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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 B-oxidation
proceeds (van der Vusse et al., 2000). Each cycle of B-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 (FADH:) 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).

13



Fatty acid uptake Glucose uptake

Free fatty acids Glucose
a
N S“ (=]
|J FABP :}} GLUT4
! e

., )
FFA . Triglycerides Glucose

Glycogenesis

/— \ Hexokinase l - ATP
Glycogen storage

ATP Glucose-6-phosphate
AMP) + . phospl — PPP
d \—' Glycogenolysis //;;sphuhexn
\ _CoA-SH isomerase
Acyl-CoA . / HBp +———— Fructose-6-phosphate
Phosphofructokinase l‘( ATP
Aldolase Fructose-1,6-bisphosphate
Acyl CoA —
Synthetase . o= Aldolase T l
Dihydroxyacetone

Isomerase

phosphate Glyceraldehyde-3-phosphate
A

Idehvde-2-nhosnhate dehve

phospl "~y (NADH

1
o \de';‘;:::';se 1,3-Bisphosphoglycerate
\\k-_.. Phosphoglycerate kinase T l“J' ATP
Ay 3-Phosphoglycerate
, 2-Enoyl-CoA g Phosphoglyceromutase T l
D Enoyl-CoA hydrala%(” 2-Phosphoglycerate
(2A°Cy_;fo°n':s ,  3HydroxyacylCor E"”'ESET l\—' Ho

shorter)  3-Hydroxyacyl-CoA Phosphoenolpyruvate

dehydrogenase %
\ ~ NADH
4

Pyruvate kinase | “~—y { ATF

Pyruvate
N NADH

\\& Lactate

B-Ketoacyl-CoA

CoA-SH Pyruvate

B-Ke‘tqacyl-CoA . = NADH dehydrogenase

thiclase complex
GO, \‘\\ Lactate dehydrogenase

Acety-CoA — =

0AA Citrate
4 Tca ¥
D 4  cycle
SucCoA aKG
T

Mitochondria

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 Il, 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; a-KG, a-ketoglutaric
acid; SucCoA, succinyl CoA; OAA, oxaloacetate; ATP, adenosine triphosphate; ADP, adenosine
diphosphate; AMP, adenosine monophosphate; FADH, 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).
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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 FADH,) and metabolic intermediates.
The electron transport chain (ETC) is located in the IMM and comprises four complexes (Cl, Cll, CllI,
ClV) and ATP synthase. Cl transfers electrons from NADH to Co Q, pumping protons into the IMS.
Cll transfers electrons from FADH, to Co Q but does not pump protons. Co Q transfers electrons
from Cl and Cll to Clll. Clll transfers electrons from Co Q to Cyt ¢, pumping protons into the IMS.
Cyt c transfers electrons from Complex Ill to Complex IV. CIV transfers electrons to O,, the final
electron acceptor, forming H,O 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 ¢, 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 OPA1l (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
etal., 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 (FADH,)
(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, Cl), a succinate ubiquinone oxidoreductase (Complex
I, Cll), ubigquinone cytochrome oxidoreductase (Complex lll, Clll), 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 Cl to Clll as part of the electron transport chain process (Lenaz
& Genova, 2009; Schneider et al., 1982).
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Complex |, 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 Il 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 Cll 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 Clll and CIV
for further electron transport (Cecchini, 2003).

Complex Il occupies a central position within the respiratory chain, facilitating the
transfer of electrons from ubiquinone, supplied by both Cl and ClI, to cytochrome ¢ 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 Cl, Clil, 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 FoF1-ATPase; CV), this proton motive force drives the synthesis of ATP from ADP and
inorganic phosphate (Walker, 2013).

The reduction of molecular oxygen (02) 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 Cl, Cll, CllI, 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 Cl and those lacking it. Among
SCs containing Cl are CI/lll, CI/III/1V, and CI/1I/11I/IV, while Cl is absent in SCs such as ClII/IV
and ClI/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 Cl is bound within SCs, with 54% consisting of
CI/l12/IV and 17% of CI/lll> configurations (Letts et al., 2016; Schagger & Pfeiffer, 2000).
Various SC combinations exist, including ClI/Ill2, CI/1ll2/IVq (n = 1-4), and Clll2/IVa (n =1 or 2)
(Acin-Perez et al.,, 2008). The predominant SC assembly observed through native
electrophoresis techniques is CI/Ill2/IV,, 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 Clz/Ill2/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; lkeda et al., 2013; Lapuente-Brun et al., 2013),
stabilise Cl (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 Cl and Clll, may decrease with enhanced electron
flux between complexes (Lenaz, 2012; Maranzana et al., 2013). Clll>/IV, compared to
free Clll and CIV, enhances mitochondrial respiration and ATP synthesis efficiency
(Lapuente-Brun et al., 2013). Moreover, studies have revealed that Clll acts as the central
hub for the assembly of SCs. A central role of Clll was evidenced by the observation that
the physical deletion of Clll led to a decrease in Cl assembly, while inhibition of Clll
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 Cll is notably absent in
most reported SC structures, except for one instance — CI/1I/1112/1V2 (Muhleip et al., 2023).
When present, ClI’'s asymmetrical shape induces curvature in the SC, leading to a
hypothesis that its inclusion may stabilise cristae folds. However, the absence of Cll in
most SCs suggests a lower affinity, possibly due to its limited protein-protein interactions
with other complexes, implying that a significant portion of Cll exists outside these SCs
(lverson et al., 2023; Mubhleip 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 OPA1l 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 Kn(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 uM, whereas, for isolated mitochondria, it is significantly lower,
around 20 uM (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 Kn(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).
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Figure 4. Mitochondrial Interactosome (MI) model. Ml 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
Cl, Cll, Clll, 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 B- and y-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
etal., 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 [*'C] 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 GLUTA4) levels (Camps et al., 1992;
Lopaschuk, 1996; Randle et al., 1963). Elevated fatty acid oxidation (FAQ) 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
1in 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
etal., 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
WEFS1-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
etal., 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
etal., 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).

30



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.

D D G-

Laboratory animals

Wfs1-8ex-KO and wild type Wfs1-5ex-KO232 and wild type C57BL/6JolaH 8-week-old
4-6 month-old male mice 8-9 month-old male Wistar rats male mice
with C57BL/6 and 12956/SvEvTac
background
b ooy ) y
( Preparation of skinned muscle fibers )

( Oxygen consumption measurement protocols )

« Classical ADP titration «  Respiratory complexes «  Substrate-uncoupler-inhibitor
+  Subtrate-uncoupler-inhibitor protocol titration (SUIT)
titration (SUIT) «  Substrate-uncoupler-inhibitor
+  Pyruvatekinase/phosphoenol titration (SUIT)
pyruvate (PK/PEP) system - Creatine kinase coupled
+  Creatine kinase coupled respiration
respiration « Adenylate kinase coupled
+  Adenylate kinase coupled respiration
respiration
- Hexokinase-coupled
respiration
11
[ Enzymatic activity j -
«  Complex |-V and ATP synthase
» OPA1 and DRP1

« Creatine kinase + Creatine kinase Q GLUT4 y

+  Adenylate kinase +  Adenylate kinase

+  Hexokinase +  Hexokinase f'@lue Native Electrophoresia'\

« Complex|
+  Citrate synthase g Mitochondrial supercomplexes

«  Capillarization

«  Creatine »  Hematoxylin/eosin (H&E)

+  Glucose +  Succinate dehydrogenase

- Lactate (SDH) activity

+ Alanine «  GLUT4

+  Glutamine +  Macrophages (CD68)

. GIut.r:umate N y
+  Taurine

+  Metabolomics
\ JAN PAQ Lipidomics

-
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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 | and Paper Il)

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 12956/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 Cl-, Cll-, 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 1) and OXPHOS Function (Paper | and Paper 1)

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 Cl-linked substrates
without adding pyruvate and creatine. Specifically, in WT and WFS1 KO mice, the Km(ADP)
values were 100 and 50 puM 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). Cl-linked substrates malate and glutamate. The respiration rate is represented in nmol
O2*min1*mg dw (red line; right axis); O, concentration is represented in uM (blue line; left axis).
(B) The corresponding apparent Michaelis-Menten constant (Kn) 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 O,*min1*mg dw’; *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 (Cl and Cll) 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 Cl 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
Cl-linked respiration. After that, we initiated the ClI-linked respiration by introducing ClI
substrate succinate. Respiratory activity of cardiac muscle driven simultaneously by CI
and Cll exhibited no differences between WFS1-deficient and control mice.

The RC protocol enabled the individual assessment of ADP-dependent respiration for
complexes Cl, Cll, and CIV (Figure 7B). This was achieved by initially activating Cl, then
inhibiting it with rotenone, followed by activating Cll. Subsequently, Clll 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 Cl-linked substrate combinations, malate with glutamate or
pyruvate, were used to activate Cl. Our findings indicated no statistically significant
alterations in WFS1 KO cardiac muscles compared to WT animals for either substrate
combination.
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Figure 7. Representative traces of oxygraphic measurements corresponding to SUIT (A) and
Respiratory chain (B) protocols. The respiration rate is represented in nmol O,*min-**mg dw! (red
line; right axis); O, concentration is expressed in uM (blue line; left axis). A leak means uncoupled
and non-phosphorylating oxygen consumption without adenylates; Cl means the oxygen consumption
rate with Cl-linked substrates (malate, glutamate, and pyruvate); Cl+Cll means the oxygen
consumption rate with Cl- and Cll-linked substrates (malate, glutamate, and pyruvate; succinate,
respectively); Cl+Cll 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; Cll means oxygen consumption rate with Cll-linked substrates after inhibition of Cl; CIV
means oxygen consumption rate with artificial ClV substrate TMPD and inhibition of Cl, Cll and CllI;
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 Il)

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
WEFS1-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 Cl-linked respiration was activated using glutamate. Notably,
maximal Cl-linked respiration and maximal OXPHQS, involving the activation of both CI
and Cll, 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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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, Cl
max is maximal oxygen consumption rate with Cl-linked substrates (malate, glutamate, and
pyruvate), Cl+Cll MaxOXPHOS is maximal oxygen consumption rate with Cl- and Cll-linked
substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is
represented in nmol O,*min~1*mg ww! (red line; right axis); O, concentration is represented in uM
(blue line; left axis). (B) The maximal oxygen consumption rate with Cl-linked substrates (Cl max)
was decreased in WFS1 KO rats compared to the WT group. (C) The maximal oxygen consumption
rate with Cl- and Cll-linked substrates was decreased in WFS1 KO rats compared to the WT group.
The respiration rate is represented in nmol O,*min1*mg ww; *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 Cl-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 Cl-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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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 FAQ is oxygen consumption rate with fatty acid oxidation, Cl
max is maximal oxygen consumption rate with Cl-linked substrates (malate, glutamate, and
pyruvate), Cl+Cll MaxOXPHOS is maximal oxygen consumption rate with Cl- and Cll-linked
substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is
represented in nmol O,*min"1*mg ww (red line; right axis); O, concentration is expressed in uM
(blue line; left axis). The maximal oxygen consumption rate with Cl-linked substrates (B) and CI- and
Cll-linked substrates (C) did not differ between WFS1 KO and WT groups. The respiration rate is
represented in nmol Oz*min1*mg wwL; 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 Cl-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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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, Cl
max is maximal oxygen consumption rate with Cl-linked substrates (malate, glutamate, and
pyruvate), Cl+Cll MaxOXPHOS is maximal oxygen consumption rate with Cl- and Cll-linked
substrates (malate, glutamate, and pyruvate; succinate, respectively). The respiration rate is
represented in nmol O,*min"1*mg ww (red line; right axis); O, concentration is expressed in uM
(blue line; left axis). The maximal oxygen consumption rate with Cl-linked substrates (B) and CI- and
Cll-linked substrates (C) did not differ between WFS1 KO and WT groups. The respiration rate is
represented in nmol O,*min"1*mg wwL; 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 |
and Paper 1)

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.
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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 Kn(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 K»(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
WEFS1 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 Ml 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 (V.) was determined upon
achieving saturation. In the mouse model, the maximal creatine-activated OXPHOS rate
(Ver) 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 OXPHQOS 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 O,*min"*mg dw! (red line; right axis); O, concentration is represented
in uM (blue line; left axis). (B) The oxygen consumption rate is measured with the maximal
activation of the creatine kinase pathway, and V. is the maximal oxygen consumption rate
determined from the measurements for the Michaelis-Menten coefficient calculation. Respiration
rate is represented in nmol O,*min"1*mg dw; *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. Vare is the oxygen consumption rate after activation
of ATPases and production of endogenous ADP; Ve is the oxygen consumption rate at the maximal
activation of the AK system; Vapsa is the oxygen consumption rate in the presence of an AK inhibitor.
The respiration rate is represented in nmol O,*min1*mg dw! (red line; right axis); O, concentration is
expressed in uM (blue line; left axis). (B) Functional coupling of oxygen consumption with the AK
pathway is represented as AK index (IAK) calculated as IAK = (Vamp — Vapsa)/Varsa; *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 (Gl) as a metric to
assess the functional coupling of OXPHOS with glycolysis (Figure 13A,B). The Gl 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 Gl 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. Varp is the oxygen consumption rate with
endogenous ADP; Vg is the oxygen consumption rate with activated HK; Vape is the maximal
ADP-dependent respiration rate. The respiration rate is represented in nmol O;*min"*mg dw! (red
line; right axis); O, concentration is expressed in uM (blue line; left axis). (B) The glucose index (Gl)
is calculated as (Veuc — Vare)/(Vaor)*100% where (Ve — Vare) is the increase in the oxygen
consumption rate in response to an addition of 10 mM glucose and Vapp 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 Gl 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 Cl
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 'H NMR Spectroscopy (Paper 1)

In this study, we conducted *H 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 'H 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 ll)

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 (Cl)-linked respiration, and Cll-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 )-linked with pyruvate, malate, and glutamate,
and (C) complex Il-linked respiration (with succinate/rotenone) were not significantly different
among control (CON), smoking (SM), and after 1-2 weeks smoking cessation (SCIW and SC2W).
(D) Oxidative phosphorylation and (E) uncoupled respiration were lower in smoking compared to
2-week smoking cessation (CONn =11, SMn =11, SCIWn =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, SCIW n = 7, SC2W n = 7). (G) Representative images of succinate
dehydrogenase (SDH) activity staining. The scale bar is 100 um. Results are expressed as mean
+ SEM. SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SCIW 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 Cl 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 ClI, Clll, 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 | 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, SCIW n = 10, SC2W n = 10).
Vinculin was used as a loading control. (G) Typical example of Western immunoblotting showing
bands of the OPA1 (CONn =9, SM n =7, SCIW n =9, SC2W n = 9) and DRP1 proteins in control
(CON n =9), smoking (SM n = 8), 1-2-week smoking cessation (SCIW n =8, SC2W n = 10). (H-1) The
protein content of markers for mitochondrial fusion OPA1 (H) and fission DRP1 () were not
significantly different between groups. Results are expressed as mean + SEM. SM vs. CON and SC2W
vs. CON (unpaired two-tailed t-test); SCIW 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.
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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, SMn =5, SCIW n =5, SC2W n = 5). (B) The content of
free or low-molecular-weight complexes of Cl-IV and ATPase synthase were lower in SCIW 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+1ll+1l,, I1+111+1V1). Results are expressed as mean + SEM. SM vs. CON and SC2W
vs. CON (unpaired two-tailed t-test); SCIW 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 (SCIW 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); SCIW 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 (SCIW 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); SCIW 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 (SCIW 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); SCIW 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); SCI1W 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. SC1IW), (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, SCIW 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 (SCIW n =5 and
SC2W n = 5, respectively). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SCIW 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.
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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 um. (B) Western blot analysis was used to
measure the protein content of GLUT4 (CON n =5, SM n =5, SCIW 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
(SCIW 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); SCIW 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, SCIWn =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 (SCIW 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, SCIW 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 (CONn=9,SMn=6,SCIWn =8, SC2Wn=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, SCIW 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 um (D, E) or 250 um (G). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test); SCIW 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 (SCIW and SC2W). (B) Nuclear density in
cardiac tissue increased after smoking cessation (CON n=9, SM n =8, SCIW 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. (CONn=5,SMn=5,SCIW n =5, SC2W n =5). Results are expressed as the mean + SEM.
The scale bar is 250 (A) or 50 um (C). SM vs. CON and SC2W vs. CON (unpaired two-tailed t-test);
SC1IW 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 8" exon of WFS1 and rats
with deletion of the 5™ exon. Given WFS1's cellular functions, it is hypothesised that
WEFS1 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 (lvask 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 8™ 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 (lvask 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 (Ml) (Saks et al., 2010). These findings
imply that WFS1 deficiency could disrupt the coordination between CK and ANT, crucial
components of the Ml 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
5% 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 Cll accompanied by reduced activity of Cl 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 FAQ 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 Cl 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 8™ 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 Cl 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-q,
various interleukins, and TGF-B, 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-a
(TNF-a), 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).
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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 Cl-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 | and 1V, 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

o 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 | 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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Lihikokkuvote

Sisemiste ja valiste tegurite moju siidamelihase
mitokondriaalsele bioenergeetikale

Nii sisemised tegurid, naiteks geneetilised mutatsioonid, kui ka vélised tegurid, sealhulgas
elustiil ja harjumused nagu suitsetamine, mangivad olulist rolli mitokondriaalse
bioenergeetika ja sellest tulenevate siidamefunktsioonide moduleerimisel. Kdesoleva
teadust6o eesmark oli pohjalikult uurida sisemiste ja valiste tegurite mdju mitokondri
metabolismile ning loomulikele kaitsemehhanismidele siidamelihase koes. Uurimisto6s
kasutati korglahutusega respiromeetriat, enstiimaktiivsuste mddtmist, 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 ldhenemisviisid vGimaldasid selgitada stdamelihase
rakkude mitokondriaalse funktsionaalsuse ja siidame tervise vahelisi interaktsioone.

