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Ethyl 4-biphenylyl acetate (EBA) is a prodrug of the antiinflammatory 4-biphenylyl acetic acid
(BPAA). The inclusion complexes of EBA with B-cyclodextrin (B-CyD), heptakis(2,6-di-O-methyl)-B-
cyclodextrin (DM-8-CyD), and 2-hydroxypropyl-g-cyclodextrin (HP-B-CyD) at a molar ratio of 1:2
(EBA:cyclodextrin) were prepared and used to make hydrophilic antiinflammatory ointments. The irn
vitro release of EBA from the ointments was enhanced by complexation in the order of B-CyD <
DM-B-CyD < HP-B-CyD. The improvement correlated with the improved solubility and not with the
decreased diffusibility observed to occur upon the complexation of EBA. In vivo the complexation
with cyclodextrin derivatives increased both the release of EBA from the vehicle and its conversion
in the underlying tissue to BPAA, but the total of EBA and BPAA in the tissue was decreased. In vitro
studies confirmed that the effects of cyclodextrin derivatives on the conversion were exerted indi-
rectly. The combination of the enhanced release and of the enhanced prodrug hydrolysis by esterases
in the site where the antiinflammatory action is required resulted in increased therapeutic effects. In
the model of carrageenan-induced acute edema in rat paw, the complexation improved the therapeutic
effects over those of EBA alone in the order of -CyD < DM-B-CyD < HP-8-CyD. HP-B-CyD may
be a particularly useful cyclodextrin derivative since it improves the topical availability and does not
irritate tissues.
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INTRODUCTION

The prodrug approach has often been used to optimize
the dermal delivery of drugs, especially of those with anti-
inflammatory and antipsoriatic effects. The prodrugs, how-
ever, must be delivered to the focal regions rapidly and con-
verted immediately into the pharmacologically active spe-
cies, since both the slow entry of prodrug and the escape of
drug into systemic circulation decrease the therapeutic value
of the ointment. Thus, the steps of prodrug release from
vehicle, permeation through the skin, and prodrug conver-
sion to drug are of critical importance (1,2).

Cyclodextrins are cyclic oligomers of glucose which
form inclusion complexes (host-guest type) with lipophilic
drugs as guests and thus improve their water solubilities (3).
Widespread uses of cyclodextrins as hosts for drugs are,
however, restricted by their low aqueous solubilities, partic-
ularly that of B-cyclodextrin (B-CyD) (4-6). Alkylation or
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hydroxyalkylation of the hydroxyl groups of B-CyD has been
used to solve the problem of low solubility (7,8). Among the
various derivatives evaluated, heptakis(2,6-di-O-methyl)-
B-CyD (DM-B-CyD) and 2-hydroxypropyl-8-CyD (HP-B-
CyD), which is a defined mixture of oligo substituted spe-
cies, have gained some acceptance in pharmaceutical appli-
cations (9,10).

Both DM-B-CyD and HP-B-CyD were found to improve
the percutaneous absorption and antiinflammatory efficacy
of an ointment containing 4-biphenylyl acetic acid (BPAA) in
rats (11). Presently, we have examined the effects of cyclo-
dextrin derivatives on ointments containing a prodrug of
BPAA, ethyl 4-biphenylyl acetate (EBA; Fig. 1). Surpris-
ingly, indirect effects of cyclodextrin derivatives on hydrol-
ysis of EBA by esterases were found which improved the
therapeutic effects considerably. Since the use of esters as
prodrugs for drugs possessing carboxylic groups is quite
common, the approach described here may have many other
uses.

MATERIALS AND METHODS

Materials
EBA, BPAA, and 4-hydroxy-4-biphenylyl acetic acid
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Fig. 1. The chemical structure of ethyl 4-biphenylyl acetate (EBA).

