@ British Journal of Pharmacology (2008) 153, 1678-1685
© 2008 Nature Publishing Group  All rights reserved  0007-1188/08 $30.00

www.brjpharmacol.org

RESEARCH PAPER

Sodium/hydrogen exchange inhibition with
cariporide reduces leukocyte adhesion via P-selectin
suppression during inflammation
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S Rohrbach?, B Niemann?, C Schulze!, M Dahm?, C-F Vahl?, K Werdan' and M Buerke®

'Department of Internal Medicine III, Martin Luther-University, Halle (Saale), Germany; *Department of Pathophysiology, Martin
Luther-University, Halle (Saale), Germany and *Department of Cardiothoracic and Vascular Surgery, Johannes Gutenberg-University,
Mainz, Germany

Background and purpose: The Na®/H™* exchange (NHE) inhibitor cariporide is known to ameliorate ischaemia/reperfusion
(I/R) injury by reduction of cytosolic Ca®* overload. Leukocyte activation and infiltration also mediates I/R injury but whether
cariporide reduces I/R injury by affecting leukocyte activation is unknown. We studied the effect of cariporide on thrombin and
I/R induced leukocyte activation and infiltration models and examined P-selectin expression as a potential mechanism for any
identified effects.

Experimental approach: An in vivo rat mesenteric microcirculation microscopy model was used with stimulation by thrombin
©0.5uml™ superfusion or ischaemia (by haemorrhagic shock for 60 min) and reperfusion (90 min).

Key results: Treatment with cariporide (10 mgkg ' i.v.) significantly reduced leukocyte rolling, adhesion and extravasation
after thrombin exposure. Similarly, cariporide reduced leukocyte rolling (54 £ 6.2 to 2.4 £ 1.0 cells min~', P<0.01), adherence
(6.3+1.9 to 1.2+ 0.4cells 100pm~", P<0.01) and extravasation (9.1+2.1 to 2.4+ 1.1 cells per 20 x 100 um perivascular
space, P<0.05), following haemorrhagic shock induced systemic ischaemia and reperfusion. The cell adhesion molecule P-
selectin showed a profound decrease in endothelial expression following cariporide administration in both thrombin and I/R
stimulated groups (35.4 £3.2 vs 14.2 £ 4.1% P-selectin positive cells per tissue section, P<0.01).

Conclusions and implications: The NHE inhibitor cariporide is known to limit reperfusion injury by controlling Ca®* overload
but these data are novel evidence for a vasculoprotective effect of NHE inhibition at all levels of leukocyte activation, an effect
which is likely to be mediated at least in part by a reduction of P-selectin expression.
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Introduction

Although early reperfusion of ischaemic tissue is a desirable
therapeutic goal, reperfusion itself contributes to additional
injury. ‘Reperfusion injury’ has been partly attributed to
neutrophil infiltration and subsequent release of proteases
and oxygen-derived radicals, resulting in severe tissue injury
(Menown and Adgey, 2001).

One of the major mechanisms causing tissue injury after
reperfusion is an intracellular Ca®>* overload (Przyklenk et al.,
1999) resulting in myocardial contracture and irreversible
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tissue injury (necrosis) and apoptosis. Two transmembrane
proteins regulate intracellular pH: the Na*/H* and the
Na ™ /HCOj3 transporters. Ischaemia and reperfusion lead to
intracellular acidification and both transporters are activated.
While the intracellular protons are exchanged for extracel-
lular Na* via the Na*/H"-exchanger (NHE), the rising
intracellular Na* produces an increase in intracellular
Ca®* via the NHE. Thus, intracellular Ca®>* overload ensues
(Baartscheer et al., 2003). This Ca?* excess leads to the
generation of superoxide anions by converting xanthine
dehydrogenase to xanthine oxidase, and these reactive
oxygen species, as well as the intracellular Ca®** increase
itself, can be responsible for severe cellular injury.

