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Thesis Abstract

Lipid stored within droplets in skeletal muscle, referred to as intramyocellular
lipid (IMCL), has established and emerging roles in health and disease. Lipid
droplets (LDs) act as the first destination for activated fatty acids (FAs)
following their esterification to triacylglycerol (TAG). Under normal
physiological conditions these FAs are then released from LDs to supply
adjacent mitochondria with substrate for ATP production during fasting and
exercise. It has been proposed that dysregulation of adipose tissue storage, in
the context of chronic overfeeding, and basal and insulin-mediated
impairments in muscle lipid oxidation in response to inactivity are responsible
for the ectopic accumulation of lipid in the skeletal muscles. This accumulation
can result in increased sarcoplasmic and sarcolemmal expression of
intermediates of TAG synthesis and lipolysis, which attenuate the insulin
signalling pathway, resulting in skeletal muscle and whole-body insulin
resistance, and potentially contributing to the aetiology of non-alcoholic fatty
liver disease (NAFLD). However, the associations between [IMCL
accumulation and insulin resistance in inactivity and NAFLD are equivocal, and
the adaptations in IMCL to resistance exercise training are poorly defined.
Therefore, primarily using the hyperinsulinaemic-euglycaemic clamp
technique, the gold standard method in the assessment of insulin action in
humans in vivo, and histochemical quantification of total and fibre-type specific
IMCL content, the results of the work in this thesis contribute to our
understanding of the role of IMCL in inactivity, resistance exercise training, and
NAFLD.

This thesis comprises primarily of retrospective analyses of four
comprehensive human volunteer studies. The studies described in Chapter 3
explored the role of IMCL in the development of whole-body insulin resistance
during acute (3 days) and chronic (56 days) bed rest in healthy, male
participants maintained in energy balance throughout. Glucose disposal was
decreased by a similar magnitude after 3 and 56 days of bed rest, and these
observations could not be explained by IMCL accumulation. This suggests that



inactivity per se is the primary driver of whole-body insulin resistance during
bed rest and that IMCL accumulation is likely to be a confounding response

that occurs when participants are in positive energy balance.

It has been proposed that overfeeding, which contributes to the
pathogenesis of obese NAFLD by increasing plasma FA concentration and
hepatic lipid content, also leads to the ectopic accumulation of IMCL. Given
that the skeletal muscles are the main sites for the disposal of glucose and that
IMCL accumulation is associated with muscle insulin resistance, increased
muscle lipid content may contribute to the development of whole-body insulin
resistance in those with NAFLD. The study described in Chapter 4
investigated differences in IMCL content, skeletal muscle glucose disposal,
and whole-body glucose disposal between individuals with NAFLD and healthy
controls to determine if muscle lipid content does in fact contribute to insulin
resistance in those with NAFLD. It was observed that IMCL content was not
different between healthy males and males with NAFLD, even though skeletal
muscle and whole-body glucose disposal were significantly reduced in those
with  NAFLD. These findings suggest that IMCL accumulation is not a
contributor to the development of insulin resistance in NAFLD.

The study described in Chapter 5 explored changes in IMCL and
perilipin 5 (PLINS) content in response to a 12-week resistance training
intervention, which has not been investigated in detail to date. A secondary
aim was to determine the impact of the non-steroidal anti-inflammatory drug
(NSAID), diclofenac, on the mRNA expression of genes involved in FA
metabolism and oxidation. It was hypothesised that diclofenac would have a
role in these processes based on evidence of its affinity for Peroxisome
proliferator-activated receptor gamma (PPAR-y) in vitro. This study comprised
a randomised, placebo controlled, double-blind protocol in which one group of
exercise-trained participants ingested diclofenac, 75 mg/daily, concurrent with
the exercise protocol. IMCL content and muscle PLINS content did not change
in response to the resistance exercise intervention, though diclofenac
administration robustly altered the mRNA expression of genes involved in lipid

metabolism.



This thesis presents novel insights into the role of IMCL content in the
development of insulin resistance in the context of bed rest-induced
immobilisation and NAFLD. It also identifies a new trajectory for future
research into diclofenac, an NSAID which may alter muscle FA oxidation via a

previously underexplored mechanism.
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1. General Introduction

1.1 Lipid Droplets and Their Role in Health and Disease

In the past three decades interest in lipid droplets (LDs), previously thought to
be inert components of the cytoplasmic compartment, has grown
exponentially. Emerging evidence from animal and in vitro studies has led
some to propose that LDs may be major hubs in energy metabolism and act
as key components of intracellular signalling and cell survival due to their
pleiotropic interactions with various biological pathways (Walther and Farese,
2009). However, corroborating evidence from in vivo human studies is lacking.
Though many of the mechanisms that govern LD interactions remain
incompletely defined, recent developments, including mapping of the LD
proteome (Bersuker et al., 2018), the creation of the “Lipid Droplet Knowledge
Portal” (Mejhert et al., 2022), and advancements in our understanding of LD
biogenesis (Arlt et al., 2022), suggest that there is great enthusiasm to better

characterise the role of LDs in health and disease.
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Figure 1-1: Simplified diagram of a lipid droplet. The neutral lipid core contains
TAGs, DAGs, and cholesteryl esters enclosed in a phospholipid monolayer

embedded with various lipases and structural proteins.




LDs are small intracellular constructs expressed ubiquitously in every
domain of life, from the smallest prokaryotic organism to the largest
multicellular organism (Murphy, 2012; Huang, 2018) (see Figure 1). LDs are
composed of a hydrophobic core primarily containing neutral lipids, including
triacylglycerols (TAGs), cholesteryl esters and diacylglycerols (DAGs), in that
order from most abundant to least abundant (Hsieh et al., 2012). This lipid core
is surrounded by a phospholipid monolayer, which is unique amongst
intracellular structures (Walther and Farese, 2012). The phospholipid
monolayer is coated by lipases and proteins from the perilipin (PLIN) family
(Greenberg et al., 1991), which play a crucial role in LD biogenesis and

function.

Currently, there is no conclusive model for LD formation, but there is a
prevailing hypothesis supported by evidence from the Farese and Walther
laboratory, who are at the forefront of research into lipid droplet biogenesis
(Arlt et al., 2022). Walther and Farese suggest that lipid droplets form from the
accumulation of TAG and cholesterol esters in a discrete segment of the
hydrophilic phase between the layers of the endoplasmic reticulum (ER)
(Walther and Farese, 2009; Thiam, Farese, and Walther, 2013). This lipid
eventually amalgamates to form a lens which is enlarged to form a sphere via
the interaction of the nascent LD with ER-bound seipin proteins that facilitate
and promote TAG synthesis (Salo et al., 2016; Schuldiner and Bohnert, 2017).
The increase in the curvature and tension of the ER bilayer around the forming
droplet upregulates the activity ER shaping proteins, including the reticulons
and atlastins, which are believed to facilitate the budding of the droplet from
the ER into the cytosol (Jackson, 2019).

The excessive accumulation of LDs in ectopic tissues including the
skeletal muscles and liver has been linked with the development of muscle and
whole-body insulin resistance (Coen et al., 2010), with oxidative stress that
can damage cells and trigger apoptosis (Guebre-Egziabher et al., 2013), and
with the presentation of metabolic disturbances including type 2 diabetes
mellitus (T2DM) (Barrett et al., 2022) and non-alcoholic fatty liver disease
(NAFLD) (da Silva Rosa et al., 2020). The work presented in this thesis aims
to contribute to our growing understanding of the role of LDs in the



development of skeletal muscle and whole-body insulin resistance in states of
inactivity and in the context of NAFLD. This thesis will also investigate how
resistance exercise affects LD and PLINS expression in skeletal muscle and
the effect of non-steroidal inflammatory drug (NSAID) administration on IMCL

content in this context.

1.1.1 Intramyocellular Lipid Content

The neutral lipid pool stored in LDs within skeletal muscle constitutes the bulk
of what is referred to as intramyocellular lipid content (IMCL). In human
muscle, LDs are found localised to two distinct regions of the muscle fibre. The
first is the subsarcolemmal (SS) region, defined as the sarcoplasmic region
that is within 5% of the maximal distance from the sarcolemma to the centre of
the myocyte (Daemen et al., 2018). The second is the intramyofibrillar (IMF)
region which includes the rest of the sarcoplasm. In 1973, using electron
microscopy, Hoppeler visualised sarcoplasmic LDs within nanometres of
mitochondria (Hoppeler et al., 1973). This landmark discovery provided some
circumstantial evidence of a role for LDs in energy homeostasis, but it was not
until many years later that the presence of LD-mitochondria contact sites was
confirmed (Renne and Hariri, 2021). PLINS functions as the main architect of
these contact sites which not only form between LDs and mitochondria but are
the main points of LD-LD interactions and LD interactions with various
organelles (Bosma, 2012; Schuldiner and Bohnert, 2017). The subcellular
localisation of myocellular LDs is critical for fulfilling their main function: the
provision of FAs to adjacent mitochondria for ATP production via 3-oxidation,
particularly in response to elevated energy demand during exercise (Hoppeler,
1986; Watt et al., 2002; van Loon, 2004). Clear evidence of this was reported
in early studies which used a stereological method developed by Eisenberg
and Kuda in 1975 to calculate lipid droplet volume density in images obtained
from electron microscopy (Eisenberg and Kuda, 1975; Broskey et al., 2013).
Staron and colleagues observed a 42% reduction in lipid volume within the
gastrocnemius muscle of 10 runners 15 minutes after the completion of a
standard marathon whilst Kayar and colleagues reported that the mean
volume density of lipid decreased from 0.013 to 0.003 in muscle fibres from
the tibialis anterior of 7 male runners following a 100 km run.



1.1.2 Importance of Fibre Type to Skeletal Muscle Function and
IMCL Content

Gene Protein Isoform Muscle Fibre Type
MYH7 MHC-B Type |
MYH2 MHC-IIA Type IIA
MYH1 MHC-I11X Type IIX

Table 1-1: MHC protein isoforms and the genes encoding them.

An important consideration when studying skeletal muscle is muscle fibre type
composition because of the distinct contractile and metabolic properties, and
lipid profiles of these muscle fibre isoforms. What defines the different fibre
types are the predominant myosin heavy chain (MHC) isoforms they express
(Reggiani, Bottinelli, and Stienen, 2000). Muscle fibres can be classified as
Type |, Type llA, and Type |IX depending on whether they primarily express
the myosin heavy chain-g (MHC-B), MHC-IIA, or MHC-IIX isoform encoded by
the MYH7, MYH2, and MYH1 genes, respectively (see Table 1-1). Muscle
groups (soleus, gluteus maximus, triceps etc.) express different proportions of
the muscle fibre types and fibre composition changes as an adaptation to
exercise and as a response to aging and myopathies (Talbot and Maves,
2016).

Mature muscle fibres can co-express MHC isoforms, producing hybrid
Type /1A, HA/IIX, and I/lIA/1IX fibres which compose roughly 25% of all fibres
(Medler, 2019). Elite endurance athletes characteristically possess a high
proportion of slow twitch muscle fibres (Tesch and Karlsson, 1985) whilst
athletes in sports requiring explosiveness and strength, like sprinting and
Olympic weightlifting, have a relatively high abundance of fibres expressing
the fast twitch MHC isoforms, especially Type IIX (Trappe et al., 2015; Serrano
et al., 2019). Indeed, the proportion of Type | fibres increases with endurance
exercise, with the gastrocnemius muscle of elite long-distance runners being
composed of 79 + 3.5% Type | fibres and of average untrained men being
composed of 58 + 2.5% Type | fibres (Fink, Costill, and Pollock, 1977). The

cross-sectional area of Type | fibres is also significantly larger in elite runners



than in untrained males (Fink, Costill, and Pollock, 1977). These observations
have led some to suggest that exercise may lead to the conversion of muscle
fibres from one type to another, with endurance training favouring the transition
of fibres to Type | and resistance training favouring transitions towards Type
[IX (Wilson et al., 2012). Some investigators propose that hybrid fibres
represent an intermediate stage in the transition from Type | muscle fibres to
Type Il muscle fibres and vice versa, induced by ageing or exercise (Medler,
2019) but evidence for this phenomenon in humans, in vivo is currently
inadequate (Plotkin et al., 2021).

Force generation by skeletal muscle is dependent on muscle length and
fibre type composition. This is because MHC isoforms vary in the speed at
which they shorten, with Type | fibres having the slowest shortening velocity,
Type IIX fibres having the fastest shortening velocity and Type IIA being
intermediate (Smerdu et al., 1994; Schiaffino, and Reggiani, 2011). Indeed,
Type IIA and 11X fibres possess 3 and 4.4 times greater contractile velocity
than Type | fibres, respectively (Malisoux et al., 2006), which is reflected in the
ability of Type Il fibres to hydrolyse ATP 2-3 times faster than Type | fibres
(Taylor, Essén, and Saltin, 1974), allowing for speedier cross-bridge cycling
(Sugi et al., 2008). For this reason, muscle fibres are colloquially split into two
categories, “slow-twitch” (Type 1) and “fast-twitch” (Type A and Type 11X)

muscle fibres.

Although there is some plasticity, Type | fibres primarily rely on oxidative
metabolism for ATP production whilst Type IIX fibres rely on glycolysis. Type |
fibres express 20-25% more glucose transporter type 4 (GLUT4) than Type |
fibres in the healthy untrained (Gaster et al., 2000), and evidence shows that
low intensity, high volume exercise increases GLUT4 content in these fibres
(Daugaard et al., 2000). Type | fibres also possess greater protein expression
of hexokinase Il and glycogen synthase (Albers et al., 2015), greater
mitochondrial density, and greater capillary-fibre contact length due to their
increased vascularisation relative to Type IIA and IIX fibres, reflecting a greater
capacity for aerobic respiration in Type | fibres than in any other muscle fibre
type (Drtenblad et al., 2018).



It is well recognised that IMCL content is greatestin Type | muscle fibres,
being at least twice as high as IMCL content in Type IlIA and II1X fibres in many
lean, healthy individuals (Whytock 2020). Interestingly, though trained
individuals and those with T2DM have similar IMCL content, trained individuals
have smaller, more numerous LDs in the IMF region of Type | fibres whilst
those with T2DM have large LDs in the SS region of Type Il fibres (Daemen et
al., 2018). Using histochemical staining of vastus lateralis muscle sections
from both trained and untrained participants, Chow and colleagues showed
that acute elevation of plasma free fatty acid (FFA) concentration by lipid
infusion during the course of a hyperinsulinaemic-euglycaemic clamp
increased IMCL content in type | fibres irrespective of training status (Chow et
al., 2017). The implications of these differences in the myocellular and fibre-
type localisation of LDs between healthy individuals and those with metabolic

impairments will be discussed in detail in Section 1.5.2.

1.2 Mechanisms Regulating IMCL Content

1.2.1 FA Transport into Skeletal Muscle and Energy Balance

During feeding and in the postprandial state, dietary fat is hydrolysed by
salivary, stomach, and pancreatic lipases to form FAs with the assistance of
bile salts released by the liver, which break down very large fat droplets into
smaller fat droplets (D'Aquila et al., 2016). The non-esterified/free FAs
released from the lipolysis of dietary fat enter the intestinal lumen and are
absorbed by enterocytes (Winkler, D'Arcy, and Hunziker, 1990). Within the
enterocytes these dietary FAs are then esterified to glycerol to form TAG,
which is packaged into lipoproteins referred to as chylomicrons, storage
vesicles that transport TAGs into the lacteals, thoracic lymphatic duct, and then
into the general circulatory system (D'Aquila et al., 2016).

Adipose tissue is the main site for fat storage in healthy individuals under
normal physiological conditions (Chait and den Hartigh, 2020). In this tissue
FAs are esterified to TAG and stored such that TAG can be hydrolysed and
FAs can be released into the circulation to supply peripheral tissues with lipid
substrate for B-oxidation during periods of prolonged fasting or during exercise
when energy demand is high (Langin, 2006). Albumin is required to transport
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FAs released from adipose tissue into the circulation because the acyl moieties
of FAs confer low solubility in aqueous mediums like blood. The high affinity
binding sites on a single albumin molecule can accommodate 8 FAs (Kragh-
Hansen, 1981).

The liver also plays a major role in supplying lipid during fasting, being
the main site of de novo lipogenesis (DNL), the process in which excess
glucose is converted to FAs (Ameer et al., 2014). The liver is the site for the
assembly of very low-density lipoproteins (VLDLS) into which these newly
synthesised FAs are packaged in the form of TAG (Rustaeus et al., 1999).
Once synthesised, VLDLs are secreted into the blood, with their primary role
being to facilitate the movement of liver-synthesised fats and cholesterol
through the aqueous plasma to peripheral tissues like the skeletal muscle
where the stored FAs can be released, taken up, and oxidised (Yli-Jokipii, et
al., 2003).

The vascular endothelium is impermeable to lipoproteins, thus the
circulating FAs that these structures transport must be released from the TAG
core before trans-endothelial transport of the FAs can occur. Lipoprotein
lipases (LPLs) on the luminal surface of endothelial cells are enzymes that
have phospholipase A2 activity, which allows them to break down the
phospholipids forming the capsules of circulating lipoproteins, thus providing
access to the TAGs stored within them, which can then be hydrolysed to form
FAs and glycerol (Van Der Vusse, 1992; Braun and Severson, 1992). LPL is
present in the microvasculature of most organs, except the liver (Braun and
Severson, 1992). The presence of LPL in the liver would result in the release
of FAs from TAGs held within VLDLs synthesised by the liver immediately after
the VLDL-TAG complexes are released from hepatocytes, thus preventing the
transport of VLDL-TAG into the general circulation, resulting in insufficient
fasting FA supply to the peripheral tissues and skeletal muscle. LPL enzymatic
activity is highest in adipose tissue, lactating mammary glands, the
myocardium, and skeletal muscle (Camps et al., 1990).

Once released from circulating lipoproteins, the diffusion of FAs through
the sarcolemma is facilitated by several transporters including cluster of



differentiation 36 (CD36), sarcolemmal fatty acid binding protein (FABPpm) and
fatty acid transporter 1-4 proteins (FATP1-4) (Glatz, Luiken, and Bonen, 2010).
The translocation of these transporters from the cytosol to the sarcolemma is
regulated by Akt2 activity which is upregulated by cellular insulin stimulation
and muscular contractions (Jain et al, 2015). These FAs then undergo
esterification to form TAG whilst FAs are released from the lipolysis of
intramuscular TAG and undergo B-oxidation simultaneously, such that TAG
synthesis and breakdown are balanced, with muscular contractions stimulating
reduced incorporation of FAs into the TAG pool and increased FA oxidation
(Dyck and Bonen, 1998; Sacchetti et al., 2002). In studies conducted using a
10-hour constant infusion of '*C-palmitate tracer in fasting normoweight,
healthy, young, male participants, it has been demonstrated that ~50-60% of
plasma FA transported into non-contracting leg skeletal muscle from the
circulation is incorporated into the intramuscular TAG pool (Sacchetti et al.,
2004). Based on the matched synthesis and lipolysis rates of intramuscular
TAG, complete turnover of the intramuscular TAG pool of participants was
estimated to take 29 hours, with lipid turnover being faster in trained individuals
versus untrained individuals (Lund et al., 2018). Subsequent work found that
10-13% of plasma FA was esterified to TAG at the whole-body skeletal muscle
level when the palmitate enrichment of carnitines was factored into

incorporation calculations (Kanaley et al., 2009).

At this juncture, before discussing myocellular re-esterification of FAs to
form TAG that augments muscle LDs, it is important to touch upon the role of
energy balance in controlling circulating lipid availability and FA delivery to the
peripheral tissues. The term “energy balance” describes the relationship
between the calories consumed (energy intake) and the calories utilised
(energy expenditure) by the body daily (Hill, Wyatt, and Peters, 2012). When
energy intake and energy expenditure are equal, the body is said to be in
energy balance. Energy intake greater than energy expenditure produces a
state of positive energy balance and energy intake lower than energy
expenditure creates a calorific deficit or state of negative energy balance.
When energy intake remains greater than energy expenditure for a prolonged
period, the body enters a state of chronic positive energy balance during which



plasma FFA concentration and TAG concentration increase significantly
(Chow and Hall, 2014). This in turn results in significant increases in body
weight (Forbes et al., 1986; Horton et al., 1995), 60-80% of which is accounted
for by increases in whole-body fat mass (Hill and Commerford, 1996), and
leads to the ectopic accumulation of lipid in non-adipose tissue, primarily the
liver, heart, pancreas and skeletal muscle (Unger et al., 2010; Ruberg et al.,
2010; Suganami, Tanaka, and Ogawa, 2012; Solinas, Borén, and Dulloo,
2015). Elevated plasma FA concentration is well correlated with impaired
insulin-stimulated skeletal muscle glucose uptake (Abdul-Ghani, and
DeFronzo, 2010), with decreases in plasma FA concentration by diet or
exercise being associated with improved skeletal muscle glucose uptake and
oxidation (Bajaj et al., 2005). Thus, ectopic lipid accumulation induced by
overfeeding plays a significant role in the aetiology of metabolic dysfunctions,
as will be discussed in detail in Section 1.5.3. Conversely, extreme
hypocaloric diets of 450 kcal/day and 700 kcal/day in obese individuals with
and without T2DM have been shown to decrease overall weight, decrease
IMCL content, and significantly improve multiple measures of whole-body

insulin sensitivity (Jazet et al., 2007; Lara-Castro et al., 2008).



1.2.2 TAG Synthesis and Storage in LDs
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Figure 1-2: TAG synthesis pathway at the endoplasmic reticulum.

Once FAs are transported into the skeletal muscle, they are converted to TAG
via the glycerol phosphate pathway which involves the stepwise addition of
fatty acyl chains to a glycerol backbone (Kennedy, 1961; Kanaley et al., 2009).
First FAs undergo thioesterification with CoA to form fatty acyl-CoA in a
reaction catalysed by acyl-CoA synthetase (ACS). These FA-CoA molecules
are then converted to TAG in a series of reactions catalysed by Glycerol-3-
Phosphate Acyltransferases (GPATS), 1-Acylglycerol-3-Phosphate
Acyltransferases (AGPATSs), Lipin Phosphatidic Acid Phosphatase (PAP)
proteins, and Diacylglycerol Acyltransferases (DGATs) (Wang, Airola, and
Reue, 2017) (see Figure 1-2). The acyltransferases are all transmembrane

proteins localised to the ER membrane, the main site of TAG synthesis, and
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have been detected on mitochondrial membranes, the nuclear membrane, and

the LD monolayer (Kuerschner, Moessinger, and Thiele, 2008).

Though the TAG synthesis pathway on the LD monolayer is not well
understood, existing evidence suggests that it proceeds in the same manner
as TAG synthesis at the ER membrane (Wilfling et al., 2013). In this pathway
GPAT enzymes catalyse the bonding of a fatty acyl chain to glycerol-3-
phosphate to form lysophosphatidic acid (LPA). Then AGPAT catalyses the
transference of a fatty acyl chain from a fatty Acyl-CoA molecule to LPA to
form phosphatidic acid (PA) (Shindou et al., 2009). PA acts as a branching
point in the TAG synthesis pathway. It can function as a precursor to
phospholipid synthesis (Vance, 2004) or to the synthesis of DAG. PAPs
translocate to the ER membrane and dephosphorylate PA to form DAG as
shown in Figure 1-2 (Reue and Wang, 2019). Finally, though the exact
mechanism is unclear, DAG is converted to TAG by DGAT enzymes (Wang et
al., 2020). Efficient functioning of this pathway is critical for preventing the
accumulation of intermediates of FA biosynthesis and metabolism which can
antagonise components of the insulin signalling pathway as will be discussed
in detail in Section 1.5.4.

1.2.3 LD TAG Lipolysis
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Figure 1-3: TAG lipolysis.
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TAG lipolysis is a crucial biochemical process that, within the context of the
work presented here, is important for facilitating the release of FAs from LDs
so that they can enter adjacent mitochondria for B-oxidation (see Figure 1-3).
This pathway is initiated by adipose triglyceride lipase (ATGL) which was
identified in 2004 by the group led by Rudolf Zechner (Zimmerman et al.,
2004), sparking an exponential increase in research concerning the
lipolysome, the network of proteins and cofactors responsible for TAG lipolysis
(Hofer et al., 2020). Today it is understood that ATGL is expressed in almost
all tissues and catalyses the hydrolysis of TAG to DAG (Eichmann et al., 2012).

This is followed by the activation of hormone sensitive lipase (HSL).

HSL catalyses the lipolysis of various substrates, but it has a 10-fold
enzymatic specificity for DAG compared to TAG, monoacylglycerol (MAG),
and cholesterol esters, thus its main role is the lipolysis of DAG to form MAG
(Holm and Osterlund, 1999). Indeed, it has been demonstrated that in
response to epinephrine-induced contractions of rat soleus muscle HSL
translocates to LDs and these droplets decrease in size, highlighting the
importance of this enzyme in releasing stored FA (Prats et al., 2006). Based
on exercise intervention studies in adrenalectomised humans (Kjaer et al.,
2000), it is recognised that both muscle contractions and epinephrine can
contribute to the phosphorylation and activation of HSL in humans depending
on the duration and intensity of exercise (Watt and Spriet, 2004; Krintel et al.,
2008). HSL expression is significantly and consistently decreased in obese
individuals and in those with T2DM, resulting in decreased DAG lipolysis (Moro
et al., 2009; Jocken et al., 2010). This impaired lipolytic activity may partly
explain why IMCL content is typically greater in these groups than in healthy
lean individuals (Goodpaster et al., 2001). Also, using human primary
myotubes, Badin and his colleagues showed that impaired IMCL breakdown
due to dysregulated HSL activity induces insulin resistance through the
DAG/PKC pathway (Badin et al., 2011), which will be discussed in detail in
Section 1.5.4.1. Monoacylglycerol lipase (MGL), which is expressed
ubiquitously, is the final enzyme in this pathway and it catalyses the lipolysis
of MAG to glycerol and a FA chain (Tornqvist and Belfrage, 1976).
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1.2.4 Oxidation of LD-Derived FA

FAs released by LDs are then transported into adjacent mitochondria for 3-
oxidation, the process via which acetyl-CoA is produced by the oxidation of
fatty acyl chains. During this process the H* ions released from the fatty acyl
chains are donated to form the reducing equivalents NADH and FADH:, which
play an integral role in ATP generation in the electron transport chain (ETC).
The length of the acyl chain determines where it is oxidised. Short-, medium-,
and long-chain FAs undergo (-oxidation in the mitochondria (Schonfeld and
Wojtczak, 2016). Very long chain FAs (VLCFAs), composed of 20 or more
carbon atoms, undergo B-oxidation in peroxisomes (Wanders et al., 2021).
FAs delivered to muscle from the hydrolysis of lipid stored in adipose tissue,
from IMCL, from cholesterol and from dietary fat all contribute to skeletal
muscle mitochondrial FA oxidation to varying degrees during rest and exercise
(Achten and Jeukendrup, 2004). Transcriptional regulation of FA oxidation is
primarily governed by isoforms of Peroxisome proliferator-activated receptors
(PPARs) (Muoio et al., 2002) and the transcriptional activator Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) (Huss,
Kopp, and Kelly, 2002).

The enzymes necessary for the B-oxidation of most FAs are found in the
mitochondrial matrix, thus FAs must be able to enter this compartment. The
outer mitochondrial membrane (OMM) contains porins, voltage-dependent
anion-selective channels, which make it semi-permeable (Kerner and Hoppel,
2000). Fatty acyl chains of 8 or less carbons can diffuse into the mitochondria
matrix via these porins, but long-chain and medium-chain FAs cannot
(Schonfeld and Wojtczak, 2016). The mechanism which facilitates the
transport of long-chain acyl groups from the sarcoplasm to the mitochondrial
matrix is referred to as the “Carnitine Shuttle”.
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1.2.4.1 The Carnitine Shuttle
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Figure 1-4: Fatty acid activation and the carnitine shuttle. FFAs or FAs derived
from TAG stored in LDs which is hydrolysed sequentially by ATGL, HSL and MGL is
‘activated” by ACS. Resultant fatty-acyl CoA is transported into the mitochondrial

matrix via the camitine shuttle.

Before FAs can be committed to any metabolic pathway like B-oxidation, they
must first be “activated” by the formation of a thioester bond with CoA, in an
ATP-dependent reaction catalysed by ACS, to form fatty acyl-CoA (Hisanaga
et al., 2004) (see Figure 1-4). As the OMM is impermeable to long-chain fatty
acyl chains, carnitine palmitoyltransferases (CPTs) are required to transport
them. The CPT1B isoform is the main CPT isoform found in skeletal muscle
(Yamazaki et al., 1996). CPT1 enzymes are located within the OMM, and they
catalyse the conjugation of carnitine to the fatty acyl group in acyl-CoA to form
acyl-carnitines, which is the rate-limiting step in LCFA oxidation (Drynan,
Quant, and Zammit, 1996). These long-chain acyl-carnitines are then

transported into the intermembrane space (IMS).

Within the inner mitochondrial membrane (IMM) are carnitine-
acylcarnitine translocases, bi-directional transporters which permit the
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movement of these acyl-carnitines from the IMS into the mitochondrial matrix
and the movement of carnitines from the mitochondrial matrix to the IMS and
out into the sarcoplasm (Pande, 1975; Console et al., 2014). Once in the
mitochondrial matrix acyl-carnitines are directed to CPT2 enzymes. CPT2 is
localised to the matrix side of the IMM, and it catalyses the dissociation of
carnitines from acyl-carnitines such that units of acyl-CoA are reformed within
the matrix (Violante et al., 2010). This catalytic activity promotes the exchange
diffusion of the dissociated carnitine from the mitochondrial matrix out to the
sarcoplasm and acyl-carnitines from the IMS into the mitochondrial matrix
through carnitine-acylcarnitine translocases. This reformed acyl-CoA is the

starting substrate for mitochondrial B-oxidation.
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1.2.4.2 Mitochondrial B-Oxidation
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Figure 1-5: The four enzymatic reactions involved in a single cycle of the B-

oxidation of saturated fatty-acyl chains. (A) Step 1 through to (D) Step 4.

The B-oxidation of acyl-CoA proceeds in a sequence of four enzymatic
reactions (see Figure 1-95):

Step 1: In the first step of B-oxidation a hydrogen atom is removed from the a-
and B-carbons of acyl-CoA, resulting in the creation of a trans double bond
between these carbon atoms to form Trans-A?-Enoyl-CoA in a reaction
catalysed by acyl-CoA dehydrogenase (Bonito et al., 2016) (see Figure 1-5A).
The two liberated hydrogen atoms are donated to FAD, reducing it to FADH>.

Step 2: The second step is a reversible hydration reaction across the double
bond between the a- and B-carbons of Trans-A2-Enoyl-CoA in which a hydroxyl
group is added to the B-carbon and a hydrogen atom is bonded to the a-carbon
via a reaction catalysed by Enoyl-CoA Hydratase. L-3-Hydroxyacyl-CoA is
formed in this step.
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Step 3: The hydroxyl group on the [(-carbon of L-3-Hydroxyacyl-CoA is
oxidised to a ketone group in a reaction catalysed by 3-hydroxyacyl-CoA
dehydrogenase forming 3-Ketoacyl-CoA., with the hydrogen atom from the
hydroxyl group being donated to NAD* to form NADH (see Figure 1-5C).

Step 4: In the final step of B-oxidation, CoA cleaves the bond between the ao-
and [(-carbon of 3-Ketoacyl-CoA in a thiolytic reaction catalysed by -
ketothiolase. This results in the formation of two molecules. An acyl-CoA
molecule in which the fatty acyl chain is 2 carbons shorter than it was in step

1 and a molecule of acetyl-CoA.

The disparate fates of the reducing equivalents, acyl-CoA, and acetyl-
CoA produced during (-oxidation are central to energy metabolism. The
FADH2> and NAD molecules produced in step 1 and step 4, respectively,
donate electrons to the electron transferring flavoproteins in the mitochondrial
matrix, which transfer these electrons to ubiquinone in the ETC for ATP
generation. The FADH: produced goes on to account for the production of 1.5
units of ATP in the ETC whilst the NADH produced in this step accounts for
2.5 units of ATP via the donation of its hydrogen ions to complex | of the ETC
(Hinkle, 2005). The acetyl-CoA produced in step 4 in skeletal muscle is
directed to the tricarboxylic acid (TCA) cycle. In the liver acetyl-CoA produced
during B-oxidation can also act as substrate to produce ketone bodies during
periods of prolonged nutrient deprivation (Fletcher et al., 2019). However, it is
important to note that the reducing equivalents (NADH and FADH:) and ATP
produced during -oxidation inhibit pyruvate dehydrogenase, citrate synthase
and isocitrate dehydrogenase, key enzymes which propagate the TCA cycle
(Garland et al., 1968). This inhibition is important in the regulation of muscle
fuel selection, which is discussed in Section 1.4. As (B-oxidation is a cyclical
process, the fatty acyl-CoA produced in step 4 is returned to step 1 and
truncated again. Thus, the greater the length of the FA chain the more units of
ATP are generated by its complete oxidation (Reddy et al., 2014).

Figure 1-5 outlines the oxidation of saturated FA chains; the oxidation
of unsaturated FA chains requires additional reaction steps but still relies upon
the sequential cleavage of 2 carbon atoms from the fatty acyl chain. Of note,

17



the breakdown of odd-chain FAs creates another bridge between 3-oxidation
and the TCA cycle. In the final round of the B-oxidation of odd-chain FAs, the
3-carbon propionyl-CoA is formed as an end product, which can then be
enzymatically converted to succinyl-CoA (Bhagavan and Ha, 2015), a key
molecule in the TCA cycle.

1.2.5 De Novo Lipogenesis

Muscle fibres can synthesise FAs de novo but to a limited extent, the bulk of
FA stored and used in muscle comes from extracellular sources (Saggerson,
Ghadiminejad, and Awan, 1992). As previously mentioned, the liver is the main
site of DNL and, in response to decreasing circulating lipid availability caused
by elevated muscle FA oxidation, this newly synthesised FA can be released
into the circulation, enter skeletal muscle, and be incorporated into the LD TAG

pool (Dagenais, Tancredi, and Zierler, 1976; Zierler, 1976).

De novo FA synthesis is initiated by citrate lyase, an enzyme that
bridges glucose and FA metabolism and has a role in modulating TAG storage
in LDs. When pyruvate flux through the TCA cycle increases, excess citrate
can be shuttled out of the mitochondrial matrix into the sarcoplasm via citrate
transporters (Sun et al., 2010). Citrate lyase then converts cytoplasmic citrate
into oxaloacetate, which can diffuse back into the mitochondria and propagate
the TCA cycle, and acetyl-CoA which, amongst an array of intracellular fates,
can act as the first substrate for FA synthesis (Burke and Huff, 2017). Acetyl-
CoA is committed to FA synthesis when acetyl-CoA carboxylase 2 (ACC2), the
muscle-specific ACC isoform, catalyses its nigh irreversible carboxylation to
form malonyl-CoA (Abu-Elheiga et al., 2000). This reaction is the rate-limiting
step in FA synthesis.

The malonyl group of malonyl-CoA binds to an acyl carrier protein (ACP)
in a reaction catalysed by Malonyl-CoA ACP transacylase. ACPs are important
for shuttling acyl groups to fatty acid synthase (FAS) complexes, the main hubs
of FA synthesis. FAS complexes have two critical components, an ACP region,
and a cysteine thiol residue. In conjunction with an array of enzymes, and with
NADH as a reducing equivalent, FAS complexes catalyse the sequential
elongation of an acetyl-CoA primer group bound to its ACP region with carbon
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atoms that are donated by the decarboxylation of malonyl groups, which
transiently bind to the cysteine thiol residues (Wakil, Stoops, and Joshi, 1983).
The reader is directed to a comprehensive review of FAS components,
enzymes, and activity by Beld and colleagues (Beld et al., 2015).

What is salient here is that the de novo FA synthesis pathway primarily
produces the saturated FAs palmitate (C16:0) and stearate (C18:0) as end
products. However, cells require mono- and poly-unsaturated FAs of various
lengths for phospholipid synthesis and for the activation and regulation of
intracellular signalling pathways (Brown et al., 2019). Therefore, whilst the
palmitate and stearate produced during FA synthesis can be esterified and
trafficked to LDs for storage (Li and Cheng, 2014), thereby increasing IMCL
content, they can also be used in the biosynthesis of mono-unsaturated FAs
by Stearoyl-CoA desaturases (SCDs) (Igal, 2016) and poly-unsaturated FAs
by FA desaturases (Lattka et al., 2010). It is also important to note that
malonyl-CoA inhibits FA oxidation in a mechanism that is discussed in Section

1.3.2 and is critical to muscle contraction-mediated glucose uptake.
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1.3 Skeletal Muscle Glucose Uptake and Utilisation

Plasma glucose concentration, representing a balance between glucose
utilisation and glucose availability, is tightly regulated. Per the National Institute
for Health and Care Excellence (NICE) Public Health Guideline 38 document,
for metabolically healthy individuals, fasting plasma glucose concentration
should be between 4-5.5 mmol/L or 72-100 mg/dL (NICE, 2012). Though the
pancreas is the main regulator of plasma glucose concentration, secreting
insulin from the B-cells of the Islets of Langerhans in response to postprandial
elevations in blood glucose and glucagon from a-cells in response to
postabsorptive decreases in blood glucose, other organs and tissues also play
a vital role in this regulation (Roder et al., 2016). Skeletal muscle is the main
site for the disposal of glucose, accounting for upwards of 80% of intravenously
infused glucose uptake under hyperinsulinaemic-euglycaemic clamp
conditions (Wasserman, 2009; DeFronzo and Tripathy, 2009) and for roughly
50% of postprandial glucose uptake under normal physiological conditions
(Capaldo et al., 1999). To fully appreciate how ectopic lipid accumulation in
skeletal muscle may contribute to decreased whole-body glucose uptake and
the development of insulin resistance, it is important to first describe the

glucose uptake and utilisation pathways.

Glucose is a polar molecule; it cannot cross phospholipid bilayers via
diffusion. Thus, glucose transporters (GLUTs) on the cell membrane which
express differences in kinetics, substrate specificity, and tissue expression are
required to facilitate the ATP-dependent transport of hexose sugars into cells
(Hruz and Mueckler, 2001). The primary transporter in skeletal muscle is
GLUT4 which was first characterised in 1989 (James, Strube, and Mueckler,
1989) and is unique amongst GLUTs in that it is largely localised to vesicles in
intracellular compartments rather than the cell membrane. The trafficking of
intracellular GLUT4 vesicles to, and their enhanced expression on, the
sarcolemma is largely dependent upon (1) the binding of insulin to insulin
receptors (Huang and Czech, 2007) and (2) muscle contraction (Lund et al.,
1995). Highlighting the importance of insulin in mediating skeletal muscle
glucose uptake is the fact that only around 4% of myocellular GLUT4 is

localised to the sarcolemma in the absence of stimulation by insulin, with more
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than 90% localised to subcellular compartments (Coster, Govers, and James,
2004). The intracellular signalling events regulating both insulin-mediated and
contraction-mediated glucose uptake will be described here.

1.3.1 Insulin-Mediated Glucose Uptake in Skeletal Muscle
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Figure 1-6: Simplified schematic of the key insulin-mediated intracellular events
that promote GLUT4 translocation to the sarcolemma. Red arrows indicate inhibition.

Green arrows indicate activation.

When insulin binds to the extracellular a-subunits of insulin receptor
monomers, which are transmembrane tyrosine kinases (Moller et al., 1989),
they homodimerise or heterodimerise with insulin-like growth factor receptors
(Bailyes et al., 1997) (see Figure 1-6). The tyrosine residues in the intracellular
B-subunits of the resulting functional dimers then undergo autophosphorylation
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and transphosphorylation (Gammeltoft and Van Obberghen, 1986). The
phosphorylated tyrosine residues on the B-subunits recruit and phosphorylate
adapter proteins such as those of the Insulin Receptor Substrate (IRS) family.
Phosphorylated IRS-1 and 2 have several tyrosine residues within YxxM motifs
that recruit the class 1a regulatory phosphatidylinositol-4,5-biphosphate 3-
kinase (PI3K) lipid kinases via their src-homology 2 (SH2) domains (White,
2002). PI3K has two important subunits: the p85 regulatory subunit and the
p110 catalytic subunit (Rathinaswamy et al., 2021). The p85 subunit attaches
directly to phosphorylated tyrosine residues on IRS-1/2 leading to the
phosphorylation and activation of the p110 subunit. The activated p110 subunit
catalyses the addition of a phosphate group to the 3’ carbon of the membrane
phospholipid phosphatidylinositol-4,5-bisphophate  (PIP2) to  form
phosphatidylinositol-3,4,5-triphosphate (PIP3) (Knight et al., 2006). PIPs
remains integrated in the sarcolemma where it acts as a site for the recruitment
and activation of 3-phosphoinositide-dependent protein kinase 1 (PDK1).
Phosphatidylinositol binding of PDK1 is necessary for the activation of many
PDK1 substrates at the cell membrane, the crucial one in this case being
protein kinase B (PKB) or Akt. PIP3 co-recruits PDK1 and its substrate kinases
Akt and protein kinase C (PKC) to the cell membrane via their Pleckstrin
homology domains (Miao et al., 2010). Once localised to the plasma
membrane Akt undergoes conformational changes that expose two amino
acids which must both be phosphorylated to achieve full activation. Akt is
phosphorylated at Thr308 by PDK1 and then phosphorylated at Ser473 by
mammalian target of rapamycin (mTOR) complex 2 (mTORC2) (Yoon, 2017).
The effects of insulin on glucose uptake and metabolism are primarily
mediated by this activated Akt.

Phosphorylated Akt modulates Rab GTPase protein activity and
increases glucose uptake in insulin-stimulated cells by promoting the
translocation of GLUT4 vesicles to the cell membrane, thus increasing cell
membrane permeability to glucose. Rab GTPases are regulated by the cycling
between their Guanosine-5'-Triphosphate (GTP)-bound active conformation
and their Guanosine Diphosphate (GDP)-bound inactive conformation

(Stenmark, 2009). This conformational cycling is controlled by the balance
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between the activity of Rab GTPase-activating proteins (GAPs) and Guanine
nucleotide exchange factors (GEFs). GEFs promote the release of GDP bound
to Rab GTPases, such that GTP can then bind to and functionally activate the
GTPases. Rab GAPs then inactivate Rab proteins by catalysing GTP
hydrolysis from them, which is then replaced by GDP (Barr and Lambright,
2010).

Rab GTPases control membrane trafficking pathways which are
responsible for intracellular GLUT4 vesicle formation, vesicle transport to the
cell membrane, and vesicle fusion to the cell membrane (Fukuda, 2008;
Stenmark, 2009). Rab GAPs contain a highly conserved domain, the GAP
domain, which contains 200-300 amino acids, depending on the protein, and
catalyses GTP hydrolysis (Pan et al., 2006). In cells which are not stimulated
by insulin, the Rab GAPs Akt substrate of 160 kDa (AS160), also known as
TBC1D4, and TBC1D1 constitutively inhibit GLUT4 vesicle translocation to the
cell membrane by catalysing the conversion of GTP to GDP for Rab GTPases
that control GLUT4 translocation. Thus, in the resting state the rate of GLUT4
vesicle trafficking to and from the sarcolemma is comparatively low and many
vesicles are retained in intracellular compartments. When myocytes are
stimulated by insulin, AS160 and TBC1D1 are phosphorylated by Akt and
inactivated (Middelbeek et al., 2013; Cartee, 2015). In this insulin-stimulated
state the molecular switch is flipped to favour the activity of Rab GEFs which
catalyse the binding of GTP to Rab GTPases, activating them, upregulating
the translocation of GLUT4 vesicles to the sarcolemma, and boosting glucose
uptake. It has been demonstrated in 3T3-L1 adipocytes that when the
phosphorylation sites of AS160 are mutated to alanine, such that Akt cannot
phosphorylate them and inactivate AS160, GLUT4 translocation to the cell
surface is reduced by roughly 80% (Sano et al., 2003).

Soluble NSF attachment protein receptor (SNARE) proteins mediate the
translocation of intracellular GLUT4-containing vesicles to the sarcolemma
and the fusion of these vesicles with the sarcolemma (Han, Pluhackova, and
Bockmann, 2017). A detailed review of this complex and incompletely
understood process is beyond the scope of this thesis. Briefly, during GLUT4
translocation, vesicle (v-) SNAREs located on GLUT4 vesicles interact with the
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relevant target (t-) SNARESs located in the sarcolemma to form 4 SNARE motifs
which are assembled in twisted 4-helical bundles known as SNAREpin
complexes (Hong and Lev, 2014). SNAREpin complexes are obligatory for the
fusion of vesicles with the sarcolemma and the exocytosis of GLUT4 to the cell
surface. The SNAREs involved in insulin-mediated GLUT4 translocation
include VAMP2, Syntaxin 4 and SNAP23 which are in turn regulated by
Munc18C, Synip, and Synaptotagmin (Foley, Boguslavsky and Klip, 2011).
The actin cytoskeleton also plays a role as evidenced by the activation of the
cytoskeleton regulatory protein GTPase Rac1 during this translocation (Sylow
et al., 2013).

1.3.2 Contraction-Mediated Glucose Uptake in Skeletal Muscle

The contraction-mediated glucose uptake pathway is not as well understood
as the insulin-mediated pathway. Existing evidence suggests that it is primarily
facilitated by §' adenosine monophosphate-activated protein kinase (AMPK),
a heterotrimeric serine/threonine kinase that plays a major role in the
regulation of metabolic substrate utilisation. AMPK is composed of an a-
subunit, responsible for its catalytic activity, and regulatory - and y-subunits.
The y-subunit contains CBS domains which bind to both AMP and ATP (Xiao
et al., 2007), thereby affording this enzyme sensitivity to changes in the
intracellular ratio of AMP:ATP caused, in this context, by ATP consumption
during exercise (Richter and Ruderman, 2009).
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Figure 1-7: Pathway for AMPK activation and the effect of this activation on fatty
acid transport into the mitochondria. Enzymes are shown in blue text. CPT1, Carnitine

palmitoyltransferase I; CPT2, Carnitine palmitoyltransferase 2.

Muscular contractions increase the rate of ATP hydrolysis, forming ADP which
can then be converted to AMP in a reaction catalysed by adenylate kinase. As
the AMP:ATP ratio increases, more AMP binds to the CBS domains in site 3
of the y-subunit of AMPK, thereby allosterically activating it and enhancing the
phosphorylation of the threonine 172 residue in the catalytic a-subunit by
upstream kinases including Liver Kinase B1 (LKB1) (Hardie et al., 2003;
Lagendorf et al., 2016) (see Figure 1-7). Phosphorylation of AMPK functionally
activates it (Woods et al., 2003) and it is the ratio of AMP:ATP that is the
primary determinant of this activation, not the intracellular concentration of

ATP which, unlike AMP, does not change significantly during low-moderate
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intensity exercise (Hardie, Salt, and Davies, 2000). In lean, healthy individuals,

but not obese individuals or those with T2DM, cytoplasmic increases in AMP

concentration, and increased AMPK activation, are closely coupled with the

velocity, power output, and duration of muscular contractions (Chen et al,

2003; Sriwijitkamol et al., 2007). This is evident in both resistance (Dreyer et

al., 2006) and endurance exercise modalities, with AMPK activation notably

increasing in the latter from exercise intensities of 40% VO- peak (Chen et al,,

2003). An analogue of AMP, 5-Aminoimidazole-4-carboxamide ribonucleotide
(AICAR), is another important allosteric activator of AMPK (Visnji€ et al., 2021).

Activated AMPK has three main functions, all of which fit within the rubric

of increasing ATP generation to decrease the intracellular AMP:ATP ratio:

1.

Upon activation, mainly through AICAR, AMPK phosphorylates AS160
(Treebark et al., 2006), resulting in increased Rab GTPase activity,
enhanced GLUT4 translocation to the sarcolemma and greater glucose
uptake in contracting muscle, as discussed in Section 1.3.1.

. Activated AMPK phosphorylates Acetyl-CoA carboxylase 2 (ACC2), the

predominant ACC isoform in muscle, at Ser212 thereby inhibiting its
activity (see Figure 1-7). ACC2 catalyses the synthesis of malonyl-CoA
from acetyl-CoA (Abu-Elheiga et al., 2000), a critical reaction in FA
biosynthesis. Malonyl-CoA is responsible for the inhibition of CPT1
(Cook, Stephens, and Harris, 1984) which, as discussed in Section
1.2.3.1, is an integral part of the carnitine shuttle that transports fatty
acids into the mitochondrial matrix for B-oxidation (Houten, and
Wanders, 2010). Thus, by inhibiting ACC2 catalytic activity, AMPK
reduces malonyl-CoA synthesis, decreases inhibition of CPT1 and
promotes LCFA oxidation, thereby increasing ATP production and

decreasing the intracellular AMP:ATP ratio.
Activated AMPK also limits the activity of pathways involved in lipid and

protein synthesis, cell growth, and cell proliferation, all of which are

processes that consume ATP (Steinberg, and Carling, 2019).
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However, though AMPK has a recognised role in the contraction-mediated
glucose uptake pathway, several studies using transgenic rodent models have
found that glucose uptake via this pathway is only partially blunted by 40-60%
following deactivation or knockout of AMPK (Hingst et al., 2020). Therefore,
other molecules are implicated in facilitating contraction-mediated glucose
uptake.

