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Cardioprotective actions of oligotide, a single stranded

polydeoxyribonucleotide complex, in myocardial ischaemia and

reperfusion injury

Toyoaki Murohara, Michael Buerke & 'Allan M. Lefer

Department of Physiology, Jefferson Medical College, Thomas Jefferson University, Philadelphia, PA 19107-6799, U.S.A.

1 The efficacy of oligotide, a single stranded polydeoxyribonucleotide complex, was examined in a
feline model of myocardial ischaemia (MI: 90 min) and reperfusion (R: 270 min). Oligotide (15 mg kg~!
bolus) was administered intravenously 80 min after occlusion of the left anterior descending (LAD)
coronary artery (i.e., 10 min prior to R) and continued for an additional 280 min (10 mg kg=' h~!
infusion).

2 Oligotide-treated cats showed significantly smaller myocardial necroses and lower cardiac

myeloperoxidase activities (significantly lower neutrophil infiltration) in the necrotic zone as compared
to MI+R cats receiving only vehicle.

3 LAD coronary arteries isolated from MI+ R cats exhibited a significant endothelial dysfunction (i.e.,
reduced endothelium-dependent relaxation), and significantly increased adherence of polymorphonuclear
neutrophils (PMNs) ex vivo. However, oligotide significantly preserved endothelial function and
attenuated PMN adherence in ischaemic LAD coronary arteries.

4 Oligotide attenuated P-selectin expression on thrombin-stimulated platelets as well as PMN
adherence to thrombin-stimulated coronary endothelium. Immunohistochemical examination in vivo

revealed that oligotide treatment also significantly inhibited coronary endothelial P-selectin expression
after 90 min MI and 20 min R.

5 Oligotide exerted a significant cardioprotection in MI+R injury. The mechanism appears to be
related to attenuation of PMN-endothelial interaction and eventual infiltration into the ischaemic
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myocardium.
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Introduction

Coronary artery reperfusion is the most effective treatment for
patients with acute myocardial infarction; however, reperfu-
sion itself often results in enhanced tissue damage, a phe-
nomenon called reperfusion injury (Braunwald & Kloner,
1985; Farb et al., 1993). Adhesion of polymorphonuclear
leukocytes (PMNs) to the vascular endothelium and sub-
sequent accumulation of PMNs into the ischaemic myo-
cardium are believed to play an important role in MI+R
injury (Engler et al., 1986; Entman et al., 1991). In this regard,
inhibition of neutrophil-endothelial interaction after reperfu-
sion (e.g., by monoclonal antibodies directed against cell ad-
hesion molecules, or by a putative soluble ligand such as sialyl
Lewis® oligosaccharide) significantly attenuates MI+R injury
(Simpson et al., 1988; Ma et al., 1991; Weyrich et al., 1993;
Buerke et al., 1994).

Oligotide is low-molecular weight fraction of defibrotide
and is a complex of single-stranded polydeoxyribonucleotides
isolated by a controlled depolymerization of bovine lung DNA
and comprises a cluster of chains of different length and base
sequences (Bianchi et al., 1993; Lanzarotti et al., 1993; Skurk et
al., 1995). The chain length of oligotide is distributed in a
Gaussian-like fashion, with a purine/pyramidine nucleotide
molar ratio of 1.0+ 0.2 (Lanzarotti et al., 1993). The molecular
weight of oligotide is 8 +2 kDa, while that of defibrotide is
20-30 kDa. Recently, defibrotide has been found to exert
cytoprotective actions in acute inflammatory disorders (Niada
et al., 1986; Lefer et al., 1990; Palmer & Goa, 1993). Inter-
estingly, difibrotide has been shown to inhibit both activation
and accumulation of PMNs in MI+ R-induced tissue injury
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(DiPerri et al., 1987, Lefer et al., 1990). We therefore reasoned
that these properties of oligotide could attenuate MI+ R-in-
duced myocardial tissue injury; however no study has been
performed.

Accordingly, the main purposes of the present study were
(a) to investigate whether oligotide has a cardioprotective ac-
tion in MI+R injury in vivo, and (b) to elaborate the me-
chanism(s) by which oligotide may achieve cardioprotective
effects with special reference to the PMN-endothelial interac-
tions.

Methods

Myocardial ischaemia and reperfusion in cats

Adult male cats (2.5-3.9 kg) were anaesthetized with sodium
pentobarbitone (30 mg kg~' body weight, i.v.). An intratra-
cheal cannula was inserted, and cats were placed on inter-
mittent positive-pressure ventilation. A polyethylene catheter
was inserted into the right femoral artery for measurement of
mean arterial blood pressure. Additional polyethylene cathe-
ters were inserted into the right external jugular vein for in-
fusion of oligotide or its vehicle, and into the right femoral vein
for additional infusion of anaesthetic. A midsternal thor-
acotomy was performed, and the pericardium was opened to
place a 30 silk ligature around the left anterior descending
(LAD) coronary artery 8 to 10 mm from its origin. Standard
lead II of the scalar ECG was used to measure ST-segment
elevation and heart rate. The ECG and mean arterial blood
pressure were continuously monitored and recorded on a
Grass Instrument model 7 oscillographic recorder (Quincy,
MA, U.S.A)) every 20 min.
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Experimental protocol

Animals were allowed to stabilize for 30 min after surgery, and
baseline recordings of ECG and mean arterial blood pressure
were made. Myocardial ischaemia was produced by tightening
the silk ligature previously placed around the LAD to com-
pletely occlude the vessel. This was designated as time zero.
After 90 min of ischaemia, the LAD slip knot was untied, and
the ischaemic myocardium was reperfused for 270 min, re-
sulting in a total experimental period of 6 h. Ten minutes prior
to reperfusion, 15 mg kg=! of oligotide (Crinos Biol. Res.
Labs. Villa Guardia (CO) Italy) or its vehicle (2 ml of Krebs-
Henseleit solution; K-H solution) was injected as a bolus in-
travenously. This was followed by an infusion of
10 mg kg=! h~! of oligotide or 1.34 ml h~! of K-H solution
(vehicle) which continued until the end of the protocol. In
preliminary experiments, we tested a half dose of oligotide (i.e.

