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Introduction 
Cardiovascular diseases (CVDs) remain a leading cause of morbidity and mortality 
globally, underscoring the critical need for a deeper understanding of the intricate 
mechanisms governing cardiac health and disease pathology. Among the myriad factors 
influencing cardiovascular health, mitochondrial dysfunction has emerged as a significant 
contributor, impacting cellular bioenergetics, metabolism, and overall cardiac function. 
Both intrinsic factors, such as genetic mutations, and extrinsic factors, including lifestyle 
habits like smoking, play pivotal roles in modulating mitochondrial bioenergetics and 
subsequent cardiac outcomes. 

In this thesis, we extensively investigate the intricate influence of intrinsic and 
extrinsic factors on mitochondrial bioenergetics and inherent cardioprotective 
mechanisms in cardiac muscle tissue. Our study employs various methodologies, ranging 
from high-resolution respirometry and enzymatic activity assays to metabolomic 
profiling and morphological assessments, aiming to unravel the complex interplay 
between mitochondrial function and cardiovascular health. 

Our exploration begins by examining the impact of intrinsic factors, specifically genetic 
mutations, on mitochondrial bioenergetics using Wolframin-deficient animal models. 
These models offer a unique opportunity to dissect the role of mitochondrial dysfunction 
within metabolic disorders, primarily focusing on diabetes. Through meticulous 
experimentation involving oxygraphic measurement protocols and enzymatic activity 
assays, we elucidate alterations in mitochondrial kinetics, substrate utilisation patterns, 
and energy transfer pathways in the cardiac muscle tissue of Wolframin-deficient 
animals. 

Transitioning to extrinsic factors, we investigate the influence of cigarette smoking 
and subsequent smoking cessation on mitochondrial bioenergetics, metabolism, and 
structural integrity in cardiac tissue. Utilising a murine model of chronic obstructive 
pulmonary disease (COPD) exposed to cigarette smoke, followed by a period of smoking 
cessation, we uncover smoking-induced alterations in mitochondrial function, protein 
content, supercomplex formation, and metabolic profiles. Our findings illuminate the 
dynamic interplay between smoking exposure, smoking cessation, mitochondrial 
dysfunction, and subsequent cardiac pathology. 

By synthesising the findings from intrinsic and extrinsic factor studies, we gain 
comprehensive insights into the intricate mechanisms governing mitochondrial 
bioenergetics and cardiovascular health. This thesis represents a significant advancement 
in understanding the multifaceted influences on cardiac muscle tissue, with far-reaching 
implications for preventing and treating cardiovascular diseases. Additionally, our study 
underscores the importance of lifestyle modifications and highlights the therapeutic 
implications of smoking cessation in promoting cardiovascular health and preventing 
mitochondrial dysfunction-associated cardiovascular diseases. 
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1 Literature Review 

1.1 Cellular Energetics in Cardiomyocytes 
The heart, like any other organ, tightly integrates function with metabolism. 
Cardiomyocyte development and maturation are accompanied by extensive changes in 
energy metabolism. During the transition from neonate to newborn, cardiomyocytes 
undergo dramatic metabolic changes, shifting from a glycolytic state to mitochondrial 
oxidative metabolism (Fisher et al., 1980; Wisneski, Gertz, Neese, Gruenke, Morris, et al., 
1985). Cardiac metabolism operates within a dynamic balance to ensure efficient energy 
transfer at the site of ATP production in the mitochondria and its utilisation at the  
cross-bridges during contraction and relaxation. The rate of energy turnover, rather than 
the ATP content of the tissue, serves as the primary determinant of energy metabolism 
(Balaban, 2002; Balaban et al., 1986; Kupriyanov et al., 1987; Taegtmeyer et al., 1985). 
As workload increases, so does ATP turnover, leading to elevated oxygen consumption 
rates and substrate utilisation (Balaban et al., 1986; Katz et al., 1989; Sharma et al., 2005). 
Key ATP-consuming processes in cardiac muscle include the activity of the actin-myosin 
ATPase, the sarcoplasmic reticulum calcium ATPase (SERCA) pump, and the sodium-
potassium ATPase (Na+/K+ ATPase), underscoring the critical need for a continuous 
energy supply to support muscle function (Tran et al., 2015). Adult cardiomyocytes utilise 
various substrates, including fatty acids, glucose, lactate, amino acids, and ketone bodies 
(Chatham, 2002; Gandoy-Fieiras et al., 2020; Stanley et al., 2005), for ATP production 
through substrate oxidation, ultimately leading to carbon dioxide (CO2) production. 

Fatty acids, esterified as triglycerides, represent the primary fuel source (60–90%) for 
cardiac contraction (Figure 1) (Bing et al., 1954; Stanley et al., 2005). The pathway of 
long-chain fatty acid oxidation initiates with the activation of free fatty acids (FFA) in the 
cytosol with high-energy phosphates, followed by their conversion to acyl-CoA, which is 
transported into the mitochondrial matrix via the carnitine shuttle where β-oxidation 
proceeds (van der Vusse et al., 2000). Each cycle of β-oxidation yields one molecule of 
acetyl-CoA and shortens the acyl-CoA chain by two carbons until the original FFA 
molecule is fully decomposed into acetyl-CoA. Concurrently, nicotinamide adenine 
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are generated once per 
cycle (Lopaschuk et al., 2010). Subsequently, 70–90% of fatty acids undergo immediate 
oxidation, while the remainder is stored in intracellular triglyceride pools (Lopaschuk 
et al., 1994). 

Although long-chain fatty acids serve as the primary energy substrate for the 
post-natal heart, carbohydrates play this role in the fetal heart (Fisher et al., 1980) and 
during conditions of exercise or pressure overload in the adult heart (Bishop & Altschuld, 
1970; Goodwin & Taegtmeyer, 2000). Glucose enters cardiomyocytes primarily via 
GLUT-1 and GLUT-4 transporters (Figure 1) (Abel, 2004; Aerni-Flessner et al., 2012; 
Olson & Pessin, 1996; Razeghi et al., 2001), which undergo translocation to the 
sarcolemma. Insulin-mediated GLUT-4 predominates as the major glucose transporter in 
cardiac and skeletal muscle (Abel, 2004). Phosphorylation of glucose by hexokinase (HK) 
becomes the rate-limiting step for glycolysis during high rates of glucose transport. 
Hexokinase catalyses the initial phosphorylation of glucose to form glucose-6-phosphate 
(Roberts & Miyamoto, 2015; Wilson, 2003). This reaction is irreversible since there is no 
glucose-6-phosphatase in the heart (van Schaftingen & Gerin, 2002). Cardiac HK exists in 
two isoforms: hexokinase-1 (HK1) and hexokinase-2 (HK2), with the latter being the 
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predominant isoform (Printz et al., 1993; Wilson, 1995). Despite being a cytosolic 
enzyme, HK2 exhibits a preference for ATP generated in the mitochondria (Arora & 
Pedersen, 1988). Hexokinase forms oligomeric complexes through cooperative binding 
to specific contact points between the mitochondrial inner (IMM) and outer membranes 
(OMM), thereby accelerating phosphorylation and increasing glycolytic flux (Brdiczka et al., 
1998; Russell et al., 1992). While HK demonstrates a high affinity for glucose, it can also 
utilise fructose or galactose as substrates (Lange & Kohn, 1961; Sols & Crane, 1954).  
The glycolytic breakdown culminates in the formation of pyruvate, which then undergoes 
various metabolic fates, including decarboxylation to acetyl-CoA, reduction to lactate, 
carboxylation to oxaloacetate or malate, or transamination with glutamate to alanine 
(Peuhkurinen & Hassinen, 1982; Russell & Taegtmeyer, 1991; Taegtmeyer et al., 1977). 
The fate of pyruvate is determined by metabolic demands and the cellular redox state 
(Prochownik & Wang, 2021). In well-oxygenated and actively contracting heart muscle, 
a major portion of pyruvate is transported into the mitochondria through specific 
transporters, where it is oxidised to acetyl-CoA (Laughlin et al., 1993; McCommis & Finck, 
2015; Yiew & Finck, 2022). Acetyl-CoA, the activated two-carbon substrate fragment, 
initiates the final common pathway for cardiac energy substrates: FFAs, glucose, and 
lactate. Full oxidation of glucose contributes 10-40% of cardiac energy production (Gertz 
et al., 1988; Wisneski, Gertz, Neese, Gruenke, & Craig, 1985), with additional pathways 
like the pentose phosphate pathway (PPP) and the hexosamine biosynthesis pathway 
(HBP). However, these alternate pathways become more prominent when glycolysis is 
constrained, such as during elevated levels of FFAs or increased superoxide production 
(Du et al., 2000; Gupte et al., 2006; Schmitz-Peiffer, 2000). 
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Figure 1. A simplified representation of the mitochondrial fatty acid oxidation and glycolysis in 
cardiomyocytes. FABP, fatty acid-binding protein, facilitates the transport of fatty acids within the 
cell; FFA, free fatty acids, enter cardiomyocytes and are transported to mitochondria; CPTI, 
carnitine palmitoyltransferase I, converts fatty acyl-CoA to fatty acyl-carnitine for transport into 
mitochondria; CPTII, carnitine palmitoyltransferase II, converts fatty acyl-carnitine back to fatty 
acyl-CoA inside mitochondria; GLUT4, glucose transporter 4, facilitates glucose entry into the cell; 
PPP, pentose phosphate pathway, produces NADPH and ribose-5-phosphate for nucleotide 
synthesis and antioxidant defence; HBP, hexosamine biosynthesis pathway, produces UDP-N-
acetylglucosamine for protein glycosylation; TCA cycle, tricarboxylic acid cycle; α-KG, α-ketoglutaric 
acid; SucCoA, succinyl CoA; OAA, oxaloacetate; ATP, adenosine triphosphate; ADP, adenosine 
diphosphate; AMP, adenosine monophosphate; FADH2, flavin adenine dinucleotide; NADH, 
nicotinamide adenine dinucleotide. The figure is created with BioRender.com. 
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The PPP serves as an alternative pathway for glucose utilisation, encompassing  
both aerobic and anaerobic segments. The aerobic phase of the PPP yields  
ribulose-5-phosphate, CO2, and reduced nicotinamide adenine dinucleotide phosphate 
(NADPH). One molecule of glucose generates one molecule of ribulose-5-phosphate and 
two molecules of NADPH. Following the anaerobic conversion of ribulose-5-phosphate, 
no energy is produced, but it results in the regeneration of glucose-6-phosphate 
(Stincone et al., 2015). This regenerated glucose-6-phosphate can re-enter other 
glycolytic pathways, such as glycolysis or the hexosamine biosynthesis pathway.  
NADPH, a product of the PPP, is primarily utilised for fatty acid synthesis, pyruvate 
oxidation to malate, and the reduction of glutathione. Ribulose-5-phosphate, derived 
from the aerobic segment of the PPP, can readily be converted to ribose-5-phosphate, 
which is integral to the synthesis of nucleotides and nucleic acids (Stincone et al.,  
2015). 

Intracellular glycogen stores also serve as a potential reservoir of glucose in 
cardiomyocytes, although they are relatively small compared to tissues like the liver or 
skeletal muscle (Besford et al., 2012). Despite their modest size, cardiac glycogen stores 
undergo rapid turnover, converting glucose to glycogen for storage and vice versa for 
substrate supply in glycolysis, thereby maintaining stable glycogen concentrations  
within cardiomyocytes (Figure 1) (Depre et al., 1999). Increased levels of adenosine 
monophosphate (AMP), inorganic phosphate, and a decrease in ATP concentration 
stimulate glycogenolysis, leading to an augmented substrate provision for glycolysis 
(Depre et al., 1998). 

In addition to fatty acids and glucose, the heart can utilise amino acids as substrates 
for energy production (Banos et al., 1978; Murashige et al., 2020). Among these,  
the branched-chain amino acids (BCAA) valine, leucine, and isoleucine are metabolised 
within cardiac muscle (Neinast et al., 2019). These BCAAs are of particular interest in 
understanding the regulation of cardiac metabolism and the pathogenesis of common 
diseases such as insulin resistance, diabetes, and cardiovascular diseases (Gao et al., 
2021; Karwi & Lopaschuk, 2023; Newgard, 2012). Specifically, leucine and its metabolites, 
along with valine and isoleucine, have demonstrated inhibitory effects on protein 
degradation and the promotion of protein synthesis in the heart, potentially influencing 
protein turnover regulation (Chua et al., 1979). 

1.2 Mitochondria 
Mitochondria play a pivotal role in maintaining cellular energy balance by efficiently 
converting adenosine diphosphate (ADP) and inorganic phosphate (Pi) to adenosine 
triphosphate (ATP) through oxidative phosphorylation (OXPHOS) in response to  
varying energy demands (Ernster & Schatz, 1981; Kuhlbrandt, 2015). Structurally, 
mitochondria comprise inner and outer membranes enclosing an intermembrane  
space (IMS) (Kuhlbrandt, 2015). These membranes feature transporters facilitating  
the bidirectional transport of metabolites and proteins between the mitochondria and 
the cytosol, enabling inter-organelle communication. The inner membrane forms  
cristae, invaginations that augment surface area and serve as sites for electron transport 
chain (ETC) enzymes (Figure 2), while the matrix houses enzymes, metabolic 
intermediates, mitochondrial DNA, and ribosomes (Chinnery & Hudson, 2013; Palade, 
1953; Protasoni & Zeviani, 2021). The inner mitochondrial membrane (IMM) exhibits 
selective permeability, inhibiting the passage of most small molecules, including  
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protons (H+). In mitochondria with tightly regulated proton gradients, the intact IMM 
minimises proton backflow, thus ensuring the efficiency of mitochondrial OXPHOS 
(Nicholls, 1974; Palmieri & Pierri, 2010; van Loon et al., 1987). 

 

 

Figure 2. Representation of the TCA cycle and mitochondrial electron transport chain (ETC). The TCA 
cycle (tricarboxylic acid cycle), known as the Krebs or citric acid cycle, occurs in the mitochondrial 
matrix and generates high-energy electron carriers (NADH and FADH2) and metabolic intermediates. 
The electron transport chain (ETC) is located in the IMM and comprises four complexes (CI, CII, CIII, 
CIV) and ATP synthase. CI transfers electrons from NADH to Co Q, pumping protons into the IMS. 
CII transfers electrons from FADH2 to Co Q but does not pump protons. Co Q transfers electrons 
from CI and CII to CIII. CIII transfers electrons from Co Q to Cyt c, pumping protons into the IMS.  
Cyt c transfers electrons from Complex III to Complex IV. CIV transfers electrons to O2, the final 
electron acceptor, forming H2O and pumping protons into the IMS. ATP synthase utilises the proton 
gradient created by the ETC to synthesise ATP from ADP and inorganic phosphate (Pi). IMM, inner 
mitochondrial membrane; IMS, mitochondrial intermembrane space; OMM, outer mitochondrial 
membrane; Cyt c, cytochrome c; Co Q, coenzyme Q or ubiquinone. The figure is created with 
BioRender.com. 
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In cardiomyocytes, which are characterised by elevated and fluctuating energy 
demands, mitochondria typically occupy approximately 30–40% of the cellular volume 
(Barth et al., 1992; Marin-Garcia et al., 2001). Mitochondrial morphology varies across 
muscle fiber types (oxidative and glycolytic), with oxidative fibers exhibiting a more 
ordered arrangement between myofibrils, facilitating efficient energy transfer to ATPases 
(Anmann et al., 2006; Vendelin et al., 2005). This variation is essential for optimising cellular 
energy metabolism. There is a strong correlation between mitochondrial volume fraction, 
heart rate, and total body oxygen consumption, with mitochondrial volume fractions 
varying from 25% in humans to 38% in mice (Barth et al., 1992). Heart muscle 
mitochondria are plentiful and possess a significantly higher density of cristae than those 
found in other organs like the liver, brain, or skeletal muscle (Adams et al., 2023). These 
high cristae density reflects cardiac tissue’s specialised metabolic and energy demands. 
Mitochondria are dynamic organelles that undergo fission and fusion, regulated by 
proteins like DRP1 and OPA1 (Pernas & Scorrano, 2016). DRP1 orchestrates 
mitochondrial fission, generating smaller mitochondria and ensuring mitochondrial 
quality control, distribution, and turnover (Pernas & Scorrano, 2016). Conversely, OPA1 
is crucial for mitochondrial fusion, facilitating the merging of multiple mitochondria into 
a single organelle and maintaining mitochondrial function, integrity, and bioenergetic 
efficiency (Lin et al., 2022; Yapa et al., 2021). Beyond ATP synthesis, mitochondria play 
pivotal roles in various cellular processes, including thermogenesis, cellular signalling, 
and the maintenance of ion homeostasis (Bertholet & Kirichok, 2022; Rossi et al., 2019; 
Tait & Green, 2012). Additionally, they are involved in signalling pathways related to cell 
death, highlighting their central role in metabolic regulation, particularly in conditions 
like diabetes and heart failure (Chakrabarty & Chandel, 2022; Green et al., 2011; Takeda 
et al., 2023). 

Inside the mitochondrial matrix, the tricarboxylic acid (TCA) cycle orchestrates the 
degradation of acetyl CoA to CO2 while concurrently generating the reducing equivalents 
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) 
(Figure 2) (Fernie et al., 2004; Martinez-Reyes & Chandel, 2020). These electron carriers 
subsequently fuel the electron transport chain, catalysing the translocation of hydrogen 
ions outside the inner mitochondrial membrane and establishing a proton gradient. This 
gradient drives ATP synthesis via OXPHOS, wherein protons derived from NADH and 
FADH2 combine with oxygen to yield water (Fernie et al., 2004). This fundamental process 
interconnects glycolysis, fatty acid oxidation, and amino acid oxidation pathways.  
It connects all catabolic pathways for substrate oxidation with respiration and serves as 
a primary source of biosynthetic precursors for numerous anabolic processes (Doenst  
et al., 2013). 

1.2.1 Respiratory Chain 
The complexes comprising the mitochondrial respiratory chain are localised within the 
inner mitochondrial membrane and encompass a nicotinamide adenine dinucleotide 
ubiquinone reductase (Complex I, CI), a succinate ubiquinone oxidoreductase (Complex 
II, CII), ubiquinone cytochrome oxidoreductase (Complex III, CIII), and cytochrome c 
oxidase (Complex IV, CIV) (Figure 2). Additionally, two mobile electron carriers, 
ubiquinone (Coenzyme Q, Co Q) and cytochrome c (Cyt c), participate in electron transfer 
between these complexes (Sousa et al., 2018). Ubiquinone undergoes diffusion within 
the IMM, migrating from CI to CIII as part of the electron transport chain process (Lenaz 
& Genova, 2009; Schneider et al., 1982). 
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Complex I, recognised as one of the largest, L-shaped enzymes in mammalian cells, 
facilitates the simultaneous transfer of two electrons from NADH to ubiquinone while 
translocating four protons across the membrane into intermembrane space, thereby 
establishing a proton gradient (Wirth et al., 2016). This complex plays a crucial role in 
NADH oxidation within the mitochondrial matrix, contributing to the regeneration of 
NAD+ for sustaining the TCA cycle and fatty acid oxidation (Arnold & Finley, 2023). 

Complex II facilitates the transfer of electrons from succinate to ubiquinone within  
the mitochondrial respiratory chain (Cecchini, 2003). Additionally, fatty acids and 
glycerol-3-phosphate can channel electrons into the ubiquinone pool. While CII does not 
directly contribute to establishing the proton gradient, it plays a crucial role in the 
oxidation of succinate to fumarate (Arnold & Finley, 2023). This process reduces 
ubiquinone to ubiquinol, thereby increasing the pool of electrons available to CIII and CIV 
for further electron transport (Cecchini, 2003). 

Complex III occupies a central position within the respiratory chain, facilitating the 
transfer of electrons from ubiquinone, supplied by both CI and CII, to cytochrome c within 
CIV. This process is integral to establishing the proton gradient across the mitochondrial 
membrane and crucial for ATP synthesis (Rich & Marechal, 2010). 

Complex IV, also referred to as cytochrome c oxidase, stands out as the sole OXPHOS 
complex documented to possess tissue-specific subunits, suggesting a potential role in 
modulating enzyme activity to suit the requirements of distinct tissues (Sinkler et al., 
2017). Functionally, CIV facilitates the oxidation of reduced cytochrome c by molecular 
oxygen, serving as the terminal electron acceptor within the electron transport chain.  

Electron transport through CI, CIII, and CIV drives the expulsion of protons from the 
mitochondrial matrix into the intermembrane space, culminating in establishing an 
electrochemical gradient across the IMM. Upon its release through Complex V  
(the F0F1-ATPase; CV), this proton motive force drives the synthesis of ATP from ADP and 
inorganic phosphate (Walker, 2013). 

The reduction of molecular oxygen (O2) within CIV must proceed without the release 
of partially reduced intermediates, such as hydrogen peroxide and hydroxyl free radicals, 
which have the potential to cause damage to cellular components (Turrens, 2003). 
Additionally, recent research suggests a dynamic interconversion between CIV’s 
monomeric and dimeric states via reversible phosphorylation. Specifically, under 
elevated ATP/ADP ratios, the dimeric form of CIV is induced, inhibiting respiration and 
serving as a mechanism to prevent the generation of reactive oxygen species (ROS) 
(Ramzan et al., 2019). 

1.2.2 Supercomplexes 
Through the utilisation of cryo-electron microscopy and blue native PAGE analysis on 
digitonin-extracted mitochondria, it has been shown that CI, CII, CIII, and CIV are involved 
in the formation of larger higher-order structural units known as supercomplexes (SCs) 
(Schagger & Pfeiffer, 2000, 2001). Existing evidence indicates that the mitochondrial 
respiratory chain consists of individual complexes and SCs, co-localized within the IMM, 
both contributing to electron transfer and OXPHOS functions (Acin-Perez et al., 2008; 
Lapuente-Brun et al., 2013; Mourier et al., 2014). The balance of free complexes and SCs 
can be dynamically adjusted to accommodate internal environmental cues (Acin-Perez 
et al., 2008; Lapuente-Brun et al., 2013). Notably, in mammalian cell lines, elevated 
galactose levels have been shown to promote SC assembly, ensuring optimal 
functionality of the electron transport chain (Acin-Perez & Enriquez, 2014). 
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SCs exhibit two primary categories: those incorporating CI and those lacking it. Among 
SCs containing CI are CI/III, CI/III/IV, and CI/II/III/IV, while CI is absent in SCs such as CIII/IV 
and CII/III/IV (Acin-Perez et al., 2008; Cogliati et al., 2016; Lapuente-Brun et al., 2013). 
SCs display considerable heterogeneity across species, tissue types, and physiological 
conditions. In mammals, the majority of CI is bound within SCs, with 54% consisting of 
CI/III2/IV and 17% of CI/III2 configurations (Letts et al., 2016; Schagger & Pfeiffer, 2000). 
Various SC combinations exist, including CI/III2, CI/III2/IVn (n = 1–4), and CIII2/IVn (n = 1 or 2) 
(Acin-Perez et al., 2008). The predominant SC assembly observed through native 
electrophoresis techniques is CI/III2/IVn, which encompasses all complexes required to 
transfer electrons from NADH to oxygen (Letts et al., 2016; Schagger & Pfeiffer, 2000). 
These structures, which contain all essential components for electron transmission from 
NADH to oxygen, are referred to as respirasomes (Acin-Perez et al., 2008; Schagger & 
Pfeiffer, 2000; Shinzawa-Itoh et al., 2016). In 2017, Yang et al. identified a higher-order 
assembly termed a megacomplex composed of CI2/III2/IV2 (Guo et al., 2017). 

The formation of SCs facilitates the diffusion of ubiquinone and cytochrome c by 
reducing the intercomplex distance and enhancing electron transfer efficiency. 
Additionally, the assembly of SCs has been demonstrated to promote efficient energy 
production (Genova & Lenaz, 2014; Ikeda et al., 2013; Lapuente-Brun et al., 2013), 
stabilise CI (Schagger et al., 2004), facilitate substrate channelling (Wheeldon et al., 
2016), stabilise individual complexes (Bianchi et al., 2004; Letts et al., 2016; Protasoni  
et al., 2020; Stroh et al., 2004), and provide protection against reactive oxygen species 
(ROS) (Genova & Lenaz, 2015; Lopez-Fabuel et al., 2016; Maranzana et al., 2013). ROS 
production, primarily originating from CI and CIII, may decrease with enhanced electron 
flux between complexes (Lenaz, 2012; Maranzana et al., 2013). CIII2/IV, compared to  
free CIII and CIV, enhances mitochondrial respiration and ATP synthesis efficiency  
(Lapuente-Brun et al., 2013). Moreover, studies have revealed that CIII acts as the central 
hub for the assembly of SCs. A central role of CIII was evidenced by the observation that 
the physical deletion of CIII led to a decrease in CI assembly, while inhibition of CIII 
activity did not have the same effect (Acin-Perez et al., 2004; Protasoni et al., 2020). Thus, 
the dynamic assembly and disassembly of SCs play a pivotal role in regulating 
mitochondrial respiratory chain activity. It is noteworthy that CII is notably absent in 
most reported SC structures, except for one instance – CI/II/III2/IV2 (Muhleip et al., 2023). 
When present, CII’s asymmetrical shape induces curvature in the SC, leading to a 
hypothesis that its inclusion may stabilise cristae folds. However, the absence of CII in 
most SCs suggests a lower affinity, possibly due to its limited protein-protein interactions 
with other complexes, implying that a significant portion of CII exists outside these SCs 
(Iverson et al., 2023; Muhleip et al., 2023). 

Studies over the past decade have presented evidence showing the interconnected 
relationship between mitochondrial dynamics, cristae morphology, and respiratory 
function. For instance, observations of mitochondrial elongation and cristae remodelling 
during nutrient deprivation or ischemic episodes highlighted the role of these structural 
adaptations in preserving mitochondrial ATP production efficiency under challenging 
conditions (Gomes & Scorrano, 2011; Khacho et al., 2014; Patten et al., 2014).  
The remodelling processes occurring in mitochondria and cristae under such stressors 
can modulate mitochondrial efficiency by promoting the assembly of SCs and enhancing 
the respiratory reserve capacity (Cogliati et al., 2013; Khacho et al., 2014; Patten et al., 
2014). The assembly of mitochondrial SCs is regulated by various factors, including 
mitochondrial cristae morphology, phospholipids, assembly factors, and others. OPA1,  
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a protein crucial for maintaining mitochondrial cristae morphology, has been implicated 
in the formation of respiratory chain SCs (Azuma et al., 2020; Cogliati et al., 2013). 
Depletion of OPA1 results in the disarray of cristae structure, leading to the disturbance 
of SC assembly and impairment of respiratory capacity (Cogliati et al., 2013; Patten et al., 
2014). Furthermore, even a modest increase in OPA1 levels can promote cristae 
constriction, enhance the activity of respiratory enzymes, and improve mitochondrial 
respiration efficiency (Cogliati et al., 2013). 

The disruption of SC assembly can significantly contribute to the pathogenesis of 
various diseases. Evidence suggests that impaired SC assembly is implicated in a range of 
disease models, including neurodegenerative diseases, genetic disorders, heart failure, 
and cancer (Baertling et al., 2017; Kim et al., 2018; Novack et al., 2020; Vercellino & 
Sazanov, 2022). Additionally, studies have demonstrated that ageing is associated with a 
decline in SC formation in rat hearts (Gomez et al., 2009). However, preserving SC 
organisation during ageing may exhibit tissue-specific differences (Lombardi et al., 2009). 

1.3 Phosphotransfer Networks and Mitochondrial Interactosome  
Phosphotransfer networks, including creatine kinase (CK), adenylate kinase (AK), and 
glycolytic/glycogenolytic enzymes, constitute the cardiac bioenergetic infrastructure. 
These networks catalyse reactions that drive high-energy phosphoryl flux, maintaining a 
rapid turnover rate of ATP and ADP at sites of energy generation and consumption 
(Figure 3) (Chung et al., 2010; Dzeja & Terzic, 2003; Guzun et al., 2015; Saks et al., 2006). 
In a healthy heart, the majority of newly synthesised ATP molecules undergo processing 
by CK (80–88%), AK phosphotransferases (15%), and glycolytic transfer systems (5–7%) 
before utilisation (Aliev et al., 2011; Dzeja, Hoyer, et al., 2011; Nemutlu et al., 2012;  
Pucar et al., 2001). These phosphotransfer networks play critical roles in cells and  
tissues experiencing high and intermittent energy fluctuations (Dzeja & Terzic, 2003; 
Gruno et al., 2006; Wallimann et al., 2011; Wallimann et al., 1992). Directly transferring 
phosphoryl groups through enzymatic reactions from mitochondria to energy 
consumption sites, such as ATPases, is essential for efficient energy utilisation (Dzeja & 
Terzic, 2003). ADP diffusion towards mitochondria holds regulatory significance as a 
limiting factor for ATPase activity. Maintaining a high ATP/ADP ratio near ATPases is 
crucial for their efficiency, necessitating the removal of ADP from the ATPases’ 
microenvironment (Figure 3) (Wallimann et al., 1992; Zala et al., 2017). Moreover,  
the produced ADP serves as a signal for sufficient ATP synthesis in mitochondria. 

Mitochondrial affinity to exogenous ADP varies among cell types and can be 
characterised by the apparent Michaelis-Menten constant Km(ADP) (Kuznetsov et al., 
1996). The Km (ADP) reflects the substrate concentration required to achieve half of the 
maximum respiration rate in mitochondria (Wong et al., 2017). It represents a measure 
of the affinity of mitochondria for ADP during OXPHOS, reflecting how effectively ADP 
stimulates mitochondrial respiration. A lower Km(ADP) value indicates a higher affinity of 
mitochondria for ADP, meaning that mitochondrial respiration is stimulated even at 
lower concentrations of ADP. Conversely, a higher Km(ADP) value indicates a lower 
affinity for ADP, requiring higher concentrations of ADP to achieve the same level of 
stimulation in mitochondrial respiration (Appaix et al., 2003). Changes in Km(ADP) values 
can reflect alterations in the regulation of cellular energy production and diffusion 
restrictions of energy metabolites through OMM (Tepp et al., 2017). Thus, the Km(ADP) 
serves as an important parameter for assessing mitochondrial function and cellular 
bioenergetics (Kuznetsov et al., 2022). In permeabilised cardiac muscle, the Km(ADP) is 
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approximately 400 µM, whereas, for isolated mitochondria, it is significantly lower, 
around 20 µM (Guzun et al., 2012; Guzun et al., 2009; Saks, Belikova, & Kuznetsov, 1991; 
Saks, Belikova, Kuznetsov, et al., 1991). This difference arises from the voltage-dependent 
anion channel (VDAC) located on the OMM, which selectively facilitates the flux of 
various metabolites essential for cellular metabolism, including ATP, ADP, AMP, NADH, 
and NADPH (Colombini, 2016; Noskov et al., 2016; Rostovtseva & Bezrukov, 2008; 
Rostovtseva et al., 2008). The isolation steps affect this property of mitochondria to 
restrict adenine nucleotide diffusion and disrupt mitochondrial intracellular position and 
assembly, as well as their interactions with other organelles and proteins (Kuznetsov  
et al., 1996; Kuznetsov et al., 2008). In contrast, in permeabilised cells, this mitochondrial 
function remains unchanged, as well as preserving essential interactions with the 
cytoskeleton, nucleus, and endoplasmic reticulum (ER) (Appaix et al., 2003; Kunz et al., 
1993; Kuznetsov et al., 2008; Saks et al., 1998). Besides analysing the affinity for ADP,  
the permeabilisation technique enables the investigation of adenine nucleotide exchange 
between mitochondria and cellular ATPases via phosphotransfer networks, in situ 
analysis of respiratory chain complexes, and the study of tiny biological specimens 
(Kuznetsov et al., 2008). 

Limitations on the diffusion of ATP and ADP lead to forming metabolic micro-
compartments and non-uniform distribution of metabolite concentrations across cellular 
regions (Colombini, 2016; Noskov et al., 2016; Puurand et al., 2019). In contrast to the 
restrictions on adenine nucleotides, VDAC allows unhindered passage of phosphocreatine 
(PCr) and creatine (Cr) (Timohhina et al., 2009), establishing PCr as the primary carrier of 
high-energy phosphate bonds within the cell (Figure 3). This selective permeability of 
VDAC is instrumental in ensuring efficient energy transfer and utilisation within 
mitochondria and other cellular compartments, thereby playing a significant role in 
cellular bioenergetics and maintaining metabolic homeostasis. 
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Figure 3. Phosphotransfer networks of CK, AK and HK, and phosphoenolpyruvate/pyruvate kinase 
(PEP/PK) system. Mitochondrial creatine kinase (MtCK) is located in IMS and catalyses the 
generation of phosphocreatine (PCr) from creatine (Cr) and ATP, which is transported through the 
adenine nucleotide translocase (ANT) from the mitochondrial matrix to the IMS. PCr passes through 
the voltage-dependent anion channel (VDAC) to the cytoplasm, where it is utilised by cytosolic CK 
to generate ATP and Cr from PCr and ADP near cytosolic ATPases (such as SERCA). Pyruvate kinase 
(PK) generates pyruvate and ATP from phosphoenolpyruvate (PEP) and ADP produced by ATPases. 
Adding PK and PEP to the medium with permeabilised cells or tissue traps cytosolic ADP that is not 
associated with the energy transport system. Mitochondrial adenylate kinase (AK2), located in the 
IMS, catalyses the formation of two molecules of ADP from ATP and AMP. These ADP molecules are 
transported to the cytoplasm via VDAC and back to the mitochondrial matrix via ANT. Cytosolic 
adenylate kinase (AK1) generates ATP and AMP from two molecules of ADP near ATPases. 
Hexokinase (HK), bound to VDAC, directs newly synthesised mitochondrial ATP to the glycolysis 
pathway to form glycose-6-phosphate. The figure is created with BioRender.com. 
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1.3.1 Creatine Kinase Pathway 
Creatine kinase enzymes are pivotal in cellular energy transfer and storage (Wallimann 
et al., 1992). These enzymes catalyse the reversible phosphorylation of creatine to form 
phosphocreatine, acting as an energy buffer and preventing abrupt declines in total ATP 
concentrations (Schlattner et al., 2006). There are five major CK isoforms, including 
cytosolic isoforms (CK-BB, CK-MM, CK-MB) and mitochondrial isoforms (uMtCK, sMtCK), 
expressed in various tissues, with higher expression observed in tissues with elevated 
energy demands, such as the heart, skeletal muscle, and nerve cells (McLeish & Kenyon, 
2005; Wallimann & Hemmer, 1994; Wallimann et al., 1992). MtCK isoforms are 
functionally coupled to the adenine nucleotide translocase (ANT) in IMM, while cytosolic 
CK isoforms create micro-compartments for efficient substrate exchange near ATPases 
(Figure 3). This spatial organisation enables effective metabolite channelling and 
regulation of the CK reaction in specific directions based on ATP levels (Schlattner et al., 
2016; Wallimann et al., 1992). In the presence of creatine, MtCK regulates phosphocreatine 
production in collaboration with ANT, which acts as an ATP/ADP antiporter (Saks et al., 
2012). ANT directs ADP produced from the PCr/Cr reaction into the mitochondrial matrix, 
accelerating the respiration rate and maintaining a tight coupling between mitochondrial 
respiration and ATP synthesis in cardiac cells under normal physiological conditions 
(Tepp et al., 2011). 

Fluctuations in concentrations of ADP and creatine in the mitochondrial IMS regulate 
the OXPHOS rate (Saks et al., 2000). Respirometric studies of permeabilised cells have 
revealed that the addition of creatine into the experimental medium increases the 
OXPHOS rate due to the activation of CK (Saks et al., 2000). The addition of pyruvate 
kinase (PK) and phosphoenolpyruvate (PEP) to the medium traps ADP produced by 
cytosolic ATPases and lower respiration; however, subsequent addition of creatine 
activates MtCK, accelerating the ATP/ADP turnover rate in the IMS and increase OXPHOS 
(Saks et al., 2001). The phosphocreatine/creatine kinase (PCr/CK) network is pivotal in 
overcoming the limitations imposed by ATP and ADP diffusion restriction (Saks, Belikova, 
& Kuznetsov, 1991). This network acts as an intracellular energy transfer system, 
facilitating the rapid regeneration of ATP from phosphocreatine during periods of high 
energy demand in striated muscle cells (Dzeja et al., 1996; Guzun et al., 2015; Saks et al., 
2007). 

In different muscle types, the affinity of mitochondria for ADP varies significantly, 
resulting in different Km(ADP) values (Kuznetsov et al., 1996). This variation reflects 
tissue-specific regulation of the OMM permeability (Kuznetsov et al., 1996). In fast-twitch 
glycolytic muscles, the affinity for ADP is high, with a low Km(ADP) value. Conversely,  
in slow-twitch muscles such as the heart and soleus muscle, the affinity for ADP is low, 
resulting in a high Km(ADP) value (Kuznetsov et al., 1996). Additionally, in fast-twitch 
muscles, CK primarily serves as an energy buffer, and the Km(ADP) value does not change 
with activation of the PCr/CK network by adding creatine in permeabilised cells medium 
(Burelle & Hochachka, 2002; Kay et al., 1997; Kuznetsov et al., 1996). The CK pathway 
facilitates compartmentalised energy transfer in slow-twitch muscles, ensuring a stable 
energy supply for myofibrils and ion channel ATPases (Wallimann et al., 1992).  
The effective functional coupling of OXPHOS to the CK pathway in slow-twitch muscles 
with high Km(ADP) is confirmed by a significantly lower value in the presence of creatine 
(Guzun et al., 2011; Saks et al., 2007; Tepp et al., 2011; Timohhina et al., 2009; Varikmaa 
et al., 2014). 
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To support the high energy need of cardiac muscle cells, mitochondrial respiration  
is regulated by the Mitochondrial Interactosome (MI) supercomplex, formed by  
ATP-syntasome (Chen et al., 2004; Ko et al., 2003), MtCK, ANT, VDAC and tubulin that 
regulates effective ATP formation and its extrusion from mitochondria to the cytoplasm 
in the form of PCr (Figure 4) (Guzun et al., 2011; Timohhina et al., 2009). Notably, 
creatine’s impact on OXPHOS varies between rat ventricular cardiomyocytes and atrial 
fibers (Anflous et al., 1997), yet in human atria, MtCK is functionally coupled to OXPHOS 
as observed in ventricular muscle (Seppet et al., 2005). 

 

Figure 4. Mitochondrial Interactosome (MI) model. MI consists of ATP synthasome (formed by ATP 
synthase, adenine nucleotide carrier (ANC) and inorganic phosphate carrier (PIC) as proposed by  
P. Pedersen (Pedersen, 2007)), mitochondrial creatine kinase (MtCK), and Voltage-dependent anion 
channel (VDAC) with regulatory proteins tubulin and linker protein (LP). Cr, creatine; PCr, 
phosphocreatine; Pi, inorganic phosphate; OMM, outer mitochondrial membrane; IMS, 
intermembrane space; IMM, inner mitochondrial membrane; mitochondrial respiratory complexes 
CI, CII, CIII, CIV; Co Q, Coenzyme Q; Cyt c, cytochrome c. The figure is created with BioRender.com. 

In adult mammalian heart muscle cells, the CK pathway exerts robust control over 
energy transport and OXPHOS. Conversely, postnatal heart cells typically display 
undetectable activation of respiration with creatine, likely due to the underdeveloped 
CK pathway at that stage (Anmann et al., 2014). In pathology, the activation rate of the 
CK pathway generally diminishes, often serving as an early indicator preceding profound 
changes in energy metabolism (Anmann et al., 2014; Dzeja, Hoyer, et al., 2011; Schlattner 
et al., 2006). CK deficiency has been identified as a crucial factor compromising energy 
delivery and resulting in impaired cellular functioning (Dzeja, Hoyer, et al., 2011). This 
deficiency prompts compensatory mechanisms wherein glycolytic enzymes and AK 
partially substitute for CK’s phosphotransfer functions (Dzeja et al., 2004). Additionally, 
an increase in mitochondrial density has been observed as part of these compensatory 
mechanisms (Wiesner et al., 1999), thereby rescuing cellular bioenergetics. 
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1.3.2 Adenylate Kinase Pathway 
Adenylate kinase is an enzyme involved in the reversible interconversion of adenine 
nucleotides (2 ADP → ATP + AMP), regulating nucleotide ratios in various cellular 
compartments (Figure 3) (Dzeja & Terzic, 2009). It influences the activity of  
AMP-sensitive metabolic enzymes, participates in purine nucleotide synthesis, and aids 
in regenerating other nucleoside diphosphates from NTP using AMP as a preferred 
phosphate substrate (Dzeja & Terzic, 2009; Panayiotou et al., 2014). Notably, AK’s unique 
ability to transfer both β- and γ-phosphoryl groups of ATP enhances the energetic 
potential of ATP (Dzeja & Terzic, 2009). 

In vertebrates, nine AK isoforms (AK1–AK9) have distinct sub-cellular locations, 
forming an intracellular network for transporting energy-rich phosphoryls between 
compartments (Dzeja & Terzic, 2009; Dzeja & Terzic, 2003; Noma, 2005; Panayiotou  
et al., 2014). AK1 and AK2, located in the cytoplasm and mitochondria, respectively, 
specifically bind AMP and prefer ATP over other nucleotide triphosphates. AK3, specific 
for AMP phosphorylation, utilises guanosine triphosphate (GTP) or inositol triphosphate 
(ITP) as phosphoryl donors (Dzeja & Terzic, 2009). 

AK’s signalling function amplifies small changes in the ATP/ADP ratio into a significant 
increase in the AMP/ATP ratio, activating various AMP-sensitive components, including 
those in glycolytic pathways, glycogenolysis, and metabolic sensors like ATP-sensitive 
potassium channels and AMP-activated protein kinase (Chung et al., 2010; Dzeja & Terzic, 
2009; Selivanov et al., 2004). 

AK2, located in the IMS, generates ADP from ATP and AMP, which then channels  
into the mitochondrial matrix through the ANT, stimulating OXPHOS (Gellerich, 1992).  
Its significant expression in various tissues, such as the liver, heart, skeletal muscle, 
pancreas, kidney, placenta, brain, testis, lung, and gastrointestinal wall, underscores its 
role in energy metabolism and transfer (Gruno et al., 2006; Kaldma et al., 2014; Khoo & 
Russell, 1972; Noma et al., 1998; Tanimura et al., 2014). AK2 also plays a crucial role in 
differentiating cardiac, neural, and hematopoietic stem cells (Dzeja, Chung, et al., 2011; 
Inouye et al., 1998; Tanimura et al., 2014). 

The cytosolic partner of AK2 in the energy-transfer circuit is AK1, the most abundant 
isoform in the cytosol. AK1 is highly expressed in tissues with high energy demand, 
including the brain, skeletal and heart muscles, and erythrocytes (Khoo & Russell, 1972; 
Noma, 2005). Interestingly, AK1-knockout muscles in mice adapt by up-regulating 
glycolytic, CK, and guanine nucleotide phosphotransfer systems but exhibit lower 
energetic efficiency than wild type (Janssen et al., 2000). 

1.3.3 Glycolytic Pathway 
The energy generated through glycolysis sustains various cellular functions, including 
muscle contraction, cell motility, and nuclear processes (Masters et al., 1987; Ottaway & 
Mowbray, 1977). Glycolytic enzymes play a pivotal role in intracellular high-phosphoryl 
transfer. Proximal to mitochondria, HK utilises energy-rich phosphoryl groups from ATP 
to phosphorylate glucose to glucose-6-phosphate (Roberts & Miyamoto, 2015; Wilson, 
2003). Conversely, pyruvate kinase phosphorylates ADP in the cytosol, supplying ATP for 
cellular utilisation (Dzeja & Terzic, 2003). Furthermore, the glutaraldehyde-3-phosphate 
dehydrogenase and phosphoglycerate kinase (GAPDH/PGK) networks facilitate the 
transfer of energy-rich phosphoryls, exchanging them for NADH and ADP (Dzeja & Terzic, 
2003). 
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Mammalian tissues exhibit four isoforms of HKs (HK1-HK4). HK1 and HK2 bind to VDAC 
through their hydrophobic N-terminus (Figure 3) (Pedersen, 2008; Wilson, 2003).  
This interaction is thought to enhance kinase access to newly generated ATP, overcoming 
the OMM permeability restrictions on adenine nucleotides (Pedersen, 2008; Puurand  
et al., 2019). It also prevents product inhibition by glucose-6-phosphate.  The activity and 
subcellular localisation of HK isoenzymes dictate the metabolic fate (anabolic or 
catabolic) of glucose-6-phosphate, influencing diverse intracellular roles of glucose  
(John et al., 2011). The stringent regulation of HK binding to the OMM is contingent on 
cellular energetic demands, particularly in skeletal muscle (Parra et al., 1997). A decrease 
in HK2-mitochondrial interaction has been associated with adverse outcomes in 
ischemia-reperfusion injury of the heart (Nederlof et al., 2016; Wu et al., 2011).  

1.4 Cardiac Metabolism in Cardiac Pathologies 
Metabolic fluxes within the myocardium serve as the initial responders to changes in the 
physiological environment of the heart, subsequently triggering and sustaining functional 
and structural remodelling processes (Young et al., 2002). Assessments of myocardial 
metabolism utilising [11C] tracers, which are oxidised by the heart, have revealed alterations 
in substrate preference among patients with idiopathic dilated cardiomyopathy. 
Specifically, there is a noted decrease in fatty acid metabolism accompanied by an 
increase in glucose metabolism (Davila-Roman et al., 2002), indicative of the expression 
of fetal metabolic gene programs within the failing human heart (Razeghi et al., 2001). 
Both hypertrophy and atrophy are associated with elevated glucose oxidation rates 
despite diminished insulin responsiveness of the heart (Doenst et al., 2001). Alongside 
an increase in glycolysis, hypertrophied hearts typically exhibit a reduction in fatty acid 
oxidation (Allard et al., 1994; el Alaoui-Talibi et al., 1992). 

During ischemic events, the accumulation of glycolytic intermediates may exacerbate 
contractile dysfunction (Neely & Grotyohann, 1984). Additionally, acute hyperglycaemia 
has been shown to abolish ischemic preconditioning in vivo (Kersten et al., 1998), 
whereas the provision of glucose, insulin, and potassium together improves contractile 
function in acutely ischemic, reperfused myocardium (Gradinac et al., 1989; Howell  
et al., 2011). Glucose holds therapeutic relevance for several reasons: firstly, glycolysis 
offers an immediate source of cytosolic ATP during acute oxygen deficit; secondly, 
glycolytically derived ATP may serve as a preferential source for membrane ion transport 
processes; and thirdly, high glucose oxidation rates are crucial for restoring normal 
myocardial function following ischemia-reperfusion (Depre et al., 1999; Mallet et al., 
1990). 

