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Abstract

Physical inactivity is a global public health problem and has significant
detrimental health consequences. Periods of physical inactivity or
immobilisation are common in clinical populations secondary to injury, illness,
disease or advancing age. There are currently substantial gaps in our
knowledge of the rate and magnitude of skeletal muscle and metabolic
dysregulation during bed rest and trauma. Further insight into the processes
underpinning these changes is required to develop effective future

countermeasures.

The objective of this thesis was to further the understanding of the underlying
mechanisms driving skeletal muscle atrophy, changes in muscle protein
turnover and a reduction in whole-body and leg insulin sensitivity in
immobilisation and trauma. Three human volunteer studies were conducted
during the course of this thesis. The first study aimed to evaluate the change in
insulin-stimulated whole-body glucose disposal, muscle glycogen content and
fuel oxidation during acute (3 days) and chronic (56 days) bed rest in healthy
male participants maintained in energy balance. The reduction in insulin-
stimulated whole-body insulin sensitivity was rapid (manifested by 3 days), and
a similar magnitude to that observed after chronic bed rest. However chronic
bed rest was associated with a shift in fuel oxidation, which could not be
explained by changes in intramyocellular lipid (IMCL) content but was reflected
by the muscle transcriptional response to chronic bed rest, suggesting

differences in underlying mechanisms from the acute to chronic state.



The second study assessed for concurrent changes in leg muscle
volume, protein turnover and insulin-stimulated leg glucose uptake and muscle
glycogen storage in acute bed rest and subsequent structured remobilisation of
3 days duration. Concurrent reductions in leg glucose uptake (explained by
reductions in leg blood flow), and muscle glycogen storage as well as
myofibrillar protein synthesis (MPS) and whole-body myofibrillar protein
breakdown (MPB) after 3 days of bed rest were apparent. Structured
remobilisation (but not ambulation alone) restored bed rest-associated
reductions in leg muscle volume and MPS, but not insulin-stimulated leg
glucose uptake or muscle glycogen storage after bed rest. This study
highlighted divergences in muscle fuel and protein metabolism, as well as the
importance of exercise rehabilitation following short duration bed rest.

The final study aimed to evaluate the individual and combined impact of
immobilisation and traumalinflammation on medial gastrocnemius muscle
thickness and architecture, cumulative MPS and whole-body MPB in ankle
fracture patients and matched healthy volunteers undergoing 2 weeks of
unilateral cast immobilisation. Trauma plus immobilisation caused greater
declines in medial gastrocnemius muscle thickness compared with
immobilisation alone, but similar declines in cumulative MPS over 2 weeks and
no difference in whole-body MPB measured at 2 weeks. Trauma was also
associated with a profound systemic (pro-inflammatory cytokines) and muscle
(mRNA) inflammatory response which was absent in immobilisation alone in

the healthy volunteers. Furthermore, a reduction in chronic MPS and muscle



thickness was evident in the injured leg, but not the uninjured leg, suggesting a
differential impact on muscle of local vs systemic inflammation.

Collectively, the work in this thesis presents novel mechanistic insight
into the impact of immobilisation and trauma on skeletal muscle mass and
immobilisation on whole-body and limb insulin sensitivity. Namely, that acute
and chronic bed rest cause a similar magnitude in decline in whole-body insulin
sensitivity, however the underlying mechanisms appear to differ. Secondly, that
although acute bed rest causes rapid reductions in muscle mass, protein
turnover and leg glucose uptake, there is a mismatch in their restoration after a
short period of structured remobilisation. Finally, trauma plus inflammation
causes greater declines in muscle thickness compared with immobilisation
alone, with similar reductions in MPS, and local inflammation is implicated in
muscle mass loss in acute limb trauma. These findings may provide the basis

to the development of future potential countermeasures.
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Chapter 1 Introduction

1.1 The burden of physical inactivity

Physical inactivity has been identified as the fourth leading risk factor for global
mortality (6% of deaths globally) (Lee et al. 2012). Itis estimated that 500 million
people will develop coronary heart disease, obesity, diabetes or other non-
communicable diseases attributable to physical inactivity between 2020 and
2030, costing $27 billion annually (WHO 2022). The World Health Organisation
(WHO) released global recommendations for physical activity, with adults aged
18-64 years recommended to do 150 minutes of moderate-intensity aerobic
physical activity per week (WHO 2010). However, around a quarter of adults
are insufficiently active and these figures have remained largely unchanged for
several decades (Guthold et al. 2018) leading the WHO to publish the first
Global Action Plan on Physical Activity in 2018 (WHO 2018). The WHO’s
progress report has shown that progress is slow with inequitable actions to
address physical activity across world regions (WHO 2022). As well as low
levels of habitual physical activity in the general population, periods of
increased sedentariness are common following illness or injury. In 2021-2022
there were 16 million hospital admissions in the United Kingdom (UK)(NHS
Digital 2022), with the average length of stay 6 days (OECD 2023). Individuals
admitted to hospital, particularly older adults, spend significant periods of time

(up to 23 hours) sitting or lying (Baldwin et al. 2017) and this is associated with



a poorer recovery, prolonged admission and mortality (Biswas et al. 2015).
Common sequelae of periods of immobilisation as well as inflammation which
is present during illness or trauma include a reduction in whole-body insulin
sensitivity and muscle atrophy, which may predispose to the development of
chronic metabolic disease such as type Il diabetes and a loss of muscle mass
and function, termed sarcopenia. The huge burden of global physical inactivity,
increasing hospital admissions and non-communicable disease associated with
these situations is a great obstacle to enabling good health and independent
living with longer life expectancy.

Evidence on the relationship between health outcomes and sedentary
behaviour has been extrapolated from the data on physical activity studies, as
well as in research looking at sedentary behaviour and its relationship to non-
communicable disease. A meta-analysis of 1 million people demonstrated that
increased sedentary time is associated with increased all-cause mortality
(Ekelund et al. 2016). Some meta-analyses have reported that moderate to
vigorous physical activity can attenuate the hazardous association with
prolonged sitting time and all-cause mortality (Chau et al. 2013; Ekelund et al.
2016). However, another meta-analysis has reported that sedentary time was
associated with increased risk of deleterious health outcomes regardless of
physical activity level (Biswas et al. 2015). Objectively measured increased
sedentary time has been associated with higher plasma glucose, insulin and
triacylglycerol (TAG) concentrations as well as lower concentrations of
advantageous HDL-cholesterol and larger waist circumference (Powell et al.

2018). Whether a sedentary lifestyle accelerates skeletal muscle loss in older



adults is currently unresolved. Master athletes, physically-active older adults
who have accrued a significant volume of physical activity across their lifespan,
have a greater muscle strength and power than sedentary controls (Pearson et
al. 2002). However age-related declines in their muscle peak power and force
were similar compared with healthy controls. A loss of muscle mass and quality
with age contribute to functional disability and may impair other physiological
functions including glucose regulation and so understanding the relationship
between physical inactivity and maintenance of muscle mass is important.
Epidemiological studies however can only provide information on
association and therefore to investigate the precise mechanisms underpinning
how physical inactivity leads to detrimental health outcomes, more prospective
experimental models must be used. Models of partial (reduced step count) and
complete (bed rest, unilateral limb immobilisation) physical inactivity have
provided invaluable information regarding the effect of immobilisation on whole-
body and muscle insulin sensitivity and muscle mass and their underlying
mechanisms. A significant number of long-term bed rest studies, of several
weeks’ duration have demonstrated a reduction in whole-body insulin-
stimulated glucose disposal and a reduction in muscle protein synthesis (Cree
et al. 2010; Ferrando et al. 1996). However, time points in these studies have
largely been confined to pre and post-bed rest, with little insight as to the rate
or magnitude of change during these time frames. Furthermore, some studies
have failed to control for dietary intake, meaning that it is inconclusive as to
whether the end points measured were secondary to overfeeding or physical

inactivity per se. Shorter duration limb immobilisation (<7 days) studies have



also demonstrated a rapid decline in glucose disposal (Burns et al. 2021). As
evidence for an independent effect of sedentary behaviour emerges, further
work is required to establish the dose-response relationship between sedentary
behaviour and health outcomes, the underlying pathophysiological

mechanisms and potential countermeasures.

1.2 Human models of immobilisation

Several models of immobilisation have been utilised to study the effect of
muscle disuse in humans, and these are represented in Figure 1.1 and

summarised in Table 1.1.

WHO threshold
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Immobilisation Physical inactivity Physical activity
e.g. Bed rest, DI, ULLS 1,500-3,000 10,000 steps/day
steps/day

Figure 1.1. Models of immobilisation on the spectrum of physical activity and
inactivity. DI, dry immersion, ULLS, unilateral lower limb suspension, WHO,

World Health Organisation. Image taken from (Shur et al. 2021).



1.2.1 Reduced ambulatory activity

Reduced ambulatory activity, normally achieved through a reduction in step
count (step reduction model), is the model most realistic to free-living scenarios.
The model was originally designed to assess changes in insulin sensitivity and
body composition in response to physical inactivity (Krogh-Madsen et al. 2010a;
Olsen et al. 2008). Participants are normally given a pedometer or
accelerometer to wear and advised to keep step count to below 1,500 steps
which some have viewed as a benchmark for low levels of physical activity
(Tudor-Locke and Bassett 2004). The physiological adaptations induced by a
reduction in ambulatory activity often take longer to manifest compared to other
models but are more relevant to free-living individuals. Limitations of reduced
step count studies with a pedometer include the inability to capture subtle
activities which may increase energy expenditure without an increase in steps
e.g. various domestic activities. For this reason, accelerometers are generally
preferred with some objective measure of intensity e.g. heart rate, with duration
also captured. For a recent review of the step reduction model see Sarto (Sarto

et al. 2023).

