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1 Introduction 

1.1     Physiology 
1.1.1 Function of heart 

In circulatory system, the function of the heart is to provide continuous blood flow to the whole 

body. This circulation consists of the systemic circulation to and from the body and the 

pulmonary circulation to and from the lungs. During the process of respiration, blood in the 

pulmonary circulation exchanges carbon dioxide for oxygen in the lungs (Fig. 1). After this, 

oxygen is transported to the body & carbon dioxide is returned by systemic circulation and 

relatively deoxygenated blood to the heart for transfer to the lungs (Betts et al., 2013). 

 

Fig. 1: Heart structure and blood flow course through the cardiac chambers and heart valves 

(Guyton and Hall, 2006) 

The deoxygenated blood is collected by the right heart from two large veins, the superior and 

inferior vena cava. Blood accumulates in the right and left atrium continuously (Betts et al., 
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2013). The superior vena cava receives blood from above the diaphragm and pours it into the 

upper back part of the right atrium. While the inferior vena cava receives the blood from below 

the diaphragm and pours it into the back part of the atrium below the opening for the superior 

vena cava. At the contraction of the right atrium, the blood is pumped through the tricuspid valve 

into the right ventricle. When the right ventricle contracts, the tricuspid valve closes and the 

blood is pumped into the pulmonary trunk via the pulmonary valve. The pulmonary trunk gives 

rise to pulmonary arteries and progressively smaller arteries throughout both lungs, until it 

reaches the capillaries. Carbon dioxide is exchanged with oxygen as these capillaries pass by 

alveoli in lungs. Oxygen diffuses from the lumen of the alveoli into the blood while diffusion of 

carbon dioxide acts in the opposite direction. 

Oxygenated blood in the left heart is returned to the left atrium via the pulmonary veins. It is 

then, through the left ventricle, pumped into the aorta via the aortic valve for systemic 

circulation. The aorta is the largest artery that divides into many smaller arteries, arterioles, and 

ultimately capillaries. “In the capillaries, oxygen and nutrients from blood are supplied to body 

cells for metabolism, and exchanged for carbon dioxide and waste products” (Betts et al., 2013).  

The deoxygenated blood in the capillaries then travels into venules and veins and ultimately 

accumulates in the superior and inferior vena cava, and back into the right heart to restart the 

whole blood pumping cycle. 
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1.1.2 Cardiac cycle 

 

Fig. 2: The cardiac cycle. Different electrocardiogram (ECG) states are exhibited in relation to 

the cardiac cycle (Betts et al., 2013). 

The heartbeat which includes systole and diastole and the intervening pause is called the cardiac 

cycle (Fig. 2), (Guyton and Hall, 2006). This cardiac cycle starts with the atrial contraction and 

ends with relaxation of the ventricles (Fig. 2). Systole means the contraction of the atria or 

ventricles of the heart. Diastole is the term used when the atria or ventricles relax and fill 

themselves with blood. The atria and ventricles work in a systematic cycle, i.e., each systole is 

followed by a diastole (Betts et al., 2013). 
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Both the atria and the ventricles are relaxed during the early diastole, at the onset of the cardiac 

cycle (isovolumic/isovolumetric relaxation). When the chambers are relaxed, blood will flow 

into the atria from the pulmonary veins and the coronary sinus. The pressure will rise as the atria 

begin to fill so that the blood moves from the atria into the ventricles. During late diastole the 

atria contract, pumping more and more blood into the ventricles. This will cause an increase in 

pressure inside the ventricles. As the ventricles reach systolic stage of cardiac cycle, the blood 

will be pumped into the aorta and pulmonary artery (isovolumic/isovolumic contraction) 

(Guyton and Hall, 2006) (Fig. 3).  

When both of the ventricles undergo contraction, the pressure forces the aortic and pulmonary 

valves to open. As both ventricles undergo relaxation phase, the aortic and pulmonary valves will 

close because the pressure in the ventricles is lower in the pulmonary arteries and aorta. When 

the tricuspid and mitral valves (atrioventricular valves) are open, during blood flow to the 

ventricles, the aortic and pulmonary valves are shut closed to avoid backflow of the blood into 

the ventricles. When the ventricular pressure is higher than the atrial pressure the mitral and 

tricuspid valves will close (Guyton and Hall 2006).  
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Fig. 3: Steps of the cardiac cycle for left ventricular function, showing changes in aortic pressure 

(black dotted line at top), the electrocardiogram (brown line), left atrial pressure (black dotted 

line in the middle), left ventricular pressure (red line), ventricular volume (blue line), and the 

phonocardiogram (pink line at the bottom) (Guyton and Hall, 2006). 

 

1.1.3 Cardiac output 

Cardiac output (CO) is a terminology used as measurement of the amount of blood pumped by 

each ventricle (stroke volume) in one minute. This is calculated by multiplying the stroke 

volume (SV) by the beats per minute of the heart rate (HR). So that: CO = SV x HR (Betts et al., 

2013).  The cardiac output is normalized to the body surface area and is called the cardiac index. 

“The average cardiac output, using an average stroke volume of about 70 mL, is 5.25 L/min, 

with a normal range of 4.0–8.0 L/min” (Betts et al., 2013). An echocardiogram is normally used 
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to measure the stroke volume and can vary by the size of the heart, sex, duration of contraction, 

physical and mental condition of the individual contractility, preload and afterload (Fig. 3) (Betts 

et al., 2013). 

While preload is called the filling pressure of the atria at the end of diastole. A huge factor 

influencing the preload is how long it takes the ventricles to fill- the preload will be less if the 

ventricles contract faster and then there is less time to fill those ventricles (Betts et al., 2013). 

There is another state that can influence the preload-person's blood volume. “The force of each 

contraction of the heart muscle is proportional to the preload, described as the Frank-Starling 

mechanism. This states that the force of contraction is directly proportional to the initial length of 

muscle fiber, meaning a ventricle will contract more forcefully, the more it is stretched” (Betts et 

al., 2013; Guyton and Hall, 2006). 

How much pressure the heart must generate to eject blood at systole is called afterload. Afterload 

is influenced by the total peripheral resistance (TPR). TPR can itself vary by narrowing of the 

heart valves (stenosis) or contraction or relaxation of the peripheral blood vessels (Betts et al., 

2013). 

The stroke volume is heavily dependent on strength with which the heart muscle contracts. The 

agents termed as inotropes can influence it in a positive or negative way (Berry et al., 2007).  

“These agents can be a result of changes within the body, or be given as drugs as part of 

treatment for a medical disorder, or as a form of life support, particularly in intensive care units”. 

Positive inotropes are the inotropes that increase the force of contraction of heart muscle, and 

include sympathetic agents such as adrenaline, noradrenaline and dopamine (Bersten, 2013). 

Negative inotropes reduce the contraction force of heart muscle and include calcium channel 

blockers (Berry et al., 2007).   
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1.1.4 Electrical pacemaking in the sinoatrial node and electromechanical 

coupling in the myocardium 

The resting heart rate of an adult person ranges from 60 to 100 bpm. While the resting heart rate 

of a newborn baby can be 129 beats per minute (bpm) and this keeps on decreasing until 

maturity (Ostchega et al., 2011). In case of an athlete, the heart rate can be lower than 60 bpm. 

While during physical exertion-exercise the heart rate can be as high as 150 bpm with maximum 

rates reaching from 200 to as high as 220 bpm (Betts et al., 2013).  

 

Fig. 4:  Time course of the membrane potential during pacemaking in the sinoatrial node (Betts 

et al., 2013). 

 

Sinus rhythm is the normal resting heart rate. It is created and sustained by a group of pace 

making cells found in the wall of the right atrium called the sinoatrial node. Sinus node 

pacemaker cells do not exhibit a stable resting potential. During diastole their membrane 

potential slowly depolarizes until the threshold of the L-type Ca2+-current of -40 mV is reached. 

Then L-type Ca2+-channels open and an action potential (AP) is elicited (Fig. 4). After reaching 

the peak of the AP around +20 mV the L-type Ca2+-channels start to inactivate and K+-channels 

slowly open. Increasing K+-inward currents (IKr, IKs) together with the ceasing L-type Ca2+-

current lead to repolarization of the AP. Finally the maximal diastolic potential is reached and 
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the AP has ended. The phase of the slow diastolic depolarization depends on IF and on 

decreasing K+-conductances. IF is a hyperpolarization activated cation current mostly carried by 

Na+-inward current. These current systems are mainly responsible for the diastolic 

depolarization, which is terminated when the threshold of the L-type Ca2+-current is reached 

(Betts et al., 2013). 

Myocardial cells are electrically coupled by gap junctions; therefore the AP can be conducted 

from the sinus node cells into neighboring cells. Starting at the sinus node the AP travels over the 

atria to the atrial ventricular (AV) node and from there through the septum via the purkinje fibers 

to the ventricular wall. There the ventricular myocardial cells become depolarized and develop a 

ventricular AP (Betts et al., 2013). 

Ventricular myocardial cells exhibit a stable resting membrane potential around -70 mV. When 

they are depolarized until around -50 mV, the threshold of the Na+ channels is reached and the 

INa is elicited. The INa depolarizes the ventricular cells to +30 mV. During this process the L-type 

Ca2+-current is activated. As long as the ICa,L persists the membrane potential stays depolarized 

(plateau phase of the AP). When the ICa,L inactivates and the K+-currents activate the cell 

repolarizes and the AP ceases. The inward flow of Ca+ during the plateau phase induces a Ca+ 

release from the sarcoplasmic reticulum (SR) (Ca2+ induced Ca2+ release). This leads to an 

increase in [Ca2+]i which induces the contraction cycle of the actin and myosin filaments in the 

sarcomeres. The contraction process ends when the cell repolarizes and Ca2+ is pumped back into 

the SR by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) (Davis and Tikunova, 2008).  

 

1.2 Epidemiology & pathophysiology of diseases of the cardiovascular 

system 

Diseases of the cardiovascular system have long been the most common cause of death in 

Germany. In 2003 47% of deaths were attributed to cardiovascular diseases. Of these, 41% were 

due to ischemic heart disease. Myocardial infarction is, based on this data responsible for about 

171,000 deaths in Germany each year (Löwel and Meisinger, 2006). 
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Myocardial infarction (MI) is a state when flow of the blood stops in a coronary artery or a 

succeeding vessel resulting in hypoxia leading to damage in the downstream cardiac tissue. 

Chest pain or discomfort is the most common symptom. The pain may travel into the shoulder, 

arm, back, neck, or jaw. This chest pain is mostly felt on the left side of the body and lasts for 

more than a few minutes. Moreover, atypical symptoms like shortness of breath, nausea, feeling 

faint, cold sweat, or feeling tiredness have also been reported by patients (Coventry et al., 2011). 

About 30% of people have reported atypical symptoms of myocardial infarction (Steg et al., 

2012). Especially women have more atypical symptoms than their male counterparts (Coventry 

et al., 2011). Out of these persons over 75 years old, about 5% have had an MI with little or no 

history of symptoms. MI may finally lead to an irregular heartbeat, heart failure, cardiogenic 

shock, or cardiac arrest (Valensi et al., 2011). 

ECGs, blood tests like detection of troponin or creatine kinase, and coronary angiography are 

methods applied in early diagnosis of MI. An ST elevation (STE) during an ECG recording is 

taken as a sign for MI (Steg et al., 2012). However, STE cannot be demonstrated in every case of 

MI. In 2015 in a cohort of 15.9 million of MI patients worldwide STE was detected in 3 million 

whereas it was not shown in 4 million. Thus missing STE does not guaranty the absence of MI. 

Coronary artery diseases are the major causes of myocardial infarction. High blood pressure, 

high blood cholesterol, lack of exercise, smoking, diabetes, obesity, poor diet, and excessive 

alcohol intake are risk factors which promote myocardial infarction (Herold, 2003; Mehta et al., 

2015; Mendis et al., 2011). MI is often caused by complete blockage of a coronary artery due to 

a rupture of an atherosclerotic plaque. Coronary artery spasms due to cocaine abuse, significant 

emotional stress or extreme cold are more rarely responsible for MI (Devlin et al., 2008).  

As mentioned above the coronary heart disease (CHD) plays the main role in MI. CHD is a 

narrowing of the cardiac coronary vessels due to plaque formation. In contrast to MI, which is a 

sudden and permanent interruption of the blood flow, also transient discontinuations of blood 

flow can appear. This is referred to as angina pectoris (ang. p.). Ang. p. develops in arteries with 

pre-existing sclerosis due to CHD. In many cases the ang. p. serves as a pre-stage for myocardial 

infarction.  
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Heart failure (HF) is a state where the heart can't pump out enough blood to meet the 

requirements of the body.  HF is generally a chronic condition which is associated with age and 

progresses gradually with time (Davidson, 2010). Right and left heart has the capacity to fail 

independently. Left HF can induce right HF by increasing strain on the right heart. “In a situation 

where heart cant not pump out sufficient amount of blood, it may accumulate throughout the 

body, causing breathlessness in the lungs (pulmonary congestion; pulmonary edema), swelling 

(edema) of the feet or other gravity-dependent areas, decrease exercise tolerance, or cause other 

clinical signs such as an enlarged liver, cardiac murmurs, or a raised jugular venous pressure”. 

The most common reported causes of HF are coronary artery disease, valve disorders and 

diseases of cardiac muscle (Davidson, 2010). But also MI especially in case of large necrotic 

areas may progress to HF. 

The state in which heart muscle’s ability to contract is deteriorated is called cardiomyopathy and 

this can lead to heart failure. There are many types of cardiomyopathies and some are poorly 

understood. Some known reasons of cardiomyopathy include alcohol, toxins, systemic disease 

such as sarcoidosis, and congenital conditions such as hypertrophic cardiomyopathy (HOCM). 

The nomenclature of cardiomyopathies is described according to how they affect heart muscle. 

Cardiomyopathy can lead myocardial enlargement (hypertrophic cardiomyopathy), restriction of 

the outflow tracts (restrictive cardiomyopathy), or cause the dilation of the heart and thus affect 

the myocardial performance (dilated cardiomyopathy) (Davidson, 2010). “HOCM is often 

undiagnosed and can cause sudden death in young athletes” (Betts et al., 2013; Davidson, 2010). 

Cardiac arrhythmias are the cardiac abnormalities of the normal sinus rhythm as well as of the 

AP conduction. They can prevent the heart from pumping the blood efficiently to the body. The 

abnormalities can be identified by ECG. These cardiac arrhythmias can appear during a regular 

heart rhythm, such as a rapid resting HR (tachycardia, faster than 100 bpm) or a slow resting HR 

(bradycardia, less than 60 bpm); or may occur as irregular heart rhythms. Atrial or ventricular 

fibrillations are other two types of cardiac arrhythmias with random or varying cardiac rhythms 

depending on the origination of the electrical activity either in the atria or the ventricles. In 

ventricular fibrillation there is no heart beat this is named asystole. Abnormal electric conduction 

in atria or ventricles has the potential to delay or alter contraction of the heart muscle. This 

delayed electric conduction can be a result of a disease process, such as a local block in the 
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myocardium or AV block, or congenital, such as Wolff-Parkinson-White syndrome (Davidson, 

2010). 

The congenital diseases may also affect the heart. Among these are ventricular or atrial septal 

defects, diseases of the heart valves (e.g. congenital aortic stenosis) or diseases relating to blood 

vessels or blood flow from the heart (such as a patent ductus arteriosus or aortic coarctation)” 

(Davidson, 2010; Kasper et al., 2011). Symptoms of congenital diseases appear at different ages. 

If a woman gives birth to a baby with noticeable blue skin, it may mean that unoxygenated blood 

is traveling directly from the right to the left side of the heart. This condition is called cyanotic 

and may affect the ability of the child to grow normally (Davidson, 2010). Also other congenital 

diseases can prevent normal growth of children. Up to 25% of the adults exhibit an insufficiently 

closed foramen ovale, which under specific conditions may allow blood flow from the right to 

the left atrium. 

The pericardium connective tissue layer surrounding the heart can also be affected by diseases. 

Systemic disorders such as amyloidosis or sarcoidosis, tumors, high uric acid levels are known to 

be able to damage the pericardium. Infective diseases such as glandular fever, cytomegalovirus, 

coxsackievirus, tuberculosis or Q fever can attack the pericardium this is called pericarditis. 

Diseases of the pericardium can reduce the heart’s ability to pump the blood, e.g. increased fluid 

between the pericardium and the heart can compress the myocardium and thus hamper the 

contraction (cardia tamponade).  Pericardiocentesis is the treatment/process to remove this fluid 

out of pericardium using a syringe (Davidson, 2010). 

 

1.3 Physiology and Pathophysiology of Ischemia Reperfusion 

Occlusion of a coronary artery creates ischemic zones also called “area at risk” (AAR), this is the 

region without perfusion. The outer borders of the area at risk are sharply defined by a lack of 

communication between neighboring capillary beds (Berry et al., 2007; Sjoquist et al., 1984). 

After sufficient time cellular deterioration will take place in the AAR. During reperfusion 

additional stress will be exerted on the cardiomyocytes within the AAR, this leads to the so 

called reperfusion injury. Finally there will be a necrotic zone of dead cells within the AAR. The 
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detailed processes happening during the ischemic and the following reperfusion state will be 

explained in the next three chapters. 

 

1.3.1 Ischemic injury 

MI results in an interrupted blood flow, which causes an abrupt decrease of O2 supply. This 

hypoxia prevents the continuation of oxidative phosphorylation and thus of oxidative adenosine 

triphosphate (ATP) production. The cells will metabolize creatine phosphate and switch from 

aerobic to anaerobic metabolism, thereby an accumulation of lactic acid happens and the ATP 

production is much less effective. As a consequence the ATP level falls by 65% after 15 min and 

by 95% after 40 min of ischemia (Adams et al., 2007;   Calise and Powell 2013). Furthermore, an 

intra-extracellular acidification develops due to increased lactic acid and CO2. The lack of ATP 

and the acidification leads to reduced activity of ionic pumps such as Na+/K+-ATPase, Na+/H+-

ATPase and SERCA. This in turn causes intracellular rise in Na+ and Ca+ as well as loss in K+. 

Consequently the extracellular K+ concentration rises. The cells depolarize and develop a 

moderate contracture. This contracture weakens the cellular cytoskeleton.  If the ischemia lasts 

more than 30 min, the cardiomyocytes start to undergo necrosis. The longer the hypoxia lasts, the 

more cardiomyocytes will deteriorate. Therefore a fast reperfusion is the only way to limit the 

ischemic insult (Bopassa, 2012) 
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Fig. 5: Ischemia results in a variety of structural and metabolic changes in the cardiomyocytes.  

 

1.3.2 Reperfusion Injury 

Reperfusion, however, causes additional damage to the cardiac tissue. This damage is called 

"reperfusion injury". In reperfusion, the depolarized acidified cardiomyocytes with high 

intracellular Na+ are again perfused with solution rich in O2 and Na+. In this situation Na+/Ca2+ 

exchanger will transiently run reversely and Ca2+ will also enter the cardiomyocytes via L-type 

Ca2+ channels. This leads to an intracellular Ca2+ overload which can be counteracted by 

additional storage of Ca2+ in the SR. However, the SR starts to release Ca2+ spontaneously 

leading to Ca2+ oscillations. In this situation, mitochondria start to take up Ca2+ to rescue the 

cardiomyocytes. Furthermore, the increasing O2 will promote the production of reactive oxygen 

species (ROS). Taken together, the cardiomyocytes weakened during ischemia may now 
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deteriorate completely due to the Ca2+ overload and the toxic effects of ROS. However, it is 

known that enzymes necessary for apoptosis are also activated during early reperfusion. The 

region of dead cells lies within the AAR. The processes described here occur within the first 

minutes after reperfusion. The amount of reperfusion injury depends highly on the duration of 

ischemia. The existence of dead cells and debris within the myocardium triggers a chain of 

inflammatory reactions (Yellon and Hausenloy 2007).  

 

1.3.3 Post-ischemic inflammation 

Following the ideas Frangogiannis and Nahrendorf and coworkers (Entman et al., 2000; 

Frangogiannis 2008; Frangogiannis et al., 2002; Leuschner et al., 2012; Nahrendorf et al., 2007), 

the inflammatory post-ischemic reactions can be divided into three different states: 

1. Initiation of an inflammatory reaction 

2. Invasion of immune cells and clearing of the necrotic zone 

3. Repair and remodeling  

 

1.3.3.1 Initiation of an inflammatory reaction 

The reperfusion is accompanied by a vasodilation within the AAR, which also leads to increased 

permeability of the endothelium. This followed by a passage of blood plasm into the AAR 

mainly the necrotic zone, where an edema develops (Garcia et al., 2012). The release of 

intracellular contents called damage associated molecular patterns (DAMPs) from necrotic cells 

starts the inflammatory chain. Among the DAMPs are the high-mobility group box-1 (HMGB-1) 

protein, heat shock proteins (HSP), ATP and matrix fragments like fibronectin. Some of these 

like HMGB-1 and fibronectin bind to Toll-like receptors (TLR) and thus activate the innate 

immune system (Nahrendorf et al., 2010). TLRs have been shown to play an important role in 

the post-ischemic inflammatory reaction e.g. by activation of Nuclear factor (NF)-κB a 

transcription factor which leads to the expression of TNF-α and IL-1β as well as other cytokines. 

Interestingly, TLR4 deficiency attenuated the inflammatory reaction and was associated with 

reduced infarct sizes (Stapel et al., 2006).  
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As mentioned above ROS production starts already in the early reperfusion. ROS help to initiate 

inflammatory chain in different ways by stimulating the complement reaction and the cytokine 

and chemokine expression. The cells neighboring to the necrotic zone release pro-inflammatory 

cytokines as well as chemokines. Cytokines and chemokines are washed into the bloodstream 

and trigger an intensified inflammatory reaction in which cells of the immune system, e.g. 

macrophages and lymphocytes are recruited into the myocardium (Stumpe et al., 2001). It is 

important to mention, that the inflammatory reaction has to be limited in time and amount as an 

overwhelming inflammation will have deleterious consequences, especially in case of ROS. 

Thus the positive and the negative consequences of inflammation have to be balanced within 

narrow limits (Cadenas, 2018) 

 

1.3.3.2 Invasion of immune cells and clearing of the necrotic zone  

Activation of the complement system as well as expression of specific chemokines like CXCL8 

and CXCL1 attracts neutrophils as well as Ly-6Chigh monocytes, which both are potent 

phagocytotic and pro-inflammatory immune cells. Thus both will clear the cellular debris in the 

necrotic zone and keep the inflammatory reaction at a high level by secreting further pro-

inflammatory cytokines. Furthermore, these cells secrete matrix metalloproteinases (MMPs). 