In addition to direct injury, the increasing intracellular
Ca?* also acts as second messenger. It contributes to the



generation and release of proinflammatory cytokines (for
example, interleukin 6 and tumour necrosis factor-o)
following nuclear transcription factor-xB translocation, and
acts as a messenger for the expression of adhesion molecules
such as intracellular adhesion molecule 1 (Niessen et al.,
2002), L-selectin (Kao and Millette, 2007) and P-selectin
(Huck et al., 2007). Not only does this calcium flux induce
adhesion molecule expression, but thrombin, a coagulation
and inflammatory cascade mediator, is also known to drive
P-selectin expression (Cleator et al., 2006).

Adhesion molecule expression results in profound changes
in endothelial and leukocyte function, resulting ultimately
in leukocyte infiltration. P-selectin is a key molecule and is
involved in the early stages of the leukocyte-endothelium
adhesion cascade, and promotes leukocyte rolling, which
enables adherence to the endothelium and subsequent trans-
endothelial migration. This recruitment of leukocytes into
injured tissue contributes further to tissue injury in inflam-
matory states (Hayward et al., 1999). Previous studies (Redlin
et al., 2001; Wang et al., 2006) have shown an interaction
between NHE and the leukocyte activation/accumulation
cascade (including influencing other adhesion molecules;
Wang et al., 2006), but none has examined the link between
calcium and thrombin-induced P-selectin expression with
leukocyte transmigration and control of these events by
inhibition of NHEs.

Na*/H™"-exchangers are membrane-bound proteins that
transport H" and Na' in an electro-neutral manner,
utilizing the trans-membrane Na™ gradient as their driving
force. Six mammalian isoforms of NHE (NHEs 1-6) have been
identified (Avkiran and Marber, 2002). NHEs 1 and 6 are
ubiquitous in tissues with high mitochondrial content,
whereas NHEs 2-5 are expressed to a lesser extent. The
Na'/H' exchange inhibitor, cariporide (4-isopropyl-3-
methylsulphonyl-bensonyl-guanidine-methanesulphonate),
inhibits the most abundant subtype-1 isoform of NHE and
has been shown to produce cardioprotection in both animals
and humans (Buerke et al., 1999; Rupprecht et al., 2000).

The aim of this study was to evaluate whether the Na*/H*
exchange inhibitor, cariporide, could influence leukocyte—
endothelial cell interactions and P-selectin expression in the
rat mesenteric microvasculature after inflammatory activa-
tion with either thrombin superfusion or haemorrhage and
re-infusion. This model of inflammatory activation has
similarities with a wide spectrum of inflammatory states in
man, from ischaemia/reperfusion (I/R) to haemorrhagic
shock, and systemic inflammatory response states such as
disseminated intravascular coagulation.

Methods

Intravital microscopy of the rat mesentery

Sixty-eight male Sprague-Dawley rats (weight range 250-
275g) were anaesthetized with sodium pentobarbital
(60 mgkg ') injected intraperitoneally. Assessment of anaes-
thesia was made using vital signs, absence of spontaneous
ventilation and neuromotor indicators. A tracheotomy was
performed to maintain a patent airway throughout the
experiment. A polyethylene catheter was inserted into the
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left carotid artery. Mean arterial blood pressure (MABP) was
continuously recorded on a Hellige Servomed blood pressure
and heart rate recorder using a Medex pressure transducer.
All experiments were approved by the State and University
Animal Care Committee.

