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Abstract

Unexpected enhancement of the topical delivery of eicosapentaenoic acid (EPA) across porcine skin was observed previously when fish
oil was co-formulated with ketoprofen. In the current work depth profile analysis was used to probe the epidermal conversion of EPA to its
15-hydroxy metabolite in the presence and absence of ketoprofen. Freshly excised full-thickness porcine skin in Franz diffusion cells was
dosed (both infinite and finite) with simple formulations based on fish oil as source of EPA. After 24 h the skin was subjected to tape strip-
ping and depth profiles were constructed. Typical depth profiles were obtained, with an inverse relationship between depth and permeant
concentration. 15-HEPE was generated in the skin when Hepes-modified Hanks’ balanced salt solution was used, but none was detected
when a cetrimide receptor phase was used, highlighting the importance of maintaining skin viability in such exercises. Ketoprofen had a
direct influence on the metabolism of EPA and resulting in conversion to its 15-LOX metabolite 15-HEPE. However, this link appears
to be only part of the solution of EPA enhancement however, as even in non-viable skin ketoprofen had an enhancing affect.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The principal polyunsaturated fatty acid present in fish
oil, eicosapentaenoic acid (EPA), has been found to possess
numerous properties beneficial to health [1]. Topical deliv-
ery of the oil offers the ability to avoid wide distribution
and other pitfalls associated with oral doses [2]. The trans-
cutaneous delivery of EPA from a fish oil vehicle had pre-
viously been demonstrated in vitro [3] with potential value
in the treatment of arthritis [4]. Furthermore topically
applied fish oil was found to have an anti-inflammatory
activity against UVB-induced erythema in vivo [5]. The
simultaneous delivery of EPA and ketoprofen across skin
from a fish oil vehicle has also been demonstrated, where
the data also indicated an inter-relationship between the
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permeation of EPA and ketoprofen. Ketoprofen perme-
ation was shown to be enhanced by EPA and EPA perme-
ation by ketoprofen, which was difficult to explain using
regular skin permeation theory. It was thought that epider-
mal metabolism or inhibition of such metabolism may go
some way to rationalizing the data.

Following topical application to the skin polyunsatu-
rated fatty acids are believed to become incorporated
within keratinocytes [6]. Incorporation of EPA into cells
plays an important role in inflammation as the replace-
ment of arachidonic acid AA results in a decrease in
inflammatory mediators. One study showed that after
6 weeks of ingestion of 3.6 g EPA daily, a decrease of ara-
chidonic acid AA composition of neutrophil membranes
of 33% was induced [7]. This incorporation would also
be expected to occur in keratinocytes. However, the fact
that EPA has been demonstrated to traverse skin intact
indicates intercellular permeation occurs such that incor-
poration of the applied dose into keratinocyte membranes
does not exclusively take place [8].
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When used as penetration enhancers fatty acids have
been shown to pool and even form discrete lipid domains
within bilayer lipids in the stratum corneum (SC) [9]. From
these pools, it is plausible that the fatty acids could cause
saturation of enzymatic pathways as enzyme production
in excised skin is limited. Therefore, saturation of the
endogenous enzymes by a concentrated pool of fatty acids
is feasible as opposed to a small constant supply that the
in vivo metabolic processes can deal with efficiently. How-
ever, with high local bioavailability of EPA it is probable
that metabolism takes place to a certain degree possibly
to an initial saturation limit before the production of fur-
ther catabolic enzymes.

The co-permeation of molecules of different species
across skin is a recently probed phenomenon and the effect
on metabolism exerted by a co-permeant has had little
examination. In particular, as EPA and ketoprofen both
act upon COX, whether the two actives will act synergisti-
cally or competitively with COX in the skin and the extent
to which one would enhance or retard the metabolism or
function of the other was unknown.

To investigate the metabolism of compounds within
the skin it is a vital pre-requisite that the skin be as fresh
and as metabolically active as an in vivo experiment
would allow. It is important, when designing such investi-
gation, either into the metabolism of a drug or delivery of
a co-drug, to ascertain whether the enzyme activity within
freshly excised skin, using a non-growth media receptor
phase, is equivalent to the activity profile of growth
media-sustained skin. The simplest way of providing the
growth media to the skin is utilising the growth media
as the receptor phase solution in a normal Franz cell per-
meation experiment.

