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Abstract

Platelet and endothelial production of bioactive nitric oxide (NO) is known to be impaired in acute coronary syndromes, thus compounds

that release NO are useful candidates to restore NO-vascular functions. Objective: We have studied whether donation of NO with a novel

platelet-selective S-nitrosothiol compound (LA810) at a systemic level can inhibit thrombosis elicited by damaged vessel wall (eroded and

disrupted vessel wall) at hemodynamic conditions typical of patent and stenotic coronary arteries. Methods: Thrombogenicity was measured

in the porcine experimental model and assessed as platelet– thrombus formation in the ex vivo Badimon perfusion chamber. After baseline

perfusions, female pigs (Large White�Landrace) were given intravenous infusion of LA810 or GSNO standard S-nitrosothiol during 2 h.

Changes in blood pressure, heart rate and in vitro platelet aggregation were measured. Results: LA810 significantly decreased thrombus

formation at any degree of vascular damage and shear rate ( p < 0.001) without hypotensive side-effects or heart rate variations. In contrast,

inhibition of thrombus formation by GSNO required high doses associated to hypotensive episodes. Platelet aggregation induced by collagen

was inhibited after nitrosothiol infusion in whole blood (LA810) and platelet rich plasma (LA810 and GSNO). In addition, there was a drug-

dependent rise in platelet guanosine 3V,5V-cyclic monophosphate (cGMP) levels. Conclusions: This new anti-ischemic NO-donor (NOd)

LA810 that inhibits platelet function without hypotensive side-effects seems a highly efficacious strategy to reduce acute thrombosis

triggered by coronary artery disease.

D 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Thrombus formation within coronary vessels is the

precipitating event of myocardial infarction and unstable

angina, as documented by angiographic and pathologic

studies [1]. Rupture of the atherosclerotic plaque is believed

to be the responsible event for most of the coronary

syndromes in a process mainly mediated by platelet adhe-

sion, activation and aggregation [2]. Thrombus may partial-

ly or completely occlude the arterial lumen producing

ischemia or infarction [3]. Antithrombotic and antiischemic

agents are, therefore, employed in the treatment of acute

coronary artery disease. Anti-platelet treatment with aspirin
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is effective in reducing platelet aggregation but there is

evidence that platelet activation persists despite aspirin

treatment [4]. Glycoprotein IIb/IIIa (GP IIb/IIIa) receptor

antagonists [5] have provided remarkable achievements in

the acute treatment of acute coronary artery disease; how-

ever, they still have some limitations [6].

Platelet and endothelial production of bioactive nitric

oxide (NO) seems to be impaired in acute coronary syn-

dromes [7]. Under physiological conditions, NO is released

from the endothelium, platelets, and leukocytes in response

to a number of circulating agonists and hemodynamic

factors [8]. Among its diverse functions, endothelial-derived

NO has been involved in neurotransmission [9], immune

regulation [10], vascular smooth muscle relaxation [11], and

inhibition of platelet adhesion and aggregation [12]. Plate-

let-derived NO modestly reduces primary aggregation re-

sponse, whereas NO released from aggregating platelets

markedly inhibits platelet recruitment [13] and thus limits
ed by Elsevier B.V. All rights reserved.



G. Vilahur et al. / Cardiovascular Research 61 (2004) 806–816 807

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/61/4/806/333045 by guest on 16 M

ay 2023
progression of intra-arterial thrombosis. NO effects in plate-

let signalling in vitro suggests that NO activates guanylate

cyclase leading to an increase of cGMP [14] and suppresses

intracellular calcium flux reducing P-selectin and the active

conformation of GP IIb/IIIa expression. In consideration to

the physiological regulations on NO and to the well-estab-

lished pathological implications of the decrease of NO

bioavailability, there is a great interest in developing NO

donors able to restore NO levels.

S-nitrosothiols are good candidates as new nitric oxide

donor drugs. Indeed, although sufficient evidence shows

that EDRF is NO, the argument has been advanced that

EDRF might be a more chemically stable adduct of NO,

such as an S-nitrosothiol [15]. In this sense, S-nitrosoglu-

thation (GSNO) has been detected in plasma at concentra-

tion of 0.1 Amol/l [15], and GSNO has been implicated in

the intracellular transfer of NO from NO synthase to the

guanylate cyclase. Moreover, some S-nitrosothiols have

demonstrated some cell selectivity [15].

