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Effects of inhibition of PDE4 and TNF-o on local and remote
injuries following ischaemia and reperfusion injury
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1 The effects of phosphodiesterase (PDE)4 and TNF-a inhibition were assessed on the local and
remote injuries following intestinal ischaemia and reperfusion (I/R) injury in rats.

2 The PDE4 inhibitor rolipram dose-dependently (1-10 mg kg~") suppressed the local (intestine)
and remote (lung) increases in vascular permeability and neutrophil recruitment following mild I/R
injury. SB207499 (ariflo), a structurally-distinct PDE4 inhibitor, also suppressed the injuries
following mild I/R injury.

3 In a severe model of I/R injury, treatment with rolipram (10 mg kg~') partially reversed the local
and remote increases in vascular permeability, neutrophil recruitment, intestinal haemorrhage and
intestinal LTB, concentrations. The anti-TNF-¢ anti-serum was more effective than rolipram at
inhibiting local and remote injuries and prevented the lethality associated with severe I/R.

4 Rolipram and anti-TNF-o prevented the increase in the concentrations of TNF-« in the lung and
intestine, but rolipram only partially inhibited the elevation of this cytokine in serum. Rolipram had
little effect on the increases of IL-18 concentrations in lung and serum, whereas treatment with anti-
TNF-oo markedly increased the concentration of this cytokine. Concentrations of IL-10 rose
significantly in the lung and serum and these increases were blocked by rolipram or anti-TNF-o.
5 The capacity of PDE4 inhibitors to block the recruitment of neutrophils into tissues, the
production of LTB4 and of the pro-inflammatory cytokines TNF-«, IL-1B8 and IL-6 appear to
underlie their anti-inflammatory effects in our model of I/R injury. Overall, PDE4 inhibition was less

effective than inhibition of TNF-a for protection against I/R injury.
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Introduction

Drugs which inhibit phosphodiesterase type 4 (PDE4)
enzymes have received a great deal of attention in the last
few years because of their inhibitory effects in various models
of acute and chronic inflammation (Teixeira et al., 1997,
Torphy, 1998; Souness et al., 2000). PDE4 inhibitors work
via the elevation of intracellular cyclic AMP, which then
activates protein kinase A with subsequent phosphorylation
of protein kinase A-specific substrates (Souness et al., 2000).
In vivo, there are several possible mechanisms which appear
to be involved in the anti-inflammatory actions of PDE4
inhibitors, including direct inhibition of leukocyte recruit-
ment, inhibition of leukocyte activation, inhibition of
cytokine production (especially TNF-¢) and enhancement of
the production of anti-inflammatory cytokines (especially IL-
10) (Teixeira et al., 1997; Souness et al., 2000). The capacity
of PDE4 inhibitors to suppress TNF-o production and
enhance 1L-10 production may be beneficial in the treatment
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of acute inflammatory conditions where these cytokines
appear to play a major role. For example, blockade of
TNF-o or administration of IL-10 have been shown to limit
the inflammatory injuries following reperfusion of several
ischaemic tissues (Gilmont et al., 1996; Frangogiannis et al.,
2000; Huber et al., 2000).

We have recently described the local and remote reperfusion
injuries which occur following ischaemia of the superior
mesenteric artery (SMA) in rats (Souza er al., 2000a,b).
Following ischaemia and reperfusion (I/R) of the SMA, we
observed significant local (intestine and mesentery) and remote
(lung) oedema and neutrophil accumulation, and marked
systemic alterations which included hypotension, neutropaenia
and death, especially after more prolonged I/R periods (Souza
et al.,2000a,b). Also, we detected significant TNF-o production
in tissues and serum after reperfusion of the ischaemic SMA
(Souza et al., 2000b). A number of studies have described the
beneficial effects of the inhibition of phosphodiesterases in
models of I/R injury. Nevertheless, most published studies have
been conducted using ex-vivo I/R and transplant models
(Chang-Chun et al., 1991; Barnard et al., 1994; Bleiweis et al.,
1999; Featherstone et al., 1999) or have used non-specific
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phosphodiesterase inhibitors, such as pentoxifylline or theo-
phylline (Carter et al., 1995; Peng et al., 1995; Miiller et al.,
1997). Thus, a detailed analysis of the effects of PDE4
inhibitors in models of I/R in vivo is warranted.

Here, we have assessed the effects of PDE4 inhibition on the
mild and severe reperfusion injuries following ischaemia of the
superior mesenteric artery. Initial experiments evaluated the
dose-dependent effects of the PDE4 inhibitors rolipram and
SB207499 on the mild I/R model. We then investigated the
effects of rolipram in the more severe I/R model with particular
emphasis on the effects of this drug on lethality, systemic
injuries and cytokine (IL-18, IL-6, IL-10 and TNF-«)
concentrations in tissue and serum. Since inhibition of TNF-o
production may underlie some of the anti-inflammatory actions
of PDE4 inhibitors in vivo (Teixeira et al., 1997; Souness et al.,
2000), we also evaluated the effects of an anti-TNF-« antiserum
on the injuries following severe I/R.