7.5 mg kg~ bolus injection followed by 5 mg~' kg~! h-!
infusion) in three cats in the same experimental protocol. This
concentration produced only partial cardioprotective effects,
thus, we employed 15 mg kg~! bolus plus 10 mg kg~' h~!
infusion of oligotide for the entire experimental protocol. The
animals were randomly divided into 3 groups: (a) sham MI+R
cats treated with oligotide which were subjected to all surgical
manipulations except that the ligature around the LAD was
not tightened (n=>5); (b) MI+R given K-H solution as a ve-
hicle (n=38); and (c) MI+R treated with oligotide (n=7).

Blood sampling and CK measurement

Arterial blood samples (2 ml) were drawn every hour during
the experimental protocol. Each blood sample was collected in
tubes containing 200 iu of heparin sodium. After counting
white blood cells in a haemocytometer (Unopette; Fisher Sci-
entific, Pittsburgh, PA, U.S.A.), blood was centrifuged at
2500 g at 4°C for 20 min. The plasma was drawn off and
analyzed spectrophotometrically for creatine kinase (CK) ac-
tivity according to the method of Rosalki (1967). Plasma
protein concentration was measured by the biuret method
(Gornall et al., 1949).

Determination of myocardial necrosis

Myocardial necrosis was analyzed by a double staining method
(i.e., Evans blue and nitroblue tetrazolium) as reported pre-
viously (Ma et al., 1991). At the end of the protocol, the LAD
was again occluded and Evans blue was rapidly injected into
the left ventricle. Thus, the area-at-risk (AAR) was determined
by negative staining of Evans blue. The heart was isolated in
warmed oxygenated K-H solution consisting of (in mmol 17'):
NacCl 118, KCl 4.75, CaCl, 2.54, KH,PO, 1.19, MgSO, 1.19,
NaHCO; 12.5 and glucose 10.0. After isolating the left cir-
cumflex (LCX) and the LAD coronary arteries, the left ven-
tricle was sliced and the unstained AAR portion was separated
from the Evans blue-stained area-not-at-risk (ANAR) portion.
Only the AAR myocardium was sliced and further incubated
in 0.1% nitroblue tetrazolium at 37°C for 7 min. Nitroblue
tetrazolium forms a blue formazan colour in the presence of
intact coenzymes and dehydrogenases and thus stains only
non-necrotic tissue (Klein ez al., 1981). Finally nitroblue tet-
razolium-negative portion (necrotic tissue) was separated from
the nitroblue tetrazolium-positive portion (i.e. non-necrotic
tissue). Three portions of the left ventricular myocardium (i.e.,
ANAR, non-necrotic AAR, and necrotic AAR) were then
weighed, and the results were expressed as the AAR as a
percentage of the total left ventricular mass, and the area of
necrosis calculated as a percentage of either the AAR of the
total left ventricular mass. Aliquots of these three regions of
myocardium were stored at —70°C for later assay of myelo-
peroxidase activity.

In three additional cats receiving vehicle, the above proce-
dures were repeated except that half of the AAR was incubated
with oligotide to rule out the possibility that oligotide directly

altered the staining properties of the nitroblue tetrazolium.
The area of necrotic tissue calculated as a percentage of the
AAR was 38.4+6.2% in the control AAR samples and was
36.5+4.7% in the AAR samples incubated with oligotide
(1 mg ml~?) indicating that oligotide had no artifactual effect
on nitroblue tetrazolium staining.

Determination of tissue myeloperoxidase activity

Myeloperoxidase is virtually exclusively present in neutrophils;
thus, cardiac myeloperoxidase activity represents the extent of
PMN infiltration. The enzyme activity was determined by the
method of Bradley et al. (1985) as modified by Mullane et al.
(1985). The myocardium was homogenized in 50 mmol 1~
potassium phosphate buffer at pH 6.0 containing 0.5% hex-
adecyltrimethyl ammonium bromide (Sigma) with a Polytron
(PCU-2) homogenizer for 30 s at 7000 r.p.m. Homogenates
were centrifuged at 15,000 g at 4°C for 30 min. The super-
natants were then collected and reacted with 0.167 mg ml~" of
o-dianisidine dihydrochloride (Sigma) and 0.0005% H,O, in
50 mmol 1! phosphate buffer at pH 6.0. The change in ab-
sorbance was measured spectrophotometrically at 460 nm.
One unit of myeloperoxidase activity was defined as that
quantity of enzyme hydrolyzing 1 mmol of hydrogen perox-
ide min~! at 25°C. The assays were performed without
knowledge of the origin of the samples.