The seminal findings in this regard were published by Youn and
colleagues in 1991. They incubated muscle isolated from male Wistar rats in
caffeine  and  N-(6-aminohexyl)-5-chloro-I-naphthalenesulfonamide  at
concentrations that were sufficient to stimulate Ca?* release from the
sarcoplasmic reticulum without increasing muscle tension. In so doing they
observed that increases in intramyocellular Ca?* concentration independently
enhanced the uptake of 3-O-methyl-D-glucose in skeletal muscle (Youn,
Gulve, and Holloszy, 1991). Later it was found in similar experiments that
incubation of muscle with KN93, an inhibitor of the Ca?*/Calmodulin-dependent
Protein Kinases (CaMKs) class of regulators (Junho et al., 2020), completely
blunted any caffeine-induced increases in glucose uptake, indicating that the
CaMK enzyme class was the key mediator in Ca?*-induced glucose uptake
(Wright et al., 2004).

The role of the CaMK-dependent element of the contraction-mediated
glucose uptake pathway in humans is debated (Jensen et al., 2014) but is
currently conceptualised as follows (Wright et al., 2006). Muscle contractions
stimulate the release of Ca?* ions from the sarcoplasmic reticulum, which
raises the calcium levels in the sarcoplasm. Calmodulin binds to these Ca?*
ions and the resultant Ca?*/calmodulin complex undergoes a conformational
change that allows it to bind to and activate CaMKI|I, the main CaMK in skeletal
muscle (Rose, Kiens, and Richter, 2006). Activated CaMKII then undergoes
autophosphorylation at Thr286 and Thr287 (Luci¢, Greif, and Kennedy, 2008)
and, in conjunction with LKB1, acts as an upstream kinase of AMPK,
phosphorylating it at Thr172 as shown in Figure 1-7 (Witczak et al., 2006).
Phosphorylated AMPK promotes GLUT4 translocation to the sarcolemma and
t-tubules, and muscle glucose uptake as previously described. Evidence
supporting this concept comes from experiments using electrical pulse
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stimulation (EPS) of C2C12 myotubes, which induces muscle contractions ex
vivo (Ojuka, Goyaram, and Smith, 2012; Nikoli¢, and Aas, 2019). These
experiments show that the abundance of phosphorylated Thr172-AMPK and
phosphorylated Thr286-CaMKIl is significantly increased during muscle
contractions (Hong et al., 2016) and that GLUT4 translocation and glucose
uptake are enhanced because of this contraction-induced phosphorylation
(Witczak et al., 2006). Alongside phosphorylation of AMPK, there is evidence
that CaMKII enhances muscle glucose uptake by increasing the activation of
myocyte enhancer factor 2 (MEF2 proteins), which are transcription factors

that upregulate GLUT4 gene expression (Ojuka, Goyaram, and Smith, 2012).

1.3.3 Carbohydrate Utilisation

The first step in carbohydrate utilisation is the ATP-dependent phosphorylation
of internalised glucose to form glucose-6-phosphate (G6P), a reaction which
is catalysed by the hexokinase isoforms (Wilson, 2003), primarily hexokinase
Il in the skeletal muscle (Roberts and Miyamoto, 2015). This reaction commits
glucose to downstream metabolic pathways as G6P cannot be transported out
of the myocyte. It also ensures that the gradient in glucose concentration
between the interstitial space and the sarcoplasm continues to favour glucose
uptake by the muscle. G6P acts as the foundation for three pathways that are
necessary for ATP production and cell survival: Glycogenesis, through which
glucose is stored as glycogen within the cell; Glycolysis, which produces
pyruvate and ATP, and the Pentose Phosphate Pathway, which generates
NADH with the production of 5-carbon sugars for nucleotide synthesis as the
endpoint. A discussion on the PPP is beyond the scope of this thesis.
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1.3.3.1 Glycogenesis
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Figure 1-8: Schematic of glycogenesis pathway. In response to cellular insulin
stimulation activated Akt phosphorylates GSK-3, promoting the incorporation of

glucose molecules into glycogen.

Akt promotes glycogenesis through the inhibition of glycogen synthase kinase
3 (GSK-3). To form glycogen, G6P must first be converted to UDP-glucose
(see Figure 1-8). This conversion is mediated by the enzyme
phosphoglucomutase (PGM) which transforms G6P into glucose-1-phosphate
(G1P), and UDP—glucose pyrophosphorylase which catalyses the reaction
between uridine triphosphate and glucose-1-phosphate to form UDP-glucose
with the release of pyrophosphate (Tegtmeyer et al., 2014). Glycogen
synthase (GS) is the enzyme that catalyses the incorporation of UDP-glucose
units into glycogen (Contreras et al., 2016). When Akt activity is low in the
absence of cellular insulin stimulation, GSK-3 actively phosphorylates GS,
inactivating it and decreasing the rate of glycogenesis. GSK-3 is
phosphorylated on Ser-9 (Sutherland, Leighton, and Cohen, 1993) in its N-
terminus by phosphorylated Akt in response to cellular insulin stimulation, thus
reducing the active site availability of the enzyme and decreasing GSK-3
phosphorylation of GS (Cross et al., 1995). Unphosphorylated GS is
enzymatically active and will begin to increase the rate of glycogenesis using

intracellular glucose.
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1.3.3.2 Glycolysis
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Dihydroxyacetone Phosphate
Triose
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Dihydroxyacetone Phosphate > Glyceraldehyde 3-Phosphate

Figure 1-9: ATP-utilisation phase of glycolysis. Enzymes are shown in blue.

Glycolysis is a well characterised, 10-step enzymatic reaction in which glucose
is converted to two units of pyruvate, which are further sequentially
metabolised to CO2 via the TCA cycle, with the generation of ATP and H20
(Gnaiger, 2009). Glycolysis can largely be split into two phases: an ATP-
utilisation phase (see Figure 1-9) followed by an ATP-production phase. As
mentioned in Section 1.3.3, the first committed step in glucose metabolism is
the phosphorylation of a glucose molecule to form G6P in an ATP-dependent
reaction catalysed by hexokinase Il. This is followed by the isomerisation of
G6P to form fructose-6-phosphate, catalysed by G6P isomerase, and the
phosphorylation of fructose-6-phosphate to form fructose-1,6-bisphosphate, a
reaction which consumes another molecule of ATP. The ATP utilisation phase
ends at the fourth and fifth steps of glycolysis in which a fructose-1,6-

bisphosphate molecule is cleaved by aldolase to form a single glyceraldehyde
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3-phosphate and a single dihydroxyacetone phosphate molecule, which is
subsequently converted to a second glyceraldehyde 3-phosphate molecule by
triose phosphate isomerase.

Glyceraldehyde
3-Phosphate
Dehydrogenase

2x(Glyceraldehyde 3-Phosphate) + 2NAD* + 2P, 3 > 2x(1,3-Bisphosphoglycerate) + 2NADH + 2H*

2xADP 2XATP

e

2x(1,3-Bisphosphoglycerate) > 2x(3-Phosphoglycerate)
Phosphoglycerate
Kinase

Phosphoglycerate Mutase

2x(3-Phosphoglycerate) 3 >  2x(2-Phosphoglycerate)
Elonase
2x(2-Phosphoglycerate) = > 2x(Phosphoenolpyruvate) + H,0
2xADP 2XATP
2x(Phosphoenolpyruvate) / » 2x(Pyruvate)

Pyruvate Kinase

Figure 1-10: ATP-production phase of glycolysis. Enzymes are shown in blue.

The ATP-production phase is initiated when each of the two
glyceraldehyde 3-phosphate molecules are oxidised by NAD* to form two
molecules of 1,3-bisphosphoglycerate and NADH, a reaction catalysed by
glyceraldehyde 3-phosphate dehydrogenase. This is followed by the first ATP
producing step in which each 1,3-bisphosphoglycerate molecule is converted
to 3-phosphoglycerate by phosphoglycerate kinase, generating two ATP
molecules. Phosphoglycerate mutase and enolase, via a dehydration reaction,
then sequentially catalyse the conversion of the two 3-phosphoglycerate
molecules to form two phosphoenolpyruvate molecules as shown in Figure 1-
10. The final step of glycolysis is the dephosphorylation of the two
phosphoenolpyruvate molecules to form pyruvate, as catalysed by pyruvate
kinase, to yield two units of ATP. Thus, when both the ATP-utilisation phase in
which 2 molecules of ATP are used and the ATP-production phase in which 4
molecules of ATP are generated, glycolysis yields a net total of two units of
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ATP for each molecule of glucose (Boiteux and Hess, 1981). In skeletal muscle
the formation of G6P, fructose-6-phosphate, and pyruvate are irreversible
steps but the reversal of these reactions by different enzymes is essential for
gluconeogenesis in the liver (Rui, 2014).

Pyruvate has several fates. In the cytoplasm it can be anaerobically
reduced to lactate via a fermentation reaction catalysed by lactate
dehydrogenase, or it can undergo transamination to form alanine. Pyruvate
can also traverse the mitochondrial membranes and enter the mitochondrial
matrix via pyruvate carrier proteins (Halestrap, 2012; Bricker et al., 2012)
where it goes through the TCA cycle.
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1.3.3.3 The TCA Cycle
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Figure 1-11: Diagram of the TCA cycle. Acetyl-CoA, through which this cycle is

initiated, is shown in green. Enzymes are shown in blue.

In the mitochondrial matrix pyruvate molecules can undergo one of two

irreversible reactions integral to the TCA cycle (see Figure 1-11). They can be

carboxylated to form oxaloacetate in a reaction catalysed by pyruvate

carboxylase (Jitrapakdee et al., 2008). Or the pyruvate dehydrogenase

complex (PDC), an assembly of the pyruvate dehydrogenase (PDH),

dihydrolipoyl acetyltransferase, and dihydrolipoyl dehydrogenase enzymes,

catalyses the oxidative decarboxylation of pyruvate to form acetyl-CoA (Patel
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et al., 2014). This process is tightly controlled by the reversible phosphorylation
of PDH, mediated by pyruvate dehydrogenase kinase (PDK) and pyruvate
dehydrogenase phosphatase (PDP).

Whilst a detailed discussion of the TCA cycle is beyond the scope of this
thesis, it is important to highlight that the main function of this cycle is to oxidise
acetyl-CoA derived both from pyruvate and produced during B-oxidation as
discussed in Section 1.2.4.2 (Bowtell et al., 2007). Thus, the regulation of PDC
activation status by PDKs and PDPs is central to muscle fuel selection.

1.4 Integration of Muscle FA and Glucose Oxidation

The oxidation of FA and oxidation of glucose are tied together in a reciprocal
relationship. The first attempt to characterise this relationship mechanistically
was put forth by Sir Philip Randle and his colleagues in 1963 with what is now
termed the glucose-FA, or Randle, cycle (Randle et al., 1963). Based on
previous findings that elevated plasma FA availability resulted in increased FA
oxidation concurrent with decreased glucose oxidation, Randle and his
colleagues proposed that these findings resulted from the inhibition of the PDC
caused by changes in the production of acetyl-CoA and NADH reducing
equivalents in the mitochondrial matrix. Standing on the shoulders of this
ground-breaking theory, subsequent research has afforded us a clearer,
modern understanding of the integration of fat and glucose oxidation during
fasting, following feeding, during exercise, and in response to metabolic
dysfunction and disease.

1.4.1 Skeletal Muscle Fuel Oxidation in the Postabsorptive State

In the fasting, or postabsorptive, state, 6-12 hours following feeding when
nutrients have been absorbed by the gut and stored within the tissues, adipose
tissue lipolysis allows for the release of FAs into the circulation, increasing
plasma FA availability and FA transport to and uptake by the peripheral
tissues, including the skeletal muscles (Jensen, Ekberg, and Landau, 2001).
Increased intramyocellular FA availability increases the rate of B-oxidation,
thereby supporting the selective utilisation of fats as fuel for ATP production

during fasting, and impairs glucose oxidation (Boden et al., 1994; Vaag et al.,
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1994). FA oxidation accounts for about 66% of whole-body energy production

in the fasted state (Kuzmiak-Glancy and Willis, 2014) and typically the reliance

on FA oxidation for energy production is even greater than 66% in the skeletal

muscles specifically (Dagenais, Tancredi, and Zierler, 1976). This preferential

oxidation of FAs at rest in most tissues allows for the sparing of blood glucose

and of glycogen stores. These are crucial survival adaptations that maintain

glucose availability for brain cells and the wider central nervous system where,

unlike almost all other tissues in the body, glucose oxidation predominates

overwhelmingly, even at rest (Schonfeld and Reiser, 2013). As described by

the glucose-FA cycle, the impairment of glucose oxidation by FAs in the fasted

state is at three key levels of the glucose metabolism pathway:

1.

Firstly, B-oxidation of FAs is the primary source for the production of
acetyl-CoA and the reducing equivalents NADH and FADH: in the
mitochondrial matrix during fasting, with enhanced [-oxidation
increasing mitochondrial acetyl-CoA/CoA and NADH/NAD* ratios.
Elevations in Acetyl-CoA and NADH mitochondrial content can acutely
reduce pyruvate flux through PDC by feedback inhibition, so as the
concentration of these [-oxidation products increases, glucose
oxidation is antagonised (Constantin-Teodosiu, 2013).

. Secondly, increased production of acetyl-CoA from [(-oxidation also

increases citrate concentrations in the mitochondrial matrix. Excess
citrate can be transported out of the mitochondria into the sarcoplasm,
see Section 1.2.3.3, where it can directly inhibit the activity of
phosphofructokinase, which catalyses the phosphorylation of fructose-
6-phosphate to form fructose-1,6-bisphosphate during glycolysis
(Jenkins et al., 2011), thereby attenuating the glycolytic pathway (see
Section 1.3.3.2). The inhibition of phosphofructokinase in this way also
leads to the accumulation of G6P and indirect inhibition of hexokinase,
resulting in the impaired retention and oxidation of glucose (Hue and
Taegtmeyer, 2009).
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3. Thirdly, the expression of PDKs is elevated during the postabsorptive
state due to decreased plasma insulin concentration and increased FA-
induced transcription of PDK genes (Holness and Sugden, 2003). PDKs
target the pyruvate dehydrogenase (E1) enzymatic region of the PDC,
phosphorylating the Ser293, 300, and 232 residues and reducing its
activity (Abbot et al, 2005; Tovar-Méndez et al., 2005). This
antagonism of PDCs reduces the rate at which pyruvate from glycolysis
is converted to acetyl-CoA, thereby decreasing the rate of glucose
oxidation, and increasing the rate of B-oxidation to meet the energy
demands of the muscle (Sugden et al., 2000).

1.4.2 Skeletal Muscle Fuel Oxidation in the Postprandial State

The work of Andres, Cader, and Zierler in human forearm muscle was the first
to show that during the transition from the fasted to the fed state, muscle fuel
oxidation switches from predominantly FA to glucose oxidation (Andres,
Cader, and Zierler, 1956). Following a meal, or under hyperinsulinaemic-
euglycaemic clamp conditions, plasma insulin and glucose concentrations
increase. Insulin inhibits the rate of adipose tissue lipolysis, thereby
suppressing the release of FAs stored in these depots into the circulation,
promoting greater FA re-esterification, and reducing plasma FA concentration
(Foley, 1988; Bajaj et al., 2004; Choi et al., 2010). Given that plasma FA
concentration is a major determinant of FA oxidation, changes in plasma
glucose concentration act as one of the mechanisms regulating the rate of FA
oxidation in this transition from the fed to the fasted state. Most of the glucose
taken up by the muscles in the postprandial state is oxidised whilst the rest is
converted to glycogen as described in Section 1.3.3.1.

The inhibition of FA oxidation in the postprandial state, or under
hyperinsulinaemic-euglycaemic clamp conditions, is largely caused by the
inhibition of FA transport into the mitochondria. A study by Sidossis and Wolfe
demonstrated, using the hyperinsulinaemic-euglycaemic clamp technique,
that increasing plasma glucose concentration blunted the oxidation of LCFAs
but not of medium chain FAs (Sidossis and Wolfe, 1996). Given that CPT1 is

responsible for the transport of LCFAs into the mitochondria, these data
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suggested that glucose-induced inhibition of FA oxidation is regulated at the
level of CPT1. As detailed in Section 1.3.2, malonyl-CoA is the regulator of
CPT1 activity, inhibiting it and decreasing the transport of long-chain acyl-
carnitines into the mitochondria. The synthesis of malonyl-CoA is dependent
upon the carboxylation of acetyl-CoA in a reaction catalysed ACC2.

Pyruvate formed during glycolysis enters the mitochondria and is
converted to acetyl-CoA by the PDC. Excess citrate produced by elevated
insulin-stimulated pyruvate flux through the TCA cycle can be transported into
the sarcoplasm where it is converted to acetyl-CoA by citrate lyase, see
Section 1.2.5. Greater cytosolic acetyl-CoA content upregulates the activity of
ACC2 and increases the synthesis of malonyl-CoA, thereby promoting the
inhibition of CPT1, decreasing the transport of LCFAs into the mitochondria
and decreasing FA oxidation (Saha et al., 1997). The resultant accumulation
of LCFAs in the cytosol limits the uptake of FAs from the blood and favours the
esterification of these FA chains to form TAG that is then stored within LDs.
Feeding also attenuates PDK activation, increasing the rate at which the PDC
catalyses the conversion of pyruvate to acetyl-CoA which ultimately leads to
greater malonyl-CoA synthesis from citrate as previously described, resulting
in impaired FA oxidation and increased glucose oxidation (Foster, 2012).

1.4.3 Metabolic Flexibility and Physical Activity Status

The ability to readily switch between preferential FA or glucose oxidation in
response to changes in nutrient availability and plasma insulin concentration
during the transition between the fasted and fed states is termed “metabolic
flexibility” (Storlien, Oakes, and Kelley, 2004; Goodpaster and Sparks, 2017;
Palmer and Clegg, 2022). The transition from FA to glucose oxidation is rapid,
taking less than 30 minutes following the start of feeding in healthy individuals
(Hue and Taegtmeyer, 2009). The characteristic preference for FA oxidation
at rest and glucose oxidation after feeding in healthy, metabolically flexible

individuals is perturbed in obese and insulin-resistant individuals.

Insulin-mediated suppression of FA oxidation and induction of glucose
oxidation during feeding or during the hyperinsulinaemic-euglycaemic clamp
are both blunted in obese individuals and those with T2DM, being indicative of

37



severe insulin resistance in both groups relative to healthy controls (Kelley et
al., 1990; Kelley et al., 1999). There is some evidence to suggest that even in
the postabsorptive state, obese individuals, and those with T2DM have lower
resting FA oxidation, and higher resting glucose oxidation, rates than healthy
individuals (Goodpaster, Wolfe, and Kelley, 2002; Hulver et al., 2003; Carstens
et al, 2013). This “metabolic inflexibility” is a common finding in insulin
resistant individuals and those with T2DM, though whether it precedes or is
caused by insulin resistance is currently unclear (Palmer and Clegg, 2022). In
vivo, using the hyperinsulinaemic-euglycaemic clamp technique in conjunction
with indirect calorimetry, it has been demonstrated that insulin sensitivity and
maximal oxygen uptake are positive predictors of metabolic flexibility whilst
body fat percentage is negatively correlated with metabolic flexibility
(Ukropcova et al., 2005). Indeed, these associations were also observed in
primary myotubes cultured from the vastus lateralis tissue of healthy, insulin-
sensitive young males, demonstrating that differences in metabolic flexibility
are evident at the level of the muscle (Ukropcova et al., 2005).

Physical activity status is a major determinant of metabolic flexibility,
with individuals that are habitually sedentary or who participate in bed rest
interventions presenting with multiple markers of metabolic inflexibility and with
impaired insulin sensitivity indicative of insulin resistance, whilst trained
individuals have high metabolic flexibility (Rynders et al., 2018). Indeed, it has
been demonstrated that 10 days of endurance exercise, 1-hour long sessions
at 70% VO2max, improves metabolic flexibility in obese individuals such that
their postprandial glucose and FA oxidation rates are comparable to healthy,

lean controls (Battaglia et al., 2012).

1.4.4 Skeletal Muscle Fuel Oxidation During Exercise

Skeletal muscle ATP content is around 5 mmol/kg wet muscle at any given
time (Spriet et al., 1992). In response to exercise, energy expenditure can
increase more than 10-fold relative to the energy demands at rest (Romijn,
1993). This small pool of ATP would be rapidly depleted, particularly in
response to exercise, unless it is consistently replenished and maintained.

Therefore, both the uptake and oxidation of FA and glucose increase
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significantly during the transition from rest to exercise to maintain muscle force
output, with IMCL-derived FAs, adipose tissue-derived FAs, intramuscular
glycogen stores, and blood glucose all providing substrate for ATP production
in contracting muscle (Van Loon et al., 2001). The extent to which glucose and
FA oxidation contribute to whole-body energy requirements during exercise is
dependent upon the exercise training modality, its duration, and its intensity
(Romijn et al., 1993).

During aerobic exercise maximal FA oxidation is achieved at exercise
intensities from 45-65% VOo2max. At exercise intensities greater than this FA
oxidation begins to decrease (Purdom et al, 2018) and the oxidation of
glucose increases to compensate in what is referred to as the “crossover”
effect (Brooks, and Mercier, 1994). Mechanistically, at low-moderate exercise
intensities, increased myocellular Ca?* concentration (Watt, Heigenhauser,
and Spriet, 2003) and stimulation of myocytes by adrenaline (Talanian et al.,
2006) results in the phosphorylation and activation of HSL, a key enzyme in
the lipolysis of TAG stored within LDs as discussed in Section 1.2.3. This is
accompanied by AMPK-mediated phosphorylation of PLIN proteins on the
surface of LDs which recruits in activated ATGL and HSL enzymes, thereby
promoting the lipolysis of LD TAGs and the supply of FAs to adjacent
mitochondria for FA oxidation (Prats et al., 2006). Thus, during low-moderate
intensity exercise IMCL acts as a major source of FAs for ATP production
(Stellingwerff et al., 2007), with utilisation of LD-derived FAs being greatest at
the maximal FA oxidation rate (Van Loon, 2004), which is also supported by
exercise-induced increases in the intramyocellular synthesis and sarcolemmal

expression of FA transporters (Talanian et al., 2010).

As exercise intensity increases there is reduced FA delivery to, and
oxidation by, the skeletal muscles and increased utilisation of glucose,
primarily derived from the breakdown of glycogen, thereby shifting fuel
utilisation to favour glucose oxidation (Spriet, 2014). The oxidation of fats at
lower exercise intensities spares glycogen stores, with the depletion of these
stores resulting in a precipitous decrease in muscle force output (Wahren et
al., 1971). Initial increases in glucose uptake in response to exercise are
mediated by AMPK-induced translocation of GLUT4 to the sarcolemma
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(Hargreaves and Spriet, 2018), as described in Section 1.3.2. The increase in
the utilisation of glucose from glycogenolysis for ATP production is induced by
cytoplasmic increases in Ca?* and P; concentrations and in the AMP:ATP ratio,
all of which promote greater activation of glycogen phosphorylase (Hargreaves
and Spriet, 2018).

Though the relationship between malonyl-CoA and CPT1 is important in
the regulation of fuel selection during fed and fasted states, during exercise
malonyl-CoA content in the skeletal muscles remains unchanged from
exercise intensities of 35-100% VO2max and is independent of exercise duration
or FA oxidation rates (Odland et al., 1998). Instead, it is proposed that the
availability of free carnitine to transport LCFAs into the mitochondrial matrix
may be the determinant of FA oxidation during high intensity exercise (Hiatt et
al., 1989).

Van Loon and colleagues investigated the role of carnitines in muscle
fuel selection during the crossover effect in 8 male cyclists (Van Loon et al.,
2001). The study involved participants exercising on a cycle ergometer at
intensities of 40, 55, and 75% Wmax in conjunction with intravenous infusion of
glucose and palmitate tracers, blood and breath sampling, and muscle biopsy
collection. They observed that whilst total carnitine concentration did not
change from 40 to 55 to 75% Wmax, muscle free carnitine concentration
decreased whilst acyl-carnitine concentration increased, concurrent with the
increased concentration of activated PDC. Accordingly, palmitate oxidation
decreased from 55 to 75% Wmax Whilst the oxidation of glucose from muscle
glycogen stores and plasma glucose increased. These changes were
dissociated from plasma FFA concentration (Van Loon et al., 2001).

Later work provided further insight into the mechanism via which PDC
is activated during exercise. Muscular contractions stimulate Ca?* release from
the sarcoplasmic reticulum and Ca?* uptake by the mitochondria in an exercise
intensity-dependent manner (Egan and Zierath, 2013). In the mitochondria
these Ca?* ions then activate PDP (Huang et al., 1998). It has been suggested
that the increased PDC flux in the transition from rest to moderate-high
intensity exercise is regulated by this increased Ca?*-mediated activation of
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PDPs in contracting muscle (Constantin-Teodosiu et al., 2004). In line with
this, maximal intensity contractions have been shown to increase the
proportion of activated PDC in skeletal muscle, to decrease muscle free
carnitine and glycogen content, and to increase PDH flux (Constantin-
Teodosiu et al., 2019).

Taken together, these findings support a pathway in which increased
PDC flux decreases the flux of FA-derived acetyl-CoA into the TCA cycle,
which causes the upstream accumulation of mitochondrial acyl-carnitines and
decreases the cytosolic free carnitine pool. This results in the decreased ability
to transport LCFAs into the mitochondrial matrix via the carnitine shuttle (see
Section 1.2.4.1) and the inhibition of oxidation of FAs derived from IMCL and
delivered to the tissues by lipoproteins (Van Loon et al., 2001).

1.4.5 Transcriptional Requlation of Skeletal Muscle Fuel Oxidation

A legion of genes are responsible for regulating the interplay between muscle
fuel oxidation, muscle insulin sensitivity, and IMCL content at rest, after
feeding, and during exercise (Sabaratnam et al., 2019; Parikh et al., 2021,
Verbrugge et al., 2022). And though there are recent developments, such as
the identification of Yes1 associated transcriptional regulator (YAP) as a key
regulator of human skeletal muscle fuel oxidation (Watt et al., 2021), only those
genes with the greatest evidentiary support for a role in muscle fuel oxidation
will be discussed, with relevance to the work presented here and brevity in

mind.

1.4.5.1 Peroxisome Proliferator-Activated Receptors

FAs act as the endogenous ligands for peroxisome proliferator-activated
receptors (PPARs) (Finck et al., 2002), a family of nuclear receptor
transcription factors that function as the main regulators of mitochondrial
biogenesis and FA oxidation, of which there are three major isoforms: PPAR-
a, -0, and -y (Lee, Olson, and Evans, 2003; Varga, Czimmerer, and Nagy,
2011). The different isoforms have variable tissue expression and functions,
but all play a role in the regulation of fuel oxidation (Crossland, Constantin-
Teodosiu, and Greenhaff, 2021). Upon activation by FAs PPARs

heterodimerise with retinoid X receptors (RXRs) to form complexes that bind
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to the regulatory regions of genes involved in lipid metabolism and promote
their transcription, including LPL, FABP, SCD and CD36 (Varga, Czimmerer,
and Nagy, 2011). PPAR activation is upregulated under fasting conditions,
when FAs from adipose tissue lipolysis are taken up by the skeletal muscles,
acting as one of the regulatory changes that underpin elevated FA oxidation in
this state (Kersten et al., 1999; Inagaki et al., 2007; Duszka et al., 2020). In
mice chronic activation of PPARs has been demonstrated to significantly
elevate FA oxidation in skeletal muscle, to prevent body weight gains even in
response to high-fat feeding, and to decrease adiposity (Tanaka et al., 2003).

PPARs also have a role in regulating carbohydrate metabolism as they
upregulate the transcription of genes controlling the synthesis of PDKs,
including the main muscle isoforms PDK2 and PDK4 (Degenhardt et al., 2007).
Given that PDKs compete with PDPs in the regulation of PDCs, this
upregulation results in greater inhibition of PDC and decreased conversion of
pyruvate to acetyl-CoA which promotes FA oxidation during fasting (Tsintzas
et al, 2006). PPARs also regulate the transcription of malonyl-CoA
decarboxylase, an enzyme that promotes LCFA transport into the
mitochondrial by catalysing the decarboxylation of Malonyl-CoA to form acetyl-
CoA, thereby increasing FA oxidation (Young et al., 2001).

1.4.5.2 Fork Head Box O

Fork head box O (FOXO) proteins are a family of transcription factors which
are involved in the regulation of an array of processes in skeletal muscle,
including energy metabolism (Sanchez, Candau, and Bernardi, 2014). Insulin
suppresses FOXO expression by the induction of the PI3K/Akt signalling
pathway in which Akt phosphorylates and inactivates FOXO1 (Zhang et al.,
2011). Conversely, it has been demonstrated that incubation with palmitate
reduces the phosphorylation of FOXO in myocytes in vitro, activating FOXO1
(Chien, Greenhaff, and Constantin-Teodosiu, 2020). This is because the
promoter region of FOXO1 contains PPAR response elements, with the
transcription and activation of FOXO1 in skeletal muscle being highly
responsive to PPAR activation by FAs (Nahlé et al., 2008). The expression of
FOXO1 is upregulated during fasting and starvation when plasma FA

availability and FA uptake by the skeletal muscles are elevated due to adipose
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tissue lipolysis, and there are three main mechanisms via which FOXO

increases FA oxidation during these states.

Firstly, FOXO1, in conjunction with PPAR, targets response elements in
the promoter region of the PDK genes (Kwon et al, 2004) and induces
increased skeletal muscle PDK4 mRNA transcription, thereby decreasing PDC
activity and attenuating oxidative glucose metabolism in favour of FA oxidation
(Furuyama et al., 2003; Constantin-Teodosiu et al., 2012; Chien, Greenhaff,
and Constantin-Teodosiu, 2020). Secondly, FOXO1 decreases the
transcription of genes involved in glucose metabolism via its interactions with
PPARs (Chen et al., 2019). Overexpression of dominant negative FOXO1 and
FOXO3 reduces the expression of genes involved in FA metabolism,
decreases GLUT4 expression, and decreases in vivo glucose uptake as
determined by glucose tolerance tests in the intervention muscle by 20-35%
compared to the control limb in mice (Lundell et al., 2019). Lastly in vitro
myocyte studies have shown that overexpression of FOXO1 increases the
activity of LPLs, which release FAs from circulating lipoproteins (Kamei et al.,
2003), and increases the sarcolemmal expression of the FA transporter CD36,
thereby increasing FA uptake and oxidation (Bastie ef al., 2005; Nahlé et al,,
2008).

1.4.5.3 CD36

CD36 is a transmembrane glycoprotein located within the sarcolemma that
functions as a major FA transporter, particularly of LCFAs (Niculite, Enciu, and
Hinescu, 2019). CD36 is the most efficient transporter of LCFA into the muscle
and its overexpression in the sarcolemma results in enhanced FA uptake and
oxidation but does not increase the esterification of FAs to TAG to the same
extent (Nickerson et al., 2009). Indeed, CD36 knock-out results in a precipitous
decline in muscle FA uptake (Coburn et al., 2000). Because the esterification
of FAs taken up by CD36 form TAG does not match the rate of FA uptake, this
can result in the build-up of lipotoxic intermediates that can disrupt insulin
signalling and contribute to the development of muscle insulin resistance as
will be discussed in Section 1.5 (Puchatowicz and Ra¢, 2020). As
aforementioned, CD36 transcription is induced by PPARs, particularly PPAR-

y in conjunction with FOXO1, and as the FAs it transports can activate PPARs
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this establishes a feedback mechanism that potentiates FA oxidation
(Maréchal et al., 2018). Whilst not the most efficient transporters of FAs into
the muscle, overexpression of FABPs is associated with the greatest rate of
LCFA oxidation (Nickerson et al., 2009; Storch and Thumser, 2010).

1.4.5.4 AMPK and Myocyte Enhancer Factor

In response to stressors including exercise and prolonged starvation AMPK
acts as a central regulator of energy metabolism, targeting myriad genes as
reviewed extensively elsewhere (Hardie, Ross, and Hawley, 2012; Herzig and
Shaw, 2018). Of relevance here is that AMPK activation is associated with
increased skeletal muscle FA oxidation via the mechanism described in
Section 1.3.2 in which it reduces the synthesis of malonyl-CoA via the
inhibition of ACC2, resulting in greater transport of LCFAs into the
mitochondria. AMPK also phosphorylates and inactivates SREBP-1 Sterol
regulatory element-binding protein 1 (SREBP-1) which is encoded by the
Sterol regulatory element-binding transcription factor 1 (SREBF1) gene and
regulates the expression of ACC2 (Dif et al, 2006) and most lipogenic
enzymes (Dessalle et al., 2012). Also, the activation of AMPK has been shown
to reorganise LDs in the SS region of myotubes such that the number of LD-
mitochondria interaction sites are increased, more LD-derived FAs are
supplied to adjacent mitochondria, and FA oxidation is promoted (Herms et al.,
2015).

AMPK also regulates the uptake and oxidation of glucose. Glucose
uptake in the skeletal muscle is dependent upon the translocation of GLUT4
as previously discussed (see Section 1.3). The promoter region of the GLUT4
gene has a 103 base pair long region containing a functional myocyte
enhancer factor 2 (MEF2) binding site, which is obligatory for the expression
of GLUT4 (Thai et al., 1998). MEF2 transcription is inhibited by class Il histone
deacetylases (HDACs) which are in turn phosphorylated and inactivated by
AMPK and CaMKs such that during insulin- and contraction-mediated glucose
uptake HDAC activity is antagonised, the transcription of MEF proteins is
upregulated, and GLUT4 expression is enhanced (Richter and Hargreaves,
2013). Thus, AMPK activation induces greater glucose uptake and metabolism
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via its stimulation of enhanced GLUT4 expression and translocation to the

sarcolemma as described in Section 1.3.2 (Garcia and Shaw, 2017).

1.5 Lipid-Induced Insulin Resistance

1.5.1 What is Insulin Resistance?

The term “insulin resistance” describes a state in which insulin-sensitive
tissues fail to respond appropriately to normal or elevated concentrations of
insulin (Cefalu, 2001), presenting instead with impaired whole-body, insulin-
mediated, glucose uptake and utilisation. The manifestation of insulin
resistance can be driven by decreased peripheral insulin sensitivity, as defined
by increases in the insulin concentration required to elicit half maximal tissue
glucose uptake (Stuart et al., 1988), decreased maximal responsiveness to
insulin stimulation, as defined by robustly blunted tissue maximum glucose
uptake (irrespective of any compensatory increases in plasma insulin

concentration beyond physiologically normal levels), or a combination of both.

As mentioned in Section 1.3 Skeletal muscle is the primary site for the
disposal of infused glucose under hyperinsulinaemic-euglycaemic clamp
conditions (Wasserman, 2009; DeFronzo and Tripathy, 2009) and postprandial
glucose uptake under normal physiological conditions (Capaldo et al., 1999).
It is unsurprising then that impairments in skeletal muscle glucose disposal are
primarily responsible for reductions in whole-body glucose disposal. This was
demonstrated by the work of Mikines and his colleagues (Mikines et al., 1991)
who published the first study to measure whole-body glucose uptake and leg
glucose uptake concurrently in humans using the hyperinsulinaemic-
euglycaemic clamp technique (DeFronzo, Tobin and Andres, 1979). Six
healthy young men, who did not engage in regular bouts of endurance or
resistance exercise prior to the intervention, underwent 7 days of strict bed
rest. Clamps with three sequential, two-hour long, steps (Mikines et al., 1988)
were performed at baseline and on the final day of the bed rest period, such
that exogenous insulin was infused at a constant rate of 0.2, 0.7, and 5 mU.m"
kg™ to reach steady state plasma insulin concentrations of 17 + 0.7, 36.4 +
0.6, and 352 + 9 pU/mL, respectively.
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Using this technique, they observed that there were no statistically
significant differences in whole-body glucose uptake after 7 days of bed rest
at basal insulin concentrations or at steady states of 17 + 0.7 and 352 + 9
pU/mL. However, whole-body glucose uptake was significantly impaired at
steady state insulin concentrations of 36.4 + 0.6 yU/mL. These data indicated
a decrease in whole-body insulin sensitivity without an associated decrease in
maximal glucose uptake rate in response to insulin stimulation. In the leg,
glucose uptake rate was significantly (p < 0.05) lower after 7 days of bed rest
compared to pre bed rest at all steady state insulin concentrations, even at 352
+ 9 pU/mL a concentration that is much greater than physiologically normal
insulin concentration in the postabsorptive state. These data implicated both
decreased insulin sensitivity and decreased maximal responsiveness to
stimulation by insulin in the impairment of glucose uptake in inactive skeletal
muscle after 7 days of bed rest. As the leg is predominantly muscle, these data
also indicated that inactivity-induced insulin resistance at the level of the
skeletal muscle accounts for a significant proportion of decreased glucose
uptake rate at the whole-body level.

1.5.2 Evidence of an Association Between IMCL and Impaired
Glucose Uptake

Extensive research into the role of stored myocellular lipids in promoting
whole-body insulin resistance was filliped in the late 1990s by the identification
of an inverse association between IMCL content and whole-body insulin

sensitivity by several research groups.

Phillips and colleagues studied 27 normal weight (24.8 kg/m?) women
(47-55 years) (Phillips et al., 1996). Biopsies were taken from the
gastrocnemius muscle. A portion of this muscle was frozen, cut into 8 ym thick
sections and stained with Oil Red O for histochemical quantification of IMCL
content. The remaining muscle was used for the biochemical quantification of
muscle TAG content. Insulin sensitivity was determined by GS activity in an
assay measuring the quantity of GS required to incorporate “C-glucose into
glycogen per minute. They found that in these healthy women, increased IMCL
content determined both biochemically and histochemically was strongly

associated with decreased insulin-stimulated glycogen synthesis, a response
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that has been demonstrated to be driven by impaired glucose transport into

the muscle (Dresner et al., 1999).

Pan and colleagues also investigated this association in 38 young (28 +
1 years), obese (32.7 = 1.1 kg/m?) Pima Indians (Pan et al., 1997), a much-
studied ethnic group notable for having a high prevalence of T2DM, partially
due to idiosyncratic genetic and metabolic adaptations (Schulz, and
Chaudhari, 2015) in tandem with modifiable risk factors, like diet. Lipid content
in vastus lateralis biopsies was quantified using the biochemical chloroform:
methanol method for TAG extraction from homogenised muscle. Whole-body
glucose disposal was determined using a two-step hyperinsulinaemic-
euglycaemic clamp. They found that the greater the skeletal muscle TAG
content a participant had the lower their whole-body glucose disposal rate was.

Then, Krssak and colleagues used localised proton magnetic
resonance spectroscopy (H-MRS) of the soleus muscle to determine muscle
IMCL content, a novel application of this method at the time, and the
hyperinsulinaemic-euglycaemic clamp to determine whole-body glucose
disposal and in a cohort of 23 young (29 * 2 years) normal weight (24.1 £ 0.5
kg/m?) males and females (15 women) (Krssak et al., 1999). Multiple
regression analysis showed that both IMCL content and fasting plasma FFA
concentration were inversely and independently correlated with whole-body
glucose disposal. This association has since been observed in almost all
studies investigating IMCL content and insulin sensitivity in groups of lean and
obese individuals and in those with T2DM.

However, it is important to note that the there is an exception to this
association. Highly trained endurance athletes have high IMCL content,
comparable to the IMCL content observed in those with T2DM, but they remain
insulin sensitive, presenting with none of the metabolic dysfunctions observed
in obese individuals or those with T2DM (Goodpaster et al., 2001; Dubé et al.,
2008). Mounting evidence suggests that this disparity, which has commonly
been referred to as the “Athlete’s Paradox”, is attributable to the enhanced
muscle oxidative capacity and lipid turnover in athletes, sparing them from the
lipotoxicity and lipid-induced insulin resistance observed in obese individuals
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(Zacharewicz, Hesselink, and Schrauwen, 2018; Barret et al., 2022). This
hypothesis was interrogated in a study involving lipid infusion concurrent with
hyperinsulinaemia (Phielix et al., 2012). Glucose disposal was reduced by 63%
in lean, untrained controls but by only 29% in endurance trained athletes.
Oxidative capacity was greater in the athletes, with only insulin-stimulated
glucose oxidation being impaired whilst in the lean, untrained group both
glucose oxidation and glycogen synthesis were impaired. IMCL content was
increased in the lean group in response to the clamp but not in the
athletes. Also, as mentioned in Section 1.1, though trained individuals and
those with T2DM have similar IMCL content, trained individuals have smaller,
more numerous LDs in the IMF region of Type | fibres whilst those with T2DM
have large LDs in the SS region of Type Il fibres (Daemen et al., 2018). IMF-
localised LDs are primarily involved in energy production to meet the needs of
contracting muscle, as evidenced by their enhanced expression of proteins
involved in oxidative phosphorylation (Ferreira et al., 2010) relative to SS LDs,
which presumably supply FAs for phospholipid synthesis and membrane
processes. The smaller surface area to volume ratio and myocellular
localisation of LDs in athletes explains their ability to readily supply FAs from
LDs to mitochondria.

Of course, it must be underlined that these findings of an association
between IMCL content and impaired insulin sensitivity did not establish clear
causation between these two factors.

1.5.3 The Lipid Overflow Theory

The “lipid overflow” theory seeks to define a causal relationship between
elevated circulating and myocellular lipid content, with whole-body insulin
resistance. White adipocytes are the main sites of fat storage in the human
body, specialised for this function via their ability to rapidly expand and
proliferate, but their capacity for this can be overwhelmed, particularly in obese
individuals (Tan and Vidal-Puig, 2008). This results in the overflow of lipid from
the adipose tissue to ectopic storage locations including the liver and skeletal
muscle where they can accumulation and promote lipotoxicity. Lipotoxicity

describes a state in which excess cytoplasmic FA and TAG availability beyond
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the storage capacity of LDs results in the formation of highly reactive lipid and
oxygen species that can cause significant cell damage via oxidative stress (Ly
et al., 2017) and can activate apoptotic machinery (Kusminski et al., 2009).

The redirection of FAs to the liver can result in an increase in the size
and number of LDs as intrahepatic triglyceride (IHTG) content increases. The
accumulation of IHTG content caused by chronic overfeeding is central to the
development of NAFLD (da Silva Rosa et al., 2020). Whether IMCL content is
elevated concurrently in this context, and to what extent any such alterations

in IMCL content contribute to the pathogenesis of NAFLD, is presently unclear.

Studies have been conducted involving the intravenous infusion of lipid
emulsions (with glycerol and saline infusion controls) into sedentary individuals
and athletes, raising their plasma FFA levels into the millimolar range,
significantly greater than the normal 200-300 um FFA reference range. These
infusions resulted in significant increases in IMCL content in both Type | and
Type |l muscle fibres (Bachmann et al., 2001; Brehm et al., 2010; Lee et al,,
2013) in healthy males (Hoeks et al., 2012) and athletes (Phielix et al., 2012).
Similar findings have been reported within days of participants starting
hypercaloric diets (Zderic et al., 2004; Larson-Meyer et al., 2008; Sakurai et
al., 2011). These increases in IMCL content were paralleled by significant
decreases in insulin sensitivity as determined by decreased insulin-mediated
glucose uptake, decreases that were much less severe in athletes compared
to sedentary controls. DAGs and ceramides are the main lipotoxic
intermediates that have been implicated in directly impairing muscle insulin
sensitivity. Total myocellular DAG and ceramide content is significantly
elevated in the vastus lateralis muscle of obese individuals and those with type
2 diabetes compared to lean controls (Adams et al., 2004; Moro et al., 2009;
Bergman et al., 2012). Acute and chronic endurance training decreases DAG
and ceramide concentration and improves myocellular insulin sensitivity
(Schenk and Horowitz, 2007; Dubé et al., 2011).

Tying these evidentiary threads of the lipid overflow theory together,
strong evidence supporting a causal link between elevated circulating and
myocellular lipid content and impaired glucose disposal in humans was
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reported in an excellent study by Szendroedi and colleagues. They performed
hyperinsulinaemic-euglycaemic clamps concurrent with lipid infusion (20% v/v
intralipid) in 36 young, lean, insulin-tolerant males and females, and with
glycerol infusion (2.5% glycerol in 0.9% saline/90 ml/h) in 24 of these same
participants on different days (Szendroedi et al., 2014). They also collected
blood and vastus lateralis biopsies before and during the time course of these
clamps. During the lipid infusion hyperinsulinaemic-euglycaemic clamp they
observed significant increases in plasma FFA and TAG concentration and a
greater than two-fold increase in myocellular membrane-localised and cytosol-
localised DAG concentration by 2.5 hours. In tandem with these results,
glucose uptake during the lipid infusion clamp was 61% lower than during the
glycerol-infusion clamp. Total and species-specific myocellular ceramide
content did not change during either the lipid infusion or glycerol infusion
clamps. Also, by the 4-hour timepoint of the lipid infusion clamp, activation of
PKC-0, as determined the translocation of this isoform from the cytosol to the
sarcoplasm, had increased by almost 50% relative to baseline. No changes in
PKC-8 activation were observed in the glycerol infusion clamp. At this same 4-
hour time point in the lipid infusion clamp, the phosphorylation of Ser1101
residues on IRS-1 was increased two-fold relative to base line. IRS-1
phosphorylation was unaltered during the glycerol infusion clamp. Though
phosphorylation of Akt and PI3K was increased during the glycerol infusion
clamp, demonstrating robust induction of the insulin-mediated glucose uptake
pathway, no such significant increase in the phosphorylation of these crucial
components of the glucose uptake pathway was observed during the lipid

infusion clamp.

Another component of this study was a baseline comparison of resting
DAG and ceramide content, and PKC-0 activation between obese individuals,
those with T2DM, and healthy controls (Szendroedi et al., 2014). Membrane-
localised DAG concentration was elevated in the T2DM group relative to the
control and obese group. Cytosolic DAG concentration in both the obese and
T2DM groups was greater than in the control group. PKC-8 activation was
elevated in both the obese and T2DM groups relative to the control group, was

negatively correlated with insulin sensitivity, and was positively correlated with

50



plasma FFA concentration and membrane-localised DAG concentration, with
the C18:2 and C20:4 species having the strongest correlation with this PKC-8
activation. Glucose disposal determined via the hyperinsulinaemic-
euglycaemic clamp was 78% and 88% lower in the obese and T2DM groups
respectively compared to healthy controls. There were no differences between
the lean control, obese, and T2DM groups in total ceramide content, with no
relationship between ceramide content and insulin sensitivity identified.
Though IMCL content was not measured directly in this study, it has long been
recognised that obese individuals (Malenfant et al., 2001; Sinha et al., 2002)
and those with T2DM (Goodpaster et al., 2000; Goodpaster et al., 2001) have
greater IMCL content than healthy lean controls.

Also, though Szendroedi and colleagues reported no difference in total
ceramide content between obese individuals, those with T2DM, and healthy
controls, the method they used to measure myocellular ceramide content could
not distinguish between cytoplasmic-localised and sarcolemmal-localised
ceramide. However, it was later reported in a study by Perreault and
colleagues that sarcolemmal-localised ceramide content, particularly of the
C18:0 ceramide species, has a strong negative correlation with insulin
sensitivity and is greater in obese individuals and those with T2DM (Perreault
et al, 2018). Also, this study supported the aforementioned findings of
increased PKC activity, accumulation of DAG, and impaired glucose uptake in

the obese and T2DM groups.

1.5.4 Mechanisms of Lipid-Induced Insulin Resistance

There had been extensive research since the turn of the century into the
mechanisms via which DAGs and ceramides contribute to the development of
lipid-induced insulin-resistance using cell and animal models but the studies
by Szendroedi and Perreault facilitated a great leap forward in our
understanding of how these mechanisms may operate in humans. Still, this
remains a contentious research area. Though the preponderance of evidence
supports a role for DAGs and ceramides in the perturbation of intracellular
signalling pathways initiated by insulin, it is important to acknowledge there are

some cell-based, rodent, and human studies that do not report impaired insulin
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sensitivity and glucose uptake in response to elevated circulating or
myocellular DAG or ceramide content. A well-curated, extensive summary of
these studies is presented in chapter 6 of a review by Bandet and colleagues
(Bandet et al.,, 2019). Nevertheless, the mechanisms via which DAGs and
ceramides interfere with insulin-mediated glucose uptake as they are currently

understood are detailed below.

1.5.4.1 PKC and DAGs

Protein Kinase C is a family of serine/threonine kinases, of which there are
several conventional (-a, -B, and -y), novel (-9, -€, -n, and -6) and atypical (-
and -A) isoforms, all with the same conserved catalytic domain but
differentiated by alternate N-terminal regulatory regions (Newton, 2018). The
regulatory regions of all PKCs have an autoinhibitory segment containing a
pseudosubstrate that occupies the substrate binding site when PKC is in its
inactive state, this pseudosubstrate prevents access to the C1 domains that
sense and bind to DAGs (Newton, 2018). The binding of secondary
messengers or cognate proteins generates an activation signal that promotes
the movement of the pseudosubstrate away from the substrate binding
domain, alleviating pseudosubstrate-mediated autoinhibition of PKC, and
allowing DAG to bind to the C1 domain (Steinberg, 2018).

Novel PKCs like PKC-0 are activated in response to increases in
cytoplasmic DAG content alone whilst conventional PKCs like PKC-b require
a concomitant increase in cytoplasmic Ca?* concentration for full activation
(Giorgione et al., 2006). This is attributable to the C1 domains of novel PKCs
having the greatest binding affinity for DAG whilst conventional PKCs have low
affinity for DAG in the absence of Ca?* (Giorgione et al., 2006). Atypical PKCs
do not bind to and have no affinity for DAG.