A loop of ileal mesentery was exteriorized through a
midline incision and placed in a temperature-controlled,
fluid-filled plexiglas chamber for observation of the mesen-
teric microcirculation by intravital microscopy (Borders and
Granger, 1984). The ileum and mesentery were superfused
throughout the experiment with a buffer-saline solution
(containing (mmol1~!): 140 Na*, 4 K", 2.5 Ca®*, 1 Mg®™,
106 Cl—, 45 HCO3) warmed to 37 °C and bubbled with 95%
N, and 5% CO,. A microscope with a x 40 water-immersion
lens was used to visualize the mesenteric microcirculation
and the mesenteric tissue. The image was projected by a CCD
video camera onto a high-resolution monitor, and the
images were recorded with a videocassette recorder. All
images were then analysed using computerized imaging
software. Red blood cell velocity was determined online
using an optical Doppler velocimetre. This method gives an
average red blood cell velocity, which is digitally displayed
on a metre, and allows the calculation of shear rates. Red
blood cell velocity (V) and venular diameter (D) were used to
calculate venular shear rate (g), employing the formula §=8
(Vmean/D), where (Viean=V/1.6) (Borders and Granger,
1984).

The rats were allowed to stabilize for 20-30 min following
surgery. Thereafter, a 30-50pum diameter post-capillary
venule was chosen for observation. The number of rolling
and adherent leukocytes was determined off-line by analys-
ing the videocassette recording. Leukocytes (principally
neutrophils) were considered to be rolling if they were
moving at a velocity significantly slower than the red blood
cells. Leukocyte rolling is expressed as the number of cells
moving past a designated point per minute (that is,
leukocyte flux). A leukocyte was judged to be adherent if it
remained stationary for >30s. Adherence is expressed as the
number of leukocytes adhering to the endothelium in
100 pum of vessel length. In order to quantify the number
of transmigrated leukocytes, the tissue area adjacent to the
chosen 100-um length of post-capillary venule up to a
distance of 20pum from the vessel wall was analysed. The
number of extravasated leukocytes was counted and normal-
ized with respect to this area.

Thrombin superfusion protocol

Rats were randomly divided into four groups as follows: (1)
control group (mesenteries superfused with buffer alone
cariporide; 5 or 10mgkg™!, intravenously (i.v.)); (2) rats
treated with vehicle (1 ml NaCl 0.9%, i.v.) before thrombin
activation; (3) rats treated with Srngkg’l cariporide, i.v.,
before thrombin activation; (4) rats treated with 10mgkg™!
cariporide, i.v., before thrombin activation. In groups 2
through 4, activation of the inflammatory state was achieved
by the addition of thrombin (0.5 puml™!) to the mesenteric
buffer superperfusate. A baseline recording was made to
establish basal values for leukocyte rolling, adherence and
transmigration (time 0) before the addition of thrombin.
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Video recordings were made initially, 30, 60, 90 and 120 min
after initiation of perfusion, for quantification of leukocyte
rolling, adherence and transmigration.

Haemorrhagic shock (I/R) protocol

Rats were subjected to global ischaemia by haemorrhagic
shock through withdrawal of blood to produce an MABP of
40 mm Hg for 60 min. The blood was collected in a syringe
containing heparin and kept at 37 °C until re-infusion. After
60min, rats were resuscitated by re-infusion of the shed
blood. This procedure reliably produces I/R. Rats were
randomly assigned to one of the following four experimental
groups: (1) sham-operated rats (that is, undergoing an
identical surgical mesenteric externalization procedure, but
without I/R) treated with 10mgkg™" cariporide ; (2) I/R rats
treated with vehicle (1 ml 0.9% NaCl 5min before reperfu-
sion); (3) I/R rats treated with 5mgkg™" cariporide 5min
prior to reperfusion; (4) I/R rats treated with 10mgkg!
cariporide, i.v., S5min before reperfusion. Video recordings
were made initially, 30, 60, 90, 120 and 180min after
initiation of perfusion, for quantification of leukocyte rolling,
adherence and transmigration.

