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Abstract

Gabexate mesylate, a non-antigenic synthetic inhibitor of trypsin-like serine proteinases, is a drug used efficiently in the treatment of
pancreatitis and disseminated intravascular coagulation and as a regional anticoagulant for haemodialysis. Considering the structural
similarity between L-arginine and gabexate mesylate, the effect of this drug on L-arginine transport, nitric oxide (NO) formation and
constitutive NO synthase activity in human platelets was investigated. Data have shown that gabexate mesylate inhibited competitively L-
arginine uptake by increasing the K,,, value from 22 + 2 to 86 + 6 pM. The K; value was 158 pM at pH 7.4 and 37°. Furthermore, gabexate
mesylate decreased dose and time-dependent nitrite and nitrate formation (NO, release) and cGMP accumulation in whole cells. In
addition, gabexate mesylate inhibited constitutive nitric oxide synthase in a cell-free extract. We concluded that gabexate mesylate could
be considered an effective modulator of cellular NO synthesis. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

NO is a signalling molecule involved in the regulation of
several physiological and pathophysiological mechanisms
in the cardiovascular and nervous systems [1,2]. In the
cardiovascular system NO regulates vascular tone, protects
endothelium from vascular injury [3], modulates adhesion
of inflammatory cells [4,5], reduces platelet adhesion [6]
and plays a basic role in the regulation of platelet activation
[7]. In addition, NO controls the arachidonate cascade in
vitro by inhibiting the lipooxygenase [8,9] and activating
the cyclooxygenase pathway [10].

The effective concentration of NO in a given biological
tissue is determined not only by its rate of formation but also
by its rate of degradation. NO is synthesised from L-arginine
by NOS and the availability of intracellular L-arginine is a
rate-limiting factor in NO production. In human platelets
NO is overall produced by a constitutive nitric oxide
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synthase (cNOS), a calcium/calmodulin dependent enzyme
as other constitutive NOS, but it has different molecular
weight [11]. One important scavenging mechanism is the
reaction of NO with anion superoxide to generate perox-
ynitrite. This reaction reducing thrombotic response depen-
dent on reactive oxygen species produces a potent oxidant
and potential mediators of tissue injury [12—15]. However,
the effects of peroxynitrite are critically dependent on the
microenvironment in which this oxidant is produced [16].

Gabexate mesylate, a non-antigenic synthetic inhibitor
of trypsin-like serine proteinases [17], is a drug used in the
treatment of pancreatitis and disseminated intravascular
coagulation [18]. It reduces endothelial cell activation [19],
suppresses liver ischemia-reperfusion injury by lowering
the extracellular release of oxygen-free radicals [20],
inhibits superoxide anion production in human neutrophils
[21], prevents inflammation by inhibiting the TNFa pro-
duction of activated human monocytes [22] and by block-
ing selectively human mast cell tryptase [23].

Considering the structural similarity between gabexate
mesylate and L-arginine (Fig. 1), it is likely to suppose that
this drug may control NO formation by interfering with
L-arginine uptake and with the enzymes using L-arginine
and/or its derivates as a substrate such as NOS.
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Fig. 1. Chemical structures of gabexate mesylate and arginine.

In the present study, we investigated the effect of
gabexate mesylate on L-arginine uptake and on the total
NO formation and cGMP accumulation in human platelets.
In addition, the drug effect on cNOS activity of a cell-free
system was evaluated.

2. Materials and methods
2.1. Blood collection and preparative procedures

Human blood from normal healthy volunteers, who
declared to have not taken drugs known to interfere with
platelet function, was collected in 130 mM aqueous triso-
dium citrate anticoagulant solution (9:1). Washed platelets
were prepared as previously described [24]. Briefly plate-
let-rich plasma, obtained by centrifugation of the whole
blood at 100 g for 25 min, was centrifuged at 1000 g for
15 min. Pellet was washed once with pH 4.8 ACD solution
(75 mM trisodium citrate, 42 mM citric acid and 136 mM
glucose). Platelets obtained by the centrifugation (1000 g
for 15 min) were resuspended in pH 7.4 HEPES buffer
(145 mM NaCl, 5 mM KCl, 1 mM MgSO,4, 10 mM Glu-
cose, 10 mM HEPES). All chemicals were from Sigma
Chemicals Co.