This paper describes the investigation into the metabo-
lism of EPA by 15-LOX as it permeates through the skin
from a fish oil vehicle. It has been proposed that, from oral
doses, EPA is metabolised within the skin via epidermal 15-
lipoxygenase to its monohydroxylated metabolite: 15-
hydroxyeicosapentaenoic acid (15-HEPE) [10]. It has also
been reported that these metabolites accumulate in the epi-
dermis of guinea pigs after ingestion of fish oil ethyl esters
[11]. 15-HEPE is also a non-potent inflammatory mediator
with the ability to actively compete with AA and thus
inhibit the production of the 2-series prostaglandins and
the 4-series leukotrienes via the COX and LOX pathways.
Interestingly, it was found that the 15-HEPE is more
potent than EPA at inhibiting cellular growth and AA
metabolism in human prostatic cancer cells in culture
[12]. It is for this reason that 15-HEPE has been studied,
as converted esters or ceramide derivatives have little or
no benefit in the eicosanoid cascade.

The effect of the incorporation of ketoprofen into the
formulation on the penetration, and conversion of EPA
to its 15-LOX metabolite is also examined, to observe if
ketoprofen modifies 15-LOX metabolism in any way and
to try and explain the increased permeation of EPA seen
previously when incorporated within the same formulation.
Additionally metabolism is examined using either growth
media-sustained skin (GMS) or a non-growth media
(NGM) receptor phase solution, 30 mg ml�1 aqueous cetri-
mide. In this context the relative metabolite production
would be indicative of the viability of the skin under the
different conditions.

2. Materials and methods

2.1. Materials

Fish oil capsules 1000 mg (Boots Super Strength, Batch
No. 30446M) were purchased from a local store. Ketopro-
fen, butylated hydroxyanisole (BHA) and cetrimide BP
were obtained from Sigma–Aldrich Company Ltd., Poole,
UK. High vacuum grease was from Dow Corning, Barry,
UK. Methanol (HPLC grade) was obtained from Fisher
Chemicals, Loughborough, UK. All other reagents were
of analytical grade or equivalent. D-Squame� Stripping
Discs were obtained from CuDerm Corporation, Dallas,
Texas. Freshly excised pig ears were obtained from a local
abattoir prior to steam cleaning, cleaned under running
water and the hair removed using electric clippers. The
time interval between slaughter and commencement of
experimentation was approximately 1 h. Full-thickness
skin was then removed from the dorsal side of the ear,
cut into approximately 2 · 2 cm sections and used within
2 h of excision.

2.2. Depth profile analysis of EPA and ketoprofen

2.2.1. Preparation of formulations

A fixed sub-saturated dose of ketoprofen (2.5% wt/wt)
in fish oil was used in each formulation. The appropriate
masses of ketoprofen and fish oil were combined, in addi-
tion to BHA (0.05% wt/wt), incorporated as a standard
reagent, to inhibit PUFA degradation as previously exam-
ined [3], and the formulation vortex mixed. The formula-
tions were stored at 2–4 �C until required (624 h).

2.2.2. Receptor phases

Two different receptor phases were used during these
experiments to determine the viability of porcine skin with
and without the presence of growth media. In this case
Hepes-modified Hanks’ buffer solution (HHBSS) was the
growth medium of choice as its use has been well docu-
mented in prolonging the viability of skin post excision
[13]. HHBSS was prepared by the addition of 25 lM of
Hepes and 50 lg ml�1 of gentamicin sulphate to Hanks
buffer solution, prepared as per manufacturer’s instruc-
tions. Degassed 30 mg ml�1 cetrimide solution was the sec-
ond receptor phase solution utilised.

