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Introduction 

The blood pumped by the heart supplies all the organs with nutrients and oxygen and 
eliminates waste products. Adequate energy production in mitochondria and efficient 
energetic communication between energy-producing and energy-utilizing sites are of 
vital importance for the normal functioning of the heart. The creatine kinase (CK) system 
is considered to play a crucial role in buffering and transporting high-energy phosphates 
in tissues with high and fluctuating energy needs. Almost 40 years ago, Bittl and Ingwall 
suggested that phosphoryl transfer by CK is ten times faster than ATP synthesis by 
mitochondrial respiration (Bittl and Ingwall, 1985). Since then, multiple studies have 
been performed to assess the relation of CK-flux to ATP synthesis by oxidative 
phosphorylation, presenting noticeably diverse data. Thus, over the years, the CK system 
has been considered one of the most important players in myocardial metabolism 
(Bessman and Carpenter, 1985; Wallimann et al., 1992; Saks et al., 1994; Joubert et al., 
2002; Dzeja and Terzic, 2003). 

The CK system changes in heart failure when the heart cannot pump blood efficiently 
around the body. The progression of heart failure is associated with impairments in 
energy metabolism, characterized by the inability of the heart to produce a sufficient 
amount of energy needed to match its functional demands. In 1939 the reduction of total 
creatine levels in failing myocardium was first described by Herrmann and Decherd 
(Hermann and Decherd, 1939), followed by the detection of elevated serum CK levels 
after myocardial infarction (MI) in the early 1960s (Duma and Siegel, 1965). After MI, due 
to the tissue damage, CK is released from the myofibrils. The elevated serum CK levels 
correlate with the infarct size, so that larger infarct sizes evoke larger CK release into the 
blood flow. Since then, extensive research has been carried out to understand what 
causes heart failure development. After MI, total CK enzymatic activity and creatine 
levels are reduced (Ingwall and Weiss, 2004; Lygate et al., 2007; Neubauer, 2007), leading 
to compromised energy metabolism in the failing heart. Moreover, the infarct severity 
depends on its duration, so more PCr is consumed during a longer infarct, causing more 
severe consequences. Thus, the PCr/ATP ratio is a well-known indicator of the myocardial 
energy state and is widely used as a prognostic marker of patient mortality after heart 
failure (Neubauer et al., 1997; ten Hove and Neubauer, 2007).  

Cardiac energetics and the contribution of the functional CK system to energy transfer 
in healthy and failing hearts were studied in several models, where the CK system was 
altered (Lygate and Neubauer, 2014). However, the outcomes of these studies were 
equivocal and even contradictory. On the one hand, the basic cardiac function of 
creatine-deficient and CK KO animals was normal (Hove et al., 2005; Nahrendorf et al., 
2006; Faller et al., 2018; Aksentijević et al., 2020), and compromised CK function did not 
worsen heart failure (Nahrendorf et al., 2005; Lygate et al., 2013). On the other hand, 
several other studies reported the improvement of postischemic cardiac dysfunction and 
protection against heart failure due to the overexpression of CK (Akki et al., 2012; Gupta 
et al., 2012; Whittington et al., 2018). Therefore, further investigations are needed to get 
a clearer insight into the CK system's role in regulating cardiac metabolism. Of particular 
interest is the importance of CK as an energy transfer system, which, for a long time, was 
thought to be crucial in a healthy heart and compromised in heart failure. 

Ca2+ plays an essential role in cardiac contraction and regulation of energy 
metabolism, participating in the regulation of ATP utilization by ATPases and ATP 
generation by mitochondria. Changes in the Ca2+ handling were demonstrated in CK KO 
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mouse hearts (Crozatier et al., 2002; Spindler et al., 2004). Although these animals 
exhibited unchanged myocardial Ca2+ homeostasis at baseline, impaired Ca2+ handling 
and excitation-contraction (EC) coupling were observed under acute stress conditions. 
Therefore, revealing the aspects of tight interaction of Ca2+ dynamics and regulation of 
cardiac energetics is of great importance in understanding the underlying causes of the 
heart’s inability to meet the body’s fluctuating needs under pathophysiological 
conditions. 

In the current dissertation, the energetic communication between cellular 
compartments, ultrastructural organization, and Ca2+ handling in cardiomyocytes  
from mouse models with altered CK system was studied. Two mouse models of  
creatine-deficiency were used. Both are creatine free due to the lack of one of the 
enzymes that synthesise creatine, either L-arginine:glycine amidinotransferase (AGAT) or 
guanidinoacetate N-methyltranferase (GAMT). In addition, data from different 
experimental measurements were used as input for various mathematical models of 
heart cells to estimate intracellular compartmentation and how communication 
between cellular compartments and Ca2+ handling is modified in creatine-deficient 
hearts. The results of this work broaden the understanding of the CK system’s role in 
regulating energy metabolism and Ca2+ dynamics in the heart. 

The thesis is organized as follows. The first chapter of this thesis briefly overviews 
cardiac function and metabolism. In the next chapter, studies on creatine-deficient 
animal models are described with the results from Publications I and II. As mouse was 
used in these studies, in contrast to the use of rats in earlier works studying intracellular 
energy transfer, the relevant bioenergetics parameters from rat and mouse cardiac 
preparations were compared in Publication III and summarized in Chapter 3. Finally, 
results linking creatine-deficiency to EC coupling (Publications IV and V) are described in 
Chapter 4 and followed by the overall conclusions. 
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Abbreviations 

ADP adenosine diphosphate 

AGAT arginine:glycine amidinotransferase 

AGAT KO mouse lacking arginine:glycine amidinotransferase 

AK adenylate kinase 

AMP adenosine monophosphate 

AMPK AMP‐activated protein kinase 

ANT adenine nucleotide translocase  

ATP adenosine triphosphate 

ATPase adenosine triphosphatase 

CICR Ca2+ induced Ca2+ release 

CK creatine kinase 

CK KO mouse lacking muscle and mitochondrial creatine kinase 

Cr creatine 

CrT creatine transporter 

CrT KO mouse lacking creatine transporter 

CrTOE mouse overexpressing creatine transporter  

EC excitation-contraction  

ETC electron-transport chain 

GAMT guanidinoacetate methyltransferase 

GAMT KO mouse lacking guanidinoacetate methyltransferase 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

hArg homoarginine 

HK hexokinase 

IA iodoacetamide 

I-R ischemia-reperfusion 

ISO isoprenaline 

KO knockout 

LTCC L-type calcium channel 

M-CK muscle creatine kinase 

M-CK KO mouse lacking muscle creatine kinase 

MCU mitochondrial Ca2+ uniporter  

MI myocardial infarction 

MOM mitochondrial outer membrane 

mtCK sarcomeric mitochondrial creatine kinase 

mtCK KO mouse lacking sarcomeric mitochondrial creatine kinase 

NADH reduced nicotinamide adenine nucleotide 

NCX Na+/ Ca2+ exchanger  

NCXrev Na+/ Ca2+ exchanger operating in the reverse mode 

PCr phosphocreatine 

PEP phosphoenolpyruvate 
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PK pyruvate kinase 

PLB phospholamban 

ROS reactive oxygen species 

RyR ryanodine receptor 

SL sarcomere length 

SERCA sarcoplasmic reticulum Ca2+ -ATPase 

SR sarcoplasmic reticulum 

TnC troponin C 

VDAC voltage dependent anion carrier 

β-GPA beta-guanidinopropionic acid 
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1 Cardiac function and creatine kinase system 

1.1 Cardiac function and energy metabolism 

The heart beats and pumps the blood around the body throughout life, constantly and 
without rest. Cardiac output is around 5 litres per minute in a human. Thus, the heart has 
the highest energy demand compared to any other organ in the body. Consequently, 
mitochondrial content, occupying one-third of the cell volume, is the highest in the heart, 
while myofilaments take up half of the cardiomyocyte volume (Barth et al., 1992; Katz, 
2011).  

The heart’s contraction is initiated by the action potential (AP), a transient change in 
membrane potential generated by the pacemaker cells in the sinoatrial node (SA) node 
of the heart. The electrical excitation and contraction of the myofibrils are linked by the 
EC coupling (Figure 1).  With this, the propagation of an action potential leads to voltage 
change across the sarcolemma and subsequent opening of voltage-dependent L-type 
Ca2+ channels (LTCC), causing Ca2+ influx into the cell. That, in turn, triggers a more 
prominent Ca2+-induced Ca2+ release (CICR) from the sarcoplasmic reticulum (SR) through 
Ca2+ release channels, the ryanodine receptors (RyRs). When intracellular Ca2+ increases, 
Ca2+ binds to troponin C (TnC), the Ca2+ - binding subunit of the troponin complex (Tn), 
located on the actin filaments, and allows myosin binding to actin. This causes sliding of 
the actin filaments over the myosin filaments, and thus the myofilament contraction, 
driven by adenosine triphosphate (ATP) hydrolysis by myosin-ATPases. For relaxation, 
Ca2+ is pumped back to the SR by SR Ca2+-ATPase (SERCA) or exported out of the cell by 
the Na+-Ca2+ exchanger (NCX) and the sarcolemmal Ca2+-ATPase (Bers, 2002).  

Ca2+ also plays a role in the regulation of ATP generation. Ca2+ enters the mitochondria 
through the mitochondrial Ca2+ uniporter (MCU), stimulates dehydrogenases in the citric 
acid cycle (Krebs cycle) to produce NADH, and participates in the activation of  
F1FO-ATPase (Franzini-Armstrong, 2007). Although mitochondria take up and release Ca2+ 
under physiological conditions, they are not involved in EC coupling. They thus do not 
liberate Ca2+ in response to stimulation or when required by the cell (Williams et al., 
2013). Nevertheless, the mitochondrial Ca2+ transients could play an essential role in 
regulating ATP regeneration and mitochondrial energetics (Glancy and Balaban, 2012). 
Thus, Ca2+ plays a critical role in regulating muscle contraction in parallel with mitochondrial 
energy production, termed “parallel activation” (Balaban, 2002). 
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The contraction of the heart is fueled by ATP, most of which is obtained from the 
oxidation of carbohydrates and fats employing glycolysis and oxidative phosphorylation. 
Cardiac energy metabolism involves both anabolic and catabolic reactions, synthesizing 
building blocks for cellular structure and ATP, respectively. Catabolism consists of three 
main components: cellular uptake and subsequent breakdown of the substrates received 
with the food; the ATP production by oxidative phosphorylation in mitochondria;  
and, finally, the transfer of energy-rich phosphate bonds to the cytosolic sites of  
ATP-consumption and their subsequent utilization (Neubauer, 2007) (Figure 2). 

After substrates are taken up by the cell, they are metabolised by beta-oxidation and 
glycolysis, leading to acetyl coenzyme A (Acetyl-CoA) formation. Next, Acetyl-CoA is 
oxidized in the Krebs cycle within mitochondria to form CO2 and reducing agents (NADH, 
FADH2), which pass their electrons further to the respiratory chain or electron-transport 
chain (ETC). Since ATP produced by glycolysis is not enough to fuel heart beating, 
oxidative phosphorylation is the primary energy source in the heart, responsible for 
producing over 95% of ATP in the heart (Ingwall, 2002). ETC consists of four protein 
complexes that pass electrons from electron donors (NADH, FADH2) to electron acceptors 

 

Figure 1. Cardiac muscle excitation, contraction and relaxation. 1. The cardiac action potential 
(AP) spreads through the heart, causing depolarization along the sarcolemma and t-tubular 
system; 2. Voltage-gated Ca2+ channels (LTCC)  open and let Ca2+ ions to enter the cell; 3. Ca2+ 
ions cause Ca2+ release from intracellular Ca2+ stores in sarcoplasmic reticulum (SR), 
through ryanodine receptors (RyRs); 4. The free intracellular Ca2+ concentration increase allows 
Ca2+ binding to myofilaments; 5. Ca2+ binding to myofilaments enables the interaction between 
thin and thick filaments and leads to a muscle contraction; 6. After the contraction, Ca2+ is taken 
up into the SR by sarcoplasmic reticulum Ca2+ -ATPase (SERCA); or 7. transported out of the cell 
by sodium-calcium exchanger (NCX); 8. The decline in cytosolic Ca2+ concentration allows the 
relaxation of the myofilament to occur; 9. Na+/K+-ATPase (NKA) restores Na+ and K+ gradients 
and maintains resting potential across the plasma membrane. The contribution of sarcolemmal 
Ca2+-ATPase (PMCA) to Ca2+ extrusion is negligible and constitutes only 1%. In the heart, 
cytosolic creatine kinase (CK) is bound to the M-band of myofibrils and coupled to myosin 
ATPases. Also, it is located near and coupled to SERCA and NKA. 
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and transfer the protons across the mitochondrial inner membrane to the intermembrane 
space, creating a proton gradient. Then, adenosine diphosphate (ADP) is converted to 
ATP by ATP-synthase, powered by this gradient (Figure 2). 

