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1. List of Abbreviations 
 

ACh – acethylcoline 

ACT - activated clotting time 

ADO - adenosine 

ADP- adenosine diphosphate 

APC - activated protein C 

aPTT - activated partial thromboplastin time 

AT - antithrombin 

ATP- adenosine triphosphate 

ASD- atrial septal defect 

BK - bradykinin 

CABG - coronary artery bypass grafting  

CU2010 – a very short half-life new synthetic aprotinin analogue (confidential structure) 

CU2020 – a longer half-life new synthetic aprotinin analogue (confidential structure) 

DP- developed pressure 

+dp/dt – maximal slope of systolic pressure increment 

-dp/dt – maximal slope of diastolic pressure increment 

EACA - ε-aminocaproic acid 

EC- extracorporeal circuit 

EDV – end diastolic volume 

Emax- slope of ESPVR 

ESPVR – end-systolic pressure-volume relationship 

EP- extrinsic pathway 

GP – glycoprotein 

HCII - heparin co-factor II 

HIV- human immundeficiency virus 

HMWK- high molecular weight kininogen 

HR – heart rate 
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IP- intrinsic pathway 

KCl - potassium chloride 

KIU - Kallikrein Inaktivator Unit 

Ki – inhibition constant 

LAD - left anterior descending artery 

LVEDP – left ventricular end-diastolic pressure 

LVSP – maximal left ventricular systolic pressure 

MAP – mean arterial pressure 

OPCAB- off-pump coronary artery bypass surgery 

PAI-I - plasminogen activator inhibitor-1 

PAR-1 - protease-activated receptors 1 

PAR-4 - protease-activated receptors 4 

PCI - protein C inhibitor 

PRBC - packed red blood cell 

PRSW – preload recruitable stroke work 

Quick - prothrombin ratio 

ROS – reactive oxygen species 

SD - standard deviation 

SERPIN – serin protease-inhibitor 

S.E.M. – standard error of the mean 

SNP – sodium nitroprusside 

TA – tranexamic acid 

TM - thrombomodulin 

TF – tissue factor 

TFPI - tissue factor pathway inhibitor 

tPA - tissue plasminogen activator 

U466129 - 9,11-Dideoxy-11α,9α-epoxy-methanoprostaglandin F2α 

uPA - urokinase plasminogen activator 

vWF - von Willebrand factor 

ZPI - protein Z-dependent protease inhibitor 
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2. Introduction 

 

Coronary artery bypass grafting (CABG) is the most common surgical procedure 

performed on the heart. Around 1 million are conducted worldwide each year, and 3-5000 

operations are conducted yearly in Hungary in the seven centres. Cardiac surgery with 

concomitant CPB can profoundly alter haemostasis, predisposing patients to major 

haemorrhagic complications and possibly early bypass conduit-related thrombotic events as 

well. 

Excessive post-operative bleeding during cardiac surgery occurs in 3.6% of patients 

undergoing CABG and increases to 11% in those requiring more complex operations 

(Dacey et al., 1998, Keogh and Kinsman, 2004). Five to seven percent of patients lose more 

than 2 litres of blood within the first 24 hours after surgery, between 1% and 5% require re-

operation for bleeding (Mannucci and Levi, 2007). Re-operation for bleeding increases 

hospital mortality 3 to 4 fold (Dacey and Lahey, 1998, Keogh and Kinsman, 2004), 

substantially increases post-operative hospital stay and has a sizeable effect on health care 

costs. Even without the requirement for re-operation, blood loss frequently leads to 

transfusion of allogenic blood products, which exposes patients to the risk of transfusion-

related adverse effects, including allergic reactions, transfusion errors and blood-borne 

infections (particularly HIV and hepatitis). Nevertheless, re-exploration is a strong risk 

factor associated with increased operative mortality and morbidity, including sepsis, renal 

failure, respiratory failure and arrhythmias.  

Concerns about transfusion safety, blood product shortages and increasing blood 

bank costs have generated an increasing interest in adopting risk-limiting strategies for 

post-operative bleeding.  
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3. Physiology of haemostasis 

3.1. Introduction 

 

Blood has been considered ‘sacred’ since ancient times. The modern model, the 

Waterfall/Cascade, for coagulation was first presented in 1964 (Fig. 1A). The model has 

further been refined as cell-based, describing a complex networking of various elements of 

coagulation (Fig. 1B). 

 

 
Figure 1. (A) Conventional cascade model of coagulation. The Waterfall/Cascade model consists of 

two separate initiations, intrinsic (contact) and extrinsic pathways, which ultimately merge at the 

level of Factor Xa (common pathway). (B) Regulation of thrombin generation. Coagulation is 

triggered (initiation) by circulating trace amounts of fVIIa and locally exposed tissue factor (TF). 

Subsequent formations of fXa and thrombin are regulated by a tissue factor pathway inhibitor 

(TFPI) and antithrombin (AT). When the threshold level of thrombin is exceeded, thrombin 

activates platelets, fV, fVIII, and fXI to augment its own generation (propagation). 

 

Blood flow is maintained by the proper balance of haemostasis and fibrinolysis, an 

interdependent network of physiological processes and succession of proteolytic reactions. 
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Haemostasis, the physiological cessation of bleeding, involves the interaction of 

vasoconstriction, platelet aggregation and coagulation. The end result of coagulation is the 

deposition of cross-linked fibrin polymers to form blood clots. Both the protein C and the 

fibrinolytic pathways are activated by the coagulation pathway and serve to restrict 

excessive clot formation or thrombosis. The enzymatic reactions that propel these pathways 

are dominated by serine proteases and are subject to control by serin protease-inhibitors 

(SERPINS) and their local co-factors.  

 

3.2. Initiation of coagulation 

 

The initial haemostatic response is triggered by tissue factor (TF) expressed on 

subendothelial pericytes and fibroblasts. TF is also expressed by activated platelets and 

leukocytes (Von Hundelshausen and Weber, 2007). Therefore, coagulation can also be 

initiated by inflammation. Activated Factor VII (fVIIa), a serine protease that normally 

circulates in blood in low concentration, binds to TF to activate Factor X, becoming fXa. 

Subsequently, fXa (also a serine protease) generates trace amounts (0.1–1 nM) of thrombin. 

There are two inhibitors that regulate TF-triggered pro-coagulant responses, thus limiting 

serine protease activity to the site of vascular injury (Fig. 2B). Tissue factor pathway 

inhibitor (TFPI) neutralizes fXa when it is in a complex with TF fVIIa (Lu et al., 2004). 

The other regulator of TF-trigger pro-coagulant response is antithrombin (AT, formerly 

called antithrombin III; a SERPIN), which circulates at a high concentration (150µg/mL) 

and neutralizes the initially formed fXa and thrombin. Thus, the pro-coagulant triggering 

reaction only proceeds when TF is exposed at a sufficiently high level to overcome 

inhibition by TFPI and AT (Fig. 1B). 

Together, FVa and FXa form the prothrombinase complex, which then cleaves a 

small amount of prothrombin (FII) into thrombin (FIIa). This small amount of thrombin 

activates platelets, FV, FVIII and FXI, feeding back into the cycle to increase thrombin 

formation. Factor IXa, previously activated by either TF-VIIa or by FXIa on the platelet 

surface and FVIIIa in the presence of calcium, creates a platelet tenase complex on the 
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platelet surface. Platelet tenase activates more FX, which with FVa, generates a ‘thrombin 

burst’ (Fig. 2.). It is this burst of thrombin rather than the initial thrombin activation that is 

crucial for the formation of a stable haemostatic plug (Hoffman and Monroe, 2007) 

 
 

Fig. 2. Serpin regulation of coagulation, protein C and fibrinolytic pathways. Serpins and inhibitory 

functions are shown in red. Thrombin activity is shown in blue. Prothrombinase and tenase 

complexes are shown in grey boxes. Coagulation is initiated by the exposure of tissue factor to 

factor VIIa shown in a grey oval. The symbol * indicates degradation.  

 

Coagulation is predominantly regulated by AT, TFPI, the protein C pathway and to 

a lesser extent heparin co-factor II (HCII) (Tollefsen, 2007) and protein Z-dependent 
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protease inhibitor (ZPI) (Broze, 2001). Protein C inhibitor (PCI) and plasminogen activator 

inhibitor-1 (PAI-1) may also contribute by inhibiting thrombin (Cooper et al., 1999). 

 

3.3. Propagation of coagulation 

 

Circulating platelets contribute to localized thrombus formation at the site of 

vascular injury first by adherence to subendothelial collagen - von Willebrand factor (vWF) 

via their glycoprotein (GP) Ib receptors. Thrombin generated by TF-fVIIa/fXa (the 

“extrinsic pathway”) is capable of activating adherent platelets in its vicinity via protease-

activated receptors 1 and 4 (PAR1 and PAR4) (Coughlin, 1999). Thrombin-activated 

platelets play a pivotal role in subsequent coagulation processes in several ways. First, 

platelet GPIb receptors bind to fXI and they also localize fVIII to the site of endothelial 

disruption via its carrier protein vWF (Lane et al., 2005). Furthermore, partially activated 

fV is released from platelet α-granules upon platelet activation (Monkovic and Tracy, 

1990).  Factors XI, VIII and V are involved in sustaining pro-coagulant responses (the 

“intrinsic pathway”) after thrombin-mediated activation (Wielders et al., 2004). The serine 

protease fXIa mediates the activation of fIX to fIXa and fVIIIa serves as a co-factor to 

fIXa. Factor IXa, a serine protease, activates fX to fXa and fVa serves as a co-factor to fXa.  

Three key components (substrate, enzyme, accelerator [cofactor]) concentrated on 

the activated platelet surface are required to locally generate thrombin. A single thrombin-

activated platelet exposes more than 12,000 copies of GPIIb/IIIa receptors that can 

concentrate fibrinogen for efficient fibrin formation (Boisclair et al., 1993). Furthermore, 

plasma- and platelet-derived fXIII are activated by thrombin producing fXIIIa, a 

transglutaminase that rapidly cross-links fibrin monomers (Edmunds and Colman, 2006). 

Thus, localized fibrinogen and fXIII are final thrombin substrates which play a pivotal role 

in stabilizing the primary haemostatic plug. 
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3.4 Contact activation 

 

Activation of the contact system is initiated by auto-activation of fXII (Hageman 

factor) yielding fXIIa, which, in turn, activates prekallikrein (PK) to kallikrein. Kallikrein 

can also react with the C1- inhibitor (C1-INH) to form an inactive complex. Kallikrein 

cleaves high molecular weight kininogen (HMWK) to release bradykinin, a potent 

inflammatory mediator and enhances plasmin formation by activating pro-urokinase to 

urokinase (Hauert and Bachmann, 1985). Kallikrein is also implicated in neutrophil 

activation with release of lysosomal enzymes, such as elastase (Wachtfogel et al., 1983), as 

well as potentiation of superoxide formation. In addition, kallikrein and fXII fragments may 

activate the alternative and classical complement pathways, respectively. The major 

regulator of the activation of the contact system is the plasma protease inhibitor, C1-INH, 

which inhibits activated fXII, kallikrein and fXIa. In addition, α2-macroglobulin is an 

important inhibitor of kallikrein and α1-antitrypsin for fXIa. Factor XII also converts the 

fXI to an active enzyme, fXIa, which, in turn, converts fIX to fIXa, thereby activating the 

intrinsic pathway of coagulation. 

 

3.5. Endothelial regulation of coagulation 

 

Intact endothelium has multiple anti-coagulant functions that maintain blood in a 

fluid state. The endothelium attenuates platelet activity by releasing nitric oxide and 

prostacyclin. There are several coagulation inhibitors that are produced by endothelial cells. 

Endothelium-derived TFPI is localized on its surface (Ott et al., 2000) and is rapidly 

released into circulation after heparin administration, reducing the pro-coagulant activities 

of TF-fVIIa (Sandset et al., 1988). Endothelial cells also secrete heparin-sulphate, a 

glycosaminoglycan which catalyzes anti-coagulant activity of AT. Plasma AT binds to 

heparin-sulphate located on the luminal surface and in the basement membrane of the 

endothelium (de Agostini et al., 1990). Thrombomodulin is another endothelium-bound 

protein with anti-coagulant and anti-inflammatory functions. In response to systemic pro-

coagulant stimuli, tissue-type plasminogen activator (tPA) is transiently released from the 
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Weibel-Palade bodies of endothelial cells to promote fibrinolysis (Emeis, 1992). 

Downstream of the vascular injury, the complex of TF-fVIIa/fXa is inhibited by TFPI. 

Plasma (free) fXa and thrombin are rapidly neutralized by heparan-bound AT. Thrombin is 

also taken up by endothelial surface-bound thrombomodulin (Esmon, 2003).  

The protein C pathway works in haemostasis to control thrombin formation in the 

area surrounding the clot (Esmon, 2003). The zymogen protein C is localized to the 

endothelium by the endothelial cell protein C receptor (Fukudome et al., 1996). Thrombin, 

generated via the coagulation pathway, is localized to the endothelium by binding to the 

integral membrane protein, thrombomodulin (TM). TM occupies exosite I on thrombin, 

which is requirted for fibrinogen binding and cleavage, thus reducing thrombin’s pro-

coagulant activities (Fuentes-Prioret al., 2000). However, on the endothelial cell surface 

TM bound thrombin is able to cleave PC producing activated protein C (APC), a serine 

protease (Stearns-Kurosawa et al., 1996). In the presence of protein S, APC inactivates FVa 

and FVIIIa (Lu et al., 1996) (Fig. 2). This limits further thrombin generation on the clot 

periphery where the endothelium is intact. 

The proteolytic activity of APC is regulated predominantly by a protein C inhibitor. 

