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1 Introduction  

1.1 Myocyte Ca2+ cycle 

Calcium ions (Ca2+) have an important role in signal transduction pathways where they act as 

intracellular second messenger, involved in many functional regulatory processes (e.g., blood 

clotting, coagulation factors, bone mineralization, mitochondrial function etc.) [1]. Especially, they 

are responsible for triggering contraction of all muscle cell types. Ca2+ regulates the 

electromechanical coupling of excitation and contraction in cardiomyocytes [2]. If the concentration 

of Ca2+ in the cytosol increases, cardiac myocytes contract and if cytosolic Ca2+ concentration 

decreases relaxation is initiated. Electrophysiological signaling by Ca2+ in ventricular 

cardiomyocytes is shown in Figure 1.1.  

 

 
 
Figure 1.1: Schematic representation of the myocyte Ca2+ cycle in a ventricular cardiomyocyte. T-
tubule = transverse tubule; ATP = adenosine triphosphate; Ca2+ = calcium ion; Na+ = sodium; NCX = 
sodium-calcium exchanger; PLN = phospholamban; RyR2 = ryanodine receptor 2; SERCA2a = 
sarco/endoplasmic reticulum calcium ATPase 2a; SR = sarcoplasmic reticulum. 

1.1.1 Effects of β-adrenergic receptor stimulation on myocyte Ca2+ cycling 

The β-adrenergic is a prototypical Gs-coupled receptor. When an agonist binds to the receptor, it 

results in activation of the Gs-protein, subsequent activation of adenylate cyclase (AC), following 

the elevation of the intracellular level of cyclic adenosine monophosphate (cAMP), and the 

successive activation of protein kinase A (PKA) (Figure 1.2). PKA phosphorylates a set of key 
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regulatory proteins that control the excitation–contraction coupling cycle, such as sarcoplasmic 

ryanodine receptors (RyR2), sarcolemmal L-type Ca2+ channels, and phospholamban (PLN), 

which together coordinate calcium cycling kinetics, thereby significantly increasing contraction and 

relaxation of sarcomeres [3], [4]. cAMP induces phosphorylation of LTCC and RyR2 to increase 

the amount of intracellular Ca2+ necessary for heart contractility.  

 

Figure 1.2: PKA signaling pathways in cardiac myocytes. T-tubule = transverse tubule; M2 = M2-
cholinoceptors; Gs = stimulatory G proteins; AC = adenylyl cyclase; Gi = inhibitory G proteins; HCN = 
hyperpolarization-activated cyclic nucleotide-gated ion channels; NCX = sodium-calcium exchanger; ATP = 
sarcolemmal Na+/K+-ATPase or sarcoplasmic reticulum Ca2+ ATPase; PLM = phospholemman; RyR = 
ryanodine receptor; PLN = phospholamban; GRK = G protein coupled receptor kinase; TnI = troponin-I.		
 
	PLN is a prime regulator of the sarcoplasmic reticulum Ca2+ ATPase (SERCA2a). Phosphorylation 

of PLN at serine 16 (Ser16) by PKA relieves its inhibition of SERCA2a, which greatly stimulates 

the rate and amount of cytosolic Ca2+ resequestered into the SR. This enhances myocardial 

relaxation and SR loading, which in turn generates larger Ca2+ transients and force during systole. 

PKA-dependent phosphorylation of the myofibrillar proteins troponin I (TnI) and cardiac myosin-

binding protein C decreases myofibrillar Ca2+ sensitivity and thereby accelerates the relaxation of 

myofilaments. Phospholemman is another downstream target of PKA. 

Phosphorylation of PLN may not only occur in a PKA-dependent manner via β-adrenergic 

stimulation. PLN is also phosphorylated at elevated Ca2+ concentration via CaMKII [5]. At elevated 

Ca2+ concentration, CaMKII becomes active and phosphorylates PLN at the threonine17 (Thr17) 

phosphorylation site [5]. However, this phosphorylation has no known physiological effects. The 

PLN phosphorylation is reversed via protein phosphatase 1 (PP1). PP1 is a ubiquitous eukaryotic 

enzyme and is one of the most important phosphatases at the SR. Its activity is regulated via 

inhibitor-1 (I-1) [6]. The activity of I-1 is increased by phosphorylation of PP1 at threonine35 

(Thr35) by PKA, whereas it decreases after PKC-dependent Ser67 phosphorylation. I-1 
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inactivates PP1 and thereby increases the phosphorylation state of PLN [7]. However, PP1 not 

only dephosphorylates PLN at Ser16, but also protein phosphatase 2a (PP2a) dephosphorylates 

PLN. 

1.1.2 Excitation-contraction coupling (ECC) in Cardiac Muscle  

Excitation-contraction coupling (ECC) explains the importance of myocyte calcium cycling 

measurements. ECC is the process whereby an action potential (electrical impulse) triggers a 

myocyte to contract, followed by subsequent relaxation. When the cell stimulates the wave of 

depolarization i.e., an action potential, it triggers the entire process.  The action potential comes 

down from a neuron or electrical synapse with the electricity traveling from the pacemaker cells 

into the contractile fibers through the gap junctions. Some of the calcium and sodium from 

pacemaker cells will travel into the contractile cell.  

At this point, the process will trigger the opening of voltage-gated sodium and calcium channels 

that are found within the cell membrane, and an action potential is generated along the 

sarcolemma. As the action potential travels down the membrane from both sides, it’s going to 

encounter the voltage-gated calcium channels which are L-type calcium channels. So, when the 

action potential hit this voltage-gated calcium channel, the channel opens and Ca2+ is introduced 

into the cytosol of cardiomyocytes during systole [8]. Ca2+ can stimulate muscle contraction alone, 

but it has a more important role. L-type Ca2+ channels form functional units with ryanodine 

receptors 2 (RyR2). Inflowing Ca2+ binds to the RyR2 and causes the RyR2 to open. So, the 

calcium from extracellular fluid enters the cell to activate RyR2. RyR2 then releases calcium from 

Sarcoplasmic Reticulum (SR) which is the storehouse for calcium, and this is referred to as 

calcium-induced calcium release resulting in the interaction of calcium with protein myofilaments 

to trigger the contraction [9].   

This Ca2+ influx, which increases the intracellular Ca2+ concentration from 10-7 to 10-5 mol/l, in turn, 

activates the myofilaments. In each contracting unit or sarcomere, actin and myosin filaments are 

exposed which cannot interact in the absence of calcium. This is because the myosin-binding site 

on the actin filament is all covered by a rod-shaped protein called tropomyosin. The calcium-

sensitive complex called troponin is attached to the end of each tropomyosin molecule. Ca2+ binds 

to the N-terminus of troponin C (TnC), causing TnC to bind to the C-terminus of troponin I (TnI) 

and thus pulling TnI away from its binding site to actin. Tropomyosin (Tm) and troponin T (TnT) 

together form a complex and slide into the cleft between myosin and actin, resulting in the myosin 

head binding to actin [10]. Contraction of the sarcomeres occurs (Figure 1.6). 

During diastole, most of the intracellular Ca2+ is transported back into the SR via the 

sarco/endoplasmic reticulum calcium ATPase (SERCA2a) calcium pump [11]. It resides in the SR 

membrane within cardiomyocytes. A small amount of Ca2+ is also released from the cell in this 

process via the sarcolemmal sodium-calcium exchanger (NCX), and sarcolemmal calcium 
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ATPase (PMCA) [1]. NCX is an antiporter membrane protein and is considered one of the most 

important cellular mechanisms that remove calcium from the cells. It uses the energy that is stored 

in the electrochemical gradient of sodium (Na+) in exchange for the counter transport of 

calcium ions (Ca2+) which allows Na+ to migrate down its gradient across the plasma membrane. 

Bers et al. have shown that in human cardiomyocytes, SERCA2a pumps approximately 70% of 

cytosolic Ca2+ back into the SR [11]. 28% leaves the cell by the means of the sodium-calcium 

exchanger via sarcolemma. In contrast, only about 2 % is transported by the mitochondrial calcium 

uniporter and the PMCA. 

On the other hand, the ratio of Ca2+ transport looks different in rats and mice. Here, SERCA2a 

pumps up to 92 % of the Ca2+ from the cytosol back into the SR. NCX eliminates only 7% and 

transport 1% out of the cell via the PMCA and into the mitochondria via the mitochondrial calcium 

uniporter [12]. Re-excitation may occur once the cytosolic Ca2+ reaches its basal initial 

concentration, which leads to contraction and Ca2+ release [13]. In general, the amount of Ca2+ 

entering in the cytosol correlates with the force of contraction. 

1.1.3 Regulators of the Ca2+ cycle 

In cardiomyocytes, SERCA2a and RyR2 are the important regulators of the Ca2+ cycle along with 

many others such as L-type Ca2+ channels (LTCC), sodium-calcium exchanger (NCX), plasma 

membrane Ca2+ ATPase (PMCA), mitochondrial Ca2+ uniporter (MCU). On depolarization of the 

cell membrane, LTCC (also known as dihydropyridine receptors) in the plasma membrane are 

activated. It functions as a rapidly activated Ca2+ channel and the influx of Ca2+ through this 

channel induces Ca2+ release from the SR. The NCX and PMCA are together the main regulators 

of intracellular Ca2+ concentrations. They are membrane proteins that function to remove Ca2+ 

from the cell. Because of the essential role in Ca2+ regulation, they have enormous influence on 

contractility. MCU is a transmembrane protein that allows the calcium ions from a cell cytosol to 

pass into mitochondria. Ca2+ is balanced through the MCU in conjunction with NCX. 

Other Ca2+ regulators that bind to SERCA2a or PLN are S100A1, and HS-1 associated protein X-

1 (HAX-1). These Ca2+ regulators interact with SERCA2a and PLN. S100A1 is highly expressed 

in human myocardium and is found in the SR, myofilaments, and mitochondria. In addition, it is 

thought to facilitate the coupling of excitation and contraction. S100A1 has positive inotropic 

effects on cardiac function and cardiac contractility improves when S100A1 is overexpressed in 

cardiomyocytes. Another non-negligible protein that indirectly regulates Ca2+ kinetics, is HAX-1. It 

is a mitochondrial protein that is ubiquitously expressed. PLN can interact simultaneously with 

SERCA2a and with HAX-1. However, when PLN is phosphorylated after β-adrenergic stimulation, 

binding to HAX-1 is weakened. This may be because HAX-1 binds to both phosphorylation sites 

Ser16 and Thr17. It is suggested that HAX-1 thereby regulates the activity and conformation of 

PLN and thus indirectly affects Ca2+ kinetics. Also, when Ca2+ concentration is increased, this 
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attenuates the interaction of PLN to HAX-1, and PLN-HAX-1 interaction increases cardiomyocyte 

survival.  

1.1.3.1 Ryanodine receptor 2 (RyR2) 

The Ryanodine receptor 2 (RyR2) complex is composed of homotetrameric RyR2 and FK506-

binding proteins (FKBP) anchored in the SR which is found in 1:4 stoichiometric ratio (Figure 1.3) 

[14]. Its activation occurs mainly via Ca2+, which in turn releases the Ca2+ from the SR by opening 

of the receptor. Given its importance for cardiac function, RyR2 channel is highly regulated and 

can be affected by the interaction of RyR2 with different molecules such as ATP, Zinc, and a 

multitude of small regulatory proteins. FK506-binding proteins (FKBPs) are some of the most 

studied regulatory proteins, which are cis-trans peptidyl-prolyl isomerases. The FKBP is 

expressed in cardiomyocytes and act as essential RyR2 regulators. FKBP12 subtype correspond 

to low and FKBP12.6 subtype corresponds to high RyR2 affinity. Reportedly, RyR2 activity is 

inhibited by FKBP12.6 and not FKBP12. FKBP12.6 and RyR2 association keeps RyR2 closed, 

preventing calcium release from the SR, thereby, ensuring heart relaxation [15]. PKA, Ca2+ -

calmodulin–dependent protein kinase II (CaMKII), and phosphatases are involved in RyR2 

phosphorylation.  

The RyR2 has several phosphorylation sites which regulate its opening probability. After β-

adrenergic stimulation, RyR2 is phosphorylated at serine2808 (Ser2808) by protein kinase A 

(PKA). PKA-induced RyR2 phosphorylation (Ser2808) promotes FKBP12.6 and RyR2 

dissociation, thereby opening RyR2 and promoting calcium-activated calcium release [16]. The 

reduction of PP1 and PP2A levels may be responsible to cause this process. In addition, calcium-

calmodulin-dependent protein kinase II (CaMKII) can also phosphorylate RyR2 at Ser2808, and it 

has its own phosphorylation site at Ser2814. CaMKII is a serine/threonine specific protein 

kinase that is regulated by the Ca2+/calmodulin complex and is also important for Ca2+ 

homeostasis and reuptake in cardiomyocytes [17]. CaMKII (Ser2814) causes RyR2 

phosphorylation which is more critical than that by PKA. Importantly, RyR2 can be stabilized by 

FKBP12.6, thereby preventing excessive release of Ca2+ by RyR2 and intracellular calcium 

homeostasis imbalance. 
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Figure 1.3: Release of Ca2+ from the SR into 
the cytosol via RyR2. RyR2 modulation by 
phosphorylation. S2814 is the site 
phosphorylated by CaMKII, and S2808 by 
PKA. PKA phosphorylation of S2808 
dissociates FK506, which destabilizes the 
closed state of the channel and induces sub 
conductance states, eliciting calcium leak. 
The deleterious effect is caused when Ca2+ 
leak from the SR. CaMKII phosphorylation 
of S2814 does not dissociate FK506 but also 
causes calcium leak. Ca2+ = calcium ion; RyR2 
= ryanodine receptor 2. 

 
 
 
 
 

1.1.3.2 Sarco/endoplasmic reticulum calcium ATPase (SERCA) 

SERCA is a transmembrane protein that resides in the SR membrane of the myocytes and pumps 

Ca2+ from the cytosol back into the SR using energy from adenosine triphosphate (ATP). 

Phospholamban (PLN) regulates the activity of SERCA2a (Figure 1.4). PLN is a mini-membrane 

protein that regulates the Ca2+ pump in cardiac cells and consists of a dynamic pentamer-

monomer equilibrium [18]. The pentamer in turn consists of five identical subunits, the monomers, 

and SERCA2a is reversibly inhibited by the PLN monomer in the unphosphorylated state by 

decreasing the affinity of SERCA2a for Ca2+ [19], [20]. In this process, the PLN monomer binds to 

a binding pocket of SERCA2a. When Ca2+ is bound there, the pocket is closed. This explains the 

ability of a high Ca2+ concentration to eliminate the binding between SERCA2a and PLN. 

SERCA2a and PLN monomers are both anchored in the SR [21]. SERCA/PLN inhibitory 

interactions are relaxed upon β-adrenergic stimulation, which unleashes cAMP-dependent protein 

kinase A (PKA) to phosphorylate PLN's cytoplasmic domain at Ser16, enhancing Ca2+ transport 

by SERCA and augmenting heart muscle contractility [5]. More Ca2+ can be reabsorbed into the 

SR from the cytosol via SERCA2a. Relaxation of the cardiomyocyte also occurs without any β-

adrenergic stimulation or phosphorylation [1]. 

However, phosphorylation of PLN may not only occur in a PKA-dependent manner via β-

adrenergic stimulation. PLN is also phosphorylated at elevated Ca2+ concentration via CaMKII [5]. 

At elevated Ca2+ concentration, CaMKII becomes active and phosphorylates PLN at the 

threonine17 (Thr17) phosphorylation site [5]. However, this phosphorylation has no known 

physiological effects. Intracellular calcium cycling is enhanced by β-adrenergic stimulation of 

cardiac myocytes. Upon β-adrenergic stimulation, adenylate cyclase (AC) becomes active 

through activation of the Gs protein-coupled receptor. This leads to an increased production of 

cyclic adenosine monophosphate (cAMP), which causes the PKA to inhibit PLN at its 

phosphorylation site Ser16 [3], [4]. The PLN phosphorylation is reversed via protein phosphatase 
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1 (PP1). PP1 is a ubiquitous eukaryotic enzyme and is one of the most important phosphatases 

at the SR. Its activity is regulated via inhibitor-1 (I-1) [6]. The activity of I-1 is increased by 

phosphorylation of PP1 at threonine35 (Thr35) by PKA, whereas it decreases after PKC- 

dependent Ser67 phosphorylation. I-1 inactivates PP1 and thereby increases the phosphorylation 

state of PLN [7]. However, PP1 not only dephosphorylates PLN at serine16 (Ser16), but also 

protein phosphatase 2a (PP2a) dephosphorylates PLN. 

 
Figure 1.4: Illustration of SERCA2a and PLN monomer. Activation of PKA and CaMKII by β-adrenergic 
receptor stimulation and phosphorylation of their targets. Gs = stimulatory G proteins; AC = adenylyl cyclase; 
cAMP = cyclic adenosine monophosphate; PKA = protein kinase A; SR = sarcoplasmic reticulum; PLN = 
phospholamban; SERCA2A = sarco/endoplasmic reticulum calcium ATPase 2a; RyR = ryanodine receptor; 
CaMKII = Ca2+ and calmodulin-dependent kinase II; Ca2+ = calcium ion.
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1.2 Sarcomere function of cardiomyocytes 

A sarcomere is referred to as the smallest functional unit of striated muscle tissue and is the 

repeating unit between two Z-lines. The distance between Z-lines (i.e., sarcomere length) ranges 

from about 1.6 to 2.2 μm in human hearts [22]. Each sarcomere consists of long, fibrous contractile 

proteins as filaments which serve as the basis for the sliding filament theory that slides past each 

other when muscle contracts or relaxes.  

The major contractile proteins are thick and thin filaments – myosin and actin, respectively. 

Physical and chemical interactions between the myosin and actin are responsible for shortening 

the sarcomere, and therefore the myocyte contract during the process of excitation-contraction 

coupling. Myosin is a protein with a molecular weight of approximately 470 kDa [22]. Each myosin 

contains two heads that interact with a binding site on actin. These heads are the site of the myosin 

ATPase, an enzyme that hydrolyzes ATP required for actin and myosin cross-bridge formation. 

The thin filaments comprise three different types of protein: actin, troponin, and tropomyosin. 

Together, these are known as regulatory protein complexes.  Actin is a globular protein arranged 

as a repeating unit chain, that forms filaments to provide cells with mechanical support and driving 

forces for movement. The other two regulatory proteins are troponin and tropomyosin. 

Tropomyosin is a rod-shaped protein, interdigitated between the actin strands. Tropomyosin 

attaches to the troponin protein complex at regular intervals [22]. The troponin complex is 

composed of three subunits: troponin-C (TN-C), which is a Ca2+ binding protein during ECC, 

troponin-T (TN-T), which binds to the tropomyosin and helps position it on actin; and troponin-

I (TN-I), which prevents the myosin from binding to actin [23]. TN-I is used as a diagnostic marker 

for myocardial infarction [24]. 

After myosin and actin, titin is the third most abundant protein in muscle, greater than 1 µm in 

length, that functions as a molecular spring and is responsible for the passive elasticity of muscle 

[25], [26]. The Z line is connected to the M line in the sarcomere by titin. At the Z line, the protein 

contributes to force transmission and resting tension in the I band region [27]. It contributes to the 

passive stiffness of muscle by limiting the range of motion of the sarcomere in tension. 

A sarcomere in turn extends from one Z-disk to the next. For various structural and mechanical 

reasons, the sarcomere length in the cardiac myocytes does not normally exceed 2.2 µm, 

shortening by about 0.4 µm during contraction. The thick filaments overlap with the thin actin 

filaments in the A band of the sarcomere. The M-band is in the middle of the sarcomere which is 

the attachment site for the thick filaments (Figure 1.5). 
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Figure 1.5: Representative sarcomere unit, schematic representation. Schematic diagram showing the 
main constituent of the sarcomere that have different functions during the contraction. The Z-band defined 
the boundaries of the sarcomere. Its main purpose is to anchor the thin (or actin) filaments. In the middle 
part of the sarcomere, known as the M-band, the myosin filaments interconnect and move antiparallel to 
both sides of the sarcomere. The A-band constitutes myosin filaments crosslinked at the center by the M-
band assembly. Thin actin-containing filaments are tethered at their pointed end at the Z-band and 
interdigitate with the thick filaments in the A-band. Titin molecules anchor in the Z-band and extend to the 
M-line region of the sarcomere. Ca2+ = calcium ion 
During systole, actin is bound to the myosin head, thus resulting in interlocking with the thick 

filament. The binding of actin and myosin is caused by an increase in intracellular Ca2+ 

concentration in the cardiomyocyte (Figure 1.6). In the end, myosin is attached to titin via myosin-

binding protein C, which offers an elastic link to the next Z-disc. As already mentioned in 

connection with the myocytic Ca2+ cycle in chapter 1.1, Ca2+ binds to troponin C. This leads to a 

conformational change in the troponin complex by which troponin I now binds to troponin C. This 

frees up binding sites, that allows the myosin heads to bind to actin. The troponin complex 

resumes its inactivated position when Ca2+ is removed from the TN-C, thereby inhibiting myosin-

actin binding [28]. The myosin head fastens, consuming ATP, and actin is pulled toward the center 

of the sarcomere. The thick and thin filaments overlay in the process. The heart regulates its force 

of contraction with the changes in sarcomere length. When a myocyte is stretched, the sarcomeres 

within the myofibrils are also stretched. With the increased sarcomere length, the force of 

contraction (i.e., tension development by the muscle fiber) increases and sarcomere length 

reaches to a maximum of approximately 2.2 μm. A small change in sarcomere length can produce 

large changes in tension development. The changes in active tension caused by changes in 

sarcomere lengths are related to changes in the number of actin and myosin cross bridges formed. 

Moreover, stretching the sarcomere increases TN-C affinity for Ca2+, thereby leading to increased 

tension development [29]. With decrease in the concentration of intracellular Ca2+, myocardial 
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relaxation occurs. The binding of the myosin head to actin ceases when Ca2+ dissociates from the 

binding site to troponin C. Troponin I is phosphorylated by PKA, which reduces the Ca2+ sensitivity 

of myofilaments. The phosphorylation state of troponin I plays an important role in the regulation 

of force development and myocyte relaxation. 

 
 
Figure 1.6: Myofilaments during diastole and systole. When Ca2+ binds to troponin C, a conformational 
change takes place by which troponin I now binds to troponin C. This frees up binding sites, allowing the 
myosin heads to bind to actin. The myosin head buckles, and actin is pulled toward the center of the 
sarcomere. The thin and thick filaments overlap in the process. With decrease in intracellular Ca2+ 
concentration, myocardial relaxation occurs. Ca2+ dissociates from the binding site to troponin C, and the 
binding of the myosin head to actin ceases. Troponin I is phosphorylated, which reduces the Ca2+ sensitivity 
of myofilaments. Ca2+ = calcium ion; TnC = troponin C; TnI = troponin I; Tm = tropomyosin; TnT = troponin 
T. 

1.3 Acute myocardial infarction 

Acute myocardial infarction is termed as myocardial necrosis (death of small areas of tissue) which 

results from acute obstruction of a coronary artery. It is usually manifested by chest pain, which 

travels from left arm to neck, shortness of breath, abnormal heartbeating, anxiety, and 

sweating. Myocardial infarction (heart attack) is known as an irreversible injury to the myocardium 

(heart tissue) caused by prolonged myocardial ischemia and hypoxia [30]. Occlusion of a blood 

vessel occurs during MI which is generally triggered by an atherosclerotic plaque [31]. The most 

common risk factors include diabetes, arterial hypertension, elevated levels of inflammatory 

markers, obesity, abnormal cholesterol levels, smoking, family history, genetics, and an unhealthy 

diet.  

Atherosclerosis is characterized by the accumulation of lipids in the vessel walls due to the 

elevation of cholesterol levels, resulting in inflammatory responses. Typically, MI is caused by 
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plaque rupture. Plaque is composed of calcium, fat, cholesterol, and other substances found in 

the blood. Most people with early (less than 50 percent narrowing) ischemic heart disease do not 

experience symptoms or limitation of blood flow. However, as atherosclerosis progresses, 

especially if left untreated, symptoms may occur [32]. Here, activation of platelets results in a 

thrombus formation that occludes the vessel either at the plaque site or further distally if the 

thrombus has broken open and ruptured. The left ventricle (LV) is predominantly affected by 

myocardial infarction (MI), but the damage may extend into the right ventricle (RV) or the atria. MI 

is one of the major causes of death in the developed world, with prevalence approaching three 

million people worldwide [33].  

Considering that the prevalence of CHD is increasing in both developed and developing countries, 

therefore, cardioprotection by timely reperfusion is urgently needed with the aim of reducing infarct 

size as the main determinant of evolving heart failure and improving the prognosis of patients with 

acute myocardial infarction [34]. Usually, too much time passes before patients are treated post-

MI which is one of the reasons for the high mortality. Currently, regeneration of dead heart tissue 

by cell division is not possible. Therefore, the goal must be to ensure reperfusion of the 

undersupplied myocardium as quickly as possible. A 2020 study report by the World Health 

Organization mentioned coronary heart disease, responsible for 16% of the world’s total deaths 

as the most frequent cause of death globally in 2019, closely followed by stroke and chronic 

respiratory diseases (Figure 1.7) [35]. The biggest rise in mortality since 2000 has been ischemic 

heart disease, which has grown from 2 million to 8.9 million deaths in 2019.   
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    Figure 1.7: The 10 most frequent causes of death in 2019 – WHO 

1.4 Ischemic area, peripheral area, and non-ischemic area 

After ischemia has occurred and reperfusion has been initiated, the heart is divided into three 

regions: the ischemic area, the peripheral areas, and the non-ischemic area. These three regions 

are briefly characterized below (Figure 1.8). 
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Figure 1.8: Schematic division of the heart into remote area, peripheral area, and ischemic area. 

1.4.1 Ischemic Area 

Ischemia is the condition in which the blood flow and thus oxygen is reduced or restricted to heart 

muscle. During left anterior coronary artery (LAD) occlusion, blood flow to the ischemic tissue is 

stopped. Cells in this tissue region, for example cardiomyocytes, enter an anaerobic state. 

