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Abstract

Oral non-steroidal anti-inflammatory drugs (NSAIDs) are effective pharmacotherapy for a
wide variety of painful, inflammatory disorders. Development of an efficient means of
topical administration of NSAIDs could increase local soft-tissue and joint concentrations
while reducing systemic distribution of the drug, thereby reducing side-effects. With this in
mind we studied the effects of a novel topical penetration enhancer for lipophilic
compounds, a trans-phase delivery system (TPDS), a solution of benzyl alcohol, iso-
propanol and acetone, on the distribution of indomethacin in various tissues locally and
remote from the site of application. We compared the TPDS with a 50 : 50 (v/v) mixture of
propylene glycol and ethanol, a commonly used penetration enhancer, and with oral
administration.

We found that the TPDS was significantly superior to the other approaches at achieving
high local-tissue concentrations in the vicinity of the site of application. In addition,
comparison of these two carrier systems seems to clarify the different aqueous and
hydrophobic pathways of drug penetration which emerge from various experimental
findings and theoretical considerations.

Our results suggest that this non-aqueous solvent system, and benzyl alcohol in
particular, because of its unique physicochemical and solvating characteristics, might be
able to deliver therapeutic levels of indomethacin to tissues close to the site of application

in a safer and more effective manner than presently accepted forms of delivery.

For decades, soft-tissue problems associated with
trauma, osteoarthritis and rheumatoid arthritis have
been treated successfully with non-steroidal anti-
inflammatory drugs (NSAIDs) such as indometha-
cin (Van Marion 1973). Unfortunately, the occur-
rence of many side-effects (Borda & Koff 1992)
has lessened the appeal of NSAIDs. Gastro-
intestinal bleeding and exacerbation of renal
insufficiency occur secondarily to the high plasma
concentrations necessary to achieve therapeutic
concentrations at the site of action. One proposed
method for reducing plasma levels while achieving
therapeutic tissue levels is administration of
NSAIDs percutaneously rather than orally (Guy &
Maibach 1983). Many investigators have employed
compounds that interact with the stratum corneum
barrier of the skin, enhancing the penetration of
co-administered compounds (Hori et al 1989; Idson
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1985). Penetration enhancers such as piperidone
and pyrrolidone derivatives (Quan et al 1990;
Sasaki et al 1991), oleic acid (Francoeur et al 1990;
Takahashi et al 1991), 1-dodecylazacycloheptan-2-
one (azone; Stoughton 1982), cetyl lactate (Kaiho
et al 1989), propylene glycol (Nomura et al 1990),
and transparent oil-water gels (DeVos et al 1991)
have been proven to aid the passage of NSAIDs
across the stratum corneum. Although literature
comparing the efficacy of topical NSAIDs with oral
preparations is sparse (Kroll et al 1989; Russell
1991), studies have demonstrated equal efficacy for
topical and oral administration of indomethacin in
rat models (Fregnan et al 1974; Heilman 1975).
Because the true efficacy of percutaneously deliv-
ered NSAIDs remains to be proven in a properly
designed clinical comparison with commonly used
oral NSAIDs, over-the-counter topical salicylates
in a triethanolamine vehicle (Golden 1978; Rabi-
nowitz et al 1982) presently remain one of the few
alternatives to oral NSAID therapy in the US.
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The data, or lack thereof, suggest the need for a
more effective penetration enhancer. Benzyl alco-
hol preparations have shown promise as such
(Jimbo et al 1983; Hiramatsu et al 1990). Physico-
chemical studies have demonstrated that benzyl
alcohol can solvate compounds, forming a micelle,
while retaining contact with an aqueous solution
(Kaneshina et al 1984), a property conducive to
penetration of the stratum corneum. The current
study compares the levels of [2-'*Clindomethacin
in blood, urine, faeces and several tissues after
delivery of one oral and two topical preparations to
rats. Our results show that, compared with a stan-
dard 50:50 (v/v) propylene glycol-ethanol vehicle
and an oral corn-oil solution, a trans-phase delivery
system (TPDS; Nimni et al 1990) comprising a
mixture of benzyl alcohol, isopropanol and acetone
results in high levels of indomethacin in tissue in
the vicinity of the site of application while delaying
systemic absorption.

