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Chapter 2 

I n t r o d u c t i o n 

Patients undergoing cardiac surgery with cardiopulmonary bypass (CPB) develop a 

systemic inflammatory response, that may vary in extent and impact1. Although 

most patients recuperate without serious problems, some patients experience 

postoperative, sometimes lethal, complications. Most complications occur during 

the first three days, when the patient is either in the intensive care unit or on the 

ward. These complications may result from the surgical procedure, from a pre

existing (cardiac) disease, as well as from an inflammatory response induced by the 

extracorporeal circuit or by the surgical trauma. 

The inflammatory response is a very complex process involving various cell types, 

cytokines, adhesion molecules, and acute phase proteins. The purpose of this 

review is to discuss the pathophysiological mechanisms that trigger the 

inflammatory response both during and after cardiac surgery and in relation to 

clinical outcome. For a better understanding, we will first describe in some detail 

key cytokines, complement activation, adhesion molecules, and the potential role 

of the acute phase proteins C-reactive protein and secretory phospholipase A2. 

Then, we will discuss the relationship of these mediators with clinical symptoms, in 

particular in patients with coronary artery disease undergoing coronary artery 

revascularization. 

Cytokines 

Cytokines are low molecular weight hormone-like polypeptides, that by binding to 

specific membrane receptors serve as intercellular messengers. Cytokines are 

produced by many cells, including macrophages, monocytes, leukocytes, and 

endothelial cells, upon activation2-4. Cytokines may play a role in such diverse 

symptoms as hemodynamic instability, myocardial depression, fever, and reduced 

level of consciousness5'6. The most well known cytokines, that are released during 

cardiac surgery, are tumor necrosis factor-a (TNF-a) and several interleukins 

including IL-1, IL-2, IL-6, IL-8, and IL-104-7. The main properties of these cytokines 

are summarized in Table 1. 

TNF-a, amongst others produced by macrophages, is a potent early mediator of the 

inflammatory response. Its generation can be induced by endotoxin and many 

other agonists. Endotoxin, a lipopolysacharide cell membrane constituent from 

Gram-negative bacteria, can be found in the circulation of patients undergoing CPB 

and presumably originates from bacterial translocation resulting from hypo

perfusion of the gastrointestinal tract8'9. The activity of endotoxin increases in the 

presence of the acute phase reactant lipopolysacharide binding protein (LBP), by 
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Complement, C-reactive protein and cardiac inflammation 

formation of a LBP-endotoxin complex, which is a stronger agonist for TNF-a 

production than endotoxin alone1011. 

Table 1 Properties of the most well known cytokines released during and after 

cardiac surgery 
cyto- main source 

kine 

main target main clinical effects main biochemical 

effects 

TNF-receptors (type I and II) hypotension, fever 

on neutrophils, monocytes, 

endothelial cells, hepatocytes, 

chondrocytes, astrocytes, 

fibroblasts, osteoclasts 

IL-1-receptors (type I and II) hypotension, fever 

IL-6-receptors on hepatocytes hypotension, fever 

TNFct monocytes, macrophages, 

Kupffer cells, mast cells, 

neutrophils,! lymphocytes, 

NK cells, keratinocytes, 

endothelial cells, astrocytes, 

dendritic cells, adrenal cortica 

cells, adipocytes 

IL-1 monocytes, macrophages, 

neutrophils, B and T lympho

cytes, NK cells, fibroblasts, 

endothelial cells, epithelial cells, 

keratinocytes, osteoblasts, 

neuronal cells, astrocytes, 

dendritic cells, adrenal cortical cells, 

megakaryocytes, platelets 

IL-6 fibroblasts, monocytes, 

macrophages, B and 

T lymphocytes, neutrophils, 

basophils, mast cells, 

endothelial cells, keratinocytes, 

adipocytes, chromaffin cells, 

smooth muscle cells, synovial cells, 

osteoblasts, astrocytes, mega

karyocytes, endometrial 

stromal cells, 

1L-8 monocytes, macrophages, 

fibroblasts, mast cells, 

basophils, endothelial cells, 

epithelial cells, platelets 

IL-10 monocytes, macrophages, IL-10 receptor on macrophages 

B and T lymphocytes, basophils, and monocytes in the liver 

mast cells, keratinocytes 

CXC receptors (type I and II) 

on T-cells, fibroblasts, 

monocytes and neutrophils 

fever 

cytokine and APP 

synthesis/release f , 

plasma albumine 1 , 

neutrophil-endothelial 

interaction f 

APP synthesis/release | , 

tissue iNOS 

expression f , 

N O level f , IL -1-RAf , 

TNF-RA t , 

chemoattraction and 

activation of neutrophils 

soluble TNF receptor f , 

TNF/IL-1/IL-6 | , Thl 

lymphocyte response J 

TNF-a = t u m o r necrosis fac to r -a ; NK = natural k i l le r ; IL = i n te r l euk in ; APP = acute phase p ro te i n ; 

iNOS = induc ib le nitrous ox ide synthesis; -RA = receptor antagonist; Th1 = T helper t ype l 
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Chapter 2 

After its release into the circulation TNF-a can be bound to both membrane-bound 

and soluble TNF receptors. The latter not merely counterregulates the systemic 

effects of TNF-a by competing with the membrane-bound receptors, but also may 

serve as a carrier/source for bioactive TNF-a4. TNF-a can activate neutrophils, 

monocytes, and endothelial cells and stimulate the release of other cytokines like 

IL-1 and IL-612. The half-life time of clearance from the circulation of TNF-a is less 

than 20 minutes4. Main clinical effects of TNF-a are hypotension and fever. Other 

effects are muscle catabolism combined with a negative effect on plasma albumin 

production leading to cachexia. TNF-a is also a potent activator of coagulation. 

TNF-a is released from the heart and the kidney upon ischemia and reperfusion1 K 

Hence, it is not unexpected that this cytokine is released during CPB as well. 

During CPB, TNF-a may induce glomerular fibrin deposition, recruitment of 

neutrophils and monocytes to the kidney enhancing their adhesion to glomerular 

cells, and generation of vasoconstrictive mediators, which may lead to a reduction 

of glomerular blood flow and glomerular filtration rate13-14. Though one report 

claims that TNF-a is released during CPB15, others indicate that it is not released 

until after CPB or at least after aortic cross-clamp release1617. Nevertheless, TNF-a 

is one of the first cytokines to be released in response to CPB18, and correlates with 

duration of CPB19. In patients treated with dexamethason generation of TNF-a was 

completely blocked and resulted clinically in absence of fever and a better 

hemodynamic stability20. Glucocorticoids merely blunt cytokine release and lead 

to reduced upregulation of the B.2-integrin, adhesion molecule CD11b21. 