Necrosis and apoptosis of cardiomyocytes in the ischemic area occur. 

After ischemia has occurred, reestablishment of blood flow is important to salvage ischemic 

tissues and thereby oxygenation as quickly as possible to reduce infarct size, preserve contractile 

function, and avert high cell loss [36]. Sodium and hydrogen ions that get accumulated in the 

cardiomyocyte during the ischemic phase are removed resulting in the normalization of pH. The 

complement system is activated because of the preceding acidosis and hypoxia. Stimulation of 

leukocytes and endothelial cells occurs. Activated leukocytes then release interleukins and 

reactive oxygen species (ROS) in the ischemic myocardium. ROS are defined as the byproducts 

of the normal metabolism of oxygen, and sometimes are actively generated that play role in cell 

signaling and homeostasis. 

For example, leukocytes produce increased nitric oxide (NO). This reacts with superoxide to form 

peroxynitrite, a highly toxic oxidant [37]. The increase in hydrogen peroxide and ROS during the 

reperfusion phase leads to peroxidation of lipids and oxidation of sulfhydryl groups [38]. For 

instance, phospholipids of membranes become instable, when ROS reacts to these membranes. 

There is an influx of water into the cell interior. As a result, the cells swell and the cell membrane 

rupture. In addition, mechanical instability and hypercontracture of cardiomyocytes occur (for more 

details, refer chapter 1.2) [39]. ROS interact mainly with tyrosine residues and alter the activities 

of important proteins and enzymes [38]. 
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Histologically, cardiomyocytes die in the ischemic area, and the cell nuclei condense and finally 

dissolve. Cell death begins in the inner layers of the heart after 30 to 45 minutes of coronary artery 

occlusion, and spreads to the outer layers as it progresses. Coronary blood flow is interrupted by 

coronary artery occlusion and deprives the affected parts of the heart of adequate oxygen and 

nutrients. Due to oxygen radicals, the cell membrane of the cardiomyocytes becomes unstable 

and due to water influx, the cell swells, and the cell membrane partially dissolves [39]. Production 

of aerobic energy by mitochondria in cardiomyocytes is impaired. Cardiomyocytes are flooded with 

Na+ and Ca2+. Activated proteases causes destruction in the cell membrane, and eventually cell 

death occurs [40]. However, the causes of this death at the cellular and sub-cellular levels have 

not been fully elucidated to date. 

Ischemia is also responsible for alterations in contractile function. Force development drops 

dramatically when the beating heart is in the ischemic state. Contractile dysfunction occurs if the 

ischemic state lasts longer than 20 minutes. The muscle damage cannot be completely restored 

by subsequent reperfusion. However, reperfusion of the undersupplied ischemic tissue, which is 

initiated as soon as possible after ischemia, itself paradoxically causes further damage, 

threatening function and viability of the heart potentially leading to heart failure [41], [42]. 

1.4.2 Non-ischemic area (remote area) 

The non-ischemic area, often referred to as the remote area, is the tissue that is not affected by 

ischemia [43]. It continues to receive blood and nutrients and is responsible for the contractile 

function of the cardiac pump. The remote area plays a functional role for cardiac output and the 

blood supply of the body. This tissue is separated from the ischemic area by the peripheral area 

and not directly adjacent to the infarct area. The nuclei of cardiomyocytes in the ischemic area are 

compacted and nucleus dissolution occurs due to apoptosis [44]. In contrast, the non-ischemic 

tissue is morphologically indistinguishable from healthy myocardium, and the nuclei have not 

dissolved.  

Ischemic area releases metabolites or free oxygen radicals which reaches to more distant, healthy 

areas of the heart via blood flow and lead to changes there. Reactive oxygen species can interact 

with proteins, lipids, or sugar molecules, and thus lead to restrictions in cells. Therefore, remote 

tissue is also exposed to oxidative and nitrosative stress [45]. In addition, the mechanical stress 

on the remote myocardium of the heart is altered by the loss of function in the ischemic heart areas 

[46]. In the long term, it leads to conformational changes in cardiomyocytes. Following acute MI, 

pan-cardiac responses include the apparently unaffected remote myocardium [47]. Although 

macrophage and monocyte accumulation are higher in the infarcted zone, these cells are also 

recruited to remote myocardial tissues [47], [48]. Cytokine production from cardiomyocytes and 

macrophages further elicits inflammatory responses and collagen deposition which likely 

contribute to left ventricular (LV) remodeling [49], [50]. Early after coronary occlusion, regional 
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function within the remote myocardium depends, in part, on the length of time after the ischemic 

insult. 

There is increasing evidence indicating that also remote myocardium is subjected to 

pathophysiological changes after MI [48]. Findings from recent studies suggest that tissue 

changes may also occur in remote myocardium after AMI and that these changes are associated 

with adverse cardiac remodeling [51], [52]. A better knowledge of the tissue changes in remote 

non-infarcted myocardium and their relation to adverse cardiac remodeling may help to better 

understand the pathophysiological mechanisms that are responsible for adverse cardiac 

remodeling post AMI, which in turn could be helpful to identify patients at increased risk and 

potential targets for therapy.  

1.5 Interaction of Ca2+ homeostasis and myocardial ischemia-reperfusion 

Ca2+ is a ubiquitous signal for regulating cellular function, including survival and death. A minimal 

amount of Ca2+ is necessary for the optimal physiological function of the heart. Disruption of 

calcium homeostasis, including decreased SR Ca2+ reuptake, abnormal function of calcium 

channels, SR Ca2+ leakage, or significantly decreased SERCA2a expression is associated with 

various types of heart diseases, including ischemic heart disease, reperfusion injury, hypertrophic 

cardiomyopathy, dilated cardiomyopathy, and heart failure [1]. Therefore, restoration of 

cardiomyocyte Ca2+ handling in the heart after MI may represent an interesting therapeutic 

strategy to improve myocardial remodeling and increase cardiac contractile function.   

1.5.1 Ca2+ homeostasis in myocardial ischemic injury 

The cardiomyocyte relies on anaerobic energy production in the ischemic state [41]. Myocardial 

cells have metabolic abnormalities after a period of ischemia and hypoxia, including increased 

anaerobic fermentation. Furthermore, intracellular H+ aggregation causes a low intracellular pH, 

and intracellular Na+ increases through H+/Na+ exchange (HNX). Excessive intracellular Na+ will 

promote Na+ excretion and Ca2+ intake by NCX, which significantly increases intracellular Ca2+ 

levels, hence, leading to Ca2+ overload. The impaired function of the Na+-K+ ATPase because of 

ATP depletion causes a rise in intracellular Na+ and a fall in intracellular K+. Glycolysis and 

increased formation of lactate and protons reduces the cytosolic pH. Persistent oxygen deficiency 

and increasing acidosis lead to cessation of anaerobic ATP production, so that ATP-dependent 

processes are also terminated. When oxygen supply and blood flow to the cardiac tissue returns 

to normal, extracellular pH level is further increased, NCX and HNX activities are enhanced [53]. 

Sodium ions flowing in across the cell membrane can no longer be actively transported out of the 

cell. Ultimately, the NCX is activated in the opposite direction by the increased cytosolic sodium 

concentration. Na+ leaves the cardiomyocyte and Ca2+ returns, and intracellular Ca2+ overload is 
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further aggravated. Studies have shown that HNX and NCX inhibition has a protective effect on 

myocardial I/R injury [54].  

Moreover, SERCA2a activity decreases in the ischemic region, and therefore less cytosolic Ca2+ 

can be stored in the sarcoplasmic reticulum (SR) [55], [56]. In addition, an increased amount of 

Ca2+ is released from the SR into the cytosol. This significant increase in intracellular Ca2+ 

concentration in the cardiomyocyte activates signaling cascades, e.g., Ca2+ dependent proteases 

such as calpains, mediating severe cell damage during ischemia that may lead to cell apoptosis. 

Additionally, myocardial I/R produces toxic substances, such as oxygen-free radicals (OFR), in 

the myocardial cells. OFR can decompose cell membrane phospholipid components and damage 

membrane structure, which leads to increased membrane permeability and excessive extracellular 

Ca2+ influx [57]. OFR also damages to the SR membrane, eventually increasing intracellular Ca2+ 

levels and further exacerbating Ca2+ overload. 

1.5.2 Ca2+ homeostasis in myocardial reperfusion injury 

Cardiac ischemia causes a rapid decrease in mechanical performance and, if prolonged, 

myocardial cell death occurs on reperfusion. In principle, the early decline in mechanical 

performance could be caused either by reduced intracellular Ca2+ release or by reduced 

responsiveness of the myofibrillar proteins to Ca2+. Ca2+ plays an essential role in maintaining 

ECC in cardiomyocytes, including Ca2+ release, recapture, and storage. Ca2+ homeostasis is 

particularly important for myocardial cell structure and function. So, it is of significance to focus on 

some cardiac protective reagents related to Ca2+ overload to treat myocardial I/R injury. Ca2+ levels 

in myocardial cells are regulated by LTCC, RyR2, SERCA, NCX, PLN, CaMKII, FKBP12.6, and 

mitochondria, which participate in Ca2+ overload during myocardial I/R injury. 

Excessive intracellular calcium enters the mitochondria, resulting in mitochondrial calcium 

overload; this inhibits ATP production, exacerbates energy metabolism disorders, and eventually 

leads to myocardial cell apoptosis [58]. Sarcoplasmic Reticulum Ca2+ uptake is slowed during the 

reperfusion phase after ischemia in human atrial myocardium [59]. Here, SERCA2a activity is 

predicted to be reduced in continuation by ischemic damage. Animal studies have shown that 

cytosolic Ca2+ reuptake into the SR is also lower in the ventricular myocardium [60]. Moreover, it 

is known that after ischemia in the human myocardium, the release of Ca2+ from the SR into the 

cytosol decreases during reperfusion [61]. This is probably due to decreased number of ryanodine 

receptors (RyR2) [60]. Studies have shown that during myocardial I/R, the RyR2 structure gets 

damaged, which also accounts for many calcium leaks in SR and calcium overload. 

Due to the slow rate of cytosolic Ca2+ accumulation of cardiomyocytes, there is a direct increase 

in diastolic tone and an indirect decrease in the amount of Ca2+ stored in the SR. Reduced Ca2+ 

sensitivity of the myofilaments further contributes to slowing down contractility [55]. In addition, the 

activity of the sodium-calcium exchanger (NCX) is decreased, so less Ca2+ can be transported out 
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of the cell [62]. Therefore, an overload of Ca2+ also occurs in the cytosol during the reperfusion 

phase [36]. Cardiomyocyte Ca2+ transport regulates cardiac contractility and relaxation. The 

myocyte Ca2+ handling is impaired in the nonischemic remote myocardium early after I/R. Ca2+ 

content of the SR is also reduced in remote myocardium due to the impaired Ca2+ uptake, because 

SR Ca2+ leak is not increased. During cardiac cycles, the speed reduction, and the extent of 

cytosolic Ca2+ increase and decrease were found which is associated with depressed sarcomere 

function [63].  

1.5.3 Sarcomere function in myocardial I/R injury 

During the ischemia/reperfusion phase, sarcomere function changes, characterized by reduced 

contractility (systolic dysfunction) and/or impaired filling (diastolic dysfunction) [64], [65]. An 

important role for alterations in sarcomere function is played by the overloading of the cytosol of 

the cardiomyocytes with Ca2+ during ischemia, which reduces the cardiac pump function as 

described in chapter 1.1. This should result in over-contraction of the sarcomeres. However, 

because of the prevailing acidosis and ATP deficiency, this over-contraction fails to occur. Instead, 

a pronounced rigor of the transverse bridges results in Ca2+-independent transverse bridging 

between actin and myosin filaments with consequent shortening of the cardiomyocytes without 

over-contraction of the contractile apparatus. 

There is a rapid restoration of the physiological pH of approximately 7.40 by initiating reperfusion. 

The oxygen is again supplied to cardiomyocytes and ATP production is resumed. The cell attempts 

to counteract Ca2+ overload by transporting Ca2+ into the SR via SERCA2a. Ca2+ is released into 

the cytosol once the capacity of the Ca2+ store is reached. This rapid succession of multiple Ca2+ 

uptakes into the SR and Ca2+ release into the cytosol results in Ca2+ oscillations [66]. These Ca2+ 

oscillations occur in the first minutes after the initiation of reperfusion. As a result, the contractile 

apparatus is also excessively activated and hypercontracture of the sarcomeres occurs. The cell 

shortens with the loss of transverse striation. Morphologically, strand breaks of the sarcomeres 

occur. These not only affect the cells of the ischemic area, but also have an impact on the 

neighboring cells of the marginal zone. Ultimately, hypercontracture can lead to cell death [67]. 

The increased intracellular Ca2+ concentrations trigger degradation processes in cytoskeletal 

proteins, which may result in contractile dysfunction [68]. Increased modification of the sarcomere 

protein titin also occurs, resulting in an increase in myocyte stiffness [69]. Functional abnormalities 

are also seen in the non-ischemic area as early as 30 minutes after ischemia [43]. On the other 

hand, increased mechanical stress on the remote myocardium is considered a cause of the 

impaired systolic function of the remote myocardium [70]. In addition, the adjacent muscle area is 

thought to be functionally impaired by non-synchronous contraction of the ischemic myocardium 

[71]. Asynergy in the remote area was demonstrated in the human heart four days after myocardial 
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infarction using echocardiography. The compensation of reduced contractility of ischemic muscle 

fibers is thus hampered [43]. 

1.5.4 Myocardial dysfunction in the RM 

I/R impairs myocardial contractile function not only in the infarct zone but also in non-infarcted 

regions, i.e., the remote myocardium [72]. This impairment is caused by alterations to the 

sarcomere proteins themselves and to the regulation of their activity via beat-to-beat intracellular 

Ca2+ cycling. Studies have shown that Ca2+ transport kinetics of remote myocytes were slow, 

particularly the activity of the Ca2+ ATPase SERCA2a was reduced and contributed to impaired 

sarcomere function [73], [74]. The expansion of this non-infarcted region is believed to cause 

increased dynamic wall stress and leads to adverse remodeling [73]. The mechanisms underlying 

this encircling myocardial dysfunction are not well-known. The reduced phosphorylation state of 

phospholamban at its PKA-dependent site Ser16 plays a crucial role for depressed Ca2+ cycling 

of RM myocytes, resulting from increased phosphatase activity rather than from impaired PLN 

phosphorylation [63].  

1.6 Period after myocardial infarction 

Due to oxygen radical generation during ischemia, further damage to the myocardium occurs 

once the undersupplied tissue is reperfused after the opening of the coronary artery occlusion. 

However, reperfusion of the tissue is required as soon as possible after the acute event because 

it improves patient survival. Delay in time to reperfusion, results in significant loss of ventricular 

function after MI. It has been shown that infarct damage is higher without reperfusion than with 

reperfusion [75]. The time during reperfusion after MI is divided into three phases (Figure 1.9). 

Inflammatory phase: The inflammatory phase begins 3 to 72 hours post-MI [75]. After the onset 

of reperfusion, most cardiomyocytes (myocardial cells) die already during the ischemic phase and 

shortly thereafter, i.e., within the first few minutes. Defective or dying cardiomyocytes secrete 

reactive oxygen species [76]. This results in the activation of inflammatory mediators, which in 

turn allows neutrophils to migrate into the infarcted tissue [75]. Leukocytes clear the infarcted 

tissue of dead cells, for example cardiomyocytes and remnants of the matrix.  

Moreover, tumor necrosis factor α (TNF α) initiates apoptotic and necrotic processes in 

cardiomyocytes. TNF α is an inflammatory cytokine which is responsible for a diverse range of 

signaling events within cells, leading to necrosis or apoptosis. Approximately 48 to 72 hours after 

reperfusion of ischemic tissue, cell death influenced by necrosis and apoptosis reaches its 

maximum and does not increase further [76]. Two days after MI, there is increased differentiation 

of fibroblasts into myofibroblasts and activation of myofibroblasts [75]. There is also degradation 

of type I and type III collagen [77]. During this phase, there is not much known about the more 
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distant non-ischemic tissue, defined as remote area, and the behavior of the cardiomyocytes 

located there. 

Proliferative phase: During the proliferative phase, the synthesis of inflammatory mediators ceases 

approximately 72 hours to 7 days after MI [75]. Increased collagen I and III are produced by 

activated myofibroblasts during this healing process, which ensure the maintenance of the 

extracellular matrix. Dead cardiomyocytes are replaced by collagen. 

Maturation: 28 days after MI, fibrous tissue completely replaces the necrotic tissue which consist 

of apoptotic cardiomyocytes and fibroblasts [75]. Scar formation takes place. The cardiomyocytes 

of the adjacent tissue directly adjacent to the ischemic and the non-ischemic area changes in 

shape with the growth in length and hypertrophy [78]. Cardiac reconstruction with the time thickens 

the heart wall, resulting in the stiffness of the heart. The consequences are hypertrophy and/or 

dilatation until chronic heart failure. 

 
Figure 1.9: The phases of healing in reperfused mouse infarcts (1-h coronary occlusion followed by 
reperfusion) [75].  

1.7 Experimental models for I/R 

To understand the pathophysiological mechanisms after MI and to derive new therapeutic 

interventions from them, there are animal experimental models that can be used to mimic 

ischemia/reperfusion (I/R) in animals as realistically as possible to MI in humans [79]. The 

experimental model used in this work is briefly introduced below. 

1.7.1 Ischemia induction with closed thorax 

Performance of ischemia induction with the thorax closed includes the following steps: 

anesthetization and sedation of the experimental animal, thoracotomy with the application of LAD 

ligation, and convalescence of several days. Ischemia is induced with the thorax closed under 

anesthesia after convalescence of several days. For this purpose, the sutures are dissected free 
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in a tissue pocket located under the skin. When the sutures are tightened, occlusion of the LAD 

occurs without opening the thorax. The method of ischemia induction with the thorax closed is 

described in more detail in chapter 2.1.2. 

Nossuli et al first described the method of closed thorax ischemia induction in mice [80]. One 

reason behind the development of this method was that ischemia induction in open thorax resulted 

in an increase in the inflammatory response not only in the ischemic and reperfused animals but 

also in the sham-operated animals. Surgical trauma cannot occur during MI in humans since the 

thorax is not open therefore, a solution was sought to mimic this in animal experiments. Thus, after 

several days ischemia and subsequent reperfusion are performed, when the increase in 

inflammatory mediators has subsided [79].   

There is a decrease in inflammatory factors after three days, so appropriate convalescence is 

recommended to avoid confounding the results [80]. Therefore, low probability of surgical trauma 

and rather rarely occurring infections, which also reduces the mortality rate are the advantages of 

this method [30], [80]. Ischemia and reperfusion can be performed at any time and is easily 

reproducible. Ischemia induction with the thorax closed is more clinically relevant than the methods 

described in chapters 1.6.1 and 1.6.2 [30]. However, this method also has a disadvantage that 

direct visual control of ischemia is not possible. Occlusion of coronary artery can only be monitored 

with electrocardiography. 

All animal models have a disadvantage that MI does not occur spontaneously in animals but is 

artificially induced at a certain point of time [79]. On the other hand, it usually occurs spontaneously 

in humans, and is mostly promoted by an unhealthy diet, too little exercise or by other factors and 

in some cases for years beforehand. This is difficult to replicate in experimental animals. Models 

have been established in which animals were fed a high cholesterol diet, for example. These 

models are less suitable for research projects since here the coronary arteries occlusion also 

occurs spontaneously and unpredictably over time.  

The advantage of LAD ligation in the experimental animal is that all animals have the infarct at a 

defined time point, the localization of the coronary occlusion is same, resulting in comparably sized 

infarcts [79]. Thus, more reproducible results can be obtained. The closed-chest ischemia 

induction model was chosen in the present work to perform I/R. In this model, a possible 

postoperative infection that could influence the ischemia/reperfusion phase is prevented. 

Moreover, in contrast to ischemia induction with the thorax open, both cooling and desiccation of 

the cardiac surface are avoided, which in turn ensures similarly large infarct sizes. 

1.8 Type II diabetes mellitus is a risk factor for myocardial infarction 

Although there have been potential breakthroughs toward many of the extra pancreatic 

manifestations of diabetes, acute myocardial infarction continues to be a significant reason for 
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morbidity and mortality in patients with T2DM [81]. As a result, these and other factors are 

responsible for diabetes and increase atherosclerotic plaque formation and thrombosis, thereby 

contributing to myocardial infarction. The risk of recurrence of MI in T2DM patients exceeds 40%. 

In a scientific announcement published on April 13, 2020, in Circulation, the American Heart 

Association (AHA) stated that CAD in T2DM patients’ needs to be examined more aggressively to 

diminish the risk of MI compared with CAD in patients without T2DM [82]–[84]. 

In 2019, the European Association for the Study of Diabetes (EASD) and the European Society of 

Cardiology (ESC) jointly issued the Guidelines on Diabetes, Pre-Diabetes, and Cardiovascular 

Diseases recommending that all cardiovascular disease patients should be screened for T2DM 

and patients with cardiovascular disease complicated by T2DM should undergo comprehensive 

risk factor management, including control of lipid levels, blood pressure, and serum glucose; 

management of antiplatelet therapy regimens and lifestyle interventions [83]. In addition to 

damaging blood glucose levels, patients also experience high blood pressure, high cholesterol, 

and obesity, all of which impair the cardiovascular system and increase their chances of having a 

heart attack. 

A deteriorated metabolic state develops early in the diabetic patient, resulting in the alteration of 

the cardiac metabolism. The longer this period continues and lasts, the more advanced the 

damage to the myocardium. Some of the ways that how diabetes mellitus causes adverse changes 

in the myocardium are micro- and microangiopathies, myocardial fibrosis, altered vascular 

pathology, overloading of cardiac cells with Ca2+, and limitations in electrophysiology. According 

to "Gesundheit in Deutschland aktuell" (GEDA) in 2009, only around 10% of diabetes patients had 

no concomitant diseases related to diabetes [85]. In contrast, about 35% of the patients over 50 

years of age examined had an organ disease in addition to their diabetes, which manifested itself 

in cardiovascular disease, eye disease or renal insufficiency. 

From past decades, it has been known that both type I and type II diabetics suffer MI more 

frequently [86], [87]. Moreover, death in diabetic patients after MI is twice as high as in patients 

without a history of diabetes [88]. Therefore, it is crucial to know the underlying causes and 

mechanisms to prevent the high death of diabetics after MI by targeted therapeutic measures.  As 

with intracellular Ca2+ circulation in cardiomyocytes, it is known that both systolic and diastolic 

function of the heart is impaired in mouse models with type II diabetes mellitus [89]. One possible 

cause represents decreased SERCA2a activity with the consequence that the loading of the SR 

with Ca2+ is also lower. Oxidative stress plays an important role in cardiac damage of infarcted 

hearts and is known to induce modifications of sarcomere and Ca2+ handling proteins, thereby 

altering their function, expression, and activity. The findings indicate that these defects play a 

decisive role in the impairment of SERCA2a activity in T2DM hearts. 

T2DM impairs electromechanical coupling and sarcomere function and thereby impedes important 

early adaptive remodeling processes after I/R. In addition, T2DM exacerbates the depression of 
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Ca2+ cycling in remote myocytes after I/R and prevents adaptational titin phosphorylation and 

cardiomyocyte stiffening. Observation of reduced chamber in T2DM animal models and T2DM 

patients alters phosphorylation of the sarcomeric protein titin, leading to an increment of 

cardiomyocyte passive tension (PT) [90]. An altered cardiomyocyte Ca2+ homeostasis in T2DM 

patients induced diastolic dysfunction. In T2DM, a decreased contractile function was related to 

increased cardiomyocyte Ca2+ efflux, reduced Ca2+ entry, decreased SR Ca2+ load, and altered 

expression of SR Ca2+ handling proteins [91]. Moreover, diabetes also affects adaptive titin 

modification after acute myocardial I/R.  

One of the questions that the present work addresses are how diabetes affects the functional 

consequences of I/R on cardiomyocytes from the remote myocardium. 

1.8.1 Diabetes mellitus 

Diabetes mellitus is a group of metabolic disorders which is characterized by high blood 

sugar levels over a prolonged period. There are two types of diabetes mellitus - types I and II.  

Type 1 diabetes (T1D), also defined as juvenile diabetes or insulin-dependent diabetes mellitus, 

is an autoimmune disease that results from the failure of the pancreas to produce very little or no 

insulin due to the loss of beta cells [92]. Immune-mediated destruction of beta cells in the pancreas 

leads to insulin deficiency and ultimately to hyperglycemia. About 10% of diabetes mellitus patients 

suffer from type I (T1DM) [93]. Type II diabetes (T2DM), also known as adult-onset diabetes or 

non-insulin-dependent diabetes mellitus, is a common chronic condition in which cells respond 

poorly to insulin and with the advancement in the disease, a deficiency of insulin also gets 

developed. Type 2 diabetes affects around 90% of all people with diabetes and is more common 

in older adults [93], [94]. The combination of beta-cell dysfunction and insulin resistance leads to 

impaired glucose homeostasis [95]. Type 1 diabetes must be controlled with Insulin injections.   

Type II diabetes is often triggered by an unhealthy lifestyle, especially a lack of physical activity 

and an unhealthy diet, but also by hereditary factors. The treatment of Type 2 diabetes can also 

be done with oral antidiabetic medications, with or without insulin.  Every year, approximately 

500,000 people in Germany are diagnosed with T2DM [96]. The prevalence of diabetes mellitus 

is generally increasing.  

As of 2019, approx. 463 million people (8.8% of the adult population) had diabetes worldwide, with 

type 2 diabetes combined in total about 90% of the cases [97].  Rates are similar in men and 

women. T2DM has become one of the leading chronic non-communicable diseases, and its 

prevalence has significantly increased globally and suggesting that rates will continue to rise [97]. 

