
Br HeartJ1 1995;73:14-19

Inhibition of superoxide production in human
neutrophils by combinations of heparin and
thrombolytic agents

Klaris Riesenberg, Francisc Schlaeffer, Amos Katz, Rachel Levy

Infectious Disease
Laboratory and
Clinical Biochemistry,
Faculty ofHealth
Sciences, Ben-Gurion
University ofthe
Negev, Soroka
Medical Centre, Beer
Sheva, Israel
R Levy

Department of
Internal Medicine,
Faculty ofHealth
Sciences, Ben-Gurion
University ofthe
Negev, Soroka
Medical Centre, Beer
Sheva, Israel
K Riesenberg
F Schlaeffer
Intensive Care Unit,
Faculty ofHealth
Sciences, Ben-Gurion
University ofthe
Negev, Soroka
Medical Centre, Beer
Sheva, Israel
A Katz
Correspondence to:
Dr R Levy, Infectious
Diseases Laboratory,
Faculty of Health Sciences,
Ben-Gurion University of
the Negev, Beer Sheva
84105, Israel.

Accepted for publication
3 May 1994

Abstract
Objective-To investigate the effect of
heparin and thrombolytic agents on

superoxide generation by human neu-

trophils, as inhibition of superoxide pro-

duction may have a role in reducing
ischaemia and reperfusion injury.
Methods-Neutrophil superoxide pro-

duction stimulated by phorbol myristate
acetate (PMA), opsonised zymosan, or

formyl methionyl leucyl phenylalanine
(FMLP) was measured as the superoxide
dismutase inhibitable reduction of
acetyl ferricytochrome c by a microtitre
plate technique.
Results-Heparin, at concentrations of
0'5-500 U/ml, caused a gradual inhibition
of superoxide production stimulated by
PMA, opsonised zymosan, or FMLP.
Tissue plasminogen activator was more

potent than heparin in inhibiting super-

oxide production induced by opsonised
zymosan or FMLP, but it did not
affect the activity stimulated by PMA.
Streptokinase or urokinase had no effect
on superoxide production. When heparin
was used in combination with tissue plas-
minogen activator, streptokinase, or

urokinase at their therapeutic concentra-
tions there was a significant inhibition of
superoxide generation (70%/,5 30%, and
25%, respectively). The therapeutic con-

centrations of tissue plasminogen activa-
tor alone caused a reduction of 40% of
neutrophil superoxide production. When
tissue plasminogen activator and strep-
tokinase were both added to neutrophils,
however, a synergistic inhibition of 80%
was achieved.
Conclusions-The inhibition of super
oxide generation by these drug combi-
nations may explain the limited inflam-
matory response and reduction of
reperfusion injury observed in patients
receiving thrombolytic treatment.

(Br HeartJ 1995;73:14-19)
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The fundamental assumption underlying the
current thrombolytic treatment of acute

myocardial infarction is that the early restora-
tion of myocardial blood flow arrests the pro-
gression of myocardial cell death, permitting
the ultimate functional recovery of reversibly

injured myocardium. Experimental and clini-
cal studies have indicated that reperfusion of
myocardium immediately after the onset of
ischaemia can reduce infarct size and improve
mortality after acute coronary artery occlu-
sion.'-3 Although reperfusion ends ischaemia,
it can also cause further damage to jeopar-
dised cells, a phenomenon which has been
termed reperfusion injury.
The precise pathophysiology of cellular

damage after extreme ischaemia and reperfu-
sion has not been completely established.
Several contributing factors have been sug-
gested, including production of toxic oxygen
free radicals, endothelial cell swelling, and
damage leading to increased capillary perme-
ability, intravascular platelet activation, and
fibrin deposition. Endothelial swelling com-
bined with platelet and fibrin accumulation
may ultimately result in microvascular throm-
bosis, thus preventing reperfusion. These
sequelae have been termed the no reflow phe-
nomenon.4

Recent work has focused on the role of
neutrophils in the development of ischaemia
and reperfusion injury. Activated neutrophils
are a potent source of oxygen derived free
radicals, and experimental data suggest that
they may be important in the pathogenesis
of reperfusion injury.5 6 Oxygen radicals
depress the contractile function of isolated
papillary muscles, ventricular septae, and iso-
lated hearts.7 Cardiac tissue exposed to free
radicals developed swollen mitochondria,
endothelial damage, and abnormal vascular
permeability.8
The biochemical basis for the generation of

superoxide in neutrophils is the enzymatic
complex NADPH oxidase.9 10 This enzyme is
dormant in resting neutrophils and is capable
of being activated by several stimuli." The
enzyme is a multicomponent electron trans-
port complex which includes a membrane
bound b-type cytochrome (flavocytochrome
b558)."-" The cytochrome incorporates the
NADPH binding site and both the flavin and
haeme electron transfer moieties.'4 In addi-
tion, superoxide generating activity depends
on the presence of three cytosolic oxidase pro-
teins which have been characterised as 47 kDa
(p47), 67 kDa (p67), and ras related GTP
binding proteins.'5-'8
We investigated whether heparin and

thrombolytic agents have an inhibitory effect
on superoxide generation by human neutro-
phils. Such an effect may contribute to the
prevention of reperfusion injury.
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Inhibition of superoxide production in human neutrophils by combinations of heparin and thrombolytic agents