1.2.2 Limb casting

Limb immobilisation via limb casting is a commonly-used model to study disuse
atrophy. In casting of the lower limb, participants are provided with crutches to

ambulate and advised not to weight bear during the study period. In this model



the contralateral leg can be used as an internal control. Care must be taken to
cast the leg in an anatomical position, for example in below-knee casting,
avoiding the equinuus position to reduce the risk of Achilles tendon shortening
and subsequent negative impact on gait. Limitations of this model include the
impact on physical activity behaviour i.e. participants may inadvertently reduce
step count due to the impracticality of crutches leading to overall reduced
physical activity. Objective measures of step count must therefore be taken to
carefully control for this confounder. In addition, there are likely to be changes
in loading of the contralateral non-casted limb due to the use of crutches,
different to normal ambulation. Upper limb casting using a forearm model has
also been employed previously and has the benefit of being easier to undertake
vascular measurements using ultrasonography e.g. brachial artery compared
with the lower limb e.g. femoral artery due to the depth of the vessels. Upper
body immobilisation is also generally more convenient and better tolerated by

participants than lower limb immobilisation.

1.2.3 Limb suspension

Unilateral lower limb suspension (ULLS) is the unloading of one lower limb
without movement restriction and is normally achieved via the use of crutches.
Two methods exist to achieve the desired effect and have the advantage of
using the other limb as a control. The first method is using a support strap to
suspend one lower limb. In this method the knee is in flexion during ambulatory

activity, therefore the muscle length may differ depending on the amount of time



in ambulatory activity. In the second method, a platform shoe is used on the
contralateral limb to prevent weight bearing on the ipsilateral leg. The benefit of
the platform shoe method is that the leg is in a neutral anatomical position.
Muscle activity across the knee joint may differ between these methods and

therefore may not induce the same changes seen in bed rest or spaceflight.

1.2.4 Bed rest

Bed rest is a commonly employed model of whole-body physical inactivity in
physiological research. Head-down-tilt (HDT) bed rest studies have been used
for decades in spaceflight research and provided unique insights into the
physiology of unloading and deconditioning of the musculoskeletal and
cardiovascular system associated with microgravity (Adams, Caiozzo, and
Baldwin 2003). The -6° position has been utilized as it better mimics the
cephalic fluid shifts and tissue fluid accumulation encountered during
microgravity conditions compared with horizontal bed rest (Hargens and Vico
2016). However, these fluid shifts may be a confounding factor when
generalising the model to physical inactivity outwith spaceflight research. The
benefits of bed rest experiments are the ability to investigate an intervention
such as diet or exercise countermeasures whilst tightly controlling for
confounding factors such as energy intake, circadian rhythm and physical
activity levels. Limitations are largely financial and logistic as a team of

clinicians and scientists are required on-site at all times, and specialist



equipment and facilities or infrastructure are required to deliver long duration

bed rest experiments.

1.2.5 Dry immersion

An alternative model of whole-body physical inactivity is ‘dry’ water immersion
(DI), which can be used as a model of weightlessness. It involves immersing
the subject in thermoneutral water and subjects are protected from water
contact with a thin elastic waterproof fabric. ‘Dry’ water immersion produces
similar physiological effects to those observed during bed rest, but the effects
may occur at a faster rate (Shenkman et al. 1997; Navasiolava et al. 2010).
Due to the specialised equipment and inconvenience for participants, only
short-term DI experiments have been carried out, and so are best utilised to

study the early period of muscle deconditioning.



Table 1.1. Human models of immobilisation and their advantages and disadvantages. HDT, Head-down tilt.

Model of immobilisation

Advantages

Disadvantages

Reduced step count

Easy and cheap

Minimal equipment required

No internal control

e More representative of “free living’
conditions
Limb Upper body e More convenient and better tolerated than ¢ Not required for weight-bearing
casting lower limb immobilisation e Changes to immobilisation may be more
e Easier to perform vascular measurements modest compared with lower body
compared with lower limb
e Contralateral limb can act as an internal
control
Lower body e Contralateral limb can act as an internal e Cumbersome for participants
control e Contralateral limb may experience different
loading to ‘free living’ conditions due to
crutches




Alteration in physical activity behaviour due

to crutches

Limb suspension

Contralateral limb can act as an internal

control

Cumbersome for participants
Contralateral limb may experience different
loading to ‘free living’ conditions due to

crutches

Bed rest

Can carefully control temperature,

circadian rhythm, diet and intervention

Expensive and logistically challenging with
several personnel required
HDT bed rest causes cephalic fluid shifts

which may confound other variables.

Dry immersion

Can carefully control temperature,

circadian rhythm, diet and intervention

Inconvenience means that not suitable for

long duration immobilisation

10




1.3 Insulin sensitivity, glucose uptake and fuel oxidation

1.3.1 Definitions of insulin sensitivity

Insulin is a hormone produced by B cells in the islets of Langerhans of the
pancreas in response to elevation of the intracellular Ca?* concentration, in
order to regulate circulating blood glucose concentrations (Bratanova-
Tochkova et al. 2002). Insulin stimulates glucose uptake and glycolysis in
muscle, whilst in the liver it decreases endogenous glucose production and
stimulates glycogen synthesis. In adipose tissue, insulin suppresses lipolysis
and release of non-esterified fatty acids (NEFA) and stimulates fatty acid (FA)
re-esterification and TAG synthesis. Its secretion is tightly controlled to the
availability of glucose, allowing a fine tuning of blood glucose concentration to
maintain glucose homeostasis. Insulin resistance is said to be the decreased
sensitivity or responsiveness to the metabolic actions of insulin to increase
whole-body glucose uptake and utilisation (Lebovitz 2001). The underlying
pathological mechanism is a reduction in peripheral tissues’ (particularly
skeletal muscle) ability to respond to circulating insulin, resulting in a
compensatory increased production of insulin by the B cells of the pancreas to
address increasing blood glucose concentration, which over time can fail.
Hepatic insulin resistance also occurs, characterised by the inability of insulin

to suppress hepatic glucose output (Santoleri and Titchenell 2019). Type I

11



diabetes is therefore characterised by relative insulin deficiency caused by
pancreatic p-cell dysfunction and insulin resistance in target organs.

Whilst the terms ‘insulin sensitivity’, ‘insulin responsiveness’ and ‘insulin
resistance’ are often used interchangeably to refer to insulin action on glucose
metabolism, they are distinct entities with separate underlying mechanisms.
Pathological states can be divided into those due to a decreased sensitivity to
a hormone, causing a shift in the dose-response curve to the right, and those
due to a decreased responsiveness, defined as a decrease in the maximal
response to the hormone, or a combination of both (Kahn 1978) (Figure 1.2).
Disorders associated with changes at the prereceptor and/or receptor level of
insulin lead to decreased insulin sensitivity, whilst those disorders associated
with changes at the postreceptor steps in insulin action are more likely to
produce decreased responsiveness. This distinction is important to recognise
as it may have implications on designing potential strategies to ameliorate these

changes in different cohorts.
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Whole body glucose disposal (mg/kg/min)

Log [plasma insulin]

Figure 1.2. Dose response curve characterising insulin action on glucose
utilisation. a) represents normal reference value, b) decreased sensitivity
defined by a right shift in the curve c) decreased insulin responsiveness defined

by a reduced maximal effect of insulin.

1.3.2 Techniques to measure whole-body insulin sensitivity

In vivo assessment of insulin sensitivity of glucose metabolism can be divided

into those disrupting the feedback loop between plasma glucose concentration

13



and insulin secretion and those assessing the feedback loop. Under
postabsorptive conditions glucose production is predominantly by the liver
(95%) and to a lesser extent the kidneys (5%) and utilised by a variety of tissues
(Roden 2007). In healthy volunteers, during insulin-stimulated conditions,
endogenous glucose production is suppressed by hyperinsulinaemia and
skeletal muscle accounts for 75-80% of whole-body glucose uptake (DeFronzo
et al. 1981). Fasting plasma concentrations of glucose and insulin can be
measured, and indices of fasting insulin sensitivity derived from the use of
mathematical models e.g. homeostasis model assessment insulin resistance
(HOMA-IR) and quantitative insulin sensitivity check index (QUICKI). The
benefit of these methods is their relative ease and inexpense of carrying out,
and as such have been utilised in large epidemiological studies (Katz et al.
2000; Mather et al. 2001; Matthews et al. 1985). However, as they are
measured when fasted, they largely reflect hepatic insulin sensitivity and there
are significant interlaboratory variations in insulin assay, meaning comparing
absolute values across different studies is difficult (Isokuortti et al. 2017). Other
methods which harness the normal feedback loop include the oral glucose
tolerance test (OGTT) which measures glucose and insulin responses,
normally for 2 hours after an oral glucose challenge. Whilst being technically
straightforward, the technique does not differentiate between reduced
sensitivity of peripheral tissues to insulin or pancreatic 3 cell dysfunction and it
is also impacted by gastric emptying rate, absorption from the gut and gut blood

flow (Thompson et al. 1982). Decreased glucose tolerance using the OGTT has
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previously been demonstrated following bed rest relative to before bed rest
(Yanagibori et al. 1994; Reidy et al. 2017).