Diabetes resulted in approximately 4.2 million deaths in 2019 [97]. T2DM and its complications 

are seriously affecting the quality of human life with the increase in the number of cases and have 

become a serious global public health problem. There is a prediction by World Health Organization 
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(WHO) that by 2030, 350 million people worldwide will have type II diabetes mellitus, twice as 

many as in 2003 [98] 

1.8.2 Mouse model for diabetes mellitus type II 

Leptin-receptor (Lepr) deficient mice (db/db) were used as the animal model for type II diabetes 

mellitus. The db/db mouse model of leptin receptor is currently the most widely used T2DM mouse 

model [99]. This leptin-receptor deficient mouse has a mutation in the gene that encodes the leptin-

receptor, and leptin-receptor confers sensitivity to T2DM obesity and insulin resistance [100]. In 

contrast to the leptin-deficient ob/ob mouse, db/db mice are not only overweight but also develop 

a marked diabetic metabolic state that shortens the lifespan of the animals. The ob/ob mouse 

model is a much milder diabetes model. 

The mice that are homozygous for the leptin-receptor mutation (db/db) exhibit a hyperglycemic 

syndrome like humans [101]. At four weeks of age, they develop hyperglycemia due to increased 

dietary intake, higher body weight in comparison with normoglycemic heterozygous db/+ mice, 

and a higher plasma insulin concentration. After seven weeks, they are insulin resistant and blood 

glucose concentration is significantly increased. 

1.9 Diet-induced obesity (DIO) 

Cardiovascular diseases (CVDs) continue to be the leading cause of morbidity and mortality 

across the world. While some genetic markers have been recognized, they explain less than 15% 

of the variance in the risk for these diseases [102]. It is well confirmed that external factors, such 

as obesity, poor diets, and sedentary lifestyles are the main contributors to CVD risk [103], [104]. 

Obesity contributes significantly to impaired cardiovascular function and increased CVD risk. 

Obesity can be considered a chronic metabolic disease characterized by excess accumulation of 

fat in healthy individuals. The prevalence and incidence of obesity have markedly increased 

worldwide during recent decades, and obesity is currently considered a global epidemic and a 

major public health problem that affects both developed and underdeveloped countries [105]. This 

condition affects approximately 30% of the world’s population, indicating more than one billion 

people (WHO, 2000).  

In addition, this event crescent makes obesity an important risk factor often associated with a 

reduction in life expectancy, increased mortality risk, and the development of major risk factors for 

numerous co-morbidities such as type II diabetes mellitus, hyperlipidemia, and cardiovascular 

diseases [106]. DIO mice are a model of early-stage diabetes (rather than “only” obesity). DIO 

shows postprandial hyperglycemia and disturbed glucose tolerance and moderate insulin 

resistance. Db/db mice show severe obesity, severe insulin resistance and severe hyperglycemia 

(even fasting hyperglycemia) with blood glucose levels around 600mg/dl due to hyperphagia and 

older animals show atrophy of the beta-cells in the pancreas (islet atrophy) which leads to further 
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progression of hyperglycemia. Db/db shows all these changes even with a regular diet (without a 

high-fat diet). Db/db progress to heart failure when >12 weeks old. Experimental studies have 

demonstrated that obesity induced by different types of high-fat and/or high-energy diets also 

leads to myocardial dysfunction in rodents [107]. Several factors are responsible for possible 

cardiac abnormalities in obese models, including intracellular calcium (Ca2+) handling, and major 

regulatory mechanism of myocardial contraction and relaxation. The intracellular Ca2+ cycling 

proteins located in the sarcolemma and sarcoplasmic reticulum (SR), such as the L-type Ca2+ 

channel, SR Ca2+ -ATPase (SERCA2a), phospholamban (PLN), calsequestrin (CSQ), ryanodine 

receptor (RyR2), and Na+/Ca2+ exchanger (NCX), have been described as essential in the 

regulation of myocardial contraction and relaxation by controlling Ca2+ transient homeostasis 

[108]. These alterations contribute to reduced Ca2+ entry and SR Ca2+ reuptake, both of which are 

essential for normal cardiac function. Thus, changes in proteins involved in coordinating Ca2+ 

movement may contribute to contractile dysfunction, however, the mechanisms responsible for 

functional abnormalities in obesity have not yet been fully clarified.  

Considering the lack of information regarding high-fat diet-induced obesity, heart function, and the 

proteins involved in myocardial Ca2+ handling, the aim of this work was designed to study the 

hypothesis that this dietary model of obesity leads to cardiac dysfunction resulting from alterations 

in the regulatory proteins of intracellular Ca2+ homeostasis. Taken together, the results will provide 

an understanding of the mechanisms underlying the participation of this pathway in heart function 

during a prolonged period of obesity. 

Many experimental studies with diet-induced obesity models focus not only on the amount of fat 

used but also on the source, which results in diets with a predominance of saturated or unsaturated 

fatty acids since they are substantially linked with different outcomes [109]. In addition, research 

studies confirm that dietary saturated fatty acids are positively related to increased ventricular 

remodeling, cardiac hypertrophy, and mitochondrial and contractile dysfunction [110]. Several 

studies mentioned in the literature that evaluated calcium handling-related proteins and cardiac 

function in obesity models used high-fat diets with a predominance of unsaturated fatty acids [111]. 

However, Cheng et al., using a high-fat diet rich in saturated fatty acids for 8 weeks, showed that 

only pPLN Thr17/PLN ratio was downregulated, without having modifications in the protein levels 

of SERCA2a, PLN, pPLN Ser16, cardiac function, and the ratios of SERCA2a and pPLN Ser16 to 
total PLN [112]. There is no study that assessed all proteins associated with myocardial Ca2+ 

handling in long-term obesity caused by a high-fat diet with a predominance of saturated fatty 

acids.  

Studies have illustrated that feeding of high-fat diets in mice increases the production of 

myocardial reactive oxygen species (ROS) and downregulates the insulin-responsive 

phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway, independent of 

hypertension and obesity [113]. This signaling dysregulation was associated with myocardial 
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structural pathophysiology. Other studies have previously identified a role for Akt in cardiomyocyte 

Ca2+ regulation, particularly phosphorylating key Ca2+ handling proteins, the L-type Ca2+ channel, 

and phospholamban [PLN; the sarcoplasmic reticulum Ca2+ -ATPase (SERCA2a) regulator] [114]. 

The activity of Ca2+ flux proteins is firmly regulated by both kinase and phosphatase activities, and 

there is some evidence that dephosphorylation of PLN and ryanodine receptors plays a role in 

diabetic cardiomyopathy [115]. No study to date has sought a connection between enhanced 

intake of high-fat diets and cardiomyocyte Ca2+ dysregulation in the insulin-resistant myocardium. 

1.10 Ischemic conditioning 

There is an improved survival of MI due to early reperfusion therapy after the acute event, 

however, strategies that protect the heart during ischemia are still missing in clinical practice, and 

that ischemic conditioning may represent a promising strategy toward this end. Ischemic 

conditioning, a powerful form of endogenous protection against MI by improving myocardial 

salvage, has been demonstrated in many animal species and in isolated human cardiomyocytes. 

The term ‘ischemic conditioning’ indicates the priming of the tissue at risk with short non-

deleterious and monotonous phases of sublethal ischemia [116]. This study deals with ischemia-

reperfusion injury and myocardial infarction and is based on the protection of the heart from 

ischemic damage. Experiments addressing the mediators of this so-called ischemia/reperfusion 

(I/R) injury have offered novel therapeutic strategies. However, all these approaches have not 

been yet favorably executed in clinical practice. As listed in animal models, the vigorous 

cardioprotective repercussion of ischemic conditioning undeniably proclaims more inventive 

research both at the experimental and clinical extents [117].  

1.10.1 Ischemic conditioning of the heart 

Transient ischemia and reperfusion protect the heart from subsequent I/R injury because infarct 

sizes are smaller. In the following years, reduction of infarct size with postconditioning has been 

described in most of the experimental studies and, despite the lack of complete consensus, has 

emerged as a promising cardioprotective intervention [118]. Postconditioning (i.e, brief cycles of 

ischemia-reperfusion applied immediately after reopening the culprit coronary artery) could reduce 

myocardial infarct size by 30% to 40%. These results are consistent with the long-held hypothesis 

that lethal reperfusion injury indicates an important component of the final irreversible damage to 

the heart. Interestingly, the ischemic stimulus works not only if the heart itself undergoes ischemia 

and reperfusion, but also if it is applied remote from the heart, for example to a forearm, as in our 

experiments. The biological effects of ischemic conditioning are supported by strong experimental 

data. [123] In the heart, ischemic conditioning not only reduces infarct size but also improves 

contractile function after I/R (Figure 1.10) [124][125]. 
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Figure 1.10: Hypothesized role of Ca2+ in ischemic conditioning of cardiomyocytes. Key signaling 
steps on subcellular level, influencing myocardial contractile function during I/R with ischemic conditioning. 
(−) denotes decrease; Ca2+ -calcium; I/R-ischemia/reperfusion; RyR2-ryanodine receptor 2; SERCA2a-
sarcoplasmic/endoplasmic reticulum Ca2+ -ATPase; SR-sarcoplasmic reticulum. 
 

1.10.2 Remote ischemic conditioning  

Remote ischemic conditioning (RIC) is a process through which periods of intermittent ischemia, 

generally via the constant function of a blood pressure cuff to a limb above systolic pressure, 

define systemic protection against ischemia in temporally discrete vascular territories. The 

underlying mechanisms have not been characterized fully but have shown the involvement of 

neural, hormonal, and systemic inflammatory signaling cascades [119]. There might be structural 

changes or disorders in signal transduction between the remote organ and the effector organ (i.e., 

a modification in the release of the humoral factors) leading to possible loss of cardioprotection by 

RIC. The organ protection is somewhat mediated by the release of endogenous substances into 

the bloodstream because plasma from RIC-treated humans is cardioprotective [120]. This remote 

ischemic conditioning revealed that the RIC signal from remote tissue to the heart involves 

neuronal and humoral pathways that are transported via the blood from the arm to the heart. The 

plasma from RIC-treated humans can be dialyzed, and the dialysate applied to a heart can achieve 

cardioprotection. Since these to-date unknown factors also improve cardiac contractile function 

that is closely regulated by rapid changes of Ca2+ concentrations within myocytes, it’s a hypothesis 

that a humoral factor that is induced by RIC affects cardiomyocyte Ca2+ homeostasis, because 

calcium mediates muscle contraction. The explicit nature of the circulating cardioprotective factors 

released by RIC remains unknown. RIC by transient limb ischemia depends on intact neural 
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pathways and nitric oxide–sensitive nerve stimulation to release blood-borne, hydrophobic, and 

small (molecular mass >15 kDa) circulating factor(s) [121]. The reduction in noncardiac 

complications recommends that, unlike local conditioning, RIC may have more widespread 

outcomes not only limited to the heart but also advantageous for thrombolysis in the treatment of 

stroke and for prevention of contrast medium-induced nephropathy [122]. 

The ischemic conditioning stimulus can be successfully applied before, during, or after the main 

ischemia (pre-, per-, postconditioning, Figure 1.11) [123]. Theoretically, three entities of remote 

ischemic conditioning (RIC) and ischemic preconditioning (IPC) can be categorized: the 

generation of a protective signal, the transfer of the signal to the target organ, and the response 

to the transferred signal resulting in cardioprotection [124]. Transient ischemic episodes of 

peripheral tissue enhance the tolerance of the myocardium against I/R injury. The concept of 

endogenous cardioprotection have been expanded to encompass the paradigms of 

postconditioning (with the protective stimulus applied to the heart at the time of reperfusion) and 

the intriguing phenomenon of remote conditioning (in which the protective trigger is applied at a 

remote site, either before, during, or immediately on ease of sustained myocardial ischemia). As 

expected, considerable effort has been invested in validating the infarct-sparing effect of 

preconditioning, postconditioning, and remote conditioning in multiple species and models, to gain 

the insight into the molecular mechanisms responsible for conditioning- induced cardioprotection. 

The current challenge and, indeed, the current mandate are to subsidize on this wealth of 

knowledge and utilize the favorable effects of myocardial conditioning to protect the human heart 

from ischemia-reperfusion injury [125].  

 

Figure 1.11: Model of remote ischemic conditioning 
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Experimental findings on ischemic preconditioning cannot be directly extrapolated to humans 

because its mechanisms differ from other animal species. Unfortunately, for both ethical and 

logistic reasons, no clinical study can meet the strict conditions of experimental studies on 

preconditioning with infarct size as the endpoint. Thus, surrogate endpoints have been used, 

including electrocardiographic ischemic changes, contractile function, or biochemical evidence of 

cell damage. As the mechanisms of ischemic preconditioning may differ from those involved in the 

reduction of infarct size in the experimental models, these must be considered in the evaluation 

of clinical studies on preconditioning. In vitro human studies have shown that human 

cardiomyocytes can be preconditioned in which confounding effects due to coronary collateral flow 

can be overcome. Yellon et al. showed that isolated, superfused, contracting human atrial 

trabeculae can be preconditioned against a combined hypoxic and substrate depletion challenge 

by simulated ischemia [126].  

Several previous studies have used surgical ligation of the femoral vessels with or without 

abrogation of the femoral nerve to induce preconditioning at remote sites [127]. This confined 

approach was further integrated with mere visual control of ischemia and reperfusion success in 

the hindlimb of mice without the profit of objective and dependable quantitative measurement 

methods. The unique prospect of translating RIC to the clinical setting acquires from its universal 

availability and non-invasive nature. The latest meta-analysis of current trials indicated a clear 

effect of RIC on clinical outcomes [128].  

However, not all studies have correspondently reported beneficial effects from RIC, and some 

study populations did not show any infarct-sparing effects. Another important limitation of many 

clinical studies reported is indicated by the extent of coronary collateral flow, which, in humans, is 

a major factor in the severity of myocardial ischemia during coronary occlusion, it cannot always 

be accurately quantified. Therefore, animal models remain the possible course of choice for 

molecular studies into the underlying signaling mechanisms in RIC with particular significance for 

mouse models considering the availability of knockout specimens. The suitable RIC stimulus in 

animal models should mirror the maneuver in patients, thus avoiding the drawback of blood loss, 

inflammation, and e.g., pain as induced by surgical techniques. 

1.11 Questions 

Despite the rising use and success of interventional coronary reperfusion approaches, morbidity 

and mortality from acute MI are still substantial. Acute MI is one of the most common causes of 

death both in Germany and worldwide [35]. During the first hours to days after MI, cytosolic Ca2+ 

concentration increases in the infarcted area of the myocardium, triggering apoptotic and necrotic 

processes. It was found that the sarcomere function is disturbed 24 hours after I/R also in the non-

ischemic myocardium. The underlying causes include reduced kinetics of intracellular Ca2+ 

transport, because local Ca2+ concentrations in cardiac myocytes coordinate the activity of 
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contractile units. Disturbed calcium involves impaired activity of SERCA2a, which transports 

cytosolic Ca2+ to intracellular stores [56], [61]. SERCA2a activity also was found reduced in hearts 

of db/db mice, and even more severe impairment of Ca2+ cycling was observed in remote 

cardiomyocytes of this established animal model for T2DM 24 hours after I/R.  

Based on these data, this thesis work investigated the following questions: 

Does disturbed cardiomyocyte Ca2+ cycling in the remote myocardium contribute to the worse 

outcome of diabetic hearts after ischemic injury? 

To answer these questions, this work aimed to investigate if the I/R-induced depression of 

cardiomyocyte Ca2+ cycling in the remote myocardium of db/db hearts was sustained for longer 

than 24 hours. To this end, myocyte Ca2+ handling and sarcomere function were analyzed in db/db 

hearts 10 days after I/R by surgical transient coronary artery occlusion. At this later timepoint, 

myocardial remodeling has overcome the early inflammatory phase and proliferative processes 

have already occurred. Thus, acute (oxidative) stress responses and immune cell accumulation 

due to chemokine and cytokine release as potential triggers of Ca2+ dysregulation early after I/R 

are no longer present. Analyses of expression and posttranslational modifications of Ca2+ 

regulators in heart tissue at this later time point supplemented the measurements.  

To evaluate the significance of T2DM myocyte Ca2+ mishandling and contractile dysfunction of the 

heart, it was also investigated if Ca2+ cycling and sarcomere function were found disturbed also in 

an independent mouse model of chronic hyperglycemia, the DIO mice. As described in 1.9., DIO 

mice develop a pre-diabetic phenotype with hyperglycemia due to a diabetogenic diet, but not the 

fully developed metabolic phenotype as db/db mice. The comparison of both mouse models may 

help to identify specific causes underlying Ca2+ dysregulation in T2DM. 

Do the cardioprotective effects of remote ischemic conditioning during ischemic injury involve 

cardiomyocyte Ca2+ handling?  

It was shown that remote ischemic conditioning exerts cardioprotection via a humoral factor that 

can be transferred across species and is able to enhance active force production of the 

myocardium after hypoxia suggesting myocyte Ca2+ regulators as a potential target [129]. Since 

positive inotropic effects have been observed in human trabeculae within 1 h of treatment, freshly 

isolated mouse cardiomyocytes were also incubated for 1 h with plasma dialysates from human 

healthy volunteers with and without remote ischemic conditioning before measurements of 

intracellular Ca2+ kinetics and sarcomere function.
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2 Material and Methods 

2.1 Animal testing 

The mouse is a well-established model organism for myocardial infarction because of its close 

physiological and genetic similarities to humans as well as the ease with which its genome can be 

manipulated and analyzed. In addition, well-characterized genetic models for T2DM exist, such as 

the leptin receptor-deficient db/db mouse. 

The animal experiments were approved and executed according to the guidelines of the German 

Animal Welfare Act, in advance by the North Rhine-Westphalia State Office for Nature, 

Environment and Consumer Protection (LANUV) (Az. 84-02.04.2017.A145). Breeding and 

husbandry of the animals took place under standardized conditions and was performed at the 

Central Facility for Animal Research and Animal Welfare (ZETT) of Heinrich Heine University 

Düsseldorf, Germany. 

2.1.1 Animals used 

Male leptin receptor-deficient, db/db mice aged 10 to 12 weeks were studied for the type II and 

I/R diabetes mellitus combination. To accomplish DIO investigation, male C57BL/6 mice were fed 

for 9 weeks with either a standard diet (control) or a high-fat diet (HFD) and tap water. This 

experimental design resulted in the following two experimental groups: control and HFD.  

These mice were obtained from the breeding group of Prof. Dr. J. W. Fischer from the Institute of 

Pharmacology and Clinical Pharmacology, Heinrich-Heine-University, Düsseldorf, Germany. 

C57BL/6J male mice aged 8 to 9 weeks were used for the RIC dialysates studies. These animals 

were obtained directly from Janvier Labs (Le Genest- Saint-Isle, France). 

2.1.2 Initiation of myocardial infarction 

 

Figure 2.1: Timeline of myocardial infarction performance. LAD = left anterior coronary artery. 
The timing of the experimental procedure is outlined in Figure 2.1.  
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The preoperational LAD ligation was performed three days before ischemia induction (chapter 

2.1.2.1). After the convalescence of the mice for three days, ischemia was induced for 60 minutes 

on day 0 (chapter 2.1.2.2). 10 homozygous (db/db) and 10 heterozygous (db/+) mice were 

operated but 9 db/db and 10 db/+ mice survived the procedure until 10d after I/R which were 

analyzed. The preoperations were performed by Prof. Dr. J.P. Schmitt. The pre-operations of the 

db/db mice were performed by Dr. Simone Gorreßen and Mr. Dominik Semmler.  

2.1.2.1 Pre-operation 

Mice were anesthetized by intraperitoneal injection using xylazine (10 mg/kg body weight) and 

ketamine (60 mg/kg body weight). The effectiveness of anesthesia was checked by pressing the 

paws and mice’s tail root. The mice were placed supine on a heated hot plate (37 °C). Then they 

were intubated and connected to a ventilator (Minivent Mircoventilator, Hugo Sachs Elektronik-

Harvard Apparatus GmbH, March-Hugstetten, Germany). Ventilation was performed with a stroke 

volume of approximately 250 µl at a ventilation rate of 140 breaths per minute with a mixture of 

1/3 oxygen and 2/3 room air. 

During the pre-operation, a suture loop is placed around the LAD, which later closes the vessel by 

tensioning it. A Leica MZ9.5 stereomicroscope (Meyer Instruments, Houston, Texas, USA) was 

used. After thoracotomy was performed between the 3rd and 4th ribs, the pericardium was cut. A 

7-0 suture (7-0 Pro- lene™, Johnson & Johnson Ethicon, Norderstedt, Germany) was carefully 

passed under the LAD, 1 mm away from the tip of the left cardiac ear. The suture was cut from 

the needle, and both ends were threaded through a 1-mm-thick polyethylene ring (PE-10) to form 

a loose loop around the LAD. The thorax was closed with a suture (4-0 Prolene™, Johnson & 

Johnson Ethicon, Norderstedt, Germany) and the ends of the suture loop around the LAD were 

then passed out of the thorax to the left and right of the closure knot. The two ends were knotted 

and placed subcutaneously under the skin on the right side of the thorax. Finally, the skin was 

sutured together with a suture (5-0 Prolene™, Johnson & Johnson Ethicon, Norderstedt, 

Germany) and closed. After the mouse was awake again, ventilation was discontinued. For pain 

relief, the mice were treated subcutaneously with buprenorphine (0.05-1 mg/kg) every 8 hours for 

the following 2 days.  

2.1.2.2 Ischemia induction with closed thorax 

Prior to ischemia induction, mice were anesthetized with a mask through which isoflurane 

(Fluovac, Hugo Sachs Elektronik-Harvard Apparatus GmbH, March-Hugstetten, Germany) was 

flooded. During this procedure, the mice snouts were held in the mask and ventilated with a 

mixture consisting of 1/3 oxygen and 2/3 room air and an isoflurane content of 5% by volume. 

Suction of the isoflurane was performed with a Veterinary Fluosorber (Fluovac Harvard Apparatus, 

Edenbridge, Kent, UK). 
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After the anesthesia, animals were placed on their backs on the operating table. Here, the paws 

were fixed on the warming plate with adhesive tape. The body temperature of the mice was 

maintained at 37 to 37.5 °C throughout the duration of ischemia and monitored with an 

endorectally inserted probe. For occlusion control of the left anterior coronary artery (LAD), mice 

were connected to an electrocardiogram (ECG) (Hugo Sachs Harvard-Apparatus GmbH, March-

Hugstetten, Germany) throughout ischemia induction. The ECG needles were attached to the 

paws. 

Before the skin suture knots were carefully cut and opened, the isoflurane concentration was 

lowered to 2% by volume. After opening the skin, the ligature sutures were carefully dissected free 

from the skin pocket without applying tensile stress. The sutures were then led away to the left 

and right sides, respectively, and attached to a magnetic holder with adhesive tape (Figure 2.2). 

Under constant ECG monitoring, the suture tension was carefully increased by moving the 

magnetic holders apart on the operating table until the ECG showed ST-segment elevation (see 

chapter 2.1.2.3). To ensure 60 minutes of LAD occlusion, suture tension was checked at least 

every 10 minutes. For disinfection and to avoid encrustation during occlusion, the wound was 

treated with Betaisodona® solution (Mundipharm GmbH, Limburg, Germany) and kept moist with 

isotonic saline solution (Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany). 

                                                                                  
Figure 2.2: Illustration of the LAD ligation modified after Teramoto et al [130]. A: Condition at pre-
operation. The suture loop is placed around the left anterior coronary artery, but no tension is yet applied to 
the sutures. Ligation has not yet occurred. B: Ligation of LAD. When the suture is tightened at both ends, 
the polyethylene ring moves downward, and the blood flow is stopped through the LAD at this point.  
 

After 60 minutes of ischemia, both sutures were cut as close to the thorax as possible, and 

reperfusion was initiated. Subsequently, the skin was dressed with a Prolene filament (5-0 

Prolene™, Johnson & Johnson Ethicon, Norderstedt, Germany). Anesthetization of the mice was 

terminated shortly thereafter. Instead of ischemia induction, the animals in the control group were 

anesthetized for one hour but overall underwent the same procedure.  

2.1.2.3 Verification of LAD occlusion by means of ECG 

Occlusion of the LAD, and induction of I/R, were monitored by ECG for 1 hour. At baseline, before 

the suture placed around the LAD was tightened, the basal ECG was recorded using Basic Data 
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Acquisition Software (BDAS; Harvard Apparatus, Holliston Massachusetts, USA). The derivation 

of a normal mouse ECG is shown in Figure 2.3 A. Occlusion of the LAD was evidenced by ST 

elevation in the ECG (Figure 2.3 B). Reperfusion of the ischemic tissue began, after the reopening 

of the LAD. This was evidenced a few minutes later by a slight decrease in ST elevation on the 

ECG (Figure 2.3 C). 

 

 
Figure 2.3: Section of a mouse electrocardiogram (ECG). A: basal ECG before ischemia induction; B: 
ECG with ST elevation after ischemia induction; C: ECG after reopening of the LAD and start of reperfusion. 

2.2 Measurements on isolated cardiomyocytes 

2.2.1 Isolation of cardiomyocytes by retrograde perfusion 

Mice hearts were harvested after 1 hour of ischemia and 10 days of reperfusion. Approximately 5 

to 10 minutes before the mice were killed by cervical dislocation, they were heparinized 

intraperitoneally with 400 U heparin sodium 25.000 (I.U./5 ml) (ratiopharm GmbH, Ulm, Germany). 

Then, within 5 minutes, the heart was removed from the thorax and the aorta was attached to a 

cannula. The cannula should be placed carefully, otherwise, it would pierce the aortic valve and 

the coronary arteries would be displaced, and global perfusion of the tissue via the coronary 

vessels would be disrupted. A syringe filled with PBS was connected to the cannula and blood 

was carefully flushed from the heart. The heart was then connected via the cannula to a tubing 

system filled with Ca2+-free buffer II to flush the remaining blood from the heart. 

 
 

 
 

Figure 2.4: Cannulated heart. The aorta of heart is attached to a cannula with 
the black suture.  
 