Additionally, plasminogen activator inhibitor-1 (PAI-1) (Rezaie, 2001) and α1-protease 

inhibitor (Heeb and Griffin, 1988) have been shown to inhibit APC, although their role in 

haemostasis is not well understood. 

 

3.6. Fibrinolytic pathway 

 

Fibrinolysis is the physiological breakdown of fibrin to limit and resolve blood clots 

(Cesarman-Maus and Hajjar, 2005). Fibrin is degraded primarily by the serine protease, 

plasmin, which circulates as a zymogen, plasminogen. In an auto-regulatory manner, fibrin 

serves as both the co-factor for the activation of plasminogen and the substrate for plasmin 

(Fig. 2). In the presence of fibrin, tissue plasminogen activator (tPA) cleaves plasminogen 

producing plasmin, which proteolyzes the fibrin. This reaction produces the protein 

fragment D-dimer, which is a useful marker of fibrinolysis, and a marker of thrombin 

activity because fibrin is cleaved from fibrinogen to fibrin. Because it is a necessary co-
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factor for the reaction, the degradation of fibrin limits further activation of plasminogen 

(Levi et al., 2004). 

 The serine protease, tPA, is synthesized and released by endothelial cells 

(Cesarman-Maus and Hajjar, 2005). Plasmin generation and fibrinolysis are restricted to the 

site of thrombus formation. In addition to its role in fibrinolysis, plasmin has other 

physiological functions as evidenced by its ability to degrade components of the 

extracellular matrix and activate matrix metalloproteases 2 and 9 (Galis and Khatri, 2002). 

Plasminogen can also be converted to plasmin by the serine protease, urokinase 

plasminogen activator (uPA) (Dano et al., 2005). Kallikrein produced by the contact system 

cleaves pro-urokinase to urokinase, however, this enzyme is less important than t-PA, 

because urokinase bind poorly to fibrin (Bachmann et al., 2001). Urokinase-catalyzed 

events are localized on the cell surface through the uPA receptor. Complex formation and 

subsequent reactions are thought to be more important during pericellular proteolysis, cell 

adhesion and migration than they are for vascular fibrinolysis (Cesarman-Maus and Hajjar, 

2005). 

Fibrinolysis is predominantly controlled by α2-antiplasmin (α2AP) (Parratt and 

Hunt, 1998), PAI-1 and thrombin activatable fibrinolysis inhibitor (TAFI) (Mosnier and 

Bouma, 2006). PAI-1 produced by endothelial cells, directly inhibits t-PA and urokinase, 

but little is produced during CPB and open cardiac surgery (Lu et al., 1994). α2AP rapidly 

inhibits unbound plasmin, preventing the enzymes from circulating, but poorly inhibits 

plasmin bound to fibrin. α2-macroglobulin is a slow inhibitor of plasmin. Plasmin is both a 

stimulator and inhibitor of platelets, depending on concentration and temperature (Lu et al., 

1991). High concentrations of plasmin at normothermia and low concentrations during 

hypothermia cause conformational changes in platelets, cenralization of platelet granules 

and internalization of platelet GPIb receptors but not Gp IIb/IIIa receptors (Cramer et al., 

1991). PCI can inhibit tPA and uPA activity (Espana et al., 1989) but its role in fibrinolysis 

is unclear.  
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4. Pathophysiology of haemostasis during cardiac surgical procedures 

 

The activation of coagulation proteins following direct contact between the 

circulating blood and the extracorporeal circuit (EC) during CPB represents an initiating 

event of pathobiological significance and in essence is the provocative root cause of 

haemostatic derangement observed in CABG surgery. A more marked activation of 

coagulation proteins has been reported in cardiac surgery requiring CPB when compared to 

thoracic operations. Hunt et al. demonstrated that, during the dissection of donor grafts 

from leg veins or the take down of the internal thoracic artery for CABG, there was no 

significant change in trombin-antitrombin III complex (TAT) levels, underscoring the time 

course and important role of a blood-mechanical interface in CABG-associated 

coagulopathies (Hunt et al., 1998). During CPB, blood is pumped continuously over 1,5-2 

m2 of non-biological surface (Bevan, 1999). The most profound activation of circulating 

coagulation proteins occurs within the oxygenator, where blood flow, by design, is non-

laminar to maximize O2 transport. The venous reservoir and arterial line filter also 

represent large blood contact areas (Hyde et al., 1998). 

There are many points of interface within an EC which exert shear stress and 

oscillating shear on circulating blood cells – a potential source of TF. Blood is driven under 

a propulsive force through conduits of differing internal diameters. Moreover, the exposed 

myocardium and pericardium are bathed in a mixture of blood and cardioplegia solution, 

which is subsequently drained into the cardiotomy reservoir and is often re-infused directly 

via the EC and an auto-transfusion-cell saving device (Fig 3.). 
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Figure 3.  CPB circuit equipment. The interface of blood with the non-biological surfaces of the 

ECC, direct blood-air interface, high shear stresses, cannulation and incision of blood vessels and 

re-transfusion of blood procured from the surgical field are all triggers for activation of both contact 

(fXII, fXI) and tissue factor (TF)-initiated pathways of coagulation. 

 

The physiological relevance of the flow-related properties of haemostasis and 

thrombosis is multidimensional and supersedes the traditional view of purely mechanical 

constructs. Specifically, changes in blood flow through a non-biocompatible circuit, 

augments cell to cell collisions and their direct interaction with synthetic substrate surface 

walls. Further, shear conditions achieved in CPB activate platelets, alter the cellular 

localization of cellular proteins and TF and regulate gene production within the vascular 

endothelium.  
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4.1. Haemostatic alterations during CPB 

 

CPB circuits an opportunity to investigate both contact and TF-activated models of 

coagulations. The contact or intrinsic pathway (IP) is triggered when fXII, prekallikrein 

and/or high molecular weight kininogen (HMWK) interface with non-biological surfaces. 

The TF or extrinsic pathway (EP) is triggered when fVIIa forms complexes with TF 

appearing on the monocytes, macrophages, fibroblasts, platelets, exposed atherosclerotic 

plaques or exposed subendothelial constituents within the vessel wall (Davie and Ratnoff, 

1964). Conceptually, the pro-thrombotic and pro-inflammatory conditions created locally 

by CPB, with numerous cellular mediators being released into the systemic circulation 

could also provoke similar maladaptive responses from other vascular sources. 

The contact and TF-activated coagulation pathways represent an integrated system 

designed to generate thrombin. Factor Xa, when complexed with fVa, calcium and 

phospholipids substrate, forms the prothrombinase complex on activated platelets, cleaving 

prothrombin to form thrombin (Edmunds and Colman, 2006). A pivotal event responsible 

for the initiation of haemostatic abnormalities during CPB is thrombin generation and the 

subsequent conversion of fibrinogen to fibrin (Moor et al., 1994). Thrombin is a pluripotent 

protease that activates platelets and coagulation factors V, VIII, and XI. Thrombin-

mediated platelet activation leads to their rapid clearance from the circulation and 

contributes directly to fibrin(ogen)olysis, coagulation protein bio-amplification (with 

further thrombin generation) and profound haemostatic abnormalities (Gorman et al., 1996) 

(Table  1.).  
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Table 1. Pathophysiology of acquired haemostatic abnormalities with initiation of extracorporeal 

circulation (ECC) 

 

 
CPB crystalloid prime refers to the crystalloid solution required to prime the CPB circuit, whereas  

the cardioplegia volume refers to the volume of crystalloid required to produce cardioplegic arrest. 

Contact activation occurs upon the exposure of blood to non-biological surfaces within the ECC. 

TF-mediated coagulation follows the re-transfusion of blood collected from the mediastinal and 

surgical field, predominately by activated mononuclear cells and membrane-shed microparticles 

that support prothrombinase assembly. Mechanical factors that heighten shear stress provoke further 

platelet and monocyte activation.  

 

During CPB, plasma proteins including fibrinogens, plasma albumin, alpha-2 

macroglobulin and alpha-2 antiplasmin are promptly adsorbed to extracorporeal surfaces 

creating a highly prothrombotic environment (Edmunds, 1993). Several early studies 

suggested that contact activation, stemming from the exposure of blood to non-biological 

surfaces, represented the predominant pro-coagulant stimulus during CPB (Spanier et al., 

1998, van der Kamp and van Oeveren, 1993). Current evidence, however, suggests an 

equally important trigger for coagulation during CPB is mediated by a TF-factor VIIa-
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dependent mechanism that occurs in response to vessel wall injury during cannulation, 

coronary arteriotomy, monocyte activation and re-transfusion of blood from the 

mediastinum and the surgical field (Chung et al., 1996, Koster et al., 2003). In support of 

TF as a contributing stimulus, Bosclaire et al. observed no association between fVIIa levels 

and thrombin generation during CPB (Boisclair and Lane, 1993). In addition, thrombin 

generation occurs following the initiation of CPB in patients with fVII deficiency.  

 

4.2. Role of fIXa in CPB-associated haemostatic activation 

 

Factor IXa is considered a pivotal coagulation protein in mammalian thrombosis for 

several reasons. First, it participates in both contact activated, via fXIIa and fXIa, and TF-

initiated thrombin generation. Second, it is the only coagulation protein that, in soluble 

form, participates in fVIIIa-mediated fX activation of mononuclear-TF bearing cells and 

platelets, respectively (Gelb et al., 1996). It has also been shown that fXIa directly activates 

fIX on aggregated platelets (Walsh, 2003). Burman and his colleagues reported a 

significant increase in thrombin generation following the initiation of CPB in a patient with 

fXII deficiency without a significant change in fIX activity (Burman et al., 1994). Boisclair 

et al. demonstrated a lack of association between the activation of the contact system (fXIIa 

levels) and thrombin generation during CPB, however, generation of thrombin did correlate 

directly and strongly with fIX activation – as determined by measurement of fIX activation 

peptide levels (Boisclair et al., 1993). 

Delayed activation of fIX has been observed during CPB and could be the end-

result of TF-fVIIa expression and complexing, respectively, or through bio-amplification 

following thrombin generation. Inhibition of fIX/IXa attenuates both TF-fVIIa and contact-

initiated coagulation in vitro. Despite a pivotal role in coagulation, very high concentrations 

of TF and fVIIa can bypass fIXa, directly activating fX and facilitating thrombin generation 

in vivo (Spanier et al., 1998). 
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4.3. Coagulation protein levels during CPB 

      

Several studies have demonstrated a decline of circulating blood cells and 

coagulation proteins immediately after initiation of CPB. The levels of antithrombin III, 

fibrinogen and coagulation factors II, VII, IX, X and XII decrease by 50% or more, due 

initially to haemodilution from a non-blood prime within the oxygenator (Mammen et al., 

1985, Wolk et al., 1985). 

 Steinbrückner and his colleagues observed a five-fold increase in thrombin-

antithrombin III complex levels, a marker of thrombin generation, immediately after 

initiation of CPB (Steinbrückner et al., 1995). 

Several investigators have reported a decrease in fV levels during CPB, however, 

the changes may reflect more than a haemodilution effect (Wolk et al., 1985). Indeed, 

changes in several coagulation protein levels, occurring at a time of heightened thrombin 

generation, support local consumption of fV and fVIII.  

Throughout CPB, which lasts on average for 105 minutes during isolated CABG, 

there is a gradual decrease of many, but not all, coagulation proteins that parallels the 

haematocrit. Wolk et al. observed a time-dependent and progressive decline in both 

thrombin and fV levels during CPB, while Mammen et al. identified a decline in platelet 

count (Mammen et al., 1985, Wolk et al., 1985). 

 

4.4. Coagulation protein concentrations and haemorrhagic complications 

 

A relationship between changes in coagulation protein concentrations, either as a 

result of consumption following activation within the CPB circuit or fibrinolysis (plasmin)-

mediated cleavage and haemorrhagic complications is supported by direct and indirect 

observations. Early reports identified prolonged clotting times (aPTT, PT), reduced 

fibrinogen levels and elevated markers of fibrin(ogen)olysis among patients with excessive 

bleeding following CABG (Marengo-Rowe et al., 1979). Heightened fibrinolytic activity 

within shed mediastinal blood has also been linked to the development of localized 
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coagulopathy of sufficient intensity to cause severe post-operative bleeding and prompt a 

need for surgical re-exploration (Pelletier et al., 1998). Pre-operative fibrinogen levels may 

identify patients with impaired haemostatic potential who are particularly prone to post-

operative bleeding after CABG (Ucar et al., 2007). A reduction in fXIII levels, essential for 

fibrin polymer stabilization, has been documented upon initiation of CPB and identifies 

patients at risk for post-operative blood loss and high transfusion requirements (Godje et 

al., 2006).  

The ability of recombinant activated fVII, the antifibrinolytic lysine analogues 

aminocaproic acid and tranexamic acid, aprotinin, a bovine-derived protease inhibitor and 

desmopressin, a synthetic analogue of antidiuretic hormone that raises plasma levels of 

fVIII and von Willebrand factor to reduce major blood loss following CABG further 

supports a relationship between an acquired coagulopathy during CPB and surgical 

bleeding (Mannucci and Levi, 2007).  

The most compelling evidence supporting a relationship between CPB-mediated 

coagulopathy and bleeding-related complications is a substantial experience with off-pump 

CABG, wherein patients going “on pump” experience higher rates of re-operation for 

bleeding and transfusions than those having off-pump surgical revascularization (Palmer et 

al., 2007).  

