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1 A new group Ila sPLA, inhibitor was compared with selective inhibitors of COX-1, COX-2 and an
LTC, antagonist for effects on local and remote tissue injuries following ischaemia and reperfusion
(I/R) of the small intestine in rats.

2 In an acute model of ischaemia (30 min) and reperfusion (150 min) injury in the absence of
inhibitors, there was significant intestinal haemorrhage, oedema and mucosal damage, neutropenia,
elevated serum levels of aspartate aminotransferase (AST) and hypotension.

3 Preischaemic treatment with the inhibitor of sPLA, (Group Ila), at Smgkg™"' i.v. or 10mgkg™'
p-o. significantly inhibited I/R-induced neutropenia, the elevation of serum levels of AST, intestinal
oedema and hypotension.

4 Pretreatment with the COX-2 inhibitor celebrex (10mgkg™" i.v.) and the LTC, antagonist
zafirlukast (1mgkg™' i.v.) also showed marked improvement with I/R-induced AST, oedema and
neutropenia. Hypotension was only reduced by the LTC, antagonist. The COX-1 inhibitor flunixin
(Imgkg"i.v.) did not effect improvement in the markers of tissue injury.

5 Histological examination of rat I/R injury showed that all of the drugs offered some protection to
the mucosal layer damage compared to no drug treatment. Given i.v., the sSPLA, inhibitor was more
effective than either the COX-1 or COX-2 inhibitors in preventing rat I/R injury.

6 These results indicate that a potent new inhibitor of SPLA, (group Ila) protects the rat small
intestine from I/R injury after oral or intravenous administration. COX-2 and LTC, inhibitors also
showed some beneficial effects against intestinal I/R injury. Our study suggests that sPLA, (Group
I1a) may have a pathogenic role in intestinal I/R in rats.
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Introduction

Intestinal ischaemia occurs as a result of inadequate systemic
blood flow or local vascular abnormalities, and the metabolic
demand of the tissue exceeds the delivery of oxygen. Bowel
obstruction, abdominal aortic aneurism, haemorrhagic shock,
sepsis and traumatic injury can all induce intestinal ischaemia
(Fink, 1991; Christenson et al., 1996; Tadros et al., 2000;
Wattanasirichaigoon et al., 2000). Diseases such as necrotising
enterocolitis, mesenteric insufficiency in the elderly and
intestinal dysfunction following bowel transplantation are
thought to have a component of ischaemia—reperfusion (I/R)
in their pathogenesis (Haglund er al., 1987; Schoenberg &
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Beger, 1993). Reperfusion of blood to an ischaemic tissue
further increases acute ischaemic injury (Granger et al., 1981).
In addition to damaging the bowel, intestinal I/R injury can
induce pathology at sites remote from the initial injury (Chiu
et al., 1970; Koike et al., 1992b; Poggetti et al., 1992; Sun et al.,
1999). Intestinal I/R can lead to adult respiratory distress
syndrome and multiple organ dysfunction syndrome (MODS)
(Sheng et al., 1991).

Reperfusion injury is caused by the release of a variety of
endogenous agents including oxygen radicals (Granger et al.,
1986; Arumugam et al., 2002a), polymorphonuclear leucocytes
(PMNs) (Grisham et al., 1986), tumour necrosis factor-alpha
(TNF-a) (Caty et al., 1990), leukotrienes (Karasawa et al.,
1991), platelet activating factor (PAF) (Kim et al., 1995) and
complement products (Wada et al., 2001; Arumugam et al.,
2002b). Phospholipases A, (PLA,) are also important compo-
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nents of the inflammatory response in intestinal I/R injury,
although it is not known precisely which specific subtype(s) of
this enzyme family are involved.

PLA,-mediated tissue injury results through either a direct
action of the enzyme(s) or through subsequent actions of its
products, which include PAF, leukotrienes, lipoxins, prosta-
glandins and thromboxanes (Chang et al., 1987). Evidence in
support of the role of PLA, in intestinal I/R has been shown in
several studies using the nonspecific PLA, inhibitor quinacrine
(Otamiri et al., 1987, 1988; Otamiri & Tagesson, 1989; Koike
et al., 1992a), which reduced manifestations of gut I/R injury.
The PLA, inhibitor used in the present study is an orally
active, potent inhibitor of group Ila secretory PLA, (sPLA,)
(Hansford et al., 2003). Group Ila sPLA, is a human enzyme
reported to induce lung injury after intestinal I/R (Koike ef al.,
2000). Although numerous agents are reported to inhibit
‘PLA,’ activity via different mechanisms, there are actually
only a handful of bona fide inhibitors (Balsinde et al., 1999) of
this specific isoform found in human platelets and synovio-
cytes. We have shown that this particular sPLA, (group Ila)
inhibitor is highly selective for the group Ila enzyme and has
potent anti-inflammatory activity in rats (Hansford et al.,
2003; unpublished observations).

