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Abstract

The purpose of this work was to investigate the effect of blood flow in the skin on the direct penetration of topically applied
drugs into the muscular layer, and to show that the skin blood flow could also be one of the important factors determining the
direct penetration of drugs to the muscular layer. In vivo percutaneous absorption study was performed for antipyrine, salicylic
acid or diclofenac by using rats with tape-stripped skin. Phenylephrine, which is well known to reduce the local blood flow by
vasoconstrictor action, was topically applied to decrease the local blood flow in the skin. The concentrations of drugs in viable
skin and muscle, and the local blood flow in the skin under the applied and the contralateral sites were determined to evaluate the
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effect of the local blood flow on the delivery of topically applied drugs into the muscular layer. Dose dependency for th
of phenylephrine was, first of all, investigated for antipyrine in the range from 0.4 to 10�mol. The distribution of antipyrine
into the viable skin and muscular layer 2 h after topical application significantly increased, but the effect of phenylephr
saturated around 2�mol and the dose-dependent profiles for both tissues were almost superimposed. On the other h
fraction dose absorbed, plasma concentration and concentrations in viable skin and muscular layer under the contra
showed the decreasing tendency and the saturation of the effect around 2�mol. To confirm the effect of phenylephrine on th
local blood flow in the skin, the skin blood flow was measured 2 h after topical application of 2�mol phenylephrine, and th
significant decrease in the blood flow was recognized. In vivo percutaneous absorption studies were performed for sali
and diclofenac, too. Extensive enhancement of penetration into the viable skin and muscular layer was observed for b
although total absorption from the donor cell showed the decreasing tendency. In conclusion, direct penetration of drug
topically is enhanced by reducing the local blood flow in the skin, which would be a possible approach to improve th
delivery of drugs applied topically.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Transdermal delivery system for the local therapeu-
tics would be expected to avoid the systemic absorp-
tion and to make the substantial penetration into deeper
tissues, such as muscle, of topically applied drugs as
much as possible. As a main barrier against transder-
mal absorption, the stratum corneum, could be over-
come by a lot of promising physical and/or chemical
approaches (Barry, 2001; Higaki et al., 2003), the regu-
lation of intradermal disposition of drugs after the pas-
sage across the stratum corneum would be the next
issue to be pursued to develop the efficient transdermal
delivery system. However, there is still controversy re-
garding with the mechanisms by which topically ap-
plied drugs are distributed into deeper tissues, i.e. “di-
rect penetration” or “re-distribution from blood flow
after systemic absorption”. Diclofenac (Radermacher
et al., 1991) and felbinac (Dawson et al., 1988) were
reported to distribute into deeper tissues mainly from
systemic blood supply. On the other hand, the substan-
tial direct penetration was shown for estradiol, pro-
gesterone (Marty et al., 1989), salicylic acid (Singh
and Roberts, 1993; Cross et al., 1997) and piroxicam
(M-Riviere et al., 1993). In the previous studies, we
performed the in vivo transdermal absorption studies
using rats with tape-stripped skin for seven different
drugs including diclofenac, felbinac and salicylic acid,
and clearly showed that these topically applied drugs
are substantially distributed into muscular layer via di-
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ever, at the same time, this means that blood flow in
the dermis prevents drugs from directly penetrating
into deeper tissues by removing them to the systemic
circulation. It was also suggested that topical penetra-
tion of drugs could be dependent on the distribution of
the local cutaneous vasculature (McNeill et al., 1992;
M-Riviere et al., 1993). In the present study, therefore,
we investigated the effect of the skin blood flow on the
penetration of drugs into the muscular layer after their
topical application, by reducing the skin blood flow rate
with topical application of phenylephrine,�1-agonist,
in rats with stripped skin.

2. Materials and methods

2.1. Materials

Diclofenac sodium, aminopyrine and l-
phenylephrine hydrochloride were purchased from
Sigma Chemical Co. (St. Louis, MO). Antipyrine and
salicylic acid were obtained from Ishizu Pharmaceuti-
cal Co. (Osaka, Japan). Flufenamic acid ando-anisic
acid were obtained from Sankyo (Tokyo) and Tokyo
Chemical Industry Co. (Tokyo), respectively. All
other reagents were of the highest grade commercially
available.