(4-hydroxy-BPAA) were obtained from Nippon Lederle Co.,
Tokyo. B-CyD and HP-B-CyD of the average degree of sub-
stitution 5.8 (12) from Nihon Shokuhin Kako Co., Tokyo,
DM-B-CyD from Toshin Chemical Co., Tokyo, and the hy-
drophilic ointment base (Japanese Pharmacopoeia XI) from
Iwaki Seiyaku Co., Tokyo. The ointment contained white
petrolatum (25%, w/w), stearyl alcohol (20%, w/w), propyl-
ene glycol (12%, w/w), polyoxyethylenechydrogenated caster
oil (4%, wi/w), glycerol monostearate (1%, w/w), methyl 4-
hydroxybenzoate (0.1%, w/w), propyl 4-hydroxybenzoate
(0.1%, w/w), and purified water (appropriate amount).

Preparation of Solid Complexes

The solid complexes of EBA with cyclodextrin deriva-
tives were prepared by the kneading method (13). The com-
plexes contained 1 molecule of EBA per 2 molecules of re-
spective cyclodextrin derivatives; this stoichiometry was de-
termined on the basis of the phase solubility diagrams for the
EBA:cyclodextrin derivative systems as described previ-
ously (13). The apparent stability constants (K’) given in
Table I were calculated from the initial straight-line portion
of the solubility diagrams, assuming that a 1:1 complex is
initially formed, and were used as a tentative measure of
inclusion complexation.

In Vitro Release Studies

The ointments were prepared by mixing, contained
EBA or its cyclodextrin complexes (equivalent to 1.0%,
w/w, as EBA), and were stable for at least 1 month in the
accelerated decomposition condition (40°C, 75% RH). The
release of EBA from the ointments (600 mg) into normal
saline (9 ml) was determined at 25°C using a horizontal dif-
fusion cell. A silicone membrane (0.85 cm?, Silastic, Dow
Corning Co., Mich.) was used as a barrier for the diffusion of
the vehicle. At appropriate intervals, 0.5-ml samples were
withdrawn from the release phase. The concentration of
EBA was measured by high-performance liquid chromatog-
raphy (HPLC) (13). The solubility of EBA in the ointment
base was determined as described (14). For analysis of the
data on the release of EBA or its cyclodextrin complexes
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Fig. 2. Release profiles of EBA from hydrophilic ointments contain-
ing EBA and its cyclodextrin complexes through a silicone mem-
brane in saline at 25°C. (@) EBA alone; (O) EBA:B-CyD complex;
(O) EBA:DM-B-CyD complex; (A) EBA:HP-8-CyD complex. Each
point represents the mean * SE of three experiments. (*) P < 0.05,
compared to EBA alone.

from the vehicle, Eg. (1) was used when the prodrug was
fully dissolved, and Eq. (2) when the prodrug was only partly
dissolved in the ointment base (15,16).

Q=2C,\/D - t/n )

Q=VQC,-C)-C,-D-t (2

Q is the amount of EBA released per unit area at time ¢; C,
is the initial concentration of EBA, free or complexed; D is
the apparent diffusion coefficient; and C, is the solubility of
EBA, or of its cyclodextrin complexes, in the ointment base.

In Vivo Absorption Studies

Male Wistar rats weighing 160-200 g were used and a
day before the experiment their backs were shaved by elec-
tric clippers under pentobarbital anesthesia (30 mg/kg, intra-
peritoneal). The ointment samples (30 mg) were spread uni-
formly over the surface of the two sheets of paper (2 x 2
cm?), and these applied to the shaved areas and covered with
a film (Saran Wrap, Asahi Kasei Kogyo Co., Tokyo) which
was again fastened by adhesive tape. At intervals, rats were
killed, the ointment was recovered from the skin by wiping
with an absorbent paper soaked in saline, and the remaining
prodrug was extracted from appropriate materials with
methanol (5 ml). The content of prodrug and cyclodextrin
derivatives in the extract was analyzed by HPLC (13). Then

Table I. Effects of Complexation on the Properties of EBA at 25°C

K K ce D
System MY (ng/cm?hr'?) (X1072 pg/ecm?) (x10% cm?hr)
EBA alone — 1.966 4.87 40.069
B-CyD complex 3050 1.964 43.24 5.090
DM-R-CyD complex 12500 2.785 1499.00 6.088
HP-B-CyD complex 4200 3.392 475.00 9.034

? The apparent stability constant of the EBA: cyclodextrin complexes in water.
® The apparent release rate constant of EBA from the hydrophilic ointment base.
¢ The solubility of EBA in the hydrophilic ointment base.