Selleks, et uurida endogeensete tegurite, eelkdige geneetiliste mutatsioonide, mdéju
mitokondriaalsele energiametabolismile kasutati Wolframiini geeni puudulikkusega
loommudeleid. Tulemused néitasid, et WFS1 puudulikkus muudab mitokondri
valismembraani regulatsiooni, mdjutab glutamaadi metabolismi ning vahendab substraadi
kasutamise paindlikkust. Samal ajal aktiveerusid kompensatsioonimehhanismid
adenilaatkinaasi ja heksokinaasi radade nédol, et leevendada kreatiinkinaasi raja
funktsiooni langust.

Selleks, et uurida kuidas tubaka suitsetamine ja sellele jargnev suitsetamisest
loobumine mdjutab mitokondri ainevahetust ja silidamekoe struktuuri, kasutati
kroonilise obstruktiivse kopsuhaigusega hiiremudelit. Hiiri eksponeeriti sigaretisuitsule,
millele jargnes suitsetamisest loobumise periood. Uuringu tulemused néitasid, et sigareti
suitsetamine langetas oksldatiivse fosforiililimise vGimekust ja ATP siinteesist lahti
sidestatud hapniku tarbimise kiirust siidamekoe rakkudes, kuid need taastusid
kontrolltasemele pdrast suitsetamisest loobumist. Suitsetamine vahendas ka
mitokondriaalse hingamisahela komplekside | ja IV suhtelist sisaldust koes, millega
mdjutas ka hingamisahela superkompleksi moodustumist. Samas saavutasid need
nditajad pdrast suitsetamisest loobumist esialgse taseme, viidates et mitokondriaalse
valgu sisaldus ja SC moodustumise regulatsioon mitokondri sisemembraanis on
vOimelised taastuma. Tasakaal superkomplekside pidevas reorganiseerumises parandas
mitokondriaalset hapniku tarbimist pédrast suitsetamisest loobumist. Vaatamata
eelnevale jdi suktsinaadi dehlidrogenaasi aktiivsus madalamaks, mis naitab, et muutused
selle ensliimi aktiivsuses mdjutavad mitokondri ainevahetust pikema aja jooksul.
Olulised muutused metaboolsetes ja lipiidiega seotud radades, samuti suurenenud
GLUT4 transport rakumembraani viitasid nihkele substraadi eelistuses rasvhapete
okstdatsioonilt glikoosi okstidatsioonile péarast suitsetamisest loobumist. Lisaks
tuvastati suitsetamise ja suitsetamisest loobumisega seotud muutused koe kollageeni
sisalduses, kapillaaride tiheduses, slidameraku tuumade tiheduses ja makrofaagide
infiltratsioonis, mis viitavad vdimalikele Umberkujundamisprotsessidele vastusena
nendele tingimustele.

Haired mitmete substraatide kasutamisel ja energiametabolismi Gmberlllitamises
rasvhapete okslidatsioonilt gliikolllsile ilmnesid (ihise omadusena siidamelihase
rakkudes nii WFS1 puudulikkuse kui ka suitsetamise ja suitsetamisest loobumise mdjul.
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Samas voib see nihe rasvhapete oksiidatsioonilt gliikoliilsile mangida potentsiaalset rolli
ka slidamelihase adaptatsioonimehhanismides molekulaarsel tasemel.

Kokkuvotteks, lahtudes selles t60s tehtud uuringute tulemustest, saame (ksikasjaliku
lilevaate sisemiste ja viliste tegurite mdjust mitokondriaalsele bioenergeetikale ning
siidame-veresoonkonna tervise keerulisele regulatsioonile. Kdesolev doktorit6d annab
markimisvdarse panuse siidame lihaskudet mdjutavate tegurite md&istmisel, millel on
oluline sisend siidamehaiguste ennetamisel ja ravis. Lisaks réhutab meie uuring elustiili
muutuste tdhtsust ning toob esile suitsetamisest loobumise olulisuse sidame-
veresoonkonna tervise sdilitamisel ning mitokondriaalse disfunktsiooniga seotud
siidamehaiguste ennetamisel.
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ABSTRACT

Background: Wolfram syndrome (WS), caused by mutations in WFS1 gene, is a

multi-targeting disease affecting multiple organ systems. Wolframin is localized in the membrane of the endoplasmic reticulum (ER), influencing Ca®* metabolism
and ER interaction with mitochondria, but the exact role of the protein remains unclear. In this study we aimed to characterize alterations in energy metabolism in
the cardiac and in the oxidative and glycolytic skeletal muscles in Wfs1-deficiency.

Methods: Alterations in the bioenergetic profiles in the cardiac and skeletal muscles of WfsI-knock-out (KO) male mice and their wild type male littermates were
determined using high resolution respirometry, quantitative RT-PCR, NMR spectroscopy, and immunofluorescence confocal microscopy.

Results: Oxygen consumption without ATP synthase activation (leak) was significantly higher in the glycolytic muscles of Wfs1 KO mice compared to wild types.
ADP-stimulated respiration with glutamate and malate was reduced in the Wfs1-deficient cardiac as well as oxidative and glycolytic skeletal muscles.

Conclusions: Wfsl-deficiency in both cardiac and skeletal muscles results in functional alterations of energy transport from mitochondria to ATP-ases. There was a
substrate-dependent decrease in the maximal Complex I -linked respiratory capacity of the electron transport system in muscles of Wfs1 KO mice. Moreover, in
cardiac and gastrocnemius white muscles a decrease in the function of one pathway were balanced by the increase in the activity of the parallel pathway.
General significance: This work provides new insights to the muscle involvement at early stages of metabolic syndrome like WS as well as developing glucose

intolerance.

1. Introduction

1.1. Wolfram syndrome as a metabolic syndrome simultaneously affecting
multiple tissues

Wolfram syndrome (WS) also known as DIDMOAD is an autosomal
recessive disorder, caused by mutations in the WFS1 gene which encodes
for the protein wolframin [1-3]. It is a multi-targeting disease, having
influence on a number of organ systems simultaneously, and causes neu-
ronal degeneration, ataxia and alterations in the performance of cardiac
and skeletal muscles [4,5]. The first symptoms of WS are diabetes mellitus
(mean age of onset 6 years) and optic atrophy (mean onset at 11 years),
followed by diabetes insipidus and deafness. WS is a rare but probably
underdiagnosed condition; for example, in a study of 589 diabetic patients
in Lebanon 31 new WS cases were found [6].

The Wfsl gene product wolframin is a transmembrane protein lo-
calized in the membrane of the endoplasmic reticulum (ER) [7,8]. The
exact cellular role of wolframin is still under debate. Most current
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studies report that wolframin directly or indirectly regulates Ca®*
homeostasis and has an influence on the ER stress response [9-13].
Other studies have additionally demonstrated that wolframin partici-
pates in the Mitochondria-Associated ER Membrane (MAM) formation
and Ca®* transport between mitochondria and ER [5,14].

It has been suggested that the development of glucose intolerance in
Wfs1l KO mice and WS patients is related to the insufficient insulin
secretion which, in turn, is caused by the progressive loss of pancreatic
B-cells due to alterations in cellular Ca®>* signaling [15] and increased
ER stress response with the activation of Unfolded Protein Response
(UPR) pathways [16-19]. The intracellular mechanisms for progressive
loss of the P-cells and neurodegeneration in Wfsl-deficient animals
could be similar. A recent study of mitochondrial function of Wfsl-
deficient primary rat neuronal cultures revealed that these cells have
ER stress, disturbed calcium homeostasis which in turn affects mi-
tochondrial fusion and fission dynamics, decreased mitochondrial
membrane potential and cellular ATP content [14]. At the same time,
however, the levels of wolframin are high in the cardiac, skeletal
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muscles, lungs and brown adipose tissue in WT animals, no UPR al-
terations have been detected in these tissues of Wfs1-deficient mice
[17]. Furthermore, compared to changes in the pancreas and neurons
that are apparent relatively early in the disease process, functional al-
terations in the lung and heart tissue emerge later, if at all in WS pa-
tients [20,21]. Therefore, the study of cardiac and skeletal muscles of
Wfsl KO animals could be a valuable model to better understand the
function of the wolframin, but also diabetes and metabolic syndrome
mechanisms in these tissues as well as clarify why these cells are not
affected by Wfs1-deficiency related progressive degradation as it occurs
in the pancreatic B-cells and neurons. Currently, the pathways of the
differential effects of wolframin deficiency on different organs remain
unclear. Studies have demonstrated multiple interacting partners to
wolframin and several distinct theories have been proposed about the
pathways and timescale of how wolframin deficiency leads to altera-
tions in different organ systems [17,22-25].

Several lines of evidence indicate that WS has common features with
mitochondrial diseases. Alterations in mitochondrial DNA (mtDNA) have
been found in various tissues, including the skeletal muscles, of several WS
patients with conflicting results concerning mitochondrial respiratory
system function [26-30]. In addition, silencing of WfsI gene in HEK cells
has been shown to cause significant changes in the transcription of several
genes related to mitochondrial dysfunction and apoptosis [25]. However,
in a study of seven Spanish WS patients no mtDNA abnormalities were
found in blood samples [31].

Alterations in skeletal muscle energy metabolism in Wfs1-deficient
animals and in WS-patients are poorly described. Human muscles
comprise approximately 40% of the body mass. Skeletal muscles con-
tribute significantly to basal energy metabolism and serve as storage for
important substrates such as amino acids and carbohydrates. In addi-
tion, skeletal muscles are responsible for a great majority of insulin-
mediated glucose uptake [32]. During hyperglycemia, muscles are the
main tissue responsible for non-insulin mediated glucose uptake.
Therefore, disruptions of glucose metabolism, that are associated with
WS, could also be present in skeletal muscles.

Recently, there have been some descriptions of heart diseases
among WS patients, mostly due to structural alterations [6,33,34]. In a
study of Lebanese population, out of the 31 WS patients, 5 cases with
cardiac abnormalities were found [6], which is significantly higher than
in normal population. At the cellular level, Cagalinec et al. (2019) de-
scribed altered Ca®* metabolism in the cardiomyocytes of the Wfs1-
deficient rats. They found that myocytes of the left ventricle had in-
creased contractility (both amplitude and duration of the contraction)
due to the prolonged cytosolic calcium transients. The authors proposed
that this is caused by the upregulation of RyR2 receptors which is re-
lated to the wolframin deficiency [23]. Furthermore, sinus tachycardia
and atrial and ventricular arrhythmias have been reported in some
patients in an extensive case study of WS patients [35].

To fully understand the function of wolframin, it is important to
clarify the mechanisms of varying offset of the disease in different tis-
sues; describe the alterations in skeletal and cardiac muscles in Wfsl
deficiency and determine the mechanisms by which muscles are less
affected compared to pancreatic -cells and neurons even though Wfsl
gene is highly expressed in the heart. As described above, there is ample
evidence that wolframin influences the mitochondrial metabolism ei-
ther directly or indirectly through altered ER, Ca>* homeostasis and
MAM. The study of oxidative and glycolytic muscles in Wfs1 KO mice
enables to estimate the extent of the alterations in the bioenergetic
profile in muscles with wolframin deficiency.

1.2. Regulation of energy metabolism in muscle tissues

As the energy demand of the oxidative skeletal muscles is perma-
nent but intermittent in intensity, the performance and flexible reg-
ulation of energy metabolism is crucial for muscle function. In oxidative
skeletal and cardiac muscle cells the oxidative phosphorylation
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(OXPHOS) in mitochondria is the main energy source. Therefore, al-
terations in OXPHOS and transport of high-energy compounds to
ATPases have a direct influence on the tissue performance. In muscle
cells, the phenomenon called “macromolecular crowding”, i.e. high
concentrations of macromolecules in the cells, results in extensive dif-
fusion restrictions for metabolites [36,37]. Thus, despite the seemingly
close proximity of mitochondria and ATPases, specific phosphotransfer
networks are needed for the effective energy transfer from the ATP-
generating sites (mainly mitochondrial matrix) to the ATP-utilizing
locations (cytosol, myofibrils) [38]. A key link in high-energy phos-
phate transport system is the supercomplex Mitochondrial Interacto-
some (MI) (Fig. 1) that consists of ATP Synthasome (electron transport
system, ATP-synthase and inorganic phosphate carrier), Adenine Nu-
cleotide Translocase (ANT), mitochondrial creatine kinase (MtCK) and
mitochondrial voltage dependent anion channel (VDAC) [39,40]. The
movement of the adenine nucleotides through outer mitochondrial
membrane (OMM) is impeded due to the functional interactions of
VDAC with specific proteins including hexokinase (HK), beta-tubulin
component of free af-tubulin heterodimer and other cytoskeletal
components such as plectin [41-44]. However, there are no restrictions
for the transfer of creatine (Cr) and phosphocreatine (PCr) through the
VDAG, so the cytosolic and mitochondrial creatine kinase (CK) isoforms
create an opportunity for facilitated energy transport without ADP and
ATP free diffusion into the cytoplasm (Fig. 1). In the adenylate kinase
(AK) pathway, the mitochondrial AK2 isoform, present in the inter-
membrane space, facilitates both production and export of ATP by
mitochondria. In turn, the cytosolic AK1 isoform, through sequential
phosphotransfers, is responsible for the transmission of ATP and the
maintenance of the ATP/ADP ratio at ATP-utilization sites [38].
Moreover, compartmentalization of high-energy phosphate carriers
between cellular micro-compartments ensures more efficient energy
transfer compared to ATP/ADP free diffusion in the cytoplasm [45,46].
In the inner mitochondrial membrane (IMM) an electron transport
system (ETS), consisting of four complexes, creates the proton gradient
to drive ATP synthase. The contribution of each ETS complex to OX-
PHOS depends on the tissue type; activities of the complexes change
during development and aging but alterations in ETS function could be
also a sign of disease. For example, in cancer cells there is an increase in
Complex II (CID-linked oxygen consumption rate in comparison with
corresponding healthy tissue [47-49].

The role of MI supercomplex together with CK and AK phospho-
transfer pathways is to increase the efficiency of the ATP synthesis by
the generation of two circuits: (1) transport of the energy to ATPases
and (2) quick metabolic feedback signaling (information flux in the
form of ADP) back toward mitochondria to fulfill the energy require-
ment of the cell. Alterations in MI and energy transfer pathways have a
direct influence on the muscle performance.

In this study we aimed to assess whether mitochondrial function is
impaired in the developing glucose intolerance in Wfs1 KO mice. Using
permeabilized muscle fibers, we measured the oxygen consumption rate
of ETS with two different protocols, recorded the ADP-dependency of
respiration with and without creatine, evaluated the contribution of AK
and CK energy transfer pathway, and the role of HK to regulate the
cellular respiration. We additionally assessed the levels of metabolites,
structural integrity of the cytoskeleton and the location of cytoskeletal
proteins relative to mitochondria using 'H NMR and immuno-
fluorescent confocal microscopy. To our knowledge this is a first study
to show functional alterations in intracellular energy transfer networks
in the cardiac and skeletal muscles of Wfs1 KO animals.

2. Methods
2.1. Laboratory animals and chemicals

In all experiments the wild type (WT) male mice and their Wfs1-
deficient male littermates (age 4-6 months) with 129S6/SvEvTac and
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Fig. 1. Regulation of energy metabolism of striated muscle tissues

Oxidative muscle cells are divided into functional sections called Intracellular Energetic Units (ICEU) where mitochondria are in fixed position between the T-tubules
in respect of myofibrils. Movement of the adenine nucleotides through outer mitochondrial membrane (OMM) voltage dependent anion channel (VDAC) is impeded
due to the functional interactions of VDAC with cytoskeletal protein(s). However, there are no restrictions for movement of creatine (Cr) and phosphocreatine (PCr),
so the cytosolic and mitochondrial creatine kinase (CK) isoforms create a circuit for facilitated energy transport without ADP and ATP free diffusion into the
cytoplasm. This transport is regulated by supercomplex Mitochondrial Interactosome consisting of ATP Synthase, Adenine Nucleotide Translocase (ANT), mi-
tochondrial CK (MtCK) and VDAC. MtCK transfers phosphate group from ATP to Cr. Produced PCr is moving toward ATPases via CK pathway and ADP is transported
directly back to ATP- synthase via ANT. In the adenylate kinase (AK) pathway the mitochondrial AK2 isoform, present in the intermembrane space, facilitates both
production and export of ATP by mitochondria. In turn, the cytosolic AK1 isoform, through sequential phosphotransfers, is responsible for the transmission of ATP
and maintenance of the ATP/ADP ratio at the ATP-utilization sites. (Modified from [44])

C57BL/6 mixed genetic background were used. Wfsl-deficient mice
were generated by replacing most of the coding region of the Wfs1 gene
as previously described [50]. Breeding and genotyping of the mice were
performed at the Laboratory Animal Centre of the Institute of Biome-
dicine and Translational Medicine, University of Tartu. The mice were
housed under standard laboratory conditions (at constant temperature
22°Cand a 12:12h light/dark cycle with free access to food and water)
in the vivarium of the Department of Chemistry and Biotechnology,
Tallinn University of Technology. Animal experiments were approved
by the Estonian National Board of Animal Experiments in accordance
with the European Communities Directive (86/609/EEC).

Only ultra-pure chemicals suitable for molecular biology and work
with cell cultures were used in experiments. All chemicals were pur-
chased from Fluka and Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Preparation of skinned muscle fibers

For fiber preparation animals were anaesthetized by intraperitoneal
injection of ketamine (75mg/kg) and dexmedetomidine (1 mg/kg),
decapitated and skinned fibers were prepared from the heart, m. soleus,

m. gastrocnemius white (GW) and M. rectus femoris (RF) according to the
methods described previously [51]. In order to study the regulation of
mitochondrial respiration in muscle fibers, the cells' sarcolemma was
permeabilized by saponin treatment (50pg/mL) for 30 min keeping the
mitochondrial membranes intact. Skinned fibers were washed in Mi-
tomedium B solution: (EGTA (0.5 mM), MgCl,.6H,0 (3.0 mM), K-lac-
tobionate (60 mM), KH,PO, (3.0mM), taurine (20 mM), HEPES
(20 mM), sucrose (110 mM), dithiothreitol (DTT, 0.5 mM), bovine
serum albumin (BSA, 5 mg/mL) at pH 7.1 supplemented with leupeptin
(1 uM) for the protection of cytoskeletal proteins from lysosomal pro-
teolysis and kept in the same solution at 4 °C until used for experiments.