Isolated coronary artery ring studies

After finishing the 6 h experimental protocol, hearts were ra-
pidly excised and immersed in warmed (37°C) K-H solution,
and both LAD and left circumflex (LCX) coronary arteries
were isolated with ceramic microscissors. Adherent connective
tissue and fat were dissected free from the vessels and cleaned
with special care not to injure the endothelial surface. The
vessels were cut into rings of 2 to 3 mm in length which were
then mounted on stainless steel hooks, suspended in organ
baths, and connected to FT-03 force displacement transducers
(Grass Instrument Co., Quincy, MA) to record isometric force.
The baths were filled with 10 ml K-H solution and aerated
with a gas mixture of 95% O,+5% CO, at 37°C. Coronary
rings were initially stretched to give a resting force of 0.5 g and
equilibrated for 60 min. During this period, the K-H solution
was replaced every 20 min. After equilibration, the rings were
exposed to 100 nM U-46619 (Biomol, Plymouth Meeting, PA,
U.S.A.), a thromboxane A,-mimetic, to generate 0.5 g of
preload. Once a stable contraction was obtained, an en-
dothelium-dependent vasodilator, acetylcholine (0.1, 1, 10 and
100 nmol 1~!') (Sigma) was added to the bath. After the re-
sponse stabilized, the rings were washed and allowed to equi-
librate to baseline again. The procedure was repeated twice
with another endothelium-dependent vasodilator calcium io-
nophore A-23187 (1, 10, 100 and 1000 nmol 1~!) (Calbiochem,
La Jolla, CA, U.S.A.)) and then with an endothelium-in-
dependent dilator acidified sodium nitrite (0.1, 1, 10, and
100 umol 1-!; NaNO,).

Determination of PMN adherence to ischaemic-
reperfused coronary endothelium ex vivo

Autologous PMNs were isolated from arterial blood (20 ml)
freshly drawn before surgery by the method of Lafrado &
Olsen (1986) as modified by Weyrich et al. (1993). Isolated
PMNs were >95% viable by trypan blue exclusion and were
>95% pure. Isolated autologous PMNs were then labelled
with a fluorescent PKH2-GL dye (Sigma, St. Louis, MO,
U.S.A) according to the method of Yuan & Fleming (1990).
Two ml of PBS with 10% platelet-poor plasma was added to
stop the labelling reaction. Cells were then centrifuged at 400 g
for 10 min at room temperature. The supernatant was re-
moved, and the cells were resuspended in PBS and then re-
counted. This isolating and labelling procedure yields cat
PMNs possessing normal morphology and function.
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Ischaemic-reperfused LAD (non ischaemic LAD in sham)
and control LCX coronary arteries were isolated at the end of
the protocol as described above and cut into segments. Cor-
onary segments were then placed in round cell culture dishes
containing 3 ml of oxygenated K-H buffer at 37°C. Auto-
logous labelled PMNs (400,000 PMNs ml~') were then gently
added to the dishes and allowed to incubate for 20 min in a
metabolic shaker bath at 37°C. After incubation, the segments
were removed and number of PMNs adhered to coronary
endothelial surface was counted using epifluorescence micro-
scopy (Nikon, Garden City, NY) as previously reported (Ma et
al., 1991). The number of PMNs was counted in duplicate and
reported as PMNs per square millimeter of the endothelial
surface.

Effect of oligotide on unstimulated PMN adherence to
thrombin-stimulated coronary endothelium in vitro

To clarify further the effects of oligotide on PMN-endothelial
interaction, in five additional cats, peripheral blood (100 ml)
was collected from the femoral artery after anaesthesia, and
anticoagulated with citrate-phosphate-dextrose solution (Sig-
ma). PMNs were later isolated and labelled. Hearts were im-
mediately removed and placed in oxygenated K-H buffer. Both
the LAD and LCX coronary arteries were removed and cut
into segments 2 to 3 mm in length, and placed into a cell
culture dish for adherence assay as described above. Then,
graded concentrations of oligotide (0.1, 0.25, 0.5 and
1 mg ml~?) or its vehicle (K-H solution) were added to the cell
culture dishes and incubated for 10 min. To stimulate en-
dothelial cells, the coronary segments were incubated for
10 min with 2 u ml~! of thrombin (Sigma). This concentration
of thrombin has been demonstrated to facilitate P-selectin-
mediated PMN-endothelial interaction (Weyrich et al., 1993;
Murohara et al., 1994). After this incubation, the coronary
segments were removed and placed in fresh K-H solution.
Labelled autologous PMNSs (400,000 PMNs ml~') were then
added to coronary segments. After 20 min of incubation with
PMNs, the coronary segments were removed and adherent
PMNs were counted by epifluorescence microscopy as de-
scribed above.

Immunohistochemistry

To assess the effect of in vivo oligotide administration on the
coronary endothelial expression of P-selectin, 3 additional cats
given oligotide (15 mg kg~' bolus plus 10 mg kg=' h~! in-
fusion) and 3 cats given vehicle were exposed to 90 min of MI
followed by 20 min of R. This time course has been shown to
upregulate P-selectin significantly on coronary endothelium
(Weyrich et al., 1993). The hearts were subsequently removed,
and prepared for immunohistochemical analysis of P-selectin
using an immunoperoxidase method as described by Beckstead
et al. (1986) as modified by Weyrich et al. (1993).