 

 

By maintaining a steady temperature of 37 °C, the step was further followed by six minutes of 

perfusion (2.2-2.4 ml/min) with a collagenase solution. The heart was then placed in a Petri dish 

filled with Wash Buffer I. The atria were separated like the infarcted cardiac apex and discarded. 
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This ensured that only cardiomyocytes were later isolated from the non-infarcted cardiac tissue. 

The remote myocardium was transferred in a 50 ml falcon tube together with wash buffer I and 

incubated for 10 minutes at 37 °C. The heart tissue was then transferred back to a Petri dish. 

Using fine scissors, the digested tissue was minced. The tissue pieces were then aspirated with a 

plastic pipette and carefully blown out again. In the process, the cardiomyocytes were dislodged 

from the tissue and brought into solution. Through a nylon mesh (150 µm pore size), the cell 

suspension was filtered, and the remaining tissue pieces were separated from the dissolved cells. 

To wash out the excess BDM, the cell suspension was washed three times with the washing 

buffers containing different concentrations of Ca2+. After sedimenting the cells for ten minutes, a 

pellet was formed. The supernatant was removed, and wash buffer was added to the sedimented 

cell pellet. The cells were first washed with wash buffer I, then with wash buffer II, and finally with 

wash buffer III. At each washing step, the cells were carefully resuspended by inverting them. The 

buffers used are summarized in Table 1. 

Table 1: Buffers and solutions used in the measurement on isolated cardiomyocytes (isolation of 
cardiomyocytes) 

Buffer Composition 

Phosphate 
buffered salt 
solution (PBS) 

137 mM 

2.7 mM 

1.5 mM 

8.3 mM 

 Sodium chloride (NaCl) 

 Potassium chloride (KCl)  

 Potassium dihydrogen phosphate (KH2 PO4)  

 di-sodium hydrogen phosphate (Na2 HPO4) 

 pH 7.4 

Buffer I 

126 mM 

4.4 mM 

1 mM 

add 500 ml 

 Sodium Chloride (NaCl) 

 Potassium Chloride (KCl) 

 Magnesium Chloride (MgCl2) 

 DdH2O (Millipore water) 

Buffer II 

4 mM 

10 mM 

 

30 mM 

11 mM 

 Sodium hydrogen carbonate (NaHCO3)  

 (N-[2-Hydroxyethyl] piperazine-N``-  

 [2-ethane sulfonic acid] (HEPES) 

 2,3 Butanedione monoxime (BDM)  

 Glucose 
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50 ml 

1000 ml 

 Buffer I 

 DdH2 O (Millipore water) 

 pH 7.3-7.35, sterile filtration, filter with 0.22 m pore size 

 (Filtropur S 0.2, Sarstedt Aktiengesellschaft & Co.,   

 Nümbrecht, Germany) 

Buffer III 

4 mM 

10 mM 

11 mM 

50 ml 

1000 ml 

 Sodium hydrogen carbonate (NaHCO3) 

 HEPES 

 Glucose 

 Buffer I 

 DdH2 O (Millipore water) 

 pH 7.3-7.35, sterile filtration, filter with 0.22 m pore size 

 (Filtropur S 0.2, Sarstedt Aktiengesellschaft & Co.,  

 Nümbrecht, Germany) 

Loading buffer 

137 mM 

5.4 mM 

0.5 mM 

10 mM 

5.5 mM 

1000 ml 

 

1 M 

 Sodium chloride (NaCl)  

 Potassium chloride (KCl)  

 Magnesium chloride (MgCl2) 

 HEPES 

 Glucose 

 DdH2 O (Millipore water) 

 pH 7.3-7.35, sterile filtration, filter with 0.22 m pore size  

 Calcium chloride (CaCl2) solution (freshly added 5.0 l to 10 

 ml) 
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Perfusion buffer 

137 mM 

5.4 mM 

1.2 mM 

0.5 M 

10 mM 

 

5.5 mM 

500 M 

1000 ml 

 

 Sodium chloride (NaCl) 

 Potassium chloride (KCl)  

 Calcium chloride (CaCl2) 

 Magnesium chloride (MgCl2)  

 (N-[2-hydroxyethyl] piperazine-N`2-ethane sulfonic acid] 

 (HEPES)  

 Glucose  

 Probenecid 

 DdH2 O (Millipore water) 

 pH 7.3-7.4, sterile filtration, filter with 0.22 m pore size  

 (Filtropur S 0.2, Sarsted Aktiengesellschaft & Co.,   

 Nümbrecht, Germany) 

Collagenase 
solution 

0.4 mg/ml 

20 ml 

0.1 M 

 Collagenase type I (300 U/mg) 

 Buffer II 

 Calcium chloride (CaCl2) solution  

 (Freshly added 5.0 l to 20 ml). 
 The collagenase solution was always freshly prepared.  

Wash buffer I 

 

20 mg/ml 

20 ml 

1 M 

 Albumin Bovine Serum Fraction V 

 Buffer II 

 Calcium chloride (CaCl2) solution (freshly added 2.0 l). 

Wash buffer II 

 

20 mg/ml 

10 ml 

1 M 

 Albumin Bovine Serum Fraction V 

 Buffer II 

 Calcium chloride (CaCl2) solution (freshly added 2.0 l). 

Wash buffer III 

 

20 mg/ml 

5 ml 

5 ml 

1 M 

 Albumin Bovine Serum Fraction V 

 Buffer II 

 Buffer III 

 Calcium chloride (CaCl2) solution (freshly added 2.0 l). 
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2.2.2 Measurement of the myocyte Ca2+ cycle 

2.2.2.1 Fluorescence indicator Fura-2 acetoxymethyl ester 

Ca2+ is a dynamic secondary messenger as it plays an important role in stimulus-response 

reactions of cells. It fluctuates more rapidly than any other intracellular signaling substance. Tsien 

et al. [131] developed the membrane permanent derivative Fura-2 acetoxymethyl ester (Fura-2 

AM; Thermo Fisher Scientific Inc., Waltham, MA, USA) to measure the intracellular calcium 

concentrations by fluorescence. When added to cells, it crosses the cell membrane unhindered 

into the cell interior of the intact cardiomyocyte, due to its four acetoxymethyl ester groups [131]. 

Once it is inside the cell, acetoxymethyl groups are removed by cellular esterases and this removal 

regenerates Fura-2, the pentacarboxylate calcium indicator from Fura-2 AM. Ca2+ binds to the 

released carboxyl groups. 

Fura-2 is a ratiometric indicator that binds to free intracellular calcium [132]. Fura-2 emits light at 

510 nm when excited at 340 and 380 nm of light, whereas the fluorescence intensity at each 

excitation wavelength depends on the calcium concentration (Figure 2.5). At high Ca2+ 

concentration, the fluorescence intensity excites at the wavelength of 340 to 350 nm whereas if 

the Ca2+ concentration is reduced until no more Ca2+ is present in the solution, then the 

fluorescence intensity of Fura-2 shifts to higher wavelengths of 380 to 390 nm. In addition, Fura-

2 ratio allows for the correction of unequal dye loading etc.  

 

 

 

 
     
 
 
 
 
 

 
Figure 2.5: Fluorescence excitation spectra of Fura-2 at different Ca2+ concentrations [133]. Multiple 
solutions containing between 0 and 39.8 µM free [Ca2+], scanned between 250nm and 450nm and emission 
(Em) read at 510 nm. Top right structural formula of Fura-2   

2.2.2.2 The ß-adrenergic receptor agonist isoproterenol 

Isoproterenol is a non-selective β-adrenoreceptor agonist. β-adrenergic stimulation increases the 

amplitude of the action potential plateau but accelerates repolarization and reduces the action 

potential duration. In this regard, β-adrenergic stimulation has been shown to steepen the 
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restitution curve in humans [134]. Protein kinase A also phosphorylates intracellular Ca2+ handling. 

In addition, PKA phosphorylates troponin I, thereby decreases the Ca2+ sensitivity of the troponin 

complex. The effect is to reduce the sensitivity of the contractile machinery to intracellular Ca2+, 

but more importantly to facilitate the release of Ca2+ from the myofilaments which quickens the 

relaxation. PKA also phosphorylates phospholamban, releasing SERCA2 inhibition. Therefore, 

Ca2+ uptake into the SR is accelerated and this too speeds up the relaxation. Activation of 

SERCA2a results in an increase in the Ca2+ content of the SR and if “Ca2+ overload” occurs this is 

expected to increase the spontaneous releases of Ca2+ from the SR.  

2.2.2.3 Sample preparation 

To measure myocyte Ca2+ cycling, isolated cardiomyocytes loaded with Fura-2 were pipetted into 

a small measurement chamber containing perfusion buffer. For each measurement, approximately 

2 to 3 drops of the cell suspension were carefully transferred to the microscope bath with a Pasteur 

pipette. At this bath stage, the cardiomyocytes were continuously rinsed with fresh buffer warmed 

to 37 °C. Into the bath, the fresh buffer was pumped and removed using a roller pump (Ismatec 

Reglo Digital Peristaltic Pump; 4-Channels, Cole-Parmer GmbH, Wertheim, Germany). In the 

buffer solution feed, a heater (micro- Temperature Controller (mTCII, IonOptix, Milton, MA, USA) 

was used to control the buffer temperature and kept it constant at the set value. Inflow and outflow 

each took place at constant pressure and constant flow rate (1 ml/min). 

Further, cells were first recorded in perfusion buffer for 10 to 15 mins and then were switched to 

Isoproterenol solution for ß-adrenergic measurements. Cells were exchanged after 10 mins, by 

sucking off the previous ones using a roller pump and again were switched to perfusion buffer for 

baseline measurement. 

The following perfusion buffers were used: 

• for basal stimulation: perfusion buffer, see Table 1; 

• for ß-adrenergic stimulation: isoproterenol hydrochloride (Sigma-Aldrich, Steinheim, 

Germany) dissolved in perfusion buffer (10-7 M). 

2.2.2.4 Instrument setup 

Right and left electrodes (MyoPacer EP Field Stimulator, IonOptix, Milton, MA, USA) were located 

on the sides of the cardiomyocyte bath. After electrical stimulation was activated with 10 V at 0.5 

Hz, the cardiomyocytes contracted in time. The contraction of the cells was observed under the 

microscope (Myocyte Fluorescence Microscope, MoticAE31 & Olympus Uapo/340 Objective, 

IonOptix, Milton, MA, USA). 

After the activation of electrical stimulation, a suitable cell was selected under the microscope 

based on its surface characteristics and cell shape which includes elongated cylindrical cells and 
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striations. Fine adjustment of the microscope camera (MyoCam-S™, IonOptix, Milton, MA, USA) 

was performed with the help of a monitor so that the selected cardiomyocyte properly filled the 

measurement area and then the measurement was started. Cytosolic Ca2+ concentrations and 

sarcomere shortening were recorded in parallel by keeping the electrical stimulation activated. 

The measurement of sarcomere function is described in chapter 2.2.3. 

2.2.2.5 Measurement of cytosolic Ca2+ concentrations 

The change in cytosolic Ca2+ concentration was detected by Fura-2 fluorescence (HyperSwitch 

Myocyte System, IonOptix, Corporation, Milton, MA, USA). When Fura-2 is bound to Ca2+ the 

emitted fluorescence at 510 nm is greatest when excited at a wavelength of 340 nm. Unbound 

Fura-2 shows the strongest fluorescence at 510 nm at an excitation wavelength of 380 nm (Figure 

2.5). This ratiometric measurement minimizes the influence of photobleaching, inequalities in the 

loading of cardiomyocytes with Fura-2, and differences in cell thicknesses on the measured 

values. 

During the measurement, the excitation wavelengths 340 nm and 380 nm were alternated at a 

frequency of 500 Hz. Thus, F1 at 340 nm and F0 at 380 nm was recorded 250 times per second 

and the ratio F1 /F0 was calculated thus ensuring a high temporal resolution of the Ca2+ kinetics 

measurements. With the activation of electrical stimulation, voltage-dependent L-type Ca2+ 

channels of the ventricular cardiomyocyte are stimulated, depolarization of the sarcolemma 

occurs, and Ca2+ flows into the cell, resulting in the stimulation of the RyR2 and opening for a few 

milliseconds [1] [9]. As a result, Ca2+ is released into the cytosol from the SR where it binds to 

Fura-2. A steep increase in F1 /F0 occurs in the Ca2+ transient (Figure 2.6). This rise represents 

the rate at which Ca2+ is released from the SR via the RyR2. Its amplitude is dependent on the 

amount of Ca2+ released.  

 

 

 

 
 
 
Figure 2.6: Representative Ca2+ 
transient. t0 = time of electrical 
stimulation 
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Diastole is initiated after the rapid Ca2+ increase in the cytosol, and cytosolic Ca2+ is pumped back 

into the SR via SERCA2a. A small fraction leaves the cell via the sodium/calcium exchanger 

(NCX), the plasma membrane calcium ATPase (PMCA), and the mitochondrial uniporter. The 

concentration of cytosolic Ca2+ decreases, and now unbound Fura-2 is increasingly present. The 

decrease of F1 /F0 in the Ca2+ transient determines the rate of Ca2+ from the cytosol into the SR 

via SERCA2a. The measurement of the isolated cardiomyocytes should last at most 15 minutes 

from the onset of electrical stimulation. Thereafter, the cardiomyocytes were aspirated from the 

bath and fresh resuspended cardiomyocytes were pipetted into the measurement chamber. 

2.2.2.6 Measurement of Ca2+ transients of cardiomyocytes treated with plasma 
dialysates 

Ethical approval for the collection and use of the human specimens was granted by the Ethics 

Committee of the University Hospital Essen (Az.20-9250-BO and Az.18-8279-BO). Ca2+ cycling in 

cardiomyocytes was analyzed after treatment with plasma dialysates of human blood samples 

from 10 healthy volunteers (Figure 2.7 A). These volunteers were subjected to RIC by 3 cycles of 

5 min forearm ischemia and reperfusion (blood pressure cuff inflation/deflation). Venous blood 

samples were taken before (“Pre”) and 30 min after (“Post”) the RIC protocol. Frozen serum 

samples were provided by Prof. Petra Kleinbongard, Institute of Pathophysiology, University 

Hospital Essen, who guided the human studies. The day before the experiment, samples were 

thawed and plasma-dialysates were prepared (12-14 kDa dialysis tubing; dialysis over night at 

4°C against sample buffer in a 1:5 volume ratio). Isolated mouse cardiomyocytes (C57BL/6) were 

exposed to the dialysates for 30 min. Next, the myocytes were incubated into hypoxia buffer and 

the buffer was overlayed with a layer of mineral oil for 50 min at room temp followed by 

reoxygenation of 5 min. Finally, they were loaded with the fluorescent Ca2+ indicator Fura-2 and 

paced (0.5 Hz) to measure cytosolic Ca2+ and sarcomere length during contractile cycles (Figure 

2.7 B). 
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Figure 2.7: Illustration of treatment of cardiomyocytes with plasma dialysates. A: Representative 
blood sampling before and after RIC modified after Heusch [135]. B: Schematic showing the sequence of 
the experimental steps. 

2.2.3 Measurement of sarcomere length 

As already described in the measurement of the myocyte Ca2+ cycle (chapter 2.2.2), during each 

electrical stimulation, the IonOptix instrument (HyperSwitch Myocyte System, IonOptix, Milton, 

MA, USA) measures the sarcomere function and Ca2+ cycle simultaneously. The changes in 

cytosolic Ca2+ concentration is detected via fluorescence recordings. The contractile amplitude as 

well as the contraction and relaxation of the sarcomeres were analyzed via video recordings 

(MyoCam-S™, IonOptix Corporation, Milton, MA, USA). Initially, it is important to align the striation 

pattern in a vertical way within the field of view to get a proper sarcomere length measurement. A 

small section of the sarcomeres must be selected on the screen known as the region of interest 

(ROI) where sarcomere length is measured (Figure 2.8). Ideally, this is an area that should be 

defined, where the striped pattern of the sarcomeres is clearly visible. The ROI is the square 

enclosed by the magenta box in the video display and can be repositioned and resized at each 

cell. The selection of the ROI depends on the height and length of the ROI.  

“Pre / Post” 
dialysate

Hypoxia 
buffer
45 mins

Re-
oxygenization

5 mins

Measurements of 
calcium transients and 
sarcomere length

Blood 
sampling 
Blood 
sampling 
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Figure 2.8: Selection of the user-defined region of interest of 
a cardiomyocyte for the measurement of Ca2+ transients and 
sarcomere function. 

 
 

The approach used by the software is to estimate the frequency of the striation pattern located in 

the ROI, i.e., how many sarcomeres can be found per µm (Figure 2.8). It measures the distances 

between the stripes, acquiring 1000 data points per second. A fast Fourier transform (FFT) is 

calculated. The average sarcomere spacing is represented by the peak within the power spectrum, 

measured in real-time. When the basal resting phase ends and electrical stimulation occurs, the 

shortening of the contractile amplitude starts at time t0 (Figure 2.9). It becomes maximal at the 

curve minimum. The rate at which the minimum of the function is reached after stimulation is 

determined by contraction velocity. On the other hand, the relaxation velocity measures the speed 

of the sarcomere relengthening before the electrical stimulation is regained. 

 
 
 
 
Figure 2.9: Representative 
sarcomere function. t0 = time at 
which the electrical stimulation 
takes place. 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.4 Evaluation of Ca2+ transients and sarcomere function 

The calculation of Ca2+ transients and the sarcomere functions recorded from each cardiomyocyte 

in parallel were evaluated to determine whether they were suitable for further evaluation. Selection 

criteria were: The amplitude of the sarcomere function and Ca2+ transient should be greater than 

0.03 µm and the slope of the Ca2+ transient should be of maximum transition without side maxima. 

A cell should contract by electrical stimulation, not by spontaneous contraction and a clear stripe 

pattern should be recognizable to evaluate the sarcomere function of a cardiomyocyte. At least 



Material and Methods 43 

ten sarcomere functions and Ca2+ transients were selected from each measured cardiomyocyte 

for further analysis. 

Ion Wizard software (version 6.4, IonOptix, Milton, MA, USA) was used to evaluate the Ca2+ 

transients and sarcomere functions. The 10 transients or sarcomere functions of a cardiomyocyte 

were added up and averaged. From this averaged transient or averaged sarcomere function, 

parameters were then calculated, e.g., amplitude, rise, and decline of Ca2+ concentration. These 

characteristic parameters represent the arithmetic mean value from 10 cardiomyocytes with 10 

transients averaged per myocyte for each mouse heart.  

2.2.4.1  Determination of the speed of Ca2+ increase in the cytosol 

The speed of Ca2+ released from the SR into the cytosol can be determined from the increase of 

the Ca2+ transient which increases almost linearly after electrical stimulation. Thus, the speed of 

Ca2+ increase (VIncrease) was calculated using the time tp75%  (time to 75% of the peak height) after 

which the amplitude increased by 75% (Figure 2.10).  

 

Figure 2.10: Determination of the speed of Ca2+ increase 

2.2.4.2 Determination of the speed of Ca2+ decrease from the cytosol 

After passing through the maximum, the rate at which Ca2+ is eliminated from the cytosol and 

reabsorbed into the SR can be seen from the drop in the Ca2+ transient. The Ca2+ transient drops 

almost linearly once it has reached the maximum. Only towards the end of Ca2+ transient decay, 

its speed significantly decelerates. The time tbl75%, (time to 75% of the baseline) at which 75% of 

the maximum amplitude had dropped, was evaluated to determine the speed of the Ca2+ decrease 

(VDecrease) (Figure 2.11). 
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Figure 2.11: Determination of the speed of Ca2+ decrease 

2.2.4.3 Determination of the contraction velocity of the sarcomeres 

The sarcomeres contract almost linearly immediately after stimulation. Therefore, the time tK75% 
(time to 75% of the contraction) was evaluated to determine the contraction speed (VContraction), 

after which the contraction has reached 75% of its maximum (Figure 2.12). 

 

Figure 2.12: Determination of the contraction velocity from the sarcomere function 

2.2.4.4 Determination of the relaxation speed of sarcomeres 

After the sarcomere function has passed through the minimum, it increases again almost linearly 

in the first phase. The time tR75% (time to 75% of the relaxation) was therefore evaluated to 

determine the relaxation speed (VRelaxation), after which the sarcomere function had risen again to 

75% (Figure 2.13). 
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Figure 2.13: Determination of the relaxation velocity from the sarcomere function 

2.3 Protein analysis 

2.3.1 Work steps 

Western blot is a method which is used to detect specific protein molecules from among a mixture 

of proteins by transferring it to a carrier membrane and subsequently a protein of choice can be 

quantitatively evaluated. The preparation steps are described in the following subchapters.  

2.3.2 Production of the heart lysates 

The heart was removed by killing the mice via cervical dislocation and the atria were discarded. 

Similarly, the heart infarcted apex was separated from the noninfarcted tissue. The middle portion 

between the infarcted area and the nonischemic tissue was generously eliminated to ensure that 

the remote tissue is free from the infarcted tissue and tissue of the marginal zones of infarction. 

The remote tissue samples were briefly placed in 0.9% NaCl solution to rinse out blood. Then 

immediately, they were frozen in liquid nitrogen and stored at -80°C. 

To prepare the heart lysates, the frozen heart tissues were each placed in 1 mL of preparation 

buffer and cooled on ice. An Ultra Turrax IKA® T10 basic (IKA® Works, Inc., Wilmington USA) 

was used to homogenize the heart tissue samples. Each tissue sample was homogenized with 

ice for 10 seconds under cooling in three consecutive intervals, waiting 10 seconds between each 

interval. The cardiac lysates were then aliquoted, and Laemmli buffer (Table 2) was added in a 

1:2 ratio to some of the aliquots. 
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Table 2: Buffers used in protein analysis (preparation of heart lysates) 

2.3.3 Quantitative detection of the amount of protein using the BCA method 

The bicinchoninic acid assay (BCA assay) is an assay, which is used to determine the total 

concentration of protein in a solution (0.5 μg/mL to 1.5 mg/mL). The total protein concentration is 

indicated by a color change of the sample solution from green to purple in proportion to protein 

concentration, which can then be measured using colorimetric techniques. The protein 

concentration present in a solution can be quantified by measuring the absorption spectra and 

comparing it with protein solutions of known concentration.  

For protein concentration determination in the heart lysates, they were diluted 1:5 with distilled 

water and mixed 25 µL + 200 µL with a reagent consisting of Pierce™ BCA Protein Assay Reagent 

B and Pierce™ BCA Protein Assay Reagent A (Thermo Scientific, Rockford, USA) (composition 

1:50). Bovine serum albumin (BSA) dilution series served as the standard. The evaluation of 

protein levels was done photometrically at a wavelength of 562 nm using the Synergy™ Mx 

Microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). 

Buffer Composition 

Preparation buffer 

10 mM 

0.5 mM 

 

0.5 % 

0.1 % 

0.1 % 

140 mM 

 Trishydromethylaminomethane (Tris) (50 mM), pH 8.0   

 Ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-Tetra- 

 Acetic acid (EGTA) 

 Titron-X 100 

 Deoxycholic acid Titron-X 100 

 Sodium dodecyl sulphate (SDS) 

 Sodium chloride (NaCl) 

 

Laemmli buffer 

 

1.5 mg 

0,6 g 

3ml 

3.9 ml 

10 ml 

 Bromophenol blue 

 Sodium dodecyl sulfate (SDS)  

 Glycerol 

 Trishydromethylaminomethane (Tris) (50 mM), pH 6.8 

 DH2 O (Millipore water) 
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2.3.4 Polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gel electrophoresis (SDS-PAGE) is the most used method that ensures the 

dissociation of the proteins into their individual polypeptide subunits in accordance with their 

size. An anionic detergent SDS (Sodium Dodecyl Sulfate) is used in combination with a reducing 

agent followed by heating to break ionic and disulfide bonds of the proteins before they are loaded 

on the gel. When the denatured proteins bind to SDS, they become negatively charged. According 

to the size of the polypeptide, SDS-polypeptide complexes travel through polyacrylamide gels 

when an electric current is applied between the electrodes. This is because the amount of SDS 

bound is independent of its sequence and is proportional to the protein’s molecular weight. For 

this purpose, two types of polyacrylamide gels were used: 1. A stacking gel that concentrates all 

proteins in one band and 2. a separating gel that allows to separate the proteins subsequently 

based on their molecular weight (Table 3). After polymerization is complete (around 30-40 min), 

the stacking gel is layered directly on to the surface of the separating gel which is prepared using 

2-5% of acrylamide and separating gel is prepared using 5-15% acrylamide. 

The same amount of protein should be loaded in a pre-determined order to each gel pocket. In 

addition, a marker (Prestained Protein Molecular Weight Marker, Fermentas, Thermo Fisher 

Scientific, Waltham, MA, USA) was applied to estimate the molecular weight of the polypeptide 

chain(s). At an electrical voltage of 80 V (PowerPacTM Basic Power Supply, Bio Rad Laboratories 

GmbH, Munich, Germany), the proteins were separated for approximately 20 minutes until the dye 

front has moved into the separating gel. Thereafter, the voltage was increased to 150 V for one 

hour. 

Table 3: Buffers and gels used in protein analysis (gel electrophoresis) 

Buffer Composition 

10 x running  buffer 

250 mM 

1.9 mM 

1 % 

 Trishydromethylaminomethane (Tris) 

 Glycine 

 Sodium dodecyl sulfate (SDS) 

1 x lysis buffer 

1 % 

1 mM 

10 mM 

 Sodium dodecyl sulfate (SDS) 

 Phenylmethylsulfonyl fluoride (PMSF) 

 Trishydromethylaminomethane (Tris), pH 7.4 

Separating gel (15 
%) 

2.13 ml 

1.97 ml 

 DdH2 O (Millipore water)  

 Separating gel buffer 
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2.3.5 Western blot 

The transfer stack was constructed in the form of a layered structure. Gel and transfer membrane 

(Immobilon® -P Transfer Membrane, Millipore, Merck KGaA, Darmstadt, Germany) were arranged 

on top of each other and sandwiched between three layers of Whatman® Chromatography Paper 

(Whatman® 3 mm Chr Chromatography Paper, GE Healthcare Life Sciences, Buckinghamshire, 

UK). Prior to placement of the membrane on the gel, it was activated with 100% methanol for 30 

seconds and then rinsed with Western blot buffer. 