Immunolocalization of P-selectin in the microvasculature
Immunohistochemical localization of P-selectin was per-
formed in ileal samples after intravital microscopy was
completed. This assay was performed in three broad groups
(each with five animals): (i) in buffer-only or sham-operated
rats treated with 10mgkg ! cariporide, (ii) in thrombin- or
I/R-activated rats treated with vehicle and (iii) in thrombin-
or I/R-activated rats treated with 10mgkg ' cariporide. A
segment of ileum was isolated from the intestine and fixed in
4.5% paraformaldehyde in phosphate-buffered saline (pH 7).
After dehydration, the sections were embedded in paraffin
and cut into 5-um tissue sections. P-selectin was identified
by the avidin/biotin immunoperoxidase technique, using a
monoclonal antibody against P-selectin exposed on the
endothelial cell surface. Venules were analysed per tissue
section of five sections per rat examined. The proportion of
venules positive for P-selectin staining is expressed as a
percentage of the total number of venules.

Data analysis

All data on leukocyte rolling, adherence, transmigration and
P-selectin expression, as well as arterial blood pressure and
shear rates, are presented as meansts.e.mean. Data were
compared by analysis of variance using post hoc analysis with
Fisher’s corrected protected least significant difference test,
incorporating repeated measurements. Probabilities of 0.05
or less were considered statistically significant.

Materials used. The Hellige Servomed blood pressure and
heart rate recorder was obtained from Hellige (Freiburg,
Germany); Medex pressure transducer was from Medex Inc.
(Klein-Winternheim, Germany); the microscope with a
x 40 water-immersion lens was from Seiss (Goettingen,
Germany); the optical Doppler velocimetre was from the
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Microcirculation Research Institute (College Station, TX,
USA); the avidin/biotin immunoperoxidase system was from
Vectasin ABC Reagent (Vector Laboratories, Burlingame, CA,
USA); the monoclonal antibody against P-selectin was from
Pharmingen (Hamburg, Germany). Cariporide was obtained
from Aventis Pharmaceuticals (Frankfurt, Germany).

Results

Haemodynamic effects of cariporide following thrombin-induced
leukocyte-endothelial cell interaction

There was no difference in the initial MABP between any of
the groups following surgical procedures to expose ileal
mesentery. MABPs ranged between 120 to 140 mm Hg.
Neither cariporide nor thrombin (alone or in combination)
produced any significant change in haemodynamic mea-
surements of heart rate, MABP and venular shear rates
throughout the 120-min observation period. Venular dia-
meters ranged from 35 to 42 um in all groups.

Effect of cariporide on thrombin-induced leukocyte—endothelial
cell interaction

Superfusion of control rat mesenteries with buffer alone
for 120 min consistently resulted in a low number of rolling
(12.5+4cellsmin™!), adhering (0.8-1.2cells per 100pum
vessel length) and transmigrated leukocytes (1.8 £0.8 cells
per 20 x 100 um perivascular space). Treatment of control
rats with cariporide, either 5 or 10mgkg ! (Figures 1-3), did
not produce any significant change in baseline parameters of
leukocyte activation compared with control.

Superfusion of the rat mesentery with 0.5 ukg™' thrombin
over 120min resulted in a significant time-dependent
increase in leukocyte rolling (18 +4 to 55+ 8cellsmin~%;
Figure 1) and leukocyte adherence (Figure 2). Similarly,
transmigration of leukocytes into the extravascular space (to
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Figure 1 Leukocyte rolling in thrombin-activated rat mesenteric

venules. Superfusion of the mesentery with buffer containing
0.5uml™" thrombin significantly increased leukocyte rolling.
Leukocyte rolling was significantly inhibited by pretreatment
with 10mgkg™" cariporide. Values are means * s.e.mean. Asterisks
indicate a significant difference from the time-matched thrombin
plus vehicle group, where *P<0.05, **P<0.01 and ***P<0.001.
There were 5-9 rats in each group.
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Figure 2 Leukocyte adherence in thrombin-activated rat mesen-
teric venules. Superfusion of the mesentery with buffer containing
0.5uml~" thrombin significantly increased leukocyte adherence.
Leukocyte adherence was significantly inhibited by pretreatment
with 10mgkg~" cariporide. Values are means * s.e.mean. Asterisks
indicate a significant difference from the time-matched thrombin
plus vehicle group, where *P<0.05, **P<0.01 and ***P<0.001.
There were 5-9 rats in each group.
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Figure 3 Leukocyte transmigration in thrombin-activated rat
mesenteric venules. Superfusion of the mesentery with buffer
containing thrombin 0.5 uml™" for 120 min significantly increased
the number of transmigrated leukocytes. Transmigration was
significantly reduced by pretreatment with T0mgkg™" cariporide.
Values are means + s.e.mean. ** Indicate a significant difference from
the time-matched thrombin plus vehicle group (P<0.01). There
were 5-9 rats in each group.