During cardiac development, due to an increase in workload, the growth of the heart 
is first enhanced by hyperplasia followed by hypertrophy. In parallel,  cardiac energy 
production relying initially on the utilization of carbohydrates, switches to fatty acid 
oxidation, allowing the heart to adapt both its energy generation and contractile  
capacity to new needs of the organism to ensure proper cardiac function (Piquereau and  
Ventura-Clapier, 2018). The heart is very flexible in swapping the metabolic orientation 
in response to changes in different factors, such as the energy demand, oxygen 
consumption, the availability of the substrates, the activity of enzymes implicated in 
energy transfer etc. In addition to the metabolic maturation, the heart undergoes 
significant development and rearrangement of the intracellular organization, leading to 
a more organized and compartmentalized architecture in adult cardiomyocytes. Namely, 
during the maturation of cardiomyocytes, there is a significant increase in the volume of 
intracellular structures like myofilaments, SR and mitochondria, and a decrease in the 

 

Figure 2. Cardiac energy metabolism. Fatty acids and glucose are the main substrates of 
myocardial metabolism. They are transported from the bloodstream into the cell via fatty acid 
transporter (mainly CD36) and glucose transporter (GLUT4). In the cell, glucose is metabolized 
in the glycolysis pathway, forming pyruvate, which enters mitochondria, where pyruvate 
dehydrogenase (PDH) catalyses the formation of acetyl-CoA. Free fatty acids are converted to 
fatty acyl CoA, which enters mitochondria through a carnitine-mediated exchange. Fatty acyl 
CoA is oxidized in the beta-oxidation pathway in the mitochondria, forming acetyl-CoA. Acetyl-
CoA from both pyruvate and fatty acids is further oxidized in the citric acid cycle (Krebs cycle), 
producing reduced nicotinamide adenine nucleotide (NADH) and flavin adenine dinucleotide 
(FADH2). The respiratory chain uses these reducing agents to build up a proton gradient, used 
further by ATP synthase to generate ATP by ADP phosphorylation. Finally, ATP is transported to 
the sites of utilization in the cytosol. ANT—adenine nucleotide translocase. 
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cytosolic compartment (Piquereau et al., 2010). Further development of the specialized 
structures engaged in EC coupling, such as SR and transverse tubules (t-tubules), cause 
the formation of a compartmented Ca2+ handling system. At the same time, as a result of 
the growth and remodelling of the mitochondrial network, the mitochondria become 
densely packed and organized in a crystal-like pattern together with the multiple parallel 
rows of myofilaments leading to the formation of the energetic microdomains (Vendelin 
et al., 2005; Birkedal et al., 2006, 2014).  

The efficient and fast energy transfer between ATP-producing mitochondria and  
ATP-consuming ATPases plays a crucial role in cardiac energetics. Energy transfer can 
take place through a direct diffusion of ATP and ADP, diffusion facilitated by 
phosphotransfer systems, or both (Figure 3). The speed of the diffusion depends on the 
distance and obstacles that adenine nucleotides must overcome. The close association 
of mitochondria with SR or myofilaments, leading to a direct adenine nucleotide 
channelling, improves the communication between the mitochondria and ATPases 
(Kaasik et al., 2001). The heart is known for its high metabolic stability, keeping ADP levels 
unaltered even during significant changes in workload (Katz et al., 1989; Balaban, 2002). 
However, although ADP concentration in the cell, varying in the micromolar range  
(10–35 µM), is much lower than millimolar concentrations of ATP (3–5 mM) and  
Pi (1.5–2 mM), it plays a crucial role in energetics (Wallimann et al., 1992). Near ATPases, 
when ATP is hydrolysed (ATP + H2O → ADP + Pi), ADP has to be removed as fast as possible. 
This will ensure sufficient phosphorylation potential and hence, free energy available from 

ATP hydrolysis (∆𝐺 = ∆𝐺0′ + 𝑅𝑇𝑙𝑛
[𝐴𝐷𝑃][𝑃𝑖]

[𝐴𝑇𝑃]
), needed to drive ATP-dependent reactions. 

One could calculate using this equation and assuming that standard free energy of ATP 
hydrolysis ΔG0' = -30 kJ/mol, universal gas constant R = 8.314 kJ/mol, temperature  
T = 310.15 K the influence of varying concentrations of ATP, ADP and Pi on ΔG. 
Consequently, even small increases (in the micromolar range) in ADP concentration 
result in a much more significant impact on free energy released from ATP hydrolysis 
than comparable changes in ATP concentration. Therefore, it was assumed that 
specialized energy transfer systems are essential to maintain the phosphorylation 
potential near ATPases. The family of CK isoenzymes is traditionally considered the main 
phosphotransfer system.  

1.2 Creatine kinase system 

CK catalyzes the reversible phosphoryl transfer between ATP/creatine (Cr) and 
ADP/phosphocreatine (PCr) (ATP + Cr ↔ ADP + PCr), facilitating energy transfer between 
mitochondria and ATPases (Wyss and Kaddurah-Daouk, 2000). Although PCr (Eggleton 
and Eggleton, 1928) and ATP (Fiske and Subbarow, 1929) were discovered almost at the 
same time in the late 1920s, for more than thirty years, PCr was thought to be the 
primary energy source in the body. Lohmann first recognized the CK reaction in 1934 
during his studies of muscle contraction (Bessman and Carpenter, 1985). Subsequently, 
CK was purified and crystallized from a rabbit muscle by Kuby et al. (Kuby et al., 1954).  
In 1962, Cain and Davies showed that the energy released during ATP hydrolysis is used 
for muscle contraction, but ATP levels decline if CK is inhibited (Cain and Davies, 1962). 
This suggested that PCr used by CK can buffer ATP levels. 

The substrate for CK reaction, Cr, is a naturally occurring compound obtained from 
the diet or synthesized in the body, mainly in the kidney and liver, from arginine, glycine, 
and methionine (Figure 3). Cr is synthesized by two enzymatic reactions involving  
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L-arginine:glycine amidinotransferase (AGAT; EC 2.1.4.1), catalysing the transfer of an 
amidino group from arginine to glycine, yielding guanidinoacetate (GA) and ornithine, 
and guanidinoacetate methyltransferase (GAMT; EC 2.1.1.2), methylating GA to form Cr 
(Wyss and Kaddurah-Daouk, 2000). Further, Cr is distributed by the bloodstream to the 
various tissues, where it is imported across the cell membrane through a specific Cr 
transporter (CrT or SLC6A8). PCr and Cr concentrations vary with muscle type, but they 
are typically found in the range of 20—35 mM and 5—10 mM, respectively (Wallimann 
et al., 1992). Finally, Cr is converted nonenzymatically to creatinine and excreted by the 
kidneys.  

CK is mainly expressed at prominent levels in cells with high and fluctuating energy 
demands, such as skeletal, cardiac and brain cells. Furthermore, it is expressed at 
significant levels in smooth muscle, kidney, retina photoreceptor cells, spermatozoa and 
sensory hair cells of the inner ear (Wallimann et al. 1992; Saks et al. 2007). There are four 
genes for CK found in vertebrate tissues, which are named according to the tissue in 
which they were first identified: two cytosolic forms, muscle-type CK (M-CK) and  
brain-type CK (B-CK), and two mitochondrial forms (mtCK), sarcomeric mtCK (smtCK) 
expressed mainly in striated muscle tissue (skeletal and heart) and ubiquitous mtCK 
(umtCK) expressed in the rest of the tissues (Wallimann et al., 1992; Wyss et al., 1992). 

 

Figure 3. Creatine (Cr) synthesis and creatine kinase (CK) system. Cr is synthesised mainly in the 
kidney and liver or obtained via food. The first reaction catalysed by AGAT in the kidney yields 
either homoarginine (hArg) or creatine precursor guanidinoacetate (GAA), which is transported 
through the bloodstream to the liver and pancreas, where it is further converted to Cr by GAMT. 
Next, Cr is released into the bloodstream and transported to the organs of utilization, where the 
Cr transporter takes it up. In the cell, mitochondrial CK (mtCK), localized in the intermembrane 
space of mitochondria, catalyses the transfer of phosphoryl group from ATP produced by 
oxidative phosphorylation (OXPhos) to Cr, forming ADP and PCr. PCr diffuses to sites of energy 
utilization, where it is used by cytosolic CK (MM-CK) to regenerate ATP from ADP, liberated from 
ATP hydrolysis by ATPases. Released Cr diffuses back to the mitochondria. PCr/Cr shuttle is 
conducted in parallel with a direct diffusional exchange of ADP and ATP. 
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In vivo, cytosolic M-CK and B-CK subunits combine into homo- or hetero-dimers, forming 
MM-CK, BB-CK and MB-CK isoenzymes. Whereas MM-CK is rather specific in 
differentiated skeletal muscles, BB-CK  is widely distributed in the brain and many other 
tissues, and MM-, MB-, and BB-CK are found in the heart (Wallimann et al., 2011). Both 
mtCK isoforms form homodimers and homooctamers but usually exist as octamers.  
MM-CK is either free in the cytoplasm, or exists as a structural protein of the 
myofilaments functionally coupled to myosin-ATPases (Wallimann et al., 1984; Hornemann 
et al., 2000), or is firmly bound near and functionally coupled to Na+-K+-ATPase (NKA) 
(Grosse et al., 1980), Ca2+-ATPase SERCA (Rossi et al., 1990; Minajeva et al., 1996; 
Ventura-Clapier et al., 1998), and ATP-sensitive K+ channel (Crawford et al., 2002) (Figure 
1). The functional coupling of CK with ATPases maintains a high local ATP/ADP ratio near 
the sites of energy consumption. Thus, CK acts as a temporal energy buffer, regenerating 
ATP from PCr and ADP and providing an efficient energy supply for contraction and Ca2+ 
uptake (Veksler et al., 1997; De Sousa E. et al., 1999). Moreover, CK maintains 
phosphorylation potential at a sufficient level, preventing an increase in ADP level near 
ATPases. MtCK is localised in the intermembrane space of mitochondria and interacts 
with voltage dependent anion carrier (VDAC) in the mitochondrial outer membrane 
(MOM) and adenine nucleotide translocase (ANT) in the mitochondrial inner membrane. 
The functional coupling of mtCK and ANT helps to maintain a low ATP/ADP level near the 
sites of energy production, where it catalyses the transfer of phosphate from ATP to Cr, 
and regenerated ADP is used to stimulate mitochondrial oxidative phosphorylation 
(Wallimann et al., 1992; Vendelin et al., 2004).  

In addition to temporal buffering function, CK was suggested to function as a spatial 
buffering system providing energy transfer through PCr/Cr shuttle, where no net 
consumption of high-energy phosphoryls occurs (Bessman and Geiger, 1981). In this 
shuttle, the CK system facilitates the diffusion of ATP and ADP between ATPases and 
mitochondria, forming a parallel energy circuit with PCr and Cr (Figure 3). The speed of 
diffusion of metabolites in solution depends on the absolute difference in their 
concentrations and diffusion coefficient. Since PCr and Cr are smaller molecules than ADP 
and ATP, they diffuse faster (Meyer et al., 1984). Moreover, due to the fast CK reaction 

rate and high equilibrium constant 𝐾𝐶𝐾 =  
[𝐶𝑟][𝐴𝑇𝑃]

[𝑃𝐶𝑟][𝐴𝐷𝑃]
 = 166 (Lawson and Veech, 1979), 

even a small change in ADP concentration leads to a greater change in Cr concentration, 
amplifying the ADP signal. In this way, due to the larger diffusion coefficient and 
concentration gradient, Cr diffuses faster than ADP from ATPases to mitochondria. 

Since the discovery of the PCr/Cr shuttle, the importance of CK system as an energy 
transfer system, especially in the heart, has been the subject of discussion (Bessman and 
Carpenter, 1985; Wallimann et al., 1992; Saks et al., 1994; Joubert et al., 2002; Dzeja and 
Terzic, 2003). For instance, Meyer et al. proposed that energy transfer catalysed by CK is 
just a consequence of the CK reaction and that it is not vital in cardiac muscle, where 
diffusion distances are small. That means that CK is mainly important in the heart as a 
temporal energy buffer, regenerating ATP when energy consumption exceeds energy 
production. Furthermore, the temporal and spatial buffering functions of the CK system 
are actually very closely connected and cannot be considered separately (Meyer et al., 
1984). In addition, the modelling results of NMR measurements on perfused rat hearts 
proposed that, under normal conditions, both ATP/ADP and PCr/Cr diffusion could 
contribute to energy transfer between energy production and utilization sites. However, 
at increased workloads, CK-mediated transfer could be bypassed by direct ATP transport 
(Vendelin et al., 2010). 
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1.3 The role of intracellular compartmentation in energy transfer 

In the heart, where the fast energy transfer is of great importance in matching energy 
demand with supply, the diffusion of ADP and ATP is restricted by diffusion barriers, 
localised mainly at the level of MOM or in the cytosol, and composed of physical 
membrane structures and protein-dense domains in myofilaments (Birkedal et al., 2014). 
Although these barriers' exact location and identity are still uncertain, the primary 
candidates are SR and MOM. The membrane structures within the cell, represented by 
SR, mitochondria, and t-tubules, together with myofibrils, form intracellular 
compartments, known as modules or intracellular energetic units (Saks et al., 2001) with 
local concentration of ATP, ADP and Pi. Thereby, the location of diffusion barriers plays a 
role in defining whether they promote or restrict diffusion. In comparison to the slower 
overall diffusion across numerous compartments, the shorter diffusion distances within 
the modules lead to faster diffusion of the molecules and hence faster energy transfer. 
It was suggested that the CK system plays a pivotal role in overcoming diffusion obstacles 
at the level of MOM within each separate module by facilitating energy transfer between 
mitochondria and ATPases (Saks et al., 1993). Therefore, the CK system as a spatial 
energy buffer could be important in the tissues, where diffusion of ATP/ADP is restricted, 
or, in the cells with longer diffusion distances, as in polar cells such as spermatozoa, 
retina photoreceptor cells, etc. (Wallimann et al., 2011). Knowing precisely which 
intracellular structures represent diffusion barriers and where they are located will 
improve our understanding of the functional role of the CK system in regulating energy 
metabolism.  