Binding of DAG to the C1 domains induces the activation and
translocation of PKC to the cell membrane (ltani et al., 2000). Membrane
associated PKC isoforms phosphorylate various proteins. Most salient here is
the abundance of evidence demonstrating that activated, membrane-bound
PKC targets and phosphorylates specific serine/threonine residues on insulin
receptors (Bollag et al., 1986; Lewis et al., 1990), decreasing their kinase
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activity (Chin et al., 1993; Bossenmaier et al., 1997). This leads to decreased
phosphorylation of downstream components of the insulin-mediated glucose
uptake pathway including IRS, PI3K, PDK1, and Akt (Chin, Liu, and Roth,
1994; Schmitz-Peiffer and Biden, 2008), thereby impairing glucose uptake.
DAG-activated PKC isoforms can also phosphorylate serine residues on IRS-
1, decreasing its activity (Schmitz-Peiffer and Biden, 2008). PKC-a, -8, -0, -0
and -¢ are all expressed in skeletal muscle though PKC-0 is predominant,
having the greatest affinity for DAG (Bassel-Duby and Olson, 2006). PKC-6
knockout mice exhibit decreased lipid accumulation and do not present with
lipid-induced insulin resistance (Kim et al., 2004), even in response to high-fat
feeding (Peck et al., 2018).

1.5.4.2 Ceramides

Ceramides are molecules composed of a sphingosine backbone amide-linked
to a FA chain (Uchida and Park, 2021). They are involved in an array of cellular
processes, highlighted by their presence in or adjacent to the nuclear
envelope, mitochondria, Golgi apparatus, and endoplasmic reticulum (Bionda
et al., 2004). They can also be localised to lipid rafts, plasma membrane
constructs that contain lipids, proteins, cholesterol, and sphingolipids
(Bieberich, 2018). There are three pathways for the synthesis of ceramides but
the main pathway in skeletal muscle is the de novo synthesis of ceramides in
the endoplasmic reticulum from palmitate taken up from the circulation (Tan-
Chen et al., 2020). Thus, lipid availability and the duration for which circulating
FFA concentration is elevated play a major role in determining the rate at which
ceramides are synthesised in the muscle (Bandet et al., 2019; Tan-Chen et al.,
2020).

Ceramides have three main mechanisms via which they contribute to
the impairment of insulin-mediated glucose uptake and the development of
insulin resistance, depending on whether myocellular elevation of ceramide

concentration is acute or chronic (Chavez and Summers, 2012).

Firstly, ceramides are potent activators of protein phosphatase 2A
(PP2A) (Dobrowsky et al., 1993) which, via the targeting of its B55a regulatory
subunit to Akt, dephosphorylates Akt at Thr308 and Serd473, thereby
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inactivating it and attenuating cellular glucose uptake (Kuo et al., 2008). When
C2C12 myotubes are cultured in palmitate there is an increase in myocellular
PP2A activity, which is accompanied by a decrease in Akt phosphorylation and
activation in response to stimulation by insulin (Cazzolli et al., 2001). Under
these same conditions, if PP2A activity is inhibited by okadaic acid then Akt

phosphorylation and activation is restored (Stratford et al., 2004).

In another mechanism, elevated myocellular ceramide content stabilises
the complex between PKC-¢ and Akt. PKC-C is a recognised inhibitor of Akt
activity (Doornbos et al., 1999), but under normal conditions the PKC-{/Akt
complexes that form at rest readily dissociate when insulin binds to myocellular
insulin receptors and in response to anabolic stimuli (Konishi, Kuroda, and
Kikkawa, 1994; Doornbos et al., 1999). However, when myocellular ceramide
content is increased, PKC-C activity is robustly upregulated leading to
enhanced stabilisation of the PKC-{/Akt interaction that reduces insulin-
mediated phosphorylation of Akt (Bourbon, Sandirasegarane, and Kester,
2002) and impairs insulin-mediated glucose uptake (Hajduch et al., 2001;
Powell et al., 2004).

Both the PP2A and PKC-{ mechanisms are observed in the context of
acute elevations in sarcoplasmic ceramide concentration but appear to be
independent, with ceramides preferentially acting through PKC-C in caveolae-
rich cells like myotubes and PP2A in cells with fewer caveolae (Mahfouz et al.,
2014).

Recently, evidence for a chronic mechanism of action for ceramides in
response to nutrient oversupply in this context has been reported. Hage
Hassan and colleagues observed that long-term, 4 days, incubation of C2C12
cells and human myocytes isolated from patients with T2DM with ceramide or
palmitate, lead to increased phosphorylation of IRS-1, resulting in inhibition of
this protein and attenuation of the insulin-mediated glucose uptake pathway
(Hage Hassan et al., 2016). In human skeletal muscle, the C18:0 ceramide
species has the greatest association with insulin resistance (Perreault et al.,

2018; Tan-Chen et al., 2020) and it has been shown in mice that global and
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muscle-specific depletion of this species results in improved whole-body

glucose uptake (Turpin-Nolan, 2019), implicating a causal relationship.

1.6 Inactivity-Induced Insulin Resistance

Physical inactivity contributes to the development of skeletal muscle and
whole-body insulin resistance and is a major risk factor for T2DM (Hamburg et
al., 2007), the effects of physical inactivity in this regard are often investigated
using step count reduction or bed rest. A single day of strict bed rest does not
alter whole-body insulin sensitivity, determined by the oral glucose tolerance
test, whole-body fuel oxidation, or muscle mRNA expression (Dirks et al.,
2018). However, decrements in glucose disposal at the level of the skeletal
muscles are observed after just 24 hours of immobilisation (Burns et al., 2021).
On the other hand, exercise is known to improve insulin sensitivity and promote
greater substrate oxidation as discussed in Section 1.4.3. A longitudinal multi-
ethnic study of 5,829 male and female participants aged 45-84 without
diabetes on baseline assessment found that, over a 10-year period,
participants that regularly engaged in vigorous physical activity, as determined
by physical activity questionnaires supplied monthly, were less likely to
develop T2DM regardless of age or sex (Sjoros et al., 2020). Even brisk
walking, greater than 4 miles per hour, was associated with lower risk of T2DM.
Indeed, physical activity levels establish a hierarchy of insulin sensitivity in
which, regardless of age, endurance trained individuals have greater insulin
sensitivity than lean, healthy individuals who in turn have greater insulin
sensitivity than obese individuals, where activity level is determined by
measurement of VOopeak (Amati et al., 2009). The exact pathophysiological
links between physical inactivity and insulin resistance remain elusive, though

there is evidence highlighting some potential mechanisms.

Alibegovic and colleagues conducted a 10-day bed rest study with 20
young, 24-27 years, healthy men (Alibegovic et al., 2010). Hyperinsulinaemic-
euglycaemic clamps were performed before and 9 days into the bed rest
intervention, and after a 4-week long retraining programme, with muscle
biopsies taken at these same time points. Glucose disposal was impaired

following bed rest and a reduction in the expression of hexokinase Il was
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observed. Microarray analysis of biopsies at these time points revealed
significant basal and insulin-stimulated downregulation of the transcription of
TCA genes regulating oxidative phosphorylation and genes involved in FA
metabolism, with the PPARGC1A gene being the most downregulated gene
overall. PPARGC1A is the gene which encodes PGC-1a, the coactivator of
PPAR-y, a transcription factor which plays a critical role in fuel selection by
promoting the transcription of genes that produce proteins which increase the
rate of FA oxidation, as previously discussed in Section 1.4.5.1. PPARGC1A
expression was decreased due to increased, inactivity-induced methylation of
this gene. This supports another study reporting downregulated PPARGC1A
expression in those with T2DM (Mootha et al., 2003). Also, in this same study,
TGF-B2 was the most upregulated signalling pathway (Alibegovic et al., 2010).
Recent evidence is uncovering major roles for TGF-f in the regulation of both
glucose and FA oxidation, with TGF-3 suppressing FA oxidation and promoting
FA storage in a context-dependent manner (Liu and Chen, 2022). These
changes in mMRNA expression induced by 9 days of bed rest were almost
completely reversed by 4 weeks of retraining, though 15% of these changes
remained unreversed following this period. These data support the hypothesis
proposed by some authors that inactivity-induced insulin resistance and lipid-
induced insulin resistance are linked, with inactivity reducing mitochondrial
oxidative capacity and impaired FA oxidation resulting in increased IMCL
content, the accumulation of lipotoxic lipid species in muscle, and whole-body
insulin resistance (Befroy et al., 2007; Mogensen et al., 2007; Larsen et al.,
2009).

To investigate the role of sedentary behaviour in inactivity-induced
insulin resistance, in conjunction with measurements of lipotoxic intermediates
content, Reidy and colleagues studied 7 healthy males and 5 healthy females
aged 60-85 years (Reidy et al., 2018). They reduced the step count of these
participants by 70% for 14 days, with hyperinsulinaemic-euglycaemic clamps
performed before and after this reduced step count period and 14 days after
they had resumed their habitual activity. Muscle biopsies were also taken at
these time points. Glucose disposal fell by an average of 15% following the

reduced step count period. However, it was not only restored but increased by
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15% above baseline glucose disposal after participants had resumed their
normal activity levels. There were no changes in the abundance of ceramide
species and DAG localised to the sarcoplasm or nuclear membrane and no
correlations were observed between the content of these lipotoxic
intermediates and changes in glucose disposal following the 14-day reduced
step count period. This observation matches similar data from a 7-day bed rest
intervention in 10 healthy young men in which total ceramide content was
unchanged (Dirks et al., 2016).

It has been difficult to determine the effect of inactivity per se on IMCL
content and the role of any changes in IMCL on the development of whole-
body insulin resistance given that energy balance, which is a confounding
variable that can independently increase IMCL content with overfeeding, is

often uncontrolled in inactivity studies.

1.7 Thesis Structure and Aims

LDs are thought to play a role in the metabolic changes observed in the context
of inactivity, disease, and exercise. This thesis aims to further elucidate the
role of IMCL in these settings by addressing the following questions.

Chapter 3, Determination of whether inactivity per se causes IMCL
accumulation, which contributes to insulin resistance, has been confounded
by failure to account for energy balance in previous studies. Also, the effect of
chronic inactivity (>7 days) on IMCL content is poorly explored. Therefore,
there were two central questions. Firstly, does IMCL content change in healthy
young males during periods of short- (3 days) and long-term (56 days) bed rest
in which energy balance is maintained? Secondly, if so, do these changes
contribute to the development of whole-body insulin resistance? In addition, it
is well known that resistance exercise can improve muscle and whole-body
glucose disposal robustly, in general and following bed rest. However, it is
currently unknown whether exercise-induced improvements in whole-body
glucose disposal following bed rest are associated with changes in IMCL
content. Therefore, the tertiary question was: are improvements in whole-body
glucose disposal following unilateral knee extensions post bed rest associated
with changes in IMCL content?
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Chapter 4, A major contributor to IHTG accumulation in NAFLD is
elevated plasma FFA concentration resulting from chronic overfeeding and
lipid overspill when adipose tissue FA oxidation and storage capacity is
exceeded. Given that skeletal muscle insulin resistance and whole-body
insulin resistance are hallmark features of NAFLD alongside IHTG
accumulation, it has been suggested that lipid overspill in NAFLD may also
lead to the accumulation of IMCL. This IMCL accumulation may then contribute
to the development of insulin resistance in this condition. However, to date
IMCL content in healthy young control volunteers has not been compared to
IMCL content in those with NAFLD. There was one central question. Is IMCL
content different in participants with NAFLD versus healthy controls and, if so,
are these IMCL differences associated with differences in skeletal muscle and

whole-body insulin resistance?

Chapter 5, The overwhelming majority of exercise intervention studies
in which IMCL is determined and related to measures of muscle and whole-
body insulin resistance and fuel oxidation concern endurance exercise. The
effect of resistance exercise modalities on IMCL is sparsely trodden ground in
this field of research. Many athletes and non-athletes take performance
enabling NSAIDs including diclofenac before and after exercise to reduce
inflammation, improve exercise tolerance and hasten recovery. However,
evidentiary support for the use of NSAIDs in this context is lacking. Also,
NSAIDs have secondary effects that are completely unexplored in humans.
Therefore, there were two central questions. Firstly, does chronic resistance
exercise change IMCL content and the expression of PLIN5, a key regulator
of LD lipolysis? Secondly, does diclofenac, an NSAID which is a known agonist

of PPAR-y in vitro, alter muscle FA metabolism in humans in vivo?
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2. General Methods

This chapter describes the principles and protocols for the methods that are
common to each experimental chapter (Chapters 3, 4, and 5). Study specific
protocols and methods are detailed in the relevant chapters.

2.1 Hyperinsulinaemic-Euglycemic Clamp Technique
in the Measurement of Whole-Body Glucose Disposal

2.1.1 Overview of the Hyperinsulinaemic-Euglycaemic Clamp

The hyperinsulinaemic-euglycaemic clamp technique (DeFronzo, Tobin and
Andres, 1979) is a method for the assessment of whole-body tissue sensitivity
to insulin in fasting participants.

First, a loading dose of exogenous insulin (Human Actrapid,
EMEA/H/C/000424; Novo Nordisk A/S, Bagsveerd, Denmark) is infused into
the participant for 10 minutes through a cannulated antecubital vein to raise
plasma insulin concentration. Then insulin is infused at a constant rate,
equivalent to 60 mlU/m?/min, to maintain a supraphysiological circulating
plasma insulin concentration. This hyperinsulinaemic state blunts hepatic
glucose output and stimulates cellular uptake and utilisation of endogenous
glucose (Brehm and Roden, 2007). Concurrently, exogenous glucose (20%
Dextrose infusion, Baxter Healthcare, Thetford, UK) is infused at a variable
rate to achieve and maintain a fixed arterialised venous blood glucose
concentration (4.5 mmol/l).

Once the glucose infusion rate reaches a steady-state the rate at which
the exogenous glucose is infused will represent the rate at which glucose is
being transported into the tissues for that specific plasma insulin concentration.
In the studies described herein the use of this technique was primarily
performed, and otherwise closely supervised by, Dr. Liz Simpson.
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2.1.2 Calculating the M value

The M value represents the milligrams of glucose per kilogram of body weight
(mg/ kg/ min) disposed into tissues per minute during the steady state period
of the hyperinsulinaemic-euglycaemic clamp for the specific fixed insulin

infusion rate at which the clamp is performed.

To calculate the M value, whole blood glucose concentration is
measured at 5-minute intervals. The difference in blood glucose concentration
between each successive interval and the glucose infusion rate (GIR; the
variable rate at which exogeneous glucose is infused), are also recorded at
these 5-minute intervals. The volume of glucose solution infused (GS/) during
each 5-minute interval is then calculated as follows:

GIR (;r:)l/hr) Y&

GSI (ml) =

(Equation 2-1)

Glucose has a molecular weight of 180.156 g/mol and in the protocols
described here 20% w/v solutions were used. To calculate the moles of
glucose (G/) in the volume of glucose solution infused during the 5-minute

interval:

GSI x 0.2

GI (mol) = 180

Gl (mmol) = GI (mol) x 1000
(Equation 2-2, 2-3)

To calculate the amount of glucose disposed (GD) during a 5-minute interval:

GD (mmol/min) = GI (mmol) x (BG1 — BGO)
(Equation 2-4)

Where (BG1 — BGO0) is the difference in the blood glucose concentration
measured at the end of the 5-minute interval (BG7) and the beginning of the
5-minute interval (BGO0). These 5-minute interval glucose disposal values are
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then used to calculate 15-minute averages (XGD) which are standardised to

body weight:

xGD (mmol/min)
Bodyweight (kg)
(Equation 2-5)

xGD (mmol/min/kg) =

The final M value is then calculated by multiplying the XGD by the molecular

weight of glucose as shown in Equation 2-5:

M value (mg/min/kg) = xGD (mmol/min/kg) x 180
(Equation 2-6)

2.2 Determination of Body Composition using Dual-
Energy X-ray Absorptiometry (DEXA)

Figure 2-1: The Lunar Prodigy DEXA by GE Medical Systems that was used to
determine body composition in the participants of the chronic bed rest study detailed

in Chapter 3.

Dual energy X-ray absorptiometry (DEXA) is a technique for the assessment
of body composition. The principle behind this technique is that the body
consists of multiple components which vary in density and that this variation
differentially alters the transmission of X-ray photons produced by the flow of
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an electrical current through tungsten (Lorenz, 1928; Pietrobelli et al., 1996).
The components recognized by DEXA are fat mass, lean mass, and bone
mineral content (BMC) as a product of bone density and bone area (Jain and
Vokes, 2017). Here lean tissue mass is inclusive of muscle, skin and viscera
and can be defined as the fat free mass (FFM) minus the mass of the BMC.
As shown in Figure 2-1, DEXA scanners primarily consist of a flat table/bed,
which contains the main electrical hardware and the X-ray source, and the
scanner C-arm which contains the detector.

For the collection of the body composition data presented here, which
was conducted by qualified technical personnel within the David Greenfield
Human Physiology unit and the Institute for Space Medicine and Physiology in
Toulouse, participants were instructed to lie supine on the DEXA table, with
their arms away from their trunk and legs separated. The X-ray source was
turned on and two beams of high and low energy were transmitted through the
participant (Blake and Fogelman, 1997). The photon intensity reaching the
detector for each section of the participant scanned was dependent upon the
distance through which the X-ray beams travelled and the attenuation these
beams experienced as they passed through the participant’s different tissue
compartments (Allen and Krohn, 2014).
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Total Body Tissue Quantitation Composition (Basic Analysis)
. . N Total Mass Fat Lean BMC
Region Tissue (%Fat) Centile (kg) () () )
Arms 19.3 - 9.8 1,798 7,529 438
Legs 20.8 - 252 4,993 18,994 1,194
Trunk 273 - 355 9,430 25,119 923
Android 304 - 52 1,569 3,585 45
Gynoid 289 - 11.0 3,088 7,585 301
Total 233 70 75.0 16,756 55,256 2,983
UK Total Body: Total Total Body: Total
Tissue (%Fat) Centile Fat (g) [Black] Fat Free (g) [Magental]
40% 16757 58239
30% gg
20% 167561 @ 158238
10%
T T T T T T T T T 16755 t 58237
20 30 40 50 60 70 80 90 100 38.2978 38.2979
Age (years) Age (years)
UK Trend: Total (Basic Analysis)
Measured Age Tissue Centile Total Mass Tissue Fat Lean BMC Fat Free
Date (years) (%Fat) (kg) (9) (9) (9) (9) (@)
12/07/2019 38.2 233 70 75.0 72,012 16,756 55,256 2,983 58,238
UK Trend: Fat Distribution (Basic Analysis)
Age Android Gynoid . Total
Measured Date (years) (%Fat) (%Fat) A/G Ratio (%Fat)
F{ \ 12/07/2019 38.2 304 289 1.05 233
mage ndt Tor ¢ E;'IZ'EE World Health Organization BMI Classification

BMI = 25.5 (kg/m?)
13 18.5 25 30

Underweight Normal | I Overweight _

38 54 74 88
Weight (kg) for height = 171.5cm

Figure 2-2: Example output for DEXA determination of body composition.

The detector then converted these photon intensities to pixel data. For
each pixel an R value representing a ratio of the attenuation experienced by
the low energy X-ray beam relative to the high energy beam was calculated by
the DEXA system (Pietrobelli et al., 1998). The R value for bone is significantly
higher than for lean tissue and fat. In DEXA systems these R values are
compared to known thresholds for each component relative to the beam
intensities and participant thickness (determined by the height and weight of
the participant) such that each pixel can be characterised as containing data
from photons attenuated principally by bone, fat, or lean tissue mass (Wang et
al., 2010). Using these pixels, two-dimensional scans of the participants were
created and the total mass of each component and ancillary data on
component mass per distinct region were reported (see Figure 2-2). These
regions included the head, android and gynoid regions as well as the right/left
leg, right/left arm, and right/left side of the trunk.
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The T- and Z-scores for each participant were also reported. The T-
score represents the number of standard deviations of a participant’s total
component mass above or below the average value for a young, healthy adult
of the same sex. The Z-score represents the standard deviation of a
participant’s total component mass above or below the average for an age-

matched UK reference population of the same sex.

2.3 Indirect Calorimetry

In the body, the generation of energy in the form of adenosine triphosphate
(ATP), which is necessary to perform all work, is a metabolic process which
requires the consistent supply of glucose and fatty acids as the primary energy
substrates and oxygen (O2) to release the energy stored in these substrates.
This reaction releases heat and produces CO2 and H20O as by-products such
that:

Food + 02 2 ATP + CO; + H;0 + Heat
(Equation 2-7)

Indirect calorimetry was used to calculate the O2 consumption and CO:
production in participants through the measurement of expired O2> and CO:>
content of the breath. These measurements were used for the estimation of
energy expenditure using the Weir equation and the rate of substrate oxidation
using the respiratory exchange ratio (RER) (Haugen, Chen, and Li, 2007).

2.3.1 Indirect Calorimetry in the Estimation of Substrate Oxidation

Carbohydrates, fats, and proteins differ in the stoichiometric amount of O>
consumed to fully oxidise them and the CO, produced as a product of this
oxidation. The RER is the ratio of CO> production to O2 consumption during
aerobic respiration at the whole-body level and acts as a numeric indicator of
the relative contribution of carbohydrates, fats, and proteins to oxidative ATP
production:

veo,
Vo,

RER =

(Equation 2-8)
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During indirect calorimetry, VO> consumed and VCO:2 excreted in the
breath are calculated by measuring the total volume of inspired (Vi) and
expired (Ve) air and then multiplying those values by the fraction of inspired
and expired Oz (FiO2 and FeO2) and inspired and expired CO2 (FiCO. and
FeCO,) in that air, respectively, such that:

V02 = (Vix FiOz) - (Ve x FeO2)

VCO2 = (Ve x FeCO2) - (Vix FiCOz)
(Equation 2-9, 2-10)

Under normal physiological conditions both carbohydrates and fats are
oxidised at rest and during physical activity. However, theoretically, if only
glucose is oxidised at rest in the equation CsH1206 + 602 2 6H20 + 6COz,
then the RER can be expressed as (RER = (6/6) = 1), given that six mols of
Oz are consumed and six mols of CO: are produced for each mole of glucose
oxidised. The RER of carbohydrates is therefore = 1. The theoretical, exclusive
oxidation of fat molecules at rest yields an RER value = 0.7, depending on the
degree of saturation of the fatty acid (Frayn, 1983). In indirect calorimetry
measurements, the closer the RER value is to 1 or 0.7 the greater the
contribution of carbohydrates or fats to energy production, respectively. An
RER = 0.80 indicates that proteins are predominantly being used, or that a
mixture of substrates is being oxidised, for energy production. Physiologically
normal RER values fall between 0.7 — 1.1.

2.3.2 Indirect Calorimetry in the Estimation of Energy Expenditure

The measurements of VO2 and VCO2 can also be used to estimate total energy

expenditure (TEE) using the Weir equation:

M (kcal/day) = 1440 x (/3.94 x VO: (litres/ min)] + [1.11 x VCO:
(litres/min)]) - [2.17 x uN: (g/day)]
(Equation 2-11)
With 3.94 and 1.11 relating to the calorie value of carbohydrate (Zuntz,
1897) and protein (Cathcart and Cuthbertson, 1931) oxidation per litre of
oxygen (Weir, 1949). Urinary nitrogen (uN2) is typically excluded from this
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equation, as it contributes a negligible amount (=1-2%) to energy expenditure
(Ferrannini, 1988), such that:

M (kcal/day) = 1440 x (/3.94 x VO (litres/ min)] + [1.11 x VCO:
(litres/min)/)

(Equation 2-12)

TEE is a measure of the amount of food energy in calories or kilojoules
(kJ) expended per day. TEE has three main components, which can be
influenced by an individual's stature (height/weight), body composition
(lean/fat mass), age, biological sex, and ethnicity (Dugas et al., 2011). (1)
Resting metabolic rate (RMR) is the energy expenditure when the body is at
rest. This includes the basal metabolic rate (BMR), the minimum amount of
energy that must be expended to maintain the normal bodily functions and
homeostatic processes that sustain life. (2) Diet-induced thermogenesis
represents the energy expended to metabolise and absorb food, with the
production of ATP and heat. (3) The energy expended during various forms of
physical activity, activity energy expenditure (AEE). The modified (non-protein)
Weir equation is used to estimate the RMR; which is also often referred to as
resting energy expenditure (REE).

2.3.3 Indirect Calorimetry Protocol for The Estimation of RMR and
Whole-Body Substrate Oxidation

The Quark RMR (COSMED srl, Rome, ltaly) ventilated hood indirect
calorimeter was used to estimate RMR, RER and the rate of carbohydrate and
fat oxidation in participants at rest when fasted and under hyperinsulinaemic-
euglycaemic clamp conditions during the 3-day bed-rest study, with the GEM
system (GEMNutrition Ltd., Daresbury, United Kingdom) used during the 56-
day bedrest and NAFLD studies. This technique was performed by Dr. Liz
Simpson on participants lying supine (Chapter 3) or in semi-Fowler’s position
(Chapter 4) at rest.
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Vi

(Fi0,, FIiCO,)

— I/e
(Fe0,, FeCO,)

Metabolic Substrates + VO, ——— ATP Production + VCO,

Figure 2-3: Example schematic of the ventilated hood indirect calorimetry
system. The participant in red is shown lying in semi-Fowler’s position with their head
covered by a bubble canopy hood. Participant image adapted from (Dimensions.com,
2022).

The O2 and CO2 analysers were calibrated using 2 reference gas
mixtures before each measurement, with the flow turbine being calibrated on
the morning of each study day using a standard 3-litre syringe. Each participant
had rested quietly for more than 15 minutes before the ventilated hood was
placed over their head and neck. After a few minutes acclimatising under the
hood, formal data collection began. The Quark RMR operates using an open
circuit system with mixing chamber (Schoffelen and Plasqui, 2018). When
under the hood, participants breathe in atmospheric air that is being drawn into
the hood and exhale into the stream of air being extracted by a 0-18 mm
bidirectional turbine that controls flow rate (see Figure 2-3). VO, and VCO:>
are then calculated from measurements of O: concentration using a
paramagnetic Oz analyser and CO: concentration using a nondispersive
infrared detector (see Section 2.3.1).

Measurements were performed before and during the last 15 minutes of
the hyperinsulinaemic-euglycaemic clamp protocol. Carbohydrate and fat
oxidation were standardised for the lean body mass of the participants. The
contribution of nitrogen excretion in urine to energy expenditure was excluded,

instead the table of nonprotein respiratory quotient developed by Péronnet and
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Maissicotte was used to estimate the percentage of carbohydrate/fat oxidation
based on the RER (Péronnet and Massicotte, 1991). The Péronnet and

Maissicotte equations for nonprotein carbohydrate and fat oxidation are:

Carbohydrate (g/min) = (4.585 x VC02) — (3.226 x V02)

Fat (g/min) = (1.695 x V02) — (1.701 x VC02)
(Equation 2-13, 2-14)

2.4 Physical Activity Level Assessment Using

Accelerometery

Accelerometers were used to calculate the daily AEE and TEE of participants
under free-living conditions. This information was particularly important for
participants in the bed rest studies detailed in Chapter 3 as free-living daily
energy expenditure informed the daily calorific intake of each participant during
bed rest to maintain a balance between energy intake and energy expenditure.
These data were collected by Dr. Simpson, Dr. Shur, and the MEDES research
team in the studies described in Chapter 3, and by Dr. Simpson in the study

described in Chapter 4.

The accelerometers used in the studies presented herein were tri-axial,
capable of recording the lateral (x), vertical (y), and longitudinal (z) movements
of the participants that they were fitted on (Yang and Hsu, 2010; Lugade et al,,
2014) using micro-electromechanical systems (MEMS) (Yang and Hsu, 2010).
MEMS are designed with polysilicon microstructures that form sensory units
consisting of proof masses, objects of known mass, connected to the inside of
the casing by thin cantilevers (Szermer et al., 2021). The proof masses are
positioned equidistant between fixed supports. The air gaps between these
proof masses and their supports allow these units to act as capacitors. When
the participant is immobile the proof masses do not move. However, as the
participant moves, the casing of the accelerometer moves in tandem, and the
force of this movement is transferred to the cantilevers. The force transferred
to the cantilevers corresponds to the force of acceleration experienced by and
displacing the proof masses in each axis. As the masses move, the thickness
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of the air gaps changes such that the masses are closer to one of the fixed
supports than the other. This creates a change in the electrical charge which
is proportional to the participant’s acceleration. These changes in charge are
converted to 12-bit acceleration waveforms. The accelerometers also
functioned as electrocardiograms that recorded ECG traces to monitor the

physiological effect of this activity on the heart rate of the participants.

Actiheart physical activity monitors were used for accelerometry
measurements in the acute bed rest study described in Chapter 3 whilst
ActiGraph monitors were used for the same purpose in the chronic bed rest
study described in Chapter 3 and the study described in Chapter 4. These
monitors were worn at the hip and the software associated with them operates
in an analogous manner. The specifics of the Actiheart software will be
discussed here as an example of the principles by which heart rate and activity
count measurements made by these devices are converted to energy

expenditure.

During the initial set-up of the Actiheart software, the height, weight, date
of birth and biological sex of each participant was programmed into the
software. The RMR and sleeping heart rate were also entered into the system.
Actiheart software can estimate participant RMR using Schofield equations

(Schofield, 1985) which integrate sex, age, and weight such that, for example:

RMR (Male, 18-30 y/0) = (0.063 x Weight) + 2.896

RMR (Female, 30-60 y/0) = (0.062 x Weight) + 2.036
(Equation 2-15, 2-16)

However, in the studies described in Chapter 3 measured RMR values
calculated from indirect calorimetry were used, see Section 2.3, which is
accepted by the software. The intervals during which accelerometers record
movement and heart rate data are referred to as epochs. The frequency,
intensity, and duration of the acceleration frequencies recorded during each
epoch were converted to discrete activity counts, with the exclusion of very low

frequency signals.
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Heart rate and activity count measurements are combined to derive AEE
using the Branched Model, which takes into account calibration coefficients
derived from multi linear regression equations. This model, which is expanded
upon in great detail elsewhere (Brage et al., 2004), is ideal for calculating AEE
via accelerometry as using just heart rate or activity count measurements
alone inevitably under- or overestimates AEE, respectively, for accelerometers
worn at the hip (Ellis et al., 2016).

(P1% x Heart Rate-PAl)
YES +((1-P,%) x Activity
Count-PAl)

Is Heart Rate > ((y1x
RHR) + y;} bmp?

/\

(P2% x Heart Rate-PAl)
+((1-P2%) x Activity
Count-PAl)

Is the participant's
Activity Count >x
counts/min?

(Ps% x Heart Rate-PAl)
YES + ((1-P5%) x Activity
Count-PAl)

Is Heart Rate > ((z, x
RHR) + z;) bmp?

(P.% x Heart Rate-PAl)
+ ((1-P4%) x Activity
Count-PAl)

/\

N

Figure 2-4: Branched equation decision tree for determination of AEE using both

heart rate and activity count measurements.

The calculation tree for the Branched Model is shown in Figure 2-4 and

is split into three stages:

1. In the first stage x Activity Counts/minute distinguishes between

participants performing physical activity and those at rest.

2. In the second stage the y and z parameters then create heart rate
thresholds in the presence and absence of physical activity,
respectively, with z representing parameters around the flex heart rate.
The flex heart rate is an average of the greatest heart rate during rest
and the lowest heart rate during exercise, creating a threshold below
which energy is almost exclusively expended as part of the RMR and

116



above which it is in part expended via physical activity (Leonard, 2003).
Where heart rate is > ((y1 x RHR) + y2) beats per minute (bpm) the
participant is typically running versus walking if heart rate is < ((yr x
RHR) + y2) bpm, with RHR representing resting heart rate.

3. In the third stage AEE is calculated by integrating physical activity
intensity (PAI), which is a minute-to-minute metric measured in
kJ/kg/min, with the time/epoch taken for the measurement to be made.
This is with respect to P1-P4, which are different weightings of heart rate
and activity count data such that, for example, Pr = 0.90, P2 = 0.50, Ps
= 0.50, P+=0.10. The Heart Rate-PAl and Activity Count-PAl terms are
given by group calibration multi linear regression equations categorised
by age and sex and stored within the software. These validated
equations are derived from incremental treadmill exercise studies
conducted with Actiheart (heart rate and activity count), peak VO2, and
direct calorimetry measurements (Brage et al., 2004; Corder et al.,
2005; Brage et al., 2005; Assah et al., 2011).

The AEE calculated in this way is added to the inputted RMR to
determine daily TEE. Where heart rate data is lost or corrupted this can affect
calculations of AEE. To overcome this Actiheart software can perform a
cleaning process to recover this missing data. This process has three stages.
Firstly, the software identifies “suspect” values, which are either those where
heart rate is < 30 bpm or those in which heart rate is > 30 bpm but increases
by more than 100 bpm for a 1-minute epoch, or more than 132 and 160 bpm
for 30 and 15 second epochs, respectively. Secondly, the software calculates
the “filtered heart rate” value which is the average heart rate of the 4 minutes
preceding each suspect value. Where any suspect minute value is greater than
1.75x the filtered heart rate it is set to 0. Lastly, where each suspect minute
value has been set to 0, each minimum and maximum interbeat interval (IBI)
in the preceding minute is used to calculate a recovered heart rate value. The
IBl is the interval between individual heart beats within a selected range/epoch.
The IBI can act as a surrogate measure of heart rate such that if for example,

the time between heart beats is 1 second on average, there will be 60 bpm.
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This recovered heart rate value is then compared to the last valid heart rate
reading before the suspect minute value. If the recovered heart rate value is
within 30 bpm of the last valid reading It will be used to replace the 0 value for

the suspect minute value.

This cleaning process is only applied where suspect values or 0 value
readings constitute less than 5 recorded minutes. Where such gaps are longer
than 5 minutes the values are left as 0 and the cleaning process is disabled.
Actiheart software identifies major gaps in daily energy expenditure data by
screening for any continuous 2-hour periods in which activity recordings are
absent. These gaps can be due to poor adherence to study protocols by the
participant or to temporary faults with the device. An autofill option is available
which will automatically fill these gaps with the average value of AEE
recordings for that day. In the studies presented herein this “autofill” option was
not used.

2.5 Estimating Resting Metabolic Rate from equations

The Harris-Benedict equation estimates BMR in calories expended per day
and is derived from data collected from a healthy sample population of 136
men, 103 women and 94 infants whose varying height, weight, age, and
biological sex were factored into the equation (Harris and Benedict, 1918). As
this was a very specific population, the Harris-Benedict equation is not
necessarily an accurate predictor of BMR in individuals who are significantly
different from the original study population (Haugen, Chen and Li, 2007). The
equation was later re-evaluated and modified (Roza and Shizgal, 1984) with
the inclusion of data from 94 healthy subjects spanning a wider age range such
that:

BMR (kcal/day) = 88.362 + (13.397w) + (4.799s) - (5.677a)
(Equation 2-17)

Where w, s and a are the weight (kg), stature (cm) and age,
respectively, of the participant being assessed, and the constants are values
from multiple regression equations calculated using the biometric data of the
study populations. This equation acts as a suitable predictor of BMR for
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participants aged 21-70, standing 151-200 cm tall and weighing 25-125 kg.
The modified Harris-Benedict equation was used to calculate the BMR of
participants during the run-in phase of the bed rest studies detailed in Chapter
3. This enabled daily energy requirements to be estimated and individually
tailored menu plans to be designed. These participants were young, healthy,
physically active males within the demographic range of the equation.
Participant characteristics are shown in the relevant chapters.

2.6 Blood Analyses

During the hyperinsulinaemic-euglycaemic clamp protocol, a cannula was
inserted retrograde into a superficial vein on the dorsal surface of the hand for
serial blood sampling. The cannulated hand was kept warm in an air

temperature of between 50-55 °C to arterialise venous blood.

Blood samples taken for analysis of plasma FFA concentration were
collected into lithium heparin microtubes (Sarstedt Inc., Niumbrecht, Germany),
supplemented with 0.5 pl tetrahydrolipstatin and 7.5 yl EGTA - reduced
glutathione additive, and immediately centrifuged at 2000 x g for 10 minutes at
4 °C. Following centrifugation, the plasma was aliquoted and then frozen at -
80 °C. Tetrahydrolipstatin is a potent non-competitive inhibitor of pancreatic
and gastric lipases (Krebs et al., 2000); it binds irreversibly to the serine
residues in the active sites of these enzymes, thereby inhibiting the breakdown
of triacylglycerides in the plasma samples. EGTA is an anticoagulant (Nielsen,
1985). Blood extracted for analysis of TAG and insulin concentration in serum
was collected into microtubes containing a clot activator (Sarstedt Inc.,
Numbrecht, Germany), left to clot for 15 minutes, and centrifuged as described
above, before being frozen at -80°C. Blood analyses were performed by Sally

Corden.

119



2.6.1 Serum Insulin Concentration

L o L B e S e e L s e e e e L
0 50 100 150 200

Insulin Standard Concentration (uU/mL)

Figure 2-5: Standard insulin concentration curve generated from example assay

results presented in the HI-14K insulin radioimmunoassay Kit.

Serum insulin concentrations were determined in vitro using the double-
antibody radioimmunoassay technique (Yalow and Berson, 1960; Morgan and
Lazarow, 1963) with a human insulin specific radioimmunoassay kit (HI-14K,
EMD Millipore Corporation, MI, USA).

Briefly, assay buffer (0.05M Phosphosaline pH 7.4 containing 0.025M
EDTA, 0.08% Sodium Azide, and 1% BSA) was added to seven glass tubes.
The kit provides a 2 ml stock solution of 200 pU/ml purified and unlabelled
human insulin in assay buffer for use in making six standard insulin
concentrations of 100, 50, 25, 12.5, 6.25 and 3.125 pyU/ml. From these six
standard solutions and a control solution (containing no unlabelled insulin),
100 pL was added to each of the six glass tubes, respectively, in addition to
100 pL of radioactively labelled, hydrated insulin ('?° I-insulin). The iodine-125
(' 1) radioisotope readily incorporates into the tyrosine residues of human
insulin and emits gamma radiation. The same volume (100 pL) of guinea pig
anti-human, insulin specific antibody was then added to these tubes which
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were vortexed, covered and left to incubate at room temperature for 24 hours.
In this dual antigen, single antibody system, 12 I-insulin and unlabelled insulin
compete for the limited binding sites on the anti-human insulin antibodies. This
results in the formation of two separate insulin fractions, a bound fraction of
insulin-antibody complexes and a free fraction of insulin in suspension. The
concentration of 2° I-insulin antigen is kept constant in each tube whilst the
concentration of unlabelled insulin is increased sequentially from tube to tube.
As the concentration of unlabelled insulin increases, these unlabelled insulin
antigens will outcompete the radioactively labelled insulin for the binding sites
on the antibodies such that the bound fraction becomes decreasingly

radioactive.

Following the 24-hour incubation, 1 ml of cold precipitating reagent
(Goat anti-Guinea Pig IgG serum, 3% PEG and 0.05% Triton X-100 in 0.05M
Phosphosaline, 0.025M EDTA, 0.08% Sodium Azide) containing a secondary
antibody was added to each tube to separate the bound and free insulin
fractions. The tubes were then vortexed at 4 °C and incubated for 20 minutes
before being centrifuged to obtain a pellet of bound insulin-antibody complexes
and free insulin in the supernatant. Following centrifugation, the supernatant
was decanted from all tubes and the tubes were dried. The radioactivity of the
bound insulin fraction in the pellet was then measured in counts per minute
(CPM) using a gamma counter. CPM is a measure of the detection rate of
ionising radiation, in this case gamma rays. CPM values were used to calculate
B/Bo which is a ratio that represents the CPM from bound ' I-insulin in the
sample or standard pellet (B)/ CPM from the '2°I-insulin only control pellet (Bo).
The greater this ratio, the greater the radioactivity of the pellet from the
standards or participant sera and the lower the concentration of unlabelled
insulin in the standards or participant sera samples. A standard binding curve
was generated from these data with the B/Bo on the y-axis and the unlabelled

human insulin standard concentrations on the x-axis (see Figure 2-5).

The above procedure was repeated but with the known standard
concentrations of human insulin being replaced with the serum samples from
the participants, which contained unknown concentrations of insulin. These

unknown insulin concentrations in participant serum samples were then
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estimated using the standard curve. Serum samples were all analysed in
duplicate. The assay is homologous — the antibodies were raised against
human insulin and ' I-insulin was prepared with human insulin- and has

negligible cross-reactivity (<0.2%) with proinsulin in the serum.

2.6.2 Total Plasma Free Fatty Acid Concentration

An enzymatic-colourimetric approach with a WAKO NEFA chemical reagent
kit (WAKO Chemicals GmbH, Neuss, Germany), was used to determine total
plasma FFA concentrations as described in detail elsewhere (Jeevanandam
et al., 1989).

The principle of this assay is based on two reactions. In the first, FFAs
are converted to fatty acyl-CoA (FFA + CoA + ATP = Acyl-CoA + AMP + PPj),
which is the active form that is involved in downstream metabolic processes,
in a reaction catalysed by acyl-CoA synthetase enzymes. In the second
reaction acyl-CoA is oxidised to form 2,3-trans-Enoyl-CoA and hydrogen
peroxide (Acyl-CoA + Oz = 2,3-trans-Enoyl-CoA + H202) in a reaction
catalysed by Acyl-CoA oxidase. The hydrogen peroxide produced because of
these reactions catalyses a subsequent condensation reaction that produces
a purple adduct measurable at 550 nm. Changes in optical density/absorbance
were measured using an automated benchtop analyser (ABX Pentra 400,
Horiba Medical, Montpellier, France). A standard solution of FFA provided as
part of the kit was serially diluted to generate a standard curve from which the
FFA concentrations in participant plasma samples were derived. The greater
the optical density, the greater the FFA concentration in each plasma sample.

2.6.3 Plasma Triglyceride Concentration

Plasma triglyceride concentrations were determined using an enzymatic-
colourimetric assay with a triglyceride reagent kit (WAKO Chemicals GmbH,
Neuss, Germany). The kit contained two reagents, enzyme colour reagent A
(50 U/mL glycerol kinase, 8.0 mmol/L adenosine 5'-triphosphate disodium salt,
5.6 U/mL glycerol-3-phosphate oxidase, 150 U/mL catalase, 0.4 mmol/L of N-
(3-sulfopropyl)-3-methoxy-5-methylaniline and 2.0 U/mL ascorbate oxidase in
50 U/mL Good’s buffer (pH 7)) and enzyme colour reagent B (250 U/mL
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lipoprotein lipase, 25 U/mL horseradish peroxidase and 4.6 mmol/L 4-
aminoantipyrine in 50 U/mL Good’s buffer (pH 7.1)).

Plasma contains free glycerol that can affect the results of a triglyceride
assay. Samples were first mixed with reagent A which contains glycerol
kinase, glycerol-3-phosphate oxidase and catalase enzymes that catalyse a
sequence of reactions which decompose free glycerol in the plasma samples,
leaving only the glycerol which is part of TAGs. The principle of the assay
following the decomposition of free glycerol is based on a three-step enzymatic
reaction that begins when reagent B is added to the mixture. In the first reaction
lipoprotein lipases in reagent B hydrolyse triglycerides to form glycerol and
three fatty acids (Triglyceride + H2O =2 Glycerol + 3 Fatty Acids). In the second
reaction glycerol is converted to glycerol-3-phosphate in an ATP-dependent
reaction catalysed by glycerol kinase (Glycerol + ATP 2 Glycerol-3-phosphate
+ ADP). Finally, glycerol-3-phosphate is oxidised in a reaction catalysed by
glycerol-3-phosphate oxidase to form dihydroxyacetone phosphate and
hydrogen peroxide (Glycerol-3-phosphate + O2 - Dihydroxyacetone
phosphate + H202). Reagent A contains 0.4 mmol/L of N-(3-sulfopropyl)-3-
methoxy-5-methylaniline and reagent B contains 4.6 mmol/L of 4-
aminoantipyrine. The hydrogen peroxide produced by the oxidation of glycerol-
3-phosphate causes these two compounds to undergo a condensation
reaction catalysed by horseradish peroxidase that results in the formation of a
blue pigment. The optical density of this pigment was measured using the ABX
Pentra 400 automated benchtop analyser (Horiba Medical, Montpellier,
France) at a sub wavelength of 700 nm and main wavelength of 600 nm. To
determine the concentration of triglyceride in participant plasma, absorbances

were compared to a curve of known standard triglyceride concentrations.
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2.7 Quantification of IMCL content using Magnetic
Resonance Spectroscopy (MRS)

Proton magnetic resonance spectroscopy (H-MRS) is a method for the
quantification of molecules in substances, and metabolites in living tissues,
based on the properties of the hydrogen ('H) atoms within them (Machann et
al., 2003). This technique was used for the non-invasive determination of IMCL
content in the vastus lateralis of the participants of the acute bed rest study
detailed in Chapter 3 and in both healthy controls and participants with NAFLD
as detailed in Chapter 4. Imaging was performed using magnetic resonance
imaging (MRI) scanners at the Sir Peter Mansfield Imaging Centre (SPMIC),
University of Nottingham.

Participants were asked questions from a safety assessment form to
ensure that they had no metallic objects in or on their body. Once all safety
criteria were met they were instructed to lie supine on the bed of the scanner
and radiofrequency coils were placed on top of them, covering from the ankle

to the neck.

A 'H atom has a single proton in its nucleus, which is orbited by a single
electron. This proton applies a spin to the nucleus and this spin generates a
magnetic dipole in the atom. In the absence of an external magnetic field (Bo)
'H atoms have nuclear spins with random orientations. When the Bo was
applied to the participants by the MRI scanner, the nuclear spins of their H
atoms first aligned parallel to the direction of Bo, which is known as the a spin
state or low energy state (Posse et al., 2013). Then radiofrequency radiation
produced by the surface coils was applied to these 'H atoms. When the pulse
power was sufficient, this radiation was absorbed and provided enough energy
to shift the 'H atoms from the a spin state to what is called the B spin state, in
which the atoms align antiparallel to Bo. When all the 'H atoms transition to the
higher energy B spin state they are said to be in “resonance”.

Over time the energy absorbed by these nuclei is lost as they return to
their original orientations during the T1 and T relaxation phases. The energy
released by the nuclei during T1 and T2 for each participant was detected by a
receiving coil to generate output visualised as 'H-MRS spectra.
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Figure 2-6: Example 'H-MRS spectra of the vastus lateralis. Resonances are
shown by the gaussian line shapes in the frequency domain, with each lineshape
representing the same spectra at a different echo time. The vertical red line marks the
methylene peak of EMCL. The vertical blue line marks the methylene peak of IMCL.
(A) Spectra in which the methylene IMCL peak at 1.33 ppm is well resolved from the
EMCL peak at 1.49 ppm. (B) Spectra in which the EMCL and IMCL peaks overlap.

There were several considerations for the quantification of lipid content
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in skeletal muscle using 'H-MRS. In 'H-MRS spectra lipid resonances are

detected between 0.9-1.6 ppm and must be resolved into those peaks arising



from intra- vs. extra-myocellular lipid. IMCL and EMCL signals can be
distinguished by the slight differences in their resonance frequencies, the
resolution of which is complicated by the angle of the muscle relative to Bo
during acquisition (Schick et al., 1993). Because LDs which compose the
majority of IMCL are spherical and free in the aqueous cytosol of myocytes,
the "H atoms in these LDs can freely align with Bo. Therefore the methylene,
IMCL-(CHz)n, and methyl, IMCL-CHs, resonance peaks of the IMCL spectral
lineshape at around 1.28 ppm and 0.885 ppm respectively are always present
on 'H-MRS spectra of skeletal muscle and are unaffected by the orientation of

the muscle relative to Bo (see Figure 2-6A) (Boesch et al., 1997).

However, fat depots in adipocytes (EMCL) form sheets or cylindrical
shaped structures localised between and along skeletal muscle fibres. The
nuclei of 'H atoms in EMCL cannot spin as freely as those in IMCL. Thus,
EMCL resonance signals depend on the pennation angle of the muscle fibres
within the area of the area being assessed (voxel) and the angle of the whole
muscle relative to Bo. The methylene resonance peak of EMCL, EMCL-(CH2)n,
is best resolved at 1.5 ppm (Schick et al., 1993) when the muscle fibres within
the voxel are parallel to Bo, but this peak can broaden as much as to 1.2 ppm
when these fibres are perpendicular to Bo (Szczepaniak et al., 2002). The
resonance signals of IMCL are independent of orientation so as the angle of
the muscle relative to Bo increases, the methylene EMCL resonance peak will
broaden and shift into the IMCL resonances such that the signals for the two
compartments overlap and become indistinguishable without the use of fitting
algorithms (see Fig 2-6B). The 'H-MRS data for the quantification of IMCL
presented herein were determined using spectra acquired from receiving coils
positioned abutting the quadriceps femoris of study participants. The legs of

these participants were positioned parallel to Bo for each acquisition.

Another consideration was water suppression. Water is the most
abundant component of muscle, composing as much as 78% of the voxel
volume, whilst the other detectable components in 'H spectra compose
roughly 2% (Sjegaard and Saltin, 1982). The 'H nuclei in water are more
densely concentrated than in any other metabolite and, in unsuppressed 'H
spectra, there is a large water peak between 4.4-5.0 ppm. This phenomenon
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necessitates the use of methods to suppress water in these spectra so that the
area under the other metabolites can be resolved and calculated (Ogg,
Kingsley, and Taylor, 1994). For the data presented herein both water-
suppressed, and unsuppressed spectra were acquired from the same voxels.
The water peaks in the unsuppressed spectra were used as internal standards
to scale the metabolite peaks, and to correct for the variations in signal
intensity or any experimental variation, in the suppressed spectra. The
algorithms for water suppression and line fitting, based on muscle orientation
relative to Bo, applied during spectra processing were developed by Dr. Olivier
Mougin (SPMIC) based on existing methodologies (Khuu et al., 2009).