The percentage of immunolabelled post-capillary venules
was assessed in random tissue sections as an index of the extent
of upregulation of endothelial P-selectin. The total number of
venules (50 to 100 vessels/section) for each tissue section was
analyzed using 100 separate fields with a viewing radius of
500 um. The number of immunostained vessels (i.e., perox-
idase reaction occurring along any part of the endothelium)
was counted for each field. The number of stained vessels was
divided by the total number of vessels examined and was ex-
pressed as the percentage of stained vessels.

Effect of oligotide on P-selectin expression on the
stimulated platelets in vitro: flow cytometric analysis

The effect of oligotide on rapid P-selectin expression on freshly
isolated cat platelets after stimulation was determined by flow
cytometric analysis. Briefly, peripheral arterial blood was col-
lected from the femoral artery of three pentobarbitone-an-
aesthetized cats and was anticoagulated with sodium citrate.

The blood was placed in round-bottom polycarbonate cen-
trifuge tubes (Nalge) and PRP was obtained by centrifuging
the blood at 400 g for 20 min as described above. The PRP
was removed and recentrifuged at 2500 g at room temperature
to form a platelet-rich pellet. This platelet pellet was washed
twice in calcium-free Tyrode solution containing 0.2% bovine
serum albumin (BSA). The final cell pellet was resuspended in
the K-H solution. Aliquots of platelet suspension were pre-
incubated with different concentrations of oligotide (i.e., 0.1,
0.5 and 1.0 mg ml~") of its vehicle (K-H solution) at 37°C for
5 min, followed by incubation with thrombin (2 u ml~'), and
the mixture was incubated at 37°C for additional 10 min
without stirring. Subsequently, platelets were fixed with an
equal volume of 2% paraformaldehyde in PBS at pH 7.2,
washed twice with PBS containing 0.2% BSA. The platelet
suspensions were treated with human block IgG (4.0 mg mi~!,
Sigma) and then anti-P-selectin monoclonal antibody PB1.3
(40 pg ml~") was added to the platelet suspensions. The plate-
lets were incubated at 4°C for 60 min and then washed in
Dulbecco’s PBS with 0.2% BSA to remove any excess of the
primary antibodies. F(ab’)2 fragments of a goat anti-mouse
IgG-phycoerythrin conjugate (Tago, Inc., Burlingame, CA,
U.S.A.) was used as the secondary antibody reagent at a 1:100
dilution and the cells were placed at 4°C for 30 min. The
stained platelets were washed and fixed in 1.0% para-
formaldehyde, and immediately analyzed on a FACScan flow
cytometer (Becton-Dickinson, San Jose, CA, U.S.A.).

Statistical analysis

All values in the text, table and figures are presented as
means +standard errors of the mean of » independent ex-
periments. All data were subjected to analysis of variance
followed by the Fisher’s correction for post-hoc ¢ test analysis.
Probabilities of 0.05 or less were considered to be statistically
significant.

Results

Cardiac electrophysiological and haemodynamic changes

In five cats subjected to sham ischaemia, intravenous admin-
istration of oligotide had no detectable effect on any of the
measured haemodynamics or electrocardiographic parameters
during a 6 h experimental period. Furthermore, there were no
significant differences in any of these variables observed be-
tween oligotide and vehicle-treated MI+ R cats. In all cats
subjected to coronary artery occlusion the ST-segment became
elevated within 10 min of LAD occlusion peaking 40 min after
coronary occlusion. After reperfusion, the ST-segment mark-
edly declined. There was no significant difference in peak ST-
segment elevation between MI+R cats given either vehicle or
oligotide (0.2540.08 vs. 0.24+0.9 mV), indicating that the
degree of ischaemic insult was comparable in these two groups
of cats. Immediately after coronary occlusion, the mean ar-
terial blood pressure decreased significantly in all MI+ R cats.
However, there were no significant differences between these
two MI+R groups at any of the pressure-rate (Figure 1) or
heart rate readings, suggesting that oligotide did not exert any
significant effect either on systemic haemodynamics or on
myocardial oxygen demand.

Effect of oligotide on ischaemia reperfusion-induced
myocardial injury

Figure 2 summarizes the changes in plasma CK activity as a
marker of myocardial necrosis in all three groups of cats.
Modest increases in plasma CK activity were seen in the sham-
operated control group. However, marked increases in CK
activity were observed in cats subjected to MI+ R receiving
only the vehicle. In contrast, the plasma CK activities of the
oligotide treated ischaemic group were significantly lower than
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vehicle group at each hour beyond 4 h (P<0.05). Thus, oli-
gotide treatment effectively attenuated the increase in plasma
CK activity after MI+R.

In the two MI+ R groups, we also measured anatomically
the necrotic ischaemic heart, and the amount of necrotic
myocardium was expressed as a percentage of both the area-at-
risk or of the total left ventricular mass. There was no sig-
nificant difference in the total areas-at-risk index to total left
ventricle between two MI+ R groups, indicating that the se-
verity of ischaemia was comparable in both MI+ R groups
(Figure 3). However, the necrotic area expressed either as a
percentage of the area-at-risk or of the total left ventricular
mass was significantly lower (P<0.01 and P<0.05, respec-
tively) in cats treated with oligotide compared to cats receiving
only the vehicle, indicating that oligotide significantly atte-
nuated myocardial necrosis occurring after MI+ R (Figure 3).

