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Abstract

Heart failure (HF) is no longer considered a simple syndrome of cardiac
dysfunction but includes several skeletal muscle alterations that limit functional
capacity and quality of life. However, compared to HF with reduced ejection
fraction (HFrEF), skeletal muscle alterations induced by HF with preserved
ejection fraction (HFpEF) remain poorly explored with limited treatments. This
thesis, therefore, aimed to reveal new insights into the cellular mechanisms
underlying skeletal muscle pathology in HFpEF by examining the effects of
pharmacological, physical-loading (exercise), and nutritional interventions. Using
a well-established obese rat model, this thesis provides new evidence that:
HFpEF induces multiple skeletal muscle alterations, including contractile
dysfunction, fibre atrophy, capillary loss and an impaired exercise hyperaemia;
pharmacological treatments (Entresto and Vastiras) improved cardiac function in
HFpEF but did not impact skeletal muscle remodelling; overload-induced skeletal
muscle hypertrophy is impaired in HFpEF and linked to mitochondrial but not
vascular impairments; and acute caloric restriction treatment in HFpEF partially
restored the hypertrophic response that was related to improved myonuclear
accretion. Collectively, these findings extend current knowledge of muscle

pathophysiology in HFpEF and may facilitate future therapeutic approaches.
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Chapter 1 Introduction

1.1 Prologue

Chronic heart failure (HF) represents one of the biggest challenges in cardiology.
Several cardiovascular co-morbidities including coronary artery disease, valvular
disease and hypertension frequently end in HF, which carries a considerable
health cost, morbidity and mortality burden (Coats et al., 2017; Metra & Teerlink,
2017). Nearly half of all patients with HF are classified as having HF with
preserved ejection fraction (HFpEF) (Dunlay et al.,, 2017), a heterogeneous
syndrome often accompanied by obesity, hyperglycaemia and hypertension
(Silverman & Shah, 2019). Individuals suffering from this syndrome have a poor
quality of life and regularly experience exercise intolerance, which is widely
recognised as the hallmark and most common symptom of HFpEF (Haykowsky
& Kitzman, 2014). One key factor closely associated with exercise intolerance in
HFpEF is skeletal muscle dysfunction, which is the result of several structural,
metabolic and contractile abnormalities (Tucker et al., 2018), and is associated
with increased mortality (Ruiz et al., 2008). However, compared to classic HF
with reduced ejection fraction (HFrEF), skeletal muscle alterations induced by
HFpEF still remain poorly explored. This can be explained by the recent
emergence of the HFpEF population as well as the limited availability of both

human muscle samples and experimental models.

To date, the most promising approach for HFpEF-associated muscle dysfunction
seems to be a combination of exercise, nutritional, and optimized medical

treatment. Nonetheless, evidence from most clinical pharmacological trials have
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been negative in terms of beneficial clinical outcomes (Sharma & Kass, 2014;
Fukuta et al., 2016), which highlights the need for further research and
consideration of alternative approaches. This thesis, therefore, aimed to identify
what basic mechanisms contribute to the skeletal muscle pathophysiology in
HFpEF and evaluate a range of therapeutic pharmacological, exercise and

nutritional interventions.

1.2 Heart failure with preserve ejection fraction (HFpEF)

1.2.1 Definition and epidemiology

According to the latest American College of Cardiology Foundation
(ACCF)/American Heart Association (AHA)/European Society of Cardiology
(ESC) guidelines (McDonagh et al., 2021; Heidenreich et al., 2022). HF is
defined as a multifaceted clinical condition caused by structural and/or functional
cardiac changes that affect the ability of the heart to pump a sufficient supply of
blood to meet the body’s requirements. Common signs and symptoms of HF
include fluid retention, pulmonary congestion, elevated jugular venous pressure,
dyspnoea, ankle swelling, and exercise intolerance (Ponikowski et al., 2016).
The main terminology used to diagnose the type of HF is based on measurement
of the left ventricular ejection fraction (LVEF): HF with preserved EF (HFpEF: EF
= 50%) and HF with reduced EF (HFrEF: EF < 40%) (McDonagh et al., 2021).
HF severity is often classified according to symptomatic status, most commonly
using the subjective New York Heart Association (NYHA) functional classification
system which is a strong predictor of mortality (Scrutinio et al., 1994). Other more
objective approaches to define HF severity and prognosis include the exercise-

dependent Weber and Ventilatory classifications (Guazzi et al., 2021).



HF affects approximately 37.7 million people globally and the prevalence is
rapidly increasing due to ageing and improved treatments that allow better
managements of cardio-metabolic disorders (Vos et al., 2012; Ziaeian &
Fonarow, 2016). HF affects nearly 2% of the world's adult population, mainly
people aged =70 years (Metra & Teerlink, 2017), with roughly 50% categorized
as having HFpEF (Dunlay et al., 2017). The epidemic of HFpEF is related to the
increasing rate of co-morbidities that are frequently observed in this syndrome,
including obesity, diabetes, hypertension and coronary artery disease (Owan et
al., 2006; Steinberg et al., 2012; Dunlay et al., 2017; McHugh et al., 2019).
Together, these cause failure in several organs including the heart, lungs,
adipose tissue, liver, kidney, but also the skeletal muscle. In HFpEF,
approximately 20% of HFpEF patients exhibit loss of skeletal muscle mass and
reduced strength (Bekfani et al., 2016). Muscle defects are strong predictors of
quality of life and mortality, and directly contribute to exercise intolerance in
HFpEF (von Haehling et al., 2017; Suzuki et al., 2018). Collectively, this identifies
skeletal muscle as a key therapeutic target in HFpEF, yet we still poorly
understand what mechanisms are involved and what treatments can rescue

muscle health.

1.2.2 Treatment

Identifying effective pharmacological treatments for HFpEF remains a challenge.
Whereas treatments that ameliorate the neurohormonal overactivation (e.g.,
mineralocorticoid-receptor antagonists (MRA) and angiotensin receptor blockers

(ARB)) have shown beneficial outcomes in HFrEF (Pitt et al., 1999; McMurray et
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al.,, 2003; Zannad et al.,, 2011; Vaduganathan et al., 2020), they have not
improved long-term morbidity and mortality in HFpEF (Yusuf et al., 2003; Cleland
et al., 2006; Massie et al., 2008; Pitt et al., 2014). Several therapies for HFpEF
with different underlying comorbidities (e.g., hypertension and hyperglycaemia)
have been studied and show some but limited benefits. These include
angiotensin-converting enzyme inhibitors (ACEI), ARB, MRA, angiotensin
receptor neprilysin inhibitors (ARNI), B-blockers, drugs targeting the nitric oxide-
soluble guanylyl cyclase—cyclic guanosine monophosphate-protein kinase G
pathway, organic and inorganic nitrates, phosphodiesterase-5 inhibitors, soluble
guanylyl cyclase stimulators, treatments targeting inflammation and myocardial
fibrosis, cell therapy, drugs targeting mitochondria, pressure monitoring,
pacemakers, left ventricular expanders, pericardiectomy, and lifestyle
modifications such as exercise and caloric restriction (Lam et al., 2018;
Silverman & Shah, 2019; Kim & Park, 2021). However, most of these treatments
have been cardio-centric and have probably not worked well as they do not
provide a systemic, multi-organ approach to treat the marked heterogeneity
amongst patients. Only recently did sodium-glucose cotransporter 2 inhibitors
(SGLT2I) become the first pharmacological treatment that reduced the risk of
cardiovascular deaths and hospitalizations in HFpEF patients (Anker et al.,
2021). SGLT2I have also shown to ameliorate patient-reported symptoms and
physical limitations, and improve exercise performance in HFpEF patients

(Nassif et al., 2021).
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1.3 Exercise intolerance in HFpEF

The hallmark of HF is exercise intolerance, which is the result of both age- and
HF-related physiological changes (Coats et al., 2017). Exercise intolerance can
be objectively quantified by the reduction in peak oxygen consumed during
maximal aerobic exercise (VOzpeak) €.g., as used within the Weber's
classification. Importantly, impaired VOzpeak is strongly predictive of a worse
prognosis in all types of HF and associated with increased mortality (Nadruz et
al., 2017). There is considerable controversy regarding the mechanisms
responsible for exercise intolerance in HF patients, especially in HFpEF. Some
studies have demonstrated that cardiac function poorly correlates to exercise
tolerance in HFpEF (Mohammed et al., 2014), whereas others suggest that
reduced exercise capacity is mainly attributable to cardiac output limitations

(Abudiab et al., 2013).

Importantly, impaired cardiovascular function seems to explain only some but
not all of exercise intolerance seen in HFpEF with evidence strongly suggesting
that skeletal muscle defects are also important contributors (Haykowsky &
Kitzman, 2014; Miyagi et al., 2018). Various studies have reported that HFpEF
patients exhibit clear structural skeletal muscle alterations. Studies Investigating
Co-morbidities Aggravating Heart Failure (SICA-HF) evaluated 117 patients with
HFpEF and found reduced skeletal muscle mass (measured by DEXA) in
approximately 20% of the patients, which was associated with impaired exercise
capacity (Bekfani et al., 2016). Other changes reported in HFpEF, compared to
healthy age-matched humans, include reduced percent body/leg lean mass
(Haykowsky et al., 2013a) and greater thigh intermuscular fat (Haykowsky et al.,

2014). Importantly, HFpEF patients with reduced muscle mass have a two-fold
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increased risk of cardiac death compared with patients with preserved muscle
mass (via multivariate Cox proportional hazards model) (Matsumura et al.,
2020). As such, understanding the basics of skeletal muscle function, structure,
and mass are important for better understanding how a muscle pathology

contributes towards HFpEF.

1.4 Skeletal muscle physiology

The primary function of skeletal muscle is contraction, which allows locomotion
and breathing. However, from a metabolic perspective, skeletal muscle plays a
central role in maintaining body temperature. Skeletal muscle also acts as a
storage source for amino acids and carbohydrate. Amino acids released from
muscle can be use by other tissues including the heart and the brain for
synthesizing organ-specific proteins (Wolfe, 2006). These amino acids also
contribute to the maintenance of blood glucose levels during starvation (Frontera

& Ochala, 2015).

1.4.1 Basic structure and function

Skeletal muscle consists of thousands of muscle fibres wrapped together by
layers of connective tissue including the epimysium, which surrounds the entire
muscle, the perimysium, which surrounds bundles of muscle fibres, and the
endomysium, which surrounds each muscle fibre (Figure 1.1). Muscle fibres are
composed of myofibrils that are arranged in a unique striated pattern forming
sarcomeres, the basic contractile units of skeletal muscle composed of
myofilaments proteins. The most abundant myofilaments proteins are actin and

myosin (comprising ~70 % of the total protein content of a single fibre), although
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many other proteins also contribute to the structure of the cytoskeleton (e.g., titin,
nebulin) that allow muscle contraction (Frontera & Ochala, 2015). Other cellular
elements of muscle fibres that support force production include the T tubule
system, the sarcoplasmic reticulum, and mitochondria. Nerves serve as a
pathway for electrochemical impulses called action potentials that cause
membrane excitation, a fundamental step in muscle contraction. T-tubules are
extensions of the cell membrane that allow the conduction of the nerve action
potential to the interior of the cell. The sarcoplasmic reticulum is a network of
tubules and cisternae specialized for regulating calcium homeostasis during
muscle contraction. Muscle contraction begins with the generation of an action
potential that depolarises the T tubules causing calcium release from lateral sacs
of sarcoplasmic reticulum. Calcium binds to the troponin—tropomyosin complex,
which removes the blocking action of tropomyosin from the actin binding sites.
Actin then joins myosin ATPase to split ATP into ADP and Pi, which releases
energy that produces myosin crossbridge movement. As new ATP binds to the
myosin head, the actin-myosin bond weakens and the crossbridge detaches.
When muscle stimulation terminates, calcium moves back into lateral sacs of
sarcoplasmic reticulum via ATP-dependent SERCA pumps, which decreases
intracellular calcium concentration and restores inhibitory action of troponin-
tropomyosin complex. Mitochondria are the main organelles that allow sustained
ATP resynthesis and thus termed energy generators, by converting oxygen and
nutrients into ATP (Frontera & Ochala, 2015). Given this requirement, skeletal
muscles also have an abundant supply of capillaries to deliver oxygen, nutrients,
and hormones while removing waste products to and from the muscles
(Egginton, 2011). Skeletal muscle cells are also post mitotic and therefore

contain muscle stem (or satellite) cells (SC), located between the sarcolemma
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and the basal lamina. SC can differentiate into mature muscle fibres which can
either help form new muscle fibres or support hypertrophic growth (Frontera &

Ochala, 2015).

1.4.2 Muscle fibre types

Depending on their contractile and metabolic properties, muscle fibres are
broadly classified as slow-twitch oxidative Type | and fast-twitch glycolytic Type
Il. Based on differential myosin heavy chain gene expression, there is further
classification of Type Il fibres into three major subtypes: lla, lIb and IIx, although
humans do not appear to have type llb (Schiaffino & Reggiani, 2011). Type |
fibres have slow speed of contraction but are more resistance to fatigue, whereas
Type Il fibres provide greater force production but fatigue faster. Muscle fibres
can generate ATP via oxidative (aerobic) and glycolytic (anaerobic) pathways.
The relative contribution of these two pathways determines the metabolic fibre
type. Oxidative fibres have reduced ATPase activity but are rich in myoglobin
(the oxygen carrier and pigment responsible for the red colour), have more
mitochondrial enzymes, and are surrounded by more capillaries. In contrast,
glycolytic fibres have high ATPase and creatine kinase activity but have low
myoglobin content, reduced mitochondrial enzymes and less capillaries per fibre
(Schiaffino & Reggiani, 2011). Muscle fibre types can transform in response to
mechanical stimuli (e.g., exercise) and metabolic perturbations. For example,
high physical activity promotes fast-to-slow twitch transformation (Hultman,
1995), whereas obesity is associated with a shift towards fast-twitch phenotype

(Denies et al., 2014) (Figure 1.1).
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Figure 1.1. Skeletal muscle structure. Skeletal muscle is a complex
heterogeneous tissue composed of fibres with diverse contractile and metabolic
properties. Figure taken from von Haehling et al., Nat Rev Cardiol. 2017.

1.4.3 Muscle mass regulation

Skeletal muscle is the largest organ in the body comprising about ~40-50% of
individual body mass (Frontera & Ochala, 2015). Skeletal muscle mass and
morphology can be assessed by different techniques including whole-body
measurements (e.g., dual x-ray absorptiometry and bioelectrical impedance),
localised measurements (e.g., magnetic resonance imaging, peripheral
computed tomography, and ultrasound), microscopic assessments (e.g.,
histological analyses of fibre size, type, and capillarity) and ultramicroscopic and
molecular assessments (e.g., transmission electron microscopy and omics

technologies) (Haun et al., 2019). Loss of skeletal muscle mass is caused by a
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complex interplay between numerous catabolic and anabolic pathways that

culminate in a state where protein degradation exceeds protein synthesis.

Protein degradation: Four key protein degradation pathways cause skeletal
muscle loss (Figure 1.2), including the ubiquitin—proteasome system (UPS) and
the autophagy-lysosomal system, but also but to a lesser degree the calpain and
apoptosis mediated caspase pathways. In the UPS, E3 ligases bind selective
proteins for ubiquitination and subsequent degradation by the 26S proteasome.
Although numerous ES3 ligases are recognised, MuRF1 (also known as TRIM63)
and MAFbx (also known as FBX032) show the highest expression in models of
muscle wasting (Bodine et al., 2001a; Gielen et al., 2012), and are considered
major indicators of skeletal muscle loss. Muscle mass can also be affected by
the autophagy-lysosomal pathway, a well-recognised intracellular degradation
system by which cytoplasmic materials including proteins are degraded in the
lysosomal machinery pathway (Sandri, 2013; Weber et al., 2019). Key triggers
of protein degradation include pro-inflammatory cytokines and members of the
transforming growth factor-R family, such as myostatin, also known as
growth/differentiation factor-8 (GDF-8) (von Haehling et al., 2017). Elevated
levels of TNF and IL-6 promote protein degradation mediated by the UPS,
autophagy and apoptosis initiated by caspases (von Haehling et al., 2017).
Myostatin, on the other hand, triggers catabolic processes and inhibits
transcription of genes that cause proliferation of skeletal muscle cells (Carnac et
al., 2007). It binds to activin receptor type 2B (ACTRIIB), and then subsequent
downstream mediators phosphorylate mothers against decapentaplegic
homolog 2 (SMAD2) and SMADS3 to upregulate atrogene transcription (Han &

Mitch, 2011; von Haehling et al., 2017).
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Protein synthesis: Testosterone and ghrelin are among the major hormonal
regulators of protein synthesis (Figure 1.2), but also growth hormone (GH), which
secretes insulin-like growth factor 1 (IGF1). IGF1 binds to the IGF1 receptor
(IGF1R) and the insulin receptor (IR), which stimulates phosphorylation of insulin
receptor substrate 1 (IRS1). IRS1 activates the phosphoinositide 3 kinase-
serine/threonine-protein kinase-mammalian target of rapamycin (PI3K-AKT-
MTOR) signalling pathway, which promotes protein synthesis and inhibits
glycogen synthase kinase 3 (GSK3) and forkhead box protein O (FOXO). Hence
a close cross-talk exists between anabolic and catabolic signalling pathways,

where Akt acts as a major inhibitor of FOXO transcription (von Haehling et al.,

2017) .
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Figure 1.2. Signalling pathways controlling skeletal muscle mass. Skeletal
muscle mass is regulated by a complex interplay between numerous catabolic
(i.e., the ubiquitin-proteasome system, the calpain pathway, the autophagy-
lysosomal system and apoptosis) and anabolic (e.g., the PISK—AKT-mTOR
signalling pathway) pathways. Figure taken from von Haehling et al., Nat Rev
Cardiol. 2017.
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mMTOR is widely recognised as a major regulator of protein synthesis and skeletal
muscle hypertrophy in response to various mechanical stimuli, such as
resistance exercise and synergistic ablation (Goodman, 2014, 2019; Hodson et
al., 2019). mTOR is a serine/threonine kinase that integrates environmental and
intracellular changes including nutrient availability and energy status, to direct
cell growth, differentiation, autophagy, survival, and metabolism (Liu & Sabatini,
2020). Inhibition of MTOR with rapamycin (a selective blocker of mTOR) or by
genetic blockade, results in impaired hypertrophy in several models, while its
genetic activation is sufficient to cause hypertrophy in vivo (Bodine et al., 2001b).
MTOR promotes protein synthesis via phosphorylation of 4E-binding protein 1
(4E-BP1) and p70 S6 kinase 1 (S6K1) (Liu & Sabatini, 2020). Phosphorylation
of 4E-BP1 inhibits its ability to sequester eukaryotic translation initiation factor
4E (elF4E), a key component of the elF4F cap-binding complex. Upon
phosphorylation by mTORC1, 4E-BP1 releases elF4E and enhances %' cap-
dependent translation of mMRNAs, which results in increased protein synthesis
(Hara et al., 1997; Gingras et al., 1999). On the other hand, phosphorylation of
S6K1 promotes ribosomal biogenesis by phosphorylating the ribosomal protein
S6 (Chauvin et al., 2014). S6K1 increases transcription of rRNA (the primary
component of ribosomes) by improving the activity of RNA polymerase | (Pol I)
and RNA polymerase lll (Pol Ill) (Hannan et al., 2003; Mayer et al., 2004)

(Michels et al., 2010).

The increase in protein during muscle hypertrophy can be achieved by
increasing RNA (as discussed above) but also by maintaining the same level of

RNA from each nucleus and adding new nuclei to fibres via SC (Blaauw &
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Reggiani, 2014). This has been confirmed using the surgical synergist ablation
model, also known as compensatory overload (Rosenblatt & Parry, 1992; Adams
et al., 2002), which is considered a fundamental model to investigate the basic
mechanisms of skeletal muscle hypertrophy (Terena et al., 2017). This model
consists of the surgical removal of all or part of synergistic muscles to generate
chronic functional overload that causes hypertrophy in the region of ~20-65%
(Lowe & Alway, 2002). This method provides a unique opportunity to study
cellular changes that would be difficult to observe in models of modest muscle
hypertrophy such as exercise (Lowe & Alway, 2002). Since adult myonuclei are
postmitotic and cannot divide, it is suggested that during hypertrophy, SC
undergo proliferation, differentiation and fusion with existing myofibers in order
to provide new myonuclei for growing muscle cells and maintain an optimal
myonuclear domain size (Petrella et al., 2006; Petrella et al., 2008; Phillips, 2014;
Snijders et al., 2015). This is supported by experiments where overload-induced
muscle hypertrophy was prevented in SC-deficient rodents (Rosenblatt & Parry,
1992; Rosenblatt et al., 1994; Adams et al., 2002; Egner et al., 2016). However,
findings from other studies have yielded contradictory results (Rosenblatt &
Parry, 1993; Lowe & Alway, 1999), and techniques for SC depletion where DNA
replication is inhibited either pharmacologically or by y-irradiation have been
guestioned (McCarthy & Esser, 2007). Overall recent advances in our
understanding of what mechanisms control muscle mass and function have

become important for better understanding the muscle pathology in HFpEF.
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1.5 Skeletal muscle alterations observed in HFpEF

1.5.1 Muscle size

Few invasive muscle biopsies have been taken from patients with HFpEF, which
have limited our understanding. Histological analyses of the vastus lateralis
muscle demonstrated that compared to healthy adults, patients with HFpEF had
a lower percentage of Type | oxidative muscle fibres and this was associated
with reduced VOzpeak (Kitzman et al., 2014). As such, more work has been done
in skeletal muscle of HFpEF animal models, although identification of a gold-
standard animal model mimicking human HFpEF has been challenging.
Available rodent models of HFpEF include the Dahl salt-sensitive (DSS) rat, the
Zucker fatty/spontaneously hypertensive heart failure F1 hybrid (ZSF1) rat, the
postmenopausal ZSF1 rat, the INOS KO mouse, and the transverse aortic
constriction (TAC) surgery/deoxycorticosterone acetate (TAC/DOCA) mouse.
Importantly, these animal models differ in terms of comorbidities (e.g.,
hypertension, hyperglycaemia, obesity and exercise intolerance) and skeletal
muscle alterations (see Table 1.1.) However, a recent study demonstrated that
compared to the DSS rat and the TAC/DOCA mouse, the ZSF1 rat shows the

highest overlap to the human skeletal muscle phenotype (Goto et al., 2020).
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Table 1.1. Skeletal muscle alterations in animal models of HFpEF

Postmenopausal . . TAC/DOCA
ZSF1 rats 7SF1 rats DSS rats iINOS KO mice mice
Hypertension Hypertension Hypertension
Hyperglycaemia  Hyperglycaemia  Hypertension Hyperglycaemia Hypertension
Comorbidities Obesity Obesity Exercise Obesity Exercise
Exercise Exercise intolerance Exercise intolerance
intolerance intolerance intolerance
Muscle mass l 1 > ? ?
FCSA ! “ l ? ?
Contractile
2
function l ! ! < ’
Capillarisation ! o ? ? ?
Mitochondrial
? 2
function ! ! ! : ’

1 Increase, | Decrease, «» Unchanged, ? Unknown

Oxidative (soleus) and glycolytic (extensor digitorum longus, EDL) muscle biopsy
samples from obese ZSF1 rats demonstrated a ~40% and 50% reduction in fibre
cross sectional area (FCSA), respectively. Moreover, compared to controls,
soleus and EDL wet-mass at 20 weeks were reduced in HFpEF rats.
Interestingly, the atrophy was not reversed by 8 weeks of endurance exercise
training (Bowen et al., 2018). Other animal models of HFpEF including the DSS
rat (Bowen et al., 2015), the TAC/DOCA mouse (Goto et al., 2020)., and the
INOS KO mouse (Schiattarella et al., 2019) have been characterised but found
contradictory findings, with the ZSF1 rat remaining as the one that best replicate

the skeletal muscle phenotype of HFpEF patients (Goto et al., 2020).