IL-1 is produced by monocytes and macrophages after stimulation with TNF-a or 

with the complement activation products C3a and C5a2224. IL-1 is produced in two 

iso-forms, IL-1 a and IL-1 ft. Its circulation half-life is about 6 minutes4. Most studies 

concerning CPB have focussed on IL-1B. Macrophages and monocytes can also 

produce a specific receptor antagonist (IL-1 RA), that counteracts IL-1 -mediated 

cellular activities at the receptor level. For example, endotoxin challenge in human 

volunteers induces IL-1 RA release even in excess of IL-125. Clinical effects of IL-1 

include fever, somnolence, and hypotension. Moderate hypothermia results in 

lower levels of IL-1 Is, TNF-a, and IL-6 directly after CPB. In a subgroup, regardless 

of CPB temperature, these cytokines resulted in vasodilatation and consequently 

hypotension requiring more vasopressor medication26. Maximum levels of IL-1 & 

are found approximately 24 hours after CPB2728. 

The occasional study on the importance of IL-2 during and after cardiac surgery 

indicates that the changes seen in the circulating levels of this cytokine during and 

after CPB are not significant29. 
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IL-6 is considered the main inducer of acute phase protein generation in the 

liver30-31. IL-6 generation is induced through upregulation of its synthesis by TNF-a, 

IL-1 B, and endotoxin3233. Therefore, IL-6 is considered a secondary mediator of the 

acute phase response, whereas TNF-a and IL-11?, are primary mediators2. IL-6 is an 

endogenous pyrogen34, and one of the inducers of fever during the acute phase 

response5-35. Although until now considered as a primarily proinflammatory 

cytokine, IL-6 exerts also important anti-inflammatory properties, e.g., 

downregulation of IL-1 and TNF-a synthesis, inducing synthesis of glucocorticoids, 

IL-1 RA and soluble TNF receptors25. Maximum levels of IL-6 are reached 4 to 6 

hours after CPB3637, and correlate with the duration of CPB (see also this thesis)38. 

So, duration of ischemia correlates with IL-6 levels and seems therefore to be an 

important trigger of IL-6 synthesis. Apart from fever, IL-6 has some direct negative 

inotropic effects. Through induction of nitric oxide synthase in endothelial cells 

and smooth muscle, it induces hypotension as well39. In patients with unstable 

angina or myocardial infarction IL-6 is an important mediator of inflammation40-41. 

Finally, IL-6 and its main trigger, TNF-a, because of their intense proinflammatory 

and procoagulant properties, may play a role in plaque rupture. 

IL-8 belongs to the family of chemotactic cytokines or so called chemokines4243. 

Chemokines can be subdivided according to the position of a cysteine-disulfide 

bridge into a-(C-X-C), Is-(C-C), and 7-(C)-chemokines. IL-8 is important for 

recruitment and activation of leukocytes. Each class of chemokines has a more or 

less specific activity on a different subset of leukocytes. A number of chemokine-

receptors have been identified during the last decade, including two specific IL-8 

receptors. These receptor, CXCR1 and CXCR2, are expressed on various cells, 

including fibroblasts, T-cells, monocytes, and neutrophils 44. IL-8 synthesis is 

induced by TNF-a, IL-1 6, and endotoxin 45-46. IL-8 upregulates the f>2-integrin, 

adhesion molecule CD11 b/CD1 8 and regulates transendothelial migration of the 

leukocytes47. After myocardial infarction IL-8 levels show a transient increase and 

are thought to play a role in leukocyte mobilization and leukocyte mediated tissue 

damage4852. Burns and colleagues observed IL-8 generation in atrial and skeletal 

muscie during CPB5U. Later studies showed that IL-8 generation correlates with 

elastase release53 as well as with duration of CPB54 or of aortic cross-clamp (see 

also this thesis). So, ischemia of the heart, and possibly of the lungs, followed by 

reperfusion is a strong trigger for IL-8 (and IL-6) synthesis. In a rabbit model of acute 

lung injury monoclonal antibodies against IL-8 reduced both vascular leak into the 

lungs and the pulmonary infiltration of leukocytes55. Thus, during and after CPB, 

this cytokine may contribute to the development of pulmonary dysfunction. 

IL-1 0 is an anti-inflammatory cytokine able to downregulate the expression of 

13 



Chapter 2 

pro inf lammatory cytokines such as TNF-a, IL-1B ,and IL-656 . IL-10 also d o w n -

regulates ICAM-1 expression in v i t ro5 7 . IL-10 can be produced by macrophages/ 

monocytes and T-helper lymphocytes (type 2)25. When administered before an 

endotoxin chal lenge, IL-10 suppresses the acute phase response signi f icant ly5 8 . 

IL-10 is released dur ing CPB and circulat ing levels correlate wi th the durat ion of 

CPB59 . Corticosteroids administered before induct ion of anesthesia enhance 

generation of IL-10 dur ing CPB 5 9 6 2 . Apro t in in also enhances IL-10 generat ion 

24 hours after CPB63. Although there are many more cytokines than those discussed 

in this paragraph, there are no data on these dur ing CPB. Hence, these cytokines 

w i l l not be discussed here. 

Adhesion molecules 

Specific ligands or adhesion molecules on the cell membrane mediate the 

interact ion between endothel ia l cells, neutrophi ls, and p late lets6 4 6 5 . These 

adhesion molecules are divided into three main groups: the immunoglobul in- l ike 

molecules mainly on endothelial cells; the selectins on endothelial cells (E-selectin 

and P-selectin), neutrophils (L-selectin), and platelets (P-selectin), and the integrins 

on leukocytes. The various adhesion molecules are summarized in Table 2. 

Notably, expression of adhesion molecules is generally enhanced when cells, such 

as endothelial cells and the various populat ions of blood cells, are activated. Via 

expression of adhesion molecules and as a consequence of their direct contact w i th 

the cellular elements of b lood, endothelial cells play a major role in the recruitment 

of inf lammatory cells into the tissues66. Fruitful interaction of the endothel ia l 

adhesion molecules w i th b lood cells in general requires act ivat ion and/or 

upregulat ion of their ligands on c i rcu lat ing cells. Involvement of adhesion 

molecules in human diseases in general is studied by analyzing the expression of 

l igands on c i rculat ing cells, or by measuring the c i rculat ing levels of soluble 

adhesion molecules in plasma. In a number of conditions, adhesion molecules are 

cleaved from the endothelial cells, for example by inflammatory proteases. So, by 

studying the neutrophi ls or the levels of soluble adhesion molecules in the 

circulation an impression about their role during and after CPB can be obtained. 

During CPB neutrophils are activated by various agonists such as the complement 

fragment C5a, resulting in upregulat ion (increased surface expression) of the K2-

integrin CD11b/CD18. This integrin together wi th complement fragment C3bi and 

ICAM-1 can mediate the interaction between neutrophils and endothelial cel ls66 . 

The selectins play an important role in the process of leukocyte ro l l ing on the 

endothel ia l surface. Through protein-protein interactions, the integrins and the 

adhesion molecules f rom the lg- l ike superfamily reduce the speed of the 
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leukocytes. Endothelial bound P-selectin reduces the velocity of the neutrophils, 

and induces rolling of these cells on the endothelial surface. This first step is 

promoted by IL-1 B, TNF-a, or endotoxin67*68. 