2.2. Animals
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ect penetration (Nakayama et al., 1999; Higaki et a
002). The pharmacokinetic analysis based on the
ompartment model with contralateral tissues exp
tly indicated that the contribution of direct penetrat
o the deeper tissue distribution of drugs applied
cally is dependent on drugs, and that the balanc
he contribution between direct penetration and b
upply is time-dependently changed (Nakayama et al
999; Higaki et al., 2002). Furthermore, we showe

hat the unbound fraction of drugs in the viable s
s possibly one of the most important factors to re
ate the direct penetration of drugs into the musc
ayer (Higaki et al., 2002). Blood flow in the skin, par
icularly the dermis, must also be an important fac
ecause the blood vessels in the dermis are supp

o absorb and dilute most compounds passing the
ermis, keeping a “sink” condition and thus prom

ng the percutaneous absorption (Barry, 2002). How-
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Male Wistar rats (Japan SLC, Hamamatsu, Jap
maintained at 25◦C and 55% of humidity, were allowe
free access to standard laboratory chow (Clea Ja
Tokyo) and water prior to the experiments. Rats wei
ing 230–270 g were randomly assigned to each exp
mental group. Our investigations were performed a
approval by our local ethical committee at Okayam
University and in accordance with “Principles of La
oratory Animal Care (NIH publication #85-23)”.

2.3. In vivo transdermal absorption study

Abdominal hair was removed by using 7% thiogl
colic acid gel 2 days before performing the absorpt
study and the stratum corneum was stripped with
hesive tape about twenty times under urethane a
thesia just before starting the absorption study. U
der urethane anesthesia, 2 ml of a model drug solu
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(5 mM) with or without phenylephrine was applied to
the donor cell, of which the effective area is 4.91 cm2,
attached on the stripped abdominal skin with Aron Al-
pha (Toa Chemicals Co. Ltd., Tokyo). After rats were
sacrificed at 2 h, concentrations of the drug in the donor
cell, viable skin, muscle, contralateral skin, contralat-
eral muscle and plasma were determined. Fraction dose
absorbed was calculated by subtracting a remaining
amount of drug in donor cell from an initial dose of
drug.

2.4. Measurement of local blood flow rate in rat
skin

The local blood flow in the skin was non-invasively
measured based on Doppler principle by PeriScan
PIM II Laser Doppler perfusion imager (Permed AB,
Järfälla, Sweden) (Nilsson, 1984; Ahn et al., 1987) 2 h
after the topical application of phenylephrine (2�mol)
on the stripped abdominal skin in vivo.

2.5. Determination of model drugs

2.5.1. In plasma
Plasma was deproteinized with acetonitrile after the

addition of internal standard. As an internal standard,
flufenamic acid, aminopyrine ando-anisic acid were
used for diclofenac, antipyrine and salicylic acid, re-
spectively. An aliquot of the supernatant was intro-
duced onto HPLC system described later. In the case
o in
t .

2
h of

t ere
a ere
a iling
w res
w e of
d was
u eous
p 3 N
H og-
n ed by
e lved
i in-
j sted

of a model LC-6A HPLC pump (Shimadzu, Kyoto,
Japan) and a UV detector (SPD-6A; Shimadzu) set at
254, 280 and 230 nm for antipyrine, diclofenac and
salicylic acid, respectively, or a fluorescence detec-
tor (RF-535; Shimadzu) set at 270 nm and 305 nm of
excitation and emission wavelengths, respectively, for
phenylephrine. Analytical column was Inertsil 5C18
(150× 4.6 mm i.d., GL Sciences, Tokyo). The mo-
bile phase was delivered at 1 ml/min and the compo-
sition was as follows: 20 mM phosphate buffer (pH
7.4)–methanol (65:35, v/v for antipyrine); 22 mM ac-
etate buffer (pH 7.4)–methanol–acetonitrile (50:25:25,
v/v for diclofenac); 0.5% phosphoric acid–acetonitrile
(75:25, v/v for salicylic acid); 1% acetic acid–methanol
(90:10, v/v for phenylephrine). For quantitative cal-
culations, a Shimadzu C-R6A data module was em-
ployed. Drug concentrations in plasma and tissues were
calculated based on standard curves. The coefficient of
variation (CV) for each standard curve ranged from 0.1
to 13.0% and the squared correlation coefficient was
over 0.999 for all the drugs examined in the present
study.

2.6. Statistical analysis

Results are expressed as the mean± S.E. of three
or more experiments. Analysis of variance (ANOVA)
was used to test the statistical significance of differ-
ences among groups. Statistical significance in the dif-
ferences of the means was determined by Dunnet’s
m
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.5.2. In viable skin and muscle
Viable skin and muscle were excised and eac

hem was placed into the centrifuging tube, wh
n internal standard and 1.5 ml of 0.5 N NaOH w
dded and the tissues were solubilized in the bo
ater bath for 30 min. For antipyrine, the mixtu
ere extracted with dichloromethane. In the cas
iclofenac or salicylic acid, diethylether or hexane
sed for the extraction, respectively, and the aqu
hase was extracted with chloroform after adding
Cl. No substantial degradation of drugs was rec
ized during these processes. The residue obtain
vaporating the organic solvent phase was disso

n the mobile phase used in HPLC analysis and
ected onto HPLC system. HPLC system consi
ethod or Student’st-test.