These enzymes cleave the components of the existing extracellular matrix thus helping the 

invasion of further immune cells and preparing the extracellular space for repair processes. At 

this state it is important to downregulate pro-inflammatory processes to initiate repair. Therefore 

the further invasion of pro-inflammatory cells has to be downregulated and reparative cells have 

to be attracted to the infarct zone possibly by the chemokine CX3CR1. Ly-6Clow monocytes have 

been characterized as specialized in repair and attenuation of inflammation (Nahrendorf et al., 

2007; Swirski et al., 2009). 

   

 1.3.3.3 Repair and remodeling  

Ly-6Clow monocytes are known to express transforming growth factor (TGF)-β, vascular 

endothelial growth factor (VEGF) and IL-10. IL-10 is a well-known anti-inflammatory cytokine 
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which has been shown to play an important role in I/R (Markowski et al., 2013). TGF-β also 

exhibits anti-inflammatory characteristics and stimulates myofibroblasts to synthesize and 

deposit collagen. VEGF induces vascular growth which enables blood supply to new tissue 

areas. As cardiomyocytes are unable to divide, a scar of connective tissue has to grow in the 

former ischemic region. This scar is mainly formed by myofibroblasts. Furthermore, other parts 

of the ventricular wall have to develop more power to take over contractile activity of the 

necrotic region. Development of the scar as well as the adaptation processes in the non-ischemic 

myocardium are called remodeling. Remodeling has to guarantee that the post-ischemic 

myocardium matches the requirements of the body. If the heart cannot suffice these requirements 

it will proceed to HF (Frangogiannis 2014) 
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Fig. 6: Diagram showing the main mechanisms of cardiomyocyte death progressively during 

myocardial reperfusion.  

 

1.4 Role of myocardial pre- and post-conditioning in cardiac remodeling 

I/R injury in hearts vary even in the case of comparable ischemia times. The history of the heart 

seems to play a role in the extent of an ischemic injury. This led to the idea that pre-treatment of 

a heart may help to survive an ischemic period better (Murry et al., 1986). The observation that 

people with ang. p. seem to have smaller infarcts than formerly healthy persons supported this 

idea (Abete et al., 1997; Mladenovic et al., 2008). In experiments repetitive short periods of 

ischemia prior to an infarction have diminished infarct size (Riksen et al., 2004-a; 2004-b). This 

treatment was named ischemic pre-conditioning (IPC). Application of pharmacological 
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substances prior to an infarction was called pharmacological pre-conditioning. Every treatment 

which was applied prior to an infarct in order to reduce effects of ischemia has been called pre-

conditioning (Demirehl et al., 2001; Markowski et al., 2013; Taylor et al., 1999).  

Besides pre-conditioning also post-conditioning has been tried (Cohen et al., 2007; Zhao et al., 

2003; Zhao et al., 2006). Post-conditioning (POC) means a treatment is applied after the 

ischemic period or at the end of the ischemic period before reperfusion. In the clinical setting the 

concept of POC is much more interesting because it allows treating a patient after the infarct has 

happened, i.e. after the patient has reached the clinic. Many experimental studies as well as some 

clinical studies on POC have been performed.  

In general both pre- and post-conditioning aim to two different processes the ischemic and/or the 

reperfusion injury. Hypoxic pre-treatments may prepare the organism for the ischemic period. 

Murry et al. (1986) were the first to apply an IPC protocol.  4 periods of ischemia of 5 min 

duration and by 5 min of reperfusion each were followed 40 min of sustained ischemia. This 

reduced the infarct size by 75%. The explanation for the beneficial influence of IPC was rather 

wage in this early study. Meanwhile many molecules and pathways which help to reduce 

ischemic insult after IPC have been identified, for review see Heusch (2015). Even inducing an 

ischemia in another organ than the heart prior to MI can reduce the ischemic insult in the 

myocardium. This is called remote ischemic pre-conditioning (RIC). As RIC was successful in 

animal experiments it was also tested in multicenter phase III clinical trials, however without 

clear positive outcome (Heusch and Gersh, 2016). 

An example for pharmacological pre-conditioning is a recent work from our group (Markowski 

et al., 2013). In this study a moderate inflammation was induced by i.p. injection of 0.2 mg/g of 

CPG-oligodeoxynucleotides (CPG-ODN) 16 h before a 60 min ischemia. This reduced the 

infarct size by 75% which was explained by a reduced inflammatory reaction due to an increased 

IL-10 expression caused by the pre-conditioning.  

Zhao et al. (2003) invented the concept of ischemic post-conditioning (IPOC) in experiments on 

dogs. After a 45 min long ischemia at the start of reperfusion, three cycles of 30 s reperfusion 

and 30s (left anterior descending artery) LAD re-occlusion preceded the continuous reperfusion. 

They compared their post-conditioning results to a control group with ischemia and reperfusion 
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only and a group with hypoxic pre-conditioning. Infarct size was 25% of AAR in the control but 

only around 15% in the pre- and post-conditioned groups. As ischemic post-conditioning relies 

on brief iterative episodes of reperfusion before the continuous perfusion starts, the very early 

events during reperfusion which induce Ca2+-overload of the SR and formation of ROS may be 

involved in this process. Recently a study underlined this by showing that Ca2+-overload of the 

SR is reduced by IPOC (Inserte et al., 2014). Like pharmacological pre-conditioning also 

pharmacological post-conditioning has been tested successfully in experiments. A study of our 

group showed that i.p. injection of 1 mg/kg of the sphingosine-1-phosphate agonist FTY720 after 

1 h of ischemia and before 24 hour of reperfusion reduced the infarct size by 61.26%. In this case 

invasion of Ly-6Chigh monocytes was reduced by the FTY720 treatment (Goltz et al., 2015). 

 

1.5 Role of proteasome inhibition in I/R 

As explained above NF-κB is a central transcription factor in initiation of the inflammatory 

cascade starting directly after reperfusion in the necrotic area. Activation of NF-κB depends on 

phosphorylation of IκB an inhibitor of NF-κB activation. After phosphorylation of IκB it 

separates from NF-κB and is degraded via the Ubiquitin Proteasome System (UPS). This can be 

prevented by proteasome inhibition and block of IκB degradation will as a consequence reduce 

NF-κB activation. Decreased NF-κB activation may reduce the intensity of the inflammatory 

cascade after I/R, which may have beneficial influence on the resulting infarct size and the 

outcome. This hypothesis was first proposed in a review of Yu and Kem (2010) and was 

supported by the results of a series of investigations, which demonstrated reduced cardiac infarct 

size after application of the proteasome inhibitors PR-39, PS-519 and bortezomib (Bao et al., 

2001;  Pye et al., 2002; Stansfield et al., 2007; Yu et al., 2005).  However, in a later review 

Calise and Powell (2013) discussed that PS-519 may not develop its function by NF-κB 

inhibition. Therefore further investigations seemed to be necessary.  

Another interesting aspect of the block of UPS is the interaction of proteasomes with hypoxia 

inducible factor (HIF).  HIF-1α is transcription factor which is responsible for the cells to adapt 

the inflammatory and hypoxic conditions (Betts et al., 2013; Cramer et al., 2003; Frede et al., 
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2007). In addition, several studies have documented different interactions between NF-κB and 

HIF (Frede et al., 2006; Frede et al., 2009; Görlach and Bonello, 2008).   

It is important to know that HIF-1α is usually expressed constitutively and degraded constantly 

by the UPS. In normoxic conditions HIF-1α expression and degradation is in steady state, i.e. 

there is a low but constant level of HIF-1α present in the cytoplasm. In hypoxia UPS dependent 

HIF-1α degradation is inhibited, but the production is still stable, HIF-1α level in the cells will 

rise (Jaakkola et al., 2001).  Thus pharmacological UPS inhibition will simultaneously increase 

the level of HIF-1α and decrease NF-κB in the cardiac cells (Fig. 7).  

The first potent proteasome inhibitor, which was clinically available, is Bortezomib (Velcade ®), 

which is indicated for the treatment of multiple myeloma. This was chosen for the UPS 

inhibition in this study (Bedford et al., 2011).  
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Fig. 7: Schematic explanation of interactions between nuclear factors NF-κ B and HIF and the 

proteasome system (Gölz et al., 2011). 

 

1.6 Aim of the study 

The aim of the study on the one hand is to suppress the ischemia induced inflammatory reaction 

and on the other hand to promote cardioprotective mechanisms. In this context, two hypotheses 

were formulated: 
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1. Repetitive cycles of ischemia and reperfusion will raise the cardiac HIF-levels and reduce the 

sensitivity of the myocardium to inflammation. 

2. Inhibition of the UPS will raise the cardiac HIF-levels and attenuate NF-κB levels in the 

cardiomyocytes and thus decrease inflammation. 

3. The different treatments will decrease ischemic injury and help to preserve cardiac function. 

4. The different treatments will facilitate remodeling after I/R and thus allow better recovery of 

cardiac function.  

To investigate these hypotheses IPC was applied to one group and pharmacological pre- and 

post-conditioning with bortezomib to inhibit UPS was applied to another group of mice.  
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2 Materials and Methods 

2.1 Experimental animals 

The female C57BL/6 experimental mice used were between 9-12 weeks old and were bought 

from Charles River Deutschland GmbH. The mice were kept in individually ventilated 

polycarbonate transparent pathogen free cages measuring 365X207X140 mm with bedding 

(ASBE-wood GmbH, Ahrensfelde, Germany). The room temperature was set between 20-22°C 

and at 50% humidity. The day and night cycle was set to 12 hours. The experimental animals 

were given free access to standard rodent chow (sniff Spezialdäten GmbH, Seost, Germany) and 

tap water. All mice were housed and kept according to the principles of laboratory animal care 

(NIH publication no: 85-23 revised 1996) and experimental procedures followed the rules of the 

German Protection of Animal Acts from 8th of May, 2006; changed on 7th August 2013 (Animal 

rights 18th May 2006, changed 7th August 2013). The experiments were approved by LANUV 

(Landsamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen). The tracking 

number of the project is: 84-02.04.2011.A358. 

 

2.2 Experimental protocols 

Table Nr. 1: The 9-12 weeks old experimental animals were divided into following experimental 

groups. 

Nr. Experimental Group Treatment 

1 Sham No treatment 

2 60 min ischemia 6 x 15 min sham ischemia + 1 x 60 min ischemia 

3 Repetitive group 6 x 15 min ischemia + 1 x 60 min ischemia 

4 Repetitive group + bortezomib 6 x 15 min + 1 x 60 min ischemia + bortezomib 

5 60 min ischemia + bortezomib 6 x 15 min sham ischemia + 1 x 60 min ischemia + 

bortezomib 
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60 min groups (60 min Ischemia and 60 min Ischemia + Bortezomib) and repetitive groups 

(Repetitive group and Repetitive group + Bortezomib) underwent LAD artery ligation whereas 

the sham group was operated without LAD ligation.  The purpose of LAD ligation is to induce 

experimental ischemia/reperfusion (I/R) injury to simulate myocardial infarction (MI) in mouse 

models. Details of LAD mouse model are explained in section 2.3. The experimental protocol of 

repetitive groups and 60 min groups is shown in figs. 8, 9, 10 and 11 

 

Fig. 8: A diagrammatic overview of the 60 min experimental protocol.  
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Fig. 9: A diagrammatic overview of the repetitive experimental protocol.  

 

Two counter-groups of the repetitive group and the 60 min group were treated the same way but 

a proteasome blockade was initiated at the onset of the first, fourth and last reperfusion by 

injecting 0.05 mg/kg of bortezomib (Santa Cruz Biotechnology, Dallas, TX, USA) into the tail 

vein. The experimental protocol of these groups is explained in Fig. 10 and 11. The bortezomib 

concentration was chosen according to recently published studies (Lee et al., 2009; Marfella et 

al., 2009; Yu et al., 2005). For the study, bortezomib was dissolved in 0.9% NaCl. The control 

groups received equivalent doses of 0.9% NaCl.  
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Fig. 10: A diagrammatic overview of the repetitive + bortezomib treatment experimental 

protocol.  
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Fig. 11: A diagrammatic overview of the 60 min Ischemia and 60 min Ischemia + bortezomib 

treatment experimental protocol.  

 

2.3 In vivo experiments 

2.3.1 LAD ligation 

LAD ligation as research model of infarction and myocardial ischemia is essential to investigate 

the acute and chronic pathophysiological processes in myocardial ischemia and reperfusion to 

develop and optimize future treatment.  

 

2.3.1.1 Pre-surgical preparations 

The operating table was disinfected using 70% ethanol. A water bath (Fig. 12-A) was connected 

to the operating field (Fig. 12-B) in order to circulate warm water under the under the mouse 
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operating field to maintain the body temperature at 37°C. It’s of ample importance to maintain 

the normal body temperature during LAD ligation process to avoid a rapid fall in HR. Other pre-

surgical preparations included the control check for the optimal function of the ventilator, 

isoflurane vaporizer, infrared heating lamp and oxygen flow.  

 

 

Fig. 12: An overview of the surgical setup. (A) Water bath, (B) operating table, (C) operating 

microscope with digital camera, (D) ventilator, (E) oxygen flow control meter, (F) isoflurane 

vaporizer, (G) infrared heating lamp, (H) anesthesia inducing acrylic glass chamber (Bualeong, 

2015) 

The surgical tools were sterilized by autoclaving. The instruments used in mouse surgeries 

included: curved scissors, fine curve forceps, mosquito clamps, chest retractors, needle holder 

and cubic curve forceps (Fig. 13).  
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Fig. 13: The surgical tools used for the surgeries. (A) small scissors, (B) needle holder, (C) 

scissors, (D) forceps, (E) fine curve forceps, (F) cotton tips, (G) buprenophine Temgesic, (H) 

betaisodona skin disinfectant, (I) Bepanthen eye ointment, (J) prolene suture. 

 

2.3.1.2 Animal preparations 

On the day of experiment, mice were weighed on an electronic balance (Precision balance, Kern 

EMB 500-1, Kern & Sohn, Balingen). The mouse was then transferred to a transparent 

anesthesia induction chamber (Fig.12-H). The anesthesia inducing chamber was ventilated with 

2% isoflurane (Abbot GmbH, Wiesbaden) and 0.5- 1.0 l/min 100% O2. Once a mouse is visibly 
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anesthetized, it was removed from anesthesia inducing box and was placed on the pre-warmed 

surgical table (Fig. 12-B) in spine position with its head pointing to the surgeon. The tail was 

straightened and the paws were taped to the warm surgical table. Once the animal was fixed to 

the operating table using an adhesive tape, a continuous dose of 2% isoflurane + 100% O2 were 

kept flowing into the inhalation tube of the mouse to maintain anesthesia. An eye ointment 

(Bepanthen®, Bayer vital GmbH, Leverkusen, Germany) was applied into the both eyes to avoid 

dry eye burns and post-surgical eye irritations. The nose of the mouse was put into the wide side 

of a plastic tube that was connected to the Y-branch of the ventilator. The 2% isoflurane flow 

from the isoflurane vaporizer (Fig. 12-F) and combines with a flow of 100% O2 (0.5% - 1.0% 

l/min) from an O2 flow meter (Fig. 12-E ) to provide a continuous supply of 2% isoflurane” 

(Bualeong, 2015). In order stabilize the body temperature of the mouse; a temperature probe was 

inserted into the rectum of the mouse. This temperature probe was connected to an automatic 

temperature control unit which switches on the heating infrared lamp (Fig. 12-G) once the body 

temperature of animal has fallen below 37°C to restore the normal body temperature. The neck 

of the animal was extended and fixed using a thread around front incisors.  

 

 

2.3.1.3 Endotracheal intubation 

Once the mouse is fixed to the operating field, neck and chest regions were disinfected using 

Betaisodona Fig. 13-H). Then hair from the neckline to middle of chest was removed using a 

readily available hair removing cream (Fig. 14). After this, the tongue of the mouse is gently 

taken out using a forceps. A longitudinal cut was made from the neckline to the middle of the 

chest and down to 5th intercostal space using a scissors. Trachea and larynx were exposed by 

separating the submandibular salivary glands and sternothyroid muscles using a pair of curved 

forceps. The larynx was fixed in the left hand using a curved forceps, the tongue was lifted, and 

an endotracheal tube was put into oral cavity and was advanced towards the larynx. By 

visualizing the endotracheal tube in the larynx, it was gently pushed into tracheal tube. At this 

step, the endotracheal tube was visible in the trachea of the mouse (Fig. 15). Without any delay, 

the mouse was attached to a rodent ventilator (MiniVent 845, Hugo Sachs Elektronik, March - 

Hugstetten, Germany) (Fig. 12-D) at a rate of 110 breaths per minute and at a tidal volume of 0.2 
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ml. The mouse was injected 0.1 mg/kg of buprenorphine (Buprenorphine hydrochloride 0.3 mg 

in 1 ml, Reckitt Benckiser Pharmaceuticals Inc, Richmond) intraperitoneally for analgesia. 

Meanwhile, 2.0% isoflurane with 0.5 – 1.0 l/min 100% O2 was supplied to the animal via the 

inhalation tube to maintain anesthesia.  

 
Fig. 14: Pre-surgical epilation using common hair removing cream. (A) Before. (B) After 

(Bualeong, 2015) 

   

 
Fig. 15: Endotracheal intubation. (A) Before. (B) After, the intubation tube insertion in the 

trachea (Bualeong, 2015). 
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2.3.1.4 Left Anterior Descending artery ligation 
In order to ligate the LAD, the ribs of the mouse were visualized; pectoral muscles were taken 

out of the way by forceps to make room for the place where thoracotomy was to be made (Fig. 

16-A). Then the surgeon opened the thorax for about 2 mm lateral of the sternum with the help 

of forceps by making a hole through the intercostal space and pleura (Fig. 16-B). The intercostal 

space was enlarged by retracting the ribs using a pair of retractors (Fig. 16-C). Special care is 

necessary to avoid any possible injury to lungs during the intercostal space incision and 

retraction process. Pericardium was opened using a forceps. LAD was visualized by using high 

magnification lens (16 X) and if needed, by lifting the left auricle with a forceps. Then a curved 

needle which was attached to 8-0 prolene suture (Naht material 6-0 Prolene®, Ethicon GmbH, 

D-Norderstedt) was passed under the LAD at about 2-3 mm depth (Fig. 17-A). In the next step, 

both ends of the suture were passed through a 2 mm long polyethylene tube which serves as an 

occluder to close the LAD during ischemia induction (Fig. 17-B). Once both ends of the silk 

suture were passed through the polyethylene tube, both ends were drawn out through the 

intercostal muscles and to the outer muscles. Then both ends were knotted together to form a 

loop and this loop was placed under the skin of the mouse (Fig. 17-C). During the ischemia 

induction, this loop will be stretched by weight and will induce ischemia to the mouse heart. In 

the end, the retractors were removed, opened the intercostal space was stitched using a single 

stitch of 6-0 prolene suture (Fig. 18-A). The incised outer skin was also stitched with a 

continuous suture pattern using 6-0 prolene sutures (Fig. 18-B).  
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Fig. 16: Heart and LAD visualization preparations. (A) Exposing the rib cage by setting of the 

pectoral muscles, (B) making a hole through the intercostal space, and (C) enlarging the 

intercostal space using pair of retractors (Kim et al., 2012). 
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Fig. 17: Overview of LAD occlusion. (A) Curved needle passing under the LAD, (B) placement 

of an occluder, and (C) prolene suture loop formation and placement under the skin of the mouse 

(Kim et al., 2012).  
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Fig. 18: Stitching of the animal. (A) Closure of the intercostal space and (B) the stitching of the 

outer skin (Kim et al., 2012). 

 

2.3.1.5 Post-operative recovery 

The exhalation tube of ventilator was closed with pinch for 2 seconds to inflate the lungs. 

Isoflurane flow to inhalation tube was gradually decreased to 1% for couple of minutes and then 

turned off. Upon spontaneous breathing of the animal, the endotracheal tube was removed and 

ventilator switched off. The mouse was put under the infrared lamp for few minutes in normal 

position and let recover. Once a mouse showed movements and had wakened up completely, it 

was transferred to a cage but still kept under infrared lamp to provide warmth until it started 

walking. Finally, the cage was transferred to the animal housing facility.  

 

2.3.2 Ischemia reperfusion injury induction 

The ischemia reperfusion (I/R) injury induction was started after 7 days of recovery from 

implanting the suture and the occluder. Before the induction of I/R, the experimental mouse 

obtained an intraperitoneal injection of 10 μl/g of analgesic. The detailed recipe of the used 

anesthesia is described in Tab. 2. After anesthesia induction, the mouse was fixed to the 

operative table exactly as described in 2.3.1.2. Then the neck and chest regions were disinfected 

using Betaisodona (Mundipharma GmbH, Limburg, Deutschland). ECG monitoring clips were 
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put into the place and the animal was intubated to supply constant fresh air flow during 

anesthesia. Again, a temperature probe was inserted into the rectum in order control the body 

temperature of the mouse. This temperature probe was part of a control loop which ensures the 

body temperature of 37°C and switches on the heating light as soon as the body temperature falls 

short of 37°C. Electrodes of the ECG were connected to the Power Lab Data Acquisition System 

(ADInstruments Ltd, Spechbach, Germany) which operated with Lab Chart 7 software 

(LabChart v6.0 for Windows) to record and save the ECG data (Einthoven type 1).  

The scar from the initial surgery was opened from the neck and the thorax. The loop of the suture 

that we put under the skin of the mouse was visualized and a weight of about 2-3 g was hanged 

freely onto this suture loop. This free weight occluded the LAD of the heart (Fig. 19-A and B). 

This occlusion was testified by observing an elevation in the ST segments in the ECG signal 

(Fig. 19-C, D). The animals underwent 15 min or 60 min of cardiac ischemia depending on the 

experimental protocol. The ECG was monitored for the whole ischemia duration to make an 

effective myocardial infarction sure. After the ischemia, the weight on the loop was removed and 

the reperfusion was testified in ECG monitor. After this, the mouse was stitched again and 

wakened up as described in section 2.3.1.5 “post-operative recovery” to continue the 

experimental protocols.  
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Fig. 19: Schematic sketch of ischemia induction. (A) Blood flow in LAD before the application 

of weight, (B) Blood flow in LAD after the application of weight, (C) murine ECG signal, before 

and (D) ST elevation after the weight application showing the occlusion of LAD after ischemia 

induction. P: P-wave; Q, R, S: QRS complex; T: T-wave (Kim et al., 2012). 

 

Table Nr. 2: Composition of the anesthesia.  

Concentration Ingredient Product # Company 

0.5 mg Atropin AC119C-85 B. Braun Meslungen AG, Germany 

1 mL Xylacin 96187-19 Ecupher GmbH, Greifswald, Germany 

1 mL Ketanest S P58197/85 Pfizer, Germany 

7 mL NaCl 0.9% 12092409 B. Braun Meslungen AG, Germany 

      Total                 10 mL 
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2.3.2.1 Analysis of electrocardiogram (ECG) 

To evaluate the changes of the electric stimulus conduction in the heart, the ECG patterns were 

monitored during the ischemia visible as ST elevation (Fig. 19-D). A special analysis software 

LabChart 7 was used to analyze and calculate the HR, PR interval, P duration as well as QRS 

complex and ST amplitude etc.  