GSNO is a S-nitrosothiol from which NO is released by

the action of enzymes associated with platelet membranes

[16]. GSNO seems to have, therefore, platelet selectivity

and to inhibit platelet adhesion and aggregation to a greater

extent than its effects on vascular tone [16]. GSNO has

shown to reduce asymptomatic embolizations after carotid

angioplasty without hypotensive episodes [17] and also to

reduce markers of platelet activation such as P-selectin

(CD62/GMP140) and fibrinogen GPIIb/IIIa receptor density

without altering blood pressure in patients following percu-

taneous transluminal coronary angioplasty [18].

Considering the antithrombotic activities of GSNO and

the effectiveness of antiplatelet therapy in preventing serious

vascular events [19], arterial occlusion [20], and venous

thromboembolism [21] among a wide range of patients at

high risk of occlusive vascular events, Lacer (Barcelona,

Spain) has synthesised new S-nitrosothiols with antithrom-

botic activity [22].

It has been our objective to evaluate the antithrombotic/

antiplatelet effects of a new platelet selective S-nitrosothiol

compound [22] (LA810, N[N-g-L-glutamyl-2-amino-2-(-4-

(4-S-nitrosomercapto-1-methyl-piperidin))acetyl]glycine) in

conditions mimicking vessel wall injury and flow shear

rates typical of coronary arteries. We hypothesized that NO

donation with LA810 would significantly inhibit thrombosis

triggered by both superficial and deep vessel wall damage at

different shear rates without significantly modifying blood

pressure or heart rate.
2. Methods

2.1. Experimental conditions

Female pigs (Large White�Landrace) obtained from a

local single farm (n = 13; body weight: 39.5F 2.5 kg; age:

1.5 months old) were individually caged in light, tempera-
ture, and humidity controlled environment with free access

to water and feeding. All procedures in this study were

performed in accordance with NIH guidelines and followed

the American Physiological Society guidelines for animal

research.

After overnight fasting, blood was withdrawn and

platelets were labeled with 111In-oxine (111In) (Amersham

Biosciences, London, UK) as previously described [23].

An average of 8.7� 106F 0.1�106 111In-labeled platelets/

Al were injected in a final volume of 4 ml of autologous

plasma. Efficiency was 93.0F 1.6% and the injected

activity was 250F 12 ACi. Twenty hours later, pigs were

sedated with an intramuscular injection of 8 mg/kg of

Azoperona (StressnilR, Esteve, Barcelona, Spain), deeply
anesthetized by intravascular infusion of pentobarbital

sodium solution (10 mg/kg, B.Braum Medical, Barcelona,

Spain) and then intubated and ventilated (Dog ventilator,

Ugo basile, Italy). It has been previously described that

barbiturates inhibit platelet activity at plasma levels of

10� 4 mol/l [24]. These levels are often achieved in

animals administered 30 mg/kg of sodium pentobarbital

[24]. Therefore, to minimize the circulating plasma levels

of pentobarbital, we administered 10 mg/kg intravenous

bolus of pentobarbital sodium (deep anesthesia) followed

by a continuous infusion of 10 mg/kg/h until all the ex-

periment had been performed. This procedure produced a

consistent anesthetic state with a minimal variation in

hemodynamic parameters. Through a neck incision the

common carotid artery (distal portion) and contralateral

jugular vein were cannulated. Then, pigs were intravenous-

ly heparinized with a bolus (50 U/kg) followed by an

infusion (50 U/kg/h) (LiquemineR, Roche, Basel, Switzer-
land). The catheterized carotid artery was connected by

polyethylene tubing to the input of the Badimon perfusion

chamber and the output of the chamber was connected to a

peristaltic pump (Masterflex, Model 7518-10, Cole Parmer

Instrument, Vernon Hills, USA). Blood that passed through

the chamber was recirculated back into the animal by the

contralateral jugular vein.

