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Preface  
 

Peripheral ischemia/reperfusion (I/R) injury may occur in a variety of clinical settings including peripheral 

vascular diseases, limb transplantation, trauma, sepsis, and tourniquet application in limb surgery. A 

complex inflammatory response can be evoked due to activation of the plasma cascade systems and 

endothelial cell (EC) activation, leading to potentially life-threatening disorders. As a result, it is of 

fundamental importance to understand the mechanisms and find therapeutic approaches to attenuate the 

extent of I/R injury.  

The aim of my MD-PhD was to investigate the underlying mechanisms of I/R injury in terms of activation 

of the plasma cascade systems and EC in a hind limb I/R injury model in rats including the skeletal muscle 

and bone. Furthermore, in order to reduce the number of animals used for in vivo studies, in accordance 

with 3R principles, EC activation was also carried out in a microfluidic system under flow conditions in the 

context of xenotransplantation. Complement inhibitors were tested both in vivo and in vitro.  

In this thesis, 5 papers/manuscripts have been included. All of them are original articles. I am the first 

author for paper I -IV and I contributed to paper V as a co-author. Two papers have been published. The 

other three manuscripts are in submission. Three papers/manuscripts concern I/R injury, one involves 

xenotransplantation, and one focuses on an ischemic skin flap model. The thesis ends with an overall 

discussion and outlook, acknowledgements, and curriculum vitae.  

At the end of this preface, I would like to express my appreciation for my supervisor Prof. Dr. Robert 

Rieben, who accepted me as a MD-PhD student to work in his lab and guided me throughout the thesis 

with full support. I would also like to thank all of my colleagues, friends, and other lab members for their 

contribution to this thesis. Finally, I would like to give a big thank you to my parents, my sisters and my 

brother for their consistent encouragement, love, and support. 
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Abstract 
!

Peripheral ischemia/reperfusion (I/R) injury is a critical pathology of clinical entities such as peripheral 

vascular diseases, limb transplantation, trauma, and sepsis, as well as tourniquet use in surgical procedures 

on the extremities. It fuels inflammatory responses to local tissue as well as distant organs, resulting in the 

systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) 

under severe conditions. To date, the mechanisms are not clearly understood and promising therapeutic 

interventions are still absent.  

In this thesis, a rat hind limb I/R injury model was used to investigate the inflammatory mechanisms of 

peripheral I/R injury induced by activation of the plasma cascade systems (i.e. complement, coagulation, 

fibrinolysis, and kinin), as well as endothelial cells (EC). Also the effect of C1 inhibitor on EC activation 

was explored in our model. In addition, an in vitro microfluidic system was developed to grow and 

investigate EC under physiological flow conditions. One application of this system was to test whether it 

can be used to reproduce complement activation, as well as EC activation in a xenotransplantation model. 

Three different complement inhibitors were tested in this model. All of our studies were in accordance with 

the 3R principles (Reduction, Replacement, Refinement of animal experiments) and the ARRIVE (Animal 

Research: Reporting of in vivo experiments) guidelines.  

The main objective of this thesis was to investigate key mechanisms of I/R injury and shed light on 

potential therapeutic targets for clinical patients suffering from reperfusion injury. Our data showed that the 

complement, coagulation and fibrinolytic systems were activated in our rat hind limb I/R injury model by 

analyzing the skeletal muscle and bone tissue, as well as endothelial activation. Pre-treatment with C1 

inhibitor (C1 INH) significantly attenuated reperfusion injury of rat hind limbs by preventing EC 

activation. Moreover, a simple in vitro model is able to reproduce key findings of complement- and EC-

activation in a xenotransplantation model. Complement inhibitors C1 INH, APT070, and low molecular 

weight dextran sulfate (DXS) effectively reduced complement and EC activation in this in vitro 

xenotransplantation model.  

In summary, activation of the plasma cascade systems and EC are involved in the pathogenesis of 

peripheral I/R injury as well as xenotransplantation. C1 INH is a promising multifunctional complement 

inhibitor, which not only attenuates activation of the plasma cascades but also preserves endothelial 

function.   



!
!
!
!

4 

  



!
!
!
!

5 

Introduction 
 
Ischemia is caused by a restriction or deprivation of blood supply to a tissue or organ for a limited period of 

time. The consequences of ischemia have long been associated with clinical outcomes in many diseases [1-

3]. Therefore, the basic and prime salvage - timely restoration of oxygenated blood to the ischemic tissue or 

organ - is of critical importance for preserving viability and function. However, reperfusion, paradoxically, 

can exacerbate tissue injury in excess of that produced by ischemia alone. On this basis tissue damage 

caused by reperfusion to the previously ischemic bed is defined as ischemia/reperfusion injury (I/R injury). 

I/R injury has been involved in the pathological processes of many clinical diseases, such as myocardial 

infarction, cardiopulmonary bypass, coronary angioplasty, tourniquet application in a surgical setting, 

organ transplantation, trauma, sepsis, stroke, as well as peripheral vascular diseases such as thrombotic 

occlusion and embolism formation. It may initiate both local and systemic inflammation, such as systemic 

inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS), which are 

potential life-threatening disorders and have high morbidity and mortality worldwide [4, 5]. Therefore, it is 

of major importance to understand the underlying mechanisms and define potential therapeutic approaches 

in reperfusion injury.  

Essentially, reperfusion injury has tissue or organ specificity. For example, brain is particularly vulnerable 

to ischemia, which causes cells to undergo permanent damage within a few minutes after blood supply 

disruption due to the high energy requirement [6]. Myocardium can tolerate up to 15 min of severe 

ischemia before developing myocardial infarction with manifestations of microvascular and endothelial 

injury, myocardial stunning, arrhythmias, and myocyte death [7]. Lung I/R injury is more complicated due 

to its dual blood supply systems and available oxygen from alveolar ventilation. It is characterized by 

increases in microvascular permeability, vascular resistance, edema, and blood pressure, as well as 

impaired oxygenation [8]. In the most severe conditions, acute respiratory distress syndrome ensues [9]. As 

for reperfusion injury in liver, this mainly results from liver transplantation and major hepatic resection. 

Liver I/R injury has often been associated with microvascular failure [10, 11], free radical oxygen species 

[12, 13], as well as inflammatory reactions mediated by Kupffer cells, neutrophils, complement, and 

cytokines [14, 15]. Distant organ damages caused by liver I/R injury is also a detrimental consequence 

[16]. Similar to hepatic I/R injury, reperfusion injury to the kidney often occurs in the setting of kidney 

transplantation [17]. This may lead to kidney dysfunction and failure [18], which is characterized by a 

decreased  glomerular filtration rate and subsequent loss of the ability to excrete wastes, concentrate urine, 

and conserve electrolytes [19].  
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In contrast to those organs, skeletal muscle tissue can survive up to 60-90min of ischemia without 

irreversible damages. However, a longer time of ischemia can lead to microvascular disruption, muscle 

edema, compartment syndrome, no-reflow, disseminated intravascular coagulation, or SIRS and MODS 

upon reperfusion [20-22].  

During ischemia, nutrient depletion and hypoxia may lead to release of damage associated molecule 

patterns (DAMP) and neo-epitope expression particularly on the affected endothelium [23, 24], which may 

be recognized by pre-formed antibodies circulating in the blood. This activates the complement system via 

all three pathways leading to formation of the anaphylatoxins C3a and C5a as well as the membrane attack 

complex C5b-9. After re-establishment of blood supply, metabolites [25-27] produced in ischemia are 

flushed into the circulating system, which may trigger a profound inflammatory response. The extent of I/R 

injury depends on the duration of ischemia and /or reperfusion [28-30], and also the severity of ischemia 

[31, 32]. 

Not only the complement system plays an important role in reperfusion injury, but also the coagulation and 

the kallikrein/kinin cascades contribute to the pathogenesis of reperfusion injury in heart and kidney [33-

35]. Also endothelial cell (EC) activation is also known to be involved in I/R injury [36]. Moreover, plasma 

cascades and EC activation are interactive and inter-dependent. However, to date, the defined mechanisms 

of plasma cascade and EC activation are still not clearly understand and promising therapeutic strategies 

are missing. Therefore, the following overview will focus the role of the plasma cascades and endothelial 

cell activation in I/R injury. In addition, the potential of effective therapeutic approaches will also be 

included.  
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1. Role of reactive oxygen species in ischemia/reperfusion injury 

Reactive oxygen species (ROS) are free radicals containing oxygen with at least one unpaired electron, 

such as superoxide radical (·O2
–), hydroxyl radical (·OH), and hydrogen peroxide (H2O2). ROS are 

generated continuously in mitochondria as by-products of cellular metabolism and are balanced by 

endogenous scavenging mechanisms, maintaining homeostasis in aerobic organisms. Oxidative and 

antioxidant enzymes are of importance to ROS formation. The former mainly includes endothelial xanthine 

oxidase and nicotinamide adenine dinucleotide phosphate (NADP) oxidase, while superoxide dismutase 

(SOD), catalase (CAT), and glutathione peroxidase are predominant in the latter. Overproduced ROS may 

cause progressive oxidative stress and contribute to reperfusion injury. 

Ischemia is associated with gene reprogramming. For example, prolylhydroxylase (PHD) activity is 

inhibited because oxygen is needed as a cofactor. This hydroxylates specific proline residues in the oxygen-

dependent degradation domain of hypoxia-inducible transcription factor-1α (HIF-1 α), leading to 

upregulation of HIF-1 α [37]. More over, the production of adenosine triphosphate (ATP) is decreased due 

to the lack of oxygen in ischemia, leading to an accumulation of hypoxanthine. During this process, 

xanthine dehydrogenase is converted into xanthine oxidase [38]. When oxygen is restored in reperfusion, 

xanthine oxidase can oxidize hypoxanthine to xanthine and other forms of ROS, which triggers the onset of 

reperfusion injury [39, 40]. NADPH oxidase has also been shown to be critical for ROS production in 

pulmonary and myocardial studies [41, 42]. Free radical scavengers like SOD and/or CAT have been  

demonstrated to effectively prevent reperfusion injury to heart and skeletal muscle [43, 44]. 

Overproduced ROS may lead to progressive oxidative stress that causes damage to protein, lipids, DNA, 

and RNA. Much of the damage is caused by hydroxyl radicals and lipids are the major targets. 

Malondialdehyde (MDA) and 4-hydroxynonenal (HNE) are the main products of lipid peroxidation, which 

decreases the membrane fluidity and disrupt membrane-bound proteins. They are produced during ischemia 

and increased after reperfusion, triggering the onset of reperfusion injury in rat liver and myocardium [45, 

46]. Oxidative stress may even be involved in distant organ failure in the tourniquet shock model in mice 

[47].  

However, this may not be universal since we did not find significantly elevated concentrations of MDA in 

plasma, nor did we find significantly reduced SOD activities in our rat hind limb I/R injury model, with the 

exception of the 2 h reperfusion value in the 40% FiO2 group [48]. These results are consistent with a 

recently published clinical study [49], as well as earlier data from rat hind limb I/R injury [50], which 

questions the role of oxidative stress in I/R injury. The controversial results might be due to differences in 
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animal species and/or experimental techniques. 

Nevertheless, reactive nitrogen species (RNS) are also important components of free radicals, including 

nitric oxide (NO) and peroxynitrite (ONOO–). Low concentrations of NO produced by endothelial nitric 

oxide synthase (eNOS) has physiological functions [51] like inducing vasodilation, preventing 

neutrophil/platelet adhesion to endothelium, inhibiting smooth muscle cell proliferation and migration, and 

maintaining endothelial cell barrier integrity. However, higher concentrations of NO produced from 

inducible NOS (iNOS) and neuronal NOS (nNOS) are detrimental to ischemic tissue [52]. ONOO– is 

reported to oxidize membrane lipids and permeate lipid bilayers [53], inactivate SOD [54], increase NO-

induced blood–brain barrier permeability, and trigger apoptosis [55] (Figure 1). 

It has been demonstrated that RNS play a critical role in the pathophysiology development of I/R injury in 

other organs such as lung, liver, and heart [56-58]. An inhibitor of iNOS reduced the generation of RNS in 

the skeletal muscle I/R injury in extracellular SOD knockout mice [59]. The inhibitor of iNOS reduced the 

generation of RNS in the skeletal muscle I/R injury in extracellular SOD knockout mice [59]. Treatment 

with peroxynitrite scavengers like uric acid and phenolic compound showed the neuroprotective effects in 

ischemic stroke [60, 61]. 

However, scavengers did not work consistently in reperfusion injury. It was reported that scavengers 

against ROS did not attenuate the extent of reperfusion injury in skeletal muscle [62]. Also Hawkes et al 

demonstrated that scavengers of SOD and allopurinol did not have beneficial effects on the length, blood 

flow, or histological changes in pedicle skip flap in pigs [63]. In clinical studies, anti-oxidant interventions, 

quite often, did not show benefits as evidenced in human coronary artery bypass surgery [64] and in acute 

ischemic stroke even with an increased endpoint of death[65]. Consequently, it still remains controversial 

as to the exact role of ROS and RNS, as well as the effectiveness of therapeutic interventions in the context 

of reperfusion injury. 
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Figure 1: Schematic presentation for reactive oxygen and nitrogen species. GSH: glutathione; GSSG: glutathione 

disulfide: iNOS: inducible nitric oxidase; eNOS: endothelial nitric oxidase; nNOS: neuronal nitric oxidase. NADP+: 

nicotinamide adenine dinucleotide phosphate; NADPH: the reduced form of NADP+. Modified from Wulf Dröge. 

Free radicals in the physiological control of cell function. Physiological Reviews. 2002. 
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2.  The plasma cascade systems 

2.1 The complement system 

The complement system has long been viewed as the first line of defense against pathogens in innate 

immunity. More than 30 components and regulators comprise the complement system. They are 

synthesized and secreted by hepatocytes, as well as other cells stimulated by cytokines and hormones. 

Activation of complement leads to opsonization and lysis of pathogens via C3b and pore formation by 

membrane attack complex (MAC) as well as the release of potent inflammatory molecules anaphylatoxins 

C3a and C5a. Beyond the elimination of microbes, complement can also participate in a sterile 

inflammation in I/R injury [66]. Under normal conditions, the complement system is tightly regulated by 

fluid-phase and membrane-bound proteins. These include C1 esterase inhibitor (C1 INH), C4 binding 

protein (C4BP), factor H (fH), factor I (fI), S-protein, and clusterin in plasma. Membrane cofactor protein 

(MCP/CD46), decay-accelerating factor (DAF/CD55), complement receptor 1 (CR1), and CD59 are in a 

membrane-bound format. C1 INH inactivates C1r, C1s, MASP-1, and MASP-2. C4BP, MCP, and CR1 act 

as cofactors for factor-I-mediated cleavage of C3b and C4b. DAF and fH destabilize C3 and C5 

convertases. CD59, S-protein, and clusterin inhibit C9 polymerization to prevent C5b-9 generation [67] 

(Table 1).  
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Regulator Function Location 

C1 inhibitor (C1 INH) Inactivates C1r and C1s, MASP-1 and MASP-2 Plasma 

MCP/CD46 Cofactor for factor I-mediated cleavage of C3b and C4b Membrane-bound 

DAF/CD55 Destabilizes C3/C5 convertase of the CP and AP 

(accelerating activity) 

Membrane-bound 

CR1 Decay accelerating activity as well as cofactor activity for 

factor I-mediated cleavage of C3b and C4b 

Membrane-bound 

C4 binding protein 

(C4BP) 

Binds to C4b; decay accelerating and cofactor activity Plasma 

Factor H Binds to C3b; has accelerating activity of the AP C3 and C5 

convertase and cofactor activity  

Plasma 

Thrombomodulin  Increases fH cofactor activity, activates TAFI-mediated C3a 

and C5a inactivation 

Membrane-bound 

Factor I Degrades C3b and C4b aided by cofactors Plasma 

CD59 Blocks the C9 association with C5b-7 to prevent C5b-9 

formation on host cells 

Membrane-bound 

S-protein Binds to C5b-7 and inhibits C9 polymerization Plasma 

Clusterin (SP-40, 40) Prevents membrane binding of C5b-7 and inhibits MAC 

formation membrane as well as sC5b-9 

Plasma 

 

Table 1: Complement regulatory proteins in human beings and their functions. MCP: membrane cofactor protein; 

DAF: Decay accelerating factor; CR1: complement receptor 1; TAFI: thrombin activatable fibrinolysis inhibitor; CP: 

classical pathway; AP: Alternative pathway. Adapted from [67]. 

Typically, there are three pathways for the activation of the complement system (Figure 2), namely the 

classical pathway (CP), lectin pathway (LP), and alternative pathway (AP). All of the three pathways are 

initiated by different molecules and converge at C3. The classical pathway is initiated by the binding of 

C1q to the Fc portion of the antigen-antibody immune complex as well as acute phase C-reactive protein 

(CRP) [68]. This binding causes a conformational alteration, leading to the sequential activation of C1r and 
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C1s. Activated C1s cleaves C4 into C4a and C4b, also C4b-bound C2 into C2a and C2b, resulting in a 

generation of the C3 convertase C4b2a.  

Similarly to CP, LP is initiated by the binding of mannose–binding lectin (MBL) and/or ficolins to 

antibody-antigen complexes and carbohydrate patterns in the microorganisms. These recognition molecules 

are in complex with MBL-associated serine proteases (MASP-1, MASP-2 and MASP-3), which cleave C4 

and C2 and generate C3 convertase C4b2a.  

Distinct from CP and LP, AP is induced by hydrolysis of a thioester bond within C3, either spontaneously 

at a low rate or accelerated by contact of C3 with various surfaces (tick over) [69]. This leads to a 

conformational change in the structure of C3, resulting in the formation of C3b(H2O) and exposure of new 

binding sites. Factor B (fB) binds to C3b(H2O) and is cleaved by factor D (fD), leading to the formation of 

C3 convertase C3bBb.  Newly formed C3bBb is further stabilized by properdin.  

C3 convertases including C4b2a and C3bBb cleave C3 into more C3b and C3a. More C3b binds to C3 

convertase, leading to the formation of C5 convertases C4b2a3b and C3bBb3b, respectively. These C5 

convertases cleave C5 into C5b and C5a. C5b assembles with C6, C7, C8, and C9 to form MAC inserted 

into the membrane and soluble sC5b-9 in the circulation. During the process, anaphylatoxins of C3a and 

C5a are produced and function as chemoattractants for macrophage and neutrophils, stimulating release of 

histamine, regulating vasodilation, contracting smooth muscle cells, and triggering an oxidative burst [70, 

71]. 
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Figure 2: Schematic overview of the complement cascade illustrating the three activation pathways (Classical, lectin, 

and alternative) and the membrane attack complex. MBL: mannose binding lectin; MASP: mannose binding lectin 

associated serine protease; MAC: membrane attack. Adapted from [67]. 
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2.1.1 Role of complement in ischemia/reperfusion injury 

In 1971, Hill and Ward first reported the involvement of complement in myocardial infarction in rats in 

which C3 fragments had chemotactic activity for neutrophils [72].  Since then, myocardial infarction has 

been used as a good model to investigate the role of complement in I/R injury [73, 74]. Also reperfusion 

injury to other organs like brain, lung, liver, kidney, and limbs were extensively studied and it was shown 

that he complement system plays an important role in these organs too [75-79].  

The functional importance of an individual complement component in the pathophysiology of I/R injury 

has usually been investigated in animals lacking that component or its receptors. Vakeva et al demonstrated 

that deposition of C1 started after 2-4h of myocardial ischemia, even in the absence of reperfusion [80]. 

However, it was reported that C1q was not involved in gastrointestinal I/R injury [81], and C1q deficiency 

of mice did not prevent tissue injury in a transient focal cerebral ischemia model [82]. MBL-deficient mice 

were protected from necrotic tissue injury, but not from edema or distant lung injury in the skeletal muscle 

I/R injury model, whereas the opposite effects were shown in C1q-deficient mice, which were protected 

from edema formation and remote lung injury, but not from necrotic tissue injury [83]. Clinically, stroke 

patients with MBL deficiency experienced smaller infarct size and had a favorable outcome while receiving 

conservative treatment [84]. Also, the MBL null allele preserved epithelial cell integrity following intestine 

I/R injury in a case report [85]. This is in line with the finding C4 deficiency prevented tissue injury from 

skeletal muscle and intestinal I/R injury in mice [86, 87]. 

Factor B deficiency in mice was shown to protect kidneys from ischemic acute renal failure [88], sustain 

the subacute stage of infarct development in stroke [89], reduce inflammation in renal I/R injury [90], but 

not in intestinal I/R injury [91].  Factor H knock out mice did not have increased infarct volume and severe 

brain damage in a stroke model, indicating that factor H may not be involved in transient focal ischemia 

[92]. C3-deficient mice were protected from transient focal cerebral ischemia [82] and skeletal muscle I/R 

v [86].  

Kyriakides et al [93] demonstrated that C5b-9 was critical in the development of skeletal muscle I/R injury 

by using C5-deficient mice. C5-deficient mice were also proven to be effective in reducing reperfusion 

injury in intestine [94]. It was reported that C3-, C5-, and C6-deficient mice were protected from renal I/R 

injury, while it was not the case for C4-deficient mice, underlining the importance of complement 

activation downstream of C3 [78]. However, mice deficient in C5 were not protected from tissue damage 

arising from transient focal cerebral ischemia [82].  
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In investigating the function of complement regulatory proteins, CD55 deficiency was reported to increase 

renal I/R injury in mice, and double deficiency of CD55/CD59 greatly exacerbated the extent of 

reperfusion injury [95]. In the meantime, CD59(-/-) alone was not detrimental to renal I/R injury [95]. 

Recently, Miwa et al demonstrated that deletion of C5aR, C3, fB, fP, C3aR, or C5aR attenuated renal I/R 

injury in DAF/CD59 double knockout mice, whereas C4, Ig, or MBL did not show efficiency [96]. This 

revealed that MAC and anaphylatoxins contributed to renal tissue injury via AP [96]. Xu et al showed that 

C5aR knockout mice were protected against intestinal I/R injury as well as neutrophil infiltration in the 

remote lung [97]. Peng et al also demonstrated a predominant role of C5aR by using C3aR, C5aR, or 

C3aR/C5aR deficient mice in renal I/R injury [98]. In contrast, C3aR deficiency was shown to have an 

opposing role in worsening intestinal I/R injury by constraining neutrophil mobilization in mice[99].  
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2.1.2 Complement-targeted therapeutics in ischemia/reperfusion injury 

Based on the prominence of complement activation during I/R injury, it may be promising to use 

complement-specific therapeutics. Specific complement inhibitors, pooled plasma proteins, and 

monoclonal antibodies are often administrated to investigate these effects.  

C1 INH, a member of the serpin (serine protease inhibitor) superfamily, was originally used for treatment 

of hereditary angioedema (HAE) which is due to the deficiency of functional C1 INH [100]. Later on, C1 

INH was also applied to different organ I/R injury. For instance, C1 INH was shown to have beneficial 

effects in heart, liver, brain and skeletal muscle I/R injury [101-104]. It could also prevent organ 

transplantation-mediated reperfusion injury [105, 106]. In a clinical trial, administration of C1 INH showed 

its beneficial effects on attenuating renal dysfunction in patients with severe sepsis and septic shock [107]. 

Acting also at the very beginning of the complement cascade, a specific C1s inhibitor exerted 

cardioprotective effects in a rabbit model of myocardial I/R injury [108]. Moreover, administration of 

endogenous MBL/ficolin-associated protein-1 (MAP-1) was demonstrated to ameliorate myocardial I/R v 

through displacing MASP-1, MASP-2, and MASP-3 [109].  

Soluble complement receptor 1 (sCR1) is a modified form of complement receptor 1, which lacks the 

transmembrane and cytoplasmic domains. It has the potential to inhibit I/R injury -mediated tissue damage 

due to its decay-accelerating activity for C3 and C5 convertases and co-factor activity for C3b and C4b 

degradation. Its effective benefits were manifested in myocardial infarction, liver and skeletal I/R injury 

[110-112], as well as lung transplantation [113]. Recombinant sCR15-18 domain of human sCR1 exerted 

cardioprotective and neuroprotective effects in myocardial and cerebral I/R injury [114, 115]. APT070 

(Mirococept), a recombinant derivative of sCR1-3 domain of sCR1, was shown to be protective against 

myocardial, intestinal, and skeletal I/R injury [112, 116, 117]. However, APT070 was not able to attenuate 

reperfusion injury in our recently published lower extremity I/R injury study [118]. TP10, another soluble 

derivative of sCR1, was reported to inhibit inflammatory reactions in lung and renal transplantation [119, 

120]. In a larger multicenter clinical trial including 564 high-risk patients undergoing cardiopulmonary 

bypass (CPB), TP10 effectively inhibited complement activation during the process, however, it did not 

reduce the incidence of primary endpoints (death, myocardial infarction, intra-aortic balloon pump support, 

and prolonged intubation) [121].  

Inhibition of C5 with monoclonal antibodies was demonstrated to effectively reduce I/R injury in heart, 

brain, intestine, and kidney [75, 122-124]. Its protective effects were also seen in heart transplantation 

[125]. Pexelizumab (Alexion Pharmaceuticals, Inc.), one anti-C5 monoclonal antibody, is worthy of 
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discussion and review due to its extensive clinical trials. For example, Pexelizumab was demonstrated to 

significantly reduce the mortality and morbidity following acute myocardial infarction (AMI) or coronary 

artery bypass graft (CABG) in a prospective, randomized, double-blinded, placebo-controlled trial [126]. In 

a another clinical trial involving 914 patients undergoing coronary artery bypass grafting requI/R injuryng 

CPB, Pexelizumab reduced the risk of death or MI on post-operative day 4 and day 30 [127]. However, no 

protective effects were shown on primary endpoints (composite of death, new Q-wave, or non-Q-wave, 

myocardial infarction, left ventricular dysfunction, or new central nervous system deficits) [127]. Later on, 

it was found that Pexelizumab did not show its clinical benefits in overall analysis for major adverse 

events, death, MI, stroke, and heart failure in seven trials including 15196 patients with ST elevation MI 

and CABG [128]. However, it can reduce the risk of death in patients undergoing CPB grafting [128]. In 

2011, a clinical phase II study: the COMMA trial and phase III study: the PRIMOCABG trial were 

performed in AMI and CABG patients. They accordingly commented that a mediational model should be 

used to investigate the effectiveness of Pexelizumab, which was affected by the baseline risk factors in 

patients [129].  Also Pexelizumab may be harmful to patients with ST-segment elevation myocardial 

infarction undergoing primary percutaneous interventions [130]. Considering the recent unconvincing 

clinical results of Pexelizumab recently, its continued use should be seriously questioned. However, the 

concept of anti-inflammation accompanying CPB may deserve further investigation [131]. In 2013, 

Eculizumab (SolI/R injurys, Alexion Pharmaceuticals, Inc.), another anti-C5 monoclonal antibody, showed 

its efficiency and safety in kidney transplantation [132, 133].  In 2015, Eculizumab was raised as a 

promising intervention in renal transplantation [134].  

Cobra venom factor (CVF) [135] is isolated from cobra venom and is an analog of C3 in structure and 

function. It activates complement and thus depletes the activity of complement in serum. CVF was shown 

to alleviate myocardial necrosis after coronary artery occlusion [136], diminish remote lung injury 

following intestinal I/R injury in rats [137], and reduce cerebral infarct volume in adult rats [138]. 

