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Abstract

The objective of this research was to compare the characteristics of skin permeation and metabolism of ethyl
nicotinate (EN) among humans and several animal models. In vitro simultaneous skin permeation and metabolism
experiment of EN was done in side by side diffusion cells at 37°C. An EN hydrolysis experiment was carried out using
skin homogenate and kinetic parameters (Vmax and Km) were estimated by computer data-fitting to Michaelis–
Menten equation. Both EN and a metabolite, nicotinic acid (NA), were detected in all receiver solutions in
permeation studies and no significant chemical hydrolysis was found, indicating that enzymatic hydrolysis of EN
occurred during the skin permeation process. Difference in total (EN+NA) flux, from EN-saturated solution, was
less than double among various species. The ratio of NA flux to total flux was highest for rat (0.94) followed by
hairless rat, mouse, human and hairless mouse (0.76, 0.23, 0.19 and 0.13), and thus a great species difference was
found in skin esterase activity. Total flux increased linearly with increase in donor concentration for all species. For
hairless rat, mouse and hairless mouse, NA fluxes increased with increase in EN donor concentration and reached a
plateau, suggesting that metabolic saturation occurred in skin. Species difference in NA fluxes and EN donor
concentration in which the NA flux reached a plateau were also found. In rats, kinetic parameters for EN hydrolysis
using skin homogenate were significantly higher than those in mice. These results suggest that species difference in
permeation profiles of EN might primarily reflect the difference in esterase activity. To predict skin permeability in
human using an animal model, the species difference in skin metabolism should be taken into consideration. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

The advantages and benefits of lipophilic pro-
drugs as a method to enhance skin permeation of
drugs have been extensively reviewed and several
transdermal therapeutic systems containing pro-
drugs have been clinically applied (Chan and Po,
1989; Kasting et al., 1992). For an even more
effective system, the study on simultaneous skin
permeation and metabolism of prodrug candidates
must be continued. Ideally, such study should be
performed in human, in which all obtained data
and parameters provide the best information for
clinical therapeutic application. However, limita-
tions in obtaining fresh human skin tissue and the
ethical problems involved have prompted the use
of skins from laboratory animals, which is easy to
handle, lower in cost and genetically uniform
(Bickers, 1980; Steinstrasser and Merkle, 1995).

Although there are many reports on species
difference in the skin permeability of drugs (Wester
and Maibach, 1993), few data are available com-
paring the skin metabolism in laboratory animals
to that in human. Some researchers have pointed
out that the extent and rate of skin metabolism
affects the skin permeability of a prodrug itself
(Mukai et al., 1985; Kao, 1989; Bando et al., 1997).
An incomplete skin metabolism may cause some
undesirable side effects of the prodrug. Knowledge
of the species difference in skin metabolism as well
as permeation is important to estimate the pharma-
cological and side effects of prodrugs in human by
extrapolation from animal data.

The present study focused on the species differ-
ence in simultaneous skin transport and
metabolism. Using ethyl nicotinate (EN) as a
model prodrug of nicotinic acid (NA), in vitro skin
permeation characteristics and enzymatic activity
in skin homogenate were compared among human
and several laboratory rodents: rat; hairless rat;
mouse; and hairless mouse.

2. Materials and methods

2.1. Materials

Nicotinic acid and ethyl nicotinate were ob-

tained from Tokyo Chemical Industries (Tokyo,
Japan). All other reagents and solvents were of
analytical grade.

2.2. Preparation of skin membrane

Male rat (Wistar strain, 200–250 g), male hair-
less rat (HWY/SIC strain, 200–250 g), female
mouse (BALB/c Cr Slc strain, 20–25 g) and female
hairless mouse (SKH HR-1 strain, 20–30 g) were
supplied from Japan SLC (Hamamatsu, Japan).
All animals were 7 weeks of age. Female hairless
mouse was used because of common damage in the
abdominal skin of male hairless mouse, and female
mouse was used to compare with hairless mouse.
A round section of abdominal skin was freshly
excised from various animals under pentobarbital
anesthesia (50 mg/kg, i.p.) after being shaved
carefully in hairy animals.