Post-mortem 111In-biodistribution indicated a correct

platelet distribution with maximal accumulation in blood

(47F 4% in blood, 28F 3% in liver, 14F 2% in spleen,

4.0F 0.5% in lungs, 0.2F 0.03% in kidneys, and 0.11F
0.02% in heart tissue). Serum levels of creatinine, protein,

glucose, AST and ALT were measured in both treated

groups by routine analytical chemistry assays.

2.2. Perfusion chamber and substrates

We have used the Badimon perfusion chamber that

mimics the cylindrical shape of the blood vessels as

reported [23,25]. Pig aortas were obtained fresh in a

local slaughterhouse, transported in phosphate-buffered

saline (PBS) and immediately cleaned from adventitia,

cut in long pieces and frozen at � 80 jC until needed.

Before the experiments, the aortas were thawed in PBS at
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4 jC, opened longitudinally, and cut into 30� 10 mm

segments. Segments of pig aorta were denuded (model of

erosion) or mechanically disrupted (model of disruption)

by peeling off the intimal layer with a thin portion of

subjacent media, starting from a corner of the arterial

segment as previously described [25]. We have selected a

flow rate of 10 ml/min in the small (0.1 cm diameter)

and large (0.2 cm diameter) chamber. This flow gives

theoretically calculated average blood velocities of 21.2

and 5.3 cm/s, respectively [23]. Shear conditions at the

vessel wall were calculated from the expression for shear

rate given for a Newtonian fluid in the tube flow [26].

These shear rates correspond to values encountered in the

arterial circulation (1690/s and 212/s) [23]. The substrates

were mounted in the chamber and PBS solution at 37 jC
was perfused for 60 s. After the preperfusion period,

blood entered the chamber at a preselected flow rate of

10 ml/min for 5 min. At the end of blood flow, buffer

was again passed for 30 s through the chamber under

identical flow conditions. The perfused segments were

fixed in 4% paraformaldehyde in PBS and counted in a

gamma counter (Wizard Wallac, Boston, USA) for quan-

tization of deposited platelets. Values were normalized by

blood 111In activity (counts), platelets counts in blood,

and area of exposed surface.

2.3. Drug administration

After baseline perfusions (1 h), pigs were given an i.v.

infusion (mammary vein) either of LA810 (stable analogue

of GSNO, LacerR, Barcelona, Spain) [22] or GSNO (a

physiological platelet specific NOd) at the same infusion

rate of 6.6 nmol/kg/min during 2 h. Both compounds were

diluted in physiological serum saline to avoid any possible

interaction effects. This dose regime was selected from

previous data obtained in humans treated with GSNO

[17]. Each animal served as its own control. No perfusions

were performed during the first 30 min of the NOd infusion

to allow blood distribution of the drug.

2.4. Whole blood and platelet rich plasma (PRP) platelet

aggregation

Whole blood impedance platelet aggregation triggered

by collagen (3, 5, 10 Ag/ml) (Chrono-Log model 530;

ChronoLog, Yzasa SL, Havertown, USA) was measured

as previously reported [27] at baseline conditions and

during S-nitrosothiol intravenous infusion (30 and 120

min). Optical platelet aggregation was measured in PRP

as previously described [27] in the same time periods as

whole blood. Collagen (3, 5, 10, 15 Ag/ml) was used as

platelet agonist.

Additionally, following previously described procedures

[28], we evaluated the collagen (0.5–1 Ag/ml)-induced

platelet aggregation effects of LA810 (0.1Amol/l) with or

without ODQ ([1H-[1,2,4]Oxadiazole[4,3-a]quinoxalin-1-
on3]), a potent and selective inhibitor of nitric oxide-

sensitive guanylyl cyclase (1 Amol/l) and Carboxy-PTIO

([2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-

oxyl-3-oxide], a nitric oxide radical scavenger (50 Amol/l).

2.5. Physiological and hematological parameters

Systemic blood pressure (systolic arterial pressure, dia-

stolic arterial pressure, and mean arterial pressure) and heart

rate were monitored via a pressure transducer (Letica,

Rochester, USA) attached to the cannulated femoral artery

throughout all the experiments.

Determination of blood cells, hematocrit, platelet num-

ber, and size distribution were determined (System 9000,

Serono-Baker Diagnostics, Allentown, USA). Levels of

prothrombin time (PT) and activated partial tromboplastina

time (aPTT) were monitored with an ST4 automated clotter

(Diagnost ica Stago, Asni è res , France) and the

corresponding specific kits (American Diagnostica, Stan-

ford, USA) according to the manufacturer’s instructions.

