Anti-thrombotic properties of aprotinin (12/1/06) LRZ

1: Semin Cardiothorac Vasc Anesth. 2006 Jun;10(2):132-42.
 
Aprotinin and the protease-activated receptor 1 thrombin receptor: antithrombosis, inflammation, and stroke reduction.
Day JR, Landis RC, Taylor KM.
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Cardiopulmonary bypass, although remaining an indispensable asset in cardiac surgery, especially in more complex and repeat operations, is associated with significant thrombin generation in the bypass circuit, leading to the activation of platelets, the coagulation system, an inflammatory response, and perioperative stroke. Recent clinical studies and meta-analyses of clinical trials in coronary artery bypass grafting surgery have confirmed that aprotinin not only reduces transfusion requirements in cardiac surgery but also confers significant protection against platelet dysfunction, activation of the systemic inflammatory response, and perioperative stroke when administered at the full (or "Hammersmith") dose. This article reviews research from several independent groups to propose a novel mechanism through which the antithrombotic, anti-inflammatory, and neuroprotective mechanism might be mediated, via protection of the high-affinity thrombin receptor protease-activated receptor 1 (PAR1).
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Aprotinin shows both hemostatic and antithrombotic effects during off-pump coronary artery bypass grafting.
Poston RS, White C, Gu J, Brown J, Gammie J, Pierson RN, Lee A, Connerney I, Avari T, Christenson R, Tandry U, Griffith BP.

Department of Surgery, University of Maryland School of Medicine, Baltimore, Maryland, USA. rposton@smail.umaryland.edu

BACKGROUND: Hemostatic drugs are widely thought to be unnecessary and potentially detrimental in off-pump coronary artery bypass graft surgery (OPCABG), despite well-established use in on-pump surgery. In a randomized, prospective OPCABG trial, we assessed efficacy and safety of aprotinin through a comprehensive assessment of graft patency and hematologic function. METHODS: Sixty patients were randomly assigned to full-dose aprotinin or placebo. Heparin was titrated to a kaolin-based activated clotting time of greater than 300 seconds. Exclusionary criteria included creatinine greater than 2 mg/dL, conversion to on-pump CABG, and preoperative GPIIb/IIIa inhibition. Hematologic assessments were obtained preoperatively, at the end of surgery, and on days 1 and 3: mean platelet volume, thrombin generation (prothrombin fragment 1.2 assay), and aspirin resistance using a modified thrombelastography, whole blood aggregometry, 11-dehydro-thromboxane B2 levels, and flow cytometry. Thrombotic events were defined as postoperative myocardial infarction by electrocardiography or elevated troponin I, clinical stroke by examination and head computed tomography, and bypass graft failure by multichannel computed tomography angiography on day 5. RESULTS: Aprotinin was associated with a significant reduction in intraoperative and postoperative blood loss compared with placebo but had no effect on transfusion rates. Patients treated with aprotinin had significantly fewer thrombotic events (3% versus 23%, p < 0.05, Fisher's exact test) and less postoperative aspirin resistance (20% versus 46%, respectively, p < 0.05, Fisher's exact test). Postoperative prothrombin fragment 1.2 level was reduced by aprotinin use. CONCLUSIONS: Aprotinin reduced perioperative bleeding after OPCABG. Preserved aspirin sensitivity in the aprotinin group may explain the observed reduction in thrombotic events and might be related to the suppression of perioperative and transmyocardial thrombin formation.
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Aprotinin inhibits protease-dependent platelet aggregation and thrombosis.