Myocardial glucose transport, glycolysis, and glucose oxidation are directly or 
indirectly insulin-dependent. Therefore, in the insulin-deficient diabetic state, these 
processes are diminished due to insulin resistance, impaired pyruvate dehydrogenase 
activity, and reduced glucose transporter (GLUT1 and GLUT4) levels (Camps et al., 1992; 
Lopaschuk, 1996; Randle et al., 1963). Elevated fatty acid oxidation (FAO) levels in 
diabetic states contribute to an overall reduction in glucose metabolism rates (Hafstad 
et al., 2009; Hallsten et al., 2004) and lead to increased cardiac fatty acid uptake, storage, 
and metabolism (Herrero et al., 2006; Malfitano et al., 2015). Consequently, the heart 
predominantly relies on FAO to meet its energy demands, utilising either exogenous 
sources or the turnover of stored triacylglycerol (Saddik & Lopaschuk, 1994; Wall & 
Lopaschuk, 1989). This reliance on FAO is detrimental to mitochondrial function because 
it induces increased oxygen consumption (Mjos, 1971), mitochondrial uncoupling between 
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respiration and ATP production (Banke & Lewandowski, 2015; Boudina et al., 2007; Cole 
et al., 2011; Vettor et al., 2002), and generates more reactive oxygen species (Tsushima 
et al., 2018). Mitochondrial uncoupling results in elevated proton leak through the 
mitochondrial inner membrane to the matrix (Boudina et al., 2007) and decreased ATP 
synthesis (Malfitano et al., 2015; Petersen et al., 2004). The increased oxygen 
consumption associated with predominant FAO also reduces cardiac efficiency (Hafstad 
et al., 2009; Mather et al., 2016) and may contribute to cardiac dysfunction in diabetic 
conditions (Boudina et al., 2005; Mazumder et al., 2004; Rijzewijk et al., 2009). 
Furthermore, an increase in FAO inhibits the ANT in the mitochondrial membrane, which 
is responsible for transporting ATP from the mitochondria to the cytosol (Shug et al., 
1975; Woldegiorgis et al., 1982). Under normal conditions, the heart is metabolically 
flexible and can switch its substrate preference based on workload and substrate 
availability (Karwi et al., 2018). However, this metabolic flexibility is impaired when FAO 
predominates, and glucose oxidation decreases in diabetes. 

Metabolic dysregulation, when the rate of fatty acid uptake surpasses the rate of 
oxidation, leads to a spectrum of disturbances commonly associated with mitochondrial 
dysfunction (Petersen et al., 2004; Shulman, 2000), including triglyceride accumulation 
(Schaffer, 2003; Unger & Orci, 2001). In failing human hearts, lipid accumulation emerges 
as a characteristic feature, accompanied by a diverse array of cellular and metabolic 
disruptions collectively termed lipotoxicity (Schaffer, 2003; Sharma et al., 2004; Unger, 
2005). Increased net triglyceride synthesis in the heart has been observed under 
conditions of starvation, diabetes, ischemia, and heart failure (Sharma et al., 2004), yet 
whether elevated triglyceride levels stem from heightened esterification rates or 
diminished lipolysis rates remains unknown (Schaffer, 2003). Enzymatic deficiencies 
affecting long and very long-chain fatty acids (C14 or greater), or impairments in cellular 
carnitine import or enzymes participating in the carnitine shuttle, result in more severe 
manifestations of heart failure compared to defects involving the metabolism of  
shorter-chain fatty acids (Hale & Bennett, 1992). Notably, impaired FAO and the 
subsequent accumulation of triglycerides within cardiomyocytes are hallmark features 
of contractile dysfunction observed in diabetic patients (McGavock et al., 2007).  

1.5 Wolfram Syndrome 
Wolfram syndrome (WS), also known as DIDMOAD syndrome (Diabetes Insipidus, Diabetes 
Mellitus, Optic Atrophy, and Deafness), is a rare autosomal recessive neurodegenerative 
disorder characterised by a diverse array of clinical manifestations (Barrett & Bundey, 
1997; Minton et al., 2003). These features encompass diabetes mellitus, optic atrophy, 
diabetes insipidus, sensorineural hearing loss, and various neurological abnormalities. 
The clinical presentation of WS displays significant variation, with the DIDMOAD complex 
being crucial for diagnosis (Cremers et al., 1977). While the exact prevalence of Wolfram 
syndrome varies among different populations, it is estimated to affect approximately  
1 in 160,000–770,000 individuals worldwide (Barrett & Bundey, 1997; Urano, 2016). 

Typically, WS emerges during childhood or adolescence and progresses relentlessly, 
leading to severe disability and premature mortality. On average, individuals with WS 
have a shortened lifespan, with death occurring around 30 years of age, often attributed 
to central respiratory failure resulting from massive brain atrophy (Barrett & Bundey, 
1997; Barrett et al., 1995). The onset of WS symptoms usually begins in childhood, with 
diabetes mellitus typically arising around six years of age, followed by optic atrophy at 
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approximately 11 years of age, and subsequently, the development of diabetes insipidus 
and deafness (Barrett & Bundey, 1997; Barrett et al., 1995). 

Despite its clinical significance, WS is frequently underdiagnosed, with clinical 
attention often focusing on managing diabetes and its associated complications once 
symptoms become apparent (Medlej et al., 2004). Despite the apparent simplicity of its 
autosomal recessive inheritance pattern, WS exhibits complex penetrance and expression 
of traits, resulting in a heterogeneous clinical phenotype. In addition to the classical 
symptoms, WS is associated with a spectrum of neurological and psychiatric disorders, 
reproductive abnormalities, restricted joint mobility, cardiovascular and gastrointestinal 
autonomic neuropathy, and diabetic microvascular complications (Rohayem et al., 2011; 
Saran et al., 2012). These diverse clinical manifestations pose significant challenges in the 
clinical management of WS. 

Wolfram syndrome primarily results from biallelic mutations in the WFS1 gene  
on chromosome 4p16.1. The WFS1 gene consists of eight exons, with mutations 
predominantly observed within exon 8, and can generate 15 different transcripts (Hardy 
et al., 1999; Strom et al., 1998). These mutations, often homozygous or compound 
heterozygous, disrupt the coding sequence of the WFS1 gene, which encodes the 
wolframin endoplasmic reticulum (ER) transmembrane glycoprotein (Inoue et al., 1998; 
Lee et al., 2022; Rigoli et al., 2018; Tanizawa et al., 2000). Wolframin features nine 
transmembrane domains, with its C-terminus residing in the ER lumen and the N-terminus 
in the cytoplasm (Hofmann et al., 2003). It is primarily localised in pancreatic beta-cells, 
neurons, cells of the optic nerve, and tissues such as the internal ear, heart, placenta, 
lung, and liver. Notably, mutations on both alleles are necessary for the complete 
manifestation of Wolfram syndrome. However, single-allele mutations significantly 
increase the risk of type 2 diabetes, hearing loss, depression, suicide, and other complex 
diseases (Cryns et al., 2003; Koido et al., 2005; Minton et al., 2002; Must et al., 2009; 
Sandhu et al., 2007; Swift et al., 1998).  

Wolframin plays a pivotal role in modulating calcium homeostasis within the ER, 
influencing the formation of mitochondria-associated ER membrane (MAM) structures 
and regulating calcium transport between the ER and mitochondria (Delprat et al., 2018; 
La Morgia et al., 2020). Dysfunctional wolframin results in ER stress and activation of the 
Unfolded Protein Response (UPR) pathway (Fonseca et al., 2005; Morikawa et al., 2017; 
Samara et al., 2019). The UPR serves as an adaptive cellular mechanism aimed to restore 
ER homeostasis in response to disruptions in protein folding and the accumulation of 
misfolded proteins within the ER lumen. Nevertheless, chronic or severe ER stress, 
characteristic of WS, can overwhelm the UPR machinery, leading to cellular dysfunction, 
apoptosis, and neurodegeneration. 

Recent investigations have identified occurrences of heart diseases among individuals 
with WS, primarily attributed to structural abnormalities (Ganie et al., 2011; Korkmaz  
et al., 2016; Medlej et al., 2004). A study conducted in the Lebanese population disclosed 
five cases of cardiac abnormalities among 31 WS patients, indicating a prevalence 
significantly higher than that observed in the general population (Medlej et al., 2004). 
However, despite the structural defects noted in cardiac muscle in a somewhat higher 
percentage of WS patients compared to the general population, such abnormalities are 
not universally prevalent among all affected individuals (Barrett et al., 1993; Ganie et al., 
2011; Korkmaz et al., 2016; Medlej et al., 2004). Furthermore, studies examining  
WFS1-deficient rat left ventricle cardiomyocytes have revealed increased contractility 
due to prolonged cytosolic calcium transients (Cagalinec et al., 2019). Additionally, a higher 
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relative incidence of sinus tachycardia and atrioventricular arrhythmias has been 
observed in WS patients (Kinsley et al., 1995). These findings underscore the complexity 
of cardiac involvement in WS and highlight the need for further research to elucidate 
cardiovascular manifestations’ underlying mechanisms and clinical implications in this 
rare genetic disorder.  

As WS manifests with diabetes as its initial symptom, it presents a promising genetic 
model for investigating the cardiovascular complications associated with diabetes 
mellitus. Given the established association between diabetes mellitus and cardiovascular 
complications (Htay et al., 2019), the study of WS offers valuable insights into the 
underlying mechanisms contributing to diabetic cardiomyopathy, coronary artery disease, 
and other cardiovascular diseases. By elucidating the molecular and mitochondrial 
bioenergetic pathways involved in the pathogenesis of cardiovascular complications in 
individuals with WS, novel therapeutic targets and strategies can be identified for 
mitigating the adverse effects of diabetes on the heart. Furthermore, using WS as a 
genetic model allows the identification of specific genetic variants that predispose 
individuals with WS to cardiovascular complications. Also, this approach may lead to the 
development of personalised interventions aimed at preventing or attenuating the 
progression of cardiovascular disease in individuals with diabetes. 

1.6 Smoking and Cardiovascular Diseases 
Despite intensified public awareness campaigns, regulatory measures on tobacco 
marketing, and taxation policies, cigarette smoking has persisted as a risk factor for 
chronic obstructive pulmonary disease (COPD) (Laniado-Laborin, 2009), cardiovascular 
diseases (CVD) (Banks et al., 2019), and various cancers (Macacu et al., 2015; Samet, 
2013; Sasco et al., 2004) since the mid-20th century. These diseases significantly elevate 
the mortality rate among current smokers. Smoking exerts a synergistic effect with other 
conventional cardiovascular risk factors, including hypertension, dyslipidaemia, diabetes, 
and obesity, thereby magnifying the overall cardiovascular risk (Fagard, 2009; Prakash  
et al., 2021). Individuals who smoke and concurrently present with these risk factors face 
a markedly augmented likelihood of developing CVD compared to non-smokers or those 
with a single risk factor. This heightened risk is evident not only among active smokers 
but also extends to individuals exposed to second-hand smoke (Flor et al., 2024). 
Moreover, the elevated risk for cardiovascular complications persists among ex-smokers 
for an extended duration, potentially attributable to irreversible cumulative alterations 
induced by prolonged exposure to cigarette smoke (Ahmed et al., 2015; Gopal et al., 
2012; Lee & Son, 2019). Former heavy smokers exhibit a heightened prevalence of  
type 2 diabetes mellitus, left ventricular systolic dysfunction, coronary artery disease, 
and peripheral arterial disease, alongside elevated circulating levels of serum C-reactive 
protein and interleukin-6 compared to individuals who have never smoked (Ahmed  
et al., 2015). These observations underscore the profound and enduring impact of 
smoking on cardiovascular health, suggesting that the risk for cardiovascular complications 
remains elevated long after smoking cessation. 

The detrimental impacts of smoking on cardiovascular health encompass a spectrum 
of pathological mechanisms, predominantly attributed to the toxic constituents inherent 
in cigarette smoke, notably nicotine, carbon monoxide (CO), and various chemical 
compounds (Astrup & Kjeldsen, 1974; Cheng et al., 2010; Petsophonsakul et al., 2022; 
Wang et al., 2023; Whitehead et al., 2021). These substances detrimentally affect oxygen 
transport to tissues and cellular metabolism (Caliri et al., 2021; Sagone et al., 1973). 
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Carbon monoxide exhibits a higher affinity for haemoglobin than oxygen, resulting in the 
formation of carboxyhaemoglobin and impaired tissue oxygenation (Aronow, 1976; Wald 
et al., 1981). This chronic hypoxemia fosters endothelial dysfunction, oxidative stress, 
and the development of atherosclerotic plaques, thereby accelerating coronary artery 
disease (CAD) progression and elevating the risk of myocardial infarction and ischemic 
stroke. Nicotine, a potent addictive agent in tobacco, elicits sympathomimetic effects, 
culminating in heightened heart rate, blood pressure, and myocardial oxygen demand. 
Additionally, nicotine stimulates the release of catecholamines, thereby promoting 
vasoconstriction and platelet aggregation, which exacerbate cardiovascular susceptibility 
(D'Alessandro et al., 2012; Fox, 1988). Moreover, nicotine, carbon monoxide, and other 
smoke constituents disrupt nitric oxide synthesis, a pivotal mediator of endothelium-
dependent vasodilation, inducing endothelial dysfunction and vasoconstriction (Messner 
& Bernhard, 2014). 

Chronic smoking disrupts lipid metabolism, culminating in unfavourable alterations in 
lipid profiles typified by elevated low-density lipoprotein cholesterol levels and diminished 
high-density lipoprotein cholesterol levels (Ambrose & Barua, 2004; Freeman et al., 
1993; Schuitemaker et al., 2002). Furthermore, smoking induces lipoprotein oxidation 
and glycation, rendering them more atherogenic and susceptible to endothelial injury 
(Ferretti et al., 2006). Long-term smoking leads to detrimental structural and functional 
alterations in the myocardium, which include left ventricular hypertrophy, impaired 
myocardial contractility, and reduced coronary flow reserve (Deanfield et al., 1986; 
Hendriks et al., 2020; Park et al., 2021). 

Smoking exerts significant effects on mitochondrial function, primarily through 
alterations in molecular mechanisms associated with oxidative stress, inflammation, and 
mitochondrial DNA (mtDNA) damage (Dikalov et al., 2019; Giordano et al., 2022; Liu  
et al., 2023; Rom et al., 2013; Ueda et al., 2023). Studies have demonstrated that smoking 
diminishes mitochondrial respiration in murine skeletal muscles, resulting in skeletal 
muscle atrophy (Ajime et al., 2021; Chan et al., 2020; Ding et al., 2019), as well as 
increases macrophage infiltration in bronchoalveolar lavage fluid, with values returning 
to baseline upon smoking cessation (Ajime et al., 2021; Darabseh et al., 2021). 
Furthermore, smoking has been linked to capillary rarefaction (Nogueira et al., 2018), 
indicating potential broader impacts beyond skeletal muscle, likely affecting mitochondria 
in various tissues, including the brain and heart. The generation of ROS during smoking 
induces oxidative stress and compromises the body’s antioxidant defence mechanisms 
(Michaud et al., 2006). ROS directly target mitochondrial components, leading to 
dysfunction by damaging proteins, lipids, and DNA and by inducing the opening of the 
mitochondrial permeability transition pore (mPTP), disrupting mitochondrial membrane 
potential and ATP production (Cadenas, 2018; Juan et al., 2021; Redza-Dutordoir & 
Averill-Bates, 2016). Smoking-induced oxidative stress also triggers inflammatory 
responses within the vascular wall, characterised by releasing pro-inflammatory 
cytokines, chemokines, and adhesion molecules, which can further impact mitochondrial 
function by activating pro-inflammatory pathways (Dahdah et al., 2022). Chronic 
exposure to cigarette smoke also disrupts the balance between mitochondrial biogenesis 
and degradation, resulting in reduced mitochondrial mass and impaired function  
(Tulen et al., 2022). Smoking-induced mitochondrial dysfunction extends to programmed 
cell death pathways, leading to dysregulated apoptosis, thereby contributing to tissue 
damage and disease progression (Aoshiba & Nagai, 2003; Redza-Dutordoir &  
Averill-Bates, 2016). 
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2 Aims of the Study 
The principal aim of this study was to investigate the influence of intrinsic and extrinsic 
factors on mitochondrial bioenergetics and to evaluate inherent cardioprotective 
mechanisms in cardiac muscle tissue, thereby advancing our understanding of 
cardiovascular health and disease pathology. 

Intrinsic factors, such as gene mutations, were evaluated using Wolframin-deficient 
mice and rats as experimental models. These models were chosen to explore alterations 
in mitochondrial bioenergetics and energy transfer pathways in animals affected by 
metabolic disorders, focusing on diabetes as the primary disease of interest. 

Our specific aims were as follows: 
1. Evaluate mitochondrial kinetics, OXPHOS function and dynamic substrate 

utilisation patterns in cardiac muscle tissue. 
2. Investigate changes in phosphotransfer pathways, including creatine kinase, 

adenylate kinase and glycolytic pathways, within cardiac muscle tissue. 
3. Compare metabolic differences between Wolframin-deficient and control 

cardiac tissues to understand the impact of WFS deficiency on mitochondrial function. 
 
In the second phase of our study, we aimed to evaluate the impact of extrinsic factors 

on cardiac muscle bioenergetics and the recovery potential of cardiac tissue. To achieve 
this, we utilised a mouse model of chronic obstructive pulmonary disease (COPD) 
exposed to cigarette smoke. Following this exposure, the mice underwent a smoking 
cessation period lasting up to two weeks. The objectives related to extrinsic factors were: 

1. Explore changes in mitochondrial bioenergetics resulting from exposure to 
cigarette smoke and subsequent smoking cessation. 

2. Investigate structural and metabolic modifications in cardiac muscle tissue 
triggered by exposure to cigarette smoke and subsequent smoking cessation. 

3. Evaluate the inflammatory response within cardiac muscle tissue following 
exposure to cigarette smoke and subsequent cessation of smoking. 
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3 Materials and Methods 
The summary of the applied approaches and techniques is illustrated in the figure. 
 

 
Figure 5. Design of the study. 
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4 Results 

4.1 The Genetic Mutation in Wolframin Gene as an Intrinsic Factor 
Influencing Mitochondrial Bioenergetics in Cardiac Muscle: Insights 
from Wolframin-Deficient Models (Paper I and Paper II) 
To investigate the influence of intrinsic factors on mitochondrial bioenergetics in cardiac 
muscle, we utilised two models featuring metabolic syndrome caused by genetic 
modifications in the Wolframin gene: mice with a 129S6/SvEvTac and C57BL/6 mixed 
background and Wistar rats (hereafter referred to as WFS1 KO). Their wild-type (WT) 
littermates were used as controls. 

To evaluate the variations in mitochondrial respiration and ATP generation between 
Wolframin-deficient and control animals, we utilised oxygraphic measurement protocols: 
(1) SUIT (substrate-uncoupler-inhibitor-titration); (2) Respiratory Chain (RC) protocol, 
which aimed to ascertain the individual capacity of CI-, CII-, and CIV-linked electron 
transport to support ADP-dependent oxygen consumption; (3) the ADP-titration protocol, 
employed to determine kinetic constants such as the apparent Km constant for ADP 
(Km(ADP)) and the maximal respiration rate (Vmax); (4) three distinct protocols for 
coupling assessment of CK, AK, and HK to OXPHOS. These protocols facilitated the 
simultaneous monitoring of the respiration of different ETC complexes and the preference 
of pathways for specific substrates. 

4.1.1 Impact of Wolframin Deficiency on Mitochondrial Kinetics in Cardiac 
Muscle (Paper I) and OXPHOS Function (Paper I and Paper II) 
We employed the classical ADP-titration protocol to elucidate the impact of Wolframin 
gene deficiency on the regulation of the outer mitochondrial membrane in cardiac 
muscle (Figure 6A). A Km(ADP) value reduction was observed in the cardiac muscle fibers 
of WFS1-deficient mice when glutamate and malate served as CI-linked substrates 
without adding pyruvate and creatine. Specifically, in WT and WFS1 KO mice, the Km(ADP) 
values were 100 and 50 µM ADP, respectively (Figure 6B). Additionally, a significant 
reduction in the maximal oxygen consumption rate (Vmax) was observed in WFS1 KO 
cardiac cells (Figure 6C). In contrast, no differences in Km(ADP) and Vmax were observed 
in WFS1 KO animals when using a combination of malate and pyruvate without 
glutamate. 
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Figure 6. Kinetic analysis of the regulation of ADP-activated respiration with malate and glutamate 
in mouse model. (A) Representative trace of oxygraphic measurement of ADP-titration (until 
saturation). CI-linked substrates malate and glutamate. The respiration rate is represented in nmol 
O2*min-1*mg dw-1 (red line; right axis); O2 concentration is represented in µM (blue line; left axis). 
(B) The corresponding apparent Michaelis-Menten constant (Km) values for exogenously added ADP 
were determined for WFS1 KO and WT mice. (C) The maximal oxygen consumption rate (Vmax) was 
determined from the measurements for the Michaelis-Menten coefficient calculation. The respiration 
rate is represented in nmol O2*min-1*mg dw-1; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001. 
Results are expressed as mean ± SEM. 

To determine which of the two main ETC electron feeding sites (CI and CII) could be 
limiting for OXPHOS in WFS1 KO animals, we conducted several experiments employing 
SUIT and RC protocols. 

Employing the SUIT protocol (Figure 7A), we observed that leak respiration (oxygen 
consumption without adenylates) did not differ between groups in cardiac muscle. 
Following the SUIT protocol, we initiated the activation of CI by sequentially introducing 
malate and pyruvate, followed by adding ADP to stimulate OXPHOS within the 
mitochondria, and subsequently adding glutamate to augment the maximal activity of 
CI-linked respiration. After that, we initiated the CII-linked respiration by introducing CII 
substrate succinate. Respiratory activity of cardiac muscle driven simultaneously by CI 
and CII exhibited no differences between WFS1-deficient and control mice. 

The RC protocol enabled the individual assessment of ADP-dependent respiration for 
complexes CI, CII, and CIV (Figure 7B). This was achieved by initially activating CI, then 
inhibiting it with rotenone, followed by activating CII. Subsequently, CIII was inhibited 
using Antimycin A, allowing for the measurement of CIV maximal capacity after adding 
an artificial substrate. In both WFS1-deficient animal models used, no differences in 
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parameters were obtained with the RC protocol compared to WT animals. In the rat 
model, two alternative CI-linked substrate combinations, malate with glutamate or 
pyruvate, were used to activate CI. Our findings indicated no statistically significant 
alterations in WFS1 KO cardiac muscles compared to WT animals for either substrate 
combination. 

 

 
Figure 7. Representative traces of oxygraphic measurements corresponding to SUIT (A) and 
Respiratory chain (B) protocols. The respiration rate is represented in nmol O2*min-1*mg dw-1 (red 
line; right axis); O2 concentration is expressed in µM (blue line; left axis). A leak means uncoupled 
and non-phosphorylating oxygen consumption without adenylates; CI means the oxygen consumption 
rate with CI-linked substrates (malate, glutamate, and pyruvate); CI+CII means the oxygen 
consumption rate with CI- and CII-linked substrates (malate, glutamate, and pyruvate; succinate, 
respectively); CI+CII MaxOXPHOS means the oxygen consumption rate after the addition of 5 mM 
ADP (saturated state); ETC capacity means maximal oxygen consumption rate after addition of 
uncoupler; CII means oxygen consumption rate with CII-linked substrates after inhibition of CI; CIV 
means oxygen consumption rate with artificial CIV substrate TMPD and inhibition of CI, CII and CIII; 
ROX is residual oxygen consumption rate due to oxidative side reactions remaining after addition 
of ETC inhibitors. 

4.1.2 Substrate Preferences and Mitochondrial Function in Wolframin-Deficient 
Cardiac Muscle (Paper II) 
In our investigation, we evaluated substrate preferences and the flexibility of OXPHOS 
with different substrate combinations to switch between glucose-linked (pyruvate)  
and fatty acid oxidation (octanoyl carnitine) substrates in the cardiac muscle of  
WFS1-deficient rats. 
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We employed SUIT protocols, which involve the simultaneous activation of 
mitochondrial ETC complexes, providing a condition more akin to physiological 
circumstances. Following the SUIT-1 protocol (Figure 8A), respiration was initially 
sustained solely by malate, concurrently with the activation of the fatty acid (FA) 
pathway using octanoyl carnitine (Oct). We observed no differences in FA-linked 
respiration rates in cardiac muscle between the experimental groups. Then, pyruvate 
was introduced to complement the system with a substrate from the glycolytic pathway. 
Following this, maximal CI-linked respiration was activated using glutamate. Notably, 
maximal CI-linked respiration and maximal OXPHOS, involving the activation of both CI 
and CII, were markedly diminished in WFS1 KO animals compared to WT counterparts 
(Figure 8B,C). In normal cardiac muscle, the sequential addition of substrates typically 
increases the respiration rate, reaching its peak in the presence of an uncoupler. 

 

 
Figure 8. The influence of consecutive activation of FA and glycolytic pathways on mitochondrial 
respiratory capacity in the rat model. (A) Representative trace of oxygraphic measurement 
corresponding to SUIT-1 protocol with activation of FA and glycolytic pathways in permeabilised 
cardiac muscle tissue in rats, where FAO is oxygen consumption rate with fatty acid oxidation, CI 
max is maximal oxygen consumption rate with CI-linked substrates (malate, glutamate, and 
pyruvate), CI+CII MaxOXPHOS is maximal oxygen consumption rate with CI- and CII-linked 
substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is 
represented in nmol O2*min-1*mg ww-1 (red line; right axis); O2 concentration is represented in µM 
(blue line; left axis). (B) The maximal oxygen consumption rate with CI-linked substrates (CI max) 
was decreased in WFS1 KO rats compared to the WT group. (C) The maximal oxygen consumption 
rate with CI- and CII-linked substrates was decreased in WFS1 KO rats compared to the WT group. 
The respiration rate is represented in nmol O2*min-1*mg ww-1; *p-value < 0.05, **p-value < 0.01, 
***p-value < 0. 001; n = 6–9. Results are expressed as mean ± SEM. 
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To test the hypothesis that the decrease in the respiration rate observed in previous 
experiments was caused by the activation of the FA pathway, thereby inhibiting the 
utilisation of other CI-linked substrates, we devised the SUIT-2 protocol (Figure 9A).  
In the SUIT-2 protocol, substrates were added in reverse order to activate pathways, with 
glucose-linked substrates, malate and pyruvate, introduced first. Subsequently, the FA 
pathway was activated, and the maximum CI-linked oxygen consumption rate was 
measured by adding glutamate. Our results demonstrated no significant alterations in 
WFS1KO cardiac muscle (Figure 9B,C), indicating that only the activated FA pathway 
could inhibit the glucose-linked pathway in the SUIT-1 protocol. 

 

 
Figure 9. The influence of the consecutive activation of glycolytic and FA pathways on mitochondrial 
respiratory capacity in the rat model. (A) Representative trace of oxygraphic measurement 
corresponding to SUIT-2 protocol with activation of glycolytic and FA pathways in permeabilised 
cardiac muscle tissue in rats, where FAO is oxygen consumption rate with fatty acid oxidation, CI 
max is maximal oxygen consumption rate with CI-linked substrates (malate, glutamate, and 
pyruvate), CI+CII MaxOXPHOS is maximal oxygen consumption rate with CI- and CII-linked 
substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is 
represented in nmol O2*min-1*mg ww-1 (red line; right axis); O2 concentration is expressed in µM 
(blue line; left axis). The maximal oxygen consumption rate with CI-linked substrates (B) and CI- and 
CII-linked substrates (C) did not differ between WFS1 KO and WT groups. The respiration rate is 
represented in nmol O2*min-1*mg ww-1; n = 6–8. Results are expressed as mean ± SEM. 

To investigate potential impairments in using glucose-linked substrates, we 
implemented the SUIT-3 protocol (Figure 10A). According to this protocol, exclusively 
malate, glutamate, and pyruvate were used as substrates to activate pathways without 
adding octanoyl carnitine. Our findings revealed no significant differences in the ETC 
capacity between WFS1 KO and WT in cardiac muscle when the glucose-linked pathway 
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was evaluated independently from the FA pathway (Figure 10B,C). Furthermore, 
comparing different substrate introduction orders in WT cardiac muscle demonstrated that 
the maximal OXPHOS capacity and CI-linked respiration rates were higher when SUIT-1 and 
SUIT-2 protocols were employed. Conversely, in WFS1 KO cardiac muscle, the highest 
oxygen consumption rate was observed with the SUIT-2 protocol (pyruvate added first) 
compared to SUIT-1 and SUIT-3, suggesting alterations in the fatty acid pathway. 

 

 
Figure 10. The influence of glycose-linked pathway activation on mitochondrial respiratory capacity 
in the rat model. (A) Representative trace of oxygraphic measurement corresponding to SUIT-3 
protocol with activation of glycolytic pathways in permeabilised cardiac muscle tissue in rats, CI 
max is maximal oxygen consumption rate with CI-linked substrates (malate, glutamate, and 
pyruvate), CI+CII MaxOXPHOS is maximal oxygen consumption rate with CI- and CII-linked 
substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is 
represented in nmol O2*min-1*mg ww-1 (red line; right axis); O2 concentration is expressed in µM 
(blue line; left axis). The maximal oxygen consumption rate with CI-linked substrates (B) and CI- and 
CII-linked substrates (C) did not differ between WFS1 KO and WT groups. The respiration rate is 
represented in nmol O2*min-1*mg ww-1; n = 5. Results are expressed as mean ± SEM. 

4.1.3 Impact of Energy Transfer Pathways on Oxidative Phosphorylation in 
Cardiac Muscle: Experimental Insights from Mouse and Rat Models (Paper I 
and Paper II) 
The continuous transfer of intracellular ATP from mitochondria to ATPases and the 
supply of metabolites to mitochondria is significant in cardiac cells, where mitochondria 
serve as the primary energy producers. Our study investigated how three critical energy 
facilitation systems influenced OXPHOS in muscles: the Cr/PCr, AK, and glycolytic 
pathways. Alteration in these pathways can exert immediate influences on cellular 
metabolism.  



39 

4.1.3.1 Assessment of Creatine Kinase/Phosphocreatine Pathway Activity and its 
Impact on Oxidative Phosphorylation in Cardiac Muscle 
A distinguishing feature of the creatine kinase pathway’s efficacy in oxidative muscle cells 
is the heightened affinity of mitochondria towards ADP, as indicated by decreased 
Km(ADP) value upon pathway activation with creatine. Accordingly, activating the CK 
pathway in the mouse model using the ADP-titration protocol reduced the Km(ADP) value 
in WT cardiac muscle fibers, as expected (Table 1). 

Previous experiments conducted without creatine using the ADP-titration protocol 
had demonstrated a significantly lower Km(ADP) value in cardiac fibers of WFS1 KO mice. 
However, when creatine was introduced to mimic physiological conditions more 
accurately, the Km(ADP) value for WFS1 KO animals remained unaltered (Table 1). 
Consequently, upon activating the CK pathway, the Km(ADP) values in the study and 
control animals were comparable, with the decrease observed only in the control group. 
Consequently, no further significant decrease was detected in response to CK pathway 
activation with creatine in WFS1 KO mice. 

 
Table 1. Michaelis-Menten constant Km(ADP) values in the cardiac muscle of WFS1-deficient (WFS1 
KO) and wild-type (WT) mice with and without activation of creatine kinase pathway by adding 
creatine. 

 CARDIAC MUSCLE KM(ADP) VALUE 
MOUS MODEL WITHOUT CREATINE WITH CREATINE 
WT 101.6 ± 21.3 42.7 ± 5.0 
WFS1 KO 54.2 ± 5.2 41.4 ± 3.0 

 
Conversely, in a rat model, no pathological alterations were detected in WFS1 KO 

animals following CK pathway activation. 
The CK/PCr pathway serves as cardiac muscle’s primary energy transport system. We 

employed the PK/PEP system protocol to assess CK pathway activity to capture all ADP 
generated by ATPases in the cell’s cytosol of the mouse model. 

The PK/PEP system was activated by adding pyruvate kinase (PK), which traps all 
extramitochondrial ADP generated by ATPases (Figure 11A). In these conditions,  
energy flux through the CK pathway was measured, where registered oxygen 
consumption depended solely on the ADP/ATP circulation incorporated in the MI and CK 
transfer system. Activation of the PK/PEP system led to the rephosphorylation of ADP 
produced by ATPases to ATP in the cytosol. This resulted in decreased mitochondrial 
oxygen consumption by OXPHOS due to reduced ADP transport to mitochondria.  
The respiration started to increase after activation of the CK transfer system by stepwise 
addition of creatine, and the maximal respiration rate (Vcr) was determined upon 
achieving saturation. In the mouse model, the maximal creatine-activated OXPHOS rate 
(Vcr) in WFS1 KO cardiac muscle fibers was significantly lower compared to WT  
(Figure 11B). However, no difference in Vcr was observed between WFS1 KO and WT in a 
rat model. 
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Figure 11. Functional coupling between OXPHOS and creatine kinase pathway in the mouse model. 
(A) Representative trace of oxygraphic measurement corresponding to PK/PEP system protocol to 
estimate CK coupling with OXPHOS in permeabilised cardiac muscle tissue in mice. The respiration 
rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is represented 
in µM (blue line; left axis). (B) The oxygen consumption rate is measured with the maximal 
activation of the creatine kinase pathway, and Vcr is the maximal oxygen consumption rate 
determined from the measurements for the Michaelis-Menten coefficient calculation. Respiration 
rate is represented in nmol O2*min-1*mg dw-1; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001. 
Results are expressed as mean ± SEM. 

4.1.3.2 Investigating the Role of Adenylate Kinase Isoforms in Cardiac Muscle Energy 
Transfer 
The adenylate kinase pathway represents another significant energy pathway in muscle 
cells, characterised by various AK enzyme isoforms. Our investigation focused on 
measuring the activity of the cytosolic adenylate kinase isoform AK1 and the mitochondrial 
adenylate kinase isoform AK2 using an oxygraphic method. These isoforms facilitate the 
transfer of high-energy phosphates from mitochondria to ATPases. AK2 is situated in the 
intermembrane space of mitochondria and facilitates both ATP production and its 
translocation from mitochondria to the cytosol. Conversely, AK1 is crucial in maintaining 
the ATP/ADP ratio at ATP-utilization sites by interconverting various adenosine 
phosphates (ATP, ADP, and AMP). 

To assess the functional coupling of cytosolic and mitochondrial AKs with OXPHOS, we 
employed the adenylate kinase index (IAK) (Figure 12A,B). In the mouse model, we 
observed a significant increase in the AK index value in the heart fibers of WFS1 KO 
animals compared to the WT (Figure 12B). However, we did not reveal the same effect 
in the WFS1 KO rat model. 
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Figure 12. Functional coupling between OXPHOS and adenylate kinase (AK) pathway in the mouse 
model. (A) Representative trace of oxygraphic measurement of AK coupling with OXPHOS in 
permeabilised cardiac muscle tissue in mice. VATP is the oxygen consumption rate after activation 
of ATPases and production of endogenous ADP; VAMP is the oxygen consumption rate at the maximal 
activation of the AK system; VAP5A is the oxygen consumption rate in the presence of an AK inhibitor. 
The respiration rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is 
expressed in µM (blue line; left axis). (B) Functional coupling of oxygen consumption with the AK 
pathway is represented as AK index (IAK) calculated as IAK = (VAMP – VAP5A)/VAP5A; *p-value < 0.05,  
**p-value < 0.01, ***p-value < 0. 001; n = 5. Results are expressed as mean ± SEM. 

4.1.3.3 Assessing Hexokinase Activity and Functional Coupling of Oxidative 
Phosphorylation with Glycolysis in Cardiac Muscle 
In our investigation of the glycolytic pathway, mainly focusing on the role of hexokinase 
in regulating cellular respiration, we calculated the glucose index (GI) as a metric to 
assess the functional coupling of OXPHOS with glycolysis (Figure 13A,B). The GI was 
determined as the ratio of the relative increase in OXPHOS rate following glucose 
addition to the maximal respiration rate with exogenous ADP. 

Hexokinases catalyse the initial and irreversible step of glycolysis by phosphorylating 
glucose to glucose-6-phosphate. In our study, we sought to elucidate the impact of HK 
activity on cellular respiration dynamics. Our results revealed a higher GI in cardiac 
muscle tissues obtained from WFS1 KO mice compared to those from WT mice (Figure 
13B). This observation suggests an enhanced functional coupling between OXPHOS and 
glycolysis in the cardiac muscle of WFS1 KO mice. 
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Figure 13. Functional coupling between OXPHOS and hexokinase in a mouse model. (A) Representative 
trace of oxygraphic measurement to estimate mitochondrial-associated HK coupling with OXPHOS 
in permeabilised cardiac muscle tissue in mice. VATP is the oxygen consumption rate with 
endogenous ADP; VGluc is the oxygen consumption rate with activated HK; VADP is the maximal  
ADP-dependent respiration rate. The respiration rate is represented in nmol O2*min-1*mg dw-1 (red 
line; right axis); O2 concentration is expressed in µM (blue line; left axis). (B) The glucose index (GI) 
is calculated as (VGluc – VATP)/(VADP)*100% where (VGluc – VATP) is the increase in the oxygen 
consumption rate in response to an addition of 10 mM glucose and VADP is the respiration rate in 
the presence of 2 mM ADP; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001; n = 6–7. Results 
are expressed as mean ± SEM. 

However, in contrast to the findings in the mouse model, our experiments conducted 
on a rat model did not yield similar results. Specifically, the GI did not exhibit significant 
differences between WFS1 KO animals and the WT group in the rat model. 

4.1.4 Assessment of Enzymatic Activity in Cardiac Muscles of Wolframin-deficient 
Mice and Rats 
Enzymatic activity measurements were employed in our investigation to elucidate the 
observed alterations in energy transfer pathways in the mouse model. Specifically, we 
assessed the activity levels of critical enzymes involved in energy transfer and metabolism: 
CK, AK, and HK. Our analysis indicated no significant differences in the enzymatic activity 
of these three enzymes between WFS1 KO animals and the control group. However, our 
findings revealed a decrease in the CK energy transfer system concurrent with an increase 
in the functional coupling of mitochondria with AK and HK in the cardiac muscles of WFS1 
KO mice. 

In the rat model, enzymatic activity measurements of CK, AK, and HK showed no 
significant differences between WFS1 KO and WT groups, consistent with the results 
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obtained from energy transfer pathway experiments. Furthermore, assessment of CI 
enzymatic activity in rat cardiac muscle revealed no differences between WFS1 KO and 
WT animals. Additionally, we investigated citrate synthase (CS) activity to explore 
potential alterations in mitochondrial abundance in WFS1 KO and WT animals. Our 
analysis did not detect any changes in CS activity between WFS1 KO and WT rat cardiac 
muscle samples. 

4.1.5 Assessment of Cardiac Tissue Metabolite Composition in WFS1 Knockout 
Mice using 1H NMR Spectroscopy (Paper I) 
In this study, we conducted 1H NMR spectroscopy analysis to assess the metabolite levels 
in water-soluble cardiac tissue extracts obtained from mice aged 4-6 months. Principal 
component analysis of proton NMR spectra revealed no systematic differences between 
the two mouse genotypes, indicating overall similarity in the metabolic profiles of WFS1 
KO and WT groups. 

Furthermore, we quantified the total creatine content and determined the 
concentrations of six abundant metabolites: glucose, lactate, alanine, glutamine, 
glutamate, and taurine. Our findings indicated no statistically significant differences in 
the levels of these metabolites between the WFS1 KO and WT groups in mice. 

These results suggest that, at the metabolic level assessed by 1H NMR spectroscopy, 
there are no discernible variations in cardiac tissue metabolite composition between 
WFS1 KO mice and their WT counterparts. 

4.2 Impact of Cigarette Smoking and Smoking Cessation as Extrinsic 
Factor on Mitochondrial Bioenergetics, Metabolism, and Structural 
Changes in Cardiac Tissue: Insights from Murine Studies (Paper III) 
In the second segment of our study, we delved into the impact of smoking and smoking 
cessation as extrinsic factors on mitochondrial bioenergetics, cellular metabolism, and 
structural changes in murine cardiac tissue. Our objectives were to elucidate the 
alterations on the molecular level in cardiac tissue induced by extrinsic factors and to 
examine the recovery process. 

4.2.1 Impact of Cigarette Smoking and Smoking Cessation on Mitochondrial 
Function in Cardiac Tissue 
To elucidate smoking-induced alterations in cardiac metabolism, we assessed 
mitochondrial respiration in the apex of the heart. Leak respiration with NADH 
substrates, NADH (CI)-linked respiration, and CII-linked respiration showed no significant 
differences between groups (Figure 14A-C). However, oxidative phosphorylation 
capacity tended to decrease after smoking compared to the control, subsequently 
returning to control values after smoking cessation (Figure 14D). Notably, uncoupling 
respiration (Figure 14E) demonstrated a significant decrease after smoking, returning to 
control levels after smoking cessation. Succinate dehydrogenase (SDH) activity declined 
post-smoking and continued to diminish after one week of smoking cessation yet 
returned to smoking levels following a two-week cessation period (Figure 14F,G). 
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Figure 14. Cardiac uncoupling respiration is reduced with smoking and restored after smoking 
cessation. Succinate dehydrogenase activity depression in smoking and smoking cessation groups 
in mice. (A) Leak respiration, (B) NADH (complex I)-linked with pyruvate, malate, and glutamate, 
and (C) complex II-linked respiration (with succinate/rotenone) were not significantly different 
among control (CON), smoking (SM), and after 1–2 weeks smoking cessation (SC1W and SC2W). 
(D) Oxidative phosphorylation and (E) uncoupled respiration were lower in smoking compared to  
2-week smoking cessation (CON n = 11, SM n = 11, SC1W n = 11, SC2W n = 11). (F) Lower succinate 
dehydrogenase (SDH) activity after smoking and both groups of smoking cessation compared to 
control (CON n = 9, SM n = 7, SC1W n = 7, SC2W n = 7). (G) Representative images of succinate 
dehydrogenase (SDH) activity staining. The scale bar is 100 μm. Results are expressed as mean  
± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM 
(one-way ANOVA). 

4.2.2 Effects of Smoking and Smoking Cessation on Mitochondrial Protein 
Content and Supercomplex Formation 
The content of mitochondrial CI subunit NDUFB8 was observed to be diminished after 
smoking compared to the control group, persisting at lower levels even after two weeks 
of smoking cessation (Figure 15 A,B). Conversely, no notable differences were detected 
in the protein levels of subunits pertaining to CII, CIII, and ATP synthase (Figure 15 C,D,F), 
although a reduction in CIV subunit MTCO1 was evident after smoking (Figure 15 E). 
Protein content analysis of critical regulators of mitochondrial fusion (OPA1) and fission 
(DRP1) revealed no significant alterations across experimental groups (Figure 15 G-I). 
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Figure 15. Effect of smoking and smoking cessation on the abundance of complex I and complex IV 
subunits and mitochondrial dynamics (fusion and fission) in the heart of mice. (A) A typical example 
is showing bands of the mitochondrial complex subunits. (B-F) Protein content of mitochondrial 
complex I-IV and ATP synthase subunits (CON n = 9–10, SM n = 9–10, SC1W n = 10, SC2W n = 10). 
Vinculin was used as a loading control. (G) Typical example of Western immunoblotting showing 
bands of the OPA1 (CON n = 9, SM n = 7, SC1W n = 9, SC2W n = 9) and DRP1 proteins in control 
(CON n = 9), smoking (SM n = 8), 1–2-week smoking cessation (SC1W n = 8, SC2W n = 10). (H-I) The 
protein content of markers for mitochondrial fusion OPA1 (H) and fission DRP1 (I) were not 
significantly different between groups. Results are expressed as mean ± SEM. SM vs. CON and SC2W 
vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 

Following the isolation of mitochondria, we conducted blue-native electrophoresis to 
assess mitochondrial supercomplex (SC) formation (Figure 16A-D). Notably, smoking was 
associated with a decreased abundance of high-molecular-weight mitochondrial SCs, 
which was rectified to control levels after a two-week smoking cessation period  
(Figure 16A). Additionally, the content of free mitochondrial complexes tended to 
decrease after smoking, persisting at lower levels post-smoking cessation (Figure 16B). 
Interestingly, the normalised mitochondrial supercomplex content, relative to total 
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complexes (Figure 16C), remained consistent between smoking and control conditions, 
indicating a proportional reduction in SCs and free complexes after smoking. 
Furthermore, the normalised mitochondrial SC content gradually increased following 
smoking cessation, indicating a transition of free complexes to SCs. 

 

 
Figure 16. Supercomplex formation in the heart after smoking and smoking cessation in mice.  
(A) The protein content of high-molecular-weight supercomplexes was lower after smoking and 
recovered after smoke cessation (CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5). (B) The content of 
free or low-molecular-weight complexes of CI-IV and ATPase synthase were lower in SC1W and 
SC2W. (C) Normalised supercomplex relative to total complex increased after smoke cessation.  
(D) Representative examples of free mitochondrial complexes and complexes assembled in the 
supercomplex (SCs: I+III₂+IIn, I+III₂+IV1). Results are expressed as mean ± SEM. SM vs. CON and SC2W 
vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 

4.2.3 Metabolic and Lipidomic Profiling Reveals the Impact of Cigarette 
Smoking and Smoking Cessation on Cardiac Metabolism and Lipid Composition 
Metabolomics analyses were conducted to elucidate the impact of cigarette smoking and 
cessation on cardiac metabolism. Metabolites with variable importance in projection (VIP) 
score exceeding 1.4 were subjected to enrichment pathway analysis. This analysis unveiled 
notable alterations in various metabolic pathways, including nicotinate and nicotinamide 
metabolism, glycolysis, pentose phosphate metabolism, gluconeogenesis, branched-chain 
amino acid degradation, nucleotide metabolism, mitochondrial beta-oxidation, and other 
lipid metabolism pathways (Figure 17). 
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Figure 17. Top 30 metabolic pathways altered after smoking and smoking cessation in mice.  
The enrichment plot depicts several metabolic pathway alterations induced by smoking and 
smoking cessation. Metabolites were used with variable importance in projection (VIP) score > 1.4 
for control (CON n = 5), smoking (SM n = 5), and 1 to 2 weeks of smoking cessation (SC1W n = 5 and 
SC2W n = 5). The dot size represents the enrichment ratio (metabolite count enriched in the pathway), 
and the colour presents significance. 