Materials and Methods

Composition and preparation of indomethacin
solutions

[2-'“C]Indomethacin (100 uCi; specific activity
53mCimmol~' =147 uCimg™",  radiochemical
purity 84%) was purchased from Amersham Inter-
national, UK. Ethanol (150 uL) was added to dis-
solve the radioactive indomethacin. Unlabelled
indomethacin, propylene glycol, ethanol, acetone,
isopropyl alcohol and benzyl alcohol were purchased
from Sigma (St Louis, MO). A solution (1%) of
indomethacin was prepared in the TPDS (10% benzyl
alcohol, 40% acetone and 50% isopropyl alcohol) or
in a 50:50 (v/v) mixture of propylene glycol and
ethanol for topical application. Radioactive indo-
methacin solution (50 uL, i.e. 33 uCi) was added to
1-65 mL of the 1% solutions of indomethacin in the
TPDS and propylene glycol-ethanol, resulting in a
solution that contained 2 uCi in each 0-1-mL dose. A
0-25% solution of indomethacin for oral ingestion
was prepared by mixing with corn oil over mild heat.
For this purpose radioactive indomethacin solution
(50 uL) was added to 6-6 mL of 0-25% indomethacin
in corn oil, resulting in a solution that contained 2 uCi
in each 0-4-mL dose.

Animal studies

These were conducted on 3-month-old male Long-
Evans rats, 300-350g, from Simonsen Industries.
The rats were housed in metabolic cages enabling
separate collection of faeces and urine. Each value in
this study represents triplicate assays from three dif-
ferent rats (nine rats per time-interval). Rats were
tranquillized by inhalation anaesthesia with halo-

thane USP. Their right shoulders were shaved so that
an approximately 1 cm? square could be drawn on the
intact skin over the right glenohumeral joint. The first
rat received 0-1 mL radioactive 1% indomethacin in
the TPDS solution (approximately 2 uCi) in three
separate applications of 33 L. by means of a micro-
pipette. The solution was left to dry and penetrate the
skin for 30 min, after which time the skin was thrice
blotted dry with paper towel. The rat was placed in a
metabolic cage and left to recover from the anaes-
thesia. At varioustimes (0-5,2,4, 8,24 and 48 h) after
the initial application rats were re-anaesthetized with
halothane and a sample of blood (1 mL) obtained by
cardiac puncture. Rats were killed with a 1-mL
intraperitoneal injection of Eutha-6 and the skin
wiped with ethanol to remove any residual surface
radioactivity. The rat was dissected and several tis-
sues were removed for assay of radioactivity: skin
below the application area, deltoid (full-thickness
sections 3mm above and 3mm below the gleno-
humeral joint), rotator cuff (subscapularis, supraspi-
natus, infraspinatus and teres minor, sectioned at the
humeral insertions and 3 mm proximal), joint capsule
(devoid of muscle fibres), liver, kidney, stool from the
ascending colon, urine from the bladder and from the
collection beaker at the base of the metabolic cage.
Samples were diced with a scalpel into the smallest
possible fragments. Instruments and dissecting area
were cleaned with ethanol before harvesting and
dicing to prevent transfer of radioactivity between
tissues. Samples, including blood and urine, were
weighed and transferred to centrifuge tubes for
addition of ethanol (2—4 mL). Tissue samples were
homogenized in a Polytron homogenizer to enable
ethanol extraction of indomethacin from tissues. The
resulting emulsion was centrifuged at 3500 rev min ™'
for Smin and a sample of the indomethacin-con-
taining supernatant was counted for radioactivity in a
Beckman liquid-scintillation counter.

During the same experiment, another group of
rats underwent the previously described procedure
after receiving topical application of 0-1mL
radioactive 1% indomethacin (approximately
2uCi) in propylene glycol—ethanol solution. A
third and final group was intubated with an oral-
gastric feeding tube for gavage with 0-4mL
radioactive 0-25% indomethacin solution in corn
oil.