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BACKGROUND: Hemostatic effects of the protease inhibitor aprotinin in cardiac surgery are well described, and recent evidence suggests an antithrombotic mechanism of aprotinin through inhibition of thrombin-mediated platelet activation. We hypothesized that aprotinin provides hemostasis while reducing vascular thrombosis by attenuating protease-dependent platelet function. METHODS: Rabbits (3 to 4 kg) underwent carotid artery thrombosis induced by electrical current. Treatment animals (n = 8) received aprotinin by a 100,000-KIU bolus followed by a continuous infusion (25,000 KIU/h). Control animals (n = 8) received crystalloid solution. Thrombus weight and time to thrombotic occlusion were determined. Platelet aggregation was examined in response to protease-dependent (thrombin) and protease-independent (adenosine diphosphate, ADP) platelet agonists. Platelet thrombin protease-activated receptor (PAR) expression was analyzed by Western blot. Ear bleeding time and abdominal incisional bleeding were measured at baseline and serially. RESULTS: Thrombus weight was decreased by aprotinin (6.1 +/- 1.1 mg versus 10.8 +/- 1.5 mg, aprotinin versus control, p < 0.05). Time to thrombotic occlusion was prolonged in the aprotinin group (17.4 +/- 1.0 minutes versus 8.3 +/- 1.3 minutes, p < 0.001). Rabbit platelet expression of thrombin PARs was demonstrated by Western blot analysis, and was not altered by aprotinin therapy. Platelet aggregation due to thrombin was decreased by aprotinin therapy (59.2% +/- 3.0% versus 95.8% +/- 1.5%, p < 0.001), whereas protease-independent, ADP-induced platelet aggregation was unchanged with aprotinin. Incisional bleeding was not different between groups. In the aprotinin group, bleeding time was unchanged at baseline and then reduced for the duration of the experiment (35.0 +/- 4.7 seconds versus 76.8 +/- 6.4 seconds, p < 0.05). CONCLUSIONS: While providing hemostatic effects, aprotinin attenuates vascular thrombosis in part by inhibition of PAR activation, resulting in the prevention of thrombin-induced platelet aggregation.
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Effect of aprotinin (trasylol) on the inflammatory and thrombotic complications of conventional cardiopulmonary bypass surgery.
Landis RC, Asimakopoulos G, Poullis M, Thompson R, Nourshargh S, Haskard DO, Taylor KM.
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Before the discovery of its hemostatic properties, aprotinin was thought of as a potential anti-inflammatory agent. Its clinical introduction in 1987 to prevent blood loss during cardiac surgery [Royston 1987, van Oeveren 1987] led to its anti-inflammatory benefits being largely overlooked in favor of a vigorous debate centering on whether aprotinin may be pro-thrombotic when given to patients. In this article, we summarize evidence for the anti-inflammatory activity of aprotinin and discuss our recent contributions in this area. We also summarize the state of the thrombosis debate and discuss our recent evidence from purified platelets which shows that aprotinin is simultaneously hemostatic yet anti-thrombotic.
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The antithrombotic and antiinflammatory mechanisms of action of aprotinin.
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Aprotinin (Trasylol) is generally regarded to be an effective hemostatic agent that prevents blood loss and preserves platelet function during cardiac surgery procedures requiring cardiopulmonary bypass (CBP). However, its clinical use has been limited by the concern that such a potent hemostatic agent might be prothrombotic, particularly in relation to coronary vein graft occlusion. In this review we present a mechanism of action that challenges such a viewpoint and explains how aprotinin can be simultaneously hemostatic and antithrombotic. Aprotinin achieves these two apparently disparate properties by selectively blocking the proteolytically activated thrombin receptor on platelets, the protease-activated receptor 1 (PAR1), while leaving other mechanisms of platelet aggregation unaffected. We also review recent research leading to the discovery of novel antiinflammatory targets for aprotinin. A better understanding of its mechanisms of action has led to the conclusion that aprotinin is a remarkable drug with the capacity to correct many of the imbalances that develop in the coagulation system and the inflammatory system after CPB. Nonetheless, it has been clinically underused for fear of causing thrombotic complications, a fear that in light of recent evidence may be unfounded.
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New antiinflammatory and platelet-preserving effects of aprotinin.
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The clinical benefit of aprotinin with respect to improved hemostasis, platelet function, and inflammatory response to cardiopulmonary bypass (CPB) surgery has been well documented, but these benefits have been overshadowed by the concern that such a potently hemostatic agent might also be prothrombotic. In this article, we discuss recent advances in the understanding of the basic mechanism of aprotinin that have led to the identification of new antiinflammatory targets and the discovery that aprotinin is, in fact, antithrombotic with respect to platelets. Its antithrombotic action is mediated by the selective blocking of the major thrombin receptor, the protease-activated receptor 1 (PAR1), but not other receptors of platelet activation (ie, collagen, adenosine diphosphate [ADP], or epinephrine receptors). The selective targeting of PAR1 enables aprotinin to protect platelets from unwanted activation by thrombin generated during CPB surgery (consistent with a role in platelet-preservation), while permitting the participation of platelets in the formation of hemostatic plugs at wound and suture sites, where collagen, ADP, and epinephrine are most likely to be expressed. Aprotinin therefore exerts a subtle hemostatic yet antithrombotic mechanism of action, which, when allied with its multitiered antiinflammatory effect, makes this drug a valuable companion to cardiac surgery.