< The diffusion coefficient of EBA in the hydrophilic ointment base.
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Fig. 3. The time dependence of distribution of EBA and of its hy-
drolytic product BPAA after the application of hydrophilic oint-
ments containing EBA and its cyclodextrin complexes to the skin on
the backs of rats. (@) EBA alone; (O) EBA:B-CyD complex; ()
EBA:DM-B-CyD complex; (A) EBA:HP-B-CyD complex. Each
point represents the mean * SE of four or five rats. (*) P < 0.05,
compared to EBA alone.

the stratum corneum was removed by stripping with adhe-
sive tape and its EBA and BPAA contents were determined
in the same manner.

The underlying skin and subcutaneous tissues were ex-
cised, cut finely, and extracted with 7 ml of methanol. The
addition of methanol stabilized EBA against enzymatic hy-
drolysis. For example, the recoveries of EBA and BPAA
from the viable skin were determined to be 96 += 5 and 98 =
3%, respectively. The delay in processing the tissues before
the extraction resulted in a slight loss of EBA. However, the
data were not corrected for the enzymatic degradation of
EBA because such loss of the prodrug was confirmed to be
only less than 5% in all the cases. The extracts were evap-
orated, and the residues were dissolved in 5 ml of solvent
(cyclohexane and ether, 3:1) and analyzed by HPLC. Cyclo-
dextrin derivatives in stratum corneum and in viable skin
were analyzed by HPL.C (13) with slight modifications. Con-
centrations of BPAA in serum and of 4-hydroxy-BPAA (17)
in urine were measured by HPL.C. For analysis of BPAA and
4-hydroxy-BPAA, a HPLC instrument Hitachi L-6000
equipped with a ERC-ODS-1161 column (3 pm, 6 ¢ X 100
mm, Erma Optical Works, Tokyo) was used. Mobile phase
was methanol-0.1 M acetic acid (7:3%, v/v), flow rate was
1.0 ml/min, and compounds were detected fluorometrically
(650-10 LC fluorescence spectrophotometer, Tokyo) using
excitation at 285 nm and emission at 320 nm. The area under
the serum BPAA concentration-time curve (AUC) and the
mean residence time of the drug in serum (MRT) were cal-
culated by moment analysis (18).
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Evaluation of Antiinflammatory Responses

The ointments (100 mg) were uniformly spread on the
left hind paws of rats and covered with the film and adhesive
tape. After 1 hr the ointment was removed and inflammatory
edema induced by a subplantar injection of 1% carrageenan
in saline (0.1 ml). The paw swelling was periodically moni-
tored using a water plethysmometer according to the method
of Winter er al. (19) with slight modifications; the dose of
carrageenan and the apparatus to measure the paw swelling
were changed.

RESULTS AND DISCUSSION

In Vitro Studies

EBA forms complexes with cyclodextrin derivatives
(13); the stabilities of these are in the order B-CyD <
HP-B-CyD < DM-B-CyD. The respective apparent stability
constants (K') were measured in water (Table I). The com-
plexation increased the solubility of EBA in the hydrophilic
ointment base in the order B-CyD < HP-8-CyD < DM-@-
CyD (Table I). The ointments investigated contained 1% (w/
w) of EBA and thus only when DM-B-CyD or HP-8-CyD
was present was EBA fully dissolved in the ointments. The
diffusion coefficients of EBA preparations in the hydrophilic
ointments decreased in the order of EBA alone > EBA:HP-
B-CyD > EBA:DM-B-CyD > EBA:B-CyD (Table I).
Amounts of EBA which permeated from hydrophilic oint-
ments through silicone membrane were increased by the
complexation of the prodrug with cyclodextrin derivatives in
the order EBA alone < EBA:p-CyD < EBA:DM-B-CyD <
EBA:HP-3-CyD (Fig. 2). Obviously the solubilization ef-
fects of cyclodextrin derivatives were of primary impor-
tance, while diffusion effects had only a minor influence. In
steady state the amounts of the permeated EBA increased
linearly with the square root of time (Fig. 2), indicating that
the permeation is diffusion controlled; Table I lists the ap-
parent release rate constants (k') calculated from the data.

