and K p , ve

and K p , sc values were estimated

by fitting the permeation data of EN through the DFP-treated
the previously obtained values of D p ,

ved

and K p , ve . Hydrolysis

parameters, Vmax and K m , were determined. A weighted leastrun on the solver-function of Microsoft Excel 2016, was used to
estimate the skin permeation and metabolic parameters. Skin
concentrations of both the parent compound and its metabolite
at various distances from skin surface were calculated from
equations (18)–(22), and the volume-mean concentrations
were obtained from these data. In the calculation, the skin
permeation and metabolic parameters were fixed as the values
obtained above, and the values of thickness of each layer ( Lsc
, Lve and Lved ), plasma flow rate ( Qde ) and unbound fraction
( f p , de and f m , de ) were taken from the literatures [11, 23, 24].

Vmax was set to an eleven times higher value, because the
enzyme distribution only in the viable epidermis was assumed
and thickness of the layer was about one-eleventh of whole
skin. When a homogeneous enzyme distribution in the viable

The solution of these equations containing a non-linear

=

during DFP treatment. D p ,

ved

squared method based on a quasi-Newton algorithm, which was

=0

x = Lved (t > 0)

The same model was used to determine D p ,

the Michaelis–Menten equation and then the skin metabolic

dC p , ve

dx
x = Lve (t > 0)

dx 2

various conditions to the diffusion models [22]. In order to

-Lsc < x < 0(t = 0)

dCm , ve

dt

its metabolite, were obtained by fitting permeation data under

stripped skin were fitted to the one-layered diffusion model.

D p , sc

dCi , j

Skin permeation parameters, which were required to
predict the skin concentrations of the parent compound and

(16)

t
Ci-1, j - 2Ci , j + Ci +1, j

(17)

x 2

where Ci , j is compound concentration in the i -th layer at
j-th time, x and t are xi +1 - xi and t j +1 - t j respectively. By
substituting equations (16) and (17) for equations (1)–(5) and
arranging, we find:

C p , sci , j +1 = rD p , scC p , sci-1, j + (1 - 2rD p , sc ) C p , sci , j + rD p , scC p , sci +1, j (18)

epidermis and dermis was assumed, a Michaelis-Menten term
( -tVmaxC p , dei , j / K m + C p , dei , j and

+tVmaxC p , dei , j / K m + C p , dei , j

) was introduced into equations (21) and (22), and the Vmax
values obtained from the hydrolysis experiment in skin
homogenate was just used. When influence of plasma clearance
upon the estimated skin concentration was taken into account,

-tQde f p , deC p , dei , j and -tQde f m , deCm , dei , j were removed from
equations (21) and (22).

Results
Determination of skin permeation parameters
Figure 2a shows the cumulative amount of NA permeated
through the tape-stripped skin after application of NA
solution. The cumulative amount increased with time after
a short lag time, and the behavior was described by the

C p , vei , j +1 = rD p , ved C p , vei-1, j + (1 - 2rD p , ved ) C p , vei , j + rD p , ved C p , vei +1, j -t

Cm , vei , j +1 = rDm , ved Cm , vei-1, j + (1 - 2rDm , ved )Cm , vei , j + rDm , ved Cm , vei +1, j +t

VmaxC p , vei , j

(19)

K m + C p , vei , j
VmaxC p , vei , j
K m + C p , vei , j

where r =t / x 2 .

permeation parameters, Dm , ved and K m , ve , are listed in Table
1. NA permeation through the full-thickness skin was analyzed
by the two-layered diffusion model using the previously

(20)

C p , dei , j +1 = rD p , ved C p , dei-1, j + (1 - 2rD p , ved ) C p , dei , j + rD p , ved C p , dei +1, j -tQde f p , deC p , dei , j (21)

Cm , dei , j +1 = rDm , ved Cm , dei-1, j + (1 - 2rDm , ved )Cm , dei , j + rDm , ved Cm , dei +1, j -tQde f m , deCm , dei , j

one-layered diffusion model. The obtained values of the

obtained Dm , ved and K m , ve values as shown in Figure 2b, and
the parameters relating to the NA permeation through the
stratum corneum, Dm , sc and K m , sc were calculated as listed in
Table 1. The permeation parameters of EN, D p , ved , D p , sc , K p , ve