Prevention of PMN accumulation in ischaemic
myocardial tissue by oligotide: analysis by cardiac
myeloperoxidase activity

We measured cardiac myeloperoxidase activity as a marker for
neutrophil accumulation. Very low cardiac myeloperoxidase
activities were observed in the sham-operated control cats in
all portions of the myocardium. In the non-ischaemic myo-
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Figure 1 Pressure-rate index expressed as (mmHg x beatsmin ')/
1000 sampled hourly during the 6 h experimental period. All values
are means+s.e.mean; (O) sham MI/R + oligotide group (#=Y5); (@)
MI+R treated with vehicle group (n=8) and (A) MI+R treated
with oligotide group (n=7). O=occlusion, R =reperfusion, D or
V =drug (oligotide) or vehicle.
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Figure 2 Plasma creatine kinase (CK) activity expressed as
International units (i.u.) mg~' protein sampled hourly during 6h
experimental period. All values are means+s.e.mean; (QO) sham
MI+ R +oligotide group (n=5); (@) MI+R treated with vehicle
group (n=8). (A) MI+R treated with oligotide group (n=7).
Significant increases of CK (*P <0.05) occurred in the MI + R treated
with vehicle compared to the MI+ R treated with oligotide group at
4h and thereafter. O=occlusion, R=reperfusion, D or V=drug
(oligotide) or vehicle.

cardium (i.e., area-not-at-risk), myeloperoxidase activity was
also very low in the two MI+ R groups, indicating that few
neutrophils accumulated in the non-ischaemic portion of
myocardium (Figure 4). However, MI+R cats receiving ve-
hicle exhibited a marked increase in myeloperoxidase activity
in necrotic myocardium. In contrast, oligotide-treated MI+ R
cats exhibited a significantly lower myeloperoxidase activity in
necrotic myocardial tissue (Figure 4). In the ischaemic but
non-necrotic area, moderately attenuated myeloperoxidase
activity was observed in cats treated with oligotide. These re-
sults indicate that infiltration of neutrophils to necrotic myo-
cardium was significantly attenuated by oligotide infusion.

Depletion of circulating neutrophils per se could result in a
significant cardioprotection after ischaemia reperfusion lead-
ing to a reduced PMN accumulation in the ischaemic myo-
cardium (Romson et al., 1983). In order to evaluate this
possibility, we also examined the effect of oligotide infusion on
the number of circulating PMNs. As shown in Table 1, there
was no significant difference in circulating PMN count between
the two groups of MI+ R cats. Thus, oligotide did not induce a
leukopaenia which could have contributed to the cardiopro-
tection.

Effects of in vivo treatment of oligotide on coronary
endothelial function after ischaemia and reperfusion

Figure 5 summarizes the vasorelaxant responses to acet-
ylcholine, A-23187, and acidified NaNO, in ischaemic re-
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MI+R groups. Solid columns, MI+ R treated with vehicle; hatched
columns, MI+R treated with oligotide. Columns show mean+
s.e.mean; numbers in the columns are numbers of animals examined.
**P<0.01.

>
= r
S
=
(&)
@ | *
o |
@
@5
Ee] 7]
~2 0
= =
o-
-
g o
SE ost-
=]
e
E> NS
8 B [ na—]
ks 8 7
[&]

Area-not-at-risk Area-at-risk Necrotic area

Figure 4 Cardiac myeloperoxidase activity in area-at-risk, necrotic
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Table 1 Circulating leukocyte counts

L5
Time (h) 0 End of ischaemia
MI/R + vehicle 12.8+0.8 12.1+1.4
MI/R + oligotide 143+1.8 13.1+£29

2 4 6
10.8+1.0 11.8+0.9 11.9+3.0
11.5+1.2 140+1.8 14.5+2.3

There is no significant difference between the two myocardial ischaemia plus reperfusion (MI/R) groups at any time points during the
experimental period. Data are expressed as mean WBCs x 1000 ul™' +s.e.mean MI/R + vehicle (n=8), MI/R +oligotide (n=7).

perfused LAD and control non-ischaemic LCX coronary ar-
tery rings in three groups. The responses of LAD coronary
artery rings to the endothelial-dependent vasodilators, acet-
ylcholine and A-23187, were markedly attenuated in cats
treated with vehicle. These endothelium-dependent relaxations
were significantly preserved in the oligotide-treated MI+R
cats as compared to vehicle. Relaxation to acidified NaNO,
was preserved in ischaemic reperfused LAD coronary artery
rings obtained from all three groups. The non-ischaemic LCX
coronary artery rings, whether obtained from control non-
ischaemic or from ischaemic cats, showed full relaxation to all
three vasodilators. Thus, there were no significant differences
in vasorelaxant response to any of the vasodilators studied in
non-ischaemic LCX coronary artery rings.

The direct vascular effects of oligotide were also examined
in ischaemic LAD and non-ischaemic LCX coronary artery
rings in vitro since a direct coronary dilator effect could be
cardioprotective in the ischaemic heart. In isolated coronary
artery rings, oligotide did not significantly alter basal tone of
ischaemic LAD rings. The increase in force to 1 mg ml~! of
oligotide was 0.04+0.02 and 0.05+0.03 grams after 60 min
incubation in non-ischaemic LCX and ischaemic LAD cor-
onary artery rings, respectively. Moreover, 1 mg ml~' of oli-
gotide did not exert any detectable vasorelaxation or
vasocontraction responses in either ischaemic LAD or control
LCX coronary artery rings following precontraction with U-
46619, a thromboxane-mimetic.