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Cardiopulmonary bypass, although remaining an indispensable asset in cardiac surgery, especially in more complex and repeat operations, is associated with significant thrombin generation in the bypass circuit, leading to the activation of platelets, the coagulation system, an inflammatory response, and perioperative stroke. Recent clinical studies and meta-analyses of clinical trials in coronary artery bypass grafting surgery have confirmed that aprotinin not only reduces transfusion requirements in cardiac surgery but also confers significant protection against platelet dysfunction, activation of the systemic inflammatory response, and perioperative stroke when administered at the full (or "Hammersmith") dose. This article reviews research from several independent groups to propose a novel mechanism through which the antithrombotic, anti-inflammatory, and neuroprotective mechanism might be mediated, via protection of the high-affinity thrombin receptor protease-activated receptor 1 (PAR1).
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The effect of aprotinin on activated protein C-mediated downregulation of endogenous thrombin generation.
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Thrombin plays a central role in coagulation and haemostasis. Binding of thrombin to thrombomodulin generates activated protein C (APC), which exerts a negative feedback on thrombin formation. Aprotinin, a natural proteinase inhibitor is used extensively during cardiac surgery because this procedure is often associated with profound activation of coagulation and inflammatory pathways. Some in vitro evidences suggest that aprotinin inhibits APC, but the clinical relevance is unclear. The recombinant human soluble thrombomodulin (rhsTM)-modified thrombin generation (TG) assay was used to investigate the effects of aprotinin on APC in plasma samples obtained from healthy volunteers, aprotinin-treated cardiac surgical patients and in protein C (PC)-depleted plasma. Based on the results of in vitro TG assay, addition of rhsTM (0.75-3.0 microg/ml) to volunteer or patient platelet-poor plasma significantly reduced (70.8 +/- 21.9 and 95.3% +/- 4.6%, respectively) thrombin formation when compared with PC-depleted plasma (8.3% +/- 5.2%). Aprotinin (100-200 KIU) caused a small, statistically insignificant decrease in the peak thrombin formation in normal and PC-deficient plasma (12.0 +/- 6.1%). In cardiac surgical patients, levels of functional PC, factor II, antithrombin and platelet significantly decreased after cardiopulmonary bypass (CPB). Soluble thrombomodulin concentrations were increased after CPB (3.5 +/- 2.2 to 5.0 +/- 2.2 ng/ml), but they were still within the normal range for human plasma. Our results showed that, even though endogenous PC level is decreased after CPB, it retains its activity in the presence of thrombomodulin, and aprotinin has limited inhibitory effect on APC generation.
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Effect of aprotinin and recombinant variants on platelet protease-activated receptor 1 activation.
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BACKGROUND: Thrombin generated during cardiopulmonary bypass activates the high-affinity thrombin receptor, protease-activated receptor 1 (PAR1), causing platelet dysfunction and excessive bleeding. The serine protease inhibitor aprotinin protects platelets against thrombin-mediated PAR1 activation in vitro and in vivo. Here we have investigated three novel recombinant aprotinin variants with specific modifications to the active site lysine at amino acid position 15 (arginine-15, arginine-15-alanine-17, and valine-15-leucine-17) for their effect on PAR1-mediated platelet aggregation in vitro. METHODS: Aggregation studies were carried out using washed human platelets (n = 9) or platelet rich plasma (n = 7) from healthy volunteers activated with 1 or 5 nM thrombin. Recombinant aprotinin variants were used at the molar equivalent to 50 KIU/mL of the parent compound. The PAR1-specific antagonist peptide, FLLRN, was used at 500 microM. RESULTS: Platelet aggregation at low concentrations of thrombin (1 nM) was mediated exclusively through PAR1, as shown by inhibition of aggregation in the presence of FLLRN. At 1 nM thrombin, the mean percentage +/- SD aggregation of washed platelets was 68.6% +/- 12.3%. This was suppressed by each aprotinin variant at the 50 KIU/mL equivalent dose: arginine-15 (23.0% +/- 17.5%, p < 0.001); arginine-15-alanine-17 (33.3% +/- 22.9%, p < 0.01); aprotinin (37.5% +/- 19.4%, p < 0.05); valine-15-leucine-17 (50.0% +/- 16.1%, not significant)). At 5 nM thrombin, which activates both high (PAR1) and low-affinity (PAR4) thrombin receptors on platelets, FLLRN and aprotinin failed to block aggregation: this finding indicates that aprotinin selectively targeted PAR1. In platelet-rich plasma, aggregation at 1 nM thrombin was 77.1% +/- 10.0%, and this was inhibited in the following order: arginine-15 (30.1% +/- 9.6%, p < 0.001); arginine-15-alanine-17 (52.3% +/- 9.7%, p > 0.001); aprotinin (55.9% +/- 6.2%, p > 0.001); valine-15-leucine-17 (73.7% +/- 7.1%, not significant). CONCLUSIONS: Aprotinin variants differentially inhibit PAR1-mediated platelet aggregation. With more understanding of the mechanisms of action of aprotinin and its derivatives, safer and more efficacious aprotinin variants may become available for clinical use.