In this thesis, the overall aim was to study how the absence of a functional CK system 
affects cardiomyocyte function and, from that, to learn more about the role of CK in the 
heart. 
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2 The role of creatine kinase and other phosphotransfer 
systems in the heart 

2.1 Animal models with altered creatine kinase system 

To gain a deeper insight into the role of CK-catalysed reactions in regulating cardiac 
energy homeostasis, pharmacological and genetic techniques have been employed to 
modify the CK system functioning in various research models.  

2.1.1 Pharmacological inhibition 
One of the pharmacological inhibition studies includes the usage of iodoacetamide (IA), 
an alkylating agent that precludes the formation of disulphide bonds, causing a fast and 
irreversible inhibition of the CK enzyme activity (Hamman et al., 1995; Tian and Ingwall, 
1996). IA is highly toxic and could be used only for acute ex vivo experiments (Lygate and 
Neubauer, 2014). In addition, IA has been shown to inhibit glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Fossel and Hoefeler, 1987). Thus, its limiting effect on 
glycolysis cannot be entirely excluded, although, in one paper, an unchanged myocardial 
glycolytic rate was reported in the presence of IA (Tian et al., 1997). Moreover, as IA 
inhibits equally all CK isoforms, it gives limited insight into the characteristic impact of 
different CK isoforms colocalised with various intracellular structures. The effect of acute 
inhibition of CK activity was minimal under basal conditions, showing normal cardiac 
performance, and the suppression of cardiac contractile reserve was only observed 
under stress conditions (high workload) (Hamman et al., 1995; Tian and Ingwall, 1996; 
Ren et al., 2009).  

Another approach to chemical inhibition involves the usage of beta-guanidinopropionic 
acid (β-GPA), a creatine analogue that competes with Cr for cellular uptake by CrT 
(Oudman et al., 2013), leading to a reduction in Cr. Although CK can phosphorylate  
β-GPA, it is a poor substrate for mitochondrial CK. The effect of β-GPA is prolonged and 
becomes discernible only over time, resulting in variable and incomplete Cr depletion, 
leading to the reduction of the body weight and inducing various metabolic adaptations 
[reviewed in (Wyss and Kaddurah-Daouk, 2000; Oudman et al., 2013)]. In skeletal muscle, 
β-GPA treatment leads to increased aerobic capacity and diminished glycolytic potential. 
In contrast, in the hearts of Cr-depleted rats, the changes in metabolic regulation and the 
reduction of myocardial contractility were minimal. However, rat hearts exhibit 
significant hypertrophy as a complication of chronic β-GPA treatment (Mekhfi et al., 
1990; Clark et al., 1994). Therefore, due to the limitations and side effects of this 
technique, the corresponding studies reported variable results. In all studies, the apparent 
impact of CK deficiency came into view mainly at higher workloads. 

2.1.2 Genetically modified animal models 

The development in the field of genetically manipulated animal models led to the 
generation of mouse models lacking various components of the CK system. First, mice 
deficient in different CK isoforms such as muscle isoform or M-CK KO (van Deursen et al., 
1993), sarcomeric mitochondrial isoform or mtCK KO (Steeghs et al., 1997b), and both 
muscle and mitochondrial CK isoforms or CK KO (Steeghs et al., 1997a), were generated. 
Later, creatine-deficient mouse models lacking either one of the Cr synthesis enzymes,  
GAMT KO (Schmidt et al., 2004) and AGAT KO (Choe et al., 2013b), or Cr transporter, CrT 
KO (Skelton et al., 2011; Stockebrand et al., 2018), were created. Compared to 
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pharmacologically inhibited models, transgenic mouse models were expected to render 
a greater specificity and a more thorough CK system obstruction.  

The mouse knockout models for all muscle CK isoforms have been created and 
extensively investigated during the last 30 years (starting from the early 90s). 
Surprisingly, given the assumed pivotal significance of the CK system in regulating energy 
homeostasis, the CK KO mice were viable and normal in appearance. The findings of the 
studies on their cardiac phenotype were quite variable between different groups, some 
demonstrating the prevalence of functional alterations and adaptations in CK KO mice 
(Boehm et al., 2000; Kaasik et al., 2001; Nahrendorf et al., 2005), others showing more 
prominent changes in cardiac energetics (Saupe et al., 1998, 2000). Nevertheless, the 
energetics of CK KO mice was significantly altered, revealing the increase in ADP 
concentration and decrease in free energy released from ATP hydrolysis during high 
workload (Saupe et al., 1998), as well as lower PCr levels and ATP synthesis rate (Saupe 
et al., 2000). The basal cardiac performance of these animals was normal, showing minor 
impairments caused by the absence of a functional CK system (Nahrendorf et al., 2006). 

Some previously published works using CK KO or mtCK KO mice reported rather 
contradictory results, showing either the presence (Kaasik et al., 2001; Gustafson and 
van Beek, 2002; Spindler et al., 2002; Nahrendorf et al., 2005, 2006) or the absence 
(Saupe et al., 1998; Bonz et al., 2002; Spindler et al., 2004)  of cardiac hypertrophy in 
mice on a mixed genetic background (C57BL/6 and 129/Sv). In the study using mtCK KO 
mice on a pure C57BL/6 background, no LV hypertrophy was detected (Lygate et al., 
2009). Moreover, compensatory adaptations that were not observed previously, such as 
increased MM-CK activity and mitochondrial content, were presented. Therefore, the 
disparity between the earlier studies could be explained in part by using the mice on a 
mixed genetic background and unrelated C57BL/6 as controls (non-littermate controls). 
Later, the same group showed that appropriate genetic background and concomitant 
genetic drift, together with gender and age, are crucial in developing congestive heart 
failure in CK KO, as only ageing males on mixed background developed LV hypertrophy 
contractile dysfunction (Lygate et al., 2012b). 

2.1.3 Creatine-deficient mouse models 
Alternative mouse models with a modified CK system are Cr-deficient mice (AGAT KO, 
GAMT KO, CrT KO). In the current PhD thesis, two of them were used, both lacking one 
of the enzymes that participate in Cr synthesis, either L-arginine:glycine 
amidinotransferase (AGAT) or guanidinoacetate N-methyltranferase (GAMT), that 
results in their whole-body Cr and PCr deficiency (Schmidt et al., 2004; Choe et al., 
2013b). These animal models are remarkable since intracellular CK expression stays 
intact and CK reaction is inactive through the absence of Cr. 

The basal cardiac function and structure of GAMT KO were minimally disturbed under 
baseline conditions and stayed normal up to 1 year of age (Hove et al., 2005; Schneider 
et al., 2008). For instance, cardiac hypertrophy was absent, the ejection fraction was 
normal, and only LV systolic pressure was slightly lower. However, in the recent research 
conducted by Lygate group, when cardiac function and metabolic profile were studied in 
over 1-year-old GAMT KO mice, the development of GAMT KO phenotype with age was 
demonstrated (Aksentijević et al., 2020). It was the first study to show adaptational 
changes, such as a decline in cardiac function and mitochondrial volume, caused by 
prolonged creatine-deficiency and GAA accumulation in GAMT KO hearts. As hemodynamic 
modifications, such as lower heart rate and left ventricular (LV) systolic pressure, and 
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slower pressure generation and relaxation were not related to heart failure, it was 
proposed that compensatory adaptations are adjusted in response to reduced energy 
demand in ageing GAMT KO mice.  

Although GAMT mice lack Cr, they accumulate the creatine precursor 
guanidinoacetate (GAA), which can be phosphorylated by CK to phospho-guanidinoacetate 
(P-GAA) and used instead of PCr. It was established that P-GAA could compensate to 
some extent for the lack of PCr in skeletal muscle during acute ischaemia (Kan et al., 2004; 
Hove et al., 2005), but it was not enough to support the recovery after reperfusion (Hove 
et al. 2005). The participation of GAA in phosphotransfer via CK was previously thought 
to be negligible, as CK reaction rate was 100-fold lower with P-GAA than with Cr when 
measured in vitro (Boehm et al., 1996). Moreover, as mtCK does not react with GAA,  
it cannot be used instead of Cr in energy transfer across MOM. These results were 
complemented with in vivo measurements of CK reaction velocity, where ATP synthesis 
from P-GAA was undetectable (Lygate et al., 2013). Furthermore, there could be some 
adverse effects caused by GAA accumulation associated with ageing (Aksentijević et al., 
2020) or similar to those observed in rat brain, leading to Na+/K+ pump inhibition or 
reduction of glutamate uptake and antioxidant capacity (Zugno et al., 2003, 2007, 2008). 
Although seizures have not been reported in the GAMT KO mice (Rossi et al., 2021), 
Schulze et al. demonstrated abnormal electrical rhythms in the brain of young GAMT KO 
compared to WT, pointing to an electrical seizure activity that was reduced in response 
to GAA lowering (Schulze et al., 2016). GAMT KO animals from the mouse colony kept in 
our animal facility experience seizures, usually starting from around one year of age 
(personal observations; unpublished). Therefore, when studying cardiac function in ageing 
GAMT KO mice, the effect of epileptic seizures on whole body metabolism cannot be 
excluded.  

AGAT is the first enzyme in Cr biosynthesis pathway that catalyses GAA formation. 
Therefore AGAT KO, considered a pure creatine-deficiency mouse model, does not 
accumulate GAA (Choe et al., 2013b). However, AGAT KO have low levels of homoarginine 
(hArg) (Figure 3)(Choe et al., 2013a), another AGAT product and an indicator for cardiac 
disease and stroke outcome (März et al., 2010; Pilz et al., 2011). Due to creatine-deficiency, 
AGAT KO mice exhibited reduced ATP and elevated Pi levels, leading to chronic activation 
of  adenosine monophosphate (AMP)‐activated protein kinase (AMPK) in skeletal muscle, 
liver and adipose tissue, but not in cardiac muscles (Choe et al., 2013b; Faller et al., 2018). 
AMPK is a metabolic energy sensor associated with cardioprotection and stress 
adaptation, which is activated by AMP under low energy conditions (energetic stress) 
(Pucar et al., 2004; Dolinsky and Dyck, 2006). In addition, enhanced glucose tolerance, 
reduced lipid accumulation, and protection from metabolic syndrome were 
demonstrated in AGAT KO mice (Choe et al., 2013b). The activation of AMPK leads to a 
shift in the overall metabolism of AGAT KO mice to a catabolic state, inducing 
upregulation of ATP-generating pathways and inhibition of ATP-consuming processes 
(Choe et al., 2013b). That was also confirmed by different alterations in metabolic gene 
expression found in skeletal muscles of AGAT KO (Stockebrand et al., 2016). 

Knockout of the creatine transporter (CrT) results in a third model of creatine-deficiency. 
The outcomes of studies using different CrT KO mouse models were sometimes 
contradictory, showing, for instance, variable residual Cr levels in the heart, and were 
focused mainly on brain function (Skelton et al., 2011; Baroncelli et al., 2014; Wawro  
et al., 2021). Moreover, cardiac phenotype has not been reported for any CrT KO mouse 
models. Detailed characterization of Cr loss effect on skeletal muscle by Stockebrand  
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et al. revealed that the muscular phenotype of CrT KO resembled that of AGAT KO 
(Nabuurs et al., 2013). They detected lower muscle strength, severe muscle atrophy and 
similar metabolic changes, such as reduced PCr and ATP levels and increased glucose 
tolerance, leading to AMPK activation (Stockebrand et al., 2018). 

Both CK KO and creatine-deficient mouse models exhibit a similar shift of the skeletal 
muscles towards a more aerobic metabolism. That is expressed in elevated mitochondrial 
volume and increased activity of citrate synthase and cytochrome oxidase, markers of 
mitochondrial volume density and aerobic capacity, respectively (van Deursen et al., 1993; 
Steeghs et al., 1997a; Schmidt et al., 2004; Nabuurs et al., 2013; Barsunova et al., 2020).  
In contrast to CK KO models having normal body weight (Momken et al., 2005),  
creatine-deficient mouse models (GAMT, AGAT KO), with their muscle atrophy and lower 
body weight, show a more severe phenotype. Although both GAMT and AGAT KO are 
deprived of Cr, GAMT KO phenotype (Schmidt et al., 2004) is generally milder than the 
AGAT KO phenotype (Nabuurs et al., 2013). For instance, muscle atrophy and changes in 
the activities of marker enzymes of muscle phenotype were more prominent in AGAT 
than in GAMT KO mice (Barsunova et al., 2020). The muscle phenotype differences 
between AGAT and GAMT KO could be explained, as noted above, by the fact that P-GAA 
can partially substitute for PCr in GAMT KO mice, albeit with lower efficiency (Boehm  
et al., 1996; Kan et al., 2004; Hove et al., 2005; Balestrino and Adriano, 2020; Sasani  
et al., 2020). 

2.1.4 Limitations associated with use of AGAT KO mice 
When studying the cardiac function of AGAT KO mice, it should be considered that since 
Cr is synthesized in the liver and transported to the organs for utilization by the circulatory 
system, it is absent in the whole body of creatine-deficient mice. Therefore, the effect of 
systemic changes and adaptations in whole body signalling on phenotype occurring during 
the development due to creatine-deficiency cannot be excluded. These modifications 
activate and maintain the subsequent structural and functional reorganization of the 
heart (Taegtmeyer et al., 2005).  Functional remodelling includes alterations in the 
expression of various metabolic genes detected in skeletal muscle, brain and heart of 
AGAT KO mice (Stockebrand et al., 2016; Jensen et al., 2020b, 2020a). In the skeletal 
muscles of AGAT KO mice, chronic activation of AMPK leads to the shift in metabolic 
signalling by downregulation of anabolic or energy-requiring pathways and stimulation 
of catabolic or energy-saving and -producing pathways (Choe et al., 2013b). In addition 
to the skeletal muscle, fat and liver, decreased Cr levels in the brain of AGAT KO mice lead 
to elevated phosphorylation of AMPK (Choe et al., 2013b), and hence, its upregulation in 
the hypothalamus, which is known for its essential regulatory role on the whole-body 
metabolism (Liu et al., 2021). Therefore, it remains unclear whether the absence of a 
functional CK system is directly responsible for adaptational changes revealed in AGAT 
KO mice or other internal systemic stimuli could have caused these modifications.  