Methods

Animals

Male Wistar rats (200—220 g) obtained from the Bioscience
unit of our Institution were housed in standard conditions
and had free access to commercial chow and water. All
procedures described here had prior approval from local
animal ethics committee.

Ischaemia and reperfusion injury

Rats were anaesthetized with urethane (140 mg kg~', ip.) and
laparotomy was performed. The superior mesenteric artery
(SMA) was isolated and ischaemia was induced by totally
occluding the SMA for 30 or 120 min. After ischaemia,
reperfusion was initiated by removal of the occlusion.
Animals made ischaemic for 30 or 120 min were allowed to
reperfuse for 30 (mild I/R) or 120 (severe I/R) min,
respectively. The durations of I/R were based upon previous
experiments (Souza et al., 2000a,b) and were optimal for mild
and severe reperfusion injuries. Sham-operated animals or
animals only made ischaemic were used as controls for the
reperfusion-induced injury.

Initial dose-response experiments were carried out in the
mild reperfusion injury model to determine the optimal dose of
the PDE4 inhibitor, rolipram, to be used in subsequent
experiments. In these experiments, rolipram was administered
s.c. in two equally divided doses at 60 min and 15 min prior to
reperfusion of the superior mesenteric artery. Total adminis-
tered doses of rolipram were 1-10 mg kg~'. Because of its
short half-life, rolipram was given in two doses to guarantee
sufficient circulating levels of the drug during the whole
experiment (Teixeira et al., 1994). For comparison, we also
tested the effects of the PDE4 inhibitor SB207499 (0.5—
5.0 mg kg~") administered s.c. 15 min prior to reperfusion. We
then tested the effects of the administration of rolipram
(10 mg kg~ ', s.c. in two equally divided doses at 60 min and
15 min prior to reperfusion) in the more severe I/R model.
None of the drugs used in the present study had any significant
effects on basal parameters (data not shown) and to simplify the
graphs presented, basal data obtained in vehicle or drug treated
animals have been pooled for presentation.

Anti-TNF-a polyclonal antibodies were raised in sheep as
previously described (Rees et al., 1999b). Hyperimmune anti-
TNF-o antiserum was administered s.c. 60 min prior to
reperfusion. Control animals received non-immune sheep
serum. As non-immune serum or vehicle had no effect on
injuries following reperfusion of the ischaemic SMA (data
not shown), results in non-immune- and vehicle-treated
animals were pooled for presentation.

Evaluation of changes in vascular permeability

The extravasation of Evans blue dye into the tissue was used as
an index of increased vascular permeability (De Matos et al.,
1999). Evans blue (20 mg kg=') was administered 1i.v.
(1 ml kg™") via a femoral vein 2 min prior to reperfusion of
the ischaemic artery. Thirty min (in the mild model) or 120 min
(in the severe model) after reperfusion, segments of the
duodenum (10 cm) were cut open and allowed to dry in a petri
dish for 24 h at 37°C. The dry weight of the tissue was
calculated and Evans blue extracted using 3 ml of formamide
(24 h at room temperature). The amount of Evans blue in the
tissue was obtained by comparing the extracted absorbance
with that of a standard Evans blue curve read at 620 nm in an
ELISA plate reader. Results are presented as the amount of
Evans blue per pg per 100 mg of tissue. The mesentery was also
extracted en bloc, halved and a similar extraction procedure was
performed. The right ventricle was flushed with 20 ml of
phosphate buffered saline to wash the intravascular Evans blue
in the lungs. The left lung was then excised and used for Evans
blue extraction. The right lung was used for the determination
of myeloperoxidase as described below.