Humanized CVF (HC3-1496), a non-immunogenic compatible CVF-like molecule, displayed its effective 

benefits in myocardial infarction [139]. Similarly, a C3a receptor antagonist was shown to reduce the 

extent of focal cerebral ischemia [82, 140]. An inhibitor of the AP, CR2-fH, was shown to be associated 

with better outcomes in ischemic stroke by preserving neurological function, decreasing infarct volume, 

and reducing inflammation [89].  
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2.2 The coagulation system 

Blood clotting is normally activated to avoid the loss of blood volume during bleeding but can also be 

activated in the presence of inflammation like I/R injury [141-143]. Classically, there are two pathways for 

coagulation activation, the extrinsic pathway and the intrinsic pathway. They can be initiated by different 

molecules and converge at Factor X (FX). Most coagulation factors are serine proteases apart from the 

glycoproteins of factor V and factor VIII (FVIII), and the transglutaminase of Factor XIII (FXIII).   

 

 

Figure 3: Schematic representation of the coagulation cascade. Adapted from [143]. 

The extrinsic pathway is initiated by tissue factor (TF), which is located in sub-endothelial cells in 

physiological conditions but can be exposed after vascular injury [144, 145], e.g. trauma, reperfusion 
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injury. After exposure, TF is activated and binds to circulating activated factor VIIa (FVIIa), leading to the 

formation of a TF-FVIIa complex [146]. Afterwards, this complex activates FX to FXa.  

The intrinsic pathway is also called the contact activation pathway, which is activated by factor XIIa 

(FXIIa) due to auto-activation of FXII and triggered by contact with the activating surface [147, 148]. 

Activated FXIIa catalyzes conversion of factor XI (FXI) to FXIa, which then converts FXI to FIXa. FIXa 

catalyzes the proteolytic conversation of FX to FXa. 

Following FXa formation, factor V (FV) is converted to FVa, leading to a FXa-FVa complex. In the 

presence of cofactors such as FVIIIa, calcium, and platelet phospholipids, FXa-FVa complex cleaves 

prothrombin to thrombin, which induces the conversion of fibrinogen to fibrin, ultimately leading to cross-

linked fibrin clot formation with the aid of FXIII.  

Under quiescent conditions, the body maintains homeostasis by regulation of the fibrinolytic system. This 

fibrinolysis mainly involves tissue-type plasminogen activator (tPA) and urokinase-type plasminogen 

activator (uPA). These can cleave plasminogen into plasmin, which degrades fibrin into soluble fragments. 

Inhibitors of the fibrinolysis system include plasminogen activator inhibitor 1 and 2  (PAI-1 and PAI-2), as 

well as thrombin activatable fibrinolysis inhibitor (TAFI), which inhibit the activity of plasminogen and 

tPA. Endogenous anti-coagulants also contribute to the homeostasis, such as anti-thrombin III (ATIII), 

tissue factor pathway inhibitor (TFPI), protein C, protein S, and thrombomodulin. High levels of PAI-1 can 

bind more tPA to form a tPA/PAI-1 complex, in which bound tPA does not have any pro-fibrinolytic 

function [149]. A few studies [149-151] have shown that the tPA/PAI-1 complex may be a risk marker for 

thrombus formation. D-dimer, one of the fibrin degradation products containing two D fragments, is 

usually used as a marker to indicate a high thromboembolic state in clinical patients [152, 153].  
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2.2.1 Role of coagulation in ischemia/reperfusion injury 

Accumulating studies have demonstrated that the coagulation cascades participate and play a prominent 

role in the pathogenesis of I/R injury. For example, in 1976, it was found that plasma levels of FVIII, FIX, 

and FXI were significantly increased following myocardial infarction, whereas values of FXII in plasma 

were significantly reduced in patients with sustained MI [154]. Also Vaziri et al et al reported that plasma 

levels of FXIIa and high molecular weight kininogen (HMWK) were decreased in patients with AMI and 

unstable angina, while FXI, FIX, fibrinogen, and D-dimer were elevated, implicating the activation of the 

intrinsic pathway [155]. The coagulation system is not only involved in myocardial ischemia or MI, but 

also in reperfusion injury in other organs. In 1998, activated TF was shown to contribute to the breakdown 

of microvascular circulation during hepatic I/R injury [156]. It was postulated that TF contributed to I/R 

injury via protease activated receptor 1  (PAR-1) signaling [157]. Production of fibrin contributed to 

microvascular occlusion and tissue damage in cerebral I/R injury [158]. Serum levels of PAI-1 started to 

increase at 6h of reperfusion, peaked at 24h of reperfusion, and then recovered gradually in renal I/R injury 

[159].  

Mice deficient in coagulation factors are not as common as complement-deficient mice. TF deficiency 

protected mice from renal failure, mortality and tubular inflammation in a renal I/R injury model, and 

similar benefits were shown in PAR-1-deficient mice [157]. PAI-1 knockout mice had less fibrin 

deposition, mild histological changes, and a lower plasma level of cytokines and chemokines in lung I/R 

injury [160]. Ajay et al reported that fibrinogen deficiency protected against tubular injury, kidney 

dysfunction, necrosis, apoptosis, and inflammation in mouse kidney I/R injury [161]. PAR-2-deficient mice 

were protected from myocardial infarction and heart remodeling following cardiac I/R injury [162]. FXII-

deficient mice that were subjected to transient cerebral ischemia had a reduction in infarct volume and 

fibrin deposition, which was also shown to be true in FXI-deficient mice [163]. Pham et al demonstrated 

that the recovery of cortical blood flow was better in FXII-deficient mice than wild type-mice after 

ischemic stroke [164].  
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2.2.2 Coagulation-targeted therapeutics for ischemia/reperfusion injury 

Similar to the concept of complement-targeted therapeutics, also synthetic anticoagulant proteins and 

specific antibodies have been used to inhibit coagulation-related effects in I/R injury. Administration of 

anti-TF monoclonal antibody (mAb) led to a smaller infarct size by reducing thrombin-induced 

inflammation in a rabbit myocardial I/R injury model [165]. It was also described that anti-sense 

oligodeoxynucleotides for rat TF ameliorated hepatic I/R injury [166]. Anti-human TF mAb showed 

promising results in the treatment of distant lung injury induced by intestinal I/R injury in human TF 

knock-in transgenic mice, but not in wild type mice [167]. Finally, in a baboon transient focal cerebral 

ischemia model, intravenous treatment with anti-TF mAb TF9-6B4 significantly increased reflow in each 

class of microvessels [168].  

Kleinschnitz et al demonstrated that mice treated with the FXII inhibitor PCK were protected from 

ischemic injury in stroke [163]. Inhibition of FXIIa with rHA-infestin-4 was shown to reduce ischemic 

damage and pathological coagulation after silent brain ischemia in mice [169]. However, the FXII inhibitor 

COU254 did not show any effects in acute ischemic stroke (AIS) [170]. Mice that received an antibody 

against FXII-mediated activation of FXI displayed a significant reduction in cerebral infarction, fibrin 

deposition, and neurological deficits after AIS [171]. There are fewer I/R injury studies concentrating on 

the use of TFPI. Yoshimura et al noted that TFPI decreased the activity of procoagulation and 

inflammation in liver I/R injury in rats [172].  

It was reported that recombinant human, active site-blocked FVIIa effectively inhibited TF procoagulant 

activity and reduced the infarct size and no-reflow area in myocardial I/R injury in rabbits [173]. Again, 

active site inhibited FVIIa attenuated the extent of myocardial I/R injury in mice through the NF-κB 

pathway [174]. The selective FXa inhibitor DX-9065a reduced the levels of TF and monocyte 

chemoattractant protein-1 (MCP-1) in liver I/R injury [175]. In a randomized, double-blinded, placebo-

controlled phase 2 study, the FXa inhibitor Apixaban significantly reduced the coagulation activity markers 

D-dimer and prothrombin fragment 1.2 (F1.2) in a dose-dependent manner in patients with acute coronary 

syndrome (ACS) [176]. The ATLAS ACS-2-TIMI 51 trial investigated the effects of Rivaroxaban, another 

inhibitor of FXa, and found it had a potential role in reducing the rates of cardiovascular death, MI, and 

stroke at the primary end point [177, 178]. However, use of other FXa inhibitors like Darexaban and TAK-

442 did not improve outcomes for cardiovascular events such as MI, bleeding, stroke, and thrombolysis in 

recent large phase II trials of ACS [179, 180]. In addition, defibrinogenating rabbits with ancrod did not 
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effectively reduce infarct size following myocardial I/R injury, suggesting fibrin deposits do not make a 

significant contribution to infarct size [165, 181].  

Accumulating studies have shown that anti-coagulants can reduce I/R injury. For example, low molecular 

weight heparin (LMWH) is routinely used in acute myocardial infarction patients for its safety and 

efficiency without significant increase in major hemorrhagic events [182, 183]. The potential of LMWH 

was also shown in I/R injury studies [184, 185], supporting its anti-inflammatory role. The beneficial 

effects of LMWH are also seen in stroke patients [186]. However, from the reviewed and meta-analysis-

based papers, the standard use of LMWH in stroke patients still remains controversial [186, 187]. Inhibition 

of thrombin with hirudin reduced the infarct size in myocardial I/R injury [181]. Another anticoagulant 

protein, activated protein C (APC), was capable of reducing reperfusion injury to heart, kidney, and 

skeletal muscle [188-190]. In a murine model of focal ischemia, APC administration showed 

neuroprotective, anti-inflammatory, and anti-thrombotic effects [191]. Clinically, APC has only been tested 

in septic patients. However, its use is not recommended in severe sepsis due to its clinical inefficiency [192, 

193]. Similary, ATIII was shown to reduce reperfusion injury in various organs [194-196]. 

Aprotinin, a non-specific serine protease inhibitor, displayed a broad anti-inflammatory action in 

preclinical I/R injury models [197-199]. However, in a clinical trial involving 4373 patients undergoing 

revascularization, aprotinin application was associated with high risks of MI, heart failure, stroke, or 

encephalopathy, which limited its continued clinical use [200]. Nevertheless, it was apparent that the 

benefits of aprotinin outweighed its risks in CABG patients worldwide [201].  
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2.3 The kinin system  

The kinin system was discovered at the beginning of the nineteenth century. Due to its duality and 

complexity, it started to attract attention only 60 years ago. The central component of this system is 

bradykinin, which is mainly generated from two types of precursors, tissue and plasma kallikrein (KK) . 

The kinin system is part of the contact activation system, which is initiated by FXII (Figure 4). FXII can be 

activated by contact with negatively charged surfaces such as glass, kaolin, silica, ellagic acid, dextran 

sulfate, over sulfated chondroitin sulfate and nanoparticles in vitro [202, 203]. Endogenous 

(patho)physiological activators of FXII have also been reported in vivo, such as polyphosphate, collagen, 

misfolded protein aggregates, lipopolysaccharides, glycosaminoglycans, nucleic acids, and 

phosphatidylserine [203-205]. On contact with these molecules, FXII is converted into FXIIa, which 

converts prekallikrein (PK) into KK. This subsequently cleaves HMWK, leading to the release of the 

vasoactive peptide bradykinin. In turn FXII can be further activated by KK and FXIIa thereby forming a 

positive feedback loop [203], which explains the massive amplification of protein activation that occurs in 

this system. 

Under normal situations, about 75% of PK is bounded noncovalently to HWMK in a 1:1 ratio to form the 

PK-HMWK complex, which is stabilized by C1 INH [206]. The rest is free in the circulation.  

There are two receptors for bradykinin (BK) in the body, bradykinin receptor 1 and 2 (BR1 and BR2), the 

binding to which can regulate blood pressure, increase vascular permeability, cause vasodilation, and 

mediate inflammation [207]. BR2 is constitutively present in many tissues, while BR1 is only expressed in 

response to proinflammatory stimuli [207, 208]. In vivo, bradykinin has a short half-life of about 17s [209], 

due to its rapid degradation by angiotensin-converting enzyme, carboxypeptidase N, neutral endopeptidase, 

and aminopeptidase P [210]. Laine et al reported that BK1-5 is a stable metabolite [211].  
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Figure 4: Schematic presentation of the kallikrein/kinin system. HMWK: high molecular weight kininogen; BK: 

bradykinin; BR: bradykinin receptor; ACE: angiotensin-converting enzyme; NEP: neutral endopeptidase;  
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2.3.1 Role of the kinin system in ischemia/reperfusion injury 

The role of the kallikrein/kinin system in I/R injury has been defined in ischemic stroke and traumatic brain 

injury and is eloquently described in a review paper [212]. FXII-deficient mice showed a defective 

formation of thrombi revealed by intravital microscopy and blood flow measurements [213]. It was shown 

that FXII deficiency suppressed the production of bradykinin in plasma stimulated by contact with an 

artificial surface [214].  Cheng et al reported that FXII or FXI deficiency significantly inhibited thrombosis 

formation in the FeCl3-induced carotid artery injury model [215]. FXI deficiency also showed 

antithrombotic efficiency in a FeCl3-induced vena cava thrombosis model [216]. Depletion of plasma PK 

or FXII using antisense oligonucleotide (ASO) technology reduced thrombosis formation without affecting 

homeostasis [217]. However, congenital PK-deficiency does not protect patients from thrombotic events 

[218, 219]. Pons reported that tissue KK-deficient mice displayed an increased risk of mortality rate and 

left ventricular hypertrophy and dilation [220]. In contrast, Gob et al reported that plasma KK deficiency 

played a protective role in ischemic stroke by reducing thrombus formation and inflammation [221]. In a 

multicenter case-reported study with 1268 stroke patients, plasma levels of tissue kallikrein was found to be 

low, which was negatively correlated with the first-ever stroke and was an independent predictor for stroke 

recurrence [222]. Langhauser et al demonstrated HMWK-deficient mice were protected from brain 

infarction, neurologic deficits, thrombus formation, and inflammation in an ischemic stroke model [223]. 

Souza et al demonstrated that BR1 deficiency was more efficient in providing anti-inflammatory and anti-

lethality effects than the absence of BR2 or BR1/BR2 following intestinal I/R injury in mice [224]. This 

study also found that BR2 was a major driving force for BR1 activation, and may have a protective role in 

I/R injury that depends on its vasodilatory function [224]. The beneficial effects of BR1 deficiency were 

also seen in kidney and myocardium [225, 226]. Nonetheless, Kakoki et al reported Both BR1/BR2-

deficient mice had the highest mortality rate and displayed the most severe degree of inflammation, 

apoptosis, and histological and functional changes during renal I/R injury, which contradicted the above 

studies [227].  

In stroke, BR2 knockout mice showed a reduction in infarct volume and edema formation, as well as better 

motor function and longer survival time as compared with the wild type mice [228]. However, Austinat et 

al demonstrated that BR2 deficiency did not provide neuroprotection in a transient middle cerebral artery 

occlusion (tMCAO) model [229]. Whereas, it was BR1 knockout mice that were protected from brain 

infarction, neurological deficits, tissue edema, and inflammation in stroke [229].  
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2.3.2 Kinin system–targeted therapeutics in ischemia/reperfusion injury 

In transient focal cerebral ischemia, a BR1 inhibitor dose dependently showed a significant reduction in 

infarct volume [229]. In contrast, a BR2 inhibitor did not change the outcome of stroke in mice [229]. 

Pretreatment with the BR1 antagonist R-954 selectively showed anti-inflammatory effects following renal 

I/R injury, compared with treatment with the BR2 antagonist HOE-140 [35]. Another inhibitor of BR1, BI-

113823, was also demonstrated to improve the cardiac function and attenuate the proinflammatory 

reactions after myocardial infarction [230]. Blockade of BR1 with (des-Arg9, Leu8)-bradykinin reduced the 

infarct size in the Langendorff-perfused myocardial I/R injury model [231]. However, no protection was 

conferred using the BR1 antagonist B9958 in an experimental model of myocardial infarction in rats [232].   

The BR2 antagonists CP-0597 effectively reduced the ischemic hemisphere size and infarct volume in 

stroke in rats [233]. The protective effects of the BR2 antagonist FR173657 were similarly confirmed in 

small intestinal I/R injury and pulmonary I/R injury in dogs [234, 235] as well as in a canine lung 

transplantation model [236]. It was shown that the BR2 antagonist HOE-140 protected mice from 

inflammatory responses and lethality in an intestinal I/R injury model [224]. However, the efficiency of 

HOE-140 was not proven in lung I/R injury [237], nor in a rat hind limb I/R injury model [238, 239]. 

Similarly, the nonselective BR1/BR2 antagonist B9430 did not reduce the mortality after global cerebral 

ischemia even through it inhibited leukocyte-endothelium interaction[240]. 

Gene delivery of tissue kallikrein was shown to protect against myocardial infarction and stroke in rats 

[241, 242]. It was reported that inhibition of plasma kallikrein with DX-88 reduced brain infarct volume, 

edema formation, and neurological deficits following transient focal brain ischemia [243].  

Few clinical studies have focused on bradykinin receptors. In a double-blind, crossover trial, HOE-140 did 

not show any protective effects in forearm I/R injury with preconditioning [244]. This suggested that 

endogenous BR2 did not play a major role in I/R injury or remote ischemic preconditioning in man 

(Clinical trial registration information: NCT00965120 and NCT00965393) [244]. In another randomized 

clinical study including 115 patients with CPB, HOE-140 decreased the capacity of intraoperative 

fibrinolysis (higher PAI-1 to tPA molar ratio), suggesting a contribution of endogenous BK to tPA 

generation during CPB [245]. However, HOE-140 did not reduce plasma levels of D-dimer or 

postoperative need of blood transfusions [245]. So far, discrepancies relating to the beneficial and 

detrimental effects of BRs still exist in the field of cardiovascular diseases. Therefore, more experimental 

studies need to be conducted to address the issues surrounding BR-targeted therapeutics [246].  
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2.4 Interactions of the plasma cascade systems 

Elements of both the complement and coagulation cascades belong to the serine proteases of the 

chymotrypsin family, sharing structural and functional similarities [247]. They exist as inactive zymogens 

and are activated by upstream proteases [247]. Considering their common origin [248, 249], an extensive 

crosstalk between the complement and the coagulation systems has been unmasked. It was for example 

reported that MASP-1 had thrombin-like activity and promoted blood clotting by cleaving FXIII and 

fibrinogen [250, 251]. MASP-1 also interacts with the kallikrein/kinin system by cleaving HMWK and 

releasing BK [252]. Moreover, MASP-1 participants in the alternative pathway by converting pro-factor D 

to the active form of factor D [253].  However, a recent study reported that MASP-3, instead of MASP-1 

and MASP-2, is able to activate pro-factor D [254]. Furthermore, activation of MASP-2 can lead to fibrin 

clot formation, which bridges the complement and coagulation systems [255, 256].  

The anaphylatoxin C3a was also demonstrated to activate platelets to potentiate coagulation [257]. 

Similarly, platelet activation was induced by MAC by exposure of procoagulant lipids and the secretion of 

granules from platelet cytoplasm [258, 259]. It was reported that C5, C5a, and the inactive form of MAC 

increased the expression of TF in leukocytes and ECs which links the complement and coagulation systems 

[260-262]. Amara et al demonstrated that thrombin, FXIa, FXa, FIXa, and plasmin effectively cleaved C3 

and C5, demonstrating the intercommunications between the coagulation and fibrinolysis cascades and the 

complement system [263]. However, TF, FVII, FVIIa, and activated protein C did not affect the cleavage 

of C3 and C5 in this study [263].  

Nevertheless, the coagulation proteinases potentiate the complement cascades. It was shown that thrombin 

cleaved C5 into C5a in C3-deficient mice, suggesting a new complement pathway for C5a production that 

is mediated by thrombin [264]. FXIIa activated C1 to initiate activation of the classical complement 

pathway [265, 266]. Activated platelet surfaces were shown to bind to C1q, C4BP, and fH through 

chondroitin sulfate mediation, while binding to C1 INH was C1q-dependent [267]. It was observed that 

alpha- and beta-chains of fibrinogen and fibrin were able to bind to rMBL-A and rMBL-C to augment the 

activity of the lectin pathway [268].  

Further, crosstalk between the complement, coagulation, and fibrinolysis cascades has been identified. 

Wojta et al demonstrated that incubation of rhC5a with human mast cells and primary blood basophils led 

to an increased level of PAI-1 in a dose- and time- dependent manner, which inhibited the enzymatic 

activity of tPA [269]. Treatment of mast cells with C5a led to higher expression of PAI-1, facilitating 
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healthy mast cells conversion from a resting profibrinolytic state to an activated prothrombotic phenotype 

[270]. With the polymerization of C9 to C5b-8 complex, plasminogen was induced to bind to membrane 

C9 and enhanced its activity by tPA [271]. Keizer et al showed that the Kunitz-2 domain of TFPI inhibited 

the activity of MASP-2, suggesting the use of TFPI in I/R injury might be an interesting   therapeutic 

approach. 

Intercommunication also exists between the kinin and complement cascades. Wiggins et al showed that 

incubation of plasma kallikrein with rabbit C5 led to chemotactic C5a production [272]. Plasma kallikrein 

was able to cleave fB in a similar pattern to fD to activate the alternative pathway [273, 274]. The receptor 

gC1qR/p33 for C1q played an essential role in mediating the generation of BK and related kinins [275, 

276].  

As for the interactions between the coagulation and kallikrein/kinin systems, in fact, they share the 

common initiator FXIIa. This is a group of plasma proteins including coagulation FXII and FXI, KK and 

high molecular weight kininogen (HMWK). Puri et al demonstrated that thrombin induced platelet 

aggregation in plasma, which was mainly inhibited by HMWK [277, 278]. BK and its metabolites were 

confirmed to be selective inhibitors of α-thrombin-induced platelet aggregation [279, 280]. It was shown 

that mutant APC with minimal anticoagulant activity preserved the anti-inflammatory carboxypeptidase 

activity of TAFI by decreasing the production of BK in plasma [281] (Figure 5). 
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Figure 5: Interactions of the plasma cascade systems. The plasma cascade systems involve complement, coagulation, 

kallikrein/kinin and fibrinolysis.  They are highly interactive and interconnected. fB: factor B;  fD: factor D; HMWK: 

high molecular weight kininogen; BK: bradykinin; tPA: tissue plasminogen activator; uPA; urokinase plasminogen 

activator; 
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3. Role of endothelial cell activation in ischemia/reperfusion injury 

3.1 Endothelial cell barrier  

The endothelium forms a physical barrier that separates blood from tissue. This barrier is a continuous 

semipermeable membrane rather than simply a passive one. It has long been known to act as a gatekeeper 

and plays a pivotal role in exchanging fluid and electrolytes, controlling inflammation and coagulation, 

regulating vascular tone, and maintaining hemostasis in equilibrium. These vital functions depend on the 

intact structure of the glycocalyx layer.  

This endothelial glycocalyx layer, whose “backbone” molecules are proteoglycans and glycoproteins, is 

decorated by a pyramid of membrane-bound and soluble molecules [282, 283]. The major proteoglycans 

are syndecan and glypican families. They have long unbranched glycosaminoglycan (GAG) side-chains 

that covalently link with heparan sulfate (HS), as well as chondroitin sulfate, dermatan sulfate, and keratin 

sulfate. HS has been shown to bind to many plasma proteins via HS binding sites, such as SOD, 

thrombomodulin, AT-III, TFPI, C1 INH, and IL-8, which gives ECs a natural phenotype of anti-

inflammation and anti-coagulation [284]. Also, vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF), and hepatic growth factor (HGF) are present in the glycocalyx and HS regulates their 

transport and effector functions [285]. In addition, hyaluronic acid is also linked with GAGs (Figure 6).  

Glycoproteins are composed of short branched carbohydrate side-chains comprising endothelial adhesion 

molecules and components of the coagulation and fibrinolytic systems [282]. Three families of selectins, 

integrins, and immunoglobulins comprise the cell adhesion molecules. The immunoglobulins mainly 

include intravascular adhesion molecule 1 and 2 (ICAM-1 and -2), vascular cell adhesion molecule 1 

(VCAM-1), and platelet endothelial cell adhesion molecule 1 (PECAM-1 or CD31) [282]. They can be 

upregulated to mediate inflammatory cell recruitment and cell signaling in vascular injury with the aid of 

thrombin, interleukin-1 (IL-1), and tumor necrosis factor α (TNF-a) [286, 287]. Glycoprotein Ib-IX-V 

complex is a good example of a component of the coagulation and fibrinolysis system, which is the platelet 

receptor for von Willebrand factor (vWF) and P-selectin, involved in maintaining hemostasis [282, 288].  
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Figure 6: A cartoon representation of proteoglycans and glycoproteins on the surface of endothelial cells. Caveolin-1 

associates with regions high in cholesterol and sphingolipids in the membrane (darker circles, left), and forms cave-

like structures, caveolae (right). Glypicans, along with their heparan sulfate chains (blue dotted lines) localize in these 

regions. Transmembrane syndecans are shown to cluster in the outer edge of caveolae. Besides heparan sulfate, 

syndecans also contain chondroitin sulfate, lower down the core protein (green dotted lines). A glycoprotein with its 

short oligosaccharide branched chains and their associated SA ‘caps’ are displayed in the middle part of the figure 

(green). Hyaluronic acid or hyaluronan is a very long glycosaminoglycans (orange dotted line), which weaves into the 

glycocalyx and binds with CD44. Transmembrane CD44 can have chondroitin sulfate, heparan sulfate and 

oligosaccharides attached to it, and localizes in caveolae. Plasma proteins (grey), along with cations and cationic 

amino acids (red circles) are known to associate with glycosaminoglycans. (A) The cytoplasmic domains of 

syndecans link it to cytoskeletal elements (red line). (B) Oligomerization of syndecans helps them make direct 

associations with intracellular signalling effectors. (C) A series of molecules involved with endothelial nitric oxide 

synthase signalling localize in caveolae. Adapted from [283]. 
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Not only the endothelial cell glycocalyx plays an important role in maintaining the integrity of the barrier, 

but also the interendothelial cell junctions. They include adherens junctions (AJs), tight junctions (TJs), gap 

junctions (GJs) [289]. They are often intermingled with the junctional structure and play a fundamental role 

not only in maintaining tissue integrity but also vascular permeability, intercellular communication, 

leukocyte extravasation, and angiogenesis [289]. For example, VE–cadherin, is one of the predominant AJs 

[290], while other cadherins like T-cadherin, and Pcdh12 [291, 292] are located in EC junctions. Claudins 

are the major transmembrane components of TJs by forming TJ strands [293]. Occludin can increase the TJ 

barrier function although not necessary for TJ strand formation. The junctional adhesion molecules (JAMs) 

colocalize with TJs but are not involved in TJ strands [294]. Nectin was found associated with both AJs 

and TJs, while PECAM, Pcdh12, CD99 and S-endo-1 are still unknown heterophilic ligands. Both TJs and 

AJs are linked to the actin cytoskeleton, and VE–cadherin may also be associated with vimentin filaments 

in some vascular beds. Connexins participate in gap junctions [295] (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
!
!
!

38 

 

 

Figure 7: Adhesive proteins within the interendothelial cleft. Claudins, occluding, JAMs and ESAM are located in 

TJs, VE–cadherin in AJs and connexins in gap junctions. Nectin was detected in both AJs and TJs, while PECAM, 

Pcdh12, CD99 and S-endo-1 are outside of these structures. TJs and AJs are both linked to the actin cytoskeleton and 

VE–cadherin may also be associated with vimentin filaments in some vascular beds. Adapted from [289]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
!
!
!

39 

3.2 Endothelial cell activation  

The EC barrier can be activated by pathogen and non-pathogen induced inflammatory stimuli. The latter is 

known as the sterile inflammation and occurs in the context of I/R injury. There are two stages of EC 

activation, endothelial stimulation (an early event) and endothelial activation (a later event), respectively 

[296]. In the first stage, EC activation is referred to as type I EC activation. It is characterized by the 

release of von Willebrand factor (vWF) and IL-8, as well as the shedding of heparan sulfate proteoglycan, 

which does not depend on gene transcription or de novo protein synthesis [297-299]. ECs are transiently 

retracted from each other to increase intracellular gap formation [300]. In the second stage, EC activation 

depends on gene transcription and de novo protein synthesis. The expression of adhesion molecules E-

selectin, P-selectin, ICAM-1, and VCAM-1 is upregulated and promotes leukocyte-endothelial, leukocyte-

platelet, and endothelial-matrix interactions. Other proinflammatory cytokines/chemokines including IL-1α, 

IL-1β, IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein-1 α 

(MIP-1) are also synthesized and secreted. Meanwhile, procoagulant activity is enhanced with a higher 

expression of PAI-1 and TF [296, 301]. Reversible EC activation, corresponding to type I and II, does not 

alter the endothelial integrity. However, irreversible endothelial activation leads to decreased integrity of 

the endothelial barrier, endothelial dysfunction, and cell death [302] (Figure 8).  