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BACKGROUND: Thrombin generated during cardiopulmonary bypass activates the high-affinity thrombin receptor, protease-activated receptor 1 (PAR1), causing platelet dysfunction and excessive bleeding. The serine protease inhibitor aprotinin protects platelets against thrombin-mediated PAR1 activation in vitro and in vivo. Here we have investigated three novel recombinant aprotinin variants with specific modifications to the active site lysine at amino acid position 15 (arginine-15, arginine-15-alanine-17, and valine-15-leucine-17) for their effect on PAR1-mediated platelet aggregation in vitro. METHODS: Aggregation studies were carried out using washed human platelets (n = 9) or platelet rich plasma (n = 7) from healthy volunteers activated with 1 or 5 nM thrombin. Recombinant aprotinin variants were used at the molar equivalent to 50 KIU/mL of the parent compound. The PAR1-specific antagonist peptide, FLLRN, was used at 500 microM. RESULTS: Platelet aggregation at low concentrations of thrombin (1 nM) was mediated exclusively through PAR1, as shown by inhibition of aggregation in the presence of FLLRN. At 1 nM thrombin, the mean percentage +/- SD aggregation of washed platelets was 68.6% +/- 12.3%. This was suppressed by each aprotinin variant at the 50 KIU/mL equivalent dose: arginine-15 (23.0% +/- 17.5%, p < 0.001); arginine-15-alanine-17 (33.3% +/- 22.9%, p < 0.01); aprotinin (37.5% +/- 19.4%, p < 0.05); valine-15-leucine-17 (50.0% +/- 16.1%, not significant)). At 5 nM thrombin, which activates both high (PAR1) and low-affinity (PAR4) thrombin receptors on platelets, FLLRN and aprotinin failed to block aggregation: this finding indicates that aprotinin selectively targeted PAR1. In platelet-rich plasma, aggregation at 1 nM thrombin was 77.1% +/- 10.0%, and this was inhibited in the following order: arginine-15 (30.1% +/- 9.6%, p < 0.001); arginine-15-alanine-17 (52.3% +/- 9.7%, p > 0.001); aprotinin (55.9% +/- 6.2%, p > 0.001); valine-15-leucine-17 (73.7% +/- 7.1%, not significant). CONCLUSIONS: Aprotinin variants differentially inhibit PAR1-mediated platelet aggregation. With more understanding of the mechanisms of action of aprotinin and its derivatives, safer and more efficacious aprotinin variants may become available for clinical use.
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Clinical inhibition of the seven-transmembrane thrombin receptor (PAR1) by intravenous aprotinin during cardiothoracic surgery.
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BACKGROUND: Protease-activated receptor-1 (PAR1) is the principal thrombin receptor in the vasculature, and antagonists against this receptor are in preclinical trials. Aprotinin, already approved for clinical use to reduce transfusion requirements in cardiopulmonary bypass (CPB) surgery, has been shown to inhibit PAR1 activation in vitro. Here, we exploit CPB as a model for thrombin generation in humans to examine whether aprotinin can inhibit platelet PAR1 activation clinically. METHODS AND RESULTS: PAR1 expression and function on platelets was examined in coronary artery bypass grafting (CABG) patients randomized into 2 groups: (1) those receiving saline infusion during CPB (n=17) and (2) those receiving aprotinin (2x10(6) kallikrein inhibitor units [KIU] in pump prime, 2x10(6) KIU loading dose, followed by 0.5x10(6) KIU/h [n=13]). Platelets in the saline group showed loss of PAR1-specific function at 2 hours after CPB, but this was preserved in the aprotinin group (P<0.001). These effects were most likely targeted at PAR1 receptor cleavage, because (1) the level of thrombin generated during CPB did not vary significantly between groups, (2) expression of SPAN12, which detects only uncleaved PAR1 receptors, was preserved in the aprotinin but not the placebo group (P<0.05), and (3) supporting evidence in vitro showed reduced thrombin-induced PAR1 cleavage (P<0.001) and platelet aggregation (P<0.001) in the presence of aprotinin. CONCLUSIONS: This study demonstrates that platelet PAR1 activation by thrombin can be inhibited by aprotinin. Our results extend the clinical mechanism of action of aprotinin and provide the first proof of principle that PAR1 can be inhibited clinically. This has implications beyond cardiac surgery for the development of therapeutic PAR1 blockade.
