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Purpose. The objectives of dermal application of drugs are not only
systemic therapeutics, but also local ones. We would expect its intrader-
mal kinetics to be dependent on its therapeutic purpose. To develop
more efficient drugs for local or systemic therapeutics, it will be
important to estimate quantitatively the intradermal disposition of drugs
applied topically. We tried, therefore, to develop the compartment
model to describe the intradermal disposition kinetics after topical
application of drugs.

Methods. In vivo percutaneous absorption study for antipyrine, a model
compound, was performed using rats with tape-stripped skin, using
the assumption that the stratum corneum permeability to drugs would
be improved enough not to be a rate-limiting process.

Results. To analyze the results obtained, a 4-compartment model, com-
posed of donor cell, viable skin, muscle, and plasma compartments,
was applied. Although the fitting lines obtained could describe the
concentration-time profiles of antipyrine in each compartment very
well, the concentration profiles in the contralateral tissues were exten-
sively overestimated. Therefore, we developed a 6-compartment model
which included the viable skin and muscle in the contralateral site,
and analyzed the concentration-time curve of each compartment. The
fitting curves were in good agreement with the experimental data for
all the compartments including the contralateral viable skin and muscle,
and thus, this model was recognized to be adequate for the estimation of
intradermal kinetics after topical application. Judging from the obtained
values of clearance from viable skin to plasma and from viable skin
to muscle, about 80% of antipyrine penetrated into viable skin, which
suggested it was absorbed into circulating blood and 20% was trans-
ported to muscle under viable skin.

Conclusions. Pharmacokinetic analysis using the 6-compartment
model would be very useful for the estimation of local and systemic
availability after topical application of drugs.

KEY WORDS: intradermal disposition; direct penetration; systemic
absorption; stripped skin.

INTRODUCTION

The stratum corneum permeability to drugs could have
been enhanced by several approaches such as the usage of
lipophilic prodrug (1-3), absorption enhancers (4-6), the for-
mation of complex (7), iontophoresis (8—10), and so on. The
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enhancers of transdermal absorption have been widely investi-
gated and the promoting mechanisms were elucidated for sev-
eral promoters (11). Because the stratum corneum is a major
barrier for transdermal absorption of many drugs, improvement
of transport across the stratum corneum would increase the
therapeutic potency of transdermal drug delivery. Since dermal
application of drugs is for local therapeutics, as well as systemic
therapeutics, transdermal delivery system should be developed
according to its therapeutic purpose. This means drugs for
systemic therapeutics should be absorbed much more into the
blood stream and those for local treatment should penetrate
into the underlying deep tissue, e.g., muscle under a viable skin.

‘There is a controversy concemning the direct penetration
into deeper tissues after topical application. It was reported that
the distribution of diclofenac (12) and biphenylacetic acid (13)
to underlying deep fluid and/or structures occurred mainly via
the systemic blood supply. On the other hand, several drugs
such as estradiol, progesterone (14), and salicylic acid (15) are
reported to be able to penetrate into local deep tissue after
topical application.

In the present study, to analyze the intradermal disposition
kinetics of a drug after topical application, we designed the
experiments that a drug solution would be placed directly on
the exposed living epidermis in rats, which enable us to detect
the appearance of drugs in underlying deep tissues, to avoid
the drug delivery rate-limited by the stratum corneum and to
estimate the intradermal kinetics itself. Furthermore, the com-
partment model composed of 4 or 6 compartments was devel-
oped to estimate the direct penetration and the systemic
absorption of antipyrine applied topically in vivo.

EXPERIMENTAL SECTION

Materials

Antipyrine and aminopyrine, an internal standard, were
purchased from Tokyo Chemical Industry Co. (Tokyo, Japan)
and Aldrich Chemical Co. (Milwaukee, Wisconsin, USA). All
other reagents were of the highest grade commercially available.

Animals

Male Wistar rats weighing 230-270 g were used through-
out the present studies and were allowed to freely accesg stan-
dard food and water until studies were carried out. Our
tnvestigations were performed after approval by our local ethi-
cal committee at Okayama University and in accordance with
“Principles of Laboratory Animal Care.”

In Vivo Transdermal Absorption Study

Abdominal hair was removed by using 7% thioglycolic
acid gel 2 days before performing the absorption study and the
stratum corneum was stripped with adhesive tape about twenty
times under urethane anesthesia just before starting the absorp-
tion study. Under urethane anesthesia, 2 m! of antipyrine solu-
tion (5 mM) was applied to the donor cell, of which effective
area is 4.91 cm?, attached on the stripped abdominal skin with
Aron Alpha (Toa Chemicals Co., Ltd., Tokyo). After the rats
were sacrificed at 0.5, 1, 2, 3, 4, and 7 h, concentrations of
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the drug in the donor cell, viable skin, muscle, and piasma
were determined.