Materials and methods
REAGENTS
The reagents used were heparin (Leo
Pharmaceutical Products, Ballerup, Den-
mark); lyophilised streptokinase (Streptase,
Behringwerke, Marburg, Germany); uro-
kinase (Ukidan, Laboratoires Sero Aubonne,
Switzerland); and tissue plasminogen activa-
tor produced by recombinant DNA technol-
ogy (Activase, Genentech, San Francisco,
Califomia).
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Figure 1 Effect of heparin on superoxide generation in stimulated human neutro
Results are means (SE) from five different experiments, each performed in duplicc
*P < 0 001 for inhibitory effect of heparin.
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Figure 2 Effect of streptokinase on superoxide generation in stimulated human
neutrophils. Results are means (SE) from five different experiments, each perform
duplicate.

ISOLATION OF NEUTROPHILS
Neutrophils were separated by Ficoll/
Hypaque centrifugation, dextran sedimenta-
tion, and hypotonic lysis of erythrocytes. 19

MEASUREMENT OF SUPEROXIDE ANION
The production of superoxide anion (O2- 1) by
intact cells was measured as the superoxide
dismutase inhibitable reduction of ferricy-
tochrome c by a microtitre plate technique.20
Cells were suspended (5 x 105 cells/well) in
Hank's balanced salts solution (100,ul) con-
taining 150 mmol/l acetyl ferricytochrome c.
Neutrophils were stimulated by the addition
of 50 mg/l phorbol myristate acetate (PMA),
1 g/l opsonised zymosan, or 100 nmol/l formyl
methionyl leucyl phenylalanine (FMLP) and
the reduction of acetyl ferricytochrome c was
followed by the change of absorbance at 550
nm every five minutes on a Thermomax
microplate reader (Molecular Devices, Melno
Park, California). The maximal rates of super-
oxide generation were determined using the
extinction coefficient E550 = 21 mM- ' cm- 1.

Addition of each of the drugs to a cell free
assay system, performed as described in
our previous study,20 did not affect superoxide
generation measured by cytochrome c reduc-
tion.

ANALYSIS OF DATA
The differences in means were analysed by

T* * Student's t test. The plots were drawn as least
squares regression lines and tested by analysis
of variance.

500 Results
The effect of both the anticoagulant (heparin)

phils. and the thrombolytic drugs (streptokinase,
2te. urokinase, and tissue plasminogen activator)

on superoxide production in human neu-
trophils stimulated by PMA, opsonised
zymosan, or FMLP is shown in this study.
The drugs were added to the neutrophils

san before the addition of the stimuli.
Preincubation with the drugs for different
times, ranging from five minutes to one hour
before the reaction, did not change the
results. Heparin, in a range of 0 5-500 U/ml,
caused a gradual inhibition of superoxide pro-
duction stimulated by any of the three stimuli
(figure 1). The inhibition could be detected at
25 U/ml and higher. At 100 U/ml there was a
significant inhibition of superoxide produc-
tion (P < 0 001). There was no inhibition of
activity at the concentration of heparin in
plasma either after a continuous drip (0 1-1
U/ml) or after a bolus intravenous infusion
(5-10 U/ml).19

Streptokinase in the range of 15-600 U/ml
(figure 2) and urokinase in the range of
10-5000 U/ml (figure 3) had no effect on
superoxide production induced by any of the
stimuli. The effect of tissue plasminogen acti-
vator in the range of 0-1-100 mg/l on super-
oxide production is shown in figure 4. There
was a gradual and significant inhibition of

ed in superoxide generation in neutrophils stimu-
lated by opsonised zymosan or FMLP. The
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concentration of tissue plasminogen activator
(from 0 5 mg/i), which caused a significant
reduction of the activity, was in the range of
its concentration in plasma during therapeutic
infusions (0 3-3 mg/i).'9 Superoxide produc-
tion stimulated by PMA was not affected by
tissue plasminogen activator in this concentra-
tion range. Since the different drugs are often

Fl PMA
m Opsor
M FMLP

nised zymosan

0 10 25 50 100 250 500 1000 5000

Urokinase (U/ml)