a distance of 20 um from the vessel wall) increased sixfold
with thrombin superfusion (Figure 3). This thrombin-
induced leukocyte rolling, adhesion and transmigration
was significantly and substantially reduced by cariporide
pretreatment. Furthermore, this cariporide-mediated reduc-
tion in leukocyte activation was dose-dependent (Figures 1-3).
Figure 4 shows videomicroscopy stills captured from the
sham, stimulated and cariporide-treated groups in both
thrombin- and haemorrhagic shock-activated models. Micro-
vascular flow appearances were normal in sham animals.
Following thrombin and simulated I/R activation, marked
slowing of cells at the periphery of the vessel due to
leukocyte rolling and adherence was seen. The rolling and
adherence of leukocytes was abolished by treatment with
cariporide in thrombin and simulated ischaemia groups.
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Haemodynamic effects of cariporide in haemorrhagic shock

All groups of rats exhibited similar initial MABP values in the
range of 119 to 130 mm Hg. In sham-operated rats, MABP did
not significantly change over the 180-min experimental
period. Among the I/R rats, MABP did not differ significantly.
Heart rates increased during the haemorrhage phase of the
I/R experiments, but returned to baseline upon reperfusion
(data not shown).

Initial venular shear rates (analogous to mesenteric blood
supply) were similar in the four experimental groups. After
haemorrhage, shear rates in mesenteric venules abruptly
decreased to less than 5% of the observed initial values and
returned to initial values upon re-infusion of shed blood.
Therefore, this haemorrhagic shock model is characterized
by a marked hypoperfusion of the splanchnic microvascu-
lature during the oligaemic phase and reperfusion of the
splanchnic microvasculature following re-infusion of the
shed blood.

Effect of cariporide on I/R-induced leukocyte—endothelial cell
interaction

A low baseline number of rolling (5-10 cells min~}; Figure 5)
and adherent cells (0.3-1.0 cells per 100 um; Figure 6) were
observed in the mesenteric microvasculature in all groups.
However, the number of rolling and adherent leukocytes in
I/R rats treated with vehicle exhibited a greater than fivefold
increase (up to 54 + 6.2 rolling cells per minute and 6.3+ 1.9
adhering cells per 100 um, respectively, P<0.01) after re-
infusion of the shed blood (Figures 5 and 6). Similarly the
number of extravasated leukocytes in the surrounding tissue
was significantly increased in I/R rats given vehicle-only
treatment (2.1+0.8 to 9.1+2.1 cells per 20 x 100 pm peri-
vascular space, P<0.01; Figure 7). The administration of
cariporide significantly inhibited the number of rolling (70%
reduction) and adherent (60% reduction) leukocytes along
the mesenteric endothelium after reperfusion (Figures 5 and
6). Similarly, cariporide (at 5 and 10mgkg™') significantly
attenuated the number of extravasated leukocytes. At the
10mgkg ! dose, the degree of attenuation was from 9.1 + 2.1
to 2.4+ 1.1 cells per 20 x 100 pm perivascular space (P<0.05;
Figure 7). This effect was dose-dependent since 5mgkg™"
cariporide resulted only in less inhibition. Notably, no
significant change in the total number of circulating
white blood cells was observed in any of the experimental
groups, hence changes in leukocyte activation could not
be attributed to systemic leukopaenic effects following
cariporide.