Cigarette smoking and subsequent cessation exerted notable effects on the 
nicotinamide adenine dinucleotide (NAD+) pathway, specifically leading to a decrease in 
the reduced form of nicotinamide mononucleotide (NMNH) (Figure 18). Following a  
two-week smoking cessation period, levels of NAD+ and NADH were observed to increase 
in comparison to active smoking conditions. 
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Figure 18. Smoking- and smoking-cessation-induced alterations in metabolites related to NAD+ 
metabolism in the mouse heart. A simplified diagram describes the route from nicotinamide 
mononucleotide (NMN) and reduced form of nicotinamide mononucleotide (NMNH), the precursors 
of NAD biosynthesis, to nicotinamide (NAM) through nicotinamide adenine dinucleotide (NAD) and 
reduced form of nicotinamide adenine dinucleotide (NADH). NADP indicates nicotinamide adenine 
dinucleotide phosphate; 2-PY indicates N-methyl-2-pyridone-5-carboxamide. Control (CON n = 5), 
smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5), and 2-week smoking cessation (SC2W 
n = 5). Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed 
t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 

Additionally, elevated concentrations of metabolites associated with glycolysis and 
gluconeogenesis indicated an increased rate of glucose catabolism following two  
weeks of smoking cessation compared to control conditions (Figure 19). Conversely, 
metabolites involved in the pentose phosphate pathway, such as ribose-5 phosphate and 
sedoheptulose-7 phosphate, exhibited lower levels after two weeks of smoking cessation 
compared to control conditions (Figure 19). Notably, ophthalmic acid, a biomarker 
associated with oxidative stress, demonstrated elevated levels both after smoking and 
following the two-week cessation period (Figure 19). 
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Figure 19. Smoking- and smoking-cessation-induced changes in the levels of metabolites of the 
glycolysis, pentose phosphate pathway, and cell stress pathway in the mouse heart. A simplified 
diagram of the glycolysis, the pentose phosphate pathway, the tricarboxylic acid (TCA) cycle, and 
cell stress pathway. The pentose phosphate pathway is linked to glycolysis through glucose  
6-phosphate. In reversible reaction of ribose-5 phosphate and xylulose-5 phosphate form 
glyceraldehyde-3 phosphate and sedoheptulose-7 phosphate. In the reversible reaction of 
glyceraldehyde-3 phosphate and sedoheptulose-7 phosphate form hexose-6 phosphate and 
erythrose-4 phosphate. Ophthalmic acid is a metabolite produced by the same enzymatic reactions 
as glutathione (GSH) but without the reactive cysteine. It can be used as a marker for (increased) 
GSH synthesis. Control (CON n = 5), smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5), 
and 2-week smoking cessation (SC2W n = 5). Results are expressed as mean ± SEM. SM vs. CON and 
SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 

Upon one week of smoking cessation, concentrations of the branched-chain amino 
acids isoleucine, leucine, and valine (Figure 20A-C) decreased compared to levels 
observed during smoking. However, restoration of branched-chain amino acid content 
to control levels did not occur after two weeks of smoke cessation. 
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Figure 20. Smoking- and smoking-cessation-induced decrease in branched-chain amino acids (BCAAs) 
content in the mouse heart. Abundance of BCAAs (A) isoleucine, (B) leucine and (C) valine in mice heart 
in control (CON n = 5), smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5) and 2-week 
smoking cessation (SC2W n = 5) groups. Results are expressed as mean ± SEM. SM vs. CON and SC2W 
vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 

Although cardiac purine and pyrimidine contents remained unaffected by smoking, 
their levels were elevated after two weeks of smoke cessation compared to control 
conditions (Figure 21). Metabolites involved in purine biosynthesis, such as inosinic acid 
(IMP) and hypoxanthine, were unaltered by smoking but displayed decreased levels 
following two weeks of smoke cessation (Figure 21). 
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Figure 21. Simplified schematic representation of purine and pyrimidine metabolism in the heart of 
smoking and smoking-cessation mice. Ribose-5 phosphate is the starting point of the two de novo 
biosynthesis pathways. Abbreviations: IMP, inosine monophosphate; UMP, uridine monophosphate; 
UDP, uridine diphosphate; UTP, uridine triphosphate; CTP, cytidine triphosphate; CDP, cytidine 
diphosphate; CMP, cytidine monophosphate; AMP, adenine monophosphate; ADP, adenine 
diphosphate; ATP, adenine triphosphate; GMP, guanosine monophosphate; GDP, guanosine 
diphosphate; GTP, guanosine triphosphate. Control (CON n = 5), smoking (SM n = 5), 1-week 
smoking cessation (SC1W n = 5), and 2-week smoking cessation (SC2W n = 5). Results are expressed 
as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W 
vs. SM (one-way ANOVA). 

Lipid profiling of the cardiac apex was conducted to investigate potential alterations 
in lipid content and species induced by smoking. Enrichment analysis revealed a 
differential abundance of various lipid classes between experimental groups  
(Figure 22A-D). Despite total triacylglycerol concentration in heart tissue remaining 
unchanged after both smoking and smoking cessation, concentrations of long-chain  
and very-long-chain highly unsaturated triacylglycerols were elevated following two 
weeks of smoke cessation compared to both control and smoking conditions  
(Figure 22E-H). This suggests a potential reduction in triacylglycerol breakdown or an 
increase in their production after smoke cessation. 
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Figure 22. Lipids analysis of the mouse heart after smoking and smoking cessation. Pie charts 
depicting the lipidomic data of comparison (A) control and smoking (CON vs SM), (B) smoking and 
1-week smoking cessation (SM vs. SC1W), (C) smoking and 2-week smoking cessation (SM vs. 
SC2W), and (D) control and 2-week smoking cessation groups (CON vs. SC2W). The pie chart depicts 
the main lipid classes different between groups; lipid species with p-value < 0.05 were used for this 
analysis. CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5. (E) Total triacylglycerols concentration in 
control (CON n = 5), smoking (SM n = 5), and 1- or 2-week smoking cessation groups (SC1W n = 5 and 
SC2W n = 5, respectively). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM 
and SC2W vs. SM (one-way ANOVA). (F-H) Comparison of long- and very-long-chain highly 
unsaturated triacylglycerols among control, smoking, and two weeks of smoking cessation. 
Triacylglycerols TG (51:5) – TG (84:18) were chosen for comparison. CON vs. SM, SM vs. SC2W, and 
CON vs. SC2W (unpaired two-tailed t-test). Results are expressed as mean ± SEM. 

4.2.4 Effects of Smoking and Smoking Cessation on Glucose Transport: 
Investigation of GLUT4 Translocation and Protein Concentration in Cardiac 
Tissue 
Our comprehensive metabolomic and lipidomic analyses unveiled a notable metabolic 
shift induced by smoking cessation, characterised by a transition from fatty acid 
oxidation to glucose oxidation. This alteration in metabolic substrate preference 
suggested a potential modulation in the cellular trafficking of glucose transporter type 4 
(GLUT4) from the cytosol to the cell membrane. To investigate this phenomenon further, 
we assessed membrane-associated GLUT4 in mice subjected to a fasting period 
exceeding three hours. 

Surprisingly, our observations revealed that smoking did not exert any significant 
influence on the fraction of GLUT4 associated with the cell membrane (Figure 23A-D). 
However, following smoking cessation, there was a discernible increase in the translocation 
of GLUT4 towards the cell membrane (Figure 23A,C), indicating a potential regulatory 
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mechanism associated with smoking cessation. Interestingly, no differences were 
observed in the amount of cell membrane that contained GLUT4 (Figure 23D). 

To complement our findings, we employed western immunoblotting to examine 
whether there were alterations in the overall concentration of GLUT4 protein. However, 
no significant differences in the overall GLUT4 protein concentration were observed 
between groups (Figure 23B). These results suggest that while smoking cessation may 
influence the translocation of GLUT4 to the cell membrane, it does not significantly affect 
the total abundance of GLUT4 protein in cardiac tissue. 

 

 
Figure 23. More glucose transporter type 4 (GLUT4) translocation at the cell membrane after 
smoking and smoking cessation in mice. (A) Representative images of heart sections stained with 
GLUT4 antibody. The left panel shows GLUT4 protein staining with GLUT4 antibody; the middle 
panel shows membrane staining with WGA antibody; and the right panel shows GLUT4 and 
membrane staining overlapping. The scale bar is 100 μm. (B) Western blot analysis was used to 
measure the protein content of GLUT4 (CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5). (C) The fraction 
of GLUT4 localised at the cell membrane increased after smoke cessation. (D) Fraction of membrane 
overlapping with GLUT4 in control (CON n = 6), smoking (SM n = 6), and 1- or 2-week smoking cessation 
(SC1W n = 6, SC2W n = 6). Results are expressed as mean ± SEM. SM vs. SM vs. CON and SC2W vs. 
CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 
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4.2.5 Effects of Smoking and Smoking Cessation on Body Mass, Heart Mass, 
Cardiomyocyte Size, Collagen Content, Capillary Density, and Cardiac Nuclear 
Density in a Murine Model 
Our study observed distinct alterations in body mass, heart mass, and cardiomyocyte size 
associated with smoking and smoking cessation (Figure 24A-D). Specifically, body mass 
exhibited a reduction following smoking (SM) compared to the control (CON) group, with 
a gradual increase noted after smoking cessation (Figure 24A). Conversely, while heart 
mass did not significantly differ between the smoking and control groups, it demonstrated 
an elevation following two weeks of smoking cessation (SC2W) compared to the smoking 
cohort (Figure 24B). Interestingly, the heart-to-body mass ratio exhibited an increase 
following smoking, which persisted unchanged after smoking cessation. Furthermore, 
assessment of the cardiomyocyte cross-sectional area revealed a tendency towards 
lower values after smoking (Figure 24C,D), albeit without a subsequent increase following 
smoking cessation.  

We observed that collagen content was elevated in smoking groups compared to 
controls and further increased after one week of smoking cessation (Figure 24E,F). 
Interestingly, while there was no significant difference in collagen content between two 
weeks of smoking cessation (SC2W) and smoking groups, the collagen content in SC2W 
remained higher compared to the control group. 

Regarding capillary density (Figure 24G,H), we found no significant differences 
between smoking and control groups. However, capillary density notably increased after 
smoking cessation and remained elevated compared to the control group. 
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Figure 24. Body mass, heart mass, cross-sectional area of cardiomyocytes, fibrosis, and capillary 
density after smoking and smoking cessation in mice. (A) Body (CON n = 13, SM n = 12, SC1W n = 12, 
SC2W n = 13) and heart mass (B) of mice exposed to cigarette smoke (SM n = 16) and after  
1–2 weeks of smoking cessation (SC1W n = 14, SC2W n = 14), compared to control (CON n = 14).  
(C) The cardiomyocyte cross-sectional area was not significantly different between groups (CON n = 5, 
SM n = 6, SC1W n = 6, SC2W n = 6). (D) Representative images of cell membranes (wheat germ 
agglutinin antibody). (E) Representative images of collagen. (F) Collagen content was higher after 
smoking and further increased after smoking cessation (CON n = 9, SM n = 6, SC1W n = 8, SC2W n = 7). 
(G) Representative images of cardiac capillaries. (H) Capillary density increased after 1 and 2 weeks of 
smoking cessation (CON n = 9, SM n = 7, SC1W n = 9, SC2W n = 7). Results are expressed as mean  
± SEM. The corresponding significant p values are shown in the figures. The scale bar represents  
100 μm (D, E) or 250 μm (G). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM 
and SC2W vs. SM (one-way ANOVA). 
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Our investigation used a hematoxylin and eosin stain to visualise cells and nuclei in 
cardiac tissue samples (Figure 25 A,B). Our analysis revealed no significant differences in 
cardiac nuclear density between smoking and control groups. However, nuclear density 
increased after one week of smoking cessation, although this effect was not sustained 
after two weeks of cessation compared to smoking. Notably, no signs of cardiac cell 
necrosis or cell death were observed in any of the experimental groups.  

Further examination suggested that the additional nuclei observed after one week of 
smoking cessation may represent infiltrated immune cells, particularly macrophages. 
Cigarette smoke exposure notably elevated the concentration of infiltrated macrophages 
compared to the control group (Figure 25 C,D). Importantly, this elevation persisted 
above control levels even after smoking cessation. 
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Figure 25. Nuclear density and macrophage infiltration of cardiac tissue after smoking and smoking 
cessation in mice. (A) Representative examples for hematoxylin and eosin staining in control (CON), 
smoking (SM), and 1-2 weeks of smoking cessation (SC1W and SC2W). (B) Nuclear density in  
cardiac tissue increased after smoking cessation (CON n = 9, SM n = 8, SC1W n = 9, SC2W n = 6).  
(C) Representative examples of macrophages (green), membranes (red), and nuclei (blue).  
The upper panel shows staining of cardiomyocyte nuclei and macrophages, and the lower panel 
shows staining of cardiomyocyte membranes and nuclei and macrophages. White arrows show 
macrophages (upper panel). (D) Macrophage density was higher after smoking and smoking 
cessation. (CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5). Results are expressed as the mean ± SEM. 
The scale bar is 250 (A) or 50 μm (C). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); 
SC1W vs. SM and SC2W vs. SM (one-way ANOVA). 
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5 Discussion 

5.1 Metabolic Flexibility and Compensatory Mechanisms in Cardiac 
Tissue of WFS1 Deficient Animal Models: Insights into Gene Mutations 
as Intrinsic Factors 
The WFS1 gene exhibits high expression levels within cardiac tissue, yet cardiac 
manifestations are notably absent from the core complications of WS (Barrett & Bundey, 
1997; Minton et al., 2003). While the functional repercussions of WFS1 deficiency in the 
heart remain understudied, sporadic reports indicate cardiac anomalies in WS patients, 
including occurrences of cardiac murmurs, cardiomyopathy, disrupted cardiac calcium 
signalling, and compromised cardiac function (Cagalinec et al., 2019; Ganie et al., 2011; 
Korkmaz et al., 2016; Medlej et al., 2004). Based on various publications, it is suggested 
that the WFS1 gene plays a significant role in modulating calcium homeostasis, regulating 
calcium transport between the ER and mitochondria, and participating in the formation 
of MAM structures (Delprat et al., 2018; La Morgia et al., 2020). However, the absence 
of severe cardiological complications resulting from mutations in this gene is perplexing. 

The primary objective of this investigation is to characterise the bioenergetic profile 
of cardiomyocytes and explore the potential existence of inherent cardioprotective 
mechanisms associated with intrinsic factors, notably the deletion of the highly 
expressed WFS1 gene in cardiac tissue and the subsequent development of early-stage 
diabetes. Given the known functions of the WFS1 gene in cellular processes, the expected 
changes in cardiac function and metabolism are anticipated to be more significant than 
what has been observed in WS patients and animal models. Notably, the absence of 
specific cardiac pathologies upon WFS1 gene deletion presents an opportunity to explore 
compensatory mechanisms regulating cardiac bioenergetics. This investigation is unique 
and has not been previously conducted in the context of WS. To this end, we utilised two 
distinct models of WFS1-deficient animals: mice lacking the 8th exon of WFS1 and rats 
with deletion of the 5th exon. Given WFS1's cellular functions, it is hypothesised that 
WFS1 deficiency would impact cardiac bioenergetics, yet compensatory mechanisms 
may mitigate these alterations, thereby accounting for the infrequent cardiac 
complications observed in WS patients. To minimise the potential confounding effects of 
diabetes and other early symptoms of WS on cardiac bioenergetics, experimental 
animals were deliberately chosen from an age cohort preceding the manifestation of 
most symptoms associated with WS (Ivask et al., 2016; Koks, 2023; Plaas et al., 2017). 
This strategic selection aims to isolate the influence of WFS1 deficiency on cardiac 
energetics, independent of any secondary effects resulting from other complications, 
particularly late-stage diabetic complications. Through a series of experiments, we 
evaluated the influence of intrinsic factors on mitochondrial function and substrate 
preferences, shedding light on the complex interplay between genetic mutations, cellular 
metabolism, and cardiac physiology. 

In the initial phase of our study, we employed WFS1 deficient mice with a deletion of 
the 8th exon and their WT littermates, aged between 4 and 6 months. This model is  
well-established to mirror various facets of WS, including growth retardation, diabetes, 
infertility, ocular complications, and notably, neurological and behavioural abnormalities, 
alongside a shortened lifespan (Ivask et al., 2016; Koks, 2023; Koks et al., 2009; Luuk  
et al., 2008; Luuk et al., 2009; Noormets et al., 2009). 
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Our investigation revealed significant kinetic alterations in the apparent affinity of 
exogenous ADP to mitochondria in WFS1 KO mice compared to WT counterparts. 
Notable changes were also observed in the functional characteristics of the electron 
transport chain and phosphotransfer networks, which play pivotal roles in facilitating the 
transport of high-energy bonds to ATPases. These findings underscore the intricate 
regulatory mechanisms governing mitochondrial function in the absence of WFS1 
expression and provide insights into potential disruptions in cellular energy metabolism 
pathways associated with WFS1 deficiency. 

Specifically, we noted a reduced maximal ADP-dependent respiration rate in WFS1 
deficient animals when utilising glutamate and malate as substrates, albeit in the 
absence of pyruvate. Additionally, we observed a reduced Km(ADP) value for WFS1 KO 
animals compared to controls under these conditions. This suggests that WFS1 deficiency 
may impact glutamate metabolism pathways without significantly affecting pyruvate 
metabolism. Given the known association of WS with increased ER stress, decreased 
mitochondria-ER connectivity, and disturbances in calcium homeostasis, we speculate 
that these alterations may influence the activity of mitochondrial proteins involved in 
glutamate metabolism, such as the glutamate/aspartate antiporter (AGC) (Del Arco  
et al., 2016; Rueda et al., 2016; Yuan et al., 2023). 

Furthermore, our study revealed several alterations in energy trafficking pathways 
within cardiac muscle cells of WFS1 KO mice. Despite observing an unchanged oxygen 
consumption rate in WFS1-deficient mice under activated creatine kinase (CK) pathway 
conditions, a lower rate was noted in the absence of pathway activation compared to 
control animals. This discrepancy may suggest weakened interactions between 
mitochondrial CK and adenine nucleotide translocase (ANT), potentially compromising 
the function of the Mitochondrial Interactosome (MI) (Saks et al., 2010). These findings 
imply that WFS1 deficiency could disrupt the coordination between CK and ANT, crucial 
components of the MI complex, which is integral to regulating mitochondrial energy 
metabolism. Further investigation into the molecular mechanisms underlying these 
disruptions is warranted to elucidate their impact on overall mitochondrial function and 
cellular energy homeostasis in WFS1-deficient mice.  

The observed decrease in creatine kinase pathway activity in WFS1 KO mice 
corresponds with an increased functional coupling between mitochondria and the 
adenylate kinase and hexokinase pathways. Furthermore, the heightened glycolytic 
activity indicated by the increase in the glycolytic index value in the cardiac muscle cells 
of WFS1 KO mice resembles age-related changes observed in rat heart cardiomyocytes 
(Tepp et al., 2016). These findings suggest the presence of a compensatory mechanism 
wherein the AK and HK pathways assume greater responsibility in managing energy flow 
from mitochondria to ATPases, particularly in situations where CK pathway function is 
compromised. This adaptive response likely plays a crucial role in maintaining cellular 
energy homeostasis and underscores the dynamic interplay between different metabolic 
pathways to ensure efficient ATP production and utilisation in cardiac muscle cells. 

Previous research has indicated that WFS1 mutant mice exhibit glucose intolerance 
and diminished insulin secretion, although they do not display fasting hyperglycemia. 
Thus, the WS mouse model only partially manifests diabetes and other symptoms of WS, 
according to reports by Plaas et al. (Plaas et al., 2017). In contrast, the WFS1 KO rats 
utilised in the second part of our experiments, aged 8–9 months with a deletion of the 
5th exon of the WFS1 gene, better mimic the human condition of WS (Plaas et al., 2017). 
Disease progression in these rats begins with a defect in glucose-stimulated insulin 
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release at three months of age, followed by glucose intolerance and decreased basal 
serum insulin levels at six months. By ten months, WFS1 deficient rats exhibit signs of 
glycosuria, which worsens by 13 months, preceding the development of hyperglycemia. 
While WFS1 KO rats exhibit insulin deficiency, insulin sensitivity remains unaltered at the 
age during our experiments. Additionally, experiments by Cagalinec et al. showed 
increased contractility of cardiomyocytes derived from WFS1 KO rats at four months, 
mainly due to prolonged cytosolic calcium transients (Cagalinec et al., 2019). These 
findings suggest an extended duration of calcium release in ventricular cardiomyocytes 
of WFS1 KO animals. Therefore, cardiac complications in this model develop 
independently of insulin deficiency and before the onset of hyperglycemia. Thus, 
changes in heart muscle bioenergetics may be attributed to WFS1 deficiency. 

The bioenergetic profile of tissue is characterised by measuring mitochondrial oxygen 
consumption, which depends on two main substrate delivery pathways: FAO and the 
glycolysis-linked pathway. While cells typically prefer specific substrate pathways, 
healthy tissue can usually shift between substrates as required. However, inflexibility in 
these pathways is a hallmark of several metabolic disorders, including sarcopenia,  
type 2 diabetes, obesity, heart failure, and atrial fibrillation (Goodpaster & Sparks, 2017; 
Karwi et al., 2018; Prior et al., 2014; Qin et al., 2022; Shoemaker et al., 2022). Similarly, 
decreased activity in some respiratory system complexes can be partially compensated 
by others, such as the increased activity of CII accompanied by reduced activity of CI is 
described in various tissues during ageing and pathology (Gruno et al., 2008; Koit et al., 
2017; Tepp et al., 2017; Weber et al., 2018). 

In WFS1 KO rat cardiac muscle, the primary alteration observed was the inhibitory 
effect of the activated FA pathway on glucose-linked pathway usage. Our results align 
with previous knowledge that energy production in insulin-resistant heart cells cannot 
effectively switch from FA to glucose-linked metabolism and primarily rely on FA oxidation, 
even in a hyperglycemic state (Buchanan et al., 2005). When substrates were introduced 
in reverse order, and the glucose-linked substrate pathway was activated before the FA 
pathway, no difference was observed between WFS1 KO and WT heart muscle fibers.  
In normal cardiac muscle, the sequential addition of substrates typically induces an 
increase in respiration rate, reflecting mitochondrial adaptability in utilising different 
substrates to maintain energy metabolism (Lemieux et al., 2017). However, this function 
appears compromised in WFS1-deficient animals, resulting in inefficiency in utilising 
glucose-linked carbon sources when FAO is already activated in mitochondria. 

Our study did not detect a significant increase in Leak oxygen consumption in cardiac 
tissue in both mouse and rat models, indicating that functionality of the inner 
mitochondrial membrane of the heart is not extensively altered in WFS1 deficiency. 
Additionally, there were no significant alterations in the maximal oxygen consumption 
capacity of individual respiratory complexes in cardiac muscle cells. 

In contrast to cardiac tissue, in the glycolytic rectus femoris muscle of WFS1 KO rats, 
the activation of glucose-linked pathways inhibits FA usage (Tepp et al., 2022). 
Interestingly, higher CS activity in the glycolytic gastrocnemius white muscle preserves 
OXPHOS capacity in the WFS1 KO muscle. A similar trend is observed in the glycolytic 
rectus femoris muscle, where the WFS1 KO muscle exhibits higher CI activity than the 
WT muscle. However, in the oxidative soleus muscle, a significant decrease in respiratory 
capacity is noted in WFS1 KO animals across all substrate combinations, regardless of the 
order in which substrates were presented (Tepp et al., 2022). The higher CS activity in 
the WFS1 KO soleus muscle suggests an adaptive increase in mitochondrial number in 
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response to decreased ETC capacity. Nevertheless, these adaptations do not seem 
sufficient to maintain OXPHOS levels comparable to WT. Overall, changes in skeletal 
muscles have been more pronounced than in cardiac muscle, where the heart retains its 
functional and metabolic capacity, as evidenced by an unchanged Vmax. 

In summary, metabolic inflexibility in substrate usage is the primary alteration 
observed in the rat cardiac muscle cell bioenergetics due to WFS1 deficiency. WFS 
protein deficiency contributes to the development of this inflexibility in the heart, 
impairing the ability of mitochondria to utilise different substrates simultaneously.  

The variations in mitochondrial bioenergetics between the two models of WFS1 
deficiency may stem from different deletions in the WFS1 gene. Notably, cardiac 
complications have been documented in WS patients with a deletion in the 8th exon of 
the WFS1 gene (Ganie et al., 2011; Korkmaz et al., 2016). It is well-established that 
different mutations in the WFS1 gene result in distinct phenotypes of WS (Koks, 2023). 

5.2 Effects of Smoking and Smoking Cessation as Extrinsic Factor on 
Cardiac Bioenergetics, Metabolism, and Structure in a Mouse Model of 
COPD 
The investigation into the impact of cigarette smoking and smoking cessation on 
mitochondrial bioenergetics, metabolism, and structural changes in cardiac tissue using 
the mouse model of Chronic Obstructive Pulmonary Disease (COPD) has provided valuable 
insights into the molecular responses to these extrinsic factors. Through a comprehensive 
analysis of mitochondrial function, protein content, metabolite composition, glucose 
transport, and cardiac morphology, we have elucidated the multifaceted effects of 
smoking and smoking cessation on cardiac health. 

We discovered that smoking induced a reduction in maximal mitochondrial capacity, 
which reverted to control levels following two weeks of smoking cessation. This change 
was associated with differences in mitochondrial protein content, succinate 
dehydrogenase (SDH) activity, and mitochondrial supercomplex formation. Metabolomic 
and lipidomic analyses revealed a shift from fatty acid to glucose oxidation upon  
smoking cessation, indicating partial restoration of cardiac metabolism. Additionally, 
smoking led to macrophage infiltration and fibrosis in the heart, with partial recovery 
observed after cessation. Intriguingly, smoking cessation prompted extensive capillary 
proliferation, leading to increased capillary density. 

Uncoupled respiration was lower after smoking but returned to control levels after 
cessation. This was likely due to decreased mitochondrial protein content and 
impairments in mitochondrial respiration and electron transport caused by cigarette 
smoke compounds (Cardellach et al., 2003; Miro et al., 1999). Smoking cessation 
improved mitochondrial function, potentially through alterations in mitochondrial SC 
formation. We propose that smoking and cessation influence the balance between the 
disassembly and re-assembly of mitochondrial SCs and protein synthesis, explaining 
alterations in SC content and mitochondrial respiration without evident mitochondrial 
biogenesis. Nollet et al. (2023) recently demonstrated that augmenting the integration 
of CI into respiratory supercomplexes enhanced the ability to oxidise NADH, consequently 
leading to increased NADH-linked respiration (Nollet et al., 2023). Moreover, alterations 
in nicotinamide metabolism and increased ophthalmic acid concentration were observed, 
potentially contributing to improved mitochondrial function and redox signalling  
post-cessation (Soga et al., 2006; Yaku et al., 2018). 
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Cardiomyocytes demonstrate metabolic flexibility (Smith et al., 2018), primarily 
utilising FA and glucose for ATP production (Makrecka-Kuka et al., 2020; Smith et al., 
2018). Our metabolomic analysis revealed a transition from fatty acid to glucose 
oxidation in cardiomyocytes following smoking cessation, accompanied by enhanced 
colocalisation of GLUT4 at the plasma membrane. Elevated levels of various glycolytic 
intermediates suggested an increased reliance on glucose oxidation post-smoking 
cessation, akin to observations in cardiovascular pathologies characterised by metabolic 
inflexibility (Makrecka-Kuka et al., 2020; McGarrah et al., 2018; Smith et al., 2018). 
However, according to recent studies on FAO inhibition, the transition from FAO to 
glycolysis could also play a cardioprotective role in cardiomyocyte function (Li et al., 
2023). Furthermore, smoking cessation led to heightened concentrations of long-chain 
and very-long-chain highly unsaturated triacylglycerols, indicating diminished fatty acid 
oxidation. Excessive triacylglycerol accumulation is linked to insulin resistance, 
mitochondrial anomalies (Eggelbusch et al., 2024; Kelley & Goodpaster, 2001), cardiac 
hypertrophy (Makrecka-Kuka et al., 2020), and eventual ventricular dysfunction (Ge et al., 
2012). In patients with COPD, elevated serum triacylglycerol levels are noted (Xuan et al., 
2018), with negative associations between serum diacylglycerols/triacylglycerols and 
skeletal muscle oxidative capacity in severe COPD cases (Li et al., 2021). Concurrently, 
lower tissue concentrations of sphingomyelin SM(t33:0) and ceramide Cer(d44:3)  
were observed in smoking versus control conditions, with several ceramides and 
hexosylceramides displaying significantly reduced concentrations post-smoking 
cessation compared to controls. 

Regarding smoking-induced structural changes, such as cardiac atrophy and fibrosis, 
they showed only partial recovery post-cessation. Local and systemic inflammation likely 
contributed to these changes, as evidenced by macrophage infiltration into the heart, 
persisting even after smoking cessation. These infiltrations, primarily around endothelial 
cells, may elevate endothelial permeability in smoke-exposed mice (Mazzone et al., 
2010). Tissue-infiltrating macrophages, involved in cellular clearance, tissue remodelling, 
and angiogenesis, elevate local pro-inflammatory cytokine concentrations, such as TNF-α, 
various interleukins, and TGF-β, potentially affecting cardiac metabolism, collagen 
production, and fibrosis (Eggelbusch et al., 2022; McDonald et al., 2018; Oishi & Manabe, 
2018; Shi et al., 2021). Smoking-induced fibrosis persisted post-cessation, alongside 
increased cardiac macrophage infiltration and capillary density. These findings suggest 
that local inflammation drove structural alterations in the heart, associated with 
stiffening and diastolic dysfunction, commonly observed in COPD patients with 
preserved ejection fraction (Gonzalez et al., 2019). 

Decreased cytosolic concentrations of branched-chain amino acids post-smoking 
cessation may reflect heightened protein synthesis (Petersen et al., 2007), although 
cardiomyocyte size did not enlarge. The contradiction between increased heart weight 
and unchanged cardiomyocyte size post-smoking cessation likely involves factors beyond 
elevated protein synthesis, possibly involving increased cell infiltration and blood 
volume. Elevated circulating inflammatory cytokines, such as tumour necrosis factor-α 
(TNF-α), may also contribute to reduced BCAA content post-smoking cessation (Holecek, 
2018), owing to continued local inflammation rather than solely reflecting protein 
synthesis. 

Elevated purine and pyrimidine levels post-smoking cessation may contribute to 
metabolic aberrations and ventricular dysfunction akin to observations in pulmonary 
arterial hypertension and myocardial hypertrophy (Prisco et al., 2020; Swain et al., 1982). 



63 

Metabolites associated with uridine metabolism, implicated in protein O-GlcNAcylation 
and insulin resistance (Yki-Jarvinen et al., 1998), exhibited alterations post-smoking 
cessation. Although GLUT4 translocation to the cell membrane was altered, further 
studies are warranted to elucidate the impact of smoking and smoking cessation on 
whole-body insulin resistance. 

Regarding angiogenesis, despite smoking being linked to endothelial damage and 
decreased capillary-to-fiber ratio in skeletal muscle (Nogueira et al., 2018), no such 
decrease in capillary density was observed in the hearts of smoke-exposed mice. Instead, 
capillary density increased post-smoking cessation, possibly driven by elevated circulating 
endothelial progenitor cells (Kondo et al., 2004) and sustained local inflammation and 
cytokine release by macrophages. This discrepancy between smoking-induced changes 
in capillary density in skeletal muscle and cardiac muscle is perhaps due to the unceasing 
demand for oxygen and nutrients in the beating heart, while skeletal muscles have 
intermittent activities. 
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6 Conclusions 
Intrinsic Factors: Wolframin Deficiency 
 

Aim 1: Evaluate mitochondrial kinetics, OXPHOS function, and dynamic substrate 
utilization in cardiac tissue. 

 
Conclusion: WFS1 KO mice exhibited a decrease in apparent Km(ADP) and no 
increase in mitochondrial affinity for ADP after CK system activation, indicating 
compromised mitochondrial interactome function and weakened interactions 
between CK and ANT. Additionally, the reduced maximal oxygen consumption 
rate when using glutamate (but not pyruvate) as a substrate suggests that WFS1 
deficiency impacts glutamate metabolism pathways. 
 

Aim 2: Investigate changes in phosphotransfer pathways within cardiac muscle tissue. 
 

Conclusion: The CK energy transfer pathway was impaired in WFS1 KO mice, 
evidenced by reduced creatine-activated respiration and non-altered 
mitochondrial affinity to ADP after creatine supplementation. However, 
compensatory mechanisms, such as increased coupling between mitochondria 
and alternate pathways (e.g., AK and HK pathways), allowed these mice to 
maintain energy flow despite the CK system impairment. 

 
Aim 3: Compare metabolic differences between Wolframin-deficient and control 
cardiac tissues. 

 
Conclusion: Significant metabolic differences were observed in WFS1 KO mice, 
including a shift from FAO to glucose oxidation. The activation of the fatty acid 
pathway in the WFS1 KO rat model inhibited glucose-linked substrate utilisation, 
leading to diminished CI-linked respiration and OXPHOS capacity compared to 
wild-type animals. 
 

Extrinsic Factors: Impact of Smoking and Smoking Cessation 
 

Aim 1: Explore changes in mitochondrial bioenergetics due to cigarette smoke 
exposure and smoking cessation. 

 
Conclusion: Cigarette smoke exposure transiently reduced OXPHOS capacity 
and uncoupled respiration in cardiac tissue. These effects were reversible after 
smoking cessation, indicating that cessation may mitigate smoking-induced 
mitochondrial impairments. Smoking also reduced levels of mitochondrial 
respiratory chain complexes I and IV, disrupting supercomplex formation, which 
was restored after cessation. The balance between disassembly and reassembly 
of supercomplexes contributed to improved mitochondrial respiration  
post-smoking cessation. However, succinate dehydrogenase activity decreased 
after cessation, suggesting a prolonged impact on this aspect of mitochondrial 
function. 
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Aim 2: Investigate structural and metabolic modifications in cardiac muscle tissue 
caused by smoking and subsequent cessation. 

 
Conclusion: Smoking and smoking cessation caused structural changes in 
cardiac tissue, such as alterations in collagen content and capillary density. 
Metabolic shifts, including lipidomic changes and increased GLUT4 transfer to 
the plasma membrane, suggest a switch from fatty acid oxidation to glucose 
oxidation post-smoking cessation. 

 
Aim 3: Evaluate the inflammatory response in cardiac tissue following smoking and 
cessation. 

 
Conclusion: Smoking-induced inflammation, reflected by macrophage infiltration 
and changes in cardiac tissue morphology (collagen content, capillary density, 
nuclear density), showed signs of remodelling associated with smoking and 
smoking cessation. These findings imply a dynamic response to environmental 
stressors, which may offer insights into how cessation can reverse smoking-
induced damage. 

 
Common Influences of Intrinsic and Extrinsic Factors 
 

• Both intrinsic (Wolframin deficiency) and extrinsic (smoking and cessation) 
factors led to metabolic inflexibility, with a marked shift from FAO to glycolysis 
in cardiac tissue. In WFS1-deficient mice, this shift was linked to compensatory 
mechanisms, while in smoke-exposed mice, it suggested a protective adaptation 
during smoking cessation. 

• The heightened glycolytic activity observed in both models indicates that 
metabolic reprogramming, involving increased glucose utilization, may 
represent a cardioprotective response to stress. This highlights new mechanisms 
of mitochondrial resilience in cardiac tissue under various conditions.  
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Abstract 

Influence of Intrinsic and Extrinsic Factors on Mitochondrial 
Bioenergetics in the Heart  
Both intrinsic factors, such as genetic mutations, and extrinsic factors, including lifestyle 
habits like smoking, play pivotal roles in modulating mitochondrial bioenergetics and 
subsequent cardiac outcomes.  

This study aims to extensively investigate the influence of intrinsic and extrinsic factors 
on mitochondrial bioenergetics and inherent cardioprotective mechanisms in cardiac 
muscle tissue. Various methodologies were employed, including high-resolution 
respirometry, enzymatic activity assays, metabolomic profiling with NMR and UPLC-MS, 
protein content assessment with Western blot and blue native gel electrophoresis,  
and morphological assessments by histochemistry and immunohistochemistry. These 
approaches were used to unravel the complex interplay between mitochondrial function 
and cardiovascular health. 

Wolframin-deficient animal models were employed to investigate the effects of 
intrinsic factors, specifically genetic mutations, on mitochondrial bioenergetics. Results 
demonstrated that WFS1 deficiency alters the regulation of the outer mitochondrial 
membrane, impacts glutamate metabolism pathways, and limits substrate utilisation 
flexibility. Compensatory mechanisms were observed through the activation of 
adenylate kinase and hexokinase pathways to mitigate alterations in the creatine kinase 
pathway. 

A mouse model of chronic obstructive pulmonary disease (COPD) exposed to cigarette 
smoke, followed by a period of smoking cessation, was used to investigate the effects of 
cigarette smoking and subsequent smoking cessation on mitochondrial bioenergetics, 
metabolism, and structural integrity in cardiac tissue. Findings revealed that cigarette 
smoking led to a transient decrease in oxidative phosphorylation capacity and uncoupling 
respiration in cardiac tissue, which was restored to control levels following smoking 
cessation. Smoking reduced mitochondrial respiratory chain complexes I and IV levels 
and disrupted supercomplex (SC) formation. These effects were reversed after smoking 
cessation, indicating potential recovery of mitochondrial protein content and SC 
formation. The balance between disassembly and reassembly of SCs contributed to 
improved mitochondrial respiration post-smoking cessation. Despite the recovery, 
succinate dehydrogenase activity remained decreased, suggesting a prolonged impact 
on this aspect of mitochondrial function. Significant changes in metabolic and lipidomic 
pathways, along with increased GLUT4 transfer to the plasma membrane, indicated a 
shift in metabolic substrate preference from fatty acid oxidation to glucose oxidation 
following smoking cessation. Additionally, changes in collagen content, capillary density, 
cardiac nuclear density, and macrophage infiltration associated with smoking and 
smoking cessation were identified, indicating potential remodelling processes in 
response to these conditions. 

Impaired substrate utilisation and a shift from fatty acid oxidation to glycolysis 
emerged as a common feature in both WFS1 deficiency and smoking- and smoking 
cessation-induced cardiac alterations. However, this shift from fatty acid oxidation to 
glycolysis may play a potential role in cardioprotection. 
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Lühikokkuvõte 

Sisemiste ja väliste tegurite mõju südamelihase 
mitokondriaalsele bioenergeetikale 
Nii sisemised tegurid, näiteks geneetilised mutatsioonid, kui ka välised tegurid, sealhulgas 
elustiil ja harjumused nagu suitsetamine, mängivad olulist rolli mitokondriaalse 
bioenergeetika ja sellest tulenevate südamefunktsioonide moduleerimisel. Käesoleva 
teadustöö eesmärk oli põhjalikult uurida sisemiste ja väliste tegurite mõju mitokondri 
metabolismile ning loomulikele kaitsemehhanismidele südamelihase koes. Uurimistöös 
kasutati kõrglahutusega respiromeetriat, ensüümaktiivsuste mõõtmist, metaboolset 
profileerimist NMR ja UPLC-MS abil, valgu sisalduse hindamist Western bloti ja  
Blue native geel-elektroforeesi abil ning morfoloogilisi hindamist histokeemia ja 
immunohistokeemia abil. Need lähenemisviisid võimaldasid selgitada südamelihase 
rakkude mitokondriaalse funktsionaalsuse ja südame tervise vahelisi interaktsioone. 

Selleks, et uurida endogeensete tegurite, eelkõige geneetiliste mutatsioonide, mõju 
mitokondriaalsele energiametabolismile kasutati Wolframiini geeni puudulikkusega 
loommudeleid. Tulemused näitasid, et WFS1 puudulikkus muudab mitokondri 
välismembraani regulatsiooni, mõjutab glutamaadi metabolismi ning vähendab substraadi 
kasutamise paindlikkust. Samal ajal aktiveerusid kompensatsioonimehhanismid 
adenülaatkinaasi ja heksokinaasi radade näol, et leevendada kreatiinkinaasi raja 
funktsiooni langust. 

Selleks, et uurida kuidas tubaka suitsetamine ja sellele järgnev suitsetamisest 
loobumine mõjutab mitokondri ainevahetust ja südamekoe struktuuri, kasutati 
kroonilise obstruktiivse kopsuhaigusega hiiremudelit. Hiiri eksponeeriti sigaretisuitsule, 
millele järgnes suitsetamisest loobumise periood. Uuringu tulemused näitasid, et sigareti 
suitsetamine langetas oksüdatiivse fosforüülimise võimekust ja ATP sünteesist lahti 
sidestatud hapniku tarbimise kiirust südamekoe rakkudes, kuid need taastusid 
kontrolltasemele pärast suitsetamisest loobumist. Suitsetamine vähendas ka 
mitokondriaalse hingamisahela komplekside I ja IV suhtelist sisaldust koes, millega 
mõjutas ka hingamisahela superkompleksi moodustumist. Samas saavutasid need 
näitajad pärast suitsetamisest loobumist esialgse taseme, viidates et mitokondriaalse 
valgu sisaldus ja SC moodustumise regulatsioon mitokondri sisemembraanis on 
võimelised taastuma. Tasakaal superkomplekside pidevas reorganiseerumises parandas 
mitokondriaalset hapniku tarbimist pärast suitsetamisest loobumist. Vaatamata 
eelnevale jäi suktsinaadi dehüdrogenaasi aktiivsus madalamaks, mis näitab, et muutused 
selle ensüümi aktiivsuses mõjutavad  mitokondri ainevahetust pikema aja jooksul. 
Olulised muutused metaboolsetes ja lipiidiega seotud radades, samuti suurenenud 
GLUT4 transport rakumembraani viitasid nihkele substraadi eelistuses rasvhapete 
oksüdatsioonilt glükoosi oksüdatsioonile pärast suitsetamisest loobumist. Lisaks 
tuvastati suitsetamise ja suitsetamisest loobumisega seotud muutused koe kollageeni 
sisalduses, kapillaaride tiheduses, südameraku tuumade tiheduses ja makrofaagide 
infiltratsioonis, mis viitavad võimalikele ümberkujundamisprotsessidele vastusena 
nendele tingimustele. 

Häired mitmete substraatide kasutamisel ja energiametabolismi ümberlülitamises 
rasvhapete oksüdatsioonilt glükolüüsile ilmnesid ühise omadusena südamelihase 
rakkudes nii WFS1 puudulikkuse kui ka suitsetamise ja suitsetamisest loobumise mõjul. 
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Samas võib see nihe rasvhapete oksüdatsioonilt glükolüüsile mängida potentsiaalset rolli 
ka südamelihase adaptatsioonimehhanismides molekulaarsel tasemel. 