Human skin was obtained following unrelated
surgical operations (Department of Secondary
Surgery, Faculty of Medicine, Toyama Medical
and Pharmaceutical University, Toyama, Japan);
the source was the breast of 47–74-year-old female
patients. The skin was preserved at −20°C prior
to use in order to maintain the original activity of
skin enzymes (Damen and Mier, 1982). The speci-
mens were gradually thawed in 0.9% w/v NaCl
solution at room temperature, then split-thickness
skins (0.6–0.7 mm) were prepared as described by
Rohatagi et al. (1997).

2.3. In 6itro permeation studies

The skin samples excised from various animals
and human were mounted between two diffusion
half-cells with a waterjacket connected to a water
bath at 3790.5°C, each having 3.0 ml volume
and 0.95 cm2 effective diffusion area (Okamura et
al., 1989). The receiver and donor compartments
were filled with 0.1 M phosphate buffered saline,
pH 7.4 (PBS) and stirred with a Teflon magnetic
stirrer at 1200 rpm. One hour of equilibration was
allowed and then the receiver solution was re-
placed with fresh PBS and the donor solution
with various concentrations of EN (6–244 mM)
in PBS solution. Samples of 0.3 ml were with-
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drawn from the receiver solution every hour until
8 h and replaced with the same volume of drug-
free PBS solution. The samples were stored at 4°C
until analyzed.

2.4. Hydrolysis of ethyl nicotinate

The kinetics of enzymatic hydrolysis of EN was
assessed in skin homogenates. Skin homogenates
(25% w/w) were made with full-thickness skin
freshly excised from various animals and PBS
solution using a tissue homogenizer. The ho-
mogenates were centrifuged for 10 min at 9000g
and 4°C. The supernatant and various concentra-
tions of EN in PBS solution were preincubated
for 15 min, mixed to make 5% w/w homogenate
and maintained at 3790.5°C. Chemical degrada-
tion of EN was also assessed in enzyme-free PBS
at 3790.5°C. Samples were taken at an appropri-
ate time point and kept at 4°C until analyzed. A
non-linear least squares regression program based
on the logarithm of Gauss–Newton and Berman
et al. (1962) which was run on a personal com-
puter (PC-9801 RA, NEC, Tokyo), was used to
estimate the kinetic parameters (Vmax and Km).
Protein content in skin homogenate was deter-
mined by Lowry’s method (Lowry et al., 1951)
and used to obtain Vmax values in unit of nmol/
min per mg protein. The Vmax was recalculated in
unit of mmol/cm2 per h using the values of protein
content of 5% w/w skin homogenate and weight
per area of skin.

2.5. Analytical methods

The HPLC system for analyzing EN and NA
concentrations consisted of a pump (LC10AD,
Shimadzu, Kyoto, Japan), a 4.6-mm×150-mm
stainless steel column packed with Nucleosil 100-5
C18 (Macherey Nagel, Germany), an auto-injec-
tor (SIL-10Axl, Shimadzu), a variable UV detec-
tor (SPD-10A, Shimadzu) and an integrator
(C-R6A Shimadzu). Mobile phase of 0.1% v/v of
phosphoric acid and methanol (35:65), and 0.1%
v/v of phosphoric acid and methanol (20:80) con-
taining 5 mM of sodium 1-heptane sulfonate were
used for EN and NA. The column temperature
was 33 and 40°C, and internal standards were

methyl paraben and p-hydroxy benzoic acid for
EN and NA. The flow rate of mobile phase was
1.0 ml/min and the detector wavelength was set at
260 nm.

3. Results

3.1. Permeation study

In vitro simultaneous skin permeation and
metabolism experiments of EN in PBS solution at
various concentrations were carried out using ex-
cised skin from human, rat, hairless rat, mouse
and hairless mouse. For example, the permeation
profile through human skin from EN saturated
solution (244 mM) is shown in Fig. 1. Both EN
and NA were detected in receiver solution, indi-
cating that hydrolysis of EN occurred during the
skin permeation process. The cumulative amount
of EN and NA and thus the total increased
linearly with time after a short lag time. This
linear increase in the three amounts after a short
lag time was also found in other profiles although
the slope of the linear portion differed depending
on initial donor concentration and species.