2.3. Measurements of oxygen consumption

All experimental measurements of oxygen consumption were de-
termined by a high-resolution respirometry instrument Oxygraph-2 K
(OROBOROS Instruments, Innsbruck, Austria). Measurements were
carried out at 25 °C in the Mitomedium B solution [51], supplemented
with BSA (5 mg/mL) under continuous magnetic stirring. The permea-
bilized fiber was weighted and inserted into the oxygraphic chamber
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with respiration media (Mitomedium B solution) supplemented with
0.2 uM free Ca®* and respiratory substrates according to the protocol.
The measured oxygen consumption rates are presented as nmol O,/min
per mg dry weight.

2.3.1. Measurement of oxygen consumption kinetics

The apparent affinity of mitochondria to exogenous ADP (Km(ADP))
characterizes intracellular diffusion restrictions for ADP and varies
significantly between different cell types. These differences are caused
by specific structural and functional organization of cells' energy me-
tabolism [52,53]. In these experiments glutamate (G, 5 mM) and malate
(M, 2mM) were used as respiratory substrates. In order to determine
the kinetic constants of exogenous ADP stimulated respiration, the
oxygen consumption rates with cumulative addition of ADP was mea-
sured. From these data the Km(ADP) values and maximal respiration
rates (Vihax) were calculated using Michaelis-Menten equation. In this
study we determined Km(ADP) value for oxidative m. soleus and heart
muscles in parallel with and without activated CK pathway; Km(ADP)
for glycolytic RF and GW muscles was determined without creatine. If a
Km(ADP) in the presence of creatine is significantly lower than the
corresponding value without creatine, there exists an effective func-
tional coupling of OXPHOS to CK pathway [39,52,54].

2.3.2. Determination of the coupled state of mitochondrial creatine kinase

In order to measure energy flux through CK pathway, the pyruvate
kinase/phosphoenol pyruvate (PK/PEP) system was added to trap ex-
tramitochondrial ADP. In these conditions we measure only the
OXPHOS activated by intramitochondrial ADP/ATP and directly con-
nected with the CK system [39,52,54]. The respiratory solution was
supplemented with the following substrates: G + M with addition of
PEP (5 mM). After addition of MgATP (2 mM) to activate ATPases, the
injected PK (10IU/mL) activates PK/PEP system. While the PK/PEP
system rephosphorylates the ADP produced by cytosolic ATPases, the
backflow of the ADP to mitochondria is smaller, and the oxygen con-
sumption rate by the OXPHOS inside the mitochondria decreases.
Thereafter, creatine was added stepwise until saturation was reached
and the maximal respiration rate (V¢,) was detected.

2.3.3. Estimation the role of cytosolic and mitochondrial adenylate kinase

For this experiment the respiratory solution was supplemented with
respiratory substrates G + M with addition of PEP (5 mM). In order to
assess the influence of the AK system on the mitochondrial respiration
and to distinguish the mitochondrial AK2-dependent respiration rate
from the respiration stimulated by the cytosolic AK1, we first added
MgATP (2mM) to activate ATPases and induce maximal endogenous
ADP production. Thereafter, AMP (2mM) was added in order to acti-
vate the AK reaction coupled with OXPHOS, involving AK1 and AK2
and to register the maximal AMP stimulated respiration (VAMP).
Meanwhile, injection of PK decreases the respiration to the level of
coupled reaction between AK2 and ANT inside mitochondria which is
demonstrated by Vpk. In order to determine the proportion of respira-
tion independent of AK, the AK inhibitor diadenosine pentaphosphate
(AP5A) was used (Vapsa)-

The AK functional coupling with OXPHOS is represented as AK
index (IAK) and was calculated as IAK = (Vamp — Vapsa)/Vapsa. The
AK1 portion of the AK-dependent respiration (IAK1) was calculated as
IAK1 = ((Vamp = Vex)) / (Vamp = Vapsa))*100% [55].

2.3.4. Coupling of hexokinases to OXPHOS

Hexokinases catalyze the first and irreversible step of glycolysis,
phosphorylating glucose to glucose-6-phosphate (G6P). In order to
measure the ability of HK to stimulate OXPHOS by locally generated
ADP in the vicinity of VDAC channel, MgATP was added into the
medium supplemented with respiratory substrates G + M. The addition
of MgATP (0.1 mM and 2mM in case of glycolytic and oxidative
muscle, respectively) allowed achieving maximal stimulation of
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mitochondria with endogenous ADP produced by ATPases.
Supplementation of glucose (10 mM) activates the HK reaction and
Veruc could be registered. Then, the maximal ADP-dependent respira-
tion rate (Vapp) is achieved in the presence of ADP (2 mM). Addition of
cytochrome ¢ (10 uM) allowed controlling the quality of the OMM. The
glucose index (GI) was calculated as (Vgruc — Varp) / (Vapp)*100%
[52].

2.3.5. Substrate-uncoupler-inhibitor titration (SUIT) protocols

In order to reconstitute the TCA cycle function and sequential se-
parate branches of mitochondrial pathways for OXPHOS analysis a
modified SUIT protocols were used [56]. Permeabilized muscle fibers
were added into a chamber where respiration was observed in Mito-
medium B solution.

Protocol 1. Titration of substrates, uncouplers and inhibitors were
added in sequence. Malate and pyruvate (P, 5mM), providing electrons
for Complex I (CI) were injected into the chamber to register basal leak
oxygen consumption in the absence of adenylates. The addition of ADP
(2mM) stimulated respiration and represented coupled work of CI and
phosphorylation system. In order to detect substrates' preference and
determine limiting factor for CI, G (5 mM) was added into the chamber
and the maximal Cl-dependent respiration rate was registered.
Succinate (S) supports electron transport through CII, thus addition of S
(10mM) allowed determining the ADP-dependent respiration when
electrons are fed to the ETS via CI and CII. Subsequent addition of ADP
(final concentration of 5mM) stimulated respiration and allowed to
control the limitations in the efficiency of ATP synthase [57]. The
theoretical maximal capacity of the ETS was evaluated with titration of
uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP) until saturation of respiration was reached. Subsequent inhibi-
tion of CI by rotenone (2.5uM) allowed to determine the CII-linked
electron transfer (ET) capacity. Inhibition of Complex III (CIII) by an-
timycin A (10 pM) allowed to determine the residual oxygen con-
sumption. Addition of N,N,N’,N’-tetramethyl-p-phenylenediamine
(TMPD; 1 mM) demonstrates maximal capacity of complex IV (CIV).
Addition of NaCN (1 mM) inhibited cytochrome oxidase (COX) and
blocked electron transport, as a result it allowed to detect residual
oxygen consumption due to TMPD oxidation reactions [56].

Protocol 2. In the second protocol the contribution of CI and CII to
oxygen consumption in skinned muscle fibers was evaluated. First, the
mitochondrial respiration rates under nonphosphorylating conditions
(basal respiration rate (Vo)) with G and M in the oxygraphic chamber
were registered. Second, after addition of 2 mM ADP the maximum rate
of NADH-linked ADP-dependent respiration was detected; subse-
quently, CI was inhibited by rotenone (5uM). Last, the substrate S
(10 mM) was added to activate ETS CII-dependent respiration. From
these results the ratio of CII versus CI can be calculated.

2.4. Immunofluorescence confocal microscopy

To examine cell architecture and colocalization of mitochondrial
VDAC with BII-tubulin and plectin in WT and Wfs1 KO mice fibers,
confocal microscopy imaging was used. The tissue samples (fibers) were
washed with Ca/Mg free phosphate buffered saline (PBS) and fixed in
4% paraformaldehyde (PFA) at 37 °C for 15 min. After washing step
with PBS, the samples were treated with Antigen Retrieval Buffer (Tris
(100 mM), urea (5%), pH9.5) at 95°C for 5min. The fibers were wa-
shed with PBS and permeabilized with 1% Triton X-100 at room tem-
perature for 15 min, washed again with PBS and blocked in PBS solu-
tion containing 2% fatty acid free BSA for 1h at room temperature. In
order to detect VDAC with BII-tubulin the samples were incubated at
4°C overnight with primary antibodies: goat polyclonal antibodies for
VDAC (sc-32,064) at 1:50 or 1:70 and rabbit monoclonal antibody for
BII-tubulin (ab170931) at 1:200 or 1:250. After incubation, the samples
were washed with 2% BSA solution and secondary antibodies were used
for visualization (Cy3 donkey anti-goat IgG (Abcam, ab97115) at 1:200
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Table 1
Primers for real-time PCR analysis.

Primer Sequence 5 > 3

ACTB F: AGCCATGTACGTAGCCATCCA
R: GACTTTGCTTTCCTTGGTCAGG

CKB F: TCGTGGCATATGGCACAATG
R: CGGGTGAACACTTCCTTCATG

CKM F: GTCCGTGGAAGCTCTCAACAG
R: CAGAGGTGACACGGGCTTGT

CKMT2 F: AGCAAGGATCCACGCTTTTCT
R: TCTGCCGATCCGATCTATGTT

HPRT1 F: GCAGTACAGCCCCAAAATGG

R: AACAAAGTCTGGCCTGTATCCAA

F: forward; R: reverse.

and donkey anti-rabbit IgG (Alexa Fluor 488, ab150073) at 1:200). To
detect and visualize VDAC with plectin the following primary and
secondary antibodies were used: rabbit polyclonal antibodies for VDAC
(kindly provided by Catherine Brenner) at 1:200, guinea pig polyclonal
antibodies for plectin (PROGEN, GP21) at 1:250 and goat anti-rabbit
IgG (DyLight 488, ab96895) at 1:200, goat anti-guinea pig IgG (Alexa
Fluor 647, ab150187) at 1:250. Samples were incubated with secondary
antibodies as described above at room temperature for 2h and then
washed with 2% BSA solution, PBS and finally with deionized water.
The samples were treated with ProLong Gold antifade reagent (Life
Technologies) supplemented with 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI, Molecular Probes) for visualizing the cell nucleus
and deposited on glass coverslips for observation with confocal mi-
croscope (Olympus FluoView FV 10i-W).

2.5. 'H NMR spectroscopy

For NMR analysis, heart muscle was frozen and powdered in liquid
nitrogen. The powder was weighted and subjected to a methanol:water
(2:1) extraction. Overnight lyophilized sample material was recon-
stituted in 0.5 mL of phosphate buffer (100 mM, pH 7.4). Thereafter, the
sample was mixed with 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS, 1 mM)) in D,O standard solution in ratio 9:1. The liquid amounts
were determined gravimetrically. All experiments were performed at
room temperature (25°C) in 256 scans on a Bruker Avance III
800.13 MHz spectrometer equipped with a triple resonance inversed
(TXI) probe. Chemical shifts were referenced and all concentrations
calculated as a fold change compared to the DSS (0.1 mM) internal
standard signal.

2.6. Determination of enzymatic activities

Pieces of muscles were snap frozen in liquid nitrogen and stored at
—80 °C. The samples were allowed to thaw at 0 °C and homogenized in
the medium containing the following: EDTA (1 mM), DTT (1 mM),
glucose (10 mM), MgCl, (5 mM), HEPES (5mM), Triton X-100(0.1%)
and leupeptin (5pg/mL), at pH8 (maintained by NaOH) by Ultra-
Turrax T25 homogenizer (IKA, Germany) on ice.

After homogenization the homogenates were left on ice for 1h to
allow complete extraction of the enzymes. Measurement of HK activity
was performed using a spectrophotometer Lambda 900 (Perkin Elmer,
U.S.) in solution containing Tris—-HCI (50 mM), glucose (20 mM), DTT
(0.3) mM, NADP (0.6 mM), MgATP (2 mM), glucose-6-phosphate de-
hydrogenase (G6PD) (21U/mL), pH?7.6, adjusted at 25 °C. The rate of
NADPH formation was monitored after addition of homogenate at
340 nm [58]. For CK activity measurements solution containing glucose
(20 mM), AMP (20 mM), DTT (0.3 mM), magnesium acetate (3 mM),
MgADP (1 mM), NADP (1 mM), Tris-HCI (50 mM) (pH 7.4, 25 °C), HK
(2IU/mL), and G6PD (21U/mL) at 25 °C was used. After stabilization of
the optical density, the reaction was started by adding 20mM PCr and
the rate of NADPH formation was registered [59]. AK activity
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measurements were performed in solution containing Tris-HCI (20 mM)
(pH 8, at 30 °C), KCl (15mM), DTT (0.33 mM), NADH (0.24 mM), PEP
(0.8 mM), ATP (1 mM), lactate dehydrogenase (31U/mL) and PK 6 (IU/
mL). After registration of the basal ATPase activity, AMP (1.3mM) was
added and from the following changes in NADH oxidation rates at
340nm, the AK activity was calculated [59].

2.7. Gene expression study

Total RNA was isolated by using the RNeasy Mini Kit (Qiagen).
Genomic DNA wipeout and reverse transcription was performed by
using Quantitect® Reverse Transcription Kit (Qiagen) according to
manufacturer's  protocol (Quantitect® Reverese Transcription
Handbook, 2005). Real-time PCR amplification was carried out with
mouse gene-specific primers (Proligo, France and Oligomer OY,
Finland, Table 1) using QuantiTect SYBR Green PCR Kit (Qiagen, Ger-
many). The process of collecting fluorescence data during PCR was
performed by StepOnePlus™ real-Time PCR Instrument (Applied Bio-
systems, USA). The relative target quantity in samples was determined
by the comparative threshold cycle (ACt, AACT) method [60]. Mea-
surements were normalized to multiple endogenous control genes:
ACTB, B2M or HPRT1. The relative quantity of target in each sample
was assessed by comparing normalized target quantity in each sample
to normalized target quantity in the reference sample.

2.8. Statistical analysis

Results are expressed as the mean =+ standard error of the mean
(SEM). To determine statistical significance between age groups, one-
way analysis of variance (ANOVA) test was performed and p va-
lues < .05 were considered significant.

The proton NMR spectra of all samples (one sample corresponds to
one mouse) were subjected to principal component analysis on
Mestrenova version 12.

3. Results

3.1. Alterations in kinetic profile and substrate preferences (Km(ADP) and
SUIT protocols)

In skeletal and cardiac muscles a contiguous energy supply for
ATPases in myofibrils and ion channels is crucial for muscle work. In
oxidative muscles the predominant site of the ATP synthesis is the
mitochondrion where proton gradient is formed by ETS and the ADP
phosphorylation is regulated by MI supercomplex.

The capability of Wfs1 KO and WT muscle cell mitochondria to
generate ATP was followed using oxygraphic measurements with (1)
SUIT (substrate-uncoupler-inhibitor-titration) protocol [56], (2) sub-
strate-inhibitor protocol to determine the individual capacity of CI- and
ClI-linked ET, and (3) classical ADP-titration protocol to determine the
kinetic constants like apparent Michaelis-Menten constant for ADP (Km
(ADP)) and the maximal respiration rate (V). With these protocols
the respiration linked to different pathways of the ETS can be followed
simultaneously to the preference of the pathways to specific substrates.

In the SUIT protocol, P + M were first inserted as CI-linked sub-
strates, and thereafter ADP was added to activate OXPHOS in mi-
tochondria (Vapp). Subsequently, glutamate was injected to detect the
effect of different Cl-linked substrates on OXPHOS (Vgiuyr). We ob-
served that the Leak respiration (oxygen consumption without adeny-
lates) in these conditions was statistically higher in Wfs1-deficient so-
leus, RF and GW muscles but not in the cardiac muscle (Fig. 2A).

In the presence of P + M and ADP, the Cl-linked OXPHOS was
significantly different only in GW muscle where both the Vapp and
Vgrur values were lower in Wfsl KO animals compared to WT
(Table 2). After addition of S (CII — linked substrate) the increase in
respiration rate was significantly higher in Wfs1 KO mice GW muscle in
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Fig. 2. Determination of the Leak respiration with different complex I
substrates

Basal leak respiration (oxygen consumption rate without adenylates) in the
heart, m. soleus, m. rectus femoris (RF) and m. gastrocnemius white (GW) fibers of
Wfs1 KO and wild type (WT) mice with (a) pyruvate (P, 5mM) and malate (M,
2mM) and (b) glutamate (G, 5mM) and M as substrates. Respiration rates are
represented as nmol O2*min"'*mg dw™; *p < 0.05, ** p < 0.01, ***p < 0.001;
n=6-10

Table 2

Oxygen consumption rates (V) in the GW muscles of Wfs1-deficient (Wfs1 KO)
and wild-type (WT) mice as measured according to the substrate-uncoupler-
inhibitor titration protocol. The Vgyc-Vaiu represents increase in the respira-
tion rate due to the addition of the CII-linked substrate of the ETS.

WT Wfs1 KO
ADP 2mM 1.57 £ 0.15 0.68 + 0.22**
Glutamate 5 mM 1.84 = 0.14 0.86 = 0.19**
Succinate 10 mM 2.48 = 0.22 2.48 £ 0.25
ADP 5mM 2.70 = 0.27 2.76 + 0.27
FCCP 2.68 = 0.26 2.70 = 0.28
Rotenone 2.5 uM 1.55 = 0.22 1.75 = 0.27
Antimycin A 10 pM 0.26 = 0.04 0.26 + 0.16
Complex IV 5.42 = 0.87 4.01 = 0.37
Vsuce-Valut 0.64 = 0.26 1.63 + 0.28

Values are represented as the mean = SEM, **p < .01, (n = 6-10) compared
to WT.
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Table 3
Relative ratio of CII- versus Cl-linked oxygen consumption rate in electron
transport system of Wfs1-deficient (Wfs1 KO) and wild-type (WT) mice muscles.