Myeloperoxidase concentrations

The extent of neutrophil accumulation in the intestine,
mesentery and right lung tissue was measured by assaying
myeloperoxidase activity as previously described (De Matos
et al., 1999). Briefly, a portion of duodenum, half the
mesentery and the flushed right lungs of animals that had
undergone I/R injury were removed and snap frozen in liquid
nitrogen. Upon thawing, the tissue (1 g of tissue per 19 ml of
buffer) was homogenized in pH 4.7 buffer (NaCl 0.1 M,
NaPO, 0.02 M, NaEDTA 0.015 M), centrifuged at 260 x g
for 10 min and the pellet subjected to hypotonic lysis (15 ml
of 0.2% NacCl solution followed 30 s later by addition of an
equal volume of a solution containing NaCl 1.6% and
glucose 5%). After a further centrifugation, the pellet was
resuspended in 0.05M NaPO, buffer (pH 5.4) containing
0.5% hexadecyltrimethylammonium bromide (HTAB) and
re-homogenized. One ml aliquots of the suspension were
transferred into 1.5 ml-Eppendorf tubes followed by three
freeze-thaw cycles using liquid nitrogen. The aliquots were
then centrifuged for 15 min at 10,000 x g, the pellet was
resuspended to 1 ml and samples of intestine, mesentery and
lung were diluted prior to assay. Myeloperoxidase activity in
the resuspended pellet was assayed by measuring the change
in optical density (O.D.) at 450 nm using tetramethylbenzi-
dine (1.6 mM) and H,O, (0.5 mM). Results were expressed as
total number of neutrophils by comparing the O.D. of tissue
supernatant with the O.D. of rat peritoneal neutrophils
processed in the same way. To this end, neutrophils were
induced in the peritoneum of rats by injecting 3 ml of casein
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5%. A standard curve of neutrophil (> 95% purity) numbers
versus O.D. was obtained by processing purified neutrophils
as above and assaying for MPO activity.

Determination of the concentrations of circulating
leukocytes

The total number of circulating leukocytes and neutrophils
were evaluated in blood samples obtained via a cannula in
the femoral artery. Samples were collected prior to ischaemia
(time 0), 120 min after ischaemia and 30 and 120 min after
reperfusion. The number of total circulating leukocytes was
determined by counting leukocytes in a modified Neubauer
chamber after staining with Turk’s solution and differential
counts by evaluating the percentage of each leukocyte on
blood films stained with May-Grunwald-Giemsa.

Measurement of haemoglobin concentrations

The determination of the concentrations of haemoglobin in
tissue was used as an index of tissue haemorrhage. After
washing and perfusing the intestines to remove excess blood
in the intravascular space, a sample of approximately 100 mg
of duodenum was removed and homogenized in Drabkin’s
colour reagent according to instructions of the manufacturer
(Analisa, Belo Horizonte, Brazil). The suspension was
centrifuged for 15 min at 3000 x g and filtered using
0.2 um filters. The resulting solution was read using an
ELISA plate reader at 520 nm and compared against a
standard curve of haemoglobin.

Measurement of cytokine concentrations in serum,
intestine and lungs

TNF-a, IL-18, IL-6 and IL-10 concentrations were measured
in serum and intestine of animals using ELISA techniques
previously described (Rees et al., 1999a,b; Hagan et al., 1993;
Francischi et al., 2000). Serum was obtained from coagulated
blood (15 min at 37°C, then 30 min at 4°C) and stored at
—20°C until further analysis. Serum samples were analysed
at a 1:1 dilution in PBS. One hundred mg of duodenum or
lung of sham-operated and reperfused animals were homo-
genized in 1 ml of PBS (NaCl 0.4 m and NaPO, 10 mMm)
containing anti-proteases (PMSF 0.1 mM, benzethonium
chloride 0.1 mM, EDTA 10 mM and 20 KI aprotinin A)
and 0.05% Tween 20. The samples were then centrifuged for
10 min at 3000 x g and the supernatant immediately used
for ELISA assays at a 1:5 dilution in PBS. ELISA plates
(Nunc MaxiSorb) were coated with sheep anti-rat TNF-o/IL-
1B/IL-6 or IL-10 polyclonal antibodies (1-2 pug ml~') over-
night. The plates were washed thrice and then blocked with
1% bovine serum albumin. After a further wash, plates were
incubated with samples or recombinant rat cytokine and
incubated overnight. The biotinylated polyclonal antibodies
were used at a 1:1000 to 1:2000 dilution and the assays had
a sensitivity of 16 pg ml~".

Drugs and reagents
The following drugs were obtained from Sigma (U.S.A.):

urethane, Evans blue, fucoidin, hexadecyltrimethylammo-
nium bromide. Rolipram was purchased from Calbiochem

(U.S.A)) and SB207499 (Ariflo, Barnette et al., 1998) was a
gift of Chiroscience Limited (Cambridge).

Statistical analysis

Results are shown as means+s.e.mean. Per cent inhibition
was calculated by subtracting the background concentra-
tions of Evans blue extravasation or myeloperoxidase
(obtained in sham-operated animals) from control and
treated animals. Differences were compared by using
analysis of variance (ANOVA) followed by Student-New-
man-Keuls post-hoc analysis. Results with a P<0.05 were
considered significant.