Table 2 Specific ligands and cell membrane adhesion molecules 

group/type 

lg-like 

ICAM-1 

ICAM-2 

ICAM-3 

VCAM 

PEC AM-1 

Selectins 

E-selectin (ELAM-1) 

L-selectin 

P-selectin (GMP-140) 

B2-integrins 

CD11a/CD18 (LFA-1) 

CD11b/CD18 (MAC-1) 

CD11c/CD18 

f>1-integrin 

CD49d/CD29 (VLA-4) 

expressed by 

endothelial cells, leukocytes 

endothelial cells, leukocytes 

endothelial cells, leukocytes 

endothelial cells 

platelets 

endothelial cells, leukocytes 

leukocytes 

endothelial cells, platelets 

leukocytes 

leukocytes 

monocytes 

endothelial cells 

ligand 

CD11a/CD18 

CD11b/CD18 

CD11a/CD18 

CD11a/CD18 

VLA-4 

L-selectin, ESL-1 

P-selectin 

L-selectin 

ICAM-1,-2, and -3 

ICAM-1, ICAM-2 

VCAM/fibronectin 

Ig = immunoglobulin; ICAM = intercellular adhesion molecule; PECAM = platelet-endothelial cell 
adhesion molecule; VCAM = vascular cell adhesion molecule; VLA = very late antigen; LFA = leukocyte 
function associated antigen; ESL = endothelial sialyl Lewis antigen 

Thereafter, neutrophils adhere more firmly to the endothelial surface amongst other 

via interaction with E-selectin. Finally, transendothelial migration of the neutrophils 

may occur, which is promoted by the chemokine IL-8.69-70 During CPB circulating 

levels of soluble E-selectin decreases, possibly by binding to ligands on neutrophils 

and so reducing the amount of ligands on the neutrophils available tor binding to 

membrane-bound E-selectin on the endothelial surface69. However, after CPB 

levels of soluble E-selectin, P-selectin, VCAM, and ICAM-1 increase significantly. 

This is in contrast to the effects of comparable surgical traumas (Whipple and 

thoracotomy) where levels are within normal range71. So, apparently, the extent of 

the endothelial damage is larger than that after other operations. The triggers for the 

enhanced expression (and release into the circulation) of adhesion molecules 

during CPB is not precisely known, but may include several cytokines and activated 
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complement factors. Regarding the latter, complement indeed has been shown to 

upregulate ICAM-1 expression by endothelial cells in vitro72. Recently, a post

mortem study of infarcted myocardium in humans revealed upregulation of ICAM-1 

expression, complement deposition and the following extravascular mobilization 

of neutrophils in the infarcted tissue. Adherence of neutrophils to cardiomyocytes 

only occurs in cells positive for both complement and ICAM-173. So, during 

myocardial infarction in humans complement, neutrophils, and ICAM-1 play a 

major role in the processes that lead to myocardial cell death. Whether similar 

processes contribute to the side effects of CPB is at the moment not clear. 

Neutrophils 

Neutrophils are movable phagocytic cells equipped to destroy ingested 

microorganisms by the generation of reactive oxygen metabolites such as H,02 , 

02~, OH" and HOCI, and the release of proteinases such as elastase and cathepsin 

C from primary or azurophilic granules and proteins such as lactoferrin from 

secondary or specific granules. Thus, these cells contain proteins and chemicals 

that potentially can harm normal cells. Under inflammatory conditions these 

constituents may be released into the interstitial fluid and damage normal 

extracellular matrix proteins and cells. Neutrophils can be activated by a variety of 

agonists including C5a, factor Xlla and kallikrein of the contact system, cytokines 

(e.g. TNF, G-CSF, GM-CSF, and IL-8), immune complexes, endotoxin and intact 

bacteria4774-78. There is abundant in vitro evidence that neutrophils can damage 

endothelial cells either via the release of elastase and/or via the formation of oxygen 

radicals, in particular when stimulated by various agonists75'79-82. Hence, these 

cells may be involved in the pathogenesis of lung complications following CPB. 

Indeed, studies on perfusion models with isolated lungs also have shown that 

activated neutrophils can damage the endothelium and cause an increase in 

vasopermeability83'84. 

Activation of neutrophils can be measured by assessing changes in membrane 

protein expression or by measuring circulating levels of constituents of their 

intracellular granules such as elastase, myeloperoxidase, and lactoferrin since the 

latter are released upon activation8589. Increased levels of these parameters indeed 

have been found during and after CPB (see also this thesis)69-87'90-95. Postoperative 

lung dysfunction following CPB, reflected by changes in respiratory index and 

intrapulmonary shunting correlates with peak elastase levels supporting a role for 

neutrophils in post-CPB lung-injury96. However, such a correlation between 

elastase levels and respiratory index was not found in another study18. Hypothermia 

during CPB postpones upregulation of CD11b and CD11c on neutrophils and 
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delayed the release of elastase. However, upon rewarming a burst of cel lu lar 

activation was observed6 9 9 6-9 7 . Thus, together these studies suggest an important 

role for neutrophils in the inflammatory response induced by CPB. In experimental 

studies it was attempted to attenuate the inf lammatory response induced by CPB, 

for example by inh ib i t ion of neutrophi l adhesion to the endothel ium w i th 

ant ibodies against CD11b/CD18 complex9 8 -1 0 1 or removal of leukocytes102-103 . 

Though these studies showed promis ing results they have not lead to c l in ica l 

applications yet. 

Complement 

The complement system consists of more than 20 plasma proteins, that upon 

act ivat ion interact in a compl icated way to generate active split products that 

mediate inf lammation. Act ivat ion is triggered by tissue injury, bacterial infect ion, 

and/or antigen-antibody interactions. These molecules play a role in opsonization, 

lysis of targeted cells, and recrui tment of phagocyt ic cells. Endotoxin, and the 

cytokines TNF-a, IL-1, IL-6, and interferon-7 (IFN-7) can all upregulate complement 

gene expression, both in the liver (except C1q, factor D, and properdin) as wel l as 

in some extrahepatic sites, main ly monocytes and fibroblasts104-105. The 

complement proteins C3 and C4 display acute phase behaviour, since their 

synthesis is increased by more than 25% during acute phase reactions. 

Three pathways of activation are recognized in the complement system, i.e., the 

classical (antigen-antibody dependent) pathway, the alternative (ant ibody-

independent) pathway, and the more recently identi f ied lectin pathway, that is 

triggered by mannan binding lectin (MBL) (Figure 1 )106-1°7. The classical pathway is 

activated by the b inding of C1q to ant igen-ant ibody complexes. Under some 

condit ions viral material, DNA, C-reactive protein and mitochondrial membranes 

can activate complement through the classical pathway in the absence of an 

antibody108"110 . The MBL-pathway as wel l as the alternative pathway are mainly 

activated by microorganisms. However, the contact of plasma w i th art i f ic ial 

surfaces, l ike the extracorporeal c i rcui t activates the alternative complement 

pathway also11 '-114. Both the MBL- and the classical pathway involve the formation 

of C3-convertase (C4b2a). C3 is central to the complement system115-116. At the 

level of C3, the third complement protein, the pathways merge to induce activation 

of the common final pathway. At the level of C3 act ivat ion via each pathway is 

amplif ied leading to enhanced generation of C3. 