Techniques which remove the negative feedback loop can be used to
determine insulin sensitivity, and include the insulin tolerance test (Bonora et
al. 1989) and the hyperinsulinaemic euglycaemic clamp technique (DeFronzo,
Tobin, and Andres 1979). The hyperinsulinaemic euglycaemic (insulin) clamp
technique originally developed by Andres and de Fronzo (de Fronzo 1975) is
widely accepted as the gold standard for directly determining glucose uptake
as a measure of insulin sensitivity in humans. In a hyperinsulinaemic
euglycaemic clamp, in fasted participants, insulin is infused intravenously at a
fixed rate determined by body surface area, that can typically range between
40-120 mU/m?/min depending on the aims of the study. The fixed insulin
infusion causes a new steady-state insulin level that is supraphysiological
(hyperinsulinaemic). This stimulates skeletal muscle and adipose glucose
uptake and suppresses hepatic gluconeogenesis. A 20% glucose infusion is
also titrated at a variable rate to “clamp” blood glucose concentrations at
physiological levels circa 4.5 mmol/L to achieve euglycaemia. Steady state
conditions are normally achieved within 2-3 hours of a constant insulin infusion
for plasma insulin, blood glucose and the glucose infusion rate. At this steady
state point, assuming hepatic gluconeogenesis (HGP) is suppressed and there
is no net change in blood glucose concentrations, glucose infusion rate (GIR)
is equal to glucose disposal rate (M). M can then be normalised for lean/ fat-
free mass in kilograms (kg) determined using dual energy x-ray absorptiometry

(DEXA). In healthy controls, HGP is normally suppressed with an insulin
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infusion rate in the range 40-60 mU/m?/min, however considerations should be
given to conditions in which there is resistance of insulin-induced suppression
of endogenous glucose output including type Il diabetes, obesity and increased
availability of NEFA (Bonadonna et al. 1990; Conte et al. 2012). Campbell
showed that in patients with type Il diabetes, the half maximal effective plasma
insulin concentration to supress endogenous glucose output is increased
twofold compared with controls without diabetes (Campbell, Mandarino, and
Gerich 1988). The ability to achieve steady state determines the validity of
insulin sensitivity using the insulin clamp technique and ideally endogenous
glucose output should be measured. An advantage of the hyperinsulinaemic
euglycaemic clamp technique compared with the OGTT is it is a direct measure
of insulin sensitivity under steady-state conditions and its high reproducibility
(the repeated measures coefficient of variation for the whole-body
hyperinsulinaemic euglycaemic clamp technique within our laboratory is 10%).
However, it is resource intensive, burdensome for participants, requires clinical
support, has associated risks including hypoglycaemia and hypokalaemia and

involves multiple blood sampling.

1.3.3 Links between vascular and metabolic actions of insulin

Skeletal muscle glucose delivery is mediated by muscle blood flow and
perfusion. Insulin has important actions on skeletal muscle vasculature
including limb blood flow and capillary recruitment; it enhances its own delivery

to the muscle by increasing total tissue blood flow and recruiting muscle
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microvasculature. There is some debate as to the significance of insulin-
mediated vasodilatation in glucose uptake. Early studies reported that insulin
increases whole-limb blood flow in a dose-dependent manner in lean humans,
and correlates with skeletal muscle glucose uptake, measured using a
euglycaemic clamp and leg balance techniques across a range of serum insulin
concentrations (Laakso et al. 1990; Baron et al. 1991). It is believed that insulin
vasodilation of skeletal muscle vasculature occurs via endothelium-derived
nitric oxide release (Steinberg et al. 1994). Other studies challenge the role of
blood flow in skeletal muscle glucose uptake, as augmentation of limb blood
flow via bradykinin infusion did not lead to increased insulin-stimulated skeletal
muscle glucose uptake (Nuutila et al. 1996). Discrepancies in observed effects
of insulin on blood flow may be explained by participant selection, due to a large
interindividual response, likely due to differing levels of physical activity,
musculature and capillarisation. In addition, there is criticism of the sequential
insulin infusions which were maintained for several hours before an increase in
flow was detected, therefore questioning how physiologically relevant they are
(Laakso et al. 1990). Insulin also has effects on microvascular recruitment
within skeletal muscle; Vincent showed that insulin modulates microvascular
perfusion through capillary recruitment, and this occurs before changes in total
limb blood flow that peak after 2 hours of insulin infusion (Vincent et al. 2004;
Vincent et al. 2002). Treatment with a nitric oxide synthase inhibitor has been
shown to attenuate insulin-enhanced capillary volume, suggesting these effects
are in part nitric-oxide dependent (Vincent et al. 2003). Seven days of bed rest

has previously been shown to cause a reduction in insulin-mediated leg blood
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flow, but was not able to fully account for reductions in leg glucose uptake
(Mikines et al. 1991). Therefore there is some evidence in the literature that a
reduction in insulin-stimulated glucose uptake may in part be explained by
alterations in glucose delivery to the muscle due to changes in insulin-
stimulated bulk blood flow, but is unlikely to be the predominant factor. Whether
any changes in insulin-mediated blood flow occur after only a few days of bed
rest and whether they are reversible after a similar period of remobilisation is

unknown.

1.3.4 Skeletal muscle glucose uptake and metabolism

Skeletal muscle glucose uptake is potently stimulated by both insulin and
muscle contraction via distinct pathways and is summarised in Figure 1.3.
Under normal physiological conditions in the resting state, skeletal muscle
glucose transport is the rate limiting step in blood glucose disposal. Insulin-
dependent and independent skeletal muscle glucose disposal requires 1)
glucose delivery to the muscle (discussed in Section 1.3.3) 2) glucose transport
to the cell membrane and uptake via glucose transporters and 3) glucose
metabolism. Glucose is transported into cells via glucose transporters (GLUTS),
of which GLUT4 is the primary transporter in skeletal muscle (Birnbaum 1989).
In the insulin-stimulated glucose uptake pathway in skeletal muscle, after
feeding, circulating insulin concentration increases and insulin binds to its
skeletal muscle receptor. This causes rapid phosphorylation of the insulin
receptor substrate (IRS)(Van Obberghen et al. 2001) on tyrosine residues and

the activation of phosphatidylinositol 3-kinase (PI3K), which leads to the
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activation of the Akt (protein kinase B) pathway (Figure 1.4). Activation of this
pathway modulates Rab Guanosine-5'-triphosphate (GTP)ase protein activity,
which triggers the translocation of GLUT4 from the cytosol into the cell surface
membrane, facilitating glucose to move down its concentration gradient into the
cell (Fukuda 2008). Insulin-directed recruitment of GLUT4 results in a 10-20
fold increase in glucose transport (Bryant, Govers, and James 2002).

During contraction of skeletal muscle, bulk blood flow increases up to 20-fold
from rest (Andersen and Saltin 1985) and capillary recruitment increases,
facilitating glucose delivery to the muscle. Contraction of skeletal muscle also
signals GLUT4 translocation, however the exact mechanisms are less certain.
Glucose uptake by contracting skeletal muscle occurs by facilitated diffusion,
dependent on GLUT4 in the surface membrane and an inward diffusion
gradient. One regulator believed to be critical in contraction-mediated glucose
uptake is adenosine monophosphate (AMP)-activated protein kinase (AMPK).
AMPK is a serine-threonine kinase which is sensitive to changes in the
intracellular ratio of AMP:ATP and thus, to exercise (Richter and Ruderman
2009). Both moderate-intensity aerobic cycle exercise (Wojtaszewski et al.
2000), and high-intensity sprint exercise (Chen et al. 2000) can increase AMPK
activity in skeletal muscle in humans. There is now evidence to suggest that
other mechanisms are also involved in exercise regulation of muscle glucose
transport such as calcium-activated proteins [for a review on the area see
Jessen (Jessen and Goodyear 2005)]. Although insulin-mediated and muscle
contraction-mediated glucose uptake occur via distinct pathways, at least

distally, there are believed to be signalling molecules that are activated by both
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insulin and muscle contraction, TBC1D1 and TBC1D4 (Bruss et al. 2005) which
upregulate the activity of Rab GTPase activity. In chronic disease, an
impairment of muscle glucose transport in association with decreased
recruitment of GLUT4 to the muscle plasma membrane is found in both obesity

and NIDDM (Kelley et al. 1996).
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Figure 1.3. Simplified schematic of the regulation of skeletal muscle glucose
uptake mediated by insulin and muscle contraction. AMPK: AMP-activated
protein kinase, Akt: protein kinase B, GLUT4: Glucose transporter type 4, IRS:

insulin receptor substrate, PI3-K: phosphatidylinositol-3-kinase, Rab: Ras-
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associated binding, TBC1D1: TBC1 domain family member 1, TBC1D4: TBC1

domain family member 2.

Once glucose is taken up into skeletal muscle by GLUT4 via facilitated
diffusion, it is then phosphorylated to glucose-6-phosphate (G6P) via an ATP-
dependent reaction catalysed by hexokinase Il (Roberts and Miyamoto 2015).
This maintains the transmembrane glucose gradient for facilitated diffusion of
glucose. G6P can then be converted to glycogen (through glycogenesis) for
storage via glycogen synthase or metabolised (through glycolysis) to pyruvate
(Fig 1.4). Pyruvate is either anaerobically reduced to lactate in the cytoplasm
catalysed by lactate dehydrogenase or can enter the mitochondrial matrix and
be oxidised to form acetyl-CoA, catalysed by the pyruvate dehydrogenase
complex (PDC). The PDC is an inner mitochondrial multi-enzyme complex
essential in the maintenance of normal glucose homeostasis and is key in
determining muscle fuel selection. It is responsible for the irreversible
conversion of pyruvate to acetyl-CoA for metabolism in the Kreb’s/tricarboxylic
acid (TCA) cycle and for FA synthesis. The PDC is regulated by reversible
phosphorylation controlled by two regulatory enzymes, pyruvate
dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase
(PDP)(Wieland 1983), with the most abundant isoforms of PDK in muscle being
PDK2 and 4 (Bowker-Kinley et al. 1998). Acetyl-CoA can then enter the TCA
cycle to generate ATP (adenosine triphosphate). An overview of glucose and

lipid metabolism is summarised in Figure 1.5.
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insulin receptor substrate, PI3-K: phosphatidylinositol-3-kinase, GS: glycogen
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diphosphate; Pi, inorganic phosphate; CACT, carnitine acylcarnitine translocase; CAT, carnitine acyl transferase; CPT, carnitine
palmitoyltransferase; CD36, fatty acid translocate; GLUT4, glucose transporter 4, PDC, pyruvate dehydrogenase complex; TCA,

tricarboxylic acid cycle.
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1.3.5 Fatty acid uptake and metabolism