2.2.3. Depth profiling

Skin permeation experiments were carried out using
glass Franz-type diffusion cells with the donor chambers
of the cells (diffusional are approximately 1 cm in diameter)
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dosed with either 1 ml (approximately 0.8 g) or 30 ll
(approximately 30 mg) of each formulation ± ketoprofen.
The 30 ll doses were applied to the skin then gently mas-
saged into the skin 10 times using a circular motion of a
glass rod. A total of six replicates were carried out for each
formulation. The skin was removed from the cell and
excess formulation was removed from the top of the skin
prior to tape stripping. A D-Squame� adhesive disc (1 cm
in diameter) was placed firmly over the diffused area of
the skin sample. The strip was then removed using forceps
and placed in a clean glass vial. This was repeated using 30
individual strips which were grouped three per vial before
methanol (2 ml) was added and the vial left for approxi-
mately 24 h under light exclusion on a laboratory shaker.
The remaining epidermis was heat separated from the der-
mis by placing the skin section epidermis side down onto a
glass plate maintained at 55 �C for approximately 30 s. The
remainder of the epidermis was removed and both the der-
mal and epidermal tissue placed in separate glass vials with
methanol (4 ml) and extracted as above.

Recent works have described tape stripping in conjunc-
tion with mass spectroscopic determinations [14], although
such were not deemed necessary in the current paper. The
receptor phases were not analysed for the presence of per-
meated EPA or 15-HEPE as the water-based HHBSS
employed as receptor phase would not provide adequate
sink conditions for the permeation of these lipophilic com-
pounds. The skin permeation of EPA has been examined
previously [8].
2.3. HPLC analysis

2.3.1. Ketoprofen

Ketoprofen samples were analysed on a Hewlett Pack-
ard 1100 HPLC system with a variable wavelength detec-
tor. Separations were carried out on a Phenomenex
Kingsorb C18 column (150 · 4.6 mm, 5 lm) fitted with a
Phenomenex Securiguard guard column. The mobile phase
was acetonitrile/potassium phosphate buffer (pH 1.5)
(55:45, v/v) run isocratically for 10 min at a flow rate of
1.0 ml min�1. UV detection was set at 258 nm. The reten-
tion time of ketoprofen was 6.8 min. A standard calibra-
tion curve was constructed over the range 1–120 lg ml�1,
prepared in receptor phase, which provided an r2 of 0.99.
The limit of detection (LOD) for ketoprofen was
0.03 lg ml�1.
2.3.2. EPA and 15-HEPE

EPA and 15-HEPE samples were analysed on the above
HPLC system and column. The mobile phase was metha-
nol/water/acetic acid (95:5:0.1, v/v) run isocratically for
20 min at a flow rate of 1.0 ml min�1. Detection was UV
at 210 nm. The retention time of EPA was 6.9 min. The
retention time of 15-HEPE was 4 min. Standard calibration
curves were constructed over the range 1–250 lg ml�1, pre-
pared in extraction solvent, which provided an r2 of 0.99.
The LOD for EPA and 15-HEPE were 1.3 and 0.7 lg ml�1

respectively.
2.4. Data analysis

HPLC area data were used to determine the concentra-
tion (lg cm�2) of compound and these data were plotted
against tape strip number. Statistical analyses were carried
out using Instat 3 for Macintosh (GraphPad Software
Inc.), where non-parametric Mann–Whitney tests were
employed to determine differences between specific pairs
of formulations.
3. Results and discussion

3.1. Depth profile analysis of EPA – cetrimide receptor phase

The depth profile analysis for EPA using freshly excised
porcine skin and the cetrimide receptor phase (non-growth
media) is seen in Fig. 1a. Typical profiles were produced,
whereby the amounts of EPA localised, diminished with
increasing depth [15] and is consistent with the use of D-
Squame� tape strips as it is known that larger amounts
of SC are removed by the initial stripping. The profile
shows the mass cm�2 (±SEM) extracted from the groups
of tape strips 1–30 and the remaining heat-separated epi-
dermis and dermis of the skin section.