(22)

and K p , sc , in Table 1 were determined from the permeation
data after application EN to the skin treated with DFP, a serine
protease inhibitor (Figures 2c and d). The permeation profiles
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of EN through the stripped skin and full-thickness skin could
also be described by the one-layered and two-layered diffusion
models, respectively. Almost no flux of NA was observed after
DFP treatment.

Table 1: Parameter values used in the estimation of skin concentration of a
dermally metabolized chemical, ethyl nicotinate (EN), and its metabolite, nicotinic
acid (NA).a
Parameter

Description

Value

Dm , ved

Diffusion coeﬃcient of the metabolite
in the viable epidermis and dermis

1.31×10-3 ± 0.16×10-3 (cm2/h)

K m , ve

Partition coeﬃcient of the metabolite
from the vehicle to the viable epidermis

2.62 ± 0.18

Determination of skin metabolic parameters
Figure 3 shows the relation between the hydrolysis rate of
EN to NA and initial EN concentration in 0.2% skin homogenate.
The hydrolysis of EN followed Michaelis–Menten kinetics, and
the kinetic parameters ( Vmax and K m ) estimated by data-fitting
are listed in Table 1.

Dm , sc

Diffusion coeﬃcient of the metabolite
2.74×10-6 ± 0.43×10-6 (cm2/h)
in the stratum corneum

K m , sc

Partition coeﬃcient of the metabolite
from the vehicle to the stratum
corneum

D p , ved

Diffusion coeﬃcient of the parent
compound in the viable epidermis and 2.38×10-3 ± 0.42×10-3 (cm2/h)
dermis

Estimation of skin concentrations
In vivo skin concentrations of both NA and EN after
application of EN to skin surface without DFP treatment were
estimated from equations (18)–(22) using the parameter values
listed in Table 1. Additional three kinds of permeation models
being different in the cutaneous enzyme distribution and
plasma clearance were used in the estimation: homogeneous
distribution model in the viable epidermis and dermis,
homogeneous distribution model with plasma clearance in the
dermis, and heterogeneous distribution model only in viable
epidermis. Figure 4a shows the time courses of volume-mean
concentrations of EN and NA, which were estimated assuming
homogeneous enzyme distribution in the viable epidermis and
dermis and assuming no plasma clearance. EN concentration
sharply rose until 30 min after the skin application and slowly
fell, and the value at 6 h was almost equal to the observed value.
However, NA concentration increased much slower than EN
concentration, and the value at 6 h was remarkably lower than
the observed value. Plasma clearance lowered concentrations

a

b

Stripped skin

Full-thickness skin
0.3

NA permeated (μmol/cm２）

NA permeated (μmol/cm2)

60

系…
Fitting curve
系…
NA

40

20

0
0

2

4

系列1
Fitting curve
系列2
NA

0.2

40

系列1
Fitting curve
系列2
EN
系列3
NA

20

0
0

2

4

6

Time (h)

D p , sc

Diffusion coeﬃcient of the parent
compound in the stratum corneum

7.44×10-6 ± 2.23×10-6 (cm2/h)

K p , sc

Partition coeﬃcient of the parent
compound from the vehicle to the
stratum corneum

23.5 ± 16.7

Lved

Thickness of the viable epidermis and
dermis

585 (μm)b

Lve

Thickness of the viable epidermis and
dermis

53 (μm)c

Lsc

Thickness of the stratum corneum

15 (μm)b

Vmax

Maximum metabolic rate

7.06×10-2 ± 0.93×10-2
(μmol/min/mg of protein)

Km

Michaelis constant

1.73 ± 0.407 (mM)