Immunolocalization of P-selectin in the rat mesenteric
microvasculature

Figure 8 illustrates the immunohistochemical data for
P-selectin expression from the I/R series. The percentage of
venules staining positively for P-selectin in rats subjected to a
sham surgical procedure was consistently low (that is, <2%).
In contrast, P-selectin expression on the venular endo-
thelium was significantly increased by I/R stimulation (up
to 36.6 £3.9% P-selectin-positive cells, P<0.05). Treatment
with cariporide (10mgkg™") caused a significant reduction
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Figure 4 Representative videomicroscopy stills showing the mesenteric microcirculation from sham (top panels), activated (middle panels)
and activated, cariporide-treated (bottom panels) groups. The images on the left are from the thrombin-activated series and those on the right
are from the haemorrhagic series of experiments. Vascular flow is normal in the sham group. Thrombin exposure or haemorrhagic shock
activates leukocytes and endothelium, causing rolling and adherence of these cells to the vessel wall (arrows). The observed rolling and
adherence of leukocytes to endothelium was abolished by cariporide treatment.
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Figure 5 Leukocyte rolling in haemorrhagic shock-induced, I/R-
activated rat mesenteric venules. Rats subjected to I/R showed
increased leukocyte rolling in the mesenteric microvasculature.
Leukocyte rolling was significantly inhibited by pretreatment with
10mgkg™"' cariporide. Values are meansz*s.e.mean. Asterisks
indicate a significant difference from the time-matched I/R plus
vehicle group, where *P<0.05, **P<0.01 and ***P<0.001. There
were 6-10 rats in each group. I/R, ischaemia/reperfusion.

(by over half) of this P-selectin expression by the
endothelium to 15.8 £2.9% of cells compared with vehicle
(P<0.01).

The thrombin stimulation model yielded similar results.
Buffer-perfused (control) animals had low levels of P-selectin
expression (<2%). Thrombin activation produced a pro-
found increase in P-selectin expression to 25.3 £ 1.9% of cells
(P<0.05). Again, cariporide treatment significantly reduced
the thrombin-induced P-selectin expression by approxi-
mately half to 13.4 £2.7% cells (P<0.01).
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Discussion and conclusions

Cariporide is known to limit reperfusion injury by control-
ling intracellular CaZ* overload (ten Hove et al., 2003).
Leukocyte infiltration is a recognized feature of reperfusion
injury (Repo and Harlan, 1999) and we speculated that
cariporide may exert some of its beneficial effects by
affecting the leukocyte-endothelial cell interaction via a
mechanism involving changes in P-selectin expression.

Our data show that NHE 1 inhibition with cariporide
results in a significant and substantial reduction in all stages
of leukocyte-endothelial cell interaction (that is, rolling,
adhesion and transmigration) in an in vivo model eliciting
activation using thrombin stimulation or a haemorrhagic
shock/reperfusion model. The use of intravital microscopy
allowed a direct determination of the separate steps of the
leukocyte-endothelial cell interaction. We observed that
the attenuation of leukocyte activation by cariporide is
dose-dependant. Furthermore, we showed that the effect of
cariporide on leukocyte activation is associated with sup-
pression of P-selectin expression on the endothelial surface.
Importantly, we found that the effects of cariporide occurred
without any significant alterations in local microvascular
flow changes (such as shear rates) or systemic changes (such
as altered haemodynamic state or leukopaenia).