It must be noted that no 15-HEPE was detected, sug-
gesting either that the skin had ceased to be viable before
the experiment or the cetrimide receptor phase solution
was adversely affecting metabolic processes within the skin.
The results show a slight difference in penetration of the
formulations containing ketoprofen and those which do
not. A lower concentration of EPA can be expected when
ketoprofen is present as there is 2.5% less EPA in the
applied dose. The difference in the 30-ll dose and 1-ml dose
is as expected, in that the 1-ml dose shows significantly
greater permeation (p = 0.0387). This is a common feature
of finite versus infinite dosing. However, the presence of
ketoprofen in the formulation in the 30 ll dose enhances
the penetration of EPA through the skin to the lower levels
of the epidermis compared to that of the formulation con-
taining no ketoprofen, as illustrated by the increased con-
centration of EPA in strips 10 to the epidermis. This
enhancement, however, is deemed not significant
(p = 0.5899).

A clearer comparison of doses can be made when exam-
ining the percentage of the applied dose that permeated
(see Fig. 1b). This takes into account the presence and
the true effect of the ketoprofen upon the permeation of
EPA. When considering percentage values, it can be seen
that proportionately more EPA localised from the 30-ll
dose containing ketoprofen than from the 1-ml dose con-
taining ketoprofen equating to an average of 0.6% of the
applied dose. This may be related to the massaging proto-
col employed when applying the 30-ll dose. Massaging



Fig. 1. (a) Concentration of EPA as a function of depth. (b) Percentage of EPA from applied dose of non-growth media samples (n = 6 ± SEM).
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enhances the uptake into skin, possibly assisted by mechan-
ical erosion of the SC.

3.2. Depth profile analysis of EPA – growth media-sustained

skin

The results using the growth media-sustained skin show
that there was no significant difference (p > 0.10) between
any of the doses (see Fig. 2a). There was however an overall
reduction in the concentration of EPA detected. A direct
comparison between the growth media-sustained and non-
growth media samples indicated that the amounts of EPA
differed by up to 200 lg cm�2 in the 1 ml infinite doses com-
pared to the same dose with the NGM samples, producing a
difference of 0.05–0.1% of the applied dose thus indicating a
significant breakdown of EPA during penetration. This is
thought to be due to the greater metabolic activity in the
skin as an effect of growth media sustaining the skin, as
the other aspects of the experiment were identical.

The formulation that exhibited the greatest penetration
was the infinite dose containing ketoprofen. This is to be
expected as, if a ketoprofen–EPA complex were to exist,
this would affect the metabolism of EPA by the LOX
enzymes including, as in this case, the 15-LOX isoform.

There does not appear to be much difference in the
concentrations of EPA in the skin between the other



Fig. 2. (a) Concentration of EPA as a function of depth. (b) Percentage of EPA from applied of growth media-sustained samples (n = 6 ± SEM).
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formulations or doses. This could be due to a saturation of
the LOX metabolic pathway of EPA, perhaps even at a
30 ll dose. Once again a clearer trend can be seen when
the percentage of the applied dose is compared (Fig. 2b).

3.3. Depth profile analysis of ketoprofen

The depth profiles for ketoprofen in all doses are com-
pared in Fig. 3. The majority of the ketoprofen is found
in the dermis of all samples after 24 h of penetration. It
is clear that the greatest concentration of ketoprofen is
present when a 1 ml dose is used with the non-growth
media cetrimide receptor phase solution. The growth
media-sustained samples show a vastly reduced concentra-
tion of ketoprofen in remaining epidermis and dermis, indi-
cating its utilisation within the skin either from an EPA–
ketoprofen complex or in its role as an inhibitor of COX
enzymes. No ketoprofen was found in the skin of samples
dosed with formulations containing no ketoprofen.

Fig. 4 shows the molar ratio of EPA:ketoprofen as a
function of depth within the skin. The average molar ratio
for 1 ml GMS, 30 ll GMS and 1 ml NGM samples was
approximately 10:1. This increases sharply in the 30 ll
NGM sample to approximately 34:1. This may be due to



Fig. 3. Concentration of ketoprofen as a function of depth, finite and infinite doses for both growth media-sustained and non-growth media samples.
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the readiness and ease of permeation through less metabol-
ically active skin to the dermis, leaving a greater proportion
of EPA in the epidermal layers. The molar ratio of EPA:ke-
toprofen within the formulation was approximately 6:1
which is less than that found within the skin. This may
be due to the metabolism of the fish oil triacylglycerols to
free fatty acids possibly allowing greater association.