2.2 The impact of creatine kinase system impairment on cardiac 
function under stress conditions  

Under acute myocardial stress conditions, either due to ischemia or an increase in cardiac 
work, the cardiac function of CK, as well as GAMT  KO, was compromised, showing limited 
contractile reserve and reduced functional recovery from ischemia-reperfusion (I-R) 
injury (Crozatier et al., 2002; Spindler et al., 2004). However, the response to chronic 
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myocardial infarction (MI) represented by survival, in vivo cardiac function, and LV 
structural remodelling, were unchanged in both GAMT KO (Lygate et al., 2013) and CK 
KO (Nahrendorf et al., 2005, 2006), when compared to corresponding WT controls. 
Besides, the maximal exercise capacity of GAMT KO mice was similar to their wild-type 
littermates (Lygate et al., 2013). Thereby, it was suggested that deprivation of both CK 
and Cr do not aggravate contractile dysfunction in heart failure. In contrast, experiments 
using rats deprived of Cr with β-GPA before MI demonstrated 93-100% (Horn et al., 2001; 
Lorentzon et al., 2007) of animal mortality within 24-hours. Species differences could 
partly explain this discrepancy since rats were predisposed to increased ventricular 
arrhythmia after MI (Lygate, 2006; Lorentzon et al., 2007). The authors of the mouse 
studies tried to exclude off-target effects of β-GPA, showing unchanged animal mortality 
between control and KO groups when they received β-GPA instantly before and after MI 
(Lygate et al., 2013). However, since the effect of β-GPA depends on the duration of the 
treatment, these results are unconvincing due to the short duration of β-GPA 
administration. Therefore, the potential side effects of β-GPA treatment should be still 
taken into consideration. However, since β-GPA has multiple targets in the living 
organism and is not specific only to the CK system, sometimes it could be difficult to 
distinguish between confounding side effects and effects associated only with energy 
starvation induced by β-GPA treatment (Wyss and Kaddurah-Daouk, 2000). On the other 
hand, when rats were fed with β-GPA after MI, decreased levels of ATP and Cr, but 
unchanged mortality was detected (Horn et al., 2001), suggesting in agreement with 
GAMT KO (Lygate et al., 2013), that prolonged creatine-deficiency is not crucial in the 
progression of heart failure.  

 Overall, despite the previously acknowledged determinative role of the CK system in 
the regulation of myocardial metabolism and progression of heart failure, CK KO and 
creatine-deficient models, as well as β-GPA treated animals, demonstrated that 
impairment of the CK system is, for the most part, not detrimental, as there are no changes 
in basal cardiac function or the progression of heart failure. In contrast,  augmentation of 
the CK system due to overexpression of M-CK or mtCK was shown to have protective 
effects, such as improved cardiac contractile function and viability, against induced heart 
failure (Akki et al., 2012; Gupta et al., 2012; Whittington et al., 2018). However, studies 
using other models of CK system augmentation, Cr transporter overexpression (CrTOE), 
exhibited discrepant results (Wallis et al., 2005). Surprisingly, very high levels of Cr were 
demonstrated to be disadvantageous and lead to progressive cardiac dysfunction (Wallis 
et al., 2005; Phillips et al., 2010), while a moderate increase in creatine level, although 
not beneficial in chronic heart failure, protected CrTOE mice from acute myocardial 
infarction by reducing their susceptibility to cardiac I-R injury (Lygate et al., 2012a). 

2.3 Ultrastructural organization and mitochondrial respiration in 
creatine kinase and GAMT KO mice 

Previous studies on mice lacking both cytosolic and mitochondrial CK isoforms revealed 
cytoarchitectural modifications and changes in the regulation of mitochondrial 
respiration in the heart (Kaasik et al., 2001).  Namely, disorganization of mitochondrial 
and myofilament structures and higher apparent ADP affinity of respiration were 
detected in CK KO compared to WT.  The changes in ultrastructure led to a reduction of 
the diffusion distances and promoted direct adenine nucleotide channelling between 
mitochondria and ATPases. This could at least partially explain the minimal changes in 
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cardiac performance revealed in CK KO mice (Nahrendorf et al., 2006). Thereby, in our 
study, we aimed to determine whether similar compensatory changes could be 
detected in GAMT KO (Publication I) (Schmidt et al., 2004).  

In GAMT KO, no adaptations neither in the mitochondrial organization nor in the 
regulation of mitochondrial respiration and intracellular compartmentation were 
detected in this study (Publication I). Besides, unchanged diffusion across MOM, 
suggested by mathematical modelling, points to a minor role of mtCK in promoting 
energy transfer across mitochondrial membranes. The findings from Lygate’s group 
complemented these results, showing unchanged adenylate kinase activity and 
mitochondrial respiration in GAMT KO in comparison to WT (Lygate et al., 2013), as well 
as unchanged regulation of mitochondrial respiration in ageing GAMT KO (Aksentijević 
et al., 2020). The discrepancy between our findings and results from CK KO mice could 
be again explained by differences in genetic background, the same way as it was 
previously reported for CK KO and mtCK KO.  In addition, it is still unclear how much GAA 
is involved in CK-catalysed reactions, so its compensatory role as an energy source cannot 
be excluded, even though the flux of CK reaction is much lower when GAA is used instead 
of Cr (Boehm et al., 1996).  

2.4 Role of alternative phosphotransfer systems in energy transfer 

Apart from the CK system, the major phosphotransfer system, cardiomyocytes have 
other energy transfer systems implicated in the regulation of cellular bioenergetics,  
such as adenylate kinase (AK) and glycolytic enzymes (Dzeja and Terzic, 2003). These 
systems can at least partially compensate for each other by facilitating the diffusion of 
ATP and ADP between energy generation and utilization sites. This is possible due to 
close intracellular localization and interaction of CK, AK, and glycolytic systems.  
The involvement and contribution of each phosphotransfer enzyme vary between 
species, tissues, developmental levels, and physiological conditions (Dzeja et al., 1998; 
Neumann et al., 2003; Dzeja and Terzic, 2007). CK, AK and glycolytic enzymes also play a 
role in the regulation of ATP-sensitive K+ channel activity, one of the membrane 
metabolic sensors that couples cellular metabolism to membrane potential and regulates 
cardioprotection, ensuring the proper functioning of cardiomyocytes and contributing to 
the maintenance of cellular homeostasis (Dzeja and Terzic, 1998; Abraham et al., 2002). 
Moreover, the potential compensatory role for AK and glycolytic enzymes was 
demonstrated by their upregulation in the hearts (Dzeja et al., 2011) of CK KO mice.  
In line with these findings, the increasing role of glycolytic enzymes as an alternative 
phosphotransfer system was also shown in CK and AK double KO mice (Janssen et al., 2003).  

AK is known as the second most important system after CK, that promotes high-energy 
phosphoryl flux by catalysing the reversible transfer of Pi between ATP, ADP and AMP 
(Dzeja et al., 1998; Dzeja and Terzic, 2009; Aksentijević et al., 2010), as well as takes part 
in the compartmentalization of adenine nucleotides (Gellerich, 1992; Laterveer et al., 
1997). Although phosphotransfer catalysed by AK accounts only for ~ 1/10 of the total 
ATP turnover (Dzeja et al., 1999b), its significance increases in response to metabolic 
stress (Dzeja et al., 2007). For example, despite declined AK activity (Dzeja et al., 1999a), 
the contribution of AK to overall phosphotransfer flux was elevated in dog hearts with 
induced heart failure (Dzeja et al., 1999b). Although unchanged AK activity was reported 
in another study using two different mouse models of chronic heart failure, it was 
suggested that AK contribution to the overall phosphotransfer was still increased in 
response to depressed CK function (Aksentijević et al., 2010). Considering the assumed 
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importance of AK in the regulation of energy homeostasis in response to metabolic 
stress, it was surprising that AK-overexpressing mice exhibited a decline in baseline 
cardiac function and changes in metabolic profile and absence of anticipated 
cardioprotective effect (Zervou et al., 2021). Thus, it was proposed that AK's role in the 
regulation of basic myocardial homeostasis is more specific than just a response to stress. 

The glycolytic enzymes, such as hexokinase (HK) and pyruvate kinase (PK), as well as 
GAPDH and phosphoglycerate kinase, represent another system that facilitates energy 
transfer and distribution of high-energy phosphates between mitochondria and ATPases 
(Dzeja and Terzic, 2003; Dzeja et al., 2007; Chung et al., 2010). For instance, in rabbit 
cardiac and skeletal muscles, the glycolytic enzymes were colocalized with SR and 
functionally coupled to SERCA-ATPase, providing it with the energy needed for Ca2+ 
loading (Xu et al., 1995; Xu and Becker, 1998). In addition, in CK KO mice, impaired SR 
Ca2+ uptake was rescued by the glycolytic system, ensuring SERCA with energy in the 
absence of CK, albeit only under baseline conditions (Boehm et al., 2000).  

HK catalyses the first step of the glycolytic pathway by phosphorylating glucose to 
glucose-6-phosphate using ATP as a phosphoryl source. The intracellular localisation of 
the two main cardiac HK isoforms (HKI and HKII) is associated with the regulation of 
glucose metabolism (John et al., 2011). Mitochondrially bound HKI directs glucose to the 
glycolytic pathway, and HKII, due to its dynamic location, is related to glycogen synthesis 
when detached from mitochondria and located in the cytoplasm. HK associated with 
mitochondria is bound to the external part of the MOM through the VDAC-ANT complex 
(Beutner et al., 1996; Brdiczka et al., 2006). As already mentioned, mitochondrial CK also 
forms complexes with VDAC and ANT in the intermembrane space of mitochondria, but 
HK and CK cannot bind to the same contact site (Brdiczka et al., 2006). Therefore, HK 
competes with CK for VDAC-ANT interaction from the cytosolic side of the mitochondria. 
The formation of these mitochondrial contact sites between inner and outer 
mitochondrial membranes with CK or HK enables the direct channelling of ADP, formed 
in CK and HK-catalysed reactions, to the oxidative phosphorylation in the mitochondrial 
matrix (Gellerich et al., 1987). Thus, mitochondrial contact sites play a significant role in 
regulating mitochondrial energetics. Moreover, mitochondrially associated HK is involved 
in reactive oxygen species (ROS) production (da-Silva et al., 2004; Santiago et al., 2008) 
and inhibition of mitochondrial permeability transition pore (Beutner et al., 1996; 
Brdiczka et al., 2006), and hence regulation of cell death and apoptosis. All this points to 
a significant contribution of mitochondrial HK to cardioprotection (Zuurbier et al., 2009; 
Calmettes et al., 2015; Halestrap et al., 2015). Therefore, HK was chosen among other 
glycolytic enzymes for further investigation in the following study.  

2.5 Changes in alternative phosphotransfer systems in AGAT and 
GAMT mouse cardiomyocytes 

As we did not detect any adaptational changes due to inactivation of the CK system by 
GAMT deficiency in Publication I, our second study, reported in Publication II,  
was undertaken to determine whether the expression, activity and mitochondrial 
association of AK and HK could be altered or upregulated in GAMT and AGAT KO  
mouse hearts. Respective redistribution of energy fluxes via alternative phosphotransfer 
routes in the absence of an active CK system could rescue cardiac energetics by 
overcoming energetic shortage in mouse models deprived of Cr as was shown in CK KO 
mice. However, in contrast to CK KO (Dzeja et al., 2011), in GAMT mice, the activity, 
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expression and distribution of alternative phosphotransfer enzymes, presented by  
AK and HK,  were similar in KO and WT (Publication II). In the same way, AK activity, 
expression and mitochondrial association were unchanged in AGAT KO (Figure 4).  

These results are consistent with the previous findings showing unchanged total AK 
activity in GAMT and AGAT KO (Lygate et al., 2013; Faller et al., 2018). Nevertheless,  
the elevation of AK activity during ageing was demonstrated in GAMT KO (Aksentijević  
et al., 2020). The only difference that was detected in Publication II, was the increased 
activity of HK in the mitochondrial fraction and accordingly elevated protein expression 
of mitochondrial HK isoform (HKI) in AGAT KO hearts (Figure 4). However, as the 
respiration rate stimulated by HK was lower in AGAT KO, it was proposed that this 
upregulation of HKI is unlikely to compensate for the lack of the active CK system as a 
spatial transfer buffer but rather could be important in mitochondrial regulation and ROS 
production.  

The absence of adaptive upregulation of AK- and HK-catalysed phosphotransfer in 
creatine-deficient AGAT and GAMT hearts denotes that a substantial part of intracellular 
phosphoryl transfer is conducted by direct diffusion of adenine nucleotides. In line with 
this, measurements on the whole heart indicate that, under certain conditions, the 
energy transfer is more likely carried out through direct ATP/ADP diffusion than PCr/Cr 
(Vendelin et al., 2010). Furthermore, unchanged intracellular compartmentation, and 
hence, a conserved modular organization in GAMT KO mice (Publication I), speaks in 
favor of undisturbed energy transfer within the modules. Therefore, along with the 
absence of upregulation of alternative phosphotransfer systems in both GAMT and AGAT 
mice (Publication II), it is tempting to speculate that phosphotransfer systems are not 
crucial for energy transfer between ATP-generating and ATP-utilizing sites across the 
mitochondrial membrane in the mouse hearts at baseline. Together with high 
mitochondrial content, and thus high oxidative capacity of the heart muscle this could 
explain the relatively mild cardiac phenotype of AGAT and GAMT KO mice (Branovets  
et al., 2013; Lygate et al., 2013; Faller et al., 2018). 