In order to fully understand the effects of immobilisation on insulin sensitivity, it
is important to understand the regulation of FA metabolism, particularly within
skeletal muscle, as FA are an important energy source. Whilst feeding, dietary
fat is hydrolysed by gastrointestinal lipases to form NEFAs, which are absorbed
by enterocytes within the intestine, and converted back to TAG before being
absorbed into the lymphatic system and ultimately the blood. Lipid is primarily
stored in adipose tissue under normal physiological conditions. The dietary
TAG is hydrolysed within the capillaries of the adipose tissue and the NEFA are
taken up by the adipocytes and re-esterified to TAG for storage. The stored
TAG can be hydrolysed and the NEFA released into the circulation during
periods of fasting or increased substrate demand e.g. exercise. The liver can
also supply lipid after consumption of large amounts of carbohydrate,
particularly sugars and refined starch, as it is able to convert excess glucose to
FAs, a process termed de novo lipogenesis. The liver forms very low density
lipoproteins (VLDL) from TAG formed from the newly formed NEFA, which can
then be transported via the blood to peripheral tissues (adipose tissue and
skeletal muscle), where the FAs are released from the TAG core by lipoprotein
lipases. NEFAs cross the cell membrane via specific transport proteins e.g fatty
acid translocase (FAT/CD36) and fatty acid binding proteins (FABP), as they
are impermeable to cell membranes due to their negative charge. Plasma FAs

can derive from three sources: dietary TAG, hepatic de novo lipogenesis from
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dietary carbohydrate, and hydrolysis of TAG and phospholipids within
peripheral tissues to release NEFA.

Once FAs enter the skeletal muscle, their fate depends on the metabolic
status of the cell (Figure 1.5). NEFA can be re-esterified to form TAG which is
incorporated into intramyocellular lipid (IMCL), or they can enter the
mitochondria and undergo B-oxidation to produce acetyl-CoA. IMCL is mainly
composed of intracellular lipid droplets localised between the sarcomeres and
adjacent to mitochondria. Alternatively, lipid can be subcutaneous or
intermuscular, extramyocellular lipid (EMCL). EMCL is located under the
epimysium (between bundles of muscle fibres) and under the perimysium
(between muscle fibres). Prior to undergoing p-oxidation, long-chain FAs are
transferred across the impermeable inner mitochondrial membrane via the
carnitine shuttle. Pioneering work by Fritz and McEwan established that
carnitine and carnitine palmitoyltransferase (CPT) were essential for the
translocation of long-chain FAs into skeletal muscle mitochondria (Fritz and
McEwen 1959). CPT1 catalyses the esterification of carnitine with long-chain
acyl-CoA forming long-chain acylcarnitine (Longo, Amat di San Filippo, and
Pasquali 2006). Acylcarnitine in the cytosol is transported into the mitochondria
via exchange with intramitochondrial free carnitine via carnitine acylcarnitine
translocase (CACT). Acylcarnitine is converted back to acyl-CoA and free
carnitine catalysed by CPT2 and the intramitochondrial acyl-CoA is oxidised by
the B-oxidation pathway. It has been shown that muscle acetylcarnitine content

is a marker of PDC flux. However this is during contraction when PDC is highly
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activated and glycolytic flux is in excess of carbohydrate oxidation (Stephens,

Constantin-Teodosiu, and Greenhaff 2007).

1.3.6 Fuel selection and metabolic flexibility

Skeletal muscle and adipose tissue play a key role in energy metabolism. In
lean healthy individuals, skeletal muscle has substantial metabolic flexibility,
namely the ability to modify fuel oxidation in response to changes in nutrient
availability. Lipid oxidation predominates during fasting conditions, whilst the
suppression of lipid oxidation and increased glucose uptake, oxidation and
storage occurs in insulin-stimulated conditions (Kelley et al. 1990). The primary
role of this substrate shift is to effectively store energy in skeletal muscle,
adipose and liver tissue, of which insulin is a key regulator. Randle was the first
to put forward in 1963 that there was flexibility in fuel selection between glucose
and fatty acid for oxidation in skeletal muscle and adipose tissue (Randle et al.
1963). He proposed that, at rest, fatty acid oxidation caused a decline in
glucose oxidation as well as an increase in the mitochondrial levels of acetyl-
CoA and cytoplasmic NADH/NAD+ ratio, subsequently inhibiting PDC via end
product inhibition (Randle 1998). Thus, an elevation of circulating free fatty
acids seen in insulin resistant states may negatively influence insulin
responsiveness and glucose uptake in skeletal muscle at rest. Kelley and
colleagues later described metabolic inflexibility in patients with type 2 diabetes
and obesity in a series of experiments, in which they demonstrated that during

resting post-absorptive conditions, there is an elevated rate of whole-body
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glucose oxidation and a lower rate of whole-body fatty acid oxidation compared
with healthy controls (Kelley and Mandarino 1990; Kelley et al. 1993). Similarly,
it was noted in individuals with obesity and type |l diabetes that there is a
reduced suppression of resting, whole-body lipid oxidation under insulin-
stimulated conditions (Felber et al. 1987). Physical activity has a impact on
metabolic flexibility, with 1 hour of daily aerobic exercise (70% Vozpeak) Shown
to increase the rate of fatty acid oxidation in response to a high fat diet in adults
with obesity compared to lean individuals (Battaglia et al. 2012). Relatively less
is known about metabolic flexibility in response to physical inactivity in
comparison to exercise, in particular the impact of inactivity induced reduced
glucose uptake and the temporal juxtaposition with changes in substrate

oxidation in response to feeding in humans.

1.4 Immobilisation and insulin sensitivity, substrate oxidation and lipid

content

1.4.1 The impact of immobilisation on insulin sensitivity and substrate

oxidation

A reduction in whole-body insulin sensitivity has been identified as occurring as
early as 3-5 days of bed rest (Yanagibori et al. 1994; Smorawinski et al. 2000;
Reidy et al. 2017), but was not detectable after one day of bed rest (Dirks et al.
2018). Mikines was the first to demonstrate that reduced glucose uptake after
7 days of bed rest was predominantly at the level of the muscle measured using

AV-V difference and blood flow across the leg, where it was found that leg
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glucose uptake was blunted across a wide range of serum insulin
concentrations (10-352 pU/ml)(Mikines et al. 1991). Furthermore, reduced
muscle glucose uptake measured using the hyperinsulinaemic euglycaemic
clamp and stable isotope-based techniques has been shown to develop after
more modest reductions in physical activity such as 3-14 days of reduced step
count (Krogh-Madsen et al. 2010b). Although these findings suggest that it is
predominantly inactive muscle driving the metabolic dysregulation secondary
to inactivity, the mechanisms underlying this are not completely understood.

A reduction in skeletal muscle glucose uptake has been suggested as a
key outcome of immobilisation-induced insulin resistance via impaired glucose
transport or adaptive changes in muscle glucose phosphorylation, glycogen
synthesis or glucose oxidation. Previous studies have noted a reduction in key
regulatory proteins in glucose transport, phosphorylation and storage including
skeletal muscle GLUT4 and hexokinase Il content and also insulin-stimulated
glycogen synthase activity after 7 days of bed rest (Bienso et al. 2012;
Ringholm et al. 2011). Bed rest studies have also demonstrated a blunted
insulin-stimulated Akt phosphorylation in humans (Mortensen et al. 2014).
However, it is unclear if these events were causative in the reduction in skeletal
muscle glucose disposal observed during bed rest or in response to a reduction
in muscle glucose uptake itself. One study (Burns et al. 2021) utilising a forearm
immobilisation model showed a significant reduction in forearm glucose uptake
after 24-hours of immobilisation which did not occur in the non-immobilised arm.
This suggests that acutely, inactivity-induced declines in glucose uptake are

secondary to a lack of muscular contraction per se. The precise temporal
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changes in the reduction in whole-body glucose disposal and their magnitude
in response to acute (<7 days) and longer duration bed rest and the relationship
to underlying mechanistic processes is currently lacking.

The impact of immobilisation on fuel selection, and how soon metabolic
inflexibility develops after a reduction in whole-body glucose uptake is also
unclear. Bergouignon performed a retrospective analysis of longitudinal
interventional studies across a range of physical activity levels (PAL), and found
active individuals had higher variances in non-protein respiratory quotient (the
ratio of carbohydrate to fat oxidation calculated from indirect calorimetry data)
for lower variances in insulin than sedentary individuals (Bergouignan et al.
2013). In other words, a high shift in the fuel mix being oxidised at a low insulin
signal, indicating a better metabolic flexibility. However, in many of these
studies, energy intake was not controlled. Rudwill and colleagues studied
healthy males in energy balance undergoing 21 days of bed rest and showed
the onset of metabolic inflexibility (assessed via indirect calorimetry following a
high-fat, high-energy test meal) manifested by 21 days (Rudwill et al. 2018). In
a 3 day HDT bed rest study, Acheson showed an increased lipid oxidation in
the fasted state but unchanged rates of glucose and fat oxidation (when
cumulated over the course of the OGTT with respect to baseline values) after
a glucose load (Acheson et al. 1995). Energy intake was also not carefully
controlled in the run-up to the bed rest period potentially affecting results.
Overall, the time course of onset of metabolic inflexibility during bed rest, and

how this relates to changes in whole-body glucose disposal, is not clear.
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1.4.2 The impact of immobilisation on muscle lipid content

Purported mechanisms for the immobilisation-mediated decline in insulin
sensitivity include an increase in lipid content within the muscle, evidenced by
studies demonstrating a strong negative relationship between IMCL content
and insulin sensitivity (Pan et al. 1997). There have been several mechanisms
proposed that may explain this association. Incomplete hydrolysis of TAG with
elevated diacylglycerol (DAG) as well as alterations in lipid droplet (LD) coating,
morphology and subcellular location (subsarcolemmal) have been shown to be
determinants of insulin insensitivity (Gemmink et al. 2017; Nielsen et al. 2010),
as well as the accumulation of toxic lipid intermediates such as ceramides
which may interfere with insulin signalling (Cree et al. 2010). Another
mechanism by which lipids may influence insulin sensitivity is via a chronic
elevated inflammatory response characterised by altered cytokine production
and activation of inflammatory signalling pathways. This is reported to be either
from inflammatory intermediates directly inducing insulin resistance via serine
phosphorylation of IRS-1 in muscle or liver, or from inflammatory cell infiltration
e.g. TNF-a and IL-6 within adipose tissue, leading to altered adipocyte lipid
metabolism (Wellen and Hotamisligil 2003). However, a study infusing TNF-a.
antibody failed to alter insulin sensitivity in obese NIDDM (Ofei et al. 1996),
raising uncertainty of this particular pathway.