Results

Dose-dependent effects of PDE4 inhibitors in a mild
model of I/ R injury

Initial experiments were carried out in the mild model of I/R
to assess the ideal doses of rolipram to use in further
experiments. Systemic treatment of animals with rolipram
(1-10 mg kg™ ') induced a dose-dependent inhibition of the
vascular permeability changes in the intestine and lung of
reperfused animals (Figure 1). At 10 mg kg~' rolipram the
increase in vascular permeability in the intestine and lungs
were inhibited by 95 and 100%, respectively (Figure 1A,C).
Similarly, rolipram inhibited in a dose-dependent manner the
accumulation of neutrophils, as assessed by concentrations of
MPO, in the intestine and lungs after mild I/R (Figure
1C,D). Maximal inhibition of neutrophil accumulation in the
intestine and lungs occurred at 10 mg kg~' and reached 93
and 97%, respectively (Figure 1). For comparison, experi-
ments were also carried out with a newer generation,
structurally distinct PDE4 inhibitor, SB207499. Similarly to
rolipram, SB207499 dose-dependently inhibited both the
increase in vascular permeability and accumulation of
neutrophils following mild I/R injury (Table 1). Maximum
inhibition occurred in most cases with a dose of 1.5 mg kg~!
of SB207499. In all further experiments, rolipram was used at
the dose of 10 mg kg~

Comparative effects of the treatment with rolipram or an
anti-TNF-o, serum on the local and remote tissue injuries
in a model of severe I/R injury

The next series of experiments was carried out in a model of
severe I/R injury in which, in addition to changes in vascular
permeability and neutrophil accumulation, we could observe
tissue haemorrhage, leucopoenia, changes in cytokine con-
centrations in tissue and blood and lethality (Souza et al.,
2000b). The treatment with rolipram, 45 min prior to
reperfusion virtually abolished the increase in vascular
permeability in the intestine and lungs following severe I/R
injury (Figure 2). Likewise, rolipram inhibited the accumula-
tion of neutrophils in the intestine and lungs by 60 and 80%,
respectively, following severe I/R injury (Figure 2). Intestinal
haemorrhage, as assessed by the extravasation of haemoglo-
bin, was inhibited by 60% in rolipram-treated animals
(Figure 3). For comparison, post-ischaemic treatment with
an anti-TNF-o polyclonal antiserum inhibited by at least
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Figure 1 Dose-dependent effects of the treatment with rolipram on the increase in vascular permeability and recruitment of
neutrophils in the intestine (A,B) and lung (C,D) following mild ischaemia (30 min) and reperfusion (30 min) of the superior
mesenteric artery. Changes in vascular permeability (A,C) were assessed by evaluating the extravasation of Evans blue dye and
neutrophil recruitment (B,D) was assessed by evaluating the tissue levels of myeloperoxidase. Rolipram (1—10 mg kg™') was
given in two equally divided doses s.c. 60 and 15 min prior to reperfusion. Control animals (Vehicle) received phosphate buffered
saline. Results are shown as pug Evans blue or as number of neutrophils per 100 mg of tissue and are the mean+s.e.mean of 4—

6 animals in each group. *P<0.01 when compared to sham-operated animals and #P<0.05 when compared to mild I/R
animals.

Table 1 Dose-dependent effects of SB207499 on the injuries to the intestine and lung following mild ischaemia (30 min) and
reperfusion (30 min) of the superior mesenteric artery

Increase in vascular permeability Neutrophil accumulation
(ug Evans blue/100 mg of tissue) (% 10° neutrophils/100 mg of tissue)
Intestine Lung Intestine Lung
Sham 1.2+0.1 0.740.1 1.0+0.1 0.5+0.1
Mild I/R 52+0.3* 3.7+0.2% 4.540.1% 1.9+0.02%*
SB207499
0.5 mg kg™! 4240.2 2.4+0.1# 4240.2 0.8+0.1#
1.5 mg kg~ 1.6 +0.2# 2.0+0.1# 1.6 +0.1# 0.7+0.1#
5 mg kg™! 1.4+0.1# 1.4+0.1# 1.7+0.1# 0.6+0.1#

Changes in vascular permeability were assessed by evaluating the extravasation of Evans blue dye and neutrophil recruitment was
assessed by evaluating the tissue levels of myeloperoxidase. SB207499 (0.5 to 5.0 mg kg~ ") or vehicle were given s.c. 15 min prior to
reperfusion. Results are shown as ug Evans blue or as number of neutrophils per 100 mg of tissue and are the mean+s.e.mean of

4-5 animals in each group. *P<0.01 when compared to sham-operated animals and #P<0.01 when compared to mild I/R
animals.
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Figure 2 Effects of the treatment with rolipram or anti-TNF-o on the increase in vascular permeability and recruitment of
neutrophils in the intestine (A,B) and lung (C,D) following severe ischaemia (120 min) and reperfusion (120 min) of the superior
mesenteric artery. Changes in vascular permeability (A,C) were assessed by evaluating the extravasation of Evans blue dye and
neutrophil recruitment (B,D) was assessed by evaluating the tissue levels of myeloperoxidase. Rolipram (10 mg kg~') was given s.c.
in two equally divided doses 60 and 15 min prior to reperfusion and anti-TNF-« antiserum (5 ul g~') was given s.c. 60 min prior to
reperfusion. Control animals (Vehicle) received phosphate buffered saline or control sheep serum (results in control animals are
pooled for presentation). Results are shown as pug Evans blue or as number of neutrophils per 100 mg of tissue and are the
mean +s.e.mean of five animals in each group. *P<0.01 when compared to sham-operated animals and #P<0.01 when compared

to mild I/R animals.