Fig. 1. Permeation profiles through human skin from EN-satu-
rated solution (244 mM). Each point represents the mean9
S.D. of three experiments.
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Table 1
Apparent fluxes of EN and NA through skin of five species from EN-saturated solutiona

Flux (mmol/cm2 per h)Species

NA TotalEN NA/total

Human 6.8591.73 1.6290.35 8.4791.08 0.19190.038
Rat 5.9790.420.39290.077 6.3690.62 0.93990.124

9.0390.16 11.990.32.8490.26 0.75990.214Hairless rat
5.2690.71Mouse 1.6090.17 6.8690.80 0.23390.005

Hairless mouse 1.5790.2310.490.1 12.090.7 0.13190.006

a Each value represents the mean9S.D. of three experiments.

Apparent steady state fluxes of EN, NA and
total were calculated from the linear portion in
each permeation profile and the values from EN-
saturated solution are listed in Table 1. EN flux
was highest in hairless mouse followed by human,
mouse, hairless rat and rat, whereas the highest
NA flux was noticed in hairless rat followed by
rat, human, mouse and hairless mouse. Difference
in total flux among all species was less than
double. Total flux of hairless rodents was about
two times higher than hairy rodents. The ratio of
NA flux to total flux for rats was higher than that
for mice or human.

Fig. 2 shows the effect of EN donor concentra-
tion on the fluxes of EN, NA and total for: rat
(a); hairless rat (b); mouse(c); and hairless mouse
(d). The total flux increased linearly with increase
of donor concentration for all species. In rat, a
large contribution of NA flux was observed
throughout the donor concentration range (50–
244 mM). For hairless rat, EN flux was very low
and gradually increased in the lower donor con-
centration range (50–150 mM) then sharply in-
creased in the higher donor concentration range
(150–244 mM). In contrast, NA flux sharply in-
creased in the lower donor concentration range
and reached a plateau in the higher range. The
same pattern of EN and NA flux was found in
mouse and hairless mouse. The plateau values of
NA flux for mouse, hairless mouse and hairless
rat were 1.45, 1.60 and 9.05 mmol/cm2 per h, while
the donor concentrations in which the NA flux
reached a plateau were around 100, 50 and 200
mM, respectively.

3.2. EN hydrolysis with skin homogenate

Hydrolysis experiment of EN was done with
and without skin homogenate from rat, hairless
rat, mouse and hairless mouse at 3790.5°C and
EN degradation profiles from various initial con-
centrations in 5% w/w skin homogenate are
shown in Fig. 3. Although no significant chemical
hydrolysis of EN to NA in the PBS solution was
found for 25 h (data not shown), hydrolysis was
found after skin homogenate was added to EN
solution, indicating that hydrolysis of EN was
caused by skin enzymes. The semilogarithmic
plots of EN concentration versus time were linear
at low concentration but EN seemed to decline at
a constant rate at higher concentrations, suggest-
ing that degradation of EN follows Michaelis–
Menten kinetics. Kinetic parameters (Vmax and
Km) for EN hydrolysis which were estimated by
computer data-fitting to Michaelis–Menten equa-
tion are listed in Table 2 and the fitting curves are
shown in Fig. 3. Both parameters and intrinsic
metabolic clearance (Vmax/Km) of rats were higher
than those of mice, whereas the difference was
small between hairy and hairless rodents.