Moreover, accumulating studies confirmed endothelial activation in inflammatory environments. Shedding 

of the glycocalyx in I/R injury was first demonstrated by Czarnowska et al [36]. Later, Rehm et al reported 

an elevated plasma concentration of syndecan-1 and heparan sulfate in patients after cardiac ischemia on 

CPB [303]. Endothelial glycocalyx shedding was also documented in trauma patients [304], I/R of isolated 

guinea pig hearts [305], and vascular inflammation in rats [306]. In our hind limb I/R injury study, we also 

found the glycocalyx layer was largely shedded compared to our normal controls (own study, paper II of 

this thesis, unpublished).  

Devaraj et al reported that incubation of human aortic endothelial cells with CRP resulted in an elevated 

secretion and activity of PAI-1 in a time- and dose-dependent manner [307]. This was novel and had 

implications for the underlying mechanism of the metabolic syndrome and atherothrombosis [307]. TF in 

the circulating microparticles was demonstrated to be elevated in heart transplantation patients, which was 

induced by activated ECs during allograft rejection [301]. The elevated level of PAI-1 favors fibrin clot 

formation. We had consistent PAI-1 expression in reperfused skeletal muscle tissue from the vehicle 

control group as reported here (own study, paper II and paper III of this thesis, unpublished).  
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Furthermore, adhesion molecules were shown to be associated with inflammatory EC activation in dilated, 

congestive and ischemic cardiomyopathy [308, 309]. Expression of adhesion molecules was also evident 

following the immunological changes of endothelial cell activation in inflammatory bowel disease [310].  
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Figure 8: Schematic representation of the relationship of endothelial cell (EC) activation, EC apoptosis, EC 

dysfunction, and EC injury. Endothelial cell activation and EC apoptosis are strictly controlled through the expression 

of a set of protective genes (IkB-a, A20, Bcl-2) that down-regulate the expression of the transcription factor NF-kB. 

Activation of NF-kB triggers EC activation and renders the endothelium more susceptible to apoptosis. Activated ECs 

enhance expression of specific gene products (i.e., proteins), with resultant new capacities and new functions in 

inflammation, coagulation, and immunity, but no visible evidence of EC injury is present. The EC activation process, 

if uncontrolled, can progress to EC apoptosis. Endothelial cell activation is distinct from EC injury; however, the two 

phenomena are likely to overlap in the activation process. Endothelial cell activation may be associated with vascular 

EC injury in the development of vasculitis, thrombosis, and other vascular diseases that are mediated by leukocyte 

adhesion molecules, vasoactive mediators, pro-inflammatory cytokines, chemokines, and procoagulant molecules 

released by activated ECs. Type I EC activation (immediate event) and Type II EC activation (over hours or days) are 

reversible when EC activators are withdrawn, whereas chronic EC activation (over months) leads to EC injury with 

EC detachment from the underlying basement membrane and denudation of the vessel wall, resulting in circulating 

endothelial cells (CECs) and the release of EC microparticles (EMPs) and EC caveolin-1 (Cav-1) from the 

plasmalemmal membranes. TNF, tumor necrosis factor; IL-1, interleukin-1; IFN, interferon; LPS, lipopolysaccharide. 

Adapted from[302]. 

 

The interactions may be mediated by enhancing the activity of granulocytes and lymphocytes as well as 

interactions of lymphocyte-platelet and lymphocyte-endothelium.  

Damaged EC also lead to the activation of the complement system. In 1986, Seifert et al demonstrated that 

ischemic EC injury resulted in complement activation [311]. Also, apoptotic human umbilical vascular 

endothelial cells (HUVEC) mediated the activation of AP in the complement system [312]. Another study 

reported that apoptotic ECs, induced by hypoxia/reoxygenation, triggered the activation of the complement 

system by binding C1 and contributed to the inflammatory responses [313]. It was shown that contact 

activation of ECs was FXIIa-dependent and zinc-dependent through binding to gC1qR [314, 315]. Based 

on this, Ghebrehiwet et al proposed that at the site of vasculitis and atherosclerosis, expression of gC1qR 

on activated ECs may be enhanced and lead to high-affinity of C1q and HMWK binding, as well as 

possible activation of the coagulation cascades and the generation of BK [315].  

Collectively, EC activation occurs in an inflammatory environment and in turn intensifies the extent of 

inflammation as a consequence of the activation of plasma cascades as well as proinflammatory cytokines 

and chemokines.  
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3.3 Role of the plasma cascades on endothelial cell activation  

Once the plasma cascades are triggered, they act on ECs and augment damage. Excessive complement 

deposits on the endothelium increase vascular permeability, potentiate endothelial procoagulant activity, 

and stimulate the release of cytokines and chemokines. For example, the binding of C1q to its receptors 

cC1qR and gC1qR on endothelium augmented the expression of proinflammatory adhesion molecules, 

leading to the activation of ECs mainly through NF-κB signaling [296, 316]. The cooperation of C1q 

receptors and β-integrins was required to mediate EC adhesion and spreading in a C1q dose dependent 

manner [317, 318]. Anaphylatoxin C5a increased the expression of P-selectin on ECs [319]. Similarly, 

C5b-9 coordinated with TNF-α to stimulate the expression of E-selectin and ICAM-1 [320]. Sublytic 

concentrations of C5b-9 were shown to induce the release of IL-8 and MCP-1 [321]. C5b-9 also stimulated 

ECs via a higher secretion of vWF and new surface expression of intracellular granule membrane protein 

GMP-140 [322]. Furthermore, C5b-9 was confirmed to induce TF expression and enhance endothelial 

procoagulation activity [323]. 

Procoagulant activity also contributes to EC activation. Cell surface expression of TF was induced by TNF-

α and played an important role in increasing the permeability of the endothelial barrier, as well as the 

down-regulation of VE-cadherin expression [324]. It was revealed that an accumulated expression of TF on 

ECs induced cell apoptosis via P38 and P53 pathways [325]. Masanobu et al demonstrated that TF was 

significantly expressed in liver sinus ECs from the rejected grafts in a clinical liver transplantation study 

[326]. Laposata et al reported that thrombin induced gap formation in the confluent monolayer of 

HUVECs, while bradykinin, C3a, and C5a did not affect the integrity of ECs [327].  Later on, it was found 

that the ability of thrombin-induced EC activation was enhanced in the presence of TNF-α through NF-κB 

signaling [328]. And thrombomodulin ameliorated atherosclerosis and neointima formation through 

inhibiting thrombin-induced EC activation in a carotid ligation model [329]. It was reported that platelets 

adhered to endothelium induced by thrombin, leading to enhanced endothelial procoagulant activity [330]. 

Li et al demonstrated that adhesion of activated platelets to thrombin-induced human saphenous vein ECs 

(HSVEC) was mediated through glycoprotein GPIIb/IIIa [331]. For the effects of the fibrinolysis system on 

EC activation, it was reported that incubation of plasminogen and urokinase-like plasminogen activator 

(uPA) with confluent HUVECs caused a retraction of the monolayer and increased the permeability [332].  
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The kallikrein/kinin system also acts on EC activation. BK and kinin metabolites were demonstrated to 

mediate the adherence of monocytes to ECs accompanied with increased expression of ICAM-1 and 

CD11b, contributing to EC activation [333]. Carl et al demonstrated that BK increased the permeability of 

EC monolayers via BR1 and BR2 as well as elastase released by activated polymorphonuclear cells [334]. 

This BK-induced endothelial leakage was confirmed to be transcellular passage instead of paracellular 

diffusion [335] (Figure 8).  

 

Figure 8: Role of the plasma cascade systems on endothelial cell activation. C1qR: C1q receptors; VCAM-

1: vascular cell adhesion molecule 1; ICAM-1: intracellular adhesion molecule 1; MCP-1: monocyte 

chemoattractant protein-1; vWF: von Willebrand factor; TF: tissue factor; TNF-α: tumor necrosis factor-α; 

BK: bradykinin. Schematic illustration is not drawn to scale. 
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3.4 Combined inhibition of plasma cascades and endothelial cell activation 

Based on the reviewed data and our work, here we put forward a novel concept to attenuate I/R injury by 

means of simultaneous inhibition of the plasma cascades and EC activation. C1 INH, low molecular weight 

dextran sulfate, AT III, as well as combined inhibitory approaches, will be discussed.  

C1 INH was first discovered in 1957 [336]. Twenty years later, it was demonstrated that C1 INH 

inactivated C1r and C1s proteases from the first complement component C1 [337, 338]. Wuillemin et al 

found that the inhibitory activity of C1 INH on C1s was increased by 6-130 fold in the presence of GAG 

[284]. Recently, C1 INH has been shown to inhibit MASP-2 50-fold faster than C1s, implying MASP-2 is a 

major physiological target for CI INH [339]. Nielsen et al first reported that supraphysiologic 

concentrations of C1 INH were able to inhibit the activity of three complement pathways in a different 

inhibition pattern [340]. Also C1 INH interacted with C3b to prevent fB from binding to C3b and thus 

inhibited the activation of AP [341].  

In fact, C1 INH not only regulates the complement system, but also the contact system. Jansen et al 

demonstrate that C1 INH treatment significantly reduced the plasma level of FXIIa and prekallikrein in a 

primate sepsis model [342]. Previous studies also showed that C1 INH was a major inhibitor of the human 

plasma KK [343, 344]. The full inhibition of plasma kallikrein by C1 INH explained the activation of 

plasma KK in HAE patients [345]. The role of C1 INH in coagulation is also evidenced in vivo in that 

FVIIa, prothrombin fragments F1 + 2, and thrombin-antithrombin complex (TAT) are significantly 

elevated and recovered to normal in remission [346, 347]. Kusumam et al found that HAE patients treated 

with nanofiltered C1 INH had a reduced level of FXIIa, kallikrein, plasmin, and bradykinin in plasma 

[348].  

The fibrinolytic system is also affected by C1 INH. The complex of tPA/PAI-1 is used as a marker for 

investigating the effects of C1 INH on tPA inhibition. Huisman et al demonstrated that a higher plasma 

level of tPA/C1 INH complex was detected in patients with venous occlusion and peritoneal inflammatory 

disease, indicating an inhibitory activity of C1 INH on the fibrinolytic cascade [349]. It was also reported 

that C1 INH in its native form was able to inhibit the activity of plasmin without degradation [350].  

In addition, C1 INH provides EC protection from I/R injury. C1 INH prevented the release of HS into the 

circulation in a dose dependent manner in an in vitro model of xenograft hyperacute rejection [351]. Our 

previous lower extremity I/R injury study [118] showed that 50IU/kg C1 INH preserved the expression of 

HS in the reperfused muscle tissue. However, in our current hind limb I/R injury study, we found 100IU/kg 
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C1 INH protected the endothelial HS layer, but not 50IU/kg C1 INH (own study, paper II of this thesis, 

unpublished). Cai and Davis reported that C1 INH interfered with leukocyte-EC interaction by binding to 

P- and E-selectin, which may confer a certain degree of EC protection by C1 INH [352]. 

Furthermore, C1 INH has anti-inflammatory functions that are independent of serine protease inhibition. 

Zeerleder et al reported that C1 INH administration protected patients from neutrophil accumulation that 

was supposed to correlate with severe organ dysfunction in sepsis [353]. Inhibition of leukocyte infiltration 

by C1 INH is also evidenced in an inflammatory bowel disease model[354].   

As C1 INH is a multifunctional protein in a serine protease inhibition-dependent and -independent manner, 

it may be a promising intervention to attenuate I/R injury. In experimental animal studies, the beneficial 

effects of C1 INH were shown in reperfusion injury to heart, liver, brain, skeletal muscle, and intestine 

[355-359], as well as in transplantation-induced I/R injury in lung and heart [106, 360]. In a randomized, 

placebo-controlled, double-blinded trial, C1 INH was proven to be a safe and efficient treatment for acute 

attacks in HAE [361]. In a phase 3, randomized, placebo-controlled trial, consistent benefits of C1 INH 

were shown in HAE patients [362]. The efficiency and safety of nanofiltered C1 INH was also reported in a 

short term treatment for HAE attacks in an open-label trial (TRIAL REGISTRATION: clinical trials.gov 

Identifier:NCT00438815) [363]. In addition, C1 INH was identified to effectively inhibit the systemic 

inflammation in trauma patients in the CAESAR study [364]. The effects of C1 INH were also investigated 

in antibody-mediated rejection (AMR) in highly human leukocyte antigen (HLA)-sensitized renal 

transplant recipients.  It appeared that C1 INH may be a safe therapy, which reduced I/R injury but further 

control studies need to be performed, because the levels of C3 and C4 were increased in the C1 INH treated 

group [365].  

Low molecule weight dextran sulfate 5000 (DXS 5000, Mr 5KDa) is a highly sulfated polyglucose and 

belongs to a member of the GAG family. It is known as a glycosaminoglycan analogue with EC protection 

and inhibition of the complement and coagulation cascades.  Laumonier et al demonstrated that DXS acted 

as an EC protectant to replace the shedded HS proteoglycan layer on porcine ECs treated with normal 

human serum (NHS), which mimicked the xenograft rejection model in vitro [366]. Our group also showed 

that DXS was effective in ameliorating acute vascular rejection in a cardiac xenotransplantation model in 

vivo, which accorded with protection of the xenograft endothelium [367]. In our human-to-pig 

xenoperfusion model, DXS showed its EC protection on porcine aortic endothelial cells (PAECs) (own 

study, paper IV of this thesis, unpublished). Wuillemin et al reported that DXS effectively reduced C3 and 

C4 deposition on cells, and it potentiated the complement inhibitory activity of C1 INH [284]. Our group 
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also showed that DXS clearly reduced the deposition of C1q, C3b/c, C4b/c, and C9 in a rat aortic clamping 

model [368]. Also it was confirmed that DXS effectively decreased the deposition of IgM, IgG, C1q, and 

C3b/c in a tissue in tourniquet-induced skeletal muscle I/R injury model [369].  

As for the influence of DXS on the coagulation cascades, Zeerleder et al demonstrated that DXS inhibited 

the activity of FXa and platelet aggregation, as well as prolonging the prothrombin time (PT), the activated 

partial thromboplastin time (APTT), and the thrombin time (TT) [370]. It was also shown that DXS 

decreased fibrin glomerular thrombosis formation score in rats with thrombotic microangiopathy [371]. 

Our previous study showed that DXS also decreased the level of thrombin-antithrombin (TAT) complex in 

plasma in a CPB model in pigs [372]. Mauron et al reported that DXS potentiated the inhibitory activity of 

FXIa by C1 INH to more than 90%, while C1 INH alone inhibited FXIa activation to 50% [373].  

DXS is also active on fibrinolytic system. It was reported that DXS activates plasminogen via urokinase-

type plasminogen activator (uPA) [374, 375]. Miles et al showed that DXS-induced fibrinolytic activity 

relied on the presence of FXII, prekallikrein, and HMWK [376]. FXII was activated by DXS in an in intro 

system including low ionic strength, low concentration of FXII, and an excess of exogenous PK [377]. 

APTT was prolonged after uPA treatment, but it was shortened with the use of DXS [378]. Therefore it was 

recommended to combine the use of uPA and DXS in the clinical thromboembolism cases. 

AT III is a glycoprotein synthesized by liver and is a multifunctional protein similar to C1 INH. It regulates 

the coagulation cascades with inhibitory activities on FIXa, FXa, FXIa, FXIIa, thrombin, and FVIIa/TF 

complex [379-381]. In the kallikrein/kinin system, plasma KK was reported to be inhibited by AT III [382]. 

The fibrinolytic component plasmin was also shown to be regulated by AT III, which can be enhanced by 

heparin [383]. Ogston et al demonstrated that AT III suppressed the esterase activity of C1s in a the 

presence of heparin [384]. The activity of MASP-1 and MASP-2 was also inhibited by AT III in the 

presence of heparin [250]. Furthermore, AT III was shown to prevent the shedding of the endothelial 

glycocalyx layer as well as adherence of platelets to vascular beds in an isolated guinea pig heart I/R injury 

model [385]. The protective effects of AT III were also documented in animal I/R injury studies in renal 

and liver as well as distant lung damage induced by skeletal muscle I/R injury [194, 196, 386]. In a clinical 

phase 2 trial, AT III treatment exerted a significant reduction in the 30-day all-cause mortality in severe 

septic patients [387, 388]. The clinical benefits of AT III were later confirmed on the 90-day quality of life 

score (QoL), in particular, in social and psychologic functioning [389], in a later phase III clinical trial 

(ISRCTN22931023). However, ATIII did not reduce overall mortality and increased the risk of bleeding 
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based on a systemic review with meta-analysis and trial sequential analysis [390]. It was therefore not 

recommend for use in critically ill patients [390].  

A combined inhibition of the plasma cascades and EC protectants might reduce the extent of inflammation 

in I/R injury. For example, Dickneite et al demonstrated that coinfusion of C1 INH with either the inhibitor 

of thrombin recombinant hirudin or AT III showed significantly higher survival rates than thrombin 

inhibitor alone [391].  The combined efficiency of C1 INH and AT III was also reported to decrease 

intravascular fibrin clot formation and improve cardiovascular functions in mean arterial pressure and 

cardiac output following endotoxin shock in rabbits [392]. Combined C1 INH and AT III treatment 

improved mortality in haemorrhagic pancreatitis, while either C1 INH or AT III alone did not show 

beneficial effects [393]. 
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4. Conclusion 
Many studies have elaborated the role of the complement, coagulation, kallikrein/kinin, and EC activation 

in reperfusion injury. Also many papers have documented the beneficial effects of inhibitors of these 

systems or EC protectants. Essentially, not only the plasma cascades are interacting, but also the plasma 

cascades and EC activation. Activation of the plasma cascades acts on EC activation, and EC activation in 

turn influences the activities of the plasma cascade systems. Therefore, it looks promising to aim at the 

inhibition of both plasma cascades and EC activation for attenuating I/R injury. This is a new concept for 

treatment of reperfusion injury and a combined and simultaneous inhibition of the plasma cascades and/or 

EC activation has not been conducted in the field of I/R injury so far. However, we should be very careful 

when interpreting our animal experiments in a clinical setting and even more prudent when transferring our 

therapeutic concepts from animal studies into clinical patients.  
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Aim: The objective was to investigate the influence of the fractions of inspired oxygen (FiO2) on rat hind 

limb IRI and to refine the used inhalation anesthesia.  

 

Conclusion: A refined inhalation anesthesia setting using 40% FiO2, reflecting more or less the clinical 

situation, leads to a more severe and more physiologically relevant reperfusion injury than higher FiO2.  

Oxidative stress did not correlate with FiO2 and seemed to have no influence on reperfusion injury. 
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Inhalation anesthesia of rats: influence
of the fraction of inspired oxygen on
limb ischemia/reperfusion injury

S Zhang1,2, C Duehrkop3, JA Plock4 and R Rieben1

Abstract
Inhalation anesthesia with isoflurane is a well-established and safe method used in small laboratory animals.
In most cases oxygen is used as a carrier gas for isoflurane, but room air or mixtures of oxygen with air or
nitrous oxide are also being used. Anesthesia is therefore administered using different fractions of inspired
oxygen (FiO2), and this may have consequences for the outcome of experiments. The aim of the present study
was to investigate the influence of FiO2 on rat hind limb ischemia/reperfusion injury and to refine the used
inhalation anesthesia. Male Wistar rats were subjected to 3.5 h of ischemia and 2 h of reperfusion, and divided
into three groups according to FiO2 in the O2/air/isoflurane anesthesia gas mixture: 40%, 60%, and 100% O2.
Normal, healthy rats were used as controls. Muscle edema and creatine kinase MM, a marker for myocyte
necrosis, were significantly increased with 40% FiO2 as compared with 100% FiO2 (P< 0.05). Partial pressure
of oxygen, oxygen saturation, and oxyhemoglobin were significantly higher in the 100% O2 group as compared
with 40% O2. No significant differences were detected for other parameters, such as the oxidative stress
markers malondialdehyde and superoxide dismutase. We conclude that a refined inhalation anesthesia set-
ting using 40% FiO2, reflecting more or less the clinical situation, leads to a more severe and more physio-
logically relevant reperfusion injury than higher FiO2. Oxidative stress did not correlate with FiO2 and seemed
to have no influence on reperfusion injury.

Keywords
refinement, ischemia/reperfusion injury, fraction of inspired oxygen, rat

Inhalation anesthesia systems using isoflurane are often
used in laboratory animal studies because they allow
for a safe and easily adjustable anesthesia. In many
studies,1–3 the carrier gas for isoflurane is oxygen.
However, room air or a mixture of oxygen and air or
nitrous oxide have also been used,4–6 resulting in differ-
ences in the fraction of inspired oxygen (FiO2) in
experimental rodent anesthesia protocols. FiO2 is the
fraction or percentage of oxygen in the anesthesia gas
mixture inhaled by the patient or laboratory animal.
Room air is composed of 21% oxygen and 79% nitro-
gen, which is equivalent to an FiO2 of 21%, while pure
oxygen has an FiO2 of 100%. We investigated whether
different FiO2 in the anesthesia gas mixture might influ-
ence the outcome of our rat hind limb ischemia/reper-
fusion injury (IRI) model.

Reperfusion injury of the lower extremity is a
common clinical consequence of surgical interventions

performed under tourniquet application as well as the
treatment of peripheral vascular diseases such as
thrombotic occlusion and embolism. Basically, IRI is
caused by prolonged lack or massive restriction of
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blood supply to a tissue or organ, followed by
re-establishment of the circulation of oxygenated
blood. Paradoxically, reperfusion can aggravate ische-
mic tissue damage, causing an inflammatory reaction
which may lead to both local injury and systemic com-
plications as seen in clinical studies,7,8 and experimen-
tally in rat hind limb IRI models.9,10

During IRI, a complex cascade of inflammatory
reactions occurs, which have been reviewed in detail
previously.11,12 During the ischemic stage, nutrient
depletion and hypoxia may lead to neoepitopes being
expressed particularly in the affected endothelium,
which may be recognized by preformed antibodies cir-
culating in the blood. This triggers the classical and
lectin pathways of complement activation, as shown
in mouse models of intestinal IRI.13,14 Deposition of
complement proteins on the endothelial surface was
shown to be involved in the vascular leakage in
human intestinal IRI15 and in a mouse mesenteric IRI
model.16 Complement activation also leads to anaphy-
latoxin C5a formation, which is a potent chemoattract-
ant for proinflammatory cells. It also initiates
transforming the endothelium from an anticoagulant
and anti-inflammatory to a procoagulant and proin-
flammatory state. Models of rat liver, renal and intes-
tinal IRI showed that to be the case.17–19

It has also been proposed that reintroducing oxygen
during the reperfusion phase may be a triggering factor
for an overproduction of reactive oxygen species
(ROS), which are generated by activated endothelial
cells.20,21 Overproduced ROS thus causes oxidative
stress. For instance, in rat liver and cerebral IRI stu-
dies,22,23 oxidative stress has been demonstrated to
occur and plays an important role in the pathophysi-
ology of reperfusion injury, and experimental treat-
ments based on ROS-scavenging have shown
beneficial effects.24–26 However, in a recent clinical
study on kidney and heart reperfusion injury, bio-
markers of oxidative damage were not released upon
reperfusion, so the causal involvement of ROS and oxi-
dative stress in IRI has been questioned.27

Additionally, tissue oxygen tension (tpO2) decreased
during ischemia and recovered to baseline levels
during reperfusion in a skeletal muscle IRI model.28

However, so far no studies have investigated whether
the oxidative stress, blood oxygenation and tpO2 may
be linked to FiO2 in inhalation anesthesia. Nor is it
clear if they affect experimental reperfusion injury.

To address the above issues, and to refine FiO2 in
small animal inhalation anesthesia, a rat hind limb IRI
model was used, in which FiO2 was varied from 40% to
100%. The effect of FiO2 on reperfusion injury was
assessed by measuring edema formation, muscle viabil-
ity, creatine kinase MM (CK-MM) in plasma, depos-
ition of complement and fibrin in tissue.

Materials and methods

Ethics statement

Animal housing and experimental protocols were
approved by the Cantonal Veterinary Office, Bern,
Switzerland, under license No. BE 05/12, and were in
accordance with Swiss Animal Protection Law and
conform to Directive 2010/63/EU of the European
Parliament and of the Council on the Protection of
Animals used for Scientific Purposes, as well as to the
National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals.

Animals

Adult male Wistar rats aged 7–9 weeks, weighing
between 250 and 350 g, were purchased from
Janvier Labs (Le Genest, France) and used in all
the experiments. The rats were kept in groups of
three animals in clear 1500 cm2 Euro-standard
type IV S cages (Tecniplast, Buguggiate, Italy)
with overall dimensions of 48! 37.5! 21 cm
(length!width! height). Unrestricted feeding was
with standard pelleted maintenance diet (Provimi
Kliba, Kaiseraugst, Switzerland) and water ad lib-
itum. Poplar wood chips were used as bedding mater-
ial (Lignocel, Provimi Kliba). Paper tissue, a piece of
poplar wood with a size of 20! 3.5! 3.5 cm
(length!width! height) and a black polyvinyl chlor-
ide (PVC) tube of 16 cm length and 7.3 cm diameter
were provided as environmental enrichment. Cages
were individually ventilated at 20" 2 #C and 45–
65% relative humidity with a circadian rhythm of
12/12 h. During the light cycle the animals were
exposed to a light intensity of 200 lux.

Experimental design

Animals were subjected to 3.5 h of ischemia and 2 h of
reperfusion, and divided into three groups according to
FiO2 in the anesthesia gas mixture (O2/air/isoflurane):
group 1 (n¼ 7) 40% O2, group 2 (n¼ 6) 60% O2, and
group 3 (n¼ 8) 100% O2. Four normal, healthy rats
were used as controls for comparison. No substances
were administrated to the animals. The numbers of ani-
mals per group were calculated based on the paper
‘Guidelines for the design and statistical analysis of
experiments using laboratory animals’29 and the
ARRIVE guidelines.30 Data on edema formation
(wet/dry ratio) of previous experiments31 have revealed
a difference in the means between experimental and
control groups of 1.1 and a standard deviation of 0.5.
Sample size calculations based on these data have
resulted in at least six animals per group. Due to
technical problems with blood gas analysis for some
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animals, the n numbers had to be increased to n¼ 7 for
the 40% and n¼ 8 for the 100% FiO2 groups. For
normal rats (control group), we observed a very small
standard derivation (<1%) in our earlier study.31 We
therefore decided to limit this group to n¼ 4 in order to
keep the number of animals to a minimum.

Anesthesia and monitoring

Anesthesia was induced by 3% isoflurane in the
oxygen/air mixture according to the experimental
group in a clear, polystyrene induction chamber.
Anesthesia throughout the whole IRI procedure was
then maintained with 2% isoflurane in the same
oxygen/air mixture in a standard rat nose mask
(Provet, Lyssach, Switzerland). The animals were
placed on a heating pad and rectal temperature kept
at 37" 1 #C. Basic parameters (heart rate, breath rate,
pulse distension, breath distension and oxygen satur-
ation [sO2]) were continuously monitored and recorded
every 5min using a MouseOx plus system (Starr Life
Sciences Corp, Oakmont, PA, USA) and MouseOx
plus software version 1.4.9.