Kokkuvõtteks, lähtudes selles töös tehtud uuringute tulemustest, saame üksikasjaliku 
ülevaate sisemiste ja väliste tegurite mõjust mitokondriaalsele bioenergeetikale ning 
südame-veresoonkonna tervise keerulisele regulatsioonile. Käesolev doktoritöö annab 
märkimisväärse panuse südame lihaskudet mõjutavate tegurite mõistmisel, millel on 
oluline sisend südamehaiguste ennetamisel ja ravis. Lisaks rõhutab meie uuring elustiili 
muutuste tähtsust ning toob esile suitsetamisest loobumise olulisuse südame-
veresoonkonna tervise säilitamisel ning mitokondriaalse düsfunktsiooniga seotud 
südamehaiguste ennetamisel. 
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Appendix 2 

Publication II 
Tepp, K., Aid-Vanakova, J., Puurand, M., Timohhina, N., Reinsalu, L., Tein, K., Plaas, M., 
Shevchuk, I., Terasmaa, A., & Kaambre, T. (2022). Wolframin deficiency is accompanied 
with metabolic inflexibility in rat striated muscles. Biochem Biophys Rep, 30, 101250. 
https://doi.org/10.1016/j.bbrep.2022.101250 
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P#��='9�;�E8=�E'"8�&$(8��(�('$6"�6A�<��>=$#6�(�";9'�E�9";9�5�"#6"H:"6$���U]�8=&%��G�(�5�(%"5�'=5E�5�'�(�"#�B>(CRM�&$(8��(�<9"89�"(��88=&%�#"�6�<"'9�"#85��(�6�] ��8'":"'E�=>�'"(($�*�P#�8=#'5�('�'=�'9��9��5'�&$(8��A�B>(CRM�UV�&$(8���6"(%��E��#�"#9"�"'=5E��>>�8'�=>�;�$8=(�H�"#7�6�%�'9<�E�=#�VF�$(�;�*� "&"��5�%9�H#=&�#�A����:�'�6�;�$8=(��=G"6�'"=#��#6�5�6$8�6�VF�$(�;�A�"(�6�(85"��6���(=�"#�'9��(7���'���&$(8���8���(�=>�"#6":"6$��(�<"'9�'E%�H!�6"���'�(��#6�='9�5�&�'��=�"8�6"(��(�(�?\LA\NÂK@*��9���"=�#�5;�'"8(�%5=D���=>�B>(CRM�WB�&$(8���"#6"8�'�(��6�%'":��5��55�#;�&�#'(�"#�'"(($����:��A��(��='9�] ��8'":"'E��#6�'9�5�>=5����(=�=GE;�#�8=#($&%'"=#�5�'�(�%�5�'"(($��&�((�9�:��"#85��(�6*� "&"��5�89�#;�(�"#�&$(8���D�5��'E%��<�5��6�(85"��6�"#�UV�&$(8���=>�B>(C�6�D8"�#'�&"8��?\\@*�F�'=;�'9�5A�'9��&=('�8=&&=#���'�5�'"=#�"#�'9���"=�#�5;�'"8(�=>�'9��&$(8���8���(A�8�$(�6��E�'9��<=�>5�&"#�6�D8"�#8E�"(�&�'��=�"8�"#[�G"H�"�"'E�"#�($�('5�'��$(�;���V";*�I)*�P#�B>(CRM�9��5'�&$(8���'9��;�$8=(�H�"#7�6�%�'9<�E�"(�"&%�"5�6�<9�#�'9��VF�%�'9<�E�"(��8'":�'�6�D5('*�i$'�"#�;�E8=�E'"8�UV�&$(8��A�'9���8'":�'"=#�=>�;�$8=(�H�"#7�6�%�'9<�E���=87(�'9��VF�$(�;�*�P#'�5�('"#;�EA�"#�=G"6�'":��(=��$(�&$(8���'9��6�85��(��"#�'9��MGS9=(�8�%�8"'E�"(�"55�H(%�8'":��'=�'9��($�('5�'��%�'9<�EA�<9"���"#�;�E8=�E'"8�WBA�9";9�5�] ��8'":"'E�%5�(�5:�(�'9��MGS9=(�8�%�8"'E�"#�B>(CRM�&$(8��*� "&"��5�(9">'�"(�:"("����"#�;�E8=�E'"8�UV�&$(8���<9�5��"#�B>(CRM�&$(8���9�(�9";9�5�]P��8'":"'E�'9�#�"#�B�*�

j.k,�l,F�'�5�'"=#(�"#�'9���"=�#�5;�'"8(�%5=D���"#�'9��5�'�&$(8���6$��'=�'9��BV C�6�D8"�#8E�B=�>5�&"#�H6�D8"�#8E���'�5(�]�!m&�'��=�"(&��#6�$#>=�6�6�%5='�"#�5�(%=#(���nSU)�"#��#6=%��(&"8�5�'"8$�$&*��9"(�"#"'"�'�(���#=5&��"'"�(�"#�'9��MGS9=(�($�('5�'��$(��%5=D��A����6"#;�'=����=((�=>�&�'��=�"8�[�G"�"�"'E*��9��5���'":��E�(&������'�5�'"=#(��"7���#�"#85��(�6�&"'=89=#65"���8=#'�#'��#6o=5�"#85��(��"#�'9���8'":"'"�(�=>�(=&��MGS9=(H5���'�6��#XE&�(�"#�(7���'����#6�9��5'�&$(8���6$5"#;�6�:��=%&�#'�=>�B �8=$�6����&�E�����6�%'":��89�#;�(�"#"'"�'�6��E���'�5�'"=#(�"#�'9��&�'��=�"8��#:"5=#&�#'Y*�p'Ò F�Q�&"'=89=#65"���Ò Fq�] �H�8"'5�'��(E#'9�(�*�
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Appendix 3 