Type of muscle V(CIT)/V(CI)

WT Wfsl KO
Heart 1.31 = 0.12 1.00 + 0.05
Soleus 0.77 + 0.05 1.44 = 0.07*~
Rectus femoris 0.56 = 0.01 0.86 = 0.08

Values are represented as the mean + SEM. *p < .05, **p < .001 compared
to wild type (n = 6-10).

comparison with WT (Table 2). Similar tendency was observed in the
other glycolytic muscle, RF but the changes were not statistically sig-
nificant (data not shown). With substrate-inhibitor protocol, where
after registering CI — dependent oxygen consumption rate, CI was in-
hibited with rotenone and then S was added, an increase in the ratio of
ClI-linked to CI-dependent respiration was detected in the soleus and
RF muscles of Wfs1 KO compared to WT (Table 3). These results in-
dicate a shift from CI- to Cll-induced respiration in skeletal muscles of
Wfs1 KO animals as a characteristic of pathological alterations.

We observed interesting shifts in substrate preferences in our ex-
periments. As described above, with M + P as Cl-linked substrates, the
basal Leak respiration was significantly higher in Wfs1-deficient soleus,
RF and GW muscles but not in the cardiac muscle (Fig. 2A). In the
second set of experiments measuring oxygen consumption kinetics we
used G + M as Cl-linked substrates and detected a higher Leak re-
spiration in glycolytic RF and GW muscles of Wfs1 KO mice compared
to WT (Fig. 2B). In parallel, the maximal CI-linked respiration rate in
the presence of P + M was significantly lower only in GW in Wfs1 KO
mice (Table 2), while with G + M as CI-linked substrates the decrease
in oxygen consumption was statistically significant in all studied mus-
cles of Wfsl KO mice compared to WT (Fig. 3).

In the measurements of oxygen consumption kinetics, using G + M
as Cl-linked substrates, exogenous ADP was added stepwise until the
maximal respiration rate was achieved. In these conditions, as men-
tioned above, the maximal oxygen consumption rate was significantly
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Fig. 3. Maximal oxygen consumption rates with glutamate and malate
Maximal oxygen consumption rates (Viyax) in Wfs1KO and wild type (WT) mice
heart, m. soleus, m. rectus femoris (RF) and m. gastrocnemius white (GW) fibers
with glutamate (G, 5mM) and malate (M, 2mM) as substrates. V. is de-
termined from the measurements for Michaelis-Menten coefficient calculation.
Respiration rates are represented as nmol O *min*mg dw™; ***p < 0.001;
n=6-10
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Table 4

Michaelis-Menten constant Km(ADP) values in the muscles of Wfs1-deficient
(Wfs1 KO) and wild-type (WT) animals with (+Cr) and without (—Cr) activa-
tion of creatine kinase pathway.

Km(ADP)
Type of muscle -Cr + Cr
Heart WT 101.6 + 21.3 42.7 = 5.0
Wfs1 KO 54.2 = 5.2 41.4 = 3.0
Soleus WT 463 = 789 62.4 = 15.4
Wfs1 KO 482 = 78.2 50.3 = 16.8
RF WT 6.45 + 0,64 -
Wfsl KO 18.99 + 3.15 -
GW WT 10.36 + 1.02
Wfs1 KO 12.64 + 2.29 -

Values are represented as nmolO2*min~**mg dw ~ !, means + SEM are shown
n = 6-10. RF- M. rectus femoris, GW- m. Gastrocnemius white.

lower in all measured Wfs1 KO mice muscle fibers compared to WT
animals (Fig. 3). In parallel, Km(ADP) values did not show prominent
kinetic differences between Wfsl KO and WT skeletal muscle fibers
(Table 4). However in the cardiac muscle fibers we detected a decrease
in the Km(ADP) value (100 versus 50 uM ADP in WT and Wfsl KO
respectively), but in the presence of Cr, mimicking better physiological
conditions, Km(ADP) values in the study group and WT animals were
similar.

In conclusion, the results of oxygraphic measurements, character-
izing ETS revealed increased Leak respiration in both GW and RF gly-
colytic skeletal muscles in the presence of M + G, as well as increased
Leak respiration in the soleus, RF and GW muscle fibers in the presence
of M + P. The maximal CI-dependent oxygen consumption rate in the
presence of G + M decreased in all followed Wfs1 KO muscles com-
pared to WT. In the presence of P + M, a decrease in the CI-linked ADP-
stimulated respiration rate was detectable only in Wfs1 KO GW muscle
compared to WT. These results indicate some alterations in glutamate
metabolism, having no influence on the metabolism of pyruvate. In
addition, in GW muscle the CII-linked respiration was significantly
higher in Wfs1 KO muscle compared to WT. A similar shift was also
detected in the soleus and RF muscles when the capacities of ETS
complexes were measured independently.

These measurements were performed in conditions where energy
transfer pathways from mitochondrion to ATPases in the cell were not
activated. To investigate how the transport of the energy from mi-
tochondrion to ATP-ases influences OXPHOS, we next investigated the
three most important systems for energy facilitation in skeletal muscles.

3.2. Energy transfer pathways

Intracellular transfer of ATP from mitochondria to ATPases is im-
peded; thus, special energy transfer pathways are essential for main-
taining steady energy balance at different ATP consumption sites in the
cell. Facilitated transport of metabolites is especially important in
oxidative muscle cells like the heart and soleus, where most of the ATP
is synthesized in mitochondria; alteration in these pathways has im-
mediate influence on the cellular metabolism as a whole. It has been
demonstrated that the main energy transport system in the oxidative
skeletal and heart muscles is the CK/PCr pathway [40,45,61], followed
by the AK pathway [38,62]. In oxidative muscle cells, one of the
manifestations of the effectiveness of the CK pathway is the increased
affinity of mitochondria toward ADP (decrease in the Km(ADP) value)
when the pathway is activated. In glycolytic GW and RF muscles the Km
(ADP) value is low because there is no impediment for the ADP/ATP
through the VDAC in the OMM. Therefore, it is not possible to de-
termine the role of CK transfer with this method in these muscles. The
effect of activation of CK pathway on Km(ADP) value was detected in
the mutant and WT soleus and WT heart muscle fibers (Table 4). The
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Fig. 4. Quantification of functional coupling between OXPHOS and energy
transfer pathways

(a) Oxygen consumption rates measured with the maximal activation of the
creatine kinase pathway. Respiration rates are represented in nmol O,*min
T*mg dw™.

(b) Functional coupling of oxygen consumption with adenylate kinase (AK)
pathway is represented as AK index (IAK) calculated as IAK = (Vamp — Vapsa)/
Vapsa where Vayp is oxygen consumption rate at the maximal activation of AK
system and Vaps, in the presence of AK inhibitor.

(c) Functional coupling of hexokinase (HK) to OXPHOS. The glucose index (GI)
was calculated as (Vgruc — Varp) / (Vapp)*100% where (Vgruc — Vare) is the
increase in the oxygen consumption rate in response to addition of 10mM
glucose and Vapp is the respiration rate in the presence of 2mM ADP; *p < 0.05,
** p <0.01, ***p < 0.001; n=6-10
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Table 5
Enzyme activities of Wfsl-deficient (Wfs1 KO) and wild-type (WT) mice mus-
cles. Values are represented as nmol*min’l*mg ww ™! (n = 5-8).

Enzyme Type of muscle WT Wfs1 KO

262.5 + 32.6 304.1 16.7

Creatine kinase Heart +
870.8 = 101.4 443.3 *+ 32.6 **

Soleus muscle

Rectus femoris 3072.1 + 180.2  1579.2 + 224.6 ***
muscle
Gastrocnemius 3495.4 + 226.5 3088.1 + 142.9
muscle

Adenylate Heart 176.0 = 28.5 179.8 + 22.8

kinase Soleus muscle 350.8 + 18.5 196.0 + 10.9***

Rectus femoris 399.8 = 37.6 205.4 * 48.9 =
muscle
Gastrocnemius 636.9 *= 60.8 654.8 = 43.9
muscle

Hexokinase Heart 7.2 £ 05 8.0 £ 0.7
Soleus muscle 3.80 = 0.11 3.43 £ 0.10 *
Rectus femoris 1.53 + 0.09 2.14 = 0.18 =
muscle
Gastrocnemius 2.58 = 0.12 2.85 + 0.05
muscle

Values are represented as the means = SEM. * p < .05, ** p < .01, ***
p < .001 compared to wild type.

Km(ADP) value in the heart fibers of Wfsl KO animals was already
lower without Cr, so we observed no further significant decrease as a
response to the CK pathway activation (Table 4).

In the second protocol we used PK/PEP system for trapping all ADP
generated by ATPases. Under these conditions, the registered oxygen
consumption is directly dependent only on the ADP/ATP circulation
incorporated in the MI and CK transfer system. The maximal Cr acti-
vated OXPHOS rate (V) in Wfsl KO oxidative muscle (heart and so-
leus) fibers was decreased compared to WT and the alteration was more
pronounced in the heart muscle (Fig. 4A). In contrast, in glycolytic GW
the V¢, was higher in fibers of Wfs1 KO mice than in WT. There was
some decrease in V¢, in RF muscle but the change was not significant
(Fig. 4A).

In parallel, the total CK enzyme activities of in the wolframin-de-
ficient soleus and RF muscle were ~2 times decreased but there were no
differences detected in the heart and GW compared to WT tissues
(Table 5). Recent proteomic results also showed no change of CK iso-
enzyme levels in the wolframin-deficient heart [63]. Consequently,
lower oxygen consumption rate with activated creatine kinase pathway
in Wfsl-deficient heart (Fig. 4A) could be mostly caused by the wea-
kened interaction between mitochondrial CK and ANT and thereby
impaired MI function.

Additionally, a study of the abundance of CK isoforms in RF de-
monstrated lower muscle-type CK isoform (CK-MM) mRNA level of
Wfs1-deficient mice than in their WT littermates (Table 6). As CK-MM is
known to be functionally coupled with ER Ca®*-ATPase [64], the
capability of CK-MM to phosphorylate ADP, produced by myofibrillar
or ER ATPases, can be reduced and thereby induce local ATP deficiency.
It leads to the impairment of muscle contraction and the other ER-
linked energy-consuming processes. However, here we found that the
expression of mitochondrial CK coding gene CKMT2 did not differ
significantly (p = .213) between these two groups (Table 6).

Table 6
Relative mRNA levels of CK isoforms in M. rectus femoris of Wfsl-deficient
(Wfs1 KO) and wild-type mice (WT).

CKB CKM CKMT2
WT mice, 0.03 = 0.01 199.0 + 38.9 242 *+ 0.43
Wfs1 KO mice, 0.04 = 0.01 935 = 9.5* 3.42 = 0.61

Values are represented as the means + SEM. * p < .05 compared to wild type
(n=6).
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The other main energy pathway in muscle cells is AK pathway. In
Fig. 4B, the AK activation was presented as maximal AK oxygen con-
sumption relative to the oxygen consumption independent of the AK
system - AK Index (see 2.3.3. Methods). In oxidative, heart and soleus
muscles there is a significant increase in the AK Index value in the fibers
of Wfs1 KO mice compared to the WT fibers (Fig. 4B). Nevertheless, in
soleus muscle the activity measurements of the tissue homogenates
demonstrated a significant decrease in the AK activity (Table 5). This
controversy needs future study, but it could be explained by the dif-
ferent approach of the experiments. In the enzyme activity evaluation,
all the AK isoforms located in the tissue were included, while in the
presented oxygraphic measurements only the AK, connected with
transfer of high-energy phosphates from mitochondria to ATPases were
followed. In glycolytic muscles, GW and RF, no significant change was
detected in AK Index; however, we observed a trend toward decreased
AK index in both muscles. Additionally, when looking at the total AK
activity measurements, the decrease in AK activity in Wfs1 KO mice RF
muscle was statistically significant (Table 5).

In addition, we measured the relative contribution of AK isoforms to
the overall AK-related oxygen consumption flux using a protocol de-
veloped in our laboratory [52,55]. The role of cytosolic (AK1) isoform
varies from ~60% in soleus to ~80% in heart muscle (Table S1 in
supplements); however, despite some increase in the contribution of
AK1 isoform in the GW muscle Wfs1 KO mice, the differences between
Wfs1-deficient and WT mice muscles were not statistically significant.

The third investigated energy transfer system is the glycolytic
pathway. These data are represented as the glucose index (GI) calcu-
lated as the ratio of the relative increase in OXPHOS rate due to the
glucose addition to the maximal respiration rate with exogenous ADP.
The GI characterizes the functional coupling of OXPHOS with glyco-
lysis. According to our results, there are some interesting shifts in the GI
values: in the oxidative heart muscle of the Wfs1 KO animals the GI is
higher compared to WT; in the glycolytic GW muscle fibers, the nor-
mally high GI value decreases in KO animals (Fig. 4C). In parallel, the
total HK activity in heart and GW muscle of Wfsl KO animals were
similar to wild type (Table 5).

Taking together, the alterations in the AK related oxygen con-
sumption in the cardiac and soleus muscle cells are the opposite of
those taking place with CK-related respiration (Fig. 4). Consequently, in
the oxidative muscles of Wfs1 KO animals the role of CK energy transfer
system is decreasing and at the same time, functional coupling of mi-
tochondria with AK is increasing when compared to the muscles of WT
animals. These shifts from one energy transfer pathway to the other
may indicate a compensatory mechanism in energy metabolism. As the
CK pathway activity is lower in oxidative muscle cells of Wfs1 KO an-
imals, the AK and HK pathway may help to manage the energy flow
from mitochondrion to the ATPases, especially in the cardiac muscle.
Increase in the GI value in the cardiac muscle cells is registered during
aging of the rat heart cardiomyocytes [65]. In the cardiomyocytes of
young healthy animals the GI is very low, around 1%; during aging it
increases to 8.2% at the age of 1.5 years.

3.3. H NMR studies of the heart muscle

Metabolites in tissue water soluble extracts of 4-6 month mice were
determined using '"H NMR spectroscopy. The total creatine content of
KO animals was not different from that of the WT. The principal com-
ponent analysis of proton NMR spectra did not reveal any systematic
differences between the two mouse genotypes. We also calculated the
values of six abundant metabolites: glucose, lactate, alanine, glutamine,
glutamate and taurine (Supplementary Table 2). The concentrations of
these metabolites were similar as presented before by Zervou et al.
2016 [66]. We did not find any statistically significant differences be-
tween the KO and WT groups. Our results are in good accordance with
the study by Porosk et al. (2017) were they compared the heart meta-
bolome of six month old Wfs1 KO and WT mice [67]. Therefore, the
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Fig. 5. Evaluation of the interaction between mitochondria and tubulin
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Representative colocalization (C) pattern of (A) mitochondria (marked as VDACI (sc32064)Cy3 - red) and (B) BII-tubulin component of the a/f tubulin hetero-
dimeres (beta2TUB (ab170931)A1488 - green) in WT (1) and Wfs1KO (2) soleus muscles. There is a tendency to decrease the colocalization between mitochondria
and tubulin; calculated Pearson's coefficients are 0.93 and 0.54 for WT and for Wfs1KO, respectively.

alterations in the regulation of CK pathway could be a significant sign of
functional disturbances in the cardiac muscle energy metabolism.

3.4. Structural changes - confocal microscopy

The energy metabolism regulation in the muscle cell mitochondria
is directly dependent on the functional interaction of mitochondrial
VDAC with cytoskeletal proteins, one of which is probably p-tubulin
component of the free afp-tubulin heterodimers [41,68,69]. According
to our visual and manual observations the skeletal muscles of WFS1 KO
mice are softer and more delicate then WT muscles. However, the an-
imals have no difficulties to manage their movement in captivated/cage
conditions. We used confocal microscopy to follow if this observation is
accompanied with changes in the structure of the muscle cell. We used
antibodies for VDAC and BII-tubulin in one combination (Fig. 5) and
VDAC with plectin in another. Some alterations were detected in cal-
culated Pearson's coefficients in muscle fibers of Wfsl1 KO animals
compared to WT, but these changes could not be considered as sig-
nificant in the given context. As the age of the animals in our experi-
ments was 4-6 month, there is a possibility that more prominent
changes could develop later in the course of the disease.

4. Discussion

Recently, several theories about the pathways of the WS and the
possible roles of wolframin have been presented. The placement of the
wolframin in the ER membrane has been demonstrated and the in-
volvement of the protein in cell metabolism through homeostasis of
Ca®>* has found most proponents. However, several questions still re-
main unanswered. A few studies have investigated the effects of WS in

the muscle tissue, specifically in the bioenergetic metabolism. Some
patient reviews indicate that the incidences of congenital heart defects
are significantly higher among WS patients [33,34]. However, large
functional alterations have been not detected in all patients. A possible
reason for the lower number of reports about changes in the muscle
tissues in WS patients could be that more emphasis is placed on the
pathological conditions that emerge first in the disease process (e.g.
pancreatic -cell and neuronal changes) and thus affect the life quality
in higher extent. Furthermore, as the life expectancy of the WS patients
is reduced, smaller changes in physiology may occur unnoticed. How-
ever, to understand the mechanisms and roles of the wolframin protein,
different tissues should be studied.

In this study, by studying 4-6 month old Wfs1 KO and WT mice, we
detected some regulatory kinetic alterations in the apparent affinity of
exogenous ADP to mitochondrion and some decline in the colocaliza-
tion pattern between mitochondria and tubulin in soleus muscle of
Wfs1 KO mice. Therefore, we may conclude that there are no critical
structural changes in muscle cells and the functional interactions be-
tween mitochondria and cytoskeleton are generally intact. However, we
observed significant changes in several aspects of OXPHOS and in the
functional properties of the electron transport system and pathways,
transporting high energy bond to the ATPases.