1.5.2 Vascular changes

Initial studies showed reduced capillary supply in HFpEF patients, represented
as capillary-to-fibore ratio (C:F) vs age-matched controls, and this was an
independent predictor of VOzpeak (Kitzman et al., 2014). Reduced C:F was also

observed in the soleus and EDL muscles of obese-HFpEF ZSF1 rats (Bowen et
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al., 2018). In terms of direct measures, peripheral blood flow remains unexplored
in HFpEF although some non-invasive studies suggest that HFpEF patients have
blunted functional hyperaemia (Lee et al., 2016b; Marechaux et al., 2016;
Kishimoto et al., 2017; Weauvil et al., 2021), but this is not consistent (Hundley et
al.,, 2007; Haykowsky et al., 2013b; Lee et al., 2016a; Zamani et al., 2020).
Discrepancies may be attributed in part to differences in the muscle studied,
different measurement techniques, and patient heterogeneity (Loai et al., 2021,
Ratchford et al., 2022). Vascular dysfunction related to reduced capillary supply
could also impact arterial-venous Oz content (AAVO2), which is a metric of Oz
extraction. Some (Bhella et al., 2011a; Haykowsky et al., 2011; Dhakal et al.,
2015) but not others (Abudiab et al., 2013; Santos et al., 2015) have reported
that HFpEF affects peripheral Oz extraction. Importantly, these studies used the
Fick equation to estimate exercise capacity (VO2 = Q - AAVOz) which assumes
that cardiac output (Q) and AAVO: are independent of each other. However,
while AAVO: integrates several non-cardiac O: factors (e.g., muscle diffusion
and mitochondrial O2 consumption), its value also depends on Q. For example,
faster transit times of red blood cells through local capillaries means less time for
Oz diffusion into muscle mitochondria, which in turn can compromise AAVO..
Indeed, HF reduces the proportion of capillaries that support red blood cell flux
at rest and during exercise (Poole et al., 2012). Unperfused capillaries at rest
remain stagnant during contractions, which limits muscle O: diffusing capacity
and thus AAVO: (Poole et al., 2012). Endothelial dysfunction may also contribute
to the impaired ability of HFpEF patients to widen AAVO: and augment
peripheral O2 extraction during exercise (Bhella et al., 2011a; Haykowsky et al.,
2011; Dhakal et al., 2015; Houstis et al., 2018; Zamani et al., 2020). Endothelial

dysfunction, as a result of reduced nitric oxide production, can inhibit peripheral
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vasodilation and regional blood distribution thus affecting AAVO: (Vella et al.,
2011). More studies examining leg/muscle AAVO, fibre size and capillarisation
are warranted to clarify the role of the macro- and microcirculation in HFpEF.
While data suggest that anatomical and functional alterations at the
microvascular level contribute to the pathophysiology of HFpEF, direct invasive

measurements to reinforce these suggestions are still missing.

1.5.3 Mitochondrial function

Most studies on skeletal muscle mitochondria have been performed in HFrEF,
with less known about HFpEF. 3'Phosphorus magnetic resonance spectroscopy
(3*P-MRS) is recognised as the gold standard for measuring mitochondrial
function in vivo. Using this technique, HFpEF patients demonstrated more rapid
phosphocreatine (PCr) depletion, lower oxidative phosphorylation ATP
production, greater anaerobic glycolysis ATP production, and delayed PCr
recovery during exercise. (Bhella etal., 2011a; Weiss et al., 2017). This indicates
a clear shift from reliance of oxidative to glycolytic metabolism that predisposes
towards exercise intolerance. Direct measures of muscle samples have
extended these findings. Animal experiments demonstrated that soleus biopsies
from HFpEF (DSS) rats had reduced enzyme activity of citrate synthase (Bowen
et al., 2015), a well validated biomarker for mitochondrial content and oxidative
capacity (Larsen et al., 2012). A recent study also showed that mitochondrial
density is lower in HFpEF patients comparing to healthy controls and HFrEF
patients, with expression of mitochondrial genes reduced (Bekfani et al., 2020).
This is reinforced by HFpEF patients having lower expression of porin, mitofusin

2, and citrate synthase in the vastus lateralis — markers of content and



18
morphology. Importantly, the expression of porin and mitofusin 2 was positively
related to both VOzpeak and 6 minute walk distance (Molina et al., 2016).
However, contradictory evidence found porin expression was increased in
muscle tissue of HFpEF patients and obese-HFpEF (ZSF1) rats (Goto et al.,
2020). More studies are clearly warranted to define the mitochondrial signature

in HFpEF.

1.5.4 Contractile function

So far, only a few studies have investigated the effect of HFpEF on skeletal
muscle contractile function. A recent in vivo study confirmed that compared to
age-matched healthy individuals and HFrEF patients, HFpEF patients have
reduced muscle strength during knee extension (Bekfani et al., 2020), while
diaphragm weakness was linked to reduced exercise capacity and poor quality
life (Meyer et al., 2001; Yamada et al., 2016; Miyagi et al., 2018). However, most
studies have been performed in HFrEF and little remains known about the effect
of HFpEF on diaphragm function and structure. In isolated whole-limb muscles,
in vitro contractile function of two different animal models of HFpEF has been
tested. The first study used DSS rats and found the soleus muscle was more
fatigable in HFpEF rats and maximal tetanic specific force was lower (Bowen et
al., 2015). Subsequent experiments in ZSF1 rats demonstrated that absolute and
specific limb skeletal muscle forces were reduced in obese-HFpEF rats
compared to lean controls (Bowen et al., 2018; Schauer et al., 2021; Kelley et
al., 2022) but not fatigue (Bowen et al., 2018). Moving from whole muscle to
single muscle fibres, no study has directly addressed this per se. However,

compared to non-diseased controls, a combined HF population (6 HFrEF and 4
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HFpEF patients) exhibited lower myosin heavy chain protein content, coupled
with impaired single muscle fibre maximal Ca?*-activated tension in Type | fibres
from vastus lateralis muscle. Importantly, physical activity levels were similar
between groups, indicating fibre contractile dysfunction were induced by HF
rather than inactivity alone (Miller et al., 2009). Collectively, these data suggest
that HFpEF negatively affects skeletal muscle contractile performance, but more

research is still needed.

1.6 Mechanisms of skeletal muscle weakness in HFpEF

1.6.1 Inflammation

A pro-inflammatory phenotype of HFpEF is increasingly recognised. Several
studies have shown that HFpEF patients have an increased serum concentration
of IL-6 and tumour necrosis factor alpha (TNF-a) (Kalogeropoulos et al., 2010;
Fulster et al., 2013; Adams et al., 2021). Another study compared circulating
inflammatory cytokines between HFrEF, HFpEF and control rats and confirmed
concentrations of TNF-a were elevated in HFrEF, whereas interleukin-113 (IL-1[3)
and interleukin-12 (IL-12) were higher in HFpEF (Seiler et al., 2016). However
recent research showed that serum concentrations of IL-1B are not different
between patients with HFpEF, HFrEF and sedentary controls (Adams et al.,
2021). HFpEF patients have also shown elevated concentrations of growth
differentiation factor-15 (GDF-15), a hormone produced in response to
mitochondrial, metabolic and inflammatory stress, and this was associated with
higher levels of Kynurenine, a biogenic amine and metabolite of tryptophan

(Bekfani et al., 2022).
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Elevated IL-6 and TNF-a concentrations are known to activate the NF-kB
signalling pathway, which modulates immune, inflammatory and cell proliferative
responses, thereby exacerbating the physiological state of skeletal muscle
(Mourkioti & Rosenthal, 2008). In HFrEF patients, pro-inflammatory cytokines
can promote the generation of reactive oxygen species (ROS) and activate
FOXO proteins, which trigger the expression of atrogenes MuRF1 and MAFbx
(von Haehling et al., 2017). However, this interaction between pro-inflammatory
cytokines, ROS and protein degradation remains unexplored in HFpEF, with
some data causing further complication by showing HFpEF reduced muscle
ROS and proteolysis in hypertensive rats (Bowen et al., 2015; Seiler et al., 2016).
To date, only systemic inflammation has been studied in HFpEF, whereas local

inflammation in the skeletal muscle remains unexplored.

1.6.2 Protein degradation

Increased expression levels of MURF1 and MAFbx and increased ubiquitinated
proteins and proteasome activity have been observed in HFpEF patients when
comparing to healthy controls (Goto et al., 2020; Adams et al., 2021).
Impairments in the UPS or related proteins have also been observed in animal
models of HFpEF including obsese-ZSF1 rats and DSS rats (Bowen et al.,
2017b; Goto et al., 2020), while pharmacological inhibition of MuRF1 (via small
molecules) attenuated HFpEF-induced impairments in muscle atrophy and
dysfunction in obese-ZSF1 rats (Adams et al., 2022). In terms of autophagy, the
ratio of LC3 I/ll was down regulated in human muscle biopsies and obese-ZSF1
rats (Goto et al., 2020), which is in accordance to previous research (Bowen et

al., 2018). Taken together, these observations demonstrate that changes to both
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UPS and autophagy are present in HFpEF, with obese ZSF1 rats closely
reflecting changes in patients. Compared with HFrEF and healthy controls,
HFpEF patients showed increased skeletal muscle myostatin expression and
this was associated with impaired muscle strength (Bekfani et al., 2020).
Furthermore, various studies have reported that myostatin is increased in the
serum (Gruson et al., 2011), skeletal muscle (Lenk et al., 2012) and heart
(Fernandez-Sola et al., 2011) of HFrEF patients, while myostatin deletion from
heart prevented skeletal muscle atrophy in HFrEF mice (Heineke et al., 2010).
Taken together, these findings suggest that skeletal muscle protein degradation
in HFpEF is likely mediated by myostatin, although direct evidence still is

missing.

1.6.3 Protein synthesis

To date, limited studies in HFpEF have focused on muscle growth and anabolic
resistance (impaired protein synthesis). How HFpEF affects mTOR signalling
and protein synthesis in skeletal muscle remains to be elucidated. Data from a
mixed HF patient (HFrEF n = 6; HFpEF n = 5) study showed that phospho- or
total protein contents of mTOR, 4E-BP1 and S6K1 in skeletal muscle were not
different between HF patients and healthy controls, although phospho-
MTOR/MTOR was associated to knee extensor strength (Toth et al., 2011). In
relation to the IGF1 axis, some (Barroso et al., 2016; Bruno et al., 2020) but not
all (Faxén et al., 2017) human studies showed that HFpEF patients have reduced
IGF1 serum levels. Further, HFpEF (DSS) rats exhibited lower IGF1 gene
expression in the soleus muscle compared to controls (Seiler et al., 2016); yet,

this remains to be confirmed in skeletal muscle of HFpEF patients. Maintenance
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of muscle mass is also regulated by the anabolic effects of testosterone and a
recent study demonstrated that 37% of HFpEF patients had testosterone
deficiency (Bruno et al., 2018), but the interaction on skeletal muscle in HFpEF
remains to be established. In addition to increases in net protein synthesis via
Akt-mTOR signalling axis, muscle hypertrophy can occur by addition of new
myonuclei via SC. The role of SC on skeletal muscle mass at baseline or in
response to mechanical stimuli in HFpEF remains unexplored, although HFrEF
studies have provided promising data. For example, muscle regeneration was
reduced in HFrEF mice and was accompanied by a blunted increase expression
of AT2R, an important regulator of SC differentiation (Yoshida & Delafontaine,
2016). Further, skeletal muscle myoblasts from HFrEF patients showed reduced
proliferative activity with similar morphological and myogenic differentiation
responses (Sente et al., 2016). In contrast, another study found that functional
properties of muscle stem cells from HF patients are not dramatically affected
(Dmitrieva et al., 2019). More research is clearly needed to determine whether
SC contribute to the skeletal muscle deficits associated with HF and especially

HFpEF.

1.7 Treatments of skeletal muscle weakness in HFpEF

1.7.1 Exercise training

Exercise training remains the only proven treatment to improve skeletal muscle
health in HF. In the first single-blinded randomized exercise trial (4 months
endurance exercise training x 3 day/week) in older HFpEF patients, VOzpeak,
exercise time, 6-minute walk distance, and physical quality of life were all

improved without altering cardiac function and structure (Kitzman et al., 2010).
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This highlights non-central organs as key determinants of exercise tolerance in
HFpEF rather than cardiac factors alone, which is supported by other studies
(Edelmann et al., 2011). Importantly, however, these trials were mainly focused
on the cardiorespiratory function and little is known about how exercise directly
affects skeletal muscle structure and function in this syndrome with most data
coming from experimental models. The ZSF1 HFpEF rat model was evaluated
after 8 weeks of high-intensity interval training (3 x week; 4 intervals at 90%
VOzpeak for 4 minutes, with 3 minutes of recovery at 60% VOzpeak) Or moderate-
continuous training (5 x week at 60% VOzpeak) and muscle impairments could not
be reversed by exercise training (Bowen et al., 2017b; Bowen et al., 2018).
Collectively, these studies suggest that, although exercise can clearly improve
the quality of life of this population, further research is still needed on how it

affects skeletal muscle.

1.7.2 Nutritional treatment

Nutrition can influence skeletal muscle structure and function, but little is known
about its therapeutic potential in HF patients. To date, one study investigated the
effects of caloric restriction (CR) in obese-HFpEF patients for 20 weeks and
confirmed diet significantly increased VOgzpea, thigh muscle area, muscle
function, and quality of life scores (Kitzman et al., 2016). Importantly, the
combination of diet and exercise produced a synergistic effect (Kitzman et al.,
2016). This identifies CR as a potential effective therapy to counteract the HFpEF
pathology, potentially by benefiting skeletal muscle defects. Other nutritional
treatments implemented in HFrEF patients that may have benefits to skeletal

muscle and be relevant for HFpEF include amino acid supplementation (Aquilani
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et al., 2008) dietary (inorganic) nitrates (McDonagh et al., 2019), vitamin D
supplementation (Jiang et al., 2016) and omega 3 polyunsaturated fatty acids

(PUFA) (Mehra et al., 2006).

1.7.3 Pharmacological treatment

Whether clinical medications used in HFpEF (e.g., SGL2I, ARNI) benefit skeletal
muscle to provide functional and clinical benefits remains poorly explored, but
encouraging data exists in HFrEF. A small study in HFrEF patients showed that
a 6-month treatment with the ACEI Enalapril (n = 8) or Losartan (n = 8) improved
exercise capacity and reversed fibre type shifts (Vescovo et al.,, 1998). In
addition, the magnitude of myosin heavy chain (MHC) changes was associated
with improvements in exercise capacity (Vescovo et al., 1998), while Enalapril
may prevent cardiac cachexia (Anker et al., 2003). Importantly, the ARNI
Entresto, which combines Valsartan and Sacubitril, has been proven to be
superior to Enalapril in HFrEF patients regarding cardiovascular deaths and HF
hospitalizations (McMurray et al., 2014). However, compared to Valsartan,
Entresto failed to reduce the same endpoints in HFpEF patients (n = 4822)
(Solomon et al.,, 2019). Further, a recent study demonstrated that Entresto
improved cardiac measures in HFpEF rats but did not impact gross measures of
muscle wet-mass and function (Schauer et al., 2021). MRA have also shown
beneficial effects on muscle quality in hypertensive rats (Hernandez et al., 1996)
and on exercise capacity in HFpEF patients (Edelmann et al., 2013). Taken
together, these findings suggest that cardiovascular medications including
SGLT2Il, ACEl and MRA may improve exercise capacity in HFpEF patients, but

their impact on skeletal muscle structure and function remains unclear. Other
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specific medications used in HFrEF that may benefit muscle atrophy include
ghrelin (Nagaya et al., 2004), testosterone (Toma et al., 2012) and myostatin
inhibitors (Jasuja & LeBrasseur, 2014) although neutral findings or side effects
such as diarrhoea, confusion and involuntary muscle contractions are common
(Jasuja & LeBrasseur, 2014). Overall, more research is needed to identify

effective pharmacological treatments for HFpEF-associated muscle deficits.

1.8 Overall aims and objectives of thesis

HFpEF is characterised by a skeletal muscle pathology that remains poorly
understood with limited treatments. This is partly due to the muscle phenotype
in HFpEF remaining poorly defined, which has prevented clear therapeutic
targets being identified and developed. Indeed, it remains poorly tested if
pharmacological drugs used to treat the HFpEF condition directly benefit skeletal
muscle health, as is the case for other non-pharmacological treatments such as
exercise training or CR. As such, the overall aim of this thesis is to reveal new
insights into the fundamental mechanisms underlying the skeletal muscle
pathology in HFpEF by examining the effects of pharmacological,
exercise/mechanical-load, and nutritional interventions. Using a well-established

obese-experimental rat model, this thesis aimed to:

I. Comprehensively characterise skeletal muscle function, morphology,

and vascularity in HFpEF.

il. Determine whether clinically relevant cardiovascular medications

improved the skeletal muscle phenotype in HFpEF.



26

iii. Determine if skeletal muscle hypertrophy is reduced following

increased mechanical-load in HFpEF.

iv. Determine if caloric restriction could restore skeletal muscle health in

HFpEF.

We hypothesized that HFpEF is characterised by a skeletal muscle pathology,
but this can be partially reversed following treatment with pharmacological,

exercise, and/or dietary interventions.
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Chapter 2 General methods

2.1 Ethical approval

This thesis includes four studies. All procedures and experiments included in
Results 1, IlIl, and IV were performed in accordance with the UK Scientific
Procedures (Animals) Act 1986 and local approval was given by the University
of Leeds Animal Welfare and Ethical Review Committee. Experiments in Results
Il were performed with collaborators at University of Oslo, Norway, and approved
by the Norwegian Food Safety Authority committee (Mattilsynet) for animal
research (FOTS protocol number 15886) in accordance with the national
regulations, the European Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes (ETS No0.123), and the
European Directive 2010/63/EU on the protection of animals used for scientific

purposes.

2.2 Animals

Male obese (HFpEF) and lean (controls) diabetic Zucker fatty/spontaneously
hypertensive heart failure F1 hybrid (ZSF1) rats were purchased from Charles
River at 13-18 weeks of age. This hybrid rat is a cross between a ZDF female
and an SHHF male rat. While both lean and obese ZSF1 rats inherit the
hypertension gene, only the obese ZSF1 rats inherit a mutation in the leptin
receptor gene (LeprLepre?/Crl) that drives weight gain and metabolic
impairments associated with typical signs of HFpEF developing as early as 10
weeks of age (Schauer et al., 2020) and well established after 20 weeks (Leite

et al., 2015; Franssen et al., 2016; van Dijk et al., 2016; Bowen et al., 2017b). All
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rats were kept at a 12 h light/dark cycle. Unless stated, rats were fed ad libitum

with standard chow and access to water.

2.3 Cardiometabolic function

Hearts were perfused and immersion fixed ex vivo using low osmolality
Karnovsky’s fixative, then imaged using a diffusion-weighted fast spin echo
sequence at a resolution of 120 um isotropic (Teh et al., 2016). These data were
used to calculate mean thicknesses of the left and right ventricular free walls and
the septum, for tissue located in the middle third of the distance between the
base and apex of the appropriate ventricular cavity. Myocyte helix angles
(quantifying myocyte inclination with respect to the short axis of the heart) were
extracted from regions in the left and right ventricular free walls and the septum
as previously described (Benson et al., 2011); myocyte disarray in these regions
was quantified using the R? of a 5™ order polynomial fit to the helix angles plotted
as a function of transmural distance (Benson et al., 2008). All DT-MRI analyses
were carried out using in-house software. Cardiometabolic impairments were
confirmed by measures of body weight, mean arterial pressure (via an implanted
carotid catheter (PP10)) with a blood pressure transducer (BP transducer, AD
Instruments, UK) and blood glucose levels (via a commercial blood glucose

meter (FreeStyle Mini Meter).

Cardiac function was assessed by transthoracic echocardiography using a
VEVO 3100 high-resolution in vivo imaging system from VisualSonics. Briefly,
animals were maintained under anesthesia (1.5-2% isoflurane mixed with

oxygen) on a pre-warmed ECG transducer pad with body temperature and ECG
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monitored. Measurements were made with an MS250 transducer, frequency set
at 20 MHz. B-mode measurements in the parasternal long axis view were
obtained to assess the function and dimension of the left ventricle (LV). M-mode
tracings through the aortic root and the left atrium (LA) were used to assess LA
diameter. LVEF was calculated as 100 * ((LV Vol;d - LV Vol;s) / LV Vol;d). LV
mass was estimated by the formula: 1.053 * ((LVID;d + LVPW;d + IVS;d)3 -
LVID;d3). Relative wall thickness (RWT) was calculated as 2 * LVPW;d /
LVID;d.7 E and A waves in LV filling velocities were assessed via pulsed-wave
Doppler in the parasternal long axis view. Early (E wave) and late (A wave)
ventricular filling velocities were assessed via pulsed-wave Doppler in an apical
4-chamber view. Myocardial velocities (e' and A') were measured using tissue
Doppler imaging at the level of the basal septal segment of the LV in an apical
4-chamber view. Cardiac output (CO) was estimated from the dimension of the

LV on the M-mode view.

2.4 Synergist muscle ablation

To induce EDL hypertrophy, unilateral synergistic surgical ablation of the tibialis
anterior (TA) muscle was performed as previously described (Frischknecht &
Vrbova, 1991). Briefly, rats were weighed and anaesthetised with an
intraperitoneal injection of chloralhydrate (45 mg.100 g body mass). Under
aseptic conditions, the TA muscle was then separated from the underlying
structures by blunt dissection and cut as close as possible to its proximal
insertion, ensuring that no damage to surrounding tissue occurred, while keeping
the EDL muscle insertion intact. The contralateral limb was used for sham

surgery, in which TA and EDL muscles were identified but not separated. During
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recovery from surgery, all rats received a subcutaneous injection of the analgesic
buprenorphine (0.03 mg/kg body weigh). All rats were ambulatory throughout the
14-day experimental period, and no postoperative complications were detected.
The compensatory overload model allows a paired comparison between
contralateral and overloaded muscles, which avoids biases resulting from the

use of different animals (Thomson & Gordon, 2006).