2.2. 1-Arginine uptake assay

L-Arginine uptake was measured as previously described
[25]. Washed platelets (2.0 x 10® plts), prewarmed at 37°,
were incubated in the presence of 1.0 pCi/mL L-[2,3,4-°H]
arginine (NEN-Perkin-Elmer), L-arginine, gabexate mesy-
late (Lepetit), thrombin and collagen (Mascia Brunelli),
when required. After the incubation for 1 min at 37°, if not
otherwise indicated, aliquots of 1.0 mL were withdrawn,
immediately filtered through a Titertek ™ (Flow Labora-

tories) filter and washed twice with large volumes of cold
PBS, containing 10 mM vr-arginine. The radioactivity cor-
responding to the incorporated L-[2,3,4-*H]arginine was
directly measured by liquid scintillation counting of the
filter in a Packard model TRI-CARB 1600 TR Liquid
Scintillation Analyzer. The kinetic parameters of L-argi-
nine transport were calculated by the Lineweaver—-Burk
plot. The values of K; (dissociation equilibrium inhibition
constant) were obtained by measuring the inhibitory effect
of gabexate mesylate on L-arginine uptake and processing
data with the Dixon plot.

2.3. Measurement of NO, production

To evaluate the effect of gabexate mesylate on NO
production in whole platelets the level of nitrite and
nitrate was measured. Washed platelets, resuspended at
1.0 x 10° plts in pH 7.4 HEPES buffer containing 2 mM
CaCl, and prewarmed at 37°, were incubated with L-argi-
nine or PBS in the presence or absence of gabexate mesylate
as indicated. Incubation was stopped by sonicating samples
in ice. Suitable aliquots of supernatant, added to equal
volumes of pH 9.7 assay buffer (15 g/LL Glycine—-NaOH)
containing cadmium beds, were incubated overnight at
room temperature under horizontal shaking. Cadmium beds
were activated immediately before each experiments by
subsequent washings with 0.2 N H,SO,, bidistillated water
and assay buffer. Nitrite and nitrate accumulation, deter-
mined by the Griess reagent (1% sulphanilamide in 2.5%
H;PO,4, 0.1% naphtylenediamine dihydrochloride), was
measured at 540 nm using a sodium nitrite calibration curve.

2.4. Measurement of cGMP levels

cGMP intracellular level was measured as pre-
viously described [26]. Washed platelets resuspended at
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1.0 x 10° plts in pH 7.4 HEPES buffer containing 2 mM
CaCl,, were incubated at 37° in the presence of L-arginine
or PBS and gabexate mesylate when required. The reaction
was stopped by the addition of cold 2 M perchloric acid.
Supernatants recovered after a brief centrifugation were
neutralised with 2 M NaOH and analysed for the cGMP
content by radioimmunoassay (RIA) kit (Amersham-Phar-
macia Biotech).

2.5. c¢NOS assay in a cell-free system

cNOS activity was measured according to the fluori-
metric method of Chen et al. [27] with some modifica-
tions. Washed platelets (2.0 x 10° plts) were sonicated
twice for 15 s in ice, in the presence of 1.0 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 png/mL leupeptin and
100 uM dithiothreitol (DTT) and centrifuged for 600 g
for 20 min. Suitable aliquots of the supernatant, treated
with 100 uM DTT for 30 min at room temperature,
were mixed with 10 uM FAD, 10 uM flavin mononucleo-
tide (FMN), 0.1 uM 5,6,7,8-tetrahydrobiopterin (BH,)
and 1 mM CaCl,. Incubation was started by the addition
of L-arginine and gabexate mesylate, when required.
After 5 min at 37° the mixtures, added to equal volumes
of pH 9.7 assay buffer (15 g/L Glycine-NaOH), were
incubated overnight at room temperature under horizon-
tal shaking in the presence of activated cadmium beds. At
the end of incubation, samples were diluted with cold
bidistilled water and mixed with 2,3-diaminonaphthalene
(50 pg/mL in 0.62 M HCI) to form the fluorescent pro-
duct 2,3-naphthotriazole. After 15 min at 37° the reaction
was stopped with 2.8 N NaOH addition. Relative fluor-
escence intensities in different samples were assayed
with a Perkin-Elmer model LS50B fluorescence spectro-
meter (365 nm excitation and 405 nm emission). Protein
concentration was measured according to the Lowry
method [28].