 

2.3.3 Hemodynamic measurements  

Depending on the experimental protocol, hemodynamic parameters were measured after 24 

hours or 21 days after the last reperfusion using a pressure volume Millar catheter system 

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

A pressure volume catheter has to be always calibrated before measurement of the 

hemodynamics. The pressure volume catheter was connected to Powerlab/ 8SP data acquisition 

system (ADInstruments Ltd, Spechbach, Germany) and a computer (Hewlett Packard GmbH, 

Böblingen, Germany). The labChart 7 software was run at 1 kHz. Catheter was then calibrated 

by setting 0 mmHg and 100 mmHg in unit conversion tool box of lab chart 7 software.  

During the calibration process of the Millar catheter, the tip of the catheter was dipped into saline 

solution for at least 20 min in order to fully hydrate the sensors of the pressure volume catheter 

thereby to minimize the drift of the baseline pressure during the hemodynamic measurements. 

After these short calibration steps, the pressure volume catheter was ready to be advanced into 

the right carotid artery of the mouse and to start recording.  

Once again, the mice were taken out of the cage, weighed, anesthetized with isoflurane and 

mounted onto the operative stage as described in section 2.3.1.2. The body temperature was 

constantly monitored and set to 37°C. The hair/fur at the frontal neck region were cut down 

using sharp scissors; salivary glands of the animal were separated very gently using pair of cube 

forceps. Animal was intubated as described and right carotid artery was visualized on the right 

side of the trachea using a cotton bud. 2 domestic use sutures were passed underneath the right 

carotid artery with the help of forceps (Fig. 20-A). Here it is very important not to disturb the 
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Vagus nerve as disturbing it will severely affect the hemodynamics of the animal mounted on the 

operative stage. One thread was tied completely around the proximal end of the right carotid 

artery while the second thread was used to tie a lose knot at the distal end and was fixed by a 

small curve clamp. After everything was set in place, and right common carotid artery fully 

stretched, a small incision was made at the middle of the artery using very sharp small scissors 

(Fig. 20-B). A pressure volume catheter was inserted through this incision (Fig. 20-C). Once the 

catheter was in the artery, it was advanced deep into the artery towards the distal end. Here the 

isoflurane concentration was removed from 2.5% to only 1% in order to keep the heartbeat of the 

animal above 500 bpm. Once the pressure was stabilized there, hemodynamic parameters were 

measured for about 2 min and catheter was advanced into the left ventricle. A significant change 

in the shape of the wave of ventricular pressure was used to testify the successful advancement 

of pressure catheter into the left ventricle. The hemodynamic parameters in the left ventricle 

were recorded for another 2 minutes. After this, the animal was euthanized by high dose of 

isoflurane and the heart was explanted to proceed with further experimental processes e.g., 

histology, molecular analysis etc.  
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Fig. 20: Insertion of Millar catheter in right common carotid artery. (A) Right common carotid 

artery prepared for hemodynamic measurements. (B) Incision point at carotid artery where the 

Millar catheter is to be inserted. (C) Insertion of Millar catheter in carotid artery (Bualeong, 

2015). 
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2.3.3.1 Hemodynamics evaluation 

After the recordings of the hemodynamics, the measured data were transferred to computer via a 

computerized data acquisition system. Offline LabChart 7 software was used to analyze different 

hemodynamic parameters e.g., heart rate, peripheral and intraventricular pressure, ejection 

fraction, end-systolic pressure, end-diastolic pressure, cardiac output as well as maximal positive 

and negative first derivatives of pressure changes with respect to time (+dP/dtmax and -dP/dtmin). 

 

2.3.4 Triphenyl tetrazolium chloride staining 
 

To quantify the myocardial ischemic injury, the infarct size and the area at risk (AAR) were 

measured. After 24 hours of the last reperfusion, a staining technique called Triphenyl 

tetrazolium chloride (TTC) staining was used for this purpose. TTC staining is a redox indicator 

staining and indicates the cellular respiration. The triphenyl tetrazolium chloride is a white 

compound and is reduced to 1,3,5-tripheylformazan which is red in color  in metabolically active 

tissues due to the activity of different hydrogenases while Triphenyl tetrazolium chloride remains 

unreacted in the areas of no metabolic activities. In simple words, this technique is used to 

differentiate between metabolically active and dead cells/tissues (Kim et al., 2012).  

The first part of the TTC is performed “in situ”; therefore the investigated mice were 

anaesthetized, analgesised and mounted on the operative table as described in section 2.3.1.2. 

The frontal part of the thorax was explanted to visualize the heart. The fat and the pericardium 

was removed to uncover the occluder (Fig. 21-A). The LAD was ligated by pressing a needle 

holder against the occluder. Simultaneously, a diluted blue stain, Toluidine blue (Dr. Franz 

Köhler Chemie GmbH, Bensheim, Germany) was injected into the left ventricle just above just 

above the area where the LAD was ligated until the whole heart turned significantly blue except 

the occluded area (Fig. 21-B). This perfused the whole animal with blue dye except the area 

occluded by LAD ligation (Fig. 21-C). The animal was euthanized by a high dose of isoflurane 

while the occluder was still pressed against the LAD to avoid the flow of the blue dye into the 
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supply area despite of the ligation. Then the intubation tube was removed and heart of the animal 

was explanted. The heart was washed in the DEPC water; occluder and proline suture were 

removed out of the heart. Additional tissue or lung parts were removed from the heart and it was 

cooled to -20°C for 30 min. Then the heart was sliced into 2 mm slices using a mechanical slicer 

made by the mechanical workshop of our institute (Fig. 22). Finally the slices were incubated in 

the TTC solution for 20 min at 37°C. In the end, 4% formalin was used to fixate the slices for 30 

min at 4°C. Heart slices were put onto a glass slide in order and pictures were taken with Nikon 

D-7000 camera at 4X resolution of OPMI 1FR pro surgical microscope (Carl Zeiss Surgical 

GmbH, Oberkochen, Germany) 
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Fig. 21: Injecting the heart with blue dye. (A) Heart with the occluder. (B) Injecting the blue dye 

into the heart. (C) Heart turned completely blue after the blue dye injection except the occluded 

area (Kim et al., 2012). 
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Fig. 22: Slicing of the perfused heart into 2 mm slices (Kim et al., 2012). 

 

2.3.4.1 Assessment of myocardial injury 

In the end of this set of experiments, AAR and infarct size were calculated using Image J-win32 

software and the extent of myocardial damage was calculated as the percentage of the infarcted 

myocardium tissue from the AAR (Fig. 23). 

 
Fig. 23: (A) Placement of sliced heart onto the glass slide and (B) Assessment of myocardial 

injury (Kim et al., 2012). 
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2.3.5 Quantitative gene expression 

Hearts used for the quantitative gene expression were instantly frozen in liquid nitrogen after 

explantation and then transported to -80°C freezer. 

 

2.3.5.1 RNA isolation 

These frozen samples were taken out and RNA was isolated out of them using TRIzol™ Reagent 

method. The whole procedure was performed at room temperature and under the mc6 Waldner 

fume hood (Waldner Laboreinrichtungen GmbH, Co. KG, Wangen im Allgäu, Germany). 1 mL 

of TRIzol™ Reagent (ThermoFischer scientific, Waltham, MA, USA) was added to each 

Eppendorf tube (Eppendorf, Hamburg, Germany) containing a heart and was homogenized using 

a homogenizer (Thomas Scientific, Swedesboro, NJ, USA). Upon complete homogenization, 0.2 

mL of Chloroform (Sigma Aldrich, Taufkirchen, Germany) was added to the samples to start the 

lysis process. Eppendorf tubes were closed tightly and samples were incubated for 3 min on ice. 

Samples were centrifuged for 15 min at 14000 x g at 4°C in an Eppendorf 5415R centrifuge. 

This centrifugation step separated the mixture into a lower red phenol-chloroform phase, an 

interphase and a colorless upper aqueous phase. The aqueous phase containing RNA was 

transferred to a new Eppendorf tube. 0.5 mL of isopropanol (AppliChem, Darmstadt, Germany) 

was added to this aqueous phase and was incubated to 10 min on ice, followed by a 

centrifugation step for 10 min at 12000 x g at 4°C. This yielded a small RNA pellet at the bottom 

of the Eppendorf tube. Supernatant was discarded and the RNA pellet was resuspended in 1 mL 

of ethanol (AppliChem, Darmstadt, Germany). Here the samples were vortexed shortly followed 

by centrifugation for 5 min at 7500 x g at 4°C. Supernatant was discarded and the RNA pellet 

was air dried under the fume hood for 10-15 min.  

In order to solubilize the RNA, it was resuspended in 30 μL of RNase free water, DEPC 

(AppliChem, Darmstadt, Germany). In the end, RNA samples were incubated in water bath at 

55°C for 15 min. 

A Nanodrop 2000 UV-Vis Spectrophotometer (VWR International GmbH, ThermoFischer 

Scientific, Wilmington, USA) was used to determine the total RNA yield. This nanodrop 
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provided absorbance at 260 nm to determine total nucleic acid content while absorbance at 

260/280 nm ratio determined sample purity.  

 

2.3.5.2 cDNA synthesis  

cDNA was synthesized using the RNA values obtained from the Nanodrop. These RNA samples 

were diluted to 2000 ng/μL with RNA free DEPC water in a 0.2 mL PCR clean Eppendorf tube 

(Eppendorf, Hamburg, Germany). A high capacity cDNA reverse transcription kit (Applied 

Biosystems, Foster City, CA, USA) was used to synthesize cDNA. cDNA reverse transcription 

kit manufacturing protocol was followed to prepare the master mix exactly with exception of 

using a volume of 5.8 μL per reaction instead of 10 μL. Last but not the least, T-Gradient 

Biometra thermocycler (Biometra, Göttingen, Germany) was used to reverse transcription of the 

RNA under a controlled program (10 min at 25°C, 120 mins at 37°C, 5 sec at 85°C and hold at 

4°C). After completion of the reverse transcription, all the samples were diluted with 230 μL of 

DEPC water.  

 

2.3.5.3 qPCR. 

Expression of 7 target genes was assessed to characterize the ischemia reperfusion injury: TNF-

α, IL-6, IL-1β, HIF-1α, ICAM-1, IL-10 and NDRG-3 (Applied Biosystems, Foster City, CA, 

USA). Taqman Gene Expression kit (Applied Biosystems, Foster City, CA, USA) was used.  

DEPC water, respective probes and Taqman gene expression kit master mix was added to a 1.5 

mL PCR clean Eppendorf tube (Eppendorf, Hamburg, Germany) as instructed by the protocol of 

manufacturer. 6.65 μL of cDNA and 27 μL of the prepared reagent mixtures were added to a 0.2 

mL PCR clean Eppendorf tube. Content was mixed and transferred to a Hard-Shell® 384-Well 

480 PCR plate (Bio-Rad Laboratories GmbH, Munich, Germany) in 10 μL triplicates. In the end, 

quantitative expression of assessed genes was measured using a ViiA™ 7 Real-Time PCR 

System (Applied Biosystems, Foster City, CA, USA). At completion of the rtPCR programme, 

Ct values were transported to Excel for further analysis.  

46 
 



 
 

2.3.6 Histology 

21 days after the last ischemia reperfusion injury, hemodynamic parameters were measured (as 

described in section 2.3.3) and hearts were excised for histological analysis.  

 

2.3.6.1 Preparation of hearts 

Animals were euthanized and heart samples were excised. Hearts were washed in PBS solution 

and were fixated in 4% zinc formalin (Merck KGaA, Darmstadt, Germany) at 4°C for about 18 

hours. Then the hearts were taken out of zinc formalin and were washed in distilled water for 2 

hours. In the end, hearts were dehydrated in 70% alcohol (Otto Fischer GmbH & Co, KG, 

Saarbrücken, Germany) for one day at 8°C. 

 

2.3.6.2 Paraffin embedding 

Hearts were taken out of 70% alcohol and were transferred to specially designed plastic cassettes 

labelled specifically for the respective heart. In order to completely dehydrate the hearts, 

following steps were performed. 

Table Nr. 3: Tissue dehydration steps. 

Cassette Nr. Solution Time Agitation 
1 70% Isopropanol 3 h 2 

2 80% Isopropanol 1 h 2 

3 80% Isopropanol 1 h 2 

4 90% Isopropanol 1 h 2 

5 90% Isopropanol 1 h 2 

6 96% Isopropanol 2 h 2 

7 100% Isopropanol 2 h 2 

8 100% Isopropanol 2 h 2 
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At this stage, all but tiny residue of tightly bound (molecular) water should have been removed 

from the heart samples. Xylene was used as clearing agent to infiltrate the heart samples with the 

wax.  

Table Nr. 4: “Clearing” of heart samples.  

Cassette Nr. Solution Time Agitation 
9 Xylene 1 h 1 

10 Xylene 1 h 1 

 

The heart samples are now ready for infiltration with wax. The paraffin embedding station 

(Medax GmbH & Co. KG, Neumünster, Germany; Fig. 24) was turned on well in time to 

calibrate. Paraffin was melted and a disposable plastic vessel was filled with this melted paraffin 

in a way that there was a small solid layer of paraffin at the bottom of the plastic vessel and the 

rest of the vessel was filled with melted paraffin. Then the heart was picked up using forceps and 

was placed in the plastic vessel containg the paraffin with the aorta on the top and apex at the 

bottom. In the end, paraffin was allowed to solidify and stored at room temperature.  

 

Fig. 24: Tissue embedding station.  
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2.3.6.3 Sectioning of heart samples using microtome 

The Microme HM 355 (Microm GmbH, Walldorf, Germany (Fig. 25) was used to cut the 

embedded hearts in sections. The microtome was switched on and the water bath temperature 

was set to 42C°. The plastic embedment vessel was cut down using a standard sharp knife. The 

knife was heated enough to melt the paraffin a little using a standard burner. Once the knife was 

hot, a little paraffin was melted and few drops of melting paraffin were dropped on a specially 

customized piece of wood to fix the paraffin embedded heart onto this. Then this setup was 

allowed to cool down until the paraffin embedded heart was fixed onto the wood. This block was 

then mounted on the microtome. In the step the paraffin block was trimmed in relatively bigger 

sections (10 μm) until the desired levels of heart sections were reached. Now the thickness of the 

heart sections was changed to 5 μm. The sections of the sliced heart slipped down into the water 

bath where they were allowed to stretch for about 10 seconds minimum to eliminate all the folds 

and wrinkles. After stretching a microscope glass slide was dipped into the water and moved 

under the heart sections in a position that allowed attaching the sections with one edge to the 

slide. Finally, the slide was pulled out of the water bath slowly to allow the sections to settle on 

the glass slide. Special care was given to avoid any air bubble under the heart sections. Then 

these glass slides were put into a pre-heated oven at 62C°for about 6 hours for fixation.  In the 

end, these slides were stored in slide boxes. 
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Fig. 25: A microtome, installed with water bath and heat sensor. 

 

2.3.6.4 Sirius Red staining 

A standard procedure to visualize the cardiac fibrosis is Sirius red staining of heart sections. 

Sirius Red (0.1%) solution was prepared by mixing 0.1 g Direct Red 80 (Aldrich Chemical 

Company, WI, USA) to 100 ml of saturated picric acid (Fluka GmbH, USA, Art.Nr. 80456), the 

mixture was allowed to settle for 5 to 10 min and then filtered. Staining process was started by 

dewaxing and rehydrating the heart sections. Then the sections were stained in Sirius Red (0.1%) 

solution for 15 min. In the next step, the sections were immersed in deionized water 5 times 

followed by 5 times immersing in 70% alcohol, 5 times in 90% alcohol and finally 10 times in 

100% alcohol to complete dehydration. Lastly, these sections were dipped in xylene (Sigma 

Aldrich, Taufkirchen, Germany) 15 times and were mounted in a resinous medium i.e., Entellan 

(Sigma Aldrich, Taufkirchen, Germany).  
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The stained heart sections were then photographed in 4-fold magnification (2 ms exposure time 

and 3-4 light intensity. Multiple pictures of each heart section were taken. Analysis software 

AnalySIS® (Olympus Soft Imaging System GmbH, Münster, Germany) was used to merge the 

pictures into one picture. After this, the image was converted into a HSI (Hue Saturation 

Intensity). By image optimization, contrasts were reinforced until the collagen appeared deep red 

and intact myocardium deep yellow (Fig. 26). Photoshop (Adobe Photoshop CS2 Vers.: 9:02; 

1990-2005) was used to remove the irrelevant collagen (such as pericardium and vessel walls) 

and the right ventricle. In the end, the percentage of collagenous infarct tissue was calculated in 

the left ventricle using the program MakroPrisca (AnalySIS ® 3.0 Version 2.8; Olympus Soft 

Imaging System GmbH, Münster, Germany). The received values were transferred to GraphPad 

Prism 5 (GraphPad Software, San Diego, USA) for further statistical analysis. 

 

 

 
Fig. 26: A typical example of Sirius red stained section (A) before and (B) after processing.   
 
 
 
2.4 Statistical analysis 
 

The statistic evaluation was accomplished with the help of the software Prism version 5.0 and 

6.0. It enabled us to rapidly determine the statistical significance by one-way ANOVA with 

Bonferroni's and Holm-Sidak's multiple comparisons as post-test. All data were expressed as 

mean (Mean) and standard error of the  mean (SEM). The statistical differences with an error 

probability of p <0.05 were considered significant. <0.05= *, <0.01= ** and 0.005= ***. 
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3 Results 

 
3.1 Animals 
 
3.1.1 Number of animals used 

A total of 245 C57BL/6 wild type animals of 10 ± 2.1 week old were examined during the whole 

study. These mice were divided into different experimental groups for different experiments. 

 

3.1.2 Mortality rate 

In this study, the mortality rate after thread implantation around LAD until the end of the 

experiments depending on the group varied in different experimental groups (Fig. 27). The 

mortality rate during the thread implantation around the LAD was mainly attributed to 

in/extubation of the trachea and by injuring the heart tissue with the catheter. Wound healing and 

sepsis during the one full week of recovery period between initial operations (thread 

implantation around LAD) and the ischemia induction played a huge role towards the mortality 

rate. A lot of mice mortality rate was attributed to arrhythmia during and after the LAD 

occlusion.  
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Fig. 27:  Relative mortality in the different groups. 25.2% of the animals died in 60 min group 

(n= 52), in the 60 min + BZ mortality was reduced to 18.9% (n=43); the highest mortality of 

40.8% was observed in the repetitive group (n=57) while a mortality rate of 31.1% was observed 

in the repetitive + BZ group (n=41). 

 

3.1.3 Body weight loss 

Our finding that bortezomib treatment reduced the mortality rate was also supported by the 

finding that the animals that were administrated with bortezomib during the course of the 

experiment reduced less weight in comparison to their counterparts. The weight loss may be 

taken as a sign for physical stress. The bortezomib treatment significantly reduced the weight 

loss effect (Fig. 28) in comparison to its counterpart experimental groups. 
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Fig. 28: Percentage of the body weight loss during the course of the whole experiment. The mice 

in the sham group lost 3.1 ± 0.7% (n=40) while the mice in the 60 min group lost 6.7 ± 1.1% of 

their body weight (n= 52), addition of BZ reduced this to 4.7 ± 0.9% (n=50). Repetitive short 

ischemias increased weight loss to 18.1 ± 3.7% (n=55), addition of BZ reduced the weight loss to 

10.1 ± 2.6% also in the repetitive group (n=52). 
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Table Nr. 5: Average body weight of the mice in each experimental group (in grams). 

Body weight (BW) Sham 60 min Repetitive 60 min + BZ Repetitive + BZ 

BW at start 23.1 ± 

2.1 

21.8 ± 

1.5 

24.7 ± 1.2 24.0±  1.3 23.8 ± 1.3 

BW at end 22.2 ± 

1.8 

20.3 ± 

1.3 

23.5± 1.9 19.7± 1.6 21.7± 1.8 

%age decrease 3.5% 6.7% 4.7% 18.1% 10.1% 

 

 

3.1.3 Effects of LAD occlusion on ECG recording 

The successful induction of ischemia by the occlusion of LAD was made sure by keeping a 

constant eye on the ECG monitoring unit. Before the occlusion of the LAD, ECG looks normal 

as in the non-operated mouse consisting of P- wave, QRS complex and T- wave (Fig. 29-A). The 

ECG pattern of the mouse heart looked different than that of humans because of the faster action 

potential and higher heart rate. After the beginning of the LAD occlusion, ST segment was 

elevated confirming the induction of myocardial ischemia (Fig. 29-B) followed by the 

reperfusion phase where ST peaks were lowered again (Fig. 29-C) that led to the negative ST 

complex after 24 hours of ischemia as a sign of expired ischemia (Fig. 29-D).  
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Fig. 29: Different situations of mice ECG according to Einthoven at different times during I/ R 

experimental protocol. (A) Normal ECG. (B) ST elevation showing the induction of ischemia. 

(C) Reperfusion phase after the ischemic phase. (D) Negative ST segments after 24 hours of 

ischemia (1 h).  

 

3.2 Triphenyl tetrazolium chloride staining 

After following the respective experimental protocol, a set of mice underwent triphenyl 

tetrazolium chloride staining (TTC staining). Hearts were explanted, histologically processed and 
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stained with TTC. This made possible to quantify the myocardial ischemic injury, the infarct size 

and the area at risk. Area at risk and infarcted portions could be seen in the stained pictures. 

Hearts of the four experimental groups (60 min, 60 min+ BZ, repetitive and repetitive + BZ) 

were compared. Figure 30 shows the effects of ischemia in different experimental groups. Infarct 

sizes were measured using these digitized TTC staining pictures. It clearly shows the bigger 

infarct size in 60 min group where almost the whole area at risk is infarcted in comparison to 

other three experimental groups. In each case, infarct size is expressed as the percentage inside 

the area at risk. 60 min groups showed a significantly bigger infarct size (47.2%) than the 

counterpart group; 60 min + BZ (23.12%) and both repetitive (16.7%) and repetitive + BZ 

(13.61%) groups.  

The groups those were administrated with bortezomib showed significantly smaller infarcts than 

their respective counterpart non-administrated groups (60 min + BZ; 23.12% vs 60 min; 47.2% 

and repetitive + BZ; 13.61% vs repetitive; 16.7%). It was also noticed that the infarct size was 

significantly reduced in repetitive + BZ group (13.61%) compared to the 60 min + BZ group 

(23.12%) (Fig. 30-B) 
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Fig. 30: Infarct size/AAR in different experimental groups after 24 hours of last ischemia.  The 

60 min group produced the largest infarct size/AAR that was 47.2 ± 2.1% (n=8) while infarct 

size/AAR was found to be only 23.12 ± 1.7% in 60 min + BZ group (n=8). The repetitive group 

exhibited 16.7 ± 1.3% (n=9) while infarct size/AAR was found to be 13.61 ± 1.25% in repetitive 

+ BZ group (n=8). 