In Vivo Studies

The release of EBA from ointments into the skin was
assisted by the complexation with DM-B-CyD or HP--CyD,
whereas B-CyD had no appreciable effect (Fig. 3). These
results are similar to the in vitro findings. The pretreatment
of the skin with the ointments containing only cyclodextrin
derivatives without EBA did not assist absorption of EBA
applied subsequently (data not shown). Thus, the release of

Table II. The Distribution of Cyclodextrin Derivatives 24 hr After the Application of Hydrophilic
Ointments Containing also EBA to the Skin on the Backs of Rats?®

In stratum
corneum (pg)

In ointment
System (mg)

In viable
skin (ng)

B-CyD complex
DM-B-CyD complex
HP-B-CyD complex

2.50 = 0.02 (88.1)
1.91 =+ 0.07 (57.4)*
1.72 = 0.10 (46.8)*

374 = 7.5(1.3)
76.4 = 17.0 (2.3)
141.9 + 21.9 3.9)*

76.6 = 6.5(2.7)
125.9 = 15.4 (3.8)*
117.0 = 7.0 3.2)*

¢ Each value represents the mean = SE of five rats. Each value in parentheses represents the per-
centage of the initial amount applied.
* P < 0.05, compared to the B-CyD complex.
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Fig. 4. The bioconversion of EBA to BPAA in the viable skin after
the application of hydrophilic ointments containing EBA and its
cyclodextrin complexes to the skin on the backs of rats. (@) EBA
alone; (O) EBA:B-CyD complex; (0) EBA:DM-B-CyD complex;
(A) EBA:HP-B-CyD complex. Each point represents the mean +
SE of four or five rats. (*) P < 0.05, compared to EBA alone.

EBA from the vehicle is probably the rate-limiting step in the
cyclodextrin derivative assisted skin permeation of EBA.
Recent studies have demonstrated that most of the drug in
the skin had to be in free form since the majority of cyclo-
dextrin derivatives remained in the vehicle (20,21). Never-
theless, under the occlusive conditions significant amounts
of cyclodextrin derivatives were lost from the vehicle into
the skin in the order B-CyD < DM-3-CyD < HP-B-CyD
(Table II), a sequence which corresponds to the order of the
enhancement of EBA release. A penetration of cyclodextrin
derivatives into the skin was also observed from the corre-
sponding prodrug free ointments (data not shown). Only a
fraction of the cyclodextrin derivatives was found in the stra-
tum corneum and in the viable skin 24 hr after the application
(Table II). These results indicate that considerable amounts
of cyclodextrin derivatives passed through the skin, and thus
they may exert some biological effects even there (22,23).
The skin is an organ capable of metabolism of topically
applied drugs (24,25). Esterase activity was found in both
epidermal and dermal layers of human skin, while that in the
stratum corneum was minimal (26,27). Since in the skin the

tissues ( 1 g)

Amount of BPAA in subcutaneous

A ®\® © (DO

Fig. 5. The amount of BPAA accumulated in subcutaneous tissues
2 hr after the application of hydrophilic ointments containing EBA
and its cyclodextrin complexes to the skin on the backs of rats. (A)
EBA alone; (B) EBA:B-CyD complex; (C) EBA:DM-3-CyD com-
plex; (D) EBA:HP-B-CyD complex. Each result represents the
mean = SE of four or five rats. (*) P < 0.05, compared to EBA
alone.
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hydrophilic product BPAA is the only detectable metabolite
of EBA, the time dependence of concentrations of both
these compounds in the skin was measured (Fig. 3). The
application of EBA in the complexed form resulted in a tran-
sient rise and subsequent decrease in the total amount of
EBA and BPAA both in the stratum corneum and in the
viable skin. Furthermore, the fraction of pharmacologically
active BPAA in the viable skin was increased when EBA
was applied in the complexed form (Fig. 4), indicating that
the complexation assists the bioconversion of EBA to
BPAA, and consequently it helped to deliver the active drug
to subcutaneous tissues, where its action is most desired
(Fig. 5) (28,29). On the other hand, the drugs crossing the
skin are efficiently transported away into the capillary. After
the application of EBA ointments to the skin, BPAA was
found in the blood circulation, and the majority of the me-
tabolites accumulated into urine was 4-hydroxy-BPAA (17).
The pharmacokinetic parameters of these compounds are
given in Table III. In spite of the enhanced penetration of
EBA into the skin seen with cyclodextrin derivatives (Fig.
3), there were no significant differences in these kinetic pa-
rameters between all the preparations. Considering the dis-
sociation equilibrium of complexes, the cyclodextrin deriv-
atives no longer affect the pharmacokinetic behavior of the
drug and its metabolites after they are entered into the sys-
temic circulation (5). Therefore, the above findings suggest
that the cyclodextrin derivatives exert some effects on the
eliminating processes of the drug from the skin and, conse-
quently, retain the active drug at the focal regions, where its
antiinflammatory action is desired.