Surgical procedure

All animals were placed supine, and the fur on their
neck and on both hind limbs was shaved. The left car-
otid artery was cannulated with a polyethylene tubing
(product code: 800/100/200; Portex, Smiths Medical,
Labhardt AG, Basel, Switzerland) for blood sampling.
The cannula was flushed with approximately 1mL of
heparin solution (100 IE/mL in saline; Laboratory Dr
G Bichsel AG, Interlaken, Switzerland) prior to inser-
tion in the carotid artery and filled with heparin solu-
tion after each blood sampling to prevent clogging.
Care was taken to prevent heparinization of the
animals.

Baseline measurements for blood gas and blood
chemistry analyses and tpO2 in the gastrocnemius
muscle (details below) were performed before surgery.
The used rat hind limb IRI model was performed as
described earlier.32,33 In brief, two microvascular
clamps (B1-V; S&T, Neuhausen, Switzerland) were
used to block arterial blood supply proximal to the
deep femoral artery branch while a tourniquet, con-
nected to a weight of 450 g, was placed underneath
the femoral artery, vein and the sciatic nerve around
the thigh as high as possible. The rats underwent 3.5 h
of ischemia followed by reperfusion for 2 h and stayed
under isoflurane anesthesia during the whole time. At
the end, the rats were sacrificed by exsanguination and
tissue samples from the soleus and gastrocnemius
muscles as well as the lung were taken for further
analysis.

Measurement of muscle and lung edema

To assess edema formation in the muscle and lung, two
pieces of tissue from the gastrocnemius muscle in the
contralateral and reperfused legs, as well as the lung,
were taken, washed in phosphate-buffered saline (PBS),
blotted dry and weighed immediately to get the wet
weight. The pieces were then dried at 80 #C overnight
until constant dry weights were obtained. The ratio of
wet:dry weight was regarded as an indicator for edema
formation.

Muscle viability

Muscle viability was determined using MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium br-
omide, M2128; Sigma-Aldrich, St Louis, MO, USA).
The principle is that mitochondrial dehydrogenases of
living cells reduce the MTT tetrazolium compound to
its purple formazan product. Briefly, muscle tissue was
incubated with 0.1mg MTT/mL PBS at 37 #C over-
night, then transferred to 100% isopropanol at 37 #C
for 6 h. At the end, optical density (OD) of the super-
natant was read at 570 nm (reference wavelength
690 nm, Infinite M1000 spectrophotometer; Tecan,
Männedorf, Switzerland). OD/mg dry weight was
used to quantitate muscle viability.

CK-MM in plasma

To assess myocyte damage, CK-MM was measured in
EDTA plasma using an enzyme-linked immunosorbent
assay (ELISA) kit (2112-2; Life Diagnostics Inc, West
Chester, PA, USA). The assay was performed accord-
ing to the manufacturer’s protocol and the samples
were analyzed in duplicate at baseline and at the end
of reperfusion. Concentrations were determined by
comparing with standards provided with the kit.

Histopathological examination

To assess histopathological changes, one piece of
gastrocnemius muscle from both the contralateral and
reperfused legs, as well a piece from the lung, were
washed in PBS, blotted dry and fixed in 4% formalin
until paraffin embedding and staining with hematoxylin
and eosin (H&E). Hemorrhage, neutrophil infiltration,
myocyte damage, and tissue edema were examined by a
professional pathologist who was blinded to this study.

Immunofluorescence

To detect deposition of antibodies, complement com-
ponents and fibrin, as well as heparan sulfate expres-
sion, immunofluorescence staining was performed.
Briefly, the gastrocnemius muscle from both the
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contralateral and reperfused legs was taken and stored
at –25 #C for further use. Sections with 5 mm thickness
were fixed in acetone and rehydrated in tris-buffered
saline (TBS). Primary antibodies were added and incu-
bated at 4 #C overnight, followed by incubation of sec-
ondary antibodies and 40,6-diamidino-2-phenylindole
(DAPI; Boehringer, Roche Diagnostics, Indianapolis,
IN, USA) for staining of the nuclei at room tempera-
ture for 1 h. Finally, the slides were mounted and cov-
ered. The following primary antibodies were used: goat
anti-rat IgM (3020-08; Southern Biotech, Birmingham,
AL, USA), goat anti-rat IgG (3030-08; Southern
Biotech), rabbit anti-human C3b/c (A0062; Dako,
Baar, Switzerland), goat anti-human C6 (A307;
Quidel, San Diego, CA, USA), rabbit anti-human
fibrinogen (F0111; Dako), and mouse anti-heparan sul-
fate (370255; Amsbio, Abingdon, UK). Secondary anti-
bodies and conjugates were donkey anti-goat Alexa488
(C 2306; Sigma-Aldrich), goat anti-mouse FITC (115-
097-020; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA), and streptavidin-Cy3 (S6402;
Sigma-Aldrich). Images were taken with a fluorescent
microscope (Leica DMI 4000B; Leica Microsystems
Schweiz, Heerbrugg, Switzerland) and analyzed by
ImageJ (NIH, Bethesda, MD, USA) and GraphPad
Prism 6 software (GraphPad Software Inc, San
Diego, CA, USA).

Blood gas and blood chemistry analyses

Samples of 150 mL heparinized arterial blood were
taken from the carotid catheter at baseline, end of
ischemia, 1 h of reperfusion and 2 h of reperfusion.
Partial pressures of oxygen and carbon dioxide (pO2,
pCO2), sO2, pH, base excess (BE), the concentration of
total hemoglobin (tHb), oxyhemoglobin (O2Hb), and
deoxyhemoglobin (HHb), the hematocrit (Hct), the
concentrations of the electrolytes Naþ, Kþ, Ca2þ,
HCO3

& and Cl&, as well as concentrations of glucose
(Glu), lactate (Lac), and osmotic concentration (Osm)
were measured on a Cobas b 123 POC blood gas ana-
lyzer (Roche, Basel, Switzerland).

Tissue oxygen tension

To monitor oxygen delivery and transport from vessels
to tissue during IRI, tpO2 was measured by inserting an
oxygen probe (CC8, Licox; Integra Neurosciences,
Plainsboro, NJ, USA) and a temperature probe
(CC1.SB, Licox; Integra Neurosciences) into the
gastrocnemius muscle through a 16 gauge introducer
catheter (393229, BD Venflon Pro Safety; BD Europe,
Allschwil, Switzerland). The probes were connected to
a digital Licox monitor (Licox CMP; Integra
Neurosciences). Time points at which tpO2 was

recorded were baseline, 1 h of ischemia, 2 h of ischemia,
3 h of ischemia, 3.5 h of ischemia, 1 h of reperfusion,
and 2 h of reperfusion.

Oxidative stress

The oxidative stress markers, malondialdehyde (MDA)
formed from lipid peroxidation, and superoxide dismu-
tase (SOD), were determined in plasma by colorimetric
and fluorometric methods, respectively, using a lipid
peroxidation (118970; Abcam, Cambridge, UK) and
an SOD assay kit (19160; Sigma-Aldrich). The assays
were performed according to the manufacturers’
protocols. Concentration of MDA was determined by
interpolation from a standard curve, while SOD activ-
ity was calculated using the equation provided by the
manufacturer.

Statistical analysis

All data are presented as a mean" standard deviation
(SD). Statistical analyses were done by one-way ana-
lysis of variance (ANOVA), followed by two post hoc
tests with GraphPad Prism 6 software: Bonferroni’s
(to compare a set of selected means) and Dunnett’s
(to compare means with the control group). To com-
pare different inter-group time points (such as breath
rate and heart rate, blood gas analysis, tpO2 and oxi-
dative stress), the areas under the curve (AUC) were
calculated for each experiment, and the groups
were compared by one-way ANOVA with
Bonferroni’s post hoc test. P values <0.05 were con-
sidered statistically significant.

Results

Edema formation

In all groups, ischemia and reperfusion led to signifi-
cantly higher wet/dry ratios – and thus edema forma-
tion – in the reperfused limbs as compared with the
contralateral ones as well as with the normal, healthy
controls. A tendency for increased edema formation
after 3.5 h of ischemia and 2 h of reperfusion
was observed with decreasing FiO2, with a significant
difference between the 40% and 100% O2 groups. The
observed wet/dry ratios were 6.0" 0.62 in the 40% O2

group versus 5.4" 0.36 in the 100% O2 group,
P¼ 0.049 (Figure 1a). No edema was formed in the
contralateral limbs of all three groups when compared
with the hind limbs of the normal, healthy rats.

To assess distant organ damage, wet/dry ratios of
the lungs were also measured, but no edema formation
was found in the lungs in this model with 2 h of reper-
fusion (Figure 1b).
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Muscle viability

Muscle viability was reduced in the reperfused limbs of
all three experimental groups as compared with the
normal controls as shown in Figure 1c. However, no
significant differences were found between experimental
groups. No reduction of muscle viability was found in
the contralateral limbs as compared with the normal
controls.

CK-MM in plasma

CK-MM levels in plasma at the end of reperfusion –
indicating muscle cell necrosis – were 1405" 68.2 ng/
mL in the 40%, 1436" 103.0 ng/mL in the 60%, and
1103" 190.8 ng/mL in the 100% O2 groups. The values
in the 40% and 60% O2 groups were significantly

elevated as compared with the 100% O2 group
(P¼ 0.0031 and P¼ 0.0013, respectively; Figure 1d).
Baseline values were all below the detection limit of
the ELISA kit, i.e. less than 90 ng/mL.

Histopathological findings

Histopathological evaluation by H&E staining revealed
intermediate damage to the gastrocnemius muscle
tissue after 2 h of reperfusion. Myocyte destruction
and muscular edema were observed in each experimen-
tal group to a similar extent, while only low levels of
neutrophil infiltration were seen (Figures 2a–d).
No hemorrhage was observed in all three experimental
groups. Moreover, no histopathological changes were
detectable in the lungs after 2 h of reperfusion (data not
shown).

Figure 1. Edema formation in the muscle (a) and lung (b), muscle viability (c), and creatine kinase MM (CK-MM) in plasma
(d). Error bars indicate mean"SD. *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001. C: contralateral limb; R: reper-
fused limb.
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Deposition of antibodies and complement

Depositions of IgG and IgM, and the complement pro-
teins C3b/c and C6 were detected by immunofluores-
cence. Fluorescence intensities were quantified as
integrated density by Image J and compared between
groups. Both IgG and IgM deposits were significantly
increased in the reperfused limbs of all experimental
groups as compared with the normal controls
(P< 0.0001; Figures 2e–n). For complement, an FiO2

of 40% and 60% led to significantly higher deposition
of C3b/c and C6, as compared with the normal control
group (P< 0.0001), whereas deposition of complement
was not significantly elevated in the rats with an FiO2 of
100% (Figures 3a–j). However, no significant differences
were found in the tissue of reperfused limbs between the
40%, 60% and 100% FiO2 groups for deposition of
antibodies and complement. Similarly, no significant dif-
ferences were found for these markers between the
contralateral limbs and the normal controls.

Deposition of fibrin and expression of
heparan sulfate

Deposition of fibrin was measured as a marker of the
activation of the coagulation system. A significantly
higher level of fibrin deposition was observed in the
tissue of the reperfused limbs in the 40% and 60%
FiO2 groups as compared with the normal controls

(P¼ 0.0016 and P¼ 00036, respectively; Figures 3k–o),
but this was not the case for the 100% FiO2 group.
Expression of heparan sulfate in tissue is known to be
reduced as a consequence of inflammation.34,35 Both the
40% and 100% O2 inhalations led to significantly lower
levels of expression of heparan sulfate in the tissue of the
reperfused legs as compared with the normal controls
(P¼ 0.0004 and P¼ 0.0112 respectively; Figures 3p–t).
However, no significant differences were detected for the
above markers in the reperfused tissue between the
experimental groups, as well as between the contralateral
limbs and the normal controls.

Breath rate and heart rate

All animals showed an increase in breath rates at the
beginning of ischemia. By assessing AUC over the
whole duration of the experiments, a significantly
higher breath rate was observed in the 40% FiO2

group as compared with both the 60% and 100%
FiO2 groups (P¼ 0.0157 and P¼ 0.0461, respectively;
Figure 4). For heart rates, no significant intra-group
changes over time or inter-group differences
(as assessed by AUC) were observed.

Blood gas and blood chemistry analyses

Arterial blood gas and blood chemistry analyses were
performed to assess the effect of FiO2 on blood

Figure 2. Representative images of hematoxylin–eosin stained muscle tissue in the 40% O2 (a), 60% O2 (b), 100% O2 (d)
groups and normal controls (d), as well as deposition of IgG – quantitative analysis (e) and representative images (f–i), and
IgM – quantitative analysis (j) and representative images (k–n). Error bars indicate mean"SD. **P< 0.01; ***P< 0.001;
****P< 0.0001. C: contralateral limb; R: reperfused limb. Scale bar represents 100 mm.
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oxygenation and related parameters. For inter-group
comparison, AUC data were calculated for all param-
eters over time. As shown in Figures 5a–d, an FiO2 of
100% led to significantly higher levels of pO2, sO2 and
O2Hb over time as compared with 40% (P< 0.01),
while HHb was reduced significantly (P< 0.01) in the
100% as compared with the 40% group. No significant
inter-group differences were found for the rest of the
parameters over time by comparing AUC data.
However, we found increased concentrations of Kþ in
each group, while concentrations of Ca2þ and Glu
dropped over time (supplementary Table 1, see http://
lan.sagepub.com).

Tissue oxygen tension

Tissue oxygen tension was measured every hour to
assess oxygen delivery from the blood to the tissue
under different inhaled oxygen concentrations. At base-
line tpO2 was between 20 and 39mmHg, it then
dropped to below 10mmHg during ischemia and rose
again during reperfusion. However, significant differ-
ences between groups for tpO2 were not observed
over time (Figure 6).

Oxidative stress

Analysis of oxidative stress markers was performed to
investigate the influence of different inspired oxygen
concentrations on MDA levels and SOD activities in

citrate plasma. No statistically significant inter-group
differences were found for concentrations of MDA or
SOD activities by comparing AUC data (Figure 7a,
right panel, ANOVA with Bonferroni’s post hoc test).
Also intra-group analyses of MDA values over time did
not reveal significant changes (Figure 7a, left panel,
ANOVA with Dunnett’s post hoc test versus baseline).
However, the SOD activities showed a trend for reduc-
tion over time in all experimental groups, with the value
at 2 h of reperfusion being significantly lower than base-
line in the 40% O2 group (P¼ 0.026, Figure 7b).

Discussion

In this study a rat hind limb IRI model was used in
which FiO2 was varied from 40% to 100% in order to
assess the effect of inhaled oxygen in isoflurane anes-
thesia on reperfusion injury. A more severe muscle
edema formation and a significantly higher level of
CK-MM in plasma were detected in the 40% FiO2 as
compared with the 100% FiO2 group. Clinically, edema
formation and plasma levels of CK-MM, reflecting
myocyte necrosis, are the most important factors to
determine the extent of reperfusion injury. These
tissue injury data are supported by the finding of
C3b/c and fibrin deposition, indicating activation of
the complement and coagulation systems, respectively.
In the 40% and 60% FiO2 groups significantly higher
C3b/c and fibrin depositions were found in the reper-
fused limbs as compared with the contralateral ones

Figure 3. Deposition of C3b/c (a–e), C6 (f–j), fibrin (k–o), and heparan sulfate expression (p–t). Error bars indicate
mean"SD. *P< 0.05; **P< 0.01; ***P< 0.001. C: contralateral limb; R: reperfused limb. Scale bar represents 100 mm.
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and the normal controls, whereas this was not the case
in the 100% FiO2 group. As expected, pO2, sO2, O2Hb
were significantly higher in the 100% FiO2 group than
in the group with 40% FiO2. In addition, breath rate
was significantly elevated in the 40% FiO2 group as
compared with the other two groups. For the rest of
the parameters, no significant inter-group differences
were detected.

Muscle edema was assessed as a basic parameter to
evaluate the severity of reperfusion injury. Edema is
caused by increased vascular permeability due to sub-
stantial inflammation.33,36 Vascular leakage has been
linked to endothelial cell activation, which can be
caused by the deposition of complement37 or by the
presence of cytokines and chemokines.38,39 In our
study, muscle edema was more pronounced in the rats
which underwent hind limb ischemia and reperfusion
while breathing 40% O2 as compared with the rats
breathing 100% O2. This is in line with a study of rat
intestinal IRI40 and a canine model of myocardial
infarction and reperfusion,41 both of which have
shown that an FiO2 of 100% attenuated reperfusion

injury. Also CK-MM, the predominant CK isoenzyme
in skeletal muscle and an indicator for muscle injury,
was less present in the plasma of rats breathing 100%
O2 as compared with 40% and 60% O2, providing fur-
ther evidence for reduced muscle damage in the 100%
O2 group.

Higher FiO2 did not lead to higher tpO2 in the
muscle tissue at the end of reperfusion. This finding
seems to be in contrast to an earlier report, which
showed that tpO2 was significantly elevated over nor-
moxic conditions (21% O2) with FiO2 between 30%
and 100% in normovolemic rats.42 Normoxic condi-
tions were not used in this study because in our (unpub-
lished) experience too many animals died when using
room air/isoflurane anesthesia for hind limb IRI experi-
ments, presumably due to the long duration (>6 h) of
anesthesia. It is also possible that in our study the tpO2

of 40%, 60% and 100% FiO2 was higher than at
normoxic conditions. Furthermore, breath rate was sig-
nificantly elevated in the 40% FiO2 group as compared
with both the 60% and 100% O2 groups. This can be
explained by the reduced acidosis at the end of

Figure 4. Breath rate and heart rate. Values of breath rate (a) and heart rate (b) over time are shown on the left panels
for each group. The corresponding areas under the curve are presented on the right panels. Error bars indicate
mean"SD. *P< 0.05.
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reperfusion (higher pH, supplementary Table 1, see
http://lan.sagepub.com) in the 40% FiO2 group as
compared with the other two groups. So these animals
breathed at an increase rate to fully exhale their

acidosis. Lower oxygen and increased metabolic acids
are the trigger for an increased breath rate.

We did not find any significantly elevated concentra-
tions of MDA in plasma, nor did we find significantly

Figure 5. Blood gas and blood chemistry analyses. Values of pO2 (a), sO2 (b), O2Hb (c), and HHb (d) over time are shown on
the left panels for each group, while the corresponding areas under the curve are presented on the right panels. Error
bars indicate mean"SD. **P< 0.01; ****P< 0.0001. pO2: partial pressure of oxygen, sO2: oxygen saturation, O2Hb: oxy-
hemoglobin, HHB: deoxyhemoglobin.
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Figure 7. MDA concentration and SOD activity in plasma. Concentrations of MDA (a) and levels of SOD activity (b) are
displayed on the left panels, while the corresponding areas under the curve are shown on the right panels. Error bars
indicate mean"SD. *P< 0.05. MDA: malondialdehyde, SOD: superoxide dismutase.

Figure 6. Tissue oxygen tension (tpO2). Data of tpO2 over time are shown on the left panel, while the corresponding areas
under the curve are displayed on the right panel. Error bars indicate mean"SD.
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reduced SOD activities in the experimental groups, with
the exception of the 2 h reperfusion value in the 40%
FiO2 group. These results are consistent with a recently
published clinical study,27 as well as earlier data from
rat IRI studies,40,43 which question the role of oxidative
stress in IRI. Yet our data are different from those in
previous skeletal muscle IRI studies in rabbits.44,45 The
controversial results might be due to differences in
animal species and/or experimental techniques.

Taken together, different FiO2 in the O2/air/isoflur-
ane mixture indeed affected the outcome of the rat hind
limb IRI model in this study. An FiO2 of 40% led to
more severe reperfusion injury than inhalation of
higher oxygen concentrations. The FiO2 of 40% repre-
sents more or less the clinical conditions for standard
anesthesia during surgical interventions and it is more
physiological than the often used 100% FiO2 setting in
rodent models. The latter in fact seems to provide a
certain protection from reperfusion injury. Perhaps
the high pO2 value (200–400mmHg) in the 100% O2

group causes a decreased vasodilator response during
hind limb reperfusion,46,47 and this leads to slower
reperfusion, which has been shown to reduce IRI.33

Conclusions

Our data suggest that anesthesia with an FiO2 of 40%,
reflecting more or less the situation in a clinical setting,
leads to more severe limb IRI than the use of higher
FiO2. Using an FiO2 of 40% for rat anesthesia, in par-
ticular for IRI experiments, may therefore represent
refinement of the animal experimentation model with
more clinical relevance. In addition, we found no link
between FiO2 and the occurrence of oxidative stress
and no indication for an important role of oxidative
stress in our IRI model.
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Abstract  

We investigated the effect of C1 inhibitor on endothelial cell activation in rat hind limb 

reperfusion injury with 2h ischemia and 24h reperfusion. The animals were divided into five 

groups according to intravenous treatment 5 min before ischemia: 1) 50 IU/kg C1 inhibitor 

(n=5), 2) 100 IU/kg C1 inhibitor (n=7), 3) vehicle control (n=5), 4) non-treated control (n=7), 

and 5) normal, healthy control without intervention (n=4). Edema formation was reduced by C1 

inhibitor, mirrored by improved histological injury scores and preserved muscle viability. 

Pretreatment with 100 IU/kg C1 inhibitor also significantly reduced heparan sulfate shedding 

and expression of plasminogen activator inhibitor-1 (PAI-1). In addition, plasma levels of high-

mobility group box 1 (HMGB1) and deposition of IgM, complement fragments C4d and C5b-9, 

and fibrin were significantly decreased compared with non-treated controls. We conclude that 

pretreatment with both 50 and 100 IU/kg C1 inhibitor attenuated reperfusion injury of rat hind 

limbs. Pretreatment with 100 IU/kg also preserved the endothelial heparan sulfate layer as well 

as the natural, pro-fibrinolytic phenotype of the endothelium. Prevention of endothelial cell 

activation by C1 INH may therefore be a promising strategy to prevent I/R injury in the clinical 

setting of elective surgery on extremities, including replantation or transplantation. 
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1. Introduction 

Reperfusion of temporarily ischemic tissue is essential to preserve viability and organ function. 

However, it is often associated with an inflammatory response, which augments tissue injury in 

excess of that initiated by ischemia alone. This phenomenon, termed ischemia/reperfusion (I/R) 

injury, is commonly encountered in myocardial and cerebral infarction, trauma, transplantation, 

tourniquet application in a surgical setting, as well as in peripheral vascular diseases (PAD). 

Several studies [1-3] showed that activation of the complement and coagulation systems are 

involved in the pathogenesis of I/R injury. Endothelial cell (EC) activation is also known to be 

involved in I/R injury, but so far no clinically applicable treatment strategies exist to prevent 

activation of EC in order to reduce reperfusion injury. 

 

Activation of EC is characterized by shedding of the glycocalyx and expression or release of 

damage associated molecular patterns (DAMPs), with consequent activation of the plasma 

cascade systems. Moreover, adhesion molecules are upregulated on the endothelial surface, 

proinflammatory cytokines are released, and inflammatory cells adhere to the endothelium and 

translocate into the surrounding tissue. Shedding of the glycocalyx in I/R injury was first 

demonstrated by Czarnowska et al [4]. Later, Rehm et al [5] reported an elevated plasma 

concentration of syndecan-1 and heparan sulfate in patients after cardiac ischemia on 

cardiopulmonary bypass. Endothelial glycocalyx shedding was also documented in trauma 

patients [6], I/R of isolated guinea pig hearts [7], and vascular inflammation in rats [8]. One of 

the DAMPs involved in I/R injury is high-mobility group box 1 (HMGB-1), which is released 

by necrotic or damaged cells and triggers an inflammatory response in reperfusion injury of 

kidneys in mice [9], as well as hearts in mice and rats [10-12]. With exposure of DAMPs and 

expression of neo-epitopes [13, 14], the complement system may be activated via all three 

pathways, leading to formation of the anaphylatoxins C3a and C5a as well as the membrane 

attack complex C5b-9. The latter has been shown to alter signal transduction in EC [15], 

mediate apoptosis [16], and increase vascular permeability [17, 18]. During ischemia, adhesion 

molecules like E-selectin, P-selectin, and VCAM-1 can be upregulated to induce endothelial-

leukocyte adhesion and endothelial-platelet aggregation [19-21]. As shown in myocardial 

infarction studies [22, 23], an increased production and secretion of plasminogen activator 

inhibitor-1 (PAI-1) by activated ECs plays a key role in the transition of the endothelium from a 

resting, anti-coagulant and pro-fibrinolytic state to an activated, pro-coagulant and anti-

fibrinolytic state. 
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C1 inhibitor (C1 INH), a member of the serine protease inhibitor family, is an important 

regulator of all three plasma cascade systems, namely complement, coagulation, and kallikrein / 

kinin. Its beneficial effect in I/R injury models was documented in liver and hind limbs in rats 

[24, 25], kidney in swine [26], and brain in mice [27]. The favorable effect of C1 INH in 

reperfusion injury may not only result from serine protease inhibition alone, but also from 

attenuation of leukocyte-mediated inflammation [27-29]. Cai and Davis [30] reported that C1 

INH could interfere with leukocyte-EC interaction by binding to P- and E-selectin. 

 

The direct effect of C1 INH on EC activation in I/R injury has not been investigated so far. In 

the current study we hypothesized that C1 INH would reduce the extent of reperfusion injury by 

preventing EC activation, and tested this hypothesis in a rat hind limb I/R injury model.  

 

2. Materials and Methods 

2.1. Animals.  

Male Wistar rats (wild type, bred at the central animal facility, University of Bern), weighing 

between 250g and 320g, were used in this study. All animals were housed under standard 

conditions with water and food ad lib. All animal experiments were performed in accordance 

with the terms of the Swiss animal protection law and were approved by the animal 

experimentation committee of the cantonal veterinary service (Canton of Bern, Switzerland). 

Experimental protocols were refined according to the 3R principles and state-of-the-art 

anesthesia and pain management were used to minimize the number of animals and to reduce 

the exposure of the animals to stress and pain during the experiments. 

 

2.2. Reagents.  

C1 esterase inhibitor (Berinert) and the respective vehicle (10 mg/ml glycine, 2.9 mg/ml sodium 

citrate, 8.5 mg/ml sodium chloride, pH 7.0) were provided by CSL Behring (CSL Behring 

GmbH, Marburg, Germany and CSL Behring, AG, Bern, Switzerland, respectively). 

 

2.3. Experimental groups.  

Rats were divided into five groups according to intravenous pretreatment 5 min before 

induction of ischemia. The experimental group 1 (n=5) received a dose of 50 IU/kg of human 

C1 INH, given as intravenous injection of 250-320 µl of a 50 IU/ml solution into the tail vein. 

Experimental group 2 (n=7) received a dose of 100 IU/kg of human C1 INH. The control group 

1 (n=5) received C1 INH vehicle (glycine-citrate buffer, 250-320 µl). Control group 2 (n=7, 
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non-treated group) underwent ischemia/reperfusion injury without any treatment. Control group 

3 (n=4, normal) consisted of normal healthy rats without any form of intervention. 

