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Abstract

The inhibition of prostaglandin E, (PGE,) synthesis by S-(+)-ibuprofen and piroxicam have been assessed
following intravenous and regional (intrapouch) drug delivery using the rat air-pouch model of inflammation.
Anti-inflammatory response was defined as the decrease in the area under the exudate PGE, concentration-
time curve between 3 and 10h, following regional administration of the irritant carrageenan.
Dose-response studies indicated that bolus regional administration of S-(4)-ibuprofen increased
potency 30-fold compared with systemic administration and could be further improved 10-fold by
regional infusion, whereas regional administration of piroxicam showed no therapeutic advantage.
Examination of the concentration-response using AUC revealed that for a given response, average
pouch concentrations for S-(+)-ibuprofen during the PGE, inflammatory response (3 to 10 h) was similar,
irrespective of route or mode of administration. In contrast, an advantage following systemic rather than
regional administration was revealed for piroxicam, based on plasma concentration-response data,
indicating a major systemic anti-inflammatory component for piroxicam but not for S-(+)-ibuprofen.
These observations stress the need to take account of both pharmacodynamics and pharmacokinetics

- when considering the potential advantages of regional administration.

A number of theoretical studies have examined the pharma-
cological benefits to be derived from site-specific drug
delivery (Qie & Huang 1981; Hunt et al 1986; Boddy et al
1989). These studies, based upon evaluating the time
integral of drug concentrations, have clearly defined the
pharmacokinetic principles which underlie the benefits of
drug targeting and have indicated the optimal conditions for
target-organ-directed drug administration. Although the
integral of drug concentration estimated by area under the
concentration—time curve (AUC) at the site of action can be
a useful predictor for principles governing drug delivery, it
may not be an accurate estimate of drug effect. Due to the
possible complex relationships between response and con-
centration, such as threshold concentration, all-or-none
effects, desensitization and feedback control, the advantage
of drug targeting may not be reflected in the AUC ratios
alone (Campbell 1990).

We have recently established a rat air-pouch model of
inflammation (Martin et al 1994) and quantified the phar-
macokinetic advantage gained by regional drug delivery of
S-(+)-ibuprofen and piroxicam (Stevens et al 1993) based on
AUC measurements following air-pouch and intravenous
administration. The drug targeting indexes, DTI (Hunt et al
1986), for S-(+)-ibuprofen and piroxicam in this rat model
were 150 and 15, respectively (Stevens et al 1993). Having
demonstrated this difference in pharmacokinetic advantage,
the aim of the current study was to determine whether
S-(+)-ibuprofen and piroxicam exhibit corresponding
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pharmacodynamic responses following regional air-pouch
administration.

Materials and Methods

Production of air-pouch ;
Male Sprague-Dawley rats, 200-250 g, were used through-
out. Air-pouches (10 mL sterile air) were produced on the
dorsal surface of rats using the method described by Martin
et al (1994). On day 3, air pouches were reinflated with 6 mL
sterile air and experiments were conducted on day 6 when
the reactivity of the air-pouch to the irritant carrageenan is
at a maximum (Sedgwick et al 1983).