With both substrate combinations used for CI-linked respiration,
increase in the Leak or basal Leak respiration was detected in the gly-
colytic muscles in Wfs1 KO compared to WT mice. This value demon-
strates oxygen consumption in the non-phosphorylating conditions, i.e.
proton leak through the IMM, across lipid bilayers without ATP-syn-
thase activation. This result indicates inefficiency of the OXPHOS
system and may be a sign of the functional changes in the IMM. These
findings are in accordance with the research of Eimre et al. (2018) [70]
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as they found an increase in the Leak respiration in the RF muscle of
aged, 9-12 month old mice together with increased uncoupler protein 2
mRNA levels. In addition, they found that the citrate synthase activity
and amount of ETS subunits as well as mitochondrial proteins was in-
creased in the glycolytic RF muscle, while no important alteration was
detected in oxidative cardiac and soleus muscle of Wfs1 KO compared
to WT mice. Moreover, it has been demonstrated that the basal Leak
respiration is related to the amount of ANT and other anion carrier
proteins in mitochondria [71], but not with the activity of these protein
complexes [72]. Thus, the increase in the Leak respiration could be
connected to the alterations in the IMM composition or increase in the
ANT abundance, which could be caused by an increase in the number of
MI in mitochondria as an adaptive response to the less efficient ATP
production in the Wfs1 KO animals.

In all the muscle types studied, we observed that the maximal ADP-
dependent respiration rate with G + M was lower in the Wfsl KO an-
imals compared to WT. Interestingly, when P + M was used as CI-
linked substrate, we found no significant differences between Wfs1 KO
and WT. These results indicate that the wolframin deficiency has caused
some alterations in the cell which have influence on the glutamate but
not on the pyruvate metabolism. WS is characterized by increased ER
stress, decrease in the number of mitochondria-ER connecting sites, and
disturbances in Ca®>* homeostasis. These changes could have an influ-
ence on the activity of protein complexes regulating glutamate meta-
bolism in mitochondria such as glutamate-aspartate antiporter (AGC)
and 2-oxoglutarate-malate transporter. It has been demonstrated that
Ca®" related alterations in AGC1 (which is also expressed in the cardiac
and skeletal muscle) is one of the causes of the autism spectrum dis-
order [73]. As the alterations in Ca®>* metabolism have also been de-
tected in WS, these changes may also have an influence on the gluta-
mate-related oxygen consumption rate here. Furthermore, in a study of
cardiac cells with induced ER stress, Prola et al. (2019) detected a de-
crease in the glutamate- and succinate- but not in pyruvate-induced
respiration. They concluded that fatty acid oxidation pathway in mi-
tochondria is down-regulated in cells with ER stress while relative
oxidation of pyruvate is increased [74]. These results are in a good
accordance with the current study as we found that the GI was in-
creased in the heart fibers of Wfs1 KO mice compared to WT.

The transport of high energy bond from mitochondria to ATPases is
a crucial part of the energy provision. Our study demonstrated that
there are several alterations in the pathways responsible for energy
trafficking. We found an important shift taking place in the heart
muscle of the Wfs1 KO mice. In healthy cardiac muscle cells the CK has
a leading role in the transport of the phosphoryl group to ATPases. In
the cardiac cells of Wfsl KO animals the oxygen consumption rate of
the creatine stimulated respiration is decreasing, while the role of the
secondary AK pathway is increasing. Simultaneously, the functional
interaction with glycolytic enzymes, represented as the glucose index, is
higher in cardiac muscle of the Wfs1 KO animals. In glycolytic GW
muscle, a contrary shift is taking place: in WT GW muscle, high GI was
determined, but it was decreased significantly in the GW fibers of Wfs1
KO mice. In parallel, there was a significant increase in the CK
pathway-related respiration in the wolframin deficient animals. Similar
alterations in the pathway preferences are detected in the aging heart
muscle [65] and in pathological conditions such as cancer [48]. These
changes indicate possible compensatory mechanisms as a response to
altered metabolism in the muscle cells: a decrease in the CK pathway is
balanced by an increase in the AK system in the heart muscle. Similarly,
in GW muscle a shift from glycolytic to CK pathway is taking place.

Using 'H NMR, we detected no significant alterations in the meta-
bolites profile of Wfsl KO animals. This relative stability may be
achieved due to the compensatory mechanism in the energy transfer
pathways which enable to continue the muscle work at lower effi-
ciency. We speculate that the problems might arise during in vivo
conditions when the workload of the muscle has to be increased.

The results of our study indicate adaptations in the bioenergetic

BBA - General Subjects 1864 (2020) 129523

metabolism of the muscles to the alterations caused by the Wfs1 defi-
ciency. We observed no crucial structural alterations, but clear func-
tional changes in the MI and energy transport were detected. It was
visible that in some muscles a decrease in the one pathway was ba-
lanced by the increase in the activity of parallel pathway. There was no
direct decrease in the CI-linked ET capacity, but rather change in the
substrate preference profile, which might have been caused by the al-
terations connected with ER stress. These results are in accordance with
the study of skeletal muscle of young adults with type I diabetes, where
no changes in mitochondrial content or distribution have been de-
tected, but mitochondrial oxidative capacity has been shown to de-
crease [75].

It has been demonstrated that wolframin is highly expressed in the
cardiac as well as in the skeletal muscles. There are some reports of
atrial and ventricular arrhythmias and sinus tachycardia in the later
stages of WS [35]; however, the extent of the impairment is sig-
nificantly smaller in comparison with the ones that emerge earlier in
the neurons and pancreatic (-cells. Adaptations in muscle tissue as a
response to the wolframin deficiency, detected in our study, could ex-
plain the contradiction. Yet, as the WS-accompanied alterations in
oxidative muscle cells are not essential, the role of wolframin might be
more complex and include additional functions regulating Ca®*
homeostasis.

In sum, WS is a metabolic disease with complicated diagnostics.
Several cases have been described where patients with WS are mis-
diagnosed and treated for diabetes for years [33,34]. Better mechanistic
understanding of wolframin functions could enable the development of
methods for earlier diagnosis of WS, and for possible treatments in
order to postpone the manifestations of the disease such as optical
nerve degradation or diabetes. Our results demonstrate that WS is a
mitochondrial disease and monitoring functional alterations in striated
muscle bioenergetics could be considered as one of the directions for
the better understanding of wolframin functions and for developing
improved diagnostic methods for WS.
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ARTICLE INFO ABSTRACT

Keywords: The protein wolframin is localized in the membrane of the endoplasmic reticulum (ER), influencing Ca2+
Mitochondria metabolism and ER interaction with mitochondria, but the exact role of the protein remains unclear. Mutations in
Wolframin

Wfs1 gene cause autosomal recessive disorder Wolfram syndrome (WS). The first symptom of the WS is diabetes
mellitus, so accurate diagnosis of the disease as WS is often delayed. In this study we aimed to characterize the
role of the Wfs1 deficiency on bioenergetics of muscles. Alterations in the bioenergetic profiles of Wfs1-exon-5-
knock-out (Wfs1KO) male rats in comparison with their wild-type male littermates were investigated using high-
resolution respirometry, and enzyme activity measurements. The changes were followed in oxidative (cardiac
and soleus) and glycolytic (rectus femoris and gastrocnemius) muscles. There were substrate-dependent alter-
ations in the oxygen consumption rate in Wfs1KO rat muscles. In soleus muscle, decrease in respiration rate was
significant in all the followed pathways. The relatively small alterations in muscle during development of WS,
such as increased mitochondrial content and/or increase in the OxPhos-related enzymatic activity could be an
adaptive response to changes in the metabolic environment. The significant decrease in the OxPhos capacity is
substrate dependent indicating metabolic inflexibility when multiple substrates are available.

Wolfram syndrome
Skeletal muscle

Heart

Metabolic inflexibility
Energy metabolism

1. Introduction DIDMOAD is used. Defects in the CDGSH Iron Sulfur Domain 2 (CISD2,

or ERIS (endoplasmic reticulum intermembrane small protein or WFS2)

The protein wolframin consists of 890 amino acids, and is located in
the membrane of endoplasmic reticulum (ER) with nine trans-membrane
domains [1-3]. Wolframin regulates Ca?* homeostasis, has influence on
the formation of mitochondria-associated ER membrane (MAM) and
affects Ca®* transport between mitochondria and ER [4-6]. Alterations
in intracellular wolframin content are associated with ER stress and
activation of the Unfolded Protein Response (UPR) [7-16]. However,
the exact mechanism of wolframin function is still not clear [8,17-20].

Mutations in the wolframin coding WFS1 gene cause autosomal
recessive disorder Wolfram syndrome 1 (WS1) [21-23]. Usually WS
starts with diabetes mellitus (DM, mostly during the first decade of the
life), followed by optic atrophy (OA, in the beginning of the second
decade), diabetes insipidus (DI) and deafness (D); therefore acronym
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gene, cause progression of illness with symptoms alike WS1, named
Wolframin Syndrome type 2 (WS2, approximately 5-10% of the WS
cases) [24,25]. However, till now a direct functional interaction be-
tween CISD2 and wolframin has not been detected [26,27].

WS first symptom, glucose intolerance, is due to the progressive loss
of pancreatic p-cells. This, and simultaneous neuronal tissue degenera-
tion is initiated by ER stress, UPR activation and altered Ca®* homeo-
stasis [28,29]. WS is a rare disease and is doubtlessly underdiagnosed, as
after DM symptoms appear, diabetes and its complications are primarily
targeted [30].

ER works in close functional interaction with mitochondria. Several
symptoms of WS have common features with mitochondrial diseases like
Friedreich ataxia and Leber’s hereditary optic neuropathy (LHON)
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[31-33]. Direct mitochondrial DNA (mtDNA) deletions have been
observed only in some of WS patients, but the altered regions vary and
do not occur in most WS cases [33-36].

Besides nerve and f-cells, the content of the wolframin is high in the
heart and skeletal muscles [2]. The role of the wolframin as Ca2*
metabolism regulator, and the fact that these muscles relay mostly on
mitochondrial energy metabolism should cause strong alterations in the
heart and oxidative muscle cells of WS patients. Also, development of
the insulin resistance and diabetes in WS patients should be accompa-
nied by changes in both skeletal and heart muscles mitochondria as is
described in patients with similar symptoms without WS [31,37]. It is
necessary to clarify what modifications have taken place in the bio-
energetic profile of skeletal and heart muscle cells in wolframin defi-
ciency. Severe skeletal muscle dysfunction, and shift in muscle type have
been detected in WS2 [24,25,38]. In the case of WS1 the reported al-
terations in the skeletal muscles are milder, if at all, and appear in a later
stage of the disease. Structural defects in heart muscle of the WS1 pa-
tients is noticed in somewhat higher percentage than in average popu-
lation but it is not prevailing in all patients [30,39-41]. However, it has
been shown that WFS1-deficient rat left ventricle cardiomyocytes had
increased contractility (both amplitude and duration of the contraction)
due to the prolonged cytosolic calcium transients [18]. Also, a higher
relative incidence of sinus tachycardia and atrioventricular arrhythmias
has been shown in WS patients [42].

In our previous study we investigated alterations in mitochondrial
metabolism of Wfs1KO mice muscles and found decreased and less
coupled NADH-linked ADP-stimulated respiration in comparison with
wild type (WT) littermates [43]. These alterations were largely
substrate-dependent. In Wfs1KO mice muscles the maximal mitochon-
drial respiration in the presence of Glutamate (Glut) and Malate (Mal) as
respiratory system complex I (CI)-linked substrates was decreased in all
studied muscle types, accompanied with significantly increased Leak
respiration in glycolytic muscles. With Mal and Pyruvate (Pyr) as sub-
strates the increased Leak was detected only in glycolytic muscles
(rectus femoris (RF)) and white gastrocnemius (GW)) and decrease in CI
linked oxygen consumption was significant only in GW [43,44].
Decrease in adenylate and creatine kinase enzymatic activities of skel-
etal muscles of wolframin-deficient glucose-intolerant animals and
changes in coupling of these enzymes to oxidative phosphorylation
(OxPhos) suggest the reconfiguration of energy transport networks and
thus could affect muscle performance at higher workloads [43].

Alterations in substrate preferences, detected in WFS1KO mice
muscles, agree with the described incapability to use certain available
substrates, metabolic inflexibility in diabetes and other metabolic dis-
eases [45]. In diabetic heart, even in hyperglycemic situation, heart
muscle cells mostly use fatty acids (FA) [46,47]. In the contrary, the
failing heart is metabolically inflexible with increased glucose meta-
bolism [47]. In the skeletal muscle cells of individuals with type-2 dia-
betes glucose oxidation is elevated and FA usage reduced [48,49].

The extent and severity of the alterations due to the WS in a specific
cell type seems not to be directly related to the wolframin content of the
cells. Therefore it is possible that some cells have developed adaptation
mechanisms to overcome the wolframin deficiency. Knowledge of these
means could give us valuable information for the development of better
medication for WS. Also, WS1-specific change in the energy metabolism
of muscle cells helps to clarify the role of wolframin in cells in different
tissues to enable more precise medication.

Generation and characterization of rat model of Wolfram syndrome
(Wfsl-exon-5 KO, Wfs1KO), used in this study was described earlier
[50]; exon 5 of Wfsl gene is deleted in this model and results in
appearance of WS symptoms [50]. This is a loss of function model and
the order of appearance of WS symptoms is similar to the WS develop-
ment in humans. First, a decrease in glucose-stimulated insulin release is
detected from 3 month of age in this Wfs1KO rat model, glucose intol-
erance progresses with age and culminates with severe hyperglycemia
and insulin dependent diabetes mellitus at the age of 12 months [50].
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From this age also brainstem and optic nerve neurodegeneration is
observed. Diabetes mellitus and optic nerve atrophy appears in child-
hood or puberty for most of human WS patients, while in the rat model
WS symptoms appear after sexual maturity. Drawing of direct parallels
from rat studies to human patients must always be done with caution,
such limitation is inherent for any animal model of human disease.
However, this is unlikely to affect conclusion of this study on the role of
Wfs1 on muscle bioenergetics.

The aim of our research is to determine the alterations in bio-
energetics profile of the wolframin deficient muscle and clarify the role
of the wolframin in the muscle energy metabolism.

2. Methods
2.1. Laboratory animals and chemicals

In all the experiments we used wild type (WT) male Wistar rats and
their Wfs1-deficient male littermates (age 8-9 months). Wfs1-deficient
rats were generated by deletion of exon 5 in Wfsl gene resulting in
loss of 27 amino acids from the Wfs1 protein, and loss of function of the
protein [50]. Breeding and genotyping of the rats were performed at the
Laboratory Animal Centre of the Institute of Biomedicine and Trans-
lational Medicine, University of Tartu. The rats were housed under
standard laboratory conditions (at constant temperature 22 °C and a
12:12 h light/dark cycle with free access to food and water). Animal
experiments were approved by the Estonian National Board of Animal
Experiments (protocol nr. 114 from 13.10.2017) in accordance with the
European Communities Directive (86/609/EEC).

Only ultra-pure chemicals suitable for molecular biology and work
with cell cultures were used in experiments. All chemicals were pur-
chased from Fluka and Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Preparation of skinned muscle fibers

For fiber preparation animals were anaesthetized by intraperitoneal
injection of ketamine (75 mg/kg) and dexmedetomidin (1 mg/kg),
decapitated. Permeabilized fibers were prepared from the heart, m. so-
leus, GW and RF according to the methods described previously [51].
The cells” sarcolemma was permeabilized by saponin treatment (50
pg/mL) for 30 min at 4 °C. Fibers were washed in Mitomedium B solu-
tion: EGTA (0.5 mM), MgCl,.6H20 (3.0 mM), K-lactobionate (60 mM),
KH3PO4 (3.0 mM), taurine (20 mM), HEPES (20 mM), sucrose (110
mM), dithiothreitol (DTT, 0.5 mM), bovine serum albumin (BSA, 5
mg/ml)) at pH 7.1 supplemented with leupeptin (5 pM) for the protec-
tion of cytoskeletal proteins from lysosomal proteolysis and kept in the
same solution at 4 °C under constant stirring until used for experiments.

2.3. Measurements of oxygen consumption

All measurements of oxygen consumption were performed by a high-
resolution respirometry instrument Oxygraph-2K (OROBOROS In-
struments, Innsbruck, Austria). Experiments were carried out at 25 °C in
the Mitomedium B solution [52], supplemented with BSA (5 mg/mL)
under continuous magnetic stirring. The permeabilized fiber was
weighted and inserted into the oxygraphic chamber with respiration
media (Mitomedium B solution) supplemented with respiratory sub-
strates according to the protocol. The measured oxygen consumption
rates are presented as nmolOz/min per mg wet weight.

2.4. Respiratory complexes protocol (RC)

In order to compare the individual capacity of the ETS complexes in
relation to two substrate pathways, the classical protocol for measure-
ment of respiratory complexes was applied. All the concentrations pre-
sented in the following protocols are final concentrations in the
oxygraphic camber.
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Permeabilized muscle fibers were inserted into an oxygraph chamber
filled with Mitomedium B solution supplemented with Mal (2 mM). First
either Glut (Protocol 1A) or Pyr (Protocol 1B) was added to record basal
Leak respiration in the absence of adenylates. Then in both protocols
ADP (2 mM) was added and the respiratory capacity of ETS complex I
(CI) was measured. After inhibition of CI with rotenone (Rot, 2.5 uM) the
activity of complex II (CII) was determined in the presence of CII-
dependent substrate, succinate (Suc, 10 mM). Then ETS complex III
was inhibited with Antimycin A (AntA, 10 pM) and addition of N,N,N’,
N’-tetramethyl-p-phenylenediamine (TMPD; 1 mM) demonstrates
maximal capacity of complex IV (CIV). Finally, addition of NaCN (1 mM)
inhibited cytochrome oxidase (COX) and blocked electron transport; as a
result it allowed detecting residual oxygen consumption due to TMPD
oxidation reaction.

2.5. Substrate-uncoupler-inhibitor titration (SUIT) protocols

To clarify the task of separate substrate branches of OxPhos and
maximal respiratory capacity in the presence of multiple substrates,
following modified SUIT protocols were used [53].