2.8 Histochemical Quantification of IMCL Content

2.8.1 Fluorescent Staining of Lipid in Vastus Lateralis Muscle
Cryosections with Bodipy 493/503

The method for the quantification of IMCL content used in the studies
presented herein, with the fluorescent dye Bodipy 493/503 (D3922; Fisher
Scientific, Paisley, UK), has been described previously (Prats et al., 2013).
Frozen vastus lateralis samples were embedded in OCT mounting medium
(361603E; VWR International, Lutterworth, UK) before being secured to the
object holder of a Leica CM3050 S Research Cryostat (Leica Biosystems,
Wetzlar, Germany). Cryostat chamber temperature was maintained at -20 °C
whilst the object temperature was maintained at -18 °C. Then, transverse
sections of 14 ym thickness were trimmed consecutively and collected from
each frozen muscle biopsy block. These sections were mounted on
SuperFrost Plus adhesion microscope slides (631-0108P; VWR International,
Lutterworth, UK).

To prevent the sections from air drying after cutting, sections on each
slide were immediately immersed in 50 mL of ice-cold 4% paraformaldehyde
Zamboni’s fixative (Apoteket, Copenhagen, Denmark) supplemented with 2.5
ml of 2% glyceraldehyde in 0.05M phosphate buffer (pH 7.4) and were left to
fix for 60 minutes. After immersing the sections in cold Sgrensen’s Phosphate
Buffer (SPB) (0.1 M, pH 7.4) for 20 minutes to wash off the fixative, they were
then incubated for 30 minutes in 20 uyg/mL Bodipy 493/503 in 50 mL of cold
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SPB. After the incubation with Bodipy 493/503, the sections were immersed in
cold SPB again for 20 minutes as a final wash. Samples were always kept cold
before imaging to prevent the leakage of intracellular lipid from the muscle
fibres into the extracellular space, which can occur when frozen muscle

biopsies thaw.

These stained muscle sections were then mounted in Vectashield
mounting medium for fluorescence (H-1000; 2BScientific, Upper Heyford, UK),
covered by 1.5 mm cover slips (MIC3124; Scientific Laboratory Supplies,
Nottingham, UK), and sealed with nail polish before being placed on ice and
enclosed to limit any exposure to external light.

2.8.2 Image Acquisition

Zeiss confocal laser scanning microscopes (Carl Zeiss AG, Jena, Germany),
operating ZEN Black Edition software (Carl Zeiss AG, Jena, Germany) were
used in the studies described here to image Bodipy stained muscle sections
at 20x magnification. In all studies, the Bodipy 493/503 fluorophore was
excited using the 488 nm argon-ion laser line (Macho, Mishal and Uriel, 1996).
Pinhole size was maintained at 0.96 AU. Z-stacks were imaged from the top
to the bottom of each section and consisted of 5 segments of total thickness
3.642 ym, 910.54 nm between segments, obtained for a single region within
each muscle sample. Each z-stack constituted a single tile and numerous tiles
were stitched together to generate a complete image of each section. The most
structurally intact sections from each vastus lateralis muscle sample were
imaged. From each captured image, a maximum projection was generated
using the “Orthogonal Projection” processing function in ZEN Blue Edition
software (Carl Zeiss AG, Jena, Germany). These maximum projections were
then exported as Tiff Format (64 bit) (Big Tiff) image files. These files were
analysed in the FIJI (Fiji Is Just ImagedJ) software package (Schindelin et al.,
2012).

Biopsy sections do not have perfectly even surfaces and the penetrance
of fluorescent dye into different regions of the tissue during the staining
process can vary. Therefore, within each segment of the z-stacks composing
a captured image there will be areas where the visualised intensity is lower
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than in other segments of the stack. A maximum projection is a combination of
all the segments within the z-stacks of an image, such that all regions of the
projection represent the maximal visualised intensity as calculated from the
segments within the stack.

Note that, for each biopsy sample, section cutting, staining, and imaging
were performed on the same day. This was because it has been demonstrated
that freezing sections after fixation, for later histochemical staining, or after
staining, for later imaging, results in significantly reduced LD count and
decreased staining intensity (Prats et al., 2013). Also, biopsies were taken at
the same time for each time point in each study discussed here, thereby
accounting for any possible diurnal variation in IMCL content (Held et al.,
2020).

2.8.3 Image Analysis

When Tiff format maximum projections were opened in FlJI, a “Gaussian Blur”
of radius 1.00 was applied to sharpen each image and allow for better
detection of LDs amongst other stained neutral lipid. The “Auto Local
Threshold” function was then used to binarise each image with the application
of the Bernsen Algorithm (radius=50) (Bernsen, 1986) such that well stained
lipids (LDs) were detected and highlighted in white as particles whilst weakly
stained or unstained structures were converted to black background.
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Figure 2-7: Example diagram of variables used in the binarisation of pixels via
the Bernsen algorithm. A single pixel (x,y) is bounded by a user defined region (r x
r). Ziowis the pixel with the lowest grey value within the defined region, ZnicH is the

pixel with the highest grey value within the region.

The Bernsen algorithm is a widely used and robust (Tantakitti et al.,
2012; Korzynska et al., 2013; Potter et al., 2016; Kim et al., 2017) method for
the binarisation of images using thresholding formulae. Binarisation methods
convert greyscale images, which are composed of pixels with grey levels
ranging on a spectrum from 0-255, to images composed entirely of black (0)
and white (1) pixels. There are two broad binarisation categories, global
binarisation and local binarization. Global binarisation thresholding methods
use a single threshold value for the whole image and are optimal when
measuring the differences in staining intensity between stained objects. Local
binarisation methods calculate a unique threshold value for each greyscale
pixel within an image based on the grey level values of neighbouring pixels.
Local binarisation methods are most useful when investigating the number or
size of stained objects, irrespective of staining intensity. Using the Bernsen
algorithm, the threshold value for each pixel (T(x,y)) is calculated with the

following formula:
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_ (Zrow+ZuigH)

T(x,y) - 2

(Equation 2-18)
Where Z,ow is the lowest grey level pixel value in a defined square (r x
r) neighbourhood/radius centred around a single pixel (x,y) and ZnicH is the
highest grey level pixel value in the radius centred around the same single
pixel (see Figure 2-7). The threshold value is thus determined by the mean of
the sum of the lowest grey value in a defined radius and the highest grey value
in a defined radius. This measure (T(x,y)) is also called the midgrey value.

Within the r x r radius, the local contrast (C(x,y)) is also calculated as:

C(x'y) = Znign — Zrow
(Equation 2-19)

If the local contrast (C(x, y)) value is greater than a user defined contrast
threshold, also called “Parameter 1”7 in the FIJI interface, (usually 15) then the
midgrey value (T(x,y)) is used as the threshold value for the single pixel
defined as (x,y). In this case, If the grey level value of pixel (x,y) > T(x,y)
then pixel (x,y) will be assigned to the foreground as a white particle. If the
grey level value of pixel (x,y) < T(x,y) then pixel (x,y) will be assigned to the
background. However, if C(x,y) is lower than the user defined contrast
threshold then all pixels in the region r x r will be assigned as background. This
algorithm is automatically applied to as many pixels as necessary to binarise
an entire image used the “Auto Local Threshold” function.
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Sarcolemmal C.

Lipid T g

Figure 2-8: (A) Binarised image of muscle biopsy sample with a single fibre
bounded by an ROI in yellow. (B) Visual output of the particles identified within
the ROl using the showing the “Analyse Particles” tool. Particles are labelled in
red. (C) Magnification of the visual output showing labelled LDs within the fibre

and sarcolemmal lipid at the periphery.

Then, with the “Polygon Selection” tool, regions of interest (ROIs) were
manually drawn, and the “Analyse Particles” tool was used to measure the
value of several variables within these regions from which parameters
including LD count, LD size and IMCL content were calculated for each
sample. These variables were total tissue area, which is the sum of the area
in micrometres of the section bounded by the ROI/ROls, total LD count, which
is the sum of all the LDs within the total tissue area, and total LD area, which
is the total area within the tissue that contains lipid. For the assessment of LD
count and size, the circularity filter is set to 0.50-1.00 to exclude sarcolemmal
lipid and only include intracellular LDs in the analysis (Covington et al., 2017).

FIJI calculates the circularity of each detected particle using the formula:

Particle Circularity = 47T(‘C42)

(Equation 2-20)
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Where Cequals the circumference of the particle and A equals the area

of the particle. This formula is essentially a ratio between circle area and circle
circumference based on the relationship C?= 4mA. Thus, the closer the

circularity value for a particle is to 1 the more circular it is, with 1 being a perfect
circle and 0 being a perfectly straight line. The circularity filter allows a user to
specify the circularity range within which individual particles must fall to be
detected and recorded within the output of the “Analyse Particles” tool. For the
quantification of LD count and LD size a circularity filter of 0.50-1.00 was
applied to favour the inclusion of intracellular LDs whilst excluding
sarcolemmal lipid (see Figure 2-8 and Figure 2-9). Without the adjustment for
circularity, particle analysis calculates significantly inflated values for LD count
and LD size. The impact of such errors, particularly on LD size calculations, is
greatly exacerbated by the fact that participants can express broadly different
quantities of lipid localised to the sarcolemma. This filter is not applied in the
calculation of the ratio of lipid area to whole tissue area (percentage IMCL
content).
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Bernsen Threshold Circularity= 0.00-1
(Unadjusted)
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Circularity= 0.25-1 Circularity= 0.50-1

Figure 2-9: Images showing the variation in the particles recorded in the

“Analyse Particles” output based on the range of the circularity filter.

LD count is a relative measure that is manually calculated as

Total LD Count
Total Tissue Area

within each ROI and is presented herein as droplets per

square micrometre (droplets/um?) of muscle tissue. LD size is automatically
calculated by the FIJI software as a mean of the size of every droplet within
the ROI, here LD size is presented as the mean size of the droplets in
micrometres. For IMCL staining images here, a single pixel has an area of
0.0244 um?2. Pixel aspect ratio for all muscle sample maximum projections was

1 um = 6.3983 pixels. The total lipid area within each sample (percentage IMCL

Total LD Area

content) is also calculated automatically as , within each ROI.
Total Tissue Area
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2.8.4 Comparison of Image Analysis Methods

2.8.4.1 Single Fibre (SF) and Field of View (FOV)

Original FOV | Binary FOV. | OriginalSF

Figure 2-10: Representative images of the FOV and SF techniques used to validate

the image analyses in the quantification of IMCL.

For muscle biopsy samples with tight cohesion between individual fibres, ROls
encompassing several hundred individual muscle fibres within a large field of
view can be drawn for subsequent particle analysis. This method was used to
analyse images from the chronic bed rest study detailed in Chapter 3. Where
samples have fibres which are less cohesive and more interspersed, even
marginally, the use of a method in which unique ROIs are drawn around each
individual fibre to guarantee accurate calculation of the relevant parameters is
necessary. Such a method was used to analyse images from the acute bed
rest study detailed in Chapter 3. The principal study parameters in the studies
presented here are LD count, LD size and percentage IMCL content which are
defined in Section 2.8.3. Other important parameters include Total Tissue
Area, which is the size in micrometres of the tissue within a ROI, Total LD
Count, which is the total number of LDs within the Total Tissue Area, and Total
LD Area, which is the total area within the section of tissue selected by the ROI
that is occupied by lipid.

To determine the validity of directly comparing data generated by the
two differing methods for image analysis, 10 randomly selected maximal
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projections generated using pre bed rest samples from the chronic bed rest
study described in Chapter 3 were analysed using both the field of view (FOV)
method -in which a single ROl encompasses a large section of the muscle
tissue- and the single fibre (SF) method -in which unique ROIs are drawn
around individual fibres- to compare the variability between these methods in
the means calculated for the study parameters (see Figure 2-10). Data were
compared without the application of the circularity filter. A total of 228 + 29
individual fibres were analysed for each of the 10 tested samples.

2.8.4.2 Analysis of SF and FOV Method Correlation

Correlations between values determined by the SF and FOV methods were
calculated in GraphPad Prism 8 software and are presented as correlation
coefficient (r) and R-squared (R?) values. The correlation coefficient was
computed by comparing the value of a parameter measured by the SF method
(x-axis) with the value of that same parameter in the same sample as
measured using the FOV method (y-axis). All r values are Pearson correlation
coefficients as Gaussian distribution was assumed. p values were generated
from two-tailed correlation coefficient hypothesis tests. In addition, to identify
any statistically significant differences between the values generated by the
FOV and SF methods for tabulated data of the principal study parameters,

paired, two tailed t-tests were also used.
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2.8.4.3 Between-Method Agreement

A. Total Tissue Area Comparison
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Figure 2-11: Comparison of parameter means in various samples using the SF
and FOV methods, n = 10 samples for all parameters. The parameter which was
measured is shown in each graph title. Each point is labelled with the pre bed rest
sample designation in blue. Lines of identity are shown in red. (D-F) Principal study

parameters.

Figure 2-11 shows scatter plots comparing measurements made by the SF
method (x-axis) and measurements made by the FOV method (y-axis).
Correlation coefficient (r) values between the FOV and SF methods for each
measured parameter were all >0.99. Visually this can be seen by the points
for measurements of each parameter falling close to the lines of identity shown
in red. Linear regression lines are fitted between the points for each parameter
to represent the R? values calculated during correlation analysis. Correlation
coefficient hypothesis tests between the two methods for each parameter
reported p values <0.0001 indicating that there is a significant linear
relationship between x (the value of the parameters as measured using the SF
method) and y (the value of the same parameters as measured using the FOV
method) and that the data from these muscle samples is representative of the
population. For each of the 10 samples analysed there was a significant linear
relationship between the values calculated for each parameter using the FOV
method and the values calculated for those same parameters using the SF

method.
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Parameter
LD Count (LDs/pm?) LD Size (Pixels) IMCL Content
SF FOV SF FOV SF FOV
Sample | Method Method Method Method Method Method
A4 PRE 0.043 0.042 23.6 24.7 2.52 2.53
A1 PRE 0.073 0.071 63.3 69 11.7 11.9
B4 PRE 0.063 0.06 42.8 46.6 6.83 6.82
C4 PRE 0.046 0.043 34.2 35.5 3.79 3.77
D4 PRE 0.069 0.066 54.2 56.1 8.83 8.72
E4 PRE 0.084 0.08 103.1 107.3 19.3 19.3
F1 PRE 0.092 0.089 64.2 66.6 14.3 14.4
G4 PRE 0.075 0.072 43.9 48.2 8.37 8.36
H1 PRE 0.07 0.066 51.9 53.2 8.75 8.74
J1 PRE 0.071 0.068 47.4 53.1 8.84 8.84
Mean 0.069 0.066 * 529+ 56.0 + 9.33+ 9.34 +
SE 0.005 0.005 6.82 7.06 1.55 1.56
P-value <0.0001 0.0003 0.5493

Table 2-1: Table of data showing the comparison of principal study parameter
measurements in all samples using the SF and FOV methods. Paired, two-tailed

T-tests.

The agreement between the two methods when measuring Total Tissue
Area, Total LD Area, Total LD count, LD count, LD Size and IMCL Content is
very strong. T-tests comparing the FOV and SF values for the principal study
parameters showed that there were some statistically significant differences in
the mean values for LD count and LD size but not IMCL content (see Table 2-
1). The difference in LD count and LD size quantification between the two
methods is roughly 5%; there is no statistically significant differences in the
values calculated by these methods for Total Tissue Area, Total LD Area and
Total LD count. Overall, there is minimal variability between these methods.
Given that any variability can be further reduced by improving the geometric
alignment between the ROIs created for these methods, and that 228 + 29.004
individual fibres were analysed for each of the 10 samples tested such that the
ROIs used were enough to be representative of each vastus lateralis biopsy,
the differences between the measurements generated using these two
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methods are not significant. Thus, images analysed using the SF method can

be compared with those analysed using the FOV method.

2.8.4.4 Validation of Automated ROI selection and Particle Analysis

As outlined in Section 2.8.4.1, the SF method is sometimes used for the
analysis of total IMCL content instead of the FOV method in those samples
where muscle fibres are not adequately cohesive. The SF method is also
necessary for the determination of fibre-type specific IMCL content as

detailed in Section 2.9.

Manually selecting and analysing each of the hundreds of fibres within
a single image from the ROl manager during SF analysis is laborious. To
overcome this, macros were written to fully automate the sequential selection

and particle analysis of all muscle fibre ROIs within the ROl manager.

10

KW17 Right Leg 28d
RC16 Left Leg Baseline
-+ LG5 Left Leg 84d

KA1 Left Leg 28d
— LH3 Right Leg Baseline

IMCL Content (%) Automated Selection
a

c v I v I v I ' ) ' ) ' ) ' ) ' ) ' ) ' )

0 1 2 3 4 5 6 7 8 9 10
IMCL Content (%) Manual Selection

Figure 2-12: Comparison of manual vs automated ROI selection and SF muscle
IMCL content analysis. For all samples r and R? are equal to 1 for all the fibres

analysed.
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To ensure that these macros for automated circularity adjusted and
unadjusted particle analysis produced the same results as those generated by
manual selection and analysis, 5 samples from the study detailed in Chapter
4 were randomly selected. Manual and automated selection, and muscle fibre
IMCL content determination was compared as shown in Figure 2-12. The two
methods produced identical results for each muscle fibre in all samples, hence
the overlapping perfect straight lines. Thus, automated selection and analysis
of muscle fibre ROls is used in cases where the SF method is necessitated in

all studies described here.
2.8.5 Repeatability of IMCL Quantification with Bodipy 493/503

A. Ej

Fifteen sections cut sequentially from one
random muscle biopsy sample block.

EDIEPIED, EDIEDIED
Ca> Ca O
Five sections fixed to three slides,
respectively.
w v [
g g &
= L w
Staining
Imaging

Figure 2-13: (A) Flow diagram of repeatability test protocol. (B) Example of the
same fibres identified in different sections on different slides. Bars are 50 um.
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For assessment of repeatability, measurements of the same subject/sample
must be made in quick succession by the same operator using the same
methods and equipment (Nakagawa and Schielzeth, 2010). To assess the
repeatability of the IMCL quantification protocol, LD count, LD size and
percentage IMCL content were measured in multiple sections from a single
randomly selected vastus lateralis biopsy sample block (see Figure 2-13A).
Fifteen 14 ym thick sections were cut from this block sequentially and acted
as technical replicates. These sections were transferred to three SuperFrost
Plus adhesion microscope slides, fixed to these slides with Zamboni’s fixative,
stained with Bodipy 493/503 and imaged on the same day as previously
described (see Section 2.7.1). All fifteen sections were stained but sections 3,
4, and 5 on slide 3 were not imaged due to time constraints on the day. At least
two sections on each slide are required to assess repeatability or
reproducibility (Bartlett and Frost, 2008), thus data for sections 1 and 2 on slide

3 are shown here.

For images acquired for each technical replicate from each slide the
same 39 fibres were identified, and ROIs were created (see Figure 2-13B).
LD count, LD size and percentage IMCL content parameters were calculated
for every fibre ROl in a section. These fibre-level data were then pooled to
generate mean values of these parameters at the section level for each of
these replicates. Data at the section level was then pooled to create an overall
sample level mean for each parameter. Repeatability was quantified using the
repeatability coefficient and coefficient of variation of the sample means.
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LD Count Deviation from
Section (Droplets/um?) Sample Mean Deviation?®
Slide 1 Section 1 0.030 -0.01673 0.00028
Slide 1 Section 2 0.035 -0.01089 0.00012
Slide 1 Section 3 0.041 -0.00569 3.23E-05
Slide 1 Section 4 0.064 0.01783 0.00032
Slide 1 Section 5 0.058 0.01168 0.00014
Slide 2 Section 1 0.048 0.00148 2.20E-06
Slide 2 Section 2 0.046 0.00007 5.38E-09
Slide 2 Section 3 0.031 -0.01533 0.00023
Slide 2 Section 4 0.034 -0.01210 0.00015
Slide 2 Section 5 0.045 -0.00146 2.12E-06
Slide 3 Section 1 0.066 0.01975 0.00039
Slide 3 Section 2 0.058 0.01135 0.00013
Sum 0.56 0 0.00179

Figure 2-14: (A) Graph showing pooled LD count data for each section/replicate.
Bars are mean + SEM. Sample mean, which is visually represented by the red dotted
line, represents the average LD count across all replicates. (B) Table of descriptive

statistics for each replicate shown in graph A.
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Deviation from
Section LD Size (um?) Sample Mean Deviation?®
Slide 1 Section 1 1.42 0.1764 0.03111
Slide 1 Section 2 1.29 0.0424 0.00179
Slide 1 Section 3 1.47 0.2284 0.05215
Slide 1 Section 4 1.02 -0.2186 0.04780
Slide 1 Section 5 1.21 -0.0366 0.00134
Slide 2 Section 1 1.21 -0.0286 0.00082
Slide 2 Section 2 1.26 0.0154 0.00024
Slide 2 Section 3 1.14 -0.1056 0.01116
Slide 2 Section 4 1.54 0.3004 0.09022
Slide 2 Section 5 1.34 0.0974 0.00948
Slide 3 Section 1 0.86 -0.3820 0.14595
Slide 3 Section 2 1.15 -0.0886 0.00786
Sum 14.9 0 0.39991

Figure 2-15: (A) Graph showing pooled LD size data for each section/replicate.
Bars are mean + SEM. Sample mean, which is visually represented by the red dotted
line, represents the average LD size across all replicates. (B) Table of descriptive

statistics for each replicate shown in graph A.
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Section IMCL Content (%) Sample Mean Deviation?®
Slide 1 Section 1 4.12 -1.1023 1.21514
Slide 1 Section 2 4.33 -0.8963 0.80341
Slide 1 Section 3 5.75 0.5277 0.27843
Slide 1 Section 4 6.00 0.7727 0.59701
Slide 1 Section 5 6.36 1.1327 1.28293
Slide 2 Section 1 5.49 0.2637 0.06952
Slide 2 Section 2 5.14 -0.0833 0.00694
Slide 2 Section 3 3.40 -1.8183 3.30634
Slide 2 Section 4 4.96 -0.2583 0.06674
Slide 2 Section 5 5.29 0.0627 0.00393
Slide 3 Section 1 5.45 0.2297 0.05275
Slide 3 Section 2 6.39 1.1697 1.36812
Sum 62.7 0 9.05126

Figure 2-16: (A) Graph showing pooled IMCL content data for each
section/replicate. Bars are mean +* SEM. Sample mean, which is visually
represented by the red dotted line, represents the average IMCL content across all
replicates. (B) Table of descriptive statistics for each replicate shown in graph
A.

147



The coefficient of repeatability (Standard Deviation*2.77) is an index of
measurement error. In the data above there is 95% confidence that the
difference between two repeated measurements of LD count, LD size, and
IMCL content in the same sample using the histochemical method described
herein will fall below 0.035 droplets/um?, 0.53 um?, and 2.51%, respectively
(see Figures 2-14B, 2-15B, and 2-16B). The coefficient of variation for
measurement of LD count, LD size, and IMCL content was 27.6%, 15.3%, and
17.4%, respectively. Given that, to the best knowledge of the present author,
no investigators have published repeatability data from histochemical IMCL
staining methods it is impossible to relativise these findings. Given that LDs
are spherical and that more than 168 ym (12, 14 ym sections) of tissue was
cut from each transverse-orientated sample, it is highly unlikely that the same
LDs were imaged every 2-3 sections, which in part explains the variability

observed in these repeated measurements.

0.144 LD Count (Droplets/pm2)

0.12]

@ECL018

EC)038
[ ] ECL04

@ECLO031

®ECLOM .
ECL033
E CLO035 R?=0.70

p <0.001

r=0.84

ECLIPSE Test 2

@ ECr046 @®ECL012
@ECL032

© o o @°
o (=] o -
B ? 2 <

0.02]

0.0 0+K————r—r————r—r————r——r————r—r—r———r—r
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

ECLIPSE Test 1

148



0.6

0.4

ECLIPSE Test 2

0.2

LD Size (um?)

@®ECL012

CL015
@®ECL031

r=0.57
R2=0.32
p <0.05

@ ECL041

3.04

ECLIPSE Test 2
N - N N
R S

o
a
P 1

ECLIPSE Test 1

IMCL Content (%)

®oE CL03
Eg 041

O®ECL015
@ ECL045

ECL046 ECL033
r=0.61
R2=0.38

p <0.05

@®ECL018

o
o
o

05 10 15 20 25 3.0
ECLIPSE Test 1

3.5 4.0

Figure 2-17: Comparison of (A) LD count, (B) LD size, and (C) IMCL content

measurements of two independent sections each from a single muscle sample

obtained from participants of the ECLIPSE study. For all parameters n = 12 pairs.

Each point is labelled with the ECLIPSE sample designation in blue. Lines of identity

are shown in red.
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Parameter
LD Count (LDs/pm?) LD Size (pm?) IMCL Content (%)
Sample Test 1 Test 2 Test 1 Test 2 Test 1 Test 2
ECL008 0.071 0.079 0.42 0.39 291 3.05
ECL015 0.048 0.050 0.48 0.43 2.29 2.15
ECL018 0.127 0.092 0.28 0.28 3.57 2.55
ECL031 0.046 0.061 0.53 0.40 2.42 241
ECL032 0.030 0.033 0.72 0.74 2.17 2.33
ECL035 0.050 0.050 0.43 0.41 2.12 2.12
ECL041 0.033 0.057 0.79 0.40 2.54 2.40
ECL046 0.033 0.039 0.62 0.50 2.06 191
ECL012 0.058 0.038 0.41 0.65 2.33 2.52
ECL033 0.062 0.053 0.44 0.37 2.25 1.92
ECL038 0.078 0.078 0.34 0.33 2.60 2.60
ECL045 0.080 0.079 0.30 0.27 2.52 2.05
Mean 0.060 0.059 + 0.48 + 0.43 + 248 + 233+
SE 0.008 0.005 0.05 0.04 0.12 0.09
P-value 0.91 0.27 0.16

Table 2-2: Table of data showing the comparison of LD count, LD size, and IMCL
content measurements in two sections of the same sample from the ECLIPSE study.

P values relate to the results of paired, two-tailed, t-tests. SE; Standard Error.

To follow these repeatability analyses, sections from 12 samples
obtained from participants in the ECLIPSE study described in Chapter 4 were
cut, stained, imaged, and returned to storage in liquid nitrogen (Test 1). A week
later these same samples were cut, stained, and imaged again (Test 2). All
sections were analysed to measure and compare LD count, LD size, and IMCL
content between Test 1 and Test 2. The results of these analyses are shown
in scatter plots comparing measurements during Test 1 (x-axis) and
measurements made during Test 2 (y-axis) (see Figure 2-17). There was a
positive linear relationship between Test 1 and Test 2 for all study parameters,
with all correlation coefficient hypothesis tests being significant (p <0.05). Two-
tailed paired t-tests revealed that there were no significant differences between
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the measurements of LD count (p =0.91), LD size (p = 0.27), and IMCL content
(p = 0.16) in the first set of sections from the ECLIPSE study compared to the
second set of sections (see Table 2-2). The percentage difference in
measurement was greatest in mean IMCL content, with it being 6% greater in
Test 1 than Test 2 (2.48% vs. 2.33%, respectively).

2.9 Immunohistochemical Determination of Muscle

Fibre Type

2.9.1 Cryosectioning

Cryosectioning of samples for fibre type analysis was performed in the same
manner as previously specified for the fluorescent staining of lipid with Bodipy
493/503 in Section 2.8.1. Once cut, sections were stored at -80 °C until

staining.

2.9.2 Staining

Sections were removed from storage at -80 °C and kept frozen with dry ice
before being fixed in 2% formaldehyde Zamboni's fixative, contained within
glass Coplin staining jars, for 30 minutes at room temperature. This was
followed by a wash with 0.1 M SPB to remove excess fixative. Once washed
and dry, an ImmEdge pen (H-4000; 2BScientific, Upper Heyford, UK) was
used to draw a single circular area enclosing all the sections on each slide.
ImmEdge pens contain a hydrophobic solution that, when applied to a slide
and left to dry, forms a residue which is insoluble to acetone, ethanol, and
water. The hydrophobic nature of this residue allows it to confine
immunofluorescent reagents added to the slides to the area in which the
sections are located. Once drawn, 200 pl of 0.1% triton x-100 in immunobuffer
(0.25% bovine serum albumin, 50 mM glycine, 0.033% saponin and 0.05%
sodium azide in SPB) was added to the sections within the enclosed area and
these sections were incubated for 10 minutes in preparation for

immunofluorescence labelling.

Sections were then washed twice for 5 minutes each time with

immunobuffer. To fibre type, the sections were incubated for 3 hours in 200 pl
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immunobuffer solution containing unconjugated primary antibodies targeting
three different myosin heavy chain isoforms. These antibodies were: 1/500 of
33 pg/mL monoclonal mouse anti-slow twitch myosin heavy chain type | IgG2b
(BA-D5; Developmental Studies Hybridoma Bank (DSHB), lowa City, Unites
States); 1/200 of 64 pyg/mL monoclonal mouse anti-fast twitch myosin heavy
chain type IlIA 1gG1 (SC-71; DSHB, lowa City, Unites States); and 1/25
monoclonal mouse anti-fast twitch myosin heavy chain type 11X IgM (6H1;
DSHB, lowa City, Unites States). Also included was 1/700 of 0.5 mg/mL
polyclonal rabbit anti-Laminin IgG (L9393-.5ML, Sigma-Aldrich, Gillingham,
UK) for co-immunostaining of laminin to mark cell boundaries. The primary
antibody incubation period was followed by three washes in immunobuffer,

each wash lasting five minutes.

Sections were then incubated for 2 hours in 200 pl immunobuffer
solution containing secondary antibodies. These antibodies were: 2 mg/mL
polyclonal goat anti-mouse 1gG2b specific for the IgG y-2 heavy chain and
conjugated to Alexa Fluor 594 (A-21145; Thermo Fisher Scientific,
Loughborough, UK); 2 mg/mL polyclonal goat anti-mouse IgG1 specific for the
lgG y-1 heavy chain and conjugated to Alexa Fluor 488 (A-21121; Thermo
Fisher Scientific, Loughborough, UK); 2 mg/mL polyclonal goat anti-mouse
IgM specific for the p heavy chain of IgM and conjugated to Alexa Fluor 647
(A-21238; Thermo Fisher Scientific, Loughborough, UK); and 2 mg/mL
polyclonal goat anti-rabbit IgG specific for IgG y heavy and light chains and
conjugated to Alexa Fluor 647 (A-32733; Thermo Fisher Scientific,
Loughborough, UK). All secondary antibodies were present at a dilution of
1/500 in the immunobuffer. After this secondary antibody incubation period,
sections were washed thrice with immunobuffer again for 5 minutes each

wash. This was followed by a single 5-minute wash with 0.1 M SPB.

After removing excess SPB from the area delineated in Dako residue,
stained muscle sections were mounted in Vectashield mounting medium for
fluorescence, covered by 1.5 mm cover slips, and sealed with nail polish before
being covered to limit any exposure to external light. Stained sections were
then kept at -4 °C overnight and then at -20 °C until imaging.
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2.9.3 Image Acquisition

Image acquisition was performed at 10x magnification. The entirety of the most
intact section on each slide was captured. Excitation wavelengths of 493 nm,
577 nm and 653 nm were used to excite Alexa Flours 488, 568 and 647
respectively conjugated to the secondary antibodies. The specific microscope
and/or scanner settings used to image muscle fibre types for each study will
be discussed in greater detail in the relevant chapters.

Figure 2-18: Image showing the result of the immunohistochemical staining
described in Section 2.9.2 on a test sample. Type | fibres are shown in red. Type
IIA fibres are shown in green. Type IIX fibres are shown in white. Bar is 500 um.

An example image from test staining performed before the staining of samples
described in Chapter 3 is shown in Figure 2-18.

2.9.4 Fibre Type and IMCL Matching

Scanned fibre type images were opened in ZEN Blue software for ready
switching between channel views and geometric rotation/mirroring of the

image as necessary, while IMCL images were opened in FIJI to outline
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individual fibres in ROIls. Using the “Analyse Particles” tool, study parameters
including LD count, LD size and percentage IMCL content were calculated as
previously described in Section 2.8.3 from the ROls of individual fibres within
each sample. Data from the particle analysis of each fibre was transferred to
Microsoft Excel (Microsoft Corporation, Redmond, Washington State, United
States) and these individual fibres were then sorted and grouped by MHC
isoform to calculate the mean value of the study parameters for each MHC

isoform in each vastus lateralis sample.

2.10 Statistical Analysis

Graphing and statistical analysis of all data presented here was performed
using the GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA)
and the Statistical Package for the Social Sciences (SPSS) software packages
(IBM, Armonk, NY, USA). Data was assessed for variance and normality and
where appropriate non-parametric tests (Friedman Test as an alternative to
ANOVA) were used as outlined in the relevant studies. For all tests, the

threshold for statistical significance was set to p-value < 0.05.
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3. The effect of 3 and 56 days of bed
rest on IMCL content and glucose
disposal in healthy male volunteers
maintained in energy balance

3.1 Introduction

Physical inactivity has been associated with the presentation of metabolic
impairments that are major risk factors for cardiovascular disease (Katzmarzyk
et al., 2009) and T2DM (Hu, 2003). Global inactivity levels, particularly those
in high-income countries (gross national income per capita of $12,696 or
greater (World Bank, 2022)), are projected to rise in the coming decades
(Guthold et al., 2018) due to a variety of factors including: the proportional
increase in desk jobs that require minimal physical activity (Brownson,
Boehmer, and Luke, 2005), increased screen time amongst children and
adolescents (Healy et al., 2008; Hale and Guan, 2015) and the progressive
urbanisation of populations in low income countries (Assah et al., 2011). Thus,
physical inactivity will be an increasingly significant factor in the disease
burden of the global population (Lee et al., 2012; Ozemeka, Lavieb, and
Rognmoc, 2019). Improving our understanding of the mechanisms which
control physiological adaptations to physical inactivity is crucial to developing
effective countermeasures against the metabolic impairments that present

during states of inactivity.

Bed rest has been used to study low level physical activity and
hospitalisation for decades and is also used to simulate the microgravity
conditions experienced in space (Hargens and Vico, 2016). Given that bed rest
is most commonly necessitated during hospitalisation and that the average
length of stay for patients in the UK is 6-7 days (Eurostat, 2019; Ward et al.,
2021), with the global median length of stay being 6 days (Kiss et al., 2021), a
long-term (chronic) period of bed rest can be defined as lasting longer than 7

consecutive days.
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Both short- and long-term bed rest studies have universally identified
decreased whole-body, insulin-mediated GD as a hallmark consequence of
bed rest (Lipman et al., 1970; Brower, 2009; Coker et al., 2014; Rudwill et al.,
2018). This decrease in whole-body GD is the result of impaired glucose
tolerance, primarily caused by peripheral insulin resistance (Stuart et al., 1988;
Mikines et al., 1991). Impaired glucose tolerance acts as a precursor to the
development of T2DM and various chronic cardiovascular diseases including
ischaemic heart disease, the leading cause of death worldwide (World Health
Organisation, 2016). Skeletal muscle is responsible for the disposal of
upwards of 80% of intravenously infused glucose under hyperinsulinaemic-
euglycaemic clamp conditions (see Section 1.3) (Wasserman, 2009;
DeFronzo and Tripathy, 2009). Attenuation of the contraction-stimulated
glucose uptake pathway (Yu et al., 2015; Bergouignan et al., 2016) and the
decrease in the expression of key regulators of the insulin-stimulated glucose
uptake pathway, including Akt1, TBC1D4, and GLUT4, in skeletal muscle
(Biensg et al., 2012; Dirks et al., 2018) are some of the mechanistic drivers
contributing to the development of peripheral insulin resistance and decreased
whole-body GD during bed rest, and have been proposed to play a role in
chronic disease development (Doehner et al., 2010; Kampmann et al., 2021).

Recent work has focussed on elucidating the potential role of IMCL
accumulation in contributing to the impairment of whole-body GD during 7 to
28 days of bed rest (Cree et al., 2010; Dirks et al., 2016). There is a well-
established negative association between IMCL content and GD in sedentary
lean and obese individuals; the greater the skeletal muscle lipid content an
individual has, the lower their muscle and whole-body GD (Phillips et al., 1996;
Pan et al., 1997; Krssak et al., 1999; Goodpaster et al., 2001; Bajpeyi et al.,
2014). As previously described, see Section 1.5, this relationship has been
proposed to be mechanistically explained by the accumulation of IMCL,
including DAG and ceramide species, which are involved in downstream
antagonism of the canonical insulin signalling pathway (Bosma et al., 2012;
Chavez and Summers, 2012; Petersen et al., 2016; Segaard et al., 2019).
IMCL accumulation has also been implicated in increasing PDK activity
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(Petersen et al., 2015), resulting in decreased pyruvate flux into the TCA cycle
(Kiilerich et al., 2010; Constantin-Teodosiu et al., 2012).

In the context of bed rest and inactivity, the hypothesis proposed by
some authors is that IMCL accumulates as a result of a bed-rest induced
reduction in mitochondrial content decreasing FA oxidation (Blanc et al.,
2000a; Bergouignan et al., 2011; Bilet et al., 2020). The accumulation of IMCL
in this way is then thought to perturb glucose metabolism via aforementioned
mechanisms, thereby contributing to decreased insulin-mediated whole-body
GD. More simply of course, if energy intake is not reduced in bed rest the
ensuing positive energy balance will also result in IMCL deposition,
independent of any impact of bed rest on lipid oxidation rates. More
specifically, for participants in bed rest studies, decreased daily energy
expenditure, which predominantly arises from decreased AEE (see Section
2.3.2) (Ritz et al., 1998; Bergouignan et al., 2010), produces a state of positive
energy balance unless their diets are strictly controlled to maintain energy
balance (Blanc et al., 2000b; Hamburg et al., 2007; Biolo et al., 2008;
Bergouignan et al., 2011). Moreover, the hypothesis that IMCL accumulation
during bed rest is a driver of impaired GD is contested by evidence showing
that, under conditions of energy balance, IMCL did not accumulate during an
acute 7-day period of bed rest, regardless of changes in mitochondrial content,
muscle oxidative capacity, and significantly reduced whole-body GD (Dirks et
al., 2016). Thus, the accumulation of IMCL in the context of bed rest may be a
direct consequence of participants being in states of positive energy balance
rather than a result of any changes in mitochondrial content or impairments in
FA oxidation due to bed rest per sé. Whether the results observed following 7
days of bed rest (Dirks et al., 2016), impaired whole-body GD in the face of
unchanged IMCL content, remain consistent in the chronic bed rest setting

requires investigation.
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Mechanistically, positive energy balance elevates plasma FFA
concentrations, resulting in greater FA uptake by the skeletal muscles and
greater incorporation of these FAs into the TAG pool stored in LDs, which are
the main constituents of IMCL (Bachmann et al., 2001; Zderic et al., 2004;
Sakurai et al., 2011; Hoeks et al., 2012; Phielix et al., 2012). Studies suggest
that increases in IMCL content are primarily underpinned by increases in LD
size, which is negatively correlated with insulin sensitivity; smaller, numerous
droplets are observed in the skeletal muscle of highly insulin sensitive
individuals and larger, less numerous droplets are observed in the skeletal
muscles as insulin sensitivity decreases (He, Goodpaster, and Kelley, 2004;
Nielsen et al., 2017; Covington et al., 2017). This increase in LD size and
decrease in LD count is likely the result of the fusion of droplets within LD
clusters (Borén et al., 2013).

It is important to note that, in healthy participants, bed rest cannot
replicate the pathology of chronic disease or metabolic multimorbidities. The
aetiology of impaired whole-body GD, its association with IMCL accumulation
and its contribution to the development of insulin resistance may be vastly
different in the context of inactivity than it is in the context of disease.

In contrast to inactivity, exercise is known to robustly improve insulin-
mediated GD in general (Heath et al., 1983; Ferrara et al., 2006; O'Gorman et
al., 2006) and within a few days following bed rest (Tabata et al., 1999), mainly
by improving the skeletal muscle expression and translocation of GLUT4 and
other key mediators of the insulin-mediated glucose uptake pathway (Dela et
al., 1994; Tabata et al., 1999; Daugaard et al., 2000; Frasig et al., 2007).
Exercise is also known to increase the rate of lipid oxidation and acutely
decrease IMCL content (Horowitz and Klein, 2000; Watt et al., 2002; Lund et
al., 2018). What remains to be elucidated is whether there is any association
between exercise-induced improvements in whole-body GD following bed rest
and changes in IMCL content during this same time frame.
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3.2 Study Aims

It has been demonstrated that IMCL content does not change following an
acute, 7-day, period of bed rest conducted with participants in energy balance,
though both impaired GD and altered mitochondrial content and substrate
oxidation present in this context. Whether these observations are consistent in
chronic bed rest is unknown. Also, whilst exercise is known to improve whole-
body GD post immobilisation, the role of IMCL in this process requires

elucidation.

The work presented in this chapter aimed to investigate the association
between changes in GD and changes in LD count, LD size, and IMCL content
during acute (3 days) and chronic (56 days) periods of bed rest, with four

research questions in mind:

1. Are any changes in LD count, LD size, and IMCL content observed
during chronic (56 days) bed rest consistent with those observed
following an acute (3 days) period of bed rest conducted under
conditions of energy balance?

2. Are any observed changes in LD parameters and IMCL content
associated with changes in substrate oxidation and/or plasma lipid
availability?

3. If the decline in insulin-mediated whole-body GD during either acute or
chronic bed rest is associated with IMCL accumulation or changes in
LD size and count, are these changes muscle fibre-type specific?

4. Is the increase in insulin-mediated GD observed following exercise

intervention post-bed rest associated with a reduction in IMCL content,
and is this reduction muscle fibre-type specific?
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3.3 Materials and Methods

3.3.1 Study Overview and Ethics Statement

An acute bed rest study of 3 days duration was conducted at the David
Greenfield Human Physiology Unit, University of Nottingham. There were 10
participants, all of whom were healthy young men. A chronic bed rest study
lasting 60 days was conducted at the Space Clinic of L'Institut de Médecine et
de Physiologie Spatiales (MEDES) based in Toulouse, France. There were 20
participants in this study, all of whom were healthy males. Participants in both
studies were lean, had no history of any neuromuscular disorders, were non-

smokers and were not taking any prescribed medications.

The primary end-point measurements in both studies were IMCL
content, which was quantified by fluorescent staining of LDs in cryosections
from vastus lateralis biopsies obtained from the participants, whole-body GD,
determined using the hyperinsulinaemic-euglycaemic clamp technique, and
whole-body carbohydrate and FA oxidation, determined by indirect
calorimetry. DEXA scans were performed to determine total lean mass and fat
mass. Blood samples were taken and analysed to measure fasting insulin,
FFA, and TAG concentrations.

All participants from both studies were of sound physical and mental
health and were made fully aware of the study protocols before giving informed
consent to undergo the experimental procedures described herein. The acute
bed rest study was approved by the University of Nottingham Medical School
Ethics Committee in May of 2017 (Ethics reference no: 6-1704). The chronic
bed rest study was approved by CPP Sud-Ouest et Outre-Mer | (Ethics
reference no ID RCB: 2016-A00401-50), an ethics committee associated with
Rangueil University Hospital, a subsidiary of the University Hospital of
Toulouse.
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3.3.2 Study Protocols

Al
Experimental Day 1 Experimental Day 2 Experimental Day 3
‘ @ & ‘ ®
Day -7 <«———> Day-4 <« » Day 0 < > Day 3 « > Day 7 <> Day 8

Start Finish

7-day run-in period 3-day bed rest period 4-day rehabilitation period

e Experimental Days: DEXA Scan (Day 1 only), Hyperinsulinaemic-euglycaemic Clamp, Vastus Lateralis Biopsy, and Indirect
Calorimetry.
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Experimental Day 1 Experimental Day 2 Experimental Day 3

A " S A—k " S A

Day-14 Day -6 Day 0O Day 56<+Day 60 Day 70 Day 74

Start 60-day bed rest period Finish
14-day recovery

14-day run-in period period

e Experimental Days: DEXA Scans, Hyperinsulinaemic-euglycaemic Clamp (Experimental Day 1 and 2), Vastus Lateralis
Biopsy, and Indirect Calorimetry.

e DEXA scans performed periodically during the 60-day bed rest period.

Figure 3-1: Timelines for the experimental protocols of the (A) acute (3 days) bed rest study and (B) chronic (60 days) bed rest study.
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3.3.2.1 3 Days Bed Rest

There were three phases in this study: a 7-day run-in period, 3 days of strict
bed rest at -6° head-down tilt (HDT) and finally a 4-day period of remobilisation
(see Figure 3-1A). BMI was calculated from the measured heights and
weights of the participants at screening. Baseline habitual physical activity for
all participants was evaluated using a standardised and extensively validated
(Kurtze, Rangul, and Hustvedt, 2008; Papathanasiou et al., 2010; Tomioka et
al., 2011) compilation of self-reported measures referred to as the International
Physical Activity Questionnaire (IPAQ) (Craig et al., 2003). The IPAQ is based
on a comprehensive assessment of the intensity and duration of daily physical
activity related to work, recreation, sitting and mode of transportation amongst
others, with each task being assigned a Metabolic Equivalent of Task (MET)
value, which indicates the energy cost of that activity (Ainsworth et al., 1993).
The MET values for each of these activities are then multiplied by the total time
that the activity is engaged in over a week and these scores are combined to
calculate a total score expressed as MET minutes per week (MET-min/week).
The greater this combined score, the more physically active a participant is.
Based on the mean IPAQ score of 7,368 + 4,032 (SD) MET-min/week recorded
for the participants of this 3-day bed rest study, they were categorised as
physically active prior to the bed rest intervention.

For the entirety of the study (run-in, bed rest, and remobilisation periods)
participants were placed on an individually tailored, precisely controlled diet
(30% of total energy intake provided by fat, 55% by carbohydrates, 15% by
protein). Energy intake during the bed rest period was reduced to account for
the decreased AEE, to avoid states of positive energy balance, and to prevent
any significant changes in the weight of the participants during the study. To
facilitate this, each participant was fitted with an Actiheart activity monitor
(CamNtech Ltd., Fenstanton, UK) to collect heart rate and accelerometery
data, and estimate AEE in the run-in phase, which was used to characterise
habitual physical activity level (PAL) (see Section 2.4). For each participant,
the modified Harris-Benedict equation was used to estimate baseline RMR
(Harris and Benedict, 1918; Roza and Shizgal, 1984). The PAL is a factor
reflecting the amount of physical activity a person engages in daily and is
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calculated as a ratio of TEE to RMR, with a PAL of less than 1.4 representing
a state of inactivity. The calculated RMRs for each participant were multiplied
by 1.4 to estimate TEE during the run-in phase. These TEE calculations acted
as estimates of the daily dietary intake required to maintain energy balance
whilst participants were at home and maintaining habitual physical activity
levels. Baseline RMR for each participant was multiplied by 1.2 to estimate
TEE and derive the daily dietary energy intake allowed for each participant
when accounting for reduced physical activity during the bed rest period, and
by 1.4 when participants resumed ambulation. The PAL thresholds defined
here are derived from European Space Agency (ESA) bed rest standardisation
guidelines for nutrient intake during bed rest at -6° HDT (International
Academy of Astronautics, 2014).

Hyperinsulinaemic-Euglycaemic Clamp (60 mU/m”2/min, Insulin

Infusion Rate) (4.5 mmol/L, Euglycaemia) down,

participants fed

Infusion titrated

0 25 50 75 100 125 150 175
L blood [YY VYV YV YV YV YTV YTV VYV VYTV YTVYVVTyvyyvyyVyy
sampling Sampled every 5 minutes from baseline (t=0)
3 ml blood + * * * * *
sampling Sampled at baseline (t=0), t=120, t=135, t=150, t=165 and t=180
Be_rgst_riim * ‘
biopsies Obtained at baseline (t=0) and t=180
Indirect | Ce— C—
Calorimetry Data collected 15 minutes pre clamp and during the steady state

Figure 3-2: Schematic of the experimental days. Striped, light blue area shows the

steady state phase of the hyperinsulinaemic-euglycaemic clamp.

During “experimental days”, biopsies were taken, ventilated hood
indirect calorimetry was performed using the Quark RMR calorimeter
(COSMED srl, Bicester, UK) to calculate carbohydrate and fat oxidation rates
(see Section 2.3), and the hyperinsulinaemic-euglycaemic clamp technique
was performed to determine whole-body GD (see Figure 3-2). For the 3-day
bed rest study the experimental days were on day 4 of the run-in period, the
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third (and final) day of the bed rest period, and the final day of the

remobilisation period (see Figure 3-1A).

Baseline body composition for each participant was determined using
DEXA with the Lunar Prodigy DF+ 16075 (GE Healthcare, Buckinghamshire,
UK) on day -4 during the run-in period as described in Section 2.2. For each
experimental day, participants had fasted overnight and, before the
hyperinsulinaemic-euglycaemic clamp protocol was performed, vastus
lateralis biopsies were taken from one leg using the Bergstrom needle (5 mm)
biopsy procedure (Bergstrom, 1962). Two passes were made to obtain ~300
mg of tissue. Following this, participants were cannulated, and 3 ml samples
of arterialised venous blood were collected at baseline and at intervals of 15
minutes from t=120 till the end of the clamp thereafter during the 3-hour
infusion time to measure the concentration of several factors including insulin,
FFAs, and TAGs (see Figure 3-2). Insulin (Human Actrapid,
EMEA/H/C/000424; Novo Nordisk A/S, Bagsveerd, Denmark) was infused at a
constant rate of 60 mU/m?/min for 3 hours through the antecubital cannula and
arterialised venous blood glucose concentration was maintained at 4.5 mmol/L
by varying the infusion rate of 20% (w/v) glucose (Baxter Healthcare, Thetford,
UK) (see Section 2.1.1). Blood glucose concentration was measured every 5
minutes (see Figure 3-2) and these measurements were used to calculate GD
during the clamp as described in Section 2.1.2. GD was defined as the M
values calculated from the clamp data standardised to the baseline lean body
mass measurements collected at day -4 using DEXA. At t=180 minutes of the
clamp, vastus lateralis biopsies were obtained from each participant as
previously described, but this time taken from the contralateral leg. After the
biopsy at t=180 minutes the infusion of insulin was stopped, the participants
were fed, and the glucose infusion titrated down until blood glucose
concentration was stable without requiring the infusion of exogenous glucose
(see Figure 3-2). Hyperinsulinaemic-euglycaemic clamps and Bergstrom
biopsies were performed in the same manner on the other two experimental
days, day 3 (post bed rest) and day 7 (post remobilisation), with biopsies being
taken from the exercised leg at the post remobilisation time point (see Figure
3-1A).
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For each participant, some of the muscle biopsy tissue was immediately
frozen in liquid nitrogen after collection, for subsequent biochemical analysis,
whilst the remaining tissue was embedded in OCT cryo-embedding compound
(361603E; VWR International, Lutterworth, UK) and frozen in isopentane
(Fisher Scientific, Loughborough, UK), for subsequent histochemical analysis.
These frozen biopsy samples were placed in labelled tubes and stored fully
submerged in liquid nitrogen within a cryogenic storage dewar.