Figure 3 Effect of urokinase on superoxide generation in stimulated human neutrophils.
Results are means (SE) from five different experiments, each performed in duplicate.
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Figure 4 Effect of tissue plasminogen activator on superoxide generation X
human neutrophils. Results are means (SE) from five different experiment
performed in duplicate. * P < 0 001, ** P < 0-01 for difference from cont;
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used simultaneously, the effect of various
combinations of these drugs on the produc-
tion of superoxide by neutrophils was studied.
Figure 5 shows the effect of the combinations
of heparin and streptokinase or heparin and
urokinase on superoxide production. When
heparin 10 U/ml, a therapeutic dose that
alone did not affect the generation of super-
oxide, was given with streptokinase (figure
5A) or with urokinase (figure 5B), both of
which did not inhibit superoxide production,
there was a marked and significant inhibition
of activity. The maximal inhibition was
achieved at therapeutic concentrations of
streptokinase (75 U/ml) or urokinase (10
U/ml).21 A higher concentration of heparin
(100 U/ml) was more efficient in inhibiting
the activity when given together with strepto-
kinase or urokinase.

Figure 6 shows the effect of heparin in
combination with tissue plasminogen activa-
tor on superoxide production stimulated by
opsonised zymosan. Heparin in its therapeutic
concentration (10 U/ml) caused a slight and
insignificant inhibition of superoxide produc-
tion stimulated by opsonised zymosan (2-8
(0 6) nmol/106 cells/min compared with 3-45
nmol/1 06 cells/min in the control). In the
presence of tissue plasminogen activator (in
two therapeutic concentrations, 0-1 and 2
mg/i) the activity stimulated by opsonised
zymosan was 3-25 (0-5) and 2 (0 2) nmol/106
cells/min, respectively. When the activity was
measured in the presence of both heparin and
tissue plasminogen activator there was an
additional inhibition of activity (2-2 (0.2) or
1-3 (0-1) nmol/106 cells/min by 10 U/ml
heparin and 0-1 ,ug/ml tissue plasminogen
activator or 10 U/ml heparin and 2 mg/l tissue
plasminogen activator, respectively). Similar
results were obtained in neutrophils stimu-
lated by FMLP.

Figure 7 shows the effect caused by the
combinations of tissue plasminogen activator
and streptokinase on superoxide production.
Streptokinase did not affect activity stimu-
lated by opsonised zymosan or FMLP.
However, when tissue plasminogen activator
at concentrations of 0-1 mg/l or 2 mg/I, which
by themselves caused partial inhibition, were
added together with streptokinase a signifi-
cant inhibition (P < 0 005) was achieved.
This inhibition was observed at a low and
therapeutic concentration of streptokinase (75
U/ml) and did not change significantly as the
dose of streptokinase was increased.

Discussion
Our results show the direct effect of three
thrombolytic agents and of heparin on the
generation of superoxide by human neu-

trophils. Heparin caused a gradual, dose
dependent inhibition of superoxide produc-
tion by neutrophils stimulated with any of the
three agents used in the study. The inhibition
of superoxide production could be observed
at 25 U/ml heparin and higher, with signifi-
cant inhibition (P < 0-001) at a concentration
of 100 U/ml. Heparin is a naturally occurring
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Figure 5 Combined effect of heparin and streptokinase (A) or heparin and urokinase
(B) on stimulated superoxide production in human neutrophils. Results are means (SE)
from four different experiments, each performed in duplicate. * P < 0 001 for difference
from control value.
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Figure 6 Combined effect of heparin and tissue
plasminogen activator on superoxide production stimulated
by opsonised zymosan in human neutrophils. Results are

means (SE) from five different experiments, each
performed in triplicate. C, control (U neutrophils
stimulated by opsonised zymosan, E neutrophils
stimulated by opsonised zymosan in presence of tissue
plasminogen activator alone). *P < 0 001, **P < 0-01
for difference from control value.

mucopolysaccharide polymer that is concen-
trated in most cells, but it is also found in
other tissues, including the endothelium.
Clinically, heparin is used as an extremely
potent anticoagulant that can reduce throm-
bin generation and fibrin formation by bind-
ing to and activating antithrombin III. Our
results show that in addition to its anticoagu-
lant effect, heparin also inhibits superoxide
production by neutrophils.
The thrombolytic agent tissue plasminogen

activator, which inhibits the generation of
superoxide at its therapeutic concentration,
was more potent than heparin in inhib-
iting superoxide production stimulated by
opsonised zymosan or FMLP at the doses
tested, but it did not affect the activity stimu-
lated by PMA. Streptokinase, a protein pro-
duced by # haemolytic streptococci, has no
intrinsic enzymatic activity and forms a stable,
non-covalent 1:1 complex with plasminogen.
This produces a conformational change by
which this complex activates additional plas-
minogen molecules to form free plasmin, thus
causing fibrinolysis. Urokinase is a protease
isolated from human renal tubular cell culture
that has intrinsic proteolytic activity and can
activate plasminogen directly. In contrast to
heparin and tissue plasminogen activator,
neither of these agents had any affect on
superoxide production.