The SUIT-1 protocol was applied to determine the role of FA oxida-
tion linked OxPhos independently from glucose-linked pathway. In this
protocol firstly Mal and octanoyl carnitine (Oct, 0.2 mM) were injected
into the chamber to register basal Leak oxygen consumption, after that
ADP (2 mM) was added to stimulate phosphorylation system. To com-
plement the system with substrate from glycolytic pathway, Pyr (5 mM)
was inserted. In order to detect maximal capacity of CI, Glut (5 mM) was
added into the chamber. Addition of Suc (10 mM) allowed to measure
the ADP-dependent respiration when electrons are fed simultaneously to
the ETS via CI and CII. Subsequent addition of ADP (final concentration
of 5 mM) allowed controlling the limitations in the efficiency of ATP
synthase [54]. The maximal capacity of the ETS was evaluated with
titration of uncoupler carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) until saturation of respiration was reached.
Subsequent inhibition of CI by Rot (2.5 pM) allowed to determine the
ClI-linked electron transfer capacity. Inhibition of Complex III (CIII) by
AntA (10 pM) allowed to determine the residual oxygen consumption.

In the third, SUIT-2 protocol, to control whether the contribution of
glycolytic substrate pathway could have inhibitory influence on the ETS,
the substrates were presented in reverse way. First Mal with Pyr was
introduced, then, after registration of Leak respiration, ADP-dependent
oxygen consumption was determined. Next, Oct was injected and com-
bined CI-substrate linked respiration was detected. Maximum CI-linked
oxygen consumption rate was measured with the Glut. At the end, the
ClI-linked substrate Suc was added to activate ETS CII-dependent
respiration.

In the fourth, SUIT-3 protocol, maximal capacity of glucose-linked
substrate pathway was determined independently from FA pathway.
First Mal with Pyr was introduced into the chamber, then, after regis-
tration of Leak respiration, ADP-dependent oxygen consumption was
determined. After that, maximum rate of NADH-linked oxygen con-
sumption was measured with the Glut. Then, in the presence of CII-
linked substrate Suc joint CI and CII-dependent respiration was regis-
tered. Finally, the capacity of ETS was evaluated by titration with FCCP.

2.6. Energy transfer pathways

To determine the alterations in the energy transfer pathways, the
influence of AK or CK pathway activation on the mitochondrial respi-
ration was measured. For that, after injection of substrates Mal and Glut,
ATP-ases were activated with MgATP (2 mM in oxidative and 0.1 mM on
glycolytic muscles). After that, addition of 10 mM Cr or 2 mM AMP
activated the respective pathways and an increase in respiratory rate
indicates an association between the respective energy transfer network
and OxPhos [52].
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2.7. Determination of enzymatic activities

2.7.1. Preparation of cell lysates

Pieces of muscles were snap frozen in liquid nitrogen and stored at
—80 °C. Tissues were grinded in liquid nitrogen with pestle and ho-
mogenized in the Tris-HCl (pH = 8.1), the medium containing KCl (0.9
M), glucose (10 mM), MgCl, (20 mM), EDTA-Na, (10 mM), Triton X-100
(0.25%) and leupeptin (5 pg/mL), at pH 8 using a Retsch Mixer Mill
(Retsch) at 25 Hz for 2 min, then centrifuged at 12,000 rcf for 20 min at
4 °C. The supernatants were used for enzymatic assays. Protein con-
centrations were determined by Pierce BCA Protein Assay Kit according
to the manufacturer recommendations using bovine serum albumin
(BSA) as a standard.

2.7.2. Measurements of activities

Determination of HK activity was performed using a spectropho-
tometer (PerkinElmer, U.S.) in solution containing Tris—-HCl (50 mM),
KClI (45 mM), NaH3PO4 (1 mM), EDTA-Nay (0.5 mM), MgCl, (7.7 mM)
glucose (4.2 mM), NADP (0.6 mM), MgATP (6.7 mM), glucose-6-
phosphate dehydrogenase (G6PD) (1 IU/mL), adjusted at 25 °C. The
rate of NADPH formation was monitored after addition of homogenate
at 340 nm [55].

ETS Complex I activity was measured with spectrophotometer
(PerkinElmer, U.S.) from homogenates in phosphate buffer (100 mM, pH
7.4) comprising NADH, Coenzyme Q1 stock B, KCN, and NaN3 ca. 100 s.
At the end rotenone was added to record rotenone insensitive activity of
the preparation [56].

Citrate synthase activity was measured spectrophotometrically in
cell lysates at 25 °C with a FLUOstar Omega microplate reader. Citrate
synthase (CS) activity was determined by measuring the rate of thioni-
trobenzoic acid production at 412 nm [57].

2.8. DNA extraction and mitochondrial DNA (mtDNA) copy number

DNA was isolated from frozen rat muscle tissue samples using
PureLinkTM Genomic DNA Mini Kit (Invitrogen, USA) according to the
instructions provided by the manufacturer. DNA concentrations and
quality were measured using the BioSpec-Nano spectrophotometer
(Shimadzu, Japan).

The DNA from muscles was used to determine the mitochondrial
DNA copy number by the comparison of mitochondrial and nuclear DNA
measured by real-time PCR using the Rat Mitochondrial DNA Copy
Number Kit (MCN2) (Detroit R&D, USA). The manufacturer’s in-
structions were followed to prepare samples for PCR and to calculate the
mtDNA copy number relative to nucDNA.

3. Results

In this study we determined alterations in the bioenergetic profile of
the two oxidative (heart, soleus) and two glycolytic (RF and GW) mus-
cles of the 8-9 month old Wfs1 deficient rats in comparison to WT lit-
termates. To characterize alterations in the ETS profile, we measured
sequential activation of ETS complexes and ADP-dependent oxygen
consumption rate. We evaluated flexibility of OxPhos with different
substrate combinations to switch between glucose-linked (Pyr) and FA
(Oct) substrates.

First we determined oxygen consumption capacity for respiratory
chain complexes CI, CII and CIV individually (RC protocol, Fig. 1), using
respective substrates/inhibitors (two alternative CI-linked substrate
combinations: Mal with Glut and Mal with Pyr). We did not register any
statistically significant alteration in Wfs1KO muscles in comparison with
WT animals for either substrate combination (Table 1 in Supplements).

Next we applied SUIT protocols where multiple ETS complexes are
activated simultaneously, a situation which is more in line with in vivo
conditions. At the beginning of the SUIT-1 protocol respiration is sup-
ported only by the FA pathway with Oct. In this state in the heart muscle
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Fig. 1. Representative trace of oxygraphic measurement. Analysis of the individual respiratory chain complexes activities.

After insertion of the muscle fiber into the oxygraphic chamber we added CI - linked substrate glutamate (Glut, 5 mM; malate (2 mM) is in the medium), and the
basal oxygen consumption rate without adenylates (Leak) is visible. Then the addition of ADP (2 mM) activates ATP-Synthase (maximal respiration via complex I
(CD). Thereafter, we inhibited CI with its specific inhibitor rotenone (Rot, 5 pM), added succinate (Succ, 10 mM) and registered maximal oxygen consumption
capacity through CII. After insertion of antimycin A, (AntA, 10 uM), an inhibitor of complex III, we injected N,N,N°,N’-tetramethyl-p-phenylenediamine (TMPD, 1
mM) and ascorbate (5 mM) to activate cytochrome c oxidase associated oxygen consumption, demonstrating the theoretical maximal respiration rate. Thereafter, we
added Na cyanide (NaCN) to inhibit cytochrome c oxidase. Blue line — oxygen concentration in the medium, red line — oxygen consumption rate.

Table 1
Enzymatic activities of the wolframin-deficient (Wfs1KO) and wild type (WT) rat
heart, m. soleus, m. rectus femoris (RF) and m. gastrocnemius white (GW) fibers.

Enzyme Muscle  WT Wfs1KO
Citrate synthase pmol/mg Heart 156.3  +9.8 156.9  +9.0
protein Sol 44.3 +2.5 63.1 +5.7*%

RF 15.4 +0.9 17.1 +0.9
GW 19.0 +2.3 29.0 +£2.8%*

Hexokinase ymol/mg protein Heart 53.7 +2.6 60.3 +2.3
Sol 28.1 +0.7 32.8 +0.5
RF 8.2 +0.5 8.9 +0.5
GW 7.9 +0.5 8.1 +0.5

Complex I ymol/mg protein Heart 438.0 +£26.6 489.2 +51.4
Sol 190.4  +7.3 220.2  +14.8
RF 11.9 +0.9 20.6 +1.8%*

Complex I/CS Heart 2.8 +0.2 3.1 +0.4
Sol 4.3 +0.3 3.5 +0.4
RF 0.8 +0.1 1.2 +0.1*

**p < 0.01; *p < 0.05; n = 6-10.

there was no difference in FA-linked respiration rate between WT and
Wfs1KO. In contrast, in soleus, which also represents oxidative striated
muscle, there was a clear decline in the respiratory rate with Oct in
Wfs1KO animal (Fig. S1 in Supplements). Following the protocol, CI-
linked respiration was then activated. Registered maximal CI-linked
respiration and maximal OxPhos (CI + CII) were significantly reduced
in both oxidative muscles of Wfs1KO compared to the WT (p=<0.01
(Fig. 2); and p=<0.01 (Fig. S1 in Supplements);), for heart and soleus,
respectively). In the normal heart, the sequential addition of substrates
was followed by an increase in respiration rate and peaked at the highest
level in the presence of the uncoupler (Fig. S1 in Supplements),
reflecting the plasticity and the ability of mitochondrial energy meta-
bolism to use different substrates simultaneously. This plasticity appears
to be altered in Wfs1KO animals and expresses as loss in efficiency to use

glucose-linked carbon sources if mitochondria are already switched to
FA oxidation. At the same time, when the same protocol was applied to
glycolytic muscles there was no significant differences in the OxPhos
rates in a situation when FA oxidation were activated before glucose-
linked pathway of Wfs1KO in comparison with WT.

We determined whether the decrease in the respiration rate with the
glucose-linked substrate in oxidative muscle was caused by the FA
pathway that inhibited utilisation of other Cl-linked substrates with
SUIT-2 protocol. We activated the pathways in the reversed order where
the glucose-linked substrate, Pyr was added first. At these conditions no
significant alteration was detected in Wfs1KO heart muscle (Fig. 2,
Fig. S1 in Supplements) suggesting that FA pathway activation was the
one that inhibited the glucose-linked pathway in the SUIT1 protocol.
However, the OxPhos rates of the Wfs1KO soleus muscle are signifi-
cantly decreased regardless of the order of added substrates (p=<0.01,
Fig. 2; Table 1 in Supplements).

In glycolytic muscles, the maximal OxPhos capacity of the RF with
SUIT2 protocol was lower in Wfs1KO rat (p < 0.05), whereas in the
Wfs1KO GW muscle the CI-linked and maximal OxPhos capacity was
even increased compared to WT (p < 0.05 and p < 0.01 respectively;
Fig. 2). To the contrary of the WT RF muscle, in GW the addition of Oct
after Pyr did not increase the respiration rates of WT and Wfs1KO rat GW
to the level at which they reached when the substrates were added in
reversed order (Fig. 2).

We used SUIT-3 protocol to determine alterations in the use of the
glucoses-linked substrate pathway. In the heart muscle there was no
significant differences in the ETS capacity between Wfs1KO and WT
when Pyr was used as a substrate. Again, reduced OxPhos rate was
registered in soleus muscle of Wfs1KO rat (p < 0.01), and no significant
change were observed in the ETS capacity in glycolytic muscles of
Wfs1KO animals (Fig. 2).

When comparing different substrate introduction orders within one
muscle type only, some tendencies can be observed. In WT heart muscle
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Fig. 2. OxPhos capacity through CI and maximal OxPhos values with simultaneously activated CI and CII - linked substrate pathways.
Maximal oxygen consumption rates with CI- linked substrates (CI) and in the presence of simul

-taneously

activated complex I (CI) and CII-linked substrates (Max OxPhos) in wolframin-deficient (Wfs1KO) and wild type (WT) rat heart, m. s

oleus, m. r
ectus femoris (RF) and m. g

astrocnemius white (GW) fibers. In order to investigate the influence of multiple substrate pathways to the respiratory capacity, we used Cl-linked substrates in
variable order: in SUIT1 protocol (Oct-Pyr), first we inserted fatty acid - octanoyl carnitine (Oct, 0.2 mM), then added glucose-linked pathway substrate pyruvate
(Pyr, 5 mM), para id="fspara0065">mM). In SUIT2 protocol (Pyr-Oct) first Pyr was introduced, then we added Oct, followed by Glut. In SUIT3 (Pyr) protocol we first
injected Pyr and then Glut. In all the protocols malate (Mal, 2 mM) was in the medium and succinate (10 mM) was used as CII-linked substrate. Respiration rates are

represented as nmol O2*min-1*mg ww-1
0.001; **p <

0.01; *

p < 0.05 n=6-

10.

the maximal OxPhos capacity as well as CI-linked respiration rate is
higher with SUIT1 and SUIT2 protocol (with Oct; p < 0.05) than with
SUIT3 (without Oct). In case of Wfs1KO heart muscle the highest oxygen
consumption rate was detected with SUIT2 protocol (Pyr added first) in
comparison with SUIT1 and SUIT3 (p < 0.05), indicating the alterations
in fatty acid pathway. In WT glycolytic RF muscle there is a tendency to
achieve higher maximal oxygen consumption rate in the presence of Oct
and Pyr than with Pyr alone (p < 0.05). In contrast, in Wfs1KO RF
muscle the OxPhos rates with SUIT2 as well as SUIT3 (just Pyr) protocol
are lower in comparison with the situation when the fatty acid pathway
is activated first, followed by Pyr (SUIT1 protocol (p < 0.05)), indicating
an inhibitory effect of glycolysis-linked pathway on FA pathway.

To determine whether the fall in the oxygen consumption rate pre-
sent with Cl-linked substrates in heart, soleus and RF muscle were
caused by a possible decrease in CI enzymatic activity the corresponding
measurements were performed. No significant difference was found
between WT and Wfs1KO muscle (Table 1). Also, in order to check for

alterations in the initial metabolic processing of intracellular glucose,
we measured HK activity but no difference in Wfs1KO muscle was found
(Table 1).

To assess differences in the amount of muscle tissue mitochondria the
measurements of citrate synthase (CS) activity were performed. Signif-
icantly higher CS activity was detected in the GW and soleus muscle of
Wfs1KO in comparison with WT and a similar trend was observed in RF,
while there were no changes in heart muscle (Table 1). We also
measured mtDNA content relative to nuclear DNA to determine whether
the relatively unchanged respiratory capacity in the heart muscle was
also consistent with unchanged mitochondrial content. Slightly higher
mtDNA content was detected in WFS1KO rat heart muscle in comparison
with WT.

Additionally, we performed oxygraphic measurements to identify
possible modifications in energy transfer pathways in Wfs1KO muscles.
We did not find any substantial alterations in parameters characterizing
coupling between AK and CK energy transfer pathways and OxPhos



K. Tepp et al.

(Table S2 in Supplements).
4. Discussion

Heart and skeletal muscle cells have high wolframin abundance [2].
However, functional impact of Wfsl deficiency in muscles is poorly
studied. Ataxia and respiratory problems of WS patients are assumed to
be directly related with neurodegeneration, not to the alterations in
muscle metabolism. Though, there are few reports demonstrating
altered cardiac function in WS patients e.g. incidences of cardiac mur-
murs [30,58]. One case was documented in Tunisia - a patient with
moderate WS is accompanied with cardiomyopathy [59]. Disturbed
cardiac calcium signalling and cardiac function was also reported in a
rat model of WS [18]. Our aim was to determine bioenergetics profile of
Wfs1 deficient heart and skeletal muscles.

In this study, 8-9 month old Wfs1KO rats were used. Previous
research has shown that glucose intolerance and defective insulin
secretion develops at the age of 7 month while basal blood and urine
glucose levels are still normal [50]. The age was chosen to avoid artifacts
related to elevated blood glucose. In order to investigate the alterations
in muscles of different metabolic type we used two oxidative (heart and
soleus) and two glycolytic (RF and GW) muscles.

The bioenergetic profile of a tissue is characterized via measurement
of mitochondrial oxygen consumption, which depends on two main
substrate delivery pathways: FA oxidation and glycolysis-linked
pathway. Every cell has its substrate pathway preference, but in
healthy tissue most of the cell types are able to shift between the sub-
strates according to the metabolic situation. Inflexibility between these
pathways is a hallmark in several metabolic diseases [45,47]. Similarly,
decrease in the activity of some of the respiratory system complexes
could be partly compensated by another. For example, increased CII
activity accompanied with decreased CI one, is described in several
tissues during aging and in the case of pathology [60-63].

Our study did not detect significant increase in the Leak oxygen
consumption, indicating that functionality of the inner mitochondrial
membrane of the muscles is not extensively altered in Wfs1 deficiency.
Also, there were no significant alterations in maximal oxygen con-
sumption capacity of individual respiratory complexes in oxidative
muscles.

In Wfs1KO heart muscle the main alteration was inhibitory effect of
activated FA pathway to the glucose-linked pathway usage. Our results
are compatible with the previous knowledge that the energy production
in the insulin resistant heart cells cannot effectively switch from FA to
glucose-linked metabolism and rely primarily on FA oxidation, even in
hyperglycaemic state [37,46,47]. Wfs1KO rats have insulin deficiency,
while insulin sensitivity is not altered. Thus, these changes in heart
muscle bioenergetics can be caused by insulin deficiency or Wfs1 defi-
ciency, but not by insulin insensitivity. Interestingly, when the sub-
strates are introduced in reversed order and the glucose-linked substrate
pathway is activated before FA pathway, there was no difference be-
tween Wfs1KO and WT in the heart muscle fibre. The relatively small
alteration in the heart muscle oxygen consumption could be explained
by slightly increased mtDNA relative to nucDNA ratio in the heart
muscle of Wfs1KO animals, indicating elevated mitochondrial content in
Wfs1KO rats’ heart (Table S2 in Supplements). Similar results have been
demonstrated in mice genetic model of type-1 diabetes [64].