The stack was terminated on both sides with a blotting sponge. The transfer stack was then placed 

in the blot chamber with the membrane opposite to the anode (+) and the gel opposite to the 

cathode (-). Once the voltage is applied, the electric field is directed perpendicular to the 

membrane and gel. The chamber was filled with Western blot buffer. Protein transfer was 

performed at a constant voltage of 100 V for 1 hour. After the transfer, unspecific binding sites on 

the membrane were blocked using 0.5% block milk (see Table 4) and the SNAP i.d.® 2.0 Protein 

Detection System (Merck KGaA, Darmstadt, Germany). Membranes were incubated with one of 

the primary antibodies in a chilled glass Petri dish at 4 °C on a shaker overnight. Primary 

antibodies were dissolved in 5% block milk. The next day, the primary antibody was withdrawn 

3.79 ml 

3.9 µl 

51.1 µl 

 Acrylamide/ Bis-acrylamide (30 %) 

 N, N, N`, N`-tetramethylethylenediamine   (TEMED) 

 Ammonium persulfate (APS) (100mg/ml) 

Separating gel 
buffer 

1.5 M 

0.4 % 

 Trishydromethylaminomethane (Tris) 

 Sodium dodecyl sulfate (SDS)  

 pH 8.8 

Collection gel 

2.06 ml 

825 µl 

412.5 µl 

3.3 µl 

33 µl 

 DdH2 O (Millipore water) 

 Collection gel buffer 

 Acrylamide/ Bis-acrylamide 

 N, N, N`, N`-tetramethylethylenediamine (TEMED)  

 Ammonium persulphate (APS) 

Collecting gel buffer 

0.5 M 

0.4 % 

 Trishydromethylaminomethane (Tris) 

 Sodium dodecyl sulfate (SDS)  

 pH 6.8 
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from the Petri dish and frozen at -20°C. The primary antibodies were reused up to five times. 

Membranes were then washed four times with 30 ml of TBST buffer, each in the SNAP i.d.® 2.0 

Protein Detection System. Then, the corresponding secondary antibody was attached to the 

membrane for 10 minutes followed by four more washes with TBST buffer and finally, the 

membrane was placed in a Petri dish filled with ECL reagent (Immobilon™ forte, Millipore 

Corporation, Billerica, MA, USA). Secondary antibodies were dissolved in 0.5% block milk. 

Table 4: Buffers and solutions used in protein analysis (Western blot) 

2.3.6 Western Blot Imaging 

The images of Western blots were taken by using UVP ChemStudio imaging system (UVP 

ChemStudio™, Analytik Jena, USA). In this gel and blot imagers, no film is required for imaging. A 

clear visual of faint bands and finer details of images are possible with an integrated 13.3-inch, 

wide touch-screen computer. Large and visible icons on the VisionWorks touch Software, 

enhances the accessibility for improved and efficient workflow. For quick selection of various gel 

and blot applications, image capture and enhancement are automated with application-based 

icons. 

Buffer Composition 

Block milk   Milk powder in TBST buffer (0.5 %; 5 %) 

10 x TBS 
100 mM 

1.5 mM 

 Trishydromethylaminomethane hydrochloride (Tris / HCl) 

 Sodium chloride (NaCl), pH 7.4 

1 x TBST 

1 x 

0.1% 

1000 ml 

 TBS 

 Tween  20  

 DdH2 O (Millipore water) 

Western blot 
buffer 10x 

15.15 g 

56.25 g 

500 ml 

500 ml 

 Trishydromethylaminomethane (Tris) 

 Glycine 

 Methanol (10 %)  

 DdH2 O (Millipore water) 
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2.4 Statistics 

The software program i.e., used for analysis is ion wizard 6.4 which performs a standard analysis 

of data with contractility and Ca2+ transients. The software integrates the presentation of 

fluorescence traces and images analog voltages and cell length data. It analyses raw data by 

performing ratio, ion, or linear calibration calculations. Statistical analyses were executed using 

the software GraphPad Prism 9.4.0 (Graph- Pad Software, Inc., La Jolla-San Diego, CA, USA). 

Two groups were compared by unpaired, two-sided Student's t-test. 2-way ANOVA was used to 

compare data sets of more than 2 groups followed by correction of P-values using Tukey’s multiple 

comparisons test. P < 0.05 was considered as statistically significant. Data were presented as 

mean ± standard error (SEM) from N independent experiments. 
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3 Results  

3.1 Diabetes mellitus type II 

People who have type II diabetes mellitus (T2DM) are at increased risk of acute myocardial 

infarction, and mortality in diabetic patients is higher immediately after MI compared with non-

diabetics after MI [136]. Therefore, it is important to better understand the mechanisms of 

maladaptation of the diabetic heart occurring during this early period. The remote myocardium 

compensates for the loss of function of the ischemic myocardium. This work investigated the size 

and velocity of intracellular Ca2+ cycling in remote myocardium 10 days after I/R during the 

proliferative phase of infarct healing when ventricular remodeling of cardiac tissue occurs. It 

pursued the hypothesis that T2DM impairs electromechanical coupling and sarcomeric function 

and thereby impedes important early adaptive ventricular remodeling of the remote myocardium. 

Leptin receptor-deficient db/db mice exhibiting typical characteristics of T2DM from 9 to 10 weeks 

of age were used as a model organism (for more details, see chapter 1.7.2) because at this age, 

weight, and blood glucose levels were already significantly elevated, but cardiac function was still 

intact. The db/db mice do not yet develop heart failure at this age, but they are insulin resistant  

[137]. To analyze the comorbidity of MI and T2DM, both groups, i.e., db/db mice and db/+ mice, 

were subjected to 1 hour of ischemia followed by 10 days reperfusion (for performance, see 

chapter 2.1.2). Subsequently, it was investigated whether - and, if so, why - the size and velocity 

of intracellular Ca2+ fluxes as well as sarcomere function change in isolated remote 

cardiomyocytes comparing mice with (db/db) and without (db/+) the diabetic metabolic state. 

3.1.1 Size and velocity of intracellular Ca2+ cycle 

Measurement of Ca2+ kinetics and Ca2+ amount (chapter 2.2.2.5) was performed on remote 

cardiomyocytes isolated from 9 homozygous (db/db) hearts and 10 heterozygous (db/+) hearts. 

The Ca2+ transients were determined and evaluated according to the procedure described in 

chapter 2.2.4. 

3.1.1.1 Peak Height (amplitude) of Ca2+ Transients 

Figure 3.1 shows the peak height (amplitude) of the measured Ca2+ transients. For each heart, 10 

cells were measured and the amplitude of 10 Ca2+ transients was averaged. The amplitude is 

proportional to the amount of Ca2+ released from the SR into the cytosol after electrical stimulus 

at time t0. At 10 days after I/R, the amount of Ca2+ released from the SR into the cytosol after each 

electrical stimulation in db/db cardiomyocytes was only 73±3% of that in db/+; P = 0.15). Upon 

isoproterenol stimulation, there was an increase in the peak height by 86±15% (P < 0.0001) in 
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db/+ and by 53±7% (P = 0.03) in db/db groups. After stimulation with the β-adrenoceptor agonist 
isoproterenol (10-7 M), the peak height, reflecting the amount of Ca2+ released into the cytosol, in 

remote cardiomyocytes of db/db was was only 58±3% of the size in remote cardiomyocytes from 

the non-diabetic db/+ mice (P < 0.0001) (Figure 3.1). Therefore, PKA stimulation did not normalize 

the amount of Ca2+ released after electrical stimulation but even enhanced the impairment of 

cytosolic Ca2+ increase in the db/db mouse model of diabetes mellitus type 2. 

 
Figure 3.1: Amplitude of Ca2+ transients 
at baseline and after β-adrenergic 
stimulation of remote cardiomyocytes 
from db/db and db/+ mice 10 days after 
ischemia and reperfusion injury (I/R). 
The bar graphs show mean values of the 
amplitudes of Ca2+ transients ± SEM. 
Remote cardiomyocytes from N = 10 db/+ 
(non-diabetic) and N = 9 db/db (diabetic) 
hearts. ★ P < 0.05; ★★★★ P < 0.0001;  
DF340/380nm = change of fluorescence 
intensity induced by 340nm over 380nm 
excitation; iso = isoproterenol; ns = not 
significant.  

 

 

 

 

With the reduced amount of Ca2+ released from the SR into the cytosol, the question was 

addressed whether the speed of SR Ca2+ release is also altered in cardiomyocytes with diabetic 

metabolic state. 

3.1.1.2 Speed of Ca2+ increase 

Like amplitude, the rate of Ca2+ increase in the cytosol also showed a trend decrease in db/db and 

was only 63±2% of the speed in db/+ (P = 0.57) in remote cardiomyocytes at baseline. After 

stimulation of cardiomyocytes with isoproterenol, the rate of Ca2+ increase was significantly 

enhanced in db/+ by 196±33% (P < 0.0001) and by 140±11% (P = 0.004) in db/db. This increase 

was more pronounced in db/+ remote cardiomyocytes, so that the speed of Ca2+ transient increase 

in db/db now was only 48±2% (P < 0.0001) compared to db/+ remote cardiomyocytes (Figure 3.2). 
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Figure 3.2: Speed of Ca2+ increase at 
baseline and after β-adrenergic 
stimulation of remote cardiomyocytes 
from db/db and db/+ mice 10 days after 
I/R.  The bar graphs show mean values of 
Ca2+ velocity ± SEM. Remote 
cardiomyocytes from a total of N = 10 db/+ 
(non-diabetic) and N = 9 db/db (diabetic) 
hearts per group. ★★ P < 0.01; ★★★★ P < 
0.0001; Ca2+ = free calcium; DF340/380nm/s 
= change of fluorescence intensity induced 
by 340nm over 380nm excitation per 
second; iso = isoproterenol; ns = not 
significant.  
 
 
 
 
 
 
 
 
 

3.1.1.3 Speed of Ca2+ decrease 

During diastole, approximately 92% of cytosolic Ca2+ in mouse cardiomyocytes is pumped back 

into the SR via SERCA2a and 7% is eliminated from the cell via the NCX [11]. 10 days after I/R, 

the rate of Ca2+ decrease in remote db/db cardiomyocytes was only 56±7% of the rate in remote 

db/+ cardiomyocytes (P = 0.52). The speed of cytosolic Ca2+ elimination showed an increase by 

162±42% (P < 0.0001) in db/+ and by 150±9% (P = 0.02) in db/db groups after isoproterenol 

stimulation, so that the rate of Ca2+ reuptake into the SR after stimulation with isoproterenol in 

remote db/db cardiomyocytes was still only 60±2% of the rate in remote db/+ cardiomyocytes (P < 

0.01; Figure 3.3).  
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Figure 3.3: Speed of Ca2+ decrease at 
baseline and after β-adrenergic 
stimulation of   cardiomyocytes from 
db/db and db/+ hearts 10 days after I/R. 
The bar graph shows mean values of Ca2+ 
velocity ± SEM. Remote cardiomyocytes 
from a total of N = 10 db/+ (non-diabetic) 
hearts N = 9  db/db (diabetic) per group. ★ P 
< 0.05; ★★ P < 0.01; ★★★★ P < 0.0001; Ca2+ = 
free calcium; DF340/380nm/s = change of 
fluorescence intensity induced by 340nm 
over 380nm excitation per second;; ns = not 
significant.  
 
 
 
 
 
 
 
 
 
 

 
Taken together, a strong trend towards slowed velocity of the intracellular Ca2+ cycle and a 

reduced SR Ca2+ release were observed in remote db/db compared with db/+ remote 

cardiomyocytes 10 days after one hour of LAD occlusion. Upon β-adrenergic stimulation, this 

difference between mice with and without diabetic metabolic state became highly significant. The 

amplitude was smaller, and cytosolic Ca2+ release and Ca2+ reuptake into the SR were slowed. 

3.1.2 Sarcomere function 

Ca2+ mediates sarcomere function thus, we wanted to check the functional consequences of 

altered Ca2+ cycling. The measurement of sarcomere function (2.2.3) was performed in parallel 

with the measurement of myocyte Ca2+ kinetics in isolated remote cardiomyocytes 10 days after 

I/R. The evaluation of the sarcomere function was performed according to the procedure outlined 

in chapter 2.2.4. The cells analyzed or evaluated were selected according to the following criteria: 

Sarcomere function of a cardiomyocyte was measured if a clear stripe pattern was evident, and 

the cardiomyocyte could be electrically stimulated (0.5 Hz), i.e., the contractile amplitude of the 

sarcomere function had to be greater than 0.03 µm. Isoproterenol was applied in the same manner 

as for measurements of Ca2+ cycling (see 3.1.1) to evaluate the effects of β-adrenergic stimulation 

on sarcomere contraction and relaxation of remote cardiomyocytes with and without diabetic 

metabolic state (method see 2.2.3). 

Raw values were obtained for each cell as the mean of at least 10 contractile cycles. Nine (db/db) 

hearts with diabetic metabolic state and ten (db/+) hearts without diabetic metabolic state at the 

age of 8 to 9 weeks were evaluated. 
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3.1.2.1 Contractile Amplitude 

After 1 hour of ischemia and after 10 days of reperfusion, the contractile amplitude of sarcomeres 

in remote cardiomyocytes was smaller by trend in db/db compared to db/+ (0.21±0.01 µm versus 

0.18±0.01 µm; p=0.43; Figure 3.4). Upon isoproterenol stimulation, the increase in the contractile 

amplitude was 16±9% (P = 0.46) in db/+ and 27±10% (P = 0.22) in db/db groups. After β-

adrenergic stimulation, contractile amplitudes of db/db and db/+ sarcomeres were virtually 

identical (P = 0.78; Figure 3.4). 
 
Figure 3.4: Contractile amplitude at 
baseline and after β-adrenergic 
stimulation of sarcomeres from remote 
cardiomyocytes of db/db and db/+ mice 
10 days after I/R. The bar graph shows 
mean values of contractile amplitude ± 
SEM. Remote cardiomyocytes from a total 
of N = 10 db/+ hearts and N = 9 db/db 
hearts. iso = isoproterenol; ns = not 
significant. 
 
 
 
 
 
 
 
 
 
 
 

3.1.2.2 Speed of contraction 

The contraction velocity was lower by trend in db/db remote cardiomyocytes compared to db/+ at 

baseline (2.0±0.1 µm/s versus 2.4±0.2 µm/s P = 0.56). After stimulation of cardiomyocytes with 

isoproterenol, the speed of contraction was significantly enhanced in db/+ by 55±12% (P = 0.002) 

and 75±15% (P = 0.001) in db/db; Figure 3.5).  
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Figure 3.5: Contraction velocity at 
baseline and after β-adrenergic 
stimulation of sarcomeres from remote 
cardiomyocytes of db/db and db/+ mice 
10 days after I/R. The bar graph shows 
mean values of contraction velocity ± SEM. 
Remote cardiomyocytes from a total of N = 
10 db/+ hearts and N = 9 db/db hearts. ★★ P 
< 0.01; ★★★ P < 0.001; iso = isoproterenol; ns 
= not significant. 
 
 
 
 
 
 
 
 
 
 
 

3.1.2.3 Speed of relaxation 

As with contraction velocity, the velocity of sarcomere relaxation velocity in remote cardiomyocytes 

10 days after I/R was lower by a small trend in db/db compared with db/+ remote cardiomyocytes 

under basal conditions (0.65±0.04 µm/s versus 0.70±0.05 µm/s P = 0.92). The speed of relaxation 

was increased by 47±10% (P = 0.004) in db/+ and 47±11% (P = 0.01) in db/db after isoproterenol 

stimulation resulting in similar relaxation velocities in both groups (P = 0.81; Figure 3.6). 

 
Figure 3.6: Relaxation velocity at baseline 
and after β-adrenergic stimulation of 
sarcomeres from remote cardiomyocytes 
of db/db and db/+ mice 10 days after I/R. 
The bar graph shows mean values of 
relaxation velocity ± SEM. Remote 
cardiomyocytes from a total of N = 10 db/+ 
hearts and N = 9 db/db hearts. ★P < 0.05; ★★P 
< 0.01; iso = isoproterenol; ns = not significant.  
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Overall, measurements of sarcomere lengths in intact isolated primary cells 10 days after I/R 

showed that Ca2+ kinetics were slowed in remote cardiomyocytes of db/db hearts compared with 

db/+. β-adrenergic stimulation did not normalize the slowed Ca2+ circulation in db/db 

cardiomyocytes; in fact, the differences between both groups reached significance upon 

isoproterenol treatment of cells. 

Little dysfunction of cardiomyocyte sarcomeres was noted in db/db compared with db/+ remote 

cardiomyocytes 10 days after I/R. The difference was less than expected with regards to the 

observe Ca2+ defects in db/db remote myocardium, and it did not reach significance between both 

genotypes for any of the investigated parameters.  

3.1.3 Expression of Ca2+ regulatory proteins in the remote myocardium  

In the experiments described in 2.3, Western blot analyses were performed under the supervision 

of Dr. rer. nat. Florian Funk (from the workgroup of Prof. Dr. J.P. Schmitt). Potential causes for 

impaired myocyte Ca2+ cycling include changes of expression, interaction, and activity of Ca2+ 

regulatory proteins. To investigate the expression levels Western blot was performed (Figure 3.7-

Figure 3.9). Unlike human myocytes, where at least 25% of diastolic Ca2+ removal from the cytosol 

is accomplished by NCX, the sarcolemmal Ca2+ ATPase (PMCA) and the mitochondrial Ca2+ 

uniporter (MCU), the sarcoplasmic reticulum (SR) accounts for ~93% of cytosolic Ca2+ changes 

during each cardiac cycle in small rodents. Therefore, the focus was on the expression analyses 

of the Ca2+ regulatory proteins of the SR. The determined protein expression was normalized to 

calsequestrin (CASQ), a stably expressed myocyte-specific protein. Phosphorylation was 

normalized to the total amounts of the respective protein (for RyR2, PLN, TnI). For equal loading 

of the gel, protein amounts were determined by the BCA method (see chapter 2.3.3).  

Because β-adrenergic agonists increase the function of Ca2+ regulators through PKA-dependent 

phosphorylation, the phosphorylation state of these phosphorylation sites was determined in this 

work. Phospholamban is a main regulator of cardiac contractility and inhibits SERCA2a activity by 

lowering its affinity for Ca2+ in its dephosphorylated state. Upon phosphorylation of PLN, which is 

mediated through b-adrenergic stimulation, and enhanced cyclic AMP-dependent protein kinase 

A activity, the inhibitory effect of phospholamban on the function of SERCA is relieved. This leads 

to increased initial rates of SR Ca2+ uptake, accelerated relaxation, and enhanced SR Ca2+ load, 

which is available for release through the ryanodine receptor resulting in enhanced contraction. 

Therefore, PLN, SERCA2A, and RyR2 at Ser(2808) were first examined. Since it is known that 

PLN is predominantly present as a pentamer, but only the PLN monomer inhibits SERCA2A by 

direct interaction, the focus was on PLN monomer expression and the petnamer to monomer 

ratios. Expression analysis of SERCA2a (Figure 3.7), and PLN monomers (Figure 3.8) showed no 

differences between db/db and db/+ hearts, neither without I/R injury, nor in remote myocardium 

10 days after I/R. Of note, there was a trend towards higher expression of PLN monomers due to 
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a shift in the pentamer-to-monomer ratio 10 days after I/R. However, the blot analyses for RyR2 

at Ser(2808) showed a reduction 10 days after I/R but this could not be quantified for 

phosphorylation site of Ser(2808). Furthermore, we examined the expression of S100A1 that 

interacts with and can modify SERCA2a and PLN function. The expression of S100A1 did not 

differ between db/+ and db/db at baseline and also not 10 days after I/R (P=0.05; Figure 3.9). 

Thus, it can be concluded that impaired Ca2+ cycling in myocytes of the RM 10 days after I/R does 

not seem to be caused by altered expression of the central SR Ca2+ regulatory proteins. 

 

Figure 3.7: Western blot analyses of the sarco-/endoplasmic Ca2+ ATPase 2A (SERCA2A). 
Representative gel images and bar graphs showing mean protein expression ± SEM in hearts without I/R 
(baseline) and in the remote myocardium 10 days after I/R; P-values were calculated by 2-way ANOVA. 
CASQ = Calsequestrin; PLN = phospholamban; I/R = ischemia/reperfusion; ns = not significant. 
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Figure 3.8: Western blot analyses of phospholamban (PLN). Representative gel images and bar graphs 
showing mean protein expression ± SEM in hearts without I/R (baseline) and in the remote myocardium 10 
days after I/R; P-values were calculated by 2-way ANOVA. ★ P < 0.05; CASQ = Calsequestrin; I/R = 
ischemia/reperfusion; ns = not significant. 
 

  

Figure 3.9: Protein expression of S100A1 10 days after I/R. Representative Western blot analyses and 
bar graphs showing mean protein expression ± SEM in hearts without I/R (baseline) and in the remote 
myocardium 10 days after I/R; P-values were calculated by 2-way ANOVA. CASQ = Calsequestrin; I/R = 
ischemia/reperfusion; ns = not significant. 

3.1.4 Activity measurement of regulators of myocytic Ca2+ cycle  

In addition to the protein expression of Ca2+ regulators, their phosphorylation status and thus their 

activity was measured.  We first examined the phosphorylation status of PLN monomers that had 

been found significantly decreased in phosphorylation at the PKA-dependent phosphorylation site 

Ser16 in remote myocardium 24 hours after I/R [138]. In addition, the CaMKII-dependent 

phosphorylation site of PLN at Thr17 was examined. The kinetics of SR Ca2+ cycling largely 
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depend on the phosphorylation status of PLN. PLN phosphorylation was assessed using regular 

SDS gels and anti-phospho-PLN(Ser16) and anti-phospho-PLN(Thr17) antibodies (Figure 3.10; 

Figure 3.11). 

For S16, we found more unphosphorylated PLN monomers, the PLN species that inhibits 

SERCA2a, in RM 10 days after I/R in both db/db and db/+ hearts compared to hearts without I/R 

(P < 0.001; Figure 3.10). While S16 phosphorylation was slightly reduced in db/db at baseline 

(P<0.05), no differences in PLN phosphorylation between db/db and db/+ were observed in the 

RM, neither for S16 nor for T17. In contrast to S16, Western blot analyses using phospho-specific 

antibodies demonstrated increased phosphorylation of PLN at Thr17 in the RM 10 days after I/R 

compared to non-infarcted myocardium fo both db/+ and db/db hearts (P<0.0001; Figure 3.11). 

  

Figure 3.10: Phosphorylation of PLN monomers at Ser16 and pentamer-to-monomer ratios of PLN. 
Representative Western blot analyses and bar graphs showing mean values ± SEM in hearts without I/R 
(baseline) and in the remote myocardium 10 days after I/R from N = 7-8 hearts per group. P-values were 
calculated by 2-way ANOVA. ★★★ P < 0.001; ★★★★ P < 0.0001; PLN = phospholamban; pPLN (Ser16) = 
phospho-phospholamban (serine16); I/R = ischemia/reperfusion; ns = not significant. 
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Figure 3.11: 
Phosphorylation of PLN 
monomers at Thr17. 
Representative Western 
blot analyses and bar 
graphs showing mean 
values ± SEM in hearts 
without I/R (baseline) and in 
the remote myocardium 10 
days after I/R from N = 7-8 
hearts per group. * P-values 
were calculated by 2-way 
ANOVA. ★★★★P < 0.0001; 
PLN = phospholamban; 
pPLN (Thr17) = phospho-
phospholamban (Thr17); I/R 
= ischemia/reperfusion; ns = 
not significant. 
 

 

 
 

Figure 3.12: Western blot 
analyses of ryanodine 
receptor 2 (RyR2). 
Representative gel images 
and bar graphs showing 
mean protein expression ± 
SEM in hearts without I/R 
(baseline) and in the remote 
myocardium 10 days after 
I/R; P-values were 
calculated by 2-way 
ANOVA. ★★★ P < 0.001; 
CASQ = Calsequestrin; I/R 
= ischemia/reperfusion; ns = 
not significant. 

 

 

Cardiac troponin I (cTnI) is phosphorylated via PKA at its phosphorylation site serine23/24. It is 

not a direct Ca2+ regulator, but because of its function as a Ca2+ sensitizer on myofilaments and 

the disparity between Ca2+ cycling and sarcomere function in isolated remote db/db 

cardiomyocytes 10 days after I/R, the phosphorylation state of cTnI at S23/24 was investigated 

and normalized to total cTnI. However, phosphorylation of cTnI at S23/24 was unchanged in db/+ 

and db/db hearts in the remote myocardium 10 days after I/R and also in control myocardium 

without I/R (Figure 3.13).  



Results 

 
 
 
 

62 
  

 
 
Figure 3.13: Expression and phosphorylation of cTnI at Ser23/24. Representative Western blot 
analyses and bar graphs showing mean values ± SEM in hearts without I/R (baseline) and in the remote 
myocardium 10 days after I/R from a total of N = 7-8 hearts. ★ P < 0.05; cTnI = cardiac troponin I; pTnI 
(Ser23/24) = phospho troponin I (Serin23/24); Ser23/24 = Serin23/24; I/R = ischemia/reperfusion; ns = not 
significant. 

3.2 Diet-induced obesity (DIO) 

It is known that T2DM evolves over years going through various stages. Thus, we wanted to study 

if early-stage T2DM (pre-diabetes) as modeled by DIO impacts cardiomyocyte Ca2+ cycling since 

previous studies have shown that db/db mice already at baseline showed impaired Ca2+ cycling 

that additively contributes to depression of Ca2+ cycling and sarcomere function in the RM after 

I/R [138]. Therefore, this study was designed to determine the interaction between pre-diabetes / 

early-stage diabetes and cardiac contractile and intracellular Ca2+ properties. The Ca2+ kinetics 

and sarcomere function in the DIO mouse model in comparison with control mice were 

investigated. 