2.6. Tests to assay platelet viability

To check up platelet viability upon gabexate mesylate
treatment the efficiency of the glycolitic pathway was
measured by the production of L-lactate according to
Hohorst [29]. To verify the membrane damage the activity
of lactic dehydrogenase released from platelets was quan-
tified by the method of Vassault [30].

2.7. Data analysis

Data reported in this paper are the mean £ SD of at
least three independent determinations each performed in
duplicate. Reported drawings are also representative of
triplicate experiments. Statistical analysis was performed
using one-way ANOVA followed by Fisher’s post-hoc test
and Student’s t-test as appropriate. A P value <0.05 was
considered to be statistically significant.

3. Results
3.1. The effect of gabexate mesylate on L-arginine uptake

The NO formation is strictly dependent on the avail-
ability of L-arginine to NOS. Thus, the L-arginine uptake
can be considered a very important control step of
L-arginine/NO pathway. Compounds able to regulate
L-arginine uptake can modulate intracellular NO produc-
tion. Therefore, we have tested the effect of gabexate
mesylate on L-arginine transport in human platelets. As
shown in Fig. 2, gabexate mesylate inhibited L-arginine
transport of resting platelets, being the effect time and
dose-dependent. Platelet stimulation with agonists
(thrombin or collagen) did not change the L-arginine
uptake behaviour and the response to gabexate (data
not shown). To clarify the characteristics of the gabexate
inhibition we determined the kinetic parameters of the
drug inhibitory effect on L-arginine uptake. It was
shown that gabexate behaved like a competitive inhibitor
of L-arginine transport. The K,, value was increased from
22 +£2 to 86 = 6 uM in the presence of gabexate mesy-
late, while the V,,,,, value was unaffected (126 £ 4 pmol/
2.0 x 10% plts/min for control and 134 4 5 pmol/2.0 x
108 plts/min with gabexate mesylate) (Fig. 3). Data
obtained from other experiments processed with the
Dixon plot allowed us to define the K; value that was
158 uM (Fig. 4).
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Fig. 2. Time course of L-arginine uptake in the presence or absence of
gabexate mesylate. Washed platelets (2.0 x 108 plts), prewarmed at 37°,
were incubated with 40 pM L-arginine in the presence of PBS (H),
300 utM (A), 500 pM (W), 1000 UM (@) gabexate mesylate. At the
indicated times aliquots of 1.0 mL were withdrawn and rapidly filtered as
described in Section 2. Data are the mean 4 SD of three experiments (each
of them in duplicate). (x) P < 0.0005; (§) P < 0.0025; (@) P < 0.01 vs.
none by unpaired Student’s 7-test. ANOVA showed significant variation of
L-arginine uptake upon platelet treatment with various concentrations of
gabexate mesylate (P < 0.0001 in all cases).
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Fig. 3. The gabexate mesylate effect on the kinetic parameters of L-arginine uptake. Washed platelets (2.0 x 108 plts), prewarmed at 37°, were incubated for
1 min at 37° in the presence of various L-arginine concentrations (5-150 pM) and 500 pM gabexate mesylate when required. The uptake was measured as
described in Section 2. The corresponding Lineweaver—Burk plot is reported in the inset. Data are the mean =+ SD of four experiments carried out in duplicate.