Measurements and analysis

As a means of standardizinﬁg and comparing results,
counts min~ ! (mg tissue)” were calculated taking
into account the volume of ethanol added to the
tissue, blood or urine, and the weight or volume of
the material, and a sample of extract or solution
was counted. This calculation was performed after
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triplicate analysis of all the tissues from three rats
and data were analysed by one-way analysis of
variance to establish statistical significance. Tissue
levels of indomethacin are expressed as counts
min~"' (mg tissue) ™.

Results and Discussion

The presence of benzyl alcohol in formulations
used for transdermal delivery of indomethacin
significantly increased the retention of this drug in
subcutaneous tissues beneath the site of application

Counts min~!(mg tissue)~!

Counts min~'{mg tissue)~!
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(Figure 1, A-C). The concentration achieved
peaked at 2 h for the deltoid muscle and at 4 h for
the rotator cuff structures and the joint capsule,
reflecting the pathway followed during penetration.
Similar patterns were observed for indomethacin
dissolved in the propylene glycol solvent mixture,
but levels achieved were always significantly
Jower. Both forms of transdermal delivery resulted
in much higher tissue levels than those achieved
when a similar dose was administered orally. At the
peak periods differences are statistically significant
(P < 0-05).
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Figure 1. Radioactivity of [2-'*Clindomethacin in subcutaneous tissues after topical application of a solution of indomethacin
(1%; 0-1 mL) containing 2 uCi radiolabelled compound dissolved either in the TPDS (@) or in propylene glycol-ethanol (M) or
after oral administration of equivalent amounts of radioactive material and carrier dissolved in corn oil (A). The values are
expressed as counts min~' (mg original tissue)'. The perpendicular lines represent the standard error of values determined in
triplicate from three different animals for each time point (0-5, 2, 4 and 8 h) after either topical or oral administration. A, deltoid
muscle; B, joint capsule; C, rotator cuff; D, skin at the site of application or, for oral administration, from the dorsum of the animal

above the deltoid muscle.
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Figure 2. Radioactivity present in the liver after topical or
oral administration of radioactive indomethacin: @, TPDS; H,
propylene glycol-ethanol; A, oral.
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Figure 3. Radioactivity present in the kidney after topical or
oral administration of radioactive indomethacin: @, TPDS; H,
propylene glycol-ethanol; A, oral.

The skin underlying the site of application, which
included both dermis and epidermis, seemed to
retain more indomethacin when the vehicle con-
tained benzyl alcohol (Figure 1D). Essentially no
significant amount of drug reached the skin when
the drug was fed orally. On the other hand, higher
levels were, as expected, measured in the other
organs (liver, kidney and blood) in the animals that
received the drug orally; these levels peaked
approximately 2h after administration (Figures 2-
4).

The amount excreted (in urine and faeces com-
bined) was also much greater when the drug was
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Figure 4. Radioactivity present in the blood after topical or
oral administration of radioactive indomethacin. Radioactivity
is expressed as counts min~' (mg serum protein) ~': @, TPDS;
B, propylene glycol-ethanol; A, oral.

administered orally. The values for combined
excretion in Figure 5 (which was extended to the
full 48h) clearly show that by 8h most of the
absorbed drug has been eliminated from the body.
The results in Figure 5 represent cumulative values
for combined excretion during the 48-h period of
investigation.

The amphopathic properties of benzyl alcohol,
i.e. its strong solvation of hydrophobic compounds
and its moderate hydrophilicity, are probably
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Figure 5. Combined values of urinary and faecal excretion of

radioactivity after topical or oral administration of radioactive
indomethacin. The values are cumulative and represent total
radioactivity excreted without correction for quenching: @,
TPDS; M, propylene glycol—ethanol; A, oral.



TRANSDERMAL DELIVERY OF INDOMETHACIN 157

responsible for generating the pattern of tissue
distribution of indomethacin observed in this study.
Most compounds, particularly those with marked
aqueous solubility, penetrate the epidermis with
difficulty because water is readily excluded from
the body by a barrier effect.