PLA, hydrolyses membrane phosphoglycerides to liberate
free fatty acids (arachidonic acid) and lysophospholipids
(Scheuer, 1989). Cyclooxygenases are involved in the biosynth-
esis of prostaglandins from arachidonic acid. Two isoforms of
the enzyme have been described: cyclooxygenase-1 (COX-1),
which is constitutively expressed in most cells and required for
physiological functions, and cyclooxygenase-2 (COX-2), which
is an inducible form arising in response to inflammatory
stimuli (Feng er al., 1993). sPLA, regulates the release of
arachidonic acid (AA) from membrane phospholipids, while
COX converts AA to prostaglandins. Accumulating evidence
suggests that sPLA2-1lTa and sPLA2-V are functionally
coupled with COX-1 and COX-2 pathways for prostaglandin
biosynthesis (Murakami et al., 1999).

To determine the roles of COX-1 and COX-2 in intestinal I/
R injury, the present study used flunixin meglumine (Flunixin,
Mavlab P/L, Brisbane, Australia) and celecoxib (Celebrex,
Pfizer, Australia). Flunixin is a relatively selective COX-1
inhibitor (Brideau et al., 2001) commonly used for the
management of intestinal ischaemia, colic and endotoxemia
in equids (Jochle et al., 1989; Semrad et al., 1993), while
celebrex is a relatively selective inhibitor of COX-2 approved
for the treatment of rheumatism and osteoarthritis (Davies
et al., 2000). The other major metabolites of the arachidonate
pathway are the leukotrienes, which are generated by the
action of lipoxygenases (Bingham & Austen, 1999). Lipox-
ygenase inhibitors and leukotriene B4 receptor antagonists
have frequently been investigated in animal models of
intestinal I/R (Karasawa, et al., 1991; Goldman et al., 1992;
Mangino et al., 1994; Kirschner et al., 1995). The cysteinyl
leukotrienes are also elevated in the bronchoalveolar lavage
fluid of patients with adult respiratory distress syndrome
(Stephenson et al., 1988), a common consequence of intestinal
I/R. Zafirlukast (Accolate, Zeneca) is a potent and selective
cysteinyl leukotriene receptor antagonist (Calhoun, 1998) and
was also used in the present study as a comparator drug.

This study sought to test the effectiveness of a new sPLA,
(group IIa) inhibitor in alleviating intestinal I/R-induced
injury. As a comparison to this sSPLA, blockade, this study

also investigated the relative contribution of a number of
inflammatory mediators in intestinal I/R by selectively
blocking different stages of the eicosanoid inflammatory
cascade. This was achieved with a relatively selective COX-2
inhibitor, a predominantly COX-1 inhibitor and a cysteinyl
leukotriene receptor LTC, antagonist.

Methods

SPLA; inhibitor preparation

The sPLA, inhibitor (5-(4-benzyloxyphenyl)-4S-(7-phenylhep-
tanoylamino)-pentanoic acid) was synthesised, purified by
reversed phase HPLC, and fully characterised by mass
spectrometry and proton NMR spectroscopy as described
(Hansford et al. , 2003). The sPLA, inhibitor is active in vitro
using a standard enzyme assay (Reynolds et al., 1992) as an
inhibitor of the action of human recombinant nonpancreatic
sPLA, (group IIa) (ICs5=0.029 um, 0.000019 mole fraction,
compound 2b in Hansford ez al., 2003).

Pharmacokinetics of sPLA, inhibitor

Female Wistar rats were used to monitor clearance of the
SsPLA, inhibitor from serum after i.v. administration. Anaes-
thetised rats were injected with Smgkg~' sPLA, inhibitor in
70% dimethyl formamide (DMF; Merck, U.K.). Blood
samples were collected from the tail at regular intervals over
a period of 4 h (Figure 1). Blood samples were then centrifuged
to remove red blood cells and an aliquot of plasma (50 ul)
transferred to a clean tube and stored at —20°C until sample
analysis.

