Inflammatory activation after experimental cardiac
tamponade and the effects of complement C5a

inhibition

Andrea Vass M.D.

Ph.D. Thesis

Institute of Surgical Research
Second Department of Medicine

University of Szeged, Hungary

2013



Inflammatory activation after experimental cardiac
tamponade and the effects of complement C5a

inhibition

Andrea Vass M.D.

Ph.D. Thesis

Institute of Surgical Research
Second Department of Medicine

University of Szeged, Hungary

Doctoral School of Multidisciplinary Medical Sciene
Physiology, Pathophysiology and Pharmacology of théardiovascular
System (Educational Programme)

Experimental Study of Clinically Significant Cardiorespiratory

Pathomechanisms (Research Programme)

Supervisor:
Jozsef Kaszaki Ph.D.

2013



List of full papers related to the subject of the hesis

1.

Vass A Suveges G, Erces D, Nogrady M, Varga G, Folde§utakuchi M, Imai M,
Okada N, Okada H, Boros M, Kaszaki J: Inflammatagtivation after experimental
cardiac tamponad&ur Surg Res51:1-13, 2013.DOI: 10.1159/000352089 IF 0.75

Erces D, Nogrady M, Nagy E, Varga @ass A Siiveges G, Imai M, Okada N, Okada H,
Boros M, Kaszaki J: Complement c5a antagonistrtieat improves the acute circulatory
and inflammatory consequences of experimental aardimponadeCrit Care Med 41:
2013. (accepted for publication) DOI: 10.1097/CCh03e31828a6768 IF 6.123

Publication indirectly related to the thesis

1.

Molnar G, Csonka EYass A,Boros M, Kaszaki J: Circulatory consequences dticed
endogenous nitric oxide production during smallewoé resuscitatiorActa Physiol Hung
98: 393-408, 2011 IF 0.84

Other publications

1. Nemes A, Forster T, Ungi I, Nagy Wass A Palinkas A, Varga A, Csanady M. The

coronary flow velocity reserve measured by streassbesophageal echocardiography
evaluates the success of coronary interventiorsstiee of a 5-year follow-upScand
Cardiovasc J. 39: 286-292, 2005. IF:0.757

Rosztéczy AVass A Izbéki F, Kurucsai G, Réka R, Horvath T, LonovigsForster T,
Wittmann T: Savas gastrooesophagealis reflux at@mlokalt coronariaspazmus kérképe.
Magy Belorv Arch. 61: 203-206, 2006. IF: 0

Rosztoczy A,Vass A Izbéki F, Nemes A, Rudas L, Csanady M, Lonovic$arster T,
Wittmann T: The evaluation of gastro-oesophagetiixeand oesophagocardiac reflex in
patients with angina-like chest pain following datdgic investigationsint J Cardiol. 118:
62-68, 2007. IF: 1.765

Csanady M, Toth F, Hogye Wass A Sepp R, Csanady M Jr, Czigner J, Kiss JG, Jéri J,
Forster T. Hearing disturbances in hypertrophiadicanyopathy. Is the sensorineural
disorder neurogenic or myogenic® J Cardiol. 116: 53-56, 2007. IF:1.765



CONTENTS

List of papers 3

List of abbreviations 5

Summary 6
1. Introduction 7
1.1. Circulatory shock 7
1.2. Determinants of cardiac pump function 7
1.3.  Analysis of cardiac function 9
1.4. Cardiac tamponade and its circulatory effects 11
1.5. A possible therapeutic route: the complemgsiiesn 13
2. Main goals 15
3. Materials and Methods 16
3.1. Instrumentation of animals in Studies | and Il 16
3.2.  Haemodynamic measurements in Studies | and Il 17
3.3. Evaluation of intestinal microcirculation: p&@ap measurements 17
3.4. Biochemical measurements 17
3.5. Experimental protocols 19
3.6  Statistical analysis 20
4. Results 21
4.1. Study | - Haemodynamic and inflammatory respsrafter cardiac tamponade 21
4.1.1. Changes in haemodynamics 21
4.1.2. Changes in biochemical parameters 26
4.2. Study Il — Cardiac effects of complement Chgonist treatment 29
4.2.1. Changes in cardiac and pulmortsagmodynamics 29
4.2.2. Changes in biochemical parameters 34
5. Discussion 37
5.1. Study | 37
5.2. Study Il 40
6. Summary of new findings 43
7. References 44
8. Acknowledgements 50
9. Annex 51



List of abbreviations
AcPepA acetyl-peptide-A (complement C5a antagonist)

big-ET big endothelin

CO cardiac output

CVP central venous pressure

ET-1 endothelin-1

EVLWI extravascular lung water index
GEDV global end-diastolic volume
GEF global ejection fraction

HMGB1 high-mobility group box protein-1
HR heart rate

IHC immunohistochemistry

LHEDV left heart end-diastolic volume

LV left ventricular

MAP mean arterial pressure

MPO myeloperoxidase

NO nitric oxide

NOy nitrite/nitrate

PAP pulmonary arterial pressure
PiCCO pulse contour cardiac output

PMN polymorphonuclear neutrophil
PRSW preload recruitable stroke work
PVRI pulmonary vascular resistance index
RHEDV right heart end-diastolic volume
RV right ventricular

SMA superior mesenteric artery

SV stroke volume

SVRI systemic vascular resistance index

TNF-o tumour necrosis factor-alpha



SUMMARY

Cardiogenic shock is common in patients with carda extra-cardiac filling
disorders. Cardiac tamponade is a life-threatemirgglical emergency situation where the
pump failure is caused by effusions of blood, pus ordu Drainage of the pericardial sac
through pericardiocentesis or surgical pericardmtas the first choice of treatment, but
supportive medical therapy should be considereldviahg or parallel to the relief of the
intrapericardial pressure, with a view to avoidiag flow-induced peripheral complications.
Moreover, it is recognized that splanchnic macrod anicrocirculatory dysfunctions are
linked to local and systemic inflammatory activatioand the increased afterload may
subsequently worsen the hypoperfusion of the pergdhorgans and result in an increased
oxygen demand of the myocardium. The general permdsthe research reported in the
dissertation was to characterize the major compsnainthe pro-inflammatory profile of the
post-tamponade phase, in association with the @sang overall haemodynamics, and to
outline a possible therapeutic route to reverse dlgliac tamponade-caused detrimental
consequences in a clinically relevant large animaldel. We considered that a better
understanding of the elements of these mechanismag ead to new prospects for
interventions designed to dampen or reverse thensecy detrimental consequences of
cardiac failures.

In Study I, we hypothesized that acute failure leé tmyocardial pump function is
accompanied by significant inflammatory activatiaich can play important roles in further
gastrointestinal complications. We investigated ithenediate effects of cardiac tamponade
on the systemic and peripheral circulations andathtarized the major components of the
pro-inflammatory profile of the post-tamponade mha® association with the changes in
overall haemodynamics. We identified characteristacrohaemodynamic changes, together
with apparent signs of a splanchnic inflammatoct®en after relief of the tamponade. The
evidence further suggests that the activation efabmplement and endothelin systems may
be significant components of the inflammatory cdscthat is activated in porcine pericardial
tamponade. It iscurrently widely accepted thatamfinatory activation plays a decisive role
in low-flow conditions, although the potential @nti-inflammatory’ compounds to prevent
or cure hypoperfusion-induced vivo processes is very limited. With this backgroune, w
hypothesized that early inhibition of complemen&aCGbight well reduce the adverse cardiac
and inflammatory consequences after relief of tgliac tamponade. In Study I, during the
acute phase of cardiac tamponade in our clinicalgvant large animal model we used a
synthetic, antisense, 17 amino acid peptide adetylat the N-terminal alanine (acetyl-
peptide-A - AcPepA). Previous studies have shova tiis compound is capable of binding
directly to C5a peptide. We hypothesized that, uglo this mechanism, AcPepA can
influence the early cardiac and inflammatory changed the results furnished evidence that
the administration of AcPepA significantly limited extent of the cardiac dysfunction in this
scenario.



1. INTRODUCTION
1.1. Circulatory shock

Maintenance of adequate perfusion of vital organeritical for survival. Shock may
be defined as a state in which profound and wiaegpreduction of tissue perfusion leads to
reversible, and then, if prolonged, irreversiblélutar injury. Since a reduction of tissue
perfusion is a central issue, it is important tosider the factors that control this vital
function. Organ perfusion is dependent on an apmtEpperfusion pressure, which in turn is
determined by two variables, the cardiac output)(@@d the systemic vascular resistance
(SVR). The second critical determinant of artepedssure, the CO, is the product of stroke
volume (SV) and heart rate (HR).

The classification of shock is usually based on dleéology. Cardiogenic shock,
extracardiac obstructive shock, hypovolaemic shackl distributive shock are major
categories (Parrillo 1991). The final pathway letml€ell death, but some characteristics of
shock are the same regardless of the underlyingecauw pathogenesis. One common
denominator of different forms of shock is a low (@atients with shock develop a severe
decrease in CO and hence a low perfusion of vitgdms. The survival depends on the correct
early diagnosis and therapy.

Two basic mechanisms can lead to a decrease ohG@ock: a failure of preload (i.e.
a diminished venous return) in consequence of aedsed blood volume (in hypovolaemic
shock) or a decrease in the efficiency of the pdomgtion of the heart. The latter occurs in
cardiogenic shock, in which the primary failuramgocardial rather than peripheral. This can
arise after acute myocardial infarction or as alltesf pericardial tamponade. In pericardial
tamponade, compression of the atria and the rigtricle causes an acute rise in the
pericardial pressure (by the accumulation of bloothe pericardial sac), which hinders the

diastolic filling of the heart (Tysoet al. 1984), thereby leading to a decreased CO.
1.2. Determinants of cardiac pump function

The myocardial performance is dependent on phetoad, afterload, (HR) and
contractility, and is influenced by neurohormonal and local erel@hcell-derived factors.
The cardiac pump function or performance dependsmamy parameters, which act in
parallel, and normally exist to some degree. Exaspf performance parameters include the
CO, left ventricular (LV) SV, the rate of fibre gtening, the stroke work, the myocardial

compliance and the ejection fraction.