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Influence of aprotinin on the thrombomodulin/protein C system in pediatric cardiac operations.
Boldt J, Zickmann B, Schindler E, Welters A, Dapper F, Hempelmann G.
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Thirty consecutive children scheduled for pediatric cardiac operation with cardiopulmonary bypass were included in the study. Before the operation, the patients were randomly divided into two groups: with aprotinin (n = 15, 30,000 U/kg after induction of anesthesia, 30,000 U/kg added to the prime of the cardiopulmonary bypass or without aprotinin (n = 15). Thrombomodulin, (free) protein S, protein C, and thrombin/antithrombin III complex were measured from arterial blood samples taken after induction of anesthesia (at baseline, before aprotinin) and before, during, and after cardiopulmonary bypass until the first postoperative day. Standard coagulation parameters (antithrombin III, fibrinogen, platelet count, and partial thromboplastin time) were without differences between the groups. Thrombomodulin plasma concentrations were within normal range ( < 40 micrograms/L) and were similar in both groups at baseline. During cardiopulmonary bypass and until 5 hours after cardiopulmonary bypass, however, thrombomodulin plasma levels were significantly lower in the children treated with aprotinin. No further differences were observed on the first postoperative day. Protein C and protein S plasma levels did not differ between the two groups. Thrombin/antithrombin III-complex plasma concentrations increased significantly during cardiopulmonary bypass, however, without showing differences between children with (225 +/- 49 micrograms/L) and without (149 +/- 31 micrograms/L) aprotinin treatment. Blood loss and the need for homologous blood and blood products did not differ significantly between the two groups. We concluded that administration of aprotinin resulted in reduced thrombomodulin plasma levels in pediatric patients undergoing cardiac operation without altering protein C/protein S plasma concentration. The exact role of aprotinin in endothelium-derived coagulation should be further studied.
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Hemostasis in patients undergoing extracorporeal circulation: the effect of aprotinin (Trasylol).
Lu H, Soria C, Commin PL, Soria J, Piwnica A, Schumann F, Regnier O, Legrand Y, Caen JP.
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The administration of aprotinin during extracorporeal circulation (ECC) reduces blood loss. To explore the mechanism of this effect, a placebo-controlled double-blind study was performed in 20 patients (10 were administered with a high dose of aprotinin, 10 with placebo) undergoing a primary, elective operation of coronary artery bypass grafting (CABG) with ECC. Biological tests were performed at 4 different time points during the operation. A marked reduction in the placebo group of ristocetin-induced platelet agglutination (binding of von Willebrand factor [vWF] to platelet glycoprotein [GP] Ib) was shown during ECC and at the end of surgery, but not in the aprotinin group. This abnormality is not related to the hydrolysis of vWF or GP Ib, since washed platelets were resuspended in pooled normal plasma which provided a constant amount of vWF in this test and since the plasma concentration of the fragment of GP Ib (glycocalicin) did not correlate with this abnormality. Despite a high concentration of heparin (5-7 IU/ml) in patient's plasma during bypass, activation of blood coagulation in both groups was evidenced by an increase in ATm (thrombin-modified antithrombin III) level. The level of ATm in the placebo group reached a maximum at the end of ECC during rewarming, while in the aprotinin group, ATm level at this time point was significantly lower than in the control group. In comparison to the placebo group, the generation of the fibrin degradation products (DDE complexes) was inhibited by aprotinin during ECC, but the level of DDE complexes in the aprotinin group was slightly elevated after ECC, although much less than in the placebo group.(ABSTRACT TRUNCATED AT 250 WORDS)
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