 

3.3. Hemodynamic parameters after 24 hours 

Hemodynamic parameters were recorded 24 hours after the last ischemia. In chapter 3.3.1 the 

measured results together with the calculated significances are presented in the figures and the 

respective values are given in the legends. The text paragraphs focused on the significant 

differences between the groups and the relative changes. 

 

3.3.1 Ejection fraction 

Hemodynamic measurement revealed that the ejection fraction was significantly reduced in the 

60 min group in comparison to all other experimental groups (Fig. 31). Compared to the sham 

group, 60 min of ischemia reduced the ejection fraction by 47 ± 4.1%. Repetitive short ischemias 

in advance as well as BZ treatment protected against the injury caused by the 60 min I/R thus 

reduction in ejection fraction was only 4.5 ± 3.4% in the repetitive group, 3.3 ± 3.6%  in the 60 + 

BZ group, and 17.9 ± 4.7% in the repetitive + BZ group. Thus the group with the largest IR/AAR 

ejected the least ventricular volume. 
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Fig. 31: Ejection fraction (%) in different experimental groups after 24 hours of last ischemia. 

The mice in the sham group ejected 47.4 ± 1.8% of the left ventricular volume (n=10). 24 h after 

a 60 min ischemia the mice ejected 25.1 ± 2.5% which was significantly less (n=11). Preceding 

short repetitive ischemias led to an ejection fraction of 45.3 ± 2.1% (n=7), BZ treatment to 

46.6 ± 2.08% (n=9) and a combination of both (Repetitive + BZ) to 39.1 ± 2.8% (n=14). 

 

3.3.2 End-systolic pressure 

Fig. 32 showed that the end-systolic pressure was significantly reduced in the 60 min group and 

in the 60 min + BZ group. In comparison to the sham group, 60 min of I/R reduced the end-

systolic pressure by 19.8 ± 4.1% in the 60 min group and 15.6 ± 3.0% in the 60 min + BZ group. 

These results are in line with our TTC results (Fig. 30) where these two groups exhibited the 

largest infarct size, hence leading to reduced end-systolic pressure and the reduced/compromised 
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cardiac function. Repetitive short ischemias, prior to 60 min long ischemia seemed to reduce the 

injury caused by the following 60 min long ischemia, because I/R reduced end-systolic pressure 

only by 4.1 ± 2.8% in the repetitive group and 9.8 ± 3.2% in the repetitive + BZ group. 
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Fig. 32: End-systolic pressure (mmHg) in different experimental groups after 24 hours of last 

ischemia. End-systolic pressure was noted to be 93.2 ± 1.8 mmHg in the sham group (n=10). 24 

h after a 60 min ischemia the end-systolic pressure was found to be 74.7 ± 4.9 mmHg which was 

significantly less (n=11). Preceding the short repetitive ischemia led to an end-systolic pressure 

of 89.3 ± 2.9 mmHg (n=7), BZ treatment to 78.6 ± 3.0 mmHg (n=8) and a combination of 

repetitive and BZ treatment to 84.0 ± 2.6 mmHg (n=14).  
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3.3.3 End-systolic volume 

End-systolic volume is the left ventricular blood volume at the end of the contraction (systole) 

and the beginning of the ventricular filling (diastole). Fig. 33 shows that the end-systolic volume 

was significantly increased after the 60 min ischemia by 112.4 ± 7.7% as compared to the sham 

group. Pre-conditioning the heart with repetitive short ischemias in the repetitive group, 

bortezomib treatment (60 min + BZ group) and the combination of both repetitive and 

bortezomib treatment (repetitive + BZ group) seemed to reduce the injury caused by the 

following 60 min long ischemia, because the volume was only insignificantly increased in these 

groups when compared to the sham group. The repetitive group exhibited an increase of 51.2 ± 

6.3%, 60 min + BZ group showed an increase of 24.6 ± 4.9% and the repetitive + BZ group 

exhibited 38.2 ± 6.2% increase in comparison to the sham group. Furthermore the volume was 

significantly smaller in these groups than in the 60 min group.  
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Fig. 33: End-systolic volume (μl) in different experimental groups after 24 hours of last 

ischemia. End-systolic volume was noted to be 19.7 ± 1.7 μl in the sham group (n=10). 24 h after 

a 60 min ischemia the end-systolic volume was found to be 42.0 ± 3.5 μl which was significantly 

higher (n=11). Preceding the short repetitive ischemia led to an end-systolic volume of 29.9 ± 3.0 

μl (n=7), BZ treatment to 24.6 ± 1.6 μl (n=9) and a combination of repetitive and BZ treatment to 

27.3 ± 2.0 μl (n=14). All these were significantly smaller than in 60 min group.  

 

3.3.4 End-diastolic pressure 

In the case of end-diastolic pressure (Fig. 34), we did not find any significant difference between 

the experimental groups. The 60 min group exhibited a little higher end-diastolic pressure in 

comparison to the sham group (28 ± 9.7%) which could be taken as a sign for a disturbed cardiac 

function but this increased end-diastolic pressure was not found to be significant to the sham and 

other experimental groups. Moreover, the repetitive group exhibited 3.9 ± 5.4% reduction in the 

end-diastolic pressure in comparison to the sham group. 2.9 ± 4.7% increase was noted in the 60 

min + BZ group and 15.0 ± 6.8% in the repetitive + BZ group in comparison to the sham group.  

63 
 



Sham
60

 m
in

Rep
eti

tiv
e

60
 m

in + 
BZ

Rep
eti

tiv
e +

 B
Z

0

2

4

6

8

10
m

m
H

g

 

Fig. 34: End-diastolic pressure (mmHg) after 24 hours of last ischemia. End-diastolic pressure 

was noted to be 5.3 ± 0.7 mmHg in sham group (n=10). 24 h after a 60 min ischemia the end-

diastolic pressure was found to be 6.8 ± 1.4 mmHg (n=11). Preceding short repetitive ischemia 

led to an end-diastolic pressure of 5.1 ± 0.6 mmHg (n=7), BZ treatment to 5.5 ± 0.4 mmHg (n=9) 

and a combination of repetitive and BZ treatment to 6.14 ± 0.6 mmHg (n=14).  

 

3.3.5 End-diastolic volume 

End-diastolic volume was measured in all the experimental groups (Fig. 35). The figure below 

shows that the end-diastolic volume was significantly increased in the 60 min group due to I/R 

by 53.7 ± 6.0% and in the repetitive group by 49.5 ± 5.5% in comparison to the sham group. 

Bortezomib administration reduced the I/R dependent rise in the end-diastolic volume to a 
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nonsignificant increase of 24.3 ± 3.9% in the 60 min + BZ group and 22.1 ± 4.8% in the 

repetitive + BZ group.   
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Fig. 35: End-diastolic volume (μl) in different experimental groups after 24 hours of last 

ischemia. End-diastolic volume was noted to be 34.5 ± 2.8 μl in the sham group (n=10). 24 h 

after a 60 min ischemia the end-diastolic volume was found to be 53.0 ± 3.7 μl which was 

significantly higher (n=11). Preceding the short repetitive ischemia led to a significantly higher 

end-diastolic volume of 51.6 ± 3.9 μl (n=7), BZ treatment led to 42.9 ± 1.8 μl (n=9) and a 

combination of repetitive and BZ treatment to 42.1 ± 2.1 μl (n=14). 
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3.3.6 dP/dtmax 

dP/dtmax is the maximum rate of rise in left ventricular pressure during systole. It is taken as a 

measure of the global left ventricular contractility. The faster contractile force is developed, the 

higher is the rate of rise in left ventricular pressure. dP/dtmax (Fig. 36) was measured in all the 

experimental groups. dP/dtmax was significantly reduced in 60 min group in comparison to WT 

sham group by 30.1 ± 5.1%. Repetitive short ischemia pre-treatment increased the dP/dtmaxvalue 

in the repetitive group by 13.4 ± 3.74% in comparison to the sham group. In case of bortezomib 

treatment the dP/dtmaxvalue was suppressed by only 3.6 ± 4.7% in the 60 min + BZ group thus 

preventing the influence of I/R on dP/dtmax. Treating the mice with both bortezomib and 

repetitive short ischemias was less protective as I/R reduced dP/dtmax in this group by 20.5 ± 

4.5% compared to the sham group. Furthermore dP/dtmax was significantly smaller in this group 

than in the repetitive group.  

These results are again in agreement with our TTC findings (Fig. 30) where the 60 mins group 

exhibited the largest infarct size, hence reduced dP/dtmax and compromised cardiac function. 

However, the repetitive + BZ group exhibited the smallest infarct but small dP/dtmax. 
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Fig. 36: dP/dtmax (mmHg/sec) in different experimental groups after 24 hours of last ischemia.  

The sham group exhibited a dP/dtmaxvalue of 10957.3 ± 931.8 mmHg/sec (n=10). 24 h after a 60 

min long ischemia reduced the dP/dtmaxvalue to 7655.9 ± 913.4 mmHg/sec in the 60 min group 

(n=11). Preceding short repetitive ischemia led to a dP/dtmaxvalue of 12426 ± 579 mmHg/sec in 

the repetitive group (n=7). dP/dtmax value was found to be 10559.6 ± 827 mmHg/sec in the 60 

min + BZ group (n=9) and 8701.01 ± 597 mmHg/sec in the repetitive + BZ group (n=14).  

 

3.3.7 dP/dtmin 

Likewise dP/dtmax, dP/dtmin is also highly dependent on contractility. It represents the peak of the 

first derivative of the falling left ventricular pressure vs time during relaxation period of the 

heart. dP/dtmin can be taken as a measure of the stiffness of the left ventricle. 
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The dP/dtmin was found to be significantly reduced in the 60 min group in comparison to the 

sham group by 30.20  ± 4.8%. Repetitive short ischemia treatment compensated the deleterious 

effects of the following long lasting 60 min ischemia as dP/dtmin was recorded just 3.4 ± 4.3% 

less than the sham group. In the presence of bortezomib, I/R suppressed the dP/dtminvalue by 

16.5 ± 4.2% in the 60 min + BZ group and by 18.47 ± 4.1% in the repetitive + BZ group in 

comparison to the sham group (Fig. 37). However, the reduction of the dP/dtmin in the 60 min 

group reached significance only vs the sham group and the repetitive group. These results are 

again in line with our TTC results where 60 min group (Fig. 30) exhibited largest infarct size.  
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Fig. 37: dP/dtmin (mmHg/sec) in different experimental groups after 24 hours of last ischemia. 

The sham group exhibited a dP/dtminvalue of -8882.1 ± 508 mmHg/sec (n=10). 60 min long 

ischemia reduced the dP/dtminvalue to -6199.1 ± 620 mmHg/sec (n=11). Preceding short 

repetitive ischemia led to a dP/dtminvalue of -8579.1 ± 639 mmHg/sec (n=7). dP/dtmin value was 
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found to be -7412.7 ± 539 mmHg/sec in the 60 min + BZ group (n=9) and -7241.5 ± 418 

mmHg/sec in the repetitive + BZ group (n=14).  

 

3.3.8 Heart rate 

Heart rate was monitored in all the experimental groups but no significant difference was noted 

between any of the experimental groups (Fig. 38). The repetitive + BZ group exhibited the 

maximum difference in comparison the sham group and that was found to be 7.7 ± 3.5%. The 60 

min group, the repetitive group and the 60 min + BZ group showed 1.13 ± 3.14%, 1.8 ± 2.8% 

and 0.1 ± 2.0% decrease respectively in the heart rate in comparison to the sham group.  
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Fig. 38: Heart rate (bpm) in different experimental groups after 24 hours of last ischemia. The 

sham group exhibited the heart rate of 586 ± 11.4 bpm (n=10). 24 h after a 60 min long ischemia 

reduced the heart rate value to 579.3 ± 17.6 bpm (n=11). Pre-conditioning the heart with short 
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repetitive ischemias led to a heart rate of 575.1 ± 18.7 bpm (n=7). The heart rate was found to be 

585.1 ± 8.4 bpm in the 60 min + BZ group (n=9) and 540.7 ± 19.6 bpm in the repetitive + BZ 

group (n=14).  

 

3.3.9 Cardiac output 

Cardiac output specifies the amount of the blood pumped into the body within 1 min. This can be 

used to calculate the total peripheral resistance, if the blood pressure is known. Fig. 39 shows the 

cardiac output in the different experimental groups. I/R injury reduced the cardiac output by 22.6 

± 5.2% in the 60 min group in comparison to the sham group. Pre-conditioning the mice with 

repetitive ischemias prior to the following 60 min long ischemia increased the cardiac output 

insignificantly by 34.0 ± 3.9% in the repetitive group in comparison to the sham group. Also in 

the 60 min + BZ group cardiac output after I/R was found to be increased by 17.3 ± 4.4% when 

compared with the sham group. In the repetitive + BZ group I/R reduced the cardiac output 

insignificantly by 8.7 ± 5.8% in comparison to the sham group.  

In the repetitive and the 60 min + BZ groups, the cardiac output was significantly higher than in 

the 60 min group and the repetitive group was significantly above the repetitive + BZ group. 

Although I/R did not reduce the cardiac output in any of the experimental groups significantly, 

the 60 min group developed the lowest performance again.  
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Fig. 39: Cardiac output (μl/min) in different experimental groups after 24 hours of last ischemia. 

The cardiac output was found to be 10011.6 ± 934 μl/min (n=10) in the sham group. 24 h after a 

60 min long ischemia reduced the cardiac output to 7749.7 ± 846 μl/min (n=11). The repetitive 

group exhibited the cardiac output of 13423.1 ± 546 μl/min (n=7). The cardiac output was found 

to be 11752.5 ± 662 μl/min in the 60 min + BZ group (n=9) and 9134.02 ± 910 μl/min in the 

repetitive + BZ group (n=14).  

 

3.3.10 Cardiac index 

In cardiac hemodynamics, the cardiac index is a very important parameter which is related to the 

cardiac output and correlates the performance of the heart according to the weight of the 

organism. Cardiac index was also found to be significantly reduced in the 60 min group 
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compared to the 60 min + BZ group (Fig. 40). I/R decreased the cardiac index in the 60 min 

group only slightly as compared to the sham group (4.8 ± 5.6%). Repetitive short ischemia 

treatment prior to the following 60 min long ischemia significantly increased the cardiac index 

by 62.1 ± 4.7% in comparison to the sham group even after I/R. Also 60 min + BZ group 

exhibited an increase in cardiac index by 33.9 ± 5.6% while the repetitive + BZ group showed a 

cardiac index (2.1 ± 6.6%) in the same range as the sham group. However, due to the high 

cardiac index in the repetitive group those of the sham, the 60 min and the repetitive + BZ 

groups were significantly smaller. 
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Fig: 40. Cardiac index (CO/gBW) in different experimental groups after 24 hours of the last 

ischemia. The sham group showed a cardiac index of 442.3 ± 32.7 CO/gBW (n=10). 24 h after a 

60 min long ischemia reduced the cardiac index to 420.7 ± 42.7 CO/gBW (n=11). The repetitive 

group showed a cardiac index of 717.0 ± 39.8 CO/gBW (n=7). The cardiac index was found to 
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be 592.2 ± 32 CO/gBW in the 60 min + BZ group (n=9) and 451.7 ± 44.7 CO/gBW in the 

repetitive + BZ group (n=14).  

 

3.4 Inflammation 

As a result of an ischemic insult, an inflammation was expected. Therefore different indicators of 

the inflammation were investigated after 24 h of reperfusion. 

 

3.4.1 Tumor necrosis factor α 

Tumor necrosis factor alpha (TNF-α) is a pro-inflammatory cytokine that is involved in systemic 

inflammation. As result of the proteasome inhibition and repetitive ischemia treatment, a 

subsequent decrease in TNF-α was expected.  

Unexpectedly, the TNF-α value was found to be lower in the 60 min group than in the sham 

group (35.6 ± 4.3%); however, this reduction did not reach the level of significance. The 

repetitive ischemia treatment also reduced the TNF-α value by an insignificant 19.1 ± 5.9%. The 

experimental groups which were treated with bortezomib exhibited increases in the TNF-α value 

but these were also insignificant. The TNF-α value was found to be increased by 51 ± 9.9% 

while the repetitive + BZ group showed augmentation in the TNF-α value by 1 ± 0.7% in 

comparison to the sham group (Fig. 41). 
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Fig 41: mRNA expression of TNF-α after 24 hours of the last ischemia. The sham group 

exhibited the TNF-α value of about 1.114 ± 0.20 (n=5). 24 hours after the 60 min I/R, the TNF-α 

value was reduced to 0.71 ± 0.09 (n=5) while the short repetitive ischemia treatment reduced it to 

0.8 ± 0.17 (n=5).  Administering the bortezomib to these two groups slightly increased the TNF-

α value to 1.68 ± 0.49 in 60 min + BZ group (n=5) and 1.18 ± 0.30 in the repetitive + BZ group 

(n=5) 
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3.4.2 Interleukin-6 

Expression of another pro-inflammatory cytokine, interleukin-6 (IL-6) was investigated too (Fig. 

42). It was found that the expression of IL-6 was significantly increased in 60 min + BZ group 

by 21079 ± 145.1% as compared to the sham group. Expression of the IL-6 was also 

significantly higher than in the repetitive group. IL-6 expression was also increased in the 60 min 

group (4007 ± 86.2%), the repetitive group (2080 ± 54.5%) and the repetitive + BZ group (3622 

± 56.4%) in comparison to the sham group but these increases were not found to be significant.  
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Fig. 42: mRNA expression levels of IL-6 after 24 hours of the last ischemia. The sham group 

exhibited an IL-6 value of 1.06 ± 0.16 (n=5). 60 min ischemia and preceding short repetitive 

ischemias increased the IL-6 value to 43.7 ± 35.3 (n=5) and 28.9 ± 16.6 (n=5) respectively. 60 
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min + BZ group exhibited a significantly augmented IL-6 value of 225.3 ± 100.2 (n=5) while the 

repetitive + BZ group showed the slight increase in IL-6 to 39.5 ± 15.1 (n=5).  

 

3.4.3 Interleukin- 1β 

The pro-inflammatory cytokine interleukin-1β (IL-1β) expression was also investigated in all 

experimental groups (Fig. 43). Significantly higher levels of IL-1β expression were found in 60 

min + BZ group in comparison to the sham group (8500 ± 87.8%) the 60 min group (597 ± 

32.1%) and the repetitive + BZ group (978.6 ± 23.9%). Although the IL-1β expression in the 60 

min + BZ group was also far above the repetitive group, it did not reach the level of significance. 

IL-1β expression in the repetitive group was insignificantly elevated by (1732.9 ± 52.7%) 

compared to the sham mice.  
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Fig. 43: Expression of IL-1β in different experimental groups after 24 hours of the last ischemia. 

The sham groups exhibited the IL-1β value of 1.05 ± 0.14 (n=5). 60 min ischemia and preceding 

short repetitive ischemia increased the IL-1β value to 7.3 ± 4.8 (n=5) and 19.2 ± 13.0 (n=5) 

respectively. 60 min + BZ group exhibited a significantly augmented IL-1β value of 90.32 ± 36.2 

(n=5) while the repetitive + BZ group showed an increase in IL-1β to 36.3 ± 2.6 (n=5). 

 

3.4.4 Hypoxia-inducible factor1-α 

Since the proteasome system is involved in the regulation of hypoxia-inducible factor (HIF) 

stability and activity, we analyzed the expression of HIF-1α (Fig. 54). The 60 min + BZ group 

and the repetitive + BZ group showed significant augmentation in the level of HIF-1α expression 
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in comparison to the sham group (124.69 ± 7.0% and 133.1 ± 7.1% respectively). The 60 min 

group (33.2 ± 6.1%) and the repetitive group (80.0 ± 7.0%) also showed an increased HIF-1α 

level of expression but this increase did not reach the level of significance. 
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Fig. 44: mRNA levels of hypoxia-inducible factor in different experimental groups after 24 hours 

of the last ischemia. The sham group exhibited the HIF-1α expression of 1.00 ± 0.007 (n=5). 60 

min long ischemia increased the HIF-1α expression level to 1.3 ± 0.17 (n=5) while treatment 
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with short repetitive ischemia increased the HIF-1α expression even more to 1.8 ± 0.2 (n=5). 

Administering these two groups with bortezomib significantly increased the HIF-1α expression 

level to 2.2 ± 0.2 (n=5) in 60 min + BZ group and 2.35 ± 0.22 (n=5) in the repetitive + BZ group.  

 

3.4.5 Intercellular Adhesion Molecule 1 

Intercellular Adhesion Molecule 1 (ICAM-1) expression was also investigated because of its 

high dependency on NF-κB and TNF-α and its function as vasodilative factor (Fig. 45). It was 

found that the expression level of ICAM-1 was significantly increased in the 60 min group 

(20.77 ± 7.7%), the repetitive group (90.9 ± 10.6%) and the 60 min + BZ group (132.5 ± 10.6%) 

in comparison to the sham group. ICAM-1 also showed an increased tendency in repetitive group 

+ BZ but this augmentation was not found to be significant (57.8 ± 3.6%).  
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Fig. 45: Expression of ICAM-1 in different experimental groups after 24 hours of the last 

ischemia. The sham group exhibited the ICAM-1 expression value of 1.01 ± 0.08 (n=5) while the 

60 min group and the repetitive ischemia group were found to have an ICAM-1 expression value 

of 1.2 ± 0.27 (n=5) and 1.93 ± 0.51 (n=5) respectively. On bortezomib treatment, the 60 min + 

BZ group exhibited the ICAM-1 expression value of 2.3 ± 0.46 (n=5) while the repetitive + BZ 

group was found to have an ICAM-1 expression value of 1.60 ± 0.05 (n=5).  
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3.4.6 Interleukin 10 

Like IL-1, the anti-inflammatory cytokine interleukin 10 (IL-10) is also highly dependent on the 

NF-κB and TNF-α (Fig. 46). The pattern of the expression of IL-10 also followed the same trend 

as did in case of the IL-1β (Fig. 43) and IL-6 (Fig. 42). The IL-10 expression was found to be 

significantly increased in the 60 min + BZ group in comparison to the sham (1192.2 ± 27.4%) 

and all other groups. The 60 min ischemia treatment increased the IL-10 value by 282.0 ± 14.4% 

when compared to the sham group. Preceding short repetitive ischemias in repetitive group and 

administering the bortezomib in repetitive + BZ group also augmented the IL-10 expression by 

207.1 ± 12.6% and 337.3 ± 15% respectively in comparison to the sham group.  
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Fig. 46: mRNA expression levels of interleukin-10 in different experimental groups after 24 

hours of last ischemia. The sham group exhibited the IL-10 value of 1.0 ± 0.13 (n=5) while the 

60 min group and the repetitive group were found to exhibit the IL-10 value, with a slight 

increase, of 3.9 ± 0.9 (n=5) and 3.1 ± 0.7 (n=5) respectively. Moreover, the 60 min + BZ group 

and the repetitive + BZ group showed to have IL-10 expression value of 13.2 ± 3.4 (n=5) and 

4.49 ± 1.0 (n=5) respectively.  