To determine the concentration of SPLA, inhibitor in the
plasma samples, liquid chromatography mass spectrometry
(LC-MS) analysis was employed. An internal standard (50 ul
containing 5ugml™' of an inhibitor analogue) was added to
each sample. The tubes were acidified with a solution of 5%
wv~! citric acid in water (400 ul) and extracted with HPLC-
grade dichloromethane (500 ul) by vortexing at full speed for
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Figure 1 Pharmacokinetics of the sPLA, inhibitor. Rats were
injected with a single dose of sPLA, inhibitor (5Smgkg~"' i.v.) and
plasma collected over 4h (n=4). Plasma levels of sPLA, inhibitor
were determined by LC-MS. Data are expressed as mean
concentration of the sPLA, inhibitor+s.e.m.
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20s. The tubes were centrifuged to facilitate separation of the
layers, the bottom layer was removed and transferred to a new
tube. The dichloromethane was removed using a centrifugal
evaporator (Genevac) and the residue was dissolved in the
mobile phase (50 ul) by vortexing for 20s and then transferred
to an autoinjector vial.

A set of standard solutions for the generation of a
calibration curve was prepared by adding a stock solution of
inhibitor (in 80% acetonitrile/20% water) and internal
standard containing 5Sugml™' of an inhibitor analogue in
50ul rat plasma, vortexed briefly then extracted with
dichloromethane/citric acid as described above. Samples were
analysed on a PE-Sciex API-3000 triple quadruple mass
spectrometer equipped with an Agilent 1100 HPLC system
under isocratic conditions using a mobile phase consisting of
72% acetonitrile, 27.9% water and 0.1% formic acid. The
column was a Phenomenex Luna C18, 5 um, 100 1&, 50 x 2mm
with flow rate 200 ul min™', retention times: internal standard
2.4min, sPLA, inhibitor 2.8 min. The parent ions for the
SPLA, inhibitor MH ™" 488 and internal standard MH* 474
were fragmented producing ions both at m/e 282 that were
focused into Q3. Data were smoothed (Kalman and moving
average) prior to integration and the area ratio of drug to
internal standard was used for quantitation from a standard
curve using the commercial software MacQuan 1.6 (PE-Sciex).

Model of intestinal I/R injury

Adult female Wistar rats weighing 200—250 g were fasted for
12—14h before experimentation, but were allowed free access
to water. Rats were anaesthetised by the intraperitoneal
injection of 10mgkg™' of a mixture of zolazepam and
tiletamine (Zoletil 100, Virbac, Australia) and 10mgkg™'
xylazine (Xylazil-20, Ilium, Australia) and normal body
temperature was maintained by placing rats on a heating pad.

The abdomen was opened by a midline incision to expose
the superior mesenteric artery (SMA), the main supply of
blood to the small intestine. Intestinal I/R was achieved by
placing a nontraumatic occlusive device on the artery for a
30 min ischaemic phase, then removing the clamp to allow
reperfusion of blood for 150 min (Arumugam et al., 2002b). At
15 min prior to occlusion, the right femoral vein was isolated
and an injection of either 5mgkg~' PLA, inhibitor in 75%,
DMF I mgkg™' flunixin in 15% ethanol, 1 mgkg™"' zafirlukast
in saline, or 10mgkg™"' celebrex in saline to drug-treated rats,
or 75% DMF, 15% ethanol or sterile, pyrogen-free saline for
I/R injury control rats, in 0.2ml volume, was administered.
Saline, 75% DMF or 15% ethanol was also infused into
weight-matched rats undergoing sham operation, in which the
SMA was exposed, but not occluded. Infusions were made
over 2min. Oral dosing of 10mgkg™"' sPLA, inhibitor in 75%
DMEF in 0.2 ml volume was achieved by gavage 60 min prior to
SMA occlusion.

Blood samples (50 ul) were collected into heparinised tubes
at regular intervals over the 180 min duration of the experi-
ments for the estimation of leucocyte numbers. In a separate
series of identical experiments, whole blood was collected at
regular intervals over the 180 min and allowed to clot on ice,
and serum samples collected and stored at —20°C for later
measurement of aspartate aminotransferase (AST). At the end
of the reperfusion period, the animals were euthanised by
cervical dislocation.

Neutropenia assay

Blood (50 ul) for PMN counts was placed into heparinised
tubes and then layered over an equal volume of Histopaque
1083 (Sigma, U.S.A.). PMNs were isolated as previously
described (Short et al., 1999), and cell number counted on a
haemocytometer. Concentrations of PMNs were presented as
mean percentage +s.e.m. of the values obtained immediately
prior to SMA occlusion.