 

Figure 4. Alternative phosphotransfer pathways in AGAT KO mice. The alterations in the activity or 
subcellular localization of hexokinase (HK) or adenylate kinase (AK) as alternative phosphotransfer 
systems compensating for the lack of functioning CK system, studied in creatine-deficient mouse 
hearts. No change in the activities of cytosolic hexokinase (HK II) and both mitochondrial (AK II) and 
cytosolic (AK I) adenylate kinase isoforms is indicated by the green waves. Increased activity of 
mitochondrial hexokinase isoform (HK I) is indicated by the red arrow. 
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3 Creatine kinase and adenylate kinase activities in heart 
homogenates and permeabilized cardiomyocytes from mice 
and rats 

For many years it has been believed that the ADP flux through CK exceeds the ADP flux 
through mitochondrial respiration by an order of magnitude. This consensus has 
emerged on the basis of studies on rat hearts. Furthermore, in previous works on rat 
cardiomyocytes, it was shown that the ADP flux through mitochondrially associated CK 
alone was sufficient to stimulate the mitochondrial respiration to its maximum (Gellerich 
and Saks, 1982; Guzun et al., 2009; Timohhina et al., 2009; Tepp et al., 2011).  
The mitochondrially associated CK is recorded by first stimulating respiration with ATP 
and creatine, so CK generates ADP that stimulates respiration. Then, a competitive  
ADP-trapping system consisting of phosphoenolpyruvate (PEP) and pyruvate kinase (PK) 
in excess is added. PK competes with mitochondrial respiration for ADP in solution so 
that respiration is stimulated only by ADP that is directly channelled from CK to 
mitochondria. In previous works on rat hearts (Guzun et al., 2009; Timohhina et al., 2009; 
Tepp et al., 2011), CK stimulated respiration to its maximal levels even in the presence of 
PEP and PK. Our results from Publication II, in which we studied mouse hearts, 
contradicted this consensus. When all CK was activated, the mitochondrial respiration 
was stimulated only to ~80% of its maximum. Thus, this was far from the finding that 
ADP generation by CK is 10 times faster than ADP consumption by mitochondria (Bittl 
and Ingwall, 1985; Ingwall, 2002). In addition, our results revealed that in the presence 
of PEP and PK, only ~25% of maximal respiration was supported by CK through direct ADP 
channelling to mitochondria (Publication II). Although the literature reported relatively 
similar CK activities in rat and mouse homogenates (Ventura-Clapier et al., 1998), this led 
to the speculation whether there might be a species difference between mice and rats 
in terms of CK capacity relative to the respiration and the fraction of mitochondrially 
associated CK. 

Another interesting finding in Publication II was that AK activity seemed to be 
exclusively in the cytosol. This was in agreement with previous findings demonstrating a 
minimal AK activity in both rat and mouse heart mitochondria (Jacobus and Lehninger, 
1973; Pucar et al., 2002; Noma, 2005). On the contrary, in another study, a strong 
functional coupling between AK and mitochondrial respiration was shown in rat hearts 
(Gellerich, 1992).  

The study, summarized in Publication III, had two main aims. First, we wanted to 
find out whether there are any species-dependent differences between rat and mouse 
hearts concerning their total CK or AK activity and the capacity of CK or AK to stimulate 
mitochondrial respiration, either relative to the maximal respiration or through ADP 
channelling. Second, we wanted to understand how our previous results, showing the 
inability of CK to stimulate respiration to its maximal levels (Publication II), could be 
compared with the findings in whole heart homogenates and in intact hearts. In both 
mouse and rat hearts, the total enzyme activities of CK and AK were assessed in whole 
heart homogenates, and CK- or AK-stimulated respiration measurements were 
performed in permeabilized cardiomyocytes.  

In Publication III, we found that ADP flux through CK was insufficient to maintain 
mitochondrial respiration at the maximum level in both rat and mouse hearts, although 
CK-stimulated respiration rate in relation to the maximal respiration rate (VCK/Vmax) was 
lower in mice than in rats (~75% and ~89%, respectively). This was consistent with our 
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previous results in mouse hearts in Publication II. In addition, we could not repeat the 
findings from other studies on rat hearts (Guzun et al., 2009; Timohhina et al., 2009; Tepp 
et al., 2011), showing unchanged CK-stimulated respiration rate in the presence of PEP 
and PK. On the contrary, and consistent with our recent findings in mouse hearts 
(Publication II), the respiration rates were decreased after the addition of PEP and PK in 
both rats and mice, with a smaller fraction of CK being inhibited in mouse compared to 
rat hearts.  

An unexpected outcome of this study was that the CK and AK activities in homogenates 
and permeabilized cardiomyocytes were not the same. In both mouse and rat hearts,  
the CK and AK activities were 2 and 9 times higher, respectively, in homogenates than in 
permeabilized cardiomyocytes (Figure 5). This could be explained by the different 
localized compartments in the intact intracellular milieu of cardiomyocytes, where the 
concentration of substrates and products is different from the rest of the cell and 
surrounding solution. Due to this compartmentation, the enzyme reaction is expected to 
be slowed down by the diffusion of substrates and products to and from the 
compartment. 

 

 

Figure 5. In cardiac preparations from both rats and mice, the activities of creatine kinase (CK) 
and, in particular, adenylate kinase (AK) are several times higher in homogenates compared to 
permeabilized cardiomyocytes. CK and AK activities were assessed by stimulating their ATPase 
rate with 2 mM ATP and 20 mM Cr, 2 mM ATP and 1 mM AMP, respectively. The presence or 
absence of intact intracellular structure, compartmentalization of the enzymes and restricted 
diffusion of metabolites is marked for each preparation, with green pluses and red minuses, 
respectively. 
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Intracellular compartmentation has been noticed in cardiomyocytes while studying 
different processes. Cytosolic Ca2+ environments, visualized with Ca2+ -sensitive 
fluorescent dyes (Wang et al., 2004), are of great importance in regulating EC coupling 
(Rios and Stern, 1997). Besides, mitochondrial Ca2+-uptake through MCU is also 
facilitated by local areas with elevated Ca2+ concentrations (local Ca2+ microdomains) due 
to a close association of mitochondria and SR Ca2+ release sites (Franzini-Armstrong, 
2007; Williams et al., 2013). Recent findings suggest an increasing role for the VDAC in 
the coordination of SR Ca2+ release and mitochondrial Ca2+-uptake (Rosencrans et al., 
2021; Sander et al., 2021). Furthermore, the modulation of cyclic AMP (cAMP) signalling 
by local compartments is another example of the role of local microenvironments in 
cardiomyocytes (Kritzer et al., 2012; Mika et al., 2012). For instance, the membrane 
barriers such as the t-tubular network or caveolae (smaller invagination of plasma 
membrane) ensure closer physical proximity of cAMP with its diverse subcellular targets. 
Therefore, caution should be taken while extrapolating the results received from 
different processed preparations to the situation in vivo, as intracellular integrity and 
structural and metabolic compartmentalization are of great importance in maintaining 
the metabolic homeostasis of the heart.  

In summary, in Publication III, we were unable to reproduce data from other groups, 
and we showed that the ADP flux through CK does not exceed the ADP flux through 
mitochondrial respiration neither in rat nor mouse hearts. Thus, these results challenge 
the consensus that the CK flux capacity is 10 times higher than the respiration flux 
capacity. This may also explain why we observed relatively few adaptations in the  
ATP-generating mitochondria in creatine-deficient mice (Publications I and II). In contrast, 
more changes were detected at the ATP-consuming sites, i.e. the ATPases responsible 
for Ca2+ handling and contraction of the heart. These changes will be described in the 
following chapter.  
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4 Calcium handling in mouse models with altered 
creatine kinase system 

4.1 The interplay between creatine kinase and excitation-
contraction coupling systems 

The ATPases involved in EC coupling, such as myosin-ATPase, SERCA and Na+/K+-ATPase 
are the main energy consumers in the heart. After ATP is generated in the mitochondria, 
it diffuses to the sites of ATP utilization, where it is hydrolysed and released energy is 
used by these ATPases to drive the EC coupling machinery (contraction, Ca2+ reuptake to 
SR, ion homeostasis) (Figure 1). 

As described above (section 1.1), Ca2+ is an important regulator of different cellular 
functions. Since Ca2+ regulates ATP production by mitochondria as well as muscle 
contraction and thus ATP consumption by ATPases, a close interplay between Ca2+ 

dynamics and mitochondrial bioenergetics is essential for proper cardiac functioning. 
Moreover, CK is coupled with the main ATP-utilizing ATPases involved in the EC coupling 
mechanism and is structurally associated with the corresponding cellular structures 
(Wallimann et al., 1992; Ventura-Clapier et al., 1998). Together with CK's role in 
regulating ATP-sensitive K-channel activity (Abraham et al., 2002), it points to a close 
interconnection between CK and EC coupling systems. To better understand this mutual 
relationship, the influence of an altered CK system on Ca2+ homeostasis and EC coupling 
was studied in hearts of CK KO mouse models (Bonz et al., 2002; Crozatier et al., 2002; 
Spindler et al., 2004). In one of the studies, the absence of CK-catalysed energy transfer 
was proposed to be compensated by glycolytic pathways and tight interaction between 
mitochondria and SR, allowing normal ventricular function at a basal level. However, 
impaired contractile response to beta-adrenergic stimulation emerged both in vivo and 
in vitro in skinned fibres and isolated cardiomyocytes (Crozatier et al., 2002). These 
results were complemented by Spindler et al., showing the association of disturbed Ca2+ 
homeostasis with impaired recovery from I-R injury under acute energy demand 
conditions in CK KO mice (Spindler et al., 2004). In creatine-deficient GAMT KO mice, 
cardiac phenotype seems to be similar to CK KO, showing normal cardiac performance at 
baseline, but blunted response to beta-adrenergic stimulation (Hove et al., 2005). 
However, AGAT KO mice, considered a pure creatine-deficiency mouse model, lacking 
both Cr and hArg, exhibit slower contractility already at baseline (Faller et al., 2018).  

While there is a possible interaction between creatine-deficiency and EC coupling, EC 
coupling and Ca2+ handling, in particular, have not been previously systematically studied 
in the creatine-deficient heart. The research performed in this thesis addresses this gap. 

4.2 Calcium handling in patch clamped AGAT KO cardiomyocytes 

Our next study, presented in Publication IV, was conducted to assess whether 
alterations in Ca2+ handling could explain the impaired contractility of AGAT KO hearts 
(Faller et al., 2018). In this study, experimental results from electrophysiological 
measurements on isolated cardiomyocytes from AGAT KO and WT mice were 
complemented with analysis using mathematical modelling to assess whether Ca2+ 

handling is modified (Publication IV). As a result, an overall decrease in Ca2+ dynamics, 
such as diminished Ca2+ influx through LTTC, decreased LTCC inactivation, and slower Ca2+ 

transient decay, was reported. In addition, diminished Ca2+ transfer between subspace 
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and cytosol was predicted by mathematical modelling (Figure 6). The protein expression 
of LTCC and SERCA was unchanged in AGAT KO compared to WT. Finally, impaired Ca2+ 
handling was fully recovered by lifelong dietary Cr supplementation. 

In this work, the whole cell patch clamp technique was used. After attachment of the 
pipette to and rupture of the cell membrane, the pipette solution was equilibrated with 
the intracellular environment of the cell. Therefore, due to the presence of PCr in the 
patch pipette solution for all experimental groups (control, KO, and KO+Cr) and 
essentially unchanged CK activity reported previously in AGAT KO hearts (Faller et al., 
2018), long-term modifications in Ca2+ handling independent of CK-catalysed 
phosphotransfer were studied. That means that the activity, expression and regulation 
of proteins related to EC coupling were mainly accountable for corresponding changes in 
Ca2+ cycling. 

In Publication IV, the slower LTCC inactivation in AGAT KO was fully rescued by 
adrenergic stimulation, which could have increased Ca2+ release via RyR. In addition, Ca2+ 
transient decay time was also rescued, although only partially, by adrenergic stimulation. 
Therefore, together with the unchanged SERCA and LTCC total protein expression, the 
implication of regulatory modifications, such as phosphorylation level of Ca2+ handling 
proteins, was proposed to be involved in altered Ca2+ handling in AGAT KO. 
Phosphorylation of the proteins is a mechanism playing a key role in the regulation of 
multiple cellular processes. It could modify the activity, stability and intracellular 
localization of proteins associated with various signalling pathways in the cell. SR has a 
major role in managing Ca2+ cycling in cardiomyocytes, and precise regulation and 
interaction of RyR and SERCA functioning ensures a proper balance between Ca2+ release 
and uptake by SR. Thus, the protein expression and phosphorylation of RyR and SERCA 
regulatory protein PLB, the most studied so far, were the object of investigation in the 
following study. 

 

 

Figure 6. Altered Ca2+ handling in patch clamped cardiomyocytes of AGAT KO. Reduced Ca2+ 
influx through LTCC, Ca2+ transfer between dyadic space and cytosol, and Ca2+ efflux through 
SERCA are marked with red arrows. 
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To further study Ca2+ handling and EC coupling in creatine-deficient hearts, we 
performed experiments under conditions closer to physiological conditions using 
isolated cardiomyocytes from AGAT and GAMT KO mice. The results of this work are 
discussed in the following section. 