Tissue Distribution Study After Intravenous
Administration

Under urethane anesthesia, after intravenous administra-
tion of antipyrine (5 mg/kg), rats were sacrificed at 2, 3, 5, 10,
15, and 30 min and the plasma, abdominal viable skin, and
muscle were obtained at each time point. After determining the
concentration in each sample, the integration plot (16) was
performed to estimate the uptake clearance from plasma to
viable skin and muscle. The uptake rate to tissues is described
by the following equation:

dX
d_[( = CLpflissuc ) CP (1)

where X, is the amount of antipyrine in tissue at time t,
CL, sisue and C, are tissue uptake clearance form plasma and
plasma concentration of antipyrine, respectively. The integra-
tion of equation (1) gives the equation (2).

Xt = CLp—Ki\'sue : AUC(H (2)

where AUC,, indicates the area under the plasma concentra-
tion—time curve from O to time t. Equation (3) is obtained by
division of equation (2) with C,.

Xi - CLp-(issuc ) AUC()-I (3)

CP CP
CL, ;s is obtained as initial slope by plotting X,/C, against
AUGC,./C,.

In other experiments, after intravenous administration of
antipyrine, viable skin, muscle, and plasma were obtained at
the elimination phase, and then viable skin to muscle concentra-
tion ratio (Kpy,,), the viable skin to plasma (Kp,,), and the
muscle to plasma (Kp,,,) concentration ratios were calculated
from their concentrations.

Analytical Procedure

Determination of Antipyrine in Plasma

Plasma was deproteinized with acetonitrile after the addi-
tion of internal standard. An aliquot of the supernatant was
introduced onto HPLC system described below.

Determination of Antipyrine in Viable Skin and Muscle

Viable skin and muscle was excised at fixed time periods
and each of them was placed into the centrifuging tube,
where internal standard and | ml of 0.5 N NaOH were
added. After the tissues were solubilized in the boiling water
bath for 30 min, the mixtures were extracted with 6 mi
of dichloromethane. The obtained residue after evaporating
dichloromethane was dissolved in the mobile phase used in
HPLC analysis and injected onto HPLC system. HPLC system
consisted of a model LC-6A HPLC pump (Shimadzu, Kyoto,
Japan) and a UV detector (SPD-6A; Shimadzu) set at 254
nm. Analytical column was Inertsil 5C,3 (150 X 4.6 mm
I.D., GL Sciences, Tokyo). The mobile phase, 20 mM phos-
phate buffer-methanol (65:35, v/v), was delivered at I ml/
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min. For quantitative calculations, a Shimadzu C-R6A data
module was employed. The coefficient of variation (CV) for
each standard curve ranged from 0.2 to 5.0% and the squared
correlation coefficient was over 0.999.

Pharmacokinetic Analysis

Analysis with 4-Compartment Model

Based on the compartment models composed of donor
cell, viable skin, muscle, and plasma as shown in Fig. 1(A),
the linear differential equations were obtained as follows.

Donor cell
dCy
Vg ——= —CLyyw ' Cy 4)
dt
(A) Applied site
Donor cell
Cs Vq
CLd-vs
CL,,. CL
Viable skin{— =T __>t°'al
Cvs Vvs -
ClL,.s
Plasma
m-vs§
C, Viss
ClL,
CL,n
(B) Applied site
Donor cell
Cd Vd
CL,
s cL Vo Contralateral site
A CLvs-n vs-pvvs
Viable skin [ > < Skin
D C., V.
Cvs sz CLp-vs cL -stg cs s
Piasma PV e v 1 v
C Vo Vem
Lism Clons C, Vv, . CLVH,VVS CLMVm
y
—ar
Muscle Clovp Clns Vo Muscle
Cm V. |€ — > Con Vom
CL Ven Vv
oL, l > CLm.l Clemy, l CLp ™
m

Fig. 1. Pharmacokinetic models describing intradermal kinetics of
antipyrine after topical application. (A) and (B) show 4-compartment
model and 6-compartment model including contralateral viable skin
and muscle, respectively. C and V reveal concentration and distribution
volume, respectively. Subscripts of d, vs, m, p, ¢s and cm reveal the
donor cell, viable skin, muscle, plasma, contralateral viable skin and
contralateral muscle compartments, respectively. CL indicates the clear-
ance between tissue and tissue or plasma as represented by subscripts.
All the clearances except for CL,, are calculated as unit of viable
skin or muscle mass under application site. * These parameters were
obtained from the integration plot.
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Viable skin
dC,,
Ve o CLgy - Cg + CLlypu - Cy + CLyys - G,
— (CLywm + CL,;) - Cys &)
Muscle
A/ (—jaqt—rﬂ = CLyym * Cys + CLpm - G,
— (CLpvs + CLyp, + CLy) - Cpy 6)
Plasma
\ gd—ct—p = CLysp - Cys + CLyp - Ci