In accordance with our study, Freischlag et
al have reported that urokinase did not affect
superoxide production by neutrophils.3 In
contrast to our study, which shows a dose
dependent inhibition of heparin activity, they
did not find any inhibition of activity by this
drug.22 The contradictory results may be
explained by the different conditions of the
two studies. Freischlag et al preincubated the
neutrophils with very high concentrations of
urokinase, whereas we used urokinase at
much lower concentrations. Also, they mea-
sured activity after washing off the drugs.

Although each drug by itself partially inhib-
ited or did not affect superoxide production at
all in our study, combinations of these drugs
at their therapeutic concentrations resulted in a
significant reduction in activity. These results
are clinically important as the drugs are
used simultaneously to cause reperfusion of
myocardial infarcts. The most relevant results
are for heparin in combination with one of the
other agents as this is the most common treat-
ment. Heparin by itself at its therapeutic
concentration did not inhibit superoxide pro-
duction, but when it was given in combination
with each of the thrombolytic drugs there was
a significant inhibition of superoxide genera-
tion. The combination of other drugs also
resulted in significant inhibition of superoxide
production. When tissue plasminogen activa-
tor and streptokinase were added together
to neutrophils, a synergistic inhibition was
achieved. The inhibition of superoxide
generation by these drug combinations
may play an important part in reducing
the myocardial damage often caused
by reperfusion.

This hypothesis is supported by several
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studies in animals, which have show]
radical scavengers are capable of
infarct size.2324 In addition, in exp
models of myocardial infarction
infarct size could be limited either by
neutrophil activation or by neutrop
tion. The effect of thrombolytic treg
neutrophils is contradictory in the
Streptokinase in acute myocardial
is associated with an abrupt reac
trophil response.25 However, othe
have shown, in accordance with oi
that thrombolysis by streptokinase
plasminogen activator suppresses r

activation and infiltration, suggestin
treatment may even limit the infl
response and thus mitigate r
injury.2627 The improved morta
thrombolysis and after fi blockade
that several factors can redu4
ischaemic injury. Thus, the inhibitor
neutrophil superoxide production t
nation of thrombolytic and anti
agents shown in our study and the
of neutrophil aggregation,28 chemo
phagocytosis2930 suggest that these
addition to their usual mechanisms
may reduce infarct size by inhibi
trophil activity. However, clinical s
needed to confirm the potential ti
benefit of these drug combinations.
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n that free The mechanism by which heparin or tissue
reducing plasminogen activator inhibits neutrophil

)erimental NADPH oxidase to generate superoxide is
in dogs, not known. Our results suggest that they
inhibiting probably act through different mechanisms.
)hil deple- Studies in whole cells provide considerable
atment on information about signal transduction path-
literature. ways, suggesting that the oxidase may be acti-
infarction vated by various stimuli through several
:tive neu- pathways.3132 When stimulated by PMA or
-r studies diacylglycerol, NADPH oxidase is activated
ur results, by protein kinase C. N-formyl peptide chemo-
and tissue attractants stimulate phosphoinositide hydro-
neutrophil lysis and an increase in intracellular free
g that this calcium ions. Stimuli, such as opsonised par-
ammatory ticles, act through a calcium dependent path-
eperfusion way which is dependent on arachidonate.
[lity after Since heparin inhibited the activity induced
! suggests by the three stimuli, it probably affects intra-
ce acute cellular signal transaction pathways that are
ry effect of shared by the different agonists, such as pro-
by combi- tein kinase C activity. In contrast, tissue plas-
icoagulant minogen activator inhibited the generation of
inhibition superoxide induced by FMLP or opsonised
taxis, and zymosan and not by PMA, suggesting that
agents, in tissue plasminogen activator interacts with
of action, neutrophil membranes and interferes with the
iting neu- receptors for this agonist. The inhibition of
,tudies are superoxide production by these drugs does
herapeutic not seem to be due to a scavenging effect as

tissue plasminogen activator did not inhibit
PMA stimulating activity (figure 4) and the
addition of either heparin or tissue plasmino-
gen activator did not affect NADPH oxidase
activity in a cell free assay.

Itn conclusion, the significant inhibition of
neutrophil superoxide by the anticoagulant
and thrombolytic agents shown in this study

Control may suggest that in addition to their effect in
reducing reperfusion in myocardial infarction,
they may also prevent reperfusion injury.
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Figure 7 Combined effect of tissue plasminogen activator
and streptokinase on superoxide production stimulated by
opsonised zymosan orFMLP in human neutrophils.
Results arefrom a representative experiment performed in
trifilicate; three other experiments showed similar results.
*P < 0-005for difference from control value.
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