Intestinal oedema measurement

After 180min of I/R, a section of the occluded ileum was
removed. The lumen was rinsed with saline, the intestine
blotted dry and then weighed. Specimens were dried in an oven
for 24h at 80°C and weighed again, to obtain the tissue dry
weight. Intestinal oedema was determined by assessing the wet
and dry tissue weight ratio.

Aspartate aminotransferase assay

Plasma AST (AST/GOT; Sigma, USA) concentrations were
measured according to manufacturer’s instructions within 48 h
of collecting plasma. Plasma AST concentrations were derived
from a calibration curve. Results are expressed in Sigma-
Franke (SF) units ml™".

Blood pressure measurement

In a separate set of experiments (30 min of ischaemia and
120 min of reperfusion) rats were anaesthetised and placed on
a heat pad for 30 min or until the heart rate and blood pressure
stabilised. Drug or solvents were administered intravenously
into the right femoral vein 15 min prior to inducing ischaemia.
Systolic blood pressure was recorded using a pressure
transducer (AD Instruments, Sydney, Australia) and an
accompanying tail cuff. An inflatable cuff was placed on the
tail above the pulse transducer, connected to a pressure
transducer and amplifier. The electrical signal was recorded
with a computerised chart recording system (MacLab/8). The
tail cuff was inflated, inhibiting pulse signal, and systolic blood
pressure was recorded as the point when the tail blood pressure
exceeded cuff pressure. This was repeated >3 times for each
time point, and the mean value recorded.

Histopathology analysis

After I/R for 180min, segments of ischaemic and normal
intestine (ileum) were harvested and rinsed with saline and
immediately fixed in 10% buffered formaldehyde—saline
solution for histological studies. Fixed specimens were
embedded in paraffin wax, sectioned serially, and stained with
haematoxylin and eosin. Histological assessment was carried
out in a blinded fashion by an independent investigator, with
the mean of the observations being used for analysis. The
grading scheme for intestinal injury was adapted from
modified scoring of Chiu et al., 1970 (Park et al., 1990). Thus,
injury was classified using a semiquantitative grading system
ranging from 0 to 4, where a numerical score was assigned
based on the degree of mucosal and submucosal damage.
Normal mucosa was scored as grade 0. Epithelial cell damage,
seen as loss of cells and separation of the epithelial cells from
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the underlying villus was scored between grades 1-3, while loss
of villous tissue was scored as grade 4.

Statistical analysis

All experiment results are expressed as mean +s.e.m. Analyses
were performed using GraphPad Prism 3.0 software (Graph-
Pad Software, Inc., U.S.A.). Statistical analysis for Figures 2
and 5 was performed using one-way repeated-measures
ANOVA. Figures 3 and 4 were analysed by one-way ANOVA
followed by Newman—Keuls comparison test analysis;
P<0.05 was considered significant.

Results
Pharmacokinetics of sPLA; inhibitor

Intravenous administration of 5mgkg™' sPLA, inhibitor
resulted in peak plasma levels of ~10ugml~" which declined
to ~0. 5ugml™" at 2h (Figure 1). Thus, significant levels of
the sPLA, inhibitor remained throughout the experimental
period. Oral administration of this sPL, inhibitor at 5mgkg™'
resulted in plasma levels of ~0.1-0.2 ugml™" within 15min
and this level remained constant for at least 6 h (unpublished
data). To optimise the plasma levels of sSPLA, inhibitor for the
present study after single-dose oral administration, we used
10mgkg™! p.o.

Effect of drugs on I R-induced neutropenia

Intestinal I/R caused a marked (~30% of baseline) reduction
in circulating PMN levels compared with sham-operated
animals. Circulating levels of PMNs also declined progres-
sively in the sham-operated animals to ~70-80% of baseline
(Figure 2). Administration of the sPLA, inhibitor (5 or
10mgkg™ p.o.) 15 or 60min prior to SMA occlusion
significantly inhibited the neutropenia caused by I/R
(Figure 2a). The solvent vehicle DMF used for the sPLA,
inhibitor did not affect the I/R-induced neutropenia when
administered. Intravenous administration of zafirlukast
(Imgkg™") given 15min prior to SMA occlusion also inhibited
the I/R-induced neutropenia, and at later time points (150—
180 min) there was a marked neutrophilia (Figure 2c¢), which
was also apparent in sham-operated animals treated with the
drug (data not shown). Neither celebrex (10mgkg™' i.v.) nor
flunixin (1mgkg™! iv.) 15min prior to SMA occlusion
reduced the I/R-induced neutropenia in the first 120 min after
ischaemia (Figure 2b).