Publication III 
Aid, J., Tanjeko, A. T., Serre, J., Eggelbusch, M., Noort, W., de Wit, G. M. J., 
van Weeghel, M., Puurand, M., Tepp, K., Gayan-Ramirez, G., Degens, H., Kaambre, T., 
& Wust, R. C. I. (2024). Smoking cessation only partially reverses cardiac 
metabolic and structural remodeling in mice. Acta Physiol (Oxf), 240(7), e14145. 
https://doi.org/10.1111/apha.14145 
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	Introduction
	Cardiovascular diseases (CVDs) remain a leading cause of morbidity and mortality globally, underscoring the critical need for a deeper understanding of the intricate mechanisms governing cardiac health and disease pathology. Among the myriad factors influencing cardiovascular health, mitochondrial dysfunction has emerged as a significant contributor, impacting cellular bioenergetics, metabolism, and overall cardiac function. Both intrinsic factors, such as genetic mutations, and extrinsic factors, including lifestyle habits like smoking, play pivotal roles in modulating mitochondrial bioenergetics and subsequent cardiac outcomes.
	In this thesis, we extensively investigate the intricate influence of intrinsic and extrinsic factors on mitochondrial bioenergetics and inherent cardioprotective mechanisms in cardiac muscle tissue. Our study employs various methodologies, ranging from high-resolution respirometry and enzymatic activity assays to metabolomic profiling and morphological assessments, aiming to unravel the complex interplay between mitochondrial function and cardiovascular health.
	Our exploration begins by examining the impact of intrinsic factors, specifically genetic mutations, on mitochondrial bioenergetics using Wolframin-deficient animal models. These models offer a unique opportunity to dissect the role of mitochondrial dysfunction within metabolic disorders, primarily focusing on diabetes. Through meticulous experimentation involving oxygraphic measurement protocols and enzymatic activity assays, we elucidate alterations in mitochondrial kinetics, substrate utilisation patterns, and energy transfer pathways in the cardiac muscle tissue of Wolframin-deficient animals.
	Transitioning to extrinsic factors, we investigate the influence of cigarette smoking and subsequent smoking cessation on mitochondrial bioenergetics, metabolism, and structural integrity in cardiac tissue. Utilising a murine model of chronic obstructive pulmonary disease (COPD) exposed to cigarette smoke, followed by a period of smoking cessation, we uncover smoking-induced alterations in mitochondrial function, protein content, supercomplex formation, and metabolic profiles. Our findings illuminate the dynamic interplay between smoking exposure, smoking cessation, mitochondrial dysfunction, and subsequent cardiac pathology.
	By synthesising the findings from intrinsic and extrinsic factor studies, we gain comprehensive insights into the intricate mechanisms governing mitochondrial bioenergetics and cardiovascular health. This thesis represents a significant advancement in understanding the multifaceted influences on cardiac muscle tissue, with far-reaching implications for preventing and treating cardiovascular diseases. Additionally, our study underscores the importance of lifestyle modifications and highlights the therapeutic implications of smoking cessation in promoting cardiovascular health and preventing mitochondrial dysfunction-associated cardiovascular diseases.
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	The heart, like any other organ, tightly integrates function with metabolism. Cardiomyocyte development and maturation are accompanied by extensive changes in energy metabolism. During the transition from neonate to newborn, cardiomyocytes undergo dramatic metabolic changes, shifting from a glycolytic state to mitochondrial oxidative metabolism (Fisher et al., 1980; Wisneski, Gertz, Neese, Gruenke, Morris, et al., 1985). Cardiac metabolism operates within a dynamic balance to ensure efficient energy transfer at the site of ATP production in the mitochondria and its utilisation at the cross-bridges during contraction and relaxation. The rate of energy turnover, rather than the ATP content of the tissue, serves as the primary determinant of energy metabolism (Balaban, 2002; Balaban et al., 1986; Kupriyanov et al., 1987; Taegtmeyer et al., 1985). As workload increases, so does ATP turnover, leading to elevated oxygen consumption rates and substrate utilisation (Balaban et al., 1986; Katz et al., 1989; Sharma et al., 2005). Key ATP-consuming processes in cardiac muscle include the activity of the actin-myosin ATPase, the sarcoplasmic reticulum calcium ATPase (SERCA) pump, and the sodium-potassium ATPase (Na+/K+ ATPase), underscoring the critical need for a continuous energy supply to support muscle function (Tran et al., 2015). Adult cardiomyocytes utilise various substrates, including fatty acids, glucose, lactate, amino acids, and ketone bodies (Chatham, 2002; Gandoy-Fieiras et al., 2020; Stanley et al., 2005), for ATP production through substrate oxidation, ultimately leading to carbon dioxide (CO2) production.
	Fatty acids, esterified as triglycerides, represent the primary fuel source (60–90%) for cardiac contraction (Figure 1) (Bing et al., 1954; Stanley et al., 2005). The pathway of long-chain fatty acid oxidation initiates with the activation of free fatty acids (FFA) in the cytosol with high-energy phosphates, followed by their conversion to acyl-CoA, which is transported into the mitochondrial matrix via the carnitine shuttle where β-oxidation proceeds (van der Vusse et al., 2000). Each cycle of β-oxidation yields one molecule of acetyl-CoA and shortens the acyl-CoA chain by two carbons until the original FFA molecule is fully decomposed into acetyl-CoA. Concurrently, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are generated once per cycle (Lopaschuk et al., 2010). Subsequently, 70–90% of fatty acids undergo immediate oxidation, while the remainder is stored in intracellular triglyceride pools (Lopaschuk et al., 1994).
	Although long-chain fatty acids serve as the primary energy substrate for the post-natal heart, carbohydrates play this role in the fetal heart (Fisher et al., 1980) and during conditions of exercise or pressure overload in the adult heart (Bishop & Altschuld, 1970; Goodwin & Taegtmeyer, 2000). Glucose enters cardiomyocytes primarily via GLUT-1 and GLUT-4 transporters (Figure 1) (Abel, 2004; Aerni-Flessner et al., 2012; Olson & Pessin, 1996; Razeghi et al., 2001), which undergo translocation to the sarcolemma. Insulin-mediated GLUT-4 predominates as the major glucose transporter in cardiac and skeletal muscle (Abel, 2004). Phosphorylation of glucose by hexokinase (HK) becomes the rate-limiting step for glycolysis during high rates of glucose transport. Hexokinase catalyses the initial phosphorylation of glucose to form glucose-6-phosphate (Roberts & Miyamoto, 2015; Wilson, 2003). This reaction is irreversible since there is no glucose-6-phosphatase in the heart (van Schaftingen & Gerin, 2002). Cardiac HK exists in two isoforms: hexokinase-1 (HK1) and hexokinase-2 (HK2), with the latter being the predominant isoform (Printz et al., 1993; Wilson, 1995). Despite being a cytosolic enzyme, HK2 exhibits a preference for ATP generated in the mitochondria (Arora & Pedersen, 1988). Hexokinase forms oligomeric complexes through cooperative binding to specific contact points between the mitochondrial inner (IMM) and outer membranes (OMM), thereby accelerating phosphorylation and increasing glycolytic flux (Brdiczka et al., 1998; Russell et al., 1992). While HK demonstrates a high affinity for glucose, it can also utilise fructose or galactose as substrates (Lange & Kohn, 1961; Sols & Crane, 1954). The glycolytic breakdown culminates in the formation of pyruvate, which then undergoes various metabolic fates, including decarboxylation to acetyl-CoA, reduction to lactate, carboxylation to oxaloacetate or malate, or transamination with glutamate to alanine (Peuhkurinen & Hassinen, 1982; Russell & Taegtmeyer, 1991; Taegtmeyer et al., 1977). The fate of pyruvate is determined by metabolic demands and the cellular redox state (Prochownik & Wang, 2021). In well-oxygenated and actively contracting heart muscle, a major portion of pyruvate is transported into the mitochondria through specific transporters, where it is oxidised to acetyl-CoA (Laughlin et al., 1993; McCommis & Finck, 2015; Yiew & Finck, 2022). Acetyl-CoA, the activated two-carbon substrate fragment, initiates the final common pathway for cardiac energy substrates: FFAs, glucose, and lactate. Full oxidation of glucose contributes 10-40% of cardiac energy production (Gertz et al., 1988; Wisneski, Gertz, Neese, Gruenke, & Craig, 1985), with additional pathways like the pentose phosphate pathway (PPP) and the hexosamine biosynthesis pathway (HBP). However, these alternate pathways become more prominent when glycolysis is constrained, such as during elevated levels of FFAs or increased superoxide production (Du et al., 2000; Gupte et al., 2006; Schmitz-Peiffer, 2000).
	/
	Figure 1. A simplified representation of the mitochondrial fatty acid oxidation and glycolysis in cardiomyocytes. 
	The PPP serves as an alternative pathway for glucose utilisation, encompassing both aerobic and anaerobic segments. The aerobic phase of the PPP yields ribulose-5-phosphate, CO2, and reduced nicotinamide adenine dinucleotide phosphate (NADPH). One molecule of glucose generates one molecule of ribulose-5-phosphate and two molecules of NADPH. Following the anaerobic conversion of ribulose-5-phosphate, no energy is produced, but it results in the regeneration of glucose-6-phosphate (Stincone et al., 2015). This regenerated glucose-6-phosphate can re-enter other glycolytic pathways, such as glycolysis or the hexosamine biosynthesis pathway. NADPH, a product of the PPP, is primarily utilised for fatty acid synthesis, pyruvate oxidation to malate, and the reduction of glutathione. Ribulose-5-phosphate, derived from the aerobic segment of the PPP, can readily be converted to ribose-5-phosphate, which is integral to the synthesis of nucleotides and nucleic acids (Stincone et al., 2015).
	Intracellular glycogen stores also serve as a potential reservoir of glucose in cardiomyocytes, although they are relatively small compared to tissues like the liver or skeletal muscle (Besford et al., 2012). Despite their modest size, cardiac glycogen stores undergo rapid turnover, converting glucose to glycogen for storage and vice versa for substrate supply in glycolysis, thereby maintaining stable glycogen concentrations within cardiomyocytes (Figure 1) (Depre et al., 1999). Increased levels of adenosine monophosphate (AMP), inorganic phosphate, and a decrease in ATP concentration stimulate glycogenolysis, leading to an augmented substrate provision for glycolysis (Depre et al., 1998).
	In addition to fatty acids and glucose, the heart can utilise amino acids as substrates for energy production (Banos et al., 1978; Murashige et al., 2020). Among these, the branched-chain amino acids (BCAA) valine, leucine, and isoleucine are metabolised within cardiac muscle (Neinast et al., 2019). These BCAAs are of particular interest in understanding the regulation of cardiac metabolism and the pathogenesis of common diseases such as insulin resistance, diabetes, and cardiovascular diseases (Gao et al., 2021; Karwi & Lopaschuk, 2023; Newgard, 2012). Specifically, leucine and its metabolites, along with valine and isoleucine, have demonstrated inhibitory effects on protein degradation and the promotion of protein synthesis in the heart, potentially influencing protein turnover regulation (Chua et al., 1979).
	Mitochondria play a pivotal role in maintaining cellular energy balance by efficiently converting adenosine diphosphate (ADP) and inorganic phosphate (Pi) to adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS) in response to varying energy demands (Ernster & Schatz, 1981; Kuhlbrandt, 2015). Structurally, mitochondria comprise inner and outer membranes enclosing an intermembrane space (IMS) (Kuhlbrandt, 2015). These membranes feature transporters facilitating the bidirectional transport of metabolites and proteins between the mitochondria and the cytosol, enabling inter-organelle communication. The inner membrane forms cristae, invaginations that augment surface area and serve as sites for electron transport chain (ETC) enzymes (Figure 2), while the matrix houses enzymes, metabolic intermediates, mitochondrial DNA, and ribosomes (Chinnery & Hudson, 2013; Palade, 1953; Protasoni & Zeviani, 2021). The inner mitochondrial membrane (IMM) exhibits selective permeability, inhibiting the passage of most small molecules, including protons (H+). In mitochondria with tightly regulated proton gradients, the intact IMM minimises proton backflow, thus ensuring the efficiency of mitochondrial OXPHOS (Nicholls, 1974; Palmieri & Pierri, 2010; van Loon et al., 1987).
	/
	Figure 2. Representation of the TCA cycle and mitochondrial electron transport chain (ETC). 
	In cardiomyocytes, which are characterised by elevated and fluctuating energy demands, mitochondria typically occupy approximately 30–40% of the cellular volume (Barth et al., 1992; Marin-Garcia et al., 2001). Mitochondrial morphology varies across muscle fiber types (oxidative and glycolytic), with oxidative fibers exhibiting a more ordered arrangement between myofibrils, facilitating efficient energy transfer to ATPases (Anmann et al., 2006; Vendelin et al., 2005). This variation is essential for optimising cellular energy metabolism. There is a strong correlation between mitochondrial volume fraction, heart rate, and total body oxygen consumption, with mitochondrial volume fractions varying from 25% in humans to 38% in mice (Barth et al., 1992). Heart muscle mitochondria are plentiful and possess a significantly higher density of cristae than those found in other organs like the liver, brain, or skeletal muscle (Adams et al., 2023). These high cristae density reflects cardiac tissue’s specialised metabolic and energy demands. Mitochondria are dynamic organelles that undergo fission and fusion, regulated by proteins like DRP1 and OPA1 (Pernas & Scorrano, 2016). DRP1 orchestrates mitochondrial fission, generating smaller mitochondria and ensuring mitochondrial quality control, distribution, and turnover (Pernas & Scorrano, 2016). Conversely, OPA1 is crucial for mitochondrial fusion, facilitating the merging of multiple mitochondria into a single organelle and maintaining mitochondrial function, integrity, and bioenergetic efficiency (Lin et al., 2022; Yapa et al., 2021). Beyond ATP synthesis, mitochondria play pivotal roles in various cellular processes, including thermogenesis, cellular signalling, and the maintenance of ion homeostasis (Bertholet & Kirichok, 2022; Rossi et al., 2019; Tait & Green, 2012). Additionally, they are involved in signalling pathways related to cell death, highlighting their central role in metabolic regulation, particularly in conditions like diabetes and heart failure (Chakrabarty & Chandel, 2022; Green et al., 2011; Takeda et al., 2023).
	Inside the mitochondrial matrix, the tricarboxylic acid (TCA) cycle orchestrates the degradation of acetyl CoA to CO2 while concurrently generating the reducing equivalents nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) (Figure 2) (Fernie et al., 2004; Martinez-Reyes & Chandel, 2020). These electron carriers subsequently fuel the electron transport chain, catalysing the translocation of hydrogen ions outside the inner mitochondrial membrane and establishing a proton gradient. This gradient drives ATP synthesis via OXPHOS, wherein protons derived from NADH and FADH2 combine with oxygen to yield water (Fernie et al., 2004). This fundamental process interconnects glycolysis, fatty acid oxidation, and amino acid oxidation pathways. It connects all catabolic pathways for substrate oxidation with respiration and serves as a primary source of biosynthetic precursors for numerous anabolic processes (Doenst et al., 2013).
	The complexes comprising the mitochondrial respiratory chain are localised within the inner mitochondrial membrane and encompass a nicotinamide adenine dinucleotide ubiquinone reductase (Complex I, CI), a succinate ubiquinone oxidoreductase (Complex II, CII), ubiquinone cytochrome oxidoreductase (Complex III, CIII), and cytochrome c oxidase (Complex IV, CIV) (Figure 2). Additionally, two mobile electron carriers, ubiquinone (Coenzyme Q, Co Q) and cytochrome c (Cyt c), participate in electron transfer between these complexes (Sousa et al., 2018). Ubiquinone undergoes diffusion within the IMM, migrating from CI to CIII as part of the electron transport chain process (Lenaz & Genova, 2009; Schneider et al., 1982).
	Complex I, recognised as one of the largest, L-shaped enzymes in mammalian cells, facilitates the simultaneous transfer of two electrons from NADH to ubiquinone while translocating four protons across the membrane into intermembrane space, thereby establishing a proton gradient (Wirth et al., 2016). This complex plays a crucial role in NADH oxidation within the mitochondrial matrix, contributing to the regeneration of NAD+ for sustaining the TCA cycle and fatty acid oxidation (Arnold & Finley, 2023).
	Complex II facilitates the transfer of electrons from succinate to ubiquinone within the mitochondrial respiratory chain (Cecchini, 2003). Additionally, fatty acids and glycerol-3-phosphate can channel electrons into the ubiquinone pool. While CII does not directly contribute to establishing the proton gradient, it plays a crucial role in the oxidation of succinate to fumarate (Arnold & Finley, 2023). This process reduces ubiquinone to ubiquinol, thereby increasing the pool of electrons available to CIII and CIV for further electron transport (Cecchini, 2003).
	Complex III occupies a central position within the respiratory chain, facilitating the transfer of electrons from ubiquinone, supplied by both CI and CII, to cytochrome c within CIV. This process is integral to establishing the proton gradient across the mitochondrial membrane and crucial for ATP synthesis (Rich & Marechal, 2010).
	Complex IV, also referred to as cytochrome c oxidase, stands out as the sole OXPHOS complex documented to possess tissue-specific subunits, suggesting a potential role in modulating enzyme activity to suit the requirements of distinct tissues (Sinkler et al., 2017). Functionally, CIV facilitates the oxidation of reduced cytochrome c by molecular oxygen, serving as the terminal electron acceptor within the electron transport chain. 
	Electron transport through CI, CIII, and CIV drives the expulsion of protons from the mitochondrial matrix into the intermembrane space, culminating in establishing an electrochemical gradient across the IMM. Upon its release through Complex V (the F0F1-ATPase; CV), this proton motive force drives the synthesis of ATP from ADP and inorganic phosphate (Walker, 2013).
	The reduction of molecular oxygen (O2) within CIV must proceed without the release of partially reduced intermediates, such as hydrogen peroxide and hydroxyl free radicals, which have the potential to cause damage to cellular components (Turrens, 2003). Additionally, recent research suggests a dynamic interconversion between CIV’s monomeric and dimeric states via reversible phosphorylation. Specifically, under elevated ATP/ADP ratios, the dimeric form of CIV is induced, inhibiting respiration and serving as a mechanism to prevent the generation of reactive oxygen species (ROS) (Ramzan et al., 2019).
	Through the utilisation of cryo-electron microscopy and blue native PAGE analysis on digitonin-extracted mitochondria, it has been shown that CI, CII, CIII, and CIV are involved in the formation of larger higher-order structural units known as supercomplexes (SCs) (Schagger & Pfeiffer, 2000, 2001). Existing evidence indicates that the mitochondrial respiratory chain consists of individual complexes and SCs, co-localized within the IMM, both contributing to electron transfer and OXPHOS functions (Acin-Perez et al., 2008; Lapuente-Brun et al., 2013; Mourier et al., 2014). The balance of free complexes and SCs can be dynamically adjusted to accommodate internal environmental cues (Acin-Perez et al., 2008; Lapuente-Brun et al., 2013). Notably, in mammalian cell lines, elevated galactose levels have been shown to promote SC assembly, ensuring optimal functionality of the electron transport chain (Acin-Perez & Enriquez, 2014).
	SCs exhibit two primary categories: those incorporating CI and those lacking it. Among SCs containing CI are CI/III, CI/III/IV, and CI/II/III/IV, while CI is absent in SCs such as CIII/IV and CII/III/IV (Acin-Perez et al., 2008; Cogliati et al., 2016; Lapuente-Brun et al., 2013). SCs display considerable heterogeneity across species, tissue types, and physiological conditions. In mammals, the majority of CI is bound within SCs, with 54% consisting of CI/III2/IV and 17% of CI/III2 configurations (Letts et al., 2016; Schagger & Pfeiffer, 2000). Various SC combinations exist, including CI/III2, CI/III2/IVn (n = 1–4), and CIII2/IVn (n = 1 or 2) (Acin-Perez et al., 2008). The predominant SC assembly observed through native electrophoresis techniques is CI/III2/IVn, which encompasses all complexes required to transfer electrons from NADH to oxygen (Letts et al., 2016; Schagger & Pfeiffer, 2000). These structures, which contain all essential components for electron transmission from NADH to oxygen, are referred to as respirasomes (Acin-Perez et al., 2008; Schagger & Pfeiffer, 2000; Shinzawa-Itoh et al., 2016). In 2017, Yang et al. identified a higher-order assembly termed a megacomplex composed of CI2/III2/IV2 (Guo et al., 2017).
	The formation of SCs facilitates the diffusion of ubiquinone and cytochrome c by reducing the intercomplex distance and enhancing electron transfer efficiency. Additionally, the assembly of SCs has been demonstrated to promote efficient energy production (Genova & Lenaz, 2014; Ikeda et al., 2013; Lapuente-Brun et al., 2013), stabilise CI (Schagger et al., 2004), facilitate substrate channelling (Wheeldon et al., 2016), stabilise individual complexes (Bianchi et al., 2004; Letts et al., 2016; Protasoni et al., 2020; Stroh et al., 2004), and provide protection against reactive oxygen species (ROS) (Genova & Lenaz, 2015; Lopez-Fabuel et al., 2016; Maranzana et al., 2013). ROS production, primarily originating from CI and CIII, may decrease with enhanced electron flux between complexes (Lenaz, 2012; Maranzana et al., 2013). CIII2/IV, compared to free CIII and CIV, enhances mitochondrial respiration and ATP synthesis efficiency (Lapuente-Brun et al., 2013). Moreover, studies have revealed that CIII acts as the central hub for the assembly of SCs. A central role of CIII was evidenced by the observation that the physical deletion of CIII led to a decrease in CI assembly, while inhibition of CIII activity did not have the same effect (Acin-Perez et al., 2004; Protasoni et al., 2020). Thus, the dynamic assembly and disassembly of SCs play a pivotal role in regulating mitochondrial respiratory chain activity. It is noteworthy that CII is notably absent in most reported SC structures, except for one instance – CI/II/III2/IV2 (Muhleip et al., 2023). When present, CII’s asymmetrical shape induces curvature in the SC, leading to a hypothesis that its inclusion may stabilise cristae folds. However, the absence of CII in most SCs suggests a lower affinity, possibly due to its limited protein-protein interactions with other complexes, implying that a significant portion of CII exists outside these SCs (Iverson et al., 2023; Muhleip et al., 2023).
	Studies over the past decade have presented evidence showing the interconnected relationship between mitochondrial dynamics, cristae morphology, and respiratory function. For instance, observations of mitochondrial elongation and cristae remodelling during nutrient deprivation or ischemic episodes highlighted the role of these structural adaptations in preserving mitochondrial ATP production efficiency under challenging conditions (Gomes & Scorrano, 2011; Khacho et al., 2014; Patten et al., 2014). The remodelling processes occurring in mitochondria and cristae under such stressors can modulate mitochondrial efficiency by promoting the assembly of SCs and enhancing the respiratory reserve capacity (Cogliati et al., 2013; Khacho et al., 2014; Patten et al., 2014). The assembly of mitochondrial SCs is regulated by various factors, including mitochondrial cristae morphology, phospholipids, assembly factors, and others. OPA1, a protein crucial for maintaining mitochondrial cristae morphology, has been implicated in the formation of respiratory chain SCs (Azuma et al., 2020; Cogliati et al., 2013). Depletion of OPA1 results in the disarray of cristae structure, leading to the disturbance of SC assembly and impairment of respiratory capacity (Cogliati et al., 2013; Patten et al., 2014). Furthermore, even a modest increase in OPA1 levels can promote cristae constriction, enhance the activity of respiratory enzymes, and improve mitochondrial respiration efficiency (Cogliati et al., 2013).
	The disruption of SC assembly can significantly contribute to the pathogenesis of various diseases. Evidence suggests that impaired SC assembly is implicated in a range of disease models, including neurodegenerative diseases, genetic disorders, heart failure, and cancer (Baertling et al., 2017; Kim et al., 2018; Novack et al., 2020; Vercellino & Sazanov, 2022). Additionally, studies have demonstrated that ageing is associated with a decline in SC formation in rat hearts (Gomez et al., 2009). However, preserving SC organisation during ageing may exhibit tissue-specific differences (Lombardi et al., 2009).
	Phosphotransfer networks, including creatine kinase (CK), adenylate kinase (AK), and glycolytic/glycogenolytic enzymes, constitute the cardiac bioenergetic infrastructure. These networks catalyse reactions that drive high-energy phosphoryl flux, maintaining a rapid turnover rate of ATP and ADP at sites of energy generation and consumption (Figure 3) (Chung et al., 2010; Dzeja & Terzic, 2003; Guzun et al., 2015; Saks et al., 2006). In a healthy heart, the majority of newly synthesised ATP molecules undergo processing by CK (80–88%), AK phosphotransferases (15%), and glycolytic transfer systems (5–7%) before utilisation (Aliev et al., 2011; Dzeja, Hoyer, et al., 2011; Nemutlu et al., 2012; Pucar et al., 2001). These phosphotransfer networks play critical roles in cells and tissues experiencing high and intermittent energy fluctuations (Dzeja & Terzic, 2003; Gruno et al., 2006; Wallimann et al., 2011; Wallimann et al., 1992). Directly transferring phosphoryl groups through enzymatic reactions from mitochondria to energy consumption sites, such as ATPases, is essential for efficient energy utilisation (Dzeja & Terzic, 2003). ADP diffusion towards mitochondria holds regulatory significance as a limiting factor for ATPase activity. Maintaining a high ATP/ADP ratio near ATPases is crucial for their efficiency, necessitating the removal of ADP from the ATPases’ microenvironment (Figure 3) (Wallimann et al., 1992; Zala et al., 2017). Moreover, the produced ADP serves as a signal for sufficient ATP synthesis in mitochondria.
	Mitochondrial affinity to exogenous ADP varies among cell types and can be characterised by the apparent Michaelis-Menten constant Km(ADP) (Kuznetsov et al., 1996). The Km (ADP) reflects the substrate concentration required to achieve half of the maximum respiration rate in mitochondria (Wong et al., 2017). It represents a measure of the affinity of mitochondria for ADP during OXPHOS, reflecting how effectively ADP stimulates mitochondrial respiration. A lower Km(ADP) value indicates a higher affinity of mitochondria for ADP, meaning that mitochondrial respiration is stimulated even at lower concentrations of ADP. Conversely, a higher Km(ADP) value indicates a lower affinity for ADP, requiring higher concentrations of ADP to achieve the same level of stimulation in mitochondrial respiration (Appaix et al., 2003). Changes in Km(ADP) values can reflect alterations in the regulation of cellular energy production and diffusion restrictions of energy metabolites through OMM (Tepp et al., 2017). Thus, the Km(ADP) serves as an important parameter for assessing mitochondrial function and cellular bioenergetics (Kuznetsov et al., 2022). In permeabilised cardiac muscle, the Km(ADP) is approximately 400 µM, whereas, for isolated mitochondria, it is significantly lower, around 20 µM (Guzun et al., 2012; Guzun et al., 2009; Saks, Belikova, & Kuznetsov, 1991; Saks, Belikova, Kuznetsov, et al., 1991). This difference arises from the voltage-dependent anion channel (VDAC) located on the OMM, which selectively facilitates the flux of various metabolites essential for cellular metabolism, including ATP, ADP, AMP, NADH, and NADPH (Colombini, 2016; Noskov et al., 2016; Rostovtseva & Bezrukov, 2008; Rostovtseva et al., 2008). The isolation steps affect this property of mitochondria to restrict adenine nucleotide diffusion and disrupt mitochondrial intracellular position and assembly, as well as their interactions with other organelles and proteins (Kuznetsov et al., 1996; Kuznetsov et al., 2008). In contrast, in permeabilised cells, this mitochondrial function remains unchanged, as well as preserving essential interactions with the cytoskeleton, nucleus, and endoplasmic reticulum (ER) (Appaix et al., 2003; Kunz et al., 1993; Kuznetsov et al., 2008; Saks et al., 1998). Besides analysing the affinity for ADP, the permeabilisation technique enables the investigation of adenine nucleotide exchange between mitochondria and cellular ATPases via phosphotransfer networks, in situ analysis of respiratory chain complexes, and the study of tiny biological specimens (Kuznetsov et al., 2008).
	Limitations on the diffusion of ATP and ADP lead to forming metabolic micro-compartments and non-uniform distribution of metabolite concentrations across cellular regions (Colombini, 2016; Noskov et al., 2016; Puurand et al., 2019). In contrast to the restrictions on adenine nucleotides, VDAC allows unhindered passage of phosphocreatine (PCr) and creatine (Cr) (Timohhina et al., 2009), establishing PCr as the primary carrier of high-energy phosphate bonds within the cell (Figure 3). This selective permeability of VDAC is instrumental in ensuring efficient energy transfer and utilisation within mitochondria and other cellular compartments, thereby playing a significant role in cellular bioenergetics and maintaining metabolic homeostasis.
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	Figure 3. Phosphotransfer networks of CK, AK and HK, and phosphoenolpyruvate/pyruvate kinase (PEP/PK) system. 
	Creatine kinase enzymes are pivotal in cellular energy transfer and storage (Wallimann et al., 1992). These enzymes catalyse the reversible phosphorylation of creatine to form phosphocreatine, acting as an energy buffer and preventing abrupt declines in total ATP concentrations (Schlattner et al., 2006). There are five major CK isoforms, including cytosolic isoforms (CK-BB, CK-MM, CK-MB) and mitochondrial isoforms (uMtCK, sMtCK), expressed in various tissues, with higher expression observed in tissues with elevated energy demands, such as the heart, skeletal muscle, and nerve cells (McLeish & Kenyon, 2005; Wallimann & Hemmer, 1994; Wallimann et al., 1992). MtCK isoforms are functionally coupled to the adenine nucleotide translocase (ANT) in IMM, while cytosolic CK isoforms create micro-compartments for efficient substrate exchange near ATPases (Figure 3). This spatial organisation enables effective metabolite channelling and regulation of the CK reaction in specific directions based on ATP levels (Schlattner et al., 2016; Wallimann et al., 1992). In the presence of creatine, MtCK regulates phosphocreatine production in collaboration with ANT, which acts as an ATP/ADP antiporter (Saks et al., 2012). ANT directs ADP produced from the PCr/Cr reaction into the mitochondrial matrix, accelerating the respiration rate and maintaining a tight coupling between mitochondrial respiration and ATP synthesis in cardiac cells under normal physiological conditions (Tepp et al., 2011).
	Fluctuations in concentrations of ADP and creatine in the mitochondrial IMS regulate the OXPHOS rate (Saks et al., 2000). Respirometric studies of permeabilised cells have revealed that the addition of creatine into the experimental medium increases the OXPHOS rate due to the activation of CK (Saks et al., 2000). The addition of pyruvate kinase (PK) and phosphoenolpyruvate (PEP) to the medium traps ADP produced by cytosolic ATPases and lower respiration; however, subsequent addition of creatine activates MtCK, accelerating the ATP/ADP turnover rate in the IMS and increase OXPHOS (Saks et al., 2001). The phosphocreatine/creatine kinase (PCr/CK) network is pivotal in overcoming the limitations imposed by ATP and ADP diffusion restriction (Saks, Belikova, & Kuznetsov, 1991). This network acts as an intracellular energy transfer system, facilitating the rapid regeneration of ATP from phosphocreatine during periods of high energy demand in striated muscle cells (Dzeja et al., 1996; Guzun et al., 2015; Saks et al., 2007).
	In different muscle types, the affinity of mitochondria for ADP varies significantly, resulting in different Km(ADP) values (Kuznetsov et al., 1996). This variation reflects tissue-specific regulation of the OMM permeability (Kuznetsov et al., 1996). In fast-twitch glycolytic muscles, the affinity for ADP is high, with a low Km(ADP) value. Conversely, in slow-twitch muscles such as the heart and soleus muscle, the affinity for ADP is low, resulting in a high Km(ADP) value (Kuznetsov et al., 1996). Additionally, in fast-twitch muscles, CK primarily serves as an energy buffer, and the Km(ADP) value does not change with activation of the PCr/CK network by adding creatine in permeabilised cells medium (Burelle & Hochachka, 2002; Kay et al., 1997; Kuznetsov et al., 1996). The CK pathway facilitates compartmentalised energy transfer in slow-twitch muscles, ensuring a stable energy supply for myofibrils and ion channel ATPases (Wallimann et al., 1992). The effective functional coupling of OXPHOS to the CK pathway in slow-twitch muscles with high Km(ADP) is confirmed by a significantly lower value in the presence of creatine (Guzun et al., 2011; Saks et al., 2007; Tepp et al., 2011; Timohhina et al., 2009; Varikmaa et al., 2014).
	To support the high energy need of cardiac muscle cells, mitochondrial respiration is regulated by the Mitochondrial Interactosome (MI) supercomplex, formed by ATP-syntasome (Chen et al., 2004; Ko et al., 2003), MtCK, ANT, VDAC and tubulin that regulates effective ATP formation and its extrusion from mitochondria to the cytoplasm in the form of PCr (Figure 4) (Guzun et al., 2011; Timohhina et al., 2009). Notably, creatine’s impact on OXPHOS varies between rat ventricular cardiomyocytes and atrial fibers (Anflous et al., 1997), yet in human atria, MtCK is functionally coupled to OXPHOS as observed in ventricular muscle (Seppet et al., 2005).
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	Figure 4. Mitochondrial Interactosome (MI) model. 
	In adult mammalian heart muscle cells, the CK pathway exerts robust control over energy transport and OXPHOS. Conversely, postnatal heart cells typically display undetectable activation of respiration with creatine, likely due to the underdeveloped CK pathway at that stage (Anmann et al., 2014). In pathology, the activation rate of the CK pathway generally diminishes, often serving as an early indicator preceding profound changes in energy metabolism (Anmann et al., 2014; Dzeja, Hoyer, et al., 2011; Schlattner et al., 2006). CK deficiency has been identified as a crucial factor compromising energy delivery and resulting in impaired cellular functioning (Dzeja, Hoyer, et al., 2011). This deficiency prompts compensatory mechanisms wherein glycolytic enzymes and AK partially substitute for CK’s phosphotransfer functions (Dzeja et al., 2004). Additionally, an increase in mitochondrial density has been observed as part of these compensatory mechanisms (Wiesner et al., 1999), thereby rescuing cellular bioenergetics.
	Adenylate kinase is an enzyme involved in the reversible interconversion of adenine nucleotides (2 ADP → ATP + AMP), regulating nucleotide ratios in various cellular compartments (Figure 3) (Dzeja & Terzic, 2009). It influences the activity of AMP-sensitive metabolic enzymes, participates in purine nucleotide synthesis, and aids in regenerating other nucleoside diphosphates from NTP using AMP as a preferred phosphate substrate (Dzeja & Terzic, 2009; Panayiotou et al., 2014). Notably, AK’s unique ability to transfer both β- and γ-phosphoryl groups of ATP enhances the energetic potential of ATP (Dzeja & Terzic, 2009).
	In vertebrates, nine AK isoforms (AK1–AK9) have distinct sub-cellular locations, forming an intracellular network for transporting energy-rich phosphoryls between compartments (Dzeja & Terzic, 2009; Dzeja & Terzic, 2003; Noma, 2005; Panayiotou et al., 2014). AK1 and AK2, located in the cytoplasm and mitochondria, respectively, specifically bind AMP and prefer ATP over other nucleotide triphosphates. AK3, specific for AMP phosphorylation, utilises guanosine triphosphate (GTP) or inositol triphosphate (ITP) as phosphoryl donors (Dzeja & Terzic, 2009).
	AK’s signalling function amplifies small changes in the ATP/ADP ratio into a significant increase in the AMP/ATP ratio, activating various AMP-sensitive components, including those in glycolytic pathways, glycogenolysis, and metabolic sensors like ATP-sensitive potassium channels and AMP-activated protein kinase (Chung et al., 2010; Dzeja & Terzic, 2009; Selivanov et al., 2004).
	AK2, located in the IMS, generates ADP from ATP and AMP, which then channels into the mitochondrial matrix through the ANT, stimulating OXPHOS (Gellerich, 1992). Its significant expression in various tissues, such as the liver, heart, skeletal muscle, pancreas, kidney, placenta, brain, testis, lung, and gastrointestinal wall, underscores its role in energy metabolism and transfer (Gruno et al., 2006; Kaldma et al., 2014; Khoo & Russell, 1972; Noma et al., 1998; Tanimura et al., 2014). AK2 also plays a crucial role in differentiating cardiac, neural, and hematopoietic stem cells (Dzeja, Chung, et al., 2011; Inouye et al., 1998; Tanimura et al., 2014).
	The cytosolic partner of AK2 in the energy-transfer circuit is AK1, the most abundant isoform in the cytosol. AK1 is highly expressed in tissues with high energy demand, including the brain, skeletal and heart muscles, and erythrocytes (Khoo & Russell, 1972; Noma, 2005). Interestingly, AK1-knockout muscles in mice adapt by up-regulating glycolytic, CK, and guanine nucleotide phosphotransfer systems but exhibit lower energetic efficiency than wild type (Janssen et al., 2000).
	The energy generated through glycolysis sustains various cellular functions, including muscle contraction, cell motility, and nuclear processes (Masters et al., 1987; Ottaway & Mowbray, 1977). Glycolytic enzymes play a pivotal role in intracellular high-phosphoryl transfer. Proximal to mitochondria, HK utilises energy-rich phosphoryl groups from ATP to phosphorylate glucose to glucose-6-phosphate (Roberts & Miyamoto, 2015; Wilson, 2003). Conversely, pyruvate kinase phosphorylates ADP in the cytosol, supplying ATP for cellular utilisation (Dzeja & Terzic, 2003). Furthermore, the glutaraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase (GAPDH/PGK) networks facilitate the transfer of energy-rich phosphoryls, exchanging them for NADH and ADP (Dzeja & Terzic, 2003).
	Mammalian tissues exhibit four isoforms of HKs (HK1-HK4). HK1 and HK2 bind to VDAC through their hydrophobic N-terminus (Figure 3) (Pedersen, 2008; Wilson, 2003). This interaction is thought to enhance kinase access to newly generated ATP, overcoming the OMM permeability restrictions on adenine nucleotides (Pedersen, 2008; Puurand et al., 2019). It also prevents product inhibition by glucose-6-phosphate.  The activity and subcellular localisation of HK isoenzymes dictate the metabolic fate (anabolic or catabolic) of glucose-6-phosphate, influencing diverse intracellular roles of glucose (John et al., 2011). The stringent regulation of HK binding to the OMM is contingent on cellular energetic demands, particularly in skeletal muscle (Parra et al., 1997). A decrease in HK2-mitochondrial interaction has been associated with adverse outcomes in ischemia-reperfusion injury of the heart (Nederlof et al., 2016; Wu et al., 2011). 
	Metabolic fluxes within the myocardium serve as the initial responders to changes in the physiological environment of the heart, subsequently triggering and sustaining functional and structural remodelling processes (Young et al., 2002). Assessments of myocardial metabolism utilising [11C] tracers, which are oxidised by the heart, have revealed alterations in substrate preference among patients with idiopathic dilated cardiomyopathy. Specifically, there is a noted decrease in fatty acid metabolism accompanied by an increase in glucose metabolism (Davila-Roman et al., 2002), indicative of the expression of fetal metabolic gene programs within the failing human heart (Razeghi et al., 2001). Both hypertrophy and atrophy are associated with elevated glucose oxidation rates despite diminished insulin responsiveness of the heart (Doenst et al., 2001). Alongside an increase in glycolysis, hypertrophied hearts typically exhibit a reduction in fatty acid oxidation (Allard et al., 1994; el Alaoui-Talibi et al., 1992).
	During ischemic events, the accumulation of glycolytic intermediates may exacerbate contractile dysfunction (Neely & Grotyohann, 1984). Additionally, acute hyperglycaemia has been shown to abolish ischemic preconditioning in vivo (Kersten et al., 1998), whereas the provision of glucose, insulin, and potassium together improves contractile function in acutely ischemic, reperfused myocardium (Gradinac et al., 1989; Howell et al., 2011). Glucose holds therapeutic relevance for several reasons: firstly, glycolysis offers an immediate source of cytosolic ATP during acute oxygen deficit; secondly, glycolytically derived ATP may serve as a preferential source for membrane ion transport processes; and thirdly, high glucose oxidation rates are crucial for restoring normal myocardial function following ischemia-reperfusion (Depre et al., 1999; Mallet et al., 1990).
	Myocardial glucose transport, glycolysis, and glucose oxidation are directly or indirectly insulin-dependent. Therefore, in the insulin-deficient diabetic state, these processes are diminished due to insulin resistance, impaired pyruvate dehydrogenase activity, and reduced glucose transporter (GLUT1 and GLUT4) levels (Camps et al., 1992; Lopaschuk, 1996; Randle et al., 1963). Elevated fatty acid oxidation (FAO) levels in diabetic states contribute to an overall reduction in glucose metabolism rates (Hafstad et al., 2009; Hallsten et al., 2004) and lead to increased cardiac fatty acid uptake, storage, and metabolism (Herrero et al., 2006; Malfitano et al., 2015). Consequently, the heart predominantly relies on FAO to meet its energy demands, utilising either exogenous sources or the turnover of stored triacylglycerol (Saddik & Lopaschuk, 1994; Wall & Lopaschuk, 1989). This reliance on FAO is detrimental to mitochondrial function because it induces increased oxygen consumption (Mjos, 1971), mitochondrial uncoupling between respiration and ATP production (Banke & Lewandowski, 2015; Boudina et al., 2007; Cole et al., 2011; Vettor et al., 2002), and generates more reactive oxygen species (Tsushima et al., 2018). Mitochondrial uncoupling results in elevated proton leak through the mitochondrial inner membrane to the matrix (Boudina et al., 2007) and decreased ATP synthesis (Malfitano et al., 2015; Petersen et al., 2004). The increased oxygen consumption associated with predominant FAO also reduces cardiac efficiency (Hafstad et al., 2009; Mather et al., 2016) and may contribute to cardiac dysfunction in diabetic conditions (Boudina et al., 2005; Mazumder et al., 2004; Rijzewijk et al., 2009). Furthermore, an increase in FAO inhibits the ANT in the mitochondrial membrane, which is responsible for transporting ATP from the mitochondria to the cytosol (Shug et al., 1975; Woldegiorgis et al., 1982). Under normal conditions, the heart is metabolically flexible and can switch its substrate preference based on workload and substrate availability (Karwi et al., 2018). However, this metabolic flexibility is impaired when FAO predominates, and glucose oxidation decreases in diabetes.
	Metabolic dysregulation, when the rate of fatty acid uptake surpasses the rate of oxidation, leads to a spectrum of disturbances commonly associated with mitochondrial dysfunction (Petersen et al., 2004; Shulman, 2000), including triglyceride accumulation (Schaffer, 2003; Unger & Orci, 2001). In failing human hearts, lipid accumulation emerges as a characteristic feature, accompanied by a diverse array of cellular and metabolic disruptions collectively termed lipotoxicity (Schaffer, 2003; Sharma et al., 2004; Unger, 2005). Increased net triglyceride synthesis in the heart has been observed under conditions of starvation, diabetes, ischemia, and heart failure (Sharma et al., 2004), yet whether elevated triglyceride levels stem from heightened esterification rates or diminished lipolysis rates remains unknown (Schaffer, 2003). Enzymatic deficiencies affecting long and very long-chain fatty acids (C14 or greater), or impairments in cellular carnitine import or enzymes participating in the carnitine shuttle, result in more severe manifestations of heart failure compared to defects involving the metabolism of shorter-chain fatty acids (Hale & Bennett, 1992). Notably, impaired FAO and the subsequent accumulation of triglycerides within cardiomyocytes are hallmark features of contractile dysfunction observed in diabetic patients (McGavock et al., 2007). 
	Wolfram syndrome (WS), also known as DIDMOAD syndrome (Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness), is a rare autosomal recessive neurodegenerative disorder characterised by a diverse array of clinical manifestations (Barrett & Bundey, 1997; Minton et al., 2003). These features encompass diabetes mellitus, optic atrophy, diabetes insipidus, sensorineural hearing loss, and various neurological abnormalities. The clinical presentation of WS displays significant variation, with the DIDMOAD complex being crucial for diagnosis (Cremers et al., 1977). While the exact prevalence of Wolfram syndrome varies among different populations, it is estimated to affect approximately 1 in 160,000–770,000 individuals worldwide (Barrett & Bundey, 1997; Urano, 2016).
	Typically, WS emerges during childhood or adolescence and progresses relentlessly, leading to severe disability and premature mortality. On average, individuals with WS have a shortened lifespan, with death occurring around 30 years of age, often attributed to central respiratory failure resulting from massive brain atrophy (Barrett & Bundey, 1997; Barrett et al., 1995). The onset of WS symptoms usually begins in childhood, with diabetes mellitus typically arising around six years of age, followed by optic atrophy at approximately 11 years of age, and subsequently, the development of diabetes insipidus and deafness (Barrett & Bundey, 1997; Barrett et al., 1995).
	Despite its clinical significance, WS is frequently underdiagnosed, with clinical attention often focusing on managing diabetes and its associated complications once symptoms become apparent (Medlej et al., 2004). Despite the apparent simplicity of its autosomal recessive inheritance pattern, WS exhibits complex penetrance and expression of traits, resulting in a heterogeneous clinical phenotype. In addition to the classical symptoms, WS is associated with a spectrum of neurological and psychiatric disorders, reproductive abnormalities, restricted joint mobility, cardiovascular and gastrointestinal autonomic neuropathy, and diabetic microvascular complications (Rohayem et al., 2011; Saran et al., 2012). These diverse clinical manifestations pose significant challenges in the clinical management of WS.
	Wolfram syndrome primarily results from biallelic mutations in the WFS1 gene on chromosome 4p16.1. The WFS1 gene consists of eight exons, with mutations predominantly observed within exon 8, and can generate 15 different transcripts (Hardy et al., 1999; Strom et al., 1998). These mutations, often homozygous or compound heterozygous, disrupt the coding sequence of the WFS1 gene, which encodes the wolframin endoplasmic reticulum (ER) transmembrane glycoprotein (Inoue et al., 1998; Lee et al., 2022; Rigoli et al., 2018; Tanizawa et al., 2000). Wolframin features nine transmembrane domains, with its C-terminus residing in the ER lumen and the N-terminus in the cytoplasm (Hofmann et al., 2003). It is primarily localised in pancreatic beta-cells, neurons, cells of the optic nerve, and tissues such as the internal ear, heart, placenta, lung, and liver. Notably, mutations on both alleles are necessary for the complete manifestation of Wolfram syndrome. However, single-allele mutations significantly increase the risk of type 2 diabetes, hearing loss, depression, suicide, and other complex diseases (Cryns et al., 2003; Koido et al., 2005; Minton et al., 2002; Must et al., 2009; Sandhu et al., 2007; Swift et al., 1998). 
	Wolframin plays a pivotal role in modulating calcium homeostasis within the ER, influencing the formation of mitochondria-associated ER membrane (MAM) structures and regulating calcium transport between the ER and mitochondria (Delprat et al., 2018; La Morgia et al., 2020). Dysfunctional wolframin results in ER stress and activation of the Unfolded Protein Response (UPR) pathway (Fonseca et al., 2005; Morikawa et al., 2017; Samara et al., 2019). The UPR serves as an adaptive cellular mechanism aimed to restore ER homeostasis in response to disruptions in protein folding and the accumulation of misfolded proteins within the ER lumen. Nevertheless, chronic or severe ER stress, characteristic of WS, can overwhelm the UPR machinery, leading to cellular dysfunction, apoptosis, and neurodegeneration.
	Recent investigations have identified occurrences of heart diseases among individuals with WS, primarily attributed to structural abnormalities (Ganie et al., 2011; Korkmaz et al., 2016; Medlej et al., 2004). A study conducted in the Lebanese population disclosed five cases of cardiac abnormalities among 31 WS patients, indicating a prevalence significantly higher than that observed in the general population (Medlej et al., 2004). However, despite the structural defects noted in cardiac muscle in a somewhat higher percentage of WS patients compared to the general population, such abnormalities are not universally prevalent among all affected individuals (Barrett et al., 1993; Ganie et al., 2011; Korkmaz et al., 2016; Medlej et al., 2004). Furthermore, studies examining WFS1-deficient rat left ventricle cardiomyocytes have revealed increased contractility due to prolonged cytosolic calcium transients (Cagalinec et al., 2019). Additionally, a higher relative incidence of sinus tachycardia and atrioventricular arrhythmias has been observed in WS patients (Kinsley et al., 1995). These findings underscore the complexity of cardiac involvement in WS and highlight the need for further research to elucidate cardiovascular manifestations’ underlying mechanisms and clinical implications in this rare genetic disorder. 
	As WS manifests with diabetes as its initial symptom, it presents a promising genetic model for investigating the cardiovascular complications associated with diabetes mellitus. Given the established association between diabetes mellitus and cardiovascular complications (Htay et al., 2019), the study of WS offers valuable insights into the underlying mechanisms contributing to diabetic cardiomyopathy, coronary artery disease, and other cardiovascular diseases. By elucidating the molecular and mitochondrial bioenergetic pathways involved in the pathogenesis of cardiovascular complications in individuals with WS, novel therapeutic targets and strategies can be identified for mitigating the adverse effects of diabetes on the heart. Furthermore, using WS as a genetic model allows the identification of specific genetic variants that predispose individuals with WS to cardiovascular complications. Also, this approach may lead to the development of personalised interventions aimed at preventing or attenuating the progression of cardiovascular disease in individuals with diabetes.
	Despite intensified public awareness campaigns, regulatory measures on tobacco marketing, and taxation policies, cigarette smoking has persisted as a risk factor for chronic obstructive pulmonary disease (COPD) (Laniado-Laborin, 2009), cardiovascular diseases (CVD) (Banks et al., 2019), and various cancers (Macacu et al., 2015; Samet, 2013; Sasco et al., 2004) since the mid-20th century. These diseases significantly elevate the mortality rate among current smokers. Smoking exerts a synergistic effect with other conventional cardiovascular risk factors, including hypertension, dyslipidaemia, diabetes, and obesity, thereby magnifying the overall cardiovascular risk (Fagard, 2009; Prakash et al., 2021). Individuals who smoke and concurrently present with these risk factors face a markedly augmented likelihood of developing CVD compared to non-smokers or those with a single risk factor. This heightened risk is evident not only among active smokers but also extends to individuals exposed to second-hand smoke (Flor et al., 2024). Moreover, the elevated risk for cardiovascular complications persists among ex-smokers for an extended duration, potentially attributable to irreversible cumulative alterations induced by prolonged exposure to cigarette smoke (Ahmed et al., 2015; Gopal et al., 2012; Lee & Son, 2019). Former heavy smokers exhibit a heightened prevalence of type 2 diabetes mellitus, left ventricular systolic dysfunction, coronary artery disease, and peripheral arterial disease, alongside elevated circulating levels of serum C-reactive protein and interleukin-6 compared to individuals who have never smoked (Ahmed et al., 2015). These observations underscore the profound and enduring impact of smoking on cardiovascular health, suggesting that the risk for cardiovascular complications remains elevated long after smoking cessation.
	The detrimental impacts of smoking on cardiovascular health encompass a spectrum of pathological mechanisms, predominantly attributed to the toxic constituents inherent in cigarette smoke, notably nicotine, carbon monoxide (CO), and various chemical compounds (Astrup & Kjeldsen, 1974; Cheng et al., 2010; Petsophonsakul et al., 2022; Wang et al., 2023; Whitehead et al., 2021). These substances detrimentally affect oxygen transport to tissues and cellular metabolism (Caliri et al., 2021; Sagone et al., 1973). Carbon monoxide exhibits a higher affinity for haemoglobin than oxygen, resulting in the formation of carboxyhaemoglobin and impaired tissue oxygenation (Aronow, 1976; Wald et al., 1981). This chronic hypoxemia fosters endothelial dysfunction, oxidative stress, and the development of atherosclerotic plaques, thereby accelerating coronary artery disease (CAD) progression and elevating the risk of myocardial infarction and ischemic stroke. Nicotine, a potent addictive agent in tobacco, elicits sympathomimetic effects, culminating in heightened heart rate, blood pressure, and myocardial oxygen demand. Additionally, nicotine stimulates the release of catecholamines, thereby promoting vasoconstriction and platelet aggregation, which exacerbate cardiovascular susceptibility (D'Alessandro et al., 2012; Fox, 1988). Moreover, nicotine, carbon monoxide, and other smoke constituents disrupt nitric oxide synthesis, a pivotal mediator of endothelium-dependent vasodilation, inducing endothelial dysfunction and vasoconstriction (Messner & Bernhard, 2014).
	Chronic smoking disrupts lipid metabolism, culminating in unfavourable alterations in lipid profiles typified by elevated low-density lipoprotein cholesterol levels and diminished high-density lipoprotein cholesterol levels (Ambrose & Barua, 2004; Freeman et al., 1993; Schuitemaker et al., 2002). Furthermore, smoking induces lipoprotein oxidation and glycation, rendering them more atherogenic and susceptible to endothelial injury (Ferretti et al., 2006). Long-term smoking leads to detrimental structural and functional alterations in the myocardium, which include left ventricular hypertrophy, impaired myocardial contractility, and reduced coronary flow reserve (Deanfield et al., 1986; Hendriks et al., 2020; Park et al., 2021).
	Smoking exerts significant effects on mitochondrial function, primarily through alterations in molecular mechanisms associated with oxidative stress, inflammation, and mitochondrial DNA (mtDNA) damage (Dikalov et al., 2019; Giordano et al., 2022; Liu et al., 2023; Rom et al., 2013; Ueda et al., 2023). Studies have demonstrated that smoking diminishes mitochondrial respiration in murine skeletal muscles, resulting in skeletal muscle atrophy (Ajime et al., 2021; Chan et al., 2020; Ding et al., 2019), as well as increases macrophage infiltration in bronchoalveolar lavage fluid, with values returning to baseline upon smoking cessation (Ajime et al., 2021; Darabseh et al., 2021). Furthermore, smoking has been linked to capillary rarefaction (Nogueira et al., 2018), indicating potential broader impacts beyond skeletal muscle, likely affecting mitochondria in various tissues, including the brain and heart. The generation of ROS during smoking induces oxidative stress and compromises the body’s antioxidant defence mechanisms (Michaud et al., 2006). ROS directly target mitochondrial components, leading to dysfunction by damaging proteins, lipids, and DNA and by inducing the opening of the mitochondrial permeability transition pore (mPTP), disrupting mitochondrial membrane potential and ATP production (Cadenas, 2018; Juan et al., 2021; Redza-Dutordoir & Averill-Bates, 2016). Smoking-induced oxidative stress also triggers inflammatory responses within the vascular wall, characterised by releasing pro-inflammatory cytokines, chemokines, and adhesion molecules, which can further impact mitochondrial function by activating pro-inflammatory pathways (Dahdah et al., 2022). Chronic exposure to cigarette smoke also disrupts the balance between mitochondrial biogenesis and degradation, resulting in reduced mitochondrial mass and impaired function (Tulen et al., 2022). Smoking-induced mitochondrial dysfunction extends to programmed cell death pathways, leading to dysregulated apoptosis, thereby contributing to tissue damage and disease progression (Aoshiba & Nagai, 2003; Redza-Dutordoir & Averill-Bates, 2016).
	2 Aims of the Study
	The principal aim of this study was to investigate the influence of intrinsic and extrinsic factors on mitochondrial bioenergetics and to evaluate inherent cardioprotective mechanisms in cardiac muscle tissue, thereby advancing our understanding of cardiovascular health and disease pathology.
	Intrinsic factors, such as gene mutations, were evaluated using Wolframin-deficient mice and rats as experimental models. These models were chosen to explore alterations in mitochondrial bioenergetics and energy transfer pathways in animals affected by metabolic disorders, focusing on diabetes as the primary disease of interest.
	Our specific aims were as follows:
	1. Evaluate mitochondrial kinetics, OXPHOS function and dynamic substrate utilisation patterns in cardiac muscle tissue.
	2. Investigate changes in phosphotransfer pathways, including creatine kinase, adenylate kinase and glycolytic pathways, within cardiac muscle tissue.
	3. Compare metabolic differences between Wolframin-deficient and control cardiac tissues to understand the impact of WFS deficiency on mitochondrial function.
	In the second phase of our study, we aimed to evaluate the impact of extrinsic factors on cardiac muscle bioenergetics and the recovery potential of cardiac tissue. To achieve this, we utilised a mouse model of chronic obstructive pulmonary disease (COPD) exposed to cigarette smoke. Following this exposure, the mice underwent a smoking cessation period lasting up to two weeks. The objectives related to extrinsic factors were:
	1. Explore changes in mitochondrial bioenergetics resulting from exposure to cigarette smoke and subsequent smoking cessation.
	2. Investigate structural and metabolic modifications in cardiac muscle tissue triggered by exposure to cigarette smoke and subsequent smoking cessation.
	3. Evaluate the inflammatory response within cardiac muscle tissue following exposure to cigarette smoke and subsequent cessation of smoking.
	3 Materials and Methods
	The summary of the applied approaches and techniques is illustrated in the figure.
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	To investigate the influence of intrinsic factors on mitochondrial bioenergetics in cardiac muscle, we utilised two models featuring metabolic syndrome caused by genetic modifications in the Wolframin gene: mice with a 129S6/SvEvTac and C57BL/6 mixed background and Wistar rats (hereafter referred to as WFS1 KO). Their wild-type (WT) littermates were used as controls.
	To evaluate the variations in mitochondrial respiration and ATP generation between Wolframin-deficient and control animals, we utilised oxygraphic measurement protocols: (1) SUIT (substrate-uncoupler-inhibitor-titration); (2) Respiratory Chain (RC) protocol, which aimed to ascertain the individual capacity of CI-, CII-, and CIV-linked electron transport to support ADP-dependent oxygen consumption; (3) the ADP-titration protocol, employed to determine kinetic constants such as the apparent Km constant for ADP (Km(ADP)) and the maximal respiration rate (Vmax); (4) three distinct protocols for coupling assessment of CK, AK, and HK to OXPHOS. These protocols facilitated the simultaneous monitoring of the respiration of different ETC complexes and the preference of pathways for specific substrates.
	We employed the classical ADP-titration protocol to elucidate the impact of Wolframin gene deficiency on the regulation of the outer mitochondrial membrane in cardiac muscle (Figure 6A). A Km(ADP) value reduction was observed in the cardiac muscle fibers of WFS1-deficient mice when glutamate and malate served as CI-linked substrates without adding pyruvate and creatine. Specifically, in WT and WFS1 KO mice, the Km(ADP) values were 100 and 50 µM ADP, respectively (Figure 6B). Additionally, a significant reduction in the maximal oxygen consumption rate (Vmax) was observed in WFS1 KO cardiac cells (Figure 6C). In contrast, no differences in Km(ADP) and Vmax were observed in WFS1 KO animals when using a combination of malate and pyruvate without glutamate.
	/
	Figure 6. Kinetic analysis of the regulation of ADP-activated respiration with malate and glutamate in mouse model. 
	To determine which of the two main ETC electron feeding sites (CI and CII) could be limiting for OXPHOS in WFS1 KO animals, we conducted several experiments employing SUIT and RC protocols.
	Employing the SUIT protocol (Figure 7A), we observed that leak respiration (oxygen consumption without adenylates) did not differ between groups in cardiac muscle. Following the SUIT protocol, we initiated the activation of CI by sequentially introducing malate and pyruvate, followed by adding ADP to stimulate OXPHOS within the mitochondria, and subsequently adding glutamate to augment the maximal activity of CI-linked respiration. After that, we initiated the CII-linked respiration by introducing CII substrate succinate. Respiratory activity of cardiac muscle driven simultaneously by CI and CII exhibited no differences between WFS1-deficient and control mice.
	The RC protocol enabled the individual assessment of ADP-dependent respiration for complexes CI, CII, and CIV (Figure 7B). This was achieved by initially activating CI, then inhibiting it with rotenone, followed by activating CII. Subsequently, CIII was inhibited using Antimycin A, allowing for the measurement of CIV maximal capacity after adding an artificial substrate. In both WFS1-deficient animal models used, no differences in parameters were obtained with the RC protocol compared to WT animals. In the rat model, two alternative CI-linked substrate combinations, malate with glutamate or pyruvate, were used to activate CI. Our findings indicated no statistically significant alterations in WFS1 KO cardiac muscles compared to WT animals for either substrate combination.
	/
	Figure 7. Representative traces of oxygraphic measurements corresponding to SUIT (A) and Respiratory chain (B) protocols. 
	In our investigation, we evaluated substrate preferences and the flexibility of OXPHOS with different substrate combinations to switch between glucose-linked (pyruvate) and fatty acid oxidation (octanoyl carnitine) substrates in the cardiac muscle of WFS1-deficient rats.
	We employed SUIT protocols, which involve the simultaneous activation of mitochondrial ETC complexes, providing a condition more akin to physiological circumstances. Following the SUIT-1 protocol (Figure 8A), respiration was initially sustained solely by malate, concurrently with the activation of the fatty acid (FA) pathway using octanoyl carnitine (Oct). We observed no differences in FA-linked respiration rates in cardiac muscle between the experimental groups. Then, pyruvate was introduced to complement the system with a substrate from the glycolytic pathway. Following this, maximal CI-linked respiration was activated using glutamate. Notably, maximal CI-linked respiration and maximal OXPHOS, involving the activation of both CI and CII, were markedly diminished in WFS1 KO animals compared to WT counterparts (Figure 8B,C). In normal cardiac muscle, the sequential addition of substrates typically increases the respiration rate, reaching its peak in the presence of an uncoupler.
	/
	Figure 8. The influence of consecutive activation of FA and glycolytic pathways on mitochondrial respiratory capacity in the rat model. 
	To test the hypothesis that the decrease in the respiration rate observed in previous experiments was caused by the activation of the FA pathway, thereby inhibiting the utilisation of other CI-linked substrates, we devised the SUIT-2 protocol (Figure 9A). In the SUIT-2 protocol, substrates were added in reverse order to activate pathways, with glucose-linked substrates, malate and pyruvate, introduced first. Subsequently, the FA pathway was activated, and the maximum CI-linked oxygen consumption rate was measured by adding glutamate. Our results demonstrated no significant alterations in WFS1KO cardiac muscle (Figure 9B,C), indicating that only the activated FA pathway could inhibit the glucose-linked pathway in the SUIT-1 protocol.
	/
	Figure 9. The influence of the consecutive activation of glycolytic and FA pathways on mitochondrial respiratory capacity in the rat model. 
	To investigate potential impairments in using glucose-linked substrates, we implemented the SUIT-3 protocol (Figure 10A). According to this protocol, exclusively malate, glutamate, and pyruvate were used as substrates to activate pathways without adding octanoyl carnitine. Our findings revealed no significant differences in the ETC capacity between WFS1 KO and WT in cardiac muscle when the glucose-linked pathway was evaluated independently from the FA pathway (Figure 10B,C). Furthermore, comparing different substrate introduction orders in WT cardiac muscle demonstrated that the maximal OXPHOS capacity and CI-linked respiration rates were higher when SUIT-1 and SUIT-2 protocols were employed. Conversely, in WFS1 KO cardiac muscle, the highest oxygen consumption rate was observed with the SUIT-2 protocol (pyruvate added first) compared to SUIT-1 and SUIT-3, suggesting alterations in the fatty acid pathway.
	/
	Figure 10. The influence of glycose-linked pathway activation on mitochondrial respiratory capacity in the rat model. 
	The continuous transfer of intracellular ATP from mitochondria to ATPases and the supply of metabolites to mitochondria is significant in cardiac cells, where mitochondria serve as the primary energy producers. Our study investigated how three critical energy facilitation systems influenced OXPHOS in muscles: the Cr/PCr, AK, and glycolytic pathways. Alteration in these pathways can exert immediate influences on cellular metabolism. 
	A distinguishing feature of the creatine kinase pathway’s efficacy in oxidative muscle cells is the heightened affinity of mitochondria towards ADP, as indicated by decreased Km(ADP) value upon pathway activation with creatine. Accordingly, activating the CK pathway in the mouse model using the ADP-titration protocol reduced the Km(ADP) value in WT cardiac muscle fibers, as expected (Table 1).
	Previous experiments conducted without creatine using the ADP-titration protocol had demonstrated a significantly lower Km(ADP) value in cardiac fibers of WFS1 KO mice. However, when creatine was introduced to mimic physiological conditions more accurately, the Km(ADP) value for WFS1 KO animals remained unaltered (Table 1). Consequently, upon activating the CK pathway, the Km(ADP) values in the study and control animals were comparable, with the decrease observed only in the control group. Consequently, no further significant decrease was detected in response to CK pathway activation with creatine in WFS1 KO mice.
	Table 1. Michaelis-Menten constant Km(ADP) values in the cardiac muscle of WFS1-deficient (WFS1 KO) and wild-type (WT) mice with and without activation of creatine kinase pathway by adding creatine.
	Conversely, in a rat model, no pathological alterations were detected in WFS1 KO animals following CK pathway activation.
	The CK/PCr pathway serves as cardiac muscle’s primary energy transport system. We employed the PK/PEP system protocol to assess CK pathway activity to capture all ADP generated by ATPases in the cell’s cytosol of the mouse model.
	The PK/PEP system was activated by adding pyruvate kinase (PK), which traps all extramitochondrial ADP generated by ATPases (Figure 11A). In these conditions, energy flux through the CK pathway was measured, where registered oxygen consumption depended solely on the ADP/ATP circulation incorporated in the MI and CK transfer system. Activation of the PK/PEP system led to the rephosphorylation of ADP produced by ATPases to ATP in the cytosol. This resulted in decreased mitochondrial oxygen consumption by OXPHOS due to reduced ADP transport to mitochondria. The respiration started to increase after activation of the CK transfer system by stepwise addition of creatine, and the maximal respiration rate (Vcr) was determined upon achieving saturation. In the mouse model, the maximal creatine-activated OXPHOS rate (Vcr) in WFS1 KO cardiac muscle fibers was significantly lower compared to WT (Figure 11B). However, no difference in Vcr was observed between WFS1 KO and WT in a rat model.
	/
	Figure 11. Functional coupling between OXPHOS and creatine kinase pathway in the mouse model. 
	The adenylate kinase pathway represents another significant energy pathway in muscle cells, characterised by various AK enzyme isoforms. Our investigation focused on measuring the activity of the cytosolic adenylate kinase isoform AK1 and the mitochondrial adenylate kinase isoform AK2 using an oxygraphic method. These isoforms facilitate the transfer of high-energy phosphates from mitochondria to ATPases. AK2 is situated in the intermembrane space of mitochondria and facilitates both ATP production and its translocation from mitochondria to the cytosol. Conversely, AK1 is crucial in maintaining the ATP/ADP ratio at ATP-utilization sites by interconverting various adenosine phosphates (ATP, ADP, and AMP).
	To assess the functional coupling of cytosolic and mitochondrial AKs with OXPHOS, we employed the adenylate kinase index (IAK) (Figure 12A,B). In the mouse model, we observed a significant increase in the AK index value in the heart fibers of WFS1 KO animals compared to the WT (Figure 12B). However, we did not reveal the same effect in the WFS1 KO rat model.
	/
	Figure 12. Functional coupling between OXPHOS and adenylate kinase (AK) pathway in the mouse model. 
	In our investigation of the glycolytic pathway, mainly focusing on the role of hexokinase in regulating cellular respiration, we calculated the glucose index (GI) as a metric to assess the functional coupling of OXPHOS with glycolysis (Figure 13A,B). The GI was determined as the ratio of the relative increase in OXPHOS rate following glucose addition to the maximal respiration rate with exogenous ADP.
	Hexokinases catalyse the initial and irreversible step of glycolysis by phosphorylating glucose to glucose-6-phosphate. In our study, we sought to elucidate the impact of HK activity on cellular respiration dynamics. Our results revealed a higher GI in cardiac muscle tissues obtained from WFS1 KO mice compared to those from WT mice (Figure 13B). This observation suggests an enhanced functional coupling between OXPHOS and glycolysis in the cardiac muscle of WFS1 KO mice.
	/
	Figure 13. Functional coupling between OXPHOS and hexokinase in a mouse model. 
	However, in contrast to the findings in the mouse model, our experiments conducted on a rat model did not yield similar results. Specifically, the GI did not exhibit significant differences between WFS1 KO animals and the WT group in the rat model.
	Enzymatic activity measurements were employed in our investigation to elucidate the observed alterations in energy transfer pathways in the mouse model. Specifically, we assessed the activity levels of critical enzymes involved in energy transfer and metabolism: CK, AK, and HK. Our analysis indicated no significant differences in the enzymatic activity of these three enzymes between WFS1 KO animals and the control group. However, our findings revealed a decrease in the CK energy transfer system concurrent with an increase in the functional coupling of mitochondria with AK and HK in the cardiac muscles of WFS1 KO mice.
	In the rat model, enzymatic activity measurements of CK, AK, and HK showed no significant differences between WFS1 KO and WT groups, consistent with the results obtained from energy transfer pathway experiments. Furthermore, assessment of CI enzymatic activity in rat cardiac muscle revealed no differences between WFS1 KO and WT animals. Additionally, we investigated citrate synthase (CS) activity to explore potential alterations in mitochondrial abundance in WFS1 KO and WT animals. Our analysis did not detect any changes in CS activity between WFS1 KO and WT rat cardiac muscle samples.
	In this study, we conducted 1H NMR spectroscopy analysis to assess the metabolite levels in water-soluble cardiac tissue extracts obtained from mice aged 4-6 months. Principal component analysis of proton NMR spectra revealed no systematic differences between the two mouse genotypes, indicating overall similarity in the metabolic profiles of WFS1 KO and WT groups.
	Furthermore, we quantified the total creatine content and determined the concentrations of six abundant metabolites: glucose, lactate, alanine, glutamine, glutamate, and taurine. Our findings indicated no statistically significant differences in the levels of these metabolites between the WFS1 KO and WT groups in mice.
	These results suggest that, at the metabolic level assessed by 1H NMR spectroscopy, there are no discernible variations in cardiac tissue metabolite composition between WFS1 KO mice and their WT counterparts.
	In the second segment of our study, we delved into the impact of smoking and smoking cessation as extrinsic factors on mitochondrial bioenergetics, cellular metabolism, and structural changes in murine cardiac tissue. Our objectives were to elucidate the alterations on the molecular level in cardiac tissue induced by extrinsic factors and to examine the recovery process.
	To elucidate smoking-induced alterations in cardiac metabolism, we assessed mitochondrial respiration in the apex of the heart. Leak respiration with NADH substrates, NADH (CI)-linked respiration, and CII-linked respiration showed no significant differences between groups (Figure 14A-C). However, oxidative phosphorylation capacity tended to decrease after smoking compared to the control, subsequently returning to control values after smoking cessation (Figure 14D). Notably, uncoupling respiration (Figure 14E) demonstrated a significant decrease after smoking, returning to control levels after smoking cessation. Succinate dehydrogenase (SDH) activity declined post-smoking and continued to diminish after one week of smoking cessation yet returned to smoking levels following a two-week cessation period (Figure 14F,G).
	/
	Figure 14. Cardiac uncoupling respiration is reduced with smoking and restored after smoking cessation. 
	The content of mitochondrial CI subunit NDUFB8 was observed to be diminished after smoking compared to the control group, persisting at lower levels even after two weeks of smoking cessation (Figure 15 A,B). Conversely, no notable differences were detected in the protein levels of subunits pertaining to CII, CIII, and ATP synthase (Figure 15 C,D,F), although a reduction in CIV subunit MTCO1 was evident after smoking (Figure 15 E). Protein content analysis of critical regulators of mitochondrial fusion (OPA1) and fission (DRP1) revealed no significant alterations across experimental groups (Figure 15 G-I).
	/
	Figure 15. Effect of smoking and smoking cessation on the abundance of complex I and complex IV subunits and mitochondrial dynamics (fusion and fission) in the heart of mice. 
	Following the isolation of mitochondria, we conducted blue-native electrophoresis to assess mitochondrial supercomplex (SC) formation (Figure 16A-D). Notably, smoking was associated with a decreased abundance of high-molecular-weight mitochondrial SCs, which was rectified to control levels after a two-week smoking cessation period (Figure 16A). Additionally, the content of free mitochondrial complexes tended to decrease after smoking, persisting at lower levels post-smoking cessation (Figure 16B). Interestingly, the normalised mitochondrial supercomplex content, relative to total complexes (Figure 16C), remained consistent between smoking and control conditions, indicating a proportional reduction in SCs and free complexes after smoking. Furthermore, the normalised mitochondrial SC content gradually increased following smoking cessation, indicating a transition of free complexes to SCs.
	/
	Figure 16. Supercomplex formation in the heart after smoking and smoking cessation in mice. 
	Metabolomics analyses were conducted to elucidate the impact of cigarette smoking and cessation on cardiac metabolism. Metabolites with variable importance in projection (VIP) score exceeding 1.4 were subjected to enrichment pathway analysis. This analysis unveiled notable alterations in various metabolic pathways, including nicotinate and nicotinamide metabolism, glycolysis, pentose phosphate metabolism, gluconeogenesis, branched-chain amino acid degradation, nucleotide metabolism, mitochondrial beta-oxidation, and other lipid metabolism pathways (Figure 17).
	/
	Figure 17. Top 30 metabolic pathways altered after smoking and smoking cessation in mice. 
	Cigarette smoking and subsequent cessation exerted notable effects on the nicotinamide adenine dinucleotide (NAD+) pathway, specifically leading to a decrease in the reduced form of nicotinamide mononucleotide (NMNH) (Figure 18). Following a two-week smoking cessation period, levels of NAD+ and NADH were observed to increase in comparison to active smoking conditions.
	/
	Figure 18. Smoking- and smoking-cessation-induced alterations in metabolites related to NAD+ metabolism in the mouse heart. 
	Additionally, elevated concentrations of metabolites associated with glycolysis and gluconeogenesis indicated an increased rate of glucose catabolism following two weeks of smoking cessation compared to control conditions (Figure 19). Conversely, metabolites involved in the pentose phosphate pathway, such as ribose-5 phosphate and sedoheptulose-7 phosphate, exhibited lower levels after two weeks of smoking cessation compared to control conditions (Figure 19). Notably, ophthalmic acid, a biomarker associated with oxidative stress, demonstrated elevated levels both after smoking and following the two-week cessation period (Figure 19).
	/
	Figure 19. Smoking- and smoking-cessation-induced changes in the levels of metabolites of the glycolysis, pentose phosphate pathway, and cell stress pathway in the mouse heart. 
	Upon one week of smoking cessation, concentrations of the branched-chain amino acids isoleucine, leucine, and valine (Figure 20A-C) decreased compared to levels observed during smoking. However, restoration of branched-chain amino acid content to control levels did not occur after two weeks of smoke cessation.
	/
	Figure 20. Smoking- and smoking-cessation-induced decrease in branched-chain amino acids (BCAAs) content in the mouse heart. 
	Although cardiac purine and pyrimidine contents remained unaffected by smoking, their levels were elevated after two weeks of smoke cessation compared to control conditions (Figure 21). Metabolites involved in purine biosynthesis, such as inosinic acid (IMP) and hypoxanthine, were unaltered by smoking but displayed decreased levels following two weeks of smoke cessation (Figure 21).
	/
	Figure 21. Simplified schematic representation of purine and pyrimidine metabolism in the heart of smoking and smoking-cessation mice. 
	Lipid profiling of the cardiac apex was conducted to investigate potential alterations in lipid content and species induced by smoking. Enrichment analysis revealed a differential abundance of various lipid classes between experimental groups (Figure 22A-D). Despite total triacylglycerol concentration in heart tissue remaining unchanged after both smoking and smoking cessation, concentrations of long-chain and very-long-chain highly unsaturated triacylglycerols were elevated following two weeks of smoke cessation compared to both control and smoking conditions (Figure 22E-H). This suggests a potential reduction in triacylglycerol breakdown or an increase in their production after smoke cessation.
	/
	Figure 22. Lipids analysis of the mouse heart after smoking and smoking cessation. 
	Our comprehensive metabolomic and lipidomic analyses unveiled a notable metabolic shift induced by smoking cessation, characterised by a transition from fatty acid oxidation to glucose oxidation. This alteration in metabolic substrate preference suggested a potential modulation in the cellular trafficking of glucose transporter type 4 (GLUT4) from the cytosol to the cell membrane. To investigate this phenomenon further, we assessed membrane-associated GLUT4 in mice subjected to a fasting period exceeding three hours.
	Surprisingly, our observations revealed that smoking did not exert any significant influence on the fraction of GLUT4 associated with the cell membrane (Figure 23A-D). However, following smoking cessation, there was a discernible increase in the translocation of GLUT4 towards the cell membrane (Figure 23A,C), indicating a potential regulatory mechanism associated with smoking cessation. Interestingly, no differences were observed in the amount of cell membrane that contained GLUT4 (Figure 23D).
	To complement our findings, we employed western immunoblotting to examine whether there were alterations in the overall concentration of GLUT4 protein. However, no significant differences in the overall GLUT4 protein concentration were observed between groups (Figure 23B). These results suggest that while smoking cessation may influence the translocation of GLUT4 to the cell membrane, it does not significantly affect the total abundance of GLUT4 protein in cardiac tissue.
	/
	Figure 23. More glucose transporter type 4 (GLUT4) translocation at the cell membrane after smoking and smoking cessation in mice. 
	Our study observed distinct alterations in body mass, heart mass, and cardiomyocyte size associated with smoking and smoking cessation (Figure 24A-D). Specifically, body mass exhibited a reduction following smoking (SM) compared to the control (CON) group, with a gradual increase noted after smoking cessation (Figure 24A). Conversely, while heart mass did not significantly differ between the smoking and control groups, it demonstrated an elevation following two weeks of smoking cessation (SC2W) compared to the smoking cohort (Figure 24B). Interestingly, the heart-to-body mass ratio exhibited an increase following smoking, which persisted unchanged after smoking cessation. Furthermore, assessment of the cardiomyocyte cross-sectional area revealed a tendency towards lower values after smoking (Figure 24C,D), albeit without a subsequent increase following smoking cessation. 
	We observed that collagen content was elevated in smoking groups compared to controls and further increased after one week of smoking cessation (Figure 24E,F). Interestingly, while there was no significant difference in collagen content between two weeks of smoking cessation (SC2W) and smoking groups, the collagen content in SC2W remained higher compared to the control group.
	Regarding capillary density (Figure 24G,H), we found no significant differences between smoking and control groups. However, capillary density notably increased after smoking cessation and remained elevated compared to the control group.
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	Figure 24. Body mass, heart mass, cross-sectional area of cardiomyocytes, fibrosis, and capillary density after smoking and smoking cessation in mice. 
	Our investigation used a hematoxylin and eosin stain to visualise cells and nuclei in cardiac tissue samples (Figure 25 A,B). Our analysis revealed no significant differences in cardiac nuclear density between smoking and control groups. However, nuclear density increased after one week of smoking cessation, although this effect was not sustained after two weeks of cessation compared to smoking. Notably, no signs of cardiac cell necrosis or cell death were observed in any of the experimental groups. 
	Further examination suggested that the additional nuclei observed after one week of smoking cessation may represent infiltrated immune cells, particularly macrophages. Cigarette smoke exposure notably elevated the concentration of infiltrated macrophages compared to the control group (Figure 25 C,D). Importantly, this elevation persisted above control levels even after smoking cessation.
	/
	Figure 25. Nuclear density and macrophage infiltration of cardiac tissue after smoking and smoking cessation in mice. 
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	The WFS1 gene exhibits high expression levels within cardiac tissue, yet cardiac manifestations are notably absent from the core complications of WS (Barrett & Bundey, 1997; Minton et al., 2003). While the functional repercussions of WFS1 deficiency in the heart remain understudied, sporadic reports indicate cardiac anomalies in WS patients, including occurrences of cardiac murmurs, cardiomyopathy, disrupted cardiac calcium signalling, and compromised cardiac function (Cagalinec et al., 2019; Ganie et al., 2011; Korkmaz et al., 2016; Medlej et al., 2004). Based on various publications, it is suggested that the WFS1 gene plays a significant role in modulating calcium homeostasis, regulating calcium transport between the ER and mitochondria, and participating in the formation of MAM structures (Delprat et al., 2018; La Morgia et al., 2020). However, the absence of severe cardiological complications resulting from mutations in this gene is perplexing.
	The primary objective of this investigation is to characterise the bioenergetic profile of cardiomyocytes and explore the potential existence of inherent cardioprotective mechanisms associated with intrinsic factors, notably the deletion of the highly expressed WFS1 gene in cardiac tissue and the subsequent development of early-stage diabetes. Given the known functions of the WFS1 gene in cellular processes, the expected changes in cardiac function and metabolism are anticipated to be more significant than what has been observed in WS patients and animal models. Notably, the absence of specific cardiac pathologies upon WFS1 gene deletion presents an opportunity to explore compensatory mechanisms regulating cardiac bioenergetics. This investigation is unique and has not been previously conducted in the context of WS. To this end, we utilised two distinct models of WFS1-deficient animals: mice lacking the 8th exon of WFS1 and rats with deletion of the 5th exon. Given WFS1's cellular functions, it is hypothesised that WFS1 deficiency would impact cardiac bioenergetics, yet compensatory mechanisms may mitigate these alterations, thereby accounting for the infrequent cardiac complications observed in WS patients. To minimise the potential confounding effects of diabetes and other early symptoms of WS on cardiac bioenergetics, experimental animals were deliberately chosen from an age cohort preceding the manifestation of most symptoms associated with WS (Ivask et al., 2016; Koks, 2023; Plaas et al., 2017). This strategic selection aims to isolate the influence of WFS1 deficiency on cardiac energetics, independent of any secondary effects resulting from other complications, particularly late-stage diabetic complications. Through a series of experiments, we evaluated the influence of intrinsic factors on mitochondrial function and substrate preferences, shedding light on the complex interplay between genetic mutations, cellular metabolism, and cardiac physiology.
	In the initial phase of our study, we employed WFS1 deficient mice with a deletion of the 8th exon and their WT littermates, aged between 4 and 6 months. This model is well-established to mirror various facets of WS, including growth retardation, diabetes, infertility, ocular complications, and notably, neurological and behavioural abnormalities, alongside a shortened lifespan (Ivask et al., 2016; Koks, 2023; Koks et al., 2009; Luuk et al., 2008; Luuk et al., 2009; Noormets et al., 2009).
	Our investigation revealed significant kinetic alterations in the apparent affinity of exogenous ADP to mitochondria in WFS1 KO mice compared to WT counterparts. Notable changes were also observed in the functional characteristics of the electron transport chain and phosphotransfer networks, which play pivotal roles in facilitating the transport of high-energy bonds to ATPases. These findings underscore the intricate regulatory mechanisms governing mitochondrial function in the absence of WFS1 expression and provide insights into potential disruptions in cellular energy metabolism pathways associated with WFS1 deficiency.
	Specifically, we noted a reduced maximal ADP-dependent respiration rate in WFS1 deficient animals when utilising glutamate and malate as substrates, albeit in the absence of pyruvate. Additionally, we observed a reduced Km(ADP) value for WFS1 KO animals compared to controls under these conditions. This suggests that WFS1 deficiency may impact glutamate metabolism pathways without significantly affecting pyruvate metabolism. Given the known association of WS with increased ER stress, decreased mitochondria-ER connectivity, and disturbances in calcium homeostasis, we speculate that these alterations may influence the activity of mitochondrial proteins involved in glutamate metabolism, such as the glutamate/aspartate antiporter (AGC) (Del Arco et al., 2016; Rueda et al., 2016; Yuan et al., 2023).
	Furthermore, our study revealed several alterations in energy trafficking pathways within cardiac muscle cells of WFS1 KO mice. Despite observing an unchanged oxygen consumption rate in WFS1-deficient mice under activated creatine kinase (CK) pathway conditions, a lower rate was noted in the absence of pathway activation compared to control animals. This discrepancy may suggest weakened interactions between mitochondrial CK and adenine nucleotide translocase (ANT), potentially compromising the function of the Mitochondrial Interactosome (MI) (Saks et al., 2010). These findings imply that WFS1 deficiency could disrupt the coordination between CK and ANT, crucial components of the MI complex, which is integral to regulating mitochondrial energy metabolism. Further investigation into the molecular mechanisms underlying these disruptions is warranted to elucidate their impact on overall mitochondrial function and cellular energy homeostasis in WFS1-deficient mice. 
	The observed decrease in creatine kinase pathway activity in WFS1 KO mice corresponds with an increased functional coupling between mitochondria and the adenylate kinase and hexokinase pathways. Furthermore, the heightened glycolytic activity indicated by the increase in the glycolytic index value in the cardiac muscle cells of WFS1 KO mice resembles age-related changes observed in rat heart cardiomyocytes (Tepp et al., 2016). These findings suggest the presence of a compensatory mechanism wherein the AK and HK pathways assume greater responsibility in managing energy flow from mitochondria to ATPases, particularly in situations where CK pathway function is compromised. This adaptive response likely plays a crucial role in maintaining cellular energy homeostasis and underscores the dynamic interplay between different metabolic pathways to ensure efficient ATP production and utilisation in cardiac muscle cells.
	Previous research has indicated that WFS1 mutant mice exhibit glucose intolerance and diminished insulin secretion, although they do not display fasting hyperglycemia. Thus, the WS mouse model only partially manifests diabetes and other symptoms of WS, according to reports by Plaas et al. (Plaas et al., 2017). In contrast, the WFS1 KO rats utilised in the second part of our experiments, aged 8–9 months with a deletion of the 5th exon of the WFS1 gene, better mimic the human condition of WS (Plaas et al., 2017). Disease progression in these rats begins with a defect in glucose-stimulated insulin release at three months of age, followed by glucose intolerance and decreased basal serum insulin levels at six months. By ten months, WFS1 deficient rats exhibit signs of glycosuria, which worsens by 13 months, preceding the development of hyperglycemia. While WFS1 KO rats exhibit insulin deficiency, insulin sensitivity remains unaltered at the age during our experiments. Additionally, experiments by Cagalinec et al. showed increased contractility of cardiomyocytes derived from WFS1 KO rats at four months, mainly due to prolonged cytosolic calcium transients (Cagalinec et al., 2019). These findings suggest an extended duration of calcium release in ventricular cardiomyocytes of WFS1 KO animals. Therefore, cardiac complications in this model develop independently of insulin deficiency and before the onset of hyperglycemia. Thus, changes in heart muscle bioenergetics may be attributed to WFS1 deficiency.
	The bioenergetic profile of tissue is characterised by measuring mitochondrial oxygen consumption, which depends on two main substrate delivery pathways: FAO and the glycolysis-linked pathway. While cells typically prefer specific substrate pathways, healthy tissue can usually shift between substrates as required. However, inflexibility in these pathways is a hallmark of several metabolic disorders, including sarcopenia, type 2 diabetes, obesity, heart failure, and atrial fibrillation (Goodpaster & Sparks, 2017; Karwi et al., 2018; Prior et al., 2014; Qin et al., 2022; Shoemaker et al., 2022). Similarly, decreased activity in some respiratory system complexes can be partially compensated by others, such as the increased activity of CII accompanied by reduced activity of CI is described in various tissues during ageing and pathology (Gruno et al., 2008; Koit et al., 2017; Tepp et al., 2017; Weber et al., 2018).
	In WFS1 KO rat cardiac muscle, the primary alteration observed was the inhibitory effect of the activated FA pathway on glucose-linked pathway usage. Our results align with previous knowledge that energy production in insulin-resistant heart cells cannot effectively switch from FA to glucose-linked metabolism and primarily rely on FA oxidation, even in a hyperglycemic state (Buchanan et al., 2005). When substrates were introduced in reverse order, and the glucose-linked substrate pathway was activated before the FA pathway, no difference was observed between WFS1 KO and WT heart muscle fibers. In normal cardiac muscle, the sequential addition of substrates typically induces an increase in respiration rate, reflecting mitochondrial adaptability in utilising different substrates to maintain energy metabolism (Lemieux et al., 2017). However, this function appears compromised in WFS1-deficient animals, resulting in inefficiency in utilising glucose-linked carbon sources when FAO is already activated in mitochondria.
	Our study did not detect a significant increase in Leak oxygen consumption in cardiac tissue in both mouse and rat models, indicating that functionality of the inner mitochondrial membrane of the heart is not extensively altered in WFS1 deficiency. Additionally, there were no significant alterations in the maximal oxygen consumption capacity of individual respiratory complexes in cardiac muscle cells.
	In contrast to cardiac tissue, in the glycolytic rectus femoris muscle of WFS1 KO rats, the activation of glucose-linked pathways inhibits FA usage (Tepp et al., 2022). Interestingly, higher CS activity in the glycolytic gastrocnemius white muscle preserves OXPHOS capacity in the WFS1 KO muscle. A similar trend is observed in the glycolytic rectus femoris muscle, where the WFS1 KO muscle exhibits higher CI activity than the WT muscle. However, in the oxidative soleus muscle, a significant decrease in respiratory capacity is noted in WFS1 KO animals across all substrate combinations, regardless of the order in which substrates were presented (Tepp et al., 2022). The higher CS activity in the WFS1 KO soleus muscle suggests an adaptive increase in mitochondrial number in response to decreased ETC capacity. Nevertheless, these adaptations do not seem sufficient to maintain OXPHOS levels comparable to WT. Overall, changes in skeletal muscles have been more pronounced than in cardiac muscle, where the heart retains its functional and metabolic capacity, as evidenced by an unchanged Vmax.
	In summary, metabolic inflexibility in substrate usage is the primary alteration observed in the rat cardiac muscle cell bioenergetics due to WFS1 deficiency. WFS protein deficiency contributes to the development of this inflexibility in the heart, impairing the ability of mitochondria to utilise different substrates simultaneously. 
	The variations in mitochondrial bioenergetics between the two models of WFS1 deficiency may stem from different deletions in the WFS1 gene. Notably, cardiac complications have been documented in WS patients with a deletion in the 8th exon of the WFS1 gene (Ganie et al., 2011; Korkmaz et al., 2016). It is well-established that different mutations in the WFS1 gene result in distinct phenotypes of WS (Koks, 2023).
	The investigation into the impact of cigarette smoking and smoking cessation on mitochondrial bioenergetics, metabolism, and structural changes in cardiac tissue using the mouse model of Chronic Obstructive Pulmonary Disease (COPD) has provided valuable insights into the molecular responses to these extrinsic factors. Through a comprehensive analysis of mitochondrial function, protein content, metabolite composition, glucose transport, and cardiac morphology, we have elucidated the multifaceted effects of smoking and smoking cessation on cardiac health.
	We discovered that smoking induced a reduction in maximal mitochondrial capacity, which reverted to control levels following two weeks of smoking cessation. This change was associated with differences in mitochondrial protein content, succinate dehydrogenase (SDH) activity, and mitochondrial supercomplex formation. Metabolomic and lipidomic analyses revealed a shift from fatty acid to glucose oxidation upon smoking cessation, indicating partial restoration of cardiac metabolism. Additionally, smoking led to macrophage infiltration and fibrosis in the heart, with partial recovery observed after cessation. Intriguingly, smoking cessation prompted extensive capillary proliferation, leading to increased capillary density.
	Uncoupled respiration was lower after smoking but returned to control levels after cessation. This was likely due to decreased mitochondrial protein content and impairments in mitochondrial respiration and electron transport caused by cigarette smoke compounds (Cardellach et al., 2003; Miro et al., 1999). Smoking cessation improved mitochondrial function, potentially through alterations in mitochondrial SC formation. We propose that smoking and cessation influence the balance between the disassembly and re-assembly of mitochondrial SCs and protein synthesis, explaining alterations in SC content and mitochondrial respiration without evident mitochondrial biogenesis. Nollet et al. (2023) recently demonstrated that augmenting the integration of CI into respiratory supercomplexes enhanced the ability to oxidise NADH, consequently leading to increased NADH-linked respiration (Nollet et al., 2023). Moreover, alterations in nicotinamide metabolism and increased ophthalmic acid concentration were observed, potentially contributing to improved mitochondrial function and redox signalling post-cessation (Soga et al., 2006; Yaku et al., 2018).
	Cardiomyocytes demonstrate metabolic flexibility (Smith et al., 2018), primarily utilising FA and glucose for ATP production (Makrecka-Kuka et al., 2020; Smith et al., 2018). Our metabolomic analysis revealed a transition from fatty acid to glucose oxidation in cardiomyocytes following smoking cessation, accompanied by enhanced colocalisation of GLUT4 at the plasma membrane. Elevated levels of various glycolytic intermediates suggested an increased reliance on glucose oxidation post-smoking cessation, akin to observations in cardiovascular pathologies characterised by metabolic inflexibility (Makrecka-Kuka et al., 2020; McGarrah et al., 2018; Smith et al., 2018). However, according to recent studies on FAO inhibition, the transition from FAO to glycolysis could also play a cardioprotective role in cardiomyocyte function (Li et al., 2023). Furthermore, smoking cessation led to heightened concentrations of long-chain and very-long-chain highly unsaturated triacylglycerols, indicating diminished fatty acid oxidation. Excessive triacylglycerol accumulation is linked to insulin resistance, mitochondrial anomalies (Eggelbusch et al., 2024; Kelley & Goodpaster, 2001), cardiac hypertrophy (Makrecka-Kuka et al., 2020), and eventual ventricular dysfunction (Ge et al., 2012). In patients with COPD, elevated serum triacylglycerol levels are noted (Xuan et al., 2018), with negative associations between serum diacylglycerols/triacylglycerols and skeletal muscle oxidative capacity in severe COPD cases (Li et al., 2021). Concurrently, lower tissue concentrations of sphingomyelin SM(t33:0) and ceramide Cer(d44:3) were observed in smoking versus control conditions, with several ceramides and hexosylceramides displaying significantly reduced concentrations post-smoking cessation compared to controls.
	Regarding smoking-induced structural changes, such as cardiac atrophy and fibrosis, they showed only partial recovery post-cessation. Local and systemic inflammation likely contributed to these changes, as evidenced by macrophage infiltration into the heart, persisting even after smoking cessation. These infiltrations, primarily around endothelial cells, may elevate endothelial permeability in smoke-exposed mice (Mazzone et al., 2010). Tissue-infiltrating macrophages, involved in cellular clearance, tissue remodelling, and angiogenesis, elevate local pro-inflammatory cytokine concentrations, such as TNF-α, various interleukins, and TGF-β, potentially affecting cardiac metabolism, collagen production, and fibrosis (Eggelbusch et al., 2022; McDonald et al., 2018; Oishi & Manabe, 2018; Shi et al., 2021). Smoking-induced fibrosis persisted post-cessation, alongside increased cardiac macrophage infiltration and capillary density. These findings suggest that local inflammation drove structural alterations in the heart, associated with stiffening and diastolic dysfunction, commonly observed in COPD patients with preserved ejection fraction (Gonzalez et al., 2019).
	Decreased cytosolic concentrations of branched-chain amino acids post-smoking cessation may reflect heightened protein synthesis (Petersen et al., 2007), although cardiomyocyte size did not enlarge. The contradiction between increased heart weight and unchanged cardiomyocyte size post-smoking cessation likely involves factors beyond elevated protein synthesis, possibly involving increased cell infiltration and blood volume. Elevated circulating inflammatory cytokines, such as tumour necrosis factor-α (TNF-α), may also contribute to reduced BCAA content post-smoking cessation (Holecek, 2018), owing to continued local inflammation rather than solely reflecting protein synthesis.
	Elevated purine and pyrimidine levels post-smoking cessation may contribute to metabolic aberrations and ventricular dysfunction akin to observations in pulmonary arterial hypertension and myocardial hypertrophy (Prisco et al., 2020; Swain et al., 1982). Metabolites associated with uridine metabolism, implicated in protein O-GlcNAcylation and insulin resistance (Yki-Jarvinen et al., 1998), exhibited alterations post-smoking cessation. Although GLUT4 translocation to the cell membrane was altered, further studies are warranted to elucidate the impact of smoking and smoking cessation on whole-body insulin resistance.
	Regarding angiogenesis, despite smoking being linked to endothelial damage and decreased capillary-to-fiber ratio in skeletal muscle (Nogueira et al., 2018), no such decrease in capillary density was observed in the hearts of smoke-exposed mice. Instead, capillary density increased post-smoking cessation, possibly driven by elevated circulating endothelial progenitor cells (Kondo et al., 2004) and sustained local inflammation and cytokine release by macrophages. This discrepancy between smoking-induced changes in capillary density in skeletal muscle and cardiac muscle is perhaps due to the unceasing demand for oxygen and nutrients in the beating heart, while skeletal muscles have intermittent activities.
	6 Conclusions
	Intrinsic Factors: Wolframin Deficiency
	Aim 1: Evaluate mitochondrial kinetics, OXPHOS function, and dynamic substrate utilization in cardiac tissue.
	Conclusion: WFS1 KO mice exhibited a decrease in apparent Km(ADP) and no increase in mitochondrial affinity for ADP after CK system activation, indicating compromised mitochondrial interactome function and weakened interactions between CK and ANT. Additionally, the reduced maximal oxygen consumption rate when using glutamate (but not pyruvate) as a substrate suggests that WFS1 deficiency impacts glutamate metabolism pathways.
	Aim 2: Investigate changes in phosphotransfer pathways within cardiac muscle tissue.
	Conclusion: The CK energy transfer pathway was impaired in WFS1 KO mice, evidenced by reduced creatine-activated respiration and non-altered mitochondrial affinity to ADP after creatine supplementation. However, compensatory mechanisms, such as increased coupling between mitochondria and alternate pathways (e.g., AK and HK pathways), allowed these mice to maintain energy flow despite the CK system impairment.
	Aim 3: Compare metabolic differences between Wolframin-deficient and control cardiac tissues.
	Conclusion: Significant metabolic differences were observed in WFS1 KO mice, including a shift from FAO to glucose oxidation. The activation of the fatty acid pathway in the WFS1 KO rat model inhibited glucose-linked substrate utilisation, leading to diminished CI-linked respiration and OXPHOS capacity compared to wild-type animals.
	Extrinsic Factors: Impact of Smoking and Smoking Cessation
	Aim 1: Explore changes in mitochondrial bioenergetics due to cigarette smoke exposure and smoking cessation.
	Conclusion: Cigarette smoke exposure transiently reduced OXPHOS capacity and uncoupled respiration in cardiac tissue. These effects were reversible after smoking cessation, indicating that cessation may mitigate smoking-induced mitochondrial impairments. Smoking also reduced levels of mitochondrial respiratory chain complexes I and IV, disrupting supercomplex formation, which was restored after cessation. The balance between disassembly and reassembly of supercomplexes contributed to improved mitochondrial respiration post-smoking cessation. However, succinate dehydrogenase activity decreased after cessation, suggesting a prolonged impact on this aspect of mitochondrial function.
	Aim 2: Investigate structural and metabolic modifications in cardiac muscle tissue caused by smoking and subsequent cessation.
	Conclusion: Smoking and smoking cessation caused structural changes in cardiac tissue, such as alterations in collagen content and capillary density. Metabolic shifts, including lipidomic changes and increased GLUT4 transfer to the plasma membrane, suggest a switch from fatty acid oxidation to glucose oxidation post-smoking cessation.
	Aim 3: Evaluate the inflammatory response in cardiac tissue following smoking and cessation.
	Conclusion: Smoking-induced inflammation, reflected by macrophage infiltration and changes in cardiac tissue morphology (collagen content, capillary density, nuclear density), showed signs of remodelling associated with smoking and smoking cessation. These findings imply a dynamic response to environmental stressors, which may offer insights into how cessation can reverse smoking-induced damage.
	Common Influences of Intrinsic and Extrinsic Factors
	• Both intrinsic (Wolframin deficiency) and extrinsic (smoking and cessation) factors led to metabolic inflexibility, with a marked shift from FAO to glycolysis in cardiac tissue. In WFS1-deficient mice, this shift was linked to compensatory mechanisms, while in smoke-exposed mice, it suggested a protective adaptation during smoking cessation.
	• The heightened glycolytic activity observed in both models indicates that metabolic reprogramming, involving increased glucose utilization, may represent a cardioprotective response to stress. This highlights new mechanisms of mitochondrial resilience in cardiac tissue under various conditions.
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	Abstract
	Influence of Intrinsic and Extrinsic Factors on Mitochondrial Bioenergetics in the Heart 
	Both intrinsic factors, such as genetic mutations, and extrinsic factors, including lifestyle habits like smoking, play pivotal roles in modulating mitochondrial bioenergetics and subsequent cardiac outcomes. 
	This study aims to extensively investigate the influence of intrinsic and extrinsic factors on mitochondrial bioenergetics and inherent cardioprotective mechanisms in cardiac muscle tissue. Various methodologies were employed, including high-resolution respirometry, enzymatic activity assays, metabolomic profiling with NMR and UPLC-MS, protein content assessment with Western blot and blue native gel electrophoresis, and morphological assessments by histochemistry and immunohistochemistry. These approaches were used to unravel the complex interplay between mitochondrial function and cardiovascular health.
	Wolframin-deficient animal models were employed to investigate the effects of intrinsic factors, specifically genetic mutations, on mitochondrial bioenergetics. Results demonstrated that WFS1 deficiency alters the regulation of the outer mitochondrial membrane, impacts glutamate metabolism pathways, and limits substrate utilisation flexibility. Compensatory mechanisms were observed through the activation of adenylate kinase and hexokinase pathways to mitigate alterations in the creatine kinase pathway.
	A mouse model of chronic obstructive pulmonary disease (COPD) exposed to cigarette smoke, followed by a period of smoking cessation, was used to investigate the effects of cigarette smoking and subsequent smoking cessation on mitochondrial bioenergetics, metabolism, and structural integrity in cardiac tissue. Findings revealed that cigarette smoking led to a transient decrease in oxidative phosphorylation capacity and uncoupling respiration in cardiac tissue, which was restored to control levels following smoking cessation. Smoking reduced mitochondrial respiratory chain complexes I and IV levels and disrupted supercomplex (SC) formation. These effects were reversed after smoking cessation, indicating potential recovery of mitochondrial protein content and SC formation. The balance between disassembly and reassembly of SCs contributed to improved mitochondrial respiration post-smoking cessation. Despite the recovery, succinate dehydrogenase activity remained decreased, suggesting a prolonged impact on this aspect of mitochondrial function. Significant changes in metabolic and lipidomic pathways, along with increased GLUT4 transfer to the plasma membrane, indicated a shift in metabolic substrate preference from fatty acid oxidation to glucose oxidation following smoking cessation. Additionally, changes in collagen content, capillary density, cardiac nuclear density, and macrophage infiltration associated with smoking and smoking cessation were identified, indicating potential remodelling processes in response to these conditions.
	Impaired substrate utilisation and a shift from fatty acid oxidation to glycolysis emerged as a common feature in both WFS1 deficiency and smoking- and smoking cessation-induced cardiac alterations. However, this shift from fatty acid oxidation to glycolysis may play a potential role in cardioprotection.
	Lühikokkuvõte
	Sisemiste ja väliste tegurite mõju südamelihase mitokondriaalsele bioenergeetikale
	Nii sisemised tegurid, näiteks geneetilised mutatsioonid, kui ka välised tegurid, sealhulgas elustiil ja harjumused nagu suitsetamine, mängivad olulist rolli mitokondriaalse bioenergeetika ja sellest tulenevate südamefunktsioonide moduleerimisel. Käesoleva teadustöö eesmärk oli põhjalikult uurida sisemiste ja väliste tegurite mõju mitokondri metabolismile ning loomulikele kaitsemehhanismidele südamelihase koes. Uurimistöös kasutati kõrglahutusega respiromeetriat, ensüümaktiivsuste mõõtmist, metaboolset profileerimist NMR ja UPLC-MS abil, valgu sisalduse hindamist Western bloti ja Blue native geel-elektroforeesi abil ning morfoloogilisi hindamist histokeemia ja immunohistokeemia abil. Need lähenemisviisid võimaldasid selgitada südamelihase rakkude mitokondriaalse funktsionaalsuse ja südame tervise vahelisi interaktsioone.
	Selleks, et uurida endogeensete tegurite, eelkõige geneetiliste mutatsioonide, mõju mitokondriaalsele energiametabolismile kasutati Wolframiini geeni puudulikkusega loommudeleid. Tulemused näitasid, et WFS1 puudulikkus muudab mitokondri välismembraani regulatsiooni, mõjutab glutamaadi metabolismi ning vähendab substraadi kasutamise paindlikkust. Samal ajal aktiveerusid kompensatsioonimehhanismid adenülaatkinaasi ja heksokinaasi radade näol, et leevendada kreatiinkinaasi raja funktsiooni langust.
	Selleks, et uurida kuidas tubaka suitsetamine ja sellele järgnev suitsetamisest loobumine mõjutab mitokondri ainevahetust ja südamekoe struktuuri, kasutati kroonilise obstruktiivse kopsuhaigusega hiiremudelit. Hiiri eksponeeriti sigaretisuitsule, millele järgnes suitsetamisest loobumise periood. Uuringu tulemused näitasid, et sigareti suitsetamine langetas oksüdatiivse fosforüülimise võimekust ja ATP sünteesist lahti sidestatud hapniku tarbimise kiirust südamekoe rakkudes, kuid need taastusid kontrolltasemele pärast suitsetamisest loobumist. Suitsetamine vähendas ka mitokondriaalse hingamisahela komplekside I ja IV suhtelist sisaldust koes, millega mõjutas ka hingamisahela superkompleksi moodustumist. Samas saavutasid need näitajad pärast suitsetamisest loobumist esialgse taseme, viidates et mitokondriaalse valgu sisaldus ja SC moodustumise regulatsioon mitokondri sisemembraanis on võimelised taastuma. Tasakaal superkomplekside pidevas reorganiseerumises parandas mitokondriaalset hapniku tarbimist pärast suitsetamisest loobumist. Vaatamata eelnevale jäi suktsinaadi dehüdrogenaasi aktiivsus madalamaks, mis näitab, et muutused selle ensüümi aktiivsuses mõjutavad  mitokondri ainevahetust pikema aja jooksul. Olulised muutused metaboolsetes ja lipiidiega seotud radades, samuti suurenenud GLUT4 transport rakumembraani viitasid nihkele substraadi eelistuses rasvhapete oksüdatsioonilt glükoosi oksüdatsioonile pärast suitsetamisest loobumist. Lisaks tuvastati suitsetamise ja suitsetamisest loobumisega seotud muutused koe kollageeni sisalduses, kapillaaride tiheduses, südameraku tuumade tiheduses ja makrofaagide infiltratsioonis, mis viitavad võimalikele ümberkujundamisprotsessidele vastusena nendele tingimustele.
	Häired mitmete substraatide kasutamisel ja energiametabolismi ümberlülitamises rasvhapete oksüdatsioonilt glükolüüsile ilmnesid ühise omadusena südamelihase rakkudes nii WFS1 puudulikkuse kui ka suitsetamise ja suitsetamisest loobumise mõjul. Samas võib see nihe rasvhapete oksüdatsioonilt glükolüüsile mängida potentsiaalset rolli ka südamelihase adaptatsioonimehhanismides molekulaarsel tasemel.
	Kokkuvõtteks, lähtudes selles töös tehtud uuringute tulemustest, saame üksikasjaliku ülevaate sisemiste ja väliste tegurite mõjust mitokondriaalsele bioenergeetikale ning südame-veresoonkonna tervise keerulisele regulatsioonile. Käesolev doktoritöö annab märkimisväärse panuse südame lihaskudet mõjutavate tegurite mõistmisel, millel on oluline sisend südamehaiguste ennetamisel ja ravis. Lisaks rõhutab meie uuring elustiili muutuste tähtsust ning toob esile suitsetamisest loobumise olulisuse südame-veresoonkonna tervise säilitamisel ning mitokondriaalse düsfunktsiooniga seotud südamehaiguste ennetamisel.
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Cardiovascular diseases (CVDs) remain a leading cause of morbidity and mortality globally, underscoring the critical need for a deeper understanding of the intricate mechanisms governing cardiac health and disease pathology. Among the myriad factors influencing cardiovascular health, mitochondrial dysfunction has emerged as a significant contributor, impacting cellular bioenergetics, metabolism, and overall cardiac function. Both intrinsic factors, such as genetic mutations, and extrinsic factors, including lifestyle habits like smoking, play pivotal roles in modulating mitochondrial bioenergetics and subsequent cardiac outcomes.