The cellular mechanisms underlying ischaemia reperfu-
sion injury have received much attention (Avkiran and
Marber, 2002). Hypoxia leads to ATP depletion and cytosolic
acidosis. Cells attempt to deal with the acidosis using the
NHE, which results in increasing intracellular sodium.
The Na*/Ca®* antiporter (which normally exports Ca®")
is recruited in a reversed direction to remove sodium, but
this results in cytosolic Ca?* overload, which is central to
reperfusion injury. Interestingly, thrombin stimulation (such
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Figure 6 Leukocyte adherence in haemorrhagic shock-induced, I/R-activated rat mesenteric venules. Rats subjected to I/R showed increased
leukocyte adherence in the mesenteric microvasculature. Leukocyte adherence was significantly inhibited by pretreatment with 10mgkg™"
cariporide. Values are means +s.e.mean. Asterisks indicate a significant difference from the time-matched I/R plus vehicle group, where
*P<0.05, *P<0.01 and ***P<0.001. There were 6-10 rats in each group. I/R, ischaemia/reperfusion.
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Figure 7 Leukocyte transmigration in haemorrhagic shock-in-
duced, I/R-activated rat mesenteric venules. Rats subjected to I/R
showed increased leukocyte transmigration in the mesenteric
microvasculature. Transmigration was significantly inhibited by
pretreatment with 10mgkg ™" cariporide. Values are means + s.e.mean.
Asterisks indicate a significant difference from the time-matched
I/R plus vehicle group, where *P<0.05 and **P<0.01. There
were 6-10 rats in each group. I/R, ischaemia/reperfusion.

as employed in the present study) is known to produce a
similar sequence of intracellular Ca®>* overload and subse-
quent tissue injury (Lorant et al., 1991). Following reperfu-
sion, the Ca®>* leads to contracture injury and a cascade of
protease-driven redox reactions, resulting in hypoxanthine
production and formation of superoxide anion, each of
which mediates the deleterious effects of reperfusion injury.
NHE inhibition with agents such as cariporide is known to
limit or abolish this Ca?* overload (Lee et al., 2005), and it is
via this mechanism that cariporide is assumed to have
conferred cardioprotection in numerous animal studies
(Castella et al., 2003; Kristo et al., 2004; Davies et al., 2005;
Fantinelli et al., 2006). Evidence for NHE inhibition mediat-
ing cardioprotective effects in human studies (Rupprecht
et al., 2000; Theroux et al., 2000) has been conflicting and is
at odds with the animal data, a fact that is somewhat
surprising given the relative consistency with which the
cellular apparatus that mediates reperfusion injury is con-
served between species (Pan et al., 1998). Some of the

observed differences between the positive animal studies and
negative human studies may relate to the point of NHE
inhibition in the ischaemia reperfusion timescale.

In addition to this ‘classical’ mechanism of injury, the
importance of leukocyte activation and migration into the
ischaemic tissue as a contributor to reperfusion injury is
being realized (Marshall and Haskard, 2002). Leukocyte
migration through the endothelium is a key step in the
inflammatory response known to occur in various patholo-
gical states like trauma, I/R and shock (McIntyre et al., 2003).
Having followed a chemotactic gradient, migrated leuko-
cytes unleash a further cascade of injurious effects within
the reperfused tissue. Systemic neutropoenia has long been
recognized as a potent cause of cardioprotection in various
pathological states (Romson et al., 1983). The carefully
choreographed sequence of leukocyte activation involving
capture, rolling, adhesion and transmigration, and this
sequence, are dependent upon the de novo expression or
release of previously synthesized cell adhesion molecules
such as selectins and integrins. Selectins mediate leukocyte
capture and rolling, whereas integrins facilitate firm adhe-
sion and transmigration through the endothelium (Lefer,
2000). Of the selectins, P-selectin seems to be an early and
important mediator in this process. Both I/R and thrombin
exposure are known to enhance P-selectin expression on
endothelial cell surfaces (Lorant et al., 1991). In fact, I/R and
thrombin both produce intracellular hypercalcaemia
(Baartscheer et al., 2003; Cleator et al., 2006), and previous
data show that the Ca®* overload behind these insults
provide the signalling for calcium-induced adhesion mole-
cule recruitment. Thus, I/R and thrombin both cause
intracellular calcium overload, which provides signal for
the expression of adhesion molecule, including changes in
intracellular adhesion molecule 1 synthesis (may be
mediated by nuclear transcription factor-«B) (Sun et al.,
2001) and, similarly, increased P-selectin expression by its
inclusion into Weibel-Palade bodies and subsequent trans-
port to the cell surface for expression. These events explain
one way in which tissue stress can lead to leukocyte
infiltration and hence injury.
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Figure 8 P-selectin expression in haemorrhagic shock-induced, I/R-
activated rat mesenteric venules. Columns show the percentage of
positively staining venules expressed as mean +s.e.mean. Vehicle-
treated animals had a substantial rise in expression from control
levels. Treatment with cariporide significantly reduced expression
compared with vehicle-treated animals (**P<0.01). Five rats were
studied in each group and 20 sections were studied in each rat. I/R,
ischaemia/reperfusion.