1. The preload is a result of heterometric autoregulation. Whee tardiac muscle is
stretched, it tends to develop greater contratgibsion on excitation (this is Starling's law of
the heart). Thus, the SV tends to increase in ptipoto the preload (diastolic filling).
2. Theafterload is determined by the total peripheral vasculaistasce (TPVR). A sudden
rise in afterload causes an immediate decreasgatian fraction and a rise in end-systolic
volume (ESV). The compensation can occur in twosv#@n increased ESV coupled with a
normal venous return leads to an elevated prelmadithe SV is maintained by Starling's law.
In addition, contractility may increase secondaryam increased coronary perfusion pressure,
the Gregg effect (Anrep and Saalfeld 1933, GregéBL9Thus, small changes in afterload
have a minimal steady-state effect on performasce@asured via the SV or CO, despite a
significant initial effect.
3. HR increases are usually associated with small isee@n contractile force. However, an
increased HR is associated with a proportionallgrtgn diastolic filling time and for this
reason the atrial contraction becomes far more itapbat high HR. It has been established
that the heart contractility depends on increaditig) in most mammals. The ventricular
myocardium has an inherent ability to increasesitength of contraction, independently of
neurohormonal control, in response to an increas®mtraction. In humans, this myocardial
property causes the contractile force to risehascontraction frequency is increased from 60
to about 180-200 beats rfinand then to decline with further increase in fieapy (the
force-frequency relation) .
4. Contractility is often defined as the intrinsic ability of aaiac muscle fibre to contract at a
given fibre length. Changes in the ability to proeldorce during contraction result from
different degrees of binding between myosin anthddaments. The degree of binding that
occurs depends on the concentration of'Ga the cell. The cytosolic Gh level is the
determinant of the involved myocardial fibore numberthe contraction process and the
maximum velocity of myocardial fibre shortening. Ancreased contractility, positive
inotropic effect is reflected in a higher myocaldiare shortening velocity with a higher
cytosolic C&" concentration in systole: more troponin is acédafrom higher levels of G&
with more actin-myosin cross-bridges in unit timed ultimately the myocardial fibre
contraction is more extensive and faster. The pedoce improves at any given preload and
afterload.

Neural influences mean that the sympathetic digghto the ventricles increases their
contractility. Likewise, circulating epinephrinecheases contractility. Other inotropic agents,

such as C4d sensitizers, phosphodiesterase inhibitors, cagligmsides, catecholamines and



endothelial cell-derived factors, also modify theyawardial contractility and/or Gh
availability.
1.3.  Analysis of cardiac function

Examinations of cardiac contractility in clinicalrgetice would be extremely
beneficial, but at present direct measurement ispnssible. In experimental practice, there
few invasive techniques are available with whiclevaluate or calculate this parameter. The
end-systolic pressure-volume or pressure-diamedationship is a fundamental description
of systolic cardiac mechanics, with especial regardhe preload recruitable stroke work
(PRSW) relationship. PRSW is another index of amttlity, which is perhaps less
influenced by other parameteEsachpressure-volume/diameter loop is derived by caeah v
occlusion. The slope of the derived linear relationship is @&asure ofcontractility
independent of the preloadd afterload (Molnaet al. 2011).

In clinical practice, non-invasive measurement$ \éfdimensions, volumes, ejection
fraction and other indices of the systolic and wks function can be carried out by
ultrasound techniques. Transthoracic echocardibgrapas an important and established
diagnostic role and has been used successfullyawitan segmental wall motion, ejection
fraction, valvular function, and to measure cardiawities. The evaluation of the ejection
fraction is important for risk stratification be@rany surgical intervention. However, the
ejection fraction is influenced by preload and ’di@d alterationsvithout any change in
contractility. Depending on the loading conditiohearts with a lower ejection fraction can
produce a greater CO. Although roughly indicatiV¢he cardiac reserve, the ejectioaction
Is an inconsistent marker of the overall cardiatcfion preoperatively.

Assessment of the LV function includes linear measents, such as the LV internal
dimension in diastole and systole, from which patars such as fractional shortening could
be derived. Two-dimensional echocardiography alloavea measurements and derived
volume calculations (i.e. Simpson rule measuremer@@ce the systolic and diastolic
volumes have been determined, the SV can be ctdduldhe forward CO then equals the
product of HR and SV. Assuming the absence of aamdr aortic insufficiency, this can
represent the CO. The application of Doppler ectthography provides information on
systolic flow parameters, and more recently thestdiac function. Doppler techniques have
several advantages: they are non-invasive and sjnmgid provide continuous data.. In
contrast, they also have some important limitatisweh as the relative inaccuracy (high

inter/intraobserver variability) of the cross-sentil measurements in the LV outflow tract.



With the help of some sophisticated new methodsh &s strain rate imaging, the
ventricular function can be determined exactly, foom a practical point of view it is rather
complicated. Another new method is automated end@daborder definition, used for
automatic quantification of the instantaneous LWuwee. The SV and ejection fraction can be
calculated from the maximum and minimum volumedusher refinement of this method in
combination with the instantaneous determinatiorsyaftolic pressure is that it can provide
load-independent information regarding ventricutantractility through the creation of a
pressure-volume loop (Gorcseanal. 1994), although its routine use during the operaéind
subsequently in the intensive care unit is limited.

There are two prevalembvasive techniques in clinical practice, for the measuneime
and calculation of the preload and CO parametera thermodilution method. One of these
techniques, which applies the pulmonary artery (8®anz) catheter, has been used for over
20 years. Pulmonary artery thermodilution and th#sequent clinically established
transcardiopulmonary thermodilution technique alline measurement not only of the CO,
but also of several other parameters reflectingritjiet (RV) and the biventricular function.
Pulmonary artery thermodilution permits the measemat and calculation of the RV ejection
fraction, the RV stroke volume, and the RV end-ilis volume (Trepteet al. 2011). With
the development of additional facilities, and pararly the continuous measurement of CO,
the pulmonary artery catheter remains the mainstdlge bedside monitoring of myocardial
performance in critically ill patients.

Another invasive technique is the Pulse Contourd@ar Output (PiCCO) system,
which uses volumetric, transcardiopulmonary thentatidn. This technique is
methodologically comparable and has been descridisedeing a reliable and less invasive
method for the measurement of CO (Rewteal. 2010). It further enables an assessment of
the global ejection fraction (GEF), describing théo of the SV to the global end-diastolic
volume (GEDV). For the calculation of GEF, the Svmultiplied by 4 on the assumption that
the GEDV represents the volume of all four headnshers (GEF = 4 x SV/GEDV). The
main advantages of the PiCCO system are the oflimetion and the possibility of pulse
contour analysis. A combination of the pulse cont8® and volumetric ejection fraction
monitoring system permits calculation of the rigletart and left heart end-diastolic volumes
(RHEDV and LHEDV) (Végtet al. 2009).

Less invasive methods for continuous and rapidoperative monitoring are clearly
needed to detect changes in central haemodynamigsler to optimize the haemodynamic

performance and oxygen delivery. A promising mettsodn ultrasound-based technique for
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the measurement of blood flow velocity and aortanteter simultaneously in the descending
aorta, with the use of transoesophageal echocaepiby with a probe containing two
ultrasound transducers (Odenstetcil. 2001).

1.4. Cardiac tamponade and its circulatory effects

Cardiogenic shock may occur in patients with cardimextracardiac filling disorders
such as cardiac tamponade (Topabaal. 2008, Bodsomt al. 2011). Cardiac tamponade is a
typical cause of obstructive shock. It is defingdam acute circulatory failure secondary to
compression of the heart chambers by a pericagthasion. Tamponade is a life-threatening
condition that is diagnosed clinically by an el@dhjugular venous pressure, hypotension and
pulsus paradoxus in the setting of a pericardial effusion. The diagis is usually easy if
shock is present, but it may be difficult if thdusion develops without obvious circulatory
failure. Knowledge of the pathophysiology and tlebaeardiographic characteristics of this
disease is therefore fundamental.

The incidence of cardiac tamponade is poorly docuete Numerous epidemiological
studies have examined patients suffering from acaelial effusion without focusing on
tamponade. Interestingly, it was observed in aospiective study of more than 10000
ambulatory patients without previous pericardiatedise that the existence of a small
pericardial effusion on transthoracic echocardipgyawas associated with an increased 1-
year mortality rate from 11% to 26% (Mitiku and Henreich, 2011).

Studies establishing the cause of pericardial effudiave yielded mixed results,
probably due to the different diagnostic technigaeglied. In a single centre study, 106
patients were hospitalized for a large pericardfalsion, defined by a thickness greater than
or equal to 20 mm in diastole, with or without aadsome of cardiac tamponade; the causes
found were cancer (36%), idiopathic (30%), infert{@1%), myxoedema (8%), autoimmune
diseases and vasculitis (5%). The reported inciglesic acute pericardial tamponade is
approximately 2% of penetrating trauma. In emergesituations, a haemopericardium is
frequently encountered in patients with ascendingaadissection or ventricular rupture
following infarction. After cardiac surgery, the vadopment of a pericardial haematoma
behind the right atrium is a common cause of shbigkvever, its diagnosis may be difficult
and requires transoesophageal echocardiography@Betal. 2011). The increasing number
of cardiac surgical interventions has resulted sulbsequent elevation in the overall number

of iatrogenic pericardial tamponades. Further pmecauses of cardiac perforation include
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central line placement, pacemaker insertion, cardaheterization and electrophysiological
ablation procedures (Valley and Fly, 2007).

A raised intrapericardial pressure can occur bgeghmain mechanisms: increased fluid
within the intrapericardial space (pericardial tamade), an increased volume of the cardiac
chambers (cardiac diseases), or an increased essffrof the pericardium (constrictive
pericarditis). In the normal situation, the perdiam has a small capacitance reserve that will
accommodate only a small increase in cardiac chasibe and/or pericardial fluid volume
(approximately 150-250 mL) before a significant remse in the pericardial pressure
(Goldstein 2004).

The acute rise in pericardial pressure compressesattia and the right ventricle and
hinders the diastolic filling of the heart (Tysenhal. 1984), thereby leading to a decreased
CO. Vasoconstriction is a general compensatoryticadn forms of shock involving low
CO. It occurs as an appropriate response that séoveestore the declining arterial flow and
pressure towards former values. The vasoconstigionon-uniform, and the redistributed
blood flow can maintain the blood supply for thatieand brain at a relatively normal level
in the short run. The sympathetic vasoconstrictiorerts the blood flow from organs with
constricted arterioles to organs whose vesselstroonbttle under intense vasoconstriction.
The resistance of the coronary circulation pratiticdoes not change, whereas the resistance
of the skin, skeletal muscle and gastrointestiirguations increases enormously (Bond and
Green, 1983). This process is mediated througtathgation of sympathetic nervous system
and various humoral mediators (Kaszakial. 1989), leading to systemic vasoconstriction,
tachycardia and fluid retention (Topalianal. 2008). However, the price for the potentially
beneficial effects of selective vasoconstrictiorsésere hypoxia in the underperfused organs
(Bulkley et al. 1983, Baileyet al. 1987, Buerkeet al. 2011). Moreover, the increased
afterload may subsequently worsen the peripherpbpgrfusion and increase the oxygen
demand of the myocardium.