Anti-inflammatory studies

On day 5 cannulae were introduced into the jugular vein and
carotid artery of each rat and the animals were left overnight
to recover. On day 6, the irritant carrageenan (20 mg in 5 mL
phosphate-buffered saline, pH 7-4) was injected into the air
pouch. Immediately afterwards, S-(+)-ibuprofen was admi-
nistered as an intravenous bolus (5 or 20mgkg-"), air-pouch
bolus (0-05-1mgkg~'), intravenous infusion (bolus
1625 ugkg™! + infusion 60 pugh'kg~!, or bolus 4875
pgkeg™! +infusion 180ugh-tkg™! for 10h) or air-pouch
infusion (bolus 0-2ugkg™' + infusion 0-6ugh~'kg™! or
bolus 3-25ugkg™! + infusion 12pugh~'kg™! for 10h). In a
separate series of experiments, piroxicam was administered as
an intravenous bolus (0-0025-0-2mgkg™!) or an air-pouch
bolus (0-025-0-2 mg kg~'). The vehicle for the bolus doses was
a polyethylene glycol 400: polypropylene glycol mixture
(PEG:PPG, 1:9 by volume) administered on a 1mLkg™!
basis. The vehicle for the infusions was phosphate-buffered
saline (pH 7-4).
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Serial blood samples (250 uL) were collected via the
carotid artery cannula (n = 8) and directly from the air-
pouch (n = 8) into EDTA tubes, and the cannulae were
flushed with 0-1 mL heparinized saline (10 units mL~!). The
samples were immediately spun and the plasma stored at
—20°C to await HPLC analysis for ibuprofen and pirox-
icam. Pouch exudate prostaglandin E, (PGE,) was deter-
mined by adding a 50-uL portion of exudate to 25pum
indomethacin (which halted any further eicosanoid synth-
esis), followed by the addition of 50 uL methoxyamine
hydrochloride. The concentration of PGE, methyl oxime
derivative was determined by RIA (Amersham RPAS530).
The lowest level of detection of PGE, was 8 pgmL~!. Intra-
assay variability at the mid range was 29 &+ 0-7 pg per tube
(CV=23%,n=075).

Pharmacokinetic analysis

The area under the curve was calculated using the linear
trapezoidal rule from 3 to 10 h using Siphar (Simed, Creteil,
France).

Chemicals

S-(+)-Ibuprofen and piroxicam were gifts from Boots
Pharmaceuticals (Nottingham, UK) and Pfizer Inc. (Sand-
wich, UK), respectively. Sterile Acrodiscs were supplied by
Gelman Sciences (Northampton, UK). Carrageenan (vis-
carin GP 109) was from Marine Colloids (Philadelphia,
USA), heparin from CP Pharmaceuticals (Wrexham, UK).
Microvette CB300 EDTA-coated tubes were from Sarstedt
(Leicester, UK) and other chemicals were of analytical grade
from BDH Chemicals Ltd (Poole, UK). Results are
expressed throughout as the mean + s.e.m.

Results

Inflammatory response to carrageenan

Previously we have characterized the exudate PGE, con-
centration—time course over 21h following carrageenan
administration (Martin et al 1994). After an initial lag of
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Fic. 1. The time course of air-pouch exudate PGE, formation
following air-pouch administration of 02 (M), 0-05 (@) and
0-025mgkg~! (@) piroxicam. Control (A), mean £ s.e.m. (n = 6-9).

3h, PGE, concentration rose to a maximum at 15h, then
declined. Air-pouch administration of piroxicam (0-025—
0-1 mgkg™!) produced a dose-dependent inhibition of PGE,
synthesis over 10h with no change in the temporal profile
(Fig. 1). Air-pouch administration of S-(+)-ibuprofen also
decreased PGE, concentration in a dose-dependent manner.
Larger systemic doses of S-(+)-ibuprofen (5 and 20mgkg™")
were required to achieve a similar reduction in PGE, con-
centration to that obtained by air-pouch administration (0-1
and 1 mgkg™') (Fig. 2), demonstrating an advantage of the
latter over the systemic route. However, equivalent doses of
piroxicam given by either route gave comparable reductions in
PGE, concentration (data not shown).

Routes of administration effect for S-(+)-ibuprofen and
piroxicam

The area under the concentration—time curve (AUC) for
PGE,; in air-pouch exudate between 3 and 10 h was used to
assess the anti-inflammatory activity, since AUC; ;, has a
lower coefficient of variation (CV 30%, n = 20) than that at
any single time point, such as 10h (CV 53%, n = 20).