In this thesis, we extensively investigate the intricate influence of intrinsic and extrinsic factors on mitochondrial bioenergetics and inherent cardioprotective mechanisms in cardiac muscle tissue. Our study employs various methodologies, ranging from high-resolution respirometry and enzymatic activity assays to metabolomic profiling and morphological assessments, aiming to unravel the complex interplay between mitochondrial function and cardiovascular health.

Our exploration begins by examining the impact of intrinsic factors, specifically genetic mutations, on mitochondrial bioenergetics using Wolframin-deficient animal models. These models offer a unique opportunity to dissect the role of mitochondrial dysfunction within metabolic disorders, primarily focusing on diabetes. Through meticulous experimentation involving oxygraphic measurement protocols and enzymatic activity assays, we elucidate alterations in mitochondrial kinetics, substrate utilisation patterns, and energy transfer pathways in the cardiac muscle tissue of Wolframin-deficient animals.

Transitioning to extrinsic factors, we investigate the influence of cigarette smoking and subsequent smoking cessation on mitochondrial bioenergetics, metabolism, and structural integrity in cardiac tissue. Utilising a murine model of chronic obstructive pulmonary disease (COPD) exposed to cigarette smoke, followed by a period of smoking cessation, we uncover smoking-induced alterations in mitochondrial function, protein content, supercomplex formation, and metabolic profiles. Our findings illuminate the dynamic interplay between smoking exposure, smoking cessation, mitochondrial dysfunction, and subsequent cardiac pathology.

By synthesising the findings from intrinsic and extrinsic factor studies, we gain comprehensive insights into the intricate mechanisms governing mitochondrial bioenergetics and cardiovascular health. This thesis represents a significant advancement in understanding the multifaceted influences on cardiac muscle tissue, with far-reaching implications for preventing and treating cardiovascular diseases. Additionally, our study underscores the importance of lifestyle modifications and highlights the therapeutic implications of smoking cessation in promoting cardiovascular health and preventing mitochondrial dysfunction-associated cardiovascular diseases.
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AK			Adenylate kinase

AMP			Adenosine monophosphate

ANT			Adenine nucleotide translocase 

ATP			Adenosine triphosphate

ATPase			Adenosine triphosphatase

BCAA			Branched-chain amino acid

CI	Complex I, nicotinamide adenine dinucleotide ubiquinone reductase
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PAGE			Polyacrylamide gel electrophoresis

PCr			Phosphocreatine
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PGK			Phosphoglycerate kinase

Pi			Inorganic phosphate

PK			Pyruvate kinase
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The heart, like any other organ, tightly integrates function with metabolism. Cardiomyocyte development and maturation are accompanied by extensive changes in energy metabolism. During the transition from neonate to newborn, cardiomyocytes undergo dramatic metabolic changes, shifting from a glycolytic state to mitochondrial oxidative metabolism (Fisher et al., 1980; Wisneski, Gertz, Neese, Gruenke, Morris, et al., 1985). Cardiac metabolism operates within a dynamic balance to ensure efficient energy transfer at the site of ATP production in the mitochondria and its utilisation at the 
cross-bridges during contraction and relaxation. The rate of energy turnover, rather than the ATP content of the tissue, serves as the primary determinant of energy metabolism (Balaban, 2002; Balaban et al., 1986; Kupriyanov et al., 1987; Taegtmeyer et al., 1985). As workload increases, so does ATP turnover, leading to elevated oxygen consumption rates and substrate utilisation (Balaban et al., 1986; Katz et al., 1989; Sharma et al., 2005). Key ATP-consuming processes in cardiac muscle include the activity of the actin-myosin ATPase, the sarcoplasmic reticulum calcium ATPase (SERCA) pump, and the sodium-potassium ATPase (Na+/K+ ATPase), underscoring the critical need for a continuous energy supply to support muscle function (Tran et al., 2015). Adult cardiomyocytes utilise various substrates, including fatty acids, glucose, lactate, amino acids, and ketone bodies (Chatham, 2002; Gandoy-Fieiras et al., 2020; Stanley et al., 2005), for ATP production through substrate oxidation, ultimately leading to carbon dioxide (CO2) production.

Fatty acids, esterified as triglycerides, represent the primary fuel source (60–90%) for cardiac contraction (Figure 1) (Bing et al., 1954; Stanley et al., 2005). The pathway of 
long-chain fatty acid oxidation initiates with the activation of free fatty acids (FFA) in the cytosol with high-energy phosphates, followed by their conversion to acyl-CoA, which is transported into the mitochondrial matrix via the carnitine shuttle where β-oxidation proceeds (van der Vusse et al., 2000). Each cycle of β-oxidation yields one molecule of acetyl-CoA and shortens the acyl-CoA chain by two carbons until the original FFA molecule is fully decomposed into acetyl-CoA. Concurrently, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are generated once per cycle (Lopaschuk et al., 2010). Subsequently, 70–90% of fatty acids undergo immediate oxidation, while the remainder is stored in intracellular triglyceride pools (Lopaschuk 
et al., 1994).

Although long-chain fatty acids serve as the primary energy substrate for the 
post-natal heart, carbohydrates play this role in the fetal heart (Fisher et al., 1980) and during conditions of exercise or pressure overload in the adult heart (Bishop & Altschuld, 1970; Goodwin & Taegtmeyer, 2000). Glucose enters cardiomyocytes primarily via 
GLUT-1 and GLUT-4 transporters (Figure 1) (Abel, 2004; Aerni-Flessner et al., 2012; 
Olson & Pessin, 1996; Razeghi et al., 2001), which undergo translocation to the sarcolemma. Insulin-mediated GLUT-4 predominates as the major glucose transporter in cardiac and skeletal muscle (Abel, 2004). Phosphorylation of glucose by hexokinase (HK) becomes the rate-limiting step for glycolysis during high rates of glucose transport. Hexokinase catalyses the initial phosphorylation of glucose to form glucose-6-phosphate (Roberts & Miyamoto, 2015; Wilson, 2003). This reaction is irreversible since there is no glucose-6-phosphatase in the heart (van Schaftingen & Gerin, 2002). Cardiac HK exists in two isoforms: hexokinase-1 (HK1) and hexokinase-2 (HK2), with the latter being the predominant isoform (Printz et al., 1993; Wilson, 1995). Despite being a cytosolic enzyme, HK2 exhibits a preference for ATP generated in the mitochondria (Arora & Pedersen, 1988). Hexokinase forms oligomeric complexes through cooperative binding to specific contact points between the mitochondrial inner (IMM) and outer membranes (OMM), thereby accelerating phosphorylation and increasing glycolytic flux (Brdiczka et al., 1998; Russell et al., 1992). While HK demonstrates a high affinity for glucose, it can also utilise fructose or galactose as substrates (Lange & Kohn, 1961; Sols & Crane, 1954). 
The glycolytic breakdown culminates in the formation of pyruvate, which then undergoes various metabolic fates, including decarboxylation to acetyl-CoA, reduction to lactate, carboxylation to oxaloacetate or malate, or transamination with glutamate to alanine (Peuhkurinen & Hassinen, 1982; Russell & Taegtmeyer, 1991; Taegtmeyer et al., 1977). The fate of pyruvate is determined by metabolic demands and the cellular redox state (Prochownik & Wang, 2021). In well-oxygenated and actively contracting heart muscle, a major portion of pyruvate is transported into the mitochondria through specific transporters, where it is oxidised to acetyl-CoA (Laughlin et al., 1993; McCommis & Finck, 2015; Yiew & Finck, 2022). Acetyl-CoA, the activated two-carbon substrate fragment, initiates the final common pathway for cardiac energy substrates: FFAs, glucose, and lactate. Full oxidation of glucose contributes 10-40% of cardiac energy production (Gertz et al., 1988; Wisneski, Gertz, Neese, Gruenke, & Craig, 1985), with additional pathways like the pentose phosphate pathway (PPP) and the hexosamine biosynthesis pathway (HBP). However, these alternate pathways become more prominent when glycolysis is constrained, such as during elevated levels of FFAs or increased superoxide production (Du et al., 2000; Gupte et al., 2006; Schmitz-Peiffer, 2000).
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[bookmark: _Toc177988065][bookmark: _Toc169308210]Figure 1. A simplified representation of the mitochondrial fatty acid oxidation and glycolysis in cardiomyocytes.

 FABP, fatty acid-binding protein, facilitates the transport of fatty acids within the cell; FFA, free fatty acids, enter cardiomyocytes and are transported to mitochondria; CPTI, carnitine palmitoyltransferase I, converts fatty acyl-CoA to fatty acyl-carnitine for transport into mitochondria; CPTII, carnitine palmitoyltransferase II, converts fatty acyl-carnitine back to fatty acyl-CoA inside mitochondria; GLUT4, glucose transporter 4, facilitates glucose entry into the cell; PPP, pentose phosphate pathway, produces NADPH and ribose-5-phosphate for nucleotide synthesis and antioxidant defence; HBP, hexosamine biosynthesis pathway, produces UDP-N-acetylglucosamine for protein glycosylation; TCA cycle, tricarboxylic acid cycle; α-KG, α-ketoglutaric acid; SucCoA, succinyl CoA; OAA, oxaloacetate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; FADH2, flavin adenine dinucleotide; NADH, nicotinamide adenine dinucleotide. The figure is created with BioRender.com.



The PPP serves as an alternative pathway for glucose utilisation, encompassing 
both aerobic and anaerobic segments. The aerobic phase of the PPP yields 
ribulose-5-phosphate, CO2, and reduced nicotinamide adenine dinucleotide phosphate (NADPH). One molecule of glucose generates one molecule of ribulose-5-phosphate and two molecules of NADPH. Following the anaerobic conversion of ribulose-5-phosphate, no energy is produced, but it results in the regeneration of glucose-6-phosphate (Stincone et al., 2015). This regenerated glucose-6-phosphate can re-enter other glycolytic pathways, such as glycolysis or the hexosamine biosynthesis pathway. 
NADPH, a product of the PPP, is primarily utilised for fatty acid synthesis, pyruvate oxidation to malate, and the reduction of glutathione. Ribulose-5-phosphate, derived from the aerobic segment of the PPP, can readily be converted to ribose-5-phosphate, which is integral to the synthesis of nucleotides and nucleic acids (Stincone et al., 
2015).

Intracellular glycogen stores also serve as a potential reservoir of glucose in cardiomyocytes, although they are relatively small compared to tissues like the liver or skeletal muscle (Besford et al., 2012). Despite their modest size, cardiac glycogen stores undergo rapid turnover, converting glucose to glycogen for storage and vice versa for substrate supply in glycolysis, thereby maintaining stable glycogen concentrations 
within cardiomyocytes (Figure 1) (Depre et al., 1999). Increased levels of adenosine monophosphate (AMP), inorganic phosphate, and a decrease in ATP concentration stimulate glycogenolysis, leading to an augmented substrate provision for glycolysis (Depre et al., 1998).

In addition to fatty acids and glucose, the heart can utilise amino acids as substrates for energy production (Banos et al., 1978; Murashige et al., 2020). Among these, 
the branched-chain amino acids (BCAA) valine, leucine, and isoleucine are metabolised within cardiac muscle (Neinast et al., 2019). These BCAAs are of particular interest in understanding the regulation of cardiac metabolism and the pathogenesis of common diseases such as insulin resistance, diabetes, and cardiovascular diseases (Gao et al., 2021; Karwi & Lopaschuk, 2023; Newgard, 2012). Specifically, leucine and its metabolites, along with valine and isoleucine, have demonstrated inhibitory effects on protein degradation and the promotion of protein synthesis in the heart, potentially influencing protein turnover regulation (Chua et al., 1979).
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Mitochondria play a pivotal role in maintaining cellular energy balance by efficiently converting adenosine diphosphate (ADP) and inorganic phosphate (Pi) to adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS) in response to 
varying energy demands (Ernster & Schatz, 1981; Kuhlbrandt, 2015). Structurally, mitochondria comprise inner and outer membranes enclosing an intermembrane 
space (IMS) (Kuhlbrandt, 2015). These membranes feature transporters facilitating 
the bidirectional transport of metabolites and proteins between the mitochondria and the cytosol, enabling inter-organelle communication. The inner membrane forms 
cristae, invaginations that augment surface area and serve as sites for electron transport chain (ETC) enzymes (Figure 2), while the matrix houses enzymes, metabolic intermediates, mitochondrial DNA, and ribosomes (Chinnery & Hudson, 2013; Palade, 1953; Protasoni & Zeviani, 2021). The inner mitochondrial membrane (IMM) exhibits selective permeability, inhibiting the passage of most small molecules, including 

protons (H+). In mitochondria with tightly regulated proton gradients, the intact IMM minimises proton backflow, thus ensuring the efficiency of mitochondrial OXPHOS (Nicholls, 1974; Palmieri & Pierri, 2010; van Loon et al., 1987).
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[bookmark: _Ref169482986][bookmark: _Toc177988066][bookmark: _Toc169308211]Figure 2. Representation of the TCA cycle and mitochondrial electron transport chain (ETC).

 The TCA cycle (tricarboxylic acid cycle), known as the Krebs or citric acid cycle, occurs in the mitochondrial matrix and generates high-energy electron carriers (NADH and FADH2) and metabolic intermediates. The electron transport chain (ETC) is located in the IMM and comprises four complexes (CI, CII, CIII, CIV) and ATP synthase. CI transfers electrons from NADH to Co Q, pumping protons into the IMS. CII transfers electrons from FADH2 to Co Q but does not pump protons. Co Q transfers electrons from CI and CII to CIII. CIII transfers electrons from Co Q to Cyt c, pumping protons into the IMS. 
Cyt c transfers electrons from Complex III to Complex IV. CIV transfers electrons to O2, the final electron acceptor, forming H2O and pumping protons into the IMS. ATP synthase utilises the proton gradient created by the ETC to synthesise ATP from ADP and inorganic phosphate (Pi). IMM, inner mitochondrial membrane; IMS, mitochondrial intermembrane space; OMM, outer mitochondrial membrane; Cyt c, cytochrome c; Co Q, coenzyme Q or ubiquinone. The figure is created with BioRender.com.





In cardiomyocytes, which are characterised by elevated and fluctuating energy demands, mitochondria typically occupy approximately 30–40% of the cellular volume (Barth et al., 1992; Marin-Garcia et al., 2001). Mitochondrial morphology varies across muscle fiber types (oxidative and glycolytic), with oxidative fibers exhibiting a more ordered arrangement between myofibrils, facilitating efficient energy transfer to ATPases (Anmann et al., 2006; Vendelin et al., 2005). This variation is essential for optimising cellular energy metabolism. There is a strong correlation between mitochondrial volume fraction, heart rate, and total body oxygen consumption, with mitochondrial volume fractions varying from 25% in humans to 38% in mice (Barth et al., 1992). Heart muscle mitochondria are plentiful and possess a significantly higher density of cristae than those found in other organs like the liver, brain, or skeletal muscle (Adams et al., 2023). These high cristae density reflects cardiac tissue’s specialised metabolic and energy demands. Mitochondria are dynamic organelles that undergo fission and fusion, regulated by proteins like DRP1 and OPA1 (Pernas & Scorrano, 2016). DRP1 orchestrates mitochondrial fission, generating smaller mitochondria and ensuring mitochondrial quality control, distribution, and turnover (Pernas & Scorrano, 2016). Conversely, OPA1 is crucial for mitochondrial fusion, facilitating the merging of multiple mitochondria into a single organelle and maintaining mitochondrial function, integrity, and bioenergetic efficiency (Lin et al., 2022; Yapa et al., 2021). Beyond ATP synthesis, mitochondria play pivotal roles in various cellular processes, including thermogenesis, cellular signalling, and the maintenance of ion homeostasis (Bertholet & Kirichok, 2022; Rossi et al., 2019; Tait & Green, 2012). Additionally, they are involved in signalling pathways related to cell death, highlighting their central role in metabolic regulation, particularly in conditions like diabetes and heart failure (Chakrabarty & Chandel, 2022; Green et al., 2011; Takeda et al., 2023).

Inside the mitochondrial matrix, the tricarboxylic acid (TCA) cycle orchestrates the degradation of acetyl CoA to CO2 while concurrently generating the reducing equivalents nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) (Figure 2) (Fernie et al., 2004; Martinez-Reyes & Chandel, 2020). These electron carriers subsequently fuel the electron transport chain, catalysing the translocation of hydrogen ions outside the inner mitochondrial membrane and establishing a proton gradient. This gradient drives ATP synthesis via OXPHOS, wherein protons derived from NADH and FADH2 combine with oxygen to yield water (Fernie et al., 2004). This fundamental process interconnects glycolysis, fatty acid oxidation, and amino acid oxidation pathways. 
It connects all catabolic pathways for substrate oxidation with respiration and serves as a primary source of biosynthetic precursors for numerous anabolic processes (Doenst 
et al., 2013).
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The complexes comprising the mitochondrial respiratory chain are localised within the inner mitochondrial membrane and encompass a nicotinamide adenine dinucleotide ubiquinone reductase (Complex I, CI), a succinate ubiquinone oxidoreductase (Complex II, CII), ubiquinone cytochrome oxidoreductase (Complex III, CIII), and cytochrome c oxidase (Complex IV, CIV) (Figure 2). Additionally, two mobile electron carriers, ubiquinone (Coenzyme Q, Co Q) and cytochrome c (Cyt c), participate in electron transfer between these complexes (Sousa et al., 2018). Ubiquinone undergoes diffusion within the IMM, migrating from CI to CIII as part of the electron transport chain process (Lenaz & Genova, 2009; Schneider et al., 1982).

Complex I, recognised as one of the largest, L-shaped enzymes in mammalian cells, facilitates the simultaneous transfer of two electrons from NADH to ubiquinone while translocating four protons across the membrane into intermembrane space, thereby establishing a proton gradient (Wirth et al., 2016). This complex plays a crucial role in NADH oxidation within the mitochondrial matrix, contributing to the regeneration of NAD+ for sustaining the TCA cycle and fatty acid oxidation (Arnold & Finley, 2023).

Complex II facilitates the transfer of electrons from succinate to ubiquinone within 
the mitochondrial respiratory chain (Cecchini, 2003). Additionally, fatty acids and glycerol-3-phosphate can channel electrons into the ubiquinone pool. While CII does not directly contribute to establishing the proton gradient, it plays a crucial role in the oxidation of succinate to fumarate (Arnold & Finley, 2023). This process reduces ubiquinone to ubiquinol, thereby increasing the pool of electrons available to CIII and CIV for further electron transport (Cecchini, 2003).

Complex III occupies a central position within the respiratory chain, facilitating the transfer of electrons from ubiquinone, supplied by both CI and CII, to cytochrome c within CIV. This process is integral to establishing the proton gradient across the mitochondrial membrane and crucial for ATP synthesis (Rich & Marechal, 2010).

Complex IV, also referred to as cytochrome c oxidase, stands out as the sole OXPHOS complex documented to possess tissue-specific subunits, suggesting a potential role in modulating enzyme activity to suit the requirements of distinct tissues (Sinkler et al., 2017). Functionally, CIV facilitates the oxidation of reduced cytochrome c by molecular oxygen, serving as the terminal electron acceptor within the electron transport chain. 

Electron transport through CI, CIII, and CIV drives the expulsion of protons from the mitochondrial matrix into the intermembrane space, culminating in establishing an electrochemical gradient across the IMM. Upon its release through Complex V 
(the F0F1-ATPase; CV), this proton motive force drives the synthesis of ATP from ADP and inorganic phosphate (Walker, 2013).

The reduction of molecular oxygen (O2) within CIV must proceed without the release of partially reduced intermediates, such as hydrogen peroxide and hydroxyl free radicals, which have the potential to cause damage to cellular components (Turrens, 2003). Additionally, recent research suggests a dynamic interconversion between CIV’s monomeric and dimeric states via reversible phosphorylation. Specifically, under elevated ATP/ADP ratios, the dimeric form of CIV is induced, inhibiting respiration and serving as a mechanism to prevent the generation of reactive oxygen species (ROS) (Ramzan et al., 2019).
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Through the utilisation of cryo-electron microscopy and blue native PAGE analysis on digitonin-extracted mitochondria, it has been shown that CI, CII, CIII, and CIV are involved in the formation of larger higher-order structural units known as supercomplexes (SCs) (Schagger & Pfeiffer, 2000, 2001). Existing evidence indicates that the mitochondrial respiratory chain consists of individual complexes and SCs, co-localized within the IMM, both contributing to electron transfer and OXPHOS functions (Acin-Perez et al., 2008; Lapuente-Brun et al., 2013; Mourier et al., 2014). The balance of free complexes and SCs can be dynamically adjusted to accommodate internal environmental cues (Acin-Perez et al., 2008; Lapuente-Brun et al., 2013). Notably, in mammalian cell lines, elevated galactose levels have been shown to promote SC assembly, ensuring optimal functionality of the electron transport chain (Acin-Perez & Enriquez, 2014).

SCs exhibit two primary categories: those incorporating CI and those lacking it. Among SCs containing CI are CI/III, CI/III/IV, and CI/II/III/IV, while CI is absent in SCs such as CIII/IV and CII/III/IV (Acin-Perez et al., 2008; Cogliati et al., 2016; Lapuente-Brun et al., 2013). SCs display considerable heterogeneity across species, tissue types, and physiological conditions. In mammals, the majority of CI is bound within SCs, with 54% consisting of CI/III2/IV and 17% of CI/III2 configurations (Letts et al., 2016; Schagger & Pfeiffer, 2000). Various SC combinations exist, including CI/III2, CI/III2/IVn (n = 1–4), and CIII2/IVn (n = 1 or 2) (Acin-Perez et al., 2008). The predominant SC assembly observed through native electrophoresis techniques is CI/III2/IVn, which encompasses all complexes required to transfer electrons from NADH to oxygen (Letts et al., 2016; Schagger & Pfeiffer, 2000). These structures, which contain all essential components for electron transmission from NADH to oxygen, are referred to as respirasomes (Acin-Perez et al., 2008; Schagger & Pfeiffer, 2000; Shinzawa-Itoh et al., 2016). In 2017, Yang et al. identified a higher-order assembly termed a megacomplex composed of CI2/III2/IV2 (Guo et al., 2017).

The formation of SCs facilitates the diffusion of ubiquinone and cytochrome c by reducing the intercomplex distance and enhancing electron transfer efficiency. Additionally, the assembly of SCs has been demonstrated to promote efficient energy production (Genova & Lenaz, 2014; Ikeda et al., 2013; Lapuente-Brun et al., 2013), stabilise CI (Schagger et al., 2004), facilitate substrate channelling (Wheeldon et al., 2016), stabilise individual complexes (Bianchi et al., 2004; Letts et al., 2016; Protasoni 
et al., 2020; Stroh et al., 2004), and provide protection against reactive oxygen species (ROS) (Genova & Lenaz, 2015; Lopez-Fabuel et al., 2016; Maranzana et al., 2013). ROS production, primarily originating from CI and CIII, may decrease with enhanced electron flux between complexes (Lenaz, 2012; Maranzana et al., 2013). CIII2/IV, compared to 
free CIII and CIV, enhances mitochondrial respiration and ATP synthesis efficiency 
(Lapuente-Brun et al., 2013). Moreover, studies have revealed that CIII acts as the central hub for the assembly of SCs. A central role of CIII was evidenced by the observation that the physical deletion of CIII led to a decrease in CI assembly, while inhibition of CIII activity did not have the same effect (Acin-Perez et al., 2004; Protasoni et al., 2020). Thus, the dynamic assembly and disassembly of SCs play a pivotal role in regulating mitochondrial respiratory chain activity. It is noteworthy that CII is notably absent in most reported SC structures, except for one instance – CI/II/III2/IV2 (Muhleip et al., 2023). When present, CII’s asymmetrical shape induces curvature in the SC, leading to a hypothesis that its inclusion may stabilise cristae folds. However, the absence of CII in most SCs suggests a lower affinity, possibly due to its limited protein-protein interactions with other complexes, implying that a significant portion of CII exists outside these SCs (Iverson et al., 2023; Muhleip et al., 2023).

Studies over the past decade have presented evidence showing the interconnected relationship between mitochondrial dynamics, cristae morphology, and respiratory function. For instance, observations of mitochondrial elongation and cristae remodelling during nutrient deprivation or ischemic episodes highlighted the role of these structural adaptations in preserving mitochondrial ATP production efficiency under challenging conditions (Gomes & Scorrano, 2011; Khacho et al., 2014; Patten et al., 2014). 
The remodelling processes occurring in mitochondria and cristae under such stressors can modulate mitochondrial efficiency by promoting the assembly of SCs and enhancing the respiratory reserve capacity (Cogliati et al., 2013; Khacho et al., 2014; Patten et al., 2014). The assembly of mitochondrial SCs is regulated by various factors, including mitochondrial cristae morphology, phospholipids, assembly factors, and others. OPA1, 
a protein crucial for maintaining mitochondrial cristae morphology, has been implicated in the formation of respiratory chain SCs (Azuma et al., 2020; Cogliati et al., 2013). Depletion of OPA1 results in the disarray of cristae structure, leading to the disturbance of SC assembly and impairment of respiratory capacity (Cogliati et al., 2013; Patten et al., 2014). Furthermore, even a modest increase in OPA1 levels can promote cristae constriction, enhance the activity of respiratory enzymes, and improve mitochondrial respiration efficiency (Cogliati et al., 2013).

The disruption of SC assembly can significantly contribute to the pathogenesis of various diseases. Evidence suggests that impaired SC assembly is implicated in a range of disease models, including neurodegenerative diseases, genetic disorders, heart failure, and cancer (Baertling et al., 2017; Kim et al., 2018; Novack et al., 2020; Vercellino & Sazanov, 2022). Additionally, studies have demonstrated that ageing is associated with a decline in SC formation in rat hearts (Gomez et al., 2009). However, preserving SC organisation during ageing may exhibit tissue-specific differences (Lombardi et al., 2009).
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Phosphotransfer networks, including creatine kinase (CK), adenylate kinase (AK), and glycolytic/glycogenolytic enzymes, constitute the cardiac bioenergetic infrastructure. These networks catalyse reactions that drive high-energy phosphoryl flux, maintaining a rapid turnover rate of ATP and ADP at sites of energy generation and consumption (Figure 3) (Chung et al., 2010; Dzeja & Terzic, 2003; Guzun et al., 2015; Saks et al., 2006). In a healthy heart, the majority of newly synthesised ATP molecules undergo processing by CK (80–88%), AK phosphotransferases (15%), and glycolytic transfer systems (5–7%) before utilisation (Aliev et al., 2011; Dzeja, Hoyer, et al., 2011; Nemutlu et al., 2012; 
Pucar et al., 2001). These phosphotransfer networks play critical roles in cells and 
tissues experiencing high and intermittent energy fluctuations (Dzeja & Terzic, 2003; Gruno et al., 2006; Wallimann et al., 2011; Wallimann et al., 1992). Directly transferring phosphoryl groups through enzymatic reactions from mitochondria to energy consumption sites, such as ATPases, is essential for efficient energy utilisation (Dzeja & Terzic, 2003). ADP diffusion towards mitochondria holds regulatory significance as a limiting factor for ATPase activity. Maintaining a high ATP/ADP ratio near ATPases is crucial for their efficiency, necessitating the removal of ADP from the ATPases’ microenvironment (Figure 3) (Wallimann et al., 1992; Zala et al., 2017). Moreover, 
the produced ADP serves as a signal for sufficient ATP synthesis in mitochondria.

Mitochondrial affinity to exogenous ADP varies among cell types and can be characterised by the apparent Michaelis-Menten constant Km(ADP) (Kuznetsov et al., 1996). The Km (ADP) reflects the substrate concentration required to achieve half of the maximum respiration rate in mitochondria (Wong et al., 2017). It represents a measure of the affinity of mitochondria for ADP during OXPHOS, reflecting how effectively ADP stimulates mitochondrial respiration. A lower Km(ADP) value indicates a higher affinity of mitochondria for ADP, meaning that mitochondrial respiration is stimulated even at lower concentrations of ADP. Conversely, a higher Km(ADP) value indicates a lower affinity for ADP, requiring higher concentrations of ADP to achieve the same level of stimulation in mitochondrial respiration (Appaix et al., 2003). Changes in Km(ADP) values can reflect alterations in the regulation of cellular energy production and diffusion restrictions of energy metabolites through OMM (Tepp et al., 2017). Thus, the Km(ADP) serves as an important parameter for assessing mitochondrial function and cellular bioenergetics (Kuznetsov et al., 2022). In permeabilised cardiac muscle, the Km(ADP) is approximately 400 µM, whereas, for isolated mitochondria, it is significantly lower, around 20 µM (Guzun et al., 2012; Guzun et al., 2009; Saks, Belikova, & Kuznetsov, 1991; Saks, Belikova, Kuznetsov, et al., 1991). This difference arises from the voltage-dependent anion channel (VDAC) located on the OMM, which selectively facilitates the flux of various metabolites essential for cellular metabolism, including ATP, ADP, AMP, NADH, and NADPH (Colombini, 2016; Noskov et al., 2016; Rostovtseva & Bezrukov, 2008; Rostovtseva et al., 2008). The isolation steps affect this property of mitochondria to restrict adenine nucleotide diffusion and disrupt mitochondrial intracellular position and assembly, as well as their interactions with other organelles and proteins (Kuznetsov 
et al., 1996; Kuznetsov et al., 2008). In contrast, in permeabilised cells, this mitochondrial function remains unchanged, as well as preserving essential interactions with the cytoskeleton, nucleus, and endoplasmic reticulum (ER) (Appaix et al., 2003; Kunz et al., 1993; Kuznetsov et al., 2008; Saks et al., 1998). Besides analysing the affinity for ADP, 
the permeabilisation technique enables the investigation of adenine nucleotide exchange between mitochondria and cellular ATPases via phosphotransfer networks, in situ analysis of respiratory chain complexes, and the study of tiny biological specimens (Kuznetsov et al., 2008).

Limitations on the diffusion of ATP and ADP lead to forming metabolic micro-compartments and non-uniform distribution of metabolite concentrations across cellular regions (Colombini, 2016; Noskov et al., 2016; Puurand et al., 2019). In contrast to the restrictions on adenine nucleotides, VDAC allows unhindered passage of phosphocreatine (PCr) and creatine (Cr) (Timohhina et al., 2009), establishing PCr as the primary carrier of high-energy phosphate bonds within the cell (Figure 3). This selective permeability of VDAC is instrumental in ensuring efficient energy transfer and utilisation within mitochondria and other cellular compartments, thereby playing a significant role in cellular bioenergetics and maintaining metabolic homeostasis.
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[bookmark: _Ref169483412][bookmark: _Toc177988067][bookmark: _Toc169308212]Figure 3. Phosphotransfer networks of CK, AK and HK, and phosphoenolpyruvate/pyruvate kinase (PEP/PK) system.

 Mitochondrial creatine kinase (MtCK) is located in IMS and catalyses the generation of phosphocreatine (PCr) from creatine (Cr) and ATP, which is transported through the adenine nucleotide translocase (ANT) from the mitochondrial matrix to the IMS. PCr passes through the voltage-dependent anion channel (VDAC) to the cytoplasm, where it is utilised by cytosolic CK to generate ATP and Cr from PCr and ADP near cytosolic ATPases (such as SERCA). Pyruvate kinase (PK) generates pyruvate and ATP from phosphoenolpyruvate (PEP) and ADP produced by ATPases. Adding PK and PEP to the medium with permeabilised cells or tissue traps cytosolic ADP that is not associated with the energy transport system. Mitochondrial adenylate kinase (AK2), located in the IMS, catalyses the formation of two molecules of ADP from ATP and AMP. These ADP molecules are transported to the cytoplasm via VDAC and back to the mitochondrial matrix via ANT. Cytosolic adenylate kinase (AK1) generates ATP and AMP from two molecules of ADP near ATPases. Hexokinase (HK), bound to VDAC, directs newly synthesised mitochondrial ATP to the glycolysis pathway to form glycose-6-phosphate. The figure is created with BioRender.com.
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Creatine kinase enzymes are pivotal in cellular energy transfer and storage (Wallimann et al., 1992). These enzymes catalyse the reversible phosphorylation of creatine to form phosphocreatine, acting as an energy buffer and preventing abrupt declines in total ATP concentrations (Schlattner et al., 2006). There are five major CK isoforms, including cytosolic isoforms (CK-BB, CK-MM, CK-MB) and mitochondrial isoforms (uMtCK, sMtCK), expressed in various tissues, with higher expression observed in tissues with elevated energy demands, such as the heart, skeletal muscle, and nerve cells (McLeish & Kenyon, 2005; Wallimann & Hemmer, 1994; Wallimann et al., 1992). MtCK isoforms are functionally coupled to the adenine nucleotide translocase (ANT) in IMM, while cytosolic CK isoforms create micro-compartments for efficient substrate exchange near ATPases (Figure 3). This spatial organisation enables effective metabolite channelling and regulation of the CK reaction in specific directions based on ATP levels (Schlattner et al., 2016; Wallimann et al., 1992). In the presence of creatine, MtCK regulates phosphocreatine production in collaboration with ANT, which acts as an ATP/ADP antiporter (Saks et al., 2012). ANT directs ADP produced from the PCr/Cr reaction into the mitochondrial matrix, accelerating the respiration rate and maintaining a tight coupling between mitochondrial respiration and ATP synthesis in cardiac cells under normal physiological conditions (Tepp et al., 2011).

Fluctuations in concentrations of ADP and creatine in the mitochondrial IMS regulate the OXPHOS rate (Saks et al., 2000). Respirometric studies of permeabilised cells have revealed that the addition of creatine into the experimental medium increases the OXPHOS rate due to the activation of CK (Saks et al., 2000). The addition of pyruvate kinase (PK) and phosphoenolpyruvate (PEP) to the medium traps ADP produced by cytosolic ATPases and lower respiration; however, subsequent addition of creatine activates MtCK, accelerating the ATP/ADP turnover rate in the IMS and increase OXPHOS (Saks et al., 2001). The phosphocreatine/creatine kinase (PCr/CK) network is pivotal in overcoming the limitations imposed by ATP and ADP diffusion restriction (Saks, Belikova, & Kuznetsov, 1991). This network acts as an intracellular energy transfer system, facilitating the rapid regeneration of ATP from phosphocreatine during periods of high energy demand in striated muscle cells (Dzeja et al., 1996; Guzun et al., 2015; Saks et al., 2007).

In different muscle types, the affinity of mitochondria for ADP varies significantly, resulting in different Km(ADP) values (Kuznetsov et al., 1996). This variation reflects tissue-specific regulation of the OMM permeability (Kuznetsov et al., 1996). In fast-twitch glycolytic muscles, the affinity for ADP is high, with a low Km(ADP) value. Conversely, 
in slow-twitch muscles such as the heart and soleus muscle, the affinity for ADP is low, resulting in a high Km(ADP) value (Kuznetsov et al., 1996). Additionally, in fast-twitch muscles, CK primarily serves as an energy buffer, and the Km(ADP) value does not change with activation of the PCr/CK network by adding creatine in permeabilised cells medium (Burelle & Hochachka, 2002; Kay et al., 1997; Kuznetsov et al., 1996). The CK pathway facilitates compartmentalised energy transfer in slow-twitch muscles, ensuring a stable energy supply for myofibrils and ion channel ATPases (Wallimann et al., 1992). 
The effective functional coupling of OXPHOS to the CK pathway in slow-twitch muscles with high Km(ADP) is confirmed by a significantly lower value in the presence of creatine (Guzun et al., 2011; Saks et al., 2007; Tepp et al., 2011; Timohhina et al., 2009; Varikmaa et al., 2014).