 

4.5. Blood-surface interactions 

 

The large surface area of extracorporeal perfusion systems provides a massive 

thrombotic stimulus (Figure 4.). CPB is not possible without heparin. However, heparin 

acts near the end of the coagulation cascade by inhibiting fX and accelerating antithrombin 

III binding to thrombin. Heparin does not inhibit the early reactions; thus CPB activates 

platelets, the contact system of plasma proteins and the fibrinolytic system. Platelets and 

fXII are directly activated by contact with synthetic materials.  When blood first contacts 

synthetic material, plasma proteins are immediately adsorbed onto the foreign surface. 

Factor XII, thrombospondin, fibronectin, immunoglobulin E, von Willebrand factor, 

albumin, fibrinogen, and hemoglobin are all adsorbed, but not in the same concentrations as 
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plasma. Over time, concentrations of surface adsorbed proteins change. Adsorbed 

fibrinogen is rapidly displaced by an activated form of high molecular weight kininogen 

(HMWK) and, to a lesser extent, fXII (Brash et al., 1988). Discoid platelets develop 

pseudopods (Zilla et al., 1989) and expose membrane GPIIb/IIIa receptor complexes. In the 

presence of fibrinogen, activated platelets adhere to each other (aggregate) and also adhere 

to surface adsorbed fibrinogen at binding sites on the alpha chain and at the C terminal 

domain of the gamma chain (Wenger et al., 1989). Some of the adherent platelets partially 

or completely release granular contents. Dense granules contain ADP, epinephrine, 

calcium, and serotonin. Alpha granules contain several coagulation, mitogenic, and blood 

proteins. Lysosomes release a number of acid hydrolases. Most importantly, activated 

platelets synthesize and release thromboxane A2, a powerful, short-acting vasoconstrictor 

and platelet agonist. (Davies et al., 1980) Adherent platelets may detach and leave 

fragments of membrane behind. Abrams et al. (Abrams et al., 1990) detected circulating 

platelet membrane fragments during CPB. During CPB, platelet fibrinogen receptors 

decrease to approximately 60% of their initial numbers (Wenger et al., 1989). Platelet-

surface interaction is not the only mechanism causing the activation and destruction of 

platelets during CPB. Platelet activating factor (PAF) is released from white cells and 

endothelial cells. Plasmin is produced by a release of tissue plasminogen activator (tPA) 

from endothelial cells. The stimulus for the release of tPA is not known, but presumably 

results from the generation of minute quantities of thrombin, activation of platelets, or 

stimulation of the contact system proteins. Protamine, needed to reverse heparin, in rare 

instances stimulates platelet synthesis and release of thromboxane. However, with the 

exception of the reactions of the heparin-protamine complex, all of these platelet agonists 

are a consequence of direct surface activation of fXII and the platelets themselves. Factor 

XII is one of the four primary plasma proteins of the contact system. In the presence of 

HMWK and prekallikrein, surface-bound fXII is cleaved into fXIIa. Prekallikrein is 

cleaved to produce kallikrein, which in turn accelerates the cleavage of fXII. Cleavage of 

HMWK by kallikrein produces bradykinin. Formation of fXIIa activates the complement, 

directly activates neutrophils, and presumably activates endothelial cells to produce tPA. 

Factor XIIa with prekallikrein and HMWK activates fXI, the fourth primary contact 
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protein. Activated fXI initiates the intrinsic pathway of coagulation and the generation of 

thrombin, a potent platelet agonist that converts fibrinogen to fibrin. Factor XIIa activates 

the first component of the complement and generates C3a and C5a via the classical 

pathway. The alternative pathway of complement activation generates the same and is also 

activated during CPB. C5a binds to and activates neutrophils and monocytes to release 

granules which contain highly potent enzymes, including neutrophil elastase, free oxygen 

radicals, and acid hydrolases. Kallikrein is an important amplifier of fXII cleavage at the 

synthetic surface, but also directly activates neutrophils. Thus the contact system generates 

two neutrophil agonists, kallikrein and C5a. Activation of platelets, the complement, 

neutrophils, and endothelial cells produces an enormous number of vasoactive substances 

that are responsible for the “whole body inflammatory response” to CPB (Chenoweth et al., 

1983). Bradykinin is produced from cleavage of HMWK by kallikrein. C3a, C4a, and C5a 

increase vascular permeability and cause hypotension. The eicosanoids, prostacyclin, and 

PGE2 are vasodilators; thromboxane A2 is a powerful vasoconstrictor. The leukotrienes 

produced by white cells and probably produced during CPB increase vascular permeability 

and cause vasoconstriction. Endothelial cells produce nitric oxide, a very short-acting local 

vasodilator, and endothelin 1, which is a strong vasoconstrictor. Platelets store and release 

serotonin; leukocytes release free oxygen radicals, lysosomal enzymes and various 

proteases; monocytes provide interleukin-1 and mast cells release histamine. These 

vasoactive substances mediate the “inflammatory response” associated with CPB and 

contribute to the morbidity and mortality of open heart surgery. 
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Figure 4. CPB induces contact activation of the coagulation, fibrinolytic, kinin and 

complement cascades. 

 

One important consequence of the contact activation of these enzyme systems by 

CPB is the tendency for patients undergoing cardiac operations to have increased 

perioperative bleeding, requiring the use of increased amounts of blood and blood products. 

As a result of CPB, endothelial cells also become activated and normally protective 

responses become excessive, often leading to disrupted barrier function, enhanced 

vasoconstriction, coagulation, leukocyte adhesion and smooth muscle proliferation. 

Furthermore, impairment of endothelial function (reduced endothelium-dependent 

vasorelaxation) in the coronary arteries may lead to regional or global myocardial ischemia. 

 

4.6. Thrombin generation and hyperfibrinolysis 

 

The ability of CPB and surgical trauma in a facilitating capacity to stimulate blood 

cells and plasma protease containing systems, creates a unique set of experimental 

conditions that are unparalleled in human disease. A rapid and robust generation of 
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thrombin (Edmunds and Colman, 2006) coupled with the contributions of high circulating 

levels of epinephrine and bradykinin provoke a profound state of hyperfibrinolysis. Within 

five minutes of CPB initiation, tissue plasminogen activator levels increase 6-fold, while 

plasminogen activator inhibitor (PAI)-1 levels remain unchanged (Chandler and Velan, 

2003). Chandler and colleagues also reported a 100-fold increase of plasmin generation 

almost immediately after CPB initiation, with rates of fibrin generation and removal 

paralleling one another throughout the pump run (Chandler and Velan, 2004).  

Regardless of the underlying mechanism(s), a heightened state of fibrinolysis likely 

contributes to the overall bleeding risk among patients undergoing CABG.  

 

4.7. Thrombin generation during and after CPB 

 

Molecular markers for thrombin activity and generation in the setting of CPB have 

been measured and reported by numerous groups over the past two decades. The 

concentrations of prothrombin activation increases throughout CPB, particularly after 

release of the aortic cross-clamping - supporting a direct relationship between mechanical 

tissue injury and localized thrombin generation (Knudsen et al., 1996). Shortly after the 

initiation of CPB, there is a rapid rise in thrombin–antithrombin III (TAT) complexes, 

modified antithrombin and thrombomodulin plasma levels. Thrombin generation is 

particularly robust on the pericardial surface and within the suction fluid, reflecting a 

marked increase of fVII activation and TF expression (Philippou et al., 1999).  

Several studies have reported increased thrombin generation, as reflected by TAT 

complex levels, after CPB, with peak levels being reached on post-operative day 15, 

persisting above pre-operative levels for 45 days. Increased thrombin generation, at least in 

the early post-operative period, parallels TF expression that peaks by post-operative day 4 

(Davey and Parker, 1976, Mannucci et al., 1995). Parolari et al. have also suggested that 

circulating TF persists long after surgery, providing a stimulus for thrombin generation not 

only during and immediately following CPB and CABG surgery, but also for weeks to 

months thereafter (Parolari et al., 2003).  
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Factors V, VII, VIII, and IX return to baseline values 12 hours after CPB, while it 

takes 24 hours for factors II and X to reach their pre-operative levels (Harker et al., 1980). 

At least one group of investigators, however, reported a continued rise in factors II, V, VIII, 

X and XI, up to 48 hour post-operatively; possibly contributing to an early thrombophilic 

state (Mammen et al., 1985). Factors VII, VIII and IX typically return to near baseline 

levels by this time. Fibrinogen levels steadily increase and remain elevated for weeks to 

months following surgery, returning to the baseline by 6–12 weeks in the majority of 

patients (Moor et al., 1994).  

Platelet counts typically remain depressed for 7–10 days post-operatively, but 

gradually increase, occasionally above preoperative levels by 14 days after surgery (Milam 

et al., 1981).  

Re-circulation of suctioned blood activates the coagulation-fibrinolytic systems. 

Nieuwland et al. observed higher levels of pro-coagulant cell-derived microparticles in 

pericardial blood compared to peripheral samples among patients undergoing CPB 

(Nieuwland et al., 1997). Chung and associates demonstrated TF activity in blood samples 

derived from the pericardial cavity (Chung et al., 1996). Some investigators believe that 

aspirated blood contaminated by tissue contact is the most powerful stimulus for 

haemostatic activation and the principal cause of haemolysis during CPB (De Somer et al., 

2002). In most cardiac procedures, however, blood aspirated from the mediastinum and 

surgical field can be washed, concentrated, and returned to the perfusate as packed cells. 

An alternative approach to minimize the prothrombotic stimulous may be to add TF 

antibodies or a TF pathway inhibitor directly to pericardial blood during surgery (Edmunds, 

1993).  

 

4.8. Thrombin generation and graft occlusion 

 

The fate of bypass conduits, particularly saphenous veins is determined by 

numerous events (both surgical and biological) and remains an area of concern for 

surgeons, cardiologists and patients alike. Within the first 30 post-operative days, upward 
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of 10% of patients experience occlusion of one or more saphenous vein grafts the 

proportion increasing further over the subsequent 60 days (Parolari et al., 2003). In a study 

of 100 men undergoing elective CABG, occlusion of one or more bypass grafts, as assessed 

by coronary angiography 3 months after surgery was documented in 23 patients (Moor et 

al., 2000). The percentage increase in PAI-1 activity on post-operative day 1 was 

significantly higher among patients with an occluded graft.  

 

4.9. Haemodilution and its effects on coagulation proteins and fibrinolytic activity 

 

A clearer understanding of haemostatic changes resulting directly from CPB has 

been obscured by the effects of haemodilution. Mammen and colleagues reported that 

decreased levels of fibrinogen, antithrombin III, plasminogen and α2 antiplasmin 

concentrations paralleled a concomitant decrease in hematocrit (Mammen et al., 1985). In 

contrast, some investigators have observed a decline in plasminogen, α2 antiplasmin and 

antithrombin III out of proportion to the expected haemodilution effects of priming 

(Holloway et al., 1988). The initial decline in platelet count is also beyond what one would 

expect solely from haemodilution, suggesting several coexisting mechanisms.  

Acute isovolemic haemodilution, CPB circuit priming and fluid infusion during 

surgery reduces erythrocyte aggregation and provokes immediate endothelial cell 

activation, with von Willebrand factor, E-selectin and P-selectin mRNA upregulation 

(Morariu et al., 2006). In a prospective cohort study of 613 patients undergoing CABG, use 

of higher total fluid volumes in the CPB circuit was associated with excessive post-

operative haemorrhage (Dial et al., 2005). Low intra-operative haematocrit values also 

correlate with RBC transfusion, re-operation for bleeding and post-operative chest tube 

drainage (Potger et al., 2007).  

Haemodilution, as a detrimental effect among patients undergoing CABG, is 

supported further by several studies evaluating haemofiltration devices to achieve 

“haemoconcentration”. A meta-analysis of 10 randomized trials, including a total of 

1,004 patients found that ultrafiltration was associated with reductions in both post-

operative bleeding and blood product transfusions (Boodhwani et al., 2006). 
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4.9. RBC transfusion-related effects on coagulation proteins 

 

Upward of 70% of patients undergoing CABG receive autologous packed red blood 

cell (PRBC) transfusions with, on average, 3.6 units per transfused patient (Aldea et al., 

1996). Further, nearly 10% of the 3.2 million annual recipients of PRBC transfusions in the 

United States are patients undergoing CABG.  

The effect of PRBC transfusion on coagulation protein levels during CPB has not 

been studied extensively, perhaps because of the dynamic changes of multiple aetiologies. 

Gelb and colleagues did not identify a correlation between the number of transfused units 

of blood and either platelet count, fibrinogen or levels of factors V, VII, VIII and IX (Gelb 

et al., 1996).  

Briefly, the process of cell saving begins by aspirating blood from the surgical field 

through a suction device attached to dual-channel tubing. The aspirated blood is collected 

in a cardiotomy reservoir and subsequently pumped into a centrifuge bowl, where it is 

concentrated and washed with an isotonic electrolyte solution. The red blood cell 

suspension is next pumped into an infusion bag. The process takes less than 5 min and 

provides 225 ml of washed, saline-suspended red blood cells with a haematocrit of 50%.  

The use of a cell-saver for auto-transfusion of PRBC may contribute to 

thrombocytopenia and a decline in coagulation protein levels (Hall et al., 1990). 

Accordingly, while cell-savers might reduce the requirement for PRBC transfusion, a need 

for alternative blood products may actually increase to compensate for the loss of plasma 

constituents and platelets during the washing process. In addition, cell-savers remove 

unfractionated heparin during the processing of harvested blood, causing a virtual 

elimination of anti-Xa activity that correlates directly to the weight of blood sediment 

proteins (Rougé et al., 1993). 
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4.10. Haemostatic environment with off-pump coronary artery bypass surgery 

 

The resurgence of beating heart surgery has recently challenged conventional 

CABG, with requisite CPB, as the “gold standard” for multi-vessel coronary 

revascularization. The percentage of off-pump bypass operations from a negligible number 

in 1995, increased to 10% in 1999, 20% in 2002, and is expected to exceed 50% within the 

next few years (Abu-Omar and Taggart, 2002).  