90% the increase in vascular permeability (Figure 2) and
neutrophil accumulation (Figure 2) in intestine and lungs and
the intestinal haemorrhage (Figure 3) following severe I/R
injury.

We have previously shown an important role for LTB,
after mild (Souza er al., 2000a) and severe (unpublished
results) I/R injury of the SMA artery. Thus, the concentra-
tions of LTB, in the intestine were measured in control and
treated animals following severe I/R injury. There was a
significant increase in LTB,4 concentrations in the intestine
after severe I/R injury (basal, below detection limit; severe I/
R 56.1+6.9 pg per 100 mg of intestine, n=15). Treatment
with rolipram or anti-TNF-« inhibited the increase in LTBy
concentrations by 78+9.4% and 95+2.5% (n=4-5 in each
group, P<0.01), respectively.

Comparative effects of the treatment with rolipram or
anti-TNF-o. on the concentrations of circulating
neutrophils in a model of severe I/R injury

In agreement with our previous studies (Souza et al., 2000b),
prolonged ischaemia of SMA was accompanied by sig-
nificant neutrophilia which dropped rapidly and persistently
to below background concentrations after reperfusion
(Figure 4). In rolipram- and anti-TNF-o-treated animals,
the neutrophilia following ischaemia was not different from
control animals (Figure 4), as these treatments were
administered at the end of the ischaemic period. Rolipram
partially reversed the neutropenia at 120 min but not 15 min
after the onset of reperfusion (Figure 4). Treatment with
anti-TNF-o partially reversed the fall in neutrophil con-
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Figure 3 Effects of the treatment with rolipram or anti-TNF-a on
the haemorrhage observed in the intestine following severe ischaemia
(120 min) and reperfusion (120 min) of the superior mesenteric
artery. Tissue haemorrhage was assessed by evaluating the tissue
levels of haemoglobin. Rolipram (10 mg kg~!) was given s.c. in two
equally divided doses 60 and 15 min prior to reperfusion and anti-
TNF-o antiserum (5 ul g=') was given s.c. 60 min prior to
reperfusion. Control animals (Vehicle) received phosphate buffered
saline or control sheep serum (results in control animals are pooled
for presentation). Results are shown as pg haemoglobin per 100 mg
of tissue and are the mean+s.e.mean of five animals in each group.
*P<0.01 when compared to sham-operated animals and #P<0.01
when compared to severe I/R animals.

centrations both early and late after reperfusion and the
effects of anti-TNF-a were more pronounced than those of
rolipram (Figure 4).

Comparative effects of the treatment with rolipram or
anti-TNF-o on the lethality and cytokine concentrations
following severe I/ R injury

Figure 5 shows the survival curve of animals after the onset
of reperfusion. Of note, animals began to die from around
30 min after reperfusion and approximately 50% were dead
by 120 min (Figure 5). Under the same conditions, sham-
operated animals did not die. Treatment with rolipram had
no significant effect on lethality whereas anti-TNF-o
treatment was 100% effective in preventing lethality following
severe I/R injury (Figure 5).