2.6. Determination of platelet cGMP levels

Blood was withdrawn in EDTA at different time periods

(pre-treatment and 30–120 min during treatment), centri-

fuged at 250� g 10 min at room temperature (RT) and

incubated with IBMX and PGI2 to avoid phosphodies-

terases activity. Samples were centrifuged at 1.400� g 15

min RT to obtain platelet pellets which were stored deep

frozen (� 80 jC) until measurements. To determine cGMP

levels a commercially available cGMP enzyme immunoas-

say (EIA) kit (Amersham, Chicago, USA) was used with the

addition of an acetylating step to increase sensitivity.

2.7. Immunohistochemistry

Perfused arterial segments were fixed in 4% parafor-

maldehyde solution, cryoprotected with 2.3 mol/l sucrose

and frozen over dry ice in OCT (Tissue-Tek OCT Com-

pound 4583, Germany). Serially cut 4 to 5 Am sections in

the blood flow direction were obtained on a cryostat (Jung

CM 300, Leica) mounted on gelatinized slides. Immuno-

histochemical analysis was performed in sections stained

with an antifibrinogen polyclonal antibody (DAKO A080,

Glosatrup, Denmark) and an anti-platelet polyclonal anti-

body (pabBP19) produced in our laboratory and previously

described [29] as primary antibodies. Secondary antibodies

were FITC-conjugated F(abV)2 fragment of anti-rabbit

polyclonal (Sigma, F1262, New York, USA) and TRITC-

conjugated swine anti-rabbit immunoglobulins (DAKO

R156, Glosatrup, Denmark). Results were evaluated with

a fluorescence microscope (Vanox AHBT3, Olympus,

Melville, USA). The images were digitalized with a Sony

3CCD camera [30]. Controls of primary and secondary

antibody staining were always performed in parallel in

serial cuts on the same axial segment (central piece). To



Table 1

Hematological, coagulation (A) and biochemical (B) parameters in both nitrosothiol-treated groups

(A)

Group Before LA810

i.v. treatment

LA810

(6.6 nmol/kg/min)

Before GSNO

i.v. treatment

GSNO

(6.6 nmol/kg/min)

RBC (� 106 Al� 1) (5–7) 6.15F 0.3 5.8F 0.1 4.5F 0.1 4.5F 0.1

PLT (� 103 Al� 1) (250–450) 404.0F 29.1 380.0F 20.2 505F 15.7 499F 14.9

HCT (%) (25–35) 34.7F 1.7 30.9F 1.0 25.5F 0.1 25.4F 0.1

APTT (s) 237.0F 35.0 232.0F 27.0 222.0F 23.0 227.0F 30.0

PT (s) 13.6F 0.5 15.9F 0.7* 12.9F 0.1 12.8F 0.1

(B)

Pigs treated

with LA810

Pigs treated

with GSNO

AST (U l� 1) (15.3–55.3) 21.8F 7.0 36.0F 1.0

ALT (U l� 1) (9–43) 42.0F 2.4 38.5F 3.1

Crea. (mg dl� 1) (0.8–1.4) 1.0F 0.03 1.2F 0.08

TP (g dl� 1) (3.4–4.4) 5.3F 0.06 5.0F 0.5

GLU (mg dl� 1) (77–99) 96.6F 0.9 99.0F 30.4

Red blood cells (RBC); platelets (PLT); hematocrit (HCT); activated partial tromboplastin time (aPTT); prothrombin time (PT); PT and aPTT are values

expressed in seconds. Values are expressed as meanF standard error. Between brackets normal values for 1.5-month-old pigs.

* p< 0.05.

Fig. 1. Haemodynamic values throughout the experiments. (A) A mild and

rapidly reversible reduction of blood pressure that never reaches values of

fall in mean arterial pressure higher than 10 mm Hg is observed after

LA810 drug infusion. GSNO-treated animals show a maintained and

significant reduction in blood pressure throughout the experiment (c 30%

reduction vs. basal value). (B) No changes in heart rate are observed after

LA810 or GSNO infusion. (MANOVA+Dunnett’s test; yp< 0.05 LA810

vs. basal value; *p< 0.05 GSNO vs. basal value). Data are given as

percentage of basal value (mean value: 73F 5 mm Hg, n= 13).
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avoid interference of location in comparative analysis all

stained sections were taken from the same central piece of

the specimens.