Mariani et al. observed that pro-coagulant activity, represented by measured levels 

of prothrombin factors1 and 2, remained at baseline levels during off-pump coronary artery 

bypass surgery (OPCAB), but increased significantly on post-operative day 1 (Mariani et 

al., 1999). fVII remained at baseline level during the operation, but decreased significantly 

on post-operative day 1. Fibrinolysis, as reflected by fibrin(ogen) degradation products, was 

also increased on post-operative day 1.  

In Paparella’s study, TF expression was similar in patients undergoing OPCAB and 

those revascularized on-pump, however, thrombin generation was more robust with CPB. 

Plasma levels of fibrin monomer, TAT complex and D-dimer were also significantly higher 

in the on-pump group immediately after surgery, whereas they were similar between groups 

18 hours post-operatively (Paparella et al., 2006).  
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5. Mediastinal bleeding 

 
Mediastinal bleeding can be a highly dangerous though rarely lethal problem in 

cardiac surgery. Although hypovolaemia can be corrected by volume infusions, the patient 

with bleeding problems tends to be haemodynamically unstable out of all proportion to the 

degree of bleeding and fluid replacement. Bleeding invariably requires use of various blood 

products to maintain normovolaemia, correct anaemia, and a correct coagulopathy. 

Transfused blood is replete with vasoactive cytokins, provides haemoglobin that is less 

effective in transporting oxygen and can potentially contribute to respiratory insufficiency, 

delayed extubation, right ventricle failure, transfusion reactions and the transmission of 

viral disease. Transfusions increase the risk of infection and renal dysfunction and also 

increase operative and long-term mortality. Most importantly, however, blood can 

accumulate around the heart and can produce cardiac tamponade with severe 

haemodynamic compromise that can cause cardiac arrest. All patients who have a median 

sternotomy incision for cardiac surgery have mediastinal drainage tubes placed at the 

conclusion of the operation. 

Mediastinal bleeding is categorized as either surgical or medical in nature. The 

cause of significant bleeding after uneventful surgery is usually surgical, especially when 

initial coagulation test results are fairly normal. However, persistent bleeding depletes the 

coagulation factors and platelets causing a coagulopathy that is self-perpetuating. In 

contrast, bleeding that is noted after complex operations with long durations of CPB is 

frequently associated with abnormal coagulation test results and is considered medical. 

However, even after the correction of coagulation abnormalities, discrete bleeding sites 

may be present which will not heal without re-exploration.  

5.1 Antifibrinolytics 

Until now, we have had the following anti-fibrinolytic drugs to reduce post 

operative blood loss during cardiac operations: aprotinin, ε-aminocaproic acid (EACA), 

tranexamic acid (TA).  
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TA and EACA are low molecular weight synthetic antifibrinolytics in the 

aminocarboxylic acid class. As analogues of the amino acid lysine, they exert their primary 

effect by saturating the lysine binding sites (kringles) of plasminogen (and tissue 

plasminogen activator) thus displacing it from the fibrin surface and inhibiting the 

proteolytic action of the serinehistidine enzyme site of plasminogen/plasmin (Verstraete, 

1985). On a molar basis, TA is at least 7 times more potent than EACA. The plasma half-

life of TA and EACA are both approximately 80 to 120 minutes. Both TA and EACA have 

demonstrated efficacy in decreasing blood loss and hence transfusion requirements during 

cardiac operations (Karski et al., 1993, Fremes et al., 1994). Casati et al used a low-dose 

TA protocol in a prospective, randomized, double-blind, placebo-controlled study (1-g 

loading dose followed by 400 mg/h and 500 mg in the pump) for elective thoracic aortic 

surgery (Casati et al., 2002). They found a significant reduction in perioperative bleeding 

leading to a decreased need of transfused allogeneic blood in the TA group. There was no 

significant increase in the occurrence of thrombotic complications such as renal failure, 

stroke, myocardial infarction nor on survival. This study should be treated with caution 

because of the small number of patients who underwent thoracic aortic surgery (total of 6 

patients). Shimamura et al. (Shimamura et al., 1998) in a study of patients with acute aortic 

dissection, found that TA was effective in reducing blood loss and hence transfusion 

requirements, compared with a placebo, and was associated with reduced morbidity and 

mortality. TA has replaced aprotinin as the primary antifibrinolytic in high-risk cardiac 

surgery in some institutions. Very few clinical trials have compared TA with aprotinin in 

high-risk cardiac surgery. Wong et al (Wong et al., 2000) in a prospective, randomized 

study of 80 patients, reported superior efficacy of aprotinin compared with TA in patients 

undergoing long CPBs. TA was used as a single dose at induction. In conclusion of the 

previous studies, aprotinin appeared to be more effective in reducing blood product 

transfusion after cardiac surgery compared with TA.  

Concerning issues of safety, of particular interest is an observation that high 

cerebrospinal fluid concentrations of TA, consequent to very large dosages as employed 

during cardiac surgery (Karski et al., 1998), or when applied directly to brain tissue, can 

produce cerebral excitotoxicity as a consequence of a direct, dose-dependent decrease in γ-
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aminobutyric acid receptor activity and may be sufficient to cause clinical seizures in 

susceptible cardiac surgical patients (Murkin et al., 2009). Other surveys have made similar 

observations, reporting a four-fold increase in seizure activity in cardiac surgical patients 

receiving TA versus those in whom aprotinin had been administered (Martin et al., 2008). 

This may represent a significant but previously unrecognized hazard of TA therapy if it is 

used in higher dosages.  

Serpin is a superfamily of proteins. Serpins are named for their ability to inhibit 

serin proteases. Serpins regulate hemostasis and fibrinolysis. Utilizing the ‘suicide 

substrate’ mechanism unique to serpins (antithrombin, heparin-cofactor III, protein Z-

dependent protease inhibitor, α1-antiplasmin, protein C-inhibitor, α2-antiplasmin and 

plasminogen activator-1) provides rapid and specific inhibition of the activated serine 

proteases in the coagulation, protein C and fibrinolytic pathways. 

 Aprotinin is a non-specific serin protease inhibitor produced from bovine lung 

tissue, which has been demonstrated, in numerous studies, to be extremely effective in 

reducing post-operative bleeding and also in producing an anti-inflammatory effect. The 

mechanism of action of aprotinin includes:   

1. Preservation of platelet function by blocking the platelet GpIb receptor  

2. Inhibiting fibrinolysis by inhibiting circulating plasmin directly and by 

blocking kallikrein-induced conversion of plasminogen to plasmin  

3. Inhibiting kallikrein-induced kinin formation, minimizing its vasoactive 

effect which contributes to increased vascular permeability 

4. Inhibiting neutrophil activation and degranulation  

5. Decreasing complement activation. 

The vascular effect of aprotinin is only partially clarified. Many authors showed, 

that aprotinin causes graft occlusion, especially vein graft occlusion (Alderman et al., 1998 

and Kalkat et al., 2004). However, no clinical association could be identified between 

aprotinin use and graft occlusion in other studies (Bidstrup et al., 1993). Experimental 

studies resulted in conflicting data. Khan et al. have described favourable effect of aprotinin 

on endothelial function in experimental model (Khan et al., 2004). There have been also 
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some experimental observations, that aprotinin impaired endothelium-dependent relaxation 

(Ülker et al., 2001, 2002).  

Aprotinin is widely used to prevent bleeding and reduce the need for blood 

transfusion. Many studies have clearly demonstrated the safety and efficacy of using 

aprotinin in patients undergoing cardiac surgery (Royston et al., 1987, Havel et al., 1994, 

Hayashida et al., 1997, Murkin, 2001, Sedrakyan et al., 2004, Poston and White, 2006, 

Royston et al., 2006, Ronald and Dunning, 2006). In a meta-analysis of all randomized 

clinical trials published in English-language peer reviewed journals dated from 1980 to 

1993, the efficacy of TA, EACA, desmopressin and aprotinin was assessed by Fremes et al. 

(Fremes et al., 1994). The authors concluded that this literature supported the prophylactic 

use of TA or EACA and even more strongly supported the administration of aprotinin for 

the reduction of postoperative bleeding associated with open-heart surgery and the 

limitation of homologous blood use where indicated. They also determined that there was 

only a reduction in the proportion of patients receiving transfusions in aprotinin-treated 

patients. Laupacis and Ferguson conducted a more recent meta-analysis assessing 60 

studies and concluded that aprotinin and TA, but not desmopressin, decrease the exposure 

of patients to allogenic blood transfusion perioperatively in relationship to cardiac surgery 

(Laupacis and Fergusson, 1997). Levi et al. conducted a metaanalysis of 72 trials (8409 

patients) demonstrating that treatment with aprotinin decreased mortality by almost half 

compared with the placebo (Levi et al., 1999). Treatment with aprotinin and with lysine 

analogues decreased the frequency of surgical reexploration. These two treatments also 

significantly decreased the proportion of patients receiving allogeneic blood transfusions. 

In contrast, the use of desmopressin resulted in a small decrease in perioperative blood loss, 

but was not associated with a beneficial effect on the other clinical outcomes. Aprotinin and 

lysine analogues did not increase the risk of perioperative myocardial infarction; however, 

desmopressin was associated with a 2-fold increase in the risk of this complication. In a 

further review of randomized, placebo-controlled studies of aprotinin, an association had 

also been made between aprotinin administration and decreased risk of perioperative stroke, 

further emphasizing its potential utility and safety (Royston et al., 2006). 
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Therefore, application of aprotinin had been a therapeutic routine in many cardiac 

centers. However, Mangano and associates found that the use of aprotinin in patients 

undergoing CABG was associated with higher mortality and increased risk of renal, 

cerebral, and cardiac adverse events in both short-term and long-term studies (Mangano et 

al., 2006). These findings and conclusions resulted in controversies in aprotinin use in 

cardiac surgery world-wide. Several large-scale retrospective studies focused on the safety 

concerns of aprotinin and yielded different results (Kertai et al., 2007, Mouton et al., 2008, 

Koster et al., 2008, Pagano et al., 2008, Schneeweiss et al., 2008, Shaw et al., 2008). The 

largest, hospital-based, cohort study (78,199 patients) showed meaningful increases in 

inpatient mortality among recipients of aprotinin during CABG surgery, as compared with 

recipients of EACA, both within the overall cohort and in all pre-defined subcohorts 

(Schneweeiss et al., 2008). 

The most recent study of antifibrinolytic agents in cardiac surgery was the 

Canadian-based BART study. The prospective, randomized, controlled, multicenter study 

named BART (the Blood Conservation Using Antifibrinolytics in a Randomized Trial) 

compared aprotinin with two other antifibrinolytics (TA and EACA) in patients undergoing 

high-risk cardiac surgery. The aprotinin group had higher 30-day mortality than the other 

two groups and the study’s recommendation was to ‘‘preclude its use in patients 

undergoing high-risk cardiac surgery.’’ As a result of the BART (Fergusson et al., 2008), 

the US Food and Drug Administration suspended the use of aprotinin in cardiac surgery on 

November 5, 2007.  
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6. The Aims of the work 

 

When our experimentation began, aprotinin was a widely used serine protease 

inhibitor for CPB to reduce blood loss and preserve platelet function. However, the bovine-

derived aprotinin could induce hypersensitivity reaction with fatal complications. 

Furthermore, the vascular effects of aprotinin were not completely elucidated. At that time, 

recombinant aprotinin was newly developed to prevent these allergic reactions and 

infectious diseases.  

 

The early aims of our study were the investigation of: 

− the efficacy of recombinant aprotinin on blood loss in comparison to bovine 

aprotinin in a canine model of extracorporeal circulation 

− the effect of recombinant aprotinin on endothelium-dependent and -independent 

vasorelaxation of coronary arteries  

 

Consequent to the withdrawal of aprotinin from the market, a new, efficient drug 

needed to be developed to decrease post-operative bleeding. Over the past few years, our 

group has been involved in the development of novel, synthetic, small molecule serine-

protease inhibitors. As we previously described, the potential advantage of these new drugs 

includes the elimination of allergic and infectious risk. The other beneficial effect of the 

new class of serine-protease inhibitors is the reduction of thrombo-embolic risk due to 

improved anti-fibrinolytic and anti-coagulatory profile.  

 

The aims of the later studies were the investigation of: 

− the efficacy of the new synthetic serine-protease inhibitors (CU-2010 (very short 

half-life: 17minutes) and CU-2020 (longer half-life: 45 minutes)) on blood loss in 
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comparison with bovine aprotinin in a canine model of extracorporal circulation 

both with and without aortic cross-clamping 

− the effectiveness of CU-2010 and CU-2020 on endothelium-dependent and – 

independent vasorelaxation 

− the ability of CU-2010 to improve the recovery of myocardial contractility function 

after cardioplegic arrest and reperfusion 
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7. Methods 

 

All animals received humane care in compliance with the ”Principles of Laboratory 

Animal Care” formulated by the National Society for Medical Research and the ”Guide for 

the Care and Use of Laboratory Animals” prepared by the Institute of Laboratory Animal 

Resources and published by the National Institutes of Health (NIH Publication No. 86-23, 

revised 1996). The experiments were approved by the Ethical Committee of the Land 

Baden-Württemberg for Animal Experimentation. 