Several studies have reported changes in IMCL content in response to
immobilisation. A 28-day bed rest model by Cree and colleagues demonstrated
an almost two-fold increase in intramyocellular TAG in 6 healthy males

measured using 1H MRS and a significant decrease in post bed rest insulin-
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stimulated muscle glucose uptake during a hyperinsulinaemic euglycaemic
clamp (Cree et al. 2010). However, this magnitude of IMCL change has not
been reported in other studies in response to bed rest and was also conducted
with concomitant hypercortisolaemia (to represent the increased production of
cortisol during spaceflight) which may potentially drive changes in IMCL
independent of immobilisation. Increases in intramuscular adipose tissue
(IMAT) of a magnitude 14-20% measured using MRI in the lower limb have also
been reported in a lower limb suspension model of disuse (Manini et al. 2007).
However, in both these studies, dietary energy intake was not controlled for and
thus results may have been a reflection of overfeeding, rather than physical
inactivity per se. Further methodological considerations of the quantification of
IMCL should also be considered. Limitations have been reported in previously
used histochemical methods to quantify lipid droplets such as oil red O (ORO)
and the associated air drying of sections which can cause precipitates, blocking
the transmission of light through the stained sections (Prats et al. 2013). ORO
is a fat soluble dye used for staining neutral lipids which can be visualised by
fluorescence or bright field microscopy. One drawback is that it stains lipids as
part of the intracellular membranes and thus these need to be accounted for so
as to not overestimate lipid droplet content. Bodipy has therefore been
suggested as the dye of choice to image IMTG as it does not affect light
transmission (Prats et al. 2013).

Evidence supporting IMCL being a primary driver of immobilisation-
induced reductions in insulin sensitivity in shorter duration bed rest is also

equivocal. A study of bed rest of 1 week duration reported no significant IMCL
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content changes, measured using ORO despite a reduction in whole-body
insulin sensitivity (Dirks et al. 2016). Pagano reported that short term disuse via
a 3-day dry immersion model caused an increased protein expression of two
major markers of mature adipocytes, perilipin and fatty acid binding protein 4,
but no change in IMAT adipocyte CSA, however the authors reported that the
study was underpowered (Pagano et al. 2018). Another dry immersion study of
3 days duration reported no significant change in percentage intramuscular fat
of the thigh as measured by MRI using a T1 Dixon water/fat method (Demangel
et al. 2017). Taken together, at present it is equivocal whether IMCL
accumulation is a primary driver of immobilisation-induced changes in insulin
sensitivity, especially during short duration bed rest, due to differences in
methods employed to measure IMCL, and a lack of dietary control in previous
studies. The determination of IMCL content after acute bed rest, its relationship
to whole-body insulin sensitivity and substrate oxidation and the impact of

remobilisation remain unclear.

1.4.3 The impact of immobilisation on muscle vasculature

As explained earlier in Section 1.3.3, adaptations in muscle glucose uptake
theoretically can be influenced by changes in its delivery to the muscle via
alterations in limb blood flow or capillarisation. Five days of bed rest has been
shown to induce reductions in reactive hyperaemia measured following cuff
occlusion in the upper arm, and this was accompanied by increases in fasting
insulin, glucose and HOMA-IR. (Hamburg et al. 2007). Reactive hyperaemia is

the increase in blood flow following transient ischaemia and is thought to reflect
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both endothelium-dependent and-independent dilation of resistance vessels
(Loscalzo and Vita 1994). Insulin-mediated bulk limb blood flow has also been
shown to be affected by immobilisation. Sonne showed that after 10 days of
bed rest, insulin-stimulated forearm blood flow measured using venous
occlusion plethysmography decreased 53% compared to before bed rest,
indicating changes to vascular insulin action (Sonne et al. 2010). The effect in
the lower limb is likely to be different to the upper limb, where a reduction in
muscular contraction in bed rest is less apparent, and furthermore the HDT bed
rest model can result in changes in plasma volume which may affect measures.
Bed rest of duration 7 days or less has not consistently shown changes in
capillary density measured using immunohistochemistry, with some reporting
no change (Dirks et al. 2016; Ringholm et al. 2011; Mikines et al. 1991) and
others reporting an increase (Montero et al. 2018). However, in the latter study,
fasting glucose/insulin ratio was not correlated with capillary density, indicating
that changes in skeletal muscle glucose uptake is unlikely to be secondary to
changes in muscle capillarisation. Microvascular function, an important
measure of nutrient delivery to muscle has also been reported to be altered by
immobilisation. Two weeks of unilateral lower-limb casting reduced
microvascular endothelial function, measured by the vasodilator response to an
intra-arterial infusion of acetylcholine and sodium nitroprusside (Rytter et al.
2020). Overall therefore, immobilisation appears to cause adaptations in both

bulk and microvascular blood flow, but not capillarisation.
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1.5 Immobilisation, muscle atrophy and architecture

1.5.1 Skeletal muscle atrophy

Models of physical inactivity have demonstrated profound detriments in skeletal
muscle mass, architecture and function secondary to immobilisation. Early
studies involving bed rest immobilisation by Cuthbertson and Deitrick
demonstrated skeletal muscle atophy via increased nitrogen excretion
(Cuthbertson 1929; Deitrick, Whedon, and Shorr 1948). The extent of muscle
atrophy and rapidity of muscle loss observed in studies has been variable
depending on the muscle group studied, the model of physical inactivity used
and the method of measurement i.e. magnetic resonance imaging
(MRI)/ultrasound (US)/DEXA (Rudrappa et al. 2016). Changes in muscle
volume of 1.7% measured using MRI have been noted in as short a time period
as 2 days unilateral limb suspension (Kilroe, Fulford, Jackman, et al. 2020).
Immobilisation of 5 days duration using unilateral below-knee leg casting has
been shown to reduce quadriceps cross sectional area (CSA) by 3.5%
measured using computed tomography (CT) (Wall et al. 2014) despite whole-
body lean mass remaining unchanged, with similar reductions in vastus lateralis
CSA reported after 7 days of bed rest, measured using MRI (Ferrando et al.
1995). Studies involving 2 weeks of unilateral lower limb immobilisation resulted
in a reduction in quadriceps lean mass measured using DEXA, of 4.7% (Jones
et al. 2004) and CSA, measured using MRI of 5.2% (de Boer et al. 2007).
Longer duration (>2 weeks) bed rest studies have reported 30% atrophy in

ankle extensors (gastrocnemius and soleus) and 21% loss in ankle flexors
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(anterior tibialis) as well as 16-18% muscle atrophy in the quadriceps and
hamstrings and 9% loss in the intrinsic lower back muscles after 17 weeks of
bedrest measured using MRI (LeBlanc et al. 1992). Evidence also suggests
atrophy to be accelerated in the initial stages of unloading, after which it
reaches a plateau of muscle loss at a slower rate. One 90-day bed rest study
reported slower rates of quadriceps atrophy during the final 2-months compared
to the first month (Alkner and Tesch 2004). Similarly, Fitts reported that loss in
muscle volume in a microgravity environment is exponential with the largest
decline in the initial month and a new steady state reached by 120 days (Fitts
et al. 2007). Furthermore, reduction in muscle volume and subsequent strength
was not significantly worse at 237 days compared with 110 days. A potential
problematic factor during HDT bed rest is the cephalic fluid shifts, particularly
acutely during short duration bed rest, where there may be apparent change of
muscle volume, when in fact net muscle protein loss may be unchanged
(Conley et al. 1996). Most bed rest studies have focussed on muscle mass loss
in the lower extremity only, with few studies taking measures of upper and lower

body concurrently, and none that we are aware of after only 3 days of bed rest.

1.5.2 Muscle group

The degree of skeletal muscle atrophy during immobilisation varies between
muscle groups. Increased muscle loss has been observed during bed rest in
the antigravity, weight bearing muscles, which primarily consist of type | fibres
(slow-twitch), especially of the lower limb such as soleus, and the postural back

muscles compared to the type Il (fast-twitch) muscles (LeBlanc et al. 1992). In
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the lower limb, Alkner reported a greater degree of atrophy in the plantar flexor
muscles (soleus and gastrocnemius) with a loss of CSA of 29% compared with
an 18% reduction of the knee extensors (vastus lateralis and rectus femoris)
during 90 days of HDT bed rest (Alkner and Tesch 2004). Similarly, Akima
noted the most significant losses in soleus and gastrocnemius CSA
(approximately 10%) using MRI after 20 days of bed rest compared to other
muscles of the lower limb (Akima et al. 1997). Plantarflexion is required for
adequate propulsion during the toe off phase of gait, and therefore even modest
reductions in calf muscle volume may negatively impact walking. Most bed rest
studies have focussed on muscle mass loss in the lower extremity only, with
few studies taking measures of upper and lower body concurrently. Upper body
muscles are not involved in weight bearing or postural control, and therefore
have a relatively lower time under tension and protein turnover compared to
lower limb muscles. Muscle mass loss is therefore relatively less than lower
limb muscles during immobilisation such as bed rest. One study using DEXA to
determine lean mass in the trunks, arms and legs in healthy men undergoing
17 weeks of bed rest reported no change in lean mass of the arms or trunk,
whilst total body lean mass declined by 4% and legs by 12% (LeBlanc et al.
1992). To my knowledge, no studies have evaluated regional changes in

muscle volume following short duration bed rest.