Qde

Plasma volume flow in the dermis

3.71 (mL/h/g)d

f p , de

Unbound fraction of the parent
compound in the dermis

1.0

f m , de

Unbound fraction of the metabolite in
the dermis

1.0

Each value represents the mean ± S.E. of 3–4 experiments.
Value was cited from the literature [11].
c
Value was cited from the literature [23].
d
Value was cited from the literature [24].
0

EN & NA permeated (μmol/cm2)

EN & NA permeated (μmol/cm２）

60

2.35 ± 0.12

b

0.1

d

80

Partition coeﬃcient of the parent
compound from the vehicle to the
viable epidermis

0

6

Stripped skin

K p , ve

a

2

Time (h)

c

0.165 ± 0.025

4
Time (h)

6

Full-thickness skin
40

30

20

系列1
Fitting curve
系列2
EN
NA
系列3

10

0
0

2

4

6

of both EN and NA, and the effect on NA was larger than EN,
as shown in Figure 4b. NA concentration was overestimated
by assuming enzyme distribution only in the viable epidermis
without plasma clearance, although little change of EN profile
was observed in Figure 4c. Both EN and NA concentrations
could be estimated to be values corresponding to the observed
values only just by three-layered diffusion model considering
both heterogeneous enzyme distribution and plasma clearance
(Figure 4d).

Time (h)

Figure 2: Skin permeation profiles of nicotinic acid (NA) and ethyl nicotinate (EN)
through stripped skin (a, c) and full-thickness skin (b, d) from NA solution (a, b)
and EN solution with diisopropyl fluorophosphate (DFP) (c, d). Blue and orange
symbols are NA and EN, and squares and circles refer to stripped skin and fullthickness skin. Each symbol represents the mean ± S.E. of 3 (b) and 4 experiments
(a, c and d). Solid curves show the calculated data best-fitted to the one-layered (a,
b) and two-layered (c, d) diffusion models.

Figure 5a shows the time-dependent changes in the
concentration–distance profiles of EN in the full-thickness
skin, which were estimated by the improved three-layered
diffusion model. The enlarged profiles of both the viable
epidermis/dermis and stratum corneum regions in the EN
profiles are also shown in Figures 5b,c, because of the large
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difference in EN concentration between the two regions. EN
concentration in the stratum corneum at the interface with
the viable epidermis increased with time until about 30 min,
resulting in a linear concentration gradient inside the stratum
corneum, and then the concentration at the skin surface side
decreased gradually (Figure 5c). Although increasing and
decreasing EN concentrations in the viable epidermis at the
interface with the stratum corneum depended on the change
in concentration in the stratum corneum, all concentration–
distance profiles in the viable epidermis and dermis described
biphasic concave curves during the experimental period: a
rapid decline in the viable epidermis and a slow decline in the
dermis (Figure 5b). In contrast, the concentration–distance
profiles of NA showed convex curves in the viable epidermis
followed by concave curves in the dermis as shown in Figure
5d. The concentration of NA was raised with time until 1 h and
remained unchanged until 6 h.
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Figure 3: Hydrolysis profiles of ethyl nicotinate (EN) to nicotinic acid (NA) at
various initial concentrations of EN in 0.2% skin homogenate. Each symbol
represents the mean ± S.E. of 3 experiments. The solid curve shows the calculated
data best-fitted to the Michaelis–Menten equation.
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Figure 4: Time courses of in vivo mean skin concentrations of both ethyl nicotinate (EN) and nicotinic acid (NA) after application of EN to skin surface without diisopropyl
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plasma clearance. Orange and blue curves are EN and NA concentrations calculated from equations (18)–(22) and their arranged equations using parameter values listed
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the concentration of EN and NA, the concentration-distance
profiles were simulated based on additional three permeation
models. Because the profiles of EN in the stratum corneum
were not so different among models, the profiles of both EN
and NA in the viable epidermis and dermis are shown in Figure
6. Homogeneous enzyme distribution in the viable epidermis
and dermis caused a monolithic decrease of EN concentration
with an increase of distance from skin surface (Figure 6a,b),
whereas enzyme distribution only in the viable epidermis
produced a biphasic decline (Figures 5b,6c). Existence of
plasma clearance reduced EN concentrations throughout the
profiles (Figures 5b,6b). NA concentration was raised to be
about 10 times by heterogeneous enzyme distribution, although
the shapes of NA concentration-distance profiles were not
changed (Figures 5d,6f). The concentration was reduced by
plasma clearance (Figures 5d,6e), and the effect was higher
than EN concentration.