Effect of drugs on I/ R-induced intestinal oedema

The I/R animals exhibited marked intestinal oedema (wet/dry
weight =4.54+0.2) compared to the sham-operated animals
(2.9+0.1, P<0.05). All the drugs used in the present study
significantly (P <0.05) reduced intestinal oedema compared to
I/R control animals, but mean values were also significantly
increased (P<0.05) from sham-operated animals (Figure 3).
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Figure 2 Neutropenia induced by gut ischaemia—reperfusion. Gut
I/R caused significant reduction in circulating PMN levels compared
with sham-operated animals (a—c). Pretreatment of rats with (a)
sPLA, inhibitor (5mgkg™" iv. or 10mgkg™' p.o.) significantly
inhibited I/R-induced neutropenia; (b) celebrex (10mgkg™"'i.v.) or
flunixin (1 mgkg™' i.v.) had negligible effect for up to 2h
postischaemic phase; (c¢) zafirlukast (1 mgkg™" i.v.) resulted in
significant improvement in I/R-induced neutropenia. Both flunixin
and zafirlukast caused neutrophilia at 2—3h postischaemic phase.
Data are shown as meansts.e.m. (n=6-10 in each group).
*, P<0.05 vs I/R animals between groups. Bar shows 30min
period of ischaemia.

Effect of drugs on serum AST following I/R

After the reperfusion phase, serum concentrations of AST at
180min increased by approximately five-fold, from
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Figure 3 Intestinal oedema induced by ischaemia—reperfusion.
Wet-to-dry weight ratio of the small intestine is significantly
elevated after I/R compared to sham-operated animals. Pretreat-
ment with all the drug groups resulted in significant increase in tissue
oedema from sham-operated animals as well as significant drop
from I/R injury animals. Data are shown as means+s.e.m. (n=6—
10 in each group). *, P<0.05 vs sham-operated animals. +, P<0.05
vs I/R animals.
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Figure 4 ASA induction by gut ischaemia—reperfusion. Gut I/R
resulted in a significant increase in plasma AST levels compared to
sham-operated animals. Pretreatment with the sPLA, inhibitor
(5mgkg' iv., 10mgkg™' p.o.) or zafirlukast (1 mgkg™' i.v.) or
celebrex (10mgkg™' i.v.), but not flunixin (1 mgkg™" i.v.), signifi-
cantly reduced gut I/R-induced AST levels compared to I/R
animals. Drug-treated groups also showed significant increase
against sham-operated animals level of AST. Data are shown as
means+s.e.m. (n=6—10 in each group). *, P<0.05 vs sham-
operated animals. +, P<0.05 vs I/R animals.

5742 Uml™! in sham-operated animals, to 244+39Uml™! in
I/R animals (P<0.05). Intravenous (5mgkg™') and oral
administration (10mgkg™") of the PLA, inhibitor significantly
(P<0.05) inhibited the rise in serum AST at 180 min (Figure 4).
Zafirlukast (1 mgkg™' i.v., P<0.05) and celebrex (10mgkg~'
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Figure 5 Hypotension induced by gut ischaemia-reperfusion.
Intestinal I/R resulted in a significant decrease in blood pressure
compared to sham-operated animals. Pretreatment with: (a) the
sPLA, inhibitor (5mgkg™" i.v.) offered some protection against this
hypotension, whereas there was no effect with the COX-2 inhibitor
celebrex (10mgkg ' i.v.); (b) zafirlukast (1 mgkg ' i.v.) also offered
some protection, but the COX-1 inhibitor flunixin (1 mgkg™"' i.v.)
did not prevent I/R-induced hypotension. Data are shown as
means+s.e.m. (n=6-10 in each group). *, P<0.05 vs I/R control
animals between groups. The horizontal bar represents ischaemic
phase.

i.v., P<0.05) also caused reductions in I/R-induced AST.
However, there was no reduction in AST levels after
administration of flunixin (1mgkg™' iv., P>0.05) after
intestinal I/R (Figure 4).