Cytokine concentrations were measured in serum and
tissues at the end of the reperfusion period. Both rolipram
and anti-TNF-o treatment abrogated the elevation in TNF-«
concentrations in intestine and lungs (Figure 6A,B). Anti-
TNF-o additionally inhibited by 98% the TNF-« concentra-
tions in serum, whereas these were inhibited by only 57% by
rolipram (Figure 6C). IL-6 concentrations in tissues were also
markedly inhibited by rolipram or anti-TNF-a, whereas the
concentrations of this cytokine in serum was suppressed by
rolipram, but not anti-TNF-o (Table 2). There was only a
slight increase of IL-10 in the intestine and this increase was
blocked by anti-TNF-«, but not rolipram (Table 2). In
contrast, IL-10 concentrations were greatly elevated in the
lungs and, especially, in serum after severe I/R injury. Both
anti-TNF-o and rolipram inhibited the increases in IL-10
concentrations to a similar extent (Table 2). IL-18 concentra-
tions rose only in the lung and serum after severe I/R injury
and treatment with rolipram had no significant effect on the
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Figure 4 Effects of the treatment with rolipram or anti-TNF-o on
the concentration of circulating neutrophils following severe
ischaemia (120 min) and reperfusion (120 min) of the superior
mesenteric artery. Neutrophils were counted in May-Grunwald-
Giemsa-stained blood smears just prior to and at 15 and 120 min
after reperfusion. Rolipram (10 mg kg~!) was given s.c. in two
equally divided doses 60 and 15 min prior to reperfusion and anti-
TNF-z antiserum (5 pul g=') was given s.c. 60 min prior to
reperfusion. Control animals (Vehicle) received phosphate buffered
saline or control sheep serum (results in control animals are pooled
for presentation). Results are shown as the number of neutro-
phils x 10° per ul of blood and are the mean+s.e.mean of five
animals in each group. *P<0.01 when compared to sham-operated
animals and #P<0.05 when compared to severe I/R animals.
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Figure 5 Effects of the treatment with rolipram or anti-TNF-o on
the lethality following severe ischaemia (120 min) of the superior
mesenteric artery. Rolipram (10 mg kg—') was given s.c. in two
equally divided doses 60 and 15 min prior to reperfusion and anti-
TNF-¢ antiserum (5 ul g7') was given s.c. 60 min prior to
reperfusion. Control animals (Vehicle) received phosphate buffered
saline or control sheep serum (results in control animals are pooled
for presentation). Results show the number of surviving animals at
different times after reperfusion in sham-operated animals (sham,
n=>5), vehicle- (n=12), rolipram- (n=14), anti-TNF-a- (n=75) treated
animals.

increases observed (Table 2). Surprisingly, treatment with
anti-TNF-a enhanced the concentrations of IL-18 in the
intestine, lung and serum after severe I/R injury (Table 2). Of
note, IL-1B in serum of anti-TNF-a-treated animals was at
least 20 and three times greater than that found in sham-
operated and vehicle-treated severe I/R animals, respectively
(Table 2).
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Figure 6 Effects of the treatment with rolipram or anti-TNF-o on
the concentrations of TNF-« in the (A) intestine, (B) lung and (C)
serum following severe ischaemia (120 min) and reperfusion
(120 min) of the superior mesenteric artery. TNF-« was assessed by
using a specific ELISA. Rolipram (10 mg kg~") was given s.c. in two
equally divided doses 60 and 15 min prior to reperfusion and anti-
TNF-¢ antiserum (5 ul g=') was given s.c. 60 min prior to
reperfusion. Control animals (Vehicle) received phosphate buffered
saline or control sheep serum (results in control animals are pooled
for presentation). Results are shown as pg TNF-o per ml of plasma
or as pg TNF-a per 100 mg of tissue and are the mean +s.e.mean of
five animals in each group. *P<0.01 when compared to sham-
operated animals and #P<0.05 when compared to severe I/R
animals.

Discussion

The restoration of blood flow of an ischaemic vascular bed,
i.e. reperfusion, is a major therapeutic objective following
ischaemia of an organ or tissue (Willerson, 1997). However,
the reperfusion of an ischaemic bed may lead to inflammation
locally and systemically, limiting the potential benefits of
blood flow restoration. Thus, strategies which limit the injury
caused by the reperfusion process may be a useful adjunct in
the treatment of acute ischaemic disorders in various organs
(Willerson, 1997). Here, we evaluate the effects of treatment
with an important class of anti-inflammatory drugs, PDE4
inhibitors, on the local and systemic injuries following
reperfusion of the ischaemic SMA in rats.

Initial experiments were carried out in a mild model of I/R
injury. Our results clearly show that the prototypic PDE4
inhibitor rolipram inhibited, in a dose-dependent manner,
both the local (intestine) and remote (lung) increase in
vascular permeability and neutrophil accumulation observed
after mild I/R injury. A structurally-unrelated newer
generation PDE4 inhibitor, SB207499 (Barnette et al.,
1998), also inhibited, in a dose-dependent manner, the I/R
injuries observed in the mild model. SB207499 was as
effective as and 3—5 times more potent than rolipram. In
addition, rolipram markedly inhibited the increase in vascular
permeability and neutrophil accumulation in the severe model
of I/R injury. In the severe model, the inhibition of
neutrophil recruitment into tissues was reflected by the
partial capacity of rolipram treatment to reverse the
leucopoenia observed during reperfusion. Also, intestinal
haemorrhage and histopathological damage observed after
severe I/R injury were significantly attenuated by rolipram.
These observations are in line with previous studies
demonstrating the capacity of PDE4 inhibitors to suppress
oedema formation and leukocyte recruitment and activation
in acute models of inflammation (reviewed in Teixeira et al.,
1997; Souness et al., 2000). As the local influx of neutrophils
is a determinant in the development of reperfusion injury
following mild or severe ischaemia (Souza et al., 2000a,b), the
capacity of rolipram to modulate the recruitment of this cell
type may underlie most of the beneficial effects of the
compound in our models. Previous studies using an ex vivo
approach have suggested the potential benefit of PDE4
inhibitors in the treatment of I/R injuries in various models,
including the heart (Barnard er al., 1994; Bleiweis et al.,
1999). However, to our knowledge only one other study has
previously shown a beneficial effect of treatment with PDE4
inhibitors, in an in vivo model of I/R injury (Kato et al.,
1995). Thus, it appears that inhibition of PDE4 enzymes is a
valid principle in the treatment of I/R injury in diverse
organs.