3.4. Analysis of 15-HEPE – growth media-sustained skin

Unlike with the non-growth media samples, Fig. 5a
shows that 15-HEPE was being generated in the skin when
GMS was used as receptor phase. This suggests:
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The presence of this metabolite is itself indicative of a
high metabolic activity within the GMS skin samples.
The distribution of 15-HEPE is consistent with the hypoth-
esis that the presence of ketoprofen is one reason for the
increased penetration of EPA, i.e. as a consequence of
forming a permeation complex and thus inhibiting the
metabolism of EPA by 15-LOX, a hypothesis which has
been examined using NMR spectral modulation and
molecular graphics [16].
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Fig. 5. (a) Concentration of 15-HEPE as a function of depth. (b) Concentration of 15-HEPE as a percentage of EPA at specific depth, growth media-
sustained only (±SEM).
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As expected the greatest formation of 15-HEPE was
seen with 1 ml of fish oil. The change to a finite dose
resulted in less metabolite being produced, again as
expected. The addition of ketoprofen into the formulation
resulted in an even lower concentration of metabolite
being produced. As only ketoprofen, fish oil and BHA
(fixed at 0.05% wt/wt) were present, this reduction in
metabolism of EPA from fish oil must have been due to
the ketoprofen as BHA was present in all formulations.
The slight increase in the overall production of 15-HEPE
as the tape strip number increased was due to the proxim-
ity of the EPA to the highly metabolically active basal
layer of the epidermis. It also appears that there was a
reservoir effect in the remainder of the epidermis after
strip number 30 and a higher proportion within the der-
mis, implying that permeation of 15-HEPE through the
epidermis into the dermis occurred. It is possible that
some metabolite was generated in the dermis, although
it is more likely that 15-HEPE was accumulating at the
skin/receptor phase interface.
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The production of 15-HEPE was clearly dependent on
the concentration of EPA within the skin. Fig. 5b illus-
trates the concentration of 15-HEPE as a percentage of
the EPA present at that particular point within the skin.
It is, in effect, the percentage of EPA converted to
15-HEPE at that point within the skin. The shape of the
profile corresponds well with the activity of the layers of
the epidermis. A greater conversion of EPA to 15-HEPE
is seen as the proximity to the highly metabolic basal layer
of the skin is increased. The presence of ketoprofen was
Fig. 6. (a) Comparison of percentage of applied dose of 1 ml formulations. (b
media-sustained and non-growth media (±SEM).
also seen to exhibit an inhibitory effect upon the metabo-
lism of EPA to 15-HEPE up to the remainder of the epider-
mis and the dermis. This difference between the upper
layers of the epidermis and remainder of the skin may be
explained by the possible penetration and accumulation
of 15-HEPE within the lower layers of the skin. The inhib-
ited permeation of 15-HEPE into the receptor phase due to
the unfavourable sink conditions may result in a reservoir
of the compound within the dermis and remaining epider-
mis. However, the action of ketoprofen in the metabolically
) Comparison of percentage of applied dose of 30 ll formulations, growth
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active layers of the epidermis is significant, especially when
comparing infinite doses of the formulation. As ketoprofen
is known to act on the COX enzymes and not LOX this is a
surprising inference when considering the reduction seen in
concentration of LOX produced 15-HEPE. It is likely that
some degree of complexation takes place between EPA and
ketoprofen leading to less free EPA available to be metab-
olised. 15-HEPE does not account for all the metabolised
EPA however as other catabolic enzymes such as COX
are present and will also be metabolising EPA. The action
of the formulations containing both EPA and ketoprofen
upon epidermal enzymes has also been examined and is
awaiting publication [17].