Circulatory disturbances of cardiac origin fundataéy influence the perfusion of
other organs, and especially the gastrointestiradt.t Gastrointestinal perfusion is often
compromised early relative to other vascular badsitical illness, major surgery or exercise
due to the neurohumoral elements of circulatoryistatution. This complex response is
partly mediated through the sympathetic nervousesygChien 1967), but various humoral
mediators also participate in the maintenance sb&anstriction (catecholamines, the renin-

angiotensin system and endothelins).
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In cases of cardiac tamponade, drainage of thecagrdial sac through
pericardiocentesis or surgical pericardiotomy s finst choice for therapy (Seferovet al.
2006), but removal of the pericardial fluid candda a reperfusion phenomenon with further
peripheral reactions. As a consequence of hyporih @oxygenation, reactive oxygen
radicals are generated and polymorphonuclear nghitr@®MN) leukocytes are activated.
The formation of these radicals may lead to digirgBon of the cell membranes, structural
damage and decreased cellular functions (Batoal. 1989, Prasactt al. 1990). High-
mobility group box protein-1 (HMGBL1), released pasly by necrotic and damaged cells,
was recently identified as an important signalléakocyte recruitment (Scaffidt al. 2002).
Further factors identified in the background of PM#Nkocyte accumulation are an increased
level of endothelin-1 (ET-1) formation and a desezhlevel of nitric oxide (NO) formation,
which coexist in ischaemia-reperfusion syndromesr¢B 2003). ET-1, one of the most
powerful endogenous vasoactive mediators, may ibomér to the impairment of the
microcirculation through its vasoconstrictor anad-pdhesive effects (Borost al. 1998).
Moreover, it results in histamine release fromdest mast cells (Kaszakt al. 2008), and

influences the activation of the complement cas¢&depet al. 2004).
1.5. A possible therapeutic route: the complementystem

Complement was first discovered in the 1890s wherwas found to aid or
“complement” the killing of bacteria by heat-stabletibodies present in normal serum. The
complement system consists of more than 30 prot#iat are present either as soluble
proteins in the blood or as membrane-associatetkipsd This system is composed of a
network of proteins that play an important rolerninate and adaptive immunity, ranging from
the opsonization of pathogens, through chemoaitbradb the removal of apoptotic and
necrotic cells. Activation of the system is exaualsi regulated, and inappropriate activation
due either to deficiencies in key complement preteor to dysregulated activation has
adverse consequences (Sarma and Ward 2011). Coenilactivation leads to a sequential
cascade of enzymatic reactions (known as compleawivation pathways), resulting in the
formation of the potent anaphylatoxins C3a and @8ach elicit a plethora of physiological
responses that range from chemoattraction to apisptdhese proteins are capable of cell
lysis and the principal site of synthesis is tiverdi Complement activation is known to occur
through three different pathways: alternative, sileed and lectin (Figure 1), involving
proteins that mostly exist as inactive zymogensckviare sequentially cleaved and activated.

Activation of the classical complement pathway aosctia C1, C4 and C2, and activation of
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an alternative complement pathway via factor D,a68@ factor B. Both pathways lead to the
activation of C3. The protein fragment C3b, sphitnh C3, is necessary for activation of the
terminal complement components, C5-9. These forennilembrane attack complex. When
inserted into cell membranes, they cause osmosis lgf the cell. C3a and C5a bind to
receptors on mast cells and basophils, resultinghan release of histamine and other
mediators of anaphylaxis.

Cba is a potent chemoattractant for PMNs and mdeeatyacrophages. Cha is a 74
aminoacid peptide generated from C5 during compie¢raetivation. C5a acts efficiently as
an anaphylatoxin, stimulating cells such as leutlexyand endothelial cells, and is also a
potent chemotactic factor for PMNs and other infiaatory cells bearing the C5a receptor.
Cbha is therefore considered to be one of the madenp inflammatory mediators.
Inflammatory cells respond to nanomolar concerretiof C5a with intracellular a
mobilization, stimulation of chemotaxis, aggregatia@egranulation and the production of
superoxide anions (Fujiet al. 2004).

CLASSICAL LECTIN ALTERNATIVE

immune complexes, bacterial

etc. + polysaccharides, etc.
C1q MBL, MASP-2 C3b
| l /
+ __—yC3a

C4, C2 = C3 convertase

C3b

C5
C5 convertase ”’? 2
+ T csp

C5b-9 (MAC)

Figure 1: The three pathways of complement actwattollectively resulting in biologically
active split products of C3 and C5 (abbreviatidii®S - lipopolysaccharide; MBL —
mannose-binding lectin; MASP-2 - MBL-associatedt@iro2; MAC - membrane attack
complex) (Ward PA: Sepsis, apoptosis and complenBeéothem Pharmacol 2008; 76: 1383-
1388).
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2. MAIN GOALS

With regard to this background, we hypothesized #taite failure of the myocardial pump
function is accompanied by significant inflammataigtivation, which can play an important
role in the development of further clinical complions.

Our primary aim was to investigate the immediate effects of aiaarthmponade on
the central and peripheral haemodynamics, withiapemphasis on the intestinal circulation.
To this end, we designed a clinically relevantgéaanimal model with which to determine
the macro- and microcirculatory changes induceaxiperimental cardiac tamponade. With
this model, we planned to characterize the majarpmments of the pro-inflammatory profile
of the post-tamponade phase, in association welckanges in overall haemodynamics. We
assumed that a better understanding of the elenoénisis mechanism may lead to new
prospects for interventions designed to dampen emerse the secondary, detrimental
consequences of acute heart failure.

Our secondary aimwas to investigate the inhibitory effects of thmmplement C5a
antagonist acetyl-peptide-A (AcPepA), a synthetmtisense, 17 amino acid peptide
acetylated at the N-terminal alanine, on the earlyulatory and inflammatory changes in our
animal model of cardiac tamponade. It is widelyegted that inflammatory activation plays a
decisive role in these conditions, although theeptial of ‘anti-inflammatory’ compounds to
prevent or cure low perfusion-induced vivo processes is very limited. With this
background, we hypothesized that the early inlubitof C5a might well reduce the adverse
haemodynamic and inflammatory consequences aftaettef of the cardiac tamponade.
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3. MATERIALS AND METHODS

The experiments were carried out in strict adhex¢adhe NIH guidelines for the use
of experimental animals and the study was apprdwedhe Ethical Committee for the
Protection of Animals in Scientific Research at thaversity of Szeged (V./148/2013).

3.1. Instrumentation of animals in Studies | and Il

Inbred Vietnamese minipigs of both sexes (weiglidg3 kg) were fasted for 12 h
preoperatively, but received watad libitum. Anaesthesia was induced with a mixture of
ketamine (20 mg K3 and xylazine (2 mg k§im) and maintained with a continuous infusion
of propofol (50uL min™ kg’ iv; 6 mg kg' h') supplemented with ketamine (5 mg g
xylazine (0.5 mg kd) mixtureim before thoracotomy and after 90 min of the obs@mna
period. After endotracheal intubation, the aninveése mechanically ventilated with the tidal
volume set at 9+2 mL Kk and the respiratory rate was adjusted to mairttaénend-tidal
pressure of Ceand arterial pC®in the range 35-45 mmHg. Positive end-expiratogspure
was not applied during the cardiac tamponade.

The animals were placed in a supine position oraiig pad for maintenance of the
body temperature between 36 and°@7 and received an infusion of Ringer's lactate ite
of 10 mL kg' h' during the experiments. The right jugular vein wanulated (7 F;
Edwards Lifesciences LLC, Irvine, U.S.A.) for theeasurement of central venous pressure
(CVP) and for fluid administration. The right fenabrartery and vein were dissected and a
thermodilution catheter (PULSION Medical Systems $kinich, Germany) was placed in
the femoral artery for the measurement of meanriaktpressure (MAP) and CO by a
transpulmonary thermodilution method (PiICCO; PULSI™edical Systems SE, Munich,
Germany). A pulmonary artery catheter (PV2057 VolLERtheter; PULSION Medical
Systems SE, Munich, Germany) was inserted via itife femoral vein into the pulmonary
artery by tracing the pressure signals.

After a midline abdominal incision, the root of theperior mesenteric artery (SMA)
was dissected free. An ultrasonic flow probe (Toamns Systems Inc., Ithaca, NY, U.S.A))
was placed around the exposed SMA to measure teentezic blood flow.

Left lateral thoracotomy was performed and a camnuds fixed into the pericardial
cavity in all groups. In all protocols, the animalere monitored continuously and a period of
30 min was allowed for recovery from surgery. A¢ #nd of the experiments, small intestinal
tissue biopsies were taken for biochemical and imwhistochemical analysis and the

animals were killed with an overdose of sodium pbatbital.
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3.2. Haemodynamic measurements in Studies | and Il

CVP and blood flow signals were monitored contirslpuand registered with a
computerized data-acquisition system (SPELL Haesjo&xperimetria Ltd., Budapest,
Hungary). For further haemodynamic monitoring, veedia combination of PiCCO Plus V
5.2.2 and VoLEF V 1.0 (PULSION Medical Systems SHinich, Germany) monitors (Végh
et al. 2009). The MAP, CO, HR, GEDV and extravasculagluvater index (EVLWI) were
measured with the PICCO Plus monitoring system]|eathie PiCCO-VoLEF monitor system
was applied to measure the pulmonary arterial pres@AP), and calculate RHEDV and
LHEDV, systemic vascular resistance index (SVRH anlmonary vascular resistance index
(PVRI). All haemodynamic parameters were indexeadbiody surface area or body weight.
These techniques were previously used and validated accompanying study (Molnétral.
2011). A detailed description of the transpulmortgrmodilution and volumetric analysis is
provided elsewhere (Phillips al. 2009).