During remobilisation days, participants were ambulatory and performed
5 sets of 30 maximal isokinetic knee extensions of the dominant leg under strict
supervision whilst secured to an isokinetic dynamometer (Cybex, HUMAC
NORM, Computer Sports Medicine Inc., Stoughton, Massachusetts, United
States), with the non-dominant leg left untrained as a control. Flexion of the
knee was from a 90° angle to a 180° angle at an angular velocity of 90°/s and
with each set separated by a 1-minute rest. This specific exercise protocol was
used as it has been demonstrated to recruit all muscle fibre types and
effectively restore lost muscle mass and functional strength following two-week
periods of voluntary single-leg limb immobilisation in young healthy male
participants by altering the expression of genes associated with muscle
catabolism and hypertrophy (Jones et al., 2004).

3.3.2.2 56 Days Bed Rest

Following a 14-day run-in period, participants underwent 60 days of strict bed
rest in -6° HDT position. This was followed by a medically supervised, 14-day
period of recovery (see Figure 3-1B). For ten days, prior to the start of the run-
in period, while participants were still free-living, heart rate and habitual PAL
for each participant were recorded 24 hours a day by an ActiGraph GT3X
activity monitor (ActiGraph LLC, Pensacola, FL, USA) (see Section 2.4). After
this, at the start of the run-in period (Day -14), RMR was estimated by indirect
calorimetry. Accelerometry data from the ActiGraph was used to ensure that
participants maintained the same PALs during the run-in phase when they
were based at MEDES as they did at home, to prevent deconditioning. For
each participant, daily energy requirements (TEE) during the study were
calculated by multiplying the RMR values estimated by indirect calorimetry by

a PAL of 1.4 during the run-in phase and 1.2 during the bed rest phase.

174



Individualised meal plans were designed for each of the participants to
maintain energy balance and prevent any significant fluctuations in weight
during the run-in and bed rest stages of the study. Serial DEXA scans (Hologic,
QDR4500C, MA, USA) were also performed to inform any necessary
adjustments to diets during the bed rest period.

The experimental days in this study were day -6 during the run-in period
(pre-bed rest, baseline measurements), day 56 of the bed rest intervention
(post bed rest) and day 10 of the recovery period (see Figure 3-1B).
Hyperinsulinaemic-euglycaemic clamp conditions were the same as those
described in Section 3.3.2.1 and vastus lateralis biopsies were taken using
the same method. However, while biopsies were taken both before and after
the hyperinsulinaemic-euglycaemic clamps, post-clamp biopsies were not
mounted for histochemistry. As in the 3-day study, some vastus lateralis biopsy
samples were immediately frozen in liquid nitrogen and some muscle tissue
was mounted in OCT compound, forming blocks that were subsequently
stored at -80 °C.

Recovery programmes designed to restore upright posture, unassisted
balance, and gait control were overseen by the ESA Space Medicine and
Remobilisation team and were tailored for the individual needs of each
participant. Programmes generally consisted of stretches and simple
movements/rotations designed to strengthen core and lower limb muscles
during the first ten days of recovery before progressing to push ups, kettlebell

swings and submaximal treadmill runs thereafter.

It is important to note that during the 60-day bed rest period the
participants were split into two groups of 10, one group being a Placebo group,
the other being a “Cocktail” group. Participants randomly allocated to the
Cocktail group were prescribed a regimen of pills with a nutrient content that
has been described in detail elsewhere (Damiot et al., 2019). Briefly, the
regimen consisted of three components. The first was a daily 741 mg
polyphenol mix (323.4 mg flavonols, 135.6 mg flavanols, 108.0 mg flavanones,
78.0 mg oligostilbénes, 50.4 mg acide hydroxycinnamiques, and 45.6 mg
phenylpropanoides) provided by 6 pills, two taken with breakfast, two with
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lunch, and two with dinner. The second component was 138 mg vitamin E with
80 pg of selenium which was contained within a single pill orally ingested once
daily after breakfast. For the final component, participants were also given
three pills daily, taken orally during breakfast, lunch, and dinner to provide 3g
of omega-3 (1.1 g of eicosapentaenoic acid and 1.0 g of docosahexaenoic
acid). This cocktail was designed to reduce inactivity-induced skeletal muscle
oxidative damage and deconditioning but failed to alter muscle CSA, muscle
fibre-type distribution, markers of oxidative stress, and the expression of
molecules involved in the protein synthesis pathway, as described elsewhere
(Arc-Chagnaud et al., 2020). Also, whilst the mRNA expression of 18 genes
involved in the regulation of inflammation and oxidative damage changed in
response to 56 days of bed rest, the changes in only 2 of these genes (Heat
Shock 70-kDa Protein 8 (HSPA8) and Immunoglobulin (CD79A)-Binding
Protein 1) was different between the Placebo and Cocktail groups (Shur et al.,
2022). Given the matched anthropometric measurements between the two
groups at baseline and the lack of any differences in the endpoint
measurements, in the data presented here the Placebo and Cocktail groups

are combined to form a single chronic bed rest group of 20 participants.

3.3.4 Quantification of IMCL Content

Staining of LDs with the fluorescent dye Bodipy 493/503 was used to quantify
IMCL content in vastus lateralis biopsies taken from participants of both the
acute bed rest and chronic bed rest studies as detailed in Sections 2.8.1, 2.8.2
and 2.8.3.
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Chronic Bed Rest VL Sample
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Figure 3-3: Representative images of Bodipy 493/503 staining in the acute and

chronic bed rest studies taken at 20x magnification. Bars are 40 um.

A Zeiss LSM 700, Axio Imager 2 confocal microscope (Carl Zeiss AG,
Jena, Germany) operating ZEN Black Edition software (Carl Zeiss AG, Jena,
Germany) was used to image Bodipy 493/503 stained sections at 20x
magnification through a 20x/0.8 M27 Plan-Apochromat objective with a 25 mm
field of view and 45.06 mm parfocal length. The 488 nm argon laser line was
used to excite the Bodipy fluorophore. Pinhole size was maintained at 0.96
AU.

As outlined in Section 2.8.3, IMCL content within each sample was
calculated as the percentage of the total area of each section occupied by lipid.
LD count was calculated as total LD count/ total tissue area. LD size was
calculated as a mean of the size of every droplet within the ROI(s) of each

muscle section.
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In total, 57 vastus lateralis biopsy samples from the chronic bed rest
study were stained, imaged, and analysed. For the acute bed rest study 45
biopsies were stained, imaged, and analysed in total but only data from the 21

pre-clamp biopsies are presented here.

3.3.5 Immunohistochemical Staining of MHC for Muscle Fibre
Typing

3.3.5.1 Cryosectioning and Staining

Cryosectioning of samples for fibre type analysis was performed in the same
manner as previously specified in Section 2.8.1. The sections were then
stored at -80 °C overnight until staining. Immunohistochemical staining of
these cryosections was performed the following morning as specified in
Section 2.9.2.

3.3.5.2 Image Acquisition

L
Q®@

b

Figure 3-4: Representative scan preview image of individual vastus lateralis

sample section identification in ZEN software before Axio image acquisition.
Blue borders were manually drawn around individual sections on each slide. The inner
green borders represent the area recognised by the software as an area which will be

imaged.

Image acquisition was performed at 10x magnification using the 10x/0.45 M27
plan-apochromatic objective of a Zeiss Axio Scan.Z1 slides scanner (Carl
Zeiss AG, Jena, Germany) equipped with an AxioCam MR Rev 3 camera and
interfaced with ZEN software (Carl Zeiss AG, Jena, Germany). A felt tip pen
was used to draw around each section on each slide such that these sections

could all be individually identified by the ZEN software operated by the scanner
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(see Figure 3-4). The entirety of the most intact section on each slide from
each sample was captured. Excitation wavelengths of 493 nm, 577 nm and
653 nm emitted by the LED modules of the slide scanner were used to excite
Alexa Flours 488, 568 and 647 respectively conjugated to the secondary
antibodies. All other acquisition settings were the same for each fluorophore.
Fluorophore emissions for the MHC Type | isoform were captured in channel
1 and are presented here in red. Fluorophore emissions for the MHC Type IIA
isoform were captured in channel 2 and are presented in green while
emissions from the fluorophores conjugated to MHC Type |I1X antibodies were
captured in channel 3 and are presented here in grey. As the secondary
antibodies for the Type IIX isoform and laminin share the same fluorophore
(Alexa Fluor 647), laminin is also presented here in grey. For scanned
sections, analysis was carried out in the FIJI and ZEN Blue software packages.

3.3.5.3 Fibre Type and IMCL Matching

1. Acute (3-Days) Bed Rest

Type | Type lIA Type lIX
Pre-Bed Rest 275 225 712
Post Bed Rest 337 285 113
Post Rehab 3117 225 71
2. Chronic (56-Days) Bed Rest

Type | Type lIA Type lIX

Pre-Bed Rest 93+14 517 13+3
Post Bed Rest 709 60+6 16+ 3

Tables 3-2 and 3-3: Mean number of fibres counted and matched per MHC
isoform, per time point for all samples of the acute and chronic bed rest studies.

Values are mean + SEM.
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15 POST BED REST

Figure 3-5: Matching of IMCL content in individual fibres to MHC isoform. For
each pair of images, immunohistochemical staining of MHC is shown in the left panel
whilst fluorescent staining of lipid with Bodipy 493/503 is shown in the right panel.
Sample designations are shown beneath each set of images in blue. Bars are 50 uM.

The number of fibres counted during the fibre type analysis for the acute and
chronic bed rest studies is shown in Tables 3-2 and 3-3. Lipid parameters in
muscle fibres from each of the imaged biopsy samples were matched to fibre
type as detailed in Section 2.9.4. Examples of this matching for the acute and

chronic bed rest studies are shown in Figure 3-5.

3.3.6 Blood Analyses

Fasting insulin, FFA and triglyceride concentrations were measured in blood
samples collected on the mornings of each of the experimental days following
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an overnight fast. Serum insulin concentrations were measured using the
radioimmunoassay technique with a standard kit (HI-14K, EMD Millipore
Corporation, MI, USA) as described in Section 2.6.1. Plasma FFA and TAG
concentrations were measured using enzymatic-colourimetric assay Kkits
(WAKO Chemicals GmbH, Neuss, Germany) and an automated analyser
(ABX Pentra 400, Horiba Medical, Montpellier, France) respectively (see
Sections 2.6.2 and 2.6.3).

3.3.7 Statistical Analysis

One-way ANOVA was used for comparing IMCL quantification and steady
state GD data at the pre bed rest, post bed rest and post remobilisation time
points in the acute bed rest study. In the chronic bed rest study paired, two-
tailed t-tests were used to analyse differences in LD count, LD size, IMCL
content and steady state GD between the pre bed rest and post bed rest time
points. Wilcoxin tests were used to compare differences in fasting insulin, TAG,
and FFA measurements at the different time points. Two-way ANOVA was
used for the analysis of muscle fibre-type specific IMCL data, and substrate
oxidation data from indirect calorimetry, in both studies. Tukey’s test was used
for post hoc multiple comparison between time points and fibre types.

For both studies, the Shapiro-Wilk and Kolmogorov-Smirnov tests were
used to assess the normality of the data. Mauchly's sphericity test was used
to assess whether the variance in the differences in LD count, LD size and
percentage IMCL content between all the pairs being compared were equal.
Where Mauchly’s W was <0.75, the Geisser-Greenhouse correction was used

to calculate individual variance between the pairs being compared.

Where data failed the tests for normality the Freidman test, with Dunn’s
pairwise post hoc tests, was used as a non-parametric alternative to assess
the significance of differences in LD count, LD size and percentage IMCL
content between time points. Where this was applicabe the Freidman statistic
is stated.
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3.4 Results

3.4.1 Participant Characteristics

Acute (3 Days) Bed Rest | Chronic (56 Days) Bed Rest
(n=10) (n = 20)
M&ae"af‘s?e 24 £4.0 34 £8.1
Baseline IPAQ 7,368 + 4,032 9,562 + 2,469
Pre-Bed Post Bed Pre-Bed Post Bed
Rest Best Rest Best
BMI (kg/m?) 22719 22719 23.7+6.7 234+1.8
Weight (kg) 70.7+101 | 70.6+£10.1 | 73.5+27.3 726+7.2
Lean mass 56.6 + 6.6 — 541+5.8 50.2+54
(DEXA) (kg)
Fat ma(sks ;DEXA) 109 +3.2 — 19.2+4.0 204 +4.0
g

Table 3-1: Table of participant characteristics for both the acute and chronic
bed rest studies. Dashes represent measurements that were not made during the

study. Values are mean + SD.

Participants in the acute and chronic bed rest studies were matched for
baseline BMI and lean mass. There were significant differences in the ages
(24 + 4.0 years vs. 34 + 8.1 years, p < 0.001) and baseline fat mass (10.9 +
3.8 kg versus 19.2 + 4.0 kg, p < 0.001) measurements in the participants of
the acute bed rest study compared to those in the chronic bed rest study (see
Table 3-1). Participants in the chronic bed rest study were a decade older on
average and carried double the fat mass of their counterparts in the acute bed
rest study. No significant differences between the two groups were observed
in measurements of BMI, weight, lean mass, or pre-study habitual physical
activity as measured by the IPAQ score. Lean mass and fat mass were not

measured post bed rest in the acute bed rest study.
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All participants in the acute bed rest study completed the run-in, 3 days
bed rest and remobilisation phases of the study. Complete sets of mounted
biopsy samples were not available at each time point for IMCL quantification
using Bodipy 493/503. Six, seven and eight biopsies from the pre-bed rest,
post bed rest and post remobilisation time points were available, respectively;

all were analysed.

All participants of the chronic bed rest study completed the run-in, 60
days bed rest and post-recovery phases of the study. A single mounted biopsy
was unavailable at each time point, leaving a total of 57 samples (19 at each
time point) for IMCL quantification with Bodipy 493/503. All were cut, stained,
imaged, and analysed but only IMCL and LD data from the pre-bed rest and
post bed rest time points are reported here as energy balance was not
maintained, hyperinsulinaemic-euglycaemic clamps were not performed, and
exercise regimes were individualised, not standardised, during the recovery

phase of the study.

3.4.2 \Whole-Body Glucose Disposal: 3 Days Bed Rest
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Figure 3-6: Whole-body glucose disposal during the time course of the 180-
minute hyperinsulinaemic-euglycaemic clamp protocol (A). Shaded area shows
the steady state (t=135 to t=165). Mean glucose disposal during the steady state
(B). Glucose disposal is standardised to lean body mass (LBM) and n =10 at all time
points. Bars are SEM.

Using values measured during the steady state between t=135 and t=165
minutes of the hyperinsulinaemic-euglycaemic clamp, a decrease in mean
insulin-mediated whole-body GD from 11.5 + 0.68 mg/kg/min to 9.30 + 0.58
mg/kg/min was observed across all 10 participants of the acute bed rest study
following 3 days of bed rest at -6° HDT (p < 0.01) (see Figure 3-6B). The
resumption of ambulation and unilateral leg exercises significantly increased
mean insulin-mediated whole-body GD to 11.7 £ 0.86 mg/kg/min (p < 0.01)
post remobilisation, restoring it to baseline levels.
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3.4.3 Whole-Body Glucose Disposal: 56 Days Bed Rest
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Figure 3-7: Whole-body glucose disposal during the time course of the 180-
minute hyperinsulinaemic-euglycaemic clamp protocol (A). Shaded area shows
the steady state (t=135 to t=165). Glucose disposal during the steady state (B).
Glucose disposal is standardised to lean body mass (LBM), n = 20 at all time points.
Bars are SEM.

185



A significant decrease of 22% in mean insulin-mediated whole-body GD from
the pre-bed rest to the post bed rest time point (10.2 £ 0.42 mg/kg/min vs. 7.90
+ 0.28 mg/kg/min, respectively; p < 0.001) was observed in the 20 participants

of the chronic bed rest study following 56 days of bed rest (see Figure 3-7A,
3-7B).
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3.4.4 Substrate Oxidation: 3 Days Bed Rest
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Figure 3-8: (A) Carbohydrate and (B) fat oxidation before and during the
hyperinsulinaemic-euglycaemic clamp protocol. Statistically  significant
differences are presented as *. Values are mean + SEM and are standardised to lean
body mass (LBM).
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At each time point, carbohydrate oxidation during the hyperinsulinaemic-
euglycaemic clamp was greater than before the clamp (p <0.001) (see Figure
3-8A). Mean carbohydrate oxidation in response to insulin infusion during the
clamp protocol was not significantly different between the pre bed rest, post
bed rest and post remobilisation time points (3.69 £ 0.39 mg/kg LBM/min vs.
4.34 £ 0.22 mg/kg LBM/min, vs. 3.79 £ 0.27 mg/kg LBM/min, respectively; p =
0.17).

The insulin-stimulated suppression of fat oxidation during the clamp
protocol was significant relative to pre clamp fat oxidation at all time points (p
< 0.001) (see Figure 3-8B). Following 3 days of bed rest fat oxidation during
the clamp protocol was suppressed to a greater extent than under the same
conditions at the pre bed rest time point (1.13 £ 0.14 mg/kg LBM/min, pre bed
rest, post clamp vs. 0.59 + 0.11 mg/kg LBM/min, post bed rest, post clamp; p
< 0.05) but returned to baseline levels post remobilisation.
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3.4.5 Substrate Oxidation: 56 Days Bed Rest
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Figure 3-9: (A) Carbohydrate and (B) fat oxidation before and during the
hyperinsulinaemic-euglycaemic clamp protocol. Statistically  significant

differences are presented as *. Values are mean £+ SEM and standardised to LBM.
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A significant increase in carbohydrate oxidation in response to insulin infusion
during the hyperinsulinaemic-euglycaemic clamp protocol compared to pre
clamp fasted measurements was observed at both the pre bed rest and post
bed rest time points (p < 0.001) (see Figure 3-9A). After 56 days of bed rest,
mean carbohydrate oxidation during the clamp protocol was significantly lower
than carbohydrate oxidation during the clamp protocol at the pre bed rest time
point (2.72 £ 0.13 vs. 3.34 + 0.18 mg/kg LBM/min, respectively; p < 0.05).

At both the pre bed rest and post bed rest time points, a significant
suppression in fat oxidation was observed during the clamp protocol in
response to insulin infusion, relative to pre clamp measurements of fat
oxidation (p < 0.001) (see Figure 3-9B). After 56 days of bed rest insulin-
stimulated suppression of fat oxidation was blunted, such that fat oxidation
during the clamp protocol at the post bed rest time point was significantly
greater than fat oxidation during the clamp protocol at the pre bed rest time
point (0.85 + 0.06 mg/kg LBM/min vs. 0.60 + 0.07 mg/kg LBM/min,
respectively; p < 0.05).

3.4.6 Fasting Insulin, TAG, and FFA Concentration

Acute Bed Rest Chronic Bed Rest
Pre Bed Post Bed Post Pre Bed Post Bed
Rest Rest Remobilisation Rest Rest
Fasting
Insulin 612 9+2 7+ 1 18 £2 22 +2
Concentration ox
(mlU/L)
Fasting
Triglyceride | 594005 | 0.76 +0.06 0.54 + 0.05 0.66 +0.10 | 0.61 £ 0.07
Concentration .
(mmol/L) T
Fasting FFA
Concentration | 53,004 | 0.57 +0.06 0.38 +0.05 0.43 +0.03 | 0.44 +0.40
(mmol/L) N ¥

Table 3-4: Table of fasting insulin, triglyceride and FFA concentrations in
participants of both the acute and chronic bed rest studies at all time points. All
values are mean + SEM. Comparisons vs. Pre Bed Rest are represented as *, vs.
Post Bed Rest as 1.
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Fasting insulin concentration in the participants of the acute bed rest study did
not change significantly between the pre bed rest, post bed rest and post
remobilisation time points (p = 0.46) (see Table 3-4). However, after 56 days
of bed rest, a 25% increase in fasting insulin concentration was observed in
the participants of the chronic bed rest study compared to pre-bed rest

measurements (p < 0.01).

In the acute bed rest study, no significant difference in fasting
triglyceride concentration was observed from pre-bed rest to post bed rest (p
= 0.58). However, fasting triglyceride concentration was significantly lower
following remobilisation compared to the pre-bed rest time point (p < 0.05) and
the post bed rest time point (p < 0.05). In the chronic bed rest study, there was
no significant difference in fasting plasma triglyceride concentration between
the pre-bed rest and post bed rest time points (p = 0.51).

Fasting FFA concentration in the acute bed rest participants measured
at the post remobilisation time point was significantly lower than FFA
concentration at the pre-bed rest and post bed rest time points (p < 0.05).
There were no differences in fasting FFA concentration between the pre-bed
rest and post bed rest time points (p = 0.80). In the chronic bed rest study, no
significant difference in fasting FFA concentration was observed between the

pre-bed rest and post bed rest time points (p = 0.80).

191



3.4.7 IMCL Content: 3 Days Bed Rest
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Figure 3-10: (A) LD count, (B) LD size and (C) the percentage IMCL content in
the vastus lateralis muscle biopsies before and after 3 days of -6° HDT bed rest and
after remobilisation. All data are generated from pre-clamp samples for each
participant, at each time point. Values are mean + SEM. For all measures, n = 6 pre

bed rest, n = 7 post bed rest and n = 8 post remobilisation.

Figure 3-10 shows the LD count (A), LD size (B), and the contribution of lipid
to total fibre content (C) in vastus lateralis biopsies before 3 days of bed rest,
after 3 days of bed rest and after a remobilisation period of 4 days. No
significant changes in the relative number of LDs were observed as an effect
of bed rest or remobilisation between the pre-bed rest, post bed rest, and post
remobilisation time points (0.055 + 0.007 LDs/um? vs. 0.060 + 0.005 LDs/um?
vs. 0.061 + 0.005 LDs/um?, respectively; Freidman test statistic X?(2) = 0.5, p
=0.78).

No differences in LD size were observed between the time points (p =
0.12). Significant changes in LD size between the pre-bed rest and post bed
rest time points were not observed (0.63 = 0.07 um?vs. 0.86 + 0.14 pym?
respectively; p = 0.43) after 3 days of bed rest. After bed rest, LD size did not
change following remobilisation (0.86 + 0.14 uym? vs. 0.59 + 0.04 ym?, p =
0.32).
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The IMCL content within the vastus lateralis muscle did not change
between the pre-bed rest, post bed rest and post remobilisation time points
(4.0 £0.5% vs. 5.7 £0.7% vs. 4.1 £ 0.4%, respectively; p = 0.14).

3.4.8 IMCL Content by Fibre Type: 3 Days Bed Rest

Figure 3-11: Representative images of fibre type staining. (B) The
Immunohistochemical staining of the MHC Type 1 (Type I) isoform in red. (C) The
immunohistochemical staining of MHC Type IIA in green and (D) MHC Type IIX and
laminin in grey. Figures 3-11E and 3-11A show the combination of all channels in a
segment of a sample and in the whole sample, respectively. Yellow scale bar is 150
um, blue scale bars are 100 um.

Example images of the fibre type staining are shown in Figure 3-11. Figures
3-11B, 3-11C and 3-11D show staining of the individual fibre types and laminin
while figures 3-11E and 3-11A show the staining of all fibre types combined,
in a segment of a sample and the entire sample, respectively.
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Figure 3-12 Fibre type specific differences in LD parameters and IMCL content
after 3 days of bed rest. (A) LD count. (B) LD Size. (C) IMCL content. Statistically
significant differences vs. Type | Pre-Bed Rest are represented as *, vs. Type | Post
Bed Rest are represented as T and vs. Type | Post Rehab are represented as #.

Results presented as mean £+ SEM.

Figure 3-12 shows the fibre type specific changes in LD count (A), LD size
(B), and IMCL content (C) following 3 days of bed rest and 4 days of
remobilisation. While LD count varied significantly between fibre types (p <
0.01), being greatest in Type | fibres and lowest in Type IIX fibres across all
time points, the time point variables of 3 days bed rest and 4 days
remobilisation had no significant effect on the LD count within these individual
fibre types (p = 0.64).

Muscle fibre type also had a significant effect on LD size (p < 0.001),
such that droplets were largest in Type | fibres and smallest in Type IIX fibres.
However, the bed rest intervention and subsequent remobilisation did not.
Within each fibre type, there was no significant difference in LD size pre bed

rest compared to post bed rest and post remobilisation (p = 0.35).
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Similarly, there was no significant effect of bed rest or remobilisation on
IMCL content in any fibre type (p = 0.38). Differences between the fibre types
in lipid content were significant (p < 0.01), IMCL content was greatest in Type

| fibres and lowest in Type IIX fibres.

3.4.9 IMCL Content: 56 Days Bed Rest
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Figure 3-13: (A) LD count, (B) LD size and (C) the IMCL content in the vastus
lateralis muscle tissue before and after 56 days of bed rest. Values are mean + SEM,

n = 19 for both time points.

Figure 3-13 shows the mean LD count (A), LD size (B), and the contribution
of lipid to total fibre content (IMCL content) (C), 6 days before the bed rest
period and 56 days into the bed rest period. For LD count, mean values were
0.064 = 0.003 LDs/um? pre-bed rest and 0.057 + 0.004 LDs/um? post bed rest,

with no significant differences observed (p = 0.13).

LD size was not significantly different between the pre-bed rest and post
bed rest time points (0.96 + 0.06 um? vs. 1.07 + 0.09 ym?, respectively; p =
0.38).

Differences in IMCL content between the two time points were also not
significant, mean IMCL content was 11.3 + 1.6% pre-bed rest and 9.7 + 1.5%
post bed rest (p = 0.60).
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3.4.10 IMCL Content by Fibre Type: 56 Days Bed Rest
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Figure 3-14: Fibre type specific differences in LD parameters and IMCL content
before and after 56 days of bed rest. (A) LD count. (B) LD Size. (C) IMCL content.
Statistically significant differences vs. Type | Pre-Bed Rest are represented as ¥, vs.
Type | Post Bed Rest are represented as T and vs. Type IIA Pre-Bed Rest are

represented as @. Values are mean + SEM, n = 19 for both time points.

Figure 3-14 shows the fibre type specific changes in LD count (A), LD size
(B), and IMCL content (C) before and after 56 days of bed rest. There was no
overall significant time point effect on LD count (p = 0.84). However, the
number of LDs per micrometre of tissue in Type | fibres specifically following
56 days of bed rest was significantly lower than at the pre bed rest time point
(p < 0.05). Significant between-fibre type differences in LD count were
observed (p < 0.001), with LDs being significantly more numerous in Type |

fibres than Type IIA and IIX fibres at both time points.

Fibre type also had a significant effect on observed differences in LD
size (p <0.001) and IMCL content (p < 0.001). LD size was greatest in Type |
fibres and smallest in Type IIX fibres, but not significantly different post bed
rest compared to pre bed rest at any time point (p = 0.61). The 56-day bed rest
intervention had no effect on the lipid content within the muscle fibres such that
all differences between time points were insignificant (p = 0.88).
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3.5 Discussion

It has been reported that IMCL content does not change following 7 days of
bed rest in participants maintained in energy balance, though GD and
mitochondrial content are significantly reduced during this acute period of
inactivity (Dirks et al., 2016). No previous work has investigated how whole-
body GD, total substrate oxidation and IMCL content are altered following a
chronic period of bed rest. Understanding how these elements interact in a
chronic setting is crucial to elucidating the pathophysiology of metabolic

dysfunction resulting from inactivity.

The main aim of the work presented in this chapter was to determine
whether IMCL content in lean, healthy, male participants changed similarly
during acute (3 days) and chronic periods (56 days) of bed rest, under
conditions in which energy balance was maintained by reducing energy intake.
Another aim was to determine whether any such changes were associated
with alterations in insulin-mediated whole-body GD or substrate oxidation rates
during those periods. Specifically in the acute bed rest study, an additional aim
was to determine whether the changes in insulin-mediated whole-body GD
following a standardised remobilisation protocol were associated with any
changes in IMCL content.

A multitude of bed rest studies are described in the literature but very
few of these focus on quantifying changes in IMCL content in non-obese
participants under conditions in which energy balanced is maintained. Indeed,
the data presented here are the first to characterise changes in total and fibre-
type specific LD count, LD size, and IMCL content in lean males following
short- and long-term periods of bed rest. The novel data presented here
suggest that, under conditions of energy balance, LD count, LD size, and IMCL
content do not change during bed rest, even after 56 days or following
remobilisation. Also, in tandem insulin-mediated whole-body GD in the
participants of both studies fell by 17% and 22% following 3 and 56 days of
bed rest, respectively, but these declines were unassociated with any changes
in LD parameters or IMCL content. This decrease in whole-body GD was
reversed by remobilisation in the acute bed rest study, again independent of
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any changes in IMCL content. Such declines in whole-body GD are
characteristic findings in bed rest studies that reflect peripheral insulin
resistance at the level of the skeletal muscles which leads to impaired glucose
disposal at the whole-body level (Mikines et al., 1991), given that skeletal
muscles are the site for the disposal of greater than 80% of intravenously
infused glucose (Thiebaud et al., 1982).

The key findings of this work were that, after 56 days of bed rest,
participants in the chronic bed rest study presented with fasting
hyperinsulinaemia and had become metabolically inflexible (see Section 1.4)
(Ruadwill et al., 2018), presenting with impaired insulin-mediated suppression
of fat oxidation concurrent with decreased carbohydrate oxidation under the
same insulin-mediated conditions. This was in stark contrast to the acute bed
rest study in which fat oxidation during the hyperinsulinaemic-euglycaemic
clamp protocol was suppressed to a greater extent following 3 days of bed rest
compared to baseline measurements. Fasting carbohydrate and fat oxidation
remained unchanged post bed rest relative to baseline in both studies.
Crucially, these substrate oxidation data could not be explained by IMCL
content, FFA availability, or TAG availability, all of which remained unchanged
post bed rest in both studies. These novel data directly contradict evidence of
impaired fasting and postprandial fat oxidation following chronic bed rest
(Bergouignan et al., 2006). Also, given that the significant decreases in whole-
body glucose disposal in both studies presented in the absence of increases
in IMCL content, these findings contest the hypothesis that inactivity per sé
impairs basal fat oxidation, leading to IMCL accumulation that contributes to
reductions in whole-body GD and the development of insulin resistance (Blanc
et al., 2000a; Bergouignan et al., 2011; Bilet et al., 2020). The data presented
here also greatly expand upon findings from a comparable study conducted
under conditions of energy balance which found no changes in the lipid area
percentage in Type | or Type Il fibres and no changes in lipotoxic DAG and
ceramide species content following 7 days of bed rest, even with significant
reductions in mitochondrial content (Dirks et al., 2016). It is clear that the
previously described hypothesis does not hold true in the context of bed rest

conducted under conditions of energy balance.
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At the fibre-type level, it has been demonstrated that the IMCL content
of Type | fibres from obese insulin resistant women is significantly greater than
the IMCL content of Type | fibres from insulin sensitive women (Coen et al.,
2010). Also, while Dirks and her colleagues observed no changes in the lipid
area of Type | and Type Il fibres after 7 days of bed rest, they did observe that
LD size in Type | muscle fibres increased and LD size in Type |l muscle fibres
decreased after 7 days of bed rest, such that LD size was significantly greater
in Type | fibres than it was in Type Il fibres post bed rest (Dirks et al., 2016).
These data suggest that, while total IMCL content may not change in response
to inactivity, there may be a shift in IMCL at the fibre-type level which favours
the increase in LD size within Type | fibres (Berg, Larsson and Tesch, 1997;
Trappe et al., 2004) and contributes to impairments in insulin sensitivity. In the
acute bed rest study presented in this report, no significant within fibre-type
changes were observed in LD count, LD size, or IMCL content following 3 days
of bed rest and 4 days of remobilisation. Moreover, no within fibre-type
differences were observed in LD count, LD size, or IMCL content between the
pre-bed rest and post bed rest time points in the chronic bed rest study.
Contrary to Dirks’ previous work, these data point to neither acute nor chronic
bed rest being associated with any fibre-type specific changes in IMCL content
that would contribute to the impairment of insulin-mediated whole-body GD
during bed rest conducted under energy balanced conditions.

A positive energy balance caused by overfeeding can be a major
confounding variable when measuring changes in IMCL content during bed
rest; it has been demonstrated that high fat and high carbohydrate diets can
increase IMCL content in healthy young males by 20-30% after only 60 hours
of bed rest (Stettler et al., 2005). This is likely explained by changes in
circulating TAG and FFA availability and the decreased metabolic rates and
daily energy expenditure of participants during bed rest. When energy balance
is not maintained during bed rest, circulating TAG concentrations increase
(Yanagibori et al., 1998; Stettler et al., 2005; Biolo et al., 2008; Bergouignan et
al., 2009). These TAGs are hydrolysed by LPLs on the luminal surface of
endothelial cells (Braun and Severson, 1992), releasing FFAs that are

transported into the skeletal muscles (Jain et al., 2015). The increased FFA
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availability and low metabolic rates result in FFAs being preferentially stored
as part of the IMCL pool instead of being oxidised, which explains the
accumulation of IMCL observed in states of positive energy balance. In both
the acute and chronic bed rest study presented here, fasting TAG and FFA
concentrations were not significantly different post bed rest compared to pre-
bed rest and the participants of both studies remained weight stable between
these time points. These data indicate that these participants were not overfed
and were in fact maintained in energy balance for the duration of both studies.

In the acute bed rest study, a 17% reduction in insulin-mediated whole-
body glucose disposal was observed following 3 days of bed rest, which was
reversed by 4 days of remobilisation. IMCL content in exercising muscle
significantly decreases immediately following acute bouts of exercise due to
increased utilisation of FAs stored in IMCL pools (Schrauwen-Hinderling et al.,
2003; White et al., 2003; Ith et al., 2010). IMCL content is increased in
response to chronic exercise and these increases are concomitant with
improved insulin sensitivity (Dubé et al., 2008; Shepherd et al., 2013). Indeed,
a previous study has shown that IMCL content is increased in male participants
after just 3 days of isokinetic maximal knee flexion and extension at 60°/s and
180°/s (Zhu et al., 2015). However, to date few studies have investigated the
effect of exercise on IMCL content immediately following bed rest. In the acute
bed rest study presented here IMCL content measured post-bed rest was not
significantly different to IMCL content quantified after a remobilisation protocol
lasting 4 consecutive days. These data suggest that exercise-induced
improvements in insulin-mediated whole-body glucose disposal are not
associated with changes in IMCL content. However, fasting plasma FFA
concentrations were significantly lower at the post remobilisation time point
than at baseline and post bed rest. This is likely explained by increased FFA
utilisation, which increases in response to exercise intensity (Turcotte, Richter
and Kiens, 1992; Romijn et al., 1993).
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3.6 Conclusion

Bed rest, under conditions of energy balance, induced significant and
similar decrements in insulin-mediated glucose disposal after 3 and 56 days
that could not be explained by an increase in IMCL content. Crucially, differing
alterations in substrate oxidation between the acute bed rest and chronic bed
rest setting could not be explained by circulating lipid availability or muscle lipid
content. Furthermore, exercise following bed rest restored insulin-mediated
glucose disposal but did not impact upon IMCL content. It would appear
therefore that under these experimental conditions, changes in insulin
sensitivity can be readily dissociated from IMCL content. Greater caution
needs to be taken when considering the mechanistic link between IMCL
content and insulin sensitivity, particularly when experimental designs do not
control for energy intake and more work must be done to understand the
aetiology of altered substrate oxidation in this context.
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4. Does IMCL accumulation
contribute to impaired whole-body
glucose disposal and peripheral

iInsulin sensitivity in males with
NAFLD?

4.1 Introduction

The term “non-alcoholic fatty liver disease” (NAFLD) describes a condition
characterised by intrahepatic triglyceride (IHTG) content greater than 5.56%,
determined using 'H-MRS, which is unrelated to excessive alcohol
consumption (Bril et al., 2017). NAFLD is associated with components of the
metabolic syndrome including dyslipidaemia, inflammation, and whole-body
and peripheral insulin resistance (Godoy-Matos, Silva Junior, and Valerio,
2020). As IHTG accumulates, patients with NAFLD can develop non-alcoholic
steatohepatitis (NASH), an advanced form of NAFLD in which chronic hepatic
inflammation promotes hepatic fibrosis and, eventually, cirrhosis (Benedict and
Zhang, 2017). Thus, the term “NAFLD” can encompass a broad spectrum of
disease (Rinella, 2015) ranging from simple hepatic steatosis at the most
benign, which is ameliorable with weight loss (Romero-Gémez, Zelber-Sagi,
and Trenell, 2017; Kenneally, Sier and Moore, 2017), to end-stage liver failure
at the most severe, caused by irreversible cirrhosis, for which the only recourse
is liver transplantation (Pais et al., 2016).

Worldwide, amongst the general population, the prevalence of NAFLD
is roughly 25% (Younossi, 2019), though it can vary greatly from continent to
continent, being highest in South America at 30% and lowest in Africa at 13%
(Younossi et al., 2016). NAFLD is closely associated with obesity (BMI>30
kg/m?), which is increasingly endemic due to the global transition toward less
healthy, calorie dense diets (Kearney, 2010; Popkin, Adair, and Ng, 2012) and
global decreases in physical activity levels (Pietilainen et al., 2008; Healy et

al., 2008). Chronic over-consumption of energy predisposes the liver to
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steatosis, and obesity is perhaps the biggest risk factor for NAFLD, with simple
steatosis prevalent in 33% of obese individuals and NAFLD presenting in 57-
98% of overweight and obese individuals worldwide (Ong et al., 2005;
Machado, Marques-Vidal, and Cortez-Pinto, 2006; Vernon, Baranova, and
Younossi, 2011). Indeed, NAFLD prevalence is increasing proportionally with
obesity status worldwide (Fan, Kim and Wong, 2017; Younossi et al., 2019).
In comparison, the prevalence of NAFLD amongst lean individuals (BMI<25
kg/m?) is estimated to be around 16% (Wattacheri and Sanyal, 2016).

The crosstalk between the adipose tissue, liver, and skeletal muscles in
overfed states is central to the pathogenesis of NAFLD as it is currently
understood (da Silva Rosa et al,, 2020). Chronic dietary intake of energy
beyond what is necessary to match energy expenditure elevates serum TAG
and FA concentrations and creates a state of positive energy balance (Chow
and Hall, 2014; Wehmeyer et al., 2016) that promotes the hypertrophy and
hyperplasia of adipocytes and the expansion of white adipose tissue depots
(Tchoukalova et al., 2010). If this state is maintained then serum TAG and FA
availability can overwhelm the FA uptake capacity of the adipose tissue,
thereby increasing lipid uptake and ectopic storage in the liver and skeletal
muscles, and it is proposed that, in the context of overfeeding and obesity, this
promotes the development of insulin resistance in these tissues (Unger, 2003;
Mittendorfer, 2011). Also, in the context of chronic overfeeding and obesity,
adipocytes secrete molecules, including TNF-a, Retinol Binding Protein 4,
Interleukin 13 and Interleukin 6 which, through autocrine, paracrine, and
endocrine signalling, promote adipose and systemic insulin resistance and
inflammation (Plomgaard et al., 2005; Smith and Kahn, 2016; Zatterale et al.,
2020). Insulin reduces lipolytic activity in adipocytes by inhibiting the enzymatic
action of HSL, which is responsible for the hydrolysis of TAG and DAG (Foley,
1988). Thus, a characteristic feature of adipose tissue insulin resistance is
elevated basal lipolysis which may increase the secretion of FA into the
circulation, thereby further funnelling FA to the liver and skeletal muscles
(Morigny et al., 2015).

The preferential deposition of fat in visceral depots, rather than
subcutaneous depots (McLaughlin et al., 2011), in response to overfeeding is
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of particular concern in the context of NAFLD. The deposition of fat in visceral
adipose tissue (VAT) is strongly associated with increased incidence of T2DM
(Vague, 1956; Banerji et al, 1997) and with impaired whole-body GD,
independent of age, sex, and total body fat mass (Bjorntorp, 1993; Brochu et
al., 2000). The lipolysis of TAG stored in VAT releases FAs directly into the
hepatic portal vein (Bjorntorp, 1990), exposing the liver to high concentrations
of FA. In lean adults, 5-10% of FAs delivered to the liver originate from VAT
lipolysis, which is 4-fold greater in obese adults and increases in line with
visceral fat mass (Nielsen et al., 2004). The consequence of visceral obesity
is increased IHTG accumulation, and increased fibrosis and inflammation that
worsens NAFLD (van der Poorten et al., 2008; Mirza, 2011; Yu et al., 2015).

Liver fat content is determined by the balance between hepatic FA
uptake and DNL, which increase fat content, and hepatic FA oxidation and
lipoprotein production, which decrease fat content (Koo, 2013). In NAFLD, the
disruption of one or more of these processes can create a chronic imbalance
in hepatic FA homeostasis that predisposes the liver to the retention and
accumulation of lipid as IHTG. Activity state is also a major determinant of
IHTG content. Exercise increases muscle FA oxidation and, depending on the
intensity and duration, can significantly reduce circulating FA concentration,
thereby decreasing the amount of FA available for deposition in the liver
(Maunder, Plews, and Kilding, 2018). Exercise also increases hepatic fat
oxidation and decreases FA synthesis, responses which serve to decrease
IHTG content (van der Windt et al., 2018).

Hepatic mitochondrial oxidation increases to compensate for the onset
of pathological IHTG accumulation (Sunny et al., 2011). Recent evidence
suggests that hepatic oxidation of dietary FAs can also be impaired (Naguib et
al., 2020) as NAFLD progresses. Thus, hepatic FA oxidation can be increased
or reduced depending on the severity of NAFLD. Though the mechanisms
underpinning this are not completely understood, it has been found that PPAR-
a expression is reduced in patients with NAFLD (Kohjima et al., 2007), with the
extent of this reduction relative to the normal population acting as a marker of
NAFLD severity (Francque et al., 2015). FA oxidation primarily occurs in
mitochondria but in response to pathological IHTG accumulation beyond the
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oxidative capacity of the mitochondria alone, and/or impaired mitochondrial
function, FA oxidation by the peroxisomes and cytochromes increases to
compensate. Peroxisomes are primarily involved in the oxidation of VLCFAs,
which can be oxidised by the cytochrome P450 CYP4A omega hydrolase
system in reactions that generate hydrogen peroxide molecules (Rao and
Reddy, 2001). The reactive oxygen species produced in this case, in
conjunction with the elevated angiotensin |l expression present in moderate to
severe NAFLD (Cichoz-Lach and Michalak, 2014), increase oxidative stress in
hepatocytes, causing damage that promotes fibrogenesis. Dysfunctional FA
oxidation can also lead to the accumulation of DAG and ceramide species
which antagonise the insulin signalling pathway and may contribute to the
development of hepatic insulin resistance (Petersen et al., 2016; Petersen and
Shulman, 2017).

Skeletal muscle insulin resistance decreases glucose uptake in this
tissue and diverts glucose to liver (Petersen et al., 2007; Rabel et al., 2011)
where it is metabolised to form acetyl-CoA. This excess acetyl-CoA is then
converted to FAs via DNL (see Section 1.2.2) and contributes to the
pathological accumulation of IHTG in NAFLD (Smith et al., 2020). One
mechanism via which insulin resistance at the level of the skeletal muscles is
thought to develop is as a consequence of increased FA delivery, due to
increased circulating FA availability from excess energy intake and/or from
excess adipose tissue lipolysis, which leads to increased FA uptake by these
tissues and the accumulation of IMCL (Yu et al.,, 2002). Indeed, increasing
serum FA concentration in vivo by hypercaloric or high-fat feeding, or by lipid
infusion, has been shown to increase IMCL content, decrease whole-body
glucose disposal and significantly impair skeletal muscle glucose uptake in
humans (Nuutila et al., 1992; Bachmann et al., 2001; Hoeks et al., 2012; Zderic
et al., 2014). As in hepatocytes, this “lipid-induced insulin resistance” in
myocytes is thought to result from the antagonism of the canonical insulin
signalling pathway by lipotoxic DAG and ceramide species (Yu et al., 2002;
Bosma et al., 2012; Chavez and Summers, 2012).

In the context of NAFLD, it is clear that adipose insulin resistance
reduces clearance of glucose from the blood by this tissue, leading to a greater
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proportion being taken up by the liver (Korenblat et al., 2008; Czech et al,,
2020). Together with increased lipolytic activity in adipose tissue enhancing
FA delivery to the liver (Bjorntorp, 1990; Morigny et al., 2015), both processes
contribute to IHTG accumulation. Existing evidence also shows that IHTG
accumulation, resulting from increased FA delivery (Fabbrini, Sullivan and
Klein, 2010), enhanced DNL (Smith et al., 2020), perturbed FA oxidation
(Sunny et al., 2011; Cichoz-Lach and Michalak, 2014) and decreased VLDL
production (Higuchi et al., 2011) promotes hepatic insulin resistance which is
in turn associated with obesity, T2DM and the cluster of disorders which define

the metabolic syndrome (Godoy-Matos, Silva Junior, and Valerio, 2020).

An inverse association between IHTG content and muscle insulin
sensitivity has been reported (Korenblat et al, 2008). Korenblat and
colleagues conducted a study in which IHTG content was measured by 'H-
MRS in 42 sedentary obese, middle-aged (41 £ 11 years) men (n = 11) and
women (n = 31) who did not present with diabetes. They also used a two-step
hyperinsulinaemic-euglycaemic clamp to assess tissue glucose disposal
concurrent with the infusion of isotopically labelled glucose and palmitate
tracers. They found that participants had a wide range of IHTG content,
ranging from 0.7% to 45.5%. Using multivariate linear regression analysis in
which age, BMI, and percentage body fat were all included factors, they found
that IHTG content was the best predictor of skeletal muscle, liver, and adipose
tissue insulin sensitivity, with visceral adiposity identified as the second major
predictor in skeletal muscle and in the liver. Though theorised, whether lipid
content in the skeletal muscles of individuals with NAFLD is indeed elevated
relative to healthy controls (which is thought to contribute to muscle lipid-
induced insulin resistance), remains unclear based on current evidence but

can be reasonably assumed.

4.2 Study Aims

This study evaluated differences in IMCL content between healthy participants

with liver fat content less than 5.56% and participants with NAFLD to
investigate the association between IMCL content and measures of whole-
body and leg glucose disposal, with the aim of determining whether IMCL

content is associated with whole body and leg insulin resistance in NAFLD.
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4.3 Materials and Methods

4.3.1 Study Overview and Ethics Statement

Some of the data presented in this chapter formed part of the “Effect of
Carnitine on Liver Fat and Glucose Metabolism” (ECLIPSE) study, which was
conducted at the David Greenfield Human Physiology Unit and SPMIC
(University of Nottingham). All IMCL data generated are specific to this
chapter. All participants were males aged 18-50 years and were allocated to
one of two groups. A control group of healthy men with liver IHTG content less
than 5.56% or a NAFLD group of males presenting with IHTG content greater
than 5.56%; the 95" percentile of the normal population, indicative of the
pathological IHTG accumulation that is diagnostic of NAFLD (Bril et al., 2017).
Consumption of less than 21 units of alcohol per week was a strict inclusion
criterion for recruitment to either group. Exclusion criteria included diabetes
mellitus, viral hepatitis or liver autoantibodies identified on serological
screening, metallic medical implants (MRI contraindication), use of medication
known to influence liver fat content and history of cardiovascular disease.

The primary end-point measurement in both groups was IMCL content,
which was quantified by both fluorescent staining of LDs in cryosections of
vastus lateralis biopsies and from 'H-MRS spectra generated from non-
invasive scanning of the vastus lateralis. Insulin-stimulated whole-body
glucose disposal and leg glucose disposal were assessed via a
hyperinsulinaemic-euglycaemic clamp protocol (60 mU/m? insulin infusion
rate), with leg glucose dispsosal determined by sampling of venous and
arterialised-venous blood for glucose concentration in combination with leg
blood flow measurements. DEXA scans were performed to determine body
composition and allowed standardisation of measures to lean body mass.

The study protocol was approved by a National Research Ethics
Committee, Integrated Research Application System Project ID: 228690;
Clinical Trials Identifier: NCT03439917. All participants were made fully aware
of the study protocols and judged capable of consenting before signing
consent forms and undergoing any of the experimental procedures described

here.
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4.3.2 Study Protocol

Experimental  Experimental

Screening Visit Day 1 Day 2
Day -28 Day O Day 1

4 Week run-in period

Figure 4-1: Timeline for the screening and baseline experimental days in the
ECLIPSE study.