2.8. RhoA in platelets

Platelets were obtained from blood collected in acid

citrate dextrose gently dropped into plastic tubes. Platelet

number was adjusted to 4� 108 platelets/ml and 750

Al lysis buffer (50 mmols/l Tris/HCl pH 7.4, 1 mmols/

l EDTA, 1% Triton-X 100, 1 mmols/l PMSF) were added.

Samples were then mixed for 10 min, sonicated for 10 s

and centrifuged at 1600� g for 15 min at 4 jC. Platelet
subfraccionation was performed as described [31]. Total

protein concentration in platelet extracts was measured

using the Pierce BCA (bicinchoninic acid) protein assay

method (Pierce, Rockford, IL, USA) [32]. Equal amounts

of protein (25 Ag) were subjected to SDS/PAGE and

transferred onto nitrocellulose membranes (Bio-Rad, Cal-

ifornia, USA). The membranes were then incubated with

an appropriate dilution (1:250) of monoclonal antibody

anti-Rho-A (Santa Cruz Biotechnology, California, USA).

After incubation with peroxidase-labeled antimouse immu-

noglobulins (1:10000) antibody visualization was per-

formed by the chemiluminiscent method SuperSignalR
(Pierce, New York, USA) and autoradiography was per-

formed at RT using AGFA CURIX-RP2 films.

2.9. Statistical analysis

Results are expressed as meanF S.E.M. Statistical anal-

ysis was performed by the Student’s t-test for paired data

when groups had equal variances (F test) and by Mann–

Whitney U-test for groups with unequal variances (F test).
When experimental design consisted of repeated measures

an analysis of variance for repeated measures (ANOVA) and

a Dunnett’s test were applied. A Power Macintosh computer

equipped with Statviewk software (Abacus) was used for



Fig. 2. Platelet aggregation in vitro before (control; t = 0) and after (t = 30 and t= 120 min) LA810 (A, C) and GSNO (B, D) intravenous treatment. Collagen-

induced platelet aggregation was evaluated in whole blood (A, B) and PRP (C, D). (*p< 0.05, significant vs. t = 0, and yp< 0.05 vs. previous measured time).

-n- 3 Ag/ml; -x- 5 Ag/ml; -.- 10 Ag/ml; -E- 15 Ag/ml.
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all analysis. Statistical significance was considered when

p < 0.05.
Fig. 3. Platelet cGMP concentrations before (t = 0) and after (t = 30, 90, 120

min) drug infusion. The increase in intraplatelet cGMP levels reached

significance 90 min after continuous LA810 infusion (*p< 0.05).
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3. Results

3.1. Evolution of hematological levels and coagulation

Hematological and coagulation follow up parameters are

summarized in Table 1A. No significant differences were

found in hematological parameters before and after LA810

and/or GSNO intravenous infusion. All values were also

within the normal range for 1.5-month-old pigs. PT showed

a small but significant increase (13.6F 0.5 vs. 15.9F 0.7 s;

p < 0.05) after LA810 infusion. No significant differences

were found in aPTT before and after any S-nitrosothiol

treatment. Biochemical parameters in both treated groups

were always within the normal pig range (Table 1B).

3.2. Blood pressure and heart rate

Treatment with LA810 caused only a mild and revers-

ible reduction of blood pressure 10 min after initiation of
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the infusion (Fig. 1A), but no hypotensive episodes de-

fined as a fall in mean arterial pressure of 10 mm Hg

were detected. That small and short-lasting drop in blood

pressure upon initiation of the infusion was detected in

only 60% of the animals. Contrarily, treatment with 6.6

nmol/kg/min GSNO resulted in a significant drop of mean

arterial pressure of 16 mm Hg 10 min after initiation of

the infusion (30% reduction vs. basal value; Fig. 1A).