3.3. Evaluation of intestinal microcirculation: pCO, gap measurements

A difference between local tissue and arterial pGEaCQ) levels is a sensitive
parameter with which to evaluate the effectiveneksherapy aimed at counteracting a
microcirculatory dysfunction in the gastrointestimieact (Kolkmanet al. 2000). A silastic
balloon-free tonometric probe (Tonosoft Medical Amical and R&D Ltd., Hungary) was
introduced through a small enterotomy into thestitaal lumen (Boda&t al. 2006) to monitor
intramucosal pC® levels by capnometry. For calculation of the pC@ap values,
simultaneously taken paG@evels were subtracted from the tonometric pGels. Arterial
and venous blood samples were taken at the basmhideafter every hour, and blood-gas

parameters were measured with a blood-gas andlgebas b121, Roche, Austria).

3.4. Biochemical measurements

Five-mL blood samples were drawn from the jugulainvnto chilled polypropylene
tubes containing EDTA (1 mg mi) as the scheduled experimental protocol. The blood
samples were centrifuged at 1200g for 10 min &C4 The plasma samples were next

collected and stored at -7G until assay.
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Big-endothelin measurements in plasma
Blood samples were collected into chilled polyprlepg tubes containing EDTA.
Plasma levels of big-ET, a 38 amino acid stableyms®or protein of ET-1, were measured

with a commercially available kit (Biochemica HunigeKft., Budapest, Hungary).
Tumour necrosis factor-alfa measurements in plasma

The plasma concentration of tumour necrosis faaliar{TNF-«) was measured with a

commercially available porcine ELISA kit (Biocheraitlungaria Kft., Budapest, Hungary).
High-mobility group box protein-1 measurementsin plasma

The plasma concentration of HMGB-1 was measuret witommercially available
HMGB-1 ELISA kit (Shino-Test Corporation, Kanagawapan).
Histamine measurements in plasma

Plasma histamine concentrations were determinedabgommercially available
enzyme-linked immunoassay (Quantikine ultrasersi®&tA kit for histamine; Biomedica

Hungaria Kft, Budapest, Hungary).
Plasma nitrite/nitrate level measurements

The levels of plasma nitrite/nitrate (WQstable end-products of NO, were measured
by means of the Griess reaction. The assay depentise enzymaticeduction of nitrate to
nitrite, which is then converted inéocoloured azo compound detected spectrophotoralégric
at 540 nm (Moshaget al. 1995).

Measurement of whole-blood superoxide production

For the whole-blood superoxide production measungsnehe chemiluminometric
method of Zimmermannet al. was used (Zimmermanret al. 1991). During the
measurements, 1@ of whole blood was added to 1 mL of Hanks solutamd the mixture
was kept at 37C until assay. The chemiluminometric response waasured with a Lumat
LB9507 luminometer (Berthold, Vienna, Austria) digi30 min after the addition of 1QQ

of lucigenin.
Plasma troponin-T level measurements

Cardiac troponin-T levels in plasma samples wereasueed by highly sensitive

electrochemiluminescent immunoassay (ECLIA; Elec2940, Roche Diagnostics GmbH,
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Mannheim, Germany). The analytical sensitivity veasg L, and the intra- and interassay
variations in the measured concentration range @&rand 6.2 CV%, respectively.

Myel oper oxidase activity measurement

The activity of myeloperoxidase (MPO), as a markértissue PMN leukocyte
infiltration, was measured via intestinal biops(&siebler et al. 1996). Briefly, the sample
was homogenized with Tris-HCI buffer (0.1 M, pH )/.ZLontaining 0.1 mM
phenylmethylsulfonyl fluoride to block tissue prases, and then centrifuged afG for 20
min at 2000g. The MPO activities of the samplesewereasured at 450 nm (UV-1601
spectrophotometer, Shimadzu, Japan) and the datareferred to the protein content.

I mmunohistochemistry

The presence of a complement C3 deposit in thel smestinal mucosa was detected
by immunohistochemistry (IHC) (Girar@t al. 2003) on formalin-fixed, paraffin-embedded
small intestinal sections, using rabbit polyclomaiti-complement fragment C3c primary
antibody (Bioss Inc, Woburn, MA, USA). The sectiomsre deparaffinized for 5 min, which
was followed by antigen retrieval with citrate rffor 20 min. The activity of endogenous
peroxidases was blocked with 5% @4 for 10 min. The non-specific interactions were
inhibited during the next 30 min of incubation. Tpemary antibody was diluted 1:500 in
antibody diluent for IHC (BD Pharmingen, San Die@®, USA). After washing of the
sections, the secondary antibody was diluted 1&s@@Dthe samples were incubated for 8 min.
Sections were counterstained with 3,3'-diaminolginei and haematoxylin. The entire IHC
investigation was carried out with an automaticceeBond-max IHC instrument (Leica
Microsystems, Tokyo, Japan). For quantitative asialyimmunostained sections were
examined under a light microscope. The coded sectiwere analysed by an independent
histopathology specialist. The numbers of cap#ésnpositive for complement fragment C3c

were assessed at a magnification of 400x.
3.5. Experimental protocols

In Sudy I, the animals were randomly divided into two expemtal groups. Group 1
(n=7) served as sham-operated control, with theedame-frame and sampling as in group 2.
A pericardial tamponade (group 2; n=8) was indut@d60 min by the intrapericardial
administration of colloid solution (60-90 mL hydnrgethyl starch 6%; Fresenius Kabi
Deutschland GmbH, Homburg, Germany), while the MA&s kept in the interval 40-45
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mmHg. After this period, the fluid was removed frtime pericardial sac and the animals were
monitored for 180 min post-tamponade.

Peripheral blood samples were taken at baselirtethreen after 75 min, after 150 min
and at the end of the observation period (240 rtonjletect the levels of vasoactive and
inflammatory mediators (big-ET, histamine, NQroponin-T, HMGB-1 and whole-blood
superoxide production). Small intestinal tissuepbies were taken at the end of the
experiments for MPO activity measurements and IH&lyais of the complement C3 deposit.

In Sudy Il, the animals were randomly allocated into one dneotof three
experimental groups with the same time-frame amdpfiag as in Study I. Group 1 (n=6)
served as sham-operated control, while in groufis=2) and 3 (n=6) cardiac tamponade was
induced. Group 3 was treated with C5a antagohislepA (a single administration of 4 mg
kg in 5 mL salineiv into the jugular vein in a 5-min infusion) afteb 4nin of cardiac
tamponade. AcPepA (ASGAPAPGPAGPLRPMF) containing acetylated N-terminal
alanine was synthetized and purified (> 95% putity)Biologica Co. Ltd. (Nagoya, Japan).
The peptide was dissolved in saline and used inreentration of 2 mg nit as reported
previously (Okadat al. 2011). Vehicle (saline) administration was applredroups 1 and 2
by the same protocol. The beginning of tamponadeersoted as 0 min. Blood and tissue
sampling were performed during the 240 min obs@wmgieriod as described in Study |.

3.6. Statistical analysis

Data analysis was performed with a statistical veafé package (SigmaStat for
Windows, Jandel Scientific, Erkrath, Germany). Tdistribution of our experimental data
was analysed by the Kolmogorov-Smirnov normalitgt.té=ailure of the normality test
indicated non-parametric distribution of the ddta.Studies I-1l, non-parametric methods
were used. Friedman repeated measures analysaiahee on ranks was applied within the
groups. Time-dependent differences from the basdtime 0) for each group were assessed
by Dunn's method, and differences between groups @aealysed with the Mann-Whitney
test (in Study 1) or with Kruskal-Wallis one-wayaysis of variance on ranks, followed by
Dunn's method for pairwise multiple comparison $tudy I1). In the Figures and Tables,
median values and the 2%lower whisker) and 7% (upper whisker) percentiles are given.
*p<0.05 within groupsss baseline values{p<0.05 between groupss sham-operated group
values/p<0.05 between AcPepA-treated grargzardiac tamponade group.
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4. RESULTS
4.1. Study | — Haemodynamic and inflammatory resposes after cardiac tamponade
4.1.1. Changes in haemodynamics

In the sham-operated group, there were no signifiteaemodynamic changes as
compared with the baseline values, and the mediatals did not change significantly
during the observation period.

The MAP was maintained in the interval 40-45 mmHugiry the tamponade for 60
min (Figure 2A) by the infusion of colloid fluid o the pericardial sac, which resulted in a
significant, approximately 60% decline in CO in th@up undergoing cardiac tamponade.
The SVRI and HR were increased significantly (bya3and 66%, respectively; Table 1).
After relief of the tamponade, the MAP was sigrafitly lower in the cardiac tamponade
group as compared with the control group, while @@ and HR returned to the baseline
despite the reduced MAP.

Table 1.Effects of cardiac tamponade on the CO, HR and SVRIues are medians (25th
percentile; 75th percentile).p<0.05 within group® p<0.05 between groups control

group;

-5 min 30 min 60 min 90 min 120 min 180 min 240mi

CO [L min' m?

Sham- 2.60 2.73 2.74 2.85 2.94 2.85 2.82
operated (2.39;2.97) (2.25;3.34) (2.30;3.14) (2.60;3.28) (2.65;3.30) (2.51;3.35) (2.62;3.33)
Cardiac 2.82 1.36 ** 1.19 ** 2.44 2.48 2.40 2.40
tamponade (2.46;3.01) (0.95;1.89) (1.03;1.30) (2.29;3.01) (2.16;3.03) (2.13;2.74) (2.07;2.79)
HR [beat mift]
Sham- 124 128 125 126 127 120 122

operated  (120;137) (118;134) (119;134) (115;137) (104;135) (104;128) (106;126)

Cardiac 113 175 *X 188 ** 125 118 114 113
tamponade (103;118) (136;203) (173;206) (122;143) (113;120) (105;116) (98;122)

SVRI [mmHg mL* min™ kg™

Sham- 0.79 0.81 0.74 0.68 0.64 0.66 0.67
operated (0.73;0.83) (0.75;0.85) (0.69;0.79) (0.66;0.77) (0.58;0.68) (0.57;0.71) (0.61;0.75)

Cardiac 0.78 0.91 1.03 * 0.83 0.83% 0.82% 0.79
tamponade (0.71;0.92) (0.80;0.94) (0.84;1.06) (0.72;0.85) (0.69;0.93) (0.73;0.91) (0.71;0.91)
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line) groups. The box indicates the duration of¢hsdiac tamponade.