 

2.4. Experimental procedure.  

Anesthesia was induced with 3% isoflurane in 50% oxygen / air in a clear, polystyrene 

induction box and later maintained at 2% isoflurane using a standard rat nose mask (Provet, 

Lyssach, Switzerland). Analgesia was provided by 0.05 mg/kg of buprenorphine (Temgesic, 

Reckitt Benckiser, Switzerland AG), injected subcutaneously 30 minutes prior to the surgical 

intervention. The animals were placed on a heating pad and the rectal temperature kept at 37 ± 

1°C. A Mouse-Ox plus System (Starr Life Sciences, Oakmont, PA, USA) was used to monitor 

and record rectal temperature, heart- and breath rates and arterial oxygen saturation throughout 

the anesthesia. Following groin incision, femoral artery, vein, and nerve were isolated and the 

femoral artery was clamped by two microvascular clamps (B1-V, S&T, Neuhausen, 

Switzerland) proximal to the deep femoral artery branch. To block collateral circulation, a 

tourniquet, connected to a weight of 450 g, was placed underneath the femoral vessels around 

the thigh as high as possible, without blocking the femoral vein. The rats underwent 2h 

ischemia followed by 24h reperfusion by releasing the vascular clamps and the tourniquet. At 

the onset of reperfusion, the rats were allowed to wake up and another dose of 0.05 mg/kg of 

buprenorphine was given to provide adequate analgesia. At the end of the 24h reperfusion 

period, the rats were anesthetized again and sacrificed by exsanguination during organ removal 

in deep anesthesia. Blood was collected and tissue samples from the gastrocnemius muscle were 

taken for further analysis.  

 

2.5. Estimation of edema formation in muscle.  

To assess edema formation in the affected gastrocnemius muscle, two pieces of muscle tissue in 

contralateral and reperfused limbs were taken, rinsed with PBS, blotted dry and weighed 

immediately to get the wet weight. The muscle pieces were then dried at 80°C overnight until a 

constant dry weight was obtained. The ratio of wet weight to dry weight (w/d ratio) was 

calculated as an indicator of edema formation within the muscle. 
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2.6. Muscle viability assay. 

To assess muscle viability, an MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide, M2128, Sigma) assay was performed. This assay relies on mitochondrial 

dehydrogenases, present in living cells, which can convert the MTT tetrazolium compound to 

its purple formazan dye. Dead cells are not able to catalyze this reaction. In brief, a piece of 

muscle tissue was incubated with 0.1 mg MTT/ml in PBS at 37°C for 2h, thereafter transferred 

to 100% isopropanol at 37°C overnight to extract the purple formazan dye from the tissue. 

Finally, the optical density of supernatant was measured at 570/690 nm (Infinite M1000 

spectrophotometer, Tecan, Männedorf, Switzerland) and OD/mg dry muscle weight was used as 

a parameter for muscle viability and percent viability was calculated as: 

!"!/!!"!!"#"!$%!"#!!"#$
!"!/!!"!!"#$%&'&$(%&'!!"#$ ∗ 100. 

 

2.7. Evaluation of histopathological changes.  

To evaluate histopathological changes after reperfusion injury, a piece of gastrocnemius muscle 

was taken, rinsed with PBS, blotted dry and fixed in 4% buffered formalin followed by  paraffin 

embedding and hematoxylin / eosin (H&E) staining. Hemorrhage, neutrophil infiltration, 

myocyte damage, and edema were examined in a blinded manner by a broad certified 

pathologist familiar with I/R injury. A score of 0-2 was allocated to each of the four parameters, 

resulting in a total histological injury score ranging from 0-8.  

 

2.8. Immunofluorescence.  

Deposition of antibody, complement components and coagulation markers, and expression of 

heparan sulfate (HS), plasminogen activator inhibitor-1 (PAI-1), E-selectin, and vascular cell 

adhesion molecule-1 (VCAM-1) were all analyzed by immunofluorescence. In brief, muscle 

tissue samples from both legs were rinsed in PBS, blotted dry, embedded in OCT matrix 

(Tissue-Tek, Sakura Finetek Europe B.V., Leiden, The Netherlands), and stored at —25°C until 

cryosections were made and stained. The following antibodies were used: Goat anti-rat 

biotinylated-IgM (3020-08; Southern Biotech, Birmingham, AL, USA), rabbit anti-rat C1r (bs-

15086R, Bioss Inc., Woburn, Massachusetts, USA), rabbit anti-rat C4d (HP8034, Hycult 

Biotech, Uden, Netherland), mouse anti-rat C5b-9 (mAb 2A1, Hycult Biotech), rabbit anti-

human fibrin (F0111, Dako, Glostrup, Denmark), mouse anti-HS (370255, Amsbio, Abingdon, 

UK), rabbit anti-rat PAI-1 (sc-8979, Santa Cruz Biotechnology, Inc., Texas, USA), rabbit anti-

human E-selectin (bs-1273R, Bioss Inc.), and rabbit anti-rat VCAM-1 (bs-0920R, Bioss Inc.). 

The polyclonal anti-human antibodies are known to be cross-reactive with the respective rat 
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antigens. The secondary antibodies and conjugates were sheep anti-rabbit IgG Cy3 (C 2306; 

Sigma, St. Louis, MO, USA), goat anti-mouse IgG alexa488 (A-21121; Thermo Fisher 

Scientific), goat anti-mouse IgM FITC (115-097-020; Jackson ImmunoResearch Laboratories, 

West Grove, PA, USA), and streptavidin-Cy3 (S6402; Sigma). Nuclei were stained with 4’,6-

diamidino-2-phenylindole (DAPI; Boehringer, Roche Diagnostics, Indianapolis, IN, USA). 

Images were taken with a fluorescent microscope (Leica DMI 4000B, Leica Microsystems 

Schweiz AG, Heerbrugg, Switzerland) and analyzed by ImageJ (National Institutes of Health, 

Bethesda, MD, USA) and GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). 

Fluorescence intensities or mean gray values were used for statistical comparison between 

groups. If the staining was observed throughout the tissue (IgM, fibrin, HS, and PAI-1), the 

whole area of the image was selected and analyzed, and integrated density was determined. 

When the signal was present specifically in blood vessels (C1r, C4d, C5b-9, E-selectin, and 

VCAM-1), only blood vessels were selected and the mean gray value was used to express the 

strength of the staining. 

 

2.9. ELISA for C1 INH and HMGB-1.  

To determine the levels of human C1 INH and rat HMGB-1 in plasma, a home-made sandwich-

ELISA was performed. In brief, capture antibodies and HRP-conjugated detection antibodies 

were used, followed by TMB (3,3’,5,5’-Tetramethylbenzidine) for color development, stopped 

by 1 mol/L H2SO4. At the end, optical density was measured at 450/650 nm for C1 INH and 

450/540 nm for HMGB-1 (Infinite M1000 spectrophotometer, Tecan).  Goat anti-human C1 

INH (CL20023AP; Cedarlane, Canada) and HRP conjugated goat anti-human C1 INH 

(CL20023HP, Cedarlane) were used as capture and detection antibodies, respectively. Rabbit 

anti-rat HMGB-1 (H9539; Sigma-Aldrich) and HRP conjugated rabbit anti-rat HMGB-1 

(ab128129; Abcam, Cambridge, UK) were used as capture and detection antibodies, 

respectively.  

 

2.10. Statistical analysis.  

All data are presented as a mean ± standard deviation (SD). Statistical analyses were performed 

by GraphPad Prism 6 software using one-way analysis of variance (ANOVA) followed by 

Fisher’s LSD post hoc test to compare means of all groups. For comparing human C1 INH 

concentrations in plasma at the end of ischemia, unpaired t test was used. In the figures of this 

paper, statistical significance is only given for experimental groups 1 and 2 and control groups 1 

and 2 to preserve visibility. P values <0.05 were considered statistically significant. 

 



! 96 

3. Results 

3.1 Edema formation, muscle viability, histological evaluation.  

Upon administration, edema formation in the reperfused limbs was significantly reduced both 

with 50 IU/kg (w/d ratio 5.07 ± 0.48, p=0.002) and 100 IU/kg (5.05 ± 0.50, p=0.001), as well as 

with the vehicle control group (5.21 ± 0.25, p=0.014), when compared with the non-treated 

group (5.69 ± 0.40) (Figure 1a). The protective effect of C1 INH was further evidenced by 

increased muscle viability (50 IU/kg C1 INH: 92.7 ± 9.8%, p= 0.004; 100 IU/kg C1 INH: 96.7 

± 14.5%, p=0.001) versus 60.6 ± 25.1% in the non-treated group (Figure 1b). Muscle viability 

of tissue from normal, healthy controls was 102.1 ± 16.6%. Histologically, a significantly 

higher injury score was found in the non-treated group (3.7 ± 1.5) compared to C1 INH treated 

groups (50 IU/kg: 1.0 ± 0.8, p<0.0001; 100 IU/kg: 2.1 ± 1.1, p=0.001) (Figure 1c-d). The 

histological injury score in the 50 IU/kg C1 INH pretreatment group was also significantly 

lower than the ones obtained for 100 IU/kg C1 INH (p=0.030) and vehicle (2.8 ± 1.1, p=0.002). 

No overt edema formation or tissue injury could be detected in tissue samples of the 

contralateral limbs, which did not undergo I/R, and in the limbs of normal, healthy rats without 

any intervention.   

 

3.2. Deposition of IgM, C1r, C4d, and C5b-9.  

To investigate the effect of C1 INH on natural antibody deposition and complement activation, 

IgM, C1r, C4d, and membrane attack complex C5b-9 were stained in the gastrocnemius muscle 

tissue by immunofluorescence. Deposition of all these proteins was significantly increased in 

the reperfused muscle tissue of the non-treated group compared to normal, healthy controls. 

Pre-treatment of animals with 100 IU/kg C1 INH led to a significant reduction of IgM, C4d, and 

C5b-9 deposits compared to the non-treated animals (p<0.0001, p<0.0001, and p=0.002, 

respectively), while a dose of 50 IU/kg C1 INH only led to a significant reduction of C4d 

deposition (p=0.008). In contrast, C1r deposition was not decreased by C1 INH administration. 

Compared to the non-treated group, tissue deposition of IgM and C4d was also significantly 

reduced in the vehicle group (p=0.012 and p=0.011, respectively, Figure 2). 

 

3.3. Deposition of fibrin in tissue.  

To assess the role of the coagulation system in the model, we performed tissue staining for 

fibrin deposition. Compared to normal, healthy controls, strong fibrin deposition was observed 

in the reperfused limbs of non-treated and vehicle-treated animals. This was significantly 

reduced in animals treated with 100 IU/kg C1 INH (p=0.002 vs. non-treated and p<0.0001 vs. 
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vehicle).  In addition, pre-treatment with 50 IU/kg C1 INH led to a significant reduction of 

fibrin deposition compared to the vehicle-treated animals (p=0.006, Figure 3).  

 

3.4 Human C1 INH in plasma.  

Human C1 INH plasma concentrations were measured at baseline, end of ischemia, and end of 

reperfusion. The highest levels were found at the end of ischemia and correspond to the 

expected maximum plasma concentrations: 2.6 ± 1.3 IU/ml in the rats treated with 100 IU/kg 

and 1.2 ± 0.4 IU/ml when 50 IU/kg were given. After 24h of reperfusion no detectable human 

C1 INH was present in the plasma anymore (Figure 4).  

 

3.5 HMGB-1 in plasma.  

At the end of reperfusion, HMGB-1 in plasma was significantly reduced by 50 IU/kg C1 INH 

(27.3 ± 3.8 ng/ml, p=0.003), 100 IU/kg C1 INH (24.3 ± 4.0 ng/ml, p<0.0001), and vehicle 

treatment (28.9 ± 2.1 ng/ml, p=0.014) compared to the non-treated animals (34.7 ± 4.8 ng/ml, 

Figure 5). 

 

3.6. Expression of heparan sulfate, PAI-1, E-selectin, and VCAM-1 in tissue.  

To assess EC activation and C1 INH-mediated EC protection, staining for HS and PAI-1, as 

well as the adhesion molecules E-selectin and VCAM-1 was carried out. Compared with 

healthy controls, expression of HS was significantly reduced in muscle tissue of reperfused as 

well as contralateral limbs of non-treated and vehicle-treated rats (Figure 6a). Pre-treatment of 

rats with 100 IU/kg C1 INH significantly reduced I/R-induced HS shedding compared to the 

non-treated group (p=0.0001 and p=0.001, respectively), both between reperfused limbs and 

between contralateral limbs. 100IU/kg C1 INH also led to a significant reduction of HS 

shedding in the reperfused limbs compared with the vehicle group (p=0.028). Furthermore, a 

significant increase of HS staining compared to non-treated controls was also observed with a 

dose of 50 IU/kg (p=0.022 and p=0.007, respectively, Figure 6a), both between reperfused 

limbs and between contralateral limbs. For PAI-1 expression, a reciprocal pattern to HS was 

observed, with increased levels compared with normal, healthy controls in the reperfused as 

well as contralateral limbs of the vehicle group (p=0.001 and p=0.01, respectively). An increase 

of PAI-1 expression compared with healthy controls was also visible in the non-treated group, 

both in the reperfused and contralateral limbs, but did not reach statistical significance (p = 

0.113 and 0.153, respectively. Figure 6b). C1 INH-treatment led to a significant reduction of 

PAI-1 expression compared to vehicle-treated animals, both in reperfused limbs of 50 IU/kg and 
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100 IU/kg groups (p=0.001 and p=0.0001, respectively) and in contralateral limbs of these two 

groups (p=0.006 and p=0.002). However, differences between PAI-1 expression in non-treated 

and C1 INH-treated animals were not significant (Figure 6b). 

Expression of E-selectin and VCAM-1 was significantly increased in reperfused limbs of the 

experimental groups compared with normal animals without any intervention. No increase of 

expression was observed in contralateral limbs. A tendency of lower E-selectin expression was 

observed in reperfused limbs of animals treated with 50IU/kg C1 INH when compared with 

non-treated animals (p=0.060). However, no statistical differences were detected between these 

groups (Figure 6c-d).  

 

4. Discussion 

This study provides evidence that treatment with C1 INH limits the extent of reperfusion injury 

in a rat hind limb I/R injury model by preserving the natural anticoagulant and pro-fibrinolytic 

phenotype of the endothelium. C1 INH significantly reduced edema formation and histological 

injury, and preserved muscle viability in tissue. On a cellular level, C1 INH reduced shedding of 

HS, expression of PAI-1, release of HMGB-1, deposition of antibody, complement and fibrin. 

All of these markers are linked to EC activation either directly or indirectly during I/R injury.  

Binding of natural antibodies and complement activation have been shown to be involved in 

inflammatory responses following reperfusion [31, 32]. Our study confirms this by 

demonstrating that deposition of IgM, C1r, C4d, and C5b-9 was significantly increased in 

reperfused limbs of the non-treated I/R injury group. Pre-treatment with 100 IU/kg C1 INH 

reduced deposition of IgM, C4d, and C5b-9, consistent with earlier data from other groups 

obtained via in vitro [33], ex-vivo [34], and in vivo experiments [35]. Deposition of the C1 

complex, measured as C1r, was not affected by C1 INH administration. This is in line with 

earlier data of our own group [25] and suggests that the protective role of C1 INH may not 

depend on inhibition of C1 activation [36].  

As reported earlier in reperfusion injury studies in brain and liver [37, 38], fibrin deposition was 

significantly increased in reperfused limbs of the I/R injury group without treatment as well as 

the vehicle-treatment group. Pretreatment of the rats with 100 IU/kg C1 INH clearly reduced 

fibrin deposition, suggesting either a direct effect of C1 INH treatment on the coagulation 

cascade or an indirect effect via prevention of EC activation. 

Shedding of heparan sulfate proteoglycans and up-regulation of PAI-1 are key events in EC 

activation and transition to a pro-coagulant and anti-fibrinolytic phenotype. Heparan sulfate is 

one of the most common proteoglycans on the EC surface and importantly helps maintain the 

anti-inflammatory and anti-coagulant properties of healthy endothelium [39, 40]. In the present 
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study, loss of HS expression was observed in both contralateral and reperfused limbs following 

I/R, in line with previous data published by Rehm et al. [5]. Shedding of HS was prevented by 

pretreatment with both 50 IU/kg and 100 IU/kg, consistent with earlier reports in a xenograft 

rejection model [41] and our own data [25]. 

PAI-1 is a member of the serine protease inhibitor (serpin) family and a key regulator of the 

fibrinolytic system. Increased PAI-1 expression is a marker of EC activation, indicating 

decreased fibrinolytic activity of the endothelium [42]. Our data show that expression of PAI-1 

was significantly increased in the vehicle group, confirming data from previous reperfusion 

injury studies in liver and kidney [43, 44]. Pretreatment with both doses of C1 INH reduced 

PAI-1 expression, mirrored by decreased fibrin deposition. Together, these data suggest that C1 

INH administration preserved the endothelial heparan sulfate layer as well as the natural, anti-

coagulant and pro-fibrinolytic phenotype of the endothelium as shown by reduced PAI-1 

expression and fibrin deposition.  

Expression of the adhesion molecules E-selectin and VCAM-1 was found in tissue from 

reperfused limbs in all groups. Pretreatment of the rats with C1 INH did not lead to significant 

down-regulation of E-selectin or VCAM-1 expression. Previous studies showed E-selectin 

binding via sialyl-Lewisx tetrasaccharides on N-linked glycans of C1 INH, correlating with 

reduced leukocyte infiltration in a mouse peritonitis model [30, 45]. However, reduced 

expression of E-selectin by C1 INH has only been reported in xenotransplantation models, in 

which EC activation is completely dependent on complement [46]. Down-regulation of VCAM-

1 mRNA in the liver was described in a rat LPS-induced sepsis model in which the animals 

were treated with 100 IU/kg C1 INH, but endothelial expression of VCAM-1 was not analyzed 

in this study [47]. 

In addition, higher levels of HMGB-1, as a potent mediator of inflammation, further supported 

severe I/R injury in the non-treated animals via toll like receptors (TLR) as shown in liver and 

kidney I/R injury model [9, 48].  Pretreatment with C1 INH significantly reduced plasma 

concentrations of HMGB-1, which has not been experimentally reported to date. Together with 

positive results of antibody, complement, coagulation, and EC activation from C1 INH-treated 

groups, suggesting that C1 INH is a multi-faceted anti-inflammation protein independent of its 

serine protease inhibition [49]. 

Interestingly in our study, treatment of the rats by vehicle alone also showed a significant 

reduction in edema formation, deposition of IgM and C4d, and release of HMGB-1. This might 

be explained by the presence of sodium citrate in the vehicle solution, which is an anti-

coagulant, but also has an effect on complement activation in whole blood [50]. This may have 

been enough to reduce C4d binding to EC, leading to lower EC activation (lower expression of 

HMGB-1) and thus a reduced vascular leakage (reduced edema formation). However, vehicle-
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only treatment had no effect on HS shedding and led to increased PAI-1 expression and 

therefore transition of the endothelium to a procoagulant and anti-fibrinolytic phenotype. 

Consequently, a (not significant) trend for increased fibrin deposition was seen in the vehicle-

treated group and neither muscle viability nor histological injury scores were better in this group 

than no treatment. 

 

Conclusions 

In summary, pre-treatment of rats with both 50 IU/kg and 100 IU/kg C1 INH limited the extent 

of rat hind limb I/R injury. The mechanism by which C1 INH achieves this beneficial effect 

seems to be a reduction of EC activation, as reflected by prevention of HS shedding and 

reduced expression of PAI-1 and HMGB-1, which were particularly apparent at a dose of 100 

IU/kg. Preoperative EC protection by C1 INH may therefore be a promising strategy to prevent 

I/R injury in the clinical setting of elective surgery on extremities, including replantation or 

transplantation. 
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Figures and Legends 

 

 

FIGURE 1: Effect of C1 INH on edema formation, muscle viability and histological injury in muscle 

tissue.  (a) Analysis of edema formation in gastrocnemius muscle in both the contralateral and reperfused 

limbs. (b) Viability of gastrocnemius muscle assessed by MTT assay. (c) Histological assessment by 

H&E staining. (d) Representative images of H&E-stained tissue in each group. One-way ANOVA 

followed by Fisher’s LSD post hoc test was used. Data of individual experiments are shown by dots with 

indication of mean ± SD by lines. *P<0.05; **P<0.01; ****P<0.0001. C - contralateral limb; R - 

reperfused limb. Scale bar represents 100 µm. 
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FIGURE 2: Analysis of deposition of antibody and complement fragments in muscle tissue. (a) Deposition 

of IgM. (b) Deposition of C1r. (c) Deposition of C4d. (d) Deposition of C5b-9. Statistical analyses are 

shown on the left and corresponding representative images on the right. One-way ANOVA followed by 

Fisher’s LSD post hoc test was used. Data of individual experiments are shown by dots with indication of 

mean ± SD by lines. *P<0.05; **P<0.01; ****P<0.0001. C – contralateral limb; R – reperfused limb. 

Scale bar represents 100 µm.   
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FIGURE 3: Deposition of fibrin formation in muscle tissue. Statistical analyses are shown on the left and 

the corresponding representative images on the right. One-way ANOVA followed by Fisher’s LSD post 

hoc test was used. Data of individual experiments are shown by dots with indication of mean ± SD by 

lines. **P<0.01; ****P<0.0001. C – contralateral limb; R – reperfused limb. Scale bar represents 100 

µm.  
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FIGURE 4: Plasma levels of human C1 INH. The concentration of human C1 INH in rat plasma was 

measured by species-specific ELISA. Statistical analysis was performed by non-paired t-test. Data show 

mean ± SD for C1 INH plasma levels over time.  
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FIGURE 5: Plasma level of HMGB-1. The concentration of HMGB-1 in rat plasma was measured by 

species-specific ELISA. One-way ANOVA followed by Fisher’s LSD post hoc test was used. Data of 

individual experiments are shown by dots with indication of mean ± SD by lines. *P<0.05; **P<0.01; 

****P<0.0001. C – contralateral limb; R – reperfused limb. Scale bar represents 100 µm. 
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FIGURE 6: Analysis of endothelial cell markers in muscle tissue. (a) Expression of heparan sulfate. (b) 

Expression of PAI-1. (c) Expression of E-selectin. (d) Expression of VCAM-1. Statistical analyses are 

shown on the left, and the corresponding representative images are on the right. One-way ANOVA 

followed by Fisher’s LSD post hoc test was used. Data of individual experiments are shown by dots with 

indication of mean ± SD by lines. *P<0.05; ***P<0.001. C - contralateral limb; R - reperfused limb. 

Scale bar represents 100 µm. 
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Status: In submission for publication to Bone.  

 

Aim: The aim was to see whether we can find signs of bone IRI and to study the involved 

pathophysiological mechanisms.   

 

Conclusion: Ischemia and reperfusion of bone leads to activation of the complement and 

coagulation systems and a downregulation of the fibrinolytic cascade. In the acute phase, a 

vascular inflammation induced by activation of the plasma cascade systems therefore occurs 

in the bone. This is similar to I/R injury of other vascularized organs and tissues. 

 

 

 

 

 

 

 

 

 

 

 

Figure: (A) The tibia bone. (B) Expression of tissue factor in normal bone marrow. 
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Highlights 

• Ischemia/reperfusion (I/R) injury of bone was assessed in a rat hind limb model 

• Complement and coagulation were up regulated in I/R injury of bone. 

• Fibrinolysis was down regulated in I/R of bone.  
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Abstract  

Ischemia/reperfusion (I/R) injury has been extensively studied in organs such as heart, brain, liver, 

kidney, and lung. As a vascularized organ, bone is known to be susceptible to I/R injury too, but the 

respective mechanisms are not well understood to date. We therefore asked the question whether 

plasma cascade-induced inflammation plays a role in bone I/R injury similar to other organs. 

Reperfusion injury in rat tibia was induced by unilateral clamping of the femoral artery and additional 

use of a tourniquet, while keeping the femoral vein patent to prevent venous congestion. Rats were 

subjected to 4h ischemia and 24h reperfusion. Deposition of complement fragment C3b/c and fibrin 

as well as expression of tissue factor (TF), tissue plasminogen activator (tPA), plasminogen activator 

inhibitor-1 (PAI-1), and E-selectin was detected by immunohistochemistry. In plasma, the levels of 

high mobility group box-1 (HMGB-1) were measured by ELISA. The total level of complement in 

serum was assessed by the CH50 test. Our results show that deposition of C3b/c was significantly 

increased with respect to healthy controls in cortical bone as well as in marrow of reperfused limbs. 

C3b/c deposition was also increased in cortical bone, but not in bone marrow of contralateral limbs. 

Deposition of fibrin, as well as expression of PAI-1, were significantly increased in bone after 

ischemia and reperfusion, whereas expression of tPA was reduced. These differences were most 

prominent in vessels of bone, both in marrow and cortical bone, and both in reperfused and 

contralateral limbs. However, PAI-1, was only increased in vessels of reperfused cortical bone and 

there were no significant changes in expression of E-selectin. CH50 values in serum decreased over 

time and HMGB-1 was significantly increased in plasma of animals at the end of reperfusion. We 

conclude that ischemia and reperfusion of bone leads to activation of the complement and coagulation 

systems and a downregulation of the fibrinolytic cascade. In the acute phase, a vascular inflammation 

induced by activation of the plasma cascade systems therefore occurs in the bone. This is similar to 

I/R injury of other vascularized organs and tissues.  

 

 

 

 

Keywords: Bone, ischemia/reperfusion injury, complement, coagulation, fibrinolysis 
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1. Introduction  

As a vascularized organ, bone is known to be susceptible to ischemia/reperfusion (I/R) injury [1, 2]. 

This can be the case in traumatic or non-traumatic conditions, for example in limb replantation, 

transplantation, but also in surgery on the extremities in general. All cells including osteoblasts, 

osteocytes, osteoclasts, chondrocytes, and bone marrow cells can be affected and involved in sterile 

inflammation during reperfusion injury, leading to disruption of bone homeostasis or cell death [3, 4]. 

We therefore wanted to study the mechanisms involved in bone I/R injury, focusing on the activation 

of the plasma cascade systems and involvement of bone vasculature.  

Accumulating studies have already documented the role of the complement cascade in reperfusion 

injury [5-7]. During ischemia, damage associated molecule patterns (DAMPs) such as HMGB-1 are 

induced and expressed on the cell surface, which can be recognized by circulating natural antibodies 

and trigger complement activation [8-10]. Anaphylatoxins C3a and C5a as well as the membrane 

attack complex C5b-9 are subsequently formed. It was reported that mice with C3 deficiency were 

protected from skeletal muscle I/R injury, which was restored after reconstitution with serum from 

normal mice [11]. Also C5-deficient mice showed 48% less reperfusion injury than wild-type mice in 

a hind limb I/R injury model [12]. However, reperfusion injury was reestablished after reconstitution 

with wild-type serum, suggesting an important role of C5b-9 in the development of skeletal muscle 

I/R injury [12]. 

Also the coagulation cascade plays an important role in I/R injury. This was for example 

demonstrated in hind limb I/R injury, in which fibrin deposition and plasma levels of thrombotic 

marker were increased [13, 14]. Under quiescent conditions, endothelium maintains its anti-coagulant 

and pro-fibrinolytic state by regulation of the fibrinolytic system. Among others, tissue-type 

plasminogen activator (tPA) is a major fibrinolytic marker. Fibrinolysis was shown to be impaired in 

a clinical limb I/R injury study as confirmed by the reduced levels of tPA in blood [15]. In addition to 

its effect in the fibrinolytic cascade, tPA modulates reperfusion injury-induced inflammation via 

neutrophil influx in lung and kidney in mice [16, 17]. The principle inhibitor of tPA, plasminogen 

activator inhibitor 1 (PAI-1), is mainly synthesized by activated endothelial cells (ECs). Increased 

concentrations of PAI-1 are associated with hypercoagulant disorders in thrombotic diseases and I/R 

injury [18, 19]. Higher PAI-1 and/or lower tPA levels shift healthy endothelium into a pro-coagulant 

and anti-fibrinolytic phenotype. 