 

7.1. Experimental groups 

 

 
Table 2.: Experimental goups. 
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7.1.1. Recombinant aprotinin in a canine model of CPB without aortic cross-clamping 

24 dogs were blindly selected into three experimental groups: control animals (n=8) 

received a placebo and dogs in the aprotinin treatment groups received bovine (n=8) or 

recombinant aprotinin (n=8). The treatment scheme was applied according to 

Hammersmith (for a body weight 30 kg) starting with a bolus iv. (0.85 million Kallikrein 

Inaktivator Unit (KIU)) just before CPB was initiated, followed by a pump prime (0.85 

million KIU) and an infusion during bypass at a rate of 0.2 million KIU/ h for 90 minutes 

(0.3 million KIU). The applied dose of aprotinin was adjusted to the actual body weight of 

the animals. Accordingly the animals received 28,333 KIU/kg as an initial bolus and 28,333 

KIU/kg into the pump prime. During CPB 10,000 KIU/kg aprotinin was infused over 90 

minutes. The doses of bovine and recombinant aprotinin were the same. 

 

7.1.2. CU-2010 and 2020 in a canine model of CPB without aortic cross-clamping 

37 dogs were divided into five experimental groups: control animals (n=5) received 

a placebo, dogs in the aprotinin treatment group (n=8) received bovine aprotinin and the 

other dogs received the new synthetic aprotinin analogues such as CU-2010 (two treatment 

schemes n=8/each) or CU-2020 (n=8). In the bovine-derived aprotinin group, the treatment 

scheme was applied according to Hammersmith (i.e. i.v. bolus/pump prime/continuous 

infusion) for a body weight of 30 kg starting with a bolus iv. (0.85 million KIU) just before 

CPB was initiated, followed by a pump prime (0.85 million KIU) and an infusion during 

bypass at a rate of 0.2 million KIU/ h for 90 minutes (0.3 million KIU). The applied dose of 

aprotinin was adjusted to the actual body weight of the animals. Accordingly the animals 

received 28,333 KIU/kg as an initial bolus and 28,333 KIU/kg into the pump prime. During 

CPB 10,000 KIU/kg aprotinin was infused over 90 minutes. Dogs of the aprotinin analogue 

treatment groups were divided three groups: CU-2010 I. scheme received 0,8 mg/kg bolus 

before CPB, followed by a pump prime (0,4 mg/kg) and an infusion (0,4 mg/kg) during 

bypass (90 min.); CU-2010 II. scheme received 1,6 mg/kg infusion during the experiment 

(220 min.); CU-2020: received 1,66 mg/kg bolus before CPB, followed by a pump prime 

(1,66 mg/kg) and during bypass 4,98 mg/kg was infused over 90 minutes. The doses were 
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selected primarily based on in vitro data which are provided below aiming a more or less 

equipotential dose to aprotinin. 

 

7.1.3. CU-2010 in a canine model of CPB with cardioplegic arrest 

 

36 dogs were divided into six experimental groups: control animals received 

placebo, dogs of aprotinin treatment group received bovine aprotinin: the treatment scheme 

was applied according to Hammersmith (i.e. i.v. bolus/pump prime/continuous infusion) for 

a body weight of 30 kg starting with a bolus iv. (0.85 million KIU) just before CPB was 

initiated, followed by a pump prime (0.85 million KIU) and an infusion during bypass at a 

rate of 0.2 million KIU/ h for 90 minutes (0.3 million KIU). The applied dose of aprotinin 

was adjusted to the actual body weight of the animals. Accordingly the animals received 

28,333 KIU/kg as an initial bolus and 28333 KIU/kg into the pump prime. During CPB 

10,000 KIU/kg aprotinin was infused over 90 minutes. The remaining dogs were divided 

into four treatment groups and received CU-2010 at four different doses in a slow infusion 

for 90 minutes starting 5 minutes after administration of heparin. The applied dose of CU-

2010 was adjusted to the actual body weight of the animals in all groups as follows: 

0.5mg/kg, 0.83mg/kg, 1.25mg/kg and 1.66mg/kg.  

 

7.2. Surgical preparation and general management 

 

The dogs were premedicated with propionylpromazine and anesthetized with a 

bolus of pentobarbital (15 mg/kg initial bolus and then 0.5 mg/kg/h i.v.), paralyzed with 

pancuronium bromide (0.1 mg/kg as a bolus and then 0.2 mg/kg/h i.v.) and endotracheally 

intubated. The dogs were ventilated with a mixture of room air and O2 (FiO2=60%) at a 

frequency of 12-15/min and a tidal volume starting at 15 ml/kg per minute. The settings 

were adjusted by maintaining arterial partial carbondioxide pressure levels between 35-40 

mmHg. The femoral artery and vein were cannulated for recording mean arterial pressure 
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(MAP) and taking blood samples for the analysis of blood gases, electrolytes and pH, and 

parameters of blood coagulation. Basic intravenous volume substitution was carried out 

with Ringer´s solution at a rate of 1 ml/min/kg. If necessary, the rate of volume substitution 

was modified according to the continuously controlled input-output balance in order to 

maintain cardiac output at baseline levels. According to the values of potassium, 

bicarbonate and base excess, substitution included administration of potassium chloride and 

sodium bicarbonate (8.4%). Neither catecholamines nor other hormonal or pressor 

substances were administered. Rectal temperature and standard peripheral 

electrocardiogram were monitored continuously.  

After left anterolateral thoracotomy in the fourth intercostal space, pericardiotomy 

and isolation of the great vessels a perivascular ultrasonic flow probe was attached to the 

ascendent aorta. Aortic pressure was monitored with 5F Millar catheter tip manometer 

(Millar Instruments Inc., Houston, TX, USA).  

 

7.3. Cardiopulmonary bypass  

 

After systemic anticoagulation with sodium heparin (300 U/kg) the left subclavian artery 

was cannulated for arterial perfusion. The venous cannula was placed in the right atrium. 

The extracorporeal circuit consisted of a heat exchanger, a venous reservoir, a roller pump 

and a membrane oxygenator primed with Ringer lactate solution (1000 ml) supplemented 

with heparin (150 U/kg) and 20 ml sodium bicarbonate (8.4%). Normothermic CPB was 

performed for 90 minutes. Either CPB were performed without cardioplegic arrest or with 

cardioplegic arrest (after initiation of CPB the hearts were arrested with 1000 ml crystalloid 

cardioplegia (Custodiol®)). After weaning from CPB heparin was antagonized by protamin 

iv. over 10 minutes and the animals were monitored for 2 hours. Thereafter, coronary 

arteries were excised for further investigation.  
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7.4. In vitro measurements 

 

Prothrombin time (PT) and partial thromboplastin time (aPTT) were determined 

after Standard Human Plasma (Dade Behring, Eschborn, Germany) was supplemented with 

test compound solution or saline using a coagulation analyzer (Sysmex CA-560, Dade 

Behring) according to the manufacturer’s instructions. Reagents used were Innovin® for 

PT and Actin® FSL for aPTT, both from Dade Behring. Aprotinin was purchased from 

SIGMA. From each concentration-response curve, EC200 values, defined as the 

concentration required for twofold prolongation of clotting time, were calculated. 

 

7.5. Measurements of blood loss, biochemical parameters 

 

Primary endpoint of our studies was the total blood loss after weaning from CPB 

during the first two hours after application of protamine. Blood loss was measured by gauze 

bandages after weaning from CPB and 15 minutes after finishing of protamine at different 

time points (in 120., 160., 220. min. after initiation of CPB). Bandages were placed into the 

operating area (pericardial sack and surrounding tissues). Weight of gauze bandages was 

measured before and after cleaning the operating area. We calculated blood loss from 

difference of weight of gauze bandages. The same number of bandages (3 pieces at once) 

was removed in every ten minutes during the first 30 minutes of the observation period, and 

thereafter every 20 minutes in order to standardize the blood loss measurement protocol 

and to avoid overfilling of operation area with blood.  

Secondary endpoints were parameters of coagulation (activated clotting time 

(ACT), prothrombin ratio (Quick), activated partial thromboplastin time (aPTT)). These 

parameters were monitored before CPB and before application of heparin and study 

medication, at 45 and 90 minutes on CPB and after weaning from CPB at 105 and 220 mins 

from the time point of the initiation of CPB. ACT (celite method), Quick and PTT were 

assessed by routine clinical assays.  
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7.6. Thromboelastometry 

 

The influence on whole blood clotting was assayed with rotational 

thrombelastometry using ellagic acid (INTEM reagent) as activator of the intrinsic system 

or tissue factor (EXTEM reagent) as extrinsic coagulation activator. After a 5-min 

preincubation with test compounds or saline, citrated canine blood was subjected to 

ROTEM® analysis according to the manufacturer’s instructions. ROTEM® clotting time, 

(CT equal to reaction time) and maximum clot strength (MCF equal to maximum 

amplitude) were obtained as coagulation parameters. In addition, fibrinolysis in whole 

blood was also studied with ROTEM®. Activation of test samples accelerated the 

measurement process and enhanced reproducibility compared with conventional 

thromboelastography. To allow observation of fibrinolysis, ROTEM® analysis with tissue 

factor activation (EXTEM) was modified through addition of t-PA. Citrated blood was pre-

incubated at 37°C for 5 min with test compound or saline before tissue factor, CaCl2

7.7. Haemodynamic measurements 

, and t-

PA (100 U/ml final concentration) were added to start the reaction. Fibrinolysis was 

observed over a period of 60 minutes and determined by measuring loss of clot strength 

with time (LT, lysis time) and was recorded at the decline of the amplitude to 10% of MCF. 

 

 

Heart rate (HR), aortic pressure (AoP), left ventricular end systolic pressure 

(LVESP), maximum and minimum pressure development (+dP/dt, -dP/dt), end-diastolic 

pressure (LVEDP) and the time constant of the isovolumetric pressure decay (τ ) as well as 
cardiac output (CO) as the equivalent of aortic flow were monitored continuously. Stroke 

volume (SV) was calculated from the integrated flow signal and was used to calibrate the 

volume signal from the conductance catheter. Parallel conductance was estimated by rapid 

injection of one ml of hypertonic saline into the left atria.  

 The volume signal provided by the conductance catheter was registered 

continuously (Sigma F5, Leycom, Leiden, The Netherlands) and computed by the Conduct 
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PC software (Leycom, Leiden, The Netherlands). Left ventricular pressure-volume loops 

were constructed on-line. Vena cava occlusions were performed to obtain a series of loops 

for calculation of the slope (Ees) and intercept (V0) of the left and right ventricular end-

systolic pressure-volume relationships. In addition, the slope of the left ventricular end-

systolic pressure-volume relationship (ESPVR) and preload recruitable stroke work 

(PRSW) were calculated as load-independent indices of myocardial contractility. 

 

7.8. Coronary vascular function –in vitro 

 

Endothelium-dependent and –independent vasorelaxation was investigated in 

isolated coronary arterial rings of the dogs. After the end of the experiments the coronary 

arteries were excised and placed in cold (+4 ºC) Krebs-Henseleit solution (118 mM NaCl, 

4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.77 mM CaCl2, 25 mM NaHCO3, 11.4 

mM glucose; pH=7.4). The coronary arteries were prepared and cleaned from 

periadventitial fat and surrounding connective tissue and cut transversely into 4-mm width 

rings using an operation microscope. Rings from the left anterior descending (LAD) and 

circumflex (CX) coronary arteries were used randomly. 

Isolated coronary rings were mounted on stainless steel hooks in individual organ 

baths (Radnoti Glass Technology, Monrovia, CA, USA ), containing 25 ml of Krebs-

Henseleit solution at 37 ºC and aerated with 95% O2 and 5% CO2

The coronary rings were placed under a resting tension of 3.5 g and equilibrated for 

60 minutes. During this period, tension was periodically adjusted to the desired level and 

the Krebs-Henseleit solution was changed every 30 minutes. Potassium chloride (KCl) was 

used in these experiments to prepare vessels for stable contractions and reproducible dose-

response curves to other vasoactive agents. Coronary rings were contracted with KCl (80 

mM) and rinsed after the contraction until resting tension was again obtained. 

. Special attention was 

paid during the preparation to avoid damaging the endothelium. Isometric contractions 

were recorded using isometric force transducers (Radnoti Glass Technology, Monrovia, 

CA, USA), digitized, stored and displayed with the IOX Software System (EMKA 

Technologies, Paris, France). 
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Thromboxane A2-receptor agonist U46619 (5x10-7 M) was used to precontract the rings 

until a stable plateau was reached, and relaxation responses were examined by adding 

cumulative concentrations of endothelium-dependent dilator acetylcholine (ACh, 10-9-10-4 

M) and bradykinin (BK, 10-10- 10-4 M), as well as the endothelium-independent dilator 

sodium nitroprusside (SNP, 10-10-10-5 M) and adenosine (ADO, 10-6-10-3 

7.9. Coronary vascular function –in vivo 

M). Contractile 

responses are expressed as grams of tension, relaxation is expressed as percent of 

contraction induced by U46619. 

 

 

Coronary blood flow was measured by an ultrasonic flow meter placed on the left 

anterior descendent coronary artery. Coronary vascular resistance was calculated as the 

difference between mean aortic pressure and central venous pressure divided by coronary 

blood flow. Coronary endothelium-dependent vasodilatation was assessed after 

intracoronary administration of a single bolus of acetylcholine (ACh, 10-7 M) and 

endothelium-independent vasodilatation after nitroglycerol (NTG, 10-4

7.10. Statistics 

 M). The 

vasoresponse was expressed as percent change of baseline coronary vascular resistance. 