The decline in the venous return during the tamgdenaas evidenced by the increased
CVP (Figure 2B). This process was accompanied lyredses in RHEDV and LHEDV
(Figure 3AB). After relief of the tamponade, the E\dnd RHEDV normalized, but the
LHEDV did not reach the baseline value in the tangute group; it remained significantly
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lower as compared with the sham-operated groupu(Egg3AB). These changes demonstrate
the long-lasting impairment of the LV function f@ling the cardiac tamponade.
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The cardiac tamponade resulted in a significaahgient decrease in PAP and a 2-fold
elevation of the PVRI (Table 2). In the post-tamgaa period, further long-lasting significant
increases in PVRI and PAP occurred as compared tivtlrsham-operated group, while the

EVLWI was significantly elevated at the end of titeservation period (Table 2).
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Table 2 Effects of cardiac tamponade on PAP, PVRI and EVLVlues are medians (25th
percentile; 75th percentile).p<0.05 within group® p<0.05 between groups control

group;

-5 min 30 min 60 min 90 min 120 min 180 min 240mi
PAP [mmHg]
Sham- 30.6 31.1 28.9 31.2 30.3 30.3 30.8

operated (27.0; 35.0) (27.3;35.4) (27.5;35.6) (26.0;36.0) (27.4; 34.8) (26.8;32.5) (28.3;33.6)

Cardiac 30.4 24.3 *X 30.0 38.4 36.5 41.2 *X 37.9
tamponade (27.3;34.2) (21.1;27.8) (19.2;35.6) (30.0;41.3) (34.4;42.7) (35.3;43.2) (31.9;42.8)

PVRI [mmHg mL* min? kg’]

Sham- 0.37 0.35 0.31 0.29 0.29 0.32 0.31
operated  (0.31; 0.39) (0.30;0.43) (0.29;0.35) (0.25;0.35) (0.25;0.32) (0.24;0.36) (0.23;0.38)

Cardiac 0.41 0.75 ** 0.88 ** 0.48% 0.51% 0.54% 0.49%
tamponade (0.26; 0.50) (0.66;0.98) (0.81;0.95) (0.42;0.53) (0.44;0.63) (0.49;0.60) (0.47;0.54)

EWLV [mL kg

Sham- 8.0 8.2 8.5 8.5 8.5 8.4 8.4
operated (7.8;9.0) (8.0;9.0) (8.0; 9.0) (8.0;9.1) (8.0; 9.1) (8.0; 9.0) (8.0;9.0)

Cardiac 8.0 8.0 8.0 8.5 9.0 9.5 10.0 **
tamponade (8.0;9.0) (7.5;8.8) (7.3;8.9) (8.0;10.8) (8.3;10.8) (8.5;10.0) (9.0;11.0)

The significant decrease in SMA blood flow duringe ttamponade indicated a
deteriorated mesenteric circulation. After the real®f the pericardiac fluid, the SMA flow
returned to the control values (Figure 4A).

The pCQ gap, the difference between the local tissue &edatterial pCQ is a
reliable index of local tissue perfusion. The pCgap increased significantly during the
tamponade, while relief of the tamponade resulted isignificantly lower gap, though the
values remained significantly higher than thattfer sham-operated control group throughout

the post-tamponade period (Figure 4B).
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4.1.2. Changes in biochemical parameters

In the cardiac tamponade group, increased superoaitical production was observed
at the beginning of the post-tamponade phase (€igrIn parallel, the plasma histamine
levels were increased significantly by 75 and 240 ai the observation period: M=16.2 nM
(p25=15.5; p75=16.6) and M=10.3 nM (p25=9.1; p758}2respectivelyys the baseline
(M=7.5; p25=6.4; p75=8.8), ovs the corresponding value for the sham-operated pgrou
(M=7.4 nM; p25=5.7; p75=9.4).
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Figure 5. Changes in whole-blood superoxide production instem-operated (triangles with
thin continuous line) and cardiac tamponade (sguatith thick solid line) groups. The box

indicates the duration of the cardiac tamponade.

The NQ concentration in the plasma allows an estimatehef changes in NO
production. The consequence of the cardiac tammomadhis respect was a slight, but
statistically significant increase in NQevel at the end of the post-tamponade period as

compared with the baseline level and with thatlersham-operated group (data not shown).
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Big-ET is a stable precursor of ET-1 with a longatf-life. The plasma big-ET level
increased significantly (4-5-fold) in responsehe tardiac tamponade (Figure 6A).

HMGB-1 is an effective signal for leukocyte actieat, which causes an escalation of
the inflammatory process. The plasma level of HMGRas elevated significantly after the

compression of the heart (Figure 6B).
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The rate of PMN leukocyte accumulation was deteeahithrough measurement of the
MPO activity of the intestinal tissue samples takethe end of the experiments. The level of
MPO activity was significantly higher in the smaitestinal tissue samples of the cardiac
tamponade group, indicating the increased accumolabf PMN leukocytes (cardiac
tamponade: M=5.37 (p25=4.8; p75=6.22; U mg proteins sham-operated: M=2.84
(p25=2.19; p75=3.22).

The troponin-T level in the plasma allows an estenaf the cardiomyocyte damage.
The mean concentrations of troponin-T were sigaiftty increased after the compression of
the heart and at the end of the post-tamponadedas compared with the baseline and with
those for the sham-operated group (Figure 7).
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Figure 7. Changes in plasma troponin-T level in the shamatpdr (triangles with
thin continuous line) and cardiac tamponade (sguaith thick solid line) groups. The box
indicates the duration of the cardiac tamponade.

Activation of the complement cascade was evalubyetthe presence of a complement
C3 deposit in the small intestinal mucosa with BHE method (Figure 8). In each field of
view of the slides, the number of capillaries sheyC3 deposit positivity was counted. The
number of C3 deposits was significantly higher he tamponade group than in the sham-
operated group (M=3; p25=1; p75=4.5 vs M=0; p255=1 deposits/field of view).

28



e

ba ~ 3¢5 { —,‘A = L g @ '7 e % D ¥ -
T e, TN LS e PR o LR D;:x.ii‘ TSRS N A g VL ol

Figure 8. Changes in complement C3 deposition as demonstkatdtHC analyses in the

small intestinal mucosal biopsies taken at the @nthe experiments: H&E staining in the
sham-operatedA) and cardiac tamponad€) groups; extensive C3 deposition with IHC
staining in the cardiac tampona® group as compared with the sham-operéBdyroup.

4.2. Study Il — Cardiac effects of complement C5ardagonist treatment
4.2.1. Changes in cardiac and pulmonary haemodynags

In the sham-operated group, there were no signifiteaemodynamic changes as
compared with the baseline values, and the mediatels did not change significantly
during the observation period.

MAP was kept in the interval 40-45 mmHg during ¢acdtamponade for 60 min
(Figure 9A) by the infusion of colloid fluid intché pericardial sac, and this resulted in a
significant 65% decline in CO in both groups unaéng cardiac tamponade (Figure 9B) and
a significant increase in HR (Figure 10B). Afteftiet of the tamponade, the MAP was
significantly lower in the non-treated cardiac tamade group as compared with the control
group, while the CO and HR returned to the baseliakies despite the reduced MAP.
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Administration of AcPepA after 45 min of the camli@mponade resulted in an elevation of
the MAP, did not influence the CO, and caused aifsogint decrease in the HR as compared
with the untreated cardiac tamponade group in d&-famponade period (Figures 9A-B and
10B).
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The decline in the venous return during the tamgdenaas evidenced by the increased
CVP (Figure 2B). This process was accompanied dgcaease in GEDV (Figure 10A). The
GEDV did not reach the baseline values in the meatéd cardiac tamponade group (Figure
10A) after relief of the tamponade. These changesamstrate the long-lasting impairment of
the venous return flow following the cardiac tamaoe. After AcPepA administration, we
observed significant increases in the preload perars in the post-tamponade period: the
CVP was set to a significantly higher level (Anndéx Figure 2A) and the GEDV
demonstrated the increased returning blood flogufe 10A).
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Figure 10. Changes in global end-diastolic volum&) (and heart rateB) in the sham-
operated (solid triangles with continuous line)diac tamponade (empty squares with solid
line) and AcPepA-treated (empty circles with solide) groups. The box indicates the
duration of the cardiac tamponade, and the arrosicates the time of treatment with
AcPepA.
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The cardiac tamponade caused a permanent impairofetie LV function, as
demonstrated by the long-lasting decrease in LHEBgure 11). Administration of AcPepA
after 45 min of the cardiac tamponade normalizeel EHIHEDV as compared with the
untreated cardiac tamponade group in the post-taag® period. In contrast with the
LHEDV, the RHEDV returned to the baseline levekatfthe relief of the tamponade (Figure
3B) and it was not influenced by complement C5agmnist treatment (data not shown).
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Figure 11. Changes in left heart end-diastolic volume in thans-operated (solid triangles
with continuous line), cardiac tamponade (emptyasesi with solid line) and AcPepA-treated
(empty circles with solid line) groups. The box icates the duration of the cardiac
tamponade, and the arrow indicates the time ofrtreat with AcPepA.

The cardiac tamponade caused significant changeleirpulmonary circulation in
both the tamponade and the post-tamponade pefl@dide(2). AcPepA treatment decreased
the long-lasting elevations in PAP and PVRI thatusced after the relief of the tamponade as
compared with the untreated cardiac tamponade gi@ugure 12A,B). However, the
elevation caused in EVLWI by the cardiac tamponads not influenced significantly by this

treatment at the end of the observation perioda(dat shown).
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the duration of the cardiac tamponade, and thenaindicates the time of treatment with
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4.2.2. Changes in biochemical parameters

Change in the TN level is a sensitive and early signal indicative tbe
inflammatory process. In our pig model, a 10-fdielvation in the plasma level of TNiwas
detected after the compression of the heart; thed then decreased successively until the end

of the observation period (Figure 13A).
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AcPepA-treated (empty circles with solid line) gosu The box indicates the duration of the
cardiac tamponade, and the arrow indicates thedinre@atment with AcPepA.
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The increased level of histamine release in thenpéasuggests the activation of the
hypoxia-sensitive inflammatory cells (mast cellsl drasophil leukocytes). As a result of the
cardiac tamponade, the histamine level increasgdifisiantly by 15 min of the post-
tamponade phase (Figure 13B).

After AcPepA administration, the characteristic diiemical changes following the
cardiac tamponade were significantly different. TAePepA treatment reduced the
concentrations of TNle-and histamine in the plasma after the compressidime heart and in
the post-tamponade period as compared with the -sipamated group (Figure 13A,B).