Discussion

drug delivery via prodrug derivation has been much attempted
[15], further improvement of our method is desirable for
expanding to enable the estimation of skin concentrations
after dermal exposure of chemicals extensively metabolized in
the skin. The skin, especially epidermis, is metabolically active
[13], and any permeant is subjected to the metabolic properties
of the living layer. Moreover, both applied chemical compound
and its metabolite are cleared by blood microcirculation of
permeable capillaries in the dermis after passing through
the viable epidermis [16]. A three-layered diffusion model
was then constructed by incorporating the Michaelis-Menten
equation and plasma clearance into the viable epidermis and
dermis, respectively (Figure 1). In our strategy, the values
of skin permeation and metabolic parameters were obtained
from separate in vitro experiments (Figures 2,3) and these were
introduced into equations (18)–(22), which were derived from
the three-layered diffusion model. The calculated mean skin
concentrations of both EN and NA after EN application were
similar with the values observed in vivo (Figure 4).

We previously proposed a two-layered diffusion model
to estimate the mean skin concentration and concentration
at each position in the skin layers [11, 12]. However, the use
of this model may result in an inaccurate estimation of skin
concentration for chemicals extensively metabolized in the
skin. Because a large part of steroids contained in the topical
formulations are ante-drugs [14] and because transdermal

Influence of cutaneous enzyme distribution and plasma
clearance on the skin concentration of EN and NA was assessed
by the simulation of mean concentration and concentrationdistance profiles based on additional three permeation models
(Figures 4-6). The simulation results suggested that the
cutaneous esterases are localized in the viable epidermis. A
higher esterase activity was observed in the epidermal cells
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Figure 5: Time-dependent changes in the skin concentration–distance profiles of both ethyl nicotinate (EN) (a) and nicotinic acid (NA) (d), and the enlarged profiles of
the viable epidermis/dermis (b) and stratum corneum (c) regions in the EN profiles, which were estimated by assuming heterogeneous enzyme distribution and plasma
clearance. All data was calculated from equations (18)–(22) by using parameter values listed in Table 1. Each color is assigned to a certain time after EN application.
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and near hair follicles than the dermis by a microphotographic
study

using

fluorescein-5-isothiocyanate

diacetate

[25].