. Results and discussion

Phenylephrine was chosen to reduce the local b
ow in the skin, because this agent is an�1-recepto
elective agonist and causes the peripheral vas
triction (Hoffman and Lefkowitz, 1995). Furthermore
henylephrine decreased the systemic absorptionUrtti
nd Kyyronen, 1989; Kyyronen and Urtti, 1990
nd improved the local effect of drugs applied t

cally by the peripheral vasoconstriction (Urtti and
yyronen, 1989; Millay et al., 1991; Catterall a
ackie, 1995). Therefore, the effect of phenylephr
n the penetration of topically applied drugs into
ble skin and muscular layer was examined. InFig. 1,

he distribution of antipyrine was determined 2 h a
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Fig. 1. Effect of phenylephrine concentration on dermal absorption of antipyrine after topical application, Antipyrine was determined 2 h after
its topical application with phenylephrine. Results are expressed as the mean with a vertical bar showing S.E. value of at least three experiments.
** p< 0.01; *p< 0.05, compared with control (phenylephrine 0 mM).

the topical application with phenylephrine ranged from
0.4 to 10�mol. As reported previously (Nakayama et
al., 1999), tmax for viable skin and muscle was 2 h for
antipyrine and the concentrations from 2 to 4 h were
very similar in plasma, contralateral viable skin or con-
tralateral muscle. Therefore, the time period for deter-
mination was fixed at 2 h after topical application. The
concentrations of antipyrine in viable skin and mus-
cle beneath the application site were extensively higher
than those at contralateral site, which were comparable
with the plasma concentrations. This result explicitly
indicates that the direct penetration is extremely pre-
dominant for the distribution of antipyrine into the mus-
cular layer, and it is quite reasonable, considering our
previous reports that the contribution of direct penetra-
tion to muscular distribution accounts for around 90%
for 10 h (Nakayama et al., 1999; Higaki et al., 2002)
and 95% at 2 h (Nakayama et al., 1999) after topical
application of antipyrine. Phenylephrine significantly
increased the direct penetration of antipyrine to the vi-

able skin and the muscular layer by a dose-dependent
manner. On the other hand, the fraction dose absorbed
tended to decrease by phenylephrine and the similar
dose-dependent profiles were observed in plasma con-
centrations, the concentrations in viable skin and mus-
cle under contralateral site. These results clearly reveal
that the systemic absorption after topical application
was decreased by the local vasoconstriction in the skin,
resulting in the decrease of the distribution into the vi-
able skin and muscle via re-distribution from the blood
supply. As total absorption tended to decrease, the sys-
temic absorption would still be predominant compar-
ing with the local penetration after topical applica-
tion. However, the direct penetration was extensively
increased by the co-application with phenylephrine.
As the effect of phenylephrine was saturated around
2�mol as shown inFig. 1, we measured the local blood
flow in the skin based on Doppler principle and con-
firmed the significant decrease in the skin blood flow
by 2�mol phenylephrine (Table 1). No change in the
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Fig. 2. Enhanced drug penetration by phenylephrine after topical application, AP, SA and DC represent antipyrine, salicylic acid and diclofenac,
respectively. Results are expressed as the mean with a vertical bar showing S.E. value of at least three experiments. Key:�, control; , 2�mol
phenylephrine. ***p< 0.001; **p< 0.01; *p< 0.05, compared with control.

blood flow of the stripped skin and intact skin below
the contralateral site was observed, indicating that the
vasoconstriction by phenylephrine was just a local ef-
fect for the skin under the applied site. Then, 2�mol

Table 1
Effect of phenylephrine on skin blood flow rate after its topical ap-
plication in rats

Experimental condition Skin blood flow rate (V)

Applied site Contralateral site

Stripped skin Stripped skin Intact skin

Control 1.45± 0.10 1.59± 0.06 2.31± 0.32
+ phenylephrine 0.94± 0.01* 1.63± 0.28 2.20± 0.14

Skin blood flow rate was non-invasively measured with PeriScan
PIM II perfusion imager 2 h after the topical application of phenyle-
phrine (2�mol) on the stripped abdominal skin in vivo. Unit for skin
blood flow rate is voltage (V). 29.10± 1.08% of phenylephrine was
absorbed in 2 h. *p< 0.02 compared with control.