A measurable troponin-T level in the plasma allcavs estimate of the ischaemic
effect of cardiac tamponade. The cardiac tampomadsed a significant elevation in the
mean concentration of troponin-T after the reliefhe tamponade and at the end of the post-
tamponade period, while the administration of AcRepsulted in a lower level of troponin-T

in the plasma in the post-tamponade phase (Figtire 1
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Figure 14. Changes in plasma troponin-T level in the sham-atpér (solid triangles with
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(empty circles with solid line) groups. The box icates the duration of the cardiac

tamponade, and the arrow indicates the time ofrtreat with AcPepA.

35



Activation of the complement cascade was detectadhe increased presence of a
complement C3 deposit in the tamponade group apamd with the sham-operated group in
the small intestinal mucosa with the IHC method.widweer, the number of capillaries
displaying C3 deposit positivity was lower in thePepA-treated tamponade group than in

the non-AcPepA-treated group (Figure 15).
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Figure 15. Changes in complement C3 deposition demonstratednbyunohistochemical

analyses in the small intestinal mucosal biopsiksrt at the end of the experiments.
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5. DISCUSSION
5.1. Study |

Pericardial tamponade is accompanied by high nigrtahnd postoperative
complication rates, even in the event of adequatdrnent. In cases of blunt chest trauma, the
mortality may exceed 80% (Brathwageal. 1990), while a 22% mortality rate was reported
after elective open-heart surgery in clinically y@o cases of localized cardiac tamponade
(Grumannet al. 2012). Our primary goal was to characterize them@dynamic effects of
temporary mechanical compression of the heart armutline a multi-faceted inflammatory
process which may cause potential risks in the-fazsponade phase. This is required to
identify the inflammatory mediators, with a potahtrole in this inflammatory cascade
system.

The major finding of Study | is that the post-tampde period is characterized by a
decreased level of systemic perfusion and by anaire@ LV function and pulmonary
circulation, as evidenced by the MAP, LHEDV, PAR/R® and EVLWI data. The pC{gap
changes suggested that, in parallel, a signifiagatgstinal microcirculatory dysfunction
evolved in this porcine model. More importantlyesle responses were associated with abrupt
increases in the level of superoxide radical prado¢ big-ET, troponin-T, HMGBL1,
histamine, intestinal MPO activity and complementivation during the post-tamponade
phase.

The cardiac filling disorder induced different vasnostrictive compensatory reactions
in the systemic and pulmonary circulations: theease in PVRI (112%) was much higher
than that in SVRI (32%). Previous experimental alwical data suggest that the increasing
pericardial pressure causes a continuous decligeromary blood flow due to an increase in
coronary vascular resistance (Klopfenstetral. 1987, Skalidiset al. 2000). Skalidiset al.
observed a decreased hyperaemic flow under inageesgcardial pressure, which implies an
augmented susceptibility to myocardial ischaemilalj8is et al. 2000). The significantly
increased HR during the acute phase of the tamgooadld also contribute to the cardiac
hypoxia. The decreased CO is compensated by theased HR, though the length of the
systole does not change, while the diastole isteshed. Such a high frequency then results in
less time for oxygen delivery to the cardiac muselds, and the degree of oxygenation of the
heart is therefore worsened. The significantly ated level of troponin-T during the acute
phase of the tamponade also demonstrates theatatem of oxygenation and damage of the

cardiac muscle cells.
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After the relief of the tamponade, the MAP was dased, while the CO was kept
compensated, and there were no significant diffsseras compared with the control group.
This may be explained by the normalized preloackcwadenced by the normalized CVP and
RHEDV, and the moderate elevation of the afterldadwever, the significant decrease in
LHEDV indicates a LV dysfunction during the posta@onade phase. The persistent
elevations in PAP and PVRI could contribute to thiscess, together with the lung oedema,
as revealed by the elevated EVLWI. These conclgsawa supported by clinical observations
on early cardiac failure and pulmonary oedema akenoval of the pericardial effusion
(Ligeroet al. 2006, Bernaét al. 2007).

In this clinically relevant large animal model, tpericardial tamponade triggered
characteristic macro- and microcirculatory changethe intestines. While the SMA flow,
which reflects the blood supply of the small int@stand colon, was diminished during the
tamponade, a prolonged impairment of the mucosatauirculation was detected. This is in
accordance with previous assumptions that the maci microhaemodynamics may change
relatively independently, or may be dissociatedtiess conditions (De Backeiral. 2010).

In the background of these haemodynamic alteratimmsulti-faceted role of humoral
mediators, including ET-1, is proposed. Hypoxizassidered to be one of the basic stimuli
for ET-1 synthesis. This peptide is produced predantly by the endothelium, but in
pathophysiological states other cell types, suclkeakocytes, macrophages, smooth muscle
cells, cardiomyocytes and mesangial cells, can a#sge as sources of its release (Boros
2003). The increased plasma level of ET-1 coulddsponsible for the decreased coronary
perfusion (Fazekaset al. 2001) and pulmonary hypertension. The activatioh o
vasoconstrictor ET receptors can further play aisiex role in acute microcirculatory
disorders of the peripheral cardiovascular systiénmas been shown that selective ET-A
receptor antagonism increases the CO, decreasegetipheral resistance (Wolfar al.
1999, Kaszakket al. 2008) and reduces intestinal microvascular inang PMN leukocyte
accumulation during ischaemia-reperfusion (Wolferd. 2002).

In addition to its independent role as a dominasioconstrictor, the peptide may also
influence the functions of other cell types in tiweulatory system. ET-1 has been reported to
induce leukocyte rolling and adherence through ed@minantly ET-A receptor-mediated
mechanism (Borost al. 1998). There is a close relationship between gxcomised mucosal
blood flow and the magnitude of PMN leukocyte-em@diall cell interactions in the intestines
(Wolfard et al. 2002). On the other hand, ET-1 also causes hisamiease from mast cells,

which may lead to enhanced vascular permeability amelative blood loss into the dilated
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vessels (Kaszalet al. 2008). Histamine release in the pulmonary cireoiatontributes to
the increase in EVLWI (Walkenstert al. 1985), while in the splanchnic area, histamine
release probably plays a role in the counter-régulaof the excessive, prolonged
vasoconstriction that contributes to the lethalcoate (Kaszaket al. 1989). Furthermore,
ET-1 activates NADPH oxidase, resulting in an iased superoxide radical production
(Loomis et al. 2005), which can simultaneously reduce NO produgtileading to the
formation of the highly cytotoxic peroxynitrite (8hyet al. 1998). From this point of view,
the excessive release of ET-1 can be the key pEy@oncerns the spreading inflammatory
responses, when intensive complement activatiatssignited. The presence of complement
C3 deposits was verified in this tamponade moddlwa found increased plasma levels of
HMGB-1 too, the release of which is additionallyeditly mediated by the complement
cascade. In this scenario, HMGBL1 release is adudanger signal to responsive cells, which
amplifies the production and secretion of other-ipfammatory mediators and finally
induces excessive inflammation (Yagtgal. 2002, Ulloa and Messmer 2006).

This study has some limitations. On the one hdmatacotomy causes severe surgical
trauma. A diaphragmatic window through laparotorayld be a possible alternative to reach
the pericardial cavity (Parét al. 2008). Nevertheless, safe catheterization of #grecardial
sac, and quick guidance of the diagnostic instrdatem into the correct positions in the
heart cavities are advantages of the open cheselmOd the other hand, the inflammatory
reaction may be non-specific because cardiogerdchgippovolaemic shock components are
not mutually exclusive. Decreases in MAP and CO)Jarsghnic perfusion and
microcirculatory damage may be observed in nealllyfoams of circulatory shock (e.g.
hypovolaemic, cardiogenic or distributive). Nevetdss, there are also tamponade-specific
consequences, such as an elevation of the CVPcreade in LHEDV and an increased
plasma troponin-T level, which may be direct signsl consequences of tamponade-induced
cardiac ischaemia.

In conclusion, we have demonstrated characteris@acrohaemodynamic changes,
together with apparent signs of a damaged LV fonctand a splanchnic inflammatory
reaction after the relief of a tamponade. The ewdefurther suggests that numerous
biomarkers, including superoxide radicals, big-EHVMGB1, histamine, MPO activity or
components of the complement system, are signtifiieentors of the inflammatory cascade in
this porcine model of pericardial tamponade. Onlibsis of these results, we assume that

these mediators could be promising targets foaghautic intervention in the future.
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5.2. Study Il

It is widely accepted that inflammatory activatiplays a decisive role in low-flow
conditions, although the potential of ‘anti-inflaratary’ compounds to prevent or cure low
perfusion-inducedin vivo processes is very limited. With this objectiveudt Il was
designed to develop adjuvant therapy which is &blenprove the early haemodynamic and
inflammatory changes that occur after restoratiénthe cardiac tamponade. Numerous
experimental results (Ward 2008; Sarma and WardLRGbgether with our findings from
Study |, suggested that the components of the cammait system could be promising targets
for therapeutic intervention. For this purpose, planned to use the early inhibition of
complement C5a with AcPepA, a synthetic, antisehgeamino acid peptide acetylated at the
N-terminal alanine (Okadet al. 2007), during the acute phase of cardiac tamporiath@s
been shown that this compound is capable of bindiregtly to C5a (in its 37-53 amino acid
region) in a concentration-dependent manner. Theitg between the molecules is very
strong (the dissociation requires treatment wittM6urea in vitro) (Fujita et al. 2004).
AcPepA has proved to be effective in a pilot prienahdotoxin shock model (Okadgaal.
2011).

The major findings of Study Il are that the earibition of complement C5a with
AcPepA effectively restored the impaired LV functiand pulmonary circulation in the post-
tamponade period. More importantly, these respongese associated with significant
decreases in the plasma levels of troponin-T, TiNRistamine and complement activation in
the tissues after the relief of the cardiac tampena

In a relevant study, a significantly increased levieC5a was demonstrated at the
beginning of reperfusion, followed by a sudden dase. The harmful consequences are
evoked during this short, but decisive period (lBgpr et al. 1997). The relatively short
biological half-life (around 30 min) of AcPepA supps the application of this peptide in this
time frame. In this line, the study was designedineestigate the effects of a single
administration, since its major effects were expectat the very beginning of the
reoxygenation. Our IHC examination data clearlyesdgd that the timing of AcPepA
treatment in our pig model was effective, with aréased level of C3 positivity in the
AcPepA-treated tamponade group. These early effieetg result in further, longer-term
alterations, but as a first step we aimed to idgthie key factors in the acute phase of central
circulatory failure.