In contrast, an immunohistological study showed that
nonspecific -naphthylacetate-esterase, by which nicotinates
are metabolized to nicotinic acid, was also located in the
dermis [26]. Carboxylesterases are present in cytosol as well
as microsomal fractions of tissues [27], so that such dissolved
enzymes may be washed out during histological preparation.
The concentration of NA was more affected by the cutaneous
enzyme distribution than that of EN. It is necessary to construct
the skin permeation model accompanying an accurate enzyme
location to estimate the skin concentration of metabolites.
The high metabolizing potential in the viable epidermis was
attributed by the fact that barrier lipids in the stratum corneum
are synthesized in the living layer together with keratinocyte
differentiation [28]. The barrier lipids, their precursors and
metabolizing enzymes are packaged into the epidermal lamellar
body in the stratum spinosum and stratum granulosum, and
are secreted at the interface between the stratum granulosum
and stratum corneum by fusing the lamellar body with the
apical plasma membrane of the outermost stratum granulosum
cell layer [29]. The secreted enzymes include many lysosomal
hydrolases [30], and the esterases present in the cytosol
fraction of the skin were mainly responsible for the hydrolysis
of propranolol prodrug [31]. Thus, some of the lysosomal
enzymes must contribute to the metabolism of EN to NA in
the skin. Carboxylesterases have a wide substrate specificity
and play an important role in the hydrolytic biotransformation
of many chemicals [32]. About 70% of the hydrolysis activity
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It would be caused by the deposit of EN in stratum corneum,
because EN concentration in the stratum corneum was
remarkably higher than that in the viable epidermis and dermis,
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Two assumptions were given when plasma clearance was
incorporated in the skin permeation model. One assumption
is that the concentrations of both parent and metabolized
chemicals in the plasma are negligible low compared with
those in the dermis. In fact, indomethacin concentrations
in the underlying tissues was 1000-10000 fold higher than
those in the plasma following topical application [24].
Another is that the unbound fractions of both chemicals in
the dermis are supposed to be 1.0. It may not be true even if
these concentrations in the dermis are so high as to cause
the saturation of tissue binding. The unbound fraction to the
plasma protein can be estimated by a quantitative structureproperty relationship [34]. Such values should be used as an
alternative to the fraction of unbound chemicals in the dermis.
Skin microvasculature and its distribution affect cutaneous
concentration profiles of topically applied chemicals [16]. The
plasma clearance also affected the skin concentrations of EN
and NA (Figures 4-6), and thus the effect must be taken care
into the estimation of in vivo skin concentration from in vitro
data.
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of prednisolone 21-acetate in skin homogenate from hairless
mice were not deactivated by 3,4-dichloroisocoumarin, which
completely inhibited the activity of carboxylesterase [33].
Hydrolysis of EN to NA must be mediated by many enzymes
in the skin.
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Figure 6: Time-dependent changes in the skin concentration–distance profiles of both ethyl nicotinate (EN) (a-c) and nicotinic acid (NA) (d-f), which were estimated under
various assumptions: homogeneous enzyme distribution (a, d), homogeneous enzyme distribution with plasma clearance (b, e) and heterogeneous enzyme distribution
(c, f). All data was calculated from equations (18)–(22) modified appropriately by parameter values listed in Table 1. Each color is assigned to a certain time after EN
application.
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and EN concentration-distance profiles in stratum coneum
were almost the same among the skin permeation models.
Recently, in silico prediction of transdermal and systemic drug
disposition by a physiologically based pharmacokinetic model,
in which the stratum corneum was characterized by a brickand-mortar structure, was proposed [7,35]. The method is
superior to overcome the numerical complexity of model by
utilizing the quantitative structure-property relationships.
Although the final goal of our skin permeation model is also
a physiological model incorporating skin metabolism, a high
predictability for the concentrations of extensively metabolized
chemicals in skin was obtained at the present stage.
The in vivo skin concentrations of both EN and NA after
EN application could be estimated by our improved model, a
three-layered diffusion model based on the Fick’s second law
of diffusion, and incorporated Michaelis–Menten equation
and plasma clearance term. Although skin permeation
and metabolic parameters were obtained from in vitro
skin permeation experiments in the present study, these
parameters can be also predicted using the physicochemical
properties of chemicals [36-38]. Only metabolic parameters
that are determined from the distinct experiments are needed.
There are many skin models, e.g. subcellular fractions of skin,
tissue-cultured skin, monolayer cultures of keratinocytes or
fibroblasts, and reconstructed human skin equivalents, other
than skin homogenates and excised skin for assessing skin
metabolism [39,40]. It is desirable to develop a simple model
which mimicks accurate in vivo skin metabolism.

Conclusion
We proposed a three-layered diffusion model consisting
of stratum corneum, viable epidermis and dermis, which
was constructed based on Fick’s second law of diffusion
incorporated with Michaelis–Menten equation and plasma
clearance in the viable epidermis and dermis, respectively.
The skin concentrations calculated from our improved model
using the permeation and metabolic parameters obtained
beforehand were similar to the observed values. Influence of
cutaneous enzyme distribution and plasma clearance on the
skin concentrations were also estimated using appropriately
modified models, resulting in higher influence on the acid than
the ester. Our in silico estimation method of skin concentration
of chemical and its metabolite gives important information
about their efficacy and safety, and thus becomes a powerful
tool to promote the development of pharmaceutical and
cosmeceutical products.
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