- (CLp»vs + CLp‘m + CLIotaI) : Cp (7

where V and C represent the distribution volume and drug
concentration in each compartment, respectively. Subscripts of
d, vs, m, and p reveal the donor cell, viable skin, muscle, and
plasma compartments, respectively. CL indicates the clearance
between tissue and tissue or plasma as represented by subscripts.

Drug concentration—time curves were simultaneously fit-
ted with the differential equations described above using
MULTI (RUNGE) (17), a nonlinear least-square regression pro-
gram, and the CL values were obtained. Mean values of each
tissue weight, obtained experimentally, were used as a distribu-
tion volume of viable skin (0.26 g) or muscie (1.47 g) under
the area applied topically.

As CLyy and V|, were used, the values of CLi, and Vd,,
obtained in the intravenous administration study and CL
were assumed to be CL,. /Kpym- Kpym represents the viable
skin to muscle concentration ratio of drug. Furthermore, to
augment the precision in the analysis, CL,.,, and CL,., were
calculated by the integration plot described above.

Analysis with 6-Compartment Model
We developed 6-compartment model (Fig. 1B) by adding
contralateral viable skin and muscle compartments to the 4-

compartment model described above. Additional mass balance
equations are as follows.

Contralateral viable skin

\Y% dCe; _ CL Yem C., + CL Ve C
cs dt - m-vs vm cm P-vs \/vs P
Ve
— (CLyym + CLysp) - v Ces ®)
Contralateral muscle
Ven - Som _ Ve Gy Clym - ™ C
cm d[ - vs-m \/VS cs p-m vm p
Vem

- (CLm-vs + CLm-p + CL,) - v Cn®

Nakayama ef al.

Plasma

dcC, Ve
Vp ‘ —dt— = CLvs-p . Cvs + V— N Ccs

va
+ CLyyp - (cm + 3 'ccm>

VCS
—(CL + CLypw + CLpw " o

p-vs p-m p-vs Vv
Vs

vcm
+CLym - — + CL,(,,a,) -G, 10)

Vi

where the subscripts of cs and cm represent contralateral viable
skin and contralateral muscle, respectively. As all the clearances
except for CL,y, are calculated as unit of viable skin or muscle
mass under application site, the correction by distribution vol-
ume is necessary as described above to estimate the substantial
value of clearance for contralateral tissues. Tissue concentra-
tion—time curves of 6 compartments were fitted with differential
equations (4)—(6), (8)-(10) using MULTI (RUNGE). In this
model analysis, it was assumed that (a) contralateral viable skin
and muscle represent all the those except the applied site. (b)
CL (per g tissue) between plasma and any tissue is equal without
distinction of applied or non-applied sites. (c) Vp can be
obtained by the following equation:

vp = Vdss - Kps/p : Vcs - l(pm/p . ch (l l)
where Kp,, and Kp,,, represent the viable skin and muscle to
plasma concentration ratios of drug, respectively, and the values
of V. and V,, were assumed to be 43.5 g and 125 g (18),
respectively.

In both model analyses, the final fitting was deemed
acceptable based on the regression goodness-of-fit criteria, the
Akaike’s information criteria (19).

RESULTS AND DISCUSSION

Dermal and transdermal delivery of drugs has at least three
purposes as follows: (i) improvement of systemic therapeutics,
(ii) treatment of the upper part of skin, and (iii) treatment of
the deeper tissues, such as dermis and muscle. For the develop-
ment of the efficient delivery system according to each thera-
peutic purpose, the understanding and the control of the
intradermal disposition kinetics of drugs must be important in
addition to the enhanced permeability of stratum corneum.