 

 

All values were expressed as mean ± standard error of the mean (SEM) or standard 

deviation (SD). Paired t-test was used to compare two means within groups. Individual 

means between the groups were compared by one-way analysis of variance followed by an 

unpaired t-test with Bonferroni correction for multiple comparisons and the post-hoc 

Scheffe´s test. A probability value less than 0.05 was considered statistically significant. In 

the figures only the significances between the groups were indicated. Significant changes 

over the time within each group were indicated in the text. 
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7.11. Drugs 

 

Bovine (Trasylol®) and recombinant aprotinin were obtained from Bayer 

HealthCare, Wuppertal, Germany. The new serin-protease inhibitors (CU2010, CU2020) 

obtained from Curacyte GmbH, München, Germany. Thromboxane A2-receptor agonist 

U46619 (9,11-Dideoxy-11α,9α-epoxy-methanoprostaglandin F2α), acetylcholine, 

adenosine and sodium nitroprusside were from Sigma-Aldrich, Germany. 

Table 3. shows Ki values for the inhibition of human serin proteases (Dietrich et al., 

2009). Plasmin inhibiton is comparable between aprotinin and CU-2010 and CU-2020. 

Plasma kallikrein inhibition potency however was improved 30 fold, as indicated by the 

markedly lower Ki values. In addition, the CU-2010 and CU-2020 have considerable (up to 

100,000 times more than aprotinin) inhibitory potential of fXa and fXIa as well as 

thrombin. 

 

Table 3. Inhibition of human serine proteases 

    
Ki values are given in nM. 
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8. Results 
 

8.1. Recombinant aprotinin in a canine model of CPB without aortic cross-clamping 

8.1.1. Blood loss after CPB  

 

Post-operative blood loss during the first two hours after injection of protamin was 

significantly reduced in the aprotinin-treated groups (recombinant aprotinin and bovine-

derived aprotinin) in comparison to control (p<0.05), while there was no difference 

between the two treatment groups (Fig. 5.). 

 
Figure 5. Post-operative blood loss after cardiopulmonary bypass shown as cumulative data. All 

values are given as mean ± standard deviation (SD). *p<0.05 vs. control at a given time point. 

(Veres G. et al., 2007) 
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8.1.2. Blood coagulation parameters 

 

There was no significant difference among all three groups regarding Quick, aPTT 

and ACT (Fig. 6.) at any time points. As expected, aPTT and ACT increased significantly 

in all groups after heparinisation and remained elevated during CPB. After protaminisation 

ACT and aPTT returned to baseline levels. The Quick values decreased significantly during 

CPB and remained at this level until the end of the observation period.  

 

 
Figure 6. Blood coagulation parameters during the first two hours after cardiopulmonary bypass. A: 

activated clotting time (ACT), B: activated partial thromboplastin time (aPTT), C: normalized 

prothrombin time (Quick). All values are given as mean ± SD. (Veres G. et al., 2007) 
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8.1.3. Coronary vascular function 

 

The maximal isometric forces developed by the coronary arterial rings exposed to 

potassium chloride (KCl, 80mM), and thromboxane A2-receptor agonist U46619 (5x10-7 

M) did not show any significant differences in the groups studied (Table 4.). 

 
Table 4. Isometric contraction forces developed by isolated coronary arterial rings exposed to 

potassium chloride (KCl, 80mM) and thromboxane A2 receptor agonist U46619 (5x10-7M) in the 

different groups. Values are expressed as means±S.E.M. (Veres G. et al., 

2007)

 
 

The endothelium-dependent vasorelaxation of the precontracted coronary arterial 

rings to ACh was unaffected by aprotinin treatment (Fig. 7.A), but there was a tendency 

towards impaired relaxation to the endothelium-dependent vasodilator bradykinin (BK) in 

the concentration range from 5x10-9M to 5x10-7M in both aprotinin treatment groups, 

however, this did not reach statistical significance. (Fig. 7.B) 

The receptor- and cAMP-mediated, mainly endothelium-independent vasorelaxation 

to adenosine (ADO) was significantly increased in both of the aprotinin treatment groups 

(maximal relaxations: 80.66±2.34% (bovine) and 88.8±2.60% (recombinant)) when 

compared with controls (maximal relaxation: 54.38±4.58%) (Fig. 7.D). 
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In contrast, application of aprotinin did not affect the endothelium- and receptor-

independent cGMP-mediated vasorelaxation to SNP (Fig. 7.C).  

 

 
Figure 7.:Endothelium-dependent and –independent vasorelaxation of coronary arterial rings 

induced by (A) acetylcholine (ACh), (B) bradykinin (BK), (C) sodium nitroprusside (SNP), (D) 

adenosine (ADO) in the different groups (n=number of arterial rings). Values are mean ± SEM. 

*p<0.05 vs. control at a given time point. (Veres G. et al., 2007) 
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8.2. CU-2010 and CU-2020 in a canine model of CPB without aortic cross-clamping 

 

8.2.1. Blood loss 

 

Post-operative blood loss during the first two hours after the injection of protamine 

was significantly reduced in the aprotinin as well as CU-2010 and CU-2020 treated groups 

in comparison to the control (P<0.05), while there was no difference between the four 

treatment groups (Figure 8.). 

 
Figure 8. Blood loss after weaning from CPB and protamine. Time points indicated the time from 

the initiation of CPB which corresponds 20 (T130), 60 (T160), and 120 (T220) minutes after 

protamine, respectively. All values are mean ± SEM, *p<0.05 vs. control. (Szabó G. et al., 2010) 

 

8.2.2. Blood coagulation parameters 

 

As expected, aPTT and ACT increased significantly in all groups after 

heparinisation and remained elevated during CPB (Figure 9). After protamineisation ACT 
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returned to baseline levels. Quick values decreased significantly during CPB and remained 

at this level until the end of the observation period (Figure 9.). As shown in Figure 9., 

treatment with CU-2010 (II. scheme) and CU-2020 significantly elongated PTT after CPB 

at 105 and 220 minutes. There was also a tendency towards prolonged ACT values without 

reaching the level of significance. 

 
Figure 9. Blood coagulation parameters during the first two hours after cardiopulmonary bypass. A: 

activated clotting time (ACT), B: activated partial thromboplastin time (aPTT), C: normalized 

prothrombin time (Quick). All values are given as mean ± SEM. 

8.2.3. Coronary vascular function 

(Szabó G. et al., 2010) 

 

 

Maximal isometric forces produced by the isolated coronary arterial rings 

precontracted by thromboxane A2-receptor agonist U46619 (5x10-7M) were not 

significantly altered in any of the experimental groups studied (data not shown). 
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The endothelium-dependent, receptor-mediated vasorelaxation of the precontracted 

coronary arterial rings to ACh was unaffected by each treatment scheme with both 

synthetic aprotinin analogues (Figure 10.). 

 
Figure 10. Endothelium dependent relaxation after application of acetylcholine (ACh). All values 

are mean±SEM. (Szabó G. et al., 2010) 

 

Application of the synthetic aprotinin analogues did not affect the endothelium and 

receptor-independent cGMP-mediated vasorelaxation to SNP (data not shown).  

8.3. CU-2010 in a canine model of CPB with cardioplegic arrest 

8.3.1. Blood loss 

 

Post-operative blood loss during the first two hours after injection of protamine was 

significantly reduced in the aprotinin-treated group in comparison to the control (P<0.05). 
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The application of CU-2010 resulted in a significant, dose-dependent reduction of post-

operative blood loss (Figure 11.). 

 
Figure 11.: Blood loss after weaning from cardiopulmonary bypass and protamine. Time points 

indicated the time from the initiation of CPB which corresponds 20 (T120), 50 (T150), and 120 

(T220) minutes after protamin, respectively. All values are mean±SEM, *p<0.05 vs. control. (Szabó 

G. et al., 2010) 

 

8.3.2. Blood coagulation parameters 

 

As expected, aPTT and ACT increased significantly in all groups after 

administering heparin and remained elevated during CPB. After administering protamin, 

the ACT and aPTT returned to baseline levels in the control and aprotinin groups, but 

remained elevated (ACT only slightly, aPTT remarkably) in the CU-2010 treatment groups 

(Figure 12.). 
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The PT values increased slightly during CPB and remained at this level until the end 

of the observation period in all groups (Figure 12.).  

 
Figure 12. Activated clotting time (ACT), activated partial thromboplastin time (aPTT), 

prothrombin time (PT).  Time points indicated the time from the initiation of CPB (t0). All values 

are mean±SEM. *p<0.05 vs. control, # p<0.05 vs. aprotinin (Szabó G. et al., 2010) 

 

ROTEM parameters are shown in Table 5. at baseline level and at the end of the 

observation period. Baseline values were similar in all groups. At the end of the observation 

period, CT (both EXTEM and ITEM) was prolonged in the CU-2010 groups in comparison 

to the vehicle and the aprotinin groups. EXTEM MCF showed a significant decrease after 
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CPB but did not differ between the groups at baseline and at the end of the observation 

period. If ITEM reagents were used, similar data could be obtained except that no 

significant decrease could be observed in the aprotinin group in comparison to the baseline 

and the MCF was significantly lower in comparison to aprotinin treatment group in the CU-

2010 1.25 mg/kg group. However, it should be noted that in all groups except the aprotinin 

group ITEM MCF still did not reach its maximum in one or more individual dogs within 

the measurement time and therefore the values are somewhat underestimated. LT 

(EXTEM) reached the designated end-point (reduction of the amplitude to 10% MCF) in 

neither the CU-2010 nor the aprotinin groups, but only in the control group.  

 

Table 5. ROTEM Parameters 
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The influence on whole blood clotting was assayed with rotational thrombelastometry using ellagic 

acid (INTEM reagent) as activator of the intrinsic system or tissue factor (EXTEM reagent) as 

extrinsic coagulation activator. Clotting time (CT), maximum clot strength (MCF), lysis time (LT) 

were measured at baseline levels (before heparin and test substance) and after two hours of 

reperfusion. All values are given as mean±SEM, o: p<0.05 vs. baseline, *:p<0.05 vs. control, 

#:p<0.05 vs. aprotinin. (Szabó G. et al., 2010) 

8.2.4. Haemodynamic parameters 

 

The heart rate (HR), cardiac output (CO), left ventricular end systolic pressure 

(LVESP), end-diastolic pressure (LVEDP), time constant of relaxation (τ), maximum and 

minimum pressure development (dP/dt max, dP/dt min), mean arterial pressure (MAP) and 

coronary blood flow (CBF) are shown in Table 6. Baseline values did not differ between 

the groups. While most haemodynamic parameters did not change significantly, MAP and 

dP/dt min decreased in all groups. dP/dt max and CBP showed a significant decrease in the 

control group after CPB (p<0.05), while they remained unchanged in the treatment groups. 
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Table 6. Haemodynamic variables 
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The heart rate (HR), cardiac output (CO), left ventricular end systolic pressure (LVESP), end-

diastolic pressure (LVEDP), time constant of relaxation (τ), maximum and minimum pressure 

development (dP/dt max, dP/dt min), mean arterial pressure (MAP), coronary blood flow (CBF), 

slope of the end-systolic pressure-volume relationship (ESPVR) and preload recruitable stroke work 

(PRSW). All values are given as mean±SEM, o: p<0.05 vs. baseline, *:p<0.05 vs. control, #:p<0.05 

vs. aprotinin. (Szabó G. et al., 2010) 
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After CPB, both left ventricular ESPVR and PRSW decreased significantly in the 

control and the aprotinin group, which could be partially and possibly totally preserved by 

the application of CU-2010 (Table 6.). Due to the physiological variations of the absolute 

values of ESPVR and PRSW a comparison between the groups was somewhat difficult 

therefore percentage recovery values were calculated (Figure 13.). CU-2010 in higher doses 

significantly improved the percentage recovery in comparison to the controls (and in case 

of PRSW in comparison to the aprotinin group as well). 

 
Figure 13. A: Percentage recovery of the load independent slope of the end-systolic pressure-

volume relationship (ESPVR), B: Percentage recovery of the load independent preload recruitable 

stroke work (PRSW) two hours after weaning from cardiopulmonary bypass. All values are 

mean±SEM.*p<0.05 vs. control. (Szabó G. et al., 2010) 

 

8.2.5. Coronary vascular function –in vivo 

 

The vasodilatative response to ACh was similar in all groups before CPB. After 

CPB endothelial function (vasodilatative response to ACh) was significantly reduced in the 

control group, but this was abolished by aprotinin and all doses of CU-2010 (Figure 14.). 

The endothelium-independent vasodilatation after NTG did not differ between the groups 

and over time (Figure 14.). 

 



    

  60 

 
Figure 14. A: Endothelium dependent relaxation after application of acetylcholine (ACh). B: 

Endothelium independent relaxation after application of nitroglycerin (NTG). All values are 

mean±SEM. °:p<0.05 vs. baseline, §:p<0.05 vs. all other groups. (Szabó G. et al., 2010) 
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9. Discussion 

9.1. Blood loss and coagulation parameters after CPB 

 

The use of CPB during cardiac surgical procedures causes a significant disruption of 

the coagulation system. In addition to haemodilution from a crystalloid prime, contact of 

blood with the extracorporeal circuit activates platelets and several cascades which activate 

the extrinsic and intrinsic coagulation systems and trigger fibrinolysis (Paramo et al., 1991). 

Although OPCAB surgery avoids many of these problems and is associated with reduced 

use of blood products (Nuttal and Erchul, 1999), the ability of antifibrinolytic agents to 

reduce bleeding suggests that low-grade fibrinolysis, perhaps related to heparin, is still 

present (Casati and Valle, 2004). Although a coagulopathy after OPCAB is very unusual, it 

may occur in patients who have sustained substantial blood loss with blood scavenged in 

and returned from the cell-saving device. This results in depletion of coagulation factors 

and platelets. 