Male C57BL/6 mice were distributed into two groups: control (C, N = 8; standard diet) and obese 

(DIO, N = 9; high-fat diet), which were fed for 9 weeks with a diabetogenic diet, whereas the control 

group received regular chow. Over the feeding period, and on a weekly basis, the group on 

diabetogenic diet gained more weight due to higher caloric intake than the control group. DIO mice 

started to show increased weight gain compared to controls within 6 weeks on diet and their weight 

was >30% higher at the end of the feeding period (P<0.001). At this time point, basal blood glucose 

levels were not different between groups. To determine glucose tolerance, blood glucose of mice 

was measured before and after application of glucose (20% glucose i.p.) over a period of two 

hours. While blood glucose returned to basal levels within 60 min in controls it remained elevated 

in DIO mice indicating impaired glucose tolerance (Figure 3.14 below).  
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Figure 3.14: Metabolic parameters in Diet Induced Obese (DIO) mice. Male C57BL/6 mice were 
distributed into two groups: control (N = 8; standard diet) and DIO (N = 9; high-fat diet), fed for 9 weeks. The 
graphs show over the feeding period, and on a weekly basis, that DIO mice gained more weight and after 9 
weeks demonstrated higher glucose levels compared to the control group upon glucose tolerance testing 
(GTT) by intraperitoneal injection of a glucose bolus at timepoint 0 and subsequent measurements of blood 
glucose. ★P < 0.05, ★★P < 0.01, ★★★P < 0.001. These results were provided by Katja Wegener, Institute of 
Translational Pharmacology of the HHU. Data are displayed as mean +/- SD. 

3.2.1 Size and velocity of intracellular Ca2+ cycle 

Measurement of Ca2+ kinetics and Ca2+ amount (chapter 2.2.2.5) was performed on ventricular 

cardiomyocytes isolated from 9 DIO mice and 8 control mice. The Ca2+ transients were determined 

and evaluated according to the procedure described in chapter 2.2.4. 

3.2.1.1 Peak Height (amplitude) of Ca2+ Transients 

Figure 3.15 shows the amplitude of the measured Ca2+ transients. As in db/db mice, for each heart 

10 cells were measured and the amplitude of 10 Ca2+ transients was averaged. The amount of 

Ca2+ released from the SR into the cytosol after each electrical stimulation showed a small 

increase by 14±2% in cardiomyocytes from DIO mice compared with controls (P < 0.05). Upon 

isoproterenol stimulation, there was an increase in the peak height by 48±9% (P = 0.001) in control 

and by 23±5% (P = 0.002) in DIO groups. After stimulation with isoproterenol (10-7 M), the amount 
of Ca2+ released into the cytosol showed no difference between the two groups (P = 0.70). 
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Figure 3.15: Amplitude of Ca2+ transients 
at baseline and after β-adrenergic 
stimulation of cardiomyocytes from DIO 
and control mice. The bar graphs show 
mean values of the amplitude of Ca2+ 
transients ± SEM. Isolated cardiomyocytes 
from N = 9 hearts with diet induced obesity 
and N = 8 control hearts were measured at 
baseline and after stimulation with 
isoproterenol. ★ P < 0.05; ★★ P < 0.01; iso = 
isoproterenol; DIO = diet-induced obesity; 
DF340/380nm = change of fluorescence 
intensity induced by 340nm over 380nm 
excitation; ns = not significant. 
 
 
 
 
 
 
 
 

3.2.1.2 Speed of Ca2+ increase 

The rate of Ca2+ increase in the cytosol was higher by 16±3% in the DIO group compared to controls 

at baseline (P = 0.03). After stimulation of cardiomyocytes with isoproterenol, the rate of Ca2+ 

increase was significantly enhanced in controls by 83±8% (P < 0.0001) and by 49±12% (P = 0.003) 

in DIO. Like for the amplitude, there was no difference between both groups when stimulated with 

isoproterenol (P = 0.61; Figure 3.16). 

 
Figure 3.16: Speed of Ca2+ increase at 
baseline and after β-adrenergic 
stimulation of cardiomyocytes from DIO 
and control mice. The bar graphs show 
mean values of the rate of Ca2+ increase ± 
SEM. Isolated cardiomyocytes from N = 9 
hearts with diet induced obesity and N = 8 
control hearts were measured at baseline 
and after stimulation with isoproterenol. ★P 
< 0.05; ★★P < 0.01; ★★★★P < 0.0001; iso = 
isoproterenol; DIO = diet induced obesity; 
DF340/380nm/s = change of fluorescence 
intensity induced by 340nm over 380nm 
excitation per second; ns = not significant. 
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3.2.1.3 Speed of Ca2+ decrease 

The rate of Ca2+ decrease was higher by strong trend in ventricular cardiomyocytes isolated from 

DIO mice compared to controls at baseline (15±3%; P = 0.06). The speed of cytosolic Ca2+ 

elimination showed an increase by 66±9% (P = 0.0002) in controls and by 45±10% (P = 0.002) in 

the DIO group after isoproterenol stimulation. The rate of Ca2+ decrease was unchanged in 

cardiomyocytes from DIO mice compared to controls after β-adrenergic stimulation (P = 0.90; 

Figure 3.17). 

 
Figure 3.17: Speed of Ca2+ decrease at 
baseline and after β-adrenergic 
stimulation of cardiomyocytes from DIO 
and control mice. The bar graphs show 
mean values of Ca2+ velocity ± SEM. 
Cardiomyocytes from N = 9 DIO hearts and 
N = 8 control hearts were measured. ★★P < 
0.01; ★★★P < 0.001; iso = isoproterenol; DIO 
= diet induced obesity; DF340/380nm/s = 
change of fluorescence intensity induced by 
340nm over 380nm excitation per second; 
ns = not significant.   
 
 
 
 
 
 
 
 
 

In conclusion, cardiomyocyte Ca2+ cycling was slightly enhanced in DIO mice compared to controls 

on a regular diet under basal conditions. This finding contrasts previous observations in db/db 

mice. The measured differences between DIO and controls fully vanished upon stimulation of cells 

with isoproterenol. 

3.2.2 Sarcomere function 

The measurement of sarcomere function (2.2.3) was performed in parallel with the measurement 

of myocyte Ca2+ kinetics in isolated cardiomyocytes. The evaluation of the sarcomere function was 

performed according to the procedure outlined in chapter 2.2.4. The cells analyzed again were 

selected according to the following criteria: Sarcomere function of a cardiomyocyte was measured 

if a clear stripe pattern was evident, and the cardiomyocyte could be electrically stimulated (0.5 

Hz). The contractile amplitude of the sarcomere function had to be greater than 0.03 µm. Raw 

values were obtained for each cell as the mean of at least 10 contractile cycles. Nine mice of the 

DIO group and eight control mice were evaluated. 
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3.2.2.1 Contractile Amplitude 

When contractile amplitude of sarcomeres was analyzed, a trend increases by 19±4% in the DIO 

group was observed at baseline (P = 0.07). Upon isoproterenol stimulation, there was a trend 

increase in the contractile amplitude by 22±18% (P = 0.26) in control and a significant increase by 

21±7% (P = 0.013) in DIO groups. After β-adrenergic stimulation, the contractile amplitude was 

higher in the DIO group by 18±10% (P = 0.12; Figure 3.18). 

 
Figure 3.18: Contractile amplitude of 
sarcomeres at baseline and after β-
adrenergic stimulation of 
cardiomyocytes from DIO mice 
compared with control cardiomyocytes. 
The bar graph shows mean values of 
contractile amplitude ± SEM. 
Cardiomyocytes from N = 9 DIO mice and 
N = 8 controls; iso = isoproterenol; DIO = 
diet induced obesity, ★P < 0.05; ns = not 
significant. 
 
 
 
 
 
 
 
 
 
 

 

3.2.2.2 Speed of contraction 

The contraction velocity of sarcomeres was higher in DIO mice by 26±4% at baseline (P = 0.013). 

After stimulation of cardiomyocytes with isoproterenol, the speed of contraction was significantly 

enhanced in control by 51±21% (P = 0.045) and by 37±11% (P = 0.010) in DIO. After stimulation 

with β-adrenergic receptors, the speed of sarcomere contraction was 15±8% higher on average in 

cardiomyocytes of DIO mice, however, the difference did not reach significance (P = 0.15; Figure 

3.19).  
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Figure 3.19: Contraction velocity of 
sarcomeres at baseline and after β-
adrenergic stimulation of 
cardiomyocytes from DIO mice 
compared with controls. The bar graph 
shows mean values of contraction velocity 
± SEM. Cardiomyocytes from a total of N = 
9 DIO mice and N = 8 controls; ★P < 0.05; 
iso = isoproterenol; DIO = diet induced 
obesity; ns = not significant.  
 
 
 
 
 
 
 
 
 
 

 

3.2.2.3 Speed of relaxation 

As with contraction velocity, there was an increase by 23±5% in sarcomere relaxation velocity of 

cardiomyocytes from DIO mice at baseline (P = 0.024). The speed of relaxation showed an 

increase by 44±21% (P = 0.08) in control and by 31±8% (P = 0.04) in DIO groups after 

isoproterenol stimulation. The relaxation velocity was higher by trend in DIO mice (14±7%) after 

stimulation of cardiomyocytes with isoproterenol (P = 0.19). 

  

 
Figure 3.20: Relaxation velocity of 
sarcomeres at baseline and after β-
adrenergic stimulation of 
cardiomyocytes from DIO mice 
compared with controls. The bar graph 
shows mean values of relaxation velocity ± 
SEM. Cardiomyocytes from a total of N = 9 
DIO mice and N = 8 controls; iso = 
isoproterenol; DIO = diet induced obesity, 
★P < 0.05; ns = not significant. 
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3.3 RIC dialysates 

The second part of this thesis work addressed the clinically urgent question of how cardiomyocytes 

may be protected from ischemic damage during I/R, as in myocardial infarction. Various animal 

and human studies have shown that short periods of ischemia in peripheral organs (remote 

ischemic conditioning, RIC) before I/R of the heart could induce the humoral and neuronal transfer 

of protective factors that reduce infarct size and improve the contractile function of the heart [139]. 

We hypothesized that one or more of these humoral factors induced by RIC affects cardiomyocyte 

Ca2+ homeostasis because calcium mediates muscle contraction.  

To test this hypothesis, we performed three sets of experimental approaches using blood samples 

that were taken before and after RIC by repetitive cycles of forearm ischemia/reperfusion (see 

2.2.2.6) on 12 healthy human probands. Subsequently, mouse cardiomyocytes were treated with 

plasma dialysates of these blood samples and subjected to 50min of hypoxia before reoxygenation 

and measurements of myocyte Ca2+ cycling. In the first set, we evaluated whether the plasma 

dialysates before and after RIC influence myocyte Ca2+ kinetics and sarcomere function of 

cardiomyocytes (without hypoxia). Next, we determined the effects of hypoxia and reoxygenation 

on Ca2+ cycling and sarcomere function of untreated cardiomyocytes. Finally, we investigated the 

influence of the plasma dialysates before and after RIC on Ca2+ kinetics and sarcomere function 

of isolated cardiomyocytes that were subjected to hypoxia and reoxygenation.  

3.3.1 Effects of plasma dialysates without hypoxia on myocyte Ca2+ cycling 

3.3.1.1 Peak Height (amplitude) of Ca2+ transients 

Figure 3.21 shows the peak height (amplitude) of the measured Ca2+ transients. Each data point 

represents the aberage balue of 10 measured cardiomyocytes, and for each cell the data from 10 

Ca2+ transients were averaged. For each heart, 10 cells were measured and the amplitude of 10 

Ca2+ transients was averaged. Ca2+ transients of cardiomyocytes were higher compared to 

respective controls by 15±5% if treated with RIC dialysates in 10 out of 10 sample pairs (P = 0.023; 

Figure 3.21A). After stimulation with the β-adrenoceptor agonist isoproterenol (10-7 M), the amount 

of Ca2+ released into the cytosol was significantly higher by 13±5% (P = 0.007) when cells had 

been pre-treated with RIC dialysates (Figure 3.21B).  
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Figure 3.21: Height of Ca2+ transients at baseline and after β-adrenergic stimulation of 
cardiomyocytes incubated with dialysates of blood samples taken before (pre) and after (post) RIC. 
The solid lines indicate measurements using plasma pre and post RIC from the same proband. Ca2+ 
transients of paced cardiomyocytes (0.5 Hz) were recorded under basal conditions (black, A) and after 
stimulation of cells with the beta-adrenergic agonist isoproterenol (10-7 M; red, B). Each data point 
represents the mean value from 10 myocytes with 10 transients averaged per myocyte; P-values were 
calculated by paired t-test. The scatter plots to the right indicate the difference (post minus pre) for the 
sample pairs of every individuum; mean ± SEM. 

3.3.1.2 Speed of Ca2+ increase 

Like amplitude, RIC dialysates also enhanced the kinetics of Ca2+ liberation, but only by trend due 

to wide variation of results (55±28% (P = 0.12; Figure 3.22A). Beta-adrenergic stimulation resulted 

in greater maximum speeds of Ca2+ liberation that was consistently faster in all sample pairs when 

cells had been pre-treated with RIC dialysates (19±7%; P = 0.004; Figure 3.22B).  

 
Figure 3.22: Speed of Ca2+ increase at baseline and after β-adrenergic stimulation of cardiomyocytes 
incubated with dialysates of blood samples taken before (pre) and after (post) RIC. The solid lines 
indicate measurements using plasma pre and post RIC from the same proband. Ca2+ transients of paced 
cardiomyocytes (0.5 Hz) were recorded under basal conditions (black, A) and after stimulation of cells with 
the beta-adrenergic agonist isoproterenol (10-7 M; red, B) to further activate the Ca2+ regulatory proteins. 
Each data point represents the mean value from 10 myocytes with 10 transients averaged per myocyte; P-
values were calculated by paired t-test. The scatter plots to the right indicate the difference (post minus pre) 
for the sample pairs of every individuum; mean ± SEM. Vel Ca incr = velocity of calcium increase. 
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3.3.1.3 Speed of Ca2+ decrease 

The rate of Ca2+ decrease showed an increase with RIC dialysates by 22±6% (P = 0.004; Figure 

3.23A). The rate of Ca2+ elimination after stimulation with isoproterenol was 21±8% faster (P = 

0.015; Figure 3.23B), when cells had been pre-treated with RIC dialysates. 

 
Figure 3.23: Speed of Ca2+ decrease at baseline and after β-adrenergic stimulation of 
cardiomyocytes incubated with dialysates of blood samples taken before (pre) and after (post) RIC. 
The solid lines indicate measurements using plasma pre and post RIC from the same proband. Ca2+ 
transients of paced cardiomyocytes (0.5 Hz) were recorded under basal conditions (black, A) and after 
stimulation of cells with the beta-adrenergic agonist isoproterenol (10-7 M; red, B) to further activate the Ca2+ 
regulatory proteins. Each data point represents the mean value from 10 myocytes with 10 transients 
averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the right indicate the 
difference (post minus pre) for the sample pairs of every individuum; mean ± SEM. Vel Ca decr = velocity 
of calcium decrease. 

Taken together, the data demonstrate that RIC dialysates enhanced the peak height of Ca2+ 

transients and the kinetics of Ca2+ liberation and elimination in isolated mouse cardiomyocytes. 

 

3.3.2 Effects of plasma dialysates from humans before and after RIC on myocyte 
sarcomere function of cardiomyocytes without hypoxia 

3.3.2.1 Contractile Amplitude 

When contractile amplitude was analyzed, RIC also increased the amplitude, however, the data 

varied substantially and the increase did not reach significance (P = 0.13; Figure 3.24A). The same 

applied after isoproterenol stimulation of RIC-treated cells (P = 0.29; Figure 3.24B). 
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Figure 3.24: Contractile amplitude at baseline and after β-adrenergic stimulation of cardiomyocytes 
incubated with dialysates of blood samples taken before (pre) and after (post) RIC. The solid lines 
indicate measurements using plasma pre and post RIC from the same proband. Sarcomere contraction and 
relaxation of paced cardiomyocytes (0.5 Hz) were assessed at baseline (black, A) and after stimulation of 
myocytes with 10-7 M isoproterenol (red, B). Each data point represents the mean value from 10 myocytes 
with 10 transients averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the 
right indicate the difference (post minus pre) for the sample pairs of every individuum; mean ± SEM. 

3.3.2.2 Speed of contraction 

The velocity of sarcomere contraction showed a small trend increase if cells were treated with 

dialysates of RIC plasma (P = 0.5; Figure 3.25A). After isoproterenol stimulation there was also 

no significant difference between cells treated with dialysates taken before or after RIC (P = 0.7; 

Figure 3.25B). 

 

 
 
Figure 3.25: Contraction velocity at baseline and after β-adrenergic stimulation of cardiomyocytes 
incubated with dialysates of blood samples taken before (pre) and after (post) RIC. The solid lines 
indicate measurements using plasma pre and post RIC from the same proband. Sarcomere contraction and 
relaxation of paced cardiomyocytes (0.5 Hz) were assessed at baseline (black, A) and after stimulation of 
myocytes with 10-7 M isoproterenol (red, B). Each data point represents the mean value from 10 myocytes 
with 10 transients averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the 
right indicate the difference (post minus pre) for the sample pairs of every individuum; mean ± SEM. 
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3.3.2.3 Speed of relaxation 

As with contraction velocity, the velocity of sarcomere relaxation was also only enhanced by trend 

in the RIC group before as well as after isoproterenol stimulation of cardiomyocytes (P = 0.28 and 

0.38; Figure 3.26).  

 
Figure 3.26: Relaxation velocity at baseline and after β-adrenergic stimulation of cardiomyocytes 
incubated with dialysates of blood samples taken before (pre) and after (post) RIC. The solid lines 
indicate measurements using plasma pre and post RIC from the same proband. Sarcomere contraction and 
relaxation of paced cardiomyocytes (0.5 Hz) were assessed at baseline (black, A) and after stimulation of 
myocytes with 10-7 M isoproterenol (red, B). Each data point represents the mean value from 10 myocytes 
with 10 transients averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the 
right indicate the difference (post minus pre) for the sample pairs of every individuum; mean ± SEM. 

In summary, RIC increased the amplitude and the velocities of sarcomere contraction and 

relaxation of cardiomyocytes only by a weak trend, both under basal conditions and after β-

sympathomimetic isoproterenol stimulation.  

3.3.3 Effects of hypoxia on cardiomyocyte Ca2+ cycling  

Next, we studied to define hypoxia-induced effects on cardiomyocyte calcium cycling. Isolated 

cardiomyocytes of 10 mice were exposed to hypoxia for 50 min, followed by 3 min of reoxygenation 

and measurements of cellular Ca2+ cycling compared to non-hypoxic control cells from the same 

cell preparation.  

3.3.3.1 Peak Height (amplitude) of Ca2+ transients 

Figure 3.27 shows the peak height (amplitude) of the measured Ca2+ transients. For each heart, 

10 cells were measured and the amplitude of 10 Ca2+ transients was averaged per cell. Ca2+ 

transient peak height was significantly decreased in all sample pairs by an average of 38±2% in 

cardiomyocytes that underwent hypoxia/reoxygenation (P < 0.0001; Figure 3.27A). Upon 

isoproterenol stimulation, Ca2+ amplitudes were lower in cells that underwent 

hypoxia/reoxygenation by 25±7% (P = 0.009; Figure 3.27B). 
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Figure 3.27: Height of Ca2+ transients at baseline and after β-adrenergic stimulation of 
cardiomyocytes after hypoxia and reoxygenation. The solid lines indicate measurements using cells 
from the same mouse heart. Ca2+ transients of paced cardiomyocytes (0.5 Hz) with and without hypoxia and 
reoxygenation were recorded under basal conditions (black, A) and after stimulation of cells with the beta-
adrenergic agonist isoproterenol (10-7 M; red, B). Each data point represents the mean value from 10 
myocytes with 10 transients averaged per myocyte; P-values were calculated by paired t-test. The scatter 
plots to the right indicate the difference for the same cell preparation with minus without hypoxia; mean ± 
SEM. 

3.3.3.2 Speed of Ca2+ increase 

Like amplitude, the rate of Ca2+ increase in the cytosol also showed a decrease by 44±1% (P = 

0.0002; Figure 3.28A) in hypoxic cells at baseline. After stimulation of cardiomyocytes with 

isoproterenol, the rate of Ca2+ increase was reduced in hypoxic cells by 38±6% (P = 0.001; Figure 

3.28B). 

 
 
Figure 3.28: Velocity of Ca2+ increase at baseline and after β-adrenergic stimulation of 
cardiomyocytes after hypoxia and reoxygenation. The solid lines indicate measurements using cells 
from the same mouse heart. Ca2+ transients of paced cardiomyocytes (0.5 Hz) with and without hypoxia and 
reoxygenation were recorded under basal conditions (black, A) and after stimulation of cells with the beta-
adrenergic agonist isoproterenol (10-7 M; red, B). Each data point represents the mean value from 10 
myocytes with 10 transients averaged per myocyte; P-values were calculated by paired t-test.  Vel cal incr 
= velocity calcium increase. The scatter plots to the right indicate the difference for the same cell preparation 
with minus without hypoxia; mean ± SEM. 
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3.3.3.3 Speed of Ca2+ decrease 

Similarly, the rate of Ca2+ elimination was significantly reduced in cells after hypoxia/reoxygenation 

by 30±2% (P < 0.01; Figure 3.29A) at baseline. After isoproterenol stimulation of cells, the change 

in the speed of cytosolic Ca2+ elimination varied substantially between sample pairs, on average 

there was a decrease by 14±9% in hypoxic cells, but it did not reach significance (P = 0.29; Figure 

3.29B).  

 
 
Figure 3.29: Velocity of Ca2+ decrease at baseline and after β-adrenergic stimulation of 
cardiomyocytes after hypoxia and reoxygenation.  The solid lines indicate measurements using cells 
from the same mouse heart. Ca2+ transients of paced cardiomyocytes (0.5 Hz) with and without hypoxia and 
reoxygenation were recorded under basal conditions (black, A) and after stimulation of cells with the beta-
adrenergic agonist isoproterenol (10-7 M; red, B). Each data point represents the mean value from 10 
myocytes with 10 transients averaged per myocyte; P-values were calculated by paired t-test.  Vel cal decr 
= velocity calcium decrease. The scatter plots to the right indicate the difference for the same cell preparation 
with minus without hypoxia; mean ± SEM. 
 

Overall, the data indicate depressed Ca2+ cycling in cardiomyocytes that underwent 

hypoxia/reoxygenation, both at baseline and after isoproterenol stimulation of cells. Isoproterenol 

(10-7 M) enhanced Ca2+ cycling parameters to a similar degree above baseline values in both 

groups. 

3.3.4 Effects of hypoxia on sarcomere function 

To determine how the changes in Ca2+ cycling translate into altered mechanical function of 

cardiomyocytes, parallel measurements of sarcomere contraction and relaxation were performed 

in isolated mouse cardiomyocytes with and without hypoxia plus reoxygenation.   

3.3.4.1 Contractile Amplitude 

The amplitude of sarcomere contraction surprisingly did not change in cells after hypoxia (10±6% 

increase, P = 0.3; Figure 3.30 A). The contractile amplitude showed a trend decrease by 13±6% 

in cell after hypoxia upon β-adrenergic stimulation (P = 0.08; Figure 3.30B). 
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Figure 3.30: Contractile amplitude at baseline and after β-adrenergic stimulation of cardiomyocytes 
after hypoxia and reoxygenation. The solid lines indicate measurements using cells from the same mouse 
heart. The amplitude of sarcomere contraction in paced cardiomyocytes (0.5 Hz) with and without hypoxia 
and reoxygenation were assessed at baseline (black, A) and after stimulation of myocytes with 10-7 M 
isoproterenol (red, B). Each data point represents the mean value from 10 myocytes with 10 transients 
averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the right indicate the 
difference for the same cell preparation with minus without hypoxia; mean ± SEM. 
 

3.3.4.2 Speed of contraction 

At baseline, the velocity of sarcomere contraction surprisingly increased by 32±10% in cells after 

hypoxia (P = 0.009; Figure 3.31A). No difference between groups was observed after stimulation 

of β- adrenergic receptors (6±11% decrease in hypoxic cells; P = 0.6; Figure 3.31B).  

 
 
Figure 3.31: Contraction velocity at baseline and after β-adrenergic stimulation of cardiomyocytes 
after hypoxia and reoxygenation. The solid lines indicate measurements using cells from the same mouse 
heart. The speed of sarcomere contraction in paced cardiomyocytes (0.5 Hz) with and without hypoxia and 
reoxygenation were assessed at baseline (black, A) and after stimulation of myocytes with 10-7 M 
isoproterenol (red, B). Each data point represents the mean value from 10 myocytes with 10 transients 
averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the right indicate the 
difference for the same cell preparation with minus without hypoxia; mean ± SEM. 
 



Results 

 
 
 
 

76 
3.3.4.3 Speed of relaxation 

As with contraction velocity, the velocity of sarcomere relaxation was significantly enhanced by 

29±10% in myocytes exposed to hypoxia (P = 0.02; Figure 3.32A). After stimulation of β- 

adrenergic receptors the difference between groups vanished completely (P = 0.5; Figure 3.32B).  

 
 
Figure 3.32: Relaxation velocity at baseline and after β-adrenergic stimulation of cardiomyocytes 
after hypoxia and reoxygenation. The solid lines indicate measurements using cells from the same mouse 
heart. The speed of sarcomere relaxation in paced cardiomyocytes (0.5 Hz) with and without hypoxia and 
reoxygenation were assessed at baseline (black, A) and after stimulation of myocytes with 10-7 M 
isoproterenol (red; B). Each data point represents the mean value from 10 myocytes with 10 transients 
averaged per myocyte; P-values were calculated by paired t-test. The scatter plots to the right indicate the 
difference for the same cell preparation with minus without hypoxia; mean ± SEM. 
 