Previously we have shown that LTB4 is an important
mediator of the local and remote injuries following mild I/R
(Souza et al., 2000a). Antagonists of LTB, receptors (BLT) ),
receptor) were more effective at inhibiting the increase in
vascular permeability than the accumulation of neutrophils,
suggesting a role for neutrophil-derived LTBy, in the increase
of vascular permeability following I/R injury (Souza et al.,
2000a). Inasmuch as PDE4 inhibitors are effective modula-
tors of LTB,4 production by neutrophils in vitro, we examined
whether inhibition of LTB4 production could account for
some of the inhibitory effects of rolipram in our model.
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Table 2 Effects of the treatment with rolipram or anti-TNF-o on the concentrations of IL-1f, IL-6 and IL-10 in the intestine, lung and
serum following severe ischaemia (120 min) and reperfusion (120 min) of the superior mesenteric artery

IL-6 IL-10 IL-18
Intestine Lung Serum Intestine Lung Serum Intestine Lung Serum
Sham 5+3 12+4 211+71 93+17 57415 268+ 55 119+15 S11+92 22+3
Severe I/R 168+19* 900+101* 540+146*% 129426 241 +9* 1600+298* 127+16 1105+200% 149 +34*
Rolipram 54+ T# 83+ 18# 70+ 12# 143+13 85+ 16# 567+44#  184+29 780+ 65# 137+22
Anti-TNF-o 37+4#  260+86#  428+85 69+10# 162+23%#  671+75#  220+28#%# 1575+183# 501+51#

IL-1p, IL-6 and IL-10 were assessed by using specific ELISA. Rolipram (10 mg kg™ ) was given s.c. in two equally divided doses 60 and
15 min prior to reperfusion and anti-TNF-o antiserum (5 ug~') was given s.c. 60 min prior to reperfusion. Control animals (Vehicle)
received phosphate buffered saline or control sheep serum (results in control animals are pooled for presentation). Results are shown as
pg cytokine per ml of plasma or as pg cytokine per 100 mg of tissue and are the mean+s.e.mean of five animals in each group.

*P<0.01 when compared to sham-operated animals and #P <0.05 when compared to severe I/R animals.

Pretreatment of animals with rolipram significantly inhibited
the increase in LTB,4 concentrations detected in the intestine
after severe I/R injury. Thus, in addition to inhibiting the
local influx of neutrophils, rolipram may also ameliorate
reperfusion injury by inhibiting the release of neutrophil-
derived factors, such as LTBy.

PDE4 inhibitors are effective suppressors of TNF-a
production by leukocytes and inhibition of TNF-« release
may account for their anti-inflammatory action in some in
vivo models of inflammatory diseases (Teixeira et al., 1997;
Souness et al., 2000). Thus, it was of interest to investigate
the role of TNF-o in our model and the possible effects of
rolipram on TNF-a concentrations. The local and systemic
release and action of TNF-¢ are key features in the
development of the injuries following I/R of several vascular
beds, including the gut (Seekamp et al., 1993; Sorkine et al.,
1995; Yao et al., 1996; Gurevitch et al., 1997). Our results
agree with those of previous studies and confirm the
effectiveness of anti-TNF-a treatment in the suppression of
the local, remote and systemic injuries following severe I/R of
the SMA. Interestingly, whereas the influx of neutrophils was
essential for the tissue production of TNF-u (Souza et al.,
2000b), anti-TNF-o treatment abrogated the influx of
neutrophils in the intestine and lung of reperfused animals.
Thus, it appears that there is an initial production of TNF-«
by resident cells, possibly mast cells (Frangogiannis et al.,
1998), that is sufficient to drive a first wave of incoming
neutrophils which in turn induce further TNF-a production
and further leukocyte recruitment. In this context, rolipram
has been shown to inhibit both neutrophil influx and TNF-«
production directly, and both of these actions could account
for the anti-inflammatory effects of the drug observed in our
model.