1.5.3 Muscle fibre type

In mammalian skeletal muscle, fibre type is determined according to myosin
heavy chain composition. In humans, there are 3 types (isoforms) of myosin
heavy chains (MHC) that are expressed in either slow or fast fibres, (type I, lla
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and lIx)(Schiaffino et al. 1989). Type | muscle fibres are necessary for long-
lasting activity with greater time under tension compared with type Il fibres, and
rely on oxidative metabolic processes, resulting in lower fatigue resistance
capacity. Studies of prolonged spaceflight (Fitts et al. 2010), bed rest (Brocca
et al. 2012) and lower limb immobilisation (Gibson et al. 1987) in humans of
more than 30 days have demonstrated a preferential effect of atrophy of type |
fibres compared to type lla or lIx fibres. Other studies in humans have however
reported both type | and type Il muscle fibre atrophy following 14 days of
immobilisation (Hvid et al. 2010; Bamman et al. 1998), but not as early as 8
days of bed rest (Brocca et al. 2012). A preferential atrophy of type Il fibres in
older individuals undergoing bed rest has also been reported however (Hvid et
al. 2010). Previous limb immobilisation models have suggested that certain
muscle groups are “atrophy susceptible” e.g. medial gastrocnemius whilst
others are “atrophy resistant” e.qg. tibialis anterior (Bass et al. 2021). In the latter
study, muscle volume using MRI and muscle thickness using US were
evaluated in both muscles after 15 days of ULLS, and fibre type composition
was comparable between the two muscles (predominantly type | in humans),
indicating fibre type was unlikely to account for the differences in atrophy
observed. Atrophy of type | muscle fibres is greater in rodent models compared
to human studies (Thomason and Booth 1990). This has been partly attributed
to the fact that rates of protein turnover are more homogenous between fibre
types in humans than they are between fibre types in rodents, where the
variations in protein turnover are as high as twofold between fast and slow

fibres types (Phillips, Glover, and Rennie 2009).
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1.5.4 Muscle strength

Reductions in muscular strength following immobilisation are disproportionately
greater than the loss of muscle CSA, suggesting other mechanisms must be
responsible in part for the loss of muscle strength. The greatest detriments
appear to occur early in immobilisation, mimicking the temporal onset of muscle
atrophy. Dirks reported a 3.5% reduction in quadriceps CSA and 9% reduction
in strength in a study involving 5 days of leg cast immobilisation (Dirks et al.
2014). Another study reported a 10% reduction in myofibre area and 13%
reduction in strength after just 4 days of immobilisation using whole leg casting
(Suetta et al. 2012). Another study involving 14 days of leg immobilisation
resulted in an 8% reduction in quadriceps CSA and a 23% reduction in strength
(Wall, Dirks, and van Loon 2013). A purported mechanism contributing to
reduction in strength following physical inactivity is a reduction in
neuromuscular drive and motor unit recruitment. Duchateau noted 33%
decrease in muscle activation indicated by a reduction in torque and
electromyographic (EMG) activity, measured during maximal voluntary
contraction (MVC) in the triceps surae after 5 weeks of bed rest (Duchateau
1995). This was hypothesised to be due to a reduction in both motor unit
recruitment and maximal firing rate after bed rest. Similar central activation
deficits have been reported to account for the strength loss in the quadriceps
after total knee replacement (Thomas and Stevens-Lapsley 2012). In a 3 day
dry immersion model in 12 healthy young participants, Demangel reported 11%
maximal voluntary contraction loss with a 2.4% decrease in quadriceps CSA

(Demangel et al. 2017). They attributed the discrepancy in magnitude of
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strength loss compared to mass loss to fibre type denervation, evidenced by an
increase in neural cellular adhesion molecule (NCAM)-positive myofibres.
NCAM is classically used to identify muscle fibres undergoing regeneration or
denervation processes. This suggests that motor denervation begins very early
in the context of disuse and impacts motor recruitment patterns. Work from
Piasecki’s lab has described suppressed motor unit firing rate following 15 days
of ULLS measured using intramuscular myography which was confined to the
immobilised limb and was observed at multiple contraction levels (Inns et al.
2022). Thus, functional muscle deficits appear to be attributable to more than

muscle mass loss in human disuse atrophy.

1.6 Mechanisms of muscle atrophy during physical inactivity

The primary drivers for maintenance of skeletal muscle mass in humans include
the availability of amino acids, in particular leucine, and physical activity which
both increase myofibrillar protein synthesis (MPS), as well as insulin responses
to food, which inhibit muscle protein breakdown (MPB) (Kumar, Atherton, et al.
2009; Rennie 2005; Greenhaff et al. 2008). Any substantial losses of skeletal
muscle mass must be underpinned by a net imbalance between MPS and MPB
(Figure 1.6). This protein balance has a diurnal variation and MPS s
predominantly stimulated by food intake (Wilkinson et al. 2015) and physical
activity (Kumar, Selby, et al. 2009). However, the relative contribution to either
a reduction in MPS, an increase in MPB, or a combination of both in disuse
atrophy is much debated, particularly when attempting to translate evidence

from rodent models to humans.
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Figure 1.6. Equilibrium of myofibrillar protein synthesis and muscle protein
breakdown related to feeding. MPS = myofibrillar protein synthesis, MPB =

muscle protein breakdown

Much research has been conducted trying to determine the anabolic and
catabolic signalling pathways that control skeletal muscle mass via the
regulation of protein synthesis and degradation, so that effective
countermeasures can be employed to prevent muscle wasting. Increases in
MPS rates are regulated at various molecular levels within the translation
initiation and elongation process in response to anabolic stimuli. The
mammalian target of rapamycin (mTOR) pathway has been identified as the
major hub for the integration of upstream signalling pathways which result in
increased translational efficiency (Figure 1.7). This has been demonstrated in
studies where blockade of the mTORC1 signalling pathway by rapamycin led

to decreased rates of MPS, causing inhibition of muscle hypertrophy
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(Drummond et al. 2009; Bodine, Stitt, et al. 2001). The mTOR pathway can be
stimulated by insulin and IGF-1, amino acids, energy stress and mechanical
stress. In this phosphorylation-regulated signalling pathway, IGF1 (or another
anabolic signal) activates phosphatidylinositol 3 kinase (PI3K), which
phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to
phosphatidylinositol-3,4,5-triphosphate (PIP3) in the membrane, and this
creates a binding site for protein kinase B (Akt). Activation of Akt
phosphorylates and activates mTOR kinase which increases protein synthesis
by phosphorylation and activation of p70S6kinase (p70%%K) and eukaryotic
translation initiation factor 4E binding protein 1 (4EBP-1)(Gingras et al. 1999).
Increased phosphorylation of Akt leads to the inhibition of forkhead box class
0-1 (FOXO) and caspase-3 resulting in inhibition of protein breakdown via the
ubiquitin ligases muscle ring finger-1 (MuRF-1) and muscle atrophy F-box
(MAFbx/atrogin-1) (Bodine, Latres, et al. 2001). However, evidence has
demonstrated a dissociation in mTOR pathway signalling protein
phosphorylation and muscle protein synthesis when insulin has been infused in

a stepwise fashion alongside amino acid infusion (Greenhaff et al. 2008).
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Figure 1.7. Simplified summary of the anabolic and catabolic pathways in skeletal muscle leading to protein synthesis (represented
in blue) and protein breakdown (represented in red) respectively. Akt, protein kinase B; 4EBP-1, eukaryotic translation initiation factor
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FOXO-1, forkhead box class O-1; IGFR-1, insulin-like growth factor 1 receptor, IRS1, insulin receptor substrate 1, MAFBx, muscle
atrophy f-box-1; mTOR, mammalian target of rapamycin;, MURF-1, muscle ring finger protein 1; NFkB, nuclear factor kB; P70s6K,
70-kDa s6 protein kinase; PI3-K, phosphatidylinositol-3-kinase, PIP2, phosphatidylinositol 4,5-bisphosphate, phosphatidylinositol
3,4,5-trisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; SMAD, vertebrate homolog of Drosophila protein MAD (mothers

against decapentaplegic) and Caenorhabditis elegans protein SMA; TNF-a, tumour necrosis factor alpha.
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1.6.1 Myofibrillar protein synthesis

Stable isotope tracers have allowed MPS and whole-body MPB to be
investigated in humans in vivo in metabolic physiology experiments. The
methodology involves the measurement of the dilution of the tracer into the
metabolic pool of the tracee of interest. Isotopes are elements that occupy the
same position in the periodic table but differ in mass due to the same number
of protons but a differing number of neutrons within the nucleus. In metabolic
physiology research, although they are chemically and functionally identical,
they can be distinguished analytically, thus making them ideal for “tracing”
metabolic processes. Stable isotopes are normally detected using mass
spectrometry, which separates atoms or molecules based on their mass or
charge as they pass through an electrical or magnetic field under vacuum. They
are combined with chromatographic (gas chromatography or liquid
chromatography) separation techniques prior to detection in the mass
spectrometer (Wilkinson et al. 2017).