4.3 Calcium handling and excitation-contraction coupling in 
creatine-deficient mouse cardiomyocytes under physiological 
conditions  

Due to the changes in Ca2+ dynamics revealed in AGAT KO (Publication IV), in the following 
study, summarised from Publication V, additional experiments were performed on 
creatine-deficient mouse cardiomyocytes. In this work, the impact of creatine-deficiency 
on EC coupling and Ca2+ handling proteins was assessed under conditions closer to 
those occurring in vivo. Intact cells were field-stimulated, leading to an action potential 
generation, while in Publication IV, cell stimulation was performed via a patch pipette. 
In addition, in Publication V, Cr was absent in the AGAT and GAMT KO cardiomyocytes, 
as in vivo for these animal models.  The main results from Publication V are summarized 
in Table 1 and discussed below. 

4.3.1 Calcium-induced calcium release  

Although smaller LTCC current was reported previously in AGAT KO (Publication IV), 
larger amplitude and longer duration of Ca2+ transients were detected in AGAT KO in 
comparison to WT. In the experimental setup used in Publication IV, the contribution of 
NCX operating in reverse mode (NCXrev) to Ca2+ cycling was minimal, which could explain 
similar amplitudes of Ca2+ transients in AGAT KO and WT. In contrast, in intact cell 
preparation used in Publication V, NCXrev could have had a more significant role in Ca2+ 

dynamics. An increase in Ca2+ influx via the reverse mode of NCX could be one of the 
reasons for the higher amplitude of Ca2+ transients in AGAT KO. However, it is still unclear 
whether it is only due to an adaptational increase in Ca2+ influx via the reverse mode of 
NCX or increased CICR triggered via NCX and LTCC. Therefore, different Ca2+ fluxes should 
be investigated further to elucidate their contribution to increased Ca2+ transient 
amplitude in AGAT KO compared to WT. 

In addition to Ca2+ release via RyRs induced during EC coupling, local elementary Ca2+ 

events, Ca2+ sparks, could be spontaneously released from SR under unstimulated 
conditions (Cheng et al., 1993; Cheng and Lederer, 2008). In the same experimental  
setup as for Ca2+ transients, we recorded Ca2+ sparks at rest to check whether the 
frequency and temporal and spatial characteristics of individual Ca2+ events differed in  
creatine-deficient mouse cardiomyocytes and could explain changes in CICR proposed 
from patch clamp experiments. As a result, in Publication V, we found that the Ca2+ 

sparks were more frequent, longer, and wider in AGAT KO compared to WT (Table 1). 
Moreover, females exhibited more frequent sparks in all studied groups.  

The supplementary measurements of RyR positioning that can affect Ca2+ release 
synchronicity and characteristics of the sparks showed unchanged RyR density in all 
groups and alterations in RyR arrangement due to creatine-deficiency only in AGAT KO 
females and not males when compared to corresponding WT. Thus, a higher number of 
RyR clusters, but smaller in size, were demonstrated in AGAT KO females (Table 1).  
In addition, the expression of the total protein and phosphorylated state of RyR were 
unchanged between AGAT KO and WT. 
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On the one hand, the modelling results from Sobie et al. study suggested that at lower 
local cytosolic Ca2+ concentrations, RyR clusters, depending on the regulation via coupled 
gating (Marx et al., 2001), have a lower opening probability than uncoupled individual 
RyRs (Sobie et al., 2006). The mutual regulation of RyR gating is associated with their 
highly packed organization in the clusters. Since cooperative gating was recognized in 
vitro in planar lipid bilayer experiments, it is still uncertain how it is actually regulated in 
intact cells (Cheng and Lederer, 2008). Nevertheless, it could be assumed that smaller 
RyR clusters, where coupling between RyRs is lower, are more likely to be activated. 
Thus, they could have a theoretically higher probability of Ca2+ release than bigger RyR 
clusters. This could have been one of the possibilities for the higher Ca2+ spark frequency, 
but only in AGAT KO females compared to WT. However, this assumption is inconsistent 
with the Ca2+ spark measurements in males, showing unchanged RyR cluster size but 
higher Ca2+ spark frequency in KO versus WT. Moreover, in another study, the dependency 
of higher spark frequency on bigger RyR cluster size was demonstrated (Galice et al., 
2018). Again, part of the results from Publication V is in line with this finding, such as 
female WT, having larger RyR clusters, showed increased spark frequency than male WT. 
However, it cannot explain the differences arising due to creatine-deficiency. This 
inconsistency and lack of distinct correlation between changes in Ca2+ spark measurements 
and RyR arrangement point to the fact that other mechanisms could be involved.  

One of the possible mechanisms would be that AGAT females are more sensitive to 
Ca2+ and tend to release Ca2+ more easily, explaining both higher Ca2+ release and higher 
Ca2+ spark frequency. Alternatively, on the basis of electrophysiological measurements 
and mathematical modelling, it was suggested that Ca2+ transfer between subsarcolemmal 
space (dyadic space) and cytosol is reduced (Publication IV). In Publication IV, LTCC 
current inactivation time was longer under control conditions and rescued by  
beta-adrenergic stimulation with isoprenaline (ISO) in AGAT KO compared to WT. Thus, 
the beta-adrenergic stimulation had a significantly larger effect in AGAT KO than in WT. 
In line with this finding, ISO treatment had a more significant effect on Ca2+ transient 
amplitude than under control conditions in both intact (Publication V) and patch 
clamped AGAT KO cardiomyocytes (Publication IV), as well as Ca2+ sparks were detected 
only in the presence of ISO (Publication V). Therefore, it was proposed that ISO 
treatment restrict Ca2+ diffusion from the dyadic space, leading to a higher Ca2+ 
concentration in dyadic space in AGAT KO and hence, to a larger Ca2+ transient amplitude. 
Similarly, the longer duration of Ca2+ sparks is not necessarily caused only by higher Ca2+ 

release via RyR, but also diffusion of Ca2+ matters. In this sense, longer and wider sparks 
could also be explained by the restricted diffusion of Ca2+ from dyadic space to cytosol.  

Ca2+ release from SR via RyR is not regulated directly by ATPases, suggesting that 
adaptive changes to creatine-deficiency in the properties of Ca2+ sparks are not directly 
connected to the absence of energy transfer catalyzed by CK. However, intracellular Ca2+ 
signalling is implemented in a circuit, and all processes involved are still coupled to each 
other to a greater or lesser extent. Overall Ca2+ fluxes in the cell must be balanced on a 
beat-to-beat basis to avoid Ca2+ mishandling leading to contractile dysfunction (Eisner  
et al., 2017). Thus, the proposed increase in Ca2+ entering the cell in AGAT KO should be 
followed by a corresponding rise in Ca2+ removal.  

To study further the regulation of Ca2+ release and explain the changes in properties 
of Ca2+ sparks and transients, we assessed the expression and phosphorylation of RyR.  
In line with unchanged overall RyR density, protein expression levels of total and 
phosphorylated forms of RyR were unaltered in AGAT KO and WT. The phosphorylation 
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of the RyR, mainly by PKA or CaMKII, is directly linked with its activity regulation. 
However, despite extensive research, the functional consequences of RyR phosphorylation 
remain highly debatable (George, 2008; Eschenhagen, 2010; Dobrev and Wehrens, 2014). 
Regardless of this controversy between different studies, the importance of RyR in the 
regulation of cardiac function under normal and pathophysiological conditions is 
undoubtable (Santulli and Marks, 2015; Santulli et al., 2017). Although we showed 
unaltered phosphorylation of RyR in AGAT KO, only one phosphorylation site, Ser2808, 
phosphorylated by PKA, was checked. Therefore, as RyR could be phosphorylated at 
multiple sites by different kinases, other targets for regulatory modifications in RyR 
activity are of interest for future studies. 

Several sex-dependent changes in Ca2+ handling were revealed in AGAT KO 
cardiomyocytes. Using Ca2+ transient recordings, Ca2+ release synchronicity was assessed, 
showing higher systolic dyssynchrony of Ca2+ transients only in AGAT KO females and 
higher diastolic dyssynchrony in both females and males. During heart failure, the 
heterogeneity of Ca2+ release was previously associated with alterations in the t-tubular 
network (Louch et al., 2010; Frisk et al., 2016; Kolstad et al., 2018). We also looked at the 
t-tubular organization of cardiomyocytes from AGAT KO and WT. As a result, the t-tubular 
network was less branched and shorter in total length only in AGAT KO males (compared 
to WT littermates). In contrast to the reduction in transversal t-tubules in failing hearts, 
in AGAT KO, a decrease only in longitudinal t-tubules was detected. This could be  
the reason why changes in the t-tubular organization were not reflected in systolic 
dyssynchrony of Ca2+ transients in males. 

In failing cardiomyocytes, dispersed RyR clusters were previously associated with 
increased dyssynchrony of Ca2+ transients (Kolstad et al., 2018). However, it was not the 
case in AGAT KO cardiomyocytes in Publication V. On the one hand, smaller RyR clusters 
in AGAT KO females were in line with higher systolic dyssynchrony of Ca2+ transients.  
On the other hand, the distribution of RyR clusters was similar in AGAT KO females and 
WT males. Therefore, in Publication V, neither changes in t-tubular nor RyR cluster 
organization could explain the increased dyssynchrony of Ca2+ transients in female AGAT 
KO mice. 

In line with our previous findings in GAMT KO mice, where we did not detect any 
potential adaptive modification in the regulation of mitochondrial energetics 
(Publication I and II), Ca2+ handling was also minimally affected in GAMT KO 
cardiomyocytes. In particular, unchanged Ca2+ transients, Ca2+ release synchronicity, and 
Ca2+ sparks frequency were demonstrated in GAMT KO compared to WT. 

4.3.2 Calcium removal and cardiomyocyte relaxation 
For relaxation of the heart, Ca2+ has to be removed from the cytosol mainly by  
energy-requiring uptake into SR by SERCA (around 90% of Ca2+ reuptake in mouse 
cardiomyocytes) and to a minor degree by the sarcolemmal Na+-Ca2+ exchange via NCX 
(Li et al., 1998; Bers, 2002). According to our previous findings showing slower SR Ca2+ 
reuptake and thus decreased SERCA activity even in the presence of PCr (Publication IV), 
we expected Ca2+ transient decay to be slower in the absence of the functioning CK 
system. However, in contrast to our expectations, when the rate of Ca2+ reuptake was 
assessed from Ca2+ transient recordings, no change between AGAT KO and WT was 
detected (Publication V). According to our data, the Ca2+ transient amplitude was larger, 
meaning that more time was needed to eliminate Ca2+ from the cytosol. Thus, the Ca2+ 
transient duration was longer, but the Ca2+ reuptake rates were similar in AGAT KO and 
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WT. In patch clamped experiments, although only partially, Ca2+ transient decay time was 
rescued by adrenergic stimulation (Publication IV). Therefore, together with unchanged 
SERCA total protein expression (Publication IV)(Laasmaa et al., 2020), the implication of 
regulatory modifications, such as phosphorylation level of phospholamban (PLB), SERCA 
regulatory protein, was proposed to be involved in altered Ca2+ handling in AGAT KO. 
Unphosphorylated PLB bound to SERCA lowers its affinity to Ca2+. At the same time, 
phosphorylation of PLB in response to sympathetic stimulation leads to activation of the 
SERCA pump and elevation of SR Ca2+ loading (Periasamy et al., 2008). In the current 
work, PLB expression and phosphorylation level were assessed. As a result, in line with 
unchanged Ca2+ uptake rates in AGAT KO, our data showed unaltered PLB protein 
expression and extent of phosphorylation for both Ser16 and Thr17 phosphorylation 
sites.  

Two hypotheses could explain the unchanged Ca2+ decay rate in isolated 
cardiomyocytes from AGAT KO. One of the explanations is that SERCA was probably not 
energetically limited in intact cardiomyocytes and could be fueled with sufficient energy 
for its functioning through direct ATP transfer from mitochondria. This point of view 
agrees with the unchanged mitochondrial respiration and activities of alternative 
phosphotransfer systems reported previously in creatine-deficient mouse 
cardiomyocytes (Publication I and II). Together, these results suggest that the functional 
CK system in AGAT KO is not crucial in facilitating energy buffering and transfer between 
mitochondria and ATPases under given conditions. Another hypothesis implies an 
elevation of Ca2+ efflux through NCX. Since an increased contribution of Ca2+ influx 
through NCX was suggested to influence higher Ca2+ transient amplitudes in AGAT KO, 
Ca2+ efflux via NCX should also be increased to keep transsarcolemmal Ca2+ fluxes 
balanced. The implied increase in the contribution of NCX in Ca2+ handling in AGAT KO is 
in line with the situation in heart failure, where NCX is upregulated (Bers and Despa, 
2006). In neonatal cardiomyocytes, which are more tolerant to an energy deficit,  
the majority of Ca2+ cycling is across the sarcolemma by NCX, which, together with a 
higher degree of colocalization of NCX with RyR, plays a more prominent role in the 
regulation of EC coupling that CICR from SR (Huang et al., 2008). These two hypotheses 
are not mutually exclusive and cannot be distinguished based on the current data.  
Thus, further studies are required in creatine-deficient mouse hearts to clarify the actual 
contribution of SERCA and NCX to Ca2+ reuptake and the relative organization of Ca2+ 
handling proteins.  

Although the main adaptive modifications in Ca2+ handling were detected in a pure 
model of creatine-deficiency, AGAT KO, there were changes in diastolic Ca2+ levels in 
GAMT and AGAT KO. In particular, diastolic Ca2+ levels were increased in both GAMT and 
AGAT KO compared with corresponding WT. This result suggests that Ca2+ elimination 
from the cytosol was compromised in these mouse models.  