This reduction of blood pressure was already observed

after 1 min initiation of the GSNO infusion, and was

maintained throughout the experiment for a total of f 90

min. Either systolic or diastolic arterial pressure followed

the same pattern as mean arterial pressure in both treated

groups (data not shown). No significant variations in heart

rate were detected after LA810 or GSNO treatment

(Fig. 1B).
Fig. 4. Bar graph of platelet–vessel wall interaction as determined by the radioisoto

Platelet Deposition (PD) (� 106/cm2)F S.E. (A–B) Effect of LA810 on PD. (C–

severely (B, D) damaged vessel wall at low (212/s) and high (1690/s) shear rate
3.3. In vitro platelet aggregation

LA810 significantly inhibited in a time dependent man-

ner collagen-induced platelet aggregation in whole blood

(Fig. 2A). The time-course was similar for the different

collagen concentrations (3, 5, 10 Ag/ml). After 2 h of

continuous LA810 infusion, the reduction of platelet re-

sponse was 48.0F 3.0% and 39.8F 1.2% when induced

with 3 and 5 Ag/ml of collagen, respectively ( p < 0.001; Fig.

2A). Slope significantly decreased and lag time increased at

equal collagen concentrations ( p < 0.05; data not shown).

Contrarily, GSNO did not show any inhibitory effect in

collagen-induced platelet aggregation in whole blood (Fig.

2B). Collagen-induced PRP-aggregation showed similar

inhibitory trends after LA810 (Fig. 2C) or GSNO (Fig.

2D) intravenous treatment ( p < 0.05).

esearch 61 (2004) 806–816 811
pic (111In-labeled platelets) method. Results are expressed as mean values of

D) Effect of GSNO on PD. Platelet deposition triggered by mildly (A, C) or

(*p< 0.001). (E–F) Percentage of treatment-induced inhibition on PD.

m
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Fig. 5. Representative immunophotomicrographs of mildly damaged vessel wall perfused at low shear rate (A, B: 212/s) and high shear rate (C, D: 1700/s)

before (A, C) and after the LA810 treatment (B, D). Note reduction on fibrin (shown in green) deposition in LA810-treated substrates.

Fig. 6. Representative immunophotomicrographs of severely damaged vessel wall perfused at low shear rate (A, B; 212/s) and high shear rate (C, D; 1700/s)

before (A, C) and after (B, D) the LA810 treatment. Note the significant reduction on fibrin deposition (shown in green) in LA810-treated substrates, especially

at high shear rate conditions.
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Fig. 7. RhoA protein expression in platelets. (A) Representative

immunoblot showing RhoA expression in extracts of whole platelets

obtained from non-treated (C) or treated (LA810 and GSNO) animals. Pig

platelets show a double-band protein expression when incubated with anti-

RhoA antibody showing the cytoplasmatic (inactive) protein. (B)

Representative immunoblot showing RhoA distribution in the cytoplasm

(Cyt) or membrane (Mb) relative to total protein expression in LA810- and

GSNO-treated platelets.
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The inhibitory effect of LA810 was more pronounced 2

h after intravenous drug administration than at only 30 min

of infusion ( p < 0.002).

In a further set of experiments we observed that collagen-

induced platelet aggregation was not inhibited by LA810

when platelets had been incubated (10 min) with ODQ and

Carboxy PTIO (data not shown).

3.4. Platelets cGMP levels

The time-course of LA810 effects in intraplatelet cGMP

levels is shown in Fig. 3. Platelet cGMP levels were raised

upon initiation of NOd infusion and remained rose during

the whole infusion period. The increase reached statistical

significance after 90 min of drug infusion (basal vs. treated:

0.25F 0.04 vs. 0.39F 0.10 fmol cGMP/Ag platelet protein,

p < 0.05).