Those recruited to this study were invited to attend a screening visit at the
David Greenfield Human Physiology Unit. Participants that met the eligibility
criteria were then invited to attend the baseline experimental day (Day 0),
scheduled ~4 weeks after initial screening (see Figure 4-1). Some participants
were recruited from the Nottingham University Hospitals database whilst
others were recruited after presenting with elevated liver enzymes on

assessment by their general practitioner.

4.3.2.1 Screening Visit

The initial screening for each participant involved signing consent
documentation, blood tests, anthropometric measurements, and ultrasound
scanning of the liver to measure liver fat content. Participants with liver lipid
deposits visible on ultrasound were initially allocated to the NAFLD group.
Eligible participants for the NAFLD group had to present with liver stiffness less

than 8kPa as assessed using transient elastography.

To assess energy intake and expenditure, participants in both groups
were asked to record their dietary intake and wear triaxial ActiGraph GT3X
accelerometers (ActiGraph LLC, Pensacola, FL, USA) worn at the waist for
physical activity monitoring for 7 days following the screening visit. Both
measurements were returned to researchers before the first experimental visit.
Dietary records were analysed using a food composition database (Nutritics,
Dublin, Ireland), with the activity data interrogated using the manufacturer’s
software (Actilife V6; ActiGraph LLC, Pensacola, FL, USA). The participants’
physical activity levels were subsequently used as multipliers for resting
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energy expenditure, estimated from standard equations (Schofield, 1985) (see

Section 2.4), to calculate daily energy requirements.

4.3.2.2 Experimental Day 1

The first experimental day commenced ~4 weeks after the screening visit.
Participants were asked to fast overnight and to not consume alcohol or
engage in any strenuous physical activity in the 48 hours preceding the start
of the experimental day. A 3 Tesla (3T) Philips Achieva MRI Scanner (Philips
Healthcare, Netherlands) was used to scan the liver and vastus lateralis
muscle of each participant to generate 'H-MRS spectra from which IHTG and
IMCL content were determined. Participant suitability for the control and
NAFLD groups was confirmed at this point. Those with clinically normal liver
fat (<5.56% IHTG) were allocated to the healthy control group. The diagnostic
criteria for allocating participants to the NAFLD group included IHTG content
greater than 5.56% not associated with excessive alcohol consumption and
clinically significant fibrosis.

4.3.2.3 Experimental Day 2

During the second experimental day participants first underwent whole-body
DEXA scans to determine body composition. This was followed by a two-step
hyperinsulinaemic-euglycaemic clamp to assess whole-body and hepatic
insulin sensitivity (DeFronzo, Tobin, and Andres, 1979). A two-step clamp
involves first infusing a low dose of insulin to assess endogenous glucose
release by the liver and to ensure it is completely blunted in preparation for the
second, high-dose, insulin infusion during which insulin-mediated whole-body
GD is assessed (see Section 2.1). Following local anaesthesia with 1%
lidocaine, vastus lateralis biopsies were obtained from one leg via the
Bergstrom percutaneous needle (5 mm) method (Bergstrom, 1962)
immediately prior to the start of the clamp and at the end of the clamp. These
biopsies were mounted on metal chucks using OCT compound (VWR
International, Lutterworth, United Kingdom), frozen in liquid nitrogen, and
stored at -80 °C.
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4.3.3 Body Composition

Body composition was assessed using DEXA with a Lunar Prodigy DF+ 16075
scanner (GE Healthcare, Madison, WI, USA). Participants were instructed to
lie supine on the DEXA table, with their arms away from their trunk and legs
separated, and to stay still until the conclusion of the scanning process. Scans
were analysed using enCORE software (GE Healthcare, Madison, WI, USA)
which reports results for whole-body (total) and regional lean mass, fat mass,
and bone mass. The regions being: right and left leg, right and left arm, right
and left trunk. Android and gynoid fat masses were determined from
manufacturer defined ROIs located at the level of the umbilicus and at the hips
and upper thighs, respectively. Android fat is comprised of both visceral and
subcutaneous fat, with gynoid fat comprised mainly of subcutaneous fat. The
android/gynoid (A/G) ratio was defined as android fat mass divided by gynoid
fat mass. Appendicular lean mass was calculated as the sum of the lean

muscle mass of both arms and legs.

4.3.4 \Whole-Body Glucose Disposal

The principles of the hyperinsulinaemic-euglycaemic clamp technique and the
calculation of glucose disposal rate (M value) are discussed in Section 2.1. In
this study whole-body glucose disposal in both groups was assessed in the
final stage of a two-step hyperinsulinaemic euglycaemic clamp protocol (total
clamp duration 240 minutes). A dorsal hand vein and the antecubital and
femoral veins of the participants were cannulated. In the first step, insulin was
intravenously infused at a rate of 15 mU/m?min (Human Actrapid,
EMEA/H/C/000424; Novo Nordisk A/S, Bagsveerd, Denmark) through the
antecubital cannula for 120 minutes. This first, low-dose infusion was
conducted to determine endogenous glucose production but only steady-state
data from the second step is discussed here. In this second step, the insulin
infusion rate was increased to a constant 60 mU/m?/min for another 120
minutes. During both steps, arterialised-venous whole blood glucose was
maintained at 4.5 mmol/L by frequent assessment of whole blood glucose
concentration at 5-minute intervals (glucose oxidase method; YSI2300) and
varying the infusion rate of 20% (w/v) glucose (Baxter Healthcare, Thetford,

228



UK). Blood samples of 1 ml were obtained from the cannulated hand of each
participant at 5-minute intervals throughout of the clamp until the end of the
protocol to monitor blood glucose during the time course of the clamp. For
each participant, whole-body glucose disposal was calculated as a mean of
the 15-minute M values (see Section 2.1.2) during the steady-state of the high
dose infusion of the hyperinsulinaemic-euglycaemic clamp protocol at the
t=180 minutes, t=190 and t=210 time points. After t=240, the insulin infusion
was stopped, the participant fed, and the glucose infusion rate continued to be
titrated until blood glucose concentration was stable without requiring the

infusion of exogenous glucose. At this point the clamp protocol was stopped.

4.3.5 Leqg Glucose Disposal

Before the start of the clamp and at =210, t=225 and t=240 during the second
step, arterialised blood and venous blood samples were obtained to calculate
arterialised venous-venous (AV) differences in blood glucose concentration
across the leg. Blood velocity in, and the mean diameter (across the cardiac
cycle) of, the femoral vein was measured to calculate blood flow in the leg at
these same time points. Mean leg glucose disposal (milligrams of glucose, per
kilogram lean mass of the right leg, per minute) was calculated as the product
of the (AV) differences in blood glucose concentration and blood flow in the
cannulated leg at the t=210, t=225 and t=240 time points during the second
step of the clamp standardised to the lean mass of the right leg of each
participant (see Equation 4-1 and 4-2).

AV Dif ferences (mmol/L) X Blood Flow (ml/m) X 240 min
1000

Glucose Uptake (mg/ min) =

Glucose Uptake (mg/min)

Glucose Uptake (mg/ kg RLeg LBM/min) = Right Leg Lean Mass

(Equation 4-1, 4-2)

4.3.6 Determination of IMCL:EMCL Ratio Using 'H-MRS

Participants were positioned supine on the bed of a 3 Tesla (3T) Achieva MRI
Scanner (Philips Healthcare, Best, Netherlands). The left leg of each
participant was positioned parallel to the magnetic field and held in place by a
stabiliser (see Section 2.7). An imaging receive coil was placed in contact with
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the quadriceps femoris and 'H-MRS spectra were obtained from the vastus
lateralis muscle. Initial scanning time was 110 minutes followed by a 30-minute
break and final 20 minutes of scanning using a 7T-Achieva MRI Scanner
(Philips Healthcare, Best, Netherlands). Both water suppressed and non-water
supressed spectra were obtained. Resonances at 1.5 ppm originated from the
EMCL-(CH2) protons of extramyocellular lipids and resonances at 1.3 ppm
originated from the IMCL-(CH2)n protons of intramyocellular lipids. IMCL:EMCL
ratio was determined as a proportion of the area under the IMCL resonance
peak to that under the EMCL resonance peak.

4.3.7 IMCL Quantification with Bodipy 493/503

The cryosectioning of vastus lateralis biopsies was performed using a Leica
CM3050 S cryostat (Leica Microsystems GmbH, Wetzlar, Germany) as
previously described (Section 2.8.1). A Zeiss LSM 880, AxioObserver
confocal laser scanning microscope (Carl Zeiss AG, Jena, Germany) was used
to image Bodipy 493/503 stained lipid in the sections at 20x magnification. All
image acquisition settings in this study were the same as those defined in
Section 2.8.2 and image analysis to quantify LD count, LD size, and IMCL
content in these sections was performed as described in Section 2.8.3.

4.3.8 Immunohistochemical Staining for Fibre Type

Cryosectioning and immunohistochemical staining of vastus lateralis biopsies
from both groups was performed as described in Sections 2.9.1 and 2.9.2,
respectively. Imaging was performed using a Zeiss LSM 880, AxioObserver
confocal laser scanning microscope (Carl Zeiss AG, Jena, Germany). Sections
were imaged at 20x magnification through an EC Plan-Neofluar M27 objective
with a 25 mm field of view and 45.06 mm parfocal length. The 488 nm, 561
nm, and 633 nm laser lines at 3% power were used for the excitation of Alexa
Fluors 488, 594, and 647 conjugated to secondary antibodies against Type
lIA, Type | and Type 11X MHC isoforms, respectively. Fluorescence emissions
for the MHC Type | isoform were collected between 589-619 nm and recorded
in channel 1. Fluorescence emissions for the MHC Type IIA isoform were
collected between 501-550 nm and recorded in channel 2 and emissions for
the MHC Type 11X isoform were collected between 646-700 and recorded in
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channel 3. Pixel scaling was 0.16 ym x 0.16 um, each pixel being 0.026 um?>.
Individual tiles were stitched together to create final images of entire biopsy
sections. These images were matched to the IMCL staining images to
categorise the lipid content of fibres by the predominant MHC isoform as
described in Section 2.9.4.

4.3.9 Statistical Analyses

The normality of data was assessed using the Shapiro-Wilk and Kolmogorov-
Smirnov goodness of fit tests. The variance in the distribution of data between
the groups was assessed using F-tests. Where the variance in data between
the two groups was significantly different, Welch’s unpaired t-test was used to
compare group means. The differences between group means for normally
distributed data with equal variances were assessed using the two-tailed
unpaired Student's t-test. Relationships among anthropometric characteristics,
measures of IMCL content and indices of insulin sensitivity were evaluated
using linear regression analysis, with the significance of these relationships
being assessed with the Pearson correlation coefficient. In all cases two-
tailed P values less than 0.05 were considered statistically significant.
Statistical analyses were performed using IBM SPPS version 27 (IBM,
Armonk, NY, USA) and Prism version 9.0.2 (GraphPad, San Diego, CA, USA).
Asterisks represent p values such that * and 1 are p < 0.05, **is p <0.01, ***
is p <0.001, and ns means “not significant".
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4.4 Results

4.4.1 Participant Characteristics

Control Group | NAFLD Group P value
(n=28) (n=11)
Age (years) 30+8.7 39+93 =0.05 (NS)
Height (m) 1.76 £ 0.04 1.79 £ 0.06 >0.05 (NS)
Weight (kg) 77.8 £6.50 106.7 = 17.0 <0.001 (**)V
BMI (kg/m?) 251 £2.50 33.2+4.40 <0.001 (***)
IHTG (%) 1.37 £1.07 26.4 +11.7 <0.0001 (***)"
Body Fat (%) 22.7 £9.40 35.6 +6.40 <0.01 (**)
Lean Body Mass (kg) 56.5 + 5.40 65.1+8.10 <0.05 (*)
Trunk Lean Mass (kg) 259+2.20 30.6 +4.20 <0.05 (*)

Leg Lean Mass (kg) 19.4 +1.60 224 +3.10 <0.05 (*)

Arm Lean Mass (kg) 7.54+1.15 7.87 +1.23 >0.05 (NS)
Appendicular Lean 27.0+2.70 30.2 £4.00 >0.05 (NS)

Mass (ALM) (kg)
Whole Body Fat 17.6 £ 8.20 374 £11.6 <0.001 (**)
Mass (kg)

Trunk Fat Mass (kg) 9.28 £4.06 21.6 £6.20 <0.001 (***)
Leg Fat Mass (kg) 6.15+3.35 10.4 +£3.20 <0.05 (*)
Arm Fat Mass (kg) 1.46 £ 0.81 4.03 £1.73 <0.001 (**)

Android/Gynoid Fat 1.01 £0.16 1.25+0.14 <0.01 (**)

Ratio
Android Fat (% Body 28.1+11.0 471 +7.30 <0.001 (***)
Fat Mass)
Gynoid Fat (% Body 27.4 £9.00 37.9 £6.60 <0.5 (*)
Fat Mass)

Table 4-1: Participant characteristics for the control and NAFLD groups.

Regional data left unshaded. Values are mean £+ SD. W = Welch'’s t-test.

The participants with NAFLD had greater lean body mass than the control

participants. Whole body fat mass in the participants with NAFLD was two-fold
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greater than in healthy controls and this difference in fat mass was maintained
in the trunk, arms, and legs. The NAFLD participants were obese while their
healthy counterparts straddled the boundary between normal weight and
overweight (25.1 + 2.54 kg/m?). The android and gynoid (A/G) fat ratio, a
measure of visceral fat deposition around the abdomen, was greater in
participants with NAFLD than in healthy controls. There were no differences in
height and appendicular lean mass between the two groups. Of the
participants in the original dataset, 8 participants in the control group and 11
participants in the NAFLD group yielded tissue suitable for fluorescent and
immunohistochemical staining. Each of these 19 samples were cut, stained,
imaged, and analysed in the data presented here.

4.4.2 \Whole-Body Glucose Disposal
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Figure 4-2: Mean whole-body glucose disposal in control and NAFLD groups
during the steady state (t=195 to t=225) of the hyperinsulinaemic-euglycaemic clamp

protocol. Values are mean £+ SEM and are standardised to LBM.

Mean steady-state insulin-mediated whole-body glucose disposal in the
NAFLD group was 51% of that in the control group (6.0 £ 0.8 mg/kg LBM/min
vs. 11.7 £ 1.4 mg/kg LBM/min, respectively; p < 0.01).
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Figure 4-3: Association between (A) whole body fat mass and (B) trunk fat mass
with whole body glucose disposal in both control and NAFLD participants using

Pearson correlation. For the control group, n = 7 and for the NAFLD group n= 10.
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For the control group, neither whole-body (r = -0.33; p = 0.47) nor trunk
fat mass (r=-0.34; p = 0.45) was associated with whole-body glucose disposal
(see Figure 4-3A and 4-3B). In the NAFLD group, a trend for whole body fat
mass to be correlated with glucose disposal was observed (r =-0.60; p = 0.07).
However, a significant inverse relationship was observed when fat localised to
the trunk region of NAFLD participants was compared with whole-body
glucose disposal (r =-0.67; p < 0.05).

4.4.3 Leqg Glucose Disposal

Control Group | NAFLD Group P value
AV Difference 0.83 +0.45 0.39+0.27 0.027 (*)
(mmol/L)
Blood Flow 541.7 + 297.6 313.7 £ 149.3 0.06 (ns)
(cm Imin)

Table 4-2: Blood flow and AV differences in glucose concentration across the
leg in control and NAFLD participants shown as means of values measured at the
t=120, t=210, and t=225 time points. Values are mean + SD.

The AV difference in leg glucose during the steady-state period was less in the
NAFLD group than in the control group (p < 0.05). At the same time there was
a trend for femoral artery blood flow during the steady-state period of the
insulin clamp to be less in NAFLD patients compared to controls (p = 0.06).
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Figure 4-4: Leg glucose disposal in control and NAFLD group participants
during the steady state of the hyperinsulinaemic-euglycaemic clamp protocol. Values
are mean *+ SEM and are standardised to the lean mass of the right leg (kg RLeg

LBM) of each patrticipant. For the control group, n =8 and for the NAFLD group n= 9.

Leg glucose disposal was less in the NAFLD group compared to the
control group (3.01 = 1.00 mg/kg RLeg LBM/min vs. 8.67 + 1.89 mg/kg RLeg
LBM/min, respectively; p < 0.05).
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4.4.4 '"H-MRS Quantification of IMCL:EMCL Ratio
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Figure 4-5: IMCL:EMCL ratio estimated from —(CHj),— and terminal —CHj3
resonances in "H-MR spectra of the vastus lateralis muscle from both the control
group and NAFLD group participants. Values are mean + SEM, n=6 control group and
n=10 NAFLD group.

There were no differences in IMCL:EMCL ratio measured using 'H-MRS
between the healthy participants in the control group and the participants with
NAFLD (1.00 £0.18 vs. 1.08 + 0.18, respectively; p = 0.78).
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4.4.5 Histochemical Quantification of IMCL Content
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Figure 4-6: The (A) LD count, (B) LD size, and (C) IMCL content in vastus lateralis
muscle biopsies taken from control and NAFLD patrticipants. Values are mean + SEM.

For all measures, n=8 control group and n=11 NAFLD group.

Figure 4-6 shows the LD count (A), LD size (B) and the (C) percentage of lipid
in vastus lateralis muscle biopsies from healthy control participants and
NAFLD participants as determined by histochemical staining of neutral lipid in
these biopsies with Bodipy 493/503. There were no differences between
control and NAFLD groups in the number of LDs per square micrometre of
muscle tissue (0.06 £ 0.01 LDs/um? vs. 0.05 + 0.01 LDs/um?, respectively; p =
0.27). There were also no differences in the size of LDs in vastus lateralis
biopsies from both groups (0.62 + 0.10 um?, control group, vs. 0.51 £ 0.05 um?,
NAFLD group; p =0.32) or the area of muscle tissue occupied by lipid between
the two groups (4.23 + 0.58% control group vs. 2.96 + 0.19% NAFLD group, p
=0.07).
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4.4.6 IMCL Content by Fibre Type
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Figure 4-7: Fibre type specific (A) LD count, (B) LD size, and (C) IMCL content
in the control and NAFLD groups. Statistically significant differences vs. Type |

Control are represented as * vs. Type | NAFLD as t. Values are mean + SEM.

There were no differences between the control participants and NAFLD
patients in Type |, lIA, and 11X fibre type specific LD count (p = 0.07, Figure 4-
7A) and LD size (p = 0.71, Figure 4-7B). Within the control group, LD size was
greater in type | fibres compared with Type 11X fibres (p < 0.05), which was
mirrored in the NAFLD group where LD size in Type | fibres was greater than
in Type IIX fibres (p < 0.05). The IMCL content of Type | fibres in control
participants was greater than in NAFLD participants (5.07 £ 0.67 vs. 3.09 +
0.14, p <0.001, Figure 4-7C). No between-group differences were seen in the
IMCL content of Type IlIA and IIX fibres. Within the control group, IMCL content
in Type | fibres was greater than in type I1A (p <0.001) and Type IIX (p <0.001)
fibres.
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4.4.7 Association Between IMCL Content and Glucose Disposal
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Figure 4-8: Association between (A) whole-body glucose disposal and (B) leg
glucose disposal with IMCL content determined by histochemical staining. For

the control group, n = 7 and for the NAFLD group n= 10.
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In the participants with NAFLD, IMCL content was not associated with
measures of whole-body (r = 0.21; p = 0.57) or leg glucose disposal (r = 0.02;
p = 0.96). Similarly, in the healthy control participants, whole-body glucose
disposal was not associated with muscle lipid content (r = 0.39; p = 0.33).
However, there was a significant association between IMCL content and leg

glucose disposal in the healthy controls (r = 0.83; p < 0.05).

4.5 Discussion

This study is the first to characterise differences in the number and size of
skeletal muscle LDs in participants with NAFLD at the fibre-type level and the
first to compare histochemical quantification of IMCL content with MRS
measurements of IMCL:EMCL ratio in this context. The principal finding from
this study was that GD was lower in the participants with NAFLD than in the
control group despite myocellular fat content being no different between the
two groups. This was evident both with IMCL content measured
histochemically (see Figure 4-6C) and with the IMCL:EMCL ratio determined
using 'H-MRS (see Figure 4-5). This finding suggests that, in the context of
NAFLD, elevated IMCL content may not have a causative role in the
establishment of muscle insulin resistance or in the development of
pathological IHTG accumulation and whole-body insulin resistance. Indeed,
the strongest association found here was a negative association between trunk

fat mass and whole-body GD.

Though decrements in whole-body GD are a well reported feature of
NAFLD, very few studies have measured and compared IMCL content in both
individuals with NAFLD and in healthy controls. Indeed, what little evidence
exists in this regard is contradictory. It has been reported that there were no
baseline differences in IMCL content in healthy controls versus non-obese
NAFLD patients (Pugh et al., 2014), that IMCL content is greater in overweight
NAFLD patients than in healthy individuals (Oh et al., 2014), and that greater
IMCL content in obese NAFLD patients relative to healthy individuals is only
present in those younger than 30 years of age (Oshida et al., 2019). These
reports have all used MRS in the quantification of IMCL content which allows

for the delineation of intramyocellular and extramyocellular lipid stores but
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cannot discern the number and size of LDs, which constitute the vast majority
of the IMCL pool, and their relative abundance in different muscle fibre types.
The findings of this study show that IMCL content in the Type | muscle fibres
of those with NAFLD is less than in in healthy controls, though this difference

is not evident in Type IIA and Type lIX fibres (see Figure 4-7C).

IMCL content measured histochemically was not associated with leg
glucose disposal in the NAFLD group but was positively associated with leg
glucose disposal in the healthy control participants (see Figure 4-8B). This
discrepancy may be explained by the differing levels of habitual physical
activity between the two groups. The participants in the control group were
physically active and it has recently been demonstrated that physical activity
level in healthy, male non-athletes is positively correlated with IMCL content,
which is in turn positively associated with insulin sensitivity, such that IMCL
accumulation in this demographic has no association with muscle or whole-
body insulin resistance (Yamasaki et al., 2020). In contrast individuals with
obese NAFLD are typically sedentary as well as overfed, with sedentary time
being strongly associated with NAFLD progression (Goncalves et al., 2013;
Croci et al., 2019). Physical activity improves mitochondrial function (Sorriento,
Di Vaia, and laccarino, 2021), increases muscle insulin sensitivity (Rabgl et
al., 2011), and decreases IHTG content independent of changes in body
weight (Sargeant et al., 2018) and it is encouraged as an effective non-
pharmacological countermeasure to ameliorate the insulin resistance and
metabolic dysfunctions presenting in NAFLD (Koliaki et al., 2015; Hoene et al.,
2021).The differences in the associations described in this chapter could also
be explained by the fact that the range of IMCL content amongst the control
participants was significantly greater than that of their counterparts with
NAFLD (see Figure 4-8B).

Clearly, reduced whole-body insulin sensitivity and muscle glucose
disposal in the obese participants with NAFLD, compared to the healthy
controls, were not due to differences in IMCL content. What then can explain
the development of these metabolic impairments in NAFLD?
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As mentioned in the introduction to this chapter, visceral fat
accumulation is associated with insulin resistance (Bjorntorp, 1993; Ruderman
et al., 1998; Brochu et al., 2000) and is a predictor of NAFLD severity
independent of BMI (Pang et al., 2015; Shida et al., 2020). Visceral fat was not
measured directly in this study but, within a range of 0.5 to 1.5, A/G ratio has
been shown to be strongly correlated with visceral fat area and liver fat content
(Bouchi et al., 2016). Android adiposity and the A/G ratio are associated with
insulin resistance and dyslipidaemia in all age groups (Aucouturier et al., 2009;
Kang et al., 2011; Samsell et al., 2014; Petersen et al., 2015; Sari et al., 2019)
and in a cross-sectional study involving 67 normal-weight and 659 overweight
NAFLD patients, the A/G ratio was found to be the best predictor of NAFLD
(Alferink et al., 2019). In this study the A/G ratio of the NAFLD participants was
significantly greater than that of the control group (See Table 4-1), indicating
that the deposition of fat in visceral stores rather than subcutaneous and
muscle stores was greater amongst the NAFLD participants. Supporting this
is the fact that trunk fat mass in the NAFLD group was double that of trunk fat
mass in the control group (See Table 4-1). From these data it is clear that
visceral adiposity was greater in the NAFLD participants, and that this visceral
adiposity contributed to the whole-body insulin resistance observed in that
group. This preferential deposition of lipid into visceral stores and the liver may
partly explain why IMCL content is not elevated in the NAFLD group relative to

the healthy controls.

Another important consideration is that up to 70% of NAFLD
susceptibility can be attributed to inherited risk factors (Dongiovanni, and
Valenti, 2016). Individuals predisposed to NAFLD present with variations of
genes (including UCP2, IRS1, APOB, FATP3, and PNPLA3) which are
involved in the regulation of hepatic LD remodelling, VLDL secretion, insulin
signalling, and hepatic LD B-oxidation (Meroni et al., 2021). These variations
lead to greater hepatic FA uptake, reduced hepatic production and secretion
of VLDLs containing FA, increased hepatic LD count and size, and perturbed
hepatic FA oxidation (Dongiovanni, Anstee, and Valenti, 2013; Desterke, and
Chiappini, 2019). These data suggest that in those with NAFLD there may be

a genetic predisposition to FA deposition in the VAT and liver, independent of
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overfeeding, which may spare the skeletal muscles from the accumulation of
lipid. As previously mentioned, FAs from the lipolysis of TAG stored in VAT are
secreted directly into the hepatic portal vein (Bjorntorp, 1990; Nielsen et al.,
2004), transported into hepatocytes increasing IHTG content and promoting
hepatic and systemic insulin resistance (Rytka et al.,, 2011). This is
compounded with the secretion of pro-inflammatory cytokines by
macrophages recruited to dead adipocytes in VAT, these cytokines promote
adipose and systemic inflammation that can contribute to NAFLD progression
(Zatterale et al., 2020).

Several studies have provided evidence that IHTG accumulation is
independently correlated with liver and skeletal muscle insulin resistance in
NAFLD, though it remains unclear whether hepatic steatosis is the result of
skeletal muscle insulin resistance (Flannery et al., 2012) or a cause of it (Uno
et al., 2006; Misu et al., 2010). Kato and colleagues demonstrated that in
obese individuals with NAFLD, IHTG content was strongly correlated with liver
and skeletal muscle insulin resistance whilst IMCL content, measured by MRS
and standardised to creatine, was not correlated with skeletal muscle insulin
resistance in 69 participants (Kato et al., 2014). This is supported by evidence
that, in obese individuals, hepatic fat content is correlated with characteristics
of the metabolic syndrome such as hepatic and whole-body insulin resistance,
while IMCL content is not (Kotronen et al., 2008; Visser et al., 2011). Thus, in
the context of obese NAFLD, it is likely that IHTG accumulation independently
contributes to whole-body insulin resistance, with IMCL content having no
primary role in the development of this metabolic dysfunction (Korenblat et al.,
2008).

4.6 Conclusion

In summary, this study compares the differences in IMCL content between
healthy individuals with normal liver fat content and individuals with NAFLD,
demonstrating that IMCL content, measured histochemically and using 'H-
MRS, is not different between the two groups and does not contribute to the
lowerleg whole-body and leg glucose disposal in obese NAFLD when
compared to control. The impairments in glucose disposal can be partly
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explained by greater visceral adiposity and IHTG content in the group with

NAFLD and differences in habitual physical activity as previously discussed.

4.7 References

Adams, L.A., Anstee, Q.M. Tilg, H. and Targher, G. (2017) Non-alcoholic fatty
liver disease and its relationship with cardiovascular disease and other
extrahepatic diseases. Gut. 66 (6), pp. 1138-1153.

Alferink, L., Trajanoska, K., Erler, N. S., Schoufour, J. D., de Knegt, R. J.,
lkram, M. A., Janssen, H., Franco, O. H., Metselaar, H. J., Rivadeneira, F., &
Darwish Murad, S. (2019) Nonalcoholic Fatty Liver Disease in The Rotterdam
Study: About Muscle Mass, Sarcopenia, Fat Mass, and Fat
Distribution. Journal of Bone and Mineral Research : The Official Journal of
The American Society for Bone And Mineral Research. 34 (7), pp. 1254-1263.

Aucouturier, J., Meyer, M., Thivel, D., Taillardat, M. and Duché, P. (2009)
Effect of android to gynoid fat ratio on insulin resistance in obese
youth. Archives of Pediatrics & Adolescent Medicine. 163 (9), pp. 826-831.

Bachmann, O.P., Dahl, D.B., Brechtel, K., Machann, J., Haap, M., Maier, T.,
Loviscach, M., Stumvoll, M., Claussen, C.D., Schick, F., Haring, H.U. and
Jacob, S. (2001) Effects of Intravenous and Dietary Lipid Challenge on
Intramyocellular Lipid Content and the Relation with Insulin Sensitivity in
Humans. Diabetes. 50 (11), pp. 2579-2584.

Bae, J.C., Rhee, E.J., Lee, W.Y., Park, S.E., Park, C.Y., Oh, KW., Park, S.W.
and Kim, SW. (2011) Combined effect of nonalcoholic fatty liver disease and
impaired fasting glucose on the development of type 2 diabetes: a 4-year
retrospective longitudinal study. Diabetes Care. 34 (3), pp. 727-729.

Banerji, M.A., Lebowitz, J., Chaiken, R.L., Gordon, D., Kral, J.G. and Lebovitz,
H.E. (1997) Relationship of visceral adipose tissue and glucose disposal is
independent of sex in black NIDDM subjects. The American Journal of
Physiology. 273 (2 Pt 1), pp. E425-E432.

247



Baron, A.D., Brechtel, G., Wallace, P. and Edelman, S.V. (1988) Rates and
tissue sites of non-insulin- and insulin-mediated glucose uptake in
humans. The American Journal of Physiology. 255 (6 Pt 1), pp. E769-E774.

Benedict, M. and Zhang, X. (2017) Non-alcoholic fatty liver disease: An
expanded review. World Journal of Hepatology. 9 (16), pp. 715-732.

Bergstrom, J. (1962) Muscle electrolytes in man: determined by neutron
activation analysis on needle biopsy specimens. A study on normal subjects,
kidney patients and patients with chronic diarrhea. Scandinavian Journal of
Clinical & Laboratory Investigation. Supplement 68 (11-13), pp. 511-513.

Bjorntorp, P. (1990) "Portal" adipose tissue as a generator of risk factors for
cardiovascular disease and diabetes. Arteriosclerosis (Dallas, Tex.). 10 (4),
pp. 493-496.

Bjorntorp, P. (1993) Visceral obesity: a "civilization syndrome". Obesity
Research. 1 (3), pp. 206-222.

Borel, A.L., Nazare, J.A., Smith, J., Aschner, P., Barter, P., Van Gaal, L., Eng
Tan, C., Wittchen, H.U., Matsuzawa, Y., Kadowaki, T., Ross, R., Brulle-
Wohlhueter, C., Alméras, N., Haffner, S. M., Balkau, B. and Després, J.P.
(2015) Visceral, subcutaneous abdominal adiposity and liver fat content
distribution in normal glucose tolerance, impaired fasting glucose and/or
impaired glucose tolerance. International Journal of Obesity (2005). 39 (3), pp.
495-501.

Bosma, M., Kersten, S., Hesselink, M.K. and Schrauwen, P. (2012) Re-
evaluating lipotoxic triggers in skeletal muscle: relating intramyocellular lipid
metabolism to insulin sensitivity. Progress in Lipid Research. 51 (1), pp. 36-
49.

Bouchi, R., Nakano, Y., Ohara, N., Takeuchi, T., Murakami, M., Asakawa, M.,
Sasahara, Y., Numasawa, M., Minami, |., lzumiyama, H., Hashimoto, K.,
Yoshimoto, T. and Ogawa, Y. (2016) Clinical relevance of dual-energy X-ray
absorptiometry (DXA) as a simultaneous evaluation of fatty liver disease and
atherosclerosis in patients with type 2 diabetes. Cardiovascular
Diabetology. 15, 64.

248



Bril, F., Barb, D., Portillo-Sanchez, P., Biernacki, D., Lomonaco, R., Suman,
A., Weber, M.H., Budd, J.T., Lupi, M.E. and Cusi, K. (2017) Metabolic and
histological implications of intrahepatic triglyceride content in nonalcoholic fatty
liver disease. Hepatology (Baltimore, Md.). 65 (4), 1132-1144.

Brochu, M., Starling, R.D., Tchernof, A., Matthews, D.E., Garcia-Rubi, E. and
Poehiman, E.T. (2000) Visceral adipose tissue is an independent correlate of
glucose disposal in older obese postmenopausal women. The Journal of
Clinical Endocrinology and Metabolism. 85 (7), pp. 2378-2384.

Campos, R., Masquio, D., Corgosinho, F.C., Caranti, D.A., Ganen, A.P., Tock,
L., Oyama, L.M. and Damaso, A.R. (2019) Effects of magnitude of visceral
adipose tissue reduction: Impact on insulin resistance, hyperleptinemia and
cardiometabolic risk in adolescents with obesity after long-term weight-loss
therapy. Diabetes & Vascular Disease Research. 16 (2), pp. 196-206.

Chavez, J.A. and Summers, S.A. (2012) A ceramide-centric view of insulin
resistance. Cell Metabolism. 15 (5), pp. 585-594.

Chow, C.C., and Hall, K.D. (2014) Short and long-term energy intake patterns
and their implications for human body weight regulation. Physiology &
Behaviour. 134, pp. 60-65.

Cichoz-Lach, H. and Michalak, A. (2014) Oxidative stress as a crucial factor in

liver diseases. World Journal of Gastroenterology. 20 (25), pp. 8082-8091.

Croci, I., Coombes, J.S., Bucher Sandbakk, S., Keating, S.E., Nauman, J.,
Macdonald, G.A., and Wisloff, U. (2019) Non-alcoholic fatty liver disease:
Prevalence and all-cause mortality according to sedentary behaviour and
cardiorespiratory fitness. The HUNT Study. Progress in Cardiovascular
Diseases. 62 (2), pp. 127-134.

Czech, M.P. (2020) Mechanisms of insulin resistance related to white, beige,
and brown adipocytes. Molecular Metabolism. 34, pp. 27-42.

da Silva Rosa, S.C., Nayak, N., Caymo, A.M. and Gordon, J.W. (2020)
Mechanisms of muscle insulin resistance and the cross-talk with liver and

adipose tissue. Physiological Reports. 8 (19), e14607.

249



DeFronzo, R.A., Tobin, J.D. and Andres, R. (1979) Glucose clamp technique:
a method for quantifying insulin secretion and resistance. The American
Journal of Physiology. 237 (3), pp. E214-E223.

DeFronzo, R.A., Gunnarsson, R., Bjorkman, O., Olsson, M. and Wahren, J.
(1985) Effects of insulin on peripheral and splanchnic glucose metabolism in
noninsulin-dependent (type |l) diabetes mellitus. The Journal Of Clinical
Investigation. 76 (1), pp. 149-155.

Desterke, C., and Chiappini, F. (2019) Lipid Related Genes Altered in NASH
Connect Inflammation in Liver Pathogenesis Progression to HCC: A Canonical
Pathway. International Journal of Molecular Sciences. 20 (22), 5594.

Dongiovanni, P., Anstee, Q.M., and Valenti, L. (2013) Genetic predisposition
in NAFLD and NASH: impact on severity of liver disease and response to
treatment. Current Pharmaceutical Design. 19 (29), pp. 5219-5238.

Dongiovanni, P., and Valenti, L. (2016) Genetics of nonalcoholic fatty liver
disease. Metabolism: Clinical and Experimental. 65 (8), pp. 1026-1037.

Fan, J.G., Kim, S.U. and Wong, V.W. (2017) New trends on obesity and
NAFLD in Asia. Journal of Hepatology. 67 (4), pp. 862-873.

Fabbrini, E., Magkos, F., Mohammed, B. S., Pietka, T., Abumrad, N. A,
Patterson, B. W., Okunade, A. and Klein, S. (2009) Intrahepatic fat, not visceral
fat, is linked with metabolic complications of obesity. Proceedings of the
National Academy of Sciences of the United States of America. 106 (36), pp.
15430-15435.

Fabbrini, E., Sullivan, S. and Klein, S. (2010) Obesity and nonalcoholic fatty
liver disease: biochemical, metabolic, and clinical implications. Hepatology
(Baltimore, Md.). 51 (2), pp. 679-6809.

Ferrannini, E., lozzo, P., Virtanen, K.A., Honka, M.J., Bucci, M. and Nuutila, P.
(2018) Adipose tissue and skeletal muscle insulin-mediated glucose uptake in
insulin resistance: role of blood flow and diabetes. The American Journal of
Clinical Nutrition. 108 (4), pp. 749-758.

250



Flannery, C., Dufour, S., Rabgl, R., Shulman, G.I. and Petersen, K.F. (2012)
Skeletal muscle insulin resistance promotes increased hepatic de novo
lipogenesis, hyperlipidemia, and hepatic steatosis in the elderly. Diabetes. 61
(11), pp. 2711-2717.

Foley, J.E. (1988) Mechanisms of impaired insulin action in isolated adipocytes
from obese and diabetic subjects. Diabetes/Metabolism Reviews. 4 (5), pp.
487-505.

Francque, S., Verrijken, A., Caron, S., Prawitt, J., Paumelle, R., Derudas, B.,
Lefebvre, P., Taskinen, M.R., Van Hul, W., Mertens, |., Hubens, G., Van Marck,
E., Michielsen, P., Van Gaal, L. and Staels, B. (2015) PPARa gene expression
correlates with severity and histological treatment response in patients with
non-alcoholic steatohepatitis. Journal of Hepatology. 63 (1), pp. 164-173.

Godoy-Matos, A.F., Silva Junior, W.S. and Valerio, C.M. (2020) NAFLD as a
continuum: from obesity to metabolic syndrome and diabetes. Diabetology &
Metabolic Syndrome. 12, 60.

Goncalves, 1.0., Oliveira, P.J., Ascensao, A., and Magalhaes, J. (2013)
Exercise as a therapeutic tool to prevent mitochondrial degeneration in
nonalcoholic steatohepatitis. European Journal of Clinical Investigation. 43
(11), pp. 1184-1194.

Healy, G.N., Dunstan, D.W., Salmon, J., Shaw, J.E., Zimmet, P.Z. and Owen
N. (2008) Television time and continuous metabolic risk in physically active
adults. Medicine and Science in Sports and Exercise. 40 (4), pp. 639-645.

Hernandez Mijares, A. and Jensen, M.D. (1995) Contribution of blood flow to
leg glucose uptake during a mixed meal. Diabetes. 44 (10), pp. 1165-1169.

Hoeks, J., Mensink, M., Hesselink, M.K.C., Ekroos, K. and Schrauwen, P.
(2012) Long- and medium-chain fatty acids induce insulin resistance to a
similar extent in humans despite marked differences in muscle fat
accumulation. Journal of Clinical Endocrinology and Metabolism. 97 (1), pp.
208-216.

Hoene, M., Kappler, L., Kollipara, L., Hu, C., Irmler, M., Bleher, D., Hoffmann,
C., Beckers, J., Hrabé de Angelis, M., Haring, H.U., Birkenfeld, A.L., Peter, A.,

251



Sickmann, A., Xu, G., Lehmann, R., and Weigert, C. (2021) Exercise prevents
fatty liver by modifying the compensatory response of mitochondrial
metabolism to excess substrate availability. Molecular Metabolism. 54,
101359.

Janochova, K., Haluzik, M. and Buzga, M. (2019) Visceral fat and insulin
resistance - what we know?. Biomedical Papers Of The Medical Faculty Of
The University Palacky, Olomouc, Czechoslovakia. 163 (1), pp. 19-27.

Kang, S.M., Yoon, J.W., Ahn, H.Y., Kim, S.Y., Lee, K.H., Shin, H., Choi, S.H.,
Park, K.S., Jang, H.C. and Lim, S. (2011) Android fat depot is more closely
associated with metabolic syndrome than abdominal visceral fat in elderly
people. PloS One. 6 (11), e27694.

Kato, K., Takamura, T., Takeshita, Y., Ryu, Y., Misu, H., Ota, T., Tokuyama,
K., Nagasaka, S., Matsuhisa, M., Matsui, O. and Kaneko, S. (2014) Ectopic fat
accumulation and distant organ-specific insulin resistance in Japanese people

with nonalcoholic fatty liver disease. PloS One. 9 (3), €92170.

Kearney, J. (2010) Food consumption trends and drivers. Philosophical
Transactions of the Royal Society of London. Series B, Biological
Sciences. 365 (1554), pp. 2793-2807.

Kenneally, S., Sier, J.H., and Moore, J.B. (2017) Efficacy of dietary and
physical activity intervention in non-alcoholic fatty liver disease: a systematic
review. BMJ Open Gastroenterology. 4 (1), e000139.

Kersten, S. and Stienstra, R. (2017) The role and regulation of the peroxisome
proliferator activated receptor alpha in human liver. Biochimie. 136, pp. 75-84.

Kohjima, M., Enjoji, M., Higuchi, N., Kato, M., Kotoh, K., Yoshimoto, T., Fujino,
T., Yada, M., Yada, R., Harada, N., Takayanagi, R. and Nakamuta, M. (2007)
Re-evaluation of fatty acid metabolism-related gene expression in
nonalcoholic fatty liver disease. International Journal of Molecular
Medicine. 20 (3), pp. 351-358.

Koliaki, C., Szendroedi, J., Kaul, K., Jelenik, T., Nowotny, P., Jankowiak, F.,
Herder, C., Carstensen, M., Krausch, M., Knoefel, W.T., Schlensak, M., and
Roden, M. (2015) Adaptation of hepatic mitochondrial function in humans with

252



non-alcoholic fatty liver is lost in steatohepatitis. Cell Metabolism. 21 (5), pp.
739-746.

Koo, S.H. (2013) Nonalcoholic fatty liver disease: molecular mechanisms for
the hepatic steatosis. Clinical and Molecular Hepatology. 19 (3), pp. 210-215.

Korenblat, K.M., Fabbrini, E., Mohammed, B.S., and Klein, S. (2008) Liver,
muscle, and adipose tissue insulin action is directly related to intrahepatic
triglyceride content in obese subjects. Gastroenterology. 134 (5), pp. 1369-
1375.

Kotronen, A., Seppala-Lindroos, A., Bergholm, R., and Yki-Jarvinen, H. (2008)
Tissue specificity of insulin resistance in humans: fat in the liver rather than
muscle is associated with features of the metabolic syndrome. Diabetologia.
51 (1), pp. 130-138.

Krssak, M., Falk Petersen, K., Dresner, A., DiPietro, L., Vogel, S.M., Rothman,
D.L., Roden, M., and Shulman, G.I. (1999) Intramyocellular lipid
concentrations are correlated with insulin sensitivity in humans: a 1H NMR

spectroscopy study. Diabetologia. 42 (1), pp. 113-116.

Machado, M.V., Marques-Vidal, P., and Cortez-Pinto, H. (2006) Hepatic
histology in obese patients undergoing bariatric surgery. Journal of
Hepatology. 45 (4), pp. 600-606.

Machado, M.V., Ferreira, D.M., Castro, R.E., Silvestre, A.R., Evangelista, T.,
Coutinho, J., Carepa, F., Costa, A., Rodrigues, C.M. and Cortez-Pinto, H.
(2012) Liver and muscle in morbid obesity: the interplay of fatty liver and insulin
resistance. PloS one. 7 (2), e31738.

Maunder, E., Plews, D.J., and Kilding, A.E. (2018) Contextualising Maximal
Fat Oxidation During Exercise: Determinants and Normative Values. Frontiers
in physiology, 9, 599.

McLaughlin, T., Lamendola, C., Liu, A. and Abbasi, F. (2011) Preferential fat
deposition in subcutaneous versus visceral depots is associated with insulin
sensitivity. The Journal of Clinical Endocrinology and Metabolism. 96 (11), pp.
E1756-E1760.

253



Meroni, M., Longo, M., Tria, G., and Dongiovanni, P. (2021) Genetics Is of the
Essence to Face NAFLD. Biomedicines. 9 (10), 1359.

Mirza, M.S. (2011) Obesity, Visceral Fat, and NAFLD: Querying the Role of
Adipokines in the Progression of Nonalcoholic Fatty Liver Disease. ISRN
Gastroenterology. 2011, 592404.

Misu, H., Takamura, T., Takayama, H., Hayashi, H., Matsuzawa-Nagata, N.,
Kurita, S., Ishikura, K., Ando, H., Takeshita, Y., Ota, T., Sakurai, M.,
Yamashita, T., Mizukoshi, E., Yamashita, T., Honda, M., Miyamoto, K.,
Kubota, T., Kubota, N., Kadowaki, T., Kim, H.J., Lee, |.LK, Minokoshi, Y., Saito,
Y., Takahashi, K., Yamada, Y., Takakura, N. and Kaneko, S. (2010) A liver-
derived secretory protein, selenoprotein P, causes insulin resistance. Cell
Metabolism. 12 (5), pp. 483-495.

Mittendorfer, B. (2011) Origins of metabolic complications in obesity: adipose
tissue and free fatty acid trafficking. Current Opinion in Clinical Nutrition and
Metabolic Care. 14 (6), 535-541.

Morigny, P., Houssier, M., Mouisel, E. and Langin, D. (2016) Adipocyte

lipolysis and insulin resistance. Biochimie. 125, pp. 259-266.

Naguib, G., Morris, N., Yang, S., Fryzek, N., Haynes-Williams, V., Huang, W.
A., Norman-Wheeler, J. and Rotman, Y. (2020) Dietary fatty acid oxidation is
decreased in non-alcoholic fatty liver disease: A palmitate breath test
study. Liver International : Official Journal of The International Association for
The Study of The Liver. 40 (3), pp. 590-597.

Nielsen, S., Guo, Z., Johnson, C.M., Hensrud, D.D. and Jensen, M.D. (2004)
Splanchnic lipolysis in  human obesity. The Journal of Clinical
Investigation. 113 (11), pp. 1582-1588.

Nuutila, P., Koivisto, V.A., Knuuti, J., Ruotsalainen, U., Teras, M., Haaparanta,
M., Bergman, J., Solin, O., Voipio-Pulkki, L.M. and Wegelius, U. (1992)
Glucose-free fatty acid cycle operates in human heart and skeletal muscle in
vivo. The Journal of Clinical Investigation. 89 (6), 1767-1774.

Oh, S., Shida, T., Sawai, A., Maruyama, T., Eguchi, K., Isobe, T., Okamoto,
Y., Someya, N., Tanaka, K., Arai, E., Tozawa, A. and Shoda, J. (2014)

254



Acceleration training for managing nonalcoholic fatty liver disease: a pilot
study. Therapeutics and Clinical Risk Management.10, pp. 925-936.

Ong, J.P., Elariny, H., Collantes, R., Younoszai, A., Chandhoke, V., Reines,
H.D., Goodman, Z.D. and Younossi, Z.M. (2005) Predictors of nonalcoholic
steatohepatitis and advanced fibrosis in morbidly obese patients. Obesity
Surgery. 15 (3), pp. 310-315.

Oshida, N., Shida, T., Oh, S., Kim, T., Isobe, T., Okamoto, Y., Kamimaki, T.,
Okada, K., Suzuki, H., Ariizumi, S.I., Yamamoto, M. and Shoda, J. (2019)
Urinary Levels of Titin-N Fragment, a Skeletal Muscle Damage Marker, are
Increased in Subjects with Nonalcoholic Fatty Liver Disease. Scientific
Reports. 9 (1), p. 19498.

Pais, R., Barritt, A.S., 4th, Calmus, Y., Scatton, O., Runge, T., Lebray, P.,
Poynard, T., Ratziu, V. and Conti, F. (2016) NAFLD and liver transplantation:
Current burden and expected challenges. Journal of Hepatology. 65 (6), pp.
1245-1257.

Pang, Q., Zhang, J.Y., Song, S.D., Qu, K., Xu, X. S., Liu, S.S. and Liu, C.
(2015) Central obesity and nonalcoholic fatty liver disease risk after adjusting
for body mass index. World Journal Of Gastroenterology. 21 (5), pp. 1650-
1662.

Petersen, K.F., Dufour, S., Savage, D.B., Bilz, S., Solomon, G., Yonemitsu, S.,
Cline, G.W., Befroy, D., Zemany, L., Kahn, B.B., Papademetris, X., Rothman,
D.L. and Shulman, G.I. (2007) The role of skeletal muscle insulin resistance in
the pathogenesis of the metabolic syndrome. Proceedings of the National
Academy of Sciences of the United States of America. 104 (31), pp. 12587-
12594.

Peterson, M.D., Al Snih, S., Serra-Rexach, J.A. and Burant, C. (2015) Android
Adiposity and Lack of Moderate and Vigorous Physical Activity Are Associated
With Insulin Resistance and Diabetes in Aging Adults. The Journals Of
Gerontology. Series A, Biological Sciences and Medical Sciences. 70 (8), pp.
1009-1017.

255



Petersen, M.C., Madiraju, A.K., Gassaway, B.M., Marcel, M., Nasiri, A.R.,
Butrico, G., Marcucci, M.J., Zhang, D., Abulizi, A., Zhang, X.M., Philbrick, W.,
Hubbard, S.R., Jurczak, M.J., Samuel, V.T., Rinehart, J. and Shulman, G.I.
(2016) Insulin receptor Thr1160 phosphorylation mediates lipid-induced
hepatic insulin resistance. The Journal of Clinical Investigation. 126 (11), pp.
4361-4371.

Petersen, M.C. and Shulman, G.l. (2017) Roles of Diacylglycerols and
Ceramides in Hepatic Insulin Resistance. Trends in Pharmacological
Sciences. 38 (7), pp. 649-665.