Antifibrinolytic drugs (aprotinin, ε-aminocaproic acid (EACA), tranexamic acid 

(TA)) have been unequivocally demonstrated to reduce post-operative blood loss in cardiac 

operations. They should be used for all on-pump cardiac surgical procedures and may be of 

benefit in off-pump cases as well (Levi et al., 1999, Laupacis and Fegusson, 1997, Casati et 

al., 2004). It is a well-known phenomenon that high-dose aprotinin reduces post-operative 

blood loss and transfusion requirements by 40 to 50 percent in the primary operation 

(Blauhut et al., 1991, Royston et al., 1987) and in re-operative patients and in patients who 

have been pretreated using aspirin (Murkin et al., 1994). Recently a significantly reduced 

blood loss was reported after the use of aprotinin in patients undergoing off pump bypass 

surgery (Bittner et al., 2008). Because of its expense, aprotinin is generally reserved for 

complex operations, re-operations and other situations where the bleeding risk is increased 

(hepatic dysfunction, thrombocytopenia, uremia, pre-operative use of aspirin/clopidogrel).  

At the beginning of our investigations, only bovine-derived aprotinin was available 

for the clinical setting. As aprotinin was in widespread clinical use, the possibility of an 

allergic/ anaphylactoid reaction had to be considered whenever the drug was used. A new 
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recombinant technology has been developed for the production of aprotinin, thereby 

reducing the risk of allergic reaction and the transmission of animal diseases.  

Our study demonstrates for the first time that recombinant aprotinin significantly 

decreases post-operative total blood loss after CPB in a canine model. The effects of bovine 

and recombinant aprotinin were equivalent. Recent clinical studies showed that aprotinin 

significantly reduced total blood loss by over 50% in comparison with a placebo (Blauhut 

et al., 1991). Our experiments resulted in similar data, post-operative total blood loss was 

significantly reduced (approximately by 50%) in the recombinant aprotinin-treated group 

and in the bovine-derived aprotinin group in comparison to control (p<0.05) (Fig. 5.). 

Subsequent to publications in 2007, aprotinin was withdrawn from distribution 

because the investigation demonstrated a higher incidence of myocardial infarction in 

patients treated with aprotinin in comparison to those treated using tranexamic acid post-

operatively. Because of its withdrawal, in combined, high risk cardiac and orthopaedic 

procedures it is very difficult to reduce post-operative bleeding to an acceptable level. We 

must find a new drug with an equivalent effect to aprotinin but with anti-thrombotic 

properties, which effectively reduces post-operative blood loss, but also decreases the risk 

of graft occlusion after CABG.  

Over the past few years, our group has been involved in the development of novel, 

synthetic, small molecule serine-protease inhibitors such as CU-2010 (very short half-life: 

17 minutes) and CU-2020 (longer half-life: 45 minutes). The novel serine protease 

inhibitors may have some potential advantages which may also overcome some concerns 

arising currently about the use of aprotinin and leading to its withdrawal from the market. 

First of all, in contrast to biological product aprotinin (bovine peptide), CU-2010 and CU-

2020 are synthetic, small molecules and therefore the well-known allergic reaction 

described after the use of aprotinin can be eliminated. The major source of allergic 

reactions after the application of Trasylol was not aprotinin itself but secondary bovine 

proteins and their fragments which were still present in low concentrations, as 100% purity 

could not be achieved during the manufacturing process from bovine lungs. Therefore the 

new compound is less likely to be allergenic since it is not a natural product purified from 

an animal source. Secondly, the novel protease inhibitors have a high anti-fibrinolytic 
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potency complemented by moderate anti-coagulative properties. In contrast to aprotinin, 

CU-2010 and CU-2020 have an additional fXa and stronger fXIa inhibitory affect, which 

may protect against early thrombosis, one of the concerns in connection with the use of 

aprotinin. Indeed, in vitro tests showed a significant dose-dependent prolongation of 

prothrombin time after the application of CU-2010 and CU-2020, while aprotinin does not 

affect prothrombin times. In our non-ischemic canine model of CPB, only a somewhat 

lower prothrombin ratio (i.e. somewhat prolonged PT times) could be observed if CU-2010 

was applied as a continuous infusion or after “Hammersmith scheme” application of CU-

2020. However, it should be noted that CPB and haemodilution had probably a higher 

impact on blood coagulation factors than the fXa inhibitory effects of the test compounds 

themselves. Here further investigations are necessary. Nevertheless, aPTT times were still 

significantly prolonged after the application of protamine in the CU-2010 continuous 

infusion and CU-2020 groups while in the other groups aPTT returned to baseline level. 

This indicates that the addition of the inhibitory potential against fXa and XIa is able to 

provide an anti-coagulative potential and may have a protective effect on early thrombosis. 

Here it should be noted that even aprotinin may exert some antithrombotic effects: 

aprotinin selectively blocks the proteolitically activated thrombin receptor (PAR-1) on 

platelets, thus inhibiting platelet aggregation induced by thrombin. At the same time, it 

does not inhibit platelet aggregation induced by collagen or ADP, thus allowing for normal 

haemostatic activity in surgical wounds (Landis et al., 2001, Khan et al., 2005).  

The observed differences in terms of blood coagulation parameters between the 

dosage schemes of CU-2010 can be explained by the very short half life time of this 

compound (17 minutes). After the cessation of the application of CU-2010, aPTT values 

quickly normalized. If the infusion was continued through to the end of the experiments, 

aPTT levels remained elevated. The very short half life of CU-2010 might be advantageous 

allowing it to be used in ”switch on/off” mode adapting the application to the actual 

haemostatic situation. CU-2020 has a longer half life (45 minutes) thereby also providing 

prolonged aPTT if applied by the Hammersmith method. 
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In a non-ischemic canine model of CPB, we demonstrated for the first time that the 

novel serine protease inhibitors CU2010 and CU2020 equivalently reduce post-operative 

blood loss and have improved anti-coagulative properties in comparison to aprotinin.  

Measurement of ACT is a standard monitoring procedure for guiding heparin-

induced anticoagulation. Although the optimum ACT value for CPB has not been 

established, values between 400 and 480 sec. are commonly maintained. Initial 

investigations demonstrated that celite ACT values are prolonged by aprotinin (Despotis et 

al., 1996). The increase in ACT is artifactual because of an in vitro interaction between the 

celite activator, heparin and aprotinin. In contrast, aprotinin does not affect kaolin ACT 

(Wang et al., 1992). We used a celite-based ACT in our experiments and continuously 

measured ACT values every 15 minutes and maintained the levels for more than 500 s 

during CPB. In our investigations, we applied the heparin doses according to clinical 

calculations which obviously resulted in higher ACT values than those for humans. 

Nevertheless, application of protamine was performed which rapidly resulted in a 

normalization of ACT levels in the control group in our models. Therefore we believe that 

higher ACT values during CPB did not significantly influence blood loss after the 

application of protamine. As expected, aPTT and ACT increased significantly in all groups 

after heparinization and remained elevated during CPB. It should however be noted, that in 

the above mentioned two treatment groups (CU-2010 {scheme 2}, CU-2020) ACT 

remained elevated in parallel with higher aPTT values after the application of protamine. 

However, as discussed above elevated ACT levels may represent a true anti-coagulant 

property.  

The aim of the latest study was to establish a dose response relation in a clinically 

relevant (i.e. CPB with cardioplegic arrest and reperfusion) model. We clearly 

demonstrated that the novel small synthetic molecule serine-protease inhibitor CU-2010 

dose-dependently reduced post-operative blood loss in an ischemic model of CPB, 

comparable to that achieved with aprotinin. More importantly, this decrease of blood loss in 

the CU-2010 groups occurred despite elevated ACT and aPTT values. Beyond pure 

antifibrinolytic qualities, CU-2010 also demonstrated anti-coagulant properties as indicated 

in a previous study (Dietrich et al., 2009) as was expected from its significantly higher 
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affinity for plasma kallikrein and particularly for fXa and fXIa. CU-2010 progressively 

delayed coagulation after both tissue factor and contact-phase stimulation, with the intrinsic 

assay being more sensitive to the compound’s effect (Dietrich et al., 2009). Therefore, in 

contrast to aprotinin, CU-2010 behaves as a moderate contact-phase inhibitor already at 

antifibrinolytic concentrations. However, the extent of its anti-coagulant effect is rather 

small compared to dedicated anticoagulants like heparin or the fXa inhibitor rivaroxaban 

(Gerotziafas et al., 2007). Importantly, in vitro, CU-2010 did not compromise the clot 

strength measured by thrombelastometry (Dietrich et al., 2009). This might be of relevance 

because reduced ROTEM® amplitude has been associated with increased blood loss after 

cardiac surgery (Avidan et al., 2004, Cammerer et al., 2003). In this study, we were able to 

confirm prior in vitro data showing real anti-coagulatory properties (i.e. prolonged whole 

blood coagulation times) which were in line with the ACT and aPTT measurements. The 

ROTEM measurements also clearly demonstrated that this anti-coagulatory action does not 

influence clot firmness. Furthermore, clear anti-fibrinolytic properties were demonstrated, 

expressed as prolonged lysis times. The unique combination of the anti-coagulatory and 

anti-fibrinolytic effects provides a real advantage in comparison with aprotinin and most 

probably other anti-fibrinolytics with a significantly higher safety profile against potential 

thrombo-embolic complications. 

 

9.2. Myocardial function 

 
A second important aim of the latest study (CU-2010 in a canine model of CPB with 

cardioplegic arrest) was to investigate whether the potential anti-inflammatory properties of 

serine-protease inhibitors can be translated into improved post-ischemic recovery. Over the 

past decade, different studies have demonstrated that aprotinin may reduce 

ischemia/reperfusion injury. McCarthy et al. (McCarthy et al., 1999) showed, for the first 

time, that aprotinin improves regional systolic function after reversible coronary ligation in 

a canine model. Subsequently in mouse (McEvoy et al., 2009), rat (Buerke et al., 2007), 

rabbit (Carter et al., 2008) and pig models (Khan et al., 2004, Khan et al., 2005) protective 

effects were demonstrated. The effectiveness of aprotinin on myocardial function was 
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controversial. McEvoy et al. (McEvoy et al., 2009) found improved myocardial function in 

a mouse model if aprotinin was applied in a lower dose and this effect was diminished at 

higher doses. In the study by Kahn et al. (Khan et al., 2004) aprotinin reduced myocardial 

infarct size and improved coronary microvascular function but not myocardial function.  

Corroborating these preclinical findings with observations from the clinical setting, 

Wendel and associates (Wendel et al., 1995) found that full-dose aprotinin reduced serum 

CK-MB and troponin T levels in patients, between 1 and 3 days after CABG compared 

with controls. As suggested by retrospective analysis of the Trasylol Proprietary Database, 

the ability of full-dose aprotinin to preserve myocardial function after ischemia-reperfusion 

may result in the decreased use of inotropic agents, vasopressors and antiarrhythmic agents 

after CABG (Royston et al., 2006). Unfortunately most clinical studies to date have not 

been prospectively designed, powered, and conducted to separate the potential benefits of 

aprotinin on myocardial preservation from its known beneficial impact on blood loss and 

administration of blood products perioperatively. 

Aprotinin’s actions are multiple: myocardial ischemia/reperfusion induces leukocyte 

accumulation, inflammation, gene expression, protein expression and finally tissue injury. 

Further, aprotinin limits reperfusion injury through each of 

The majority of these studies used isolated regional ischemia/reperfusion or 

infarction models. During routine cardiac surgery, multiple pathways may lead to 

haemodynamic deterioration: direct myocardial injury due to cardioplegic arrest and 

reperfusion and systemic inflammatory reaction by contact activation in the ECC which 

primarily leads to vascular dysfunction. In our pre-clinical model both types of injury are 

present. To differentiate between systemic and direct myocardial effects we used 

these stages, even after 24 hours 

of reperfusion. Both murine and porcine models (McEvoy et al., 2009, Khan et al., 2005) 

demonstrated that aprotinin reduced leukocyte-endothelial interaction, leukocytic 

migration, expression of adhesion molecules, apoptosis rates and the expression of 

inflammatory genes (in particular TNF-α) and protein synthesis. Aprotinin preserves 

adherens junctions through a mechanism potentially involving the p38 MAPK pathway, 

resulting in preservation of the endothelial barrier. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Royston%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus�
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conductance-catheter derived pressure-volume analysis to describe myocardial function 

load-independently. 

In the present study, we demonstrated that aprotinin is not able to improve 

myocardial contractility after myocardial ischemia/reperfusion, which is in line with the 

observations of Khan et al (Khan et al., 2004). However, the novel serine-protease inhibitor 

CU-2010, in higher doses, improved the recovery of contractility in comparison with the 

controls and thereby provided improved myocardial protection in comparison with 

aprotinin. 

Although we were not able to perform corresponding molecular biological 

measurements and immunohistology as most of the necessary antibodies for dogs are not 

available, we assume that the beneficial effects of CU-2010 follow the same pathways as 

demonstrated previously for aprotinin (see discussion above) as the anti-inflammatory 

potential of both substances is based on their plasma-kallikrein inhibitory effect. 

Nevertheless it should be noted, that CU-2010 has 100 times higher plasma-kallikrein 

inhibitory potential (Dietrich et al., 2009) which may explain, at least partly, the improved 

cardioprotection. Here further studies are warranted. 

 

9.3. Coronary vascular function 

 

As the vascular effects of aprotinin, recombinant aprotinin and the novel serine-

protease inhibitors remain unclear, aim of our experiment was to examine the effect of 

these drugs on endothelium-dependent and -independent vasorelaxation of coronary arteries 

with in vitro and in vivo measurement.  