In other oxidative muscle m. soleus, there was a significant decrease
in the respiratory capacity of Wfs1KO animals with all substrate com-
binations and it was not related to the order in which the substrates were
presented. Higher CS activity in Wfs1KO soleus muscle also suggests an
adaptive increase in the number of mitochondria in response to a
decrease in ETS capacity. However, these changes do not appear to be
sufficient to maintain OxPhos level similar to that in WT. The activity of
CI in both oxidative muscles does not differ between Wfs1KO and WT
rat, so the declined OxPhos capacity in these tissues is not related to the
decreased activity of this ETS complex.
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In both glycolytic muscles studied, we found slightly higher indi-
vidual RC complexes respiratory rates in Wfs1KO muscles which is
accompanied with increased CS activity of tissue.

In contrast to the heart muscle, Wfs1KO RF muscle display an
inhibitory effect of glucose-linked pathway on FA usage. Similar phe-
nomena, elevated glucose oxidation and reduced FA usage, is described
also in the skeletal muscle cells of individuals with type-2 diabetes and
other metabolic diseases [48,49,65]. The bioenergetics profile of
Wfs1KO GW muscle indicates adaptive rearrangements in tissue level, as
both CS activity and therefore also oxygen consumption rates per tissue
mass have increased. Similar changes in muscle fibre type were
described in RF muscle of Wfs1 deficient mice [44].

Altogether, the most common alteration in the bioenergetics of the
muscle cells, caused by the wolframin deficiency is metabolic inflexi-
bility in substrate usage (Fig. 3).

In Wfs1KO heart muscle the glucose-linked pathway is impaired
when the FA pathway is activated first. But in glycolytic RF muscle, the
activation of glucose-linked pathway blocks the FA usage. Interestingly,
in oxidative soleus muscle the decrease in the OxPhos capacity is irre-
spective to the substrate pathway, while in glycolytic GW, higher CS
activity preserves the OxPhos capacity in Wfs1KO muscle. Similar shift
is visible in glycolytic RF muscle where in Wfs1KO muscle has higher CI
activity than in WT.

Wolframine deficiency

-
'
7
'
7/
e
V74
Skeletal muscle Endoplasmatic
mitochondria Reticulum
UPR
Ca2+

Inflexibility
in
Substrate usage

CS
activity T

[ S A

MtDNA |

Adaptation

Fig. 3. Alterations in the bioenergetics profile in the rat muscle due to the
WFS1 deficiency Wolframin

-deficiency alters Ca2+ metabolism and unfolded protein response (UPR) in
endoplasmic reticulum. This initiates abnormalities in the OxPhos substrate use
profile, leading to a loss of metabolic flexibility. The relatively small alterations
like an increased mitochondrial content and/or increase in the

activities of some OxPhos-related enzymes

in skeletal and heart muscle during development of WS could be may be
adaptive changes initiated by alterations in the metabolic environment:.
MtDNA - mitochondrial DNA; CS - citrate synthase.
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This study demonstrates that the lack of wolframin doesn’t cause
universal changes in different muscles. However, deficiency of this
protein contributes to the development of metabolic inflexibility in
striated muscle tissue. In addition, the ability of mitochondria to use
different substrate simultaneously is impaired. It remains to be investi-
gated whether such metabolic inflexibility contributes to WS associated
neuronal loss.
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monary disease that remains elevated after cessation. Skeletal muscle dysfunc-
tion has been well documented after smoking, but little is known about cardiac
adaptations to cigarette smoking. The underlying cellular and molecular cardiac
adaptations, independent of confounding lifestyle factors, and time course of re-
versibility by smoking cessation remain unclear. We hypothesized that smoking
negatively affects cardiac metabolism and induces local inflammation in mice,
which do not readily reverse upon 2-week smoking cessation.

Methods: Mice were exposed to air or cigarette smoke for 14 weeks with or with-
out 1- or 2-week smoke cessation. We measured cardiac mitochondrial respira-
tion by high-resolution respirometry, cardiac mitochondrial density, abundance
of mitochondrial supercomplexes by electrophoresis, and capillarization, fibrosis,
and macrophage infiltration by immunohistology, and performed cardiac metab-
olome and lipidome analysis by mass spectrometry.

Results: Mitochondrial protein, supercomplex content, and respiration (all
p<0.03) were lower after smoking, which were largely reversed within 2-week
smoking cessation. Metabolome and lipidome analyses revealed alterations in

See related editorial: Amin, G, Booz, GW, Zouein, FA, 2024. Lasting consequences of cigarette smoking on the heart. Acta Physiol. (Oxf). e14166.
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1 | INTRODUCTION

Cigarette smoking is a major risk factor for the develop-
ment of chronic obstructive pulmonary disease (COPD)"
and cardiovascular diseases,” all contributing to the
higher mortality rate of current smokers. The risk for car-
diovascular complications is even higher for ex-smokers
and could be related to irreversible cumulative changes
induced by exposure to cigarette smoke.** For instance,
former heavy smokers have a higher prevalence of type
2 diabetes mellitus, left ventricular systolic dysfunction,
coronary artery disease, and peripheral arterial disease,
as well as higher circulating levels of serum C-reactive
protein and interleukin-6 compared to never smokers.?
Skeletal muscle adaptations, such as increased fatigue and
cachexia, are often reported in patients with COPD,”” but
the link with smoking-induced cardiovascular disease is
not well understood. Smokers often exhibit lower physi-
cal activity levels and a poor diet, lifestyle factors that in
themselves are significant risk factors for cardiovascular
complications.® Therefore, these confounding factors blur
how smoking itself affects intracellular cardiac structure
and function.

Many substances in cigarette smoke are known to
impair oxygen transport to tissue and cellular metabo-
lism.*7%1° In addition, smoking reduced mitochondrial
respiration in murine skeletal muscles, caused skeletal
muscle atrophy,’ and increased macrophage infiltration
in bronchoalveolar lavage fluid that all reverted to control
values after 2weeks of smoking cessation.'""'* Smoking
has also been associated with capillary rarefaction." It
is most likely that the effects of smoking on mitochon-
drial function and capillaries are not restricted to skeletal
muscle but will have a similar impact on mitochondria
in any tissue, including the brain and heart. Likewise,
smoke-induced circulating inflammatory markers from

after smoking cessation.

mitochondrial metabolism, a shift from fatty acid to glucose metabolism, which
did not revert to control upon smoking cessation. Capillary density was not differ-
ent after smoking but increased after smoking cessation (p=0.02). Macrophage
infiltration and fibrosis (p < 0.04) were higher after smoking but did not revert to
control upon smoking cessation.

Conclusions: While cigarette-impaired smoking-induced cardiac mitochondrial
function was reversed by smoking cessation, the remaining fibrosis and mac-
rophage infiltration may contribute to the increased risk of cardiovascular events

cardiac metabolism, cardiac remodeling, fibrosis, inflammation, macrophages, smoking

lungs may also cause an altered cardiac metabolism, local
inflammation, and fibrosis, which may contribute to the
elevated risk of developing cardiovascular diseases'"'?
and systolic dysfunction in smokers.'* However, whether
cardiac muscle metabolism, inflammation, and fibro-
sis are affected by cigarette smoking and to what extent
these are reversible by smoking cessation has not yet
been explored.

Therefore, the objective of the study was to com-
prehensively assess the impact of exposure to cigarette
smoking and smoking cessation of up to 2weeks on
cardiac muscle structure, local inflammation, and car-
diac metabolism in mice. We hypothesized that smok-
ing negatively affects cardiac metabolism and induces
local inflammation and fibrosis. To investigate this, me-
tabolome and lipidome analyses were performed to as-
sess changes in cardiac metabolism upon smoking and
smoking cessation.

2 | MATERIALS AND METHODS

2.1 | Animals and study design

The supplemental datasheet contains an extended
Materials and Methods section, which is in line with
good publishing practice in physiology."> All experi-
mental procedures were approved by the Leuven
Ethical Committee. The study design was as previously
described.” Eight-week-old male C57Bl/6JolaH mice
(n=44) were randomly divided into four groups: one
exposed to cigarette smoke for 14 weeks (SM); a group
exposed to cigarette smoke for 13 weeks and 1-week ces-
sation (SC1W); a group exposed to cigarette smoke for
12weeks and 2-week cessation (SC2W); and a control
group (CON) exposed to room air."!
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2.2 | (Immuno-)histochemistry and
western blotting

Connective tissue, capillary, nuclear densities, succinate
dehydrogenase (SDH) activity, macrophage infiltration,
GLUT4 translocation and cardiomyocyte cross-sectional
area were assessed in cardiac sections. In a subgroup of 20
animals, protein content of subunits of all five OXPHOS
complexes, DRP1, OPA1, and GLUT4 was determined.

2.3 | Mitochondrial respiration and
supercomplex content

Mitochondrial respiration was measured in the apex using
high-resolution respirometry. Mitochondrial supercom-
plexes were visualized by blue native gel electrophoresis.

2.4 | Metabolomic and lipidomic analysis
Metabolome and lipidome analyses were performed in the
apex, and data were normalized to internal standards and
tissue weight.

2.5 | Statistical analysis

Results are expressed as the mean + SEM. Statistical anal-
ysis consisted of two parts because the smoking cessa-
tion groups had two interventions (smoking + cessation).
First, statistical differences between control and smoking
were assessed with an independent ¢-test, and the effect of
smoke cessation compared to smoking was tested with a
one-way analysis of variance (ANOVA). To test whether
2weeks of smoke cessation was significantly different
from control, an independent t-test was performed. A
p <0.05 was considered significant.

3 | RESULTS

3.1 | Body and heart mass and
cardiomyocyte size

Body mass was lower after smoking (SM) compared to
control (CON; Figure 1A), and gradually increased after
smoking cessation.'’ Heart mass was not significantly dif-
ferent between smoking and controls (Figure 1B) but was
higher after 2weeks of smoking cessation (SC2W) com-
pared to smoking animals. The heart-to-body mass ratio
was higher after smoking (5.2+0.1 vs. 4.1+0.2mg-g"" in

ACTA PHYSIOLOGICA Bk

control; p<0.001) but did not change after smoking ces-
sation. Cardiomyocyte cross-sectional area tended to be
lower after smoking but did not increase after smoking
cessation (Figure 1C,D).

3.2 | Cardiac fibrosis and
capillary supply

Collagen content was higher in smoking than control
and further increased after 1-week smoking cessation
(Figure 1E,F). Although collagen content was not differ-
ent between 2weeks of smoking cessation (SC2W) and
smoking, collagen content was still higher in SC2W com-
pared to control. Capillary density was not different after
smoking compared to control, but significantly increased
after smoking cessation, and remained higher than con-
trol (Figure 1G,H).

3.3 | Nuclear density and infiltration of
immune cells

We performed a hematoxylin and eosin stain to visual-
ize cells and nuclei. There were no significant differences
in cardiac nuclear density between smoking and control,
but nuclear density was higher after 1 week of smok-
ing cessation, but not after 2weeks, compared to smok-
ing (Figure 2A,B). We reasoned that these additional
nuclei could be immune cells such as macrophages, and
indeed, cigarette smoke exposure increased the concen-
tration of infiltrated macrophages compared to control
(Figure 2C,D), which remained elevated above control
after smoking cessation (p <0.0001). No signs of cardiac
cell necrosis or cell death were observed.

3.4 | Mitochondrial function

To understand smoking-induced alterations in cardiac
metabolism, we assessed mitochondrial respiration in the
apex. Leak respiration with NADH substrates (Figure 3A),
NADH (complex I)-linked respiration (Figure 3B) and
complex II-linked respiration (Figure 3C) were not signifi-
cantly different between groups. Oxidative phosphoryla-
tion capacity tended to be lower after smoking compared
to control (p=0.056), and significantly increased to control
values after smoking cessation (Figure 3D). Uncoupling
respiration was significantly lower after smoking and re-
turned to control level after smoking cessation (Figure 3E).
Normalized leak respiration was significantly higher
after smoking, and returned to control levels after smoke
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cessation, indicative of a relatively higher mitochondrial  significantly higher after smoking (0.91 +0.06) versus con-
uncoupling during smoking. Excess capacity (oxida- trol (0.84+0.08, p=0.018), which tended to remain higher
tive phosphorylation / electron transport capacity) was after 2weeks of smoke cessation (0.90+0.06, p=0.068).

suonIpUOy) puv sud 1 a1 995 “[H70Z/80/80] U0 AIBIqIT SUIUQ) A[IAY ‘SPUBLIOYION QUBIY20D) £q S 1 Byde/ | [ 170 1/10p/woo* Ao1avKreiqijout|uo;:sdiy woiy papeo[usod L “bZ0T ‘01 L I8bL]

5U01 SUOWWIO)) dA1Ea1) [qEal|dde oy £G PAtIOA0T IE SI[AIIE V() S9SN JO SN Jof K1eiqr] QUIUQ K[1A UO



AID ET AL.

ACTA PHYSIOLOGICA Bk

FIGURE 1 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 1-2weeks of smoking cessation (SC1W n=14, SC2W n=14), compared to control (CON n=14). (C) 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, SCIW n=8, SC2W n=7). (G) Representative images of cardiac
capillaries. (H) Capillary density increased after 1 and 2weeks of smoking cessation (CON n=9, SM n=7, SCIW n=9, SC2W n=7). Results
are expressed as mean + SEM. The corresponding significant p values are shown in the figures. Scale bar represents 100 pm (D, E) or 250 pm
(G). SM versus CON and SC2W versus CON (unpaired two-tailed t-test); SCIW versus SM and SC2W versus SM (one-way ANOVA).

Mitochondrial complex I subunit NDUFB8 content was
lower after smoking compared to control (Figure S1D,E)
and remained lower after 2-week smoke cessation than
in control (p=0.011). No group differences in protein
level of subunits for complexes II and IIT and ATP syn-
thase were observed (Figure S1F-I), although complex
IV subunit MTCOL1 level was lower after smoking com-
pared to control (Figure S1H). SDH activity (Figure 3F,G)
was reduced after smoking, and continued to decrease
after 1-week smoke cessation, but recovered to smoking
levels after 2-week cessation. No significant group differ-
ences were observed in the protein content of key play-
ers of mitochondrial fusion (OPA1) and fission (DRP1;
Figure S1A-C).

We next tested whether mitochondrial supercom-
plex formation was affected by smoking and normalized
after smoking cessation. For this, we isolated mito-
chondria and performed blue-native electrophoresis.
Independent of mitochondrial content, smoking was as-
sociated with a lower content of high-molecular-weight
mitochondrial supercomplexes, which was restored to
control after 2weeks of smoke cessation (Figure 3H).
Moreover, the content of free mitochondrial complexes
tended to be lower after smoking and were significantly
lower after smoking cessation (Figure 3I). The normal-
ized mitochondrial supercomplex content (relative to
total complexes) was not significantly different between
smoking and control (Figure 3J), indicating a propor-
tional decrease in supercomplexes and free complexes
after smoking. The normalized mitochondrial super-
complex content increased after smoke cessation.

3.5 | Metabolomics

Metabolomics was performed to understand how ciga-
rette smoking and cessation affected cardiac metabo-
lism. Metabolites with variable importance in projection
(VIP) score>1.4 were used for enrichment pathway
analysis (Table S1, Figure 4). Enrichment pathway analy-
sis revealed alterations in nicotinate and nicotinamide
metabolism, glycolysis, pentose phosphate metabo-
lism and gluconeogenesis, branched-chain amino acids

degradation and nucleotide metabolism, mitochondrial
beta-oxidation, and other lipid metabolism pathways.

Smoking and smoking cessation decreased the re-
duced form of nicotinamide mononucleotide (NMNH)
in the nicotinamide adenine dinucleotide (NAD") path-
way (Figure S2). Two-week smoking cessation increased
NAD* and NADH levels compared to smoking. Higher
metabolite concentrations related to glycolysis and glu-
coneogenesis suggested a higher glucose breakdown
after 2-week smoking cessation compared to control
(Figure S3). Metabolites in the pentose phosphate path-
way (ribose 5-phosphate and sedoheptulose 7-phosphate)
were lower after 2weeks of smoke cessation than in con-
trol. Ophthalmic acid, a biomarker of oxidative stress,
was higher after smoking and 2 weeks of smoke cessation
(Figure S3).

After 1-week smoking cessation, the branched-chain
amino acids, isoleucine, leucine, valine, and allantoin
(Figure S4), and ADP-ribose (Figure S2) were decreased
compared to smoking. Branched-chain amino-acid con-
tent did not restore to control level after 2 weeks of smoke
cessation, apart from allantoin and ADP-ribose. Cardiac
purine and pyrimidine contents were not significantly
changed by smoking but were higher after 2-week smoke
cessation compared to control (Figure S5). Metabolites
of purine biosynthesis (inosinic acid (IMP) and hypox-
anthine) were not altered by smoking but were lower
after 2-week smoke cessation (p=0.0208 and p=0.0059,
respectively).

3.6 | Lipidomics

Lipid profiling was performed on the apex of the heart
to study whether smoking caused alteration in the lipid
content and species (Figure S6A-D). Enrichment analysis
identified variouslipid classes to be differentially abundant
between groups (Figures S6A-D and S7A-D). Although
total triacylglycerol concentration in heart tissue was not
significantly altered after smoking and smoking cessa-
tion, long-chain and very-long-chain highly unsaturated
triacylglycerol concentrations were higher after 2weeks
of smoke cessation compared to control and smoking
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FIGURE 2 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 1-2weeks of smoking cessation (SC1W
and SC2W). (B) Nuclear density in cardiac tissue increased after smoking cessation (CON n=9, SM n=8, SCIW n=9, SC2W n=6). (C)
Representative examples of macrophages (green), membranes (red), and nuclei (blue). Upper panel shows staining of cardiomyocyte
nuclei and macrophages, and 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, SCIW n=5,
SC2W n=5). Results are expressed as the mean + SEM. Scale bar is 250 (A) or 50 pm (C). SM versus CON and SC2W versus CON (unpaired
two-tailed t-test); SCIW versus SM and SC2W versus SM (one-way ANOVA).

(Figure 5), indicative of a lower breakdown or higher pro-
duction of triacylglycerols after smoke cessation.