3.5. Platelet deposition

3.5.1. Mildly damaged vessel wall

Platelet deposition (PD) on eroded vessel wall was

significantly decreased ( p < 0.001) after LA810 6.6 nmol/

kg/min infusion, both, at low (4.5F 0.9 vs. 2.5F 0.4� 106

plt/cm2) and high (10.3F 3.4 vs. 6.0F 0.9� 106 plt/cm2)

local shear rate conditions (Fig. 4A). In contrast, although

inhibitory effects of GSNO were not significant at low

(3.0F 0.2 vs. 2.4F 0.4� 106 plt/cm2) shear rate conditions

(Fig. 4C), they were significant at high shear rate conditions

(7.4F 1.1 vs. 3.7F 1.0� 106 plt/cm2). According to these

results, treatment-induced inhibition of PD (% inhibition vs.

pre-treatment) was approximately 50% with both nitroso-

thiol compounds at high shear rate conditions while at low

shear rate conditions, LA810 caused a reduction of about

50% and GSNO only reduced a 20% (Fig. 4E).

3.5.2. Severely damaged vessel wall

PD on severely damaged vessel wall was significantly

reduced at low and high shear rates after LA810 (49.6F 7.9

vs. 32.2F 4.0� 106 plt/cm2; 86.2F 19.0 vs. 46.1F
7.4� 106 plt/cm2, respectively) (Fig. 4B) and/or GSNO

(43.9F 4.0 vs. 25.8F 4.4� 106 plt/cm2; 59.2F 3.9 vs.

31.8F 5.3� 106 plt/cm2, respectively) intravenous infusion

(Fig. 4D) ( p < 0.001). GSNO or LA810 caused a similar

inhibition of PD, of about 50%, at both local shear rate

conditions (Fig. 4F).

3.6. Immunohistochemical analysis

Immunohistochemical staining of perfused substrates

showed different amounts of fibrin and PD according to

the vascular wall damage. Eroded vessels demonstrated

fibrin formation depending on shear conditions while se-

verely damaged vessel wall induced significantly higher

amounts of fibrin deposition (mildly damaged vessel wall,

Fig. 5; severely damaged vessel wall, Fig. 6). Interestingly,
LA810 significantly reduced fibrin deposition suggesting

effects on the tissue factor-thrombin (TF-thrombin) path-

way. PD was highly reduced and followed the pattern

already seen in the radioisotopic quantitative analysis (data

not shown).

Platelet inhibitory effects were independent of shear and

degree of vessel damage. We observed that in both vascular

lesions, treatment with LA810 reduces fibrin and PD.

3.7. RhoA protein expression

By Western blot analysis extracts of whole platelets from

treated pigs showed a double-band RhoA protein expression

(Fig. 7A). After subcellular platelet fractionation (Fig. 7B),

cytoplasmatic RhoA expression (inactive form) corre-

sponded to the higher molecular weight (MW) band while

membrane RhoA expression (active form) corresponded to

the lower MW band. Interestingly, LA810 and GSNO

treatment increased expression of the inactive cytoplasmatic

form of RhoA.
4. Discussion

The potential therapeutic benefit of NO agents, in par-

ticular S-nitrosothiols, especially as antiischemic agents in

their own right and as anti-hypertensive agents has been the

focus of extensive research [33]. Our objective was to study

whether a novel S-nitrosothiol (LA810) could have an

inhibitory effect on platelet deposition and thrombus for-

mation on mildly and severely damaged vessel wall at wall

shear rates typical of coronary arteries with no hypotensive

episodes. Here, we demonstrate that mural thrombosis is

significantly reduced when animals are treated with LA810

without hypotensive side effects. We have used a physio-

logical NO-donor with described platelet specificity, GSNO,

as positive control for the potential antiplatelet effect of

LA810. GSNO given at equimolar dose showed inhibition

in platelet mural thrombosis; however, the concomitant drop
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in blood pressure maintained during GSNO infusion limits

its therapeutic use.

The beneficial roles ascribed to NO-donors in the vas-

culature are numerous [14], but they also exhibit some

cardiovascular side effects including hypotensive episodes

[34] and negative inotropic effects [35]. Several studies

have been done in animals, healthy volunteers, and in

patients studying the antithrombotic activity and platelet

selectivity of GSNO. In healthy volunteers [36] and in some

clinical conditions [37] GSNO has proven to inhibit platelet

activation and/or aggregation with no concomitant effect on

blood pressure. However, proper dose dependent studies to

fully study the degree and selectiveness of the antithrom-

botic activity of GSNO have not been done in patients due

to the apprehension of the unwanted and dangerous poten-

tial hypotension. Moreover, in some clinical conditions no

significant platelet inhibition by GSNO has been observed

[38]. This may represent that in these clinical conditions a

greater stimulus for platelet activation was present and

probably no inhibition could be obtained without affecting

blood pressure. In this regard, it would be convenient to

have in vivo models able to mimic clinical situations to

study the antithrombotic activity of new NO-donors. Only

in such way, we could enter clinical development with

highly efficient and safer compounds.