Effect of drugs on I/ R-induced hypotension

Blood pressure was measured over the 150min of the
experiment. For animals receiving solvent only, no difference
was observed between the sham-operated and the I/R injury
rats, and so the data were combined. In sham-operated
animals, blood pressure was maintained consistently above
90% of preocclusion levels during the 150 min experiment
(Figure 5). In contrast, there is a significant (P <0.05) decrease
in blood pressure in I/R injury animals, the greatest decrease to
69.0+3% observed at 60min. The blood pressure in rats
treated with either (5mgkg™ 1iv.) sPLA, inhibitor or
(Imgkg™! i.v.) zafirlukast also decreased after reperfusion;
however, these drugs significantly (P<0.05) prevented I/R-
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Figure 6 Histopathology score for gut I/R reflects damage to the
intestine (3+) compared to sham-operated (0.2+) animals.
Pretreatment with either sPLA, inhibitor (Smgkg™ 1iv.) or
zafirlukast (1mgkg™"' i.v.) was most effective in reducing gut I/R-
induced tissue damage. Data are shown as means +s.e.m. (n=6-10
in each group). *, P<0.05 vs sham-operated animals. +, P<0.05 vs
I/R animals.

induced hypotension. The intravenous administration of either
flunixin (I mgkg™") or celebrex (10 mgkg™") did not prevent I/
R-induced hypotension (Figure 5a, b).

Histopathology

The intestines from rats, which were subject to occlusion of the
mesenteric artery followed by reperfusion, showed significant
structural changes with loss of epithelial cells from the villi and
damage to those villi, but without infarction of the crypt layer
or the mucosal layer (Figure 7b). The different solvents used to
solubilise drugs did not affect the histopathological appear-
ance of sham-operated animals or I/R injury animals. There
were obvious differences between the capacities of the drugs to
affect the histopathology during I/R injury (Figure 6). The
greatest degree of tissue protection was afforded by the sPLA,
inhibitor given either i.v. (Figure 7c), p.o. (Figure 7d) or by
zafirlukast (Figure 7g). In animals treated with 10 mgkg~"' p.o.
sPLA,; inhibitor, greater damage was observed, with some villi
showing loss of epithelium and haemorrhage at the villous tips
(Figure 7d). Intravenous dosing of Celebrex (10 mgkg™') also
gave some detectable protection—most villi had haemorrhage
and loss of the epithelial cell layer at the tip of the villi
(Figure 7e). Flunixin administration (I mgkg~") demonstrated
little or no preservation of normal mucosal structure compared
to I/R injury animals (Figure 7f).

Discussion

I/R injury causes changes in the affected tissues as well as
damage in organs remote from the initial injury site. This
paper describes a rat model of intestinal I/R and the protective
effects of a new and isoform-selective inhibitor of secretory
phospholipase A, (group Ila). Neutropenia, serum aspartate

aminotransferase, intestinal oedema, blood pressure and
histopathology were measured to assess changes associated
with both local and remote tissue injury. Four drug treatments
(zafirlukast, a cysteinyl leukotriene receptor antagonist;
flunixin, a relatively selective COX-1 inhibitor; celebrex, a
relatively selective COX-2 inhibitor; and the sPLA, (Ila)
inhibitor) were compared for efficacy.

In this study, initial experiments measuring numbers of
PMNs established that intestinal I/R caused a significant
neutropenia. The loss of PMNSs from the circulation observed
after intestinal I/R is explained by the attraction, activation,
adherence and transendothelial migration of PMNs to the
intestinal tissue and into remote organs (Botha ez al., 1995;
Partrick et al., 1996). The administration of the sPLA,
inhibitor and zafirlukast prevented this loss of PMNs from
the circulation. In contrast, there was no reduction in
neutropenia seen after administration of the COX inhibitors,
celebrex and flunixin, suggesting that blocking the synthesis of
leukotrienes and/or PAF has a greater role in protecting
against PMN infiltration than inhibiting prostanoid synthesis
alone. The lack of protection by conventional nonsteroidal
anti-inflammatory drugs may also be due to the inhibition of
prostacyclin, a prostaglandin produced by endothelial cells.

The first detectable sign of intestinal mucosal injury in
ischaemia is increased capillary permeability, resulting in an
intestinal oedema (Haglund, 1994). In this study, there was a
clear change in wet to dry weight ratio of I/R intestinal tissue
compared to sham-operated animals, demonstrating the
formation of oedema. Inhibition of eicosanoids reduced, but
did not abolish intestinal oedema, suggesting that factors other
than eicosanoids or PAF are probably also involved in the
process of vascular leakage.