4. Discussion

Species difference in the skin permeation profile
of EN was found in this study. Both EN and NA
were detected in all receiver solutions for all spe-
cies in the skin permeation evaluation. No signifi-
cant chemical hydrolysis of EN to NA was found
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in PBS at 37°C for 25 h. In the other preliminary
study, NA could not be detected after incubation
of EN with receiver fluid, which had been in
contact with the dermal site of excised skin at
3790.5°C for 3 h, indicating that enzymes were
not leached from the skin into the receiver solu-
tion. These results indicated that hydrolysis of
EN to NA was due to skin enzymes during the
permeation process. In permeation studies, the
cumulative amount of NA increased linearly with
time for all species, suggesting that esterase activ-
ity was not changed through 8 h. EN penetrated
intact through stratum corneum and was partly
metabolized only to NA in viable skin by es-
terase, and both EN and NA continuously dif-
fused into the receiver solution. The back
diffusion of NA can be ignored because the per-
meability coefficient of NA through intact skin of
hairless mouse was about 470 times lower than
that through stripped skin (data not shown).

Thus, flux of EN through stratum corneum
equals the sum of EN and NA fluxes, namely, the
total flux through intact skin. For hairless mouse,
total flux through the intact skin was about six
times lower than that through stripped skin (data
not shown). This suggested that the main skin
permeation barrier against EN is in the stratum
corneum and thus the total flux through intact
skin can be regarded as the EN intrinsic flux over
all skin.

Difference in total flux among all species was
less than double, and less than the species differ-
ence in skin permeation of hydrophilic permeants
reported by other investigators (Scott et al., 1991;
Surber et al., 1991; Cornwell and Barry, 1995).
Some reports showed that the variation in perme-
ability of lipophilic drugs in human and hairless
rat skin was less than that in hydrophilic drugs
(Morimoto et al., 1991; Roy et al., 1994). EN is a
neutral and lipophilic prodrug (logP=0.92) and

Fig. 2. Effect of EN donor concentration on fluxes of EN, NA and total for rat (a), hairless rat (b), mouse (c) and hairless mouse
(d) skin. Each point represents the mean9S.D. of three to four experiments.
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Fig. 3. Hydrolysis profiles and fitting curves of EN at various initial concentrations in skin homogenate for rat (a), hairless rat (b),
mouse (c) and hairless mouse (d). Each point represents the mean9S.D. of three experiments. Solid curve shows the calculated data
best fitting to Michaelis–Menten equation.

thus a small variation among different species can
be expected. Interestingly, skin permeability of
EN in hairless rodents was higher than that in
hairy rodents; these results corresponded to the
data on nitroglycerin (Santus et al., 1987), water
and paraquat (Walker et al., 1983). Difference in
skin permeability between hairless and hairy ro-
dents may be explained in terms of lipid content,
water uptake of the stratum corneum, epidermal
and dermal thickness, density of skin appendages
and so on (Morimoto et al., 1991; Sato et al.,
1991; Scott et al., 1991; Dick and Scott, 1992).

Compared with species difference in skin per-
meability, that in skin metabolism was very large.
NA/total flux ratio was about 7.5-fold different
between the maximum of rat and the minimum of
hairless mouse (Table 1). The donor concentra-
tion dependency of NA/total flux also differed
among animal species (Fig. 2). Such a difference

in skin metabolism was reported for nitroglycerin,
where nitroglycerin and two dinitrate metabolises
recovered in the receiver solution following nitro-
glycerin delivery to skin varied among BALB/c
mouse, hairless mouse and human (Santus et al.,
1987). In hairless rat, mouse and hairless mouse,
NA fluxes increased with donor concentration
and then reached a plateau level, suggesting
metabolic saturation. The values of NA fluxes and
donor concentrations when metabolic saturation
occurred differed among animal species. The max-
imum hydrolysis rate (Vmax) and intrinsic
metabolic clearance (Vmax/Km) of rats were much
higher than those of mice while the difference was
small between hairy and hairless rodents (Table
2). The difference in skin metabolism observed in
this study may partially be due to gender differ-
ence, which is known in the activity of esterase
and alcohol dehydrogenase in skin of hairless
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guinea pig (Boehnlein et al., 1994). But this re-
mains unclear because male mice could not be
used in the skin permeation experiment due to the
skin damage commonly found.