To the best of our knowledge, we were the first to investigate the effects of 

aprotinin on the endothelial function of epicardial coronary arteries in a clinically relevant 

mammalian model of CPB. Previous investigations on the endothelial effects of aprotinin in 

other models resulted in conflicting results. Ülker et al. (Ülker et al., 2001) found impaired 

endothelium-dependent vasorelaxation to ACh and to the calcium ionophore A23187 in rat 

thoracic aortic rings and the inhibition of bradykinin-induced endothelium-dependent 



    

  68 

coronary vasodilatation in coronary arteries of rat Langendorff hearts in the presence of 

aprotinin (Ülker et al., 2002). Contrasting these findings, Khan et al. (Khan et al., 2004) 

reported an aprotinin-induced improvement of both endothelium-dependent and 

independent vasorelaxation of coronary microvessels after regional ischaemia and 

cardioplegic arrest in a porcine model.  

Our in vitro results demonstrate no significant influence of bovine or recombinant 

aprotinin on endothelial relaxant responsiveness of canine coronary arterial rings (Fig. 7.A, 

7.B). These data are in line with the results of Fischer & Steinhoff. Using substance P for 

endothelium-dependent vasorelaxation, they found no significant effect of aprotinin at 

clinical dosage levels on endothelial function in porcine coronaries (Fischer and Steinhoff, 

2005). In line with our results, endothelium-dependent relaxation to ACh was unaffected by 

aprotinin treatment on human saphenous vein rings (explanted for coronary bypass) in a 

previous study (Allen et al., 1997).  

To test the endothelium-dependent vasorelaxation of canine coronary arterial rings, 

we applied the universally used acetylcholine which stimulates the endothelial production 

of nitric oxide by binding to muscarinic receptors on endothelial cells. Endothelium-

dependent relaxant bradykinin acts in a similar manner by binding to endothelial B2 

receptors. Bradykinin is a member of the kallikrein-kinin system which is strongly 

influenced by aprotinin. The serine protease kallikrein induces redistribution and activation 

of B2 bradykinin receptors independent of BK-release (Hecquet et al., 2002). Acting as a 

serine protease inhibitor, aprotinin inhibits kallikrein, thereby blocking B2

There are only sporadic studies investigating the effect of aprotinin on endothelium-

independent dilatory function of vascular smooth muscles. Most of them report no 

influence of aprotinin on endothelium-independent vasorelaxation to SNP (Ülker et al., 

 bradykinin 

receptor activation and redistribution. These mechanisms of effects produced by aprotinin 

might explain the impairment of bradykinin-induced vasodilatation in rat coronary arteries 

in the presence of aprotinin, as reported by Ülker et al. Furthermore, one may hypothesize, 

that these observations might be the reason for our current findings showing a tendency 

towards reduced bradykinin-induced vasorelaxation, however, without reaching any 

statistical significance (Fig. 7.B). 
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2002), a nitric oxide donor substance, which acts in a receptor-independent cGMP-

mediated manner by directly activating the guanylyl cyclase enzyme in vascular smooth 

muscle cells. Our data is completely consistent with these results, the SNP-induced 

vasorelaxation of coronary arterial rings was unaffected by bovine and recombinant 

aprotinin (Fig. 7.C). 

Adenosine, the fourth vasorelaxant tested in this study, leads to the dilatation of 

vessels by mechanisms, which are both complex and not fully understood, and its vascular 

effects involve different pathways depending on the species and vessel type. Binding to A2 

adenosine receptors on smooth muscle cells, adenosine activates the cAMP-mediated 

pathway of relaxation (Heaps et al., 2000). Other studies report partial involvement of the 

endothelium in the ADO-mediated vasorelaxation (Arif et al., 2000, Lynch et al., 2006). 

The significantly increased vasorelaxation of coronary arterial rings to ADO, but not to 

SNP, in the aprotinin treatment groups indicates that application of aprotinin improved the 

receptor-dependent cAMP-mediated, but not the receptor-independent cGMP-mediated, 

dilatory function of vascular smooth muscle. We hypothetize that the enhanced ADO-

mediated vasorelaxation may reflect aprotinin-induced alterations in adenosine receptor 

density, sensitivity and/or receptor/effector coupling, however further investigations are 

needed to elucidate the exact underlying mechanisms. 

In the non-ischemic model of CPB, we extended our previous findings and 

demonstrated that the novel class of serine protease inhibitors (CU-2010, CU-2020) does 

not have any detrimental effect on vascular function in vitro. However, in the ischemic 

model of CPB, we clearly demonstrated in vivo that both aprotinin and CU-2010 attenuated 

endothelial dysfunction after cardioplegic arrest and reperfusion. In this study, we could 

demonstrate that aprotinin improved coronary endothelial function after myocardial 

ischemia/reperfusion but not myocardial contractility which is in line with the observations 

of Khan et al (Khan et al, 2005). Very important finding of our study, that the novel serine-

protease inhibitor CU-2010, improved coronary endothelial function at all applied doses 

and this improvement was comparable to aprotinin and in higher doses, CU-2010 could 

also improve the recovery of contractility in comparison to controls and thereby provided 

improved myocardial protection in comparison to aprotinin. 
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10. Conclusions  

 

In the first study, we demonstrated that the effectiveness of recombinant aprotinin 

on blood loss and coagulation parameters were equivalent to those of bovine-derived 

aprotinin. Neither recombinant aprotinin nor bovine aprotinin impaired the endothelium-

dependent vasodilatative function of coronary arteries in our clinically relevant canine 

model of CPB. As recombinant aprotinin probably reduces the risk of a hypersensitivity 

reaction and the transmission of animal disease, it should be utilized in the clinical setting, 

however, further clinical investigations are needed.  

 

We also demonstrated that the novel serine-protease inhibitors CU-2010 and CU-

2020 reduce blood loss in an equivalent manner and have improved anti-coagulative 

properties in comparison with aprotinin. Taking into account that these small synthetic 

molecules have numerous advantages in comparison with aprotinin, we believe that these 

substances may offer a true alternative in the “post-aprotinin” era. However learning a 

lesson from the current debates, several safety trials should be performed before moving 

into the clinical arena.  

 

In our latest study, we demonstrated that CU-2010 is a small synthetic 

antifibrinolytic compound which reduces blood loss dose-dependently. Its profile is 

comparable to that of aprotinin with a stronger impact on the coagulation enzymes fXa and 

plasma kallikrein. Thereby it provides favourable anti-coagulant properties and improved 

myocardial and endothelial protection. We believe that this compound may provide an “all-

in-one” solution, addressing major issues (such as bleeding, inflammation, 

cardioprotection) in cardiac surgery and therefore deserves further investigation before 

clinical application.  
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11. Summary 

 
Cardiac surgery procedures with CPB can produce a certain amount of blood loss 

and in serious cases one of the most important tasks is to minimise post-operative bleeding.  

There are only a few anti-fibronilytic drugs available which have this effect. Bovine-

derived aprotinin has been a widely accepted drug used for this purpose, however there 

have been several side effects including allergic reactions and infectious diseases. The 

withdrawal of aprotinin from the market created a major problem as there was no 

replacement available which gave the same benefits. A new group of serin protease 

inhibitors based on aprotinin appeared to be a possible replacement.  

Three basic studies, the first on recombinant aprotinin (a non-ischemic model), the 

second and third on new serin protease inhibitors (CU-2010 and CU-2020; non-ischemic 

and ischemic models, respectively) were conducted in a canine model of CPB. These 

studies, carried out jointly by Hungarian and German teams (Semmelweis University, 

Budapest and the University of Heidelberg), involved over 100 dogs.  

In the initial study, we demonstrated that the effectiveness of recombinant aprotinin 

on blood loss and coagulation parameters were equivalent to those of bovine-derived 

aprotinin. Neither recombinant aprotinin nor bovine aprotinin impaired the endothelium-

dependent vasodilatative function of coronary arteries. As recombinant aprotinin probably 

reduces the risk of allergic reaction and the transmission of animal disease, and bovine 

aprotinin was withdrawn (2007), it should be utilized clinically though further 

investigations would be needed.  

The studies with novel low molecular weight serine-protease inhibitors CU-2010 

and CU-2020 in a non-ischemic model of CPB, were shown to reduce blood loss in an 

equivalent manner to aprotinin and to have improved anti-coagulative properties (100,000-

fold impact on fXa and fXIa in comparison with aprotinin). As these small synthetic 

molecules have numerous advantages over aprotinin, we believe they may offer a true 

alternative in the “post-aprotinin” era. 
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 In our final study, we demonstrated several beneficial effects of CU-2010 in an 

ischemic model of CPB:  

1. CU-2010 dose-dependently reduces postoperative blood loss after CPB which is 

comparable to aprotinin 

2. it has an improved antikoagulatory property (elongated aPTT, ACT) relative to 

aprotinin  

3. at higher dosages, because of the anti-inflammatory effect it may improve left 

ventricular function recovery 

4. CU-2010 improved coronary endothelial function and this improvement was 

comparable to aprotinin 

 

We believe that this compound may provide an “all-in-one” solution, addressing 

major issues (such as bleeding, inflammation, cardioprotection) in cardiac surgery and 

therefore deserves further investigations for clinical application. However, learning a lesson 

from the current debates, several safety trials should be performed before moving into the 

clinical arena.  

 

 

 

 

 

 

 

 

 

 

 

 



    

  73 

12. Összefoglalás 
 

 A kardiopulmonális bypass (CPB) mellett elvégzett szívsebészeti beavatkozások 

során vérzéses szövődményekre számíthatunk, ami jelentősen megnehezíti a posztoperatív 

időszakot, így súlyos állapotú betegeknél az egyik legfontosabb feladat közé tartozik a 

műtét utáni vérveszteség minimalizálása. Jelenleg kevés vérzéscsökkentő gyógyszert 

ismerünk, mely közül szívsebészeti műtétek során a leggyakrabban használt szer a 

szarvasmarha tüdőből előállított aprotinin, kiemelkedő hatékonysága miatt. Azonban 

számos mellékhatással rendelkezik úgy, mint az allergizáló és/vagy anafilaxiát okozó 

hatása. Az aprotinin klinikai alkalmazásának betiltása súlyos problémát jelentett, mivel 

nincs vele azonos hatékonyságú vérzéscsökkentő szer alkalmazásban. A szerin-proteáz 

inhibitorok egy új családja –az aprotinin hatékonyságára alapozva- egy új lehetőségnek 

mutatkozik a szívsebészeti vérzéscsillapításban.  

Három vizsgálatot végeztünk, az elsőt rekombináns aprotininnel (nem iszkémiás 

modellen), a másodikat és a harmadikat új típusú szerin-proteáz inhibitorokkal (CU-2010 és 

CU-2020 nem iszkémiás és iszkémiás modellen) CPB kutyamodelljén. A kísérleteket 

német és magyar munkacsoport együttesen Heidelbergben végeztük el, több mint 100 

kutyán. 

Az első experimentális vizsgálatunkban a rekombináns aprotinin hatásosságát 

vizsgáltuk CPB kutyamodelljén. Kimutattuk, hogy a rekombináns aprotinin hatása a 

vérveszteségre és a koronáriák vaszkuláris funkciójára megegyezik a szarvasmarha 

tüdejéből előállított aprotininéval. Mindemellett egyik típusú aprotinin sem befolyásolta a 

koronáriák endotélfüggő vazorelaxációját a kardiopulmonális bypass klinikailag releváns 

kutyamodelljén. Feltételeztük, hogy a rekombináns aprotinin csökkenti az 

allergiás/anafilaxiás reakciók és az állatokról átvitt fertőzések előfordulását, így klinikai 

alkalmazásának bevezetése előnyösnek tűnt, mely miatt további klinikai vizsgálatot is 

terveztünk. Azonban 2007-ben megjelent közlemények hatására – melyet az aprotinin 

klinikai alkalmazásának betiltása követett- nem jutott el a gyógyszer klinikai 

tanulmányokig.   
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A következő experimentális kísérletünkben új típusú, alacsony molekulasúlyú 

szerin-proteáz gátlók vizsgálatát tűztük ki célul, melyeknek kedvező antifibrinolitikus 

tulajdonságuk mellett antitrombotikus hatással is rendelkeznek. Elsőként mutattuk ki, hogy 

a CU-2010 (rövid felezési idejű) és a CU-2020 (hosszabb felezési idejű) szerekkel 

effektíven csökkenteni tudjuk a műtéti vérveszteséget -a hagyományos aprotininnel azonos 

hatékonysággal- CPB nem iszkémiás kutyamodelljén. Mindezek mellett a szerek 

kiterjesztett antikoagulációs aktivitását (az aprotininéhez képest 100000-szer erősebben 

gátolja a Xa és XIa faktorokat) figyeltük meg, mely az aPTT értékek megnyúlásához is 

vezettek.  

A CU-2010-nek további előnyös tulajdonságait mutattuk ki CPB iszkémiás 

kutyamodelljén:  

1. vérzéscsökkentő hatékonysága megegyezik a hagyományos aprotininéval  

2. kiterjesztett antitrombotikus tulajdonsággal rendelkezik (megnyúlt aPTT és ACT 

idők) az aprotininhez képest   

3. nagy koncentrációban –feltehetőleg gyulladáscsökkentő hatása miatt- javítja bal 

kamra funkciót szívműtét után 

4. az aprotininnel azonos mértékben javítja az endotélfunkciót 

 

A kedvező antitrombotikus tulajdonságuk miatt az új típusú, alacsony 

molekulasúllyal rendelkező, nem specifikus szerin-proteáz gátlók (különösen a CU-2010) 

áttörést jelenthetnek a szívsebészeti vérzéscsillapításban és az aprotinin utáni éra 

reménykeltő gyógyszerei lehetnek. Gyakorlati alkalmazásuk előtt további, részletes klinikai 

vizsgálatokra is szükség van. 
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