Effects of in vivo administration of oligotide on PMN
adherence to ischaemic-reperfused coronary endothelium
ex vivo

When autologous labelled PMNs were added alone to non-
ischaemic-reperfused control LCX coronary segments and in-
cubated for 20 min, few neutrophils adhered to the endothelial
surface (Figure 6). However, when PMNs were added to
ischaemic-reperfused LAD coronary segments isolated
270 min after reperfusion from cats treated with vehicle, a
dramatic increase in PMN adherence was observed (Figure 6).
In contrast, when labelled PMNs were added to ischaemic-
reperfused LAD coronary segments isolated from the cats
treated with oligotide, the number of PMNs adhering to the
coronary endothelium was significantly attenuated as com-
pared to vehicle-treated cats (Figure 6). Thus, oligotide sig-
nificantly blocked adherence of PMNs to ischaemic LAD
coronary endothelium 270 min after reperfusion ex vivo.

Effects of oligotide on PMN adherence to thrombin-
stimulated coronary endothelium in non-ischaemic
control cats in vitro

Since oligotide significantly preserved endothelial function and
since endothelial injury is critically related to PMN-endothelial
interaction, we further examined whether oligotide has any
specific effects on vascular adhesion molecule expression. P-
selectin is one of the important adhesion molecules which fa-
cilitate early PMN-endothelial interaction during inflamma-
tion. Because inflammatory stimuli such as thrombin induce
expression of P-selectin on the endothelial cell surface, we
stimulated the coronary endothelium with 2 u ml~' thrombin
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LAD and 10 LCX; and 9 LAD and LCX coronary rings were
obtained from 5 sham + oligotide, 6 MI + vehicle and 6 MI + oligotide
cats, respectively. Columns are means+s.e.mean. **P<0.01 vs.
MI+R treated with vehicle.

120 —

100 |~ **

PMNs/mm?

Control LCX

MI/R LAD

Figure 6 Effects of oligotide treatment on unstimulated PMN
adherence to nonischaemic control left circumflex (LCX) coronary
endothelium and ischaemic reperfused (MI+R) left anterior
descending (LAD) coronary endothelium. Data are expressed as
numbers of adhered PMNs per square millimetre. Solid columns,
MI+R treated with vehicle, hatched columns, MI+ R treated with
oligotide. Twelve LAD and LCX, and 14 LAD and LCX coronary
rings were obtained from 6 MI+ vehicle cats and 6 MI+ oligotide
cats, respectively. Columns are means +s.e.mean, and numbers within
columns are numbers of coronary segments examined. **P <0.01.

for 10 min. Figure 7 summarizes the results obtained from 6 to
10 coronary segments prepared in this manner. Adherence of
labelled PMNs to autologous coronary endothelium was sig-
nificantly increased after thrombin stimulation as compared to
non-stimulated control coronary endothelium (P<0.01). Pre-
treatment with oligotide (0.25 to 1 mg ml~") before thrombin
stimulation significantly attenuated PMN adherence of the
stimulated coronary endothelium in a concentration-depen-
dent manner. At a concentration of 1 mg ml~', a maximal
inhibitory effect was obtained (about 80% inhibition from
control values), which was not significantly different from the



T. Murohara et al

Oligotide in myocardial reperfusion injury 1005

PMN adherence observed in control unstimulated coronary
endothelium.

Effect of in vivo oligotide treatment on coronary
endothelial P-selectin expression after ischaemia
reperfusion: immunohistochemical analysis

Coronary endothelial expression of P-selectin was detected
immunohistochemically by employing a monoclonal antibody
(i.e., PB 1.3) coupled with a sensitive avidin-biotin im-
munoperoxidase procedure. The immunohistochemical results
are illustrated in Figure 8. Nonischaemic control tissue (area-
not-at-risk) demonstrated very little cytoplasmic im-
munostaining only in a few endothelial cells lining coronary
venules (Figure 8a). The percentage of positively staining ve-
nules was consistently low (less than 5%). Negative control
immunohistochemical preparations, in which the primary an-
tibody (PB 1.3) was replaced by non-immune serum, did not
label endothelial cells at all. On the other hand, endothelial cell
P-selectin was evident in untreated ischaemic reperfused heart
tissue (Figure 8b), the percentage staining positively being
58 +4%. This P-selectin expression on the endothelial cells in
ischaemic reperfused myocardial tissue was significantly atte-
nuated by in vivo administration of oligotide (Figure 8c), re-
sulting in 34+ 7% positive staining of venules.

Effect of oligotide on P-selectin expression on
thrombin-stimulated cat platelets in vitro: flow
cytometric analysis

Cat platelets incubated with only the secondary antibody ex-
hibited 27+2% of positive staining with a mean channel
fluorescence value of 9+2 (n=3). In contrast, addition of
thrombin (2 u ml™') to platelets significantly (P<0.05) in-
creased the percentage of positive cells to 77 +2% with a mean
channel fluorescence value of 65+9 (n=4). Preincubation of
platelets with oligotide (0.1, 0.5 and 1.0 mg ml~!) before ad-
dition of thrombin markedly decreased the percentage of po-
sitive cells to 43 +3%, 52+ 5% and 3913% (n=3 each group;
P<0.05 in oligotide 1.0 mg ml~' vs. thrombin stimulated
platelets), respectively. The mean channel fluorescence also
decreased to 38+1, 26+6 and 27+5 (=3 each group;

**
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Figure 7 Concentration-response relation of in vitro oligotide
treatment on inhibition of unstimulated autologous PMN adherence
to thrombin (2 uml~')-stimulated coronary endothelium. Stimulation
with thrombin significantly increased PMN adherence to coronary
endothelium, which was concentration-dependently inhibited by
oligotide. Data are expressed as numbers of adhered PMNs per
square millimetre. Columns are means +s.e.mean, and numbers at the
base of the columns are numbers of coronary segments examined.
**P<0.01.