2.5 In situ muscle performance and femoral artery blood flow

In situ measurements of muscle function and blood flow were made under
surgical anaesthesia, which was induced with isoflurane (4 % in 100 % oxygen)
and maintained throughout experiments by constant syringe pump infusion (30-
35 mg kg hl) of Alfaxalone (Jurox, Crawley, UK) delivered via an implanted
jugular vein catheter. In situ functional assessment of muscle performance was
determined as previously described (Egginton & Hudlicka, 1999; Tickle et al.,
2020). In brief, EDL isometric twitch force was recorded via a lever arm force
transducer (305B-LR: Aurora Scienctific, Aurora, ON, Canada) following surgical
extirpation of the overlying synergist TA muscles. Electrical stimulation of the
EDL (0.3 ms pulse width) was accomplished via electrodes placed adjacent to
the popliteal nerve (Hudlicka et al., 1977), with initial electrical pulses (1 Hz)
delivered to determine optimal muscle length and supramaximal current delivery.
Simultaneous measurement of bilateral blood flow was facilitated by placement
of perivascular flow probes (0.7PSB; Transonic, Ithaca, NY, USA) on the
proximal portion of the femoral artery, adjacent to the profunda femoris
bifurcation (Tickle et al., 2020). Quantification of resting and end stimulation
flows enabled determination of the functional hyperaemia recruited during

stimulation (see Figure 2.1). Blood flow data is provided (ml min) and after
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normalisation for blood pressure variation, vascular conductance (ml mint mm
Hg?). All data were recorded via PowerLab and LabChart software (AD

Instruments, UK).

EDL twitch and maximal tetanic force, as well as fatigue resistance, were also
assessed. Fatigue resistance was quantified by monitoring isometric force
throughout a period of continuous 10 Hz stimulation for 3 min. A fatigue index
(FI) was then calculated as: (end-stimulation twitch tension/peak twitch tension)
x 100. An average of five consecutive twitches was used to quantify end
stimulation and peak EDL tension. Differences in the magnitude of the absolute
tetanic force generated between groups were taken into account by employing a
second bout of fatigue stimulation, such that absolute forces in HFpEF were
initially similar to those attained in controls (i.e., matched initial force) (Ferreira
et al., 2010). This protocol is relevant for clinical translation of muscle fatigue,
where daily tasks in patients are often dependent upon absolute rather than
relative force. Thus, by adjusting the stimulation frequency in HFpEF rats to
around 25 Hz, tetanic force was increased and matched to the level recorded in
the lean group, with fatigue allowed to proceed over 3 min. In addition, tetanic
force production was quantified by 200 Hz stimulation (200 ms duration) after a
minimum of 10 min recovery from fatigue, as determined by restoration of pre-
fatigue resting blood flow. All protocols were performed in exactly the same order
for each rat, thus minimising any effects of methodological variation. Force is

presented in absolute units (g) and normalised to wet mass (g mg™).
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Perivascular flow
probe

Stimulating
electrodes

Figure 2.1. In situ assessment of muscle performance and femoral artery
blood flow. Extensor digitorum longus (EDL) muscle was electrically stimulated
(0.3 ms pulse width) via electrodes placed adjacent to the popliteal nerve, while
isometric force was recorded via a lever arm force transducer. Simultaneous
measurement of bilateral blood flow was facilitated by placement of perivascular
flow probes (a-c).

2.6 In vitro functional assessment

Immediately following euthanasia, the soleus and diaphragm were excised and
prepared in a Krebs-Henseleit solution (117 NaCl, 4.7 KCI, 1.2 MgSQOa, 1.2
KH2PO4, 24.8 NaHCOs3, 2.5 CaClz, 11.1 glucose; in mmol I'1) at 4°C equilibrated
with 95% 02 /5% CO:a. For the soleus, silk sutures (4.0) attached to tendons at
either end were used to suspend the muscle vertically in a buffer-filled organ bath
between a hook and a length-controlled lever system (305C, Aurora Scientific,
Aurora, Canada). In vitro field stimulation using platinum electrodes was
provided via a high-power bipolar stimulator (701C, Aurora Scientific) outputting
supramaximal current (700 mA; 1 s train duration; 0.25 ms pulse width). After
optimal contractile length (L) was determined, the muscle was
thermoequilibrated in a Krebs-Henseleit solution for 15 min at ~21°C (Bowen et
al., 2017a). For the diaphragm, a bundle of muscle fascicles (~2-3 mm wide) was
removed from the medial section of the left costal diaphragm leaving two ribs

and a section of the central tendon intact. The muscle bundle was transferred to
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a flow-through muscle chamber and anchored between a base and ergometer
(series 300B-LR, Aurora Scientific Inc.) and stimulated through parallel platinum
electrodes using a stimulus isolation unit (0.2 ms pulse width; UISO model 236,
Hugo Sachs Elektronik). After L, was determined, the diaphragm bundle was
thermoequilibrated in a Krebs-Henseleit solution for at least 15 min at 37°C. Each
muscle was circulated with oxygenated (95% 02/5% CO2) Krebs-Henseleit

solution throughout each experiment.

The soleus underwent two protocols: isometric force-frequency and isotonic
force-velocity. The force-frequency relationship was determined in response to
pulses at 1, 15, 30, 50, 80, 120 and 150 Hz, with 1 min of recovery between
contractions. After a 5 min period in which muscle length was measured using
digital callipers, the soleus was subjected to a series of after loaded-isotonic
contractions to determine the force-velocity relationship, where the muscle was
allowed to shorten against external loads (80 - ~5% of the maximal tetanic force;
each separated by 1 min for the soleus or 5 min for the diaphragm) after being
stimulated at 150 Hz for 300 ms. Shortening velocity was determined 10 ms after
the first change in length and on the linear section of the transient (605A DMA
software, Aurora Scientific). For the diaphragm, maximal isometric twitch and
tetanic (250 ms train at 150 Hz), isotonic force-velocity (as above), and work-
loop protocols were performed. Muscle performance assessed using the work
loop technique included simulating performance in vivo, by subjecting the muscle
to cyclical length changes and phasic stimulation (Josephson, 1985). A
sinusoidal length change at a range of cycle frequencies (1-15 Hz) and strain
amplitude of 0.065 Lo was imposed on the muscle and, for each cycle frequency,

the timing and duration of stimulation were optimised to maximise net work.
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Isometric tetanic contractions and cyclical contractions at 5 Hz were performed
periodically to monitor any decline in the preparation, assessed by expressing
isometric stress (isotonic contractions) and net work relative to maximal values.
A linear decline in performance was assumed in correcting data for preparation
decline. A period of 5 min was allowed following isotonic and work loop
contractions for recovery. To assess the muscle’s ability to sustain work, a
fatigue test was done by subjecting the muscle to a series of cyclical contractions
(cycle frequency 2 Hz, strain amplitude 0.065 Lo, phase - 20 ms relative to peak
length, 210 ms stimulation duration). Custom software was used to control
muscle length and stimulation and to acquire length and force data (CEC
Testpoint version 7) via a D/A data acquisition card (DAS1802A0, Keithley
Instruments). Data were acquired at a sample frequency of 10 kHz (isometric

and isotonic) or 1000 x cycle frequency (work loops).

At the end of each experiment, the muscle was blotted on paper tissue and wet
mass recorded. Force (N) was normalised to muscle cross-sectional area (CSA,;
cm?) after dividing muscle mass (g) by the product of Ly (cm) and estimated
muscle density (1.06 g/cm?) to allow specific-force (i.e., stress) in N/cmzto be
calculated (Close, 1972). Shortening velocity was normalised to optimal muscle
length (in Ly/s), while power was calculated as the product of shortening velocity
and force normalised to muscle mass (in W/kg). Twitch properties (i.e., peak
force, time-to-peak tension and half relaxation time) as well as maximal isometric
tetanic force (i.e., P,) were calculated. A hyperbolic-linear relationship was fit to
the force-velocity data to determine the maximum shortening velocity (V;,,4:),
peak isotonic power (W,,,,) and the power ratio (W,,4,/(Po X Vinaz)), @ Measure

of the curvature of the force-velocity relationship (Marsh & Bennett, 1986).
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2.7 Mitochondrial respiration

In situ mitochondrial respiration (JO2) was assessed in permeabilised EDL
muscle fibres using high resolution respirometry (Oxygraph-2k: Oroboros
Instruments, Innsbruck, Austria), as described elsewhere (Bowen et al., 2015).
Samples were dissected in BIOPS solution (Table 2.1), permeabilized in saponin
(50 pg/ml) for 30 min, washed (twice) in MIR06 for 10 min, weighed and
immediately transferred to the chambers of the high-resolution respirometer,
where each chamber contained 2 mL of MiRO5 at 37°C. Chambers were
oxygenated (=450 nmol-mL™) before starting the experiments. A standard
described substrate, uncoupler, and inhibitor titration (SUIT) protocol (Grassi et
al., 2017) was then used for measuring leak respiration with complex | substrates
(Li) and oxidative phosphorylation with complex | (P1) and complex I+l substrates
(Pi+11) as well as uncoupled respiration in the presence of complex I+l (Ei+i) and
complex Il substrates (Eun). Substrates were injected in the following order:
blebbistain (2 yL), glutamate (10 yL), malate (2.5 uL), pyruvate (5 pL), ADP (10
uL), cytochrome ¢ (5 pL), succinate (20 pyL), FCCP (1 pL), rotenone (5 uL),
antimycin A (5 pL), ascorbate (5 uL), TMPD (5 yL) and sodium azide (10 pL).
Cytochrome ¢ was added to evaluate the integrity of the mitochondrial outer
membrane (samples with a >15% increase in respiration rate were excluded)
and intrinsic function was assessed following normalization to mitochondrial
content (complex IV activity; Ci) in addition to the coupling efficiency (i.e.,
respiratory control ratio, RCR: complex | phosphorylated state/complex | leak

respiration).
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Table 2.1. Solutions and compounds used to make BIOPS

SouonConpoung 0 MO Stock * Aditnto L Sous
CaK:EGTA 277 mM 100 27.7ml

K:EGTA 7.23 mM 100 72.3 ml

Na2ATP 5.77 mM 551.01.00 3.141¢ Sigma A2383
MgClz-6 H20 6.56 mM 203.03.00 1.334¢g Sigma M9272
Taurine 20 mM 125.01.00 2.502 g Sigma T0625
NazPhosphocreatin 15 mM 255.01.00 4.097¢g Sigma P7936
Imidazole 20 mM 68.01.00 1.362 g Sigma S6750
Dithiothreitol 0.5 mM 154.02.00 0.077¢g Sigma D0632
MES hydrate 50 mM 195.02.00 9.76 g Sigma M0895

2.8 Histological analyses

Mid-portions of the right costal diaphragm and limb muscles (EDL and soleus)
were mounted in optimal cutting temperature embedding medium (Thermo
Scientific, Loughborough, UK), frozen in liquid nitrogen-cooled isopentane and
stored at -80°C. To identify muscle fibre types, sections (10 pym thick) were fixed
for 2 minutes in 2 % paraformaldehyde, washed in phosphate-buffered saline
(PBS; P4417, Sigma-Aldrich, St Louis, MO) and blocked for 10 minutes in 1%
BSA (A6003, Sigma-Aldrich, St Louis, MO). Sections were then incubated for 60
min with monoclonal-myosin heavy chain (MHC) antibodies BA-D5 (IgG2B,
1:1000) and SC-71 (lgG1, 1:500) for Type | and Type lla fibres, respectively
(Developmental Studies Hybridoma Bank, lowa City, IA, USA). The remaining
unstained fibres were considered to be Type IIb/lIx, as previously validated (Al-
Shammari et al., 2019). After washing in PBS, sections were incubated for 60
min with secondary antibodies Alexa Fluor 555 (conjugated goat anti-mouse IgG,

1:1000, A-21422, Thermo Fisher Scientific, Waltham, MA) and Alexa Fluor 488
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(conjugated rabbit anti-mouse 1gG, 1:1000, A11059, Thermo Fisher Scientific,
Waltham, MA). Muscle fibre boundaries were labelled with a rabbit anti-laminin
antibody (1:200; L9393, Sigma-Aldrich, St Louis, MO), an extracellular matrix
glycoprotein within the basement membrane. Finally, capillaries were stained
with a carbohydrate-binding protein (lectin) specific to rodent endothelial cells,
Griffonia simplicifolia lectin | (GSL I; Vector Labs, Peterborough, UK; FL-1101).
Slides were then imaged at magnifications of x10 (soleus and EDL) and x20
(diaphragm) using the Nikon Eclipse E600 (Nikon, Tokyo, Japan) optical
microscope attached to a digital camera (QIMAGING, MicroPublisher™ 5.0 RTV,
Surrey, BC, Canada). Subsequent image analysis with the stand-alone graphic
user interface, DTect, and a MATLAB-based oxygen transport modeller (The
MathWorks, Cambridge, United Kingdom; (Al-Shammatri et al., 2019)) enabled
calculation of fibre-type-specific cross-sectional area (FCSA), capillary-to-fibre
ratio (C:F), capillary density (CD), capillary domain area (CDA), local capillary-
to-fibre ratio (LCFR), local capillary density (LCD) and estimated tissue oxygen
tension (PO2). Multiple regions of interest of each muscle (3 for the diaphragm
and 2 for the EDL and soleus) were randomly assigned to establish an unbiased
counting frame, taking into account the regional heterogeneity across muscles
(Kissane et al., 2018). In general, each region of interest of the soleus and EDL

muscle contained ~ 150 fibres and the diaphragm ~ 70 fibres.
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Figure 2.2. Histological analysis of fibre type and capillarity. Fibre
segmentation and isoform identification was performed using Dtect, which is
coded in MATLAB. This software identifies the blue stained lamina (a, b) to
delineate fibre boundaries with a magenta outline (c). Dtect then uses the
different MHC isoform stains to classify all fibres into the three primary
phenotypes: types |, lla, and llb/lIx (d). Capillaries are manually identified on the
fibore boundaries (e, f), which are then used to generate fibre type-specific
morphometric indices of capillarisation.

To characterise muscle fibrosis, soleus cryosections were stained with Sirius red
(Sigma-Aldrich, St Louis, MO, USA). Briefly, sections (10 uym thickness) were
hydrated with distilled water, incubated with Picro-Sirius Red (1 h), rinsed in
acetic acid solution (0.5%), and dehydrated in absolute alcohol. The relative area

of the sections occupied by Sirius red staining was then calculated using ImageJ

software.

EDL cryosections (10 pm thickness) were stained with DAPI to quantify the
number of nuclei per fibre. Sections were fixed for 2 minutes in 2%
paraformaldehyde, washed in PBS (P4417, Sigma-Aldrich, St Louis, MO) and
blocked for 10 minutes in 1% BSA (A6003, Sigma-Aldrich, St Louis, MO). Muscle

fibre boundaries were labelled with a rabbit anti-laminin antibody (1:200; L9393,
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Sigma-Aldrich, St Louis, MO). Sections were then incubated for 60 min with
Alexa Fluor 488 (conjugated rabbit anti-mouse 1gG, 1:1000, A11059, Thermo
Fisher Scientific, Waltham, MA) and mounted in slides using mounting medium
with DAPI. Three washes with PBS were performed between each step.
Myonuclei and fibres were manually counted in images using ImageJ software.
A nucleus was identified as a myonucleus if it met one of the following criteria:
1) it was clearly located within the fibre boundary; 2) it was on the boundary
facing inside the fibre; or 3) >50% of the area fell inside the fibre boundary (Liu

etal., 2013).

2.9 In silico muscle PO2 modelling

Our model applied mathematical and computational frameworks to generate
theoretical predictions of the cross-sectional distribution of POz in the EDL,
soleus and diaphragm using a custom MATLAB ‘oxygen transport modeller’, as
previously described (Al-Shammatri et al., 2019). Briefly, using digitised images
of muscle cryosections, individual fibre boundaries were identified, a phenotype
assigned, and capillary locations defined. A computational framework was then
established allowing a mathematical mesh of equations to be superimposed on
realistic geometry. Tissue POz measurements were then derived by
incorporating estimates (applied similarly in each group) of capillary radius (1.8—
2.5x10%cm), muscle oxygen consumption (15.7x10°ml O.ml"'s™),
myoglobin concentration (10.2 x 102 ml Oz ml-"), Oz solubility (3.89 x 10-° ml
O: mI"* mmHg~") and diffusivity (1.73 x 107 cm? s™') as detailed elsewhere (Al-
Shammari et al., 2019), with direct measurement of these specific parameters

beyond the scope of the present study described (Tickle et al., 2020). As such,
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any differences between groups in terms of mitochondrial function (or other
assumed variables) were not accounted for in our model. Relevant biophysical
parameters affecting Oz diffusion from reputable sources were used in the
mathematical model to generate predictions of the cross-sectional distribution of
POz in a muscle biopsy under simulated resting and maximal oxygen
consumption conditions. As with all biological models, inherent limitations
prevent full characterisation of the wide myriad of interacting variables; however,
relative changes within a given tissue were the key output and are likely robust.
In line with former studies (Al-Shammari et al., 2019), compensation for
differences in many parameters, e.g., myoglobin saturation, have relatively small
effects on the documented outcomes due to the dominant effect of capillary

supply and fibre size on peripheral Oz transport.

2.10 Protein extraction and western blot analysis

Frozen muscle samples were homogenized in RIPA buffer (50 mM Tris, 150 mM
sodium chloride, 1 mM EDTA, 1% NP-40, 0.25% sodium-deoxycholate, 0.1%
SDS, 1% Triton X-100; pH 7.4) containing a protease and phosphatase inhibitor
cocktail (Thermo Scientific A32961), sonicated, and centrifuged at 13,000 rpm
for 10 min. The supernatant was collected, and protein content was quantified
via BCA assay (Thermo Scientific 23225). Muscle homogenates with equal
amounts of protein (20 pg) were mixed with loading buffer (126 mmol/L Tris-HCI,
20% glycerol, 4% SDS, 1.0% 2-mercaptoethanol, 0.005% bromophenol blue; pH
6.8), and separated by electrophoresis (1.5 hours at 90 V) on 8%-12% sodium
dodecyl sulfate polyacrylamide gels and transferred to a nitrocellulose

membrane (Amersham™ Protran® GE10600003). Membranes were stained
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with Ponceau S to determine total protein content and rinsed with Tris-buffered
saline/Tween solution (0.5 M NaCl; 50 mM Tris—HCI, pH 7.4; and 0.1% Tween
20). Membranes were then blocked with 5% milk or 5% BSA, and incubated
overnight at 4°C with primary antibodies (see Table 2.1). After a 5-min wash (3x)
in Tris-buffered saline/Tween solution, membranes were incubated with
secondary antibodies (Table 2.2) for 1 h at room temperature. Membranes were
again washed for 5 min (3x) in Tris-buffered saline/Tween solution, and labelled
proteins were detected using an enhanced chemiluminescence system
(iBright750, Invitrogen by Thermo Fisher Scientific CL750) and densitometry
guantified using ImageJ software (Scion Corp., National Institutes of Health,

Bethesda, MD, USA).

Table 2.2. Antibodies used for western blot analysis

Primary antibodies Dilution Company
4EBP1 1:1000 Cell Signaling Technology
p-4EBP1 1:1000 Cell Signaling Technology
S6 1:1000 Cell Signaling Technology
p-S6 1:1000 Cell Signaling Technology
AMPK 1:1000 Cell Signaling Technology
p-AMPK 1:1000 Cell Signaling Technology
Drpl 1:1000 Cell Signaling Technology
p-Drpl 1:1000 Cell Signaling Technology
ACC 1:1000 Cell Signaling Technology
p-ACC 1:1000 Cell Signaling Technology
ACL 1:1000 Cell Signaling Technology
p-ACL 1:1000 Cell Signaling Technology
p62 1:1000 Cell Signaling Technology
MuRF1 1:1000 Santa Cruz Biotechnology
PGC-1a 1:1000 GeneTex

OPA1 1:1000 Sigma-Aldrich

Puromycin 1:500 Sigma-Aldrich

Secondary antibodies Dilution Company
Anti-mouse IgG 1:2500 Cell Signaling Technology
Goat anti-mouse IgG2a 1:2500 Cell Signaling Technology

Anti-rabbit 1IgG 1:2500 Cell Signaling Technology
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Chapter 3 Results I. Abnormal skeletal muscle blood flow,
contractile mechanics, and fibre morphology in a rat model
of obese-HFpEF

3.1 Introduction

Increasing prevalence of heart failure with preserved fraction (HFpEF) in the
absence of recognised pharmaceutical treatment represents one of the biggest
challenges to modern cardiology (Butler et al., 2014; Sharma & Kass, 2014;
Fukuta et al., 2016). While the primary pathology of HFpEF is of cardiac origin,
there is a poor correlation between heart dysfunction and the main symptom of
exercise intolerance (Haykowsky & Kitzman, 2014). Many clinical trials have
shown cardiac-orientated drugs are not associated with beneficial outcomes
(Shah et al., 2016). Recent investigations, therefore, have suggested non-
cardiac ‘peripheral’ factors as major mechanisms limiting functional capacity and
quality of life in patients with HFpEF, with skeletal muscle abnormalities receiving
much attention (Adams et al., 2017; Poole et al., 2018; Zamani et al., 2020). For
example, animal and human studies have shown that HFpEF is associated with
various skeletal muscle impairments that are closely associated with exercise
intolerance and lower quality of life, including lower skeletal muscle mass and
strength (Bekfani et al., 2016), generalized fibre atrophy (Bowen et al., 2018), fat
infiltration (Haykowsky et al., 2014; Zamani et al., 2020), reduced capillary-to-
fibre ratio (Kitzman et al., 2014; Bowen et al., 2018), reduced mitochondrial
function and content (Bowen et al., 2015; Molina et al., 2016; Bowen et al.,
2017b), disrupted high-energy phosphate metabolism (Bhella et al., 2011a;
Weiss et al., 2017), and impaired O2 extraction (Dhakal et al., 2015; Houstis et

al., 2018; Zamani et al., 2020).
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Despite recent progress, our current understanding of the skeletal muscle
pathophysiology in HFpEF at both the structural and functional level is at its
infancy, with only limited experimental data available (Poole et al., 2018). For
example, it remains controversial whether leg muscle arterial blood flow (i.e.,
perfusive Oz transport) is impaired during exercise in HFpEF due to lack of direct
measurements (Hundley et al., 2007; Haykowsky et al., 2013b; Lee et al.,
2016a), while fibre-type specific measures quantifying the degree of atrophy,
capillary rarefaction, and muscle PO2 remain poorly explored with only global
indices of capillarisation being reported (Kitzman et al., 2014; Bowen et al., 2015;
Bowen et al., 2017b; Bowen et al., 2018; Schauer et al., 2020), despite major
studies reporting conflicting findings regarding whether a perfusive or diffusive
Oz transport limitation impairs muscle Oz extraction and thus exercise intolerance
in HFpEF (Dhakal et al., 2015; Houstis et al., 2018; Zamani et al., 2020). In
addition, a knowledge gap exists in relation to potential sites of skeletal muscle
dysfunction in HFpEF (Bowen et al., 2015; Bowen et al., 2017b; Bowen et al.,
2018; Schauer et al., 2020), due to a lack of physiologically-relevant mechanical
measures (i.e., shortening velocity and power) alongside insights into
neuromuscular transmission vs. excitation-contraction failure. Beyond this, the
majority of experimental work has been directed towards characterising the
locomotor muscles despite key evidence showing respiratory muscle dysfunction
is linked to exercise intolerance in HFpEF, as shown by non-invasive patient
measures (Lavietes et al., 2004; Yamada et al., 2016) and direct diaphragm
contractility measures in experimental models (Bowen et al., 2015; Bowen et al.,
2017b). Similar to limb muscle, however, detailed quantification of diaphragm

fibre-type morphology, capillarity, POz, and clinically-relevant functional
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shortening or lengthening mechanical measurements (i.e., as occurs during
breathing) remain largely undefined in HFpEF and are unlikely to follow a similar

response to the locomotor muscles.