After the relief of the cardiac tamponade, the MA#nained at a decreased level,

while the CO did not show any significant differeaaelative to the control group. This was
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due to the elevated HR, which is indicative of thereased strain of the heart muscle.
Following AcPepA treatment, the MAP was elevateth® control level and the CO was also

maintained. Thus, the most pronounced differeneésden the compensatory mechanisms of
the AcPepA-treated and non-treated tamponade gmapsthe restored MAP and the lower

HR. This seems to be especially crucial if we coeisthe fact that the circulation of the heart
muscle is provided during the diastolic phase, aedrly stops during systole. If the HR is

increased, the length of the systole does not chawdile the diastole is shortened. The
higher the frequency, the shorter the time avadldbt oxygen delivery to the cardiac muscle

cells, and therefore a lower HR and maintained @&vide better oxygenation for the heart.

The elevated GEDV in the treated group also indgkathat the main compensatory

mechanism in this early phase is switched fromnaneased afterload to an elevation of the
preload.

It could be supposed that improvements of the Livcfion and pulmonary circulation
play a decisive role in the background of this pssc It has been demonstrated that elevation
of the PVR reduces the CO, because of the incri@aR® afterload leading to an impaired
LV function (Avontuuret al. 1998). However, a well-timed treatment with AcPe@&ulted
in decreases in PAP and PVRI, which contributethéonormalizing of LHEDV.

In order to determine the effects of C5a antagdnesttment, we had to consider and
rule out artificial influences which may origingrem the experimental design. We therefore
applied standard fluid replacement therapy in edugs to exclude the effects of the volume
status on the macrohaemodynamic parameters. Inlitieis the favourable haemodynamic
changes might be consequences of the reduced lkemaglease (TNl histamine and
troponin-T) in the post-tamponade phase after AéRegatment.

It has been shown that histamine release is indbged hypoxic condition (Boros
2003) and complement C5a has a direct role inhisiamine release from mast cells (El-Lati
et al. 1994). An elevated histamine level in the plasmay read to enhanced vascular
permeability and a relative blood loss into theawitl vessels, as can occur in the pulmonary
circulation in association with the increase in BVL(Walkensteinet al. 1985). On the other
hand, the elevation in plasma histamine level m ¢arly post-tamponade phase shows that
this level is higher in the portal venous bloodntha the arterial blood (Kaszaki al. 1989).

It can decrease the peripheral resistance in pateith circulatory shock (Nagst al. 1986),
while in the splanchnic area histamine releasegilybplays a role in the counter-regulation

of the excessive, prolonged vasoconstriction tbatrdoutes to the lethal outcome (Kaszekki
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al. 1989). In the presence of AcPepA, the extent sfaimine release was reduced, and this
effect too can contribute to the increased venetigm.

There is increasing evidence that cytokines in g@rand TNFe in particular play an
important role in cardiovascular diseases. Thuseased levels of TNE-or of its soluble
receptors have been implicated in the pathophygyolof ischaemia-reperfusion injury,
myocarditis, and the progression of congestivethadure. TNFe modulates the two most
important haemodynamic determinants of the carfliaction: the peripheral resistance and
the cardiac contractility. As concerns the latiEéXF-a could be responsible for a negative
inotropic effect, by altering intracellular €ahomoeostasis and possibly by inducing NO
synthesis, which likewise reduces myocyte contliactjFerrari et al. 1999). An increased
expression of TNF: has been demonstrated in a case where infectittreahyocardium with
Influenza A virus was associated with cardiac tanagle, as a potentially fatal complication
(Mamaset al. 2007). Our experimental data confirm that an acateiac tamponade induces
TNF-o release directly, whereas the administration d?&@A significantly limits its release.

Plasma troponin-T is an indirect, but highly samsitmarker of cardiac tissue
ischaemia and has been used to demonstrate theemah effect of a cardiac tamponade
(Kelley et al. 2009). The lower level of troponin-T following theelief of the cardiac
tamponade in the AcPepA-treated tamponade groupdcbe a multiple result of the
inhibition of the complement system.

In conclusion, these results demonstrate the velasignificance of complement
activation in the acute circulatory complicatioriscardiac tamponade, and the potential role
of C5a antagonism to reduce inflammatory signal&clviare important components in the

development of disturbances of the LV function #mepulmonary circulation.
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6. SUMMARY OF NEW FINDINGS

We have used a clinically relevant large animal ehoad study the haemodynamic and
inflammatory changes caused by a cardiac tampoadardiac tamponade induced
significant deteriorations of the intestinal macamd microcirculations, together with
impairments of the LV function and pulmonary ci@ibn, associated with potentially

harmful inflammatory consequences in the post-taragde phase.

Definite signs of inflammatory activation were ohas with the release of vasoactive
and pro-inflammatory mediators, including histamideg-ET, HMGB-1 and the
complement system. Influencing these reactions dcqubssibly offer adjuvant
therapeutic targets through which to decrease dingptications of cardiogenic shock

induced by tamponade.

Via early therapeutic interventions targeting thhibition of complement C5a with
AcPepA, the secondary detrimental circulatory cqnseces of the cardiac

tamponade can be dampened or reversed.

43



\]

. REFERENCES

1. Anrep GV, V Saalfeld E: The effect of the cardiantaction upon the coronary flow. J
Physiol 1933; 79: 317-331.

2. Avontuur JA, Biewenga M, Buijk SL, Kanhai KJ, Bruig HA: Pulmonary hypertension
and reduced cardiac output during inhibition ofiaibxide synthesis in human septic
shock. Shock 1998; 9: 451-454.

3. Bailey RW, Bulkley GB, Hamilton SR, Morris JB, Hagld UH, Meilahn JE: The
fundamental hemodynamic mechanism underlying gaststress ulceration” in
cardiogenic shock. Ann Surg 1987; 205: 597-612.

4. Bernal JM, Pradhan J, Li T, Tchokonte R, AfonscAtute pulmonary edema following
pericardiocentesis for cardiac tamponade. Can di@&007; 23: 1155-1156.

5. Boda D, Kaszaki J, Talosi G: A new simple tool tmnometric determination of the pGO
in the gastrointestinal trackn vitro andin vivo validation studies. Eur J Anaesthesiol
2006; 23: 680-685.

6. Bodson L, Bouferrache K, Vieillard-Baron A: Cardiseamponade. Curr Opin Crit Care
2011; 17: 416-424.

7. Bond RF, Green HD: Peripheral circulation. In: A#BM, Lefer AM, Schumer W (eds):
"Handbook of Shock and Trauma."” New York: RaversBr¥ol 1, p29, 1983.

8. Boros M, Kaszaki J, Nagy S: Oxygen free radicaldret histamine release during

intestinal ischemia-reperfusion. Eur Surg Res 1289297-304.

9. Boros M, Massberg S, Baranyi L, Okada H, MessmeEKdothelin-1 induces leukocyte
adhesion in submucosal venules of the rat smadkiime. Gastroenterology 1998; 114:
103-114.

10.Boros M: Microcirculatory dysfunction during intestl ischemia-reperfusion. Acta
Physiol Hung 2003; 90: 263-279.

11.Brathwaite CEM, Rodriguez A, Turney SZ, Dunham GBhwley RA: Blunt traumatic
cardiac rupture. Ann Surg 1990; 212: 701-704.

12.Buerke M, Lemm H, Dietz S, Werdan K: Pathophysiglodiagnosis, and treatment of

infarction-related cardiogenic shock. Herz 2011;3%382.

44



13.Bulkley GB, Kvietys PR, Perry MA, Granger DN: Eftscof cardiac tamponade on
colonic hemodynamics and oxygen uptake. Am J Ph$8i83; 244. G604-G612.

14.Chien S: Role of the sympathetic nervous systetmemorrhage. Physiol Rev 1967; 47:
214-288.

15.De Backer D, Ortiz JA, Salgado D: Coupling microalation to systemic hemodynamics.
Curr Opin Crit Care 2010; 16: 250-254.

16.El-Lati SG, Dahinden CA, Church MK: Complement peps C3a-and Cba-induced
mediator release from dissociated human skin melt. cJ Investigative Dermatology
1994, 102: 803-806.

17.Eppinger MJ, Deeb GM, Bolling SF, et al.: Mediatofsischemia-reperfusion injury of
rat lung.Am J Pathol 1997; 150: 1773-1784.

18.Fazekas L, Kékesi V, So0s P, Barat E, Huszar EashiNagy A: Coronary metabolic
adaptation restricted by endothelin in the dog théanta Physiol Hung 2001; 88: 35-46.

19.Ferrari R: The role of TNIe-in cardiovascular disease. Pharmacological Relsek99;
40:97-105.

20.Fujita E, Farkas M, Campbell W, Baranyi L, Okada ®kada N: Inactivation of C5a
anaphylatoxin by a peptide that is complementarg tegion of C5a. J Immunol 2004,
172: 6382-6387.

21.Girardi G, Berman J, Redecha P, Spruce L, ThurmnKtaus D, Hollmann TJ, Casali
P, Caroll MC, Wetsel RA, Lambris JD, Holers VM, @ain JE: Complement C5a
receptors and neutrophils mediate fetal injuryha aintiphospholipid syndrome. J Clin
Invest 2003; 112: 1644-1654.

22.Goldstein  JA Cardiac tamponade, constrictive pediia, and restrictive
cardiomyopathy. Curr Probl Cardiol 2004; 29: 503-56

23.Gorcsan J, Romand JA, Mandarino WA, Deneault L@GsiBi MR: Assessment of LV
performance by on-line pressure area relationsgusaimocardiographic automated borde
definition. J Am Coll Cardiol 1994; 23: 242-252.

24.Gregg DE: Effect of coronary perfusion pressureaonary flow on oxygen usage of the
myocardium. Circ Res 1963; 13: 497-500.

45



25.Grumann A, Baretto L, Dugard A, Morera P, Comu Eidl JB, Vignon PP: Localized
cardiac tamponade after open heart surgery. AnmathGardiovasc Surg 2012; 18: 524-
529.

26.Kaszaki J, Czobel M, Szalay L, Nagy S, Boros M: @&hdlin-1 induces organ-specific
histamine liberation and neutrophil granulocyte umcalation in the rat. Inflamm Res
2008; 57: 396-402.