Studies on reperfusion injury of bone are limited and the respective mechanisms of bone I/R injury 

are not well understood to date. In the present study we therefore asked the question whether plasma 

cascade systems-induced inflammation plays a role in bone I/R injury as occurs in other organs.  
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2. Materials and methods 

2.1 Animals 

Male Wistar rats (wild type, bred at the central animal facility, University of Bern), weighing between 

280g and 320g, were used in this study. All animals were housed under standard conditions with 

water and food ad lib. All animal experiments were performed in accordance with the U.K. Animals 

Act (scientific procedures) and the health Guide for the Care and Use of Laboratory Animals, as well 

as the Swiss animal protection law. All animal studies complied with the ARRIVE guidelines. The 

animal experimentation committee of the cantonal veterinary service (Canton of Bern, Switzerland) 

approved all animal procedures, permission no. BE70/14. Experimental protocols were refined 

according to the 3R principles and state-of-the-art anesthesia and pain management were used to 

minimize the number of animals and reduce the exposure of the animals to stress and pain during the 

experiments.  

 

2.2 Surgical procedure 

Anesthesia was induced with 3% isoflurane in 50% oxygen / air and then maintained at 2% isoflurane 

using a standard rat nose mask (Provet, Lyssach, Switzerland). Analgesia was administered with 

0.05 mg/kg of buprenorphine (Temgesic, Reckitt Benckiser, Switzerland AG), subcutaneously 

injected 30 min before induction of the surgical procedure. Rats were placed on a heating pad and the 

rectal temperature kept at 37 ± 1°C which was monitored by a Mouse-Ox plus System (Starr Life 

Sciences, Oakmont, PA, USA) throughout the anesthesia. Following groin incision in the left hind 

limb, femoral artery, vein, and nerve were isolated from the surrounding tissue. Then the femoral 

artery was clamped with two microvascular clamps (B1-V, S&T, Neuhausen, Switzerland) proximal 

to the deep femoral artery branch. Meanwhile, a tourniquet, connected to a fixed weight of 450 g, was 

placed underneath the femoral vessels around the thigh as high as possible to block collateral blood 

supply, while keeping the femoral vein open. The animals were subjected to 4h ischemia and 24h 

reperfusion (by releasing the clamps and the tourniquet). Upon reperfusion, the rats were allowed to 

wake up and another dose of buprenorphine was given to provide adequate analgesia. At the end of 

the 24h reperfusion period, the rats were anesthetized again and sacrificed by exsanguination during 

organ removal in deep anesthesia. Blood and tibia bone samples were taken for further analysis. Two 

groups were included in this study, the I/R injury group (n=6) and normal, healthy rats as control 

group (n=4). 

 

2.3 Sample preparation 

All reperfused and contralateral tibia bone samples from rat hind limbs were dissected, freed from the 

surrounding soft tissue, rinsed with phosphate-buffered saline (PBS), blotted dry, and immediately 
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fixed in 4% paraformaldehyde for 24h at room temperature, then washed under tap water overnight 

and finally transferred into 70% ethanol for further use. When all bones were available, 

decalcification was performed in 15% EDTA/0.5% paraformaldehyde and checked by X-ray. After 

complete decalcification, bone tissue was rinsed under tap water overnight then dehydrated. Samples 

including transverse sections from the middle of the shaft were then embedded in paraffin and 4µm 

sections were cut. Blood was drawn at baseline, end of ischemia and end of reperfusion to collect 

plasma and serum.  

 

2.4 Immunohistochemistry 

To assess the involvement of the complement, coagulation, and fibrinolytic cascades after 24h 

reperfusion, immunohistochemistry (IHC) staining was performed. Briefly, sections were 

deparaffinized in xylene, rehydrated through graded alcohols, and washed in distilled H2O. Then 

antigen retrieval was performed in 15 µg/ml of Proteinase K (Ref. 03115 879001, Roche Diagnostics, 

Indianapolis, IN, USA) in water bath at 37°C for 5 min. Endogenous peroxidase activity was blocked 

with 3% H2O2 for 10 min. Primary antibodies were then applied to the sections in a humid chamber at 

4°C overnight. The following primary antibodies were used: rabbit anti-human C3b/c (A0062, Dako, 

Glostrup, Denmark), goat anti-rat tissue factor (TF) (sc-23596, Santa Cruz Biotechnology, Inc., 

Texas, USA), rabbit anti-human fibrinogen (A0080, Dako), rabbit anti-rat tissue plasminogen 

activator (tPA) (ab14198, Abcam, Cambridge, UK), goat anti-rat PAI-1 (SC-6644, Santa Cruz), and 

rabbit anti-human E-selectin (bs-1273, Bioss Inc., Woburn, Massachusetts, USA). Then affinity-

purified, biotin-conjugated rabbit anti-goat (E0466, Dako) and goat anti-rabbit (E0432, Dako) 

secondary antibodies were applied to all sections for 90 minutes at room temperature. Afterwards, 

sections were incubated with avidin-biotin-peroxidase complex (PK6100, Vectastain, Burlingame 

CA, USA) for 45 min. Bound peroxidase was detected by 3,3'-diaminobenzidine (DAB) substrate for 

1-3 min in the dark. Finally, sections were counterstained with hematoxylin (GHS232, Sigma-

Aldrich, St. Louis, MO, USA) and mounted in Aquatex (108562, Darmstadt, Germany). For 

visualization and acquisition, images were taken with a bright field microscope (Leica DMI 4000B, 

Leica Microsystems Schweiz, Heerbrugg, Switzerland) equipped with an HCX PL APO 63x 1.40-0.6 

lens and a color camera (DFC425).  For each marker, 3-5 representative images were taken per slide 

and the mean was calculated and used for comparison. 

The intensity of chromogen stain in IHC was quantified within the vessels by Fiji software (ImageJ) 

(http://fiji.sc/Fiji). Vessels were identified visually and delineated by hand. The intensity of the 

staining was then calculated by Fiji software using the color deconvolution feature for H DAB 

staining. The stronger the staining visually, the weaker the intensity. This leads to an inverse 

correlation between the staining signal and the measured intensity. We followed the protocol 
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published by Nguyen et al. using reciprocal intensity (subtract the measured intensity from the 

maximum intensity value of 255), which is proportional to the actual staining intensity [20]. 

 

2.5 Hemolytic complement (CH50) assay 

Activity of the classical pathway in serum was analyzed using a standard hemolytic complement 

(CH50) assay. Basically, sheep erythrocytes were washed in veronal buffered saline (VBS++) at 1:30 

until the supernatant was clear. The number of cells was determined at 109/ml, which were then 

incubated with rabbit anti-sheep erythrocyte antibody (S1389, Sigma-Aldrich) for 20 min at 37°C. 

After centrifugation, antibody-sensitized erythrocytes were resuspended in Alsever’s solution (A3551, 

Sigma-Aldrich) at 4°C overnight. On the second day, the cells were washed again and adjusted to 

108/ml. Serum samples were then added to a transparent 96 well microplate (Nunc, Roskilde, 

Denmark) and incubated with the above adjusted cells at 37°C for 60 min, then stopped with PBS. For 

the controls, erythrocytes were incubated in a veronal buffer (DGVB++) stopped with water (T100, 

100% lysis) or PBS (T0, 0% lysis, background).  At the end, optical density was measured at 412nm 

(Infinite M1000 spectrophotometer, Tecan, Männedorf, Switzerland). A lysis percentage was 

calculated as: !"!!"#$%&!!"!!!!"!!!""!!"!!!! ∗ 100. 

 

2.6 Measurement of plasma HMGB-1 by ELISA 

To determine plasma HMGB-1, a homemade sandwich-ELISA was performed. In brief, a capture 

antibody, rabbit anti-rat HMGB-1 (H9539; Sigma) and HRP-conjugated detection antibody, HRP 

conjugated rabbit anti-rat HMGB-1 (ab128129; Abcam) were added, followed by SureBlueTM TMB 

Microwell Peroxidase Substrate (52-00-01, KPL, Gaithersburg, MD, USA) for color development and 

stopped by 1 mol/L H2SO4.  At the end, optical density was measured at 450/540 nm using a 

FLUOstar Omega microplate reader (BMG LABTECH GmbH, Ortenberg, Germany).  

 

2.7 Statistical analysis 

All data are presented as mean ± standard deviation (SD). Statistical analyses were performed by one-

way analysis of variance (ANOVA) followed by Fisher’s LSD post hoc test with GraphPad Prism 6 

software (GraphPad, San Diego, CA, USA). P values <0.05 were considered statistically significant. 
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3. Results  

3.1 Deposition of C3b/c  

To assess activation of the complement cascade in reperfusion injury of bone, deposition of the 

central component fragment C3b/c was analyzed. In cortical bone, C3b/c deposition was significantly 

increased in both reperfused and contralateral limbs compared with normal, healthy controls (p=0.006 

and p=0.023, respectively). In bone marrow, a significant increase of C3b/c was shown in the 

reperfused, but not in the contralateral marrow (p=0.005 reperfused vs. contralateral and p=0.008 

reperfused vs. normal, Fig. 1).  

 

3.2 Expression of tissue factor and deposition of fibrin  

To assess the role of the coagulation cascade in bone I/R injury, IHC staining was performed for 

expression of TF and deposition of fibrin. TF expression was significantly raised in the contralateral 

bone marrow compared with normal controls without any forms of intervention (p=0.046), but the 

increase in staining intensity was not statistically significant in reperfused bones. In the cortical bone, 

no significant differences were detected for expression of TF between groups (Fig. 2).  

Deposition of fibrin was significantly increased in both reperfused and contralateral cortical bones 

compared to normal ones without manipulation (both p<0.0001), as well as in the respective bone 

marrow sections (p=0.002 and p=0.005, respectively, Fig. 3).  

 

3.3 Expression of tPA and PAI-1  

To assess the involvement of the fibrinolytic system in bone I/R injury, expression of tPA and PAI-1 

was evaluated by IHC. Expression of tPA was significantly down regulated in both reperfused and 

contralateral cortical bones as compared to healthy controls without intervention (p=0.007 and 

p=0.015, respectively). Also in the bone marrow, a significant downregulation of tPA expression was 

found both in the reperfused and contralateral limbs (both p<0.0001, respectively, Fig. 4).  

PAI-1 expression was only visible in the vessels of cortical bone, not in bone marrow. Expression of 

PAI-1 was significantly up regulated in the reperfused cortical bones rather than the contralateral and 

normal, healthy controls (p=0.016 and p=0.006, respectively, Fig. 5).  

 

3.4 Expression of E-selectin  

To evaluate expression of the adhesion molecule E-selectin on ECs, IHC staining was performed. In a 

similar manner to PAI-1, E-selectin expression was only found in vessels of cortical bones, but not in 

bone marrow. A trend, however not significant, was observed to increased E-selectin expression in 
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the reperfused cortical bones as compared to cortical bones from unmanipulated, healthy animals 

(p=0.073). (Fig. 6).  

 

3.5 Serum complement activity  

In animals undergoing 4h ischemia and 24h reperfusion, serum complement activity was reduced over 

time. At baseline, the percentage of erythrocyte lysis was 96 ±3.6%. After 2h ischemia, values 

dropped to 89.3 ± 2.8%, which was significantly lower than baseline (p=0.0183). At the end of 

reperfusion, 85.9 ± 6.0% erythrocyte lysis was measured (p=0.0012 vs. baseline, Fig. 7).  

 

3.6 HMGB-1 in plasma 

As an inflammatory marker, concentrations of HMGB-1 in plasma were measured by ELISA. A 

significantly higher level of HMGB-1 in plasma was found in animals subjected to bone I/R injury 

(24.1 ± 6.0 ng/ml) compared with normal, healthy animals (4.7 ± 1.6 ng/ml, p<0.001, Fig. 8).  

 

Discussion  

Our results show that activation of the plasma cascades, including complement, coagulation and 

fibrinolysis, may play a role in I/R injury of bone. This was supported by increased deposition of 

C3b/c and fibrin and increased expression of PAI-1, as well as reduced expression of tPA in bones 

from ischemic and reperfused rat hind limbs.  

In the present study with 4h ischemia and 24h reperfusion, the coagulation cascade was activated as 

reflected by a significantly increased deposition of fibrin – a final product of coagulation activation – 

which was present in vessels of both reperfused and contralateral bones, including cortical bone and 

bone marrow. Deposition of fibrin in the contralateral limb was also found in an earlier study by our 

group, in which I/R injury of the gastrocnemius muscle was investigated in the same rat model [5]. 

The presence of fibrin deposits in the vasculature of contralateral bones suggests activation of the 

respective ECs due to the systemic presence of pro-inflammatory mediators. In fact, remote organ 

damage caused by limb I/R injury has been shown by us [5] and others [21-23] in experimental 

models, and clinical cases [24, 25] have been reported too.  

Transition of bone vascular ECs to a pro-coagulant and anti-fibrinolytic phenotype was further 

evidenced by downregulation of tPA, which activates plasmin to break down emerging fibrin clots. 

Downregulation of tPA expression, measured as impaired release of tPA into the circulation, was also 

reported in an extremity I/R injury study in humans [15]. This upregulation of PAI-1 plays a role in 

I/R injury as reported previously that PAI-1 deficient mice showed reduced fibrin deposition and a 

lesser degree of inflammation in a lung I/R injury model [26]. Also data from human studies in I/R 
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injury of the liver as well as trauma support the importance of PAI-1 expression in the 

pathophysiological development of reperfusion injury [27, 28].  

EC activation is often associated with expression of adhesion molecules like E-selectin. In our study 

E-selectin expression was not significantly upregulated after I/R injury. This finding is in line with 

earlier data from a cerebral I/R injury model with 3h ischemia and 24h reperfusion, in which tissue 

injury occurred in a P- and E-selectin-independent manner, possibly due to the presence of a low 

shear stress in the affected vasculature [29, 30]. In contrast, other studies reported upregulation of E-

selectin in I/R injury models [31, 32]. 

As an initiator of the coagulation pathway, TF is normally located in the subendothelium but can be 

induced on the surface of ECs due to vascular injury. There were no significant differences for TF 

expression except a slight increase in the contralateral bone marrow. This could mean two things: 

Either fibrin formation may occur independently of TF expression, mainly via contact activation, or 

we miss a peak of TF expression that might occur earlier than 24h after reperfusion. Previous data 

showed an increased expression of TF on ECs at 12h of reperfusion in an I/R injury of kidney, but TF 

staining was not shown at 24h of reperfusion [33].  

In addition to coagulation, the complement system was also activated in our rat hind limb I/R injury 

model. This was shown by a significant increase of C3b/c deposits in cortical bone and bone marrow 

of reperfused limbs, as well as cortical bone of the contralateral limbs. In circulation, we found a 

significant reduction of functional complement as reflected by CH50 values. However, the damage to 

skeletal muscle tissue occurring in our model (supplemental Fig. 1 and 2) also contributes to this 

complement consumption. 

In some models of I/R injury, complement activation was shown to be linked to recognition of 

ischemia-induced neoepitopes by natural antibodies [34, 35]. However, in contrast to myocardial I/R 

injury [36], skeletal muscle reperfusion injury was not attenuated in the rat hind limb model by 

complement inhibition alone [5]. It remains to be determined whether in case of bone I/R injury EC 

activation relies on complement activation or not. In fact, ECs can be activated by HMGB-1, 

independent of complement activation, as shown recently in a xenotransplantation model [37]. We 

found highly increased levels of HMGB-1 in circulation after 24h of reperfusion, which are probably 

caused by extensive injury to the skeletal muscle tissue in our model (supplemental Fig. 1-2). We 

might therefore speculate that EC activation in the bone vasculature might be mediated – at least in 

part – by HMGB-1.  

In conclusion, our results show that ischemia and reperfusion of bone leads to activation of the 

coagulation and complement cascades and a downregulation of the fibrinolytic system. In the acute 

phase, a vascular inflammation induced by activation of the plasma cascade systems therefore occurs 

in the bone. This is similar to I/R injury of other vascularized organs and tissues.  
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Figures and Legends 

 

 

Fig. 1. Deposition of C3b/c in bone tissue. A, quantitative comparison of C3b/c deposition in cortical bone. B, 

representative images for C3b/c staining in reperfused and normal cortical bones from healthy, unmanipulated 

animals. C, quantitative comparison of C3b/c deposition in marrow. D, representative images for C3b/c staining 

in reperfused and normal marrow from healthy, unmanipulated animals. Data of individual experiments are 

represented by dots with indication of mean ± SD by lines. Scale bar represents 100 µm. C - contralateral; R - 

reperfused; N - normal. *P<0.05; **P<0.01. 
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Fig. 2. Expression of tissue factor in bone tissue. A, quantitative comparison of TF expression in cortical bone. 

B, representative images for TF staining in reperfused and normal cortical bones from healthy, unmanipulated 

animals. C, quantitative comparison of TF expression in marrow. D, representative images for TF staining in 

reperfused and normal marrow from healthy, unmanipulated animals. Data of individual experiments are 

represented by dots with indication of mean ± SD by lines. Scale bar represents 100 µm. C - contralateral; R - 

reperfused; N - normal. *P<0.05. 
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Fig. 3. Deposition of fibrin in bone tissue. A, quantitative comparison of fibrin deposition in cortical bone. B, 

representative images for fibrin staining in reperfused and normal cortical bones from healthy, unmanipulated 

animals. C, quantitative comparison of fibrin deposition in marrow. D, representative images for fibrin staining 

in reperfused and normal marrow from healthy, unmanipulated animals. Data of individual experiments are 

shown by dots with indication of mean ± SD by lines. Scale bar represents 100 µm. C - contralateral; R - 

reperfused; N - normal. **P<0.01; ****p<0.0001. 
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Fig. 4. Expression of tPA in bone tissue. A, quantitative comparison of tPA expression in cortical bone. B, 

representative images for tPA staining in reperfused and normal cortical bones from healthy, unmanipulated 

animals. C, quantitative comparison of tPA expression in marrow. D, representative images for tPA staining in 

reperfused and normal marrow from healthy, unmanipulated animals. Data of individual experiments are 

represented by dots with indication of mean ± SD by lines. Scale bar represents 100 µm. C - contralateral; R - 

reperfused; N - normal. *P<0.05; **p<0.01; ***p<0.001. 

 

 

 

 

 

 

 

 

 

A" B"

C" D"

Cor(cal" Cor(cal"

Marrow" Marrow"

Reperfused""" Normal"

Reperfused""" Normal"

100"µm"

C R N
0

20

40

60

80

R
ec

ip
ro

ca
l i

nt
en

si
ty

 (a
.u

.)

**

*

C R N
-20

0

20

40

60

80

R
ec

ip
ro

ca
l i

nt
en

si
ty

 (a
.u

.)

****

****



! 130 

 

Fig. 5. Expression of PAI-1 in bone tissue. A, quantitative comparison of PAI-1 expression in cortical bone. B, 

representative images for PAI-1 staining in reperfused and normal cortical bones from healthy, unmanipulated 

animals. Data of individual experiments are represented by dots with indication of mean ± SD by lines. Scale 

bar represents 100 µm. C - contralateral; R - reperfused; N - normal. *P<0.05; **p<0.01. 

 

 

 

Fig. 6. Expression of E-selectin in bone tissue. A, quantitative comparison of E-selectin expression in 

cortical bone. B, representative images for E-selectin staining in reperfused and normal cortical bones 

from healthy, unmanipulated animals. Data of individual experiments are represented by dots with 

indication of mean ± SD by lines. Scale bar represents 100 µm. C - contralateral; R – reperfused; N - 

normal. 
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Fig. 7. Hemolytic complement activity by CH50 assay in serum at baseline, end of ischemia, and end of 

reperfusion. Data of individual experiments are represented by dots with indication of mean ± SD by lines. B - 

baseline; I - end of ischemia; R - end of reperfusion. *P<0.05; **p<0.01. 

 

 

 

 

Fig. 8. Plasma levels of HMGB-1 measured by ELISA. Data of individual experiments are represented by dots 

with indication of mean ± SD by lines. I/R – ischemia/reperfusion injury group; N – normal control group. 

***p<0.001. 
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Supplemental Figures and Legends 

 

 

 

Supplemental Fig. 1. Edema formation in gastrocnemius muscle tissue after 4h ischemia and 24h reperfusion in 

rat hind limbs. The ratio of wet weight to dry weight ratio (w/d ratio) was calculated as an indicator for edema 

formation within the muscle. Edema formation was significantly increased in muscle tissue of reperfused limbs 

compared with the contralateral and normal controls (both p<0.0001). One-way analysis of variance (ANOVA) 

followed by Fisher’s LSD post hoc test. Data of individual experiments are represented by dots with indication 

of mean ± SD by lines. Scale bar represents 100 µm. C – contralateral limbs; R – reperfused limbs; N – normal 

controls. ****p<0.0001. 
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Supplemental Fig. 2. Viability in gastrocnemius muscle tissue after 4h ischemia and 24h reperfusion in rat hind 

limbs. Muscle viability was assessed by MTT assay. OD per mg dry muscle weight was used to quantitate 

muscle viability. Muscle viability was significantly reduced in muscle tissue of reperfused limbs compared with 

contralateral and normal controls (both p<0.0001). One-way analysis of variance (ANOVA) followed by 

Fisher’s LSD post hoc test. Data of individual experiments are represented by dots with indication of mean ± 

SD by lines. Scale bar represents 100 µm. C – contralateral limbs; R – reperfused limbs; N – normal controls. 

****p<0.0001. 
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Paper IV 

 

3D culture and analysis of endothelial cells under physiological flow 

conditions in a xenotransplantation setting 

 

Shengye Zhang1,2, Colette Andrea Bichsel1,3, Rahel Klossner2, Oliver Steck2, Alain Despont2, 

Oliver Thierry Guenat3, Robert Rieben2 

 

1Graduate School for Cellular and Biomedical Sciences, University of Bern, Switzerland; 
2Department of Clinical Research, University of Bern, Switzerland; 3ARTORG Center, 

University of Bern, Switzerland 

 

Status: In submission for publication to ALTEX (Alternative to Animal Experiments) 

 

Aim: The aim of this study was to develop an in vitro system to grow and investigate EC 

under physiological flow conditions, simulating shear stress as occurs in medium sized 

arteries.  

 

Conclusion: We have developed an in vitro system for 3-dimensional growth of EC in 

microfluidic channels with circular cross sections under physiological flow conditions, 

mimicking small to medium sized arteries. The system is able to reproduce key findings of 

EC activation and complement activation in a xenotransplantation model. Compared to 

conventional 96-well plate assays the system provides a >350 times larger ratio of fluid 

volume exposure to EC surface, equaling in vivo conditions. 

 

Figure: (A) Expression of CD31 in microfluidic channels in 3-dimentional rendering view. (B) The 

whole setting of circulating loop for culturing our endothelial cells under physiological flow 

conditions. 

A" B"



! 136 

 

!



! 137 

3D culture and analysis of endothelial cells under physiological flow conditions in a 

xenotransplantation setting  

 

Shengye Zhang1,2, Colette Andrea Bichsel1,3, Rahel Klossner2, Oliver Steck2, Alain Despont2, Oliver 

Thierry Guenat3, Robert Rieben2 

 

1Graduate School for Cellular and Biomedical Sciences, University of Bern, Switzerland.  

2Department of Clinical Research, University of Bern, Switzerland 

3ARTORG Center, University of Bern, Switzerland 

!
 

 

Corresponding author 

Robert Rieben, PhD 

University of Bern 

Department of Clinical Research 

 

Murtenstrasse 50 

CH-3008 Bern, Switzerland 

Phone: +41 31 632 96 69 

Fax: +41 31 632 75 94 

Email: robert.rieben@dkf.unibe.ch 

  



! 138 

Summary 

Based on the 3R principles and microfluidic technology, we developed an in vitro system to grow and 

investigate endothelial cells (EC) under physiological flow conditions. Microfluidic channels with circular 

cross-sections of 330 µm diameter were produced in polydimethylsiloxane. Porcine aortic endothelial cells 

(PAEC) were loaded in microfluidic channels, and a physiological shear stress of 10 dyn/cm2 was applied 

for 2-7 days. After exposure to shear stress, PAEC were elongated and aligned in the direction of flow, 

while maintaining their endothelial properties as shown by expression of CD31, VE-cadherin and von 

Willebrand factor. To test EC activation a pig-to-primate xenotransplantation was simulated by perfusing 

the porcine cells with normal human serum (NHS) with or without complement inhibitors for 1h. 

Complement was deposited when PAEC were perfused with NHS alone and EC became activated as 

shown by positive staining for C4b/c, C3b/c and C6, expression of E-selectin, deposition of thrombin, and 

formation of soluble C5b-9. A significant reduction of these parameters was observed when complement 

inhibitors were used together with NHS. In conclusion, we describe the establishment of a simple in vitro 

model mimicking small to medium sized arteries under physiological flow conditions. The system is able to 

reproduce key findings of EC activation and complement activation in a xenotransplantation model. 

Compared to conventional 96-well plate assays the system provides a >350 times larger ratio of fluid 

volume exposure to EC surface, equaling in vivo conditions.  

 

 

 

Keywords: endothelial cells, antibody, complement, physiological flow conditions, xenotransplantation 
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1. Introduction 

Endothelial cell (EC) activation plays an important role in the pathophysiology of ischemia reperfusion 

injury, sepsis, vascular rejection of transplanted organs, and other diseases linked to the vascular system. In 

transplantation, the vascular endothelium of the donor organ is the first tissue to come in contact with the 

blood of the recipient. If pre-formed anti-donor antibodies are present in the recipient’s blood, an 

immediate activation of the donor endothelium occurs due to antibody binding followed by activation of 

the complement system. This is for example the case in blood group ABO-incompatible transplantations, 

recipients sensitized to donor HLA antigens, and in experimental pig-to-primate xenotransplantation [1]. 

EC activation in turn triggers the coagulation cascade and leads to the clinical picture of hyperacute or 

acute vascular rejection [2, 3]. Xenotransplantation experiments in animal models have been carried out 

extensively to investigate mechanisms of EC activation [4-6], but also ex vivo perfusions of porcine organs 

with human blood, plasma or serum have been used for this purpose [7-9]. In order to reduce – in 

accordance with the 3R principles – the number of animals used for investigation of EC activation in 

hyperacute and acute vascular rejection, we developed an in vitro system to grow and investigate EC under 

physiological flow conditions, simulating shear stress as occurs in medium sized arteries.  

In standard 2D cell culture the amount of serum or plasma in contact with EC grown on the bottom of the 

wells is small and may often be the limiting factor for activation or cytotoxicity of EC in vitro: In a typical 

experiment using 96-well microtiter plates, the ratio of fluid volume to EC surface is only 0.2 ml/cm2 (100 

µl per well with a bottom surface of 0.5 cm2). This ratio is far away from a physiological situation in which 

blood circulates through vessels. Using in vitro systems based on 3D culture of EC on the inner surface of 

‘artificial blood vessels’ and perfusion with a physiological flow the in vivo ratio of fluid volume to EC 

surface can be reached. 

Over the last decade, microfluidics technologies have been developed, and commercial systems have been 

made available in which cells can be cultured under flow using convenient slide– or microtiter-based setups 

[10, 11]. Usually, these systems are used for growing the EC two-dimensionally, on the bottom of a 

rectangular shaped micro channel. Also 3D growth of EC has been reported on the inner surface of 

rectangular channels [12, 13]. However, the flow pattern in circular microchannels better approaches the 

physiological situation than in rectangular channels. In order to fabricate circular microchannels, different 

technologies have been reported such as a combination of mechanical micromilling and soft lithography, or 

introducing a pressurized air stream into liquid PDMS filled microchannels [14, 15]. Most often, however, 

those “circular cross-sections“ were not equal. 

Based on the use of needles as molds published by Chrobak et al [16], we therefore produced microfluidics 

chips with circular microchannels. In the present study porcine EC grown under physiological shear stress 

were perfused with normal human serum (NHS) as a source of xenoreactive natural antibody and 

complement under physiological flow conditions in the context of xenotransplantation. 
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2. Material and methods  

2.1 Isolation and culture of porcine aortic endothelial cells 

Porcine aortic endothelial cells (PAEC) were isolated from aortas by using a mechanical procedure. In 

brief, aortas were cut open and PAEC isolated by gently rubbing the inner surface with a cotton wool bud. 