 

82 
 



 
 

3.5 Recordings 21 days after I/R 

3.5.1 Sirius Red staining: 

After 21 days of the last ischemia, hearts were excised, fixed, sections were prepared and these 

were stained with Sirius red (figs. 47 and 48). 

 

83 
 



Fig. 47: Sirius red stained heart sections of (A) the 60 min + 21 d group, (B) the 60 min + BZ + 

21 d group and (C) the repetitive + 21 d group showing their scar sizes.  

 

The 60 min + 21 d group and the 60 min + BZ + 21 d group exhibited  a huge increase in 

percentage scar size in comparison to the sham group (541.3% and 440% increase respectively). 

On the other hand, the repetitive + 21 d group showed only an increase of 4.95% in comparison 

to the sham group.  
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Fig. 48: Percentage scar in different experimental groups after 21 days of the last ischemia. The 

sham group and the 60 min + 21 d group exhibited 3.07 ± 0.7% (n=8) and 19.69 ± 4.45% (n=9) 

scar respectively while 60 min + BZ + 21 d and the repetitive + 21 d group exhibited 16.58 ± 

3.87% (n=9) and 4.95 ± 1.15% (n=8) scar in the left ventricle.  
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3.5.2 Hemodynamic parameters after 21 days 

Hemodynamic parameters were recorded 21 days after the last ischemia. In chapter 3.5.2 the 

measured results together with the calculated significances are presented in the figures and the 

respective values are given in the legends. The text paragraphs focused on the significant 

differences between the groups and the relative changes. 

 

3.5.2.1 Ejection fraction  

The hemodynamic investigation showed that the ejection fraction is significantly reduced in all 

the experimental groups in comparison to sham group after 21 days of the last ischemia (Fig. 49). 

60 min of ischemia treatment reduced the ejection fraction significantly by 67.04 ± 3.1% in 

comparison to the sham group. The experimental groups treated with bortezomib as well as 

repetitive short ischemias also exhibited a significant reduction in ejection fraction by 62.6 ± 

2.7% and 32.5 ± 3.6% respectively in comparison to the sham group.  

It’s also to be noticed that the level of ejection fraction is significantly higher in repetitive group 

in comparison to 60 min group and 60 min + BZ group.  
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Fig. 49: Ejection fraction (%) in different experimental groups after 21 days of the last ischemia. 

The mice in the sham group ejected 47.4 ± 1.8% of the left ventricular volume (n=10). 21 d after 

a 60 min ischemia the mice ejected 15.6 ± 1.7% which was significantly less (n=7). The 

bortezomib treatment led to an ejection fraction of 17.7 ± 1.5% (n=5), while preceding short 

repetitive ischemias led to an ejection fraction of 32.0 ± 2.6% (n=6). 

 

3.5.2.2 End-systolic pressure 

Fig. 50 shows that the end-systolic pressure in all the experimental groups after 21 days of last 

ischemia was not altered significantly. All the groups exhibited almost the same end-systolic 

pressure as in the sham group. In comparison to the sham group, 60 min of ischemia reduced the 

end-systolic pressure by only non-significant 3.04 ± 4.8%. The experimental groups treated with 

bortezomib as well as repetitive short ischemias also exhibited an insignificant reduction in end-
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systolic pressure by only 9.6 ± 2.3% and 0.99 ± 3.3% respectively in comparison to the sham 

group. 
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Fig. 50: End-systolic pressure (mmHg) in different experimental groups after 21 days of the last 

ischemia. The end-systolic pressure was noted to be 93.2 ± 1.8 mmHg in the sham group (n=10). 

21 d after 60 min long ischemia the end-systolic pressure was found to be 90.3 ± 8.2 mmHg 

(n=7). The bortezomib treatment led to an end-systolic pressure of 84.1 ± 2.3 mmHg (n=5), 

while preceding short repetitive ischemias led to an end-systolic pressure of 92.2 ± 4.2 mmHg 

(n=6). 

 

3.5.2.3 End-systolic volume 

Fig. 51 demonstrates the end-systolic volume in different experimental groups. The end-systolic 

volume was found to be significantly increased in all of the experimental groups in comparison 
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to the sham group. The 60 min long ischemia significantly increased the end-systolic volume by 

175 ± 8.5%, bortezomib led to a significant increase by 309 ± 7.9% and preceding short 

repetitive ischemia prior to the following 60 min long ischemia led to an end-systolic volume 

increase by 152.0 ± 4.7% in comparison to the sham group. End-systolic volume of the 60 min + 

BZ group was even significantly above those of the 60 min and the repetitive group.   
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Fig. 51: End-systolic volume (μl) in different experimental groups after 21 d of the last ischemia. 

The end-systolic volume was noted to be 19.7 ± 1.7 μl in the sham group (n=10). 21 d after 60 

min long ischemia the end-systolic volume was found to be 54.5 ± 5.4 μl (n=7). The 

bortezomib treatment led to an end-systolic volume of 81.0 ± 5.5 μl (n=5), while preceding 

short repetitive ischemias led to an end-systolic volume of 49.8 ± 1.8 μl (n=6). 

 

 

88 
 



 
 

3.5.2.4 End-diastolic pressure 

Like the end-systolic pressure after 24 h, the end-diastolic pressure after 21 days of the last 

ischemia was not significantly different either between all of the experimental groups (Fig. 52). 

End-diastolic pressure in all the experimental groups was found to be a little higher than in the 

sham group but this increase was not significant. 60 min long ischemia led to non-significant 

increase in the end-diastolic pressure by 27.6 ± 6.8% in comparison to the sham group. The 

bortezomib treatment non significantly increased the end-diastolic pressure by 55.4 ± 8.2% while 

short repetitive ischemia before the long lasting 60 min ischemia led to a non-significant increase 

by 17.2 ± 5.5% in comparison to the sham group.  
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Fig. 52:  End-diastolic pressure (mmHg) in different experimental groups after 21 days of the last 

ischemia. The end-diastolic pressure was noted to be 5.3 ± 0.7 mmHg in the sham group (n=10). 

21 d after 60 min long ischemia the end-diastolic pressure was found to be 6.8 ± 0.9 mmHg 
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(n=7). The bortezomib treatment led to an end-diastolic pressure of 8.3 ± 1.6 mmHg (n=5), 

while preceding short repetitive ischemias led to an end-diastolic pressure of 6.2 ± 0.6 mmHg 

(n=6). 

 

3.5.2.5 End-diastolic volume 

The end-diastolic volume was measured in all the experimental groups (Fig. 53). The statistical 

analysis showed that the end-diastolic volume is significantly increased in all the experimental 

groups in comparison to the sham group. The 60 min long ischemia significantly increased the 

end-diastolic volume by 77.9 ± 6.2%, bortezomib treatment led to a significant increase by 172 ± 

6.5% and preceding short repetitive ischemia prior to the following 60 min long ischemia led to 

an end-diastolic volume increase by 100.8 ± 4.1% in comparison to the sham group. Again 

performance of the 60 min + BZ group was significantly worse than that of the other 

experimental groups.  
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Fig. 53: End-diastolic volume (μl) in different experimental groups after 21 d of the last 

ischemia. The end-systolic volume was noted to be 34.5 ± 2.8 μl in the sham group (n=10). 21 d 

after 60 min long ischemia the end-systolic volume was found to be 61.4 ± 5.0 μl (n=7). The 

bortezomib treatment led to an end-systolic volume of 94.0 ± 6.5 μl (n=5), while preceding 

short repetitive ischemias led to an end-systolic pressure of 69.3 ± 2.4 μl (n=6). 

 

3.5.2.6 dP/dtmax 

Likewise dP/dtmax after 24 hours of the last ischemia (Fig. 54), dP/dtmax after 21 days of last 

ischemia also found to be significantly reduced in the 60 min group as well as 60 min + BZ 

group as compared to the sham group. 60 min of ischemia significantly reduced the dP/dtmax 

value by 23.7 ± 5.5% in comparison to the sham group. Treating the mice with bortezomib also 

significantly reduced the dP/dtmax value by 32.5 ± 4.3% in comparison to the sham group. 
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Treating the mice with preceding short repetitive ischemia increased the dP/dtmax value by 8.0 ± 

4.1%. 

These results are in support of our TTC results (Fig. 30) where the 60 min group exhibited the 

largest infarct, hence reduced contractility leading to reduced dP/dtmax and compromised cardiac 

function. It is also to be noted here that the dP/dtmax value has significantly increased in the 

repetitive group as compared to the 60 min group and the 60 min + BZ group (Fig. 54) 
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Fig. 54: dP/dtmax (mmHg/sec) in different experimental groups after 21 d of the last the ischemia. 

The dP/dtmax value was noted to be 10957.3 ± 931.8 mmHg/sec in the sham group (n=10). 60 

mins ischemia significantly reduced the dP/dtmax value to 8360.2 ± 1289.5 mmHg/sec (n=7) 

while bortezomib significantly reduced it to 7393.8 ± 926.9 mmHg/sec (n=5). Preceding short 

repetitive ischemias increased the dP/dtmax value to 11839.5 ± 780.1 mmHg/sec (n=6).  
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3.5.2.7 dP/dtmin 

dP/dtmin values were also investigated 21 days after the last ischemic injury in all the 

experimental groups. It was found that the dP/dtmin value decreased significantly in 60 min group 

and the 60 min + BZ group in comparison to the sham group (Fig. 55). dP/dtmin was reduced in 

60 min group by 33.9 ± 3.9% and by 26.7 ± 3.5% in 60 min + BZ group in comparison to the 

sham group. Repetitive short ischemia increased the dP/dtmin value by a mere margin of 11.5 ± 

4.4% when compared to the sham group. 

These results are in line with dP/dtmin results after 24 hours of the last ischemia (Fig. 55). It could 

also be seen here that dP/dtmin values in the repetitive group are significantly higher than in the 

60 min group and the 60 min + BZ group. This result is again in support of dP/dtmin values after 

24 hours of the last ischemia (Fig. 55). Overall, dP/dtmin values after 21 days of the last ischemia 

can be explained by the TTC results (Fig. 30) where 60 min group was found to have the biggest 

infarct size, hence, reduced contractility.  
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Fig. 55: dP/dtmin (mmHg/sec) in different experimental groups after 21 d of the last the ischemia. 

The dP/dtmax value was noted to be -8882.1 ± 508.4 mmHg/sec in the sham group (n=10). 60 

mins ischemia significantly reduced the dP/dtmax value to -5862.5 ± 524.1 mmHg/sec (n=7) 

while bortezomib significantly reduced it to -6502.8 ± 503.4 mmHg/sec (n=5). Preceding short 

repetitive ischemias increased the dP/dtmax value to -9905.8 ± 721.8 mmHg/sec (n=6). 

 

3.5.2.8 Heart rate 

Heart rate was monitored in all the experimental groups but no significant difference was found 

between any of the experimental groups (Fig. 56). 60 min of ischemia treatment and repetitive 

ischemias slightly but insignificantly increased the heart rate by 3.6 ± 3.0% and 5.2 ± 2.9% 
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respectively in comparison to the sham group. Additionally, bortezomib treatment reduced the 

heart rate a little but again insignificantly by 3.3 ± 2.1% in comparison to the sham group. 
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Fig. 56: Heart rate (bpm) in different experimental groups after 21 d of the last ischemia. The 

sham group exhibited the heart rate of 586 ± 11.2 bpm (n=10). 21 d after a 60 min long ischemia 

increased the heart rate to 607.1 ± 21.2 bpm (n=7). The group of animals who were administered 

with doses of bortezomib exhibited a heart rate of 566.6 ± 22.3 bpm (n=5) while pre-

conditioning the hearts with repetitive short ischemias led to a heart rate of 616.6 ± 10.8 bpm 

(n=6).  

 

3.5.2.9 Cardiac output 

Cardiac output after 21 days of the last ischemia exhibited the same pattern as after 24 hour of 

the last ischemia. 60 min group found to have the significantly reduced cardiac output compared 
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to/ vs. the sham group and the repetitive group (Fig. 57). 60 min + BZ group exhibited almost the 

unchanged cardiac output as in the sham. 60 min ischemia treatment reduced the cardiac output 

significantly by 42.6 ± 4.1% while short repetitive ischemias increased the cardiac output values 

significantly by 40.0 ± 5.9% in comparison to the sham group. The bortezomib treatment 

prevented the I/R dependent reduction of cardiac output when compared to the sham group. The 

recorded difference between the two groups was found to be 4.1 ± 4.7%. 

This data is in support of our earlier found TTC staining results (Fig. 30) where 60 min group 

showed the largest infarct size that must have led to compromised contractility, hence reduced 

cardiac output.  
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Fig. 57: Cardiac output (μl/min) in different experimental groups after 21 d of the last ischemia. 

The sham group exhibited the cardiac output value 10011.6 ± 934.7 μl/min (n=10). 21 d after the 

60 min long ischemia reduced the cardiac output to 5737.3 ± 641.7 μl/min (n=7) while 
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bortezomib treatment reduced it slightly to 9593.2 ± 1017.3 μl/min (n=5). Short repetitive 

ischemias prior to 60 min long ischemia increased the cardiac output significantly to 14021.8 ± 

1435.7 μl/min (n=6).  

 

3.5.2.10 Cardiac index 

Like cardiac output (Fig. 57), cardiac index was also found to be significantly reduced in the 60 

min group by 39.7 ± 4.2% in comparison to the sham group. Repetitive short periods of ischemia 

prior to the following 60 min ischemia significantly altered the cardiac index to a mammoth 

increase of 32.9 ± 5.3% in comparison to the sham group.  The bortezomib treatment prevented 

the influence of I/R on the cardiac index as no significant difference to the sham group could be 

detected (increase by 9.8 ± 4.8%).  
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Fig. 58: Cardiac index (CO/gBW) in different experimental groups after the 21 d of the last 

ischemia. The sham group exhibited the cardiac output value 442.3 ± 32.7 CO/gBW (n=10). 21 d 

after the 60 min long ischemia reduced the cardiac output to 266.6 ± 30.7 CO/gBW (n=7) while 

bortezomib treatment led to a cardiac index of 485.7 ± 46.8 CO/gBW (n=5). Short repetitive 

ischemias prior to 60 min long ischemia increased the cardiac output significantly to 588.0 ± 

50.9 CO/gBW (n=6).  
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4 Discussion 

In the presented project, we compared the role of preconditioning by repetitive short ischemias 

and NF-κB inhibition. The UPS system has gained a great attention during the last decade 

reinforcing the idea of a potent therapeutical drug in myocardial diseases (Hedhli and Depre 

2010; Yu and Kem 2010).  Beneficial effects of bortezomib have been observed in acute 

myocardial infarction which was attributed to the blockade of the NF-κB (Huang et al., 2008; 

Marfella et al., 2009; Yu et al., 2005). Based on these findings, we investigated the effects of 

proteasome inhibition during myocardial ischemia reperfusion injury. We analyzed the role of 

both NF-κB and HIF in these processes as well as hemodynamic parameters.  

In the present study, we reported for the first time that inhibition of the UPS by bortezomib 

successfully decreased cardiac injury in mice in the situation of 60 min ischemia as well as 

previous repetitive interruptions in LAD blood flow. Bortezomib treatment reduced the infarct 

size and improved ventricular function analyzed by Millar catheter. These results were 

accompanied by an attenuated body weight loss and an improved contractility. mRNA and 

histological data implicated that these findings can be in part attributed to increased HIF-1α 

expression.  

 

4.1 Methodology 

4.1.1 Mouse as experimental model 

In this study, mice were used as a research model. This is justified as both human and mice are 

mammals, have high resemblance in anatomy, physiology and genetics (Oliver et al., 2007), as 

well as a reproducibility of the results. In terms of ventricular structure, the mouse heart is 

comparable to that of humans (Doevendans et al., 1998). Being mammals, the physiology and 

gene function is similar to great extent. Both possess about 95% of genetic similarity (Kim et al., 

2010). Using mice models allows the researcher to apply “knock out, knock in and knockdown”, 

techniques used to simulate various diseases which are affecting humans too (Braun and 

Willnow, 1996; Cutler et al., 2007; Oliver et al 2007). Other than this, short and accelerated 
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lifespan of mice allows the scientists to save a lot of money, time and space required to perform 

the experiments.  

Using mice as research tool has got some disadvantages too. The coronary anatomy differs 

between the two mammal species. Small mammals, in comparison to the large mammals, have 

high energy demand. The cardiac output and the cardiac index varies between mouse and human 

(Barbee et al., 1992). Mice have higher heart rates thus the ECG pattern and the underlying 

action potential are different to humans. Also the potassium channels are different between the 

two species (Nerbonne et al., 2001). Nevertheless, mice have become the most popular animal 

model in cardiac physiology in the last two decades.  

 

4.1.2 Age of the mice 

A mouse gets to mature adult age when the animal is 3-6 months old. It is known that the I/R 

injury is a difficult process for the animals to go through. Furthermore, during growing up the 

heart undergoes structural and functional changes that affect its function under stress, its natural 

cardioprotection and remodeling process (Lakatta, 2015). Therefore, adult mature mice almost 3 

months old were used in this study to rule out “survival of the fittest” to the maximum, and also 

because the mice of this age group were used mostly in the published data. In addition, mice of 

this age were investigated in earlier studies of our fellow research groups (Babiker et al., 2006; 

Baumgarten et al., 2006; Ehrentraut et al., 2011; Meyer et al., 2008; Velten et al., 2012; Weisheit 

et al., 2014).  

 

4.1.3 Closed chest model for ischemia reperfusion injury 

The technique of “closed chest model” is in use since 2000 to study the effects of the ischemia 

reperfusion injury in mice (Nossuli et al., 2000). The often used “open chest model” means that 

the infarction is performed with the chest open. This has a huge disadvantage as it triggers 

greater inflammatory reactions and post-operative trauma (Kim et al., 2007; Stapel et al., 2006). 

In our investigation, we also used the closed chest model, but our model was much less traumatic 
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than the conventional closed chest model. Kim et al., 2012 has introduced this procedure to ligate 

the LAD. This technique consists of the following steps, the ribs of the mouse were visualized, 

and the thorax was entered with the help of a forceps by making a hole through the intercostal 

space and pleura (fig. 17). Neither any rib nor the sternum was cut during this process, making it 

much more convenient for the experimental animal triggering less inflammatory reactions and 

minimal trauma.  

 

4.1.4 Mortality rate 

Inducing repetitive ischemia injury to murine heart is a sensitive experimental procedure which 

demands elaborated technique, expertise and steady hands. Still the mortality rate could differ 

from one experiment to the other, depending on the nature of the experiment. There is a wide 

spectrum of mortality rates available in literature, ranging from 15% to 60 mortality rate of 15% 

was reported by the Liu et al, (2017) while Stapel et al, (2006) found a mortality rate of about 

20%. Other than this, mortality rate of 30 % (Kassiri et al., 2005) has also been published. A 

very high mortality rate of 60% has detected after 60 min ischemia in mice (Kandalam et al., 

2010). In our study, the mortality rate was found to be 25% in the 60 min group comparable to 

Stapel et al. (2006) and 40% in the repetitive groups (fig. 27), although the duration of ischemia 

was also 60 min. The mortality rate in the repetitive groups can be explained by the high number 

of anesthesia, intubations and I/R. 

Furthermore, high mortality rates may in part be dependent on the surgeon i.e. little experience 

and skillfulness may lead to bleeding of the heart or vessels, respiratory failure, heart failure or 

pneumothorax for instance.  

 

4.1.5    Anesthetics 

The easy controllable volatile anesthetics such as halothane and isoflurane possess 

cardioprotective properties in the form of a pre-conditioning influence which could easily distort 

results of the experiments. Experiments on dogs and rabbits showed that only 15 to 30 mins of 
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isoflurane treatments just before the occlusion produced a pre-conditioning influence and hence 

led to a reduction in the infarct size (Cason et al., 1997). In addition to the pre-conditioning 

effect isoflurane was found to develop post-conditioning effects to nearly the same extent 

(Kersten et al., 1997).  

To avoid these influences of the volatile anesthesia on the infarct size, animals received a special 

recipe of injectable anesthetics, for ischemia reperfusion insult consisting of atropin, xylacin, 

ketanest-S and 0.9% NaCl (table Nr: 2) (Kim et al., 2012; Kim et al., 2014).  Isoflurane was used 

only for the initial operation which was performed seven days before the ischemia and the final 

recording of hemodynamic parameters and sacrificing. 

 

4.2 Infarction 

4.2.1 60 min group 

There have been some earlier projects, successfully completed in our working group, on the topic 

of myocardial I/R injury e.g. the experimental animals were treated with 60 min of ischemia 

followed by 24 h of reperfusion injury. These animals produced about 50% of infarct/AAR 

(Stapel et al., 2006). 45% infarct/AAR was found by a US group in wild type animals while 66% 

infarct/AAR was found in CD-1 deficient mice after 60 min of ischemia followed by 24 h of 

reperfusion injury (Eckle et al., 2006). 46% of infarct/AAR in wild type mice and 49% 

infarct/AAR in C3H/HeJ mice have also been reported in the literature (Kim et al., 2007). In our 

investigation, 47% infarct/AAR was found after 60 min of ischemia followed by 24 h of 

reperfusion injury in C57/BL6 mice (fig. 30-B), this is in good agreement with earlier studies. 

 

4.2.2 Repetitive group 

In this study, it has been shown that repetitive short periods of ischemia reperfusion treatment 

reduced the infarct sizes significantly in C57BL/6 mice. The mice treated with 15 min of 

repetitive ischemia for 6 consecutive days followed by 60 min of long ischemia exhibited 64.6% 
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smaller infarct size than those who were given just 60 min long ischemia only once. Lavine et al. 

(2013) have found 52% reduction in infarct size in C57/B6 mice after repetitive ischemia. The 

reduction in infarct size by repetitive short periods of ischemia has been shown first by Murry et 

al., 1986 in dogs. Where 4 cycles of 5 min of ischemia followed by 5 min of reperfusion before a 

sustained occlusion of coronary artery for 40 mins limited the infarct size to 25% of that seen in 

the control group. Another study showed the reduced infarct size by 69% after 5 mins of 

ischemia and 5 mins of reperfusion before 60 mins of long ischemia in circumflex coronary 

artery in dogs (Przyklenk et al., 1993). Ischemic pre-conditioning manifests not only in reduced 

infarct size, but also in improved recovery of contractile function during reperfusion, reduced 

incidence of arrhythmias in most species but not in pigs, and improved endothelial function 

(Schulz et al., 2001; Skyschally et al., 2008; Yellon et al., 2003). 