4.3.3 Adaptive changes in excitation-contraction coupling in AGAT KO 
cardiomyocytes 
As significant alterations in Ca2+ transients were found in Publication V, we studied 
whether the contractility of isolated cardiomyocytes at different stimulation frequencies 
was also affected. Although in AGAT KO cardiomyocytes, adrenergic stimulation with ISO 
led to increased Ca2+ transient amplitude and shortened Ca2+ transient duration,  
the response to changes in frequencies was blunted. Surprisingly, the decreased Ca2+ 
transient duration was not reflected in sarcomere length (SL) shortening duration, which 
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was not affected by ISO treatment. In addition, SL shortening amplitude was similar 
between AGAT KO and WT under the control condition or with ISO treatment (Table 1). 
Thus, in AGAT KO cardiomyocytes, the contraction measured under unloaded conditions 
did not match the alterations in Ca2+ handling. These results suggest the development of 
adaptive modifications in the contractility of AGAT KO cardiomyocytes in response to 
elevated Ca2+ levels and longer Ca2+ transient duration. 

One of the reasons for such compensatory response in AGAT KO could be the changes 
in Ca2+ sensitivity at the myofibrillar level. The phosphorylation of TnI, the inhibitory 
subunit of Tn complex, following beta-adrenergic stimulation, leads to the lowering of 
Ca2+ sensitivity of Tn complex and faster dissociation of Ca2+ from the myofilaments 
(Davis and Tikunova, 2008), and, consequently, to faster relaxation of cardiac muscle. 
This was demonstrated in Publication V by diminished SL shortening duration in the 
presence of ISO in all studied groups except AGAT KO. Thus, the absence of a similar 
response in AGAT KO cardiomyocytes could be explained by potential alterations in 
myofibrillar Ca2+ sensitivity, like reduced Ca2+ - binding affinity of Tn complex, which could 
compensate for longer than in WT Ca2+ transients. Moreover, the adaptations in 
sarcomere dynamics may point towards a partial decrease in ATP consumption in AGAT 
KO mice. However, such complicated processes as EC coupling and relaxation of cardiac 
muscle cannot be regulated only by one protein. Other factors, such as intracellular Ca2+ 

concentration, specific features of myosin isoenzymes and the interaction of contractile 
proteins with each other (cross-bridge formation) also play a role in this regulation.  

While several adaptive modifications in Ca2+ handling and EC coupling were revealed 
in AGAT KO due to creatine-deficiency, some issues remained unresolved. Namely, the 
influence of RyR sensitivity and activity and transsarcolemmal Ca2+ influx via NCX on 
increased Ca2+ levels require further clarification and investigation. Moreover, it is still 
uncertain whether these alterations are associated with the absence of a functional CK 
system in AGAT KO (Publication IV and V). For instance, two other papers showed normal 
myocardial baseline contractility in CK KO (Bonz et al., 2002) and GAMT KO mice (Lygate 
et al., 2013). Herewith, unchanged Ca2+ handling in CK KO mice (Bonz et al., 2002) could 
be explained in part by intracellular structural reorganization (Kaasik et al., 2001), leading 
to a closer association of mitochondria with SR and myofibrils or by glycolysis providing 
SERCA with energy in the absence of functional CK system (Boehm et al., 2000). However, 
that is not the case in creatine-deficient mouse models, where neither compensatory 
upregulation of alternative phosphotransfer pathways (Publication II) nor structural 
adaptations in the mitochondrial organization were detected (Publication I). Therefore, 
as with the regulation of mitochondrial energetics, normal cardiac contractility could be 
due to P-GAA being used instead of PCr in GAMT KO hearts. As for AGAT KO, several 
aspects should be taken into consideration. Although altered Ca2+ handling could be 
associated with complete inhibition of the CK system, unchanged baseline contractility 
of CK KO mice argues against it (Bonz et al., 2002). Another factor is the near absence of 
hArg alone or together with Cr. Finally, systemic changes associated with the metabolic 
changes in the whole body should also be considered. 
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Table 1. The main outcomes from the Ca2+ handling experiments in intact AGAT cardiomyocytes. 

 AGAT KO Female AGAT KO Male Notes 

Calcium transients 

 
 
 

- Longer duration 
- Larger amplitude 

- Unchanged Ca2+ decay rate 

- adrenergic stimulation 
resulted in a shorter dura-
tion, larger amplitude and 
faster decay rates  

- Increased sys-
tolic and dias-
tolic dyssyn-
chrony 

- Increased dias-
tolic dyssyn-
chrony 
 

- adrenergic stimulation 
resulted in more synchro-
nous Ca2+ transients in 
males 

Calcium sparks 

 

- Increased frequency 
- Wider width 

- Longer duration 

- females had higher spark 
frequency than males 

RyR organization 

 

- Unchanged RyR density  

- Smaller RyR 
clusters 
- Increased RyR 
cluster and CRU 
density 
 

- Increased CRU 
density 
 

T-tubular network 

 

 - Reduced net-
work due to 
fewer longitudi-
nal t-tubules 

 

Calcium handling pro-
teins 

 

- Unchanged RyR total expression 
and phosphorylation 
- Unchanged PLB total expression 
and phosphorylation 

 

Sarcomere dynamics 

 

- ISO did not change SL shortening 
duration  
 

- SL duration exhibited 
blunted frequency re-
sponse 
 

SL - sarcomere length; CRU - calcium release unit 
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5 Conclusions 

 
The findings of this dissertation help to expand our understanding of how an inactive CK 
system affects cardiac metabolism, Ca2+ handling and EC coupling. Although the CK 
system is assumed to be important for energy transfer in the heart, no change in the 
regulation of mitochondrial bioenergetics and ultrastructural organization was found in 
GAMT KO mouse cardiomyocytes (Publication I). Therefore, we assessed whether there 
were any adaptational changes in alternative phosphotransfer systems, such as HK and 
AK. However, no upregulation of alternative phosphotransfer enzymes was observed in 
GAMT KO mice, and only a slight upregulation of mitochondrial HK was detected in AGAT 
KO (Publication II). These results may relate to the fact that CK phosphotransfer capacity 
does not exceed the respiratory capacity of mitochondria (Publication III), together 
suggesting that CK is not as important as previously thought. Moreover, the complexity 
of the regulation of cardiac energetics was underscored by experiments on mouse and 
rat hearts, showing a significant difference in enzymatic activities depending on the 
intactness of ultrastructural organization and compartmentalization (Publication III). 
However, more changes and adaptations in response to creatine-deficiency were 
demonstrated in Ca2+ handling and EC coupling, but mainly in AGAT KO cardiomyocytes. 
The results from patch clamped cardiomyocytes suggested a slowing of Ca2+ cycling in 
AGAT KO mice (Publication IV). The subsequent experiments with intact AGAT KO 
cardiomyocytes revealed changes in Ca2+ transients and inconsistent adaptations in 
sarcomere dynamics in both females and males, and sex-dependent alteration in Ca2+ 
transient dyssynchrony, Ca2+ sparks, t-tubular and RyR organization (Publication V). 
Whether these modifications are due to the absence of the functional CK system in 
cardiomyocytes or systemic changes in the whole organism is uncertain. Altogether, the 
outcomes of these studies suggest that in the heart, while the absence of a functional CK 
system has minor effects on energy metabolism and transfer, it may lead to adaptive 
modifications in Ca2+ dynamics and contractility. 
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Abstract 

Energetics and calcium handling in creatine-deficient mouse 
hearts 

The creatine kinase (CK) system is considered to play a crucial role in maintaining cardiac 
energy homeostasis, ensuring a precise balance between energy production and 
utilisation. Heart failure is associated with impairments in the CK system, correlating with 
disease progression. However, studies using various mouse models with a modified CK 
system have shown contradictory outcomes, especially in the heart. Under baseline 
conditions, CK knockout (KO) mice showed mainly normal cardiac performance that was 
affected only at high workloads or under stress conditions. In the current thesis, the 
cardiomyocytes from two alternative mouse models with an inhibited CK system were 
studied. Creatine-deficient mice lack one of the enzymes of the creatine synthesis 
pathway, either guanidinoacetate methyltransferase (GAMT) or arginine:glycine 
amidinotransferase (AGAT). In both GAMT and AGAT KO mice, creatine is absent in the 
whole body, and CK function is compromised.  

Despite the assumed importance of CK as an energy transfer system in the heart, 
according to our results, the regulation of mitochondrial energetics and ultrastructural 
organisation was unaltered in the GAMT mouse heart. Therefore, the potential 
adaptations in hexokinase (HK) and adenylate kinase (AK), which form alternative energy 
transfer systems, were assessed in GAMT and AGAT KO mice. Whereas there were no 
alterations in GAMT KO, there was a slight upregulation of mitochondrial HK in AGAT KO. 
This minor change in energetics, together with the lower CK phosphotransfer capacity 
compared to the mitochondrial respiratory capacity, suggests that CK is not as crucial as 
it was believed. Moreover, the complexity of the regulation of cardiac energetics was 
underscored by experiments on mouse and rat hearts, showing the significance of intact 
ultrastructural organization and compartmentalization for enzymatic activities. 
However, more noticeable changes were demonstrated in Ca2+ dynamics and 
contractility in AGAT KO cardiomyocytes. The experiments with patch clamped cells 
revealed slower Ca2+ handling in AGAT KO. Further, complex changes in SR Ca2+ handling, 
t-tubular and RyR organization, and sarcomere dynamics were shown in intact cells. 
However, it remains an open question whether adaptational changes develop due to the 
lack of an active CK system in cardiomyocytes or the changes in whole body composition 
or metabolism. 

Taken together, our results suggest that in the heart, creatine-deficiency has only a 
minor effect on metabolism and energy transfer but may lead to adaptations in Ca2+ 
dynamics and contractility.  
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Lühikokkuvõte 

Energeetika ja kaltsiumi käitlemine kreatiini puudulike hiirte 
südametes 

Kreatiinkinaasi (CK) süsteemi peetakse ülioluliseks südame energia homöostaasi 
säilitamisel, mis tagab täpse tasakaalu energia tootmise ja kasutamise vahel. 
Südamepuudulikkust seostatakse CK-süsteemi häiritustega, mis on korrelatsioonis 
haiguse progresseerumisega. Eelnevad uuringud modifitseeritud CK-süsteemiga hiirte 
mudelitega on aga näidanud vastuolulisi tulemusi, eriti südames. Nimelt on varasemalt 
näidatud, et normaaltingimustes on CK nokaut (KO) hiirte südametegevus võrreldav 
metsiktüüpi hiirte omaga, mis aga seevastu oli mõjutatud ainult suure töökoormuse või 
stressitingimuste korral. Käesolevas väitekirjas uuriti kahe alternatiivse inhibeeritud  
CK-süsteemiga hiiremudeli kardiomüotsüüte. Nendes kreatiini puudulikkusega hiirte 
mudelites puudub üks kreatiini sünteesi raja ensüümidest, kas guanidinoatsetaat 
metüültransferaas (GAMT) või arginiini-glütsiini amidinotransferaas (AGAT). Nii GAMT 
kui ka AGAT KO hiirtel puudub kreatiin kogu kehas ja CK funktsioon on seetõttu 
inhibeeritud. 

Vaatamata CK kui energia ülekandesüsteemi oletatavale tähtsusele südames, ei 
muutunud antud töö tulemuste kohaselt mitokondriaalse energia metabolismi 
regulatsioon ja ultrastruktuur GAMT hiire südames. Seetõttu hinnati GAMT ja AGAT KO 
hiirtel potentsiaalseid kohastumusi alternatiivsetes energia ülekandesüsteemides nagu 
heksokinaas (HK) ja adenülaatkinaas (AK). Kui GAMT KO-s muutusi ei täheldatud, siis 
AGAT KO-s esines mitokondriaalse HK kerge ülesreguleerimine. Need tulemused võivad 
olla seotud asjaoluga, et CK fosfaadi ülekandevõime ei ületa mitokondrite hingamisvõimet, 
mis viitab omakorda sellele, et CK ei ole nii oluline, kui varem on arvatud. Lisaks, katsed 
hiirte ja rottide südametega näitasid, et ultrastruktuur ja kompartmentatsioon on 
olulised ensüümide aktiivsuse jaoks. See omakorda rõhutab südame energeetika 
regulatsiooni keerukust ja sõltuvust erinevatest teguritest. AGAT KO kardiomüotsüütides 
ilmnesid aga märkimisväärsed muutused kaltsiumi dünaamikas ja kontraktiilsuses. 
Membraanilapikese kinnitamise meetodi katsed AGAT KO hiirte kardiomüotsüütides 
näitasid aeglasemat kaltsiumi käitlemist. Järgnevate katsetega intaktsetes 
kardiomüotsüütides näidati aga keerulisi muutusi sarkoplasmaatilise retiikulumi 
kaltsiumi käitlemises, t-torukeste ja rüanodiinretseptorite organisatsioonis ning 
sarkomeeride dünaamikas. Siiski jääb lahtiseks küsimus, kas kohastumused on tingitud 
aktiivse CK-süsteemi puudumisest kardiomüotsüütides või süsteemsetest muutustest 
kogu organismis. 

Kokkuvõtteks, antud töö tulemuste põhjal saab öelda, et südames on kreatiini 
puudulikkusel vaid väike mõju ainevahetusele ja energia ülekandele, kuid see toob kaasa 
kohastumuslikke muutusi kaltsiumi dünaamikas ja kontraktiilsuses. 
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Appendix 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Branovets J, Sepp M, Kotlyarova S, Jepihhina N, Sokolova N, Aksentijevic D, Lygate CA, 
Neubauer S, Vendelin M, Birkedal R 

Unchanged mitochondrial organization and compartmentation of high-energy 
phosphates in creatine-deficient GAMT-/- mouse hearts. 