Figure 8 Representative photomicrographs of immunohistochemical
staining of myocardial tissue incubated with anti-P-selectin mono-
clonal antibody (PB 1.3) and labelled with peroxidase substrate
solution. Brown reaction product is present at sites of P-selectin
antigen localization (arrow heads). (a) Myocardium of area-not-at-
risk (control area not exposed to ischaemia) in a vehicle-treated cat.
(b) Myocardium of area-at-risk (area exposed to 90 min of ischaemia
followed by 20min of reperfusion) in a vehicle-treated cat. (c)
Myocardium of area-at-risk (area exposed to 90min of ischaemia
followed by 20min of reperfusion) in a oligotide-treated cat. Bar in
(c) represents 50 um and magnification is the same in all three panels.

" P<0.05 in oligotide 0.5 and 1.0 mg ml~' vs. thrombin sti-

mulated group), respectively. A representative series of histo-
grams of fluorescence-labelled platelets analyzed by flow
cytometry is shown in Figure 9.

Discussion

Oligotide is a newly developed single-stranded poly-
deoxyribonucleotide complex, and was extracted by controlled
depolymerization from bovine DNA. It represents a cluster of
single-stranded DNA of different lengths and base sequences
with a mean molecular weight of 8 +2 kDa (Lanzarotti et al.,
1993; Skurk et al., 1995). A polydeoxyribonucleotide-derived
drug such as defibrotide has been shown to elicit protective
actions against ischaemic tissue injury (Thiemermann et al.,
1985; Niada et al., 1986). Defibrotide preserves or enhances the
release of the anti-aggregatory eicosanoid, prostacyclin (Pal-
mer & Goa, 1993), maintains endothelial release of nitric oxide
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Figure 9 Representative fluorescence histograms of thrombin-
stimulated cat platelets incubated with anti-P-selectin monoclonal
antibody (PB 1.3) and labelled with phycoerythrin conjugated
secondary antibody. Thrombin (2uml~') markedly increased the
number of P-selectin positive cells as well as the mean channel
fluorescence. Preincubation of oligotide (0.5 or I1mgml~!) with
platelets attenuated both the number of cells positive for P-selectin
and the mean channel fluorescence after stimulation with thrombin.
The control histogram in (a) represents omission of the primary
antibody.

(Lefer et al., 1990) and exerts profibrinolytic activity by lib-
erating tPA (Klocking, 1992). However, it is unknown whether
oligotide has similar beneficial actions against acute in-
flammatory tissue damage such as MI+ R injury.

The present study clearly demonstrates a cardioprotective
action of in vivo administration of oligotide in a feline model of
MI (90 min) and R (270 min). First, despite comparable de-
grees of ischaemic insult (i.e., similar extent of AAR and ST-
segment elevation), oligotide significantly reduced the left
ventricular necrotic area by 70% of that observed in cats re-
ceiving the vehicle. Secondly, plasma CK activity, another
index of cardiac necrosis, was significantly lower in cats treated
with oligotide than vehicle. These results suggest that in vivo
oligotide treatment significantly preserved the ischaemic
myocardium and prevented necrosis after MI+ R. Since there
is little collateral circulation in cats (Greve et al., 1989), and
since oligotide did not alter the pressure-rate index or coronary
vascular tone, it is less likely that oligotide protected myo-
cardium by either increasing coronary blood flow (i.e., oxygen
supply) or decreasing afterload (i.e., cardiac oxygen demand)
(Gobel et al., 1978). Romson et al. (1983) have indicated that
depletion of circulating leukocytes exerts cardioprotection
after MI+R due to reduced PMN accumulation in the
ischaemic myocardium. However, this possibility is less likely
since the total number of circulating leukocytes was not sig-
nificantly different between vehicle- and oligotide-treated
MI+R cats (Table 1).

Substantial evidence has suggested that activated PMNs
play a significant role in MI+ R injury (Romson ef al., 1983;
Engler er al., 1986; Lefer et al., 1991). Activated PMNs release
oxygen radicals, proteases, and cytokines such as tumour ne-
crosis factor alpha. Superoxide released from PMNs have been
shown to inactivate nitric oxide (Rubanyi & Vanhoutte, 1987)
and induce vasoconstriction (Murohara et al., 1993, 1994) and
disrupt cellular membranes through lipid peroxidation. In
addition, PMN aggregates may participate in microvascular
plugging leading to the ‘no-reflow’ phenomenon (Kloner et al.,
1974; Engler et al., 1986). Serine proteases such as elastase and
cathepsin G released from PMNs cause endothelial and matrix
protein disruption, thus enhancing MI+ R injury (Murohara
et al., 1995). Tissue PMN infiltration is mediated by sequential
steps of PMN-endothelial interaction, in which a series of
adhesion molecules on both endothelium and PMNs play an
important role (Butcher, 1991). We have recently demon-
strated that monoclonal antibodies directed against adhesion
molecules such as P-selectin or CD18 significantly attenuated
PMN-endothelial adherence, PMN infiltration and myocardial
necrosis after MI+ R in vivo (Simpson et al., 1988; Ma et al.,
1991; Weyrich et al., 1993). In the present study, ex vivo ad-
herence of autologous PMNSs to the ischaemic-reperfused LAD
coronary endothelium was significantly attenuated by oligotide
as compared to the vehicle. Furthermore, myeloperoxidase
activity in the necrotic myocardium, a marker of neutrophil
infiltration (Mullane er al. 1985), was significantly lower in
MI+R cats treated with oligotide. Therefore, it is likely that
oligotide attenuated reperfusion-induced myocardial injury by
inhibiting PMN-endothelial interaction and subsequent ex-
travasation.