A steady-state concentration of S-(+)-ibuprofen in the
pouch or plasma was maintained using bolus dose and
infusion rates based on the studies of Stevens et al (1993).
A dose-related (bolus + (infusion rate x infusion time))
reduction in PGE, levels was obtained following both
routes of administration. On comparing these observations
with bolus data for the two routes of administration, clear
differences in mode and route of administration were
observed for S-(+)-ibuprofen (Fig. 3A). A clear rank
order of air-pouch infusion > air-pouch-bolus > intra-
venous infusion > intravenous bolus was evident with
each dose—response curve differing approximately by a
factor of 10. Thus a 1000-fold difference in dose was
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Fig. 2. The time course of air-pouch exudate PGE, formation
following air pouch administration of 1 (- -H), 05 (¢--@) and
0-1mgkg! (V¥--¥) S-(+)-ibuprofen (mean +s.e.m.; n= 6-9),
and following intravenous administration of 20 (A—A) and
Smgkg™! (x—x) S-(+)-ibuprofen (mean+s.em.; n=12-14).
Controls @.



460 S. W. MARTIN ET AL

N
(=]
*

0

0.001 6.01 0.1 1 19 100
100 - S-{ +)-Ibuprofen (mg kg '}

B

PGE; inhibition (%)
p O ©
o (@] o

Ny
?

T 1

0.001 0.01 0.1 1 10 100
Piroxicam (mg kg™)

0

FiG. 3. Dose—~response curves for NSAIDs. Response is defined as
the percentage decrease of AUC,_, for PGE, in air-pouch exudate
in drug-treated animals relative to the respective control group (A)
following bolus administration of S-(+)-ibuprofen via air-pouch
(H —W) and intravenously (¢ —¢) and infusion of S-(+)-ibupro-
fen via air-pouch (H---H) and intravenously (¢---4), and (B)
bolus administration of piroxicam via air-pouch (A) and intrave-
nously (@). Each point represents the mean of 6—14 animals.

required to give a 50% inhibition in PGE, response between
air-pouch infusion and intravenous bolus administration of
S-(+)-ibuprofen. Examination of the slope of the dose-
response curves showed that piroxicam was 3 and 100 times
more potent than S-(+)-ibuprofen following air-pouch and
intravenous bolus administration, respectively, but no
regional advantage was seen (Fig. 3B).

Air-pouch concentration-effect relationships for S-(+)-
ibuprofen and piroxicam
The temporal profiles of air-pouch concentration for both
drugs differ following air-pouch and intravenous adminis-
tration (Stevens et al 1993). Therefore, the exposure of the
air-pouch to the drugs was determined by the area under the
exudate concentration—time profile between 3 and 10h
(AUC, p). The PGE, response was also determined over
the same time period and compared with the average air-
pouch concentration of drug, estimated by dividing the
pouch AUC, , by the time period of 7h (Fig. 4A).
Comparison of Fig. 3A with Fig. 4A shows that differences
in route and mode of administration effects tend to disappear
when based on the average pouch concentration of S-(+)-
ibuprofen. Thus, for any given anti-inflammatory response,
the average concentration of S-(-+)-ibuprofen present in the
pouch between 3 and 10h was similar irrespective of route or
mode of administration, despite temporal differences in pouch
concentrations over the 10 h. In contrast, based upon average
pouch concentration between 3 and 10 h, piroxicam was one-
tenth as potent after air-pouch administration compared with
intravenous administration (Fig. 4B).
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F1G. 4. Pouch concentration—response curves for (A) S-(+)-ibupro-
fen and (B) piroxicam. See Fig. 3 for definition of response.
Concentration is given by the area under the curve (AUC) or
NSAID pouch concentration between 3 and 10h divided by the
time interval of 7 h. Bolus administration of S-(+)-ibuprofen via air-
pouch (ll—M) and intravenously (¢ —4), and intravenous infu-
sion of S-(+)-ibuprofen (@ ---¢). Bolus administration of pirox-
icam air-pouch (A) and intravenous (@).

Plasma concentration—effect relationships for S-(+ )-ibupro-
fen and piroxicam

The PGE, response determined over the time period of 3 to
10 h was compared with the average systemic concentration
of drug, estimated by dividing the systemic AUC; ;o by the
time period of 7h. Similar response—relationships were
observed for plasma concentration and dose since the
volume of distribution of both drugs is dose—independent
(Stevens et al 1993). Thus, the advantage of regional
administration was only apparent for S-(+)-ibuprofen.