phenylephrine was employed to examine the local dis-
tribution at 2 h for salicylic acid and diclofenac, which
are different from antipyrine in the intradermal dispo-
sition kinetics, but the direct penetration is also pre-
dominant for their muscular distribution (diclofenac,
79%; salicylic acid, 72%) (Higaki et al., 2002). The re-
sults are summarized with those for antipyrine inFig. 2.
The distribution to viable skin and muscle was signif-
icantly enhanced for salicylic acid and diclofenac as
was observed for antipyrine. Although total absorption
and plasma concentration of diclofenac was not signif-
icantly changed, the concentration in viable skin and
muscle was extensively enhanced. As the systemic ab-
sorption would be overwhelming for diclofenac after
topical application, the little decreasing tendency in the
systemic absorption might yield the large increase in
the direct penetration. As reported in the previous study
(Higaki et al., 2002), transdermal absorption kinetics
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Fig. 3. Enhancement ratio in local distribution into viable skin and muscular layer by phenylephrine, Results are expressed as the mean with
a vertical bar showing S.E. value of at least three experiments. “Ratio to control in tissue level” means the ratio of tissue level of drug in
phenylephrine-treated rats to that in control rats. Key:�, the viable skin; , the muscle. **p< 0.01; *p< 0.05, compared with the viable skin.

for salicylic acid and diclofenac has already been eval-
uated. The maximal concentrations of these drugs in
viable skin and muscle under the application site are as
follows: salicylic acid; viable skin 810± 110 nmol/g
tissue at 1 h, muscle 51± 10 nmol/g tissue at 3 h: di-
clofenac; viable skin 1310± 373 nmol/g tissue at 2 h,
muscle 5.4± 2.3 nmol/g tissue at 3 h. Therefore, the
present results evidently show the enhancement of the
direct penetration to viable skin and muscle under the
application site for the two compounds as well, con-
sidering the kinetic aspect of transdermal absorption.
Systemic absorption of topically applied nicotine de-
creased because of the dermal blood flow decreased
by nicotine injected intravenously (Benowitz et al.,
1992). Furthermore, the penetration of several com-
pounds into deep dermis was promoted by the decrease
in the cutaneous blood flow (Auclair et al., 1991). Taken
all together, the attenuation of the skin blood flow could
lead to the decrease in the systemic absorption and thus,

lead to the increase in the local delivery of drugs after
topical application. The ratio of antipyrine concentra-
tion in viable skin to the control tended to gradually
increase from 1.8 to 2.7 with the increase in an applied
dose of phenylephrine from 0.4 to 10�mol, but the ra-
tio was almost the same for the three compounds at
2�mol phenylephrine (Fig. 3). On the other hand, the
enhancement of muscular distribution was the largest
for diclofenac (the ratio, 9.6), and salicylic acid (4.5)
and antipyrine (3.3) followed (Fig. 3). This order is
opposite to that for the absolute amount of drugs dis-
tributed to muscular layer (Fig. 2). The absorption of
diclofenac to viable skin is the highest, but the sub-
sequent penetration into muscular layer is the lowest,
whereas the absorption to viable skin is the lowest and
the muscular distribution is the highest for antipyrine
(Fig. 2). This tendency has already been evidenced
by CLd-vs, a clearance from donor cell to viable skin,
and CLvs-m, a clearance from viable skin to muscular
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layer, which were obtained by six-compartment anal-
ysis based on the results of the in vivo percutaneous
absorption studies (Nakayama et al., 1999; Higaki et
al., 2002). The largest enhancement was observed for
diclofenac, because this compound is intrinsically re-
moved from viable skin most effectively via the blood
stream. To the contrary, the effect of the vasoconstric-
tion was the smallest for antipyrine, because this drug is
intrinsically most likely to penetrate into the muscular
layer by avoiding being removed by the skin blood flow.
The balance between removal by blood stream and di-
rect penetration would determine the efficiency of the
local penetration of drugs applied topically. In the pre-
vious study, we showed that drugs with larger unbound
fraction in viable skin (fuvs) are more likely to pene-
trate into muscular layer (Higaki et al., 2002). Actu-
ally, the value of fuvs (27% homogenate) for antipyrine
is the largest (0.998), whereas that for diclofenac is
the lowest (0.592) among the three compounds (Higaki
et al., 2002). These results, therefore, suggest that the
approach utilizing the vasoconstriction could be more
useful for drugs of which the muscular distribution is
poorer. We suggested that increasing the unbound frac-
tion could lead to the enhancement of local delivery of
drugs applied topically in the previous study (Higaki et
al., 2002), but we have shown that reducing the local
blood flow in the skin would also be a promising ap-
proach to improve the penetration into muscular layer
in the present study, although further studies would be
needed to investigate if the vasoconstriction of the skin
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