The anaphylatoxins C3a, and in part icular C5a, are important mediators of 

inflammatory reactions. They can cause a systemic reaction resulting in histamine 

release by mast cells, vasodi latat ion, vascular leakage, and interstit ial 
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edema94117118. C3a has a positive chronotropic and inotropic effect in 

spontaneously beating guinea pig atria, and a positive inotropic effect in the paced 

nonsensitized papillary muscle119. 

Immune complexes; 
heparin-protamine, CRP 

\ 
\ 

^ C l q C l r 

~ * C , S 

Cl INH ; V ; 

C4 

7 
MBL / 
MA5P-1 / 
MASP-2 

Lectin Pathway 

C3 

C5b-9 (MAC) 

Inactive products (C3cl 

Common Pathway 

Alternative Pathway 

Figure 1 Complement system with classical, alternative, lectin, and common pathways: activation of 
various serine proteases The generation of the C3-convertases through classical, lectin, and alternative 
pathways. Formation of C4b2a can be both through activation at the level of C1 (classical pathway) or 
through MBL (MBL, mannose binding ligand; lectin pathway) or MBL-associated serine proteases, MASP-
1 or MASP-2, which is similar to activation through the two associated serine proteases, Cl r and C1s of 
the classical pathway. Formation of C4b2a and iC3bBb is followed by cleavage of native C3 into C3a and 
C3b. Activation of C1 by immune complexes, heparin-protamine complex, C-reactive protein (CRP), or 
other activators leads to formation of C3b. C3b may bind to negatively charged surfaces (e.g., microbial 
surfaces, surface of the extracorporeal circuit). Formation of iC3bBb is important in the amplification loop 
for continuous activation of the alternative pathway. C3b can serve as a C5-convertase leading to 
generation of C5a and C5b. Factor iC3b wil l bind to the target cell membrane (opsonization). C3a and 
C5a are both anaphylatoxins responsible for increased vasopermeability, smooth muscle contraction, 
neutrophil activation and chemotaxis. C5b wil l incorporate the complement proteins C6 to C9, which 
leads to formation of the macromolecular complex, the so called terminal complement complex or 
membrane attack complex (C5b-9). Binding of C5b-9 to the cell membrane will allow osmotic leakage 
from the cell, i.e., influx of water and calcium ions wil l lead to disturbance of cell homeostasis and 
disruption of the cell membrane. 

C3b can be inactivated into C3c. Heparin is able to potentiate factor H activity, generating inactivation of 
C3b through factor I, leading to formation of C3c. Heparin is also possible to bind to the binding site of 
factor B in a competitive way. Heparin can also enhance generation of CI-inhibitor (C1-INH) inhibiting 
generation of C4b2a early in the classical pathway. 
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The terminal complement complex (TCC) or membrane attack complex (MAC) is 

formed, when the common final pathway is activated. This pathway consists of the 

factors C5b, C6, C7, C8, and C9, which are assembled into a macromolecular 

complex, C5b-9, that mediates cytolysis120. The insertion of the MAC into a cell 

membrane induces a rapid increase of the intracellular Ca2+ concentration, which 

increases ATP-ase activity, and calcium-dependent phospholipase activity, and 

uncoupling of the oxidative phosphorylation in mitochondria and subsequently 

leads to cell damage. Early complement components contribute to monocyte 

activation in simulated extracorporeal circulation121. 

Various mechanisms regulate complement activation (Table 3)122. 

Table 3 Regulatory proteins of complement activation 

regulatory protein action 

fluid phase 

C1-INH Inactivation of C1r and CIs 

C4BP Binding to C4b, cofactor activity, decay accelerating activity 

Factor H Binding to C3b, cofactor activity, decay accelerating activity 

Factor I Degrading C3b and C4b 

S-protein Binding to C5b-7; inhibiting formation of MAC 

Clusterin Binding to C5b-7; inhibiting formation of MAC 

membrane-bound 

DAF Displacing C2a from C4b and Bb from C3b 

CR1 (4 allotypes A to D) Mediating phagocytosis of opsonized particles, 

cofactor for Factor I, decay accelerating activity 

MCP Binding to C3b and C4b, cofactor for Factor I 

CD59 Binding to C5b-8; limiting incorporation of C9 into MAC 

C1-INH = CI esterase inhibitor; C4BP = C4 binding protein; S-protein = vitronectin; MAC = membrane 
attack complex (C5b-9); DAF = decay accelerating factor; CR1 = complement receptor type 1; MCP = 

membrane cofactor protein 

These consist of a group of fluid phase and membrane-bound complement 

regulatory proteins. First, CI -esterase inhibitor (CI -INH) is the main inhibitor of the 

classical pathway. C1-INH is a serpin inhibiting activated CI by formation of an 

equimolecular complex with C1 s and C1 r, and thereby blocking irreversibly further 

cleavage of C4 and C2. Two animal studies in cats and pigs, respectively, revealed 

that application of C l - INH reduces leukocyte infiltration and infarct size in 

ischemic and reperfused hearts123-124. Heparin can potentiate C1-INH, in addition 

to depleting CI 1 2 5 , which may be one of the explanations for reduced complement 
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activation by heparin-coated extracorporeal circuits. 

Second, the activity of the anaphylatoxins C3a and C5a is regulated by the enzyme 

carboxypeptidase N, which removes an arginine group, thereby abolishing most of 

the activities of the anaphylatoxins. Third, some plasma and membrane-bound 

glycoproteins degrade and inactivate C3b and C4b122-126. For example, cleavage of 

C3b and C4b into the inactive (at least regarding propagation of complement 

activation) fragments C3bi and C4bi, respectively, is accomplished by factor I in 

the presence of cofactor H, C4-binding protein, and by the membrane-bound 

complement receptor type 1 (CR1) or membrane cofactor protein (MCP). The 

membrane-bound regulatory proteins are widely distributed and present on almost 

every cell in the body. Notably, CR1 on erythrocytes also plays a role in transport 

and clearance of C3b-bearing immune complexes from the circulation122. Thus, 

some plasma and membrane glycoproteins afford nucleated cells and erythrocytes 

protection against lysis by complement. Because of their inhibiting effects on 

complement activation soluble forms of MCP, CR1 or DAF, as well as of the 

membrane-bound MAC-inhibitor CD59118, generated by molecular biology 

techniques, are developed for clinical application. Some of these are already under 

investigation in clinical conditions, e.g., kidney disease, adult respiratory distress 

syndrome, or reperfusion injury after lung transplantation122. 

During cardiac surgery with CPB the complement system is activated as is 

described extensively in the literature37'94'110112'113'127-130. The detrimental effects of 

this activation may result in the so called postperfusion syndrome1113131. 

Cavarocchi and colleagues observed a reduced C3 activation and reduced 

pulmonary sequestration of leukocytes with membrane oxygenators compared to 

bubble oxygenators132. Reduced lung reperfusion injury, reflected by a reduction in 

leukocyte and platelet sequestration was also observed in a canine CPB model 

comparing these two oxygenators133. In cardiac surgery several attempts have been 

made to reduce complement activation and reperfusion injury, e.g., by the use of 

heparin-coated extracorporeal circuits91128130134 '138, or administration of C1-

INH139. In a model, using a simulated extracorporeal circuit, the administration of a 

anti-human C5 inhibited C5a and soluble C5b-9 generation, and neutrophil CD11 b 

upregulation, and abolished the increase of P-selectin-positive platelets and 

leukocyte-platelet conjugate formation140. Moreover, the administration of CR1 has 

been studied in pigs undergoing CPB141142. 