In the present study, to analyze the intradermal disposition
kinetics of antipyrine, 4-compartment model was developed
first as shown in Fig. 1(A), in which viable skin represents
living epidermis and dermis. In this model analysis, we used
the values of CL,.,, and CL,., obtained from the integration
plots because we had inquired about less incredibility in these
parameters. Figure 2 shows the integration plots of viable skin
and muscle. The ratio of drug amount in each tissue to the
plasma concentration was plotted against the ratio of AUC to
the plasma concentration at each time. Clearance values were
calculated by using the initial three points showing good linear-
ity because the back diffusion from each tissue to plasma could
be neglected in such early periods of time and so the uptake
clearance from plasma to each tissue can be estimated precisely
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Fig. 2. Estimation of antipyrine transport to viable skin and muscle
from systemic circulation after intravenous administration (Integration
plot). Results are expressed as the mean with a vertical and a horizontal
bar showing the S.E. of more than 3 experiments. The initial straight
lines, obtained by the least squares regression, indicate the uplake
clearance. Key: —@—, viable skin (slope, 0.0327 ml/min/tissue; r =
0.989); --O--, muscle (slope, 0.2127 ml/min/tissue; r = 0.995).

(16). The substantial value of CL,., was suggested to be much
larger than that of CL,,, (Table 1). The values of Kp were
obtained as follows: Kpy,, 0.748 * 0.008; Kp,y, 0.872 =*
0.014; Kp,,, 0.859 = 0.022 (the mean * S.E. of 4 experiments).

Figure 3 represents the observed data and the fitting curves
obtained by the analysis using 4-compartment model and the
pharmacokinetic parameters were summarized in Table 1. Tak-
ing into consideration the values of CL,, and CL,,.,, about
16% of antipyrine in viable skin can directly penetrate into the
muscle layer below the living epidermis (topical application
site). These lines seem to describe the intradermal kinetics
of antipyrine well, judging from the results in Fig. 3. The
concentrations of antipyrine in the contralateral muscle, how-
ever, were recognized to be overestimated in this analysis (Fig.
4). The concentration profile in the contralateral muscle was
calculated using the parameters obtained by 4-compartment
model analysis and the great discrepancy between the observed
data and predicted curve suggests the incredibility of the results
by 4-compatment model analysis.

Therefore, we added the contralateral viable skin and mus-
cle compartments to the 4-compartment model (Fig. 1(B)) and
performed the simultaneous fitting for 6 fluids and/or tissues
(Fig. 5) based on the 6-compartment model. The calculated
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lines could very well describe the plasma concentration profile
and the intradermal kinetics including the contralateral tissues.
The values of clearances thus obtained were listed in Table 1.
As compared with those by 4-compartment model, there was
a quite difference only in CL,, ,, between the two models. The
overestimation of CL,,, by 4-compartment. model analysis
should be substantially attributed to the integration plot, but
the reason for this overestimation has been unknown so far.
Although CL,,. is less credible, other important clearances
obtained will be highly credible, judging from the small values
of S.D. Especially, as for CL,, and CL,,, their propriety is
testified by the fact that the ratio of CL,, to CL, (1.08) is
much more comparable to Kpyy, value (0.872) than the ratio
(4.36) obtained by 4-compartment model analysis, because the
ratio as mentioned above may be equal to the Kp,,, value at
a steady state.

The values of CL,, , and CL,,, could be indices tor the
efficiency of systemic delivery or local delivery and these values
indicate about 20% of antipyrine in the viable skin after topical
application can directly penetrate into the muscle layer below
the application site. Singh and Roberts estimated their contribu-
tions in removing salicylic acid from several tissues and sug-
gested that 33% of salicylic acid in the dermis should be
removed by direct penetration into the deeper tissues (15).
Although they assumed the rate of blood flow in each tissue
to be a clearance by blood circulation, we calculated CL,,.,
for antipyrine, by which we estimated their contributions. The
removing clearance by blood circulation would also be depen-
dent on the physicochemical characteristics of drugs to some
extent and different drugs would have different values of the
clearance. Furthermore, we estimated the contributions of direct
penetration and transport from systemic circulation to the mus-
cular distribution of antipyrine after topical application. As
shown in Fig. 6, it was suggested antipyrine in the muscle layer
below the application site should be largely attributed to the
direct penetration. The values of AUC calculated according to
the trapezoidal rule (AUC grer 559.1; AUCygem, 83.2 nmol-h/
ml) indicate that 87% of AUC can be derived from the direct
penetration. Although the contribution of the direct penetration
is suggested to be dependent on the drugs applied topically
(12-15), our present results clearly indicate significant amounts
of antipyrine should penetrate into the muscle layer, especially
at muscle layers below the applied site; almost all the drug
should be ascribed to direct penetration. Singh and Roberts
reported fractional contribution of direct penetration and of
blood supply in determining the flux for salicylic acid (15) and

Table 1. Pharmacokinetic Parameters Describing Intradermal Kinetics of Antipyrine After Topical Application

Pharmacokinetic parameters

Pharmacokinetic CLg.,s CLyrn CLyp CLp.s CLyp CLym CL.
models (ml/h) (mi/h) (mi/h) (ml/h) (ml/h) (ml/h) (ml/h)
4-compartment model  0.343¢ + 0.016 0.458 = 0.005 2.430 = 0.004 1.961” 2.929 = 0.118 12.764"

6-compartment model

0.343* £ 0.016 0.556 = 0.009 2.320 = 0.006 2.533 * 0.023 2.441 = 0.054 2.648 * 0.055 0.001

0.003 = 65.713
* 1.825

Note: Pharmacokinetic parameters were expressed with SD. They were obtained by fitting the differential equations based on each pharmacokinetic

model to the observed mean data using MULTI (RUNGE).