3.2. The gabexate mesylate effect on NO production nitrite and nitrate accumulation was measured. Data have
shown that gabexate mesylate dose-dependently inhibited
To evaluate whether the gabexate inhibition of L-argi- NO production in whole platelets. As shown in Fig. 5,
nine uptake may limit cellular synthesis of NO, some 100 pM gabexate decreased NO formation of more than
experiments have been performed incubating platelets with 40% and the maximal inhibition (88%) was reached in the
various concentrations of the drug. At the end of incubation presence of 1000 pM gabexate after 15 min incubation. A
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Fig. 4. Dixon plot for L-arginine uptake inhibition by gabexate mesylate. Washed platelets (2.0 x 10° plts), prewarmed at 37°, were incubated for 1 min in

the presence of 10 pM (H), 20 pM (A) or 40 uM (V) L-arginine and gabexate mesylate at the indicated concentrations. L-Arginine uptake was measured as
described in Section 2. Arrow indicates the K; value.
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Fig. 5. Effect of gabexate mesylate on NO formation in platelets. Washed
platelets resuspended in pH 7.4 HEPES buffer containing 2 mM CaCl,
(1.0 x 10° plts) and prewarmed at 37°, were incubated for 15 min with
40 uM L-arginine and gabexate mesylate as indicated. Incubation was
stopped by sonicating samples in ice and nitrite and nitrate levels of
supernatants measured as reported in Section 2. Each bar represents the
mean + SD of three experiments carried out in duplicate. (x) P < 0.0005;
(@) P <0.0025 vs. none by unpaired Student’s t-test. ANOVA showed
significant variation of NO formation upon platelet treatment with
different concentrations of gabexate mesylate (P < 0.0001 in all cases).

prolonged exposure of platelets to gabexate did not
improve the effect. Moreover, it should be stressed that
gabexate mesylate (1001000 uM) incubated with plate-
lets in the absence of L-arginine did not affect basal NO
levels (data not shown).

3.3. The gabexate mesylate effect on cGMP levels

As additional evidence for the inhibition of NO produc-
tion, the gabexate mesylate effect on cGMP levels was
evaluated in platelets incubated in the presence of L-argi-
nine. Gabexate mesylate inhibited in a dose-dependent
manner cGMP formation (Fig. 6). The results obtained
are in agreement with data reported in Fig. 5. The effects
of gabexate mesylate on NO, formation and on cGMP
accumulation were closely correlated (y = 0.009837x
—0.779868; 2 =0.99; P < 0.0001). On the other hand,
gabexate mesylate in the absence of L-arginine did not
change cGMP basal level.

3.4. Effect of gabexate mesylate on cNOS activity in a
cell-free system

In addition, we wanted to measure the inhibiting effect of
gabexate mesylate on the cNOS activity of a platelet cell-
free system. Data reported in Fig. 7 show a typical saturation
curve (A) and the related Lineweaver—Burk plot (B) for
cNOS in the presence or absence of gabexate mesylate. The
K., value increased from 0.82 £+ 0.07 t0 6.0 £ 0.4 pM in the
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Fig. 6. Effect of gabexate mesylate on cGMP levels in platelets. Washed
platelets, resuspended at 1.0 x 10° plts in pH 7.4 HEPES buffer containing
2mM CaCl,, were incubated with 40 pM L-arginine and gabexate
mesylate as indicated. After 30 min at 37° incubation was stopped by
adding 2 M perchloric acid. Supernatants neutralized with 2 N NaOH were
analysed for the cGMP content by radioimmunoassay (RIA) kit. (%)
P < 0.0005; (§) P < 0.0025; (@) P < 0.01 vs. none by unpaired Student’s
t-test. ANOVA showed significant variation of NO formation upon platelet
treatment with different concentrations of gabexate mesylate (P < 0.0001
in all cases).

presence of gabexate mesylate, while the V,,,, value was
unchanged (672 £ 12 pmol/mg protein for control and
664 £ 16 pmol/mg protein with gabexate mesylate). Data
of other experiments processed with the Dixon plot defined
a K; value of 48 + 5 pM (data not shown).

3.5. Tests to assay platelet viability

Platelets treated with varying concentrations of gabexate
(100-1000 uM) were not different from control platelets in
the lactate produced or in the lactic dehydrogenase released
during 15 or 30 min of incubation at 37°. Lactate produced
was 24 +2.0 nmol/10° plts/min  and 23 = 1.5 nmol/
10° plts/min in controls and in platelets treated with gabex-
ate mesylate, respectively. Moreover, the leakage of lactate
dehydrogenase that occurred during the incubation and
centrifugation of the platelets was 8 and 10% of the total
activity after 15 or 30 min at 37°, respectively, both in the
presence and in the absence of the drug (100-1000 pM).