3.7 | Glucose transport

Our metabolome and lipidome analyses indicated that
smoking cessation shifted metabolism from fatty acid oxi-
dation toward glucose oxidation, possibly via an altered
translocation of glucose transporter type 4 (GLUT4) from
the cytosol to the cell membrane (Figure 6A). We there-
fore next determined whether there were differences in
the membrane-associated GLUT4 in the mice that were
fasted for >3h. Smoking did not alter the fraction of
GLUT4 associated with the cell membrane, but relatively
more GLUT4 was translocated toward the cell membrane
after smoking cessation (Figure 6C,D). No differences
were observed in the amount of cell membrane that con-
tained GLUT4. With western immunoblotting, we tested
the hypothesis that GLUT4 protein concentration was dif-
ferent, but no group differences in overall GLUT4 protein
concentration were observed (Figure 6C).

4 | DISCUSSION

We performed a detailed assessment of changes in cardiac
structure and metabolism upon cigarette smoking and
smoking cessation for up to 2weeks in a mouse model of
COPD. Cigarette smoking caused macrophage infiltration
and fibrosis in the heart, which only partially recovered
after smoking cessation. Surprisingly, smoking cessa-
tion—but not smoking itself—induced extensive capillary
proliferation resulting in an increased capillary density.
Smoking reduced maximal mitochondrial capacity that
returned to control values after 2weeks of smoking ces-
sation. This was associated with quantitative and quali-
tative decrements in mitochondrial protein content, SDH
activity, and mitochondrial supercomplex formation.
Metabolome and lipidome analyses indicated a shift from
fatty acid to glucose oxidation upon smoking cessation,
which confirmed that cardiac metabolism only partially
returns to control after smoking cessation.

4.1 | Cardiac atrophy, local
inflammation, and fibrosis

We observed a lower cardiac weight and tendency for
a lower fibre cross-sectional area after cigarette smok-
ing. Extrapulmonary manifestations are often observed
in COPD, and these results suggest that besides skeletal
muscle atrophy and cachexia,*® the cardiac muscle is
not spared from smoking-induced atrophy. Currently, it
is unclear what the cellular and molecular overlap is be-
tween the cardiac and skeletal muscle atrophy upon ciga-
rette smoking and whether cardiac atrophy is similar to
cachexia. We propose that the term “cardiac cachexia”
should refer to cardiac alterations, rather than skeletal
muscle cachexia in patients with chronic heart failure.'®

Local and systemic inflammation likely contribute to
the altered cardiac structure and function. Smoking was
accompanied by macrophage infiltration into the heart
which did not revert to control after smoking cessation.
The infiltrations occurred predominantly around endo-
thelial cells. This local endothelial inflammation may
induce a higher endothelial permeability in cigarette
smoke-exposed mice."” These tissue-infiltrating macro-
phages are involved in the clearance of dead, dysfunc-
tional, and dying cells, as well as tissue remodeling and
angiogenesis.18

Macrophage infiltration is also associated with a higher
local concentration of pro-inflammatory cytokines, such
as TNF-a, various interleukins, and TGF-p, negatively
affecting cardiac metabolism,'*?° and can also promote
collagen production and fibrosis.** Indeed, the smoking-
induced fibrosis did not recover after cigarette smoking
cessation. Cardiac macrophage infiltration, higher fi-
brosis, and capillary density after smoking and smoking
cessation indicate that local inflammation contributed to
the structural changes in the heart, linked to a stiffened
heart and diastolic dysfunction,* typical for heart failure
with preserved ejection fraction often observed in COPD
patients.

The lower cytosolic concentrations of branched-chain
amino acids (BCAA; leucine, isoleucine, and valine) in
the heart after smoking cessation can be related to an in-
creased protein synthesis” upon smoking cessation, but
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FIGURE 3 Cardiac maximal mitochondrial capacity is reduced with smoking and restored after smoking cessation. Succinate

dehydrogenase activity depression in smoking and smoking cessation groups and supercomplex formation in the heart after smoking and
smoking cessation 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, SCIW 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. (H) Protein content of high-molecular-weight supercomplexes was lower after
smoking and recovered after smoke cessation (CON n=5, SM n=>5, SCIW n=5, SC2W n=>5). (I) Free or low-molecular-weight complexes
of CI-IV and ATPase synthase were lower in SC1W and SC2W. (J) Normalized supercomplex relative to total complex increased after smoke
cessation. (K) Representative example of free mitochondrial complexes and complexes assembled in the supercomplex (SCs: I +1II,+ 11,
I+1I1,+1V,). Results are expressed as mean +SEM. Scale bar is 100 um (G). SM versus CON and SC2W versus CON (unpaired two-tailed

t-test); SCIW versus SM and SC2W versus SM (one-way ANOVA).

the fibre cross-sectional area did not enlarge. The discrep-
ancy between the gains in heart weight without a concom-
itant change in cardiomyocyte size at smoking cessation
is likely due to other factors than an elevated protein syn-
thesis. Possibly, the increased cell infiltration and blood
volume contribute to elevated heart weight after smok-
ing and smoking cessation. Circulating inflammatory
cytokines, such as tumor necrosis factor-o (TNF-a), also
increase BCAA catabolism and leucine oxidation.”* A de-
clined BCAA content may therefore also be a consequence
of continued elevated local inflammation rather than a re-
flection in protein synthesis.

We observed increased levels of purines and pyrimi-
dines after 2-week smoking cessation. These changes in
nucleotide abundance may contribute to metabolic de-
rangements and ventricle dysfunction as similar changes
are also seen in pulmonary arterial hypertension®
and myocardial hypertrophy.*® Metabolites connected
to the uridine metabolism are involved in protein O-
GlcNAcylation, which in turn is directly linked to insu-
lin resistance.’” Indeed, GLUT4 translocation to the cell
membrane was altered, but future studies are required
to fully understand how smoking and smoking cessation
alter whole-body insulin resistance.

4.2 | Angiogenesis

While smoking has been linked to endothelial damage
and a lower capillary-to-fibre ratio in skeletal muscle," we
did not observe a decreased capillary density in the heart
of mice exposed to cigarette smoke. This discrepancy be-
tween 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 beat-
ing heart, while skeletal muscles are intermittently active.
Surprisingly, capillary density increased after smoking
cessation. We speculate that a smoking cessation-induced
increase in the number of circulating endothelial pro-
genitor cells®® could stimulate neovascularization, further

facilitated by the sustained local inflammation and release
of cytokines by local macrophages.

4.3 | Cardiac mitochondrial
structure and function

Uncoupled respiration was lower after cigarette smok-
ing but returned to control values after 2weeks of smok-
ing cessation. Likely, these results are explained by a
combination of a lower mitochondrial protein content
(evidenced by lower mitochondrial complexes I and IV
content and SDH activity), less supercomplexes, and in-
trinsic impairments in the convergent electron flow within
the mitochondria, indicated by the higher normalized
NADH-linked respiration. Cigarette smoking directly im-
pairs mitochondrial respiration and electron transport via
inhibition of complex III and IV activity by carbon monox-
ide and other cigarette smoke compounds,”'" which may
explain the impairments in the convergent electron flow
into complex III. Smoking cessation alleviated this direct
inhibition of mitochondrial respiration and improved
maximal electron transport system capacity, likely due
to alterations in the mitochondrial supercomplex forma-
tion, rather than adding more mitochondria per se, as mi-
tochondrial protein content was only marginally affected
by smoking and cessation. Interestingly, the time course
of some adaptations, such as SDH activity and the pro-
tein content of some free complexes, was different from
the smoking cessation-induced alterations in uncoupled
respiration or amount of supercomplexes. The underlying
reason for this is currently unclear.

We hypothesize that the intricate balance between
disassembly and re-assembly of mitochondrial supercom-
plexes and novel protein synthesis from individual sub-
units is affected by smoking and smoking cessation, which
partly explains the alteration of supercomplex content and
overall mitochondrial respiration. This could explain the
increased mitochondrial respiration, without obvious mi-
tochondrial biogenesis. Nollet et al. (2023) indeed recently
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showed that enhanced incorporation of complex I into
respiratory supercomplexes improved the capacity to ox-
idize NADH and thereby increased NADH-linked respi-
ration.”” The formation of mitochondrial supercomplexes
may reflect an adaptation to cope with oxidative stress,
also inferred from our results of a higher ophthalmic acid
(a marker of oxidative stress) observed in smoking and
smoking cessation.*’

The nicotinamide pathway was affected after smoking,
as the precursor NMNH was lower after smoking despite

Amino Sugar Metabolism -
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Aspartate Metabolism -

Cardiolipin Biosynthesis -

Citric Acid Cycle+ °

Cysteine Metabolism - ®
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similar NAD" levels. Lower NAD" levels are observed in
several cardiovascular diseases, including atherosclerosis
and heart failure with reduced and preserved ejection frac-
tion.”! NMNH, NAD", and NADH significantly increased
after smoking cessation, indicative of an increased synthe-
sis or a decreased degradation, since ribose-5-phosphate
(a breakdown product of NAD"*?) was lower. These im-
provements in NAD* metabolism contribute to improved
mitochondrial function and redox signalling® after smok-
ing cessation.
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FIGURE 4 Top 30 metabolic pathways altered after smoking and smoking cessation in mice. 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 2weeks of smoking cessation (SC1W n=5 and SC2W n=>5). The size of the
dot represents enrichment ratio (metabolite count enriched in the pathway), and the color presents significance.

FIGURE 5 Effect of smoking and smoking cessation on triacylglycerols abundance in mice cardiac tissue. (A) 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 versus CON and SC2W versus CON (unpaired two-tailed ¢-test); SCIW versus SM and SC2W versus SM (one-way
ANOVA). (B-D) Comparison of long- and very-long-chain highly unsaturated triacylglycerols among control, smoking, and 2 weeks of
smoking cessation. Triacylglycerols TG (51:5)-TG (84:18) were chosen for comparison. CON versus SM, SM versus SC2W, and CON versus
SC2W (unpaired two-tailed t-test). (E-G) Dot-plot illustration of triacylglycerol saturation among control, smoking, and two weeks of

smoking cessation. Results are expressed as mean +SEM.
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FIGURE 6 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. Left panel shows GLUT4 protein staining with GLUT4 antibody,
middle panel shows membrane staining with WGA antibody, and right panel shows overlapping of GLUT4 and membrane staining.

Scale bar is 100 pm. (B) Western blot analysis was used to measure protein content of GLUT4 (CON n=5, SM n=5, SC1W n=5, SC2W
n=>5). (C) Fraction of GLUT4 localized 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 (SCIW n=6, SC2W n=+6). Results are expressed as
mean + SEM. SM versus SM versus CON and SC2W versus CON (unpaired two-tailed ¢-test); SCIW versus SM and SC2W versus SM (one-

way ANOVA).

4.4 | Alterationsin
intracellular metabolism

Cardiomyocytes exhibit metabolic flexibility** and pre-
dominantly use fatty acids and glucose for ATP pro-
duction.*** Our metabolomics results are indicative of
a shift away from fatty acid to glucose oxidation dur-
ing smoking cessation, similar to that observed in car-
diovascular diseases,*® where metabolic inflexibility is
observed.***> We observed increased levels of various
glycolytic intermediates, suggestive of a larger reliance
on glucose oxidation after smoking cessation.’” This
was associated with a higher colocalization of GLUT4

at the plasma membrane after smoking cessation. Our
lipidomic analysis confirmed a systematic increase in
concentration of various long-chain highly unsaturated
fatty acids after 2weeks of smoking cessation, indica-
tive of reduced fatty acid oxidation. These data confirm
a cellular shift in metabolism toward glucose oxidation
away from fatty acid oxidation. Why this particularly
occurred during smoking cessation remains unknown
but is in line with anecdotal evidence of glucose crav-
ing after smoking cessation. Whether this is a cardiac-
specific adaptation or is associated with changes in
whole-body change toward glucose oxidation deserves
further study.
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We observed long-chain and very-long-chain highly
unsaturated triacylglycerols concentrations after 2 weeks
of smoke cessation compared to control and smoking.
Excess storage of triacylglycerols is associated with insu-
lin resistance and mitochondrial abnormalities in skel-
etal muscle,*®* cardiac hypertrophy,” and ultimately
a reduced ventricular function.”” Serum triacylglycerol
concentration is also higher in patients with COPD,"
and serum diacylglycerols and triacylglycerols were neg-
atively associated with skeletal muscle oxidative capacity
in patients with severe COPD.* Since severity of COPD
is negatively associated with plasma sphingolipid concen-
trations,” we also observed lower tissue concentrations
of sphingomyelin SM(t33:0) and ceramide Cer(d44:3) in
smoking compared to control. Furthermore, there were
several ceramides and hexosylceramides with signifi-
cantly lower concentrations after smoking cessation in
comparison to control.

5 | Limitations of the study

Here, we highlight some limitations of this study that
could be addressed in future studies. First, we did not
measure systolic and diastolic function,” or local car-
diac blood flow, to link our cellular and molecular altera-
tions to cardiac function. The assessment of whole-body
insulin sensitivity or glucose tolerance tests, as well as
isotope-labelled substrate analyses, would have provided
more depth into the whole-body and cardiac metabolic
alterations upon smoking. Electron microscopy imaging
of mitochondrial cristae and fragmentation was not per-
formed® but could have added important new insights
into the structural changes in mitochondrial morphology
and function upon cigarette smoking and smoking cessa-
tion. Lastly, the contribution of the immune system was
understudied, as the time course and exact nature of im-
mune cell infiltration in the heart were something that we
could not assess with the current study design.

6 | CONCLUSION

Here, we provide an in-depth analysis of the structural
and metabolic alterations in the heart of mice exposed to
cigarette smoke and follow the adjustments after smoking
cessation, which were not enough to completely recover
to the control level. Our cellular and molecular analyses
show that smoking reduces maximal mitochondrial res-
piratory capacity and causes a metabolic shift away from
fatty acid oxidation to glucose metabolism. These cellu-
lar adaptations are associated with alterations in antioxi-
dant signalling, NAD" metabolism, and accumulation of

ACTA PHYSIOLOGICA Hiakd

long-chain unsaturated triacylglycerols. Smoking cessa-
tion normalized maximal mitochondrial capacity, partly
due to increased assembly of mitochondrial supercom-
plexes. The local infiltration of macrophages confirms a
local inflammatory environment that does not normalize
after smoking cessation. The observation that cardiac fi-
brosis, local inflammation, and metabolic alterations re-
mained after 2weeks of smoking cessation could help to
explain the increased risk for atherosclerosis, myocardial
infarction, and arrhythmias in ex-smokers. These results
contribute to a better understanding of the increased risk
of cardiovascular diseases in patients with COPD and
open the potential for finding new therapies to protect the
heart during smoking and immediately after smoking ces-
sation, as well as to develop new quit-smoking programs.
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	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).
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	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.
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	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.
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	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.
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	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.
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	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.
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	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.
	/
	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. 
	5 Discussion
	5.1 Metabolic Flexibility and Compensatory Mechanisms in Cardiac Tissue of WFS1 Deficient Animal Models: Insights into Gene Mutations as Intrinsic Factors
	5.2 Effects of Smoking and Smoking Cessation as Extrinsic Factor on Cardiac Bioenergetics, Metabolism, and Structure in a Mouse Model of COPD

	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.
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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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ADP			Adenosine diphosphate

AK			Adenylate kinase
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CIII			Complex III, ubiquinone cytochrome oxidoreductase

CIV			Complex IV, cytochrome c oxidase

CK			Creatine kinase 

Co Q			Coenzyme Q, ubiquinone

CO2			Carbon dioxide

COPD			Chronic obstructive pulmonary disease

Cr			Creatine

CS			Citrate synthase

Cyt c			Cytochrome c

DNA			Deoxyribonucleic acid

DRP1			Dynamin-related protein 1

ER			Endoplasmic reticulum

ETC			Electron transport chain

FA			Fatty acid

FADH2			Flavin adenine dinucleotide

FAO			Fatty acid oxidation

FFA			Free fatty acid

GAPDH			Glutaraldehyde-3-phosphate dehydrogenase

GI			Glucose index

GLUT			Glucose transporter

GTP			Guanosine triphosphate

HBP			Hexosamine biosynthesis pathway

HK			Hexokinase

IAK			Adenylate kinase index

IMM			Inner mitochondrial membrane

IMP			Inosine monophosphate

IMS			Mitochondrial intermembrane space

Km(ADP)			Apparent Michaelis-Menten constant for ADP

MAM			Mitochondria-associated ER membrane

MI			Mitochondrial Interactosome

MtCK			Mitochondrial creatine kinase

mtDNA			Mitochondrial DNA

NADH			Nicotinamide adenine dinucleotide

NADPH			Nicotinamide adenine dinucleotide phosphate

NMNH			Nicotinamide mononucleotide

NTP			Nucleoside diphosphate

Oct			Octanoyl carnitine

OMM			Outer mitochondrial membrane

OPA1			Optic atrophy 1 protein

OXPHOS			Mitochondrial oxidative phosphorylation

PAGE			Polyacrylamide gel electrophoresis

PCr			Phosphocreatine

PEP			Phosphoenolpyruvate

PGK			Phosphoglycerate kinase

Pi			Inorganic phosphate

PK			Pyruvate kinase

PPP			Pentose phosphate pathway

ROS			Reactive oxygen species

SC			Supercomplex

SDH			Succinate dehydrogenase

SERCA			Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase

TCA			Tricarboxylic acid

UPR			Unfolded protein response

VDAC			Voltage-dependent anion channel

WFS1 KO		Wolfram syndrome-1 gene knockout

WS			Wolfram syndrome

WT			Wild type 
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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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 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).
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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). 
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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.



[image: A screen shot of a diagram

Description automatically generated]

[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).

[bookmark: _Toc169092948][bookmark: _Toc177988051]Discussion

[bookmark: _Toc169092908][bookmark: _Toc169092949][bookmark: _Toc177988052]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).

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).

[bookmark: _Toc169092909][bookmark: _Toc169092950][bookmark: _Toc177988053]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).

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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