Also evident during the penetration process was pla-
teauing in the rate of metabolism. After the first three strips
the concentrations of 15-HEPE for all formulation appear
to have become similar and are not significantly different
(p > 0.10 in all comparisons) indicating that the concentra-
tions of EPA present have saturated the 15-LOX metabolic
pathway. Once this saturation has been reached, the pene-
tration of EPA can exceed the metabolism and a constant
concentration of metabolite and EPA is seen throughout
the layers of the skin. Such flooding of the particular met-
abolic pathway, COX or LOX, permits the penetration and
subsequent permeation of further molecules of EPA in an
unconverted state. The concentration of ketoprofen pres-
ent in the formulations plays an important role in flooding
the COX pathway, as if the pathway is competitively inhib-
ited by ketoprofen, this creates the opportunity for non-
metabolised EPA permeation. However, if ketoprofen is
inhibiting the action of COX then more EPA is left in an
unaltered state upon which the LOX enzymes can act. This
should then cause an increase in 15-HEPE production, but
this was not seen to be the case. If the metabolism of COX
is hindered and the 15-LOX pathway becomes saturated,
more EPA is left free to penetrate. This would explain
greater overall permeation but not the influence of keto-
profen on the metabolism by 15-LOX. An additional
explanation for the enhancing ability of ketoprofen is
therefore required. 15-LOX is just one enzyme prevalent
in the epidermis and it may be the case that other enzymes
are just as important in the metabolism of EPA.

A possible complexation interaction between ketoprofen
and EPA could go some way to explaining the result [16].
This complexation could cause a drag effect by ketoprofen
on EPA allowing greater permeation. The co-permeation
of drugs and of drug/solvent complexes is a phenomenon
currently under scrutiny [18] and these data could be
another example of such an occurrence.

It is not appropriate to compare finite and infinite dos-
ing, as the thermodynamic effects are different, introducing
an extra factor in penetration and leading to iniquitous
comparisons being made. Fig. 6a shows the comparison
of the 1-ml doses of both formulations with both receptor
phase solutions. Both non-growth media results show an
increased percentage of EPA. It is evident that the presence
of ketoprofen is having an effect on the penetration of
EPA, be it in the growth media-sustained samples as
explained or in the non-growth media samples. This alludes
to the possibility of another mechanism in operation within
the formulation that enables ketoprofen to enhance the
permeation of EPA. This phenomenon is examined in
depth in other publications [16,17].

The data from the finite doses are compared in Fig. 6b.
The finite dose comparison shows a logical pattern of per-
meation. The lowest permeation was seen with the 30-ll
dose without ketoprofen with the viable, metabolically
active, growth media-sustained skin. When ketoprofen
was added inhibition of metabolism by 15-LOX was
increased permitting more EPA to permeate unchanged.
With the non-growth media skin, a greater concentration
of EPA permeated as the skin was not viable. The presence
of ketoprofen once again enhanced the permeation of EPA
as in the 1 ml doses.

4. Conclusions

Several conclusions can be drawn from this investiga-
tion. Firstly, it has been shown that metabolism within
the skin (in this case via 15-LOX) is unfavourable to the
transcutaneous permeation of EPA. The ability of ketopro-
fen to enhance the penetration of EPA through the skin
does negate this to a certain degree, but it must still be con-
sidered when designing further EPA permeation experi-
ments. However, metabolism of EPA in the
transcutaneous treatment of arthritis does not detract from
the system, as 15-HEPE has also been shown to be an effec-
tive anti-inflammatory agent.

Evident within this work is the importance of ketopro-
fen for enhanced EPA permeation in both growth media
sustained skin and growth media absent skin. The data
from this study have suggested a further explanation for
the enhancement demonstrated by Thomas and Heard
[8]. The presence of ketoprofen in the formulation appears
to decrease the 15-LOX metabolism of EPA and resulting
conversion to its metabolite, 15-HEPE.

The apparent link between ketoprofen, enzyme path-
ways and transdermal penetration of EPA appears to be
only part of the solution as even in non-viable skin keto-
profen has a beneficial enhancing effect.

The third conclusion is that the choice of receptor
phase solution in skin permeation and specifically skin
metabolism studies is a crucial aspect when designing
and carrying out such an experiment. As stated in
Haberland et al. [19] the slightest change of receptor
phase constituents can have a drastic effect on the viabil-
ity of the skin cells [19]. This study demonstrates that
cetrimide, a widely used receptor phase, is not a good
choice for this category of work and that a growth medi-
um should be used in the majority of skin diffusion
experiments to try and mimic in vivo conditions as close-
ly as possible. Nevertheless, this issue must be balanced
alongside the necessity to provide sink conditions in skin
experimentation.
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