In contrast to the complete inhibition of the increases in
tissue TNF-o concentrations by pretreatment with rolipram,
the drug only partially (by 57%) inhibited the increase in
TNF-o concentrations measured in serum. Similarly, strate-
gies (selectin blockade or PAF receptor antagonism) which
blocked neutrophil influx into tissues were effective at
suppressing tissue (lung and intestine), but not systemic,
increases in TNF-o concentrations (Souza et al., 2000b).
Together, these data suggest that systemic increases in TNF-o
concentrations do not derive from the production of this
cytokine in the lung or intestine. Possible sources of the
systemic TNF-o were not investigated in the present study,
but include the liver (Bathe er al., 1998) and, possibly,
endothelial cells in the ischaemic and reperfused intestine

(Wada et al., 2001). In the latter case, it is possible that
endothelial cells would preferentially release TNF-o into the
circulation and not into the reperfused tissue. In contrast to
the partial inhibitory effects of rolipram, pretreatment with
anti-TNF-a abrogated the increases in TNF-a concentrations
in serum and prevented the lethality associated with severe I/
R injury. Thus, whereas tissue TNF-a appears to be essential
for the influx of neutrophils which in turn promote further
TNF-o release and tissue damage, systemic TNF-o is
neutrophil-independent. Moreover, as anti-TNF-o treatment
prevented the lethality associated with I/R injury, we suggest
that systemic levels of TNF-« are largely responsible for the
lethality observed in the model. As PDE4 inhibitors are much
more effective at inhibiting tissue rather than the systemic
concentrations of TNF-o, we suggest that the degree of
inhibition of systemic concentrations of TNF-o is not
sufficient for the drug to prevent the lethality following I/R
injury.

In addition to TNF-o, previous studies have shown that
concentrations of IL-18 and IL-6 are elevated and may have
a pathophysiological role following intestinal ischaemia and
reperfusion injury (e.g. Seekamp er al, 1993; Yao et al.,
1997). Moreover, the production of these cytokines may be
under the influence of TNF-o both in vitro and in vivo (e.g.
Fong et al., 1989). For example, Yao et al. (1997) described a
role for TNF-« in the control of serum IL-6 concentrations
following intestinal I/R injury in rats. In our model,
pretreatment with anti-TNF-o had no significant effect on
systemic IL-6 concentrations, but intestinal and pulmonary
production of IL-6 was markedly attenuated. The reasons for
the discrepancy between our results and those of Yao er al.
(1997) are unclear but differences in methodology (greater
ischaemia period and lethality in our model) may account for
the differences. In contrast to its effects on IL-6 production,
pretreatment with anti-TNF-o antiserum greatly enhanced
the systemic and tissue concentrations of IL-18. This
surprising result—since TNF-o usually stimulates the produc-
tion of IL-1B-requires further study. Pretreatment with
rolipram effectively inhibited IL-6 production confirming the
effectiveness of this drug at inhibiting cytokine production by
leukocytes both in vitro and in vivo. The PDE4 inhibitor also
suppressed the release of IL-1f, albeit to a lesser extent than
its inhibitory effects on TNF-o or IL-6 production. The is in
agreement with in vitro studies demonstrating that TNF-a
and IL-1f production by macrophages are differentially
modulated by cyclic AMP elevating agents (Molnar-Kimber
et al., 1993; Verghese et al., 1995).
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In contrast to its inhibitory effect on pro-inflammatory
cytokine production, PDE4 inhibitors, such as rolipram, and
other cyclic AMP-elevating agents may enhance IL-10
production by activated macrophages in vitro (Kambayashi
et al., 1995; Eigler et al., 1998; Procopio et al., 1999) or
during lipopolysaccharide-induced sepsis in vivo (Strassman et
al., 1994). Moreover, the IL-10 produced may mediate some
of the anti-inflammatory actions of cyclic AMP elevating
agents both in vitro and in vivo (Strassman et al., 1994;
Kambayashi et al., 1995; Eigler et al., 1998; Procopio et al.,
1999). Since IL-10 may be induced in reperfused tissue and
may modulate reaction to injury (Frangogiannis et al., 2000),
we measured the concentrations of this cytokine following
severe I/R injury and observed a significant elevation of IL-
10 concentrations in the serum and lung, but not intestine,
following reperfusion of the ischaemic SMA. IL-10 produc-
tion was partially dependent on TNF-¢, as demonstrated by
the partial inhibitory effects of anti-TNF-a pretreatment.
Pretreatment with rolipram only marginally enhanced IL-10
concentrations in the intestine but significantly abrogated the
concentrations of this cytokine in the lung and serum
following severe I/R injury. Thus, whereas significant 1L-10
is induced following reperfusion of the ischaemic SMA, we
could not detect an increase in the concentrations of this
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