27.Kaszaki J, Nagy S, Tarnoky K, Laczi F, VecsernyésBdros M: Humoral changes in
shock-induced by cardiac-tamponade. Circ Shock ;1289143-153.

28.Kelley WE, Januzzi JL, Christenson RH: Increasesanfliac troponin in conditions other
than acute coronary syndrome and heart failureic@i Chemistry2009; 55: 2098-2112.

29.Klopfenstein HS, Bernath GA, Cogswell TL, BoerbooirE: Coronary artery
hemodynamics in conscious dog during cardiac tamgexCirc Res 1987; 60: 845-849.

30.Kolkman JJ, Otte JA, Groeneveld AB: Gastrointestimaninal pCQ tonometry: an
update on physiology, methodology and clinical agpions. Br J Anaesth 2000; 84: 74-
86.

31.Kuebler WM, Abels C, Schuerer L, Goetz AE: Measueatnof neutrophil content in
brain and lung tissue by a modified myeloperoxidassay. Int J Microcirc Clin Exp
1996; 16: 89-97.

32.Ligero C, Leta R, Bayes-Genis A: Transient biventiar dysfunction following
pericardiocentesis. Eur J Heart Failure 2006; 2-104.

33.Loomis ED, Sullivan JC, Osmond DA, Pollock DM, Rak JS: Endothelin mediates
superoxide production and vasoconstriction throagtivation of NADPH oxidase and
uncoupled nitric-oxide synthase in the rat aortBhdrmacol Exp Ther 2005; 315: 1058-
1064.

34.Mamas MA, Nair S Fraser D: Cardiac tamponade aratHailure as a presentation of
influenza. Exp Clin Cardiol. 2007; 12: 214-216.

35.Mitiku TY, Heidenreich PA: A small pericardial e8ion is a marker of increased
mortality. Am Heart J 2011; 161: 152-157.

36.Molnar G, Csonka E, Vass A, Boros M, Kaszaki Jc@atory consequences of reduced
endogenous nitric oxide production during smallewoé resuscitation. Acta Physiol Hung
2011; 98: 393-408.

46



37.Moshage H, Kok B, Huizenga JR, Jansen PL: Nitmig @itrate determinations in plasma:
a critical evaluation. Clin Chem 1995; 41: 892-896.

38.Nagy S, Nagy A, Adamicza A, Szabd |, Tarnoky K, dvaA: Histamine level changes in
the plasma and tissues in hemorrhagic shock. GioclS1986; 18: 227-239.

39.0denstedt H, Aneman A, Svensson YOM, Stenqvist din S: Descending aortic
blood flow and cardiac output: a clinical and expental study of continuous
oesophageal echo-Doppler flowmetry. Acta Anaestihé&siand 2001; 45: 180-187.

40.0Okada H, Imai M, Ono F, et al: Novel complementagptides to target molecules.
Anticancer Res 2011; 31: 2511-2516.

41.0kada N, Asa S, Hotta A, et al. Increased inhigitarapacity of an anti-C5a
complementary peptide following acetylation of Maténal alanine. Microbiology and
Immunology 2007; 51: 439-443.

42.Park M, Maciel AT, Noritomi DT, Brunialti MK, Salo&o R, Schettino GPP, Azevedo
LCP: Is persistent hypotension after transient iogeehic shock associated with an
inflammatory response? Braz J Med Biol Res 2008648-656.

43.Parrillo JE Shock (in: Harrison’s Principles ofdntal Medicine 1% edition, ed.: Wilson
JD, Mc Grow-Hill Inc., New York 1991. pp:232-236.

44. Phillips CP, Vinecore K, Hagg DS, Sawai RS, DiffaglJA, Watters JM, Schreiber MA:
Resuscitation of hemorrhagic shock with normalrngahs. lactated Ringer's: effects on

oxygenation, extravascular lung water and hemodyegr@ritical Care 2009; 13: R30-

45.Prasad K, Kalra J, Chaudhary AK, Debnath D: Polyhonuclear leukocyte activation
and cardiac function at organ and cellular leveh Heart J 1990; 119: 538-550.

46.Reuter DA, Huang C, Edrich T, et al: Cardiac outmanitoring using indicator-dilution
techniques: Basics, limits, and perspectives. AnAsialg2010; 110: 799-811.

47.Sarma JV, Ward PA: The Complement System. CelluBigges 2011; 343: 227-235.

48. Scaffidi P, Misteli T, Bianchi ME: Release of chratim protein HMGB1 by necrotic cells
triggers inflammation. Nature 2002; 418: 191-195.

49.Seferovic PM, Ristic AD, Imazio M, MaksimaviR, Simeunoy D, Trinchero R,
Pankuweit S, Maisch B: Management strategies iicaelial emergencies. Herz 2006;
31: 891-900.

47



50.Sheehy AM, Burson MA, Black SM: Nitric oxide expesuinhibits endothelial NOS
activity but not gene expression: a role for supel® Am J Physiol 1998; 274: L833-
L841.

51. Skalidis EI, Kochiadakis GE, Chrysostomakis Sl,uignidis NE, Manios EG, Vardas
PE: Effect of pericardial pressure on human cormpaculation. Chest 2000; 117: 910-
912.

52.Soop A, Albert J, Weitzberg E, Bengtsson A, LungbéO, Sollevi A: Complement
activation, endothelin-1 and neuropeptide Y intretato the cardiovascular response to
endotoxin-induced systemic inflammation in healiojunteers. Acta Anaesthesiol Scand
2004; 48: 74-81.

53.Topalian S, Ginsberg F, Parrillo JE: Cardiogeniocgh Crit Care Med 2008; 36: S66-
S74.

54.Trepte CJC, Eichhorn V, Haas SA, Richter HP, Gaed%S, Kubitz JC, Goetz AE,
Reuter DA: Thermodilution-derived indices for assaent of left and right ventricular
cardiac function in normal and impaired cardiacction. Crit Care Med 2011; 39: 2106-
2112.

55.Tyson GS, Maier GW, Olsen CO, Dawis JW, Rankin P®ricardial influences on
ventricular filling in the conscious dog. Circ RE384; 54: 173-184.

56.Ulloa L, Messmer D: High-mobility group box 1 HMGBDrotein: friend and foe.
Cytokine Growth Factor Rev 2006; 17: 189-201.

57.Valley VT, Fly CA: Pericarditis and Cardiac Tampdea (rewiev)

www.emedicine.com/emerg/topid2.htm 2007.

58.Végh T, Bérczy K, Juhasz M, Sira G, Balogh L, Veted-tlesdi B: The use of pulse
contour cardiac output—volumetric ejection fractiomonitoring system in thoracic
anaesthesia for high-risk patient: case report.JEAmaesthesiol 2009; 26: 1085-1088.

59.Walkenstein MD, Peterson BT, Gerber JE, Hyde RWstatine-induced pulmonary
edema distal to pulmonary arterial occlusion. JIAfipy/siol 1985; 58: 1092-1098.

60.Ward PA: Sepsis, apoptosis and complement. BiodPleanmacol 2008; 76: 1383—1388.

61.Wolfard A, Szalay L, Kaszaki J, Sahin-Téth G., Vahdr., Balogh A., Boros M.:

Dynamic in vivo observation of villius microcircdian during small bowel

48



autotransplantation: effects of endothelin-A reoemthibition. Transplantation 2002; 73:
1511-1514.

62.Wolfard A, Vangel R, Szalay L, Kaszaki J, Haulik Balogh A, Nagy S, Boros M:

Endothelin-A receptor antagonism improves small &dograft perfusion and structure
after ischemia and reperfusion. Transplantatior188: 1231-1238.

63.Yang H, Wang H, Czura CJ, Tracey KJ: HMGB1 as akiyie and therapeutic target. J
Endotoxin Res 2002; 8: 469-472.

64.Zimmermann T, Schuster R, Lauschke G, Trausch Men@luminescence response of
whole-blood and separated blood-cells in casegmér@mentally induced pancreatitis and
mdtg-da trasylol ascorbic-acid therapy. Anal Chimdcta 1991; 255: 373-381.

49



8. ACKNOWLEDGEMENTS

| would like to express my gratitude to Professohdlly Boros, head of the Institute of
Surgical Research, for his scientific guidance.ekemly appreciate his constant support
through the years during which | have had the iggito work in the institute.

| owe my gratitude to Professor Tamas Forster, hafaithe Second Department of
Medicine and Cardiology Centre, for his inspiratiand support of my experimental and
scientific work.

| am especially grateful to my supervisor, Dr. &zKaszaki, for his personal
guidance and for introducing me to experimentalgewyr. Without his continuous
encouragement, never-failing interest, and optimisttitude to the scientific problems, this
Ph.D. study might never have been completed.

| would like to express my deepest appreciatioRrafessor Miklés Csanady, former head
of the Second Department of Medicine and Cardiology Cerfse admitting me to the
Echocardiography Team of the department as a yqinygician and to Dr. Matyas Sereg,
former head of the Cardiology Department at Szeyir@/ Hospital, who introduced me to
cardiology.

My special thanks are due to all the technicaf stfhe Institute of Surgical Research
and the nurses of the echocardiography laboraiottya Second Department of Medicine and
Cardiology Centre. Their skilful activities and leasiastic work have helped me overcome
many difficulties and have greatly facilitated #geriments and the clinical studies.

Last but not least, | would like to express my meseding gratitude to my family, who
were always with me.

This study was supported by research grants OTKA46%6, TAMOP-4.2.2.A-
11/1/KONV-2012-0035 and TET JP 16/09.

50



(]

. ANNEX

. Erces D, Nogrady M, Nagy E, Varga @ass A Suiveges G, Imai M, Okada N, Okada H,
Boros M, Kaszaki J: Complement c5a antagonistrreat improves the acute circulatory
and inflammatory consequences of experimental aarimponadeCrit Care Med 41
2013. (accepted for publication) DOI: 10.1097/CCbh003e31828a6768

Vass A Suveges G, Erces D, Nogrady M, Varga G, Folde§utakuchi M, Imai M,
Okada N, Okada H, Boros M, Kaszaki J: Inflammatacfivation after experimental
cardiac tamponad&ur Surg Res 51:1-13, 2013. DOI: 10.1159/000352089

Molnar G, Csonka EVass A,Boros M, Kaszaki J: Circulatory consequences dticed
endogenous nitric oxide production during smallewoé resuscitatiorActa Physiol Hung
98: 393-408, 2011.

51