The cells were transferred to fibronectin-coated tissue culture flasks (Nalge Nunc International, Kamstrup, 

DK) at 37°C in a 5% CO2 incubator until confluence. DMEM cell culture medium (Thermo Fisher 

Scientific, Waltham, MA, USA) was used, supplemented with 10% heat-inactivated fetal bovine medium 

(FBS, Biochrom, Berlin, Germany), 100 IU/ml penicillin and 100 µg/ml streptomycin (Thermo Fisher 

Scientific), and 0.4% endothelial cell growth medium 2 (ECGM2, PromoCell, Heidelberg, Germany). Cells 

were used between passage 3 and 6 for this study. 

No animals were used specifically for the present study. Porcine aortas used for PAEC isolation were from 

animal experiments with pigs in the context of evaluation of surgical techniques and devices, as well as 

studies on xenotransplantation. All animal experiments were approved by the Veterinary Service of the 

Canton of Bern, Switzerland, and performed in accordance with national and international 3R and ARRIVE 

guidelines [17]. 

 

2.2 Construction of microfluidics channels with round cross section 

Polydimethylsiloxane (PDMS, Sylgard, Dow Corning, Wiesbaden, Germany) was prepared by mixing 10 

parts of elastomer silicone and 1 part of curing agent, and casted in a petri dish (Thermo Fisher Scientific). 

Sterile and pyrogen free needles with a diameter of 120 µm and a length of 3 cm (Seirin, Hamburg, MA, 

USA) were laid in parallel in the liquid PDMS, at the bottom of the petri dish. Four needles of 330 µm 

diameter and 2.5 cm length (BD Biosciences, New Jersey, USA) were placed at a 90° angle on top of the 

thinner needles as shown in Fig. 1. The Luer connectors of the needles were cut off with a diagonal cutter 

before using the needles as molds. The PDMS with the needle-molds was cured at 60°C overnight. 

Rectangular microfluidic chips containing 4 round channels of 330 µm were cut out from the petri dish, 

while needles were extracted horizontally. Inlet and outlet connectors to the microchannels were made with 

2 mm biopsy punches (Shoney Scientific, Waukesha, USA). The hole, left from extraction of needles, 

between the edge of the PDMS gel and the inlet and outlet, respectively, was sealed with liquid PDMS and 

cured at 60°C overnight. The final microfluidics chips contained microchannels, mimicking medium sized 

arteries, with a diameter of 330 µm and a length of 1 cm. The schematic for microchannel fabrication is 

shown in Fig.1. 
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2.3 Modification of PDMS surface in microchannels  

Before seeding cells in the microfluidic channels, the inner surface of PDMS was modified to covalently 

bond extracellular matrix molecules [18]. Briefly, PDMS chips and standard glass slides were cleaned, 

activated in an oxygen plasma cleaner (Harrick Plasma, New York, USA) at 650 mTorr for 3 min, and 

bonded together. Immediately after bonding, 5% 3-Triethoxysilylpropylamine (APTES) (Sigma-Aldrich, 

Buchs, Switzerland) was added to fill the microchannels and incubated for 20 min at room temperature, 

then treated with 0.1% glutaraldehyde (Sigma-Aldrich) for 30 min for PDMS surface salinization. To 

immobilize extracellular protein onto the PDMS surface, microchannels were coated with 50 µg/ml 

fibronectin (Millipore, Schaffhausen, Switzerland) at room temperature overnight and 100 mg/ml collagen 

I bovine protein (Gibco, Thermo Fisher Scientific) at room temperature for 1.5 h, respectively. Cell culture 

medium was rinsed through the microfluidic channels to adsorb unspecific protein sites before cell loading. 

 

2.4 Cell loading and pulsatile flow 

PAEC grown to confluence in T75 flasks were trypsinized with 0.05% EDTA-trypsin (Gibco, Thermo 

Fisher Scientific) and suspended in normal cell culture medium with 4% dextran from Leuconostoc spp. 

(Mr ~70,000 Da, Sigma-Aldrich), to increase viscosity and promote cell adhesion. Cells at a density of 

1x106/ml were loaded into the microfluidic channels. The whole device was then fixed on an intelli-mixer 

rotator with tapes (ELMI ltd, Riga, Latvia) and placed in the 37°C / 5% CO2 incubator at 1 rpm for 45 min 

to permute uniform cell attachment. Cells were then cultured under static conditions for one day and 

medium was changed three times per day by pipetting. Afterwards, a peristaltic pump – Minipuls 3 with 8 

channels (Gilson, Villiers le bel, France) – was connected to the microfluidic channels via sterile silicon 

tubing with stoppers (Gilson) and extension silicon tubing (Gobatec, Bern, Switzerland). These tubes were 

extensively flushed with PBS and distilled water, followed by cell culture medium with 4% dextran. A 

medium reservoir in a 15 ml sterile tube (Corning, Berlin, Germany) was attached to each microchannel 

and put in the 37°C incubator together with the microfluidic device. After 1 day of static incubation the 

PAEC in the microfluidic channels were incubated in cell culture medium under pulsatile flow, starting 

with a low shear stress of 0.04 dyn/cm2, corresponding to 5 pulses per minute (bpm), overnight. Thereafter 

the shear stress and pulse rate was gradually increased by 10 bpm per hours, until the desired shear stress of 

10 dyn/cm2 at 70 bpm was reached (shear stress = 4µQ/pi*R3, Q = 0.0898x - 0.0026, µ: medium viscosity; 

Q: flow rate; R: radius; x: rpm; 1rpm = 10bpm). This shear flow of 10 dyn/cm2 was maintained for two 

days in the present study. But the system can be maintained for 7 days with exchange of the medium every 

2-3 days. Cell morphology was assessed under a bright field microscope (Leica DMI 4000B, Microsystems 

Schweiz, Heerbrugg, Switzerland). 

 

!
!
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2.5 Perfusion of normal human serum and interventions 

After two days of pulsatile flow, cell culture medium was replaced with normal human serum diluted 1:10 

in PBS supplemented with 0.15 mM Ca++ and 0.5 mM Mg++ (NHS) with or without complement inhibitors 

for 1h under the same flow condition. Four groups were made: Group 1: NHS alone, Group 2: NHS + 10 

IU/ml C1 INH (Berinert, provided by CSL Behring, Marburg, Germany), Group 3: NHS + 0.25 mg/ml 

APT070 (provided by Richard Smith, King’s College, London, UK), Group 4: NHS + 0.3 mg/ml DXS (Mr 

5KDa, provided by Tikomed, Viken, Sweden). For each group, experiments with 3-5 channels were 

performed. Finally, perfusate was collected and stored at -80°C. EC in the microchannels were used for 

immunofluorescence staining. 

 

2.6 Immunofluorescence staining  

To characterize endothelial cells in the microchannels and to assess deposition of complement and 

thrombin as well as EC activation in our model, immunofluorescence staining was performed. In brief, 

cells in the microfluidic channels were washed with PBS, fixed with 4% formaldehyde for 15 min, and 

blocked with PBS-3%BSA for 45 min. Incubation with primary antibodies was at 4°C overnight, followed 

by secondary antibodies and 4’,6-diamidino-2-phenylindole (DAPI). The primary antibodies used were: rat 

anti-porcine CD31 (mAB33871, R&D, Minneapolis, USA), goat anti-human VE-cadherin (sc-6458, Santa 

Cruz, Texas, USA), rabbit anti-human von Willebrand factor (vWF, A0082, Dako, Glostrup, Denmark), 

rabbit anti-human C3b/c-FITC (F0201, Dako), rabbit anti-human C4b/c-FITC (F0169, Dako), Goat anti-

human C6 (A307, Quidel, San Diego, USA), mouse anti-heparan sulfate IgM (370255-1, Amsbio, 

Abingdon, UK), mouse anti-human E-selectin IgG (S-9555, Sigma-Aldrich), rabbit anti-thrombin 

(ab92621, Abcam). The secondary antibodies were goat anti-rat IgG Cy3 (112-166-003, Jackson 

ImmunoResearch, West Grove, PA, USA), donkey anti-goat alexa488 (A21082, Thermo Fisher Scientific), 

sheep anti-rabbit IgG Cy3 (C2306, Sigma-Aldrich), donkey anti-goat IgG alexa488 (A11055, Thermo 

Fisher Scientific, MA, USA), goat anti-mouse IgM FITC (115-097-020; Jackson ImmunoResearch), goat 

anti-mouse IgG alexa488 (A21121, Thermo Fisher Scientific). Nuclei were stained with DAPI (Boehringer, 

Roche Diagnostics, Indianapolis, IN, USA). In addition, cytoskeleton filamentous actin (F-actin) was 

stained with Rhodamine Phalloidin (PHDR1, LuBioScience, Luzern, Switzerland). Images were taken at 

63x with a confocal laser-scanning microscope (Zeiss LSM 710, Feldbach, Switzerland) and analyzed by 

ImageJ (National Institutes of Health, Bethesda, MD, USA). In addition, z-stack images were processed by 

Imaris 8.2 software (Bitplane, Zurich, Switzerland). 
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2.7 Quantification of cellular alignment  

To quantify cellular alignment with the direction of flow, cell orientation was analyzed and quantified 

using the FibrilTool plugin function in Fiji (http://fiji.sc./Fiji) following the published protocol [19] both 

under static and flow conditions. Fluorescent signals from CD31 and F-actin staining were used.  

 

2.8 Detection of sC5b-9 

To determine the concentrations of human soluble C5b-9 (sC5b-9) in perfusate, a single Bio-Plex assay 

was performed according to a protocol published by our group [20]. In brief, microbeads (Luminex) were 

coupled with mouse anti-human sC5b-9 antibody (Dia011-01, Dianova, Hamburg, Germany) using Bio-

Plex amine coupling kit (Bio-Rad). Coupled beads were then incubated with samples, followed by 

biotinylated anti-human C6 detection antibody (A706, Quidel, San Diego, USA) and Streptavidin-R-PE 

(922721, Qiagen, Hilden, Germany). Measurement and data analysis were performed with a Bio-Plex 100 

array reader and the Bio-Plax Manager software version 6.1 (Bio-Rad). 

 

2.9 Statistical analysis 

All data are presented as mean ± standard deviation (SD). Statistical analyses were performed by GraphPad 

Prism 6 software (GraphPad, San Diego, CA, USA) using one-way analysis of variance (ANOVA) 

followed by Fisher’s LSD post hoc test to compare means of all groups. For comparison of cell orientation, 

Mann-Whitney U test was used. P values <0.05 were considered statistically significant. 

 

3. Results 

3.1 Cell morphology and alignment with direction of pulsatile flow 

Cells started to attach to the inner surface of the microchannels 3-4h after seeding. Afterwards, cells 

became elongated and a confluent monolayer formed in one day. When a pulsatile flow was applied, cells 

started to align with the flow over time. After 2 days of peristaltic flow, cells were aligned with the 

direction of flow (Fig. 2A). 

Cell alignment in the direction of flow was assessed by staining of the cytoskeleton protein F-actin as well 

as CD31. For F-actin, after 2 days of pulsatile flow, the average angle of the cells with respect to the flow 

direction of the microchannels was 9.6 ± 8.1°, which was significantly smaller than under static conditions 

(70.7 ± 32.1°, p=0.007). For CD31 the respective values were 21.8 ± 26.3° and 74.2 ± 13.7°, respectively, 

p=0.047 (Fig. 2B-C).   
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3.2 Endothelial cell characterization and overview of PAEC distribution in the microfluidic channels 

To confirm that EC from porcine aortas still expressed typical endothelial markers when cultured in 

microfluidic channels, staining for CD31, VE-cadherin, and vWF was performed by immunofluorescence. 

All of these markers were expressed on PAEC after culturing in a 3D microfluidic system under both static 

and flow conditions (Fig. 3A). Confocal 3D imaging also revealed that the PAEC do indeed cover the 

complete inner surface of the circular microfluidic channels, mimicking arteries with a diameter of 330 µm. 

This is shown in 3D rendering and orthogonal views, in Fig. 3B-C. 

 

3.3 Use of PAEC in microfluidic channels in a xenotransplantation model  

PAEC grown under pulsatile flow in PDMS microchannels were perfused with normal human serum, with 

or without addition of complement inhibitors. Activation of the complement cascade was confirmed by 

positive staining for C3b/c, C4b/c, and C6. Deposition of C3b/c, C4b/c, and C6 was significantly reduced 

by all of the three used complement inhibitors compared to perfusion by NHS alone. The respective data 

are shown in Fig. 4, both quantitated as column graphs and as representative immunofluorescence images. 

 

3.4 Expression of heparan sulfate and E-selectin 

To evaluate expression of HS and E-selectin on PAEC after perfusion with NHS with or without 

complement inhibitors, immunofluorescence staining was performed. DXS effectively reduced the 

shedding of HS compared with the NHS alone perfusion group (p=0.002). However, this was not the case 

with C1 INH and APT070 (Fig. 5A).  

Expression of E-selectin was upregulated on cells perfused with NHS alone. Addition of the complement 

inhibitors C1 INH, APT070 and DXS led to a significant downregulation of E-selectin expression as 

compared to the cells perfused with NHS alone (all p<0.01, Fig. 5B).  

 

3.5 Binding of thrombin to PAEC 

To investigate the transformation of EC to a pro-coagulant phenotype in our system, thrombin binding to 

PAEC was assessed by immunofluorescence staining. Thrombin was found to be present on PAEC that 

were perfused with NHS. As compared with NHS alone, perfusion of the PAEC microchannels with NHS 

+ DXS led to a significant reduction of thrombin staining (p=0.010), whereas addition of C1 INH or 

APT070 to NHS did not have a significant effect on thrombin binding in our model (Fig.6).  

 

3.6 Soluble C5b-9 in perfusate 

Levels of sC5b-9 in perfusate were measured as a marker of terminal complement pathway activation in 

our experiments. High levels of sC5b-9 in perfusate were found when cells were perfused with NHS alone 
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(30547 ± 2932 ng/ml), while addition of complement inhibitors significantly reduced sC5b-9 generation 

(C1 INH: 19019 ± 10501 ng/ml, p=0.004; APT070: 725 ± 585 ng/ml, p<0.0001; DXS: 18605 ± 4181 

ng/ml, p=0.005 Fig.7).   

 

4. Discussion  

We established a simple in vitro system to grow endothelial cells on the inner surface of round PDMS 

microchannels under pulsatile flow conditions. The diameter of the channels (330 µm) and the used shear 

stress (10 dyn/cm2) mimic the conditions of small to medium sized arteries in vivo [21]. This microfluidic 

system was used to investigate endothelial cell activation in the context of a xenotransplantation setting.  

Endothelial cells seeded into the microfluidic channels and grown under static conditions for the first two 

days aligned in the direction of flow as soon as exposure to shear stress was induced by pulsatile perfusion 

with cell culture medium. This cell alignment was described earlier in microfluidic studies and is supposed 

to be based on mechanically affected distribution of cytoskeleton proteins [22, 23]. In our model we could 

show complete coverage of the inner surface of the round microchannels by a confluent monolayer of EC, 

creating the impression of artificial small to medium sized arteries in a 3-dimensional rending view. 

Maintenance of the endothelial phenotype of the cells in the microchannels was confirmed by expression of 

CD31, VE-cadherin, and vWF, both under static and flow conditions. 

After establishment of our in vitro model, we wanted to know whether this system is able to reproduce 

complement activation as occurs in hyperacute or acute vascular rejection in a xenotransplantation setting 

[1]. We therefore perfused PAEC-microchannels with diluted normal human serum with or without 

complement inhibitors. Deposition of the complement components C3b/c, C4b/c, and C6 was observed and 

complement activation further confirmed by an increased level of sC5b-9 in NHS perfused through PAEC-

microchannels. 

One application of our microfluidics system could be the screening of inhibitors of complement and/or EC 

activation. Three known complement inhibitors were therefore tested in our model: C1 INH, APT070, and 

DXS. C1 INH is a physiological, fluid phase inhibitor of complement and coagulation, acting mainly on the 

C1 complex, which initiates classical pathway complement activation [24-26]. APT070 is a recombinant 

derivative of soluble complement receptor 1, regulating complement activation at the level of C4 / C3 [27]. 

DXS, finally, is a highly sulfated polyglucose and a member of the glycosaminoglycan family. It acts as an 

EC protectant and a complement inhibitor [28, 29]. As expected, all inhibitors blocked complement 

activation on the C4 / C3 level and further downstream.  

In addition to direct, antibody- and complement-mediated cytotoxicity, EC activation also contributes to 

the pathophysiology of hyperacute or acute vascular rejection. One of the earliest events in EC activation is 

the shedding of HS from the endothelial surface, transforming the endothelium from an anti-coagulant and 

anti-inflammatory to a pro-coagulant and pro-inflammatory phenotype [30]. In line with data published 
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before [31] we found a low expression of HS when PAEC-microchannels were perfused with NHS alone. 

An increased HS staining was observed when DXS was added to the serum, but not with the other 

complement inhibitors. This finding supports earlier data from our group, showing that the proteoglycan 

analog DXS acts as an EC protectant both in vitro and in vivo [28, 32]. However, anti-HS antibodies also 

detect DXS bound to EC, which may lead to overestimation of the prevention of HS shedding by DXS. 

To detect EC activation expression of E-selectin was investigated. We found an upregulation of E-selectin 

expression in the PAEC-microchannels perfused by NHS alone, as reported previously in an in vitro model 

of xenotransplantation [33]. Also in our model upregulation of E-selectin corresponded to complement 

activation on cells perfused with NHS, which is in line with in vitro data showing that endothelial E-

selectin expression in xenotransplantation is fully dependent on complement [34]. This is further supported 

by the fact that all of the three used complement inhibitors in our study also down regulated the expression 

of E-selectin.  

Thrombin, formed from cleavage of prothrombin, is present in serum after blood coagulation [35]. 

Deposition of thrombin was observed on PAEC perfused with NHS, suggesting binding of thrombin to 

receptors expressed on activated EC such as protease-activated receptors [36, 37]. Interestingly, only DXS 

treatment significantly reduced thrombin binding in our model, whereas C1 INH and APT070 had no 

effect.  

A limitation of our model is the use of 1:10 diluted serum to study activation of the EC growing on the 

inner surface of the microfluidic channels. In vivo, EC activation in transplantation, ischemia/reperfusion 

injury and other clinical settings occurs in the whole blood environment. Our study only includes the effect 

of complement and omits possible effects of the other plasma cascade systems, namely coagulation, 

fibrinolysis and kallikrein/kinin, as well as blood cells. Coating of the silicon tubings and connectors with 

heparin might allow the use of whole, non-anticoagulated blood for perfusion of the EC-microchannels and 

further improve the model. Within the microchannels the ratio of EC-surface to blood volume is 120 

cm2/ml, which would allow the exploitation of the natural, anticoagulant properties of EC when working 

with non-anticoagulated whole blood [38]. 

In conclusion, we have established an in vitro system for 3-dimensional growth of EC in microfluidic 

channels with circular cross sections under physiological flow conditions, mimicking small to medium 

sized arteries. The system is able to reproduce key findings of EC activation and complement activation in 

a xenotransplantation model. Compared to conventional 96-well plate assays the system provides a >350 

times larger ratio of fluid volume exposure to EC surface, equaling in vivo conditions. 
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Figures and Legends 
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Fig. 1: Schematic of microchannel fabrication, modification of PDMS surface, cell loading, and pulsatile pump 

connection. A: Needle placement in liquid PDMS in a petri dish. (1) support needles of 120µm diameter; (2) mold 

needles with  a diameter of 330 µm. B: PDMS chips after removing support and mold needles, as well as punching 

inlets and outlets and sealing holes. C: Oxygen plasma bonding of PDMS chips and glass slides. D: Cell loading after 

PDMS inner surface modification with APTES, glutaraldehyde, fibronectin, and collagen I. E: Silicon tubing 

connecting to microfluidic channels in the 37°C incubator with 5% CO2. F: Overview of peristaltic pump connected to 

microfluidic channels.  
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Fig. 2:  Cell morphology and quantification of cell alignment.  A: Cell morphology over time. (a) day 0, cells 

randomly distributed immediately after seeding; (b) day 1, cells attach and elongate under static conditions; (c) day 3, 

cells start to become aligned under flow for one day; (d) day 4, most of the cells are aligned under flow for two days. 

Arrows indicate the direction of pulsatile flow in the microfluidic channels. Scale bar represents 100 µm. B-C: 

Quantification of cell alignment to the x-axis of the microfluidic channels by immunofluorescence staining for the 

cytoskeleton protein F-actin and CD31, respectively. On the left panel, column graphs of the average cell angle in 

degrees to the x-axis are shown under static and pulsatile flow conditions (mean values ± SD, p-value: *<0.05, 

**<0.01). Representative immunofluorescence images are shown on the right panel (a-b). Scale bar represents 50 µm. 

  a" b"

c" d"

A"

c"

a"

F(ac)n" Sta)c"" Flow""

Sta)c"" Flow""

a" b"

a" b"

B"

C" CD31"

sta
tic flo

w
0

20

40

60

80

100

120

A
ng

le
 °

 fr
om

 x
-a

xi
s **

sta
tic flo

w
0

20

40

60

80

100

A
ng

le
 °

 fr
om

 x
-a

xi
s *



! 151 

 

Fig. 3: EC characterization and overview of cell distribution in microfluidic channels both under static and flow 

conditions. A: EC characterization by expression of CD31, VE-cadherin, and vWF. (a-c) representative images for 

CD31, VE-cadherin, and vWF expression under static conditions; (d-f) representative images for CD31, VE-cadherin, 

and vWF expression under flow conditions. B: A representative orthogonal view of CD31 expression in the 

microfluidic channel. (a) 3D expression of CD31 in the circular microfluidic channel; (b) CD31 expression in the 

horizontal cross-section of the microfluidic channel; (c) CD31 expression in the vertical cross-section of the 

microfluidic channel. Scale bar represents 50 µm. C: A representative overview of CD31 expression in the 

microfluidic channel in 3D rendering. Scale bar represents 50 µm. 
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Fig. 4: Deposition of C3b/c, C4b/c, and C6 in PAEC assessed by immunofluorescence after perfusion with NHS with 

or without complement inhibitors.  Column graphs on the left panels show quantification of immunofluorescence 

staining for deposition of C3b/c (A), C4b/c (B) and C6 (C). Shown are mean values ± SD with indication of 

statistically significant differences between complement inhibitor groups and NHS alone. ****p<0.0001. 

Representative images are shown on the right panels. PAEC in microfluidic channels were perfused with NHS + C1 

INH (a), NHS + APT070 (b), NHS + DXS (c), and NHS alone (d). Scale bar represents 50 µm. 
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Fig. 5: Expression of heparan sulfate and E-selectin in PAEC assessed by immunofluorescence after perfusion with 

NHS with or without complement inhibitors. A: On the left panel, quantification for expression of heparan sulfate is 

shown (mean values ± SD, p-value: *<0.05, **p<0.01). On the right panel, (a-d) representative images for heparan 

sulfate expression in four groups were shown. Scale bar represents 50 µm. B: On the left panel, quantification for 

expression of E-selectin is shown (mean values ± SD, p-value: **<0.01, ***p<0.001, ****p<0.0001). On the right 

panel, (a-d) representative images for E-selectin expression in four groups were shown. Scale bar represents 50 µm. 
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Fig. 6: Binding of thrombin to PAEC after perfusion with NHS with or without complement inhibitors. A: 

Quantification of thrombin deposition by immunofluorescence (mean values ± SD, p-value: **p<0.01).  B: (a-d) 

Representative images for thrombin deposition in the four treatment groups. Scale bar represents 50 µm. 
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Fig. 7: Concentrations of soluble C5b-9 after perfusion with NHS with or without complement inhibitors. Soluble 

C5b-9 levels were measured by Bio-Plex analysis. Columns represent mean values, error bars indicate standard 

deviations, p-values: **p<0.01, ****p<0.0001. 
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Aim: Our aim was to evaluate BTX A and B in a mouse model of critical flap ischemia for 

preoperative and intraoperative application. 

 

Conclusion: BTX application to the vascular pedicle of an axial pattern flap leads to 

significantly better flap perfusion, oxygenation, tissue metabolism, and tissue viability. In 

addition, we were able to demonstrate data supporting a mechanism for BTX A and B 

through the Rho/Rho kinase system and eNOS expression. 
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Figures: (A and B) A cranially based skin 
flap is raised on both sides of the dorsal 
midline of anesthetized mice. The flap 
extends the vascular territory of the 
nourishing lateral thoracic artery and vein 
(marked in red in A). The lateral thoracic 
artery is ligated. (C) the flap is sutured 
back into its original position after 
interpositioning a silicone sheet to avoid 
revascularization from the wound bed.  
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Background: Botulinum toxin (BTX) A and B are commonly used for aesthetic indications

and in neuromuscular disorders. New concepts seek to prove efficacy of BTX for critical

tissue perfusion. Our aim was to evaluate BTX A and B in a mouse model of critical flap

ischemia for preoperative and intraoperative application.

Methods: BTX A and B were applied on the vascular pedicle of an axial pattern flap in mice

preoperatively or intraoperatively. Blood flow, tissue oxygenation, tissue metabolism, flap

necrosis rate, apoptosis assay, and RhoA and eNOS expression were endpoints.

Results: Blood-flow measurements 1 d after the flap operation revealed a significant

reduction to 53% in the control group, while flow was maintained or increased in all BTX

groups (103%e129%). Over 5 d all BTX groups showed significant increase in blood flow to

166-187% (P < 0.01). Microdialysis revealed an increase of glucose and reduced lactate/

pyruvate ratio and glycerol levels in the flap tissue of all BTX groups. This resulted in

significantly improved tissue survival in all BTX groups compared with the control group

(62% ! 10%; all P < 0.01): BTX A preconditioning (84% ! 5%), BTX A application intra-

operatively (88% ! 4%), BTX B preconditioning (91% ! 4%), and intraoperative BTX B

treatment (92% ! 5%). This was confirmed by TUNEL assay. Immunofluorescence

demonstrated RhoA and eNOS expression in BTX groups. All BTX applications were simi-

larly effective, despite pharmacologic dissimilarities and different timing.

Conclusions: In conclusion, we were able to show on a vascular, tissue, cell, and molecular

level that BTX injection to the feeding arteries supports flap survival through ameliorated

blood flow and oxygen delivery.

ª 2013 Elsevier Inc. All rights reserved.

1. Introduction

Over the last decades the use of botulinum toxin (BTX)
has seen an enormous increase. Although it was first used for

aesthetic indications like facial wrinkles and hyperhidrosis,
the medical use started 20 y ago with Food and Drug Admin-

istration approval for treating blepharospasm and facial
spasms with BTX A and cervical dystonia with BTX B.

* Corresponding author. Division of Plastic and Hand Surgery, University Hospital Zurich, Raemistrasse 100, CH-8091 Zurich, Switzerland.
Tel.: þ41 44 255 11 11; fax: þ41 44 255 44 25.

E-mail address: jan.plock@usz.ch (J.A. Plock).

Available online at www.sciencedirect.com

journal homepage: www.JournalofSurgicalResearch.com

j o u r n a l o f s u r g i c a l r e s e a r c h 1 8 4 ( 2 0 1 3 ) 1 2 0 5e1 2 1 3

0022-4804/$ e see front matter ª 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jss.2013.04.004

159

mailto:jan.plock@usz.ch
www.sciencedirect.com/science/journal/00224804
http://www.JournalofSurgicalResearch.com
http://dx.doi.org/10.1016/j.jss.2013.04.004
http://dx.doi.org/10.1016/j.jss.2013.04.004
http://dx.doi.org/10.1016/j.jss.2013.04.004


Nowadays there is also a broad spectrum of indications for
neuromuscular disorders like spasmodic torticollis, spasms of
the extremities, and treatment of migraine, urinary bladder
dysfunction, and anal fissures [1e5]. New concepts have
evaluated its clinical efficacy for critical perfusion in Raynaud
disease [6,7]. As a neurotoxin, BTX irreversibly blocks the
neuromuscular junction, inducing a muscular relaxation,

which accounts for its popular use in aesthetic applications.
However, there is no direct mechanistic evidence for a posi-
tive effect to date on a vascular level.