Protamine 

As mentioned in the previous paragraph complement activation during cardiac 

surgery has two major triggers: first, the contact of plasma with the artificial surfaces 
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of the extracorporeal circuit111114, and second, the administration of protamine for 

heparin neutralization. Initially, heparin is given to prevent the blood from clotting 

upon contact with the artificial surface of the extracoporeal oxygenator and the 

circuit. The anticoagulant activity of heparin is mediated by its binding to 

antithrombin-lll143. One of the two sides of the protamine molecule neutralizes 

heparin, whereas the other side has some anticoagulant effect. 

Commercially available protamine is a highly alkaline, arginine-rich, polycationic 

peptide prepared from salmon milt and has a molecular weight of 4500 

Dalton144145. Because of its negative charge, heparin forms stable complexes with 

protamine. Heparin-protamine complexes are predominantly excreted via the 

kidneys. The circulating half-life of protamine decreases from 24 to 1 8 minutes in 

the presence of heparin146. 

Protamine and other polycations have toxic effects at cellular and subcellular 

levels. A study in rats suggested that the protamine toxicity was dose dependent, 

since toxic reactions in the various organs were related to the protamine 

concentration146. Hendry and colleagues studied the changes in contractile 

response of human right atrial appendages incubated with various concentrations 

of protamine in vitro147, and observed a negative inotropic effect at protamine 

concentrations of 50 mg/mL in excess of heparin. Notably, therapeutic 

concentrations are around 0.08 mg/mL (mean; range, 0.04 - 0.15 mg/mL)148. Also 

in other studies a negative inotropic effect of protamine was found149150. 

When normal doses of heparin are administered, i.e., 250 to 300 lU/kg body 

weight, at the end of CPB its effect is antagonized by equivalent doses of protamine. 

By using heparin-coated extracorporeal circuits with reduced heparin regimen, 

protamine doses can be reduced, resulting in less complement activation151152. 

Moreover, contact activation is also reduced in these circuits. In addition, during 

minimal invasive procedures without the use of CPB, either no heparin or very low 

doses are used, that do not need to be antagonized153155, which would result in 

diminished classical pathway activation. 

Although clinically not important, a rebound-phenomenon of heparin may occur: a 

iarge proportion of heparin binds to piasma proteins and is incompletely removed 

by protamine. After heparin-protamine complexes are cleared from the circulation, 

a proportion of heparin bound to plasma proteins dissociates over time, to become 

active again thereby renewing an anticoagulant effect until 6 hours after protamine 

administration156157. Low molecular weight heparins, which have lower affinity for 

other plasma proteins can be used to reduce this phenomenon. 

The administration of protamine at the end of CPB sometimes induces an adverse 

reaction144-145. Three different types of reactions are discriminated: First, in 
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particular when rapidly administered protamine may induce transient hypotension. 

Second, it can cause an anaphylactoid reaction. Third, it may cause a catastrophic 

.pulmonary vasoconstriction. The latter most extreme reaction appears within 

20 minutes after protamine administration and is recognized by pulmonary 

hypertension, due to extreme pulmonary vasoconstriction, dilation of the right 

ventricle, reduced filling pressure of the left ventricle, and subsequent systemic 

hypotension. Anaphylactoid responses can be divided into antibody-dependent 

and -independent reactions mediated by complement, and a delayed reaction 

resulting in non-cardiogenic pulmonary edema. For example, patients who have 

been treated with protamine previously, e.g., after coronary angiography, may have 

antibodies against this foreign protein. Several case reports have demonstrated the 

development of non-cardiogenic pulmonary edema and peripheral vascular 

collapse upon protamine administration for antagonizing heparin after CPB, and 

the role of histamine, complement, and IgG herein158163. Notably, a number of 

reports show that the actual incidence of adverse events to protamine 

administration exceeds the previously reported 3 to 5%145'164'165. 

At the beginning of the 20th century it was observed that the administration of a 

bolus of protamine during 15 seconds results in a large drop in blood pressure, 

which does not occur when protamine is given during 4 minutes. The systemic 

effects of protamine include systemic arterial hypotension, decreased systemic 

vascular resistance, increased pulmonary resistance, decreased cardiac output, and 

venous congestion in the gastrointestinal tract166167. In the lungs protamine can 

trigger the degranulation of mast cells, which amongst others by releasing 

histamine, induces a decrease in vascular resistance. Therefore, the transient (3 to 4 

minutes) protamine-induced hypotension is primarily the result of peripheral 

vasodilatation, which is only partially compensated for by an increase in cardiac 

output168. Although others found no change in cardiac output or venous 

pressure169. Administering protamine at a rate of 0.5 to 1 mg/kg/min in patients 

with good left ventricle function has no serious hemodynamic consequences170*171. 

In order to minimize the systemic effects of protamine administration, dose 

reduction, slow administration, increased intravascular volume by fluid volume 

load, administration of a systemic vasopressor, and abolishment of protamine have 

been used. 

C-reactive protein 

C-reactive protein (CRP), the archetype of acute phase proteins in humans, was 

named after the discovery of the precipitation reaction between sera from patients 

with pneumonia and the pneumococcal C-polysacharide fraction172173. CRP is 
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synthesized in the liver174. Normal levels of CRP are below 3 mg/L in 90% of the 

population and below 10 mg/L in 99% of cases175. Although, CRP levels tend to 

increase with time and ageing176. CRP belongs to the family of pentraxins, which 

contain polypeptide chain subunits arranged in a pentameric symmetry and can 

bind Ca2+ ions177178. Kaplan and Volanakis observed that CRP can activate the 

classical complement pathway independent of a specific antibody or 

immunoglobulin and that this reaction could be completely blocked by 

phosphorylcholine179. In vitro studies showed two binding sites on the CRP 

molecule, one responsible for calcium-dependent binding to the phosphorylester 

part of phosphocholine and a secondary site for the cationic part180. The polycation 

protamine induces complement activation of the classical pathway even in absence 

of heparin, which reaction appeared to be CRP dependent, i.e., protamine added 

to sera of patients with an acute inflammatory disease activated the classical 

complement pathway, whereas protamine added to normal sera did not (see also 

this thesis)181. Heparin-protamine complexes induce complement activation in 

vitro, which reaction is time-, temperature-, pH-, and dose-dependent109. 

Concerning possible ligands for CRP it is known that CRP binds specifically to 

phosphatidylcholine, lecithin, and sphingomyelin, which are constituents of the 

cell membrane. Necrotic or damaged cell membranes contain numerous of these 

phosphorylcholine containing phospholipids on the exterior of their membranes108. 

CRP can also bind to phagocytic cells (e.g. T-lymphocytes)110, and to nuclear 

antigens182. Moreover, CRP mediates opsonization and phagocytosis of bacteria 

and is able to bind to nuclei of damaged cells or cell debris by serving as opsonin 

and thereby increasing the activity of phagocytic cells183-187. 