This protective effect of the repetitive ischemia treatments has been attributed to reduced ATP 

depletion and/or reduced catabolite accumulation during the sustained occlusion (Murry et al., 

1986). The repetitive ischemia governed cardioprotection may partially depend on Protein 

Kinase C (PKC) activation and VEGF over-expression, angiogenesis and increased capillary 

density after 3 cycles of 3 min ischemia and 5 mins of reperfusion in the Sprage Dwarley rats 

(Kawata et al., 2001). Lavine et al. (2017) have named microvasculature as a potential reason of 

improved cardiac function and 52% reduced infarct size in 2-4 months old C57/B6 mice after 

repetitive ischemia for 3 times 15 min ischemia every other day. This is a protocol which is 

relatively near to ours. Pre-conditioning the rat brain with 3 times 5 mins of ischemia and 15 min 

reperfusion followed by 48 hours of reperfusion significantly downregulates the expressions of 

NF-κB in adult male Sprague-Dawley rats (Tu et al., 2015). The possible reasons for this 

reduction in infarct size in our study are discussed later. 

 

4.2.3 60 min + bortezomib and repetitive + bortezomib groups 

It has been found in this study that the experimental groups which were treated with BZ 

exhibited reduced infarct size compared to their counterpart experimental groups. Here we are 

reporting for the first time that the administering mice with bortezomib reduced the infarct size 

by 51.01% in 60 min + BZ group and by 71.1% in repetitive + BZ group in comparison to the 60 
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min group. Furthermore, treating the mice with bortezomib in repetitive + BZ group reduced the 

infarct/AAR size by 18.5% in comparison to the repetitive group. This is in agreement with 

previously published results of Huang et al. (2008), Marfella et al. (2009) and Yu et al. (2005), 

although there were differences in the animal model, the I/R duration, the dosage of the BZ and 

its time of application (pre- or post-infarction). The earlier studies attributed the BZ dependent 

cardio protection to inhibition of NF-κB (Marfella et al., 2009) and the upregulation of the G-

protein coupled receptor kinase 2 (Huang et al., 2008; Yu et al., 2005). As G-protein coupled 

receptor kinase 2 is responsible for the β-adrenergic receptor (β-AR) sensitivity, the authors 

proposed that the blockade of its degradation by bortezomib protects against malignant 

ventricular tachyarrthymias (Huang et al., 2008; Yu et al., 2005). Though these were findings in 

animal models of acute infarction they are in line with our results in a chronic setting of 

repetitive ischemia-reperfusion similar to clinical situations of angina pectoris. 

Bortezomib, apart from myocardium, has been reported to be responsible for its protective role in 

many other parts of the body too. Chen et al. (2013) showed that bortezomib reduced retinal 

functional impairment after 45 mins of ischemia. They also found that administering bortezomib 

reduced the inflammatory mediators such as NF-κB. This is in support of hypotheses where we 

proposed that the bortezomib treatment plays an important role in reduction of the infarct size by 

blocking the NF-κB pathway. Protective role of bortezomib has been well documented in 

steatotic liver (Triveedhi et al., 2014), non steatotic liver (Zaouali et al., 2013), hemorrhagic 

shocks in rats (Bach et al., 2013), renal ischemia reperfusion injury (Huber et al., 2009), 

peripheral nerve reperfusion injury (Park et al., 2009), diabetic myocardium (Marfella et al., 

2009), attenuates skeletal muscle reperfusion injury by blocking the pathway of NF-κB 

activation (Park et al., 2007) and in cancer therapy (Zavrski et al., 2007).  

 

4.3 I/R injury induced changes in hemodynamics 

It is known from the literature that the ischemic injury affects the cardiac functions. Cardiac 

function in our experimental model was analyzed by a Millar pressure volume catheter 24 h and 

21 days after I/R. 
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4.3.1 Hemodynamic parameters after 24 h   

The 60 min group developed significantly reduced end-systolic pressure and an increased end-

systolic as well as end-diastolic volume. Increase in end-diastolic pressure did not reach the level 

of significance. Most other parameters of cardiac function were calculated on the base of these 

four measured values. Consequently, ejection fraction calculated from end-systolic and end-

diastolic volumes was also reduced as well as dP/dtmax and dP/dtmin. The significantly impaired 

cardiac function 24 h after I/R was comparable to some other published data (Goltz et al., 2015; 

Kim et al., 2006; Kim et al., 2014; Li et al., 2013; Markowski et al., 201;  Remme, 2000).  

All pre-conditioned groups exhibited less impaired cardiac function than the 60 min group. 

Interestingly, short periods of ischemia reperfusion, bortezomib treatment and combination of 

both in advance had significantly reduced the malignant influence of I/R on end-systolic volume, 

as well as the ejection fraction and cardiac output. Among the pre-conditioned groups the 

repetitive I/R treatment resulted in the best hemodynamic function 24 h after I/R as this group 

was significantly better than the 60 min group in most parameters. A calculation of the average 

heart beat volume reveals 21.1 µL in the repetitive group, which was the highest in all groups 

and nearly double of that in the 60 min group (11.0 µL).  

The repetitive group exhibited also somewhat better cardiac function than the 60 min + BZ 

group, however, the level of significance was not reached in any of the recorded parameters. The 

performance of the 60 min + BZ group did not differ significantly from the sham group with the 

exception of the systolic pressure, which was reduced in the 60 min + BZ group, i.e. the mice in 

the 60 min + BZ group did not suffer very much from I/R injury. A comparison of the 60 min + 

BZ group with the 60 min group revealed significantly better function in 60 min + BZ group as 

its end-systolic volume was significantly smaller and its ejection fraction as well as its cardiac 

output and cardiac index were significantly higher than the in the 60 min group.  

The repetitive + BZ exhibited significantly increased cardiac function vs the 60 min group in 

ejection fraction and end-systolic volume only. Furthermore, in comparison to the repetitive 

group the dP/dtmax, the cardiac output and the cardiac index were significantly reduced in the 

repetitive + BZ group. Taken together concerning the cardiac function 24 h after I/R the 

protection against I/R injury was least distinct in the repetitive + BZ group and best in the 
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repetitive group. Due to the relatively weak performance of the repetitive + BZ group, this was 

excluded in long term experiments. 

This well preserved cardiac function, in the repetitive group is accordance with earlier published 

data. Ji et al. (2013) found a preserved ejection fraction and dP/dtmax after 2 cycles of 5 min 

ischemia/ 5 min reperfusion prior to the 30 min long ischemia in rats. Better ejection fraction has 

also been reported in C57/Bl6 mice after 15 min x 3 times ischemia followed by 24 h of 

reperfusion (Lavine et al., 2013). 

 

4.4 Investigation of inflammatory mediators 24 h after I/R 

Two basically different treatments were applied in order to reduce the ischemic injury in the 

heart. One was preconditioning with repetitive short periods of ischemia. The second was the 

application of the bortezomib, an inhibitor of ubiquitin proteasome system. Both methods were 

also applied in combination. The hypothesis behind the repetitive periods of short ischemia was 

that the tissue becomes used to ischemia by application of short nondestructive periods of 

ischemia. These ischemic periods excite a well-controlled inflammatory process in the tissue. At 

the end of the pre-conditioning process, the long lasting ischemia with its succeeding strong 

inflammation may be managed better by the myocardium, thus resulting in smaller ischemic 

injury. Bortezomib is applied with the aim to reduce the post-ischemic inflammation. In the 

present study, bortezomib was applied in a pre-conditioning as well as post-conditioning 

substance. The idea was to help the tissue by reducing the post-ischemic inflammation and 

thereby to dampen the post-ischemic insult. Regarding the infarct size as well as the 

hemodynamic performance after 24 h of reperfusion, both repetitive pre-conditioning as well as 

the bortezomib treatment proved to be successful. According to the theory, one would expect 

smaller levels of the inflammatory mediators after the pre- and post-conditioning treatments; 

therefore the expression of inflammatory mediators was investigated in this study.  

As HIF-1α is a protein, which induces post-hypoxic processes as a transcription factor, one 

would expect elevated levels of this protein after ischemia. Indeed, in all groups, which were 

exposed to I/R, increased HIF-1α mRNA was detected reaching the levels of significance only in 
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the 60 min + BZ and the repetitive + BZ groups. Our study is the first one to show report that 

HIF-1α  was upregulated by a combination of BZ and repetitive I/R treatment. This may be 

attributed to the observation that bortezomib by itself also influences the HIF-1α level. 

Concerning pro-inflammatory mediators like IL-6, IL-1β, TNF- α and ICAM- 1, the results were 

somewhat surprising. IL-6 and IL-1β as were expressed at the significantly highest levels in the 

60 min + BZ group, clearly above all groups. All the other groups except the 60 min + BZ 

exhibited moderate and insignificant increases in the pro-inflammatory cytokines.  

ICAM-1 was expressed at clearly elevated levels in all groups which were exposed to I/R, but 

the level of significance was reached only in the 60 min, the 60 min + BZ and the repetitive 

groups not in the repetitive + BZ group. ICAM-1 is expressed constitutively on endothelial cells 

as well as on leukocytes. Its expression is upregulated by the pro-inflammatory cytokines IL-1β 

and TNF-α (Yang et al., 2005). It facilitates transmigration leukocytes through the endothelium. 

Up-regulated ICAM-1 expression may be taken as a sign for a preceding by increased expression 

of IL-1β and TNF-α.  The time-point of measuring the expression of TNF-α, IL-1 β and IL-6 

may have been too late to detect the peak expression of these early cytokines in the 60 min and 

the repetitive group. 

The high expression of pro-inflammatory mediators in the 60 min + BZ group was accompanied 

by a significant up-regulation of the anti-inflammatory cytokine IL-10. As bortezomib was 

applied to dampen the inflammatory response, one would expect the lowest expression of the 

inflammatory reactions in the bortezomib groups but the reverse happened. Furthermore, the 

infarct size, as detected by the TTC staining, was biggest in the 60 min group and significantly 

smaller in all the other groups. Also the cardiac performance was better in the three pre-

conditioned groups compared to the 60 min group thus correlating nicely to the infarct sizes. 

However, 24 h after the reperfusion, inflammatory mediators were highest in the 60 min + BZ 

group with small infarct as well as second best hemodynamic performance at the same time.  

A possible explanation for the high expression of pro- and anti-inflammatory mediators could be 

that bortezomib did not act anti-inflammatory in our hands. In our study bortezomib yielded the 

expected result as a significant cardioprotection concerning infarct size and cardiac function was 

reached in the 60 min + BZ group. Furthermore, the mortality and the weight loss was reduced in 
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both bortezomib groups compared to their counterparts (60 min and repetitive group). Thus there 

was an effect of bortezomib.  

In a preceding study we demonstrated in murine macrophages (RAW 264.7) that bortezomib is 

able to prevent the LPS dependent NF-κB translocation into the nucleus (Pesch, 2011). In an 

additionally performed study with experiments to characterize the myocardium after the period 

of short repetitive I/R cycles, before the 60 min ischemia the effect of bortezomib on the 

myocardium was tested (Gölz et al., 2011). After the repetitive six short I/R cycles of 15 min 

NF-κB was found to be increased in the nuclei of the cardiomyocytes in the ischemic zone (Fig. 

59). Application of bortezomib could dampen this. This may be taken as a sign for the expected 

downregulation of NF-κB translocation to the nucleus in cardiomyocytes by bortezomib. Thus 

the up-regulation of the cytokines in the 60 min + BZ group did not seem to be depending on 

ineffective bortezomib.  

 

Fig. 59: NF-κB 24 h after 6 short repetitive ischemias visualized by an antibody in the nuclei of 

cardiomyocytes in the murine heart with (A) and without (B) bortezomib treatment. The brown 

colour is much less intense after bortezomib treatment indicating less NF-κB in the nuclei (Gölz 

et al., 2011).  

But the question why we detected increased pro-inflammatory mediators in the 60 min + BZ 

group is still open. This group had a pre-conditioning with bortezomib which should reduce the 

inflammatory mediators in the myocardium prior to I/R. In a preceding unpublished study our 

group monitored the development of inflammatory mediators during the pre-conditioning 

timespan. At the end the level of IL-1β and TNF-α were not significantly different between the 

sham and the 60 min + BZ groups. This may be taken as a weak indicator for an anti-

A B 
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inflammatory influence of bortezomib prior to I/R. The last bortezomib injection was applied at 

the end of the 60 min ischemia this may help to reduce the infarct size measured by TTC 24 h 

later. But the influence of bortezomib ceases and a strong delayed inflammation may develop in 

a rebound reaction. This inflammation was detected in our PCR recordings 24 h after 

reperfusion. Possibly a further injection of bortezomib might have prevented this reaction. 

 

4.5 Morphology and cardiac function 21 days after I/R 

4.5.1 Scar size 

As mentioned before in the long-term observation we included only three experimental groups 

and the sham group. Evaluation of the scar size revealed that the scars of the animals in the in the 

60 min and in the 60 min + BZ groups were significantly larger than in the sham and in the 

repetitive group, whereas the scar size did not differ between the sham and the repetitive group. 

The scar size did not correlate/reflect to the infarct size/AAR, as the 60 min + BZ exhibited a 

significantly smaller (by 49%) infarct size/AAR relation than the 60 min group. Obviously, the 

remodeling process differed due to the presence of bortezomib, as the relatively small infarct 

size/AAR relation in the 60 min + BZ group did not result in a smaller scar than in the 60 min 

group.  

However, according to Clarke et al. (2016) it is not only the size of the scar, which is important 

for the recovery of the cardiac function, also the position of the scar is very important. The 

position of the scar was in the results discussed here not crucial, as the ligature of the left anterior 

descendent artery was always performed at the same place. Furthermore, collagen crosslinking 

and orientation have been reported to influence post-infarct cardiac pumping function. 

Bortezomib has been shown to influence remodeling in different ways. Hypertrophic remodeling 

neonatal rat cardiomyocytes as well as in hypertensive rats was significantly reduced by 

proteasome inhibition (Meiners et al., 2008). However, in murine neonatal cardiomyocytes as 

well as in mouse hearts in vivo proteasome inhibition caused hypertrophic growth (Tang et al., 

2010). After aortic constriction the proteasome inhibitor MG262 facilitated ventricular dilatation 

and functional decompensation via activation of the calcineurin-NFAT (nuclear factor of 
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activated T cells) pathway. Thus applied over a longer time proteasome inhibition may as well 

act in a deleterious way. Therefore, cardiac function was recorded in the four groups investigated 

for the scar sizes. 

 

4.5.2 Hemodynamic parameters after 21d  

Evaluation of cardiac function revealed significantly reduced ejection fraction as well as 

decreased dP/dtmax and dP/dtmin in the 60 min group in comparison to the sham group. This 

attenuation of ejection fraction was evident in significantly increased end-systolic and end-

diastolic volumes. The calculated cardiac output too was significantly diminished in this group in 

comparison to the sham group. All these results were in line with another study where dP/dtmax 

and dP/dtmin were found to be significantly diminished 21 days after I/R (Goltz et al., 2015). It is 

to be noted here that the end-systolic and end-diastolic pressures were recuperated in 60 min 

group and in all other experimental groups to an extent that no significant difference was noted 

in comparison to the sham group. Taken together, the hemodynamic parameters in 60 min group 

are supported by the finding that this group exhibited the largest scar after 21 days.  

Unlike in 24 h measurements, 60 min + BZ group exhibited significantly reduced ejection 

fraction in comparison to the sham group. This attenuation in ejection fraction was supported by 

severely increased end-systolic and end-diastolic volumes as well as significantly reduced 

dP/dtmax and dP/dtmin. However, the cardiac output was higher than the sham group but did not 

reach the level of significance and was less impaired than in the 60 min group. Again, the end- 

systolic and end-diastolic pressures were recuperated after 21 d. The end-systolic and end-

diastolic volumes in the 60 min + BZ group were significantly higher not only versus the sham 

group but versus the 60 min group too. Taken together, literature supports our results as swine 

after 60 min of ischemia and 21 days of reperfusion exhibited smaller left ventricular infarct but 

attained in impaired cardiac function after preconditioning the hearts with PS-159 proteasome 

inhibitor (Sihag et al., 2013).  

After 21 days of reperfusion, the repetitive group exhibited the most well preserved cardiac 

function in comparison to the sham group. Ejection fraction, end-systolic and end-diastolic 
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pressure, end-systolic and end-diastolic volume as well as dP/dtmax, dP/dtmin and cardiac output 

were found to be better preserved in the repetitive group than any other experimental group.  

Thus three weeks after the 24 h hemodynamic recordings the picture had changed completely. 

The 60 min group as well as 60 min + BZ group showed impaired cardiac performance and 

significantly increased scars compared to the repetitive group. The increased inflammation after 

24 h of reperfusion in the 60 min + BZ group may explain the decline in the cardiac performance 

in the 60 min + BZ group in this follow-up experiment.  
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5 Conclusion 

The first hypothesis, that repetitive ischemia reperfusion cycles simulating Angina pectoris will 

raise the HIF-levels and reduce the sensitivity of the myocardium to inflammation, was proven to 

be correct. 24 h after I/R HIF mRNA was increased though not significantly above sham level. 

However, HIF was also not different from the significantly increased levels in the bortezomib 

groups. Pro- and anti-inflammatory cytokines did not differ to the 60 min group.  

The second hypothesis that bortezomib treatment will raise HIF-levels was proven. However, the 

predicted decreased inflammation could not be shown. In contrast, the investigation performed 

24 h after I/R revealed increased levels of inflammatory mediators. This was interpreted as a 

rebound reaction.  

The third hypothesis, that ischemic injury could be reduced and cardiac function could be 

preserved better by the three treatments, was proven, however to different degrees. All three 

treatments reduced infarct size/AAR significantly, but the cardiac function was best in the 

repetitive group.  

The fourth hypothesis that remodeling after I/R may be facilitated and better recovery of long 

term cardiac function will be supported by the treatments could be shown only for the repetitive 

group.  

Taken together, the pre-conditioning with repetitive ischemias was successful improving cardiac 

performance even in the long term. However, this is not a treatment, which can be applied to 

people after ischemia reperfusion. The treatment with bortezomib helped the mice to survive, 

reduced infarct size and attenuated the influence of the I/R injury on cardiac performance. 

However, these positive effects did not lead to an improved remodeling as the scar was the same 

as in the 60 min group. Also the cardiac performance was less well preserved than in the 

repetitive group. A possible explanation for the disappointing long term results may be that the 

inflammation was increased in a rebound reaction. Thus a different timing of the bortezomib 

treatment may help prolong the short term positive influences on I/R injury. Possibly a post-

conditioning treatment with bortezomib repeated daily for a few days may help to prevent the 

deteriorating influences of a too strong inflammation. Another positive result of this study is that 
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HIF-1α was increased in all groups. Perhaps a specific way to increase HIF-1α may help to 

reduce the I/R injury. 
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6 Abstract 

Myocardial infarction (MI) is a state when the flow of blood stops in a coronary artery or a 

succeeding vessel resulting in hypoxia leading to damage in the downstream cardiac tissue. 

Ischemia/reperfusion (I/R) injury leads to significant tissue damage and initiation of inflam-

matory reactions. The roles of nuclear factor (NF)-κB and hypoxia inducible factor (HIF) in 

myocardium are still under discussion. It has been reported, that reduction of NF-κB activity by 

attenuation of the ubiquitin proteasome system (UPS) exerts bbeneficial effects on I/R injury in 

the myocardium. Furthermore, preceding short periods of ischemia before I/R injury like in 

Angina pectoris are known to protect the heart. Based on these findings, we hypothesized that 

repetitive short cycles of I/R will raise the cardiac HIF-levels and attenuate NF-κB levels, thus 

reduce inflammation. It was also hypothesized that pre- and post-conditioning with bortezomib 

(BZ), a blocker of UPS, will decrease ischemic injury, help to preserve cardiac function and 

facilitate remodeling after I/R. 

9-12 weeks old female C57BL/6 mice underwent LAD constriction or sham surgery. Mice were 

divided into 5 different groups. Sham group; 60 min group treated with 15 min sham ischemia 

daily for 6 days prior to 1 x 60 min ischemia; repetitive group treated with 15 min ischemia daily 

for 6 days prior to 1 x 60 min ischemia, repetitive + BZ group received the same protocol 

complemented with 3 doses of BZ; 60 min ischemia + BZ group received the same treatment as 

the 60 min group complemented with 3 doses of BZ. 24 h post I/R injury changes were 

monitored in all groups. 21 d post ischemia success of remodeling was investigated in the sham, 

the 60 min, the 60 min + BZ and the repetitive groups. 

24 h after I/R, 60 min group exhibited the biggest infarct size while all other groups developed 

significantly smaller infarct size. The 60 min group exhibited significantly reduced end-systolic 

pressure and ejection fraction as well as reduced dP/dtmax and dP/dtmin accompanied by an 

increased end-systolic as well as end-diastolic volume. All pre-conditioned groups exhibited less 

impaired cardiac function than the 60 min group. Interestingly, short periods of I/R, BZ treat-

ment and combination of both in advance significantly reduced the malignant influence of I/R on 

the cardiac performance. Among the pre-conditioned groups the repetitive I/R treatment resulted 

in the best hemodynamic function 24 h after I/R. 
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The investigation of inflammatory mediators 24 h after I/R revealed that all I/R groups exhibited 

increased levels of HIF-1α being highest in both BZ groups. IL-6 and IL-1β as well as ICAM-1 

were expressed at the significantly highest levels in the 60 min + BZ group.  

Evaluation of the scar size after 21 d  after I/R revealed that the scars of the animals in the 60 

min and in the 60 min + BZ groups were significantly larger than in the sham and in the 

repetitive group, whereas the scar size did not differ significantly between later groups. 

Evaluation of the cardiac function revealed totally different results than after 24 h post I/R. 

Significantly reduced ejection fraction as well as decreased dP/dtmax and dP/dtmin was found in 

the 60 min group in comparison to the sham group. It is to be noted here that the end-systolic and 

end-diastolic pressures were compensated in 60 min group and in all other experimental groups. 

Surprisingly the 60 min + BZ group developed only slightly better cardiac function than the 

60 min group. The repetitive group exhibited the most well preserved cardiac function in 

comparison to the I/R groups. Ejection fraction, end-systolic and end-diastolic pressure, and 

volume as well as dP/dtmax, dP/dtmin and cardiac output were found to be better preserved in the 

repetitive group than in any other experimental group.  