BTX exists in seven (AeG) serotypes, each of which has
additional subtypes. BTX is produced by the bacterium Clos-
tridium botulinum. It is a polypeptide, with a protease being
the active part in inhibiting the acetylcholine release at the
neuromuscular junction. Pharmacologically only the former
two serotypes are investigated more in detail. BTX A and BTX
B belong to the same family of Clostridium botulinum toxins,
yet they do have different pharmacologic characteristics and

biological effects. BTX A is stabilized through vacuum drying,
whereas BTX B undergoes pH reduction [8,9].

Here we present our results on using BTX A and B in
a critically ischemic axial pattern skin flap model in mice.
Preconditioning potential and intraoperative application were
evaluated regarding flap perfusion and flap tissue viability.

2. Methods

2.1. Animals/protocol

All experiments were performed according to Swiss National
Institutes of Health guidelines for the care and use of labora-
tory animals and with the approval of the local Animal Ethics

Committee. Thirty-eight female BALB/C mice with 20e24 g
bodyweightwere used. Animalswere assigned to five different
groups, resulting in sample sizes of n¼ 9 for the control and n¼
6 each for the BTX A preconditioning, the BTX B precon-
ditioning, and the BTX A and B treatment groups. Five animals
with unexpected death or total flap necrosis were excluded.

All animals underwent baseline measurements (BL) for
laser Doppler flowmetry (LDF), microdialysis, and partial tis-
sue oxygen tension (PtO2) in the determined flap area of the
skin. The preconditioned animals received either 0.1 IU BTX A
or 0.5 IU BTX B by means of subcutaneous injection near the

vascular pedicle after baseline measurements. After 24 h all
animals underwent flap surgery. The treatment groups
received intraoperatively a subcutaneous injection near to the
vascular pedicle of either 0.1 IU BTXA or 0.5 IU BTX B. Controls
received no injection. On postoperative days 1, 3, and 5 the
measurements for tissue oxygenation and blood flow were
repeated. Microdialysis was performed on postoperative day
1. The development of tissue necrosis was analyzed on day 5
by computer-based planimetry. All animals were sacrificed
after day 5.

2.2. Anesthesia

For all manipulations, the animals were anesthetized with an
intraperitoneal injection of medetomidine 500 mg/kg body

weight (BW), climazolam 5 mg/kg BW, and fentanyl 50 mg/kg

BW, as described previously [10,11]. Reversion was induced
by injection of atipamezole 1.25 mg/kg BW (Antisedan; Pfizer,
Zurich, Switzerland), sarmazenil 0.5 mg/kg BW (Sarmasol;
Gräub, Bern, Switzerland), and naloxone 0.6 mg/kg BW
(Naloxon; OrPha, Küsnacht, Switzerland) after all manipula-
tions were completed. The anesthetized animals were placed
on a heating pad in a prone position, and the room tempera-

ture was set at 28$C to keep their skin temperature constant at
32$C, which was verified with a microthermometer placed on
the abdominal skin. Postoperatively, animals received anal-
gesic treatment with metamizole 0.25 mg/g BW, (Novalgin;
Sanofi-Aventis, Geneva, Switzerland) and 0.l mL glucose 5%
for volume replacement purposes due to the large wound size.

2.3. Surgery

A modified axially perfused dorsal skin flap model was used

as described previously [12]. In brief, the back skin was shaved
and epilated. In all the animals, the flap was overextended
to achieve a defined necrotic area. A cranially based flap
(40 % 15 mm) nourished by the lateral thoracic artery was
dissected lateral from the midline of the back. The superficial
circumflex iliac artery was secured when the flap was raised.
The flap consisted of skin, a thin layer of panniculus carnosus
muscle, and subcutaneous tissue. During surgery, the flapwas
regularly irrigated with 0.9% NaCl to prevent it from drying
out. The flaps were sutured back into their original position
after having placed a silicone sheet underneath to prevent

vascular interference with the wound bed.

2.4. Blood flow

Blood flow in the flap was measured with a laser Doppler
imager (moorLDI2-IR; Moor Instruments, Axminster, United
Kingdom) on postoperative days 1, 3, and 5. The anesthetized
animals were placed on a heating pad in a prone position.
Measurements were taken in a room with no daylight and
standard ambient room light. The LDF device was fixed at

a distance of 31 cm above the animals and the scan parame-
ters were set to a resolution of 97 % 153 pixels and a speed of
10 ms/pixel. The data were processed and analyzed using the
Moor Instruments LDI Scan Software, Research Version 5.3
(Moore Instruments).

2.5. Tissue oxygenation

Tissue partial oxygen tensionwasmonitored on postoperative
days 1, 2, and 5 with Clark-type microprobes consisting of
polarographic electrodes and an oxygen-sensitive microcell

with a PtO2-sensitive area of 1 mm2 (Revoxode CC1; GMS, Kiel,
Germany). The probe was inserted into the dermal layer in the
center of the flap under microscopic magnification. Care was
taken not to place the probes near arterioles or large venules.
The mean value over an observation period of 15 min was
used for further analysis.

2.6. Tissue metabolism

Microdialysismeasurementswere performed on postoperative

day 1 to quantify the oxidative energy metabolism (glucose,
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lactate/pyruvate [L/P] ratio) and lipid membrane integrity
(glycerol) of the tissue, as previously described [10,13e15]. The
microprobes (CMA20, 100 kDa, PES; CMA, Stockholm, Sweden)
were inserted into the dermis and perfused with isotonic
Ringer solution using a microinjection pump (CMA/100; CMA,
Stockholm, Sweden). The perfusion ratewas set to 0.75 mL/min.
The probes were perfused for 30 min for equilibration before

the sample was collected over 15 min. The dialysates were
analyzed photometrically using the CMA600 computer-based
system (CMA 600; CMA, Stockholm, Sweden).

2.7. Tissue necrosis

Flap necrosis was analyzed utilizing the built-in CCD camera
of the laser Doppler imager (moorLDI2-IR; Moor Instruments)
on day 5. The resolution was 132 % 212 pixels and the necrosis
area was calculated with the Moor Instruments LDI Scan
Software, Research Version 5.3.

2.8. Immunofluorescence

Onday 5 after surgery, full-thickness transverse flap segments
were harvested, fixed in buffered formalin 4%, and embedded
in paraffin. The sections were deparaffinized with xylene and
rehydrated in ethanol, followed by antigen retrieval in a cit-
rate buffer solution (pH 6.0) for 15 min at 95$C. Sections were
then incubated overnight at 4$C with the primary antibody
eNOS (rabbit polyclonal to eNOS antibody; 1:50 dilution in PBS-

TBS-1% BSA; ab66127; Abcam, Cambridge, United Kingdom) or
RhoA (rabbit polyclonal to RhoA antibody; 1:100 dilution in
PBS-TBS-1% BSA; ab68826; Abcam), followed by 1 h incubation
at room temperaturewith the secondary antibody (sheep anti-
rabbit IgG Cy3-conjugated antibody; 1:500 dilution in PBS-TBS-
1% BSA; c-2306; Sigma-Aldrich, St. Louis, MO). All sections
were then incubated for 5min at room temperature with DAPI
(1:1000 dilution; 40, 6-diamidino-2-phenylindole). Before and
after each step, the sections were washed three times in TBS.

The TUNEL assay was performed as instructed by the kit
(Roche, Roth, Switzerland). In brief, sections were immersed
for 30 min at 15$Ce25$C in Tris-HCl serum (pH 7.5, containing

3% BSA and 20% normal bovine serum), incubated for 60 min
at 37$C in a humidified atmosphere in the dark in a 1:1 TUNEL
reaction-buffer mixture (TUNEL buffer: 30 mM Tris/HCl,
140 mM sodium cacodylate, and 1 mM CoCl2), and finally
stained with DAPI as described before.

For visualization, a confocal laser scanning microscope
(LSM 510 and LSM exciter; Carl Zeiss MicroImaging GmbH,
Jena, Germany) was utilized and a computerized semi-
quantitative analysis of the fluorescent staining intensity
of the arteriolar wall (eNOS and RhoA) was performed with
ImageJ 64-Bit version 1.41o software (U.S. National Institutes

of Health, Bethesda, MD) and Prism version 4.0 software
(GraphPad Software, San Diego, CA). The dermal layer was
selected as the region of interest for quantitative analysis of
the TUNEL assay and from each sample three high-power
fields were evaluated and averaged.

2.9. Statistical analysis

InStat version 3.0 software and Prism version 4.0 software

(Graph Pad Software, La Jolla) were used for statistical

analysis. The data were presented as mean ! standard devi-
ation. Differences between time points were assessed by one-
way analysis of variance and the Bonferroni post test. A value
of P < 0.05 was taken to represent statistical significance. For
the computed fluorescence analysis of eNOS, outliers were
identified and eliminated by applying Peirce’s criterion elim-
inated [16].

3. Results

3.1. Animals

Overall the animal experimentations were uneventful. Five
animals were excluded due to total flap necrosis or unsus-
pected death in the first postoperative night according to the
exclusion criteria (1 flap necrosis BTX B group; 4 deathsd1
belonged to the control group, 1 to the BTX B pretreatment
group, and 2 to the BTX A pretreatment group).

3.2. Blood flow

The cumulative blood flow was measured by laser Doppler

flowmetry and showed an average baseline value of 238! 53 U
in healthy animals prior to experimentation (Fig. 1A).

On the first postoperative day after flap surgery, blood flow
was significantly decreased in the control group to 126 ! 54 U.
The BTX groups showed higher blood flow when compared
with the control (BTX A preconditioning 243 ! 33 U and BTX A
intraoperative 244 ! 53 U) and was significant for BTX B pre-
conditioning 296 ! 39 U and BTX B intraoperative 307 ! 49 U
(P < 0.01). On day 3, improved blood flow was observed with
control (199 ! 61 U), BTX A preconditioning (315 ! 74 U), BTX B
preconditioning (406! 67 U), BTXA intraoperative (330! 46 U),

and BTX B intraoperative (463 ! 96 U). On day 5, the blood flow
in the control group returned to baseline value of 268 ! 105 U.
Until day 5 blood flow increased to 175% (468 ! 69 U in BTX A
preconditioning), 166% (445! 104 U for BTXB preconditioning),
187% (502! 114U in BTXA intraoperative), and 180% (482! 130
U in BTX B intraoperative). This increase in all BTX groups was
significant with respect to the control (P < 0.01).

The vascular axis could be identified from day 1 onward as
a strongly intensified signal axis in the BTX groups under LDF
visualization (Fig. 2).

3.3. Tissue oxygenation

PtO2 (Fig. 1B) was significantly reduced on postoperative day 1

in all the control group and BTX A groups compared
with baseline measurements (22.2 ! 4.3 mm Hg). Intra-
operative treatment with BTX B (18.8 ! 2.0 mm Hg; not
significant versus baseline) and preoperative treatment with
BTX B (15.6 ! 4.3 mm Hg; not significant versus baseline) did
not lead to significant reduction of tissue oxygenation. Only
intraoperative treatment with BTX B showed a significant
difference from the control group on day 1 (9.5 ! 3.3 mm Hg;
P < 0.01). On days 3 and 5 PtO2 could not be measured in the
control group reliably, because of development of a large zone
of necrosis. In the BTX groups oxygenation increased step-

wise, reaching baseline values on day 5.
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3.4. Tissue metabolism

The in vivo cellular metabolism analyzed by microdialysis
at day 1 revealed a significantly reduced level of glucose in

the control group (2.3! 2.4mmol/L) in comparison to baseline
(19.0 ! 3.8 mmol/L; P < 0.01) and all BTX groups (20.2 !
6.2 mmol/L in BTX A preconditioning, 19.4 ! 2.9 mmol/L in
BTX B preconditioning, 19.4 ! 3.4 mmol/L in BTX A intra-
operative, 19.7 ! 2.7 mmol/L in BTX B intraoperative; all
P < 0.01). Glucose values were similar for all BTX groups when
compared with baseline (Fig. 3A).

The decrease of glucose in the control group was associ-
ated with an accumulation of acid lactate. L/P ratio was
elevated to 122 ! 45 in the control group on day 1 (P < 0.01
versus baseline L/P 25 ! 8), whereas the results for all BTX

groups were significantly lower than in the control group
(P < 0.01) and comparable to normal (38 ! 20 in BTX A pre-
conditioning; 37 ! 23 in BTX A intraoperative, 26 ! 22 in BTX B
preconditioning; 21 ! 9 in BTX B intraoperative) (Fig. 3B).

Baseline values of glycerol were measured to be 159 !
23 mmol/L and were similar to BTX B groups (163 ! 26 mmol/L
in preconditioning and 147! 44 mmol/L in intraoperative). Both
BTX A groups exhibited slightly higher glycerol levels (BTX A
preconditioning 232 ! 70 mmol/L and BTX A intraoperative
196 ! 66 mmol/L) when compared with the control group,
which showed a significant increase to 517 ! 127 mmol/L

(P < 0.01) (Fig. 3C).

Due to technical limitations we performed microdialysis
only on day 1. Development of necrosis damaged the probes
during insertion on the following days (Fig. 3AeC).

3.5. Tissue necrosis

After 5 d, 62% ! 10% of the flap area was vital by planimetric
evaluation in the control group (Fig. 4). Flap viability was
significantly increased in all BTX groups, reaching 84% ! 5%
after BTX A preconditioning, 88%! 4% after BTX A application

intraoperatively, 91% ! 4% after BTX B preconditioning, and
92% ! 5% after intraoperative BTX B treatment (all P < 0.01)
(Fig. 4).

3.6. Histomorphometric evaluation

Immunofluorescence revealed a significantly higher level of
fluorescence when stained for eNOS in the arteriolar wall of
flaps treated with BTX A and B preoperatively and intra-
operatively compared with controls (BTX A preoperative
versus control P < 0.05, all other groups versus control P < 0.01)
(Fig. 5, Table). RhoA was also expressed significantly higher
along the endothelium (BTX A preoperative versus control
P < 0.05, all other groups versus control P < 0.01). Analysis of
the TUNEL assay revealed a significant reduction of apoptotic
cells in the dermis of flaps after BTX A and B preoperative

treatment (P < 0.01) compared with controls. Intraoperative

## ##

##
##

##

#### ####

A

B

Fig. 1 e Blood flow and tissue oxygenation. Comparison of experimental groups over 5 d versus baseline for (A) laser Doppler
flow and (B) partial tissue oxygen tension. Partial tissue oxygen tension was not measurable on days 3 and 5 in the control
group, because of established tissue necrosis in the flap tissue. *P < 0.05 versus BL, **P < 0.01 versus BL, ##P < 0.01 versus
control.
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treatment was not significantly different from controls for
BTX A, but differed significantly for BTX B at 5 d (P < 0.05).

4. Discussion

This study was dedicated to evaluate the effects of BTX A and
B injections to the feeding pedicle in a critically ischemic skin
flap. The principal finding was an early and compelling
increase of tissue perfusion and tissue oxygenation, resulting
in improved flap survival. BTX treatment was successful for
increasing flap viability, with similar results for both BTX
subtypes (A and B). Further, we found no advantage for BTX
injection in the early preoperative setting.

Recent experimental studies focusedmainlyontheeffects of
the use of BTX A on vascularity in randomly perfused flaps

[17e19]. However, the results presented so far could only show

limited success and themechanismofaction remainedunclear.
We intended to investigate if there are any differences with
regard to vascular effects, which is completely novel for BTX B.
Botulinum toxin A has a higher potency than BTX B; however,
there is no clear equivalent dosis according to the literature.

Rates of equivalency in humans for BTX A and B range between
1:20 andmore than 1:125 [20e23]. Based on the study byAoki, in
which he compared the efficacy ofmuscleweakening for BTXA
and B, we chose a 1:5 ratio of BTX A to BTX B in mice [20].

Since early onset of vasodilation might be critical for early
flap survival, we included BTX B, the subform with an earlier
onset of action, into this research. BTX B has already been
proven to be highly effective in the treatment of neuromus-
cular diseases [24,25]. From a pharmacologic point of view,
BTX A is clinically effective in muscular disorders and
aesthetic indications within 3 d and lasts for up to 6mo. BTX B

has a faster clinical onset of 1e2 d and lasts for up to 3 mo

Fig. 2 e Laser Doppler image. Control and BTX A after intraoperative (intraop) application. BL, day 1, day 3, and day 5. The
marked area represents the flap area. Control, BTX A preoperative (preop), BTX B preop, and BTX B intraop on day 5. (Color
version of figure is available online.)
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[26,27]. Both agents irreversibly block the neuromuscular
junction, leading to muscle relaxation. Theoretically, this
should also work for smooth muscle cells along the vascular
wall, which are innervated by the sympathetic nerve system.
Our hypothesis was that sympathicolysis would lead to
vasodilation and improved perfusion of the dependent tissue

section. Theoretically this could also be true for pretreatment
with BTX leading to chemical denervation of the vascularity
and thus vasodilation in the tissue. We could not, however,
observe superior effects of BTX pretreatment compared with
intraoperative treatment.

We could show a significant improvement of flap tissue
oxygenation in all BTX groups. This was paralleled by glucose

values equaling the baseline values on day 1 after surgery in
the BTX groups, compared with significantly reduced glucose
levels in the control group. According to a previous study [13],
reduction of glucose is the most sensitive metabolic value for
detecting hypoxia. Themost specific value, however, is the L/P
ratio [13], which was comparable to physiological levels in the
presented BTX groups. Therefore the preoperative and intra-
operative application of BTX A or B resulted in normalization
of tissue oxygen levels. The impaired tissue oxygenation and
cellular metabolic state in the control resulted in promoted
disintegration of cellular membranes and cell death, as

demonstrated by elevated glycerol levels.

## ## ## ## 

Fig. 4 e Flap survival. Comparison of percentages of vital
flap tissue in experimental groups on day 5. ##P < 0.01
versus control.

A

B

C

Fig. 3 e Microdialysis analysis. (A) Glucose, (B) lactate/pyruvate ratio, and (C) glycerol. Comparison of experimental groups
on day 1 versus baseline. **P < 0.01 versus BL, ##P < 0.01 versus control.
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In our study BTX A and B revealed an increase of blood flow
within 24 h after flap surgery. This early augmentation of
microcirculationmight be crucial for the improved outcome of
flap viability.We could demonstrate an associationwith eNOS
expression.

From a pharmacologic point of view, BTX is rapidly and
irreversibly bound to the presynaptic neuron [28]. At the
neuromuscular junction the release of acetylcholine is inhi-
bited. This leads to a chemical denervation. Although there
are eight serologically different types of BTX (A, B, Ca, Cb, D, E,

F, and G), the structure and function are similar [28].

The primary molecular effects of BTX are effective at the
terminal end of cholinergic neurons. The BTX heavy chain
specifically binds to glycoproteins at the presynaptic
membrane. The light chain of both BTX agents cleaves the
soluble SNARE complex,which is responsible for the release of
acetylcholine from the cytosol of the axon terminal end into
the synaptic cleft. This effects an irreversible chemical
denervation of the muscle [29].

The vascular tonus is regulated through sympathetic
neurons, which maintain a certain level of vascular tension

through frequent stimulation [30]. Morris et al. emphasize that

Fig. 5 e Immunofluorescence. eNOS and RhoA staining and TUNEL assay for tissue samples taken at day 5. Control, BTX A
preoperative (preop) and intraoperative (intraop), BTX B preop and intraop. Asterisks (*) show the lumen of arterioles. (Color
version of figure is available online.)
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stimulation of these sympathetic vasoconstrictor neurons is
likely to involve different calcium channels [31]. This exocy-
tosis also involves other co-transmitters such as norepi-
nephrine and neuropeptide Y or regulatory proteins such as
calcium-dependent activator protein for secretion, which
selectively leads to exocytosis of larger vesicles [31e33]. Yet
there is no definitive clue as to how BTX would influence
exocytosis, as some subtypes of calcium channels have also
been demonstrated to be insensitive to BTX [31].

As demonstrated previously, BTX interacts with the Rho/
Rho kinase. BTX inactivates Rho kinase and inhibits smooth
muscle cell constriction directly through interferencewith the
Ca2þ sensitivity of vascular smooth muscle cells and the NO
system [34,35], which leads to vasodilation. The efficacy of
BTX treatment on tissue perfusion, oxygen delivery, and
increased tissue survival can therefore be derived from its
indirect regulation of the vascular tonus. As we could also
demonstrate RhoA expression in the BTX groups, we
hypothesize that BTX inactivates RhoA only, but does not
inhibit its expression as a protein. It remains speculative that

RhoA is compensatorily overexpressed, due to blocking its
function through BTX. An additional way of action recently
discovered is that BTX A is inhibiting sympathetic vasocon-
striction through attenuation of norepinephrine release in
autonomic neurons [31], which might also have an effect in
our setting, but was not studied.

Murakami et al. [36] found BTX C to prevent arterial grafts
from spasm with fast onset of relaxation and long-lasting
action. Under conditions of chronic critical perfusion, some
groups have evaluated BTX A for Raynaud disease [6,7]. They
reported a positive effect on perfusion and healing ulcers of

the fingertips in a majority of patients; however, in some
patients this concept was unsuccessful. Potentially these
patients might be resistant to BTX A, as reported in the liter-
ature [37,38]. The significant increase of tissue survival by BTX
in our own experiment is the highest reported in the literature
so far. In two previous studies random pattern flaps were
used. These studies could demonstrate a limited effect of BTX
A on flap viability, which might be due to limitations of the
model used. Random pattern perfusion might result in higher
rates of necrosis with limited potential for compensatory
mechanisms due to lack of larger arterioles present in the flap

basis [18,19]. The model used in a third publication was an

axial pattern flap model including three consecutive vascular
networks [17]. No positive effect of BTX on the development of
flap necrosis could be demonstrated [17]. This study was
limited to a single time point endpoint and a complex flap
design with second-order dependent collateralized vascular
areas. The significant increase of tissue perfusion, oxygen
distribution, and tissue survival in our experiments might be

due to the model, with a defined spared vascular axis and
therefore high potential of increased blood flow through
vasodilation after direct local BTX application. Prior to future
clinical applications, long-term durability of the observed
effects should be investigated.

In our experiments BTXA and B showed equal efficacy. The
pharmacologic advantage of BTX B with a faster onset could,
however, only be demonstrated as a trend, without reaching
statistical significance. Superiority of preoperative application
was seen in the TUNEL assay only.

In conclusion, this is the first study to demonstrate that

BTX application to the vascular pedicle of an axial pattern flap
leads to significantly better flap perfusion, oxygenation,
tissue metabolism, and tissue viability. In addition, we
were able to demonstrate data supporting a mechanism for
BTX A and B through the Rho/Rho kinase system and eNOS
expression.
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Overall discussion and outlook  

 

The present thesis demonstrates that activation of EC and the plasma cascade systems i.e. 

complement, coagulation, fibrinolysis plays an important role in the pathogenesis of 

peripheral I/R injury in skeletal muscle and bone. C1 inhibitor (C1 INH), a multifunctional 

serine protease inhibitor, significantly reduced EC activation as well as activity of the 

complement, coagulant and fibrinolytic systems in peripheral I/R injury. Furthermore, a 

simple in vitro system was established to grow and investigate EC under physiological flow 

conditions in the context of xenotransplantation. It was feasible to reproduce key findings of 

complement activation-mediated hyperacute rejection in xenotransplantation models. 

Complement inhibitors C1 INH, APT070, and DXS prevented activation of complement and 

EC in a xenotransplantation setting. 

Activation of EC and the plasma cascades in I/R injury (Paper II and III) was consistent with 

our previous reperfusion injury studies on skeletal muscle and heart I/R [1, 2]. In particular, 

activity of the fibrinolytic cascade was down regulated in reperfusion injury models of hind 

limbs and tibia bones as reflected by expression of PAI-1 and tPA in tissue. Thereby, 

endothelium was transformed into a proinflammatory, pro-coagulant, and anti-fibrinolytic 

phenotype in I/R injury. Pre-treatment with C1 INH significantly reduced I/R injury by 

preventing endothelial heparan sulfate shedding and inhibiting activation of the plasma 

cascades in our rat hind limb I/R injury with 2h ischemia and 24h reperfusion. C1 INH may 

therefore be a promising strategy to prevent I/R injury in the clinical setting of elective 

surgery on extremities, including replantation or transplantation. 

Also activation of EC and the complement cascades (Paper IV) was confirmed in our pig-to-

human xenoperfusion study, which was performed in a 3D microfluidic system under 

physiological flow conditions, clinically mimicking some aspects of pig-to-primate 

xenotransplantation. Our data were in line with the previous findings by our own group in 

vitro on PAEC and ex vivo in pig limbs perfused with human blood [3, 4]. The novelty of this 

microfluidic system is its three-dimensional structure mimicking small to medium sized 

arteries and its ability to culture PAEC under physiological shear flow conditions. More 

importantly, the ratio of EC surface to blood volume is 120 cm2/ml, which would allow the 

exploitation of the natural, anticoagulant properties of EC when working with non-

anticoagulated whole blood. 

The fraction of inspired oxygen (FiO2) (Paper I) is a factor that influences the outcome of 

peripheral I/R injury. We found that 40% FiO2 led to a more severe and more physiologically 

relevant reperfusion injury. Higher FiO2 in the anesthetic gas provided a certain protection for 
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I/R injury, as reported in an earlier study [5]. This was probably caused by a decreased 

vasodilator response during hind limb reperfusion with 100% FiO2 in the anesthetic, leading 

to slower reperfusion and thus a lesser extent of I/R injury [6, 7]. Based on this finding, 40-

50% FiO2 was used throughout our animal experiments.  

In addition, the effect of botulinum toxin (BTX) A and B (Paper V) was investigated in a 

critically ischemic skin flap model. Both pre-operative and intra-operative application of BTX 

A and B to the vascular pedicle of an axial pattern flap leads to significantly better flap 

perfusion, oxygenation, tissue metabolism, and tissue viability. The mechanisms of BTX A 

and B occurred through the Rho/Rho kinase system and eNOS expression.  

Taken together, plasma cascades and EC activation play an important role in the pathogenesis 

of I/R injury as well as xenotransplantation. Therapeutics targeting both plasma cascades and 

EC activation by inhibitors, or combinations of inhibitors of the plasma cascades and/or EC 

activation, but not completely, may be promising candidates to ameliorate or even prevent I/R 

injury. In addition, our newly established in vitro system mimics physiological conditions in 

vivo, with the potential for exploring underlying mechanisms and drug screening, for 

therapeutics in xenotransplantation, atherosclerosis and many other disease models. Within 

the microchannels the ratio of EC-surface to blood volume is 120 cm2/ml, which would allow 

exploitation of the natural, anticoagulant properties of EC when working with non-

anticoagulated whole blood. Compared to conventional 96-well plate assays our system 

provides a >350 times larger ratio of fluid volume exposure to EC surface, equaling in vivo 

conditions. In the future, coating of silicon tubing and connectors with heparin might allow 

the use of whole, non-anticoagulated blood for perfusion of the EC-microchannels and further 

improve the model. Also we can culture and analyze complement regulatory transgenic PAEC 

such as human CD46 (hCD46), CD55, CD59, HLA-E, human thrombomodulin (hTM) 

variants in this system to explore their potential functions in a pig-to-human 

xenotransplantation setting with reduced numbers of animals used in in-vivo experiments. 
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