The precise function of CRP is still unknown. To monitor infections following 

cardiac surgery both CRP and procalcitonin have been measured and provide 

suitable markers188'189, though in our experience (see chapter 8) the power of CRP 

to discriminate patients who will or will not develop infections is little at the best. 

More intriguingly, CRP levels may predict future cardiac events in both healthy 

individuals as well as in patients with (un)stable angina or after myocardial 

infarction. As an explanation for these associations it has been put forward that 

atherosclerosis can be considered a chronic systemic inflammatory disease of 

which the activity is reflected by circulating CRP.190 Alternatively, chronic 

infections with Helicobacter pylori, Chlamydia pneumoniae, Cytomegalovirus, or 

Herpes simplex virus-1 have been suggested as inducers of the acute phase 

response in cardiovascular disease191"195. Mild stress induces the synthesis of so 

called heat shock proteins, which provide cells with a fundamental mechanism to 

survive stress to some extent through adaptation and protection against new 
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noxious stimuli, including ischemia, inflammation, and infection196. These proteins 

belong to a family of molecules, classified according to their molecular weight, that 

have a function in the folding (tertiary structure), assembly, and translocation of 

proteins across cell membranes197. Inflammation leads to overexpression of heat 

shock proteins, which also play a role in (post)transcriptional level of cytokine gene 

expression198. One of the explanations suggested for these correlations between 

CRP and/or anti-microorganism antibodies and cardiovascular disease is that 

preexisting antibodies and specific T-lymphocytes against heat shock proteins 

reacted with their antigens synthesized in the endothelium as a response to such an 

infection and lead to initiation and continuation of a localized inflammatory 

reaction199. 

Moreover, CRP induces monocytes to synthesize tissue factor, which is important in 

localized coagulation and plaque formation during inflammation200, whereas 

already activated monocytes showed to be hyperresponsive to a second challenge 

with lipopolysacharide201. 1L-1B is present in these atherosclerotic plaques202. 

The possible role of CRP in atherosclerosis has had special attention in medical 

publications recently. The fact is that, CRP baseline levels reflect the general 

baseline level of inflammatory activity within the human body and may therefore 

be a powerful predictor of subsequent recurrent cardiac events in coronary heart 

disease. The association between CRP and cardiovascular events generally 

considered to reflect the inflammatory activity within arteriosclerotic lesions195 and 

may therefore be a powerful predictor of subsequent recurrent cardiac events in 

coronary heart disease203. Among apparently healthy men baseline plasma CRP 

levels were associated with several cardiovascular risk factors, including age, 

smoking, hypertension, body mass index, exercise frequency, and several lipid, and 

non-lipid plasma based risk factors204. In another prospective study, Ridker and 

colleagues observed that plasma baseline levels of CRP in apparently healthy men 

are predictive, independent of other risk factors, for future myocardial infarction or 

stroke, i.e., subjects in the upper quartile of CRP baseline levels had a 3-fold 

increased risk of myocardial infarction and a 2-fold increased risk of ischemic 

stroke, compared to subjects in the lowest quartile205. These risk factors were 

corrected for smoking and lipid related risk factors. The benefit of aspirin in 

reducing this risk was proportionate to the CRP level205-206. In a comparable 

prospective study a bimodal effect of pravastatin on both reduction in inflammation 

and lipid lowering was also claimed176. Furthermore, data from the Women's 

Health Study207, in initially healthy postmenopausal women revealed a 4.4-fold 

increase in risk for future coronary events over a 3 years follow-up in women in the 

upper quartile of CRP baseline levels compared to those in the lower quartile. Also 
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3 other markers of inflammation, serum amyloid A, IL-6, and soluble ICAM-1 were 

found to be significant predictors for future cardiac events. As half of all 

cardiovascular events happen among women with normal lipid levels, addition of 

CRP to standard lipid screening might improve identification of persons with 

increased risk for future cardiovascular disease. 

In patients with acute myocardial infarction plasma CRP peak levels during the first 

days after onset are associated with an increased risk of dying of cardiac failure or 

sudden cardiac death during the first 6 months after the infarction208. CRP levels 

before an acute coronary angioplasty may predict early complications and late 

restenosis209. In unstable angina pectoris CRP levels > 15 mg/L are a strong 

independent marker for refractory angina, acute myocardial infarction, and sudden 

cardiac death210-211. Liuzzo and coworkers showed that the elevated CRP levels 

reflecting inflammation were not the result of plaque rupture in patients with severe 

unstable angina41-212. They concluded that CRP merely reflected the 

hyperresponsiveness of the inflammatory system. Moreover, IL-6 levels correlate 

with CRP levels in patients with unstable angina40. On the other hand, CRP shows 

no correlation with chronic stable angina, therefore it may only reflect the presence 

and not the severity of atherosclerosis203-213. So, CRP not only serves as a marker of 

inflammation but also is an important predictor for future cardiac events in both 

apparently healthy individuals and patients with a history of coronary 

atherosclerosis. This means that CRP levels can be used to predict both short and 

long-term risks for future cardiovascular disease and related complications. Low 

grade inflammation is involved in the pathogenesis of atherosclerosis214. We 

observed that maximum levels of CRP in patients with CPB during the postoperative 

period were mainly explained by their corresponding preoperative (baseline) levels 

(see also this thesis)37-148. It is unknown to what extent elevated baseline CRP levels 

in patients undergoing cardiac surgery for coronary revascularization constitute a 

risk factor for developing cardiovascular complications, including myocardial 

damage or arrhythmia, in the immediate postoperative period. 

Phospholipase A2 

Another important acute phase protein in humans is secretory phospholipase A2 

(sPLA2) This enzyme belongs to a group of enzymes which include several 

cytosolic and two secreted forms: type I is secreted by the pancreas and type II, 

further to be noted as secretory phospholipase A2, is produced by various cells, 

including liver cells184-215-216. sPLA2 plays a central role in the generation of distal 

effectors of inflammation, including platelet activating factor, lysophosphatides, 

eicosanoids, and reactive oxygen species, during sepsis and major trauma217-218. 
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The synthesis of sPLA2 in liver cells is induced by TNF-a, IL-1 £218-220̂  a n c | jL-6 in 

vitro and not by ||_-2221-223. 

sPLA2 is able to degrade phospholipids in vesicles shed from Ca2+ loaded 

erythrocytes and other cells that have been challenged with inflammatory stimuli 
224. sPLA2 possibly generates ligands for CRP by hydrolysing phospholipids in the 

cell membrane. The opsonization by CRP can enhance phagocytosis of 

metabolically compromized cells184. During cardiac surgery sPLA2 levels increase 

2- to 3-fold upon hepatization225 . In contrast, during the acute phase response its 

levels may increase 100-fold. In cardiac surgery sPLA2 levels start to increase 

slightly before CRP to reach peak values at postoperative day 2226. Notably, the 

relationships between the course of plasma concentrations of complement, IL-6, 

sPLA2, and CRP during and after cardiac surgery are consistent with the hypothesis 

that an intimate interaction between these markers of inflammation is necessary for 

repair of injured tissues. 