The present study, therefore, aimed to provide a more comprehensive
assessment of the skeletal muscle phenotype in HFpEF, by applying in vitro, in
situ, and in silico approaches to a validated obese cardiometabolic rat model,
where ex vivo magnetic resonance imaging was used to characterise the degree
of cardiac remodelling. Specifically, using hindlimb (soleus/EDL) and respiratory
(diaphragm) muscle, we performed global and local fibre type-specific
phenotyping of cross-sectional area, isoform, and capillarity alongside estimated
muscle PO:2. In parallel, we also directly assessed key functional measures
during rest and contractions, including hindlimb blood flow as well as neural- and
direct-muscle stimulated contractile mechanics. We reasoned a better
understanding of the skeletal muscle phenotype in HFpEF across multiple-
system levels would provide important insights for better understanding the
pathophysiology of exercise intolerance in this disease and help direct future

patient experiments and therapeutic development in this field.

3.2 Methods
3.2.1 Ethical approval

All procedures and experiments were performed in accordance with the UK
Scientific Procedures (Animals) Act 1986 and local approval was given by the
University of Leeds Animal Welfare and Ethical Review Committee. All work
conforms to the ethical requirements outlined by The Journal of Physiology

(Grundy, 2015).
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3.2.2 Animals

Obese (n=8) and lean (n=8) ZSF1 rats were compared at 20 weeks of age when
HFpEF develops in the obese strain. All rats were maintained in a 12-hour light/
dark cycle, with standard chow diets (RM1 chow, SDS) and water provided ad

libitum. Full details of animals are provided in Chapter 2 General methods: 2.2.

3.2.3 Cardiometabolic function

Cardiometabolic impairments associated with HFpEF were confirmed by
measures of obesity, arterial pressure (via an implanted catheter with an ADI
blood pressure transducer), blood glucose levels (via a commercial blood
glucose meter) and cardiac remodelling (ex vivo; diffusion tensor imaging). Full

details are provided in Chapter 2 General methods: 2.3.

3.2.4 In situ muscle performance and femoral artery blood flow

In situ EDL contractility (isometric twitch and maximal forces and fatigability) was
assessed under surgical anaesthesia. Simultaneous measurement of bilateral
blood flow was facilitated by placement of perivascular flow probes on the

femoral artery. Full details are provided in Chapter 2 General methods: 2.5.

3.2.5 In vitro functional assessment

A diaphragm fibre bundle and the soleus were mounted vertically in a buffer-filled
organ bath between a hook and force transducer for measurement of in vitro
contractility (isometric and isotonic properties). Full details are provided in

Chapter 2 General methods: 2.6.
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3.2.6 Histological analysis
Analyses of fibre type-specific CSA, C:F, CD, LCFR, LCD and In silico muscle

PO2 were performed on soleus and diaphragm cryosections using DTect and a
MATLAB-based oxygen transport modeller, as previously described (Al-
Shammari et al., 2019). Full details are provided in Chapter 2 General methods:

2.8.

3.2.7 Statistical analyses

Following appropriate checks of normality, between-group differences were
assessed by unpaired two-tailed Student t-tests. Contractile relationships were
analysed as 2-way repeated measures ANOVA followed by Bonferroni post hoc
test, where appropriate. Analyses were performed in GraphPad Prism v.8. Data
are presented as mean+SD, and the level of significance was set at P < 0.05 for

all analyses.

3.3 Results

3.3.1 Cardio-metabolic phenotype

As previously noted (Leite et al., 2015; Franssen et al., 2016; van Dijk et al.,
2016; Bowen et al., 2017b; Schauer et al., 2020), by 20 weeks of age obese-
ZSF1 rats have developed typical metabolic signs associated with HFpEF
including obesity (Figure 3.1a), hyperglycaemia (Figure 3.1b) and hypertension
(Figure 3.1c). In addition, obese rats developed cardiac remodelling typically
associated with HFpEF that included RV hypertrophy (Figure 3.1d), although LV
and septal wall enlargement was not observed at this time point (Figure 3.1e, f)
and this was also similar for myocyte organisation/disarray in the RV, LV or

septum (Figure 3.1g, h).
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Figure 3.1. Cardio-metabolic characteristics. At 20 weeks of age, HFpEF rats
developed obesity (P < 0.001) (a), hyperglycaemia (P < 0.001) (b) and
hypertension (P =0.012) (c). Compared to lean controls, obese HFpEF rats also
showed increased right ventricular (RV) wall thickness (P = 0.034) (d), however
right ventricular (LV) wall and the septum thickness were not different between
groups (P =0.719 and P = 0.849, respectively) (e, f). Left and middle panel: Long
axis cuts (left) and short axis slices (middle) of representative lean (g) and obese
(h) hearts, with myocyte helix (inclination) angle colour coded on the cut
surfaces. Right panel: The helix angle in the RV free wall plotted as a function of
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fractional transmural distance (0.0, endocardium; 1.0, epicardium) for

representative lean (g) and obese (h) hearts. The red solid line is a 5th order
polynomial fit to the data. Myocyte disarray is quantified by the R? of this fit.

3.3.2 Histological and in vitro functional characteristics of the
soleus muscle

As shown in representative muscle sections (Figure 3.2a, b), soleus from obese-
HFpEF rats demonstrated clear atrophy with a 26% lower wet-mass (Figure 3.2¢)
and a 23% lower CSA of both Type | and Type lla fibres (Figure 3.2d) when
compared to lean controls. No Type lix/b fibres were detected in either group.
HFpEF rats also had a lower numerical and areal composition of Type | fibres
(Figure 3.2¢, f), whereas these were higher in Type lla fibres. In addition, HFpEF
rats had a lower C:F (Figure 3.2g) but a higher CD (Figure 3.2h), indicating
atrophy proceeded at a greater rate than capillary loss, while CDA remained
unchanged (Figure 3.2i). Local analyses of capillary distribution revealed that
HFpEF rats had lower LCFR in Type | fibres, although this was unchanged in
Type lla fibres (Figure 3.2j). In contrast, however, LCD in Type | fibres was higher
in HFpEF rats, with no changes in Type lla fibres (Figure 3.2k). To understand
whether HFpEF influenced muscle POz, we simulated muscle oxygen tension
under resting (Figure 3.3a-c) and maximal demand (Figure 3.3d-f). No
differences between groups were found after calculation of muscle oxygenation

at either rest (Figure 3.3c) or maximal rate of oxygen consumption (Figure 3.3f).
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Figure 3.2. Histological features of the soleus muscle. Representative soleus
sections from control (a) and obese-HFpEF (b). Obese-HFpEF rats showed
atrophy in the soleus muscle, with reduced wet muscle mass (P < 0.001) (c) and
reduced CSA in both Type | (P < 0.001) and Type lla fibres (P = 0.001) (d).
HFpEF rats also had a lower numerical and areal composition of Type | fibres (P
= 0.002 and P = 0.043, respectively), whereas these were higher in Type lla
fibres (P = 0.002 and P = 0.005, respectively) (e, f). Moreover, compared to lean
controls, obese rats had reduced C:F (P =0.002) (g), whereas CD was increased
(P =0.027) (h) with no change in CDA (P = 0.059) (i). Finally, local analyses of
capillary distribution showed that HFpEF rats had lower LCFR in Type | fibres (P



50

= 0.011), although this was unchanged in Type lla fibres (P = 0.154) (j). In
contrast, LCD in Type | fibres was increased in HFpEF rats (P = 0.029), with no
changes in Type lla fibres (P = 0.196) (k).
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Figure 3.3. Modelling of soleus muscle oxygen tension. Simulation of muscle
PO:2 at rest (a, b) and maximal rate of oxygen consumption (d, e) in
representative images. There were no significant differences in simulations of
muscle PO:2 at rest (Type I: P = 0.099, Type lla: P = 0.167, all fibres: P = 0.102)
(c) or at maximal rate of oxygen consumption (Type I: P = 0.109, Type lla: P =
0.177, all fibres: P = 0.115) (f). Areas of muscle hypoxia (PO2 < 0.5 mmHg) are
highlighted in blue.
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The soleus generated lower absolute twitch and maximal forces in HFpEF
compared to control rats (Figure 3.4a and Figure 3.4b, respectively), consistent
with muscle atrophy, although after adjustment for muscle cross-sectional area
there were no differences between groups in specific forces (Figure 3.4c and
Figure 3.4d, respectively). Similarly, twitch characteristics of time to peak tension
(Figure 3.4e) and half relaxation time (Figure 3.4f) remained unchanged.
However, HFpEF rats had impairments to both shortening velocity (range 10-17
%) and mechanical power (range 14-22 %) when measured across different
percentages of their maximal force (Figure 3.4g, h), suggesting HFpEF reduces
intrinsic soleus contractile function related to muscle shortening rather than force

generation.
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Figure 3.4. In vitro skeletal muscle function. The soleus of HFpEF rats
showed lower absolute twitch force (P < 0.001) (a) and absolute maximal tetanic
force (P = 0.005) (b), although mass-specific twitch and maximal forces were
similar between groups (P = 0.056 and P = 0.557, respectively) (c, d). Similarly,
time to peak tension and half relaxation time remained unchanged (P = 0.474
and P = 0.603, respectively) (e, f). However, HFpEF rats showed impairments in
shortening velocity and muscle power when measured across different
percentages of their maximal force (30, 40 and 50%) (P < 0.05) (g, h).

3.3.3 In situ muscle function and femoral artery blood flow

EDL muscle wet-mass was 26% lower in HFpEF rats (Figure 3.5a). This
corresponded to lower absolute twitch and maximal forces of 27% and 33%,

respectively (Figure 3.5b and Figure 3.5c, respectively). When normalised to
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muscle mass, twitch and maximal specific forces were not different between
groups (Figure 3.5d and Figure 3.5e, respectively), while relative fatigability was
unaffected (Figure 3.5f). However, HFpEF rats tended to be around 26% more
fatigable during the force-matched protocol (Figure 3.5g). While HFpEF rats had
higher levels of resting femoral artery blood flow (Figure 3.5h), end-stimulation
blood flow was not significantly different between groups (Figure 3.5i). However,
HFpEF rats showed a severely blunted hyperaemic response of 73% increase
in blood flow during repeated contractions (Figure 3.5j). Similarly, impairments in
the hyperaemia calculated using vascular conductance was found in HFpEF
(Figure 3.5k). Overall, this suggests that while obese-HFpEF does not induce
muscle dysfunction related to neuromuscular transmission failure, a severe

decrement to increased leg blood flow in response to exercise is apparent.
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Figure 3.5. In situ EDL contractile function and femoral artery blood flow.
Absolute twitch and maximal tetanic forces of the EDL muscle were lower in
HFpEF rats than in controls (P = 0.016 and P = 0.030, respectively) (b, c).
However, when normalised to muscle mass, which was reduced in HFpEF rats
(P <0.001) (a), these were not significantly affected (P < 0.968 and P = 0.675,
respectively) (d, e). The fatigue index was similar between groups (P = 0.325)
(f). However, HFpEF rats tended to be more fatigable during the force-matched
protocol (P = 0.079) (g). Resting femoral artery blood flow was augmented in
HFpEF rats (P = 0.039) (h), while end-stimulation blood flow was not
significantly different between groups (P =0.22) (i). In contrast, HFpEF rats
showed an impaired increase in muscle-specific EDL blood flow during
stimulation (P = 0.012) (j). Moreover, a reduction in the functional hyperaemic
scope was also found in HFpEF (P = 0.004) (k).

3.3.4 Histological and functional characteristics of the diaphragm

Representative diaphragm sections from control and HFpEF rats are presented
in Figure 3.6a, b. Average FCSA was similar between groups (Figure 3.6c),
however compared to lean controls HFpEF increased FCSA in both type | and
type lla fibres by 46 % and 26 %, respectively (Figure 3.6c), but reduced type
lIb/lix FCSA by 22 %. Additionally, HFpEF rats had a higher numerical
percentage of type | fibres (Figure 3.6d) and a higher area percentage of type |

fibres (Figure 3.6e).

Global and local alterations were also observed in capillary distribution, with C:F
and CD increased in HFpEF rats (Figure 3.6f and Figure 3.6g, respectively) but
CDA remained unchanged (Figure 3.6h). HFpEF rats had increased LCFR in
Type | and Type lla fibres, whereas this was reduced in type llb/lIx fibres (Figure
3.6i). In contrast, LCD was higher in HFpEF for Type lIb/lIx fibres, with no
changesin Type | and Type lla fibres (Figure 3.6j). We next estimated diaphragm
PO:2 levels (Figure 3.7a-f) and found HFpEF elevated resting muscle oxygen
tension (Figure 3.7c) and at maximal metabolic rates (Figure 3.7f), indicating

improved muscle oxygenation in obese-HFpEF.
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Figure 3.6. Histological features of the diaphragm. Representative
diaphragm sections from control (a) and obese-HFpEF (b). Compared to lean
controls, HFpEF rats had increased CSA in Type | (P <0.001) and Type lla fibres
(P = 0.005), whereas CSA of Type lIb/lix fibres was reduced (P = 0.004) (c).
HFpEF rats also had a higher numerical percentage of Type I fibres (P = 0.003),
although this remained unchanged in Type lla (P = 0.203) and Ilb/lIx fibres (P =
0.545) (d). Additionally, HFpEF rats showed a higher area percentage of Type |
fibres (P < 0.001), whereas this was unchanged in Type lla fibres (P = 0.449)
and reduced in Type lIb/lix fibres (P = 0.002) (e). HFpEF rats also showed
general and local alterations in capillary distribution. General changes included
increased C:F (P = 0.015) (f) and CD (P = 0.049) (g), although CDA remained
unchanged (P = 0.362) (h). Local changes included increased LCFR in Type |
(P <0.001) and Type lla fibres (P <0.001) and reduced LCFR in glycolytic/Type
[Ib/lIx fibres (P = 0.040) (i). In contrast, however, HFpEF rats had increased LCD
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in Type lIb/lIx fibres (P = 0.042), with no changes in Type | (P = 0.152) and Type
lla fibres (P = 0.128) (j).
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Figure 3.7. Modelling of diaphragm oxygen tension. Simulation of muscle
PO. at rest (a, b) and maximal rate of oxygen consumption (d, e) in
representative images. Compared to lean controls, HFpEF rats showed higher
muscle oxygen tension at rest (Type | fibres: P =0.043, Type lla: P =0.019, Type
lIb/lix: P = 0.006, all fibres: P = 0.009) (c) or at maximal rate of oxygen
consumption (Type I: P = 0.045, Type lla: P = 0.018, Type lIb/lix: P = 0.004, all
fibres: P = 0.006) (f).
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Isometric twitch and maximal tetanic stress of the diaphragm were similar
between groups (Figure 3.8a and Figure 3.8b, respectively), however, analysis
of twitch kinetics demonstrated that HFpEF rats had a slower time to peak
tension (Figure 3.8c) while half relaxation time remained unchanged (Figure
3.8d). Similarly, there were no differences in isotonic properties as assessed by
maximal shortening velocity or maximal isotonic power between groups (Figure
3.8e, f). During the cyclical contractions, there were no differences in the net
power recorded at any given frequency and no difference in the cycle frequency
that yielded maximum net power (i.e., 5 Hz for both groups) (Figure 3.8Q).
However, during repeated cyclical contractions the ability of the diaphragm to
sustain work and power relative to the unfatigued state was reduced in HFpEF
compared to controls and this occurred after relatively few cycles of work (Figure

3.8h).
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Figure 3.8. Functional properties of the diaphragm. Isometric twitch and
tetanic stress of the diaphragm were not different between groups (P = 0.254
and P = 0.225, respectively) (a, b). In contrast, HFpEF rats showed slowed time
to peak tension (P = 0.006) (c), although half relaxation time was not significantly
affected (P = 0.170) (d). There were no differences in maximal shortening
velocity (Vmax) (P = 0.278) (e) or peak isotonic power (P = 0.701) (f) between
groups. During cyclical contractions, while the net power-cycle frequency
relationship remained unaltered between groups (P > 0.05); typical work loops
are shown at each cycle frequency for each group (g), relative fatigue was
greater in HFpEF (P < 0.001) under cycles 6-12 (h).
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3.4 Discussion
This study has identified novel skeletal muscle impairments in obese-HFpEF that
likely predispose towards the pathophysiology of exercise intolerance. The main

findings from this study are:

i) Limb muscle weakness was closely associated with fibre atrophy in
HFpEF, but isometric contractile properties were not impaired under
neural- or direct-muscle assessments, indicating preserved isometric

neuromuscular function.

i) In contrast, limb isotonic muscle properties including shortening

velocity and mechanical power were impaired in HFpEF.

iii) An abnormal leg blood flow response to exercise alongside fibre-type

specific structural capillary loss were found in HFpEF.

iv) Significant remodelling of the diaphragm occurred in HFpEF including
divergent fibre-type hypertrophy/atrophy, higher capillarity/PO2, and a

Type | fibre-type shift, with preserved muscle mechanics.

3.4.1 Impact of HFpEF on limb muscle function

A reduction in skeletal muscle mass in patients with HFpEF is strongly
associated with reduced muscle strength and poor quality of life (Bekfani et al.,
2016). Muscle weakness is generally underpinned by either a reduction in
muscle mass (i.e., atrophy) and/or intrinsic contractile dysfunction. In this study,

we used in vitro (i.e., direct-muscle) and in situ (i.e., peripheral nerve) stimulation
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approaches to assess isometric contractile properties in limb muscle. This
allowed various sites in the muscle contractile process to be evaluated for
dysfunction in HFpEF, including neuromuscular transmission and excitation-
contraction coupling. Consistent with previous data where absolute maximal
soleus force was reduced by ~20 % in HFpEF rats vs. controls (Bowen et al.,
2018; Schauer et al., 2020), we observed that absolute twitch and maximal
forces in both the soleus and EDL were lower in HFpEF rats. However, limb
muscle weakness was closely associated with fibre atrophy as, after normalising
for muscle mass, specific forces were not different between groups independent
of whether neural and blood supply remained intact. This is important, as it
indicates that neuromuscular transmission and excitation-contraction coupling is

likely preserved under isometric contractions in obese-HFpEF.

However, most daily activities require the muscle to shorten against different
loads to generate mechanical power and thus perform work. Therefore,
assessment of muscle isotonic properties such as shortening velocity and power,
which remained undefined in HFpEF, provide a more relevant assessment in
relation to daily patient activities. Here, we observed that HFpEF rats had
impairments to both shortening velocity and mechanical power in the soleus,
which occurred in the absence of any Type | fibre-type shift. This rules out a fibre-
type shift, therefore, as a potential underlying mechanism given myosin heavy
chain isoform (i.e., rate of myosin ATP hydrolysis) is a key determinant of
shortening velocity (Bottinelli et al., 1991). In particular, in slow myosin isoforms
shortening velocity is thought to be limited by the rate of ADP dissociation from
actomyosin (Nyitrai et al., 2006). Thus, our data suggest obese-HFpEF rats

develop slowed rates of cross-bridge detachment through impaired ADP release,
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potentially due to post-translational modifications of myosin related to oxidative
stress or glycation, as previously reported in HFrEF (Coirault et al., 2007) and
ageing (Ramamurthy et al., 1999). In further support, slowed cross-bridge
kinetics have previously been reported in Type | and lla fibres of vastus lateralis
biopsies from patients with HFrEF (Miller et al., 2010), although other
mechanisms such as impaired sarcoplasmic reticulum calcium pumping cannot
be ruled out. Overall, therefore, the significant loss of absolute limb force
associated with muscle atrophy in HFpEF alongside intrinsic impairments related
to shortening velocity would be predicted to severely reduce mechanical power

and thus predispose towards exercise intolerance.

3.4.2 Impact of HFpEF on limb skeletal muscle morphology

Despite skeletal muscle morphological alterations being well investigated in
HFrEF (Kennel et al., 2015), little information is available on HFpEF from either
animal or patient studies. Previous data from patients with HFpEF indicated the
vastus lateralis Type | to Type Il fibre-type shift and a lower global C:F ratio,
which is associated with reduced VOzpeak (Kitzman et al., 2014). Animal models
(hypertensive or cardiometabolic) have shown in the soleus/EDL a significant
fibre atrophy and a lower global C:F ratio (Bowen et al., 2015; Bowen et al.,
2017b; Bowen et al., 2018; Schauer et al., 2020). Consistent with this, in the
present study we found soleus muscle in HFpEF rats exhibited a fibre atrophy of
24% and fibre-type shift from Type | to Type lla alongside a lower global C:F ratio
of 17%. In contrast, however, we also provide new evidence that capillary density
(CD) in the soleus was improved in HFpEF rats by 15% vs controls, and by using
novel local measures of capillarity (i.e., LCRF, LCD), we identified this occured

in a Type I-specific manner. These additional local indices allowed us to conclude
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that a lower C:F ratio in HFpEF is specific to Type | fibres only (i.e., LCRF),
suggesting slow- rather than fast-twitch fibres are more susceptible to
microvascular impairments in this disease. However, the capillary supply per
cross sectional area of Type | fibres (LCD) was in fact higher in HFpEF muscle.
These global and local measures of capillarity where C:F was lower but CD
higher in HFpEF are likely explained by the observed fibre atrophy, as CD is
highly dependent upon fibre size (Egginton, 2011). This indicates that the degree
of fibre atrophy exceeded the rate of capillary loss in HFpEF, thus increasing the
CD, which has been suggested as an adaptive process to reduce diffusion
distances across muscle fibres (Al-Shammari et al.,, 2019), helping to
discriminate structural from functional consequences of microvascular
remodelling. In HFpEF, this may be a compensatory mechanism to preserve O2
flux from capillary to myocyte and thus maintain a better POz status across the
muscle, not only in the face of capillary loss but also in response to the reported
deficits in mitochondrial O2 utilisation (Bowen et al., 2015; Molina et al., 2016;

Bowen et al., 2017Db).

In this regard, data collected from patients with HFpEF have identified clear
impairments in the ability to widen arterial-venous Oz content (AAVO2) and
augment peripheral oxygen extraction during exercise compared to HFrEF or
controls (Bhella et al., 2011b; Haykowsky et al., 2011; Dhakal et al., 2015;
Houstis et al., 2018; Zamani et al., 2020). It remains unclear whether the capillary
loss we observed contributes to abnormal skeletal muscle Oz extraction at peak
exercise in HFpEF, with a peripheral Oz diffusive limitation postulated as a major
mechanism underpinning exercise intolerance in HFpEF (Dhakal et al., 2015;

Houstis et al., 2018). To expand current knowledge (Dhakal et al., 2015; Houstis
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etal., 2018; Zamani et al., 2020), we therefore used in silico modelling to provide
the first fibre-type specific estimates of microvascular contribution to muscle
oxygenation in HFpEF. We found muscle POz was similar between HFpEF and
control during simulated rest and at maximal exercise, which indicates adequate
oxygenation is maintained in HFpEF with no evidence for enhanced tissue
hypoxia. A recent patient study using forearm exercise found estimated
peripheral O2 diffusion was not different between HFpEF and controls (Zamani
et al., 2020), which contrasts with previous cycling studies where O2 diffusion
was significantly lower based on systemic hemodynamic, blood gas and
pulmonary gas exchange measurements (Dhakal et al., 2015; Houstis et al.,
2018). It should be noted that these patient studies did not measure leg/muscle
AAVOg, fibre size, capillarity, or microvascular distribution, which can all
influence peripheral Oz diffusion. While the current data do not allow us to
confirm whether O: diffusion was impaired, our data suggest that fibre
morphology and capillary distribution are unlikely to contribute to Oz diffusive
limitations in HFpEF. Interestingly, however, in contrast to HFrEF or controls,
patients with HFpEF are unable to lower venous PO:2 during exercise and
therefore have a blunted peripheral Oz extraction response (Dhakal et al., 2015;
Houstis et al., 2018; Poole et al., 2018; Zamani et al., 2020). Considering that
the requirements for diffusive Oz flux are largely set by mitochondrial ATP
turnover rates (Gutierrez & Vincent, 1991), the degree of mitochondrial
dysfunction would likely play a key role in determining the extent of muscle Oz
extraction in HFpEF (Bhella et al., 2011a; Weiss et al., 2017). In our study,
estimated muscle POz in HFpEF was not lower than controls at simulated
maximal exercise, supporting the potential for a muscle O2 diffusion limitation

(Poole et al., 2018). This is consistent with maintenance of a high muscle
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oxygenation across the muscle in HFpEF (see below), supporting the more
optimal functioning mitochondrial populations (Al-Shammari et al., 2019).
Clearly, more studies are warranted to clarify the role of limitations to muscle Oz
diffusion in HFpEF, however our present data of a reduced leg blood flow (see
below) implicate a perfusive Oz delivery limitation as one key mechanism

blunting O2 extraction in obese-HFpEF.