The mechanism of the in vivo enhanced conversion of
EBA to BPAA is intriguing. When hydrolysis of EBA by
homogenates of whole skin was investigated, the complex-
ation invariably decreased the conversion (data not shown).
The complexation also decelerated chemical hydrolysis of
EBA by acids or by bases. All these in vitro decelerations
were in the order B-CyD < HP--CyD < DM-3-CyD, i.e.,
were proportional to the stability constants of the complexes
(Table I). Thus, the complexation must support the in vivo
hydrolysis in an indirect manner—perhaps by concentrating

Table ITI. Pharmacokinetic Parameters of BPAA in Serum and Cu-

mulative Amounts of 4-Hydroxy BPAA Excreted into Urine After

the Application of Hydrophilic Ointments Containing EBA and Its
Cyclodextrin Complexes to the Skin on the Backs of Rats®

BPAA in serum

4-Hydroxy-BPAA

AUC? MRT¢  excreted in urine?
System (hr - pg/ml) (hr) (ug)
EBA alone 172 3.2 9.1 =*0.1 17.6 = 3.1
B8-CyD complex 13.5+31 9503 17.9 = 4.4
DM-B-CyD complex 17.3*+27 99=03 22.1 £ 42
HP-B-CyD complex 166 1.9 85=0.3 21.5 £ 2.1

2 Each point represents the mean + SE of five rats.

b The area under the serum BPAA level-time curve up to 24 hr
postapplication.

° The mean residence time of BPAA in serum calculated from the
serum data up to 24 hr postapplication.

4 The cumulative amount of 4-hydroxy-BPAA excreted into urine
up to 24 hr postapplication.
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Fig. 6. Effects of EBA and its cyclodextrin complexes in hydro-
philic ointment on the carrageenan-induced acute edema in rat paw.
(@) Control; (@) EBA alone; (O) EBA:B-CyD complex; (O)
EBA:DM-B-CyD complex; (A) EBA:HP-B-CyD complex. Each
point represents the mean = SE of eight to ten rats. (*) P < 0.05,
compared to EBA alone.

all the important components to a single site. Furthermore,
the contribution of shunt pathways in the skin such as hair
follicles and sebaceous glands to the percutaneous absorp-
tion of the prodrug should be considered for the semisolid
preparations used here. It seems likely that the particles of
undissolved prodrug migrate well into the skin through the
shunt pathways, which would lead to a higher fraction of
unconverted prodrug in the skin. Therefore, the increase in
dissolved fraction of prodrug in the vehicle by complexation
(Table I) may contribute in part to the accelerated biocon-
version of EBA seen with the cyclodextrin derivatives.

Antiinflammatory Effect

The antiinflammatory effects of ointments were tested
using the model of carageenan-induced acute edema in rat
paw (19). Results in Fig. 6 show that a dramatic improve-
ment may be obtained when EBA is administered in com-
plexed form; the efficacy increased in the order EBA alone
< EBA:B-CyD < EBA:DM-B-CyD < EBA:HP-B-CyD com-
plex; the inhibition of swelling was 26.1, 36.5, 64.3, and
68.2%, respectively.

In conclusion, the complexation with cyclodextrin de-
rivatives may dramatically improve the antiinflammatory ef-
fects of ointment preparations through improved release of
prodrug into the tissue and through the indirect activation of
the prodrug to the drug at a location where its therapeutic
effects are more effective. It should also be noted that the
very effective complexation agent (HP-B-CyD) has a low
toxicity (10,30).
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