Taken together, the pre-conditioning with repetitive ischemia was successful in improving 

cardiac performance even in the long term. This study is the first one to report the upregulation 

of HIF-1α  as result of BZ and repetitive I/R treatment. All experimental groups which were 

exposed to I/R exhibited increased HIF levels. In general, we did not gain the desired attenuation 

in inflammation by the BZ treatment. Also the BZ treatment was not found to be as successful as 

the repetitive treatment in long term. However, repetitive treatment cannot be applied in clinical 

setting. Thus, possibly another specific way to increase HIF level may help or a new protocol of 

BZ treatment has to be established in order to reduce I/R injury. 
 

 

 

 

115 
 



6 References 

Abete P, Ferrara N, Cacciatore F, Madrid A, Bianco S, Calabrese C, Napoli C, Scognamiglio P, 

Bollella O, Cioppa A, Longobardi G, Rengo F (1997) Angina-induced protection 

against myocardial infarction in adult and elderly patients: a loss of pre-

conditioning mechanism in the aging heart? J AM Cardiol 30: 947-954. 

Adams HP Jr, del Zoppo G, Alberts MJ, Bhatt DL, Brass L, Furlan A, Grubb RL, Higashida RT, 

Jauch EC, Kidwell C, Lyden PD, Morgenstern LB, Qureshi AI, Rosenwasser RH, 

Scott PA, Wijdicks EF (2007) Guidelines for the early management of adults with 

ischemic stroke: a guideline from the American Heart Association/American 

Stroke Association Stroke Council, Clinical Cardiology Council, Cardiovascular 

Radiology and Intervention Council, and the Atherosclerotic Peripheral Vascular 

Disease and Quality of Care Outcomes in Research Interdisciplinary Working 

Groups: the American Academy of Neurology affirms the value of this guideline 

as an educational tool for neurologists. Stroke 38: 1655-1711. 

Babiker FA, Hoteit LJ, Joseph S, Mustafa AS, Juggi JS (2012) The role of 17-β estradiol in 

ischemic pre-conditioning protection of the heart. Exp Clin Cardiol 17: 95-100. 

Bach HH 4th, Laporte HM, Wong YM, Gamelli RL, Majetschak M (2013) Proteasome 

inhibition prolongs survival during lethal hemorrhagic shock in rats. J Trauma 

Acute Care Surg 74:499-507. 

Bao J, Sato K, Li M, Gao Y, Abid R, Aird, Simons M, Post MJ (2001) PR-39 and PR-11peptides 

inhibit ischemia-reperfusion injury by blocking proteasome-mediated IκBα 

degradation. Am J Physiol Heart Circ Physiol 281: H2612-H2618. 

Barbee RW, Perry BD, Re RN, Murgo JP (1992) Microsphere and dilution techniques for the 

determination of blood flows and volumes in conscious mice. Am J Physiol 263: 

R728-R733. 

116 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Adams%20HP%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=del%20Zoppo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alberts%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhatt%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brass%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Furlan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grubb%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Higashida%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jauch%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kidwell%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lyden%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morgenstern%20LB%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qureshi%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rosenwasser%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scott%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wijdicks%20EF%5BAuthor%5D&cauthor=true&cauthor_uid=17431204
https://www.ncbi.nlm.nih.gov/pubmed/?term=Babiker%20FA%5BAuthor%5D&cauthor=true&cauthor_uid=23620695
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoteit%20LJ%5BAuthor%5D&cauthor=true&cauthor_uid=23620695
https://www.ncbi.nlm.nih.gov/pubmed/?term=Joseph%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23620695
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mustafa%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=23620695
https://www.ncbi.nlm.nih.gov/pubmed/?term=Juggi%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=23620695
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bach%20HH%204th%5BAuthor%5D&cauthor=true&cauthor_uid=23354244
https://www.ncbi.nlm.nih.gov/pubmed/?term=Laporte%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=23354244
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wong%20YM%5BAuthor%5D&cauthor=true&cauthor_uid=23354244
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gamelli%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=23354244
https://www.ncbi.nlm.nih.gov/pubmed/?term=Majetschak%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23354244


 
 

Baumgarten G, Knuefermann P, Wrigge H, Putensen C, Stapel H, Fink K, Meyer R, Hoeft A, 

Grohé C (2006) Role of Toll-like receptor 4 for the pathogenesis of acute lung 

injury in Gram-negative sepsis. Eur J Anaesthesiol 23: 1041-1048. 

Bedford L, Lowe J, Dick LR, Mayer RJ, and Brownell JE (2011) Ubiquitin-like protein 

conjugation and the 410 ubiquitin-proteasome system as drug targets. Nat Rev 

Drug Discov 10: 29-46. 

Berry C, Balachandran KP, L’Allier PL, Lesperance J, Bonan R, Oldroyd KG (2007) Importance 

of collateral circulation in coronary heart disease. Eur Heart J 28: 278-291. 

Bersten A (2013) Oh's intensive care manual. (7th edition). London, UK: Elsevier Health 

Sciences.  

Betts JG, Desaix P, Johnson EJ, Korol O,  Kruse D,  Poe B, Wise J, Womble DM, Young KA 

(2013) Anatomy & physiology (1st Ed). USA:  OpenStax, New York. 

Bopassa JC (2012) Protection of the ischemic myocardium during the reperfusion: between hope 

and reality. Am J Cardiovasc Dis 2: 223-236. 

Braun R, Willnow E (1996) Die Knockout-Maus als Krankheitsmodell: Prinzipien und klinische 

Relevanz. Dtsch Arztebl 93: A-1765 / B-1515 / C-1272 

Bualeong T (2015) The influence of the Xin repeat containing proteins on the delopment of 

pressure induced cardiac hypertrophy in mice. Diss. Mat. Nat. Fak. Rheinische 

Friedrich-Wilhelms-Universität Bonn. 

Cadenas S (2012) ROS and redox signaling in myocardial ischemia-reperfusion injury and 

cardioprotection. Free Radic Biol Med 117: 76-89. 

Calise J, Powell SR (2013) The ubiquitin proteasome system and myocardial ischemia. Am J 

Physiol Heart Circ Physiol 304: H337–H349. 

117 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumgarten%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knuefermann%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wrigge%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Putensen%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stapel%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fink%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoeft%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.ncbi.nlm.nih.gov/pubmed/?term=Groh%C3%A9%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16836770
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Peter+Desaix%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Jody+E.+Johnson%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Oksana+Korol%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Dean+Kruse%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Brandon+Poe%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22James+Wise%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Mark+D.+Womble%22&source=gbs_metadata_r&cad=2
https://www.google.de/search?hl=de&tbo=p&tbm=bks&q=inauthor:%22Kelly+A.+Young%22&source=gbs_metadata_r&cad=2
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bopassa%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=22937492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cadenas%20S%5BAuthor%5D&cauthor=true&cauthor_uid=29373843
https://www.ncbi.nlm.nih.gov/pubmed/?term=Calise%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23220331
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3774499/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3774499/


Cason BA, Gamperl AK, Slocum RE, Hickey RF (1997) Anesthetic-induced pre-conditioning: 

previous administration of isoflurane decreases myocardial infarct size in rabbits. 

Anesthesiology 87: 1182-1190. 

Chen FT, Yang CM, Yang CH (2013) The protective effects of the proteasome inhibitor 

bortezomib (velcade) on ischemia-reperfusion injury in the rat retina. PLoS One 

8: e64262.  

Clarke SA, Richardson WJ, Holmes JW (2016) Modifying the mechanics of healing infarcts: Is 

better the enemy of good? J Mol Cell Cardiol 93:115-124. 

Cohen MV, Yang XM, Downey JM (2007) The pH hypothesis of postconditioning: staccato 

reperfusion reintroduces oxygen and perpetuates myocardial acidosis. Circulation 

115: 1895-1903. 

Coventry LL, Finn J, Bremner AP (2011) Sex differences in symptom presentation in acute 

myocardial infarction: a systematic review and meta-analysis. Heart Lung 40: 

477–491.  

Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski R, Mackman N, Haase VH, Jaenisch 

R, Corr M, Nizet V (2003) HIF-1α is essential for myeloid cell-mediated 

inflammation. Cell 112: 645-657. 

Cutler G, Marshall LA, Chin N, Baribault H, Kassner PD (2007) Significant gene content 

variation characterizes the genomes of inbred mouse strains. Genome Res 17: 

1743-1754. 

Davidson S (2010) Davidson's principles and practice of medicine (21st edition). New York, 

USA: Elsvier. 

Davis JP, Tikunova SB (2008) Ca2+ exchange with troponin C and cardiac muscle dynamics.  

Cardiovasc Res 77:  619–626. 

118 
 

https://www.ncbi.nlm.nih.gov/pubmed/23691186
https://www.ncbi.nlm.nih.gov/pubmed/23691186
https://en.wikipedia.org/wiki/Heart%23CITEREFDavidson.27s2010


 
 

Demirel HA, Powers SK, Zergeroglu MA, Shanely RA, Hamilton K, Coombes J, Naito H (2001) 

Short term exercise improves myocardial tolerance to in vivo ischemia reperfusion 

in the rat. J Appl Physiol 91: 2205–2212. 

Devlin RJ, Henry JA (2008) Clinical review: Major consequences of illicit drug consumption.  

Critical Care 12: 202.  

Doevedans PA, Daemen MJ, de Muinck ED, Smits JF (1998) Cardiovascular phenotyping in 

mice. Cardiovasc Res 39: 34-49. 

Eckle T, Grenz A, Köhler D, Redel A, Falk M, Rolauffs B, Osswald H, Kehl F, Eltzschig HK 

(2006) Systematic evaluation of a novel model for cardiac ischemic pre-

conditioning in mice. Am J Physiol Heart Circ Physiol 291: H2533-H2540. 

Ehrentraut S, Lohner R, Schwederski M, Ehrentraut H, Boehm O, Noga S, Langhoff P, 

Baumgarten G, Meyer R, Knuefermann P (2011) In vivo Toll-like receptor 4 

antagonism restores cardiac function during endotoxemia. Shock 36: 613-620. 

Entman ML, Youker KA, Frangogiannis N, Lakshminarayanan V, Nossuli T, Evans A, 

Kurrelmeyer K, Mann DL, Smith CW (2000) Is inflammation good for the 

ischemic heart-perspectives beyond the ordinary. Z Kardiol 89: IX/82-IX/87. 

Frangogiannis NG (2008) The immune system and cardiac repair. Pharmacol Res 5: 88-111. 

Frangogiannis NG (2014) The inflammatory response in myocardial injury, repair and 

remodeling. Nat Rev Cardiol 11: 255-265. 

Frangogiannis NG, Smith CW, Entman ML (2002) The inflammatory response in myocardial 

infarction. Cardiovasc Res 53: 31-47. 

Frede S, Berchner-Pfannschmidt U, Fandrey J (2007) Regulation of hypoxia-inducible factors 

during inflammation. Methods Enzymol 435: 405-419. 

119 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Demirel%20HA%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Powers%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zergeroglu%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shanely%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamilton%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Coombes%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Naito%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11641363
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eckle%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grenz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=K%C3%B6hler%20D%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Redel%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Falk%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rolauffs%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Osswald%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kehl%20F%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eltzschig%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=16766632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ehrentraut%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lohner%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwederski%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ehrentraut%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boehm%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Noga%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Langhoff%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumgarten%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knuefermann%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22089127
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Frangogiannis%20NG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20CW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Entman%20ML%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11744011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frede%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17998066
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berchner-Pfannschmidt%20U%5BAuthor%5D&cauthor=true&cauthor_uid=17998066
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fandrey%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17998066


Frede S, Stockmann C, Freitag P, Fandrey J (2006) Bacterial lipopolysaccharide induces HIF-1 

activation in human monocytes via p44/42 MAPK and NF-κB. Biochem J 396: 

517-527. 

Frede S, Stockmann C, Winning S, Freitag P, Fandrey J (2009) Hypoxia-inducible factor (HIF) 

1α accumulation and HIF target gene expression are impaired after induction of 

endotoxin tolerance. J Immunol 182: 6470-6476. 

Garcia-Dorado D, Andres-Villarreal M, Ruiz-Meana M, Inserte J, Barba I (2012) Myocardial 

edema: a translational view. J Mol Cell Cardiol 52: 931-939. 

Goltz D, Huss S, Ramadori E, Büttner R, Diehl L, Meyer R (2015) Immunomodulation by 

splenectomy or by FTY720 protects the heart against ischemia reperfusion injury. 

Clin Exp Pharmacol Physiol 42: 1168-1177. 

Gölz L, Meyer R, Jäger A, Götz W, Knüfermann P, Baumgarten G, Frede, S (2011) Role of NF-

κB and HIF during myocardial hibernation. Acta Physiol 201, Suppl 682: 192. 

Görlach A, Bonello S (2008) The cross-talk between NF-κB and HIF-1: further evidence for a 

significant liaison. Biochem J 412: 17-19. 

Guyton AC & Hall JE (2006) Textbook of medical physiology (11th edition). Philadelphia, 

Pennsylvania, USA: Elsvier.  

Hedhli N, Depre C (2010) Proteasome inhibitiors and cardiac cell growth. Cardiovasc Res 85: 

321-329. 

Herold S (2003) Interaction of nitrogen monoxide with hemoglobin and the artefactual 

production of S-nitroso-hemoglobin. C R Biol 326: 533-541. 

Heusch G (2015) Molecular basis of cardioprotection: signal transduction in ischemic pre-, post-, 

and remote conditioning. Circ Res 116: 674-699. 

Heusch G, Gersh BJ (2016) ERICCA and RIPHeart: two nails in the coffin for cardioprotection 

by remote ischemic conditioning? Probably not! Eur Heart J 37: 200-202. 

120 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Frede%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16533170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stockmann%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16533170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Freitag%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16533170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fandrey%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16533170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frede%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19414801
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stockmann%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19414801
https://www.ncbi.nlm.nih.gov/pubmed/?term=Winning%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19414801
https://www.ncbi.nlm.nih.gov/pubmed/?term=Freitag%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19414801
https://www.ncbi.nlm.nih.gov/pubmed/?term=Goltz%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26218889
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huss%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26218889
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ramadori%20E%5BAuthor%5D&cauthor=true&cauthor_uid=26218889
https://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%BCttner%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26218889
https://www.ncbi.nlm.nih.gov/pubmed/?term=Diehl%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26218889
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26218889
https://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%B6rlach%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18498249
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bonello%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18498249
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heusch%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25677517
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heusch%20G%5BAuthor%5D&cauthor=true&cauthor_uid=26508160
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gersh%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=26508160


 
 

Huang S, Patterson E, Yu X, Garrett MW, De Aos I, Kem DC (2008) Proteasome inhibition 1 h 

following ischemia protects GRK2 and prevents malignant ventricular 

tachyarrhythmias and SCD in a model of myocardial infarction. Am J Physiol 

Heart Circ Physiol 294: H1298-H303.   

Inserte J, Hernando V, Ruiz-Meana M, Poncelas-Nozal M, Fernández C, Agulló L, Sartorio C, 

Vilardosa U, Garcia-Dorado D (2014) Delayed phospholamban phosphorylation 

in post-conditioned heart favours Ca2+-normalization and contributes to 

protection. Cardiovasc Res 103: 542-553. 

Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, Kriegsheim Av, Hebestreit 

HF, Mukherji M, Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ (2001) 

Targeting of HIF-α to the von Hippel-Lindau ubiquitylation complex by O2-

regulated prolyl hydroxylation. Science. 292: 468-472. 

Ji L, Zhang X, Liu W, Huang Q, Yang W, Fu F, Ma H, Su H, Wang H, Wang J, Zhang H, Gao F 

(2013) AMPK-regulated and Akt-dependent enhancement of glucose uptake is 

essential in ischemic pre-conditioning-alleviated reperfusion injury. PLoS One 8: 

699-680. 

Kandalam V, Basu R, Abraham T, Wang X, Awad A, Wang W, Lopaschuk GD, Maeda N, Oudit 

GY, Kassiri Z (2010) Early activation of matrix metalloproteinases underlies the 

exacerbated systolic and diastolic dysfunction in mice lacking TIMP3 following 

myocardial infarction. Am J Physiol Heart Circ Physiol 299: H1012-H1023. 

 Kasper D, Fauci A, Hauser S, Dan Longo, J. Jameson L, Loscalzo J (2011) Harrison's Principles 

of Internal Medicine (1th Ed). USA: McGraw-Hill Professional, New York.  

Kassiri Z, Oudit GY, Sanchez O, Dawood F, Mohammed FF, Nuttall RK, Edwards DR, Liu PP, 

Backx PH, Khokha R (2005) Combination of tumor necrosis factor-α  ablation 

and matrix metalloproteinase inhibition prevents heart failure after pressure 

overload in tissue inhibitor of metalloproteinase-3 knock-out mice. Circ Res 97: 

380-390. 

121 
 

http://www.ncbi.nlm.nih.gov/pubmed/18192226
http://www.ncbi.nlm.nih.gov/pubmed/18192226
http://www.ncbi.nlm.nih.gov/pubmed/18192226
http://www.ncbi.nlm.nih.gov/pubmed/11292861
http://www.ncbi.nlm.nih.gov/pubmed/11292861
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ji%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fu%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ma%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Su%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gao%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23922853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kandalam%20V%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Basu%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abraham%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Awad%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lopaschuk%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Maeda%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oudit%20GY%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oudit%20GY%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kassiri%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=20675565
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kassiri%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oudit%20GY%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sanchez%20O%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dawood%20F%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mohammed%20FF%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nuttall%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Edwards%20DR%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20PP%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Backx%20PH%5BAuthor%5D&cauthor=true&cauthor_uid=16037568
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khokha%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16037568


Kawata H, Yoshida K, Kawamoto A, Kurioka H, Takase E, Sasaki Y, Hatanaka K, Kobayashi 

M, Ueyama T, Hashimoto T, Dohi K (2001) Ischemic pre-conditioning 

upregulates vascular endothelial growth factor mRNA expression and 

neovascularization via nuclear translocation of protein kinase C in the rat 

ischemic myocardium. Circ Res 88: 696-704. 

Kersten JR, Schmeling TJ, Pagel PS, Gross GJ, Warltier DC (1997) Isoflurane mimics ischemic 

pre-conditioning via activation of K(ATP) channels: reduction of myocardial 

infarct size with an acute memory phase. Anesthesiology 87: 361-370. 

Kim IY, Shin JH, Seong JK (2010) Mouse phenogenomics, toolbox for functional annotation of 

human genome. BMB Rep 43: 79-90. 

Kim SC, Boehm O, Meyer R, Hoeft A, Knüfermann P, Baumgarten G (2012) A murine closed-

chest model of myocardial ischemia and reperfusion. J Vis Exp 17: e3896. 

Kim SC, Ghanem A, Stapel H, Tiemann K, Knuefermann P, Hoeft A, Meyer R, Grohe C, 

Knowlton AA, Baumgarten G (2007) Toll-like receptor 4 deficiency: smaller 

infarcts, but no gain in function. BMC Physiology 7: 5. 

Kim SC, Wu S, Fang X, Neumann J, Eichhorn L, Schleifer G, Boehm O, Meyer R, Frede S, 

Hoeft A, Baumgarten G, Knuefermann P (2014) Postconditioning with a CpG 

containing Oligodeoxynucleotide ameliorates myocardial infarction in a murine 

closed-chest model. Life Sci 119: 1-8. 

Lakatta EG (2015) So! Whats aging ? Is cardiovascular aging a disease? J Mol Cell Cardiol 83: 

1-13.  

Lavine KJ, Kovacs A, Weinheimer C, Mann DL (2013) Repetitive myocardial ischemia 

promotes coronary growth in the adult mammalian heart. J Am Heart Assoc 2: 

e000343. 

122 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kawata%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoshida%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kawamoto%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kurioka%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takase%20E%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sasaki%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hatanaka%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kobayashi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kobayashi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ueyama%20T%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hashimoto%20T%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dohi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11304492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=22847277
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boehm%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22847277
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22847277
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoeft%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22847277
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kn%C3%BCfermann%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22847277
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumgarten%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22847277
https://www.ncbi.nlm.nih.gov/pubmed/22847277
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Neumann%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eichhorn%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schleifer%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boehm%20O%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frede%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoeft%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumgarten%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knuefermann%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25445440
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lavine%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=24080909
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kovacs%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24080909
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weinheimer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24080909
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mann%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=24080909


 
 

Lavine KJ, Sierra OL (2017) Skeletal muscle inflammation and atrophy in heart failure. Heart 

Fail Rev 22: 179-189. 

Lee SW, Kim JH, Park YB, Lee SK (2009) Bortezomib attenuates murine collagen-induced 

arthritis. Ann Rheum Dis 68: 1761-1767. 

Leuschner F, Rauch PJ, Ueno T, Gorbatov R, Marinelli B, Lee WW, Dutta P, Wei Y, Robbins C, 

Iwamoto Y, Sena B, Chudnovskiy A, Panizzi P, Keliher E, Higgins JM, Libby P, 

Moskowitz MA, Pittet MJ, Swirski FK, Weissleder R, Nahrendorf M (2012) 

Rapid monocyte kinetics in acute myocardial infarction are sustained by 

extramedullary monocytopoiesis. J Exp Med 209: 123-137. 

Li H, Liu Z, Wang J, Wong GT, Cheung CW, Zhang L, Chen C, Xia Z, Irwin MG (2013) 

Susceptibility to myocardial ischemia reperfusion injury at early stage of type 1 

diabetes in rats. Cardiovasc Diabetol 12: 133. 

Liu H, Jing X,  Dong A,  Bai B, Wang H (2017) Overexpression of TIMP3 protects against 

cardiac ischemia/ reperfusion Injury by inhibiting myocardial apoptosis through 

ROS/MAPKS Pathway. Cell Physiol Biochem 44: 1011–1023. 

Löwel H, Meisinger C (2006) Epidemiology and demographic evolution exemplified for 

cardiovascular diseases in Germany.  Med Klin (Munich) 101: 804-811. 

Marfella R, Di Filippo C, Portoghese M, Siniscalchi M, Martis S, Ferraraccio F, Guastafierro S 

(2009) The ubiquitin-proteasome system contributes to the inflammatory injury in 

ischemic diabetic myocardium: the role of glycemic control. Cardiovasc Pathol 

18: 332-345. 

Markowski P, Boehm O, Goelz L, Haesner AL, Ehrentraut H, Bauerfeld K, Tran N, Zacharowski 

K, Weisheit C, Langhoff P, Schwederski M, Hilbert T, Klaschik S, Hoeft A, 

Baumgarten G, Meyer R, Knuefermann P (2013) Pre-conditioning with synthetic 

CpG-oligonucleotides attenuates myocardial ischemia/reperfusion injury via IL-

10 up-regulation. Basic Res Cardiol 108: 376. 