Discussion

We have previously characterized the acute inflammatory
reaction to carrageenan in the 6-day-old rat air-pouch
model, by investigating the anti-inflammatory effects of S-
(+)-ibuprofen upon a variety of inflammatory processes
(Martin et al 1994). The level of PGE, was found to be
the most sensitive to S-(+)-ibuprofen and was therefore
chosen as a surrogate measure of anti-inflammatory activ-
ity. Although the cellular origin of PGE, in pouch exudate
has not been identified, it is believed to originate from the
pouch lining and invading leucocytes (Sedgwick & Lees
1986; Omata et al 1991).

It has often been assumed that intra-arterial or regional
administration of drugs offers advantages over systemic
administration by increasing drug delivery to the target
site and thereby appreciably reducing the dose needed to
produce an effect. Hunt et al (1986) proposed a drug
targeting index, DTI, defined as the expected ratio of drug
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delivered to response and toxicity sites when the drug-
carrier combination is used, divided by the same ratio
when free drug is administered intravenously, as a quanti-
tative measure of the advantage associated with regional
administration or targeting. Using the air-pouch model,
Stevens et al (1993) found that the DTI for S-(+)-ibuprofen
was 150, whereas a much smaller advantage was observed
with piroxicam (DTI = 15). This regional advantage for
piroxicam suggests that there would be little practical
benefit in using this method of administration. Dose—
response studies reported here support these claims, since
a substantial benefit was achieved with regional administra-
tion of S-(+)-ibuprofen, whereas piroxicam given regionally
showed no therapeutic advantage. The advantage obtained
by infusion of S-(+)-ibuprofen over bolus administration
was similar when given intravenously or via the air-pouch
(10-fold when based upon dose). The difference between
bolus and infusion response arises because approximately
90% of a bolus dose leaves the pouch during the first 3h,
which is before the inflammatory reaction as measured by
PGE,; thus continuous infusion delivers a similar amount of
drug to the pouch over the 3- to 10-h period using approxi-
mately one-tenth of a bolus dose. Drug present in the pouch
during the first 3 h does not appear to have any effect upon
the resulting inflammatory reaction, as indicated by similar
concentration—response relationships for infusion and bolus
administration, based on pouch concentrations from 3 to
10h.

Pharmacokinetic studies of air-pouch kinetics of S-(+)-
ibuprofen and piroxicam indicate that the air-pouch does
not differentiate markedly between these two drugs (Martin
et al 1993; Stevens et al 1993). Hence, the difference in
benefits from regional administration between S-(+)-ibu-
profen and piroxicam cannot be explained by differences in
air-pouch kinetics. However, differences in route and modes
of administration seen for S-(+)-ibuprofen when based
upon dose can be explained by the drug’s pharmacoki-
netics. When both the pharmacokinetics and mode of
administration are known, average pouch concentration of
S-(+)-ibuprofen can be predicted and therefore a given anti-
inflammatory effect can be obtained.

In the case of piroxicam, when potency was based upon
average pouch concentration, direct air-pouch administra-
tion was less potent than intravenous administration, indi-
cating that PGE, levels may also be influenced by an
additional anti-inflammatory component outside the
pouch. As the concentration—effect relationships for pirox-
icam indicate systemic levels to be better related to effect
than pouch concentrations, the primary anti-inflammatory
site of action of piroxicam may be systemic. Differences in
the anti-inflammatory site of action between piroxicam and
S-(+)-ibuprofen may be explained by differences in the
multifactorial action of non-steroidal anti-inflammatory
drugs on components of the inflammatory process. These
drugs have been shown to inhibit the migration of poly-
morphonuclear leucocytes (PMN) into the air-pouch
(Martin et al 1994; Sedgwick et al 1984); they also alter
PMN function by reducing pro-inflammatory effects such as

the surface expression of receptors for complement compo-
nents and adherence molecules, superoxide anion genera-
tion, aggregation and chemotaxis (Huy et al 1986; Crowell
& Van Epps 1990; Ottonello et al 1992; Villanueva et al
1992).
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