Pietildainen, K.H., Kaprio, J., Borg, P., Plasqui, G., Yki-darvinen, H., Kujala,
U.M., Rose, R.J., Westerterp, K.R. and Rissanen, A. (2008) Physical inactivity
and obesity: a vicious circle. Obesity (Silver Spring, Md.). 16 (2), pp. 409-414.

Plomgaard, P., Bouzakri, K., Krogh-Madsen, R., Mittendorfer, B., Zierath, J.R.
and Pedersen, B.K. (2005) Tumor necrosis factor-alpha induces skeletal
muscle insulin resistance in healthy human subjects via inhibition of Akt
substrate 160 phosphorylation. Diabetes. 54 (10), pp. 2939-2945.

Popkin, B.M., Adair, L.S. and Ng, S.W. (2012) Global nutrition transition and
the pandemic of obesity in developing countries. Nutrition Reviews. 70 (1), pp.
3-21.

Pugh, C.J., Spring, V.S., Kemp, G.J., Richardson, P., Shojaee-Moradie, F.,
Umpleby, A.M., Green, D.J., Cable, N.T., Jones, H. and Cuthbertson, D.J.
(2014) Exercise training reverses endothelial dysfunction in nonalcoholic fatty
liver disease. American Journal of Physiology. Heart and Circulatory
Physiology. 307 (9), pp. H1298-H1306.

Rabgl, R., Petersen, K.F., Dufour, S., Flannery, C., and Shulman, G.I. (2011)
Reversal of muscle insulin resistance with exercise reduces postprandial
hepatic de novo lipogenesis in insulin resistant individuals. Proceedings of the
National Academy of Sciences of the United States of America. 108 (33), pp.
13705-13709.

Rao, M.S. and Reddy, J.K. (2001) Peroxisomal beta-oxidation and
steatohepatitis. Seminars in Liver Disease. 21 (1), pp. 43-55.

256



Romero-Gémez, M., Zelber-Sagi, S. and Trenell, M. (2017) Treatment of
NAFLD with diet, physical activity and exercise. Journal of Hepatology. 67 (4),
pp. 829-846.

Rytka, J.M., Wueest, S., Schoenle, E.J. and Konrad, D. (2011) The portal
theory supported by venous drainage-selective fat
transplantation. Diabetes. 60 (1), pp. 56-63.

Samsell, L., Regier, M., Walton, C. and Cottrell, L. (2014) Importance of
android/gynoid fat ratio in predicting metabolic and cardiovascular disease risk
in normal weight as well as overweight and obese children. Journal of
Obesity. 2014, 846578.

Sargeant, J.A., Gray, L.J., Bodicoat, D.H., Willis, S.A., Stensel, D.J., Nimmo,
M.A., Aithal, G.P., and King, J.A. (2018) The effect of exercise training on
intrahepatic triglyceride and hepatic insulin sensitivity: a systematic review and
meta-analysis. Obesity Reviews: An Official Journal of The International
Association for The Study of Obesity. 19 (10), pp. 1446-14509.

Sari, C.I., Eikelis, N., Head, G.A., Schlaich, M., Meikle, P., Lambert, G. and
Lambert, E. (2019) Android Fat Deposition and Its Association With
Cardiovascular Risk Factors in Overweight Young Males. Frontiers in
Physiology. 10, 1162.

Schofield, W.N. (1985) Predicting basal metabolic rate, new standards and
review of previous work. Human Nutrition. Clinical Nutrition. 39 (Suppl. 1), pp.
5-41.

Shida, T., Oshida, N., Suzuki, H., Okada, K., Watahiki, T., Oh, S., Kim, T.,
Isobe, T., Okamoto, Y., Ariizumi, S. |., Yamamoto, M. and Shoda, J. (2020)
Clinical and anthropometric characteristics of non-obese non-alcoholic fatty
liver disease subjects in Japan. Hepatology research : the official journal of the
Japan Society of Hepatology. 50 (9), pp. 1032-1046.

Sinha, R., Dufour, S., Petersen, K.F., LeBon, V., Enoksson, S., Ma, Y.Z.,
Savoye, M., Rothman, D.L., Shulman, G.l. and Caprio, S. (2002) Assessment
of skeletal muscle triglyceride content by (1)H nuclear magnetic resonance
spectroscopy in lean and obese adolescents: relationships to insulin

257



sensitivity, total body fat, and central adiposity. Diabetes. 51 (4), pp. 1022-
1027.

Smith, U. and Kahn, B.B. (2016) Adipose tissue regulates insulin sensitivity:
role of adipogenesis, de novo lipogenesis and novel lipids. Journal of Internal
Medicine. 280 (5), pp. 465-475.

Smith, G.l., Shankaran, M., Yoshino, M., Schweitzer, G.G., Chondronikola, M.,
Beals, J.W., Okunade, A.L., Patterson, B. W., Nyangau, E., Field, T., Sirlin, C.
B., Talukdar, S., Hellerstein, M.K. and Klein, S. (2020) Insulin resistance drives
hepatic de novo lipogenesis in nonalcoholic fatty liver disease. The Journal of
Clinical Investigation. 130 (3), pp. 1453-1460.

Sorriento, D., Di Vaia, E., and laccarino, G. (2021) Physical Exercise: A Novel
Tool to Protect Mitochondrial Health. Frontiers in Physiology. 12, 660068.

Sunny, N.E., Parks, E.J., Browning, J.D. and Burgess, S.C. (2011) Excessive
hepatic mitochondrial TCA cycle and gluconeogenesis in humans with
nonalcoholic fatty liver disease. Cell Metabolism. 14 (6), pp. 804-810.

Tchoukalova, Y.D., Votruba, S.B., Tchkonia, T., Giorgadze, N., Kirkland, J.L.
and Jensen, M.D. (2010) Regional differences in cellular mechanisms of
adipose tissue gain with overfeeding. Proceedings of the National Academy of
Sciences of the United States of America. 107 (42), pp. 18226-18231.

Unger, R.H. (2003) Lipid overload and overflow: metabolic trauma and the
metabolic syndrome. Trends in Endocrinology and Metabolism: TEM.14 (9),
pp. 398-403.

Uno, K., Katagiri, H., Yamada, T., Ishigaki, Y., Ogihara, T., Imai, J., Hasegawa,
Y., Gao, J., Kaneko, K., Iwasaki, H., Ishihara, H., Sasano, H., Inukai, K.,
Mizuguchi, H., Asano, T., Shiota, M., Nakazato, M. and Oka, Y. (2006)
Neuronal pathway from the liver modulates energy expenditure and systemic
insulin sensitivity. Science (New York, N.Y.). 312 (5780), pp. 1656-16509.

Vague, J. (1956) The degree of masculine differentiation of obesities: a factor
determining predisposition to diabetes, atherosclerosis, gout, and uric
calculous disease. The American Journal of Clinical Nutrition. 4 (1), pp. 20-34.

258



van der Poorten, D., Milner, K.L., Hui, J., Hodge, A., Trenell, M.l., Kench, J.G.,
London, R., Peduto, T., Chisholm, D.J. and George, J. (2008) Visceral fat: a
key mediator of steatohepatitis in metabolic liver disease. Hepatology
(Baltimore, Md.). 48 (2), pp. 449-457.

van der Windt, D.J., Sud, V., Zhang, H., Tsung, A., and Huang, H. (2018) The
Effects of Physical Exercise on Fatty Liver Disease. Gene Expression. 18 (2),
pp. 89-101.

Vernon, G., Baranova, A. and Younossi, Z.M. (2011) Systematic review: the
epidemiology and natural history of non-alcoholic fatty liver disease and non-
alcoholic  steatohepatitis in  adults. Alimentary =~ Pharmacology &
Therapeutics. 34 (3), pp. 274-285.

Videla, L.A. and Pettinelli, P. (2012) Misregulation of PPAR Functioning and
Its Pathogenic Consequences Associated with Nonalcoholic Fatty Liver
Disease in Human Obesity. PPAR Research. 2012, 107434.

Wattacheril, J. and Sanyal, A.J. (2016) Lean NAFLD: An Underrecognized
Outlier. Current Hepatology Reports. 15 (2), pp. 134-139.

Wehmeyer, M.H., Zyriax, B.C., Jagemann, B., Roth, E., Windler, E., Schulze
Zur Wiesch, J., Lohse, AW. and Kluwe, J. (2016) Nonalcoholic fatty liver
disease is associated with excessive calorie intake rather than a distinctive
dietary pattern. Medicine. 95 (23), e3887.

Yamasaki, N., Tamura, Y., Takeno, K., Kakehi, S., Someya, Y., Funayama, T.,
Furukawa, Y., Kaga, H., Suzuki, R., Sugimoto, D., Kadowaki, S., Sato, M.,
Nakagata, T., Nishitani-Yokoyama, M., Shimada, K., Daida, H., Aoki, S.,
Satoh, H., Kawamori, R., and Watada, H. (2020) Both higher fitness level and
higher current physical activity level may be required for intramyocellular lipid
accumulation in non-athlete men. Scientific Reports. 10 (1), 4102.

Younossi, Z.M., Koenig, A.B., Abdelatif, D., Fazel, Y., Henry, L. and Wymer,
M. (2016) Global epidemiology of nonalcoholic fatty liver disease-Meta-
analytic assessment of prevalence, incidence, and outcomes. Hepatology
(Baltimore, Md.), 64 (1), pp. 73-84.

259



Younossi, Z.M. (2019) Non-alcoholic fatty liver disease - A global public health
perspective. Journal of Hepatology. 70 (3), pp. 531-544.

Younossi, Z.M., Tacke, F., Arrese, M., Chander Sharma, B., Mostafa, I.,
Bugianesi, E., Wai-Sun Wong, V., Yilmaz, Y., George, J., Fan, J. and Vos,
M.B. (2019) Global Perspectives on Nonalcoholic Fatty Liver Disease and
Nonalcoholic Steatohepatitis. Hepatology (Baltimore, Md.). 69 (6), pp. 2672-
2682.

Yu, C., Chen, Y., Cline, G.W., Zhang, D., Zong, H., Wang, Y., Bergeron, R.,
Kim, J.K., Cushman, S.W., Cooney, G.J., Atcheson, B., White, M.F., Kraegen,
E.W. and Shulman, G.I. (2002) Mechanism by which fatty acids inhibit insulin
activation of insulin receptor substrate-1 (IRS-1)-associated
phosphatidylinositol 3-kinase activity in muscle. The Journal of Biological
Chemistry. 277 (52), pp. 50230-50236.

Yu, S.J., Kim, W., Kim, D., Yoon, J.H., Lee, K., Kim, J.H., Cho, E.J., Lee, J.H.,
Kim, H.Y., Kim, Y.J. and Kim, C.Y. (2015) Visceral Obesity Predicts Significant
Fibrosis in Patients With Nonalcoholic Fatty Liver Disease. Medicine. 94 (48),
e2159.

Zatterale, F., Longo, M., Naderi, J., Raciti, G.A., Desiderio, A., Miele, C. and
Beguinot, F. (2020) Chronic Adipose Tissue Inflammation Linking Obesity to
Insulin Resistance and Type 2 Diabetes. Frontiers in Physiology. 10, 1607.

Zderic, T.W., Davidson, C.J., Schenk, S., Byerley, L.O. and Coyle, E.F. (2004)
High-fat diet elevates resting intramuscular triglyceride concentration and
whole-body lipolysis during exercise. American Journal of Physiology:
Endocrinology and Metabolism. 286 (2), pp. E217-E225.

260



5. Effect of Diclofenac
administrationon IMCL content
during 12 weeks of resistance
exercise training in young, healthy
male volunteers

5.1 Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are drugs that have
antipyretic, anti-inflammatory, and analgesic properties, making them suitable
in the treatment of various conditions from simple musculoskeletal pain (Hatt
et al., 2018), to arthritis (Harirforoosh and Jamali, 2009) and osteoarthritis
(Curtis et al, 2019), to the treatment of psychiatric disorders and
neurodegenerative disease characterised by neuroinflammation (Perrone et
al., 2020). Recent evidence suggests that NSAIDs may also be useful in
cancer prevention (Hayashi et al., 2019; Ramos-Inza et al., 2021).

Using supernatant from cell-free guinea-pig lung homogenates Vane
showed that the early NSAIDs indomethacin, aspirin, and sodium salicylate
inhibited the biosynthesis of prostaglandins F2q and E2 from arachidonic acid
in a dose-dependent manner, thereby providing evidence that these drugs
function by antagonising the enzymes which catalyse this biosynthetic process
(Vane, 1971). This led to the identification of cyclooxygenase (COX) enzymes
as the molecular target of NSAIDs, with the general structure and function of
these enzymes being elucidated through a wellspring of research published in
the late 20™ century (Vane, Bakhle, and Botting, 1998).
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COX-1

* Encoded by PTGS1. ¢+ Encoded by PTGS2.

* Constitutively expressed. * Expression is induced in

* Targeted by non-selective NSAIDs. response to inflammation.

* Main prostanoid products (PGl, + Specifically targeted by COX-2
and TXA,) are responsible for selective NSAIDs.
mucosal/cardiac protection and + Main prostanoid products (PGE2
thrombogenesis. and PGI2) mediate the

inflammatory response.

Figure 5-1: Overview of COX isoform expression, function and targeting by
NSAIDs.

There are two COX isoenzymes: COX-1 and COX-2 (see Figure 5-1).
These isoforms are obligate homodimeric membrane proteins
(Chandrasekharan and Simmons, 2004) embedded in the luminal surface of
the endoplasmic reticulum, in the nuclear envelope, mitochondria, and other
organelles (Liou et al, 2001). They are encoded by prostaglandin G/H
synthase 1 (PTGS1) (Yokoyama and Tanabe, 1989) and prostaglandin G/H
synthase and cyclooxygenase (PTGS2) (Hla and Neilson, 1992), respectively.
COX-1 is synthesised and expressed constitutively in almost all tissues, being
most abundant in blood vessels, smooth muscle, interstitial cells, and platelets
(Crofford, 1997). COX-2 is only constitutively expressed, under normal
conditions, in the central nervous system (Minghetti, 2004), the kidneys
(Ngrregaard, Kwon, and Fregkieer, 2015) and the female reproductive system
(Sirois et al., 2014), but is otherwise undetectable in most healthy tissue. COX-
2 is predominantly an inducible protein, with its expression in most tissue only
increasing in response to cytokines, hormones, water-electrolyte imbalances,

or homeostatic disorders in inflammation (Griswold and Adams, 1996).
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Figure 5-2: Schematic diagram of COX-mediated prostaglandin biosynthesis.
Enzymes which catalyse this process are presented in blue. Bioactive prostanoids,

the end-product of this pathway, are presented in pink.

Arachidonic acid is a 20-carbon polyunsaturated FA which is liberated
from endoplasmic reticulum and nuclear membrane phospholipids by the
catalytic activity of phospholipase A2 (PLA2) hydrolases (Burke and Dennis,
2009) (see Figure 5-2). This is the initial and rate-limiting step in prostaglandin
synthesis through COX. Then, in the C-terminal catalytic domain of COXs, the
cyclooxygenase active site catalyses the double dioxygenation of arachidonic
acid to form prostaglandin G2 (PGGz) and the peroxidase active site catalyses
the reduction of PGG: to prostaglandin H2 (PGH2) (van der Donk, Tsai, and
Kulmacz, 2002; Blobaum and Marnett, 2007). PGH2 then dissociates from
COX and undergoes tissue-specific isomerisation to form one of five bioactive
prostanoids: Prostaglandin E2 (PGE2), |2 (PGl2), D2 (PGD2), F2q (PGF2q4) or
thromboxane A2 (TXA:2). Prostanoids are lipid mediators which bind to G-

coupled prostanoid receptors that propagate intracellular signalling pathways
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which regulate homeostatic and inflammatory responses in multiple organ
systems (Biringer, 2021). By diffusing into the COX protein through the
channel formed by the dimer and creating bonds with the amino acid residues
in the active sites of COX isoenzymes, NSAIDs compete with arachidonic acid
and inhibit prostaglandin synthesis (Vane, 1971; Vane and Botting, 1995).
PGE: is the main prostanoid mediator of inflammatory responses in most
tissues, its decreased synthesis via the inhibition of COX is the main
mechanism by which NSAIDs exert their analgesic and anti-inflammatory
properties (Ricciotti and FitzGerald, 2011).

Broadly speaking NSAIDs can be separated into two categories. Non-
selective NSAIDs which antagonise both COX isoforms and COX-2 selective
NSAIDs which function by targeting a side pocket in the active site of the
enzyme that is inaccessible in the COX-1 variant (Kurumbail et al., 1996).
COX-2 selective NSAIDs are designed to produce an anti-inflammatory
response with a decreased risk of the gastric side effects associated with non-
selective NSIADs (Noble, King, and Olutade, 2000; Simmons, Wagner, and
Westover, 2000). COX-1 is a key part of the biosynthetic pathways that create
PGl2 (Wallace, 2008). PGI> decreases the secretion of H* ions from parietal
cells within the gastric mucosa, which in turn increases bicarbonate secretion,
thereby enhancing the neutralisation of gastric acid and sparing of the stomach
lining (Allen and Flemstrom, 2005). Inhibition of COX-1 by non-selective COX
inhibitors reduces PGl2 synthesis, which can result in damage to, and
ulceration of, the gastric mucosa (Drini, 2017).

Diclofenac (2-(2,6-dichloranilino) phenylacetic acid) is a non-selective
NSAID derived from phenylacetic acid. It was first synthesised by Alfred
Sallman and Rudolf Pfister before being released to the general market in 1973
by Novartis (Sallman, 1986). Diclofenac preferentially inhibits COX-2
enzymatic activity and is one of the most potent inhibitors of COX in general,
significantly reducing the synthesis of the main prostanoid inflammatory
mediator PGE2 (Ku et al., 1986) and, at high concentrations, inhibiting
phospholipase A2 activity (Makela, Kuusi, and Schroder, 1997) and promoting
the re-incorporation of arachidonic acid into membrane phospholipids (Ku et
al., 1986). Globally, diclofenac is the most widely used NSAID (McGettigan
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and Henry, 2013) and is typically administered orally at a dosage of 150 mg
daily (Derry et al., 2009), which has been demonstrated to be a highly
efficacious dosage in the management of pain in most cases relative to other
NSAIDs, especially in osteoarthritis (da Costa et al., 2017).

NSAIDS, particularly diclofenac, are widely used by amateur and elite
athletes (Mazzarino et al., 2010; Brennan et al., 2021) off-label pre- and post-
endurance or strength training with the intention of reducing inflammation,
reducing pain, and allowing users to exercise at greater workloads with greater
frequency (Warden, 2009; O'Connor et al., 2019). A report from Doping Control
at the 2000 Olympic games revealed that the most used medications were
NSAIDs, with 706 (25.6%) of the 2,167 athletes that declared a substance
having used them during the event (Corrigan and Kazlauskas, 2003). Usage
of NSAIDs was even more pronounced amongst the players competing in the
2014 FIFA World Cup. Of the 2,346 medications taken during that tournament,
1,030 (43.9%) were NSAIDs, mostly diclofenac with 611 reported uses (Vaso
et al., 2015). However, evidence favouring the use of NSAIDs in this context
is lacking, especially in young individuals accustomed to high-intensity training
(Holgado et al., 2018). Indeed, a meta-analysis of 23 studies reported that
across different NSAID classifications, NSAID doses, and exercise regimens
there was no difference between time to exhaustion and self-perceived indices
of pain between controls and groups taking NSAIDs to aid in performance
(Cornu et al., 2020). The paucity of data demonstrating empirical benefits of
NSAID usage to performance and the known analgesic and anti-inflammatory
effects of these drugs mean that they are considered performance enabling
rather than performance enhancing, such that NSAIDs are currently not
included on the World Anti-Doping Agency (WADA) list of prohibited drugs.

TagMan array microfluidic gene card data generated by the present
author’s research group at the University of Nottingham found that the muscle
mMRNA abundance of genes associated with lipid metabolism were markedly
altered in young, trained males administered diclofenac for 84 days during a
resistance training programme when compared to matched volunteers
engaged in resistance exercise training alone (Greenhaff et al., Unpublished).
From these unpublished data two questions arose to be addressed by the
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present author. Firstly, via what mechanism does diclofenac alter muscle lipid
metabolism? Secondly, do these diclofenac-induced changes in muscle lipid
metabolism translate to changes in IMCL content?

Diclofenac has several cellular effects that are independent of its
inhibition of COX (Gan, 2010), the most saliant in the context of this chapter is
its ability to bind to and activate PPAR-y (Adamson et al., 2002) (see Section
1.4.5.1). PPAR-y is a nuclear receptor encoded by PPARG (Fajas et al., 1997).
When a ligand binds to PPAR-y, it forms a heterodimer with Retinoid X
Receptor Alpha (RXRa) (Tontonoz et al., 1994) and this heterodimer acts as a
transcription factor that enters the nucleus, binds to PPAR response elements,
and promotes the transcription of downstream genes involved in myriad
metabolic, immune, and regulatory functions in an array of cell types
(Hernandez-Quiles, Broekema, and Kalkhoven, 2021). Of interest here is that
this transactivation promotes lipid metabolism processes (Vamecq, and
Latruffe, 1999) and is substantially enhanced by the binding of transcriptional
coactivators like Peroxisome Proliferator-Activated Receptor-Gamma
Coactivator (PGC)-1a to the PPAR-y/RXRa heterodimer. The PGC-1a
coactivator is encoded by the PPARGC1A gene, increases in expression with
PPAR-y, and has pleiotropic effects as a key regulator of energy metabolism
(Lin, Handschin, and Spiegelman, 2005; Liang and Ward, 2006; Espinoza et
al., 2010). Amongst NSAIDs diclofenac is supreme in its affinity for PPAR-y in
vitro, indeed it displays 4-fold greater binding affinity for the receptor than the
endogenous ligand 15-Deoxy-A-'214-prostaglandin J2 (Adamson et al., 2002;
Yamazaki et al., 2002; Kojo et al., 2003).

Also linking diclofenac to lipid metabolism are novel findings showing
that COX proteins can be found localised to the phospholipid monolayer of
LDs, and that Group X PLA> hydrolases are implicated in both LD biogenesis
(Pucer et al., 2013) and the liberation of arachidonic acid from LD monolayers,
which may in turn influence LD lipolysis (Jarc, and Petan, 2020). Thus, in
addition to their recognised functions, mounting evidence shows that LDs may
also act as sites that produce eicosanoids, a superfamily of lipid mediators
including prostanoids, epoxyeicosatrienoic acids, and leukotrienes, which can
all be derived from arachidonic acid (Accioly et al., 2008; Bozza et al., 2011).
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This connection is underappreciated as to date no study has
investigated the effect of diclofenac, or NSAIDs in general, on lipid metabolism
and IMCL content in response to exercise in humans. Research concerning
NSAIDs in exercise typically focuses on their role in the amelioration of
exercise-induced muscle soreness and inflammation, based on their inhibition
of COX, and their potential effects on muscle strength and hypertrophy during
resistance training. Accordingly, a study investigating the effect of high, 400
mg Ibuprofen thrice daily, and low, 75 mg aspirin once daily, NSAID dosing
during an 8-week resistance training intervention in young men and women
found that NSAIDs can attenuate strength and hypertrophic gains (Lilja et al.,
2017), and interestingly in the context of this chapter, may reduce
mitochondrial content and function (Cardinale et al., 2017).

Very few studies report the effect of resistance exercise on IMCL content
relative to the wealth of quality data available on the effect of endurance
exercise on IMCL (Devries et al., 2007; Shepherd et al., 2013; Bajpeyi et al.,
2012; Nakagawa and Hattori, 2017; Kakehi et al., 2020). In one study, a single
bout of resistance exercise was reported to reduce IMCL content by a mean
of 27% in the Type | muscle fibres of 8 males, with no changes observed in
the IMCL content of Type Il fibres (Koopman et al., 2006). This likely reflected
enhanced mobilisation and oxidation of muscle LD FA stores in response to
the increased energy demand during the resistance exercise protocol. Another
study found that 28 days of unilateral leg extensions in male participants that
were sedentary at baseline increased IMCL content in both the trained and
untrained leg and that after three weeks of detraining IMCL content in the
trained leg only remained elevated (Zhu et al., 2015). This increase in IMCL
content likely represented an adaptation induced by the resistance training.
Whether a similar resistance training protocol would increase IMCL content in

recreationally active or trained individuals is unknown.

Where exercise-induced changes in IMCL content have been reported
such changes are concomitant with changes in the expression of PLIN
proteins, particularly PLINS (Amati et al., 2011; Peters et al., 2012; Shepherd
et al., 2013; Gemmink, Schrauwen, and Hesselink, 2020). Like all PLINs
PLINS plays an integral role in LD biogenesis and LD function. PLINS
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specifically interacts with ATGL, which is responsible for the rate-limiting step
in TAG lipolysis (see Section 1.2.3), inhibiting its enzymatic activity and
limiting basal LD TAG lipolysis (Wang et al., 2011). However, all these
observations concern endurance training with sedentary or insulin resistant
participants. The effect of resistance exercise and diclofenac administration on

IMCL content and PLIN expression in trained individuals remains unknown.

5.2 Study Aims

Few studies investigate the effect of resistance exercise on IMCL and PLIN
content and muscle gene expression. To date no prior work has investigated
the impact of diclofenac administration concurrent with resistance exercise on
IMCL and PLIN content and muscle gene expression even though diclofenac
has been shown to be a potent activator of PPAR-y, which mediates several
pathways involved in lipid oxidation and fatty acid synthesis. The aims of this

study were:

1. To investigate the effect of 12-weeks resistance exercise training on
IMCL content, PLIN 5 content, and muscle mRNA expression of genes

linked to the control of FA oxidation in healthy young males.

2. To investigate the effect of diclofenac administration and resistance
exercise on IMCL content, PLIN 5 content, and muscle mRNA
expression of genes thought to control lipid metabolism in healthy

young males.

5.3 Materials and Methods

5.3.1 Study Overview and Ethics Statement

Eighteen healthy, young males were recruited to participate in this study, which
was conducted at the David Greenfield Human Physiology Unit, University of
Nottingham. All were non-smokers and omnivorous. To reduce between
participant variation in end-point measurements to training, it was a

requirement for inclusion that each participant was male and had engaged in
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structured resistance exercise or trained in a sport 2-3 days minimum per week

for at least two years prior to the start of the study.

This study was approved by the University of Nottingham Medical
School Ethics Committee (Ethics reference no: | 07 2011). Those recruited to
the study underwent a routine medical screening and completed a general
health questionnaire. All were of sound physical and mental health and were
provided detailed information on the study protocols and requirements for
maintaining compliance for the duration of the study prior to signing any
informed consent documentation or undergoing any of the procedures

described herein.

5.3.2 Study Protocol

Placebo Group Diclofenac Group
(n=8) (n=9)
M(‘;ae';'r“s?e 24+48 25142
Weight (kg) 78.7+85 80.6+9.6
BMI (kg/m2) 23525 24827

Table 5-1: Baseline anthropometric characteristics in the participants of the

placebo group and the Diclofenac group. Values are mean + SD.

This was a randomised, placebo controlled, double-blind study. Of the 18
participants recruited 9 were randomly allocated to a placebo group and 9 were
randomly allocated to a diclofenac group (see Table 5-1). However, one
participant allocated to the placebo group dropped out during the study, thus
reducing the total number of participants in this group to 8. Participants in both
groups were matched for isometric strength at baseline.

For 84 days participants in both the placebo group and diclofenac group
engaged in 3 exercise sessions a week during which they performed 5x30 sets

of maximal isokinetic concentric knee extensions in the non-dominant leg at
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an angular velocity of 90°/s using the HUMAC NORM isokinetic dynamometer
(Computer Sports Medicine Inc., Stoughton, Massachusetts, United States).
Between each set participants rested for 3 minutes. The total number of
maximal knee extensions was therefore 150 per session, 450 per week, and
5400 during the whole intervention. As discussed in Section 3.3.2.1 this
specific knee extension regimen has been demonstrated to stimulate
discernible anabolic responses in young healthy males (Jones et al., 2004).
During the study each participant was asked and reminded to maintain their
habitual exercise training routines, apart from any leg resistance exercises.
For the duration of the study participants were also instructed to cease any
dietary supplementation, including the consumption of protein powders and
creatine which are anabolic agents.

Following baseline measurements and over the course of the exercise
intervention, participants in the placebo group were given lactose capsules
(Placebo) whilst those in the diclofenac group were given capsules containing
75 mg diclofenac sodium and 15 mg lansoprazole, to be taken daily. These
capsules were provided by Clinical Trials Services, Nottingham University
Hospital Pharmacy Department in identical bottles, such that investigators and
volunteers were blind to the treatment groups during the study. To minimise
reported side-effects, a moderate dose of 75 mg/day diclofenac was used. The
large-scale CLASS randomised control trial, investigating the gastrointestinal
side effects of long-term NSAID administration, demonstrated that 6 months of
75 mg diclofenac administration twice daily in rheumatoid arthritis and
osteoarthritis patients was well tolerated (Silverstein et al., 2000). The capsule
formulations in this study also contained lansoprazole, which is commonly
used in tandem with chronic NSAID administration to limit the release of H*
ions from stomach parietal cells, thereby minimising damage to the gastric
mucosa (Sugano et al., 2011). Participants were also instructed to consume
their capsules with a meal. At the end of every month blood samples were
taken to measure the concentration of the hepatic injury marker alanine
aminotransferase and monitor the presentation of any side effects. None of the
participants presented with a hypersensitivity response to diclofenac or with

any diclofenac-associated side effects over the course of the intervention.
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Vastus lateralis biopsies were obtained from the non-dominant leg of
participants using the Bergstrom needle biopsy technique in a resting, fasted
state at baseline before the start of the training and drug intervention
(baseline), 24 hours after the first training session (24h) and then at 7 days
(7d), 28 days (28d), and 84 days (84d). Participants were asked to refrain from
engaging in strenuous exercise or consuming alcohol in the 2 days preceding
biopsy acquisition. Muscle biopsies were snap frozen in liquid nitrogen or
mounted using OCT mounting medium (361603E; VWR International,
Lutterworth, UK) for histochemical analysis and then frozen. All biopsies were
stored in liquid nitrogen. A total of 40 muscle samples were obtained from the
participants in the Placebo group across all time points whilst a total of 45
samples were obtained from the participants in the Diclofenac group. However,
only 29 of the Placebo and 33 of the Diclofenac muscle tissue samples yielded
were suitable for histochemical determination of IMCL content and muscle
fibre type. All these suitable muscle biopsies were cut, stained, imaged, and

analysed.

5.3.3 Measures of Muscle Strength and Function

An isometric knee extension machine within the David Greenfield Human
Physiology Unit was used to measure isometric strength of the concentric
trained leg of each participant following the exercise sessions conducted at the
Baseline, 24h, 28d, and 84d time points. Participants performed three static
maximal voluntary contractions with the knee flexed at 90° and the greatest
recording of the three was used for data analysis. Total work output, the sum
of the mechanical energy generated and dissipated as positive and negative
work, respectively, by the concentric limb during each exercise session was
calculated as the work down during the 150 contractions in newton metres
(Nm). Here total work output is presented in kilojoules, with 1 Nm being equal
0.001 kJ.

5.3.4 Quantification of IMCL Content

Cutting, staining, and imaging of vastus lateralis muscle obtained from
participants in both groups and at all time points was performed as detailed in
Sections 2.8.1 and 2.8.2. Image acquisition was performed using a Zeiss LSM
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880, AxioObserver confocal laser scanning microscope (Carl Zeiss AG, Jena,
Germany) and image analysis was conducted as described in Section 2.8.3.
Concurrent with the collection of sections for IMCL staining, for each sample,
sections were also cut and frozen for subsequent fibre type staining.

5.3.5 Immunohistochemical Staining for Identification of Muscle
Fibre Types

Primary and secondary antibody staining of MHC |, IIA, and |IX isoforms and
laminin was performed as described in Section 2.9.2. Imaging of MHC fibre
type was completed using a Zeiss LSM 880 as described in Section 4.3.8 and
analysis of these images was performed as described in Section 2.9.4.

5.3.6 Immunohistochemical Staining for Quantification of PLIN5
Content

5.3.6.1 Staining

Vastus Lateralis sections were fixed to SuperFrost Plus adhesion microscope
slides (631-0108P; VWR International, Lutterworth, UK) via immersion in cold
4% paraformaldehyde Zamboni’'s fixative (#1459A; Newcomer Supply,
Middleton, WI, USA) supplemented with 2.5 ml of 2% glyceraldehyde in 0.05
M phosphate buffer (pH 7.4) and were left to fix for 60 minutes. These sections
were then washed for five minutes twice using 0.1 M SPB. Using an ImmEdge
pen (H-4000; 2BScientific, Upper Heyford, UK), circles were drawn around the
sections on each slide. Then the sections were incubated for 10 minutes in
200 uL of 0.1% triton x-100 in immunobuffer (0.25% bovine serum albumin, 50
mM glycine, 0.033% saponin and, 0.05% sodium azide in SPB), with the
hydrophobic residues of the ImmEdge pen keeping the solution in the
delineated circle. The triton/immunobuffer solution was then removed and

sections were washed twice, five minutes each time, with immunobuffer alone.

Anti-Perilipin 5 (C-terminus) guinea pig polyclonal (GP31; Progen
Biotechnik, Heidelberg, Germany) antibodies were diluted in immunobuffer at
a ratio of 1:100 and sections on each slide were incubated in 200 uL of this
primary antibody solution for 3 hours at room temperature and covered from
light. After this primary antibody incubation, sections were washed thrice for
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five minutes with immunobuffer alone. This was followed by a 2-hour
incubation in 200 uL of a secondary antibody solution containing Goat anti-
Guinea Pig IgG (H+L) (A-21450; Thermo Fisher Scientific, Loughborough, UK)
in immunobuffer at a ratio of 1:400 whilst sections were covered from external
light. To complete the PLINS staining, the sections were washed thrice with

immunobuffer again for three minutes each time.

Immediately after the final immunobuffer wash, the vastus lateralis
sections were submerged in cold 0.1 M SPB, followed by a 30-minute
incubation period in 50 mL of 20 pg/mL Bodipy 493/503. After a 20-minute final
wash in SPB, the sections were mounted in Vectashield Antifade Mounting
Medium for fluorescence (H-1000-10; 2BScientific, Upper Heyford, UK),
covered by 1.5 mm cover slips, sealed with nail polish, placed on ice, and

covered from external light before imaging.

5.3.6.2 Image Acquisition

Images of co-localised IMCL and PLIN were obtained at 40x magnification
using the EC Plan-Neofluar 40x/1.30 Oil Ph3 M27 objective of a Zeiss LSM
800 confocal microscope (Carl Zeiss AG, Jena, Germany). The 488 nm argon-
ion laser line was used to excite the Bodipy 493/503 fluorophore, with a
detection wavelength of 491-557 nm, whilst the helium-neon 633 laser line was
used to excite fluorophore 633 conjugated to PLIN 5, with a detection
wavelength of 659-751 nm. Scaling was 0.0064 um? per pixel. Sections were
imaged from top to bottom as tiles of 3.642 ym thick Z stacks composed of 5
slices (910.54 nm between each slice) (see Section 2.8.2). Maximum
projections of each sample section image were generated using the
“Orthogonal Projection” processing function in ZEN Blue Edition as described
in Section 2.8.2. The IMCL images in channel 1 and the PLIN5S images in
channel 2 were exported separately as BigTiff format files with lossless

compression.
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5.3.6.3 Image Analysis

Figure 5-3: Representative images of vastus lateralis muscle fibres co-stained
for IMCL and PLINS. (A, F) Composite images showing lipid in green, PLINS in red
and overlapped particles in yellow. Binary images of muscle fibres stained for (B)
IMCL content and (C) PLINS expression. Green and red channel for (D) IMCL and (E)
PLINS respectively and (G) the colocalisation map showing only those particles that
overlap in the green, IMCL, and red, PLIN5, channels. Bars are 50 um.

For each sample the IMCL and PLINS files were opened side by side in FIJI.
A gaussian blur of radius 1 was applied to both the IMCL and PLIN images
and they were converted to binary using the Bernsen algorithm auto local
thresholding method as described in Section 2.8.3 (see Figures 5-3B and 5-
3C). Using the “AND” operator in the “Image Calculator” tool located in the
"Process” tab of FIJI, composite images displaying only those pixels that were
present at the exact same (x, y) coordinates in the Bodipy images and the

PLINS images were generated (see Figure 5-3G).

To calculate the percentage of LDs that were colocalised with PLINS
(PLIN5+ LDs), the number of LDs identified within the ROIls of the
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colocalization maps (Figure 5-3G) was divided by the total number of droplets
in the IMCL images (Figure 5-3D) within the same ROIs. Total PLINS content
in each section was defined as the area delineated by an ROI that was
positively stained for PLIN 5 relative to the total area (Figure 5-3E).

5.3.7 Muscle mRNA Expression

5.3.7.1 RNA Extraction and Reverse Transcription

Four muscle biopsy samples from a total of 85 could not be analysed for mRNA
expression due to limited tissue availability. For each available snap frozen
biopsy, 30 mg of muscle tissue was homogenised in a tube containing 1 mL
TRI Reagent solution (AM9738; Invitrogen, Waltham, Massachusetts, United
States) for RNA extraction. To this homogenised TRl Reagent mixture, 100
mL of bromochloropropane (BCP) was added, followed by a 10-minute
incubation period. This mixture was then centrifuged at 12,000 xg for 10
minutes at 4 °C. This centrifugation resulted in the formation of three distinct
phases in the tube: an aqueous phase containing total RNA at the top; an
interphase containing DNA; and an organic phase of phenol/BCP, fats and
other water-insoluble molecules at the bottom of the tube. The aqueous phase
was transferred to a fresh tube, 500 uL of isopropanol was added and the
solution was left to incubate for 10 minutes to precipitate total RNA. This
solution was then centrifuged at 12,000 xg for 8 minutes at 4 °C to produce an
RNA pellet. The supernatant was discarded, the pellet was washed in 1 mL of
70% ethanol to remove salt and other impurities and the tube was centrifuged
again at 7,500 xg for 5 minutes. The ethanol supernatant was discarded, and
the remaining pellet was left to dry before being dissolved in nuclease free
buffer solution.

Using SuperScript lll reverse transcriptase (18080400; Invitrogen,
Paisley, United Kingdom) and random primers (Promega, Southampton,
United Kingdom), 1 pg of total RNA from each sample was reverse transcribed
to form single-stranded cDNA which was subsequently frozen at -80 °C.
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5.3.7.2 Reverse Transcription Quantitative PCR

For each sample, PCR reaction mixtures consisting of 50 uL Universal PCR
Master Mix (4304437; Applied Biosystems, Waltham, Massachusetts, United
States), 10 yL (200 ng) of sample cDNA and 40 pL of RNase-free water were
prepared. The Master Mix contained AmpliTag Gold DNA Polymerase,
deoxynucleotide triphosphates, uracil-DNA glycosylase and a modified ROX

dye as a passive internal reference.

Then 100 uL of each PCR reaction mix was added to the left arm of
each fill reservoir of a TagMan array plate. Plates were then centrifuged twice
for 1 minute at 1,200 rpm (3,000 xg) in a Heraeus Multifuge 3S-R Refrigerated
Centrifuge (Thermo Scientific, Waltham, Massachusetts, United States) to
evenly distribute the PCR mixtures across of the wells of the plate. The wells
of these plates were coated with lyophilised TagMan 5’ nuclease assays
(forward and reverse primers, quencher dyes and minor groove binders)
targeting 93 gene transcripts linked to energy metabolism, inflammation, stress
responses and myogenicity. Of the 93 genes, 50 were selected based on
evidence that the abundance of their mRNA transcripts is altered in response
to acute eccentric exercise (Chen et al.,, 2003) or to 10 weeks of isokinetic
knee extensions in young males, similar to the protocol described here (Murton
et al., 2014). The remaining 43 genes were selected because they are known
to transcribe transcription factors, regulators of skeletal muscle inflammation
(Crossland et al., 2008), or regulators of energy metabolism (Mallinson et al.,
2009). These assays included reporter dyes which emitted fluorescent signals
during PCR amplification that were proportional to the abundance of the target

genes when reconstituted in the PCR mix containing participant cDNA.

After centrifugation the plates were prepared for analysis by using a
specialised sealer (Model 4331770, Rev. A5; Applied Biosystems, Waltham,
Massachusetts, United States) to isolate the wells and then by trimming off the
fill consumable sections, which contain the fill reservoirs. Plates were then
loaded into the ABI PRISM 7900 HT real-time PCR system operating
Sequence Detection Systems (SDS) 2.1 software (Applied Biosystems,

Waltham, Massachusetts, United States). The thermal cycling protocol
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included an initial 2-minute incubation at 50 °C for uracil-DNA glycosylase
activation followed by 10 minutes at 94.5 °C for enzyme activation. These
activation steps were followed by PCR cycles consisting of alternating 30
seconds, 97 °C incubations to denature DNA and 60 seconds, 59.7 °C

incubations to extend and anneal cDNA strands, each for 40 cycles.

Cards were analysed using the “Relative Quantification AACt” function
in the SDS software. The quantification cycle/ cycle threshold (Ci) is the
number of PCR cycles necessary for the fluorescent signal of a specific nucleic
acid to exceed the threshold level, which represents the intensity of the
background fluorescence. The lower the Ci, the greater the abundance of that
nucleic acid in the original participant sample. Relative gene expression
quantification (AACy) involves calculation of the difference in the C; values of
the target genes relative to the C;value of an endogenous control gene for
each sample (ACy). In the data presented here the hydroxymethylbilane
synthase (HMBS) gene was selected as the endogenous control gene
amongst the 93 targets, the C; value of each of the other 92 genes for each
sample at all time points was normalised to the C; value of HMBS to calculate
ACt. The HMBS gene encodes a protein of the same name which catalyses
the deamination of porphobilinogen molecules in condensation reactions that
result in the formation of tetrapyrrole 1-hydroxymethylbilane, this process is
essential in the biosynthesis of haem (Battersby, 2000). The most important
characteristic of a control gene is that it remains stable, with minimal variation
in expression between samples (Silver et al., 2006). Control genes should also
be well expressed in the tissue of interest. Fittingly, HMBS is well expressed
in skeletal muscle (Porter et al., 2017) and has been extensively validated as
the optimal reference gene for normalisation of gene expression data due to
its high expression stability in various tissues (Cicinnati et al., 2008; Zhang et
al., 2014) including skeletal muscle (Mallinson et al., 2020). Indeed, there were
no significant differences in HMBS expression between the placebo and
diclofenac groups during muscle mRNA expression data analysis (Mallinson
et al., 2020).

These AC; values were then normalised to the ACof a reference sample
to calculate AAC:. In this case the AC; values of the target genes from biopsies
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taken at 24h, 7d, 28d and 84d were normalised to the AC; values of the target
genes in biopsies taken at baseline in both groups. AAC: was expressed as
fold change of the target gene at the 24h, 7d, 28d and 84d time points relative
to baseline, such that where Fold Change > 1 mRNA abundance of the target
genes was greater at the later time points than at baseline and where 0 <
Fold Change < 1 the mRNA abundance of the target gene at the 24h, 7d, 28d
and 84d time points was less than at baseline. Statistical significance of mMRNA
expression fold changes at these time points relative to baseline was
determined using paired t-tests. Logz>(Fold Change) was also calculated such
that:

2Log2(Fold Change) _— Fold Change

Where Logz(Fold Change) values > 1 indicated increased mRNA abundance
of the target gene at the 24h, 7d, 28d or 84d time points relative to baseline,
values = 0 indicated no change and values < 1 indicated decreased mRNA
expression at these later time points relative to baseline. Data filtering was set
with a fold change cut-off of 1.5 and p-value threshold of p < 0.05 to select for
the most significantly altered genes. These genes were then used as the input
for the subsequent core IPA analysis.

During analysis, the Relative Quantification Manager application
(Applied Biosystems, Waltham, Massachusetts, United States) was used to
normalise the threshold level across all TagMan plates prior to the calculation
of Ct values for each gene target for every sample. Fold change, Logz>(Fold
Change) and p value data from gene expression analysis were transferred to
spreadsheets in Microsoft Excel (Microsoft Corporation, Redmond,
Washington State, United States).

5.3.7.3 Ingenuity Pathway Analysis (IPA)

To better understand the abundance changes of the 93 target gene mRNA
transcripts and how the genes together influenced changes in the pathways
that regulate various biological functions during the intervention, fold change
and p value data from RT-PCR were uploaded to Ingenuity Pathway Analysis
(IPA) software (Qiagen, Hilden, Germany). It is important to note that only
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those genes identified by IPA as being linked with lipid metabolism will be

discussed here to address the aims outlined in Section 5.2.

IPA is an online bioinformatics program that allows users to upload data
from gene expression analyses and identify gene expression patterns to better
understand and predict the downstream effect of changes in gene expression
on biochemical pathways and biological/diseases responses to experimental
interventions. It is powered by data stored in a repository called the Ingenuity
Knowledge Base (IKB) which contains millions of findings from the literature
concerning changes in gene expression. This repository has two components,
Ingenuity Findings, and Ingenuity Modelled Knowledge. Ingenuity Findings
contains experimental data on changes in gene expression compiled and
reviewed both manually and automatically from peer-reviewed journal articles.
Ingenuity Modelled Knowledge contains models and projections of
biochemical and disease pathways and contains third-party information on
mMRNA, biomarkers, and clinical trials. IPA compares the observed changes in
gene expression from the uploaded RT-PCR experimental data with IKB
databases on known molecular interactions and activity state regulators in

published literature.

For muscle gene expression data uploaded to IPA, right-tailed Fisher’'s
Exact Tests, with the Benjamini-Hochberg procedure for multiple testing, were
used to calculate the “p-value of overlap” to identify significantly enriched
function pathways where p < 0.05. This test compared the proportion of altered
genes in the uploaded data set involved in a specific biological function (i.e.,
accumulation of lipid), respective of the magnitude and direction of these
alterations, with all the genes from a reference IKB data set which are known
to be involved in that biological function. The null hypothesis of these tests was
that for each biological function, any overlap between the genes in the
uploaded data set and those in the IKB reference data set was due to chance.
To control for any enrichment of false positive results when undertaking
multiple comparisons (type Il errors) IPA utilises Bonferroni's corrected p-value
set at p < 0.05. Activation z-scores were calculated to predict gene, regulator,
and biological function activation/inhibition states. Where a z-score was = 2,
activation was predicted; where it was < 2, inhibition was predicted. The
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regulation z-scores and overlap p values accounted for the fact that only the
expression of the 93 target genes was investigated, rather than global gene

expression.

The output received from IPA was multi-directional gene networks
showing significantly increased/decreased mRNA abundance in response to
the intervention and the biological functions that were predicted to be

upregulated or downregulated as a result.

5.3.8 Statistical Analysis

Group and time point effects on LD count, LD size and IMCL content, at
the total and fibre-type specific level, between and within the Placebo and
diclofenac groups were assessed using two-way ANOVA. Differences
between the groups in PLIN content and the proportion of PLINS+ LDs at all
time points were assessed using multiple unpaired T-tests. The Shapiro-Wilks
test was used to evaluate the normality of data. For graphed data ns means

“not significant” in relation to the groups at the time points indicated.
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5.4 Results

5.4.1 Muscle Strength and Function
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Figure 5-4: Mean total work output (A) and isometric strength (B) of the

concentric trained legs of the participants in the Placebo and Diclofenac groups during

the exercise interventions conducted at the Baseline, 24h, 7d, 28d, and 84d time

points. Values are mean = SEM.
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Both total work output (18.4 + 1.31 kJ Placebo vs. 19.0 + 0.92 kJ Diclofenac;
p = 0.71) and isometric strength (51.6 + 6.57 kg Placebo vs. 50.2 £ 6.52 kg
Diclofenac; p = 0.88) measured during the baseline exercise training
intervention were not different between the Placebo and Diclofenac groups.
Total work output was no different between the two groups at any time point
(p = 0.49), but there was a significant timepoint effect (p < 0.05). This was
mirrored in measurements of isometric strength which were no different

between the two groups (p = 0.88), but which did increase over time (p < 0.01).

5.4.2 Histochemical Quantification of IMCL Content
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Figure 5-5: Mean vastus lateralis muscle (A) LD count, (B) LD Size and (C) IMCL
content of participants in both the placebo group and the Diclofenac group at all time

points. Values are mean = SEM.

Figure 5-5 shows mean LD count, LD size and IMCL content in the placebo
and diclofenac intervention groups at all time points of the study. At baseline,
both LD parameters and IMCL content were not significantly different between

the participants in the placebo group and those in the diclofenac group.

There was no effect of intervention group on LD count (p = 0.18), with
no significant difference in LD count observed between the two groups at all
time points. There was also no time point effect, with mean LD count remaining
unchanged from baseline through to 84d for both groups (p = 0.40). For both
the placebo and diclofenac groups, LD size did not change between time
points from baseline (p = 0.51). There was also no effect of group (p = 0.22),
with no significant difference in mean LD size observed between the
participants of the placebo and diclofenac groups at any time point. Similarly,
IMCL content was unchanged, with no main effect of group (p = 0.21) or time

point effect (p = 0.81) observed.
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5.4.3 IMCL Content by Muscle Fibre Type (Placebo Group)
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Figure 5-6: Fibre type specific differences in mean (A) LD count, (B) LD size and
(C) IMCL content at the baseline, 28d, and 84d time points for the participants in the

placebo group. Values are mean + SEM.

There was a significant effect of muscle fibre type on mean LD count (p < 0.01),
LD size (p < 0.01) and IMCL content (p < 0.001) such that the relative number
and size of LDs in type IIX fibres was significantly smaller than in type | and
type IIA fibres, which in turn resulted in IMCL content also being lowest in 11X
fibores also. However, there was no significant effect of the exercise
intervention on LD count (p = 0.79), LD size (p = 0.34), and IMCL content (p =
0.68), none of which changed between the baseline, 28d, and 84d time points.