Ischemia-reperfusion 

Although reperfusion of ischemic myocardium seems a logic treatment, this 

approach is not without negative effects. For example, reperfusion of injured 

myocardium results in rapid release of myoglobin into the circulation pointing to 

myocardial damage227. Indeed, a significant number of myocardial cells in the 

periphery of the infarction are still viable after ischemia but become irreversibly 

damaged upon reperfusion. Two phenomena are important for this damage, i.e., 

activation of complement and infiltration of neutrophils in the ischemic zone118. 

The role of complement has become clear in animal experiments, in which 

infarction size was decreased upon depletion of complement by administration of 

cobra venom factor. For example, cobra venom factor at a dose of 125 U/kg 

administered 30 minutes after coronary artery ligation reduced infarct size in 

baboons by approximately 40% and also diminished the influx of neutrophils by 

30% 24 hours later228-229. The precise molecular mechanism inducing complement 

activation by ischemic myocardium is not clear. Griselli and coworkers 

demonstrated that CRP, by activating complement, may enhance infarction size by 

40%230, suggesting involvement of this acute phase protein. This is in accordance 

with our earlier mentioned hypothesis discussing the possible role of sPLA2 herein: 

hydrolysis of (lyso)-phospholipids from damaged cell membranes, may create 

ligands for CRP on both reversibly and irreversibly injured cells184. Thus, increased 

baseline CRP levels possibly may contribute to myocardial damage during 

ischemia/reperfusion. Indeed increased postoperative CK-MB levels after a period 

of global ischemia induced by the aortic cross-clamp during cardiac surgery occurs 
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in patients with elevated baseline levels of CRP (see chapter 8 of this thesis). 

Together these studies put forward the hypothesis that CRP is not an indirect 

parameter for cardiac ischemia and damage, but also contributes to it. On the other 

hand a beneficial effect concerning the phenomenon of ischemic preconditioning 

was observed in sheep: 30 minutes of CPB alone before 60 minutes of induced 

normothermic ischemia reduced infarct size significantly231. Here both a-

adrenergic receptor and adenosine receptor stimulation are involved, which make 

the myocardium more resistant to subsequent ischemic stimuli231'232. In the first 

hour of reperfusion accumulation of neutrophils by upregulation of the CD18 

adhesion receptor occurs in the region of previous myocardial ischemia with a 

preference for the subendocardial region233. A significant number of myocardial 

cells around the region with maximum ischemia could still be viable after 90 

minutes of ischemia but become irreversibly damaged during reperfusion. 

One might conclude from the above that modulation of inflammatory mediators 

may help to prevent ischemia-reperfusion damage. However, this approach may 

have negative effects as well since it may interfere with the normal repair processes 

that take place in the infarcted myocardium, and impair subsequent scar tissue 

formation to yield thinning of the ventricle wal l2 3 4 2 3 5 . In a study addressing this 

negative effect of anti-inflammatory therapy upon myocardial scar tissue formation 

in rats, it was, however, found that, in contrast to corticosteroids, complement 

depletion hardly affected ventricle wall thickness236. Hence, complement inhibitors 

constitute an attracting novel class of drugs for the treatment of myocardial 

infarction. Moreover, both reversible and irreversible myocardial injury in humans 

are associated with early accumulation of lysophopatidylcholine in the coronary 

sinus. This coincides with the early peak in incidence of ventricular arrhythmia, 

and supports the hypothesis that lysophosphatidylcholine accumulation plays a 

role in the pathogenesis of ischemic ventricular arrhythmia237238. Whereas 

ventricular arrhythmia is rare after cardiac surgery, in contrast the occurrence of 

postoperative atrial arrhythmias is not. 

Supraventricular arrhythmias, i.e., atrial fibrillation, atrial flutter, and paroxysmal 

atrial tachycardia, are common in the first days after cardiac surgery. The 

incidences range from 25 to 50%239"245. Whereas the incidence after any operation 

including cardiac surgery is estimated 5%243. 

Although the underlying electrical mechanism of atrial fibrillation can be observed, 

the exact cause of postoperative atrial arrhythmia remains obscure. The underlying 

mechanism appears to be of multicausal origin, i.e., postcardiotomy pericardial 

inflammation with or without effusion, excessive production of catecholamines, 

interstitial mobilization of fluid with changes in volume and fillingpressures of the 
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atria245. Various patient related risk factors are involved in the occurrence of 

postoperative atrial arrhythmia. One of the most important independent risk factors 

is the patient's age (see also this thesis)242246. Increased duration of aortic cross-

clamp time increases the risk of inadequate myocardial preservation, which may 

result in atrial ischemic injury247. The influence of insufficient atrial cooling during 

cold cardioplegic preservation resulting in ischemia-reperfusion damage and 

infiltration with activated neutrophils appears to be a recurrent factor associated 

with postoperative atrial arrhythmia242248. First, intracellular acidosis inhibits the 

myofibrillar contraction and in a way may even provide protection during periods 

of ischemia. Then, during reperfusion rapid normalization of tissue pH, by removal 

of H+ ions and secondary Ca2+ uptake, can promote a hypercontractive state of the 

cardiomyocyte249. Finally, the following restoration of extracellular osmolality leads 

to cell swelling and disturbance of cellular homeostasis. 

Furthermore, long-chain acylcarnitines, lysophosphatidylcholines, and lyso-

plasmenylcholines generated by hydrolysis of cardiac phospholipids by the action 

of sPLA2
250252, accumulate in ischemic tissue and coincide with the onset of 

arrhythmia during myocardial ischemia253. Long-chain acylcarnitines reduce 

surface membrane negative charge and suppress voltage-dependent Ca2+ current 

and induce afterdepolarization triggered activity responsible for arrhythmia. 

Lysophosphoglycerides alter sarcolemmal function by prolongation of conduction 

time, conversion of action potential to slow-response type potentials, depress 

membrane responsiveness, and decrease membrane potential 254. Both long-chain 

acylcarnitines and lysophosphoglyceride induce also electrophysical changes in 

normoxic tissue. Acidosis enhances this arrhythmogenic effect73*255'256. Thus, both 

the acidosis and following fast restoration of cellular pH leading to cellular 

swelling, together with the accumulation of lysophospholipids generated by sPLA2 

leading to change of membrane potential could be responsible for imminent 

postoperative arrhythmia. Although the discussed mechanism seems plausible, it is 

not clear whether the same mechanisms as suggested for ventricular arrhythmia 

induced by ischemia play a role in postoperative atrial arrhythmia after cardiac 

surgery with CPB. Nevertheless, intraoperative atrial ischemia with rapid 

rewarming of the atria during prolonged periods of cardioplegic arrest is considered 

an important stimulus for postoperative atrial arrhythmia243247. However, this does 

not explain the time difference between the period of ischemia and the occurrence 

of the arrhythmia. In contrast to atrial arrhythmia, ventricular arrhythmia, induced 

by ischemia is associated with accumulation of lysophosphatidylcholine in the 

myocardium and occurs within minutes253256. On the other hand, activation of the 

classical complement pathway during the acute phase response, as reflected by 
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increased levels of complement-CRP complexes during the first 5 postoperative 

days is associated with atrial arrhythmia during the same period37. Moreover, 

maximum CRP levels on the second postoperative day are preceded by maximum 

sPLA2 levels on the day before. Therefore, the fact that we observed an association 

between CRP-mediated complement activation and the occurrence of 

postoperative atrial arrhythmia in combination with the aforementioned possible 

role of sPLA2 in generating long-chain acylcarnitines and lysophophatidylcholines 

and creating ligands for CRP could possibly explain this coincidence. 