Aspartate aminotransferase is a reliable marker released
from liver parenchymal cells and kidney cells under stress. It
has been reported that liver I/R injury and kidney I/R injury
both significantly increase serum AST levels (Vajdova et al.,
2000; Chatterjee et al., 2001). It is shown here that intestinal
I/R also increased serum AST levels. This increase may be
subsequent to local intestinal I/R injury, presumably caused by
circulating mediators such as proinflammatory cytokines and
PMN damage to liver and kidney cells. The elevation of
plasma AST levels with I/R injury was inhibited by the sPLA,
inhibitor, zafirlukast, celebrex, but not flunixin. PLA, and
prostanoids have been implicated in remote organ damage in
models of intestinal I/R (Koike et al., 1992a). Inhibition of
‘PLA,’ was shown to decouple lung injury from intestinal I/R
(Koike et al., 1992a), and inhibition of thromboxane-A, also
prevented lung injury (Turnage et al., 1995, 1997).

Blood pressure was measured to determine the haemody-
namic effects of intestinal I/R, because the release of PMNs,
bacterial products across the compromised intestinal barrier
(translocation), and other inflammatory mediators lead to
significant distant pathophysiological effects, including sys-
temic hypotension (Khanna et al., 2001). Previous studies
measuring blood pressure have shown a steep rise in pressure
immediately upon the induction of intestinal ischaemia that
gradually diminished to preocclusion levels, and then dropped
dramatically upon reperfusion (Hayward & Lefer, 1998;
Khanna et al., 2001). This immediate rise was also seen in
our experiments which was not affected by any of the drugs
used in this study (data not shown). In I/R injury animals,
reperfusion after 30 min of ischaemia caused an abrupt and
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Figure 7 I/R-induced mucosal injury in the rat small intestine. Microscopic image of small intestinal tissue section from (a) Sham
(score 0); (b) I/R injury (score 4); and I/R injury following pretreatment with: (c) Smgkg™" i.v. SPLA, inhibitor (score 1); (d)
10mgkg ' p.o. sPLA, inhibitor (score 2); (¢) 10mgkg " i.v. celebrex (score 2); (f) 1 mgkg ™" i.v. flunixin (score 3); and (g) | mgkg~'
i.v. zafirlukast (score 1). Images are typical and representative of each treatment group, and the score indicated is for the section

shown. Original magnification x 200.

sustained decrease in systemic blood pressure, indicating
circulatory shock. This precipitous decrease in blood pressure
has been proposed to be primarily mediated by the release of
PAF from the postischaemic intestine (Filep et al., 1991;
Hayward & Lefer, 1998). It was observed that the sPLA,
inhibitor displayed some protection against intestinal I/R-
induced hypotension, consistent with the assumption that PAF
plays an important role in mediating this response. In contrast,

the COX inhibitors celebrex and flunixin did not prevent
intestinal I/R-induced hypotension. Interestingly, the leuko-
triene receptor antagonist zafirlukast also gave some protec-
tion, indicating some involvement for leukotrienes in intestinal
I/R-induced hypotension.

Histopathological examination clearly demonstrated the
tissue-protective effects of the various drugs in the pretreat-
ment of intestinal I/R. The mucosa is the most metabolically
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active layer in the gut wall and so it is the first tissue layer to
demonstrate signs of ischaemia. The earliest changes seen in
intestinal ischaemia are at the tip of the intestinal villi. Within
10 min of ischaemia, ultrastructural changes become detect-
able, and cellular damage is extensive within 30 min. Sloughing
of the villi tips in the small bowel and the superficial mucosal
layer of the intestine is followed by oedema, submucosal
haemorrhage and eventual transmural necrosis (Chiu et al.,
1970). In this study, sham-operated animals showed little or no
histological changes in the small intestine, but I/R caused
extensive damage of the villi of the small intestine. The
preadministration i.v. of either the sPLA, inhibitor or
zafirlukast strongly protected the intestine. Conversely,
pretreatment i.v. with celebrex or flunixin intravenously
provided less protection against intestinal I/R-induced histo-
pathological changes, suggesting that prostaglandins may play
a protective role in the gut mucosa after I/R. Pajdo et al.
(2001), using a model of rat ischaemic preconditioning to
determine the role of prostaglandins, found that gastric
ischaemic preconditioning stimulates a protective effect
against prolonged I/R injury, which involves prostaglandins
derived from COX-1 and COX-2 enzymes. Moreover, it
has been found that endogenous prostaglandin derived
from the COX enzymes are involved in the mechanism of
mucosal recovery from I/R-induced acute gastric erosions
(Brzozowski et al., 1999).