3.4.3 Impaired muscle blood flow response in HFpEF

Up until now, direct measures of leg (muscle) arterial blood flow had not been
assessed in HFpEF, limiting mechanistic understanding. In the present study,
using perivascular flow probes (the gold-standard for measuring volumetric blood
flow in animal studies), we directly demonstrated that the functional hyperaemic
response to exercise was blunted in HFpEF rats. These data support the concept
that the peripheral response to exercise is impaired in HFpEF (Houstis et al.,
2018), and are consistent with non-invasive measurements in patients with
HFpEF during knee-extensor exercise where impaired leg blood flow and
vascular conductance occurred independently of limitations to heart rate, stroke
volume and cardiac output (Lee et al., 2016b) but contrast with recent isometric
forearm data which did not find any change (Zamani et al., 2020). However,
some (Maréchaux et al., 2016; Kishimoto et al., 2017) but not others (Hundley et
al., 2007; Haykowsky et al., 2013b; Lee et al., 2016a; Zamani et al., 2020) report
an abnormal blood flood response to exercise in HFpEF patients when compared
to controls, which is probably related to differences in the muscle studied, non-
invasive and different measurements techniques, and patient heterogeneity.

Overall, our data supports the potential for perfusive, feed-artery Oz transport
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limitations in HFpEF, which likely contributes to exercise intolerance in this

disease (Poole et al., 2018).

While the mechanisms underlying abnormal limb blood flow response to exercise
in HFpEF remain unclear, endothelial function is impaired (Schmederer et al.,
2018) and postulated as a central mechanism underlying disease progression
(Paulus & Tschope, 2013; Gevaert et al., 2017; Schmederer et al., 2018).
Beyond this, upstream central impairments related to cardiac output likely play a
major role (Wolsk et al., 2019). It is also possible that the impaired functional
hyperaemia induces a compensatory response in the microvasculature, thus
improving or preserving CD and muscle POz levels as we observed. The
functional significance of abnormal limb blood flow during exercise in HFpEF
remains unclear, and cannot explain the greater fatigability (26%) observed in
HFpEF rats during the force-matched protocol, as they worked at a higher
proportion of their maximal force generating capacity. Our data therefore
indicates that skeletal muscle arterial blood delivery is potentially constrained
during exercise in HFpEF, despite preserved muscle PO: levels as based on our
current estimates. As such, at least in the context of this animal model, perfusive
rather than O2 diffusive limitations could play a more prominent role in modulating
O:2 extraction in obese-HFpEF (Poole et al., 2018; Zamani et al., 2020), although

its functional significance remains unclear.

3.4.4 Impact of HFpEF on diaphragm remodelling and muscle
mechanics

Inspiratory (i.e., diaphragm) muscle weakness is evident and closely associated

with symptoms of dyspnoea and poor prognosis in patients with HFpEF (Lavietes
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et al., 2004; Hamazaki et al., 2020). Multiple alterations to the diaphragm have
been reported in HFpEF, including in vitro muscle weakness and fatigue
alongside a Type lI-to-1 fibre type shift, fibore atrophy, and impaired in situ
mitochondrial respiration in a hypertensive rat model (Bowen et al., 2015). In
contrast, we show remodelling of the HFpEF diaphragm that is reminiscent of
exercise-training including fibre hypertrophy, increased mitochondrial content,
and preserved fatigue-resistance, although evidence for mitochondrial
uncoupling and a mild isometric contractile dysfunction have been noted (Bowen
et al., 2017b). The disparity in findings between models is likely explained by the
co-morbidity of obesity and its associated chronic respiratory loading, which can
act as a training stimulus to increase fibre size, mitochondrial function/content,
and fatigue-resistance (Farkas et al., 1994; Powers et al., 1996). Whether similar
findings are observed between obese vs. lean patients with HFpEF remains

unknown.

Given that approximately 80% of HFpEF patients are obese (Shah et al., 2016)
and a recent distinct obese-HFpEF phenotype has been established (Obokata
et al., 2017), the present study contributes novel and highly-relevant data in
relation to diaphragm plasticity. Until now, only limited data have been available
with respect to fibre-type structure, isoform, and microvasculature of the
diaphragm in HFpEF (Bowen et al., 2015; Bowen et al., 2017b). In the present
study, we identified three major fibre types (Type I, lla and lIb/lIx) to provide new
evidence of a divergent hypertrophy/atrophy fibre remodelling in obese-HFpEF
alongside increased indices of global and local capillarity (i.e., C:F and CD), and
estimated levels of fibre oxygenation at rest and maximal exercise. Specifically,

compared to controls, obese-HFpEF rats had increased Type I/lla FCSA, and
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reduced Type lIb/lix FCSA, indicating compensatory adaptations in slow-twitch
fibres. This observation corresponds to the morphometric alterations following
unilateral denervation of rat diaphragm muscle, where hypertrophy in Type |
fibres but atrophy in Type lIb/lix fibres occurred (Aravamudan et al., 2006)
alongside increased CD (Paudyal et al., 2018). Nevertheless, it remains unclear
whether obese-HFpEF induces partial diaphragm muscle denervation in fast-
twitch Type lIb/x as reported in other conditions such as aging (Elliott et al.,

2016).

Overall the obese-HFpEF diaphragm demonstrates improved indices of oxygen
transport (increased capillarity and PO: distribution) that likely supports the
observed shift towards an oxidative phenotype (i.e., higher proportion of Type |
fibres, mitochondrial content, and antioxidative enzyme capacity (Bowen et al.,
2015; Bowen et al., 2017b). This suggests that any functional diaphragm
impairments developed in obese-HFpEF were likely offset by morphological
adaptations. To decipher this potential trade-off, we performed in vitro isometric,
isotonic and cyclical contractions on the diaphragm in one of the most detailed
functional assessments in HFpEF to date. Our data indicate that impaired muscle
mechanics and intrinsic diaphragm dysfunction generally do not develop early in
the time course of obese-HFpEF (~20 weeks), with only a mild differences found
compared to controls in terms of fatigability. Again, these data conflict with
previous experimental data where a significant reduction in diaphragm stress
during repeated isometric contractions was measured in rats during more
advanced hypertensive-induced HFpEF (Bowen et al., 2015). In the present
study we also simulated in vivo respiratory muscle mechanics, by applying

cyclical length changes and phasic stimulation to the muscle to generate cycles
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of work, using the in vitro work-loop technique (Josephson, 1985). Similar to our
isolated isometric and isotonic measures, net power output during unfatigued
cyclical contractions in obese-HFpEF was unaffected, but we did observe mild
fatigue effects during repeated cyclical contractions. Collectively, these data
suggest respiratory muscle dysfunction is unlikely a key player in the
pathogenesis of exercise intolerance in obese-HFpEF, at least during early

disease progression.

3.4.5 Limitations

We did not use echocardiography or invasive haemodynamics to quantify the
extent of left ventricular diastolic function and ejection fraction. However, this rat
model has been validated and consistently develops key features of HFpEF as
early as 10-15 weeks of age (Schauer et al., 2020), including impaired diastolic
function, preserved ejection fraction, myocardial remodelling, and exercise
intolerance (Hamdani et al., 2013; Leite et al., 2015; Franssen et al., 2016; van
Dijk et al., 2016; Bowen et al., 2017b). Instead, we used MRI to confirm the
presence of cardiac remodelling which occurred in the RV and this is known to
be closely associated with HFpEF development in obese patients (Obokata et
al., 2017) and one of the strongest predictors of poor prognosis (Burke et al.,
2014). We also compared groups at a relatively early time point in the
progression of HFpEF, which may limit translation of our findings to more
advanced stages of the disease. In addition, while differences in physical activity
levels between groups were not measured and cannot be ruled out as having an
influence on our experimental measures, it is well established that disuse alone
fails to account for the skeletal muscle impairments developed during heart

failure (Simonini et al., 1996; Miller et al., 2009).
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3.5 Conclusions
Rats with obese-HFpEF have a blunted hindlimb blood flow response to exercise
alongside microvascular structural impairments, fibre atrophy, and isotonic
contractile dysfunction, which may be important factors underlying exercise
intolerance in this disease. In contrast, diaphragm phenotype was largely
preserved, indicating a more prominent role for limb rather than respiratory

muscle abnormalities in obese-HFpEF.
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Chapter 4 Results Il. Pharmacological treatments enhancing
cardiac function in HFpEF do not impact skeletal muscle

remodelling

4.1 Introduction

HFpEF remains a major challenge in cardiovascular medicine due to its high
morbidity and mortality with increasing prevalence and lack of effective
treatments (Butler et al., 2014; Sharma & Kass, 2014; Fukuta et al., 2016; Mishra
& Kass, 2021a). Whereas treatments that ameliorate the neurohormonal
overactivation (e.g., MRA and ARB) have shown beneficial outcomes in HFrEF
(Pitt et al., 1999; McMurray et al., 2003; Zannad et al., 2011; Vaduganathan et
al., 2020), these treatments have failed to improve long-term morbidity and
mortality in HFpEF patients (Yusuf et al., 2003; Cleland et al., 2006; Massie et
al., 2008; Pitt et al., 2014). Within the last 12 months, SGLT2l became the first
pharmacological treatment that reduced the risk of cardiovascular deaths and
hospitalizations in HFpEF patients (Anker et al., 2021). As such, the potential for
other drug therapies to improve clinical outcomes in HFpEF remains high.
Several novel therapies for different HFpEF phenotypes have been studied and
show promising results. For example, Entresto (Sacubitril/Valsartan), an ARNI,
improved diastolic function, cardiac remodelling, and endothelial function in
HFpEF patients and animal models (Gori et al., 2019; Schauer et al., 2021).
Similarly, Vastiras (proANPs1-67), a novel compound derived from the linear
fragment of atrial natriuretic peptide (ANP), improved -cardiac structure
(attenuated LV hypertrophy and reduced fibrosis) and function (normalised E/A
i.e. ameasure of diastolic dysfunction) in an experimental hypertensive rat (Altara

et al., 2020).
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Whether drug therapies to improve cardiac function in HFpEF could have
secondary (or even direct) effects to benefit skeletal muscle homeostasis remains
poorly explored. For example, treatments improving cardiac function in HFpEF
could benefit skeletal muscles via improved nutrient or O2 delivery or reducing
inflammation (Mishra & Kass, 2021b; Anderson et al., 2022). However, exercise
intolerance in HFrEF is still present even after normalisation of central
cardiovascular function by pharmacological treatments (Maskin et al., 1983) or
heart transplantation (Stevenson et al., 1990). This suggests that directly
targeting the heart per se may not overcome symptoms of exercise intolerance
and skeletal muscle abnormalities in HFpEF. In support, a preliminary study
documented that Entresto failed to improve skeletal muscle weight and function
in obese-HFpEF rats, despite improved cardiac function (Schauer et al., 2021).
However, this study lacked assessments of important morphological features,
such as FCSA, fibre type distribution and capillarisation, which are known to be
affected by HFpEF (Kitzman et al., 2014; Bowen et al.,, 2018). This chapter,
therefore, aimed to determine whether Entresto alone or in combination with
Vastiras (in order to increase cardiac function) caused beneficial skeletal muscle
remodelling in experimental rats with HFpEF. Specifically, using both oxidative
(soleus) and glycolytic (EDL) muscles, we performed global and local fibre-type
specific phenotyping of CSA, isoform, and capillarity, alongside estimated

fibrosis.
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4.2 Methods
4.2.1 Ethical approval

This study was performed with collaborators at the University of Oslo, Norway.
All procedures and experiments were approved by the Norwegian Food Safety
Authority committee (Mattilsynet) for animal research (FOTS protocol number
15886) in accordance with the national regulations, the European Convention for
the Protection of Vertebrate Animals used for Experimental and Other Scientific
Purposes (ETS No0.123), and the European Directive 2010/63/EU on the

protection of animals used for scientific purposes.

4.2.2 Animals

Obese ZSF1 rats were compared to lean controls (CON) and were randomly
assigned to the following groups: HFpEF+Vehicle (HFpEF+Ve), HFpEF+Entresto
(68 mg/kg/day) (HFpEF+En) or HFpEF+Entresto (68 mg/kg/day)+Vastiras (50
ng/kg/day) (HFpEF+En+Va). Drug or vehicle was delivered via Alzet osmotic
mini-pumps (Model 2004; mean pumping rate 2.28+0.07 puL/h, mean fill volume
1997.6+£18.3 L) implanted subcutaneously (as described by the manufacturer)
for 10 weeks. Animals were treated with subcutaneous buprenorphine (0.05
mg/kg) as an analgesic 30 minutes before and up to 1l-day postpump
implantation. Vastiras was obtained from Madeline Pharmaceuticals Pty Ltd
(Mount Barker, SA, Australia). The drug manufacturer recommends using 200
mmol/L NaCl with 10 mmol/L sodium acetate buffer (pH 5.5) as vehicle for the

drug.
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Figure 4.1. Protocol for Entresto and Vastiras treatment. Obese ZSF1 rats
were randomly assigned to the following groups: HFpEF+Vehicle (HFpEF+Ve; n
= 8), HFpEF+Entresto (HFpEF+En; n = 6) and HFpEF+Entresto+Vastiras
(HFpEF+ENn+Va; n = 6), and compared to their respective lean controls (CON; n
= 11). Cardiometabolic and skeletal muscle phenotypes were evaluated after 10
weeks of treatment.

4.2.3 Cardiometabolic function

Full details of metabolic features (body weight, systolic blood pressure and blood
glucose levels), echocardiography and invasive haemodynamic measurements

are provided in Chapter 2 General methods: 2.3.

4.2.4 Morphological characterization of skeletal muscle

Soleus and EDL muscles were assessed for global and fibre type-specific
histological features (i.e., FCSA, myosin isoform, capillarity, and fibrosis), as
previously described (Al-Shammari et al., 2019). Full details of all analyses are

provided in Chapter 2 General methods: 2.8.

4.2.5 Statistical analyses

Following appropriate checks of normality, between-group differences were

assessed by one-way ANOVA followed by Bonferroni post hoc test. Differences
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between lean controls and HFpEF were analysed by unpaired two-tailed Student
t-tests. Analyses were performed in GraphPad Prism v.8. Data are presented as

meanxSD, and the level of significance was set at P < 0.05 for all analyses.

4.3 Results

4.3.1 Cardiometabolic phenotype in untreated obese ZSF1 rats

As previously noted (Leite et al., 2015; Bowen et al., 2017b; Espino-Gonzalez et
al., 2020; Schauer et al., 2020), untreated obese ZSF1 rats (i.e., HFpEF+Ve)
showed evidence of typical metabolic signs associated with HFpEF including
obesity (Figure 4.2a) and hyperglycaemia (Figure 4.2b) although systolic blood
pressure was not different between groups (Figure 4.2c). Compared with
controls, HFpEF rats developed cardiac hypertrophy represented as increased
heart weight, heart weight /tibia length and ventricular mass (Figure 4.2d-f). The
ratio between the early maximal ventricular filling velocity and the late filling
velocity (E/A; an index of diastolic dysfunction) was lower in HFpEF rats (Figure
4.29). Lean and obese-HFpEF rats had preserved left ventricular ejection fraction
(LVEF) (Figure 4.2h). HFpEF rats developed cardiac dysfunction, which was
confirmed by non-invasive and invasive measurements of stroke volume and

cardiac output (Figure 4.2i-l).
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Figure 4.2. Cardio-metabolic characteristics. HFpEF rats developed obesity
(P <0.001) (a) and hyperglycaemia (P < 0.001) (b) with no significant changes in
systolic blood pressure (P = 0.14) (c). Obese-HFpEF rats also had cardiac
hypertrophy represented as increased heart weight (P = 0.003) (d), heart weight
ftibia length (P <0.001) (e) and ventricular mass (P = 0.002) (f). The ratio between
the ratio between the early maximal ventricular filling velocity and the late filling
velocity (E/A) was lower in HFpEF rats (P = 0.003) (g), whereas left ventricular
ejection fraction (LVEF) was similar between groups (P = 0.48) (h). Non-invasive
and invasive measurements of stroke volume and cardiac output showed that
HFpEF rats developed diastolic dysfunction: stroke volume (P = 0.04) (i), stroke
volume - invasive (P = 0.13) (j), cardiac output (P = 0.06) (k) and cardiac output
- invasive (P = 0.05) ().

4.3.2 Effects of Entresto and Vastiras on cardiac measures

Ten weeks of medication with Entresto or Entresto+Vastiras did not significantly
affected body weight, blood glucose levels and systolic blood pressure in HFpEF
rats (Figure 4.3a-c). In contrast, however, HFpEF-induced impairments in heart

weight and E/A were ameliorated by Entresto and/or Vastiras (Figure 4.3d-g).
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Similarly, invasive measurements of cardiac output showed that both Entresto
and Entresto+Vastiras improved cardiac function (Figure 4.3l). In addition,
invasive and non-invasive measurements of stroke volume showed this tended
to be lower in HFpEF+Ve rats, which was attenuated by medications (Figure 4.3i,
). LVEF was reduced in the HFpEF+En+Va group (Figure 4.3h). Taken together,
these data suggest that Entresto and Vastiras partly ameliorate cardiac

impairments induced by HFpEF.
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Figure 4.3. Effects of Entresto and Vastiras in metabolic features and
cardiac function and morphology. Compared to controls, HFpEF rats with or
without treatments had increased body weight (all P < 0.001) (a) and blood
glucose levels (all P < 0.05) (b). Systolic blood pressure was similar between
groups (all P > 0.05) (c). HFpEF-induced cardiac hypertrophy was improved by
Entresto, as values were similar to those observed in controls (P = 0.23) (d);
however, after normalisation to tibia length, heart weight was increased in HFpEF
rats with or without treatments (all P < 0.05) (e). Ventricular mass was similar
between controls and HFpEF+Entresto (P = 0.10) (f). Similarly, HFpEF-induced
impairments in E/A were rescued by Entresto and/or Vastiras (p = 0.08) (g).
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Compared to lean controls, LVEF was reduced in HFpEF+En+Va (P = 0.02) (h).
Invasive and non-invasive measurements of stroke volume showed that this
tended to be lower in HFpEF+Ve rats (P = 0.10 and P = 0.13, respectively), which
was rescued by medications (all p > 0.05) (i, j). Cardiac output, measured by non-
invasive methods, was similar between groups (p > 0.05) (k). In contrast,

however, invasive measures of cardiac output showed that this was lower in
HFpEF+Ve (P = 0.006), which was rescued by medications (P > 0.05) (I).

4.3.3 Effects of Entresto and Vastiras on skeletal muscle
remodelling

Compared with lean controls, HFpEF rats with or without treatments had lower
EDL wet-mass and FCSA, which was more prominent in Type llb/lIx fibres
(Figure 4.4a-c). Proportion of Type I, lla and lIb/lIx fibres was similar between
groups (Figure 4.4d). HFpEF induced a reduction in C:F, which was not rescued
by Entresto or Entresto+Vastiras (Figure 4.4e). No significant differences were
observed in CD (Figure 4.4f). Fibre type-specific histological analysis showed
that, compared to controls, LCFR of Type | fibres was lower in HFpEF, with no
significant changes in treated groups (Figure 4.4g). Impairments in LCFR were
more prominent in Type Ilb/lIx (fast/glycolytic) fibres, which were not rescued by
medications (Figure 4.49). LCD (Type I, lla and llb/lIx fibres) was similar between

groups (Figure 4.4h).
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Figure 4.4. Effects of Entresto and Vastiras in EDL morphology. Compared
to lean controls, obese-HFpEF rats with or without treatments had reduced wet-
mass (all P < 0.001) (a) and cross-sectional area (CSA) of Type lIb/lIx fibres (P
<0.05) (b, ¢). The numerical proportion of Type I, lla and lIb/lIx fibres was similar
between groups (P > 0.05) (d). Compared to controls, non-treated and treated
obese-HFpEF rats had reduced capillary-to-fibore (C:F) ratio (all < 0.05) (e). In
contrast, capillary density (CD) was similar between groups (P > 0.05) (f). Obese-
HFpEF rats with or without treatments had reduced local capillary-to-fibre ratio
(LCFR) in Type llIb/lIx fibres (P < 0.001) (g), while local capillary density (LCD) of
Type |, lla and lIb/IIx fibres was similar between groups (P > 0.05) (h). Scale bar
represents 100 pm.

The EDL is a highly glycolytic muscle. To compare morphological changes
between mixed and oxidative muscles, we also analysed global and local
histological features of the soleus muscle. While soleus wet-mass was lower in
all obese-HFpEF groups (Figure 4.5a), this did not reach significance in terms of

FCSA (Figure 4.5b, c). Fibre type composition was also not different between

groups (Figure 4.5d). In contrast to the EDL muscle, global and local
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measurements of C:F, CD, LCFR and LCD showed that these were not
significantly affected by HFpEF or medications (Figure 4.5e-h). Similarly,

percentage of fibrosis was comparable between groups (Figure 4.5i, j).
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Figure 4.5. Effects of Entresto and Vastiras in soleus morphology.
Compared to controls, HFpEF rats with or without treatments had lower muscle
mass (all P <0.001) (a). In contrast, fibre cross-sectional area (FCSA) (b, c), fibre
type proportion (d), capillary-to-fibre (C:F) ratio (e), capillary density (CD) (f), local
capillary-to-fibre ratio (LCFR) (g), local capillary density (LCD) (h), and
percentage of fibrosis (i, j) were comparable between groups (all P > 0.05). Scale
bar represents 100 pm.
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4.4 Discussion

This study, using a well-established rat model of HFpEF, provides novel data to
confirm that improvements in global cardiac function do not reverse skeletal
muscle atrophy and capillary rarefaction. Our data adds new data to confirm this
is relevant at the myofiber level and across various fibre-types. Thus these
findings supports past research that indicated Entresto improved cardiac function
independent to changes skeletal muscle wet-mass and function (Schauer et al.,
2021). We also provide additional evidence that Entresto alone or in combination
with Vastiras can enhance cardiac function but with no impact on HFpEF-induced
skeletal muscle remodelling. Our data may have important implications for
treating HFpEF-associated skeletal muscle deficits, suggesting that alternative

approaches beyond a cardio-centric view are likely necessary.