The Badimon’s chamber seems to be an optimal exper-

imental set up for this since it allows controlling the

different variables that regulate thrombus formation, degree

of lesion, and local hemodynamics. Thus, it has been useful

in this study to differentiate the relative anti-thrombotic and

haemodynamic effects of two platelet selective S-nitroso-

thiols (GSNO and LA810) given at equimolar doses.

In our study, LA810 significantly decreased thrombus

formation at any degree of vascular damage and shear rate

without hypotensive side-effects or heart rate variation. In

contrast, as described by Vodovotz et al. [39] in a study in

swine following balloon injury, GSNO decreased thrombus

formation (except in mildly damaged vessel wall under low

shear rate conditions) but with hypotensive side-effects.

Antiplatelet activity of LA810 was also detected in the

study of ex vivo platelet aggregation. Platelet aggregation

induced by collagen in whole blood was significantly

inhibited by LA810 that showed a positive time dependent

effect. From these results, we can conclude that the platelet

inhibitory properties of LA810 were resistant to the scav-

enging of NO by haemoglobin in blood, which limits the

therapeutic application of most S-nitrosothiol compounds as

antiplatelet agents, including GSNO [40].

The early and sustained increase on intraplatelet cGMP

by LA810 is compatible with the release of NO from

LA810, the activation of guanylyl cyclase, and subsequently

cGMP formation [14]. On the other hand, it has been

previously reported that LA810 at 0.1 Amol/l completely

inhibits collagen (0.5–1 Ag/ml)-induced human platelet

aggregation (washed platelet suspension) [41]. In the pres-

ent study, this LA810 inhibitory effect was completely
prevented by both, a selective inhibitor of NO-sensitive

guanylyl cyclase and a NO radical scavenger. These results

strongly support that the antiplatelet effect of LA810 is

mediated by NO donation.

Additionally, we have also obtained information on the

effect of LA810 and GSNO on RhoA. RhoA is a small

GTPase involved in many cell functions including cell shape

changes [42]. Interestingly, we demonstrated that LA810

and GSNO increased RhoA expression in its inactive form

(cytoplasmatic) suggesting that NO regulates RhoA activa-

tion, subsequent cytosqueleton organization and platelet

passivation. Therefore, RhoA could be an important target

for the NO/cGMP inhibitory signalling pathway turned on

by NOd and deserves further investigation. The inhibitory

effect of the NO/cGMP pathway on RhoA in endothelial cell

cultures has also been proposed [43].

We have also shown by immunohistochemical analysis

that LA810 decreases not only platelet deposition but the

deposition of fibrin that typically forms on injured vessel

wall. Although there is not yet a clear explanation for this

new finding, it has been described that NO regulates trans-

glutaminases [44], among them FXIII. Because FXIII ca-

talyses cross-linking of fibrin monomers during blood

coagulation and stabilizes the blood clot, its inhibition could

reduce thrombosis. On the other hand, an effect on the TF-

cascade cannot be overlooked because of the importance of

the TF-pathway in thrombosis triggered by severely injured

vessels [45]. Our results strongly support the view that

LA810 not only acts in the haemostatic system inhibiting

platelet aggregation and adhesion but also reducing blood

coagulation. Indeed, the elongation in prothrombin time in

LA810 tested animals may reflect the suppression of TF

expression by NO described by others [46].

More experimental studies are needed to further charac-

terize the effects of LA810 on RhoA activity and on TF-

pathway since from our results the effects of LA810 on

these signal pathways could explain in part its pharmaco-

logical activity.

In conclusion, thrombosis is important in the pathogen-

esis of unstable angina and acute myocardial infarction and

here we show that donation of NO by a new S-nitrosothiols

(LA810) is a good mechanism to reduce mural thrombosis

triggered by damaged vessel wall (superficial and deep

damage) with effects that are shear-rate independent without

hypotensive side effects.
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