To support the high energy need of cardiac muscle cells, mitochondrial respiration 
is regulated by the Mitochondrial Interactosome (MI) supercomplex, formed by 
ATP-syntasome (Chen et al., 2004; Ko et al., 2003), MtCK, ANT, VDAC and tubulin that regulates effective ATP formation and its extrusion from mitochondria to the cytoplasm in the form of PCr (Figure 4) (Guzun et al., 2011; Timohhina et al., 2009). Notably, creatine’s impact on OXPHOS varies between rat ventricular cardiomyocytes and atrial fibers (Anflous et al., 1997), yet in human atria, MtCK is functionally coupled to OXPHOS as observed in ventricular muscle (Seppet et al., 2005).
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 MI consists of ATP synthasome (formed by ATP synthase, adenine nucleotide carrier (ANC) and inorganic phosphate carrier (PIC) as proposed by 
P. Pedersen (Pedersen, 2007)), mitochondrial creatine kinase (MtCK), and Voltage-dependent anion channel (VDAC) with regulatory proteins tubulin and linker protein (LP). Cr, creatine; PCr, phosphocreatine; Pi, inorganic phosphate; OMM, outer mitochondrial membrane; IMS, intermembrane space; IMM, inner mitochondrial membrane; mitochondrial respiratory complexes CI, CII, CIII, CIV; Co Q, Coenzyme Q; Cyt c, cytochrome c. The figure is created with BioRender.com.

In adult mammalian heart muscle cells, the CK pathway exerts robust control over energy transport and OXPHOS. Conversely, postnatal heart cells typically display undetectable activation of respiration with creatine, likely due to the underdeveloped CK pathway at that stage (Anmann et al., 2014). In pathology, the activation rate of the CK pathway generally diminishes, often serving as an early indicator preceding profound changes in energy metabolism (Anmann et al., 2014; Dzeja, Hoyer, et al., 2011; Schlattner et al., 2006). CK deficiency has been identified as a crucial factor compromising energy delivery and resulting in impaired cellular functioning (Dzeja, Hoyer, et al., 2011). This deficiency prompts compensatory mechanisms wherein glycolytic enzymes and AK partially substitute for CK’s phosphotransfer functions (Dzeja et al., 2004). Additionally, an increase in mitochondrial density has been observed as part of these compensatory mechanisms (Wiesner et al., 1999), thereby rescuing cellular bioenergetics.
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Adenylate kinase is an enzyme involved in the reversible interconversion of adenine nucleotides (2 ADP → ATP + AMP), regulating nucleotide ratios in various cellular compartments (Figure 3) (Dzeja & Terzic, 2009). It influences the activity of 
AMP-sensitive metabolic enzymes, participates in purine nucleotide synthesis, and aids in regenerating other nucleoside diphosphates from NTP using AMP as a preferred phosphate substrate (Dzeja & Terzic, 2009; Panayiotou et al., 2014). Notably, AK’s unique ability to transfer both β- and γ-phosphoryl groups of ATP enhances the energetic potential of ATP (Dzeja & Terzic, 2009).

In vertebrates, nine AK isoforms (AK1–AK9) have distinct sub-cellular locations, forming an intracellular network for transporting energy-rich phosphoryls between compartments (Dzeja & Terzic, 2009; Dzeja & Terzic, 2003; Noma, 2005; Panayiotou 
et al., 2014). AK1 and AK2, located in the cytoplasm and mitochondria, respectively, specifically bind AMP and prefer ATP over other nucleotide triphosphates. AK3, specific for AMP phosphorylation, utilises guanosine triphosphate (GTP) or inositol triphosphate (ITP) as phosphoryl donors (Dzeja & Terzic, 2009).

AK’s signalling function amplifies small changes in the ATP/ADP ratio into a significant increase in the AMP/ATP ratio, activating various AMP-sensitive components, including those in glycolytic pathways, glycogenolysis, and metabolic sensors like ATP-sensitive potassium channels and AMP-activated protein kinase (Chung et al., 2010; Dzeja & Terzic, 2009; Selivanov et al., 2004).

AK2, located in the IMS, generates ADP from ATP and AMP, which then channels 
into the mitochondrial matrix through the ANT, stimulating OXPHOS (Gellerich, 1992). 
Its significant expression in various tissues, such as the liver, heart, skeletal muscle, pancreas, kidney, placenta, brain, testis, lung, and gastrointestinal wall, underscores its role in energy metabolism and transfer (Gruno et al., 2006; Kaldma et al., 2014; Khoo & Russell, 1972; Noma et al., 1998; Tanimura et al., 2014). AK2 also plays a crucial role in differentiating cardiac, neural, and hematopoietic stem cells (Dzeja, Chung, et al., 2011; Inouye et al., 1998; Tanimura et al., 2014).

The cytosolic partner of AK2 in the energy-transfer circuit is AK1, the most abundant isoform in the cytosol. AK1 is highly expressed in tissues with high energy demand, including the brain, skeletal and heart muscles, and erythrocytes (Khoo & Russell, 1972; Noma, 2005). Interestingly, AK1-knockout muscles in mice adapt by up-regulating glycolytic, CK, and guanine nucleotide phosphotransfer systems but exhibit lower energetic efficiency than wild type (Janssen et al., 2000).

[bookmark: _Toc169092892][bookmark: _Toc169092929][bookmark: _Toc177988032]Glycolytic Pathway

The energy generated through glycolysis sustains various cellular functions, including muscle contraction, cell motility, and nuclear processes (Masters et al., 1987; Ottaway & Mowbray, 1977). Glycolytic enzymes play a pivotal role in intracellular high-phosphoryl transfer. Proximal to mitochondria, HK utilises energy-rich phosphoryl groups from ATP to phosphorylate glucose to glucose-6-phosphate (Roberts & Miyamoto, 2015; Wilson, 2003). Conversely, pyruvate kinase phosphorylates ADP in the cytosol, supplying ATP for cellular utilisation (Dzeja & Terzic, 2003). Furthermore, the glutaraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase (GAPDH/PGK) networks facilitate the transfer of energy-rich phosphoryls, exchanging them for NADH and ADP (Dzeja & Terzic, 2003).

Mammalian tissues exhibit four isoforms of HKs (HK1-HK4). HK1 and HK2 bind to VDAC through their hydrophobic N-terminus (Figure 3) (Pedersen, 2008; Wilson, 2003). 
This interaction is thought to enhance kinase access to newly generated ATP, overcoming the OMM permeability restrictions on adenine nucleotides (Pedersen, 2008; Puurand 
et al., 2019). It also prevents product inhibition by glucose-6-phosphate.  The activity and subcellular localisation of HK isoenzymes dictate the metabolic fate (anabolic or catabolic) of glucose-6-phosphate, influencing diverse intracellular roles of glucose 
(John et al., 2011). The stringent regulation of HK binding to the OMM is contingent on cellular energetic demands, particularly in skeletal muscle (Parra et al., 1997). A decrease in HK2-mitochondrial interaction has been associated with adverse outcomes in ischemia-reperfusion injury of the heart (Nederlof et al., 2016; Wu et al., 2011). 

[bookmark: _Toc169092893][bookmark: _Toc169092930][bookmark: _Toc177988033]Cardiac Metabolism in Cardiac Pathologies

Metabolic fluxes within the myocardium serve as the initial responders to changes in the physiological environment of the heart, subsequently triggering and sustaining functional and structural remodelling processes (Young et al., 2002). Assessments of myocardial metabolism utilising [11C] tracers, which are oxidised by the heart, have revealed alterations in substrate preference among patients with idiopathic dilated cardiomyopathy. Specifically, there is a noted decrease in fatty acid metabolism accompanied by an increase in glucose metabolism (Davila-Roman et al., 2002), indicative of the expression of fetal metabolic gene programs within the failing human heart (Razeghi et al., 2001). Both hypertrophy and atrophy are associated with elevated glucose oxidation rates despite diminished insulin responsiveness of the heart (Doenst et al., 2001). Alongside an increase in glycolysis, hypertrophied hearts typically exhibit a reduction in fatty acid oxidation (Allard et al., 1994; el Alaoui-Talibi et al., 1992).

During ischemic events, the accumulation of glycolytic intermediates may exacerbate contractile dysfunction (Neely & Grotyohann, 1984). Additionally, acute hyperglycaemia has been shown to abolish ischemic preconditioning in vivo (Kersten et al., 1998), whereas the provision of glucose, insulin, and potassium together improves contractile function in acutely ischemic, reperfused myocardium (Gradinac et al., 1989; Howell 
et al., 2011). Glucose holds therapeutic relevance for several reasons: firstly, glycolysis offers an immediate source of cytosolic ATP during acute oxygen deficit; secondly, glycolytically derived ATP may serve as a preferential source for membrane ion transport processes; and thirdly, high glucose oxidation rates are crucial for restoring normal myocardial function following ischemia-reperfusion (Depre et al., 1999; Mallet et al., 1990).

Myocardial glucose transport, glycolysis, and glucose oxidation are directly or indirectly insulin-dependent. Therefore, in the insulin-deficient diabetic state, these processes are diminished due to insulin resistance, impaired pyruvate dehydrogenase activity, and reduced glucose transporter (GLUT1 and GLUT4) levels (Camps et al., 1992; Lopaschuk, 1996; Randle et al., 1963). Elevated fatty acid oxidation (FAO) levels in diabetic states contribute to an overall reduction in glucose metabolism rates (Hafstad et al., 2009; Hallsten et al., 2004) and lead to increased cardiac fatty acid uptake, storage, and metabolism (Herrero et al., 2006; Malfitano et al., 2015). Consequently, the heart predominantly relies on FAO to meet its energy demands, utilising either exogenous sources or the turnover of stored triacylglycerol (Saddik & Lopaschuk, 1994; Wall & Lopaschuk, 1989). This reliance on FAO is detrimental to mitochondrial function because it induces increased oxygen consumption (Mjos, 1971), mitochondrial uncoupling between respiration and ATP production (Banke & Lewandowski, 2015; Boudina et al., 2007; Cole et al., 2011; Vettor et al., 2002), and generates more reactive oxygen species (Tsushima et al., 2018). Mitochondrial uncoupling results in elevated proton leak through the mitochondrial inner membrane to the matrix (Boudina et al., 2007) and decreased ATP synthesis (Malfitano et al., 2015; Petersen et al., 2004). The increased oxygen consumption associated with predominant FAO also reduces cardiac efficiency (Hafstad et al., 2009; Mather et al., 2016) and may contribute to cardiac dysfunction in diabetic conditions (Boudina et al., 2005; Mazumder et al., 2004; Rijzewijk et al., 2009). Furthermore, an increase in FAO inhibits the ANT in the mitochondrial membrane, which is responsible for transporting ATP from the mitochondria to the cytosol (Shug et al., 1975; Woldegiorgis et al., 1982). Under normal conditions, the heart is metabolically flexible and can switch its substrate preference based on workload and substrate availability (Karwi et al., 2018). However, this metabolic flexibility is impaired when FAO predominates, and glucose oxidation decreases in diabetes.

Metabolic dysregulation, when the rate of fatty acid uptake surpasses the rate of oxidation, leads to a spectrum of disturbances commonly associated with mitochondrial dysfunction (Petersen et al., 2004; Shulman, 2000), including triglyceride accumulation (Schaffer, 2003; Unger & Orci, 2001). In failing human hearts, lipid accumulation emerges as a characteristic feature, accompanied by a diverse array of cellular and metabolic disruptions collectively termed lipotoxicity (Schaffer, 2003; Sharma et al., 2004; Unger, 2005). Increased net triglyceride synthesis in the heart has been observed under conditions of starvation, diabetes, ischemia, and heart failure (Sharma et al., 2004), yet whether elevated triglyceride levels stem from heightened esterification rates or diminished lipolysis rates remains unknown (Schaffer, 2003). Enzymatic deficiencies affecting long and very long-chain fatty acids (C14 or greater), or impairments in cellular carnitine import or enzymes participating in the carnitine shuttle, result in more severe manifestations of heart failure compared to defects involving the metabolism of 
shorter-chain fatty acids (Hale & Bennett, 1992). Notably, impaired FAO and the subsequent accumulation of triglycerides within cardiomyocytes are hallmark features of contractile dysfunction observed in diabetic patients (McGavock et al., 2007). 

[bookmark: _Toc169092894][bookmark: _Toc169092931][bookmark: _Toc177988034]Wolfram Syndrome

Wolfram syndrome (WS), also known as DIDMOAD syndrome (Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness), is a rare autosomal recessive neurodegenerative disorder characterised by a diverse array of clinical manifestations (Barrett & Bundey, 1997; Minton et al., 2003). These features encompass diabetes mellitus, optic atrophy, diabetes insipidus, sensorineural hearing loss, and various neurological abnormalities. The clinical presentation of WS displays significant variation, with the DIDMOAD complex being crucial for diagnosis (Cremers et al., 1977). While the exact prevalence of Wolfram syndrome varies among different populations, it is estimated to affect approximately 
1 in 160,000–770,000 individuals worldwide (Barrett & Bundey, 1997; Urano, 2016).

Typically, WS emerges during childhood or adolescence and progresses relentlessly, leading to severe disability and premature mortality. On average, individuals with WS have a shortened lifespan, with death occurring around 30 years of age, often attributed to central respiratory failure resulting from massive brain atrophy (Barrett & Bundey, 1997; Barrett et al., 1995). The onset of WS symptoms usually begins in childhood, with diabetes mellitus typically arising around six years of age, followed by optic atrophy at approximately 11 years of age, and subsequently, the development of diabetes insipidus and deafness (Barrett & Bundey, 1997; Barrett et al., 1995).

Despite its clinical significance, WS is frequently underdiagnosed, with clinical attention often focusing on managing diabetes and its associated complications once symptoms become apparent (Medlej et al., 2004). Despite the apparent simplicity of its autosomal recessive inheritance pattern, WS exhibits complex penetrance and expression of traits, resulting in a heterogeneous clinical phenotype. In addition to the classical symptoms, WS is associated with a spectrum of neurological and psychiatric disorders, reproductive abnormalities, restricted joint mobility, cardiovascular and gastrointestinal autonomic neuropathy, and diabetic microvascular complications (Rohayem et al., 2011; Saran et al., 2012). These diverse clinical manifestations pose significant challenges in the clinical management of WS.

Wolfram syndrome primarily results from biallelic mutations in the WFS1 gene 
on chromosome 4p16.1. The WFS1 gene consists of eight exons, with mutations predominantly observed within exon 8, and can generate 15 different transcripts (Hardy et al., 1999; Strom et al., 1998). These mutations, often homozygous or compound heterozygous, disrupt the coding sequence of the WFS1 gene, which encodes the wolframin endoplasmic reticulum (ER) transmembrane glycoprotein (Inoue et al., 1998; Lee et al., 2022; Rigoli et al., 2018; Tanizawa et al., 2000). Wolframin features nine transmembrane domains, with its C-terminus residing in the ER lumen and the N-terminus in the cytoplasm (Hofmann et al., 2003). It is primarily localised in pancreatic beta-cells, neurons, cells of the optic nerve, and tissues such as the internal ear, heart, placenta, lung, and liver. Notably, mutations on both alleles are necessary for the complete manifestation of Wolfram syndrome. However, single-allele mutations significantly increase the risk of type 2 diabetes, hearing loss, depression, suicide, and other complex diseases (Cryns et al., 2003; Koido et al., 2005; Minton et al., 2002; Must et al., 2009; Sandhu et al., 2007; Swift et al., 1998). 

Wolframin plays a pivotal role in modulating calcium homeostasis within the ER, influencing the formation of mitochondria-associated ER membrane (MAM) structures and regulating calcium transport between the ER and mitochondria (Delprat et al., 2018; La Morgia et al., 2020). Dysfunctional wolframin results in ER stress and activation of the Unfolded Protein Response (UPR) pathway (Fonseca et al., 2005; Morikawa et al., 2017; Samara et al., 2019). The UPR serves as an adaptive cellular mechanism aimed to restore ER homeostasis in response to disruptions in protein folding and the accumulation of misfolded proteins within the ER lumen. Nevertheless, chronic or severe ER stress, characteristic of WS, can overwhelm the UPR machinery, leading to cellular dysfunction, apoptosis, and neurodegeneration.

Recent investigations have identified occurrences of heart diseases among individuals with WS, primarily attributed to structural abnormalities (Ganie et al., 2011; Korkmaz 
et al., 2016; Medlej et al., 2004). A study conducted in the Lebanese population disclosed five cases of cardiac abnormalities among 31 WS patients, indicating a prevalence significantly higher than that observed in the general population (Medlej et al., 2004). However, despite the structural defects noted in cardiac muscle in a somewhat higher percentage of WS patients compared to the general population, such abnormalities are not universally prevalent among all affected individuals (Barrett et al., 1993; Ganie et al., 2011; Korkmaz et al., 2016; Medlej et al., 2004). Furthermore, studies examining 
WFS1-deficient rat left ventricle cardiomyocytes have revealed increased contractility due to prolonged cytosolic calcium transients (Cagalinec et al., 2019). Additionally, a higher relative incidence of sinus tachycardia and atrioventricular arrhythmias has been observed in WS patients (Kinsley et al., 1995). These findings underscore the complexity of cardiac involvement in WS and highlight the need for further research to elucidate cardiovascular manifestations’ underlying mechanisms and clinical implications in this rare genetic disorder. 

As WS manifests with diabetes as its initial symptom, it presents a promising genetic model for investigating the cardiovascular complications associated with diabetes mellitus. Given the established association between diabetes mellitus and cardiovascular complications (Htay et al., 2019), the study of WS offers valuable insights into the underlying mechanisms contributing to diabetic cardiomyopathy, coronary artery disease, and other cardiovascular diseases. By elucidating the molecular and mitochondrial bioenergetic pathways involved in the pathogenesis of cardiovascular complications in individuals with WS, novel therapeutic targets and strategies can be identified for mitigating the adverse effects of diabetes on the heart. Furthermore, using WS as a genetic model allows the identification of specific genetic variants that predispose individuals with WS to cardiovascular complications. Also, this approach may lead to the development of personalised interventions aimed at preventing or attenuating the progression of cardiovascular disease in individuals with diabetes.

[bookmark: _Toc169092895][bookmark: _Toc169092932][bookmark: _Toc177988035]Smoking and Cardiovascular Diseases

Despite intensified public awareness campaigns, regulatory measures on tobacco marketing, and taxation policies, cigarette smoking has persisted as a risk factor for chronic obstructive pulmonary disease (COPD) (Laniado-Laborin, 2009), cardiovascular diseases (CVD) (Banks et al., 2019), and various cancers (Macacu et al., 2015; Samet, 2013; Sasco et al., 2004) since the mid-20th century. These diseases significantly elevate the mortality rate among current smokers. Smoking exerts a synergistic effect with other conventional cardiovascular risk factors, including hypertension, dyslipidaemia, diabetes, and obesity, thereby magnifying the overall cardiovascular risk (Fagard, 2009; Prakash 
et al., 2021). Individuals who smoke and concurrently present with these risk factors face a markedly augmented likelihood of developing CVD compared to non-smokers or those with a single risk factor. This heightened risk is evident not only among active smokers but also extends to individuals exposed to second-hand smoke (Flor et al., 2024). Moreover, the elevated risk for cardiovascular complications persists among ex-smokers for an extended duration, potentially attributable to irreversible cumulative alterations induced by prolonged exposure to cigarette smoke (Ahmed et al., 2015; Gopal et al., 2012; Lee & Son, 2019). Former heavy smokers exhibit a heightened prevalence of 
type 2 diabetes mellitus, left ventricular systolic dysfunction, coronary artery disease, and peripheral arterial disease, alongside elevated circulating levels of serum C-reactive protein and interleukin-6 compared to individuals who have never smoked (Ahmed 
et al., 2015). These observations underscore the profound and enduring impact of smoking on cardiovascular health, suggesting that the risk for cardiovascular complications remains elevated long after smoking cessation.

The detrimental impacts of smoking on cardiovascular health encompass a spectrum of pathological mechanisms, predominantly attributed to the toxic constituents inherent in cigarette smoke, notably nicotine, carbon monoxide (CO), and various chemical compounds (Astrup & Kjeldsen, 1974; Cheng et al., 2010; Petsophonsakul et al., 2022; Wang et al., 2023; Whitehead et al., 2021). These substances detrimentally affect oxygen transport to tissues and cellular metabolism (Caliri et al., 2021; Sagone et al., 1973). Carbon monoxide exhibits a higher affinity for haemoglobin than oxygen, resulting in the formation of carboxyhaemoglobin and impaired tissue oxygenation (Aronow, 1976; Wald et al., 1981). This chronic hypoxemia fosters endothelial dysfunction, oxidative stress, and the development of atherosclerotic plaques, thereby accelerating coronary artery disease (CAD) progression and elevating the risk of myocardial infarction and ischemic stroke. Nicotine, a potent addictive agent in tobacco, elicits sympathomimetic effects, culminating in heightened heart rate, blood pressure, and myocardial oxygen demand. Additionally, nicotine stimulates the release of catecholamines, thereby promoting vasoconstriction and platelet aggregation, which exacerbate cardiovascular susceptibility (D'Alessandro et al., 2012; Fox, 1988). Moreover, nicotine, carbon monoxide, and other smoke constituents disrupt nitric oxide synthesis, a pivotal mediator of endothelium-dependent vasodilation, inducing endothelial dysfunction and vasoconstriction (Messner & Bernhard, 2014).

Chronic smoking disrupts lipid metabolism, culminating in unfavourable alterations in lipid profiles typified by elevated low-density lipoprotein cholesterol levels and diminished high-density lipoprotein cholesterol levels (Ambrose & Barua, 2004; Freeman et al., 1993; Schuitemaker et al., 2002). Furthermore, smoking induces lipoprotein oxidation and glycation, rendering them more atherogenic and susceptible to endothelial injury (Ferretti et al., 2006). Long-term smoking leads to detrimental structural and functional alterations in the myocardium, which include left ventricular hypertrophy, impaired myocardial contractility, and reduced coronary flow reserve (Deanfield et al., 1986; Hendriks et al., 2020; Park et al., 2021).

Smoking exerts significant effects on mitochondrial function, primarily through alterations in molecular mechanisms associated with oxidative stress, inflammation, and mitochondrial DNA (mtDNA) damage (Dikalov et al., 2019; Giordano et al., 2022; Liu 
et al., 2023; Rom et al., 2013; Ueda et al., 2023). Studies have demonstrated that smoking diminishes mitochondrial respiration in murine skeletal muscles, resulting in skeletal muscle atrophy (Ajime et al., 2021; Chan et al., 2020; Ding et al., 2019), as well as increases macrophage infiltration in bronchoalveolar lavage fluid, with values returning to baseline upon smoking cessation (Ajime et al., 2021; Darabseh et al., 2021). Furthermore, smoking has been linked to capillary rarefaction (Nogueira et al., 2018), indicating potential broader impacts beyond skeletal muscle, likely affecting mitochondria in various tissues, including the brain and heart. The generation of ROS during smoking induces oxidative stress and compromises the body’s antioxidant defence mechanisms (Michaud et al., 2006). ROS directly target mitochondrial components, leading to dysfunction by damaging proteins, lipids, and DNA and by inducing the opening of the mitochondrial permeability transition pore (mPTP), disrupting mitochondrial membrane potential and ATP production (Cadenas, 2018; Juan et al., 2021; Redza-Dutordoir & Averill-Bates, 2016). Smoking-induced oxidative stress also triggers inflammatory responses within the vascular wall, characterised by releasing pro-inflammatory cytokines, chemokines, and adhesion molecules, which can further impact mitochondrial function by activating pro-inflammatory pathways (Dahdah et al., 2022). Chronic exposure to cigarette smoke also disrupts the balance between mitochondrial biogenesis and degradation, resulting in reduced mitochondrial mass and impaired function 
(Tulen et al., 2022). Smoking-induced mitochondrial dysfunction extends to programmed cell death pathways, leading to dysregulated apoptosis, thereby contributing to tissue damage and disease progression (Aoshiba & Nagai, 2003; Redza-Dutordoir & 
Averill-Bates, 2016).

[bookmark: _Toc169092933][bookmark: _Toc177988036]Aims of the Study

The principal aim of this study was to investigate the influence of intrinsic and extrinsic factors on mitochondrial bioenergetics and to evaluate inherent cardioprotective mechanisms in cardiac muscle tissue, thereby advancing our understanding of cardiovascular health and disease pathology.

[bookmark: _Hlk177723955]Intrinsic factors, such as gene mutations, were evaluated using Wolframin-deficient mice and rats as experimental models. These models were chosen to explore alterations in mitochondrial bioenergetics and energy transfer pathways in animals affected by metabolic disorders, focusing on diabetes as the primary disease of interest.

Our specific aims were as follows:

1.	Evaluate mitochondrial kinetics, OXPHOS function and dynamic substrate utilisation patterns in cardiac muscle tissue.

2.	Investigate changes in phosphotransfer pathways, including creatine kinase, adenylate kinase and glycolytic pathways, within cardiac muscle tissue.

3.	Compare metabolic differences between Wolframin-deficient and control cardiac tissues to understand the impact of WFS deficiency on mitochondrial function.



In the second phase of our study, we aimed to evaluate the impact of extrinsic factors on cardiac muscle bioenergetics and the recovery potential of cardiac tissue. To achieve this, we utilised a mouse model of chronic obstructive pulmonary disease (COPD) exposed to cigarette smoke. Following this exposure, the mice underwent a smoking cessation period lasting up to two weeks. The objectives related to extrinsic factors were:

1.	Explore changes in mitochondrial bioenergetics resulting from exposure to cigarette smoke and subsequent smoking cessation.

2.	Investigate structural and metabolic modifications in cardiac muscle tissue triggered by exposure to cigarette smoke and subsequent smoking cessation.

3.	Evaluate the inflammatory response within cardiac muscle tissue following exposure to cigarette smoke and subsequent cessation of smoking.




[bookmark: _Toc169092934][bookmark: _Toc177988037]Materials and Methods

The summary of the applied approaches and techniques is illustrated in the figure.
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[bookmark: _Toc169308214][bookmark: _Toc177988069]Figure 5. Design of the study.




[bookmark: _Toc169092935][bookmark: _Toc177988038]Results

[bookmark: _Toc169092896][bookmark: _Toc169092936][bookmark: _Toc177988039]The Genetic Mutation in Wolframin Gene as an Intrinsic Factor Influencing Mitochondrial Bioenergetics in Cardiac Muscle: Insights from Wolframin-Deficient Models (Paper I and Paper II)

To investigate the influence of intrinsic factors on mitochondrial bioenergetics in cardiac muscle, we utilised two models featuring metabolic syndrome caused by genetic modifications in the Wolframin gene: mice with a 129S6/SvEvTac and C57BL/6 mixed background and Wistar rats (hereafter referred to as WFS1 KO). Their wild-type (WT) littermates were used as controls.

To evaluate the variations in mitochondrial respiration and ATP generation between Wolframin-deficient and control animals, we utilised oxygraphic measurement protocols: (1) SUIT (substrate-uncoupler-inhibitor-titration); (2) Respiratory Chain (RC) protocol, which aimed to ascertain the individual capacity of CI-, CII-, and CIV-linked electron transport to support ADP-dependent oxygen consumption; (3) the ADP-titration protocol, employed to determine kinetic constants such as the apparent Km constant for ADP (Km(ADP)) and the maximal respiration rate (Vmax); (4) three distinct protocols for coupling assessment of CK, AK, and HK to OXPHOS. These protocols facilitated the simultaneous monitoring of the respiration of different ETC complexes and the preference of pathways for specific substrates.

[bookmark: _Toc169092897][bookmark: _Toc169092937][bookmark: _Toc177988040]Impact of Wolframin Deficiency on Mitochondrial Kinetics in Cardiac Muscle (Paper I) and OXPHOS Function (Paper I and Paper II)

We employed the classical ADP-titration protocol to elucidate the impact of Wolframin gene deficiency on the regulation of the outer mitochondrial membrane in cardiac muscle (Figure 6A). A Km(ADP) value reduction was observed in the cardiac muscle fibers of WFS1-deficient mice when glutamate and malate served as CI-linked substrates without adding pyruvate and creatine. Specifically, in WT and WFS1 KO mice, the Km(ADP) values were 100 and 50 µM ADP, respectively (Figure 6B). Additionally, a significant reduction in the maximal oxygen consumption rate (Vmax) was observed in WFS1 KO cardiac cells (Figure 6C). In contrast, no differences in Km(ADP) and Vmax were observed in WFS1 KO animals when using a combination of malate and pyruvate without glutamate.
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[bookmark: _Ref169484991][bookmark: _Toc177988070][bookmark: _Toc169308215]Figure 6. Kinetic analysis of the regulation of ADP-activated respiration with malate and glutamate in mouse model.

 (A) Representative trace of oxygraphic measurement of ADP-titration (until saturation). CI-linked substrates malate and glutamate. The respiration rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is represented in µM (blue line; left axis). (B) The corresponding apparent Michaelis-Menten constant (Km) values for exogenously added ADP were determined for WFS1 KO and WT mice. (C) The maximal oxygen consumption rate (Vmax) was determined from the measurements for the Michaelis-Menten coefficient calculation. The respiration rate is represented in nmol O2*min-1*mg dw-1; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001. Results are expressed as mean ± SEM.

To determine which of the two main ETC electron feeding sites (CI and CII) could be limiting for OXPHOS in WFS1 KO animals, we conducted several experiments employing SUIT and RC protocols.

[bookmark: _Hlk169485197]Employing the SUIT protocol (Figure 7A), we observed that leak respiration (oxygen consumption without adenylates) did not differ between groups in cardiac muscle. Following the SUIT protocol, we initiated the activation of CI by sequentially introducing malate and pyruvate, followed by adding ADP to stimulate OXPHOS within the mitochondria, and subsequently adding glutamate to augment the maximal activity of CI-linked respiration. After that, we initiated the CII-linked respiration by introducing CII substrate succinate. Respiratory activity of cardiac muscle driven simultaneously by CI and CII exhibited no differences between WFS1-deficient and control mice.

The RC protocol enabled the individual assessment of ADP-dependent respiration for complexes CI, CII, and CIV (Figure 7B). This was achieved by initially activating CI, then inhibiting it with rotenone, followed by activating CII. Subsequently, CIII was inhibited using Antimycin A, allowing for the measurement of CIV maximal capacity after adding an artificial substrate. In both WFS1-deficient animal models used, no differences in parameters were obtained with the RC protocol compared to WT animals. In the rat model, two alternative CI-linked substrate combinations, malate with glutamate or pyruvate, were used to activate CI. Our findings indicated no statistically significant alterations in WFS1 KO cardiac muscles compared to WT animals for either substrate combination.
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[bookmark: _Ref169485170][bookmark: _Toc177988071][bookmark: _Toc169308216]Figure 7. Representative traces of oxygraphic measurements corresponding to SUIT (A) and Respiratory chain (B) protocols.

 The respiration rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is expressed in µM (blue line; left axis). A leak means uncoupled and non-phosphorylating oxygen consumption without adenylates; CI means the oxygen consumption rate with CI-linked substrates (malate, glutamate, and pyruvate); CI+CII means the oxygen consumption rate with CI- and CII-linked substrates (malate, glutamate, and pyruvate; succinate, respectively); CI+CII MaxOXPHOS means the oxygen consumption rate after the addition of 5 mM ADP (saturated state); ETC capacity means maximal oxygen consumption rate after addition of uncoupler; CII means oxygen consumption rate with CII-linked substrates after inhibition of CI; CIV means oxygen consumption rate with artificial CIV substrate TMPD and inhibition of CI, CII and CIII; ROX is residual oxygen consumption rate due to oxidative side reactions remaining after addition of ETC inhibitors.

[bookmark: _Toc169092898][bookmark: _Toc169092938][bookmark: _Toc177988041]Substrate Preferences and Mitochondrial Function in Wolframin-Deficient Cardiac Muscle (Paper II)

In our investigation, we evaluated substrate preferences and the flexibility of OXPHOS with different substrate combinations to switch between glucose-linked (pyruvate) 
and fatty acid oxidation (octanoyl carnitine) substrates in the cardiac muscle of 
WFS1-deficient rats.

We employed SUIT protocols, which involve the simultaneous activation of mitochondrial ETC complexes, providing a condition more akin to physiological circumstances. Following the SUIT-1 protocol (Figure 8A), respiration was initially sustained solely by malate, concurrently with the activation of the fatty acid (FA) pathway using octanoyl carnitine (Oct). We observed no differences in FA-linked respiration rates in cardiac muscle between the experimental groups. Then, pyruvate was introduced to complement the system with a substrate from the glycolytic pathway. Following this, maximal CI-linked respiration was activated using glutamate. Notably, maximal CI-linked respiration and maximal OXPHOS, involving the activation of both CI and CII, were markedly diminished in WFS1 KO animals compared to WT counterparts (Figure 8B,C). In normal cardiac muscle, the sequential addition of substrates typically increases the respiration rate, reaching its peak in the presence of an uncoupler.
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[bookmark: _Ref169485245][bookmark: _Toc177988072][bookmark: _Toc169308217]Figure 8. The influence of consecutive activation of FA and glycolytic pathways on mitochondrial respiratory capacity in the rat model.

 (A) Representative trace of oxygraphic measurement corresponding to SUIT-1 protocol with activation of FA and glycolytic pathways in permeabilised cardiac muscle tissue in rats, where FAO is oxygen consumption rate with fatty acid oxidation, CI max is maximal oxygen consumption rate with CI-linked substrates (malate, glutamate, and pyruvate), CI+CII MaxOXPHOS is maximal oxygen consumption rate with CI- and CII-linked substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is represented in nmol O2*min-1*mg ww-1 (red line; right axis); O2 concentration is represented in µM (blue line; left axis). (B) The maximal oxygen consumption rate with CI-linked substrates (CI max) was decreased in WFS1 KO rats compared to the WT group. (C) The maximal oxygen consumption rate with CI- and CII-linked substrates was decreased in WFS1 KO rats compared to the WT group. The respiration rate is represented in nmol O2*min-1*mg ww-1; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001; n = 6–9. Results are expressed as mean ± SEM.

To test the hypothesis that the decrease in the respiration rate observed in previous experiments was caused by the activation of the FA pathway, thereby inhibiting the utilisation of other CI-linked substrates, we devised the SUIT-2 protocol (Figure 9A). 
In the SUIT-2 protocol, substrates were added in reverse order to activate pathways, with glucose-linked substrates, malate and pyruvate, introduced first. Subsequently, the FA pathway was activated, and the maximum CI-linked oxygen consumption rate was measured by adding glutamate. Our results demonstrated no significant alterations in WFS1KO cardiac muscle (Figure 9B,C), indicating that only the activated FA pathway could inhibit the glucose-linked pathway in the SUIT-1 protocol.
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[bookmark: _Ref169485439][bookmark: _Toc177988073][bookmark: _Toc169308218]Figure 9. The influence of the consecutive activation of glycolytic and FA pathways on mitochondrial respiratory capacity in the rat model.

 (A) Representative trace of oxygraphic measurement corresponding to SUIT-2 protocol with activation of glycolytic and FA pathways in permeabilised cardiac muscle tissue in rats, where FAO is oxygen consumption rate with fatty acid oxidation, CI max is maximal oxygen consumption rate with CI-linked substrates (malate, glutamate, and pyruvate), CI+CII MaxOXPHOS is maximal oxygen consumption rate with CI- and CII-linked substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is represented in nmol O2*min-1*mg ww-1 (red line; right axis); O2 concentration is expressed in µM (blue line; left axis). The maximal oxygen consumption rate with CI-linked substrates (B) and CI- and CII-linked substrates (C) did not differ between WFS1 KO and WT groups. The respiration rate is represented in nmol O2*min-1*mg ww-1; n = 6–8. Results are expressed as mean ± SEM.

To investigate potential impairments in using glucose-linked substrates, we implemented the SUIT-3 protocol (Figure 10A). According to this protocol, exclusively malate, glutamate, and pyruvate were used as substrates to activate pathways without adding octanoyl carnitine. Our findings revealed no significant differences in the ETC capacity between WFS1 KO and WT in cardiac muscle when the glucose-linked pathway was evaluated independently from the FA pathway (Figure 10B,C). Furthermore, comparing different substrate introduction orders in WT cardiac muscle demonstrated that the maximal OXPHOS capacity and CI-linked respiration rates were higher when SUIT-1 and SUIT-2 protocols were employed. Conversely, in WFS1 KO cardiac muscle, the highest oxygen consumption rate was observed with the SUIT-2 protocol (pyruvate added first) compared to SUIT-1 and SUIT-3, suggesting alterations in the fatty acid pathway.
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[bookmark: _Ref169485488][bookmark: _Toc177988074][bookmark: _Toc169308219]Figure 10. The influence of glycose-linked pathway activation on mitochondrial respiratory capacity in the rat model.

 (A) Representative trace of oxygraphic measurement corresponding to SUIT-3 protocol with activation of glycolytic pathways in permeabilised cardiac muscle tissue in rats, CI max is maximal oxygen consumption rate with CI-linked substrates (malate, glutamate, and pyruvate), CI+CII MaxOXPHOS is maximal oxygen consumption rate with CI- and CII-linked substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is represented in nmol O2*min-1*mg ww-1 (red line; right axis); O2 concentration is expressed in µM (blue line; left axis). The maximal oxygen consumption rate with CI-linked substrates (B) and CI- and CII-linked substrates (C) did not differ between WFS1 KO and WT groups. The respiration rate is represented in nmol O2*min-1*mg ww-1; n = 5. Results are expressed as mean ± SEM.

[bookmark: _Toc169092899][bookmark: _Toc169092939][bookmark: _Toc177988042]Impact of Energy Transfer Pathways on Oxidative Phosphorylation in Cardiac Muscle: Experimental Insights from Mouse and Rat Models (Paper I and Paper II)

The continuous transfer of intracellular ATP from mitochondria to ATPases and the supply of metabolites to mitochondria is significant in cardiac cells, where mitochondria serve as the primary energy producers. Our study investigated how three critical energy facilitation systems influenced OXPHOS in muscles: the Cr/PCr, AK, and glycolytic pathways. Alteration in these pathways can exert immediate influences on cellular metabolism. 

Assessment of Creatine Kinase/Phosphocreatine Pathway Activity and its Impact on Oxidative Phosphorylation in Cardiac Muscle

A distinguishing feature of the creatine kinase pathway’s efficacy in oxidative muscle cells is the heightened affinity of mitochondria towards ADP, as indicated by decreased Km(ADP) value upon pathway activation with creatine. Accordingly, activating the CK pathway in the mouse model using the ADP-titration protocol reduced the Km(ADP) value in WT cardiac muscle fibers, as expected (Table 1).

Previous experiments conducted without creatine using the ADP-titration protocol had demonstrated a significantly lower Km(ADP) value in cardiac fibers of WFS1 KO mice. However, when creatine was introduced to mimic physiological conditions more accurately, the Km(ADP) value for WFS1 KO animals remained unaltered (Table 1). Consequently, upon activating the CK pathway, the Km(ADP) values in the study and control animals were comparable, with the decrease observed only in the control group. Consequently, no further significant decrease was detected in response to CK pathway activation with creatine in WFS1 KO mice.



[bookmark: _Ref169485553]Table 1. Michaelis-Menten constant Km(ADP) values in the cardiac muscle of WFS1-deficient (WFS1 KO) and wild-type (WT) mice with and without activation of creatine kinase pathway by adding creatine.

		

		CARDIAC MUSCLE KM(ADP) VALUE



		MOUS MODEL

		WITHOUT CREATINE

		WITH CREATINE



		WT

		101.6 ± 21.3

		42.7 ± 5.0



		WFS1 KO

		54.2 ± 5.2

		41.4 ± 3.0







Conversely, in a rat model, no pathological alterations were detected in WFS1 KO animals following CK pathway activation.

The CK/PCr pathway serves as cardiac muscle’s primary energy transport system. We employed the PK/PEP system protocol to assess CK pathway activity to capture all ADP generated by ATPases in the cell’s cytosol of the mouse model.

The PK/PEP system was activated by adding pyruvate kinase (PK), which traps all extramitochondrial ADP generated by ATPases (Figure 11A). In these conditions, 
energy flux through the CK pathway was measured, where registered oxygen consumption depended solely on the ADP/ATP circulation incorporated in the MI and CK transfer system. Activation of the PK/PEP system led to the rephosphorylation of ADP produced by ATPases to ATP in the cytosol. This resulted in decreased mitochondrial oxygen consumption by OXPHOS due to reduced ADP transport to mitochondria. 
The respiration started to increase after activation of the CK transfer system by stepwise addition of creatine, and the maximal respiration rate (Vcr) was determined upon achieving saturation. In the mouse model, the maximal creatine-activated OXPHOS rate (Vcr) in WFS1 KO cardiac muscle fibers was significantly lower compared to WT 
(Figure 11B). However, no difference in Vcr was observed between WFS1 KO and WT in a rat model.
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[bookmark: _Ref169486088][bookmark: _Toc177988075][bookmark: _Toc169308220]Figure 11. Functional coupling between OXPHOS and creatine kinase pathway in the mouse model.

 (A) Representative trace of oxygraphic measurement corresponding to PK/PEP system protocol to estimate CK coupling with OXPHOS in permeabilised cardiac muscle tissue in mice. The respiration rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is represented in µM (blue line; left axis). (B) The oxygen consumption rate is measured with the maximal activation of the creatine kinase pathway, and Vcr is the maximal oxygen consumption rate determined from the measurements for the Michaelis-Menten coefficient calculation. Respiration rate is represented in nmol O2*min-1*mg dw-1; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001. Results are expressed as mean ± SEM.

Investigating the Role of Adenylate Kinase Isoforms in Cardiac Muscle Energy Transfer

The adenylate kinase pathway represents another significant energy pathway in muscle cells, characterised by various AK enzyme isoforms. Our investigation focused on measuring the activity of the cytosolic adenylate kinase isoform AK1 and the mitochondrial adenylate kinase isoform AK2 using an oxygraphic method. These isoforms facilitate the transfer of high-energy phosphates from mitochondria to ATPases. AK2 is situated in the intermembrane space of mitochondria and facilitates both ATP production and its translocation from mitochondria to the cytosol. Conversely, AK1 is crucial in maintaining the ATP/ADP ratio at ATP-utilization sites by interconverting various adenosine phosphates (ATP, ADP, and AMP).

To assess the functional coupling of cytosolic and mitochondrial AKs with OXPHOS, we employed the adenylate kinase index (IAK) (Figure 12A,B). In the mouse model, we observed a significant increase in the AK index value in the heart fibers of WFS1 KO animals compared to the WT (Figure 12B). However, we did not reveal the same effect in the WFS1 KO rat model.
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[bookmark: _Ref169486614][bookmark: _Toc177988076][bookmark: _Toc169308221]Figure 12. Functional coupling between OXPHOS and adenylate kinase (AK) pathway in the mouse model.

 (A) Representative trace of oxygraphic measurement of AK coupling with OXPHOS in permeabilised cardiac muscle tissue in mice. VATP is the oxygen consumption rate after activation of ATPases and production of endogenous ADP; VAMP is the oxygen consumption rate at the maximal activation of the AK system; VAP5A is the oxygen consumption rate in the presence of an AK inhibitor. The respiration rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is expressed in µM (blue line; left axis). (B) Functional coupling of oxygen consumption with the AK pathway is represented as AK index (IAK) calculated as IAK = (VAMP – VAP5A)/VAP5A; *p-value < 0.05, 
**p-value < 0.01, ***p-value < 0. 001; n = 5. Results are expressed as mean ± SEM.

Assessing Hexokinase Activity and Functional Coupling of Oxidative Phosphorylation with Glycolysis in Cardiac Muscle

In our investigation of the glycolytic pathway, mainly focusing on the role of hexokinase in regulating cellular respiration, we calculated the glucose index (GI) as a metric to assess the functional coupling of OXPHOS with glycolysis (Figure 13A,B). The GI was determined as the ratio of the relative increase in OXPHOS rate following glucose addition to the maximal respiration rate with exogenous ADP.

Hexokinases catalyse the initial and irreversible step of glycolysis by phosphorylating glucose to glucose-6-phosphate. In our study, we sought to elucidate the impact of HK activity on cellular respiration dynamics. Our results revealed a higher GI in cardiac muscle tissues obtained from WFS1 KO mice compared to those from WT mice (Figure 13B). This observation suggests an enhanced functional coupling between OXPHOS and glycolysis in the cardiac muscle of WFS1 KO mice.
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[bookmark: _Ref169486678][bookmark: _Toc177988077][bookmark: _Toc169308222]Figure 13. Functional coupling between OXPHOS and hexokinase in a mouse model.

 (A) Representative trace of oxygraphic measurement to estimate mitochondrial-associated HK coupling with OXPHOS in permeabilised cardiac muscle tissue in mice. VATP is the oxygen consumption rate with endogenous ADP; VGluc is the oxygen consumption rate with activated HK; VADP is the maximal 
ADP-dependent respiration rate. The respiration rate is represented in nmol O2*min-1*mg dw-1 (red line; right axis); O2 concentration is expressed in µM (blue line; left axis). (B) The glucose index (GI) is calculated as (VGluc – VATP)/(VADP)*100% where (VGluc – VATP) is the increase in the oxygen consumption rate in response to an addition of 10 mM glucose and VADP is the respiration rate in the presence of 2 mM ADP; *p-value < 0.05, **p-value < 0.01, ***p-value < 0. 001; n = 6–7. Results are expressed as mean ± SEM.

However, in contrast to the findings in the mouse model, our experiments conducted on a rat model did not yield similar results. Specifically, the GI did not exhibit significant differences between WFS1 KO animals and the WT group in the rat model.

[bookmark: _Toc169092900][bookmark: _Toc169092940][bookmark: _Toc177988043]Assessment of Enzymatic Activity in Cardiac Muscles of Wolframin-deficient Mice and Rats

Enzymatic activity measurements were employed in our investigation to elucidate the observed alterations in energy transfer pathways in the mouse model. Specifically, we assessed the activity levels of critical enzymes involved in energy transfer and metabolism: CK, AK, and HK. Our analysis indicated no significant differences in the enzymatic activity of these three enzymes between WFS1 KO animals and the control group. However, our findings revealed a decrease in the CK energy transfer system concurrent with an increase in the functional coupling of mitochondria with AK and HK in the cardiac muscles of WFS1 KO mice.

In the rat model, enzymatic activity measurements of CK, AK, and HK showed no significant differences between WFS1 KO and WT groups, consistent with the results obtained from energy transfer pathway experiments. Furthermore, assessment of CI enzymatic activity in rat cardiac muscle revealed no differences between WFS1 KO and WT animals. Additionally, we investigated citrate synthase (CS) activity to explore potential alterations in mitochondrial abundance in WFS1 KO and WT animals. Our analysis did not detect any changes in CS activity between WFS1 KO and WT rat cardiac muscle samples.

[bookmark: _Toc169092901][bookmark: _Toc169092941][bookmark: _Toc177988044]Assessment of Cardiac Tissue Metabolite Composition in WFS1 Knockout Mice using 1H NMR Spectroscopy (Paper I)

In this study, we conducted 1H NMR spectroscopy analysis to assess the metabolite levels in water-soluble cardiac tissue extracts obtained from mice aged 4-6 months. Principal component analysis of proton NMR spectra revealed no systematic differences between the two mouse genotypes, indicating overall similarity in the metabolic profiles of WFS1 KO and WT groups.

Furthermore, we quantified the total creatine content and determined the concentrations of six abundant metabolites: glucose, lactate, alanine, glutamine, glutamate, and taurine. Our findings indicated no statistically significant differences in the levels of these metabolites between the WFS1 KO and WT groups in mice.

These results suggest that, at the metabolic level assessed by 1H NMR spectroscopy, there are no discernible variations in cardiac tissue metabolite composition between WFS1 KO mice and their WT counterparts.

[bookmark: _Toc169092902][bookmark: _Toc169092942][bookmark: _Toc177988045]Impact of Cigarette Smoking and Smoking Cessation as Extrinsic Factor on Mitochondrial Bioenergetics, Metabolism, and Structural Changes in Cardiac Tissue: Insights from Murine Studies (Paper III)

In the second segment of our study, we delved into the impact of smoking and smoking cessation as extrinsic factors on mitochondrial bioenergetics, cellular metabolism, and structural changes in murine cardiac tissue. Our objectives were to elucidate the alterations on the molecular level in cardiac tissue induced by extrinsic factors and to examine the recovery process.