Evidence shows that NHE inhibition affects cell-cell and
cell-endothelial call interactions. Activation of cellular
components such as polymorphonuclear leukocytes
(Gewirtz et al., 1998), monocytes (Kaloyianni et al., 2005)
and platelets (Lee et al., 2006), as well as the endothelial
component (Gumina et al.,, 2001) of cell migration, are
inhibited by cariporide. The effect of the cariporide inhibi-
tion of these various components is to inhibit leukocyte
migration following reperfusion in many tissue types, an
effect that has been shown in several studies (Gumina et al.,
2000).

Although an effect of cariporide on other cell adhesion
molecules has been shown, its impact on P-selectin was
hitherto unknown. Previous studies have demonstrated an
effect of cariporide on L-selectin (Redlin et al., 2001) and
intracellular adhesion molecule 1 (Hattori et al., 2001; Wang
et al., 2006) expression following inflammatory stimulation.
Other groups have used specific pharmacological inhibitors
of these and other adhesion molecules to produce cardio-
protection (Fukushima et al., 2006). Thus, previous data
clearly show that I/R and thrombin cause calcium signalled
adhesion molecule expression and, hence, leukocyte infiltra-
tion with tissue injury, and that these effects can be reduced
by NHE inhibition (Huck et al., 2007). However, the present
study is the first to show both ischaemic and inflammatory
(thrombin) insults generate P-selectin expression together
with all subsequent steps of leukocyte infiltration, and that
this entire sequence can be inhibited (at all stages) by NHE
inhibition with cariporide. Given the previous data, we
propose that the effect of cariporide is, via NHE inhibition,
to suppress calcium-induced P-selectin expression and hence
endothelial cell-leukocyte activation. Since P-selectin activa-
tion occurs early in the leukocyte infiltration sequence,
blockade of P-selectin activation may allow to control of all
subsequent steps of adhesion molecule and hence leukocyte
activation in inflammatory states.

In conclusion, in the past it has been shown that
intracellular calcium overload results from ischaemic and
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proinflammatory insults (such as thrombin exposure). This
calcium flux is a trigger for the expression of adhesion
molecules. NHE inhibition is known to control such calcium
and pH fluxes and may thereby limit selectin expression. We
provide novel data linking NHE inhibition and P-selectin
expression. This was shown to limit the initial ‘rolling’ stage
of leukocyte-endothelial call interaction and also all sub-
sequent stages of this interaction, culminating in a reduction
in leukocyte tissue accumulation and tissue injury.

This may be an important additional mechanism by which
cariporide inhibits leukocyte-endothelial cell interaction in
inflammatory states. Evidence is accumulating that inhibi-
tion of the NHE represents a potent tool to modulate
leukocyte-induced endothelial dysfunction. In this way,
leukocyte accumulation and leukocyte-mediated injury
may be reduced in a wide variety of tissues (such as hepatic,
pulmonary, myocardial) and disease processes (such as I/R,
thrombosis and other systemic inflammatory states).
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