Am J Physiol Heart Circ Physiol. 2013 Aug 15;305(4):H506-20. doi: 
10.1152/ajpheart.00919.2012.  
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Publication II 
Branovets J, Karro N, Barsunova K, Laasmaa M, Lygate CA, Vendelin M, Birkedal R  

Cardiac expression and location of hexokinase changes in a mouse model of pure 
creatine deficiency. 

Am J Physiol Heart Circ Physiol. 2021 Feb 1;320(2):H613-H629. doi: 
10.1152/ajpheart.00188.2020. 
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����,��!̂ ÔK"C/_c�##>̀ >̀	#C#	���"d	��G�)�����OO!'>%Z-"!'?�	
��
�������1>H	^̂ OKC/_c��*�̀%>	#C#	���"	�
�������)�����#!�(?	
��
������@/-�1̀�%>	^̂ OKC/_c�1�-%%�	#C#	���"	�
�������)������!/����	
��
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�����!$��3�	

�����#��
����������	������������������	�
�����	���3�������������0�/-�������������#�����������������-�X&EE
�"������3����!��#��������������#��������	���������	���b96<QP<:c79;RY5Sd97;69<:?;d;Q96ef?967;65Ue:6P;S5f;:c\;Q6;6545Pec7<g5:;S5_Q69h9695S�������"�����������!�������������������������	����
������#�	�%��!������
�!
���
��������	��������������$����#
�����������.(���������#
0�
��
��,����������������	���3��������"���	����������� ��������!����������������!���@���.(
i��"����������	$�%��������������!�����������!�		����������
��������������!��������
������"��i��"
���!����&@'V'���&ELVa���	�@N���O&N���������O&�������������
�����!��3�	

��� &EHVL ��� &@aV&M���	�@N���O&N���������O&�������������
�����!��3�	
����������������3���		�!��3�������������!�		�	��������$#�������,�
��
���0�
����������!�����!���	������������������
�������!������������������#
��������$���	!������������������!
����	�!�������!�������	���!$���������!��3�������	�!�������
����������C.0����!�������
�������,G��������������)�����!
����	�����$��!��������DD��������&������������	�!��3�������C.0�����&
j���k����,G�����&
l���m������	���������$��������
���!
����	�!���!����
����������!�������	���!$�������� �����������
�������
�����	���������	����������	
%��#
-�
������J�2�
��������������!��������
������"����
����������������������!��3�����������&��������	�%��������������!��$�����������	�����������������
���	��!�	!�	�������

nopqrstpupvsnsptnwqvvpnrxypz{|stqxp

}~�������������������������������������������  ������¡¡¡������������¢ y£�¤¥¦§̈©¦ª«¬«­®̄¦°­±¦²̄̈ ª©³́µ¶·³̧¦©¦¹·́¦̄¹º±¦²̄̈ ª©ºª±µ¶¬ª̄»­¼·­½̧¾¾¬­¿̧ ¾̄¬«ª©­ÀÁÂÃ́ÄÄÁ́ÁÅǼÄÄÅÇ­¦̈­Èª̄É¶­ÄÂÊ­ÆÁÆÄ́
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Z [
\]\̂ _̀ab̀cd̀e^ ]\f̂ _̀ab̀cd̀e^

ghijklmndh̀ogap

qr stuvuwu
xyuz{|}~��{̀�r y���

�~���|}~���̀��̀�q
qr st��� �q ��� �q uvuwu

xyuz{�}�����̀�ry ���
������~���̀��̀�q�

qr stuvuwu
xyuz{|}~��{̀�r y���
�~���|}~���̀��̀�q

qr st��� �q ��� �q uvuwu
xyuz{�}�����̀�ry ���

������~���̀��̀�q�
qr stt����{ ��~� ��~� t����{ ��~� ��~�uxuyu

�uvu�u�q̀}�~���~�̀����|�����
�̀���~��

qr stt����{ ��~� ��~� t����{ ��~� ��~�uxuyu
�uvu�u�q̀}�~���~�̀����|�����

�̀���~� 
¡¡¡
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5@ABCDEFA9GHBE=A9I5:J

KL MNOPOQO
RSOTUVWXYZU9[L S\]^

_XỲaVWXYbc9de9fK
KL MNghg gK ghg gK OPOQO

RSOTÙWYcYci9[LS \]^
jckYdYXYbc9de9gKl

KL MNOPOQO
RSOTUVWXYZU9[L S\]^
_XỲaVWXYbc9de9fK

KL MNghg gK ghg gK OPOQO
RSOTÙWYcYci9[LS \]^

jckYdYXYbc9de9gKm
KL MNNYnnaU oeXb pYXb NYnnaU oeXb pYXbOqOOROOORqOO

fK9WrXYZYXe9\s̀bVt̀Ycui
9vwbX̂x

KL MNNYnnaU oeXb pYXb NYnnaU oeXb pYXbOqOOROOORqOO
fK9WrXYZYXe9\s̀bVt̀Ycui

9vwbX̂y zÙ WVUpWVU

{|}~�������������������������������������������������������������������������������������������������������������������������������������������� ���������������¡������¢£��� ��������������������������������������������������¤��������������������� �������¥������������¢¦��������������§��¥����������������������������¢� �§�������������������������������̈¡������������¢©���ª��§���������������� �������������¥����������������©������¡��ª�����¢� ��������������������� ���������������¡�«¬���������­���������������®�«�����������������¬��̄ °±²³¢́µ¶·��������������������������̧��¥��������������������¹��̧¹��¥�¢º»¼½·�������������¬�������� ��� ���������§����¾¿¾��������§����������¾��¢À���Á�� �������������������������������������À������¡��Á�¢� ����������¥���������������������� �����¬��� ��������������Â¢� ������������������«��¥«���� ��������������¬���������������¬��¬��Ã��������Ä®Å�¢� ���¬������������������������¥�������� �������������¢

Æ̈¿��ÇÄ¿È¿ÉÇ̈Ç¿Ä̈ Ê�ÉÉ¿̈�ËÌ¿Í®�ÇÄ�Ë¿

ÌÎÂÂ £ÏÐÑÒµÓÔ·©»ÔÕÐ½Ö×»ØÙÚ����ÛÜ¢ÛÛ±Â̧�Ý� ����¢ÜÜÛÞÞ¢ÂÜÂÜÚ¬¬¬¢�Ý� ����¢���ßàáâãàäåæå9çèàé9êàëèâäãìíîïðìñàãàòðíàèòóêàëèâäãóäêîïæäèô9õð9öñ÷÷æ9øñè÷æåäã9ùúûüíýýúíúþ�íýýþ�9àâ9�äè�ï9ýû�9�ú�ýí
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>?@ABCD@7ECDA;@7F>8G

HI JKLMLNL
OPLQRSTUVWR7XI PYZ[

\UV]̂ STUV_̀7ab7cH
HI JKded dH ded dH LMLNL

OPLQR]TV̀V̀f7XIP YZ[
g̀hVaVUV_̀7ab7dHi

HI JKLMLNL
OPLQRSTUVWR7XI PYZ[
\UV]̂ STUV_̀7ab7cH

HI JKded dH ded dH LMLNL
OPLQR]TV̀V̀f7XIP YZ[

g̀hVaVUV_̀7ab7dHj
HI JKKVkk̂R cbU_ lVU_ KVkk̂R cbU_ lVU_LmLL

OLLLOmLL

cH7TnUVWVUb7Yo]_Sp]V̀q
f7rs_U[t

HI JKKVkk̂R cbU_ lVU_ KVkk̂R cbU_ lVU_LmLL
OLLLOmLL

cH7TnUVWVUb7Yo]_Sp]V̀q
f7rs_U[u

vvv wR]TSRlTSR

xyz{|}~��������������������������������������������������������������������������������������������������������������������������������������������������������������� ¡������������������������������������������������������¢�����������������������������£������������ ¤�������������¥��£���������������������������� ���¥��������������������������������������������� ¦���§��¥������������������������������£����������������¦���������§����� �����������������������������������������̈©���������ª���������������«�̈�����������������©��¬­®̄°± ²³́µ��������������������������¶��£��������������������·��¶·��£� ̧¹º»µ�������������©����������������������¥����¼½¼��������¥����������¼�� ¾���¿����������������������������������������¾���������¿� ������������£����������������������������©������������������À ��������������������̈��£̈�������������������©���������������©��©��Á��������Â«Ã� ÄÄÄÁ�����������ÁÅ�Æ°±±̈�����Ç�������������������� 

�È½��ÉÂ½Ê½ÅÉ�É½Â�Ë�ÅÅ½��ÌÍ½Î«�ÉÂ�Ì½

¡ÏÐÑÒ³ÓÔµ¦¹ÔÕÐ»Ö×¹ØÙÚ����°± °°ÛÀ¶�Ü������ ±±°ÝÝ À±À±Ú©©© �Ü������ ��� ÍÞÀßàáâãäáåæçæ7èéáê7ëáìéãåäíîïðñíòáäáóñîáéóôëáìéãåäôåëïðçåéõ7öñ7÷òøøç7ùòéøçæåä7úûüýîþþûîû��îþþ��7áã7�åé�ð7þü�7�û�þî
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012345 6734 67344 8734 87344 9:07 9907
71 ;< 71 ;< 71 ;< 71 ;< 71 ;< 71 ;< 71 ;<=>==?==@==

A==BCDEF:GC3CHIJCKK:LM3NO
P QRQS3TU3VW3XSY

012345 6734 67344 8734 87344 9:07 9907
71 ;< 71 ;< 71 ;< 71 ;< 71 ;< 71 ;< 71 ;<=>==?==@==

A==BCDEF:GC3CHIJCKK:LM3NO
P RQZS3TU3VW3XS[ \\\

]C9EDCÊDC
_̀abcdefghijhklmnojijopiihiijqhhrskhiitoloujqhvptltiouokviouqhrowtlpihxyz{|p}hl~npjhwtlpihx�z{|pl}�khpjtlhwtlpihx�z{���khskhihljp�jt�hkp�tvp�hioughijhklmnoji�yhkh|�hiqo�oln~mnojiukov��pk�tltlh��n~�tlhpvt}tlojkpliuhkpihx����{vt�hpitl}t�pjh}pmo�hhp�qnplh��qhkhuhkhl�hipvsnh�pipvtroupnnipvsnhiukovjqti�ko�souvt�hxihh���������������y���uok}hjptni{��ok�~jo�qkovhort}pihx�����{|yz|�z|pl}����z|jqhkh�pipitl�nhmpl}lhpkjqhhrsh�jh}vonh��npk�ht�qj��okvtjo�qol}ktpnx�t{��z|skhntvtlpk~hrshktvhljiiqo�h}jqpjoln~jqh�sshkvoijmpl}�piish�t��xihh���������������y���uok}hjptni{��pl}��jqhp�hkp�h}hrskhiitollokvpnt�h}jo�ol�hp�ijptltl�x�ih}pipnop}�tl��oljkon{ukov����x�{pl}����plt}tlop�hjpjhvhjq~njkpluhkpihx������{vt�h��qhl�vmhkoupltvpnitlhp�q�ko�s�����pl}����|�tn}�j~shxg�{pl}wlo�wo�jxz�{|pl}vpnhpl}uhvpnh �pi¡¢£¤¥��qhhuuh�jiou�hloj~sh|ihr|pl}jqhtktljhkp�jtol�hkhpiihiih}m~pj�o��p~¦p~hitpl������§§§¦p~hiup�jokx¦�{̈ ©ªª|it�lt��pljhuuh�jou�hloj~sh��ojhjqhit�lt��pljn~qt�qhkhrskhiitolouyz�tl����z��ovspkh}�tjqg�ntjjhk�vpjhi��qti�pijqholn~skojhtlhrskhiitoljqpj�pipuuh�jh}m~�hloj~sh��kojhtlhrskhiitol�pilojpuuh�jh}m~ihrtlpl~oujqhvhpi�khvhlji�

�����������������«�������y���z�����

y¥¬­ �®̄°±²³́µ�¶́·̄ ¹̧º¶»¼½}ot�©ª�©©£¬¾p¿sqhpkj�ªª©ÀÀ�¬ª¬ª½����p¿sqhpkj�ok�ÁÂÃÄÅÂÆÇÈÇ3ÉÊÂË3ÌÂÍÊÄÆÅÎÏÐÑÒÎÓÂÅÂÔÒÏÂÊÔÕÌÂÍÊÄÆÅÕÆÌÐÑÈÆÊÖ3×Ò3ØÓÙÙÈ3ÚÓÊÙÈÇÆÅ3ÛÜÝÞÏßßÜÏÜàáÏßßàâ3ÂÄ3ãÆÊäÑ3ßÝå3áÜáßÏ
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Appendix 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
Branovets J, Vendelin M, Birkedal R 

Intracellular compartmentalization shapes energy transfer – differences between 
adenylate kinase activities in homogenate and permeabilized cardiomyocytes. 

(manuscript) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The rules of the publisher prevent publication of the manuscript of Publication III prior 
to the acceptance. Official committee members and opponents will be given a copy of 
the manuscript to enable them to carry out a judicious review of the dissertation. 
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Appendix 4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
Laasmaa M, Branovets J *, Barsunova K*, Karro N, Lygate CA, Birkedal R, Vendelin M  

Altered calcium handling in cardiomyocytes from arginine-glycine amidinotransferase-
knockout mice is rescued by creatine. 

Am J Physiol Heart Circ Physiol. 2021 Feb 1;320(2):H805-H825. doi: 
10.1152/ajpheart.00300.2020 
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Compromised creatine kinase energy transfer leads to adaptations in cardiac 
excitation-contraction coupling that are distinct from changes associated with heart 
failure. 
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