[bookmark: _Toc169092903][bookmark: _Toc169092943][bookmark: _Toc177988046]Impact of Cigarette Smoking and Smoking Cessation on Mitochondrial Function in Cardiac Tissue

To elucidate smoking-induced alterations in cardiac metabolism, we assessed mitochondrial respiration in the apex of the heart. Leak respiration with NADH substrates, NADH (CI)-linked respiration, and CII-linked respiration showed no significant differences between groups (Figure 14A-C). However, oxidative phosphorylation capacity tended to decrease after smoking compared to the control, subsequently returning to control values after smoking cessation (Figure 14D). Notably, uncoupling respiration (Figure 14E) demonstrated a significant decrease after smoking, returning to control levels after smoking cessation. Succinate dehydrogenase (SDH) activity declined post-smoking and continued to diminish after one week of smoking cessation yet returned to smoking levels following a two-week cessation period (Figure 14F,G).
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[bookmark: _Ref169486780][bookmark: _Toc177988078][bookmark: _Toc169308223]Figure 14. Cardiac uncoupling respiration is reduced with smoking and restored after smoking cessation.

 Succinate dehydrogenase activity depression in smoking and smoking cessation groups in mice. (A) Leak respiration, (B) NADH (complex I)-linked with pyruvate, malate, and glutamate, and (C) complex II-linked respiration (with succinate/rotenone) were not significantly different among control (CON), smoking (SM), and after 1–2 weeks smoking cessation (SC1W and SC2W). (D) Oxidative phosphorylation and (E) uncoupled respiration were lower in smoking compared to 
2-week smoking cessation (CON n = 11, SM n = 11, SC1W n = 11, SC2W n = 11). (F) Lower succinate dehydrogenase (SDH) activity after smoking and both groups of smoking cessation compared to control (CON n = 9, SM n = 7, SC1W n = 7, SC2W n = 7). (G) Representative images of succinate dehydrogenase (SDH) activity staining. The scale bar is 100 μm. Results are expressed as mean 
± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

[bookmark: _Toc169092904][bookmark: _Toc169092944][bookmark: _Toc177988047]Effects of Smoking and Smoking Cessation on Mitochondrial Protein Content and Supercomplex Formation

The content of mitochondrial CI subunit NDUFB8 was observed to be diminished after smoking compared to the control group, persisting at lower levels even after two weeks of smoking cessation (Figure 15 A,B). Conversely, no notable differences were detected in the protein levels of subunits pertaining to CII, CIII, and ATP synthase (Figure 15 C,D,F), although a reduction in CIV subunit MTCO1 was evident after smoking (Figure 15 E). Protein content analysis of critical regulators of mitochondrial fusion (OPA1) and fission (DRP1) revealed no significant alterations across experimental groups (Figure 15 G-I).
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[bookmark: _Ref169486971][bookmark: _Toc177988079][bookmark: _Toc169308224]Figure 15. Effect of smoking and smoking cessation on the abundance of complex I and complex IV subunits and mitochondrial dynamics (fusion and fission) in the heart of mice.

 (A) A typical example is showing bands of the mitochondrial complex subunits. (B-F) Protein content of mitochondrial complex I-IV and ATP synthase subunits (CON n = 9–10, SM n = 9–10, SC1W n = 10, SC2W n = 10). Vinculin was used as a loading control. (G) Typical example of Western immunoblotting showing bands of the OPA1 (CON n = 9, SM n = 7, SC1W n = 9, SC2W n = 9) and DRP1 proteins in control (CON n = 9), smoking (SM n = 8), 1–2-week smoking cessation (SC1W n = 8, SC2W n = 10). (H-I) The protein content of markers for mitochondrial fusion OPA1 (H) and fission DRP1 (I) were not significantly different between groups. Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

Following the isolation of mitochondria, we conducted blue-native electrophoresis to assess mitochondrial supercomplex (SC) formation (Figure 16A-D). Notably, smoking was associated with a decreased abundance of high-molecular-weight mitochondrial SCs, which was rectified to control levels after a two-week smoking cessation period 
(Figure 16A). Additionally, the content of free mitochondrial complexes tended to decrease after smoking, persisting at lower levels post-smoking cessation (Figure 16B). Interestingly, the normalised mitochondrial supercomplex content, relative to total complexes (Figure 16C), remained consistent between smoking and control conditions, indicating a proportional reduction in SCs and free complexes after smoking. Furthermore, the normalised mitochondrial SC content gradually increased following smoking cessation, indicating a transition of free complexes to SCs.
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[bookmark: _Ref169487064][bookmark: _Toc177988080][bookmark: _Toc169308225]Figure 16. Supercomplex formation in the heart after smoking and smoking cessation in mice.

 
(A) The protein content of high-molecular-weight supercomplexes was lower after smoking and recovered after smoke cessation (CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5). (B) The content of free or low-molecular-weight complexes of CI-IV and ATPase synthase were lower in SC1W and SC2W. (C) Normalised supercomplex relative to total complex increased after smoke cessation. 
(D) Representative examples of free mitochondrial complexes and complexes assembled in the supercomplex (SCs: I+III₂+IIn, I+III₂+IV1). Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

[bookmark: _Toc169092905][bookmark: _Toc169092945][bookmark: _Toc177988048]Metabolic and Lipidomic Profiling Reveals the Impact of Cigarette Smoking and Smoking Cessation on Cardiac Metabolism and Lipid Composition

Metabolomics analyses were conducted to elucidate the impact of cigarette smoking and cessation on cardiac metabolism. Metabolites with variable importance in projection (VIP) score exceeding 1.4 were subjected to enrichment pathway analysis. This analysis unveiled notable alterations in various metabolic pathways, including nicotinate and nicotinamide metabolism, glycolysis, pentose phosphate metabolism, gluconeogenesis, branched-chain amino acid degradation, nucleotide metabolism, mitochondrial beta-oxidation, and other lipid metabolism pathways (Figure 17).
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[bookmark: _Ref169487139][bookmark: _Toc177988081][bookmark: _Toc169308226]Figure 17. Top 30 metabolic pathways altered after smoking and smoking cessation in mice.

 
The enrichment plot depicts several metabolic pathway alterations induced by smoking and smoking cessation. Metabolites were used with variable importance in projection (VIP) score > 1.4 for control (CON n = 5), smoking (SM n = 5), and 1 to 2 weeks of smoking cessation (SC1W n = 5 and SC2W n = 5). The dot size represents the enrichment ratio (metabolite count enriched in the pathway), and the colour presents significance.

Cigarette smoking and subsequent cessation exerted notable effects on the nicotinamide adenine dinucleotide (NAD+) pathway, specifically leading to a decrease in the reduced form of nicotinamide mononucleotide (NMNH) (Figure 18). Following a 
two-week smoking cessation period, levels of NAD+ and NADH were observed to increase in comparison to active smoking conditions.
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[bookmark: _Ref169487177][bookmark: _Toc177988082][bookmark: _Toc169308227]Figure 18. Smoking- and smoking-cessation-induced alterations in metabolites related to NAD+ metabolism in the mouse heart.

 A simplified diagram describes the route from nicotinamide mononucleotide (NMN) and reduced form of nicotinamide mononucleotide (NMNH), the precursors of NAD biosynthesis, to nicotinamide (NAM) through nicotinamide adenine dinucleotide (NAD) and reduced form of nicotinamide adenine dinucleotide (NADH). NADP indicates nicotinamide adenine dinucleotide phosphate; 2-PY indicates N-methyl-2-pyridone-5-carboxamide. Control (CON n = 5), smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5), and 2-week smoking cessation (SC2W n = 5). Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

Additionally, elevated concentrations of metabolites associated with glycolysis and gluconeogenesis indicated an increased rate of glucose catabolism following two 
weeks of smoking cessation compared to control conditions (Figure 19). Conversely, metabolites involved in the pentose phosphate pathway, such as ribose-5 phosphate and sedoheptulose-7 phosphate, exhibited lower levels after two weeks of smoking cessation compared to control conditions (Figure 19). Notably, ophthalmic acid, a biomarker associated with oxidative stress, demonstrated elevated levels both after smoking and following the two-week cessation period (Figure 19).
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[bookmark: _Ref169487203][bookmark: _Toc177988083][bookmark: _Toc169308228]Figure 19. Smoking- and smoking-cessation-induced changes in the levels of metabolites of the glycolysis, pentose phosphate pathway, and cell stress pathway in the mouse heart.

 A simplified diagram of the glycolysis, the pentose phosphate pathway, the tricarboxylic acid (TCA) cycle, and cell stress pathway. The pentose phosphate pathway is linked to glycolysis through glucose 
6-phosphate. In reversible reaction of ribose-5 phosphate and xylulose-5 phosphate form glyceraldehyde-3 phosphate and sedoheptulose-7 phosphate. In the reversible reaction of glyceraldehyde-3 phosphate and sedoheptulose-7 phosphate form hexose-6 phosphate and erythrose-4 phosphate. Ophthalmic acid is a metabolite produced by the same enzymatic reactions as glutathione (GSH) but without the reactive cysteine. It can be used as a marker for (increased) GSH synthesis. Control (CON n = 5), smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5), and 2-week smoking cessation (SC2W n = 5). Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

Upon one week of smoking cessation, concentrations of the branched-chain amino acids isoleucine, leucine, and valine (Figure 20A-C) decreased compared to levels observed during smoking. However, restoration of branched-chain amino acid content to control levels did not occur after two weeks of smoke cessation.
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[bookmark: _Ref169487273][bookmark: _Toc177988084][bookmark: _Toc169308229]Figure 20. Smoking- and smoking-cessation-induced decrease in branched-chain amino acids (BCAAs) content in the mouse heart.

 Abundance of BCAAs (A) isoleucine, (B) leucine and (C) valine in mice heart in control (CON n = 5), smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5) and 2-week smoking cessation (SC2W n = 5) groups. Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

Although cardiac purine and pyrimidine contents remained unaffected by smoking, their levels were elevated after two weeks of smoke cessation compared to control conditions (Figure 21). Metabolites involved in purine biosynthesis, such as inosinic acid (IMP) and hypoxanthine, were unaltered by smoking but displayed decreased levels following two weeks of smoke cessation (Figure 21).
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[bookmark: _Ref169487349][bookmark: _Toc177988085][bookmark: _Toc169308230]Figure 21. Simplified schematic representation of purine and pyrimidine metabolism in the heart of smoking and smoking-cessation mice.

 Ribose-5 phosphate is the starting point of the two de novo biosynthesis pathways. Abbreviations: IMP, inosine monophosphate; UMP, uridine monophosphate; UDP, uridine diphosphate; UTP, uridine triphosphate; CTP, cytidine triphosphate; CDP, cytidine diphosphate; CMP, cytidine monophosphate; AMP, adenine monophosphate; ADP, adenine diphosphate; ATP, adenine triphosphate; GMP, guanosine monophosphate; GDP, guanosine diphosphate; GTP, guanosine triphosphate. Control (CON n = 5), smoking (SM n = 5), 1-week smoking cessation (SC1W n = 5), and 2-week smoking cessation (SC2W n = 5). Results are expressed as mean ± SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

Lipid profiling of the cardiac apex was conducted to investigate potential alterations in lipid content and species induced by smoking. Enrichment analysis revealed a differential abundance of various lipid classes between experimental groups 
(Figure 22A-D). Despite total triacylglycerol concentration in heart tissue remaining unchanged after both smoking and smoking cessation, concentrations of long-chain 
and very-long-chain highly unsaturated triacylglycerols were elevated following two weeks of smoke cessation compared to both control and smoking conditions 
(Figure 22E-H). This suggests a potential reduction in triacylglycerol breakdown or an increase in their production after smoke cessation.
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[bookmark: _Ref169487396][bookmark: _Toc177988086][bookmark: _Toc169308231]Figure 22. Lipids analysis of the mouse heart after smoking and smoking cessation.

 Pie charts depicting the lipidomic data of comparison (A) control and smoking (CON vs SM), (B) smoking and 1-week smoking cessation (SM vs. SC1W), (C) smoking and 2-week smoking cessation (SM vs. SC2W), and (D) control and 2-week smoking cessation groups (CON vs. SC2W). The pie chart depicts the main lipid classes different between groups; lipid species with p-value < 0.05 were used for this analysis. CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5. (E) Total triacylglycerols concentration in control (CON n = 5), smoking (SM n = 5), and 1- or 2-week smoking cessation groups (SC1W n = 5 and SC2W n = 5, respectively). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA). (F-H) Comparison of long- and very-long-chain highly unsaturated triacylglycerols among control, smoking, and two weeks of smoking cessation. Triacylglycerols TG (51:5) – TG (84:18) were chosen for comparison. CON vs. SM, SM vs. SC2W, and CON vs. SC2W (unpaired two-tailed t-test). Results are expressed as mean ± SEM.

[bookmark: _Toc169092906][bookmark: _Toc169092946][bookmark: _Toc177988049]Effects of Smoking and Smoking Cessation on Glucose Transport: Investigation of GLUT4 Translocation and Protein Concentration in Cardiac Tissue

Our comprehensive metabolomic and lipidomic analyses unveiled a notable metabolic shift induced by smoking cessation, characterised by a transition from fatty acid oxidation to glucose oxidation. This alteration in metabolic substrate preference suggested a potential modulation in the cellular trafficking of glucose transporter type 4 (GLUT4) from the cytosol to the cell membrane. To investigate this phenomenon further, we assessed membrane-associated GLUT4 in mice subjected to a fasting period exceeding three hours.

Surprisingly, our observations revealed that smoking did not exert any significant influence on the fraction of GLUT4 associated with the cell membrane (Figure 23A-D). However, following smoking cessation, there was a discernible increase in the translocation of GLUT4 towards the cell membrane (Figure 23A,C), indicating a potential regulatory mechanism associated with smoking cessation. Interestingly, no differences were observed in the amount of cell membrane that contained GLUT4 (Figure 23D).

To complement our findings, we employed western immunoblotting to examine whether there were alterations in the overall concentration of GLUT4 protein. However, no significant differences in the overall GLUT4 protein concentration were observed between groups (Figure 23B). These results suggest that while smoking cessation may influence the translocation of GLUT4 to the cell membrane, it does not significantly affect the total abundance of GLUT4 protein in cardiac tissue.
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[bookmark: _Ref169487459][bookmark: _Toc177988087][bookmark: _Toc169308232]Figure 23. More glucose transporter type 4 (GLUT4) translocation at the cell membrane after smoking and smoking cessation in mice.

 (A) Representative images of heart sections stained with GLUT4 antibody. The left panel shows GLUT4 protein staining with GLUT4 antibody; the middle panel shows membrane staining with WGA antibody; and the right panel shows GLUT4 and membrane staining overlapping. The scale bar is 100 μm. (B) Western blot analysis was used to measure the protein content of GLUT4 (CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5). (C) The fraction of GLUT4 localised at the cell membrane increased after smoke cessation. (D) Fraction of membrane overlapping with GLUT4 in control (CON n = 6), smoking (SM n = 6), and 1- or 2-week smoking cessation (SC1W n = 6, SC2W n = 6). Results are expressed as mean ± SEM. SM vs. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

[bookmark: _Toc169092907][bookmark: _Toc169092947][bookmark: _Toc177988050]Effects of Smoking and Smoking Cessation on Body Mass, Heart Mass, Cardiomyocyte Size, Collagen Content, Capillary Density, and Cardiac Nuclear Density in a Murine Model

Our study observed distinct alterations in body mass, heart mass, and cardiomyocyte size associated with smoking and smoking cessation (Figure 24A-D). Specifically, body mass exhibited a reduction following smoking (SM) compared to the control (CON) group, with a gradual increase noted after smoking cessation (Figure 24A). Conversely, while heart mass did not significantly differ between the smoking and control groups, it demonstrated an elevation following two weeks of smoking cessation (SC2W) compared to the smoking cohort (Figure 24B). Interestingly, the heart-to-body mass ratio exhibited an increase following smoking, which persisted unchanged after smoking cessation. Furthermore, assessment of the cardiomyocyte cross-sectional area revealed a tendency towards lower values after smoking (Figure 24C,D), albeit without a subsequent increase following smoking cessation. 

We observed that collagen content was elevated in smoking groups compared to controls and further increased after one week of smoking cessation (Figure 24E,F). Interestingly, while there was no significant difference in collagen content between two weeks of smoking cessation (SC2W) and smoking groups, the collagen content in SC2W remained higher compared to the control group.

Regarding capillary density (Figure 24G,H), we found no significant differences between smoking and control groups. However, capillary density notably increased after smoking cessation and remained elevated compared to the control group.
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[bookmark: _Ref169487538][bookmark: _Toc177988088][bookmark: _Toc169308233]Figure 24. Body mass, heart mass, cross-sectional area of cardiomyocytes, fibrosis, and capillary density after smoking and smoking cessation in mice.

 (A) Body (CON n = 13, SM n = 12, SC1W n = 12, SC2W n = 13) and heart mass (B) of mice exposed to cigarette smoke (SM n = 16) and after 
1–2 weeks of smoking cessation (SC1W n = 14, SC2W n = 14), compared to control (CON n = 14). 
(C) The cardiomyocyte cross-sectional area was not significantly different between groups (CON n = 5, SM n = 6, SC1W n = 6, SC2W n = 6). (D) Representative images of cell membranes (wheat germ agglutinin antibody). (E) Representative images of collagen. (F) Collagen content was higher after smoking and further increased after smoking cessation (CON n = 9, SM n = 6, SC1W n = 8, SC2W n = 7). (G) Representative images of cardiac capillaries. (H) Capillary density increased after 1 and 2 weeks of smoking cessation (CON n = 9, SM n = 7, SC1W n = 9, SC2W n = 7). Results are expressed as mean 
± SEM. The corresponding significant p values are shown in the figures. The scale bar represents 
100 μm (D, E) or 250 μm (G). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).

Our investigation used a hematoxylin and eosin stain to visualise cells and nuclei in cardiac tissue samples (Figure 25 A,B). Our analysis revealed no significant differences in cardiac nuclear density between smoking and control groups. However, nuclear density increased after one week of smoking cessation, although this effect was not sustained after two weeks of cessation compared to smoking. Notably, no signs of cardiac cell necrosis or cell death were observed in any of the experimental groups.	

Further examination suggested that the additional nuclei observed after one week of smoking cessation may represent infiltrated immune cells, particularly macrophages. Cigarette smoke exposure notably elevated the concentration of infiltrated macrophages compared to the control group (Figure 25 C,D). Importantly, this elevation persisted above control levels even after smoking cessation.
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[bookmark: _Ref169487637][bookmark: _Toc177988089][bookmark: _Toc169308234]Figure 25. Nuclear density and macrophage infiltration of cardiac tissue after smoking and smoking cessation in mice.

 (A) Representative examples for hematoxylin and eosin staining in control (CON), smoking (SM), and 1-2 weeks of smoking cessation (SC1W and SC2W). (B) Nuclear density in 
cardiac tissue increased after smoking cessation (CON n = 9, SM n = 8, SC1W n = 9, SC2W n = 6). 
(C) Representative examples of macrophages (green), membranes (red), and nuclei (blue). 
The upper panel shows staining of cardiomyocyte nuclei and macrophages, and the lower panel shows staining of cardiomyocyte membranes and nuclei and macrophages. White arrows show macrophages (upper panel). (D) Macrophage density was higher after smoking and smoking cessation. (CON n = 5, SM n = 5, SC1W n = 5, SC2W n = 5). Results are expressed as the mean ± SEM. The scale bar is 250 (A) or 50 μm (C). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SC1W vs. SM and SC2W vs. SM (one-way ANOVA).
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The WFS1 gene exhibits high expression levels within cardiac tissue, yet cardiac manifestations are notably absent from the core complications of WS (Barrett & Bundey, 1997; Minton et al., 2003). While the functional repercussions of WFS1 deficiency in the heart remain understudied, sporadic reports indicate cardiac anomalies in WS patients, including occurrences of cardiac murmurs, cardiomyopathy, disrupted cardiac calcium signalling, and compromised cardiac function (Cagalinec et al., 2019; Ganie et al., 2011; Korkmaz et al., 2016; Medlej et al., 2004). Based on various publications, it is suggested that the WFS1 gene plays a significant role in modulating calcium homeostasis, regulating calcium transport between the ER and mitochondria, and participating in the formation of MAM structures (Delprat et al., 2018; La Morgia et al., 2020). However, the absence of severe cardiological complications resulting from mutations in this gene is perplexing.

The primary objective of this investigation is to characterise the bioenergetic profile of cardiomyocytes and explore the potential existence of inherent cardioprotective mechanisms associated with intrinsic factors, notably the deletion of the highly expressed WFS1 gene in cardiac tissue and the subsequent development of early-stage diabetes. Given the known functions of the WFS1 gene in cellular processes, the expected changes in cardiac function and metabolism are anticipated to be more significant than what has been observed in WS patients and animal models. Notably, the absence of specific cardiac pathologies upon WFS1 gene deletion presents an opportunity to explore compensatory mechanisms regulating cardiac bioenergetics. This investigation is unique and has not been previously conducted in the context of WS. To this end, we utilised two distinct models of WFS1-deficient animals: mice lacking the 8th exon of WFS1 and rats with deletion of the 5th exon. Given WFS1's cellular functions, it is hypothesised that WFS1 deficiency would impact cardiac bioenergetics, yet compensatory mechanisms may mitigate these alterations, thereby accounting for the infrequent cardiac complications observed in WS patients. To minimise the potential confounding effects of diabetes and other early symptoms of WS on cardiac bioenergetics, experimental animals were deliberately chosen from an age cohort preceding the manifestation of most symptoms associated with WS (Ivask et al., 2016; Koks, 2023; Plaas et al., 2017). This strategic selection aims to isolate the influence of WFS1 deficiency on cardiac energetics, independent of any secondary effects resulting from other complications, particularly late-stage diabetic complications. Through a series of experiments, we evaluated the influence of intrinsic factors on mitochondrial function and substrate preferences, shedding light on the complex interplay between genetic mutations, cellular metabolism, and cardiac physiology.

In the initial phase of our study, we employed WFS1 deficient mice with a deletion of the 8th exon and their WT littermates, aged between 4 and 6 months. This model is 
well-established to mirror various facets of WS, including growth retardation, diabetes, infertility, ocular complications, and notably, neurological and behavioural abnormalities, alongside a shortened lifespan (Ivask et al., 2016; Koks, 2023; Koks et al., 2009; Luuk 
et al., 2008; Luuk et al., 2009; Noormets et al., 2009).

Our investigation revealed significant kinetic alterations in the apparent affinity of exogenous ADP to mitochondria in WFS1 KO mice compared to WT counterparts. Notable changes were also observed in the functional characteristics of the electron transport chain and phosphotransfer networks, which play pivotal roles in facilitating the transport of high-energy bonds to ATPases. These findings underscore the intricate regulatory mechanisms governing mitochondrial function in the absence of WFS1 expression and provide insights into potential disruptions in cellular energy metabolism pathways associated with WFS1 deficiency.

Specifically, we noted a reduced maximal ADP-dependent respiration rate in WFS1 deficient animals when utilising glutamate and malate as substrates, albeit in the absence of pyruvate. Additionally, we observed a reduced Km(ADP) value for WFS1 KO animals compared to controls under these conditions. This suggests that WFS1 deficiency may impact glutamate metabolism pathways without significantly affecting pyruvate metabolism. Given the known association of WS with increased ER stress, decreased mitochondria-ER connectivity, and disturbances in calcium homeostasis, we speculate that these alterations may influence the activity of mitochondrial proteins involved in glutamate metabolism, such as the glutamate/aspartate antiporter (AGC) (Del Arco 
et al., 2016; Rueda et al., 2016; Yuan et al., 2023).

Furthermore, our study revealed several alterations in energy trafficking pathways within cardiac muscle cells of WFS1 KO mice. Despite observing an unchanged oxygen consumption rate in WFS1-deficient mice under activated creatine kinase (CK) pathway conditions, a lower rate was noted in the absence of pathway activation compared to control animals. This discrepancy may suggest weakened interactions between mitochondrial CK and adenine nucleotide translocase (ANT), potentially compromising the function of the Mitochondrial Interactosome (MI) (Saks et al., 2010). These findings imply that WFS1 deficiency could disrupt the coordination between CK and ANT, crucial components of the MI complex, which is integral to regulating mitochondrial energy metabolism. Further investigation into the molecular mechanisms underlying these disruptions is warranted to elucidate their impact on overall mitochondrial function and cellular energy homeostasis in WFS1-deficient mice. 

The observed decrease in creatine kinase pathway activity in WFS1 KO mice corresponds with an increased functional coupling between mitochondria and the adenylate kinase and hexokinase pathways. Furthermore, the heightened glycolytic activity indicated by the increase in the glycolytic index value in the cardiac muscle cells of WFS1 KO mice resembles age-related changes observed in rat heart cardiomyocytes (Tepp et al., 2016). These findings suggest the presence of a compensatory mechanism wherein the AK and HK pathways assume greater responsibility in managing energy flow from mitochondria to ATPases, particularly in situations where CK pathway function is compromised. This adaptive response likely plays a crucial role in maintaining cellular energy homeostasis and underscores the dynamic interplay between different metabolic pathways to ensure efficient ATP production and utilisation in cardiac muscle cells.

Previous research has indicated that WFS1 mutant mice exhibit glucose intolerance and diminished insulin secretion, although they do not display fasting hyperglycemia. Thus, the WS mouse model only partially manifests diabetes and other symptoms of WS, according to reports by Plaas et al. (Plaas et al., 2017). In contrast, the WFS1 KO rats utilised in the second part of our experiments, aged 8–9 months with a deletion of the 5th exon of the WFS1 gene, better mimic the human condition of WS (Plaas et al., 2017). Disease progression in these rats begins with a defect in glucose-stimulated insulin release at three months of age, followed by glucose intolerance and decreased basal serum insulin levels at six months. By ten months, WFS1 deficient rats exhibit signs of glycosuria, which worsens by 13 months, preceding the development of hyperglycemia. While WFS1 KO rats exhibit insulin deficiency, insulin sensitivity remains unaltered at the age during our experiments. Additionally, experiments by Cagalinec et al. showed increased contractility of cardiomyocytes derived from WFS1 KO rats at four months, mainly due to prolonged cytosolic calcium transients (Cagalinec et al., 2019). These findings suggest an extended duration of calcium release in ventricular cardiomyocytes of WFS1 KO animals. Therefore, cardiac complications in this model develop independently of insulin deficiency and before the onset of hyperglycemia. Thus, changes in heart muscle bioenergetics may be attributed to WFS1 deficiency.

The bioenergetic profile of tissue is characterised by measuring mitochondrial oxygen consumption, which depends on two main substrate delivery pathways: FAO and the glycolysis-linked pathway. While cells typically prefer specific substrate pathways, healthy tissue can usually shift between substrates as required. However, inflexibility in these pathways is a hallmark of several metabolic disorders, including sarcopenia, 
type 2 diabetes, obesity, heart failure, and atrial fibrillation (Goodpaster & Sparks, 2017; Karwi et al., 2018; Prior et al., 2014; Qin et al., 2022; Shoemaker et al., 2022). Similarly, decreased activity in some respiratory system complexes can be partially compensated by others, such as the increased activity of CII accompanied by reduced activity of CI is described in various tissues during ageing and pathology (Gruno et al., 2008; Koit et al., 2017; Tepp et al., 2017; Weber et al., 2018).

In WFS1 KO rat cardiac muscle, the primary alteration observed was the inhibitory effect of the activated FA pathway on glucose-linked pathway usage. Our results align with previous knowledge that energy production in insulin-resistant heart cells cannot effectively switch from FA to glucose-linked metabolism and primarily rely on FA oxidation, even in a hyperglycemic state (Buchanan et al., 2005). When substrates were introduced in reverse order, and the glucose-linked substrate pathway was activated before the FA pathway, no difference was observed between WFS1 KO and WT heart muscle fibers. 
In normal cardiac muscle, the sequential addition of substrates typically induces an increase in respiration rate, reflecting mitochondrial adaptability in utilising different substrates to maintain energy metabolism (Lemieux et al., 2017). However, this function appears compromised in WFS1-deficient animals, resulting in inefficiency in utilising glucose-linked carbon sources when FAO is already activated in mitochondria.

Our study did not detect a significant increase in Leak oxygen consumption in cardiac tissue in both mouse and rat models, indicating that functionality of the inner mitochondrial membrane of the heart is not extensively altered in WFS1 deficiency. Additionally, there were no significant alterations in the maximal oxygen consumption capacity of individual respiratory complexes in cardiac muscle cells.

In contrast to cardiac tissue, in the glycolytic rectus femoris muscle of WFS1 KO rats, the activation of glucose-linked pathways inhibits FA usage (Tepp et al., 2022). Interestingly, higher CS activity in the glycolytic gastrocnemius white muscle preserves OXPHOS capacity in the WFS1 KO muscle. A similar trend is observed in the glycolytic rectus femoris muscle, where the WFS1 KO muscle exhibits higher CI activity than the WT muscle. However, in the oxidative soleus muscle, a significant decrease in respiratory capacity is noted in WFS1 KO animals across all substrate combinations, regardless of the order in which substrates were presented (Tepp et al., 2022). The higher CS activity in the WFS1 KO soleus muscle suggests an adaptive increase in mitochondrial number in response to decreased ETC capacity. Nevertheless, these adaptations do not seem sufficient to maintain OXPHOS levels comparable to WT. Overall, changes in skeletal muscles have been more pronounced than in cardiac muscle, where the heart retains its functional and metabolic capacity, as evidenced by an unchanged Vmax.

In summary, metabolic inflexibility in substrate usage is the primary alteration observed in the rat cardiac muscle cell bioenergetics due to WFS1 deficiency. WFS protein deficiency contributes to the development of this inflexibility in the heart, impairing the ability of mitochondria to utilise different substrates simultaneously. 

The variations in mitochondrial bioenergetics between the two models of WFS1 deficiency may stem from different deletions in the WFS1 gene. Notably, cardiac complications have been documented in WS patients with a deletion in the 8th exon of the WFS1 gene (Ganie et al., 2011; Korkmaz et al., 2016). It is well-established that different mutations in the WFS1 gene result in distinct phenotypes of WS (Koks, 2023).
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The investigation into the impact of cigarette smoking and smoking cessation on mitochondrial bioenergetics, metabolism, and structural changes in cardiac tissue using the mouse model of Chronic Obstructive Pulmonary Disease (COPD) has provided valuable insights into the molecular responses to these extrinsic factors. Through a comprehensive analysis of mitochondrial function, protein content, metabolite composition, glucose transport, and cardiac morphology, we have elucidated the multifaceted effects of smoking and smoking cessation on cardiac health.

We discovered that smoking induced a reduction in maximal mitochondrial capacity, which reverted to control levels following two weeks of smoking cessation. This change was associated with differences in mitochondrial protein content, succinate dehydrogenase (SDH) activity, and mitochondrial supercomplex formation. Metabolomic and lipidomic analyses revealed a shift from fatty acid to glucose oxidation upon 
smoking cessation, indicating partial restoration of cardiac metabolism. Additionally, smoking led to macrophage infiltration and fibrosis in the heart, with partial recovery observed after cessation. Intriguingly, smoking cessation prompted extensive capillary proliferation, leading to increased capillary density.

Uncoupled respiration was lower after smoking but returned to control levels after cessation. This was likely due to decreased mitochondrial protein content and impairments in mitochondrial respiration and electron transport caused by cigarette smoke compounds (Cardellach et al., 2003; Miro et al., 1999). Smoking cessation improved mitochondrial function, potentially through alterations in mitochondrial SC formation. We propose that smoking and cessation influence the balance between the disassembly and re-assembly of mitochondrial SCs and protein synthesis, explaining alterations in SC content and mitochondrial respiration without evident mitochondrial biogenesis. Nollet et al. (2023) recently demonstrated that augmenting the integration of CI into respiratory supercomplexes enhanced the ability to oxidise NADH, consequently leading to increased NADH-linked respiration (Nollet et al., 2023). Moreover, alterations in nicotinamide metabolism and increased ophthalmic acid concentration were observed, potentially contributing to improved mitochondrial function and redox signalling 
post-cessation (Soga et al., 2006; Yaku et al., 2018).

Cardiomyocytes demonstrate metabolic flexibility (Smith et al., 2018), primarily utilising FA and glucose for ATP production (Makrecka-Kuka et al., 2020; Smith et al., 2018). Our metabolomic analysis revealed a transition from fatty acid to glucose oxidation in cardiomyocytes following smoking cessation, accompanied by enhanced colocalisation of GLUT4 at the plasma membrane. Elevated levels of various glycolytic intermediates suggested an increased reliance on glucose oxidation post-smoking cessation, akin to observations in cardiovascular pathologies characterised by metabolic inflexibility (Makrecka-Kuka et al., 2020; McGarrah et al., 2018; Smith et al., 2018). However, according to recent studies on FAO inhibition, the transition from FAO to glycolysis could also play a cardioprotective role in cardiomyocyte function (Li et al., 2023). Furthermore, smoking cessation led to heightened concentrations of long-chain and very-long-chain highly unsaturated triacylglycerols, indicating diminished fatty acid oxidation. Excessive triacylglycerol accumulation is linked to insulin resistance, mitochondrial anomalies (Eggelbusch et al., 2024; Kelley & Goodpaster, 2001), cardiac hypertrophy (Makrecka-Kuka et al., 2020), and eventual ventricular dysfunction (Ge et al., 2012). In patients with COPD, elevated serum triacylglycerol levels are noted (Xuan et al., 2018), with negative associations between serum diacylglycerols/triacylglycerols and skeletal muscle oxidative capacity in severe COPD cases (Li et al., 2021). Concurrently, lower tissue concentrations of sphingomyelin SM(t33:0) and ceramide Cer(d44:3) 
were observed in smoking versus control conditions, with several ceramides and hexosylceramides displaying significantly reduced concentrations post-smoking cessation compared to controls.

Regarding smoking-induced structural changes, such as cardiac atrophy and fibrosis, they showed only partial recovery post-cessation. Local and systemic inflammation likely contributed to these changes, as evidenced by macrophage infiltration into the heart, persisting even after smoking cessation. These infiltrations, primarily around endothelial cells, may elevate endothelial permeability in smoke-exposed mice (Mazzone et al., 2010). Tissue-infiltrating macrophages, involved in cellular clearance, tissue remodelling, and angiogenesis, elevate local pro-inflammatory cytokine concentrations, such as TNF-α, various interleukins, and TGF-β, potentially affecting cardiac metabolism, collagen production, and fibrosis (Eggelbusch et al., 2022; McDonald et al., 2018; Oishi & Manabe, 2018; Shi et al., 2021). Smoking-induced fibrosis persisted post-cessation, alongside increased cardiac macrophage infiltration and capillary density. These findings suggest that local inflammation drove structural alterations in the heart, associated with stiffening and diastolic dysfunction, commonly observed in COPD patients with preserved ejection fraction (Gonzalez et al., 2019).

Decreased cytosolic concentrations of branched-chain amino acids post-smoking cessation may reflect heightened protein synthesis (Petersen et al., 2007), although cardiomyocyte size did not enlarge. The contradiction between increased heart weight and unchanged cardiomyocyte size post-smoking cessation likely involves factors beyond elevated protein synthesis, possibly involving increased cell infiltration and blood volume. Elevated circulating inflammatory cytokines, such as tumour necrosis factor-α (TNF-α), may also contribute to reduced BCAA content post-smoking cessation (Holecek, 2018), owing to continued local inflammation rather than solely reflecting protein synthesis.

Elevated purine and pyrimidine levels post-smoking cessation may contribute to metabolic aberrations and ventricular dysfunction akin to observations in pulmonary arterial hypertension and myocardial hypertrophy (Prisco et al., 2020; Swain et al., 1982). Metabolites associated with uridine metabolism, implicated in protein O-GlcNAcylation and insulin resistance (Yki-Jarvinen et al., 1998), exhibited alterations post-smoking cessation. Although GLUT4 translocation to the cell membrane was altered, further studies are warranted to elucidate the impact of smoking and smoking cessation on whole-body insulin resistance.

Regarding angiogenesis, despite smoking being linked to endothelial damage and decreased capillary-to-fiber ratio in skeletal muscle (Nogueira et al., 2018), no such decrease in capillary density was observed in the hearts of smoke-exposed mice. Instead, capillary density increased post-smoking cessation, possibly driven by elevated circulating endothelial progenitor cells (Kondo et al., 2004) and sustained local inflammation and cytokine release by macrophages. This discrepancy between smoking-induced changes in capillary density in skeletal muscle and cardiac muscle is perhaps due to the unceasing demand for oxygen and nutrients in the beating heart, while skeletal muscles have intermittent activities.
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Intrinsic Factors: Wolframin Deficiency



Aim 1: Evaluate mitochondrial kinetics, OXPHOS function, and dynamic substrate utilization in cardiac tissue.



Conclusion: WFS1 KO mice exhibited a decrease in apparent Km(ADP) and no increase in mitochondrial affinity for ADP after CK system activation, indicating compromised mitochondrial interactome function and weakened interactions between CK and ANT. Additionally, the reduced maximal oxygen consumption rate when using glutamate (but not pyruvate) as a substrate suggests that WFS1 deficiency impacts glutamate metabolism pathways.



Aim 2: Investigate changes in phosphotransfer pathways within cardiac muscle tissue.



Conclusion: The CK energy transfer pathway was impaired in WFS1 KO mice, evidenced by reduced creatine-activated respiration and non-altered mitochondrial affinity to ADP after creatine supplementation. However, compensatory mechanisms, such as increased coupling between mitochondria and alternate pathways (e.g., AK and HK pathways), allowed these mice to maintain energy flow despite the CK system impairment.



Aim 3: Compare metabolic differences between Wolframin-deficient and control cardiac tissues.



Conclusion: Significant metabolic differences were observed in WFS1 KO mice, including a shift from FAO to glucose oxidation. The activation of the fatty acid pathway in the WFS1 KO rat model inhibited glucose-linked substrate utilisation, leading to diminished CI-linked respiration and OXPHOS capacity compared to wild-type animals.



Extrinsic Factors: Impact of Smoking and Smoking Cessation



Aim 1: Explore changes in mitochondrial bioenergetics due to cigarette smoke exposure and smoking cessation.



Conclusion: Cigarette smoke exposure transiently reduced OXPHOS capacity and uncoupled respiration in cardiac tissue. These effects were reversible after smoking cessation, indicating that cessation may mitigate smoking-induced mitochondrial impairments. Smoking also reduced levels of mitochondrial respiratory chain complexes I and IV, disrupting supercomplex formation, which was restored after cessation. The balance between disassembly and reassembly of supercomplexes contributed to improved mitochondrial respiration 
post-smoking cessation. However, succinate dehydrogenase activity decreased after cessation, suggesting a prolonged impact on this aspect of mitochondrial function.



Aim 2: Investigate structural and metabolic modifications in cardiac muscle tissue caused by smoking and subsequent cessation.



Conclusion: Smoking and smoking cessation caused structural changes in cardiac tissue, such as alterations in collagen content and capillary density. Metabolic shifts, including lipidomic changes and increased GLUT4 transfer to the plasma membrane, suggest a switch from fatty acid oxidation to glucose oxidation post-smoking cessation.



Aim 3: Evaluate the inflammatory response in cardiac tissue following smoking and cessation.



Conclusion: Smoking-induced inflammation, reflected by macrophage infiltration and changes in cardiac tissue morphology (collagen content, capillary density, nuclear density), showed signs of remodelling associated with smoking and smoking cessation. These findings imply a dynamic response to environmental stressors, which may offer insights into how cessation can reverse smoking-induced damage.



Common Influences of Intrinsic and Extrinsic Factors



· Both intrinsic (Wolframin deficiency) and extrinsic (smoking and cessation) factors led to metabolic inflexibility, with a marked shift from FAO to glycolysis in cardiac tissue. In WFS1-deficient mice, this shift was linked to compensatory mechanisms, while in smoke-exposed mice, it suggested a protective adaptation during smoking cessation.

· The heightened glycolytic activity observed in both models indicates that metabolic reprogramming, involving increased glucose utilization, may represent a cardioprotective response to stress. This highlights new mechanisms of mitochondrial resilience in cardiac tissue under various conditions.
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Influence of Intrinsic and Extrinsic Factors on Mitochondrial Bioenergetics in the Heart 

Both intrinsic factors, such as genetic mutations, and extrinsic factors, including lifestyle habits like smoking, play pivotal roles in modulating mitochondrial bioenergetics and subsequent cardiac outcomes. 

This study aims to extensively investigate the influence of intrinsic and extrinsic factors on mitochondrial bioenergetics and inherent cardioprotective mechanisms in cardiac muscle tissue. Various methodologies were employed, including high-resolution respirometry, enzymatic activity assays, metabolomic profiling with NMR and UPLC-MS, protein content assessment with Western blot and blue native gel electrophoresis, 
and morphological assessments by histochemistry and immunohistochemistry. These approaches were used to unravel the complex interplay between mitochondrial function and cardiovascular health.

Wolframin-deficient animal models were employed to investigate the effects of intrinsic factors, specifically genetic mutations, on mitochondrial bioenergetics. Results demonstrated that WFS1 deficiency alters the regulation of the outer mitochondrial membrane, impacts glutamate metabolism pathways, and limits substrate utilisation flexibility. Compensatory mechanisms were observed through the activation of adenylate kinase and hexokinase pathways to mitigate alterations in the creatine kinase pathway.

A mouse model of chronic obstructive pulmonary disease (COPD) exposed to cigarette smoke, followed by a period of smoking cessation, was used to investigate the effects of cigarette smoking and subsequent smoking cessation on mitochondrial bioenergetics, metabolism, and structural integrity in cardiac tissue. Findings revealed that cigarette smoking led to a transient decrease in oxidative phosphorylation capacity and uncoupling respiration in cardiac tissue, which was restored to control levels following smoking cessation. Smoking reduced mitochondrial respiratory chain complexes I and IV levels and disrupted supercomplex (SC) formation. These effects were reversed after smoking cessation, indicating potential recovery of mitochondrial protein content and SC formation. The balance between disassembly and reassembly of SCs contributed to improved mitochondrial respiration post-smoking cessation. Despite the recovery, succinate dehydrogenase activity remained decreased, suggesting a prolonged impact on this aspect of mitochondrial function. Significant changes in metabolic and lipidomic pathways, along with increased GLUT4 transfer to the plasma membrane, indicated a shift in metabolic substrate preference from fatty acid oxidation to glucose oxidation following smoking cessation. Additionally, changes in collagen content, capillary density, cardiac nuclear density, and macrophage infiltration associated with smoking and smoking cessation were identified, indicating potential remodelling processes in response to these conditions.

Impaired substrate utilisation and a shift from fatty acid oxidation to glycolysis emerged as a common feature in both WFS1 deficiency and smoking- and smoking cessation-induced cardiac alterations. However, this shift from fatty acid oxidation to glycolysis may play a potential role in cardioprotection.
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Sisemiste ja väliste tegurite mõju südamelihase mitokondriaalsele bioenergeetikale

Nii sisemised tegurid, näiteks geneetilised mutatsioonid, kui ka välised tegurid, sealhulgas elustiil ja harjumused nagu suitsetamine, mängivad olulist rolli mitokondriaalse bioenergeetika ja sellest tulenevate südamefunktsioonide moduleerimisel. Käesoleva teadustöö eesmärk oli põhjalikult uurida sisemiste ja väliste tegurite mõju mitokondri metabolismile ning loomulikele kaitsemehhanismidele südamelihase koes. Uurimistöös kasutati kõrglahutusega respiromeetriat, ensüümaktiivsuste mõõtmist, metaboolset profileerimist NMR ja UPLC-MS abil, valgu sisalduse hindamist Western bloti ja 
Blue native geel-elektroforeesi abil ning morfoloogilisi hindamist histokeemia ja immunohistokeemia abil. Need lähenemisviisid võimaldasid selgitada südamelihase rakkude mitokondriaalse funktsionaalsuse ja südame tervise vahelisi interaktsioone.

Selleks, et uurida endogeensete tegurite, eelkõige geneetiliste mutatsioonide, mõju mitokondriaalsele energiametabolismile kasutati Wolframiini geeni puudulikkusega loommudeleid. Tulemused näitasid, et WFS1 puudulikkus muudab mitokondri välismembraani regulatsiooni, mõjutab glutamaadi metabolismi ning vähendab substraadi kasutamise paindlikkust. Samal ajal aktiveerusid kompensatsioonimehhanismid adenülaatkinaasi ja heksokinaasi radade näol, et leevendada kreatiinkinaasi raja funktsiooni langust.

Selleks, et uurida kuidas tubaka suitsetamine ja sellele järgnev suitsetamisest loobumine mõjutab mitokondri ainevahetust ja südamekoe struktuuri, kasutati kroonilise obstruktiivse kopsuhaigusega hiiremudelit. Hiiri eksponeeriti sigaretisuitsule, millele järgnes suitsetamisest loobumise periood. Uuringu tulemused näitasid, et sigareti suitsetamine langetas oksüdatiivse fosforüülimise võimekust ja ATP sünteesist lahti sidestatud hapniku tarbimise kiirust südamekoe rakkudes, kuid need taastusid kontrolltasemele pärast suitsetamisest loobumist. Suitsetamine vähendas ka mitokondriaalse hingamisahela komplekside I ja IV suhtelist sisaldust koes, millega mõjutas ka hingamisahela superkompleksi moodustumist. Samas saavutasid need näitajad pärast suitsetamisest loobumist esialgse taseme, viidates et mitokondriaalse valgu sisaldus ja SC moodustumise regulatsioon mitokondri sisemembraanis on võimelised taastuma. Tasakaal superkomplekside pidevas reorganiseerumises parandas mitokondriaalset hapniku tarbimist pärast suitsetamisest loobumist. Vaatamata eelnevale jäi suktsinaadi dehüdrogenaasi aktiivsus madalamaks, mis näitab, et muutused selle ensüümi aktiivsuses mõjutavad  mitokondri ainevahetust pikema aja jooksul. Olulised muutused metaboolsetes ja lipiidiega seotud radades, samuti suurenenud GLUT4 transport rakumembraani viitasid nihkele substraadi eelistuses rasvhapete oksüdatsioonilt glükoosi oksüdatsioonile pärast suitsetamisest loobumist. Lisaks tuvastati suitsetamise ja suitsetamisest loobumisega seotud muutused koe kollageeni sisalduses, kapillaaride tiheduses, südameraku tuumade tiheduses ja makrofaagide infiltratsioonis, mis viitavad võimalikele ümberkujundamisprotsessidele vastusena nendele tingimustele.

Häired mitmete substraatide kasutamisel ja energiametabolismi ümberlülitamises rasvhapete oksüdatsioonilt glükolüüsile ilmnesid ühise omadusena südamelihase rakkudes nii WFS1 puudulikkuse kui ka suitsetamise ja suitsetamisest loobumise mõjul. Samas võib see nihe rasvhapete oksüdatsioonilt glükolüüsile mängida potentsiaalset rolli ka südamelihase adaptatsioonimehhanismides molekulaarsel tasemel.

Kokkuvõtteks, lähtudes selles töös tehtud uuringute tulemustest, saame üksikasjaliku ülevaate sisemiste ja väliste tegurite mõjust mitokondriaalsele bioenergeetikale ning südame-veresoonkonna tervise keerulisele regulatsioonile. Käesolev doktoritöö annab märkimisväärse panuse südame lihaskudet mõjutavate tegurite mõistmisel, millel on oluline sisend südamehaiguste ennetamisel ja ravis. Lisaks rõhutab meie uuring elustiili muutuste tähtsust ning toob esile suitsetamisest loobumise olulisuse südame-veresoonkonna tervise säilitamisel ning mitokondriaalse düsfunktsiooniga seotud südamehaiguste ennetamisel.
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