Taken together, the amplitude of sarcomere contraction as well as the velocities of sarcomere 

contraction and relaxation surprisingly were not significantly reduced after hypoxia. A trend 

reduction was observed only after β-adrenergic stimulation of cells.  

3.3.5 Effects of plasma dialysates from humans before and after RIC on myocyte 
Ca2+ cycling after transient hypoxia 

3.3.5.1 Peak Height (amplitude) of Ca2+ transients 

Figure 3.33 shows the peak height (amplitude) of the measured Ca2+ transients. For each heart, 

10 cells were measured and the amplitude of 10 Ca2+ transients was averaged. The amount of 

Ca2+ released from the SR into the cytosol after each electrical stimulation showed a pronounced 

increase by 39±7% (P < 0.001; Figure 3.33A) in the cells incubated with RIC dialysates followed 

by hypoxia and reoxygenation. Upon isoproterenol stimulation, there was an increase in the peak 

height by 31±7% (P < 0.01; Figure 3.33B). 
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Figure 3.33: Height of Ca2+ transients. Isolated mouse cardiomyocytes were incubated with dialysates of 
human plasma taken from 10 healthy individuals (1-10) before (pre) and after (post) RIC followed by 50min 
hypoxia and 5 min reoxygenation. The solid lines indicate measurements using plasma pre and post RIC 
from the same proband. Ca2+ transients of paced cardiomyocytes (0.5 Hz) were recorded under basal 
conditions (black, A) and after stimulation of cells with the beta-adrenergic agonist isoproterenol (10-7 M; 
red, B). Each data point represents the mean value from 10 myocytes with 10 transients averaged per 
myocyte; P-values were calculated by paired t-test. The scatter plots to the right indicate the difference (post 
minus pre) for the sample pairs of every individuum; mean ± SEM. 

3.3.5.2 Speed of Ca2+ increase 

Like amplitude, the rate of Ca2+ increase in the cytosol also showed an increase in all 10 sample 

pairs in cardiomyocytes treated with RIC dialysates before hypoxia and reoxygenation (41±7% (P 

< 0.001; Figure 3.34A). After stimulation of cardiomyocytes with isoproterenol, the rate of Ca2+ 

increase was faster in all sample pairs (32±7% (P < 0.01; Figure 3.34B). 

 
 
Figure 3.34: Velocitiy of Ca2+ increase at baseline and after β-adrenergic stimulation of 
cardiomyocytes incubated with dialysates of blood samples taken before (pre) and after (post) RIC. 
Isolated mouse cardiomyocytes were incubated with dialysates of human plasma taken from 10 healthy 
individuals (1-10) before (pre) and after (post) RIC followed by 50min hypoxia and 5 min reoxygenation. The 
solid lines indicate measurements using plasma pre and post RIC from the same proband. Ca2+ transients 
of paced cardiomyocytes (0.5 Hz) were recorded under basal conditions (black, A) and after stimulation of 
cells with the beta-adrenergic agonist isoproterenol (10-7 M; red, B). Each data point represents the mean 
value from 10 myocytes with 10 transients averaged per myocyte; P-values were calculated by paired t-test. 
vel ca incr = velocity calcium increase. The scatter plots to the right indicate the difference (post minus pre) 
for the sample pairs of every individuum; mean ± SEM. 



Results 

 
 
 
 

78 
3.3.5.3 Speed of Ca2+ decrease 

The rate of cytosolic Ca2+ decrease was also faster in cells that were conditioned with RIC 

dialysates (50±10%, P < 0.01; Figure 3.35A). The same applied after isoproterenol stimulation of 

cardiomyocytes, albeight the difference was smaller (22±6% increase, P < 0.05; Figure 3.35B). 

 
Figure 3.35: Velocitiy of Ca2+ decrease of cardiomyocytes incubated with dialysates of blood 
samples taken before (pre) and after (post) RIC. Isolated mouse cardiomyocytes were incubated with 
dialysates of human plasma taken from 10 healthy individuals (1-10) before (pre) and after (post) RIC 
followed by 50min hypoxia and 5 min reoxygenation. The solid lines indicate measurements using plasma 
pre and post RIC from the same proband. Ca2+ transients of paced cardiomyocytes (0.5 Hz) were recorded 
under basal conditions (black, A) and after stimulation of cells with the beta-adrenergic agonist isoproterenol 
(10-7 M; red, B). Each data point represents the mean value from 10 myocytes with 10 transients averaged 
per myocyte; P-values were calculated by paired t-test. vel Ca decr = velocity of calcium decrease. The 
scatter plots to the right indicate the difference (post minus pre) for the sample pairs of every individuum; 
mean ± SEM. 

Taken together, Ca2+ transients of cardiomyocytes followed by hypoxia and reoxygenation were 

higher compared to respective controls in 10 out of 10 sample pairs if incubated with RIC 

dialysates. RIC dialysates also enhanced the speed of Ca2+ rise and Ca2+ decrease. Isoproterenol 

(10-7 M) enhanced myocyte Ca2+ cycling in all groups. However, RIC-induced differences were still 

observed, albeight to a lesser extent as without isoproterenol. 
 

3.3.6 Effects of plasma dialysates on myocyte sarcomere function of 
cardiomyocytes after transient hypoxia 

3.3.6.1 Contractile Amplitude 

When the amplitude of sarcomere contraction was analyzed, myocytes after RIC showed a small 

trend increase compared to controls by 23±14% (P = 0.2; Figure 3.36A) at baseline. Upon 

isoproterenol stimulation, contractile amplitudes were virtually identical in both groups (3±10% 

higher in RIC-treated cells, P = 0.8; Figure 3.36B).  
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Figure 3.36: Contractile amplitude of cardiomyocytes incubated with dialysates of blood samples 
taken before (pre) and after (post) RIC. Isolated mouse cardiomyocytes were incubated with dialysates 
of human plasma taken from 10 healthy individuals (1-10) before (pre) and after (post) RIC followed by 
50min hypoxia and 5 min reoxygenation. The solid lines indicate measurements using plasma pre and post 
RIC from the same proband. Sarcomere contraction and relaxation of paced cardiomyocytes (0.5 Hz) were 
assessed at baseline (black, A) and after stimulation of myocytes with 10-7 M isoproterenol (red, B). Each 
data point represents the mean value from 10 myocytes with 10 transients averaged per myocyte; P-values 
were calculated by paired t-test. The scatter plots to the right indicate the difference (post minus pre) for the 
sample pairs of every individuum; mean ± SEM. 

3.3.6.2 Speed of contraction 

The velocity of sarcomere contraction showed a trend increase in myocytes after incubation with 

RIC dialysates by 23±15% at baseline (P = 0.2; Figure 3.37A). After stimulation of cardiomyocytes 

with isoproterenol, the speed of contraction was unchanged by RIC treatment (P = 0.9; Figure 

3.37B). 

 
Figure 3.37: Contraction velocity of cardiomyocytes incubated with dialysates of blood samples 
taken before (pre) and after (post) RIC. Isolated mouse cardiomyocytes were incubated with dialysates 
of human plasma taken from 10 healthy individuals (1-10) before (pre) and after (post) RIC followed by 
50min hypoxia and 5 min reoxygenation. The solid lines indicate measurements using plasma pre and post 
RIC from the same proband. Sarcomere contraction and relaxation of paced cardiomyocytes (0.5 Hz) were 
assessed at baseline (black, A) and after stimulation of myocytes with 10-7 M isoproterenol (red, B). Each 
data point represents the mean value from 10 myocytes with 10 transients averaged per myocyte; P-values 
were calculated by paired t-test. The scatter plots to the right indicate the difference (post minus pre) for the 
sample pairs of every individuum; mean ± SEM. 
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3.3.6.3 Speed of relaxation 

As with contraction velocity, there was a trend increase by 32±21% in the velocity of the sarcomere 

relaxation in cells incubated with RIC dialysates (P = 0.3; Figure 3.38A). No increase, but even a 

trend decrease was observed after isoproterenol stimulation (decrease by 4±13%, P = 0.55; Figure 

3.38B).  

 
 
Figure 3.38: Relaxation velocity of cardiomyocytes incubated with dialysates of blood samples taken 
before (pre) and after (post) RIC. Isolated mouse cardiomyocytes were incubated with dialysates of human 
plasma taken from 10 healthy individuals (1-10) before (pre) and after (post) RIC followed by 50min hypoxia 
and 5 min reoxygenation. The scatter plots to the right indicate the difference (post minus pre) for the sample 
pairs of every individuum; mean ± SEM. Sarcomere contraction and relaxation of paced cardiomyocytes 
(0.5 Hz) were assessed at baseline (black, A) and after stimulation of myocytes with 10-7 M isoproterenol 
(red, B). Each data point represents the mean value from 10 myocytes with 10 transients averaged per 
myocyte; P-values were calculated by paired t-test. The scatter plots to the right indicate the difference (post 
minus pre) for the sample pairs of every individuum; mean ± SEM. 
 
The data indicate that, unlike Ca2+ cycling, RIC dialysates did not significantly alter the amplitude 

of sarcomere contraction in this experimental setting. It also did not alter the kinetics of sarcomere 

contraction and relaxation, neither under basal conditions nor after β-sympathomimetic stimulation 

with isoproterenol. 



Discussion 81 

4 Discussion 

4.1 Diabetes mellitus type II 

40% of MI patients die within the first 24 hours after the acute event. [140]. In diabetic patients 

mortality is still higher even if myocardial reperfusion is attained by angioplasty, and in-hospital 

death due to reinfarction has occured in 13.1% of patients versus 8.5% in non-diabetics at 30 

days [141].  

Although the infarcted areas of the myocardium are well studied, little is known so far about the 

changes in the non-ischemic areas of the heart, the remote myocardium, after MI. Detailed 

knowledge of the conditions for contraction and relaxation of the remote myocardium in the early 

phase of infarction is of great clinical interest, however, because these parts of the heart must 

compensate for the loss of function of the infarcted myocardium to ensure adequate cardiac 

output. 

The remote myocardium was analyzed 10 days after I/R and it was investigated whether and, if 

so, what changes occurred. Studies at this time point are of interest because cardiac remodeling 

has begun after MI [75]. A healing process occurs in the ischemic myocardium. Dead 

cardiomyocytes are replaced by collagen.  

Intracellular Ca2+ kinetics and sarcomere function were investigated in remote cardiomyocytes 

with diabetic metabolic state 10 days after I/R to reveal potential additive effects on Ca2+ 

homeostasis of cardiomyocytes. 

4.1.1 Slowed intracellular Ca2+ kinetics in remote cardiomyocytes of db/db mice 
10 days after I/R 

In the present work, the influence of diabetes mellitus type II on the Ca2+ cycle and on the 

sarcomere function of the remote myocardium 10 days after I/R was investigated. Therefore, the 

intracellular Ca2+ kinetics were measured in the mouse model of diabetes type II with the influence 

of I/R. For this purpose, db/db mouse hearts with diabetic metabolic state and their db/+ littermates 

were used as described in chapter 1.7.2. The amount of Ca2+ released from the SR into the cytosol 

with each electrical stimulus, represented by the amplitude of the Ca2+ transient, was decreased 

by trend 10 days after I/R in nonischemic db/db cardiomyocytes compared with remote 

cardiomyocytes from the non-diabetic db/+ mice. The difference reached significance upon 

stimulation of myocytes with isoproterenol. Isoproterenol is a β-sympathomimetic substance that 

stimulates the Gs protein-coupled receptor leading to stimulation of PKA-mediated Ca2+-regulatory 

proteins. This way, slowed Ca2+ kinetics often is restored to normal if the underlying defect is 
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based on the altered activity of Ca2+-regulators. Moreover, the rate of Ca2+ increase in the cytosol 

and that of cytosolic Ca2+ decrease was slowed in remote db/db cardiomyocytes (3.1.1). These 

data showd that the already slowed Ca2+ kinetics in remote myocardium of non-diabetic organisms 

are further reduced after MI if a diabetic metabolic state is present. This could possibly contribute 

to the clinical observation that diabetic patients die more frequently after MI than patients without 

a history of diabetes [142].  

Previous data from our group demonstrated that 24 hours after I/R Ca2+ kinetics were slowed in 

remote cardiomyocytes from db/db mice with diabetic metabolism compared with remote 

cardiomyocytes from normoglycemic db/+ mice [138]. Also, slowed Ca2+ kinetics were 

demonstrated 24 hours after I/R in remote cardiomyocytes of non-diabetic mice [63]. In contrast 

to the current study, in both previous studies Ca2+ kinetics could be largely improved by β-

adrenergic stimulation. Thus, the expression and/or regulation of Ca2+-regulatory proteins seem 

to be different in remote cardiomyocytes 24 hours and 10 days after I/R. A possible role for the 

reduced response to isoproterenol in the current study could play decreased β-adrenergic receptor 

density due to the[143] well-known phenomenon of increased sympathetic tone in diabetic patients 

[144]. Possibly, increased sympathetic tone in concert with I/R injury leads to sympathetic 

overdrive and desensitization and downregulation of β-adrenergic receptors within 10 days after 

I/R. 

Previous work described depressed Ca2+ homeostasis of naïve db/db cardiomyocytes without I/R 

injury [140]. Belke et al. also described contractile dysfunction of db/db hearts [89]. In other 

diabetes models for both type I and type II diabetes mellitus, it has also been shown that 

intracellular Ca2+ circulation is impaired and contractile dysfunction is present  [89] [145]. This was 

manifested by the fact that the rate of cytosolic Ca2+ increase and cytosolic Ca2+ decrease was 

slowed and cytosolic Ca2+ concentration was decreased. At this point, it should be mentioned that 

db/db mice develop diabetic cardiomyopathy at advanced ages (> 14 weeks) [146]. Therefore, 

only animals aged 10 to 12 weeks were used in the present work, when hyperglycemia and insulin 

resistance have already developed but heart failure is not yet present. 

Furthermore, it remains an open question what causes the greater impairment of Ca2+ 

homeostasis of db/db hearts by I/R. To understand the causes of impairment of the contractile 

apparatus of diabetic hearts, several studies have been performed using different diabetes 

mellitus models. Using diabetes mellitus induced by streptozotocin (STZ) injections to damage the 

insulin-producing pancreatic cells and subsequent high-fat and high-sugar diet, Bai et al. showed 

that the hearts of treated mice had increased protein kinase C-alpha and PLN expression and 

decreased SERCA2a and RyR2 expression [147]. A diabetogenic diet in combination with low-

dose STZ is experimentally used to produce an animal model of T2DM. The increased presence 

of PLN, which inhibits SERCA2a in the unphosphorylated state, would lead to decreased 
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SERCA2a activity, thereby offering an explanation for the decreased uptake of Ca2+ into the SR 

and ultimately the slowed Ca2+ kinetics of db/db mice. 

Therapeutic approaches tested in the past to improve intracellular Ca2+ currents in the failing heart 

have been studied, for example, in PLN-deficient mice [148]. PLN inhibits SERCA2a by interaction 

and thereby determines its activity. Cross et al. demonstrated that PLN-deficient mice had 

improved cardiac contractile function after I/R but were also more sensitive to ischemic injury [148]. 

In further studies, an antibody against PLN was used to avoid a complete absence of the 

SERCA2a regulator PLN [149]. This prevented the interaction between PLN and SERCA2a. 

Indeed, this improved myocyte Ca2+ circulation and sarcomere contractility. Unfortunately, neither 

long-term studies in animals nor clinical studies are known to date to allow conclusions to be drawn 

about a possible therapeutic benefit in the setting of I/R. 

It is known that during ischemia in the ischemic myocardium, anaerobic ATP production is 

prevented by prolonged oxygen deprivation and increasing acidosis. The resulting ATP deficiency 

prevents Na+ ions that influx across the cell membrane from being actively transported out of the 

cell. The increased cytosolic Na+ concentration activates the Na+/Ca2+ exchanger (NCX) in the 

opposite direction, so that Na+ ions leave the cardiomyocyte, with Ca2+ flowing in return. During 

reperfusion, the ischemic myocardium is reoxygenated. ATP-dependent processes are restarted. 

Ca2+ oscillations are the result, which can lead to irreversible damage to the cardiomyocyte. 

Activation of NCX in the reverse direction was one of the main causes of cytosolic Ca2+ 

accumulation [150] [151]. Therefore, at the beginning of reperfusion, an inhibitor was used to block 

the activity of NCX. The use of the NCX inhibitor Cariporide was tested in phase 2 and 3 of a large 

clinical trial [125]. Three different doses (20 mg, 80 mg, 120 mg) were administered. At 20 mg and 

80 mg Cariporide showed no effect. At 120 mg, patients in one subgroup had a 10% lower risk of 

mortality. Cariporide also showed reduced necrosis in ischemic myocardium. However, when 

overall mortality was considered, there was no difference between placebo and cariporide use. 

Inhibition of NCX after MI seems to have little effect on the accumulation of cytosolic Ca2+. Also, it 

appears unlikely that altered NCX activity could contribute significantly to the disturbed Ca2+ 

regulation 10 days after I/R, observed in the present study, because it would not explain impaired 

SR Ca2+ uptake that was observed here (Fig. 3.3). In fact, impaired SR Ca2+ uptake was identified 

as the main cause of db/db cardiomyocyte Ca2+ dysregulation in previous work [140]. 

Ca2+ is released from the SR into the cytosol via the RyR2 after each stimulus, and Ca2+ 

concentration in the luminal SR is the driving force for this SR Ca2+ release [152]. Therefore, it is 

likely that the reduced filling of the SR with Ca2+ by SERCA2a is responsible in full or in part for 

the reduced and slowed cytosolic Ca2+ increase. It is known that in the resting state, without being 

stimulated, the RyR2 releases small amounts of Ca2+ into the cytosol. However, physiologically, 

these spontaneous Ca2+ sparks usually are too small that contraction of the sarcomeres would 
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occur. At the same time, a constant Ca2+ loss from the SR in remote myocardium could also be 

partly responsible for the fact that less Ca2+ is released from the SR upon stimulation.  

4.1.2 Preserved sarcomere function in remote cardiomyocytes of db/db mice 10 
days after I/R 

While Ca2+ kinetics 10 days after I/R (chapter 3.1.1) were impaired, sarcomere function in remote 

cardiomyocytes of db/db mice was not significantly different from non-diabetic mice at 10 to 12 

weeks of age. The contractile amplitude as well as the contraction and relaxation velocity were 

similar in remote cardiomyocytes from mice with and without a diabetic metabolic state despite 

depressed Ca2+ cycling. The previous findings from our group showed that at 24 hours after I/R, 

sarcomere function was altered in remote db/db cardiomyocytes. Contractile amplitude was 

decreased, and relaxation velocity was slowed in db/db versus db/+ remote cardiomyocytes. In 

remote cardiomyocytes, impaired sarcomere function was also observed after 1 hour of ischemia 

and 24 hours of reperfusion in non-diabetic mice. Contractile dysfunction further exacerbated  in 

db/db hearts. Underlying causes were identified as impaired SR Ca2+ filling, which was no longer 

compensated by increased Ca2+ sensitivity of myofilaments, as observed in db/db hearts before 

I/R injury [140]. Thus, the mismatch between depressed Ca2+ cycling and maintained sarcomere 

function of db/db remote cardiomyocytes 10 days after I/R seems to involve the restauration of 

increased myofilament Ca2+ sensitivity as in non-infarted db/db hearts. However, the exact 

mechanism causing preserved sarcomere function remains to be identified. 

There is evidence that adaptive changes such as altered protein phosphorylation, increase 

myocyte stiffness have occurred in the sarcomeres 10 days after MI to counteract the myocardial 

loss of function. The findings in db/db animals are consistent with human studies, as diabetic 

patients have a poorer cardiac function and higher mortality than non-diabetic patients after MI 

[142]. Mortality is over 50% in diabetic patients after MI [153]. According to the results presented 

in this work, changes in the non-ischemic remote myocardium may play an important role. 

4.1.3 Unchanged protein expression of regulators of the myocyte Ca2+ cycle  

To clarify the causes for the impairment of myocyte Ca2+ homeostasis 10 days after I/R, the protein 

expression of the Ca2+ regulating proteins was examined in the remote myocardium [158]. Cardiac 

lysates were examined by Western-blot analysis (chapter 2.3.5) by quantifying the band strength 

of the protein applied in each case. At the protein level, no altered expressions of the major Ca2+ 

regulators were found in db/db hearts compared to age-matched non-diabetic db/+ mice 10 days 

after I/R. SERCA2a expression, PLN monomer, RyR2, and S100A1 expression were all 

unchanged. Thus, no evidence was found that decreased expression of the investigated Ca2+ 

regulators could be the cause of the slowed intracellular Ca2+ cycle.  
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Similarly, the expression of SERCA2a, PLN monomer, RyR2, and S100A1 was also unchanged 

In the remote myocardium of db/db compared to db/+ mice 24 hours after I/R [138]. At the protein 

level, no altered expressions of the major Ca2+ regulators were found. RyR2 expression, 

SERCA2a expression, and PLN monomer expression as well as the SERCA2a/PLN monomer 

ratio were all unchanged. In the literature, expression changes of Ca2+ regulators are only 

described at later time points, in non-diabetic hearts and after non-reperfused MI. Omura et al. 

demonstrated in rats by mRNA analysis that SERCA gene expression was reduced in the remote 

myocardium three weeks after MI [154]. Later, after two and four months, SERCA expression was 

further reduced in the failing heart. The difference of these data from our findings would be 

sufficiently explained by the different models used, but the later time point of the analyses may 

also suggest that protein changes may not occur within the first 10 days after ischemia. 

Furthermore, the considerable variance of expression between samples in our analyses may have 

obscured potential changes. Finally, all named Ca2+ regulatory proteins are highly expressed in 

cardiomyocytes so that even a substantial gain or loss of protein may not result in a significant 

percent change of the respective Ca2+ regulatory protein. 

4.1.4 Unchanged activity of regulators of the Ca2+ cycle  

Decreased PLN phosphorylation at the PKA-dependent phosphorylation site Ser16 was observed 

in remote myocardium of db/db mice after 1 hour of ischemia and 24 hours of reperfusion [138]. 

PLN monomers interact with and inhibit SERCA2a. If the PLN monomer is present 

unphosphorylated, this inhibition is more pronounced, and less cytosolic Ca2+ is transported back 

into the SR. Thus, the finding of reduced PLN phosphorylation explained impaired Ca2+ cycling 24 

hours after I/R and prompted us to also investigate this phosphorylation site in the present work 

10 days after I/R. However, unchanged PLN phosphorylation at the PKA-dependent 

phosphorylation site Ser16 was observed in remote myocardium. Thus, this does not explain the 

slowed intracellular Ca2+ cycle and decreased cytosolic Ca2+ concentration after I/R in remote 

myocardium of db/db hearts and constitutes a clear difference to the situation 24 hours after I/R. 

Consistent with the finding of unchanged PLN phosphorylation and different from the 24 hour time 

point, β-adrenergic stimulation that would increase Ser16-phosphorylation of PLN did not 

normalize Ca2+ kinetics and transient amplitudes in the remote myocardium but even increased 

the difference compared with the db/+ myocardium in the present study.  

Of note, we found a significant about 3-fold increase of Thr17 phosphorylation, the second 

phosphorylation site of PLN, in the remote myocardium 10 days after I/R. Thr17 is phosphorylated 

by Ca2+-calmodulin-dependent protein kinase II, CaMKII, with CaMKIId as the leading subtype in 

the heart. Although myocardial infarction is well known to activate this enzyme [155], it seems 

remarkable to find a 3-fold increase even in the non-ischemic remote myocardium. However, since 

Thr17 phosphorylation was identical in db/db and db/+ remote myocardium, this phosphorylation 
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cannot serve as an explanation for the observed differences in myocyte Ca2+ cycling of both 

groups. 

Previous work described higher Ca2+ sensitivity of db/db hearts, which allowed maintained cardiac 

contractile function despite impaired cardiomyocyte Ca2+ cycling [138]. Therefore, the present 

study also determined phosphorylation of cTnI, but found no change when normalized for cTnI 

expression. The same was found 24 hours after I/R suggesting that increased Ca2+ sensitivity as 

a compensatory mechanism to maintain sarcomere function is lost early after I/R injury and does 

not reconstitute within the first 10 days thereafter. Direct measurements of Ca2+-activated force 

generation would help to further validate this assumption.  

In summary, no differences between db/db and db/+ remote myocardium were detected for the 

phosphorylation site of PLN at Ser16 but there was increased phosphorylation of PLN at Thr17 in 

remote myocardium of both groups, diabetic and non-diabetic mice, 10 days after I/R and 24 hours 

after I/R.  

4.2 Diet-induced obesity  

We wanted to investigate and compare data with another established mouse model of diabetes, 

i.e. diet-induced obesity (DIO). Both mouse models, db/db mice and DIO mice, develop a diabetic 

phenotype due to obesity, a leading cause for the development of T2DM in humans. Disorders 

induced in mice on a high-fat diet resemble the human comorbidities caused by obesity, such as 

glucose intolerance, insulin resistance, increased blood pressure, dyslipidemia, hyperinsulinemia, 

and hyperleptinemia, which are found in obese patients with metabolic syndrome [156]–[158]. The 

C57BL/6J mouse has a genetic susceptibility to develop diabetes when fed with a high-fat diet. 

DIO mice were fed a high caloric diet over 9 weeks, whereas db/db mice receive regular chow and 

develop symptoms due to severe hyperphagia. The metabolic phenotype is similar in both models, 

however, as compared with DIO mice, db/db mice on average gain even more body weight and 

their symptoms progress to cardiomyopathy, peripheral neuropathy, and impairment of pancreatic 

b-cells when the animals are more than 12 weeks old.  