4.4.1 Experimental models for HFpEF

Increasing evidence indicates that rather than central (cardiac) factors, peripheral
skeletal muscle alterations play a key role in the pathogenesis of exercise
intolerance in HFpEF (Haykowsky et al., 2014; Kitzman et al., 2014). However,
treatments for HFpEF-associated muscle deficits remain poorly explored and this
has been compounded by almost all pharmacological treatments having limited
clinical benefits (Anderson et al., 2022). Identification of animal models that
closely replicate the human condition is a critical step in developing and testing
new treatments, which has been challenging for HFpEF. Compared to other
animal models, such as the Dahl salt-sensitive rat (DSS) and the transverse aortic
constriction surgery/deoxycorticosterone mouse (TAC/DOCA), the ZSF1 rat has
shown the highest overlap to the human condition with regards to skeletal muscle

alterations (Goto et al., 2020), thus making this a suitable model for exploring
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therapeutic interventions for HFpEF-associated muscle alterations. Specifically,
ZSF1 rats have shown to develop muscle atrophy, impaired contractile function,
and reduced capillary supply (Bowen et al., 2017b; Bowen et al., 2018; Espino-
Gonzalez et al., 2020; Schauer et al., 2020). We found that obese-ZSF1 rats also
have impaired blood flow response to contractions that implies a perfusive
oxygen delivery limitation (Chapter 3 Results I). In the present study, HFpEF rats
developed muscle wasting (represented as lower wet-mass and fibre atrophy)
and reduced capillarity, thus supporting the concept of HFpEF being

characterised by a skeletal muscle pathology.

4.4.2 Fast-twitch glycolytic fibres are more vulnerable than slow-

twitch oxidative fibres to HFpEF-induced muscle atrophy

It has been suggested that skeletal muscle remodelling in HFpEF is fibre-type
dependent. Compared to slow-twitch soleus (oxidative muscle), the EDL
(glycolytic muscle) shows greater susceptibility to impairments in fibre size and
capillarisation (Bowen et al., 2018). In contrast to past studies (Schauer et al.,
2021), the present study used fibre type-specific histological analysis to directly
confirm new evidence that HFpEF-induced atrophy and reduced capillary supply
of the EDL muscle are more prominent in Type llb/lix (fast/glycolytic) fibres.
Compared to slow-twitch oxidative fibres, fast-twitch glycolytic fibres have shown
to be more vulnerable under a variety of atrophic disorders associated with
enhanced proteasome-mediated degradation through activation of MuRF1
(Wang & Pessin, 2013). In line with this, increased expression of MuRF1 has
been observed in EDL muscles of ZSF1-HFpEF rats as well patient muscle
(quadriceps) (Goto et al., 2020). The resistance of oxidative fibres may be

explained, at least in part, by increased activity of peroxisome proliferator-
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activated receptor gamma coactivator 1-alpha (PGC-1a), a well-described factor
required for mitochondrial biogenesis, oxidative metabolism, and slow-twitch fibre
formation (Sandri et al., 2006; Wang & Pessin, 2013). PGC-1a protects skeletal
muscle from atrophy by inhibiting transcriptional activity of FOXO, which
suppresses atrogene (MuRF1) expression and protein degradation (Sandri et al.,
2006). While PGC-1a expression was not measured in the present study, we did
not observe fibre atrophy in the soleus muscle, which compared to mixed
muscles, is known to have higher levels of PGC-1a (Lin et al., 2002). Collectively,
therefore, our data suggest that muscle groups composed of fast-twitch fibres
should be primarily targeted during rehabilitation in HFpEF patients, as these may
be more vulnerable to impairments and this aligns to past data in HFrEF (Li et al.,

2007).

4.4.3 Entresto and Vastiras do not influence skeletal muscle but

improve cardiac indices

Therapeutic treatments for HFpEF have been a major challenge and largely
limited thus far to exercise and nutritional interventions (Kitzman et al., 2016).
However, exercise may not be a practical option, as patients with this syndrome
frequently have severe functional limitations; thus development of new
pharmacological treatments represents an unmet medical need. To date,
Empagliflozin, a SGLT2I, is the only treatment that has been able to reduce the
risk of cardiovascular death or hospitalization in HFpEF patients (Anker et al.,
2021); yet, several therapies have shown promising results that could benefit
functional status. Entresto (Sacubitril/Valsartan), an ARNI, improved diastolic
function, cardiac remodelling, and endothelial function in HFpEF (Gori et al.,

2019; Schauer et al., 2021) but was unable to improve skeletal muscle wet mass



83
and contractile function in obese-HFpEF rats (Schauer et al., 2021). In the
present study, we evaluated the therapeutic potential of Entresto alone and in
combination with Vastiras (proANPs1-67), a novel compound derived from the
linear fragment of atrial natriuretic peptide (ANP) that attenuated cardiac
hypertrophy, reduce fibrosis and improve cardiac function in hypertensive
Dahl/Salt sensitive rats (Altara et al., 2020), but its effects on skeletal muscle
remained unexplored. Ten weeks of Entresto alone or in combination with
Vastiras did not improve the observed atrophy and reduced capillarisation of
HFpEF EDL muscles. Similarly histological analyses of fibre type distribution,
capillarisation and fibrosis of soleus muscle did not reveal beneficial effects of the
treatments, suggesting that both mixed (EDL) and oxidative (soleus) muscles are
not influenced by Entresto or Vastiras. In contrast, both medications improved
cardiac morphology and function in obese-HFpEF rats. Specifically, treatments
were able to partially ameliorate the observed impartments in heart weight, E/A
and stroke volume in HFpEF rats. While a deeper exploration of the mechanisms
underlying cardiac benefits induced by Entresto and/or Vastiras was outside the
scope of this study, the reduction in heart/ventricular mass may be a
consequence of blood pressure control, as this tended to be normalised in treated
rats, which is known to ameliorate myocyte hypertrophy (Schauer et al., 2021). It
is also likely that treatments reduced myocardial fibrosis and restored titin
phosphorylation, thereby preserving left ventricular elasticity, as previously
observed in ZSF1-HFpEF rats and both HFpEF and HFrEF patients
(Cunningham et al., 2020; Schauer et al., 2021). Overall, this also suggest two
key conclusions: 1) increasing global blood flow alone did not reverse skeletal

muscle abnormities in HFpEF; and 2) the medications unlikely have direct
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beneficial effects on skeletal muscle (albeit a longer time period may be required

to see effects of both).

4.4.4 Limitations

The present study is subject to some limitations. Our experiments were
performed in male rats only, thus, sex-dependent differences cannot be
excluded. Further, this study lacks assessments of skeletal muscle contractile
properties, therefore, the effects of Entresto+Vastiras in HFpEF muscle function
remains to be critically evaluated although changes are unlikely based on past
studies showing no effects using Entresto only (Schauer et al., 2021).
Furthermore, only two rats from the HFpEF+Entresto group were included for

histological analyses due to transportation issues which may limit conclusions.

4.5 Conclusions

Obese-HFpEF rats develop skeletal muscle histological alterations that are more
prominent in fast-twitch glycolytic fibres. However, increasing cardiac function per
se, via targeted cardiovascular drugs, had no impact on skeletal muscle
morphology in HFpEF rats. Overall, this suggests alternative skeletal muscle-
specific interventions are required to overcome peripheral musculature deficits in

HFpEF rather than simply targeting improvements in global cardiac function.
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Chapter 5 Results lll. Overload-induced skeletal muscle

hypertrophy is impaired in HFpEF

5.1 Introduction

Impaired exercise capacity (VOzpeak) is one of the central manifestations of HF
and closely associated with decreased patient survival and poor of quality of life
(Nadruz et al., 2017). Growing evidence suggest that skeletal muscle (peripheral)
alterations play a more dominant role in explaining exercise intolerance in HFpEF
rather than cardiac (central) dysfunction (Haykowsky & Kitzman, 2014,
Mohammed et al., 2014). HFpEF-associated skeletal muscle alterations in both
patients and experimental models confirm lower skeletal muscle strength
(Bekfani et al., 2016), fat infiltration (Haykowsky et al., 2014; Zamani et al., 2020),
fibre atrophy (Bowen et al., 2018), reduced capillarization (Kitzman et al., 2014;
Bowen et al., 2018), mitochondrial dysfunction (Bowen et al., 2015; Molina et al.,
2016; Bowen et al., 2017b), augmented high-energy phosphate depletion during
exercise (Bhella et al., 2011a; Weiss et al., 2017), lower Oz extraction (Dhakal et
al., 2015; Houstis et al., 2018; Zamani et al., 2020), impaired muscle mechanics

and reduced functional hyperaemia (Espino-Gonzalez et al., 2020).

While there is a lack of effective treatments for HFpEF, exercise training is
associated with prognostic benefits in patients (Kitzman et al., 2010; Dieberg et
al., 2015; Pandey et al., 2015; Chan et al., 2016). Exercise training improves
VOzpeak and quality of life in HFpEF, in part by enhancing arterial-venous O2
content (AAVO2) and augmenting peripheral oxygen extraction, without
significantly altering cardiac function or structure (Kitzman et al., 2010;
Haykowsky et al., 2012; Smart et al., 2012; Tucker et al., 2016). Importantly,

however, exercise trials have mainly focused on cardiorespiratory function, while
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little is known about exercise-induced skeletal muscle adaptations. In HFrEF
patients, exercise training studies (endurance or resistance) are well established
to reverse many skeletal muscle alterations such as lower muscle mass, fibre
atrophy, fibre type shift, reduced C:F, lower mitochondrial density and impaired
blood flow (Gielen et al., 2003; Esposito et al.,, 2018; Engineer et al., 2019;
Tryfonos et al., 2021). Interestingly, recent data from obese-HFpEF rats indicated
that endurance training was unable to overcome several histological,
mitochondrial and functional skeletal muscle impairments (Bowen et al., 2017b;
Bowen et al., 2018), while patient studies addressing this issue remain elusive.
Thus, at present there remains a gap in knowledge whether HFpEF impairs

skeletal muscle remodelling to response to adequate stimuli.

Muscle adaptation to mechanical overload (exercise) is typically characterized by
increases in muscle wet-mass and FCSA (lanuzzo & Chen, 1979; Timson et al.,
1985), which are dependent on changes in protein synthesis and/or addition of
new myonuclei (Blaauw & Reggiani, 2014). Further, exercise-induced muscle
adaptations can be affected by intrinsic (e.g., mitochondrial dysfunction) and/or
extrinsic skeletal muscle alterations (e.g., impaired flood flow). For example,
decreased mitochondrial ATP production can limit protein synthesis (Carafoli et
al., 1964; Hyatt & Powers, 2021), which directly affects skeletal muscle
hypertrophy. On the other hand, adequate blood flow and capillarisation is critical
for anabolic stimuli to increase protein synthesis and fibre size (Timmerman et
al., 2010; Snijders et al., 2017; Moro et al., 2019) as this allows the delivery of
oxygen, nutrients, and growth factors. We recently demonstrated that HFpEF rats
have an impaired blood flow response to contractions that implies a perfusive

oxygen delivery limitation (Espino-Gonzalez et al., 2020). However, whether this
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affects exercise-induced skeletal muscle adaptations remains unclear, with only
preliminary patient data suggesting that exercise training may improve

vasodilation (measured by non-invasive methods) (Hearon et al., 2022).

The experimental model of mechanical overload is widely used as a method to
study skeletal muscle hypertrophy, often induced by synergist ablation (Terena
et al., 2017). This model provides a unique opportunity to study myofiber cellular
changes and underlying mechanisms that are often difficult to observe in humans
as well as under conditions of modest hypertrophy such as exercise training
(Lowe & Alway, 2002; Egginton, 2011). The present study, therefore, aimed to
determine whether HFpEF affects the ability of skeletal muscle to undergo muscle
hypertrophy in response to adequate stimuli. Specifically, the TA was surgically
removed to evaluate the compensatory response of the EDL muscle. Skeletal
muscle morphology, contractile properties, mitochondrial respiration, and
functional hyperaemia were also measured. A better understanding of
mechanisms limiting skeletal muscle hypertrophy in HFpEF could help direct
future experiments and therapeutic approaches to target muscle wasting and

weakness.
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5.2 Methods
5.2.1 Ethical approval

All experimental procedures were performed in accordance with the UK Scientific
Procedures (Animals) Act 1986 and local approval was given by the University of

Leeds Animal Welfare and Ethical Review Committee.

5.2.2 Animals

Obese and lean ZSF1 rats were compared at 20 weeks of age, after 15 days of
surgically induced functional overload on the EDL muscle. HFpEF cardio-
metabolic phenotype was confirmed by diffusion tensor magnetic resonance
imaging (DT-MRI) and invasive hemodynamics (Espino-Gonzalez et al., 2020).
In situ muscle function, functional hyperaemia, in situ mitochondrial respiration

and skeletal muscle morphology were assessed (Figure 5.1).

I— 2 weeks _I
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Mechanical overload Physiological assessments
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Figure 5.1. Study design. Male obese (n = 8) and lean (n = 8) ZSF1 rats were
compared at 20 weeks of age, after 15 days of surgically induced functional
overload on the EDL muscle. In situ muscle function and femoral artery blood, in
situ mitochondrial respiration and skeletal muscle morphology were assessed.

HFpEF
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5.2.3 Overload protocol

To induce EDL hypertrophy, unilateral synergistic surgical ablation of the TA
muscle was performed as previously described (Frischknecht & Vrbova, 1991).
The contralateral limb was sham-operated to serve as an intra-animal control.
Full details of synergist ablation surgery are provided in Chapter 2 General

methods: 2.4.

5.2.4 In situ muscle performance and femoral artery blood flow

In situ assessments of EDL muscle performance (isometric twitch and maximal
forces and fatigability) and femoral artery blood flow were determined as
previously described (Espino-Gonzalez et al., 2020). Full details are provided in

Chapter 2 General methods: 2.5.

5.2.5 Tissue analyses

In situ mitochondrial respiration was assessed in permeabilised EDL muscle
fibres using high resolution respirometry, as described elsewhere (Bowen et al.,
2015). Analyses of fibre type-specific CSA, fibre type composition, C:F, CD,
LCFR, LCD and In silico muscle POz were performed on EDL cryosections, as
previously described (Al-Shammatri et al., 2019). Citrate synthase was assessed
photometrically in homogenates by commercially available kits. Western blot was
used to quantify the expression of mitochondrial proteins. Full details of all

measurement procedures are provided in Chapter Il General methods.

5.2.6 Statistical analyses

After appropriate checks of normality, differences between and within groups
were assessed by Two-way analysis of variance (ANOVA) followed by Bonferroni

post hoc test. A three-way ANOVA was used to determine whether there is a
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three-way relationship among HFpEF, overload and fibre type. Analyses were
performed in GraphPad Prism v.8. Data are presented as meanzSD, and the

level of significance was accepted as P < 0.05 for all analyses.

5.3 Results

5.3.1 Cardio-metabolic phenotype

Cardio-metabolic phenotype of the animal model is shown in Chapter 3 Results
l. At 20 weeks of age, obese-ZSF1 rats developed metabolic comorbidities and
cardiac changes typically associated with HFpEF. These included obesity,
hyperglycaemia, hypertension and increased right ventricular wall thickness

(Espino-Gonzalez et al., 2020).

5.3.2 Skeletal muscle morphology

Representative muscle sections of the EDL muscle are presented in Figure 5.2a.
Compared to controls, contralateral and overloaded muscles of HFpEF rats had
reduced FCSA (Figure 5.2b). After 15 days of overload, total FCSA showed an
increase of 29% in the control group, whereas this was unchanged in HFpEF rats
(Figure 5.2b). The overload-induced fibre hypertrophy observed in the control
group occurred primarily in Type lIb/lIx fibres (Figure 5.2e), with no significant
changes in Type | (Figure 5.2c) and Type lla (Figure 5.2d). There was a
significant interaction between HFpEF, overload and fibre type (P = 0.04).
Contralateral muscles of HFpEF rats showed a lower percentage of Type | fibres
(Figure 5.2f). Contralateral and overloaded muscles of HFpEF rats also had lower
C:F, although both groups showed a similar increase in this after overload (Figure
5.29g). In contrast, only HFpEF rats showed a significant increase in CD after

overload (Figure 5.2h). Fibre type-specific analysis of capillary distribution
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revealed that, after overload, LCFR of Type Ilb/lix fibres was increased in both
groups (Figure 5.2k), whereas this remained unchanged in Type | (Figure 5.2i)
and Type lla fibres (Figure 5.2j). HFpEF rats showed an increased overload-
induced response in LCD of Type IIb/lIx fibres (Figure 5.2n), with no significant
changes in LCD of Type | (Figure 5.2) and Type lla fibres (Figure 5.2m).
Simulations of muscle PO2 at maximal rate of oxygen consumption revealed that,
compared to lean controls, the overloaded muscles of HFpEF rats had higher

muscle oxygen tension (Figure 5.20, p).
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Figure 5.2. Histological features of the EDL muscle. Representative EDL
sections (a). Compared to CON, contralateral (CL) and overloaded (OL) muscles
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of HFpEF rats had reduced FCSA (P < 0.05) (b). After overload, total FCSA
increased in CON rats (P = 0.02), whereas this was unchanged in HFpEF (P >
0.99) (b); this response occurred primarily in Type lIb/lIx fibres (P = 0.02) (e), with
no significant changes in Type | (¢c) and Type lla (all P > 0.05) (d). Contralateral
muscles of HFpEF rats had a lower percentage of Type | fibres (P = 0.03) (f).
Contralateral and overloaded muscles of HFpEF rats also had lower C:F (all P <
0.05), although both groups showed a similar increase in this after overload (all
P < 0.05) (g). In contrast, only HFpEF rats showed a significant increase in CD
after overload (P = 0.01) (h). Overload increased LCFR of Type IIb/lIx fibres in
both groups (all P <0.05) (k), whereas this remained unchanged in Type I (i) and
Type lla fibres (all P > 0.05) (j). After overload, HFpEF rats showed an increased
in LCD of Type lIb/lIx fibres (P = 0.02) (n), with no significant changes in LCD of
Type | (1) and Type lla fibres (all P > 0.05) (m). Compared to CON, overloaded
muscles of HFpEF rats had higher POz at maximal rate of oxygen consumption
(P =0.04) (0, p). Scale bar represents 100 pm.

5.3.3 In situ muscle function and femoral artery blood flow

Compared to lean controls, HFpEF rats had lower skeletal muscle mass (Figure
5.3a); yet, both groups showed a significant increase in this after 2 weeks of
overload (Figure 5.3a). Absolute twitch and maximal forces were increased in the
control group after overload, while these remained similar in the HFpEF group
(Figure 5.3b and Figure 5.3c, respectively). However, when normalised to muscle
mass, specific twitch and maximal forces were not different between or within
groups (Figure 5.3d and Figure 5.3e, respectively). Muscle fatigue was
significantly improved in both groups after overload (Figure 5.3f). No significant
differences between or within groups were observed in resting blood flow (Figure
5.39g). In contrast, overloaded muscles of lean rats showed a lower functional
hyperaemic response compared to their respective contralateral muscles (Figure
5.3h). Functional hyperaemia was also impaired in the contralateral muscles of

HFpEF rats when compared to those in controls (Figure 5.3h).
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Figure 5.3. In situ EDL contractile function and femoral artery blood flow.
Compared to CON, HFpEF rats had lower muscle mass (P < 0.05), although both
groups had a significant increase in this after overload (all P < 0.05) (a). Absolute
twitch (b) and maximal forces (c) were increased in the control group after
overload (all P < 0.05), while these remained similar in HFpEF (all P > 0.05). In
contrast, specific twitch (d) and maximal forces (e) were not different between or
within groups (all P > 0.05). Overload improved muscle fatigue in both groups (all
P < 0.05) (f). No significant differences between or within groups were observed
in resting blood flow (all P > 0.05) (g). In contrast, overloaded muscles of lean
rats showed a lower functional hyperaemic response compared to their
contralateral muscles (P = 0.04). Compared to CON, contralateral muscles of
HFpEF rats had an impaired increase in blood flow during stimulation (P = 0.001)

(h).

5.3.4 Mitochondrial function

High-resolution respirometry experiments revealed that, after overload, all
mitochondrial respiratory states tended to be lower in HFpEF, although only
oxidative phosphorylation with complex | substrates (P)) reached significance
(Figure 5.4a). After normalisation to complex IV activity (Ci) (a marker of
mitochondrial content), no significant differences were found for any of the
respiratory states (Figure 5.4b). In contrast, however, after overload, the
respiratory control ratio (RCR) was significantly increased by 51% in the control
group, with no significant changes (7%) in HFpEF (Figure 5.4c), indicating an

impaired response in mitochondrial coupling efficiency. No significant differences
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were found in citrate synthase activity (Figure 5.4d). Similarly, markers of
mitochondrial function and morphology, such as OPA1, PGC-1q, Drp1, ACC and

ACL, were comparable between CON and HFpEF (Figure 5.4e-p).
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Figure 5.4. In situ mitochondrial respiration of permeabilized EDL muscle
fibres. After overload, all mitochondrial respiratory states tended to be lower in
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HFpEF, but only P, reached significance (P = 0.04) (a). After normalisation to
complex IV activity (Civ), no significant differences were found (P > 0.05) (b). In
contrast, after overload, the respiratory control ratio (RCR) was increased in CON
rats (P = 0.01), with no significant changes in HFpEF (P > 0.99) (c). No significant
differences were found in citrate synthase activity (All P > 0.05) (d). Similarly,

protein contents of OPA1, PGC-1a, Drp1, ACC and ACL, were comparable
between groups (P > 0.05) (e-p).

5.4 Discussion

The main finding from the present study was that functional overload for two
weeks increased myofiber size, specifically Type lIb/lix FCSA, in lean but not
obese-HFpEF rats indicative of anabolic resistance. Mechanistically, overload
significantly increased mitochondrial coupling efficiency in lean but not obese-
HFpEF rats, while vascular function was well preserved in both groups. This
indicates for the first time HFpEF is associated with a deficit in myofiber

hypertrophy that may be linked to mitochondrial abnormalities.

5.4.1 Mechanisms of muscle hypertrophy

Muscle adaptation to mechanical overload is typically characterized by increases
in muscle wet-mass and FCSA (lanuzzo & Chen, 1979; Timson et al., 1985),
which is determined by elevated rates of protein synthesis via improved
translational efficiency and/or addition of new myonuclei via SC (Blaauw &
Reggiani, 2014). While measurements of protein synthesis and myonuclei
accretion were outside the scope of this study, we did observe that, compared to
lean controls, obese-HFpEF rats had a similar increase in muscle wet-mass,
whereas FCSA remained unchanged after two weeks of overload. A similar
overload-induced hypertrophic response has been observed in old mice (Dungan
et al., 2022) and mice lacking inflammatory cytokine interleukin-6 (IL-6), and may

be explained, at least in part, by a greater accumulation of collagen content and
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fibrosis (White et al., 2009). Alternatively, muscle hypertrophy can also be
attributed to the longitudinal “branching”, “fragmenting”, or “splitting” of existing
muscle fibres, which may result in the presence of new muscle fibres
(hyperplasia) (Murach et al., 2019). This phenomenon has been observed during
“‘extreme” loading in disease models, and typically occurs concomitant with signs
of regeneration, thus being considered as pathological hypertrophy (Isaacs et al.,
1973; Schmalbruch, 1984; Faber et al., 2014). However, whether hypertrophy in
HFpEF is mediated via muscle fibre splitting, and/or associated with increased

fibrosis, remain to be determined.