Various penetration enhancers, including benzyl
alcohol, penetrate the skin, disrupting the skin
structure or fluidizing its lipids; this results in
increased rates of absorption (Knutson et al 1985;
Woodford & Barry 1986; Smith & Maibach 1995).
On the other hand, vehicles such as polyethylene
glycol seem to slow the rate of absorption by a
mechanism which is not known (Katz & Dalvi
1983).

The data from Figures 1-4 illustrate a trend
showing that the topical TPDS was superior to
topical propylene glycol-ethanol and oral delivery
systems at achieving higher local tissue indo-
methacin concentrations, while maintaining lower
concentrations in remote tissues, excrement and the
circulation. Keeping liver-indomethacin levels to a
minimum is the key of reducing enterohepatic re-
circulation, which can be extensive (Duggan &
Kwan 1979; Schneider et al 1990) and which
contributes to the dose-dependent gastrointestinal
toxicity of the drug. In contrast, in man drug dif-
fusion through the skin, from which hair follicles
are relatively absent, seems be approximately 24
times lower in 24 h (Rougier et al 1987; Illel et al
1991). Our data indicate that the TPDS enabled
deep penetration of indomethacin with delayed
systemic absorption; this accords with the finding
that a topical benzyl alcohol-indomethacin gel
inhibits vascular permeability to systemically
administered dye by 25% in rats (Hiramatsu et al
1990). The same study also shows this formulation
to be efficacious in animal inflammatory models.

The unique physicochemical properties of benzyl
alcohol make it compatible with both aqueous and
lipophilic environments. This biphasic behaviour
might explain the penetration of the TPDS through
the stratum corneum, conceivably by disorganizing
its multilaminate hydrophilic-lipophilic layer (Dohi
et al 1990; Boden et al 1991). Even though our
experiments showed deep tissue concentrations to
be comparable when the two different topical for-
mulations were studied, accumulation in the target
tissues (i.e. joint capsule and proximal muscu-
lature) was significantly higher in TPDS-treated
animals.

The method proposed for transdermal drug
delivery employing benzyl alcohol and fugitive
solvents such as acetone and isopropyl alcohol is
based on a simple principle which we have termed
the trans-phase system. The compounds in ques-

tion, indomethacin or other NSAIDs, are most
suitable for delivery by this method when they are
significantly more soluble in organic solvents such
as benzyl alcohol than in aqueous solvents. Acet-
one and isopropyl alcohol are used as co-solvents
and because of their greater volatility rapidly eva-
porate from the skin. As this happens the drug is
transferred to the less volatile phase, benzyl alco-
hol, which has very rapid permeation character-
istics (Nimni et al 1990). As part of a study of the
rate of penetration of 18 different fragrance mate-
rials used in cosmetics benzyl alcohol was found to
penetrate man’s epidermis most rapidly (Jimbo
1983). When the drug has been carried across the
epidermal barrier, the dermis with its meshwork of
collagen, elastin and proteoglycans, a high water
content and a sparcity of cells offers little resistance
to flow (Nimni 1997).

It is clear from these studies that benzyl alcohol
is an excellent penetration enhancer. Because of its
penetrant and solvent characteristics it prevents the
deposition of solutes on the skin surface, as would
happen if acetone or isopropyl alcohol alone were
used as carriers.

In summary, the TPDS was significantly superior
to oral indomethacin and topical propylene glycol-
EtOH-indomethacin at achieving high local-tissue
concentrations relative to levels in plasma and
remote tissues. Indomethacin in the TPDS is read-
ily absorbed and results in plasma indomethacin
levels comparable with those which result from a
variety of other enhancers (Ginsberg & Famaey
1991). Its property of selective concentration of the
drug in the target tissues seems to be associated
with intrinsic characteristics of the benzyl alcohol
molecule. Despite indications of skin toxicity
associated with transdermal delivery reported by
investigators who in some instances exposed skin
for up to 24h to solvents by means of retention
cups (Lashmar et al 1989; Doucet et al 1990), we
found no qualitative evidence of erythaema,
oedema, or skin anomalies secondary to topical
delivery of indomethacin.
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