123 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wong%20GT%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cheung%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xia%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Irwin%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=24041262
https://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B6wel%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17039323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meisinger%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17039323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Markowski%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boehm%20O%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Goelz%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Haesner%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ehrentraut%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bauerfeld%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tran%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zacharowski%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zacharowski%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weisheit%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Langhoff%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwederski%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hilbert%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Klaschik%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoeft%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumgarten%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23929312
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knuefermann%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23929312


Mehta PK, Wei J, Wenger NK (2015) Ischemic heart disease in women: a focus on risk factors. 

Trends Cardiovasc Med 25: 140-151. 

Meiners S, Dreger H, Fechner M, Bieler S, Rother W, Günther C, Baumann G, Stangl V, Stangl 

K (2008) Suppression of cardiomyocyte hypertrophy by inhibition of the 

ubiquitin-proteasome system. Hypertension 51:302-308. 

Mendis S, Puska P, Norrving B (2011) Global atlas on cardiovascular disease prevention and 

control, Geneva: World Health Organization in collaboration with the World 

Heart Federation and the World Stroke Organization: 3–18. 

Meyer M (2008) Die Rolle des Toll-like Rezeptor 4 bei chronisch reduzierter 

Koronardurchblutung. Diss. Med. Fak. Rheinische Friedrich-Wilhelms-

Universität Bonn. 

Mladenovic ZT, Angelkov-Ristic A, Tavciovski D, Mijailovic Z, Gligic B, Cosic Z (2008) The 

cardioprotective role of preinfarction angina as shown in outcomes of patients 

after first myocardial infarction. Tex Heart Inst J 35: 413-418. 

Murry CE, Jennings RB, Reimer KA (1986) Pre-conditioning with ischemia: a delay of lethal 

cell injury in ischemic myocardium. Circulation 74: 1124-1136. 

Nahrendorf  M, Pittet MJ, Swirski FK (2010) Monocytes: protagonists of infarct inflammation 

and repair after myocardial infarction. Circulation 121: 2437-2445. 

Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, Libby P, 

Weissleder R, Pittet MJ (2007) The healing myocardium sequentially mobilizes 

two monocyte subsets with divergent and complementary functions. J Exp Med 

204: 3037-3047. 

Nerbonne JM, Nichols CG, Schwarz TL, Escande D (2001) Genetic manipulation of cardiac K+ 

channel function in mice: what have we learned, and where do we go from here? 

Circ Res 89: 944-956. 

124 
 

http://whqlibdoc.who.int/publications/2011/9789241564373_eng.pdf?ua=1
http://whqlibdoc.who.int/publications/2011/9789241564373_eng.pdf?ua=1
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mladenovic%20ZT%5BAuthor%5D&cauthor=true&cauthor_uid=19156234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Angelkov-Ristic%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19156234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tavciovski%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19156234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mijailovic%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19156234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gligic%20B%5BAuthor%5D&cauthor=true&cauthor_uid=19156234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cosic%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19156234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murry%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=3769170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jennings%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=3769170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reimer%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=3769170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nahrendorf%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20530020
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pittet%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=20530020


 
 

Nossuli TO, Lakshminarayanan V, Baumgarten G, Taffet GE, Ballantyne CM, Michael LH, 

Entman ML (2000) A chronic mouse model of myocardial ischemia-reperfusion: 

essential in cytokine studies. Am J Physiol 278: H1049-H1055. 

Oliver PL, Bitoun E, Davies KE (2007) Comparative genetic analysis: the utility of mouse 

genetic systems for studying human monogenic disease. Mamm Genome 18: 412-

424. 

Ostchega Y, Porter KS,  Hughes J,  Dillon CF,  Nwankw T (2011) Resting pulse rate reference 

data for children, adolescents and adults, United States 1999–2008. Natl Health 

Stat Report 41: 1–16.  

Park JW, Kim KM, Oh KJ, Rhyu IJ, Jang HS  (2009) Proteasome inhibition promotes functional 

recovery after peripheral nerve reperfusion injury. J Trauma 66: 743-748.  

Park JW, Qi WN, Cai Y, Urbaniak JR, Chen LE  (2007) Proteasome inhibitor attenuates skeletal 

muscle reperfusion injury by blocking the pathway of nuclear factor-κB 

activation. Plast Reconstr Surg 120: 1808-1818. 

Pesch Y-Y (2011) Einfluss von anti-inflammatorischen Hormonen und Pharmaka auf die NF-κB 

Translokation in RAW 264.7 Makrophagen. Bachelorarbeit Molekulare 

Biomedizin mat. nat. Fak. Universität Bonn. 

Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P (1993) Regional ischemic “pre-

conditioning” protects remote virgin myocardium from subsequent sustained 

coronary occlusion. Circulation 87: 893–899. 

Pye J, Aredehirpour F, McCain A, Bellinger DA, Merricks E, Adams J, Elliott P, Pien (2002) 

Proteasome inhibition ablates activation of NF-κB in myocardial reperfusion and 

reduces reperfusion injury. Am J Physiol Heart Circ Physiol 284: H919-H926. 

Remme WJ (2000) Overview of the relationship between ischemia and congestive heart failure. 

Clin Cardiol 23: 4-8. 

125 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Remme%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=10894449


Riksen NP, Smits P, Rongen GA (2004a) Ischaemic pre-conditioning: from molecular 

characterisation to clinical application--part I. Neth J Med. 62: 353-363. 

Riksen NP, Smits P, Rongen GA (2004b) Ischaemic pre-conditioning: from molecular 

characterisation to clinical application--part II. Neth J Med 62: 409-423. 

Schulz R, Cohen MV, Behrends M (2001) Signal transduction of ischemic pre-conditioning. 

Cardiovasc Res 52: 181–198. 

Sihag S, Haas MS, Kim KM, Guerrero JL, Beaudoin J, Alicot EM, Schuerpf F, Gottschall JD, 

Puro RJ, Madsen JC, Sachs DH, Newman W, Carroll MC, Allan JS (2016) 

Natural IgM blockade limits infarct expansion and  left ventricular dysfunction in 

a swine myocardial infarct model. Circ Cardiovasc Interv 9: e002547. 

Sjoquist PO, Duker G, Almgren O (1984) Distribution of the collateral blood flow at the lateral 

border of the ischemic myocardium after acute coronary occlusion in the pig and 

the dog. Basic Res Cardiol 79: 164-175. 

Skyschally A, Schulz R, Heusch G (2008) Pathophysiology of myocardial infarction: protection 

by ischemic pre- and postconditioning. Herz 33: 88–100. 

Stansfield WE, Moss NC, Willis MS, Tang R, Selzman CH (2007) Proteasome inhibition 

attenuates infarct size and preserves cardiac function in a murine model of 

myocardial ischemia-reperfusion injury. Ann Thorac Surg 84: 120-125. 

Stapel H, Kim SC, Osterkamp S, Knuefermann P, Hoeft A, Meyer R, Grohe C, Baumgarten G 

(2006) Toll-like receptor 4 modulates myocardial ischemia-reperfusion injury: 

Role of matrix metalloproteinases. Eur J Heart Fail 8: 665-672. 

Steg PG, James SK,  Atar D,  Badand LP,  lömstrom C,  Borger MA,  Di Mario C,  Dickstein K,  

Ducrocq G,  Fernandez  F,  Gershlick AH,  Giannuzzi P,  Halvorsen S,  Huber K,  

Juni P,  Kastrati, A, Knuuti J, Lenzen MJ, Mahaffey KW, Valgimigli  M, Hof  A,  

Widimsky P, Zahger D (2012) Task Force on the management of ST-segment 

elevation acute myocardial infarction of the European Society of Cardiology, 

126 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Riksen%20NP%5BAuthor%5D&cauthor=true&cauthor_uid=15683090
https://www.ncbi.nlm.nih.gov/pubmed/?term=Smits%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15683090
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rongen%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=15683090
https://www.ncbi.nlm.nih.gov/pubmed/?term=Riksen%20NP%5BAuthor%5D&cauthor=true&cauthor_uid=15685892
https://www.ncbi.nlm.nih.gov/pubmed/?term=Smits%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15685892
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rongen%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=15685892
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sihag%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Haas%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guerrero%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Beaudoin%20J%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alicot%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schuerpf%20F%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gottschall%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Puro%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Madsen%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sachs%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Newman%20W%5BAuthor%5D&cauthor=true&cauthor_uid=26671971
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carroll%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=26671971


 
 

(ESC) ESC Guidelines for the management of acute myocardial infarction in 

patients presenting with ST-segment elevation. Eur Heart J 33: 2569–2619. 

Stumpe T, Decking UK, Schrader J (2001). Nitric oxide reduces energy supply by direct action 

on the respiratory chain in isolated cardiomyocytes. Am J Physiol Heart Circ 

Physiol 280: H2350-H2356. 

Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, Panizzi P, 

Figueiredo JL, Kohler RH, Chudnovskiy A, Waterman P, Aikawa E, Mempel TR, 

Libby P, Weissleder R, Pittet MJ (2009) Identification of splenic reservoir 

monocytes and their deployment to inflammatory sites. Science 325: 612-616. 

Tang M, Li J, Huang W, Su H, Liang Q, Tian Z, Horak KM, Molkentin JD, Wang X (2010) 

Proteasome functional insufficiency activates the calcineurin-NFAT pathway in 

cardiomyocytes and promotes maladaptive remodelling of stressed mouse hearts. 

Cardiovasc Res 88: 424-433. 

Taylor RP, Harris MB, Starnes JW (1999) Acute exercise can improve cardioprotection without 

increasing heat shock protein content. Am J Physiol 276: H1098–H1102. 

Tiriveedhi V, Upadhya GA, Busch RA, Gunter KL, Dines JN, Knolhoff BL, Jia J, Sarma NJ, 

Ramachandran S, Anderson CD, Mohanakumar T, Chapman WC (2014) 

Protective role of bortezomib in steatotic liver ischemia/reperfusion injury 

through abrogation of MMP activation and YKL-40 expression. Transpl Immunol 

30: 93-98.  

Tu XK, Yang WZ, Chen JP, Chen Y, Chen Q, Chen PP, Shi SS (2015) Repetitive ischemic pre-

conditioning attenuates inflammatory reaction and brain damage after focal 

cerebral ischemia in rats: involvement of PI3K/Akt and ERK1/2 signaling 

pathway. J Mol Neurosci 55: 912-922. 

Valensi P, Lorgis L, Cottin Y,  Lorgis,  Cottin (2011) Prevalence, incidence, predictive factors 

and prognosis of silent myocardial infarction: a review of the literature. Arch 

Cardiovasc Dis. 104: 178–188.  

127 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Stumpe%20T%5BAuthor%5D&cauthor=true&cauthor_uid=11299241
https://www.ncbi.nlm.nih.gov/pubmed/?term=Decking%20UK%5BAuthor%5D&cauthor=true&cauthor_uid=11299241
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schrader%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11299241
https://www.ncbi.nlm.nih.gov/pubmed/?term=Taylor%20RP%5BAuthor%5D&cauthor=true&cauthor_uid=10070097
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harris%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=10070097
https://www.ncbi.nlm.nih.gov/pubmed/?term=Starnes%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=10070097
https://www.ncbi.nlm.nih.gov/pubmed/24380732
https://www.ncbi.nlm.nih.gov/pubmed/24380732
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tu%20XK%5BAuthor%5D&cauthor=true&cauthor_uid=25338292
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20WZ%5BAuthor%5D&cauthor=true&cauthor_uid=25338292
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=25338292
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25338292
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=25338292
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20PP%5BAuthor%5D&cauthor=true&cauthor_uid=25338292
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shi%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=25338292


Velten M, Britt RD Jr, Heyob KM, Welty SE, Eiberger B, Tipple TE, Rogers LK (2012) Prenatal 

inflammation exacerbates hyperoxia-induced functional and structural changes in 

adult mice. Am J Physiol Regul Integr Comp Physiol 303: R279-R290. 

Weisheit C, Zhang Y, Faron A, Köpke O, Weisheit G, Steinsträsser A, Frede S, Meyer R, Boehm 
O, Hoeft A, Kurts C, Baumgarten G 2014) Ly6C(low) and not Ly6C(high) 
macrophages accumulate first in the heart in a model of murine pressure-overload. 
PLoS One. 9: e112710. 

Yang L, Froio RM, Sciuto TE, Dvorak AM, Alon R, Luscinskas FW (2005) ICAM-1 regulates 

neutrophil adhesion and transcellular migration of TNF-α-activated vascular 

endothelium under flow. Blood 106: 584–592 

Yellon DM, Downey JM (2003) Pre-conditioning the myocardium: from cellular physiology to 

clinical cardiology. Physiol Rev 83: 1113–1151. 

Yellon DM, Hausenloy DJ (2007) Myocardial reperfusion injury. N Engl J Med 357: 1121-1135. 

Yu X, Huang S, Patterson E, Garrett MVV, Kaufman KM, Metclaf JP, Zhu M, Dunn ST, Kem 

DC (2005) Proteasome degradation of GRK2 during ischemia and ventricular 

tachyarrhythmias in a canine model of myocardial infarction. Am J Physiol Heart 

Circ Physiol 289: H1960-H1967. 

Yu X, Kem DC (2010) Proteasome inhibition during myocardial infarction: Cardiovasc Res 85: 

312-320. 

Zaouali MA, Bardag-Gorce F, Carbonell T, Oliva J, Pantazi E, Bejaoui M, Ben Abdennebi H, 

Rimola A, Roselló-Catafau (2013) Proteasome inhibitors protect the steatotic and 

non-steatotic liver graft against cold ischemia reperfusion injury. J.Exp Mol 

Pathol 94: 352-359.  

Zavrski I, Kleeberg L, Kaiser M, Fleissner C, Heider U, Sterz J, Jakob C, Sezer O (2007) 

Proteasome as an emerging therapeutic target in cancer. Curr Pharm Des 13: 471-

485. 

128 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Velten%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22718803
https://www.ncbi.nlm.nih.gov/pubmed/?term=Britt%20RD%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=22718803
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heyob%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=22718803
https://www.ncbi.nlm.nih.gov/pubmed/?term=Welty%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=22718803
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eiberger%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22718803
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tipple%20TE%5BAuthor%5D&cauthor=true&cauthor_uid=22718803
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weisheit%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Faron%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=K%C3%B6pke%20O%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weisheit%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Steinstr%C3%A4sser%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frede%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boehm%20O%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boehm%20O%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoeft%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kurts%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baumgarten%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25415601
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hausenloy%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=17855673
https://www.ncbi.nlm.nih.gov/pubmed/23305864
https://www.ncbi.nlm.nih.gov/pubmed/23305864


 
 

Zhao ZQ, Corvera JS, Halkos ME (2003) Inhibition of myocardial injury by ischemic 

postconditioning during reperfusion: comparison with ischemic pre-conditioning. 

Am J Physiol Heart Circ Physiol 285: H579-H588.  

Zhao ZQ, Vinten-Johansen J (2006) Postconditioning: reduction of reperfusion-induced injury. 

Cardiovasc Res 70: 200-211.  

 

 

 

 

 

 

 

 

 

 

 

 

 

129 
 



7 Appendix 

7.1 List of figures 

Fig. 1 Heart structure and blood flow course through the cardiac chambers and heart 

valves. 

Fig. 2 The cardiac cycle. Different electrocardiogram (ECG) states are exhibited in 

relation to the cardiac cycle. 

Fig. 3 Steps of the cardiac cycle for left ventricular function, showing changes in aortic 

pressure (black dotted line at top), the electrocardiogram (brown line), left atrial 

pressure (black dotted line in the middle), left ventricular pressure (red line), 

ventricular volume (blue line), and the phonocardiogram (pink line at the bottom). 

Fig. 4 Time course of the membrane potential during pacemaking in the sinoatrial node. 

Fig. 5 Ischemia results in a variety of structural and metabolic changes in the 

cardiomyocytes. 

Fig. 6 Diagram showing the main mechanisms of cardiomyocyte death progressively 

during myocardial reperfusion. 

Fig. 7 Schematic explanation of interactions between nuclear factors NF-κ B and HIF 

and the proteasome system. 

Fig. 8 A diagrammatic overview of the 60 min experimental protocol. 

Fig. 9 A diagrammatic overview of the repetitive experimental protocol.  

Fig. 10 A diagrammatic overview of the repetitive + bortezomib treatment experimental 

protocol.  

Fig. 11 A diagrammatic overview of the 60 min Ischemia and 60 min Ischemia + 

bortezomib treatment experimental protocol.  
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Fig. 12 An overview of the surgical setup. (A) Water bath, (B) operating table, (C) 

operating microscope with digital camera, (D) ventilator, (E) oxygen flow control 

meter, (F) isoflurane vaporizer, (G) infrared heating lamp, (H) anesthesia 

inducing acrylic glass chamber. 

Fig. 13 The surgical tools used for the surgeries. (A) small scissor, (B) needle holder, (C) 

scissors, (D) forceps, (E) fine curve forceps, (F) cotton tips, (G) buprenophine 

Temgesic, (H) betaisodona skin disinfectant, (I) Bepanthen eye ointment, (J) 

prolene suture. 

Fig. 14 Pre-surgical epilation using common hair removing cream. (A) Before. (B) After. 

Fig. 15 Endotracheal intubation. (A) Before. (B) After, the intubation tube insertion in the 

trachea. 

Fig. 16 Heart and LAD visualization preparations. (A) Exposing the rib cage by setting of 

the pectoral muscles, (B) making a hole through the intercostal space, and (C) 

enlarging the intercostal space using pair of retractors. 

Fig. 17 Overview of LAD occlusion. (A) Curved needle passing under the LAD, (B) 

placement of an occluder, and (C) prolene suture loop formation and placement 

under the skin of the mouse. 

Fig. 18 Stitching of the animal. (A) Closure of the intercostal space and (B) the stitching 

of the outer skin. 

Fig. 19 Schematic sketch of ischemia induction. (A) Blood flow in LAD before the 

application of weight, (B) Blood flow in LAD after the application of weight, (C) 

murine ECG signal, before and (D) ST elevation after the weight application 

showing the occlusion of LAD after ischemia induction. P: P-wave; Q, R, S: QRS 

complex; T: T-wave. 

Fig. 20 Insertion of Millar catheter in right common carotid artery. (A) Right common 

carotid artery prepared for hemodynamic measurements. (B) Incision point at 
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carotid artery where the Millar catheter is to be inserted. (C) Insertion of Millar 

catheter in carotid artery. 

Fig. 21 Injecting the heart with blue dye. (A) Heart with the occluder. (B) Injecting the 

blue dye into the heart. (C) Heart turned completely blue after the blue dye 

injection except the occluded area. 

Fig. 22 Slicing of the perfused heart into 2 mm slices. 

Fig. 23 (A) Placement of sliced heart onto the glass slide and (B) Assessment of 

myocardial injury. 

Fig. 24 Tissue embedding station. 

Fig. 25 A microtome, installed with water bath and heat sensor. 

Fig. 26 A typical example of Sirius red stained section (A) before and (B) after 

processing.   

Fig. 27 Relative mortality in the different groups.  

Fig. 28 Percentage of the body weight loss during the course of the whole experiment. 

Fig. 29 Different situations of mice ECG according to Einthoven at different times during 

I/ R experimental protocol. (A) Normal ECG. (B) ST elevation showing the 

induction of ischemia. (C) Reperfusion phase after the ischemic phase. (D) 

Negative ST segments after 24 hours of ischemia (1 h). 

Fig. 30 Infarct size/AAR in different experimental groups after 24 hours of last ischemia.   

Fig. 31  Ejection fraction (%) in different experimental groups after 24 hours of last 

ischemia. 

Fig: 32  End-systolic pressure (mmHg) in different experimental groups after 24 hours of 

last ischemia. 

Fig. 33  End-systolic volume (μl) in different experimental groups after 24 hours of last 

ischemia. 
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Fig. 34 :  End-diastolic pressure (mmHg) after 24 hours of last ischemia. 

Fig. 35  End-diastolic volume (μl) in different experimental groups after 24 hours of last 

ischemia. 

Fig. 36 :  dP/dtmax (mmHg/sec) in different experimental groups after 24 hours of last 

ischemia.  

Fig. 37  dP/dtmin (mmHg/sec) in different experimental groups after 24 hours of last 

ischemia. 

Fig. 38  Heart rate (bpm) in different experimental groups after 24 hours of last ischemia. 

Fig. 39  Cardiac output (μl/min) in different experimental groups after 24 hours of last 

ischemia. 

Fig. 40  Cardiac index (CO/gBW) in different experimental groups after 24 hours of the 

last ischemia. 

Fig. 41  mRNA expression of TNF-α after 24 hours of the last ischemia. 

Fig. 42  mRNA expression levels of IL-6 after 24 hours of the last ischemia. 

Fig. 43  Expression of IL-1β in different experimental groups after 24 hours of the last 

ischemia. 

Fig. 44  mRNA levels of hypoxia-inducible factor in different experimental groups after 

24 hours of the last ischemia. 

Fig. 45  Expression of ICAM-1 in different experimental groups after 24 hours of the last 

ischemia. 

Fig. 46  mRNA expression levels of interleukin-10 in different experimental groups after 

24 hours of last ischemia. 

Fig. 47  Sirius red stained heart sections of (A) the 60 min + 21 d group, (B) the 60 min + 

BZ + 21 d group and (C) the repetitive + 21 d group showing their scar sizes.  
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Fig. 48 :  Percentage scar in different experimental groups after 21 days of the last 

ischemia. 

Fig. 49  Ejection fraction (%) in different experimental groups after 21 days of the last 

ischemia. 

Fig. 50  End-systolic pressure (mmHg) in different experimental groups after 21 days of 

the last ischemia. 

Fig. 51  End-systolic volume (μl) in different experimental groups after 21 d of the last 

ischemia. 

Fig. 52 :   End-diastolic pressure (mmHg) in different experimental groups after 21 days of 

the last ischemia. 

Fig. 53  End-diastolic volume (μl) in different experimental groups after 21 d of the last 

ischemia. 

Fig. 54  dP/dtmax (mmHg/sec) in different experimental groups after 21 d of the last the 

ischemia. 

Fig. 55  dP/dtmin (mmHg/sec) in different experimental groups after 21 d of the last the 

ischemia. 

Fig. 56  Heart rate (bpm) in different experimental groups after 21 d of the last ischemia. 

Fig. 57  Cardiac output (μl/min) in different experimental groups after 21 d of the last 

ischemia. 

Fig. 58  Cardiac index (CO/gBW) in different experimental groups after the 21 d of the 

last ischemia. 

Fig. 59:  NF-κB 24 h after 6 short repetitive ischemias visualized by an antibody in the 

nuclei of cardiomyocytes in the murine heart with (A) and without (B) bortezomib 

treatment. The brown colour is much less intense after bortezomib treatment 

indicating less NF-κB in the nuclei. 
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