Obesity is a condition that has reached epidemic levels in recent years, and its adverse effects 

have been widely studied in experimental animals. Obesity has been found to impair myocardial 

performance [159]. Nevertheless, the mechanisms underlying the involvement of Ca2+ handling 

on cardiac dysfunction in obesity models remain unknown. L-type Ca2+ channels and sarcoplasmic 

reticulum (SR) Ca2+ -ATPase (SERCA2a) may contribute to the cardiac dysfunction caused by 

obesity. Interestingly, limited information is available on the relationships between obesity and 

Ca2+ handling. Thus, this study was performed to investigate whether obesity promotes cardiac 

dysfunction due to changes of intracellular calcium homeostasis.  
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Many scientific literatures have shown that mice consuming diets containing high content of fat 

gained weight faster than those on diets containing minimal proportions of fat [160]. Although 

obese mice manifested a modest but remarkable increase in total body weight, they developed 

substantially more adipose tissue than control mice; the adiposity index, an important determinant 

of obesity, was elevated in obese mice relative to that in control mice. Adipose tissue per se is an 

endocrine organ that secretes cytokines such as IL-6 and TNFα; thus, obesity could potentially be 

regarded as a chronic inflammatory disease [160]. The possible reason of obesity in these mice 

is related to the caloric content of this diet. Rather than simply an increased percentage of dietary 

fat, it has been suggested that energy density is the predisposing factor for weight gain in several 

animal studies. 

High fat intake has been related to insulin resistance and cardiac pathology. Dietary induced 

myocardial signaling and morphological alterations have been described, but whether 

cardiomyocyte function is influenced by chronic high fat diet intake is yet to be elucidated. 

Therefore, the goal was to evaluate the effects of obesity on cardiac function and Ca2+ handling-

associated myocardial proteins. 

4.2.1 Changed myofilament Ca2+ kinetics in high-fat diet-induced obesity mouse 
cardiomyocytes 

The two groups of body weight-matched C57BL/6 mice were placed on either a fat-enriched diet 

or a control diet. The major difference between the two diets was the fat content. Mice fed with fat-

enriched diet (DIO) gained weight at a more rapid rate than controls and the weight gain became 

significant after 9 weeks of feeding (Fig. 3.14). This work determined the progressive 

consequences of a fat enriched diet on intracellular Ca2+ and cell contraction in ventricular 

myocytes from the C57BL/6J mouse. The characteristics of DIO mice fed compared to mice 

receiving control diet included increase in the rate of body weight gain, increased blood glucose 

and differences based on the time-dependent in the disposal of blood glucose.  

Cardiomyocytes were isolated to analyze the Ca2+ cycling at baseline and after b-adrenergic 

stimulation by isoproterenol. The increase in the peak height of intracellular Ca2+ transients in DIO 

cardiomyocytes was contrary to what had been observed in db/db mice [142]. In db/db 

cardiomyocytes, calcium cycling was found depressed both in the size and the kinetics of Ca2+ 

transients. We conclude that the excess adipose tissue and hyperglycemia alone are not sufficient 

to impair intracellular Ca2+ handling of ventricular cardiomyocytes. Despite having similar fat mass 

and body weight, the onset of metabolic complications in DIO and db/db mice are different and 

could serve as possible explanations for the observed differences in cardiomyocyte Ca2+ cycling. 

Furthermore, both mouse models of diabetes show differences in glucose and insulin profiles, 

different energy metabolism and/or different lipid profiles and possibly resulting inflammatory 

responses.  
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4.2.2 Changed sarcomere function 

Sarcomere shortening and relengthening was measured in paced ventricular cardiomyocytes at 

baseline and after b-adrenergic stimulation by isoproterenol. In parallel to the slightly higher peak 

height of Ca2+ transients in DIO cardiomyocytes (3.2.1), the contractile amplitude of sarcomere 

shortening showed an increase by trend in ventricular myocytes from DIO mice compared to 

controls, suggesting that alterations to myocytes shortening could be attributed to alterations in 

Ca2+ transport. This is different from db/db cardiomyocytes that showed regular sarcomere 

contraction and relaxation despite impaired Ca2+ kinetics [142]. This discrepancy was attributed to 

increased myofilament Ca2+ sensitivity found in db/db hearts under basal conditions. As opposed 

to these findings, increased myofilament Ca2+ sensitivity does not seem to be present in DIO 

hearts because sarcomere function matches well the size and the kinetics of myocyte Ca2+ 

transients. This is another difference between db/db and DIO mice that, apparently, cannot be 

attributed to hyperglycemia or adipositas alone, but rather result from additional metabolic 

differences between both mouse models of diabetes as detailed above.  

Experimental studies of cardiac contractile function in animal models of diet-induced obesity 

revealed heterogeneous results. Rats on hypercaloric diet for 14 weeks showed regular cardiac 

function in vivo and in ventricular cardiomyocytes [161], [162]. On the other hand, other studies 

found mechanical dysfunction of isolated hearts and ventricular cardiomyocytes in rats and rabbits 

on high-fat diet [163], [164]. Thus the impact of diet-induced obesity on cardiac function will remain 

a matter of debate and seems to be dependent on the respective model organism and examination 

procedure. Based on the findings reported here in two different obese mouse models, adipositas 

alone - and also hyperglycemia - do not seem to cause dysfunction on the level of cardiomyocyte 

sarcomeres. 

4.3 RIC dialysates 

Even though immense progress has been made throughout the past 3 decades in the treatment 

of patients with acute myocardial infarction (MI), there is still a need for improvement [165], [166]. 

Although decreasing the incidence of acute MI and subsequent death remains unacceptably high, 

ischemia-related heart failure is becoming more frequent [167]. Myocardial ischemic conditioning 

is considered as an endogenous cardioprotective phenomenon that profoundly limits infarct size 

in experimental models. The classified definition of ‘‘conditioning’’ is the application of a series of 

alternating intervals of brief ischemia (hypoxia) and reperfusion (reoxygenation) applied in the 

setting of prolonged ischemia causing myocardial infarction. Cardioprotection, i.e. infarct size 

reduction as well as improved cardiac contractile function after I/R, was also observed if ischemia 

was applied to a limb before myocardial infarction suggesting that ischemic conditioning of hearts 

is mediated, at least in part, by humoral factors. The goal of this study was to evaluate the effects 
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of a humoral factor that is induced by ischemic preconditioning and confers cardioprotection from 

ischemia/reperfusion injury on cardiomyocyte Ca2+ homeostasis. 

In theory, ischemic conditioning might either affect the signal transduction pathways within the 

heart or the inter-organ communication, i.e., the signal transduction from the remote organ or 

tissue to the heart. The observation that the transfer of blood samples after RIC to a isolated heart 

initiates cardioprotection supports the concept of blood-borne humoral factors as an important 

signalling step of the inter-organ communication [129]. Because of its non-invasive nature RIC 

seems to be an optimal therapeutic strategy to protect the heart from I/R injury in a safe and easy-

applicable way. In the present study, we modeled the clinical situation in isolated cardiomyocytes 

by exposing isolated mouse cardiomyocytes to serum dialysates from probands with and without 

RIC. The experiments demonstrated that RIC dialysates alter myocyte Ca2+ handling 

independently of beta-adrenergic receptor stimulation and PKA-dependent phosphorylation of 

Ca2+ regulatory proteins. After transient hypoxia and reoxygenation, humoral factors released by 

RIC enhanced cardiomyocyte Ca2+ cycling, which may play a role in cardioprotection from 

hypoxic/ischemic damage. 

4.3.1 Dialysates from blood samples post remote IPC enhance Ca2+ cycling and 
sarcomere contraction and relaxation in cardiomyocytes without hypoxia 

Isolated mouse cardiomyocytes without hypoxia and reoxygenation were incubated with serum 

dialysates from 10 human probands. Samples were received from Prof. Petra Kleinbongard, 

Institute of Pathophysiology, University Hospital Essen. For each proband, sample pairs were 

obtained before and after RIC. Ca2+ transients of cardiomyocytes were higher compared to 

respective controls in all sample pairs. RIC dialysates also enhanced the speed of Ca2+ rise and 

the speed of Ca2+ decrease. In addition, after stimulation with β-adrenergic, the amount of Ca2+ 

released into the cytosol, the rate of Ca2+ increase and rate of Ca2+ decrease were also 

significantly increased. The sarcomere function measurement was also performed in parallel with 

the measurement of myocyte Ca2+ kinetics in isolated mouse cardiomyocytes. Like Ca2+ cycling, 

RIC also increased the contractile amplitude at baseline. The velocity of sarcomere contraction as 

well as the velocity of sarcomere relaxation were enhanced by trend. The β-sympathomimetic 

isoproterenol stimulation accelerated contraction and relaxation of all cells and the RIC-induced 

trend difference was still present. These data demonstrate that soluble factors that are present in 

the blood after RIC of healthy human probands seem to enhance Ca2+ cycling and increase 

sarcomere contraction in isolated mouse cardiomyocytes. Notably, these effects were observed 

in cells without previous subjection to ischemia and reoxygenation. 
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4.3.2 Hypoxia and reoxygenation impair cardiomyocyte Ca2+ cycling and 

sarcomere function 

Ca2+ cycling in isolated mouse cardiomyocytes was depressed by hypoxia and reoxygenation 

injury in all experiments. The amplitude of the measured Ca2+ transients, representing the amount 

of Ca2+ released from the SR into the cytosol after each electrical stimulation, as well as the rates 

of cytosolic Ca2+ increase and Ca2+ elimination were significantly reduced. These alterations 

compared to untreated cells were still present after stimulation with isoproterenol (10-7 M) 

suggesting that the observed defects do not result from phosphorylation defects of Ca2+ regulatory 

proteins as described in remote myocardium early after ischemia and reperfusion [64].  

The measurement of sarcomere function was performed in parallel with the measurement of 

myocyte Ca2+ kinetics in isolated mouse cardiomyocytes. Surprisingly, the amplitude as well as 

the velocities of sarcomere contraction and relaxation were not reduced in parallel with the 

observed changes in Ca2+ cycling and only showed a trend reduction upon β-adrenergic stress. 

Thus, the model used in this work appeared suitable to determine potential rescue effects of RIC 

dialysates to Ca2+ cycling induced by acute hypoxia and reoxygenation injury. The subtle effects 

of hypoxia observed for sarcomere function would explain why the experimental model used here 

did not reveal significant changes of sarcomere function after treatment of cells with RIC dialysates 

(see 4.3.3). 

4.3.3 Dialysates from blood samples post remote RIC enhance Ca2+ cycling in 
cardiomyocytes after hypoxia 

When isolated cardiomyocytes were incubated with plasma dialysates prior to hypoxia and 

reoxygenation, Ca2+ transients of cardiomyocytes were higher compared to respective controls in 

all sample pairs, indicating a more pronounced cytosolic Ca2+ increase. RIC dialysates also 

enhanced the speed of Ca2+ rise and the speed of Ca2+ decrease. Intriguingly, this increase of 

Ca2+ parameters was of comparable magnitude to that of their decrease due to 50 min hypoxia in 

untreated myocytes. Isoproterenol (10-7M) stimulation also enhanced the myocyte Ca2+ cycling in 

all groups. RIC-induced differences were still present, but slightly reduced suggesting that RIC 

dialysates alter myocyte Ca2+ handling mainly, but not in fully, independent of β-adrenergic 

receptor stimulation and PKA-dependent phosphorylation of Ca2+ regulatory proteins. 

Previous studies have shown that ischemic preconditioning has been related to reduced 

generation of oxygen free radicals and attenuated oxidant-related injury to endothelium and 

myocytes [168], [169]. In vitro studies using isolated cardiomyocytes and endothelial cells have 

reported that the generation of superoxide radicals and cytokines at reoxygenation was 

significantly attenuated by hypoxic preconditioning. These authors suggest that a transient low-

level stimulation of oxygen radical generation by preconditioning may act as a signal that arouses 
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an anti-inflammatory type “cardiomyocyte and endothelial preconditioning,” which then depresses 

responsiveness of these cells to inflammatory mediators. Some cardio-depressive actions of ROS 

have been associated to the activation of signaling pathways that influence the phosphorylation, 

expression, or function of Ca2+ regulatory proteins (such as SERCA2a and RyR2), leading to 

changes in the magnitude of the calcium transient and an inadequate calcium-induced contractile 

response. ROS-induced structural modifications of the sarcomere due to direct oxidative 

modifications of myofilament proteins, myofilament protein phosphorylation by ROS-activated 

kinases, or myofilament protein cleavage by ROS-activated proteases that interfere with the 

transduction of Ca2+-dependent contractile responses. 

4.3.4 RIC dialysates did not enhance sarcomere function of cardiomyocytes after 
hypoxia in the used experimental model  

Ca2+ transients of cardiomyocytes incubated with RIC dialysates followed by hypoxia and 

reoxygenation demonstrated wide variation of results, both for the amplitude and the kinetics of 

sarcomere contraction and relaxation. While RIC induced a trend increase without 

pharmacological stimulation of cells, the β-sympathomimetic isoproterenol accelerated contraction 

and relaxation, however, no differences between cells with and without RIC treatment were 

detectable. These results are consistent with the reduced changes observed with RIC for myocyte 

Ca2+ handling after isoproterenol stimulation. Futhermore, the measurements of myocytes with 

and without hypoxia (see 4.3.2) had revealed that the experimental setup used in the present work 

is suitable to detect RIC-induced changes of Ca2+ cycling in isolated cardiomyocytes, but it 

appeared to be less sensitive to detect changes of sarcomere function. 

Previous work has demonstrated that RIC induces cardioprotection and reduces myocardial 

damage/infarct size in patients with acute myocardial infarction and those undergoing 

cardiovascular surgery. It is known at the subcellular level that RIC improves energy metabolism, 

preserves mitochondrial respiration, ATP production and Ca2+ homeostasis. Mechanisms for 
reversible myocardial contractile dysfunction involve a disruption in cardiomyocyte 

Ca2+ homeostasis which includes decreased responsiveness of the myofilaments to Ca2+, 

intracellular Ca2+ overload, and disturbed excitation-contraction coupling due to SR dysfunction. 

Future studies will reveal the biochemical effects of RIC on Ca2+ regulatory proteins that accelerate 

intracellular Ca2+ transport and improve the contractile function of cardiomyocytes.  
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5 Outlook 

The mechanisms that underlie diastolic dysfunction during diabetes are not well understood. A 

more established line of evidence points to a significant involvement of altered cardiomyocyte Ca2+ 

homeostasis in the development of T2DM-induced diastolic dysfunction. In mouse models of 

T2DM, decreased contractile function was related to increased cardiomyocyte Ca2+ efflux, reduced 

Ca2+ entry, decreased SR Ca2+ load and altered Ca2+ homeostasis. Based on the results obtained 

in this work, it was observed that T2DM exacerbates the depression of Ca2+ cycling in remote 

myocytes after I/R. Impaired myocyte Ca2+ homeostasis in db/db mice model of T2DM has 

previously been correlated with altered expression of myocyte Ca2+ handling proteins and 

consecutive changes in myocyte Ca2+ content and SR Ca2+ load. Cells were stimulated with 

isoproterenol to activate PKA, but unlike wild-type myocytes, PKA stimulation did not rescue the 

Ca2+ cycling phenotype. Isoproterenol also did not raise sarcomere function to the same level as 

in stimulated non-diabetic myocytes.  

At 10 days after I/R, no restriction of sarcomere function could be detected in the remote 

myocardium. Whether this is also the case at later time points, for example, 28 days after I/R, 

could be of interest because by then another phase of post-infarct remodeling, the so-called 

maturation phase, has begun. Scarring occurs, and necrotic tissue is completely replaced by 

fibrous tissue. It is thought that in this late phase after MI, cardiac remodeling disrupts many 

signaling cascades, especially signal transduction of many protein kinases and protein 

phosphatases. This leads to hypertrophy and/or dilatation of the heart and, functionally, often to 

chronic heart failure. Thus, future studies should include a detailed and time-resolved 

characterization of oxidative stress-induced modification of sarcomeric proteins and their 

regulators and may also unravel the complex interplay of these modifications and their role in 

modulating cardiomyocyte function after I/R.  

Obesity is often linked with changes in cardiac function; however, the mechanisms responsible for 

functional abnormalities have not yet been fully clarified. Considering the lack of information 

whether fat-enriched diet-induced obesity involved in myocardial Ca2+ handling, the results 

showed that obesity may lead to changes in myocardial Ca2+ kinetics. While a 9-week duration is 

longer than average prebiotic studies, extending the study period may help to determine whether 

the observed fold changes translate to functional improvements at the organ level. Furthermore, 

a longer study duration may be more representative of the chronic nature of obesity and thus 

provide a clearer understanding of whether diet-induced obesity mediates cardiac changes. Future 

research should also investigate the post-translational modifications, such as phosphorylation, 

which may be more indicative of cardiac function compared to protein abundance. 
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The present work evaluated the hypothesis that a humoral factor that is induced by RIC affects 

cardiomyocyte Ca2+ homeostasis, and it was shown that Ca2+ kinetics were enhanced. To follow 

up on the results of the present work, it would be interesting to see whether the potential effects 

of plasma from preconditioned humans improve Ca2+ kinetics also in myocytes isolated from 

diabetic mouse hearts. Another approach to take this project further could be to study the influence 

of myocardial (instead of remote) ischemic preconditioning on sarcomere function, and the ability 

of the preconditioned medium to alter cardiomyocyte Ca2+ homeostasis and contractility. This 

study will help to explain existing differences between the results of both experimental and clinical 

studies investigating the cardioprotective potential of RIC. More importantly, because the humoral 

factor(s) have the potential to initiate protection in the heart, the identification of the cardiac 

receptor is of great interest as a pharmacological target. Therefore, future studies should focus on 

the identification of the molecular structure of humoral factor(s) as well as the cardiac target 

structures. 
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6 Summary 

Ischemia and reperfusion (I/R) impair myocardial contractile function not only in the infarct zone 

but also in non-infarcted regions, i.e., the remote myocardium (RM). We hypothesized that type 2 

diabetes mellitus (T2DM) impairs electromechanical coupling and sarcomere function and thereby 

impedes important adaptive remodeling processes after I/R. The present study aimed to 

investigate (i) the sarcomere function and intracellular Ca2+ kinetics of a genetic mouse model of 

T2DM (db/db) 10 days after I/R, (ii) whether diet-induced obesity (DIO) plays a causal role in 

contractile dysfunction of cardiac myocytes and (iii) to test the hypothesis that the cardioprotective 

effects of remote ischemic preconditioning (RIC) by transient ischemia to one arm of healthy 

human probands involve alterations to myocyte Ca2+ homeostasis and/or cardiomyocyte 

contractile function on the sarcomere level. 

Measurements of Ca2+ kinetics and sarcomere function in cardiomyocytes isolated from the 

remote myocardium of db/db mouse hearts 10 days after I/R revealed that myocyte Ca2+ transients 

are smaller, and Ca2+ kinetics are slowed, particularly after β-adrenergic stimulation of cells, 

compared to cells isolated from non-diabetic heterozygous db/+ control mice. However, sarcomere 

function was impaired only by trend. The additive effects of I/R and T2DM on myocyte Ca2+ 

homeostasis may contribute to the poor clinical outcome of patients with diabetes mellitus after 

myocardial infarction. 

Diet-induced obesity has been described to impair myocardial performance. Thus, this study was 

performed to determine the interplay between DIO and intracellular Ca2+ properties and to 

compare the results from this model of pre-diabetes to the data obtained in db/db mice. Male 

C57BL/6 mice were fed a diabetogenic diet for 9 weeks. Unlike db/db mice, the intracellular Ca2+ 

kinetics and the amplitude of the Ca2+ transients were not depressed by the diabetogenic diet 

compared to control mice on regular chow. These findings show that neither obesity nor 

hyperglycemia alone are sufficient to impair myocyte Ca2+ transport.  

RIC is known to reduce infarct size and to improve cardiac contractile function after I/R in animal 

models. In this study, mouse cardiomyocytes were incubated with serum dialysates obtained from 

human probands before and after RIC before cells were subjected to hypoxia and reoxygenation.  

Ca2+ transients were higher and intracellular Ca2+ kinetics was faster after RIC for all 10 sample 

pairs. For sarcomere length, there was a trend towards enhanced contraction and relaxation of 

cells. The results provide a good basis for evaluating the role of myocyte Ca2+ homeostasis for the 

positive inotropic effects induced by conditioned plasma. It can be concluded that humoral factors 

released by healthy human individuals upon RIC enhance cardiomyocyte Ca2+ cycling after 

transient hypoxia. These effects may play a critical role in RIC-induced protection of the heart from 

I/R injury. 
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7 Zusammenfassung 

Ischämie und Reperfusion (I/R) beeinträchtigen die kontraktile Funktion des Myokards nicht nur 
in der Infarktzone, sondern auch in den nicht-infarzierten Regionen, dem sogenannten remote 
Myokard (RM). Wir stellten die Hypothese auf, dass Typ-2-Diabetes mellitus (T2DM) die 
elektromechanische Kopplung und die Funktion der Sarkomere beeinträchtigt und dadurch 
wichtige adaptive Prozesse im Myokard nach I/R verhindert. Ziel der vorliegenden Studie war es, 
(i) die Sarkomerfunktion und die intrazelluläre Ca2+-Kinetik in einem genetischen Mausmodell für 
T2DM (db/db) 10 Tage nach I/R zu analysieren, (ii) zu untersuchen, ob eine diät-induzierte 
Adipositas (DIO) eine kausale Rolle für die kontraktilen Dysfunktion von Herzmuskelzellen spielt, 
und (iii) die Hypothese zu testen, dass die kardioprotektiven Effekte der ischämischen 
Fernkonditionierung (RIC) durch transiente Ischämie an einem Arm gesunder Probanden mit 
Veränderungen der Sarkomerfunktion und/oder der Ca2+-Homöostase der Myozyten einhergehen. 
Messungen der Ca2+-Kinetik und der Sarkomerfunktion in Kardiomyozyten des remote Myokards 
von db/db-Mäusen 10 Tage nach I/R ergaben, dass die Ca2+-Transienten kleiner und die Ca2+-
Kinetik langsamer waren als in Zellen aus nicht-diabetischen heterozygoten db/+-Kontrolltieren, 
vor allem nach β-adrenerger Stimulation der Zellen. Die Sarkomerfunktion war dagegen nur 
tendenziell schlechter. Die additiven Effekte von I/R und T2DM auf die Ca2+-Homöostase der 
Myozyten könnte zu dem schlechten klinischen Verlauf von Diabetikern nach Myokardinfarkt 
beitragen. 
In der Literatur wurde beschrieben, dass DIO die Herzmuskelfunktion beeinträchtigt. In dieser 
Studie wurden daher die Wechselwirkungen zwischen DIO und dem intrazellulären Ca2+-
Transport untersucht und die Ergebnisse dieses Mausmodells für Prä-Diabetes mit den Daten der 
db/db-Mäuse verglichen. Männliche C57BL/6-Mäuse wurden 9 Wochen lang mit einer 
diabetogenen Diät gefüttert. Anders als bei db/db-Mäusen wurden die intrazelluläre Ca2+-Kinetik 
und die Amplitude der Ca2+-Transienten durch die diabetogene Ernährung im Vergleich zu 
Kontrollen mit normalem Futter nicht reduziert. Diese Ergebnisse zeigen, dass weder Adipositas 
noch Hyperglykämie alleine ausreichend sind, um den myozytären Ca2+-Transport so wie im 
db/db-Modell für Typ-2-Diabetes zu beeinträchtigen.  
In Tiermodellen verringert RIC die Infarktgröße und verbessert die kontraktile Funktion des 
Herzens nach I/R. In dieser Studie wurden Maus-Kardiomyozyten mit Serum-Dialysaten aus 
gesunden humanen Probanden vor und nach RIC inkubiert und anschließend transienter Hypoxie 
ausgesetzt. In allen 10 Proben-Paaren waren die Ca2+-Transienten höher und die intrazelluläre 
Ca2+-Kinetik durch RIC beschleunigt. Die Sarkomerfunktion zeigte dagegen nur geringe 
Veränderungen. Die Ergebnisse bieten eine Grundlage für die Bewertung der Rolle der 
myozytären Ca2+-Homöostase für die durch konditioniertes Plasma induzierten positiv inotropen 
Effekte. Diese Befunde zeigen, dass humorale Faktoren, die von gesunden Menschen bei RIC 
freigesetzt werden, speziesübergreifend den Ca2+-Kreislauf der Kardiomyozyten nach transienter 
Hypoxie beschleunigen können. Diese Effekte könnten eine wichtige Rolle beim RIC-induzierten 
Schutz des Herzens vor I/R-Schäden spielen. 
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8 Abbreviation 

 

AAR Area at risk 
AC Adenylate cyclase 
Akt Protein kinase B 
AMI Acute myocardial infarction 
ATP Adenosine triphosphate 
β-AR β-adrenergic receptor 
Ca2+ Calcium 
CAD Coronary artery disease 
CaMKII Calcium calmodulin-dependent protein kinase II 

cAMP Cyclic adenosine monophosphate 
CHD Coronary heart disease 
CVD Cardiovascular disease 
db/db Leptin receptor deficient homozygous mouse 
db/+ Leptin receptor deficient heterozygous mouse 
DIO Diet induced obesity 
ECC Excitation contraction coupling 
FFT Fast Fourier transform 
HFD High fat diet 
IHD Ischemic heart disease 
I/R Ischemia/reperfusion 
IS Infarct size 
LAD Left anterior coronary artery 
LV Left ventricle 
MI Myocardial infarction 
NCX Sodium-Calcium Exchanger 
Na2+ Sodium 
Nm Nanometer 
NO Nitrogen monoxide 
O2 Oxygen 
PLN Phospholamban 
PKA Protein kinase A 
PKC Protein kinase C 
PKG Protein kinase G 
PMCA Sacrommal calcium ATPase 
RIC Remote ischemic conditioning 
ROI Region of interest 
ROS Reactive oxygen species 
RyR Ryanodine receptor 
RV Right ventricle 

SERCA2a Sarco/endoplasmic reticulum calcium ATPase 2a 
Ser16 Serin16 
SR Sarcoplasmicreticulum 
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T1DM Diabetes mellitus type I 
T2DM Diabetes mellitus type II 
Thr17 Threonin17 
Tm Tropomyosin 
TnC Troponin C 
Tnl Troponin L 
TN F Tumor necrosis factor 
TnT TroponinT 
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