By combining arteriovenous tracer labelling techniques, protein
synthesis and protein breakdown in limbs (which are predominantly skeletal
muscle) can also be measured over short periods of time (minutes to hours). In
early studies, measurements of leg protein synthesis during immobilisation
were primarily made in the postabsorptive state. The decline in postabsorptive
MPS is thought to account for the majority of muscle volume loss observed

during 21 days of ULLS (de Boer et al. 2007) and 10 days of bed rest (Kortebein
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et al. 2007), with the suggested rate of decline during disuse being
approximately 0.5% per day (Phillips, Glover, and Rennie 2009). Glover et al.
were the first to demonstrate the existence of muscle “anabolic resistance” in
response to immobilisation (Glover et al. 2008), a phenomenon more commonly
reported in older individuals (Cuthbertson et al. 2005). In Glover’'s study,
suppressed MPS in the postprandial state was observed following 14 days of
lower limb immobilisation in healthy, young volunteers, which persisted even
under conditions of high dose amino acid administration (Glover et al. 2008).
Thus, disuse atrophy in humans is characterised by reductions in both the
fasted and fed-state MPS, causing a global daily reduction of MPS. A shorter
duration study of 5 days unilateral knee immobilisation using a full leg cast
confirmed these observations as a reduction in rates of postabsorptive and
postprandial MPS in young healthy men was reported, which was accompanied
by a 4% loss of quadriceps CSA (Wall et al. 2016). Of note, the phosphorylation
state of signalling proteins in the mammalian target of rapamycin (MTOR)
pathway did not explain the reduction in MPS (Glover et al. 2008; de Boer et al.
2007) and, in another study, 2 weeks of limb immobilisation showed no
increased phosphorylation of mTOR and p70%%k (Wall et al. 2013). These
studies demonstrate at present our lack of understanding of the precise
mechanisms underpinning disuse-induced muscle mass loss and questions
whether protein phosphorylation is a robust proxy of Akt/mTOR activity.

The above studies utilised measures that were taken acutely using
intravenous infusions of stable isotope tracers and represent a “snapshot” in

time of MPS. However, traditional substrate-specific stable isotope tracer
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methods have several limitations, namely measurements need to be performed
over only short durations (<8-12 hours), they require venous and/or arterial
cannulation, expensive sterile infusions and multiple biopsy collection periods
within controlled laboratory conditions. Newer, orally ingested stable isotope
tracers have more recently been employed to enable chronic estimation of
these processes. Deuterium oxide (D20) is administered orally, and rapidly
equilibrates with body water (1-2 hours in humans) which creates a
homogenously labelled precursor pool, with a half-life of 9-11 days (Wilkinson
et al. 2014). The slow turnover rate allows measurements over longer periods
i.e. days to weeks compared to traditional stable isotope methods, which allows
the scrutiny of chronic, cumulative metabolic flux, which are more relevant to
clinical studies. Using mass spectrometry, the level of deuterium in water can
be measured, distinguishing D20 from H20; deuterium exchanges into the free
amino acid alanine which is then incorporated into body proteins. The labelling
of water in saliva, blood or urine is used as a surrogate precursor to follow the
labelling of deuterium in the free alanine. By measuring the rate of incorporation
of this deuterated alanine into protein over time the rate of synthesis of the
protein can be determined (using the precursor-product approach; Figure 1.8).
Chronic MPS derived using D2O during a 6 week resistance exercise training
study correlated with long term muscle hypertrophy, demonstrating the utility of
D20 in predicting chronic adaptations to exercise (Brook et al. 2015). The utility
in estimating protein losses has also been demonstrated. Brook et al. found a
reduction in muscle size and strength following 4 days of ULLS which was

driven by declines in MPS measured chronically using D20, indicating a
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sustained depression of MPS over short duration immobilisation (Brook et al.
2022). Thus far however, these techniques have been limited to healthy
volunteer studies, with few studies able to employ them in clinical populations.
This application would be valuable in helping to elucidate chronic changes in
muscle protein turnover in clinical populations with chronic disease or acute

illness in which muscle protein loss is elevated.
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Figure 1.8. Precursor:product labelling method to determine myofibrillar protein
synthesis. Here a labelled tracer, deuterium oxide (D20O) equilibrates with body
water and labels amino acids e.g. alanine intracellularly, which can then

become incorporated into proteins.

1.6.2 Muscle protein breakdown

An increase in MPB has also been suggested as a mechanism driving disuse
atrophy, largely based on evidence of increased markers of MPB in rodent
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models during the early stages of immobilisation. The major regulators of MPB
in skeletal muscle include the ubiquitin proteosome system, autophagy-
lysosomal and calcium-activated calpain and caspase-dependent cleavage of
actinomyosin complexes (Figure 1.7). Degradation of proteins by the ubiquitin-
proteosome pathway is regulated in skeletal muscle by MAFbx and muscle
RING finger-1 MURF-1. Lecker showed that both MAFbx and MURF-1 were
the main “atrogenes” upregulated in a number of muscle wasting disease states
in mice including cancer cachexia, uraemia and streptozotocin-induced
diabetes (Lecker et al. 2004). MAFbx and MURF-1 are transcriptionally
regulated by the forkhead box gene group O (FOXO) transcription factors. After
phosphorylation by Akt of the FOXO transcription factors, they are rendered
inactive. Akt is therefore a common point of convergence in the pathways of
MPS and MPB.

There is less evidence available in the literature regarding the role of MPB in
short-duration disuse atrophy, at least partly due to the technical challenges
associated with directly measuring protein degradation in vivo in humans.
Overall, although there is some evidence to suggest in rodents that MPB may
be transiently elevated early in immobilisation (Krawiec et al. 2005; Taillandier
et al. 2003), recent evidence in human studies has not supported this theory
(Brook et al. 2022). There are significant differences in muscle protein turnover
when comparing responses to immobilisation in rodents vs humans, making
direct comparison difficult to interpret. Furthermore, previous human studies
supporting an increase in MPB reported increase markers of MPB e.g. an

increase in the ubiquitin proteosome and autophagy-lysosomal systems after 5
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days of bed rest, rather than direct MPB rates (Tanner et al. 2015), again
questioning whether MPB is truly raised under these conditions. This specific

matter will be discussed further in Chapter 4.

1.7 Post-immobilisation physical activity intervention

Given the rapid declines in whole-body and limb glucose disposal and muscle
mass in disuse, which, in the case of glucose disposal, are specific to the
immobilised limb, and likely a consequence of a lack of muscle contraction per
se, it seems reasonable to suggest these changes could be restored equally as
rapidly by the resumption of muscular contraction. In a previous 21-day bed
rest study in healthy, sedentary young males maintained in energy balance, 4
days of habitual free living was insufficient to restore whole-body glucose
tolerance measured using an OGTT, and 5-14 days of normal ambulation was
required to restore impaired glucose tolerance (Heer et al. 2014). This is
supported by gene expression studies during bed rest which showed that over
4,500 genes predominantly related to insulin sensitivity, fatty acid metabolism
and mitochondrial function were downregulated after 9 days of bed rest, which
were only partially restored after 4 weeks of retraining (Alibegovic et al. 2010).
Other studies have shown whole-body insulin sensitivity, measured using the
CLIX-IR, an index of insulin sensitivity derived from an OGTT, was restored
after 8 weeks of progressive lower limb eccentric exercise (knee and hip
extensor training 3-times per week) following 5 days of bed rest (Reidy et al.
2017). However, it is likely that an improvement after this length of time may

have been expected after the resumption of normal ambulation alone. Similarly,
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4 weeks of aerobic exercise training (3 times per week) has been shown to
restore deficits in limb microvascular function following 2 weeks of unilateral leg
immobilisation (Rytter et al. 2020). Evidence shows that even a single bout of
resistance exercise improves insulin-stimulated leg glucose uptake (Richter et
al. 1989) and glucose tolerance in healthy volunteers (Gordon et al. 2012).
There is currently a dearth of research investigating whether disuse-associated
reductions in whole-body glucose disposal or leg glucose uptake over short
durations of only a few days can be equally as rapidly restored using resistance
exercise. Furthermore, it is unclear the type, intensity and duration of activity
required to fully restore insulin sensitivity following bed rest, or whether this
would restore with free living alone. This information would be important to
establish to inform recovery and rehabilitation guidelines for those undergoing
short periods of immobilisation such as during a hospital stay.

The time-course of change of muscle mass, MPS and MPB with
immobilisation, and their rate of restoration, particularly over short periods in
humans, is also currently unresolved. Resistance exercise is one of the most
common countermeasures to be employed to mitigate against muscle mass
and strength losses with disuse. Resistance exercise has been used both after
disuse, as a period of rehabilitation, as well as during immobilisation, to lessen
the muscle mass and strength losses. However the relative success has
depended on the particular types of exercise performed and which muscles
were targeted (Alkner and Tesch 2004; Akima et al. 1997; Akima et al. 2003).
Overall, there are few, if any, studies specifically looking at the restoration of

MPS and whole-body and leg insulin sensitivity after short duration (<3 days)
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remobilisation. Rodent studies suggest that the restoration of MPS occurs
rapidly e.g. in as short as 6 hours after recovery from immobilisation (Tucker,
Seider, and Booth 1981). However, the limitations of the translatability of rodent
models to humans has already been touched upon. In human studies, in the
main, most remobilisation studies are several weeks long e.g., 8 weeks (Tanner
et al. 2015) and it is unclear if restoration of MPS would have occurred anyway
with this extended period of free living. This matter is discussed in more detail
in Chapter 4, but currently, whether a short period of reloading can restore both
whole-body and muscle insulin sensitivity and myofibrillar protein synthesis to

the same extent is not known.