4. Discussion

NO is a free radical that can participate in several types
of redox reactions, some that mediate its biological effects
and others that limit its activity. Inactivation of NO occurs
largely through oxidative reactions mediated by reactive
oxygen intermediates such as superoxide, hydrogen per-
oxide and lipid peroxyl radicals generated from lipid
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Fig. 7. The effect of gabexate mesylate on the kinetic parameters of cNOS
in a cell-free system. Suitable aliquots of platelet sonicate were incubated
in the presence of L-arginine (0.5-20 pM), PBS (@) or 300 M gabexate
mesylate (W) for 5 min at 37°. cNOS activity was determined as described
in detail in Section 2. Each point represents the mean &+ SD of three
experiments carried out in duplicate: (A) saturation curve; (B) Line-
weaver—Burk plot.

peroxides [31]. Resting and activated platelets are them-
selves a rich source of superoxide and hydrogen peroxide
[32]. These species have been found increased in platelets
of various diseases [33,34]. On the other hand, several
diseases such as cerebral infarction, diabetes mellitus and
neurodegenerative disorders are associated with NO over-
production [35].

The formation of peroxynitrite by the reaction of either
endothelial or platelet-derived NO with either endothelial
or platelet-derived superoxide has been postulated to not
only mediate cytotoxicity, but also cause tissue injury in
physiological and pathological states [36]. It has been
supposed that in addition to reactive oxygen species,
reactive nitrogen oxide species (RNOS) generated from

NOS may contribute to post-ischemic myocardial injury
[37]. Recent studies have demonstrated that NOS inhibi-
tion significantly attenuates post-ischemic myocardial
injury [38].

The selection of new compounds able to regulate NO
formation in the cells could represent a very important
topic. Drugs structurally similar to L-arginine could have
particular significance. For such reason we have studied
gabexate mesylate and its probable effects on L-arginine/
NO pathway in human platelets. These cells are a simple
model to clarify relevant metabolic and functional mechan-
isms. On the other hand, NO possesses anti-aggregating
properties but whether it combines with anion superoxide
largely produced by platelets could produce citotoxicity
effects. Thus, the modulation of L-arginine/NO pathway
could have a particular significance.

Our study demonstrates that gabexate mesylate inhibited
L-arginine uptake with a K; value of 158 uM. Since data are
not available in literature on the gabexate mesylate bioa-
vailability upon oral administration or ointment treatment
of the drug, it is difficult to establish whether the gabexate
mesylate effect could have relevance “in vivo”. Never-
theless, the inhibition of L-arginine uptake could have as a
consequence a diminished intracellular NO formation ““in
vitro” . There was clear evidence for the inhibitory effect of
gabexate on NO formation as determined directly by the
detection of nitrite and nitrate formation and indirectly by
the assessment of cGMP accumulation in intact cells. NO
formation in human platelets seems to be regulated by the
L-arginine transport that supplies cNOS with substrate. Up-
to date recycling and degradation mechanisms of L-argi-
nine have not been demonstrated in human platelets.
Therefore, the aminoacid uptake represents the most
remarkable regulatory step of NO production in human
platelets and gabexate an effective modulator of L-argi-
nine/NO pathway. Finally, it was shown that gabexate
mesylate competitively inhibited the cNOS activity of a
platelet cell-free extract, as demonstrated in rat C6 glioma
cells by Colasanti et al. [39]. These authors have shown
that gabexate mesylate inhibited competitively constitutive
and inducible NOS and dose-dependently nitrite and
nitrate production, but they did not test the drug effect
on L-arginine transport.

In conclusion, gabexate mesylate can be considered an
antioxidant agent exerting protective effect against tissue
injury by decreasing NO formation and oxygen-free radi-
cal release. Nevertheless, the inhibition of L-arginine trans-
port could result in a L-arginine depletion of the cells. For
such reason gabexate mesylate as other L-arginine analo-
gues should be administered under careful control.
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