When EN concentration C, in skin is signifi-
cantly lower than Km, the metabolic clearance
[Vmax/(Km+C)] is almost equal to the intrinsic
metabolic clearance (Vmax/Km). The stratum
corneum permeation of EN might thus be the rate
limiting step in the NA permeation process in the
lower donor concentration range. As donor con-
centration was increased and concentration in
skin also increased, metabolic clearance was re-
duced, so that the rate limiting step might change
from permeation to metabolism of EN in the
higher donor concentration range. Under the
metabolic saturated condition, NA flux must be
equal Vmax. Metabolic saturation was confirmed
in hairless rat, mouse and hairless mouse. In rats,
contribution of NA to total flux was decreased in
saturated EN solution, suggesting that
metabolism of EN to NA in skin was close to
saturation. To compare NA flux in the skin per-
meation experiment with Vmax in the skin ho-
mogenate experiment, Vmax was recalculated in
unit of mmol/cm2 per h. The recalculated Vmax of
rat and hairless rat (6.33 and 5.80 mmol/cm2 per
h) was close to the permeation rate of NA at the
plateau region, whereas that of mouse and hair-
less mouse (0.231 and 0.300 mmol/cm2 per h) was
much lower. It has been reported that the en-
zymes related to prednisolone farnesylate
metabolism are enriched in the lower layer of
viable skin of hairless mouse (Tojo et al., 1994).
On the other hand, good data-fitting to the homo-
geneous enzyme distribution model in viable skin
was obtained for rats (Bando et al., 1996) and

hairless rats (Sugibayashi et al., 1996). Taking our
results together with previous reports, it appears
that species difference in skin enzyme distribution
can be expected. In hairless mouse, esterase may
enrich in specific skin layers and thus the dilution
of esterase during skin homogenate preparation
might produce the difference between Vmax in
hydrolysis experiment and NA flux reached a
plateau in permeation study. On the other hand,
esterase may homogeneously distribute in rat skin
then no dilution effect on the activity of esterase
might be observed. The effects of enzyme distribu-
tion on skin permeation require further study.

The result of permeation studies and Km values
from the skin homogenate experiment cannot be
directly compared without determination of the
EN concentration in skin. However, the EN con-
centration, in which the NA flux reached a
plateau (about 250, 200, 100 and 50 mM for rat,
hairless rat, mouse and hairless mouse, respec-
tively) and Km values (Table 2) had the same
order in rats or mice. The similar skin structure,
thickness and enzyme distribution might produce
a similar relationship between EN concentration
in skin and that in donor solution among these
rodents. Although Km value of hairless rat from
the skin homogenate experiment was about dou-
bled that of rat, the EN donor concentration in
which NA reached a plateau was lower for hair-
less rat. Because total permeability coefficient for
hairless rat skin was about doubled that for rat
skin, EN concentration may be higher in the
former than that in the latter.

The present study confirmed species differences
in simultaneous skin transport and metabolism of
EN among human, rat, hairless rat, mouse and
hairless mouse. The difference in permeation

Table 2
Kinetic parameters for the hydrolysis from EN to NA in the skin homogenatea

Species Vmax/Km (ml/min per mg protein)Vmax (nmol/min per mg protein) Km (mM)

Rat 0.077627.3911.7 352.0972.0
25.898.8 665.09110.0 0.0388Hairless rat

0.0108595.09157.0Mouse 6.4691.14
Hairless mouse 4.8491.52 473.09101.0 0.0102

a Each value represents the mean9computer-calculated S.D.
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profiles of EN among all species tested was pri-
marily due to the difference in esterase activity.
To predict skin permeability in human by extrap-
olating from an animal model, therefore the spe-
cies difference in skin metabolism should be
considered. We cannot decide on the best animal
model for human skin because kinetic parameters
from the hydrolysis experiment using human skin
homogenate could not be obtained. For human,
the value of NA/total flux ratio was small (Table
1), suggesting low esterase activity. Compared to
other tested species, esterase activity in human
skin may be more similar to mice than rats. To
identify the best animal skin model for human
skin, more data using human skin, other species
and other permeants should be obtained both in
vitro and in vivo.
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