5.4.2 Role of vascular function to limit muscle hypertrophy in HFpEF

The vascular system is responsible for the delivery of oxygen, nutrients and
growth factors, and removal of waste products to/from muscles, which is
orchestrated by several mechanisms, including mechanical stimulation, local and
regional metabolic responses, circulating substances and neural signals
(Egginton, 2011). Adequate blood flow and capillarisation is therefore critical for
anabolic stimuli, such as insulin and exercise, to increase protein synthesis and
fibre size (Timmerman et al., 2010; Snijders et al., 2017; Moro et al., 2019). We
previously demonstrated that obese-HFpEF rats have an impaired blood flow
response to contractions that implies a perfusive oxygen delivery limitation
(Espino-Gonzalez et al., 2020). In this study, however, resting femoral artery
blood flow and functional hyperaemia in HFpEF rats were not impaired after
overload. In addition, both lean and HFpEF rats showed a similar overload-
induced increase in C:F with no impairments in muscle POz at maximal exercise,
which indicates adequate oxygenation. These responses are consistent with

previous experiments in rats, where two weeks of overload did not impair resting
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and maximal EDL muscle blood flow, but increased C:F; in addition, similar to our
results in lean rats, functional hyperaemia was reduced in overloaded muscles
compared to contralateral muscles (Egginton et al., 1998). However, whether

these findings will translate to humans remains unclear.

To date, only few studies have investigated the effect of exercise training on
skeletal muscle function in HFpEF patients (Haykowsky et al., 2012; Fu et al.,
2016; Hearon et al., 2022). A recent study showed that 8 weeks of isolated knee
extension exercise training improved exercise capacity, skeletal muscle
vasodilation and blood flow in HFpEF patients (Hearon et al., 2022). Collectively,
therefore, it is unlikely that exercise- or loading-induced skeletal muscle
responses in HFpEF are limited by changes in vascular function. However, this
remains to be confirmed by direct measurements of skeletal muscle function,
morphology (e.g., FCSA, fibre type distribution and capillarity) and blood flow in

patients with HFpEF.

5.4.3 Role of mitochondrial dysfunction to limit muscle hypertrophy
in HFpEF

Several muscle wasting disorder, including HF, are associated with mitochondrial
dysfunction and impaired ability to produce ATP (Max, 1972; Romanello et al.,
2010; Calvani et al., 2013; Rosca & Hoppel, 2013; Hyatt & Powers, 2021). Here,
we observed that the impaired overload-induced hypertrophic response in HFpEF
rats was associated with reduced mitochondrial coupling efficiency. Specifically,
after overload, the respiratory control ratio (RCR) was increased in lean controls
(51%), with no significant changes in HFpEF rats (7%). Decreased mitochondrial

ATP production can limit protein synthesis and accelerate protein degradation
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(Carafoli et al., 1964; Hyatt & Powers, 2021). ATP is required for protein synthesis
and, therefore, low levels could depress the synthesis of new proteins, thereby
contributing to muscle atrophy. Low levels of ATP in skeletal muscle have been
associated with increased AMPK activity and subsequent inhibition of mTOR, a
major regulator of multiple components involved in protein synthesis, including
initiation and elongation factors, and ribosome biogenesis (Thomson, 2018).
Increased AMPK activity can also activate FoxO3, which triggers the expression
of proteins involved in the ubiquitin proteasome system (e.g., MAFbx and MuRF1)
and autophagy (e.g., LC3) (Greer et al., 2007). While we did not measure the
expression of atrogenes, obese-ZSF1 rats and HFpEF patients have shown an
increased expression of MURF1, MuRF2 and MAFbx in skeletal muscle (Bowen
et al., 2017b; Goto et al., 2020). However, the activity of these pathways during

mechanical overload (exercise) in HFpEF remains to be determined.

Muscle atrophy has also been associated with impaired mitochondrial fusion and
fission, as evidenced by lower expression of the fusion protein OPALl and the
fission protein DRP1. In the present study, however, OPA1 and Drpl were not
significantly affected by HFpEF or overload. Similarly, no significant differences
between or within groups were observed in PGC-1a, a key mitochondrial
regulator that protects skeletal muscle atrophy by suppressing transcriptional
activity of FOXO, atrophy-specific gene expression and protein degradation
(Sandri et al., 2006). Moreover, ACC and ACL, two mitochondrial players that
regulate fatty acid oxidation (Vavvas et al., 1997), and satellite cell differentiation
and muscle regeneration (Das et al., 2017), respectively, were not significantly
affected by HFpEF or overload. Collectively, therefore, our data suggest that

impaired overload-induced hypertrophy in HFpEF may be explained, at least in
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part, by limitations in mitochondrial ATP production via a signalling pathway not

yet characterised in this disease.

5.4.4 Limitations

Lean and obese-HFpEF rats were compared at a relatively early time point (20
weeks), which may limit translation of our findings to more advanced stages of
HFpEF. However, this rat model has been shown to develop metabolic
impairments associated with typical signs of HFpEF as well as muscle
dysfunction developing as early as 10-15 weeks of age (Schauer et al., 2020).
Further, our experiments were performed in male rats only, thus, it remains
unclear whether similar findings would be observed in females. Furthermore,
physical activity levels between groups were not measured and cannot be ruled
out as having an impact on our experimental measures. However, it is well
established that low physical activity fails to account for the skeletal muscle

deficits induced by HF (Simonini et al., 1996; Miller et al., 2009).

5.5 Conclusions

Mechanical overload significantly increased muscle force and myofiber size in
controls but not in obese-HFpEF rats, which was linked to impaired mitochondrial

and not vascular function.



100

Chapter 6 Results IV. Impaired overload-induced skeletal
muscle hypertrophy in obese-HFpEF rats is rescued by

caloric restriction

6.1 Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) has become the
dominant form of HF in many parts of the world (Dunlay et al., 2017). An optimal
evidence-based strategy to manage this syndrome is unclear and is often
complicated by comorbidities and non-cardiac ‘peripheral’ impairments, such as
skeletal muscle and vascular dysfunction (Sharma & Kass, 2014; Silverman &
Shah, 2019; Mishra & Kass, 2021b). SGLT2l (Anker et al., 2021), exercise
training (Pandey et al., 2015) and recently dietary modifications (i.e., caloric
restriction) (Kitzman et al., 2016) have been some of the few treatments to
improve outcomes in HFpEF patients. Caloric restriction (CR) in particular has
widespread benefits, improving lifespan and homeostasis in multiple cells and
tissues (Brandhorst et al., 2015) including skeletal muscle (Hwee & Bodine, 2009;
Cerletti et al., 2012). CR improved cardiac function, exercise capacity and
glucose metabolism, and induced weight loss, while increasing quality of life and
survival in obese HF patients (with both reduced and preserved LVEF) (Rider et

al., 2013; Bonilla-Palomas et al., 2016; Kitzman et al., 2016; Bianchi, 2020).

To date, only one study has examined the effects of CR on skeletal muscle in
HFpEF patients (Kitzman et al., 2016) and none in experimental models.
Specifically, twenty weeks of CR improved skeletal muscle function and exercise
capacity (i.e., peak VO2) while reducing body weight and fat mass (Kitzman et al.,
2016). In addition, CR in combination with aerobic exercise training showed

additive benefits, which was positively correlated with the change in thigh muscle
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to intermuscular fat ratio (Kitzman et al., 2016). We demonstrated that HFpEF
affects the ability of skeletal muscle to undergo hypertrophy in response to
mechanical overload in an obese-HFpEF rats (Chapter 5 Results Ill).
Interestingly, evidence from aged rats showed long-term CR is capable of
reversing blunted myofiber hypertrophy during mechanical overload (Hwee &

Bodine, 2009).

Myofiber growth is generally determined by two nonexclusive mechanisms: 1)
elevated rates of protein synthesis via improved translational efficiency and
capacity via Akt-mTORCL1 signalling; and/or 2) addition of new myonuclei that is
dependent upon muscle SC (Blaauw & Reggiani, 2014). Studies suggest that
activation of SC to support myonuclear accretion is required during overload-
induced muscle hypertrophy (Rosenblatt & Parry, 1992; Rosenblatt et al., 1994;
Adams et al., 2002; Egner et al., 2016). However, contradictory evidence exists,
where hypertrophy in some cases can occur without SC activation and
subsequent myonuclei accretion due to increased protein synthesis signalling
alone (Rosenblatt & Parry, 1993; Lowe & Alway, 1999; McCarthy & Esser, 2007).
In HFpEF, a knowledge gap exists in understanding the anabolic signalling
pathways that regulate muscle hypertrophy. Previous experiments have shown
that insulin resistance or other related comorbidities may impair the ability of
skeletal muscle to activate mTOR signalling and undergo load-induced muscle
hypertrophy (Katta et al., 2010; Paturi et al., 2010). Collectively, whether load-
induced myofiber hypertrophy in HFpEF is impaired due to decreased
myonuclear accretion and/or protein synthesis signalling is unknown, but CR

rejuvenate myofiber growth especially given evidence it can normalise SC
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function, anabolic signalling, and myofiber hypertrophy in aged rodents (Hwee &

Bodine, 2009).

The present study, therefore, aimed to examine the effects of CR on skeletal
muscle at baseline and during stimulated hypertrophy in HFpEF, by applying
functional, histological and molecular approaches to obese-HFpEF rats and lean
controls. Specifically, we performed global and local fibre-type specific
phenotyping of FCSA, isoform, and capillarity. In parallel, we further assessed
myonuclear accretion and protein synthesis via relevant anabolic signalling
proteins. A better understanding of the mechanisms by which CR ameliorates
skeletal muscle deficits induced HFpEF could help direct future patients

experiments and therapeutic approaches.

6.2 Methods
6.2.1 Ethical approval

All experimental procedures were performed in accordance with the UK Scientific
Procedures (Animals) Act 1986 and local approval was given by the University

of Leeds Animal Welfare and Ethical Review Committee.

6.2.2 Animals
Lean, HFpEF and HFpEF+CR rats were compared after 14 days of surgically

induced functional overload on the EDL muscle. CR over 4 weeks was initiated
at week 1 with 10% restriction, increased to 25% at week 2, and maintained at
40% restriction after functional overload in the last two weeks. Body weight was

monitored every ~5 days to not exceed a loss of >10%. Controls were fed ad
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libitum. In vitro muscle function, skeletal muscle morphology and anabolic and

catabolic signalling pathways were evaluated (Figure 6.1).
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Figure 6.1. Study design. Lean (n =4), HFpEF (n = 4) and HFpEF+CR (n = 4)
rats were compared after 14 days of functional overload on the EDL muscle. CR
was initiated at 10% restriction, increased to 25% in the second week, and
maintained at 40% restriction after overload in the last two weeks.

6.2.3 Overload protocol

To induce EDL hypertrophy, unilateral synergistic surgical ablation of the TA
muscle was performed as previously described (Frischknecht & Vrbova, 1991).
The contralateral limb was sham-operated and served as a relative control. Full
details of synergist ablation surgery are provided in Chapter 2 General methods:

2.4.

6.2.4 In vitro functional assessment

The soleus muscle was mounted vertically in a buffer-filled organ bath between

a hook and force transducer for measurement of in vitro isometric and isotonic
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contractile properties (absolute and specific forces, time to peak tension, half
relaxation time, and power), as previously described (Espino-Gonzalez et al.,

2020). Full details are provided in Chapter 2 General methods: 2.6.

6.2.5 Tissue analyses
Analyses of FCSA, fibre type composition, C:F, CD, LCFR and LCD were

performed on EDL and soleus cryosections, as previously described (Al-
Shammari et al., 2019). EDL cryosections were also stained with DAPI to quantify
the number of nuclei per fibre (i.e., nuclei residing within laminin stained
myofibers). Western blot was used to quantify the expression of proteins involved
in anabolic and catabolic signalling pathways. Full details of all measurement

procedures are provided in Chapter Il General methods.

6.2.6 Statistical analyses

After appropriate checks of normality, differences between and within groups
were assessed by Two-way analysis of variance (ANOVA) followed by Bonferroni
post hoc test. Analyses were performed in GraphPad Prism v.8. Data are
presented as mean+SD, and the level of significance was accepted as P < 0.05

for all analyses.

6.3 Results
6.3.1 Body weight and blood glucose levels

Compared to lean controls, obese-HFpEF rats with or without CR had increased
body weight (Figure 6.2a), which was monitored every ~5 days. HFpEF rats

developed hyperglycaemia, and this was reduced by CR (Figure 6.2b).
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Figure 6.2. Metabolic phenotype. Compared to lean controls, obese-HFpEF
rats with or without CR had increased body weight (all P > 0.05), which was
monitored every ~5 days (a). HFpEF rats had higher blood glucose levels (P =
0.04), which were reduced by CR (P = 0.97) (b).

6.3.2 EDL morphology

After functional overload, EDL muscle mass was significantly increased in lean
controls, but not in obese-HFpEF rats with or without CR (Figure 6.3a). Overload
increased fibre number in HFpEF rats only, while this was increased in
contralateral muscles of HFpEF+CR rats comparing to those of obese rats with
ad libitum diet (Figure 6.3c). Lean rats showed an increase of 27% in FCSA, while
this was increased by 9% and 35% in HFpEF and HFpEF+CR rats, respectively
(Figure 6.3b, d). Fibre type-specific analysis revealed that Type | FCSA was
significantly increased in HFpEF+CR rats only (Figure 6.3e); Type lla FCSA was
increased in CON and HFpEF+CR but not in HFpEF rats (Figure 6.3f), and Type
lIb/lIx FCSA was significantly increased in lean controls, remained unchanged in
HFpEF rats and tended to increase in HFpEF+CR rats (Figure 6.3g). Compared
to overloaded EDLs in HFpEF rats, those of HFpEF+CR rats increased

percentage of Type lla fibres with a lower percentage of Type IIb/lIx (Figure 6.3h).
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For capillarity, C:F increased in overloaded muscles of lean controls but not in
HFpEF rats with or without CR (Figure 6.3i). Compared to contralateral muscles
of lean and HFpEF rats, HFpEF+CR rats had increased CD (Figure 6.3)).
Overload induced no significant changes in LCFR of Type | fibres in all groups,
although this tended to be increased in HFpEF+CR rats (Figure 6.3k). No
significant differences between or within groups were observed in LCFR of Type
lla fibres (Figure 6.3l), whereas LCFR of Type IIb/IIx fibres was increased in lean
controls (Figure 6.3m). Overload did not induce changes in LCD of Type I, Type
lla and Type lIb/lIx fibres in all groups (Figure 6.3n-p). However, LCD of Type lla
and Type lIb/IIx fibres were increased in contralateral muscles of HFpEF+CR rats
(Figure 6.30, p). Importantly after overload, the number of nuclei per fibre (i.e.,
myonuclear accretion) was increased in lean and HFpEF+CR rats, but this was

unchanged in HFpEF (Figure 6.3q, r).
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Figure 6.3. Histological features of the EDL muscle. After overload, EDL
muscle mass was significantly increased in lean controls (p = 0.02), but not in
HFpEF rats with or without CR (all P > 0.05) (a). Overload increased fibre number
in HFpEF rats (P > 0.04), while this was increased in contralateral muscles of
HFpEF+CR rats comparing to those of obese rats with ad libitum diet (P = 0.05)
(c). Lean rats showed an increase of 27% in FCSA (P = 0.03), while this was
increased by 9% (P > 0.05) and 35% (P = 0.19) in HFpEF and HFpEF+CR rats,
respectively (b, d). Overload increased Type | FCSA in HFpEF+CR rats only (P
< 0.05) (e). Type lla FCSA was increased in CON (P < 0.05) and HFpEF+CR (P
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= 0.02) but not in HFpEF rats (P = 0.32) (f), while Type llb/lix FCSA was
significantly increased in lean controls (P = 0.02), remained unchanged in HFpEF
rats (P > 0.05) and tended to bed increased in HFpEF+CR rats (P = 0.12) (g).
Compared to overloaded muscles of HFpEF rats, those of HFpEF+CR rats
showed an increased percentage of Type lla fibres with a lower percentage of
Type lIb/lIx (all P < 0.05) (h). C:F was increased in overloaded muscles of lean
controls, compared to those in HFpEF rats with or without CR (all P < 0.05) (i).
Only lean controls showed an overload-induced increase in C:F (P = 0.04) (h).
Compared to contralateral muscles of lean and HFpEF rats, those of HFpEF+CR
rats had increased CD (P < 0.05) (j). No significant differences between or within
groups were observed in LCFR of Type | and Type lla fibres (all P > 0.05) (k, i),
whereas LCFR of Type IIb/lix fibres was increased in contralateral and
overloaded muscles of lean controls (all P < 0.05) (m). Overload did not induce
changes in LCD of Type |, Type lla and Type lIb/lIx fibres in all groups (P > 0.05)
(n-p); yet, LCD of Type lla and Type lIb/lIx fibres were increased in contralateral
muscles of HFpEF+CR rats (all P < 0.05) (o, p). After overload, the number of
nuclei per fibre was increased in CON and HFpEF+CR rats (P < 0.05) but not in
HFpEF rats (P > 0.05) (q, r). Scale bar represents 100 um (b) and 30 um (r).

6.3.3 Overload-induced changes in protein synthesis and
degradation

SUNSET analysis revealed that protein synthesis, based on the incorporation of
puromycin, was not different between or within groups (Figure 6.4a). In all groups,
downstream targets of mTOR that affect protein synthesis, such as 4E-BP1, S6
(except p-S6) and AMPK, were not significantly affected by overload (Figure 6.4b-
k). Overloaded muscles of lean and HFpEF+CR rats showed a higher content of
total 4E-BP1 compared to those of HFpEF rats (Figure 6.4b). Overload increased
p-S6 in HFpEF+CR rats only (Figure 6.4f). Proteins related to catabolic pathways,
including MuRF1 and p62, were not different between or within groups (Figure
6.41-n). Overall, these data suggest that the mTOR signalling pathway as well
catabolic signalling axis (i.e., the ubiquitin-proteosome and autophagy) were not

affected by two weeks of overload.
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Figure 6.4. Overload-induced response in protein synthesis and
degradation. Protein synthesis, based on the incorporation of puromycin, was
not different between or within groups (P > 0.05) (a). 4E-BP1, S6 (except p-S6)
and AMPK protein contents were not significantly affected by overload (P > 0.05)
(b-k). Overloaded muscles of lean and HFpEF+CR rats showed a higher content
of total 4E-BP1 compared to those of HFpEF rats (P < 0.05) (b). Overload
increased p-S6 in HFpEF+CR rats only (P < 0.05) (f). MuRF1 and p62 protein
contents were not different between or within groups (P > 0.05) (I-n).
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6.3.4 Soleus morphology and function

Compared to lean controls, soleus muscle mass tended to be reduced in obese-
HFpEF rats with or without CR (Figure 6.5a). Similarly, FCSA tended to be
reduced in HFpEF rats, which was increased by CR although it did not reach
statistical significance (P = 0.51) (Figure 6.5b, c). Skeletal muscle fibre type
distribution was not different between groups (Figure 6.5d). Compared to HFpEF
rats, HFpEF+CR rats showed an increase in C:F (Figure 6.5e), whereas no
significant differences were observed in CD (Figure 6.5f). Fibre type-specific
analysis of capillary distribution revealed that the increase in capillarity observed
in HFpEF+CR rats occurred primarily in Type lla fibres (Figure 6.5g), while no
significant differences were found in LCD of Type | or Type lla fibres (Figure

6.5h).
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Figure 6.5. Histological features of the soleus muscle. Soleus muscle mass,
FCSA and fibre type distribution were not significantly different between groups
(all P >0.05) (a-d). Compared to HFpEF rats, HFpEF+CR rats had increased C:F
(P =0.04) (e), whereas CD was not different between groups (all P > 0.05) (f).
Compared to HFpEF rats, HFpEF+CR rats had increased LCFR of Type lla fibres
(P =0.03) (g). No significant differences were found in LCD of Type | or Type lla
fibres (all P > 0.05) (h). Scale bar represents 100 pm.

Soleus absolute twitch and maximal forces were lower in HEpEF rats with or
without CR (Figure 6.6a, b). However, mass-specific twitch and maximal forces
were comparable between groups (Figure 6.6¢c, d). No significant differences
were observed in time to peak tension, half relaxation time, shortening velocity

and fatigue plotted as percentage initial force (Figure 6.6e-h). Compared to lean

and HFpEF+CR rats, muscle power was ~15% lower in HFpEF rats, although it
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did not reach significance (P = 0.34) (Figure 6.6i). As protein synthesis is highly
time-sensitive, acute changes in protein synthesis were also assessed after in
vitro muscle contractions. We measured 4E-BP1, S6 and AMPK (downstream
targets of mMTOR) protein contents in stimulated (ST) and non-stimulated (NST)
muscles and found that these were not significantly affected by HFpEF or CR

(Figure 6.6j-s).
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Figure 6.6. In vitro skeletal muscle function. Soleus absolute twitch and
maximal forces were lower in HEpEF rats with or without CR (all P < 0.05) (a, b),

whereas mass-specific twitch and maxi

mal forces were comparable between

groups (all P > 0.05) (c, d). No significant differences were observed in time to
peak tension, half relaxation time, shortening velocity, fatigue and muscle power
(all P>0.05) (e-i). 4E-BP1, S6 and AMPK protein contents in stimulated (ST) and

non-stimulated (NST) muscles were not

(-s).

different between groups (all P > 0.05)
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6.4 Discussion

We previously demonstrated that overload-induced skeletal muscle hypertrophy
is impaired in obese-HFpEF rats (Chapter 5 Results 1ll). Here we provide new
evidence that myofiber hypertrophy can be partially rescued via acute CR
treatment. The underlying mechanism for this seems related to improved
myonuclear accretion (possibly via enhanced muscle stem cell function) rather
than increased protein synthesis signalling. We also show that CR affected
skeletal muscle remodelling in a fibre type-specific manner and benefits baseline
muscle phenotype in HFpEF. These data are the first to show that CR rejuvenates
myofiber growth in the setting of HFpEF and highlight novel mechanistic targets

that may help develop therapies.