Acute phase response 

Cytokines, complement, CRP, and sPLA2 all participate in a phenomenon called 

the acute phase response. Acute phase responses are triggered by a variety of 

stimuli including infection, trauma, and tissue injury104-257-258. Its main aim 

presumably is to restore homeostatic mechanisms that maintain normal 

physiological function. Acute phase responses are characterized by changes in 

levels of various proteins (these are called acute phase proteins), altered synthesis 

of various endocrine hormones, decreased erythropoiesis, leukocytosis, 

thrombocytopenia, changes in plasma cation levels, inhibition of bone formation, 

negative nitrogen balance through proteolysis, decreased general protein synthesis, 

gluconeogenesis, and changes in lipid, carbohydrate, and trace metal metabolism, 

changes in vascular permeability, as well as clinical symptoms, including fever, 

somnolence, and anorexia. 

The acute phase response may be short-lived leading to rapid normal recovery 

within days or can persist, for example in chronic illness. Studies with 

radiolabeled125l-CRP revealed that the circulating plasma half-life of CRP was 19 

hours and identical in patients with inflammatory disease and healthy 

individuals259, suggesting this protein does not significantly localize in 

inflammatory tissues. However, in patients dying from acute myocardial infarction 

depositions of CRP were found in the infarcted myocardium indicating that CRP 

can bind to ligands in inflamed tissues260. CRP levels increase within hours after 

start of an operation261. We observed significant elevation of CRP from 6 hours after 

cardiac surgery reaching maximum levels on the second postoperative day and 

levels were still elevated on postoperative day 537. Hence, absence of decreasing 

CRP levels or renewed increase after surgery reflect an ongoing synthesis and may 

therefore be signs of an active or new inflammatory process, as levels normally 

decline within 1 0 days after induction. As the traumatic impact of surgery differs 

between operations, the following acute phase response would be expected to be 

also different. Stahl and colleagues observed higher levels of CRP in patients with 
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major abdominal trauma compared to patients scheduled for herniorrhaphy or 

cholecystectomy, suggesting that this difference in inflammatory response reflected 

differences in the amount of tissue injury262. On the other hand, minimal invasive 

direct coronary artery bypass graft operations (MIDCAB) without CPB leads to a 

reduction in complement activation and cytokine release. Both the absence of 

global cardiac ischemia-reperfusion injury during CPB and the choice of surgical 

technique, a left anterior minithoracotomy compared to the conventional median 

sternotomy, are of influence in the early postoperative period herein153"155. 

However, in these studies last sampling points were on postoperative day 1. 

Therefore, the influence on a possible reduction in acute phase response, which 

culminates in peak levels of CRP and CRP mediated complement activation on 

days 2 and 3 has still to be revealed57. Although, lower levels of IL-6, which is the 

main inducer of CRP generation, during or after MIDCAB without CPB can be 

expected. Therefore, the following inflammatory response may be reduced with 

this surgical technique and may possibly explain a faster recovery. Siegel showed 

in vitro that protamine induced classical pathway activation and that this was CRP-

dependent110. We found that CRP-dependent activation of complement also occurs 

in patients undergoing CPB surgery37. Actually, two triggers for this activation were 

found, one being the formation of heparin-protamine complexes at the end of CPB 

surgery148, and the other presumably being ligands (flip-flopped cells?) generated in 

the affected tissues during the first 2 days after surgery37. Interestingly, this second 

phase of CRP-dependent complement activation is associated with the occurrence 

of supraventricular tachycardia. In one patient with abnormally high baseline levels 

of CRP, CRP-mediated complement activation was very pronounced148. In addition 

to changes in CRP levels patients undergoing CPB surgery develop the full spectrum 

of acute phase phenomena: sPLA2, IL-6, IL-8, and elastase levels increase, all 

patients show leukocytosis and fever during the postoperative period. Remarkably, 

levels of CRP did not correlate with IL-6, which is assumed to be its main trigger. 

Baseline CRP levels have been found to constitute a cardiovascular risk 

factor41'203-205'208"211'213'214. In our studies in patients undergoing CPB we found a 

correlation between these levels and post-operative CRP responses, suggesting 

baseline levels reflect the potential to react upon an inflammatory stimulus37148. 

The intriguing implication of these results is that the association between baseline 

CRP and cardiovascular events, actually consists of an association between these 

events and high CRP responses. How acute phase "hyper-responses" may produce 

additional cardiac damage in general and in particular after CPB surgery, is 

presently the focus of our studies. Based, on the studies mentioned discussed 

above, we postulate that hyperresponses result in more complement-dependent 
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Figure 2 Hypothetical model explaining the proinflammatory role of phospholipase A2 (SPLA2) and 
C-reactive protein (CRP) during the acute phase response Schematic detail of a cell membrane (thickness 
5-10 nm), which consists of an amphipathic bilayer with both hydrophobic (non-polar) and hydrophilic 
(polar) regions and various protein molecules (not shown) protruding through the layer. The non-polar 
tails in this bilayer are projected to each other, whereas the polar regions are on both membrane surfaces 
(inner and outer leaflets). Normal cells have an asymmetry between the inner and outer leaflets263. The 
aminophospholipids, phosphatidylethanolamine and phosphatidylserine are almost only present in the 
inner leaflets, whereas the choline-containing phospholipids are located mainly in the outer leaflets. As 
maintaining this normal bilayer structure is energy-dependent, adenosine triphosphate (ATP) is required. 
Normally, there is a very slow rate (days to weeks) of transverse mobility/exchange (flip-flop) of 
phospholipids between the leaflets. However, during conditions of ischemia cells are deprived of 
nutrients, which lead to lower intracellular energy levels. Under these conditions flip-flop of 
phospholipids increases, which leads to increased amounts of aminophospholipids in the outer leaflets. 
SPL.A2 hydrolyzes the phospholipids of the outer leaflets of flip-flopped membranes of these injured cells, 
which leads to formation of lysophospholipids, thereby creating ligands for CRP. Finally, the CRP-ligand 
complexes may activate the classical complement pathway, which enhances inflammation and may 
further contribute to (myocardial) tissue damage. Several cytokines, especially IL-6, produced by 
macrophages and other cells in the damaged tissue, are responsible for the synthesis of SPLA2 and CRP in 
the liver during the acute phase response (adapted from Immunol Today184. 

tissue damage. A mechanism explaining the molecular background of the potential 

deleterious effects of the acute phase response following CPB is given in Figure 2. 

Future studies should find evidence for this hypothesis and explore whether it 

provides novel targets for therapy. 
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