Thus, we further examined the mechanism of oligotide-
mediated inhibition of PMN-endothelial interaction. P-selectin
is an important adhesion molecule which supports PMN
rolling on the endothelium after MI+ R (Weyrich et al., 1993).
P-selectin is rapidly translocated from intracellular stores to
the cell surface of the endothelium and platelet after stimula-
tion with thrombin, histamine and oxygen free radicals (Lor-
ant et al., 1991; Patel et al., 1991). Superoxide anions and
thrombin generated after MI+R may greatly facilitate P-
selectin expression on the endothelium (Weyrich et al., 1993).
In our immunohistochemical study, we confirmed P-selectin
expression on venular endothelium shortly after reprefusion
(®0min MI and 20 min R). Recently, a polydeoxy-
ribonucleotide-based drug such as defibrotide has been re-
ported to inhibit superoxide production in leukocytes (Cirillo
et al., 1991), to act as a thrombin receptor antagonist via ap-
tamer sequence (e.g., S-GGTTGGATTGGTTGG-3') (Bracht
& Schror, 1994), and to release prostacyclin (Hohlfeld et al.,
1993). We reasoned that these properties of oligonucleotide
drug may inhibit P-selectin expression by an anti-thrombin or
by anti-superoxide mechanisms, and by prostacyclin (Résen et
al., 1994). We thus examined the effects of oligotide on (a)
PMN adherence to thrombin-stimulated coronary en-
dothelium in vitro, (b) P-selectin expression on thrombin-sti-
mulated platelets in vitro, and (c) immunohistochemical
localization of P-selectin on coronary endothelium after
90 min MI and 20 min R. Thrombin has been shown to pro-
mote P-selectin-mediated PMN adherence to the coronary
endothelium (Weyrich et al., 1993; Murohara et al, 1994). In
the present study, oligotide significantly attenuated PMN ad-
herence to thrombin-stimulated coronary endothelium in a
concentration-dependent manner in vitro. Secondly, our flow
cytometric analysis clearly showed that oligotide inhibits P-
selectin expression on thrombin-stimulated cat platelets. The
concentrations of oligotide used in our in vitro studies were
calculated and set from the dose we used in vivo experiments
and approximate total blood volume of the cats. Furthermore,
immunohistochemical study clearly showed that in vivo ad-
ministration of oligotide significantly attenuated P-selectin
expression on the venular endothelium 20 min after R or the
MI (90 min). This time course has been shown to up-regulate
maximally P-selectin on coronary endothelium after MI+R
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(Weyrich et al., 1993, 1995). Taken together, this in vivo and in
vitro evidence clearly suggests that oligotide inhibits P-selectin
expression on both endothelium and platelets. This may be one
of the key mechanisms by which oligotide inhibits PMN-en-
dothelial interaction thus attenuates myocardial necrosis.

Although oligotide attenuated P-selectin expression, it may
also potentially influence expression of other adhesion mole-
cules. Recently, Masini et al. (1995) demonstrated that defi-
brotide increases nitric oxide (NO) release during MI+R.
Since NO has been shown to inhibit endothelial ICAM-1 ex-
pression (Lefer et al., 1993a), oligotide could inhibit ICAM-1
expression during MI+R and attenuate MI+R injury al-
though this possibility remains to be determined.

Another important finding in the present study is that oli-
gotide markedly preserved endothelial function (i.e., release of
EDRF) in ischaemic-reperfused LAD coronary arteries. En-
dothelial dysfunction, occurring shortly after reperfusion
(Tsao et al., 1990; Lefer et al., 1991) is an important trigger of
PMN adherence to the endothelium (Kubes et al., 1991; Ma et
al., 1993). EDRF-nitric oxide is produced from L-arginine by a
constitutive nitric oxide synthase (cNOS) (Palmer et al., 1988).
Nitric oxide produces vascular smooth muscle relaxation and
inhibits platelet aggregation and neutrophil adherence to the
endothelium (Furchgott & Zawadzki, 1980; Furlong et al.,
1987; McCall et al., 1988). Because of these biological effects,
nitric oxide donors have been shown to protect against MI+ R
injury (Lefer et al., 1993b). In the present study, MI+R in-
duced marked endothelial dysfunction (i.e., reduced en-
dothelium-dependent relaxation to acetylcholine and A-
23187). In contrast, in vivo oligotide treatment significantly
prevented endothelial dysfunction ex vivo. This may be an-
other important mechanism of cardioprotection afforded by
oligotide. There are several possible mechanisms by which
oligotide protected endothelial function. Since endothelial in-
jury after reperfusion is significantly mediated by oxygen free
radicals or proteases released from activated PMNs (Tsao et
al., 1990; Inauen et al., 1993), it is likely that oligotide atte-
nuated endothelial dysfunction by inhibiting PMN adherence
to endothelium. Secondly, defibrotide has been shown to in-
hibit direct Ca?*-dependent neutrophil activation and sub-
sequent release of oxygen free radicals (DiPerri et al., 1987;
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