6.4.1 Effects of caloric restriction in HFpEF on metabolic and muscle

phenotype

CR has consistently demonstrated to reduced body weight in HF patients (Rider
et al., 2013; Kitzman et al., 2016; Bianchi, 2020) and HF animal models (Yan et
al., 2013; de Lucia et al., 2018). Here, body weight of caloric-restricted rats was
maintained throughout the intervention period (four weeks), which contrasts a
previous study where CR (four weeks) reduced body weight in obese HF rats
(Takatsu et al., 2013); this discrepancy may be related to the lower percentage
of CR used in our study (10-40% vs 65%). Our study also showed that blood
glucose levels were normalised in HFpEF rats with CR compared to untreated
HFpEF rats. Regulation of glucose homeostasis by CR has been consistently
demonstrated in different cohorts (Soare et al., 2014) and animal models (Colman
et al., 1998; Colman et al., 2009; Mitchell et al., 2016; Velingkaar et al., 2020;

Ham et al., 2022).
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In relation to skeletal muscle, little is known about the effects of CR in HFpEF and
no experimental animal studies have focused on this. DEXA and MRI measures
of body composition have shown that CR reduces lean body mass and thigh
skeletal muscle (cm?) in HFpEF patients, but increases percent lean body mass
and muscle quality (leg power divided by thigh muscle) (Kitzman et al., 2016).
Here, HFpEF rats showed lower EDL and soleus muscle mass but this was not
affected by CR. In contrast, CR exacerbated fibre atrophy in the EDL muscles
and this response was more prominent in fast-twitch glycolytic fibres. We
(Chapter 4 Results Il) and others have previously demonstrated that fast-twitch
glycolytic fibres are more prone to be affected by atrophic conditions than slow-
twitch oxidative fibres (Wang & Pessin, 2013; Talbot & Maves, 2016). In support,
we also observed that CR did not aggravate but tended to increase FCSA, and
increased C:F in the soleus muscle, which consists almost entirely of slow-twitch
oxidative fibres. Further, CR restriction tended to increase muscle power, which
further supports previous observations in HFpEF patients (Kitzman et al., 2016).
Overall it seems CR may improve muscle quality to benefit overall function at the

expense of some baseline reductions in muscle mass.

6.4.2 Regulation of muscle hypertrophy and effects of CR in HFpEF

Skeletal muscle mass is regulated by changes in the balance between rates of
protein synthesis and protein degradation, which is orchestrated by anabolic
(e.g., the mTOR pathway) and catabolic pathways (e.g., the ubiquitin-proteasome
system and autophagy). This balance is tightly governed by upstream factors
related to hormonal, metabolic, mechanical and neural activity (Schiaffino et al.,
2013), which explains why CR, physical inactivity and several diseases can cause

substantial loss of skeletal muscle mass and strength. In this study, downstream
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targets of mTOR, such as 4E-BP1, S6 and AMPK, as well as key regulators of
the ubiquitin-proteosome system and autophagy (MuRF1 and p62, respectively)
were not significantly affected by CR or HFpEF. This contradicts previous studies
suggesting that CR suppresses mTOR activity and activates autophagy to
maintain proper cell function and promote cell survival (Margolis et al., 2016;
Chen et al., 2019; Chung & Chung, 2019) although our study was only for an
acute time period not long term. Further, skeletal muscles of obese-ZSF1 rats
and HFpEF patients have shown increased levels of MuRF1, leading to an
increase of ubiquitinylated proteins, which are subsequently degraded by the
proteasome system (Goto et al., 2020). Taken together, CR seems to affect
skeletal muscle remodelling in a fibre type-specific manner, while its mechanisms

of action remain to be fully established.

We confirmed that CR rescued blunted myofiber hypertrophy in obese-HFpEF
rats. Specifically, after overload, total FCSA was increased by 27% and 35% in
lean controls and caloric-restricted HFpEF rats, respectively, but increased by
only 9% in HFpEF rats with ad libitum diet. Interestingly, CR caused a greater
overload-induced hypertrophic response in oxidative fibres (Type | and Type lla),
suggesting that fast-twitch glycolytic fibres are not only more vulnerable to
atrophy, as previously discussed, but also have a reduced hypertrophic
response. It is suggested that during hypertrophy SC undergo proliferation,
differentiation and fusion with existing myofibers in order to provide new
myonuclei for growing muscle cells and maintain an optimal myonuclear domain
size (Petrella et al., 2006; Petrella et al., 2008; Phillips, 2014; Snijders et al.,
2015). This is supported by experiments where overload-induced muscle

hypertrophy was prevented in SC-deficient rodents (Rosenblatt & Parry, 1992;



117
Rosenblatt etal., 1994; Adams et al., 2002; Egner et al., 2016). However, findings
from other studies have yielded contradictory results (Rosenblatt & Parry, 1993;
Lowe & Alway, 1999), and techniques for SC depletion where DNA replication is
inhibited either pharmacologically or by y-irradiation, have been questioned

(McCarthy & Esser, 2007).

In our study, the impaired hypertrophic response observed in HFpEF rats was
associated with a lower number of nuclei per fibre, while the improved
hypertrophy after CR occurred in line with increased myonuclear accretion. Thus,
our data support the concept that increased SC function and subsequent
myonuclear accretion play an important role in muscle hypertrophy, while
providing new evidence that HFpEF impairs myonuclear accretion in response to
mechanical overload, which can be ameliorated by CR. What specific
mechanisms related to SC dysfunction exists in HFpEF remain unclear, but CR
has been well document to increase SC number, function and myogenic
progression in mouse studies alongside accelerating regeneration after injury
(Cerletti et al., 2012). Other mechanisms for the improved hypertrophic response
observed in HFpEF rats with CR may also be related to improvements in
mitochondrial ATP production (which are important for both protein synthesis
during hypertrophy (Carafoli et al., 1964; Hyatt & Powers, 2021) but also SC
homeostasis). CR is known to increase mitochondrial function in both
permeabilized muscle fibres (Lanza et al., 2012) and isolated SC of mice.

However, this remains to be directly confirmed by future experiments.
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In lean “control” rodents, muscle adaptation to mechanical overload is typically
characterized by an increase in protein synthesis, represented as total protein
content (White et al., 2009), myofibrillar protein content (Almurshed & Grunewald,
2000) or increased puromycin incorporation (Pereira et al., 2017). A previous
study showed that this is not affected by CR. Specifically, muscle mass, total
protein, and myofibrillar protein contents were increased in overloaded muscles
of both caloric restricted rats and rats with ad libitum diet (Almurshed &
Grunewald, 2000). In contrast, our data showed that protein synthesis, measured
by puromycin incorporation, was not affected by overload, HFpEF or CR. In
addition, mTOR-related signalling (i.e., 4E-BP1, S6 and AMPK) was not different
between or within groups, which contrast previous observations where overload
increased phosphorylation of mTOR, p70S6k and S6 in lean controls but not in
obese rats with insulin resistance (Katta et al., 2010; Paturi et al., 2010). These
discrepancies may be explained by differences between animal models, time
period of the overload, and methods for measuring protein synthesis. To the best
of our knowledge, this is the first study where ZSF1 rats are subjected to synergist
ablation-induced mechanical overload, and the time point when protein synthesis
is supposed to increase remains to be established. This has been examined in
different animal models and can differ across overload periods and
diseases/comorbidities. For example, lean rats have shown an increase of 37%
and 17% in phosphorylation of mTOR after 7 and 21 days of overload,
respectively, whereas this increased by 18% in obese rats after 7 days of
overload but remained unchanged after 21 days (Katta et al., 2010). It is possible,
therefore, that we missed or did not reach the point where protein synthesis
increases in response to overload. We did perform acute experiments and

measured protein synthesis immediately after muscle contractions and similarly
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found no differences between groups/conditions. However, muscles were frozen
immediately after contractions and past studies have shown it may take >3 h to
see peak effects on protein synthesis (Atherton et al., 2005). Future studies

examining multiple time points are therefore required to clarify this issue.

6.4.3 Limitations

We did not confirm that obese rats developed a clinical HFpEF phenotype.
However, we (Espino-Gonzalez et al., 2020) and others have consistently
demonstrated that this rat model develops key features of HFpEF as early as 10-
15 weeks of age (Schauer et al., 2020), including diastolic dysfunction, preserved
ejection fraction, myocardial remodelling, hypercalcemia, obesity and exercise
intolerance (Hamdani et al., 2013; Leite et al., 2015; Franssen et al., 2016; van
Dijk et al., 2016; Bowen et al., 2017b). Further, our experiments were performed
in male rats only, thus, it remains unclear whether similar results would be
replicated in females. We also only assessed a single time point after overload
and may have missed earlier or later transient changes in protein synthesis and

myonuclear accretion.

Clinically, the long-term effects of CR on improving clinical outcomes in HF
patients may be complex. For example, some HF patients are susceptible to
develop sarcopenia and frailty, thus, the benefits of caloric restriction must be
counterbalanced by the risks it may impose as it may compromise vital nutrition
in elderly or debilitated patients. Further, paradoxically, while obesity increases
the risk of HF, obese HF patients in general have shown better survival outcomes
than those who are normal or underweight as assessed via body mass index

(Haass et al., 2011).
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6.5 Conclusions
Acute CR restored overload-induced fibre hypertrophy in HFpEF rats, which was
associated with increased myonuclear accretion and not protein synthesis
signalling. This indicates CR could rejuvenate muscle stem cell function to
support myofiber growth, which may offer a novel and viable non-

pharmacological treatment to enhance muscle mass in patients with HFpEF.
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Chapter 7 General discussion

HFpEF is no longer considered a simple syndrome of cardiac dysfunction but

includes several skeletal muscle abnormalities that limit exercise capacity and

quality of life (Anderson et al., 2022). To date, HFpEF-related muscle deficits

remain poorly understood and available treatments are limited. This thesis, using

a well-characterised cardiometabolic rat model (Franssen et al., 2016; Bowen et

al., 2017b; Schauer et al., 2020), provides new evidence that:

ii)

HFpEF induced multiple skeletal muscle alterations including
contractile dysfunction, fibre atrophy, capillary loss, and impaired blood

flow.

Cardiovascular pharmacological treatments of Entresto and Vastiras
improved heart function in HFpEF but had no impact on skeletal muscle

remodelling.

Skeletal muscle hypertrophy following mechanical overload in HFpEF
was attenuated and this was associated with mitochondrial but not

vascular impairments.

Impaired skeletal muscle hypertrophy was patrtially rescued following
acute caloric restriction in HFpEF and linked increased myonuclear

accretion.
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7.1 Skeletal muscle alterations in HFpEF

HFpEF is associated with several skeletal muscle alterations that are closely
associated with exercise intolerance and poor quality of life, with one major
feature a loss of muscle mass and strength (Bekfani et al., 2016). Here, we
confirmed that compared to controls, obese-ZSF1 rats developed muscle atrophy
and contractile dysfunction alongside impaired vascular structure and function. In
addition, we provide new evidence that soleus shortening velocity and
mechanical power were impaired in HFpEF rats, which occurred in the absence
of any fibre type shift to suggest slowed cross-bridge kinetics as previously
reported in HFrEF (Coirault etal., 2007; Miller et al., 2010). Further, we performed
the first direct measures of leg (muscle) arterial blood flow in HFpEF and reveal
that functional hyperaemia was impaired in HFpEF rats, which is consistent with
some (Lee et al., 2016b; Maréchaux et al., 2016; Kishimoto et al., 2017) but not
all (Hundley et al., 2007; Haykowsky et al., 2013b; Lee et al., 2016a; Zamani et
al., 2020) non-invasive measurements in patients with HFpEF. The disparity in
findings between studies is likely explained by differences in the muscle studied,
non-invasive and different measurements techniques, and patient heterogeneity.
Our data, however, supports the potential for perfusive oxygen delivery limitations
in HFpEF, which likely contributes to exercise intolerance in this disease (Poole
et al., 2018). We also performed fibre-type specific histological analyses to
confirm that HFpEF rats had a Type Il fibre-type shift and lower C:F ratio, which
supports previous data from HFpEF patients in the vastus lateralis (Kitzman et
al., 2014). Finally, we revealed that fibre atrophy in HFpEF was more prominent
in fast-twitch glycolytic fibores (Chapter 4 Results Il and Chapter 6 Results V),

which supports previous research suggesting that fast-twitch glycolytic fibres are
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more prone to be affected by atrophic conditions than slow-twitch oxidative fibres

(Wang & Pessin, 2013; Talbot & Maves, 2016).

In addition to limb skeletal muscle, the thesis contributes novel data in relation to
diaphragm plasticity in HFpEF. We showed that compared to controls, obese-
HFpEF rats have increased Type l/lla FCSA and reduced Type lIb/lix FCSA,
alongside increased fibre capillary supply and estimated levels of oxygenation.
These data indicate compensatory adaptations in slow-twitch fibres and
correspond to diaphragmatic alterations similar to those caused by denervation
— atrophy in fast-twitch glycolytic fibres and hypertrophy in slow-twitch oxidative
fibres (Aravamudan et al., 2006) alongside increased CD (Paudyal et al., 2018).
The increased hypertrophy in oxidative fibores may be related to obesity and its
associated chronic respiratory loading, which can act as a training stimulus to
increase fibre size and fatigue-resistance (Farkas et al., 1994; Powers et al.,
1996). In support, isometric, isotonic and cyclical contractile properties were well
preserved in HFpEF rats. Taken together, our data suggest that obese-HFpEF
induces functional, morphological and vascular alterations in limb skeletal muscle
that likely contributes to exercise intolerance. In contrast, diaphragm phenotype
remained well preserved. This animal model, therefore, may be suitable to further
explore the mechanisms and treatments for the muscle pathology developed in

HFpEF.

7.2 Impact of cardiovascular medications in HFpEF skeletal
muscle

Given our findings of a muscle pathology in HFpEF, we next examined if Entresto

alone or in combination with Vastiras could be used as a rescue treatment.
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Entresto (Sacubitril/Valsartan) and Vastiras (proANP31.67) can improve diastolic
function, cardiac remodelling, endothelial function and glomerular filtration rate in
HFpEF (Gori et al., 2019; Altara et al., 2020; Schauer et al., 2021), but their
effects on skeletal muscle in HFpEF remain poorly tested (Schauer et al., 2021).
In our study, ten weeks of Entresto alone or in combination with Vastiras did not
rescue the observed atrophy and reduced capillarisation of HFpEF EDL muscles.
Similarly histological analyses of fibre type distribution, capillarisation and fibrosis
of soleus muscle did not reveal beneficial effects of the treatments, suggesting
that both mixed (EDL) and oxidative (soleus) muscles are not influenced by
Entresto or Vastiras. In contrast, both medications improved cardiac morphology
and function (E/A and stroke volume) in obese-HFpEF rats, in line with past
evidence (Schauer et al., 2021). Taken together, these findings suggest that
cardio-centric medications in HFpEF do not impact skeletal muscle remodelling

and highlight the need for alternative approaches.

7.3 Impaired skeletal muscle hypertrophy in HFpEF

Muscle atrophy is a major feature in HFpEF that causes worse symptoms and
limits quality of life (Bekfani et al., 2020). Since cardiovascular medications did
not influence HFpEF-induced skeletal muscle phenotype, we used a local
intervention to directly induce muscle hypertrophy - the surgical synergist ablation
model (compensatory overload) (lanuzzo & Chen, 1979; Timson et al., 1985).
One major findings was that only controls showed an increased in muscle force
and fibre size but not in HFpEF as previously observed in old mice and rats
(Blough & Linderman, 2000; Dungan et al., 2022). Impaired response to anabolic
stimuli has been detected in several conditions in addition to ageing, including

cancer and metabolic disorders. Anabolic resistance is often touted as an
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underlying cause of muscle wasting in disease and this can ultimately reduce
functional capacity and whole-body health i.e., blood glucose homeostasis,
protein metabolism, and fat oxidation (Paulussen et al., 2021). As such, one

major question from this thesis is what limits muscle growth in HFpEF?

Skeletal muscle hypertrophy is generally determined by elevated protein
synthesis via Akt-mTOR signalling and/or increased myonuclei accretion via SC
(Blaauw & Reggiani, 2014). Our data show that protein synthesis, measured by
puromycin incorporation, was not affected by overload or HFpEF. In addition,
mTOR-related signalling (i.e., 4E-BP1, S6 and AMPK) was not different between
or within groups. The reason for detecting no differences is somewhat surprising,
but could be related to no change in protein synthesis or the time period of
increased rates had returned to normal as is sometimes reported (Katta et al.,
2010; Fortes et al., 2015). In contrast, the number of nuclei per muscle fibre (i.e.,
myonuclear accretion) was increased after overload in lean controls but not
HFpEF. Adequate blood flow and capillarisation is critical for anabolic stimuli,
such as insulin and exercise, to increase protein synthesis and fibre size
(Timmerman et al., 2010; Snijders et al., 2017; Moro et al., 2019). Our data show
that resting femoral artery blood flow and functional hyperaemia in HFpEF rats
were well preserved after overload. In addition, both lean and HFpEF rats showed
a similar overload-induced increase in C:F with no impairments in muscle PO:2 at
maximal exercise, which indicates adequate oxygenation. Alternatively, the
impaired overload-induced hypertrophic response in HFpEF rats was associated
with reduced mitochondrial coupling efficiency (impaired respiratory control ratio),
which could pose a limit to protein synthesis (Carafoli et al.,, 1964; Hyatt &

Powers, 2021) and normal SC function (Wang et al., 2013; Zhang et al., 2016;
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Karatzaferi et al., 2019). Overall, therefore, our data suggest that overload-
induced hypertrophy is impaired in HFpEF rats, which is associated with
mitochondrial dysfunction and reduced myonuclear accretion rather than

vascular dysfunction and reduced protein synthesis signalling.

7.4 Effects of caloric restriction on skeletal muscle phenotype
in HFpEF

Caloric restriction (CR) is among the few treatments that have shown beneficial
outcomes in HFpEF patients that may include skeletal muscle (Kitzman et al.,
2016). Here we provide new evidence that impaired overload-induced muscle
hypertrophy in HFpEF rats can be partially rescued via acute CR treatment.
Specifically, after overload, fibre size was increased in lean controls and HFpEF
with CR but not in HFpEF on a normal diet. Mechanistically, improved fibre
hypertrophy after CR occurred in line with increased myonuclear accretion. This
supports the concept that acute CR improves SC function (Cerletti et al., 2012),
which contribute new myonuclei to muscle fibres to support muscle growth
(Murach et al., 2021) . Our data also support the concept that increased SC
function and subsequent myonuclear accretion play an important role in muscle
hypertrophy (Rosenblatt & Parry, 1992; Rosenblatt et al., 1994; Adams et al.,
2002; Egner et al., 2016), which has been questioned (Rosenblatt & Parry, 1993;
Lowe & Alway, 1999; McCarthy & Esser, 2007). Interestingly, CR caused a
greater hypertrophic response in oxidative fibres (Type | and Type lla) but
reduced Type lIb/lix fibre size in non-overloaded EDL muscles. Further, CR
tended to increase fibre size and C:F in the soleus, which primarily consists of
slow-twitch oxidative fibres. Collectively, these findings suggest that fast-twitch

glycolytic fibres are not only more vulnerable to atrophy, as previously reported
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(Wang & Pessin, 2013; Talbot & Maves, 2016), but also have a reduced

hypertrophic response in HFpEF.

CR may also increase muscle contractile function given our data showing this
increased muscle power in HFpEF, which further supports previous observations
in HFpEF patients (Kitzman et al., 2016). Additionally, blood glucose levels were
normalised in HFpEF rats with CR compared to untreated HFpEF rats, which has
been consistently demonstrated in different cohorts (Soare et al., 2014) and
animal models (Colman et al., 1998; Colman et al., 2009; Mitchell et al., 2016;
Velingkaar et al., 2020; Ham et al., 2022). Taken together, therefore, CR may
increase skeletal muscle hypertrophy (possibly via enhanced muscle stem cell
function to increase myonuclear accretion), increase contractile function, and

improve glucose homeostasis in HFpEF.

7.5 Experimental considerations and limitations

The present thesis is subject to some limitations. Overall, the findings must be
interpreted with caution given they were performed in an animal model and may
not directly translate to humans. The experiments were also performed in male
rats only meaning sex-dependent differences cannot be excluded especially as
many patients with HFpEF are female. We also used a relatively early time point
in the progression of HFpEF, which may limit translation of our findings to more
advanced stages of the disease and older patients. However, this rat model has
been shown to develop metabolic impairments associated with typical signs of
HFpEF as well as muscle dysfunction developing as early as 10-15 weeks of age

(Schauer et al., 2020).
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Physical activity levels between groups were also not evaluated and cannot be
ruled out as having an impact on our experimental measures, although it is
established that low physical activity levels cannot account for muscle
impairments induced by HF (Simonini et al.,, 1996; Miller et al., 2009).
Furthermore, our experiments with cardiovascular medications lack assessments
of skeletal muscle contractile properties, therefore, their effects on muscle
function remain to be evaluated but seem unlikely (Schauer et al., 2021). We also
only assessed a single time point after overload and may have missed earlier or
later transient changes in protein synthesis and myonuclear accretion, which
should be considered when interpreting our major findings on limited muscle
hypertrophy in HFpEF. This thesis also examined the acute effects of CR but the
long-term effects in HFpEF remain uncertain. For example, some HF patients are
susceptible to develop sarcopenia and frailty (Kinugasa & Yamamoto, 2017)
while obese HF patients in general show better survival than normal or
underweight patients (Haass et al., 2011), meaning the effects of CR must be

carefully considered .

7.6 Outlook and future studies

This thesis supports several muscle-specific changes reported to occur in HFpEF
patients (e.g., muscle dysfunction, fibre atrophy predominantly in Type Il fibres,
a fibre-type shift, reduced capillarity, mitochondrial dysfunction and impaired
blood flow (Kitzman et al., 2014; Lee et al., 2016b; Bekfani et al., 2020)). As such,
muscle groups composed of fast-twitch fibres should be primarily targeted during

rehabilitation in HFpEF patients. This thesis also demonstrates that increasing
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cardiac function per se, via targeted cardiovascular drugs (Entresto and
Vastiras), had no impact on skeletal muscle morphology in HFpEF rats; thus,
alternative skeletal muscle-specific interventions may be required to overcome
peripheral muscle deficits in HFpEF rather than increasing global blood flow.
Further, given that HFpEF rats showed anabolic resistance (i.e., impaired
overload-induced muscle hypertrophy) associated with mitochondrial
dysfunction, exercise training in combination with other treatments that target the
mitochondria may be an alternative approach to treat the muscle pathology in
HFpEF. We also found that CR increased muscle power and the hypertrophy
response (possibly via enhanced SC function to increase myonuclear accretion)
in HFpEF, which further supports previous observations in HFpEF patients
(Kitzman et al., 2016). However, although exercise and CR improve the quality
of life of this population, studies have mainly been focused on the
cardiorespiratory function and little is known about how they directly affect
skeletal muscle. A more comprehensive characterisation of CR and exercise-
induced muscle adaptations in HFpEF patients (including functional and
histological analyses of fibre size, type, and capillarity as well as multi-omics

approaches) will help to identify novel mechanistic targets and therapies.

7.7 Thesis conclusions

The studies outlined in this thesis have revealed novel findings related to the
mechanisms and treatments of the skeletal muscle pathology in HFpEF. Using a
multi-level characterisation, these experiments demonstrated that obese HFpEF
rats develop vascular, functional, structural and mitochondrial skeletal muscle
alterations, including fibre atrophy to cause muscle weakness and fatigue.

Regarding treatments, this thesis showed that while cardio-centric
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pharmacological medications improved heart function they did not impact skeletal
muscle remodelling in HFpEF. This suggested skeletal muscle-specific
interventions could be an optimal approach to restore muscle health in HFpEF
and led us to our next experiment using mechanical overload. Mechanical
overload increased fibre hypertrophy in healthy controls but not in obese-HFpEF
rats, which was linked to impaired mitochondrial but not vascular function. As
previous research showed CR improves clinical and functional outcomes in
patients with HFpEF, we next showed acute CR restored overload-induced fibre
hypertrophy in HFpEF rats that may have been underpinned by increased
myonuclear accretion. This indicates CR could be an approach that rejuvenates
muscle stem cell function to support myofiber growth. Overall, CR in combination
with exercise training may offer a novel non-pharmacological treatment to

improve skeletal muscle health in patients with HFpEF.
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