Oral administration of the sPLA, inhibitor provided less
protection from histopathological changes than intravenous
administration, suggesting that our method of oral adminis-
tration or the intrinsic oral bioavailability of the inhibitor did
not provide sufficient blood concentrations of the drug as the
intravenous route for protection against intestinal injury. On
the other hand, we did show that intravenous administration
provided a blood concentration of inhibitor that was many
times higher than following oral administration of the same
dosage (unpublished observations). Greater protection against
intestinal tissue injury may have been found with higher oral
doses.

Clearly, there are many inflammatory mediators and
mechanisms of injury in intestinal I/R causing pathology that
is the result of a combination of factors including mucosal
oedema, degradation of mucosal structure, loss of haemody-
namic homeostasis and remote organ injury. The present study
measured some of the features of intestinal I/R injury, not
merely focusing on measuring one injury in a variety of
different ways. It was therefore expected that the drugs in this
study might protect against some measures of injury, while
showing no protection against other features of intestinal I/R
injury.

The finding that the NSAIDs flunixin and celebrex provided
limited protection against intestinal I/R tends to support
clinical impressions that treating horses with colic with
flunixin may actually be detrimental (Campbell & Blikslager,
2000). The success of the leukotriene receptor antagonist
in this study was also surprising because blocking one
peptido leukotriene receptor of the AA cascade still leaves
many other mediators free to cause damage. It is interesting,
however, to compare this to a study by Sare et al. (1996),
who measured leukotriene C, and prostaglandin E, production
in intestinal I/R. They found that what should have been
a substantial protection from intestinal I/R provided by
blocking cysteinyl leukotriene production was limited as a

result of the overflow effect of 5-lipoxygenase inhibition
causing an increase in production of proinflammatory
prostanoids such as prostaglandin E,. It is assumed that
zafirlukast does not cause this overflow effect, as it is a
receptor antagonist and thus the cysteinyl leukotrienes are still
produced, but their actions are blocked. This may explain why
zafirlukast has provided greater protection in this model than
previously seen using lipoxygenase inhibitors (Sare et al.,
1996).

SPLA, (Ila) has been implicated as a candidate for I/R-
induced membrane phospholipids degradation because of its
Ca’* dependency and nonspecific hydrolytic action toward
the acylglycerol bonds of phospholipids (Van Bilsen & Van der
Vusse, 1995; Murakami er al., 1998). One study clearly
indicated that postischaemic cardiac accumulation of total
unesterified fatty acids in general, and AA in particular, did
not differ between the two substrains, which does not support
a crucial role for group Ila sPLA, in I/R-induced myocardial
cell damage (De Windt et al., 2001). That study also suggested
that PLA, enzymes other than group Ila sPLA, may be
responsible for the enhanced phospholipid degradation in the
transiently ischaemic heart (De Windt ez al., 2001). Another
study indicated that pretreatment with a nonspecific PLA,
inhibitor (methylprednisolone, dexamethasone or quinacrine)
was ineffective in diminishing the reperfusion injury in
either case (Boros et al., 1993). However, this contrasts with
other studies which used the nonspecific PLA, inhibitor
quinacrine (Otamiri et al., 1987, 1988; Otamiri & Tagesson,
1989; Koike et al., 1992a), which reduced manifestations of gut
I/R injury.

A potent group Ila inhibitor (LY315920) has been described
(Snyder et al., 1999) and has been tested in an intestinal I/R
model (Koike et al., 2000). This and close analogues (Hansford
et al., 2003) are reported to be nonselective for group Ila over
group V human recombinant enzymes (Chen & Dennis, 1998;
Singer et al., 2002). Our sPLA, inhibitor is ~two-fold more
potent against the group Ila enzyme than LY311299 (Hans-
ford et al., 2003), but 170-fold more selective for the group Ila
isoform over the group V isoform enzyme (Reid, unpublished).
This motivated us to test only the current sSPLA2-I1a inhibitor
in this model, it being the only compound that we are aware of
which is selective for Ila over V forms of sPLA2. We are
therefore confident that the effects reported in the present
study are most likely due to inhibition of the group Ila
enzyme.

In summary, this study has demonstrated very promising
tissue protection by an inhibitor of sPLA, (IIa) and an LTC,
antagonist in a rat model of intestinal I/R injury. Since
these compounds directly inhibit human receptors, they may
also be effective in human I/R injury, reducing the degree of
the damage of the gastrointestinal mucosa in occlusive
conditions. However, the effectiveness of these compounds in
clinically relevant (i.e. systemic low-flow-induced intestinal
ischaemia) situations is uncertain and further studies are
warranted.
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