285



5.4.4 IMCL Content by Muscle Fibre Type (Diclofenac Group)
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Figure 5-7: Fibre type specific differences in mean (A) LD count, (B) LD size and
(C) IMCL content at the baseline, 28d, and 84d time points for the participants in the

Diclofenac group. Values are mean + SEM.

Figure 5-7 shows the fibre type specific changes in mean LD count (A), LD
size (B) and IMCL content (C) at the baseline, 28d, and 84d time points of the
exercise intervention protocol in participants concurrently ingesting diclofenac.
Though a significant effect of muscle fibre type was observed for LD count (p
< 0.001), LD size (p < 0.001) and IMCL content (p < 0.001), with the mean
value of these parameters being significantly lower in type IIX fibres than type
| and type IlA fibres, there was no observed effect of the intervention on these
parameters. There was no time point effect on LD count (p = 0.86), LD size (p
= 0.92) or IMCL content (p = 0.84).
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5.4.5 PLIN 5 Content and Colocalisation with LDs
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Figure 5-8: (A) Mean PLIN 5 content as a percentage of total muscle fibre area and
(B) the percentage of LDs in the total LD pool that were coated with PLIN 5 in
both placebo and Diclofenac participants.

Mean PLIN 5 content, as a percentage of total muscle fibre area, was not
significantly different between the placebo and diclofenac groups at baseline
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(3.95 £ 0.93% Placebo vs. 4.91 £ 0.83% Diclofenac; p = 0.46), 28 days (4.76
+ 0.76% Placebo vs. 5.16 £ 0.71% Diclofenac; p = 0.71) or 84 days (3.84 £
0.74% vs. 5.10 £ 0.74, p = 0.27). However, at baseline the percentage of LDs
associated with PLINS in the placebo group was greater than that in the
diclofenac group (70.81 + 6.97% vs. 51.30 £ 2.65%; p = 0.46). No such
significant differences were observed at the 28d (63.54 + 8.06% Placebo vs.
48.88 + 9.83% Diclofenac; p = 0.28) and 84d (54.24 + 6.85% vs. 50.40 £ 7.87

diclofenac; p = 0.72) time points.

289



5.4.6 Predicted Metabolic Events for Lipid Metabolism per Changes in mRNA

Abundance Relative to Baseline

Genes with Altered mRNA Abundance
Gene Abbreviation Gene Name
AKT1 AKT Serine/Threonine Kinase 1
ATF3 Activating Transcription Factor 3
CEBPB CCAAT Enhancer Binding Protein Beta
CYR61 Cysteine-rich Angiogenic Inducer 61
FABP3 Fatty Acid Binding Protein 3
FBXO0O32 F-Box Protein 32
FOXO1 Forkhead Box Protein O1
IGF1 Insulin-Like Growth Factor 1
IL18 Interleukin-18
IL6 Interleukin-6
MET MET Proto-Oncogene, Receptor Tyrosine Kinase
MSTN Myostatin
MYC MY C Proto-Oncogene, BHLH Transcription Factor
MYH1 Myosin Heavy Chain 1
MYOG Myogenin
PAX3 Paired Box 3
PDK2 Pyruvate Dehydrogenase Kinase 2
PDK4 Pyruvate Dehydrogenase Kinase 4
PIK3R1 Phosphoinositide-3-Kinase Regulatory Subunit 1
PPARGC1A PPARG Coactivator 1 Alpha
PRKAA1 Protein Kinase AMP-Activated Catalytic Subunit Alpha 1
PTGD2 Postaglandin D2
PTGS2 Prostaglandin D2 Synthase
PTK2 Protein Tyrosine Kinase 2
RRAD Ras Related Glycolysis Inhibitor and Calcium Channel
Regulator
SCD Stearoyl-CoA Desaturase
SIRT1 Sirtuin 1
SRF Serum Response Factor
TNC Tenascin C
TNF Tumor Necrosis Factor
TSC2 TSC Complex Subunit 2
TXNIP Thioredoxin Interacting Protein
VEGFA Vascular Endothelial Growth Factor A
VEGFD Vascular Endothelial Growth Factor D

Table 5-2: Table of all genes related to lipid metabolism that had altered mRNA

expression post-intervention relative to baseline.
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Figure 5-9: Schematics of gene networks and IPA predicted changes in metabolic events related to lipid metabolic in both groups.
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In this study the mRNA expression of genes associated with functions such as
“tissue development”, “carbohydrate metabolism” and “organismal injury and
abnormalities” was significantly altered in both groups during the concentric
exercise intervention, as published elsewhere (Mallinson et al, 2020).
However, for the purposes of this chapter only those differentially altered
genes and cellular events associated with lipid metabolism will be presented
and discussed. In total, 34 lipid associated genes had significantly altered
mRNA abundance at the intervention time points relative to baseline (see
Table 5-2). Full lists of the genes altered at the 24h, 7 days, 28 days, and 84
days’ time points relative to baseline, including fold changes and p values, in
the placebo group are presented in Appendix A. Similar lists for the diclofenac

group are presented in Appendix B.

Figure 5-9 shows schematic representations of log fold changes in the
mRNA abundance of genes associated with lipid metabolism (outer ring
shapes), and the resulting predicted effects on cellular events involved to lipid
metabolism (inner ring shapes), in both groups at the time points shown
relative to baseline (see Network Shapes in Figure 5-9). The greater the
intensity of the colour filling the shapes of the genes the greater the magnitude
of the change in the expression of their mRNA transcripts, the deeper the
colour of the cellular events the greater the confidence in the predicted

activation or inhibition of that event (see Prediction Legend in Figure 5-9).

For the placebo group, at the 24h time point, robust decreases in
PPARGC1A, PDK2, and MSTN mRNA abundance relative to baseline was
evident in conjunction with an increase in abundance of 13 other mRNAs, most
notably MYC, TNC, and IL6. These changes in expression were collectively
associated with a predicted activation of a number of lipid metabolism cellular
events and, uniquely, with the inhibition of FA oxidation (see Figure 5-9). At 7
days PPARGC1A, SIRT1, FABP3, PDK2, and MSTN were reduced in
expression relative to baseline, whilst 12 other mRNAs were increased in
expression (see Appendix A). Collectively these events predicted synthesis
and storage of lipid alongside the robust inhibition of fatty acid oxidation,
maintained from the 24h timepoint. At 28 days change in mRNA expression
had waned, with only 4 mRNA transcripts (AKT1, IGF1, TNF, and SCD)
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presenting with altered expression, being elevated above baseline levels, but
this was still associated with a robust prediction of storage and accumulation
of lipid. By 84 days the pattern of change in gene expression from baseline
had changed considerably from earlier timepoints with decreases in PDK2,
VEGFA, AKT1, FABP3, PPARGC1A, and PTGS2 mRNA abundance relative
to baseline being recorded and increases in only ATF3 and SCD relative to
baseline. Collectively this was associated with predictions of an inhibition in a
number of cellular events associated with lipid metabolism in direct contrast to
earlier predictions.

For the diclofenac group, at the 24h time point, the mRNA abundance
of 13 genes was altered leading to the predicted activation of an array of
processes involved in lipid metabolism including lipid synthesis, lipid storage,
and FA oxidation (see Figure 5-9). Of these 13 genes, only the mRNA
abundance of MSTN was decreased. At 7 days the mRNA expression of 15
genes was altered relative to baseline, with the magnitude of the fold changes
being greatest for TNF, SCD, IL6, and PTGS2 (see Appendix B), leading to
the predicted activation of lipid metabolism processes. By 28 days the mRNA
abundance of 17 genes had changed relative to baseline, all but one
increasing, with TNF, SCD, PTGS2, and IL6 being the most changed. Only
PDK4 had decreased mRNA expression at this time point. Together, these
changes predicted the activation of processes associated with lipid metabolism
as previously mentioned. Finally, at 84 days 14 genes all had significantly
elevated mRNA abundance relative to baseline, with SCD, PTGS2, TNF, and
IGF1 being the most increased (see Appendix B).

There was a stark divergence between the placebo and diclofenac
groups in the predicted activation status of cellular events linked to lipid
metabolism at the 84d time point. At this time point inhibition of lipid
metabolism, synthesis, storage, and oxidation was predicted in the placebo
group whilst the robust activation of lipid metabolism processes observed in
the diclofenac group was maintained throughout the intervention.
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5.5 Discussion

Few studies investigate the effect of resistance exercise on IMCL content. It
has been shown that a single bout of resistance exercise can transitorily
decrease IMCL content (Koopman et al., 2006), owing to enhanced FA
oxidation during exercise, and that 28 days of unilateral leg extensions can
increase resting IMCL content in participants sedentary at baseline (Zhu et al.,
2015). Little is known about the effect of resistance exercise on PLINS content.
The data presented here are the first to show that, in trained healthy young
males, 12 weeks of structured lower limb resistance exercise does not elicit
changes in total or fibre-type specific IMCL content or PLINS expression. IMCL
and PLINS content have not previously been determined following 12 weeks
of resistance exercise. Also, the concurrent administration of diclofenac, an
NSAID known to interact with PPAR-y in vitro, led to previously unidentified
changes in mMRNA expression that predicted the robust, sustained activation
of metabolic events linked to lipid metabolism. This contrasts with the placebo
group in which changes in mMRNA abundance at the 84d time point predicted
the inhibition of cellular events linked to lipid metabolism. Also, muscle strength
and muscle mass adaptations were observed in the participants of this study.
Both isometric strength and work done increased over time, with strength
being significantly greater in both groups at the 84d timepoint relative to
baseline. Data previously published elsewhere shows that both mean leg
muscle cross-sectional area and volume also increased over time in the

participants of this study (Mallinson et al., 2020).

There is no universal effect of exercise on IMCL content. Rather the
magnitude of the change depends upon the metabolic health of the
participants, their training status at baseline, and the exercise modality (Moro,
Bajpeyi, and Smith, 2008; Bajpeyi et al., 2012). It is important to note that in
almost all exercise intervention studies, changes in LD parameters and IMCL
content are observed in participants that are sedentary on recruitment and at
baseline. However, the participants recruited to this study were habitual
exercisers, recruited to reduce the risk that any changes in muscle CSA or
strength that could result from acute neural adaptations to resistance exercise
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(Skarabot et al., 2021), as is often seen in sedentary individuals. Trained
individuals have distinctive LD characteristics, their LDs tend to be significantly
more numerous and either the same size or smaller than those in sedentary
individuals (Tarnopolsky et al., 2007; Daemen et al., 2018). The greater
surface area to volume ratio in this arrangement is an adaptation that allows
FAs to be released from LDs more readily during exercise and these FAs act
as substrates for ATP generation via B-oxidation in conjunction with plasma
FAs (Van Loon et al., 2003; Shepherd et al., 2013). This phenomenon can be
seen here in the fact that baseline LD count in both the placebo and diclofenac
groups was roughly double that observed at the pre bed rest time point for
participants recruited to the bed rest studies detailed in Chapter 3 and at
baseline in the control and NAFLD groups detailed in Chapter 4 (see
Appendix C). Also, mean LD size at baseline in both the placebo and
diclofenac groups was less than half that observed in the participants of the
studies described in Chapter 3 and Chapter 4 (see Appendix C). In addition,
it has been shown that resistance training-induced elevation in IMCL content
persists even after three weeks of detraining (Zhu et al., 2015). Taken together
these data suggest that in the study detailed here changes in IMCL content
were not observed in response to the exercise intervention in either the
placebo or diclofenac group because both groups already had an IMCL profile
typical to trained individuals. It is unlikely that the resistance stimulus alone
provided during the intervention would change IMCL content further in this
cohort.

The effect of resistance exercise training on the PLINS content of trained
individuals is not well understood. What is known is that PLIN protein
expression is positively correlated with IMCL content in other exercise
modalities (Amati et al., 2011; Peters et al., 2012). It has been demonstrated
that 6 weeks of sprint interval and endurance training increases PLINS content
in both the Type | and Type IIA muscle fibres of healthy males sedentary at
baseline (Shepherd et al., 2013) and that in individuals with T2DM, exercise
training specifically increases PLINS expression, without any alterations in any
of the other PLIN isoforms (Daemen et al., 2018). It is unsurprising then that
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PLINS content also did not change in either the placebo group or diclofenac

group here.

In the data presented here, PPARGC1A mRNA abundance in the
placebo group was lower at 24h, 7 days and 84 days than at baseline and was
not significantly different from baseline at 28 days. This is consistent with
another report that in trained muscle acute resistance exercise intervention did
not increase PPARGC1A expression through the canonical gene promoter
(Popov et al., 2017). However, PPARGC1A mRNA abundance was increased
above baseline at all time points relative to baseline in the group
supplementing 75 mg diclofenac daily. Taken together these data indicate that
diclofenac induces increased expression of PGC-1a, the protein product of the
PPARGC1A gene, likely via its binding to and activation of PPAR-y for which
PGC-1a is the main coactivator. This is supported by the observation that the
mRNA abundance of silent information regulator 2 homolog 1 (SIRT1) was
also elevated at all time points relative to baseline in the diclofenac group, but
did not change or was decreased (at 7 days) relative to baseline in the placebo
group. SIRT1 encodes a protein called Sirtuin 1 which is an NAD* dependent
histone acetylase that deacetylates PGC-1a and increases its transcriptional
activity (Rodgers et al., 2005). Sirtuin 1 and PGC-1a have also been shown to
increase myonuclear numbers in muscle in response to resistance exercise
(Radak et al., 2020).

Lending credence to the hypothesis of diclofenac-induced activation of
PGC-1a being the main driver of consistently predicted activation of lipid
metabolism processes, several mRNA transcripts of genes known to be
activated by or to interact with PGC-1a were elevated in the diclofenac group
over the course of the training intervention. PGC-1a expression increases with
the expression of fatty acid binding proteins (FABPs) (Mulya et al., 2017;
Supruniuk, Miktosz, and Chabowski, 2017). Here the mRNA abundance of
FABP3, a gene encoding Heart-type FABP (H-FABP), which is expressed in
the sarcolemma and binds reversibly with FAs, transporting them to the
mitochondrial for B-oxidation (Furuhashi, and Hotamisligil, 2008), was
measured. FABP3 mRNA abundance at the 24h, 28d and 84d time points in
the diclofenac group increased relative to baseline measurements but was
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unchanged or decreased (at 84 days) in the placebo group. Also, PGC-1a has
been shown to co-activate the transcription of FOXO-1 by binding to O-GIcNAc
Transferase (Housley et al., 2009), and to interact with the catalytic subunit of
AMPK, which is encoded by Protein Kinase AMP-Activated Catalytic Subunit
Alpha 1 (PRKAAA1) (Irrcher et al., 2008; Cantd and Auwerx, 2009). The mRNA
abundance of FOXO-1 did not change significantly during the intervention in
the placebo group but was increased post 7 days in the diclofenac group. The
MmRNA abundance of PRKAA1 was increased at all time points in the
diclofenac group but only at the 24h time point in the placebo group.

Changes in skeletal muscle lipid composition were reported in a study
during which 8 mg of Rosiglitazone, a more potent agonist of PPAR-y than
diclofenac (Adamson et al., 2002) that acts as an insulin sensitising medication
in individuals with Type 2 Diabetes Mellitus (Lebovitz et al., 2001), was
administered twice daily to 7 males with impaired glucose tolerance (IGT) (Mai
et al., 2012). During this study the skeletal muscle lipid profile changed such
that the percentage of saturated LCFAs decreased whilst the percentage of
unsaturated FAs increased as determined by gas chromatography, though the
overall size of the lipid pool was unaltered. This transition was explained by
the observed elevation in the myocellular mMRNA expression of Stearoyl-CoA
desaturase-1 (SCD1) and Sterol regulatory element-binding protein 1
(SREBP-1), the main transcriptional regulator of SCD1 (Ntambi, 1999). SCD1
is an enzyme encoded by the SCD gene and it is the rate limiting enzyme in
the conversion of saturated fatty acids to monounsaturated fatty acids as it
catalyses the formation of a double bond at the cis-A-9 position (Igal, 2016). It
is via this process that palmitate is converted to palmitoleate, and stearate is
converted to oleate. Rosiglitazone has also been shown to bind PPAR-y and
increase its expression and the expression of SCD1 mRNA in heathy
participants that have no impairments in insulin sensitivity (Yao-Borengasser
et al., 2008).

Forthe first time, a novel mechanism of action of diclofenac is proposed
here for future research. The binding of diclofenac to PPAR-y may upregulate
the expression and activity of PGC-1a, a key mediator of energy metabolism,
resulting in both greater FA transport into the muscle via increased FABP3

298



expression and greater utilisation of this FA, with no net change in IMCL
content. Diclofenac may therefore confer a performance enhancing benefit by
increasing the rate of ATP production through FAs during exercise. In this vein,
it is interesting to note that the mRNA expression of both VEGF-A and VEGF-
D, which encode proteins that are key mediators of skeletal muscle
angiogenesis (Rissanen et al., 2003; Wagner, 2011), was increased at the 28d
time point relative to baseline in the diclofenac group. Whether this same effect
can be seen in sedentary individuals with or without exercise intervention, or
with other NSAIDs, requires further investigation. Though the magnitude of this
response is likely to be greatest with diclofenac given its great affinity for
PPAR-y.

It is important to highlight that whilst the canonical mechanism of action
of diclofenac is the reduction of prostaglandin synthesis via antagonism of
COX proteins, preferentially COX-2, diclofenac did not induce any changes in
skeletal muscle PTGS2 mRNA abundance after 24 hours but did increase
PPARGC1A mRNA abundance by roughly 1.5 times baseline after just 24
hours. This is in line with in vitro findings that diclofenac is a rapid and potent
activator of PPAR-y, which is shown here to be via its upregulation of PGC-1a
transcription which precedes significant changes in the mRNA abundance of
the COX-2 gene PTGS2.

It should be noted that plasma FFA concentration is inversely correlated
with PGC-1a mRNA expression in human skeletal muscle (Richardson et al.,
2005). Thus, an effect of any diet induced changes in FFA concentration on
PGC-1a and lipid metabolism during the course of the study described here
cannot be completely excluded. However, the magnitude of the differences
observed in the expression of PGC-1a and its metabolic co-factors/targets
between the placebo and diclofenac groups suggest that diclofenac was the

main cause of the observed changes.

5.6 Conclusion

This study reports for the first time that chronic (12 weeks) resistance exercise
does not alter IMCL or PLINS content in healthy, young, trained males. Another
key finding is that diclofenac, as an established partial agonist of PPAR-y in
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vitro, significantly increases PGC-1a mRNA abundance and in so doing is
predicted to propagate the robust activation of pathways associated with lipid
metabolism in vivo in humans. However, this effect does not have any impact
on overall intramyocellular lipid content or the expression of PLINS, which is
involved in regulating LD biogenesis and lipolysis. Whether diclofenac-induced
changes in the mRNA abundance of lipid metabolism genes alters muscle fuel
oxidation such that FA oxidation is enhanced cannot be determined by the data
presented here. However, this should be investigated further as any such
effects could fundamentally change our understanding of diclofenac’s role in

the context of exercise enhancement.
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6. General Discussion

6.1 Thesis Overview

Skeletal muscle is the main site for the insulin-mediated disposal of glucose
(Wasserman, 2009; DeFronzo and Tripathy, 2009) and oxidation of IMCL-
derived FAs provides the majority of energy for muscle at rest and during low-
moderate intensity exercise (van Loon, 2004a; Gemmink, Schrauwen, and
Hesselink, 2020). Though there has been an exponential increase in research
concerning the structure, function, and localisation of LDs in skeletal muscle,
which compose the bulk of IMCL, the role of IMCL in the integration of fuel
metabolism under physiological stress and pathophysiology remains poorly
understood. The work presented in this thesis endeavoured to advance our
understanding of the role of IMCL in metabolic adaptation to acute and chronic
immobilisation and exercise intervention, and in the insulin resistance
characteristic of NAFLD.

6.1.1 Role of IMCL in Physiological Adaptations to Inactivity

Several streams of evidence published in the late 1990s contributed to the
identification of a strong association between IMCL content, determined
histochemically (Phillips et al., 1996), biochemically (Pan et al., 1997), and
using 'H-MRS (Krssak et al., 1999), and impairments in whole-body insulin
sensitivity. It has since been proposed that inactivity-induced reductions in
skeletal muscle FA oxidation may lead to the accumulation of IMCL and that
this accumulation contributes to the development of the insulin resistance
observed following bed rest (Blanc et al., 2000a; Bilet et al., 2020). However,
as highlighted by Bergouignan and colleagues, historically, one of the major
challenges in establishing a cause-and-effect relationship between physical
inactivity, IMCL accumulation, the development of whole-body insulin
resistance, and other metabolic dysfunctions associated with diseases like
T2DM, has been maintaining participants in energy balance, particularly during
chronic interventions (Bergouignan et al., 2011). Many bed rest studies report
findings in participants that were in positive energy balance for the duration of

the bed rest intervention or neglect to discuss if and how energy balance was

315



maintained (Mikines et al., 1989; Dolkas and Greenleaf, 1997; Blanc et al,,
2000b; Hamburg et al., 2007). This has left a gap in our understanding of
whether inactivity per se alters IMCL content. Therefore, Chapter 3 aimed to
determine whether IMCL content changed during acute (3 days) and chronic
(56 days) bed rest when the energy intake of the participants was decreased
to 1.2xRMR to account for the decreased energy expenditure during the bed
rest period and to strictly maintain energy balance. By concurrently measuring
whole-body glucose disposal in these studies, the existence of an association
between IMCL content and bed rest-induced whole-body insulin resistance
was investigated. This was done to determine if an association exists between
changes in IMCL content and changes in whole-body glucose disposal in this
context. Another aim was to determine whether IMCL content changes in
response to exercise remobilisation post bed rest and if these changes are
associated with any exercise-induced increase in whole-body glucose
disposal. Indirect calorimetry was also used to quantify changes in basal and
insulin-mediated fuel oxidation before and after bed rest.

The main novel findings were that IMCL content in the healthy male
participants maintained in energy balance was unchanged following both 3 and
56 days of bed rest. In addition, whole-body glucose disposal was reduced at
the post bed rest time points in both studies but restored to baseline levels by
4 days of exercise remobilisation in the 3-day bed rest study. Therefore, bed
rest-induced insulin resistance was dissociated from IMCL content.
Participants in the chronic bed rest study also became metabolically inflexible,
with the insulin-mediated suppression of fat oxidation during the
hyperinsulinaemic-euglycaemic clamp being blunted following 56 days of bed
rest.

Taken together the results presented in Chapter 3 naturally raise an
important question. If immobilisation does not increase IMCL content, thereby
potentially generating lipotoxic intermediates that antagonise the canonical
insulin signalling pathway as postulated by some authors (see Section 1.5),
what are the mechanisms by which immobilisation induces whole-body insulin
resistance, and so rapidly? The work presented here establishes that 3 days
of bed rest is sufficient to induce whole-body insulin resistance. It has been
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reported that just 24 hours of forearm casting induces a precipitous decline in
forearm glucose uptake in the immobilised limb (Burns et al., 2021). This
finding demonstrated that immobilisation-induced reductions in glucose
disposal at the skeletal muscle level are rapid and likely precede reductions in
the protein expression of GLUT4 and hexokinase, and the decreased muscle
Akt phosphorylation, observed after 7 days of bed rest when whole-body
insulin resistance has developed (Biensg et al., 2012; Dirks et al., 2016).
Previous studies have found that glucose disposal at the whole-body level and
the muscle mRNA expression of GLUT4 and other key components of the
insulin-mediated glucose uptake pathway are unchanged following 24 hours
(Dirks et al., 2018) and 2 days of bed rest (Duran-Valdez et al., 2008). Muscle
glucose disposal was not measured here or in the aforementioned 24 hours
and 2-day bed rest studies, but it is reasonable to conclude from the available
evidence that decrements in muscle glucose disposal during bed rest precede
the development of whole-body insulin resistance at 3 days (Mikines et al.,
1991; Burns et al., 2021).

Therefore, insulin resistance in the context of immobilisation is almost
certainly initiated by the attenuation of the contraction-mediated glucose
uptake pathway (see Section 1.3.2), given that muscular contractions
increase the expression of genes involved in glucose uptake (Verbrugge et al.,
2022), promote the increased expression and translocation of GLUT4 to the
sarcolemma independent of insulin (Lund et al, 1995), and sensitise the
skeletal muscle to the action of insulin (Bergouignan et al., 2016). This is
supported by evidence that participants who perform structured resistance
exercise on non-consecutive days concurrent with bed rest are completely
protected from immobilisation-induced decrements in whole-body glucose
disposal (Kenny et al., 2017). Still the precise mechanisms underpinning this
potential association between contraction-mediated glucose uptake and

skeletal muscle and whole-body insulin resistance require elucidation.
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6.1.2 Role of IMCL Content in the Insulin Resistance Observed in
NAFLD

There are few studies in the literature that measure IMCL content in humans
with NAFLD (Pugh et al., 2014; Oh et al., 2014; Oshida et al., 2019) and, as of
writing, none which compare IMCL content between those with NAFLD and
young healthy controls. Indeed, differences in the association between IMCL
content and measures of skeletal muscle and whole-body glucose disposal in

these groups remain unexplored.

Thiazolidinediones, potent insulin sensitisers that act as modulators of
PPAR-y, are often used in the prevention and treatment of NAFLD (Chang,
Park, and Park, 2013) and in the amelioration of the symptoms observed in
NASH (He et al., 2016). They function by decreasing lipolysis (Miyazaki et al.,
2002), reducing muscle LCFA content (DeFronzo, 2010), and promoting the
redistribution of FA stored in IMCL and IHTG to subcutaneous stores
(Mayerson et al., 2002), thereby improving both muscle, liver, and whole-body
insulin sensitivity. Indeed, Thiazolidinedione-induced reductions in muscle
LCFA content are strongly associated with improved whole-body glucose
disposal (Bajaj et al., 2010) and muscle forms part of an axis with the liver and
adipose tissue that controls responses to changes in plasma FA availability
caused by overfeeding, a major contributor to the aetiology of NAFLD.
Therefore, it is reasonable to hypothesise that IMCL content is elevated in
those with NAFLD relative to healthy individuals and that IMCL contributes to
the development of the insulin resistance commonly observed in this disease.
Chapter 4 aimed to test this hypothesis by measuring IMCL content, skeletal
muscle glucose disposal, and whole-body glucose disposal in young, healthy,
male, control participants and in a group of participants with NAFLD. The main
findings were that IMCL content was not different between the two groups and
that whilst the NAFLD participants presented with both skeletal muscle and
whole-body insulin resistance the control participants did not. These findings
suggest, for the first time, that IMCL accumulation is not necessarily a feature
of NAFLD and does not contribute to the development of insulin resistance in

this disease.
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For the NAFLD participants described in Chapter 4, the observed
muscle insulin resistance may have resulted from habitual sedentary
behaviour (Croci et al., 2019). The whole-body insulin resistance could have
resulted from a combination of this sedentarism and increased plasma FA
availability from visceral adipose tissue lipolysis, which primarily affects the
liver (van der Poorten et al., 2008), and chronic overfeeding (Machado et al.,
2012).

6.1.3 Effect of Chronic Resistance Exercise and Diclofenac on
IMCL Content and Muscle Fuel Oxidation

Few studies investigate the effect of resistance exercise training on IMCL and
muscle PLIN content, and none have investigated the effect of chronic
resistance exercise on IMCL and PLIN content in trained human males.
Therefore, the first aim of the work presented in Chapter 5 was to investigate
the effect of 12 weeks resistance exercise training, by maximal isokinetic
concentric knee extensions, on IMCL and PLIN5S content in young, healthy,
trained males. The secondary aim was centred around the use of diclofenac
concurrent with resistance exercise in this population. Diclofenac is an NSAID
that preferentially inhibits COX-2 and is often used off-label as a performance
enabling drug by elite athletes and non-athletes (Sallmann, 1986; Brennan et
al., 2021). It has been shown in previous reports that diclofenac has great
affinity for PPAR-y, one of the key regulators of muscle fuel metabolism and a
potent promoter of FA oxidation (Adamson et al., 2002). However, this
interaction between diclofenac and PPAR-y in humans has gone completely
unexplored generally and within the context in which diclofenac is often used,
exercise. Thus, the secondary aim was to investigate the effect of 75 mg/day
diclofenac administration concurrent with chronic resistance exercise on the

muscle mMRNA expression of genes which control lipid metabolism.

The main finding of this work was that IMCL content was unchanged
following 84 days of resistance exercise in young, trained males. A previous
study has reported that IMCL content was increased by 72%, per 'H-MRS
imaging of the vastus lateralis, in the legs of 8 young, lean, male participants
that were untrained at baseline following 28 days of unilateral leg extensions
(Zhu et al., 2015). The participants in the study described in Chapter 5 were
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well-trained at baseline and already had LD count, LD size, and IMCL content
characteristic of training adaptation (see Appendix C). This perhaps explains
why IMCL content did not change in these participants following 84 days of
resistance exercise. In addition, it was found that diclofenac administration
altered the muscle mRNA abundance of genes associated with lipid
metabolism. Consolidation of these mMRNA abundance changes and analysis
by IPA revealed predictions of robust, consistent, diclofenac-induced activation
of cellular events associated with lipid metabolism from 24 hours after the start
of the exercise intervention through till the end at 84 days. In stark contrast, at
84 days in the control group that did not receive diclofenac, cellular events
associated with lipid metabolism were predicted to be inhibited. These data
provide the first indication that alongside its well characterised inhibition of
COX enzymes, diclofenac also binds to and activates PPAR-y in humans.

IMCL accumulation is typically a sign of lipid overspill from the adipose
tissue and is well associated with obesity, T2DM and the metabolic
dysfunctions associated with these states, including whole-body and skeletal
muscle insulin resistance (Van Loon et al., 2004b; Ingram et al., 2011).
Commonality amongst the chapters in this thesis exists in the fact that IMCL
content did not change in response to bed rest and exercise and was no
different in healthy individuals compared to those with NAFLD. There is
mounting evidence in this field of research that absolute IMCL content alone
is not the most accurate predictor of muscle and whole-body insulin resistance
in non-athletes (Barrett et al., 2022). Instead, the field is pivoting towards the
measurement of IMCL turnover rates, which have been shown to be highest
in athletes and lowest in obese individuals with diabetes (Perreault et al., 2010;
Bergman et al.,, 2018), and of muscle DAG and ceramide species content
(Chow et al., 2014).

6.2 Considerations Emerging from This Work

From reflections upon the work presented in this thesis, several considerations
concerning the methodologies and study protocols arise which will be used to

inform future work.
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Central to the findings presented herein were results generated from
histochemical staining of muscle biopsies with Bodipy 493/503 and from the
determination of whole-body glucose disposal using the hyperinsulinaemic-
euglycaemic clamp technique. The Bodipy 493/503 method has the unique
advantage of allowing for the identification of muscle fibre types and the
stratification of IMCL content by these fibre-types. Also, other methods for
IMCL quantification have noteworthy disadvantages. Electron microscopy only
allows for the analysis of microsegments of muscle, not the hundreds of fibres
viewable with confocal microscopy, the quantification of total muscle TAG
content using biochemical methods is confounded by intra-individual variations
in tissue adiposity, and in magnetic resonance methodologies the EMCL
resonance peaks can contaminate the IMCL response peaks (see Section
2.7) (Schrauwen-Hinderling et al., 2006). Even so it is important to note that
the methods used in this study cannot rule out the involvement of lipotoxic lipid
species, principally DAGs and ceramides, in the development of inactivity-
induced muscle and whole-body insulin resistance or in the pathological IHTG
accumulation in NAFLD.

To the best knowledge of the present author no reports have been
published on the effects of chronic resistance exercise training on IMCL
content in healthy, young, sedentary males. What research does exist in the
literature focuses on a single bout of resistance exercise in the aforementioned
population (Koopman et al., 2006; Tsintzas et al., 2017) or on the overweight
elderly (Bucci et al., 2016). Also, as aforementioned, one study reports
increased IMCL content in response to 28 days of resistance exercise training
in a cohort of healthy young males that were sedentary at baseline (Zhu et al.,
2015). As detailed in Section 5.6 the participants presented with LD
parameters that are characteristic of the trained phenotype (see Appendix C).
Therefore, future work should include untrained participants to discern whether

chronic resistance exercise impacts on IMCL content in untrained individuals.

It is not possible to detangle the effects of ambulation and resistance
exercise on the restoration of whole-body glucose disposal following the 3
days bed rest period detailed in Chapter 3. The effects of bed rest on
metabolic health are more widely studied than the restoration of skeletal
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muscle and whole-body glucose uptake following bed rest. A 21-day bed rest
study of 7 young men found that participants required between 5-14 days to
regain their baseline glucose tolerance, as determined by OGTT, during
recovery periods in which there was no structured exercise, only the
resumption of ambulation (Heer et al., 2014). However, in that study the effects
of exercise in the restoration of glucose disposal following bed rest were not
assessed.

Lastly, the muscle sections cut for histochemical staining were
transverse sections with muscle fascicles and fibres clearly visible during
imaging. A limitation of the retrospective analyses performed here was using
samples for histochemistry collected by others. Ease of cutting these samples
depended upon their size and, more importantly, their orientation in the OCT
compound before they were mounted and frozen in liquid nitrogen. Where a
sample is small, only 20 + 5 fibres can be analysed. Where the orientation of
the muscle sample is incorrect such that cutting initially produces longitudinal
sections, the sample must be reorientated within the cryostat which may
damage it, and which results in excess loss of tissue to ensure that appropriate
sections are collected. Some samples yielded by the participants were too
small or orientated incorrectly after collection, making them unsuitable for
histochemical analysis in the worst cases. It must be noted that the muscle
biopsies were also needed for metabolite and muscle mRNA analyses as well
as the histochemical analyses that formed the core of this thesis. The multiple
demands on tissue availability were a major factor in the size of the biopsies
available for histochemical analysis.
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6.3 Future Directions

6.3.1 Impact of Inactivity with Overfeeding on Fibre-Type Specific

IMCL Content and Lipotoxic Intermediates

To add to the conclusion reached in Chapter 3, that inactivity per se does not
cause IMCL accumulation, further work is required. This could take the form of
another chronic bed rest study in which, rather than being maintained in energy
balance for the duration of the bed rest period, participants would be
maintained in a state of positive energy balance which would presumably
increase IMCL content. There is little in the way of studies that have
purposefully increased energy intake in this way, with a one-day bed rest study
reporting no changes in muscle insulin sensitivity with overfeeding (Dirks et al.,
2018), and none that have done so with the measurement of IMCL content. To
elucidate the mechanisms via which potential increases in IMCL content during
bed rest with overfeeding could contribute to impaired skeletal muscle glucose
disposal, the DAG and ceramide content of muscle biopsies must be
measured. As discussed in Section 1.5.4 the myocellular localisation of these
lipotoxic intermediates serves as a marker of their functional activation
(Szendroedi et al., 2014; Perreault et al., 2018). Therefore, not only total DAG
and ceramide content but sarcolemmal and cytosolic-specific DAG and

ceramide content.

Any future work concerning bed rest with overfeeding could also consider
the work of Stettler and his colleagues who showed that macronutrient
composition is a major determinant of changes in IMCL content and insulin-
mediated glucose disposal during bed rest, even when energy balance is
maintained (Stettler et al., 2005). They conducted a crossover study of 8
healthy, young males with three arms, each lasting 60 hours: (1) Bed rest with
high-fat feeding (45% of total macronutrient diet composition), (2) Bed rest with
high-carbohydrate feeding (70% of total macronutrient diet composition) and
(3) High-fat feeding concurrent with ambulation and moderate exercise. For
reference, macronutrient composition of the meals provided to the participants
of the bed rest studies described in Chapter 3 was 50-60% carbohydrates,
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~30% fat and ~15% protein. Stettler and colleagues found that high-fat
feeding, under conditions of energy balance, decreased insulin-mediated
whole-body glucose disposal by a mean of 24% relative to baseline but that
high-carbohydrate feeding did not. Interestingly both high-fat and high-
carbohydrate feeding increased IMCL content as measured by 'H-MRS by
32% and 17%, respectively, and IMCL content was also increased during the
high-fat feeding concurrent with exercise arm. Future work, using
histochemical determination of IMCL content and muscle fibre-type will allow
for the identification of fibre-type specific changes in IMCL content in response
to bed rest with overfeeding. Distinction by fibre type is of great relevance given
that Type | muscle fibres have a greater capacity for glucose uptake as
evidenced by their higher protein expression of insulin receptor, GLUT4, PDH,
and GS (Albers et al., 2015) and because the content of IMCL in Type | fibres
alone has been correlated with insulin resistance (Coen et al,, 2010). This
would also allow for the determination of fibre type specific changes in LD
count and size, with increases in LD size in Type | fibres being associated with
inactivity-induced insulin resistance (Coen et al., 2010; Dirks et al., 2016).

Given that walking constitutes a significant proportion of AEE amongst
the general population (Farrell et al., 2014; Harris et al., 2019) this follow up
study could also be conducted using a reduced step count model. Meta-
analyses of physical activity studies report that healthy adults typically walk at
least 7-8,000 steps daily at a pace of 2.5 mph or greater (Tudor-Locke et al.,
2011), which constitutes mild-to-vigorous physical activity (Zheng et al., 2022).
Hence the common recommendation for adults is to walk at least 10,000 steps
per day to reduce their relative risk of cardiovascular disease, dysglycaemia,
and all-cause mortality (Hall et al., 2020). Previous work in young and older
healthy participants has demonstrated that reducing participant daily step
count by = 75% relative to their habitual step count or lowering step count to a
maximum of around 1,500 steps per day can reduce insulin sensitivity, as
evidenced by attenuated whole-body glucose disposal rates (Krogh-Madsen
etal., 2010; Dwyer et al., 2011; Knudsen et al., 2012; Reidy et al., 2018; Sjoros
et al., 2020). As detailed elsewhere these reduced step count models are

representative of real world sedentarism than bed rest (Perkin et al., 2016).
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Thus, future work could involve taking two groups of young, healthy
participants matched in anthropometric characteristics and reducing their daily
step counts by 75-90% relative to their habitual activity for 7 days, the
boundary for acute inactivity as discussed in Chapter 3. One group would have
their daily energy intake matched to their reduced energy expenditure,
measured by hip-worn accelerometers (see Section 2.4), to maintain energy
balance whilst the other would have their daily energy intake increased to
overfeeding. This initial intervention would be followed by a washout period
and crossover of the participants. Muscle biopsies would be obtained and the
hyperinsulinaemic-euglycaemic clamp technique would be performed on all
participants at baseline and at the end of each intervention period to measure
muscle lipid content and whole-body glucose disposal. The aim would be to
determine if overfeeding in conjunction with reducing step count increased
participant IMCL content and if this increased IMCL content exacerbated the
attenuation of whole-body glucose disposal observed when participants were
reducing their step count whilst in energy balance.

6.3.2 Does Chronic Diclofenac Administration Alter Skeletal Muscle

Fuel Oxidation at Rest and in Response to Exercise?

The work presented in Chapter 5 identified diclofenac-induced increases in
the mRNA abundance of lipid metabolism genes, but whether these changes
in MRNA expression translate to changes in metabolic physiology could not be
determined. Critical to future work in this area will be determining if chronic
administration of diclofenac does in fact alter whole-body fuel oxidation in
humans, given the IPA predictions of robustly increased FA oxidation. This
would require the use of indirect calorimetry to measure the pulmonary gas
exchange, VO2 consumption and VCO: production, of study participants as
detailed in Section 2.3. Indirect calorimetry alone cannot distinguish between
the oxidation of intracellular, LD-derived, FAs and the oxidation of FAs taken
up from the plasma. This is an important distinction that could provide insight
into whether diclofenac increases FA mobilisation from LDs or increases FA
uptake by myocytes or both, given that the mRNA abundance of both FA
transporter genes and genes involved in LD function are increased by the
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NSAID (See Appendix B). Making this distinction would require the
continuous infusion of '*C-labelled palmitate and 2H.-labelled glucose tracers
concurrent with indirect calorimetry measures as previously described (Van
Loon et al., 2001). As the 3C-labelled palmitate tracer is oxidised, the rate at
which 3C appears in the expired air of the participants increases. The
enrichment of expired air with these labelled isotopes can be measured as a
ratio of '3C to '?C using gas chromatography, mass spectrometry (Patterson,
1997). Also, blood sampling during the infusion would be performed to
measure the rate of appearance and disappearance of these isotope-labelled
tracers (Magkos and Mittendorfer, 2009). These measurements would be
made both at rest and during resistance or endurance exercise when muscle

fuel oxidation is altered (see Section 1.4).

In addition, the establishment of a causal relationship between
diclofenac administration, activation of PPAR-y and PGC-1a, and the
increased transcription of the host of genes involved in the regulation of FA
oxidation detailed in Chapter 5 and Appendix A and B fundamentally
depends upon the identification of concomitant changes in muscle protein
expression and activation. In future work protein expression would be
determined by immunoblotting for PPAR-y and PPAR-6 (Loviscach et al.,
2000), PGC-1a and its main targets described in Chapters 1 and 5
(Silvennoinen et al., 2015), and for FOXO and PDK (Chien, Greenhaff, and
Constantin-Teodosiu, 2020), analyses that have been performed previously in
human skeletal muscle. PPAR-0 mRNA expression and protein expression
should also be measured given that PPAR-d has a greater role in skeletal
muscle fuel selection than PPAR-y, which is an important effector not just in
skeletal muscle as detailed in this thesis but also in adipocytes (Crossland,
Constantin-Teodosiu, and Greenhaff, 2021).

Use of isolated muscle from participant biopsies for primary cell culture
should also be considered. Part of the hypothesis presented here for future
work is that diclofenac acts as an agonist of PPAR-y in human skeletal muscle,
a function which until the work presented in this thesis had not been postulated.
Diclofenac has great affinity for PPAR-y in vitro in DU-145 human prostate
cancer cells (Adamson et al., 2002), rheumatoid synovial cells (Yamazaki et
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al., 2002) and others (Kojo et al., 2003), but the affinity of diclofenac for PPAR-
y in human skeletal muscle in vitro and the resultant cellular changes of this
interaction remain unexplored. Thus, future work should include an element in
which diclofenac, 15-deoxy-A12,14-prostaglandin J2, the endogenous PPAR-
y ligand (Li, Guo, and Wu, 2019), and rosiglitazone, the most extensively
studied PPAR-y agonist (Lecka-Czernik et al., 2007), are administered to
human muscle cell lines and the relative affinity of these agonists for PPAR-y
is directly compared. In this vein it is important to note that diclofenac is a
member of the propionic acid-derived NSAIDs chemical group alongside
indomethacin and ibuprofen (Bushra and Aslam, 2010). It is reasonable to
speculate that the structural properties which may allow diclofenac to interact
with PPAR-y in skeletal muscle may be common to all drugs within that class.
Indeed, it has been demonstrated in DU-145 cells that indomethacin also has
binding affinity for PPAR-y (Adamson et al., 2002). An investigation of the
affinity of propionic acid-derived NSAIDs for skeletal muscle PPAR-y and the
chemical properties that allow for this binding would greatly expand upon our
understanding of NSAID function.

6.3.3 Lipotoxic Intermediates Content in the Skeletal Muscles of
individuals with NAFLD

In the hepatocytes of individuals with obese NAFLD, like those described in
Chapter 4, the content of several DAG species is positively correlated with
insulin resistance as determined by the Homeostatic Model Assessment for
Insulin Resistance (HOMA-IR) (Magkos et al., 2012; Luukkonen et al., 2016).
Indeed, a study by Kumashiro and colleagues identified cytoplasmic DAG
concentration in hepatocytes as the variable with the greatest association with
insulin resistance in those with NAFLD (Kumashiro et al., 2011). The
connection between ceramides and the development of hepatic and whole-
body insulin resistance in NAFLD is tenuous, with conflicting data generated
principally from rodent models (Petersen and Shulman, 2017). To the best
knowledge of the present author, muscle and liver DAG and ceramide content
have not both been measured concurrently in humans with NAFLD, only in
rodent models of NAFLD (Perry et al., 2013; Perry et al., 2015). The
participants with obese NAFLD described in Chapter 4 presented with skeletal
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muscle insulin resistance. Given the aforementioned accumulation of lipotoxic
species in hepatocytes in this phenotype and the fact that skeletal muscle DAG
and ceramide concentrations are typically elevated in obese individuals, there
may be differences in abundance at the level of these intermediates between
healthy individuals and those with NAFLD that went undetected here. Thus,
future work in this area should measure the content of DAG and ceramide
species localised to the sarcoplasm and sarcolemma in those with NAFLD and

in healthy controls.
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/. Appendices

Appendix A
7-1. Change in mRNA Expression: 24h vs. Baseline
Gene Log Fold Change P value
PPARGC1A -1.144 1.01E-11
TNF 0.7 8.96E-09
PIK3R1 1.227 8.53E-08
CEBPB 0.817 0.000000231
TNC 3.777 0.00000181
MSTN -1.222 0.00000204
SCD 0.547 0.00000204
PTK2 1.726 0.00000682
PDK4 1.444 0.0000128
IL6 2.593 0.0000235
PRKAA1 0.511 0.000211
PDK2 -1.06 0.000348
TSC2 1.045 0.000399
PTGS2 0.879 0.000516
ATF3 0.9 0.0011
MYC 2.526 0.00597
7-2. Change in mRNA Expression: 7 Days vs. Baseline
Gene Log Fold Change P value
PPARGC1A -0.639 1.23E-09
TNF 0.906 7.65E-09
MSTN -0.525 2.75E-08
SIRT1 -0.51 2.83E-08
TNC 2.136 0.00000113
CEBPB 0.692 0.00000114
PTK2 1.392 0.00000427
PDK4 0.695 0.00000901
PIK3R1 0.658 0.0000477
IL6 1.785 0.0000691
PDK2 -0.517 0.000276
ATF3 0.766 0.000783
MYC 1.879 0.00282
TSC2 1.198 0.0393
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7-3. Change in mRNA Expression: 28 Days vs. Baseline
Gene Log Fold Change P value
IGF1 0.503 0.0000972
AKT1 0.582 0.000188
TNF 0.99 0.000514
7-4. Change in mRNA Expression: 84 Days vs. Baseline
Gene Log Fold Change P value
PPARGC1A -0.682 7.5E-09
AKT1 -0.584 0.000000114
VEGFA -0.847 0.00000463
SCD 0.664 0.00653

Tables 7-1, 7-2, 7-3, 7-4: Tables showing the change in mRNA expression from
baseline (Log Fold Change) in lipid metabolism associated genes relative to
baseline at the (7-2) 24 hours, (7-3) 7 days, (7-4) 28 days, and (7-5) 84 days time
points in the placebo group. For each time point comparison, genes are ordered in

descending order from most significantly altered to least significantly altered based

on p value.
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Appendix B

7-5.

Change in mRNA Expression: 24h vs. Baseline

Gene Log Fold Change P value
MSTN -1.359 4.65E-11
TNF 2.646 0.000000278
IGF1 0.957 0.000000574
AKT1 1.722 0.00000107
PPARGC1A 0.542 0.0000225
PRKAA1 0.793 0.000286
MYC 1.469 0.000664
SCD 1.562 0.00158
IL6 3 0.00161
SIRT1 1.033 0.00187
IL18 0.722 0.0426

Change in mRNA Expression: 7 Days vs. Baseline

Gene Log Fold Change P value
AKT1 0.799 2.86E-11
TNF 2.223 3.58E-09
FOXO1 0.911 5.07E-09
PIK3R1 0.576 6.3E-09
IGF1 1.107 1.06E-08
PPARGC1A 0.804 0.000000293
SIRT1 0.635 0.000000341
IL6 1.352 0.0000126
PRKAA1 1.035 0.0000224
PTGS2 1.299 0.0000696
SCD 1.849 0.000106
IL18 0.952 0.000404
ATF3 0.593 0.0017
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Change in mRNA Expression: 28 Days vs. Baseline

Gene Log Fold Change P value
AKT1 1.488 2.86E-11
IGF1 1.735 8.37E-10
PPARGC1A 0.601 1.34E-09
FOXO1 0.501 5.07E-09
SIRT1 0.677 2.51E-08
TNF 2.484 2.53E-08
VEGFA 0.607 0.000000324
IL6 1.464 0.00000167
PTGS2 1.93 0.00000423
PDK4 -0.607 0.0000202
PRKAA1 1.037 0.0000224
IL18 0.616 0.0000243
SCD 1.992 0.000106
MYC 0.738 0.00029
ATF3 1.153 0.0017

Change in mRNA Expression: 84 Days vs. Baseline

Gene Log Fold Change P value
PPARGC1A 1.05 9.88E-09
AKT1 1.142 7.43E-08
TNF 2.025 0.000000278
FOXO1 0.559 0.000000315
IGF1 1.606 0.000000574
SIRT1 1.138 0.0000252
PRKAA1 1.227 0.000286
IL6 1.046 0.000292
PDK2 0.505 0.000407
PTGS2 2.437 0.000698
SCD 2.988 0.00158
IL18 0.754 0.00423

on p value.

Tables 7-5, 7-6, 7-7, 7-8: Tables showing the change in mRNA expression from
baseline (Log Fold Change) in lipid metabolism associated genes relative to
baseline at the (5-6) 24 hours, (5-7) 7 days, (5-8) 28 days and (5-9) 84 days’ time
points in the diclofenac group. For each time point comparison, genes are ordered

in descending order from most significantly altered to least significantly altered based

344




Appendix C

Baseline LD Count, LD Size and IMCL content data for the distinct groups of
all studies described throughout. All bars are mean + SEM. * Significant
difference vs. Acute BR, Chronic BR, Control and NAFLD. t, Significant

difference vs. all other groups.
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