“ The values of CL,.,, was calculated independently and used as a constant value in the fitting analysis described above.
» These parameters were obtained from the integration plot as follows: the slope obtained in Figure 2 (X60).
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Fig. 3. Pharmacokinetic analysis of intradermal disposition of antipyrine using 4-compartment model.
(A), (B). (C) and (D) represent Donor cell, Viable skin, Muscle and Piasma, respectively. Results are
expressed as the mean with a vertical bar showing the S.E. of more than 3 experiments. Solid lines

represent the obtained fitting curves.

lidocaine (20) in the tissues below the applied site. In the case
of the two drugs, the direct penetration is extensively dominant
in the upper layer and its contribution decreases with increasing
depth. In deep muscle, the deepest layer they investigated, 62%
of salicylic acid is attributed to the blood supply. On the other
hand, they indicated 70% of lidocaine was still supplied by
direct penetration in the deepest layer. In the present study, we

a O
8 8 83
\

Concentration (nmol/g tissue)
(]
=1

20
10
o i
0 2 4 6 8
Time (h)

Fig. 4. Overestimation of antipyrine concentration in contralateral
muscle by 4-compatment model analysis. Results are expressed as the
mean with a vertical bar showing the S.E. of more than three experi-
ments. The bars are hidden behind symbols. Solid line was described
by using the parameters obtained by 4-compartment model analysis.

assumed the muscle layer to be a single compartment and
estimated the concentration in muscle up to a depth of about
3 mm including almost all the layers below viable skin at
abdominal side in rats. Therefore, we can only compare the
viable skin layer with the muscle layer in the present study. To
perform the comparison as mentioned above, the amount of
antipyrine supplied by direct penetration or systemic circulation
was calculated according to the following equations: Ay.s =
CLd-vs : AUCd (1280 p“g)s Apvvs = CLp—vs ) AUCp (36 p"g)s
Aym = CLy, - AUC, (293 pg), Apm = CL,, - AUC, (38
pg). “A” represents the amount of antipyrine and the subscripts
represent the same elements as described in the Experimental
section. The fractional contribution of direct penetration
obtained from the results described above is about 97% or
89% in the viable skin or muscle, respectively, suggesting the
disposition of antipyrine to the deeper tissue is similar to that
of lidocaine regardless of the difference in physicochemical
property between the two drugs. The larger contribution of the
direct penetration to deeper tissue for lidocaine than for salicylic
acid are suggested to be dependent on its binding less to the
tissue. The free fraction of antipyrine determined preliminarily
is 0.96 using 10% homogenate of viable skin, which may be
responsible for its greater penetration to the deeper muscle.
However, the lipophilicity of drugs may not have anything to
do with the contribution of their direct penetration, because
there is a large difference in lipophilicity between lidocaine
(lop P = 1.64 (20)) and antipyrine (log P = 0.39). Although
Singh and Roberts suggested small molecules allowing the
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Fig. 5. Pharmacokinetic analysis of intradermal disposition of antipyrine using 6-compartment model. (A) Donor cell, (B) Viable
skin, (C) Muscle, (D) Plasma, (E) Contralateral viable skin, (F) Contralateral muscle. Results are expressed as the mean with a
vertical bar showing the S.E. of more than 3 experiments. Solid lines represent the obtained fitting curves.
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Fig. 6. Evaluation of direct penetration and transport from systemic
circulation to muscle layer below the application site. Simulation curves
were described using the parameters obtained by 6-compartment model
analysis. Key: , total concentration; ----- , the concentration due
to direct penetration; ——-, the concentration due to systemic circulation.

drugs to diffuse easily should be an important factor (21),
in truth, further studies are needed to elucidate the factors
determining intradermal disposition of drugs applied topically.

In conclusion, we developed the pharmacokinetic model
describing the intradermal disposition of drugs applied topically
and could evaluate the fractional contribution of the direct
penetration and the blood supply to the deeper muscle layer
below the applied site.
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