1.8 Inflammation and trauma

1.8.1 The metabolic response to inflammation and trauma

Similar to conditions of immobilisation, skeletal muscle mass loss and changes
in muscle architecture as well as reductions in insulin sensitivity have been
observed in conditions where inflammation is present, e.g. patients who sustain
an injury or in postoperative surgical patients. Cuthbertson was the first to
describe the metabolic response to trauma over 50-years ago and the
posttraumatic changes of nitrogen loss, breakdown of lean tissue, fever and
increased oxygen consumption (Campbell and Cuthbertson 1967).
Inflammatory burden can be present in a spectrum of clinical states, such as
following a systemic infection in sepsis or after an injury or trauma. Sepsis is an
uncontrolled, systemic inflammatory response that occurs secondary to an

infection (typically originating from the lungs, urinary tract or abdominal cavity).
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Detrimental changes observed in muscle mass regulation or insulin sensitivity
may be exacerbated by the inflammatory burden of surgery itself or iatrogenic
interventions, as well as the initial injury or insult. At the most extreme end of
the spectrum, patients with critical illness are anesthetised and ventilated in
intensive care units (ICU). Not only are these patients immobilised but they are
also sedated and although sedation remains an unknown factor in
immobilisation-related muscle remodelling, it is believed to compound muscle
wasting to a greater extent than just “conscious immobility” in the absence of
sedation (Parry and Puthucheary 2015). Furthermore, following major
abdominal surgery for example, a systemic postoperative proinflammatory
response is seen and is accompanied by muscle inflammation and metabolic
dysregulation both locally and remote to the site of the surgery (Varadhan et al.

2018).

The metabolic response to trauma is complex and fundamentally driven by
the primary events of tissue ischaemia and reperfusion and tissue disruption. It
has been defined in three phases.

1) Ebb phase (decreased metabolic rate)

2) Flow phase (catabolic phase)

3) Anabolic phase
The ‘ebb’ phase is an early (24-48 hours) hypometabolic state of catabolism
which is initiated in response to the initial trauma and where there is reduced
energy expenditure, hypovolaemia and an increased sympatho-adrenal activity

associated with counter-regulatory hormones after injury (Frayn et al. 1985).
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Post traumatic “stress hyperglycaemia” which is present during the ebb phase
is believed to be initially the result of increased hepatic glycogenolysis and
subsequently secondary to increased glucose production and reduced
peripheral utilisation (Wolfe, Allsop, and Burke 1977). This is stimulated by an
increase in stress hormones such as glucagon and catecholamines and
suppression of insulin levels (Allison, Hinton, and Chamberlain 1968; Halter,
Pflug, and Porte 1977). The ‘flow’ phase is characterised by a high metabolic
rate with an increased energy expenditure, breakdown of protein and fat,
activation of the innate immune system and induction of the hepatic acute-
phase response, as well rising insulin levels with subsequently increased
glucose production (Frayn 1986). In order to meet the increased metabolic need
of the elevated energy expenditure, wound healing and acute phase protein
production, during this phase there can be excessive loss of skeletal muscle
mass and increased turnover of fatty acids with increased lactate production
(Frayn et al. 1985). The transition from the catabolic state to the anabolic state
depends on injury severity and magnitude of surgical trauma. It occurs
approximately 3-8 days after uncomplicated elective surgery but may take
weeks to months after severe trauma and sepsis.

The metabolic response can be further aggravated by secondary events
such as blood transfusions, delayed operative procedures and infection, which
promote initiation of the cellularimmune system (monocytes, macrophages and
neutrophils), and activation of complement and coagulation cascades (Stahel,
Smith, and Moore 2007). This results in the release of mediators including

cytokines (e.g. TNF-a, IL1, IL2, IL3, IL4, and IL6), nitric oxide and chemokines
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which are thought to lead to mitochondrial dysfunction, microvascular
thrombosis and apoptosis. However, treatment strategies aimed at controlling
the extent of posttraumatic inflammation have been conflicting. Corticosteroids
e.g. prednisolone are anti-inflammatory agents that inhibit transcription factors
that control synthesis of pro-inflammatory mediators and inhibit the production
of tissue-destructive enzymes (e.g. collagenase) and have been investigated in
the setting of acute trauma. Randomised controlled trials using high dose
methylprednisolone have shown an increased mortality in patients with head
injury (Roberts et al. 2004) and acute respiratory distress syndrome (Steinberg
et al. 2006). The molecular targets for modulating the inflammatory cascade
after trauma are therefore complex, and evidence suggests the global immune
depression by the administration of corticosteroids does not work in the setting

of complex trauma.

1.8.2 Models of acute and chronic inflammatory insult

There are various models to examine the effect of an acute and chronic
inflammatory insult on muscle mass and metabolism. These include an
endotoxin model via the intravenous administration of lipopolysaccharide
(LPS), a compound derived from the cell membrane of Gram-negative bacteria.
This causes a reproducible systemic effect of fever, myalgia and an increased
level of plasma cytokines such as IL6 and IL10 (Bahador and Cross 2007).
Findings are however limited in their generalisability due to the acute nature of
the measures and time period. In addition, because no infection is present, it

can only really represent a model of systemic inflammation, rather than sepsis.
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Acute clinical models include patients with critical illness, limb trauma or
undergoing surgical trauma, however there can be difficulties in deriving
baseline data. Mechanistic studies in ICU patients are challenging due to the
heterogeneity of the critical illness syndromes, treatment and underlying
primary aetiology. Limb trauma models are able to provide insight into the effect
of local injury and inflammation, as well as systemic inflammation using the
contralateral leg as an internal control. Surgery itself is a potent stimulus for
inflammation, however considerations in this setting which may impact outcome
measures include perioperative fasting, general anaesthesia, local anaesthesia
and sedation, as well as local tissue perfusion changes during surgery, pain
response, medication use and anticoagulation. Systemic chronic inflammation
has been associated with several chronic diseases (including type 2 diabetes,
cardiovascular disease, cancer, chronic kidney disease and non-alcoholic fatty
liver disease). Chronic inflammation is thought to ultimately cause collateral
damage to organs and tissues over longer periods of time than acute
inflammation via mechanisms such as oxidative stress, and has been
associated with increasing age (Ferrucci and Fabbri 2018). Finally, previous
researchers have drawn attention to the association between increased
sedentary time and chronic low-grade inflammation (CRP and IL6) measured
in cross sectional studies (Yates et al. 2012; Howard et al. 2015; Mora et al.
2006). However, these results are often attenuated when adjusting for BMI, and
sedentary time has tended to be captured using self-report. Whilst some
mechanistic studies have shown an increase in pro-inflammatory cytokines with

immobilisation, often these remained within the standard “healthy” reference
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range, questioning the clinical significance despite a statistical increase (Bosutti

et al. 2008; Drummond et al. 2013).

1.8.3 Muscle mass loss in inflammation and trauma

Skeletal muscle mass loss and changes in muscle architecture are known
sequelae of trauma and have been observed in patients who sustain an injury
or illness, often to a greater extent than immobilisation alone. Studies of lower
limb casting following fracture of the fifth metatarsal or fibula have reported a
reduction in thigh CSA of 10% after 4 weeks of casting, with no change in IMCL
content (Yoshiko et al. 2018). Other authors have reported a 17% loss of total
calf muscle volume measured using MRI after 29 days of immobilisation
following ankle fracture, with a 6.6% decrease in the contralateral (uninjured)
side (Psatha et al. 2012) with losses most pronounced early (a ~5% reduction
in muscle volume in the injured side occurring by day 8). This degree of muscle
atrophy is significant given the role of the calf musculature in plantarflexion and
therefore the role in maintenance of posture and propulsion in gait. A limitation
of the study of Psatha et al. (2012) was the lack of physical activity and/or step
count data, and it is therefore difficult to determine if muscle mass loss on the
uninjured side was driven by the reduction in step count, systemic inflammation
associated with the injury itself, or a combination of both. In addition to a loss
of calf muscle volume in this study, there was a significant decrease in muscle
pennation angle in the calf of the casted leg. Pennation angle is a measure of

muscle architecture and has been suggested by some to be a proxy measure
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for the amount of muscle activation, as during muscle contraction, muscle fibres
shorten and pennation angle increases (Hodges et al. 2003).

Perhaps most striking is the muscle mass loss observed in patients with
sepsis. Patients with critical illness admitted to ICU had a ~18% loss of rectus
femoris CSA measured using US by day 10 of admission (Puthucheary et al.
2013). In the same study, muscle wasting occurred early and rapidly during the
first week of admission and was accentuated in those with multiorgan failure,
indicating a positive correlation between degree of inflammation and muscle
atrophy. The degree of muscle mass loss is directly implicated in subsequent
physical disability in those who survive critical illness (Herridge et al. 2003) and
is therefore an important public health issue. Vastus lateralis muscle biopsies
from patients with critical illness-induced muscle atrophy have shown a
reduction in myofiber CSA in all fibre types, but particularly type Il (Bierbrauer
et al. 2012). There is also a greater magnitude of loss of myosin which is
associated with a change in force generation-associated calcium sensitivity,
negatively affecting force generation (Ochala and Larsson 2008). There are
multiple potential risk factors for muscle mass loss associated with an ICU
admission including malnutrition, immobilisation, and the high use of
corticosteroids, neuromuscular blockers and certain antimicrobials e.g.
aminoglycosides and colistin.

Sarcopenia is also a feature of many chronic non-communicable
diseases including diabetes mellitus, cancer, chronic lung disease, heart
failure, human immunodeficiency virus and obesity. Whilst it is outside the

scope of this thesis to discuss the individual mechanisms of muscle atrophy in
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each disease, mechanisms associated with muscle loss include physical
inactivity, insulin resistance, insulin deficiency, inflammation, testosterone

deficiency and oxidative stress (Raoul et al. 2017).

1.8.4 Mechanisms of muscle mass loss in inflammation

Pro-inflammatory cytokines such as CRP, IL1, IL6 and TNF-a have been
implicated as key mediators of skeletal muscle atrophy in a variety of chronic
diseases. In humans, C-reactive protein (CRP), an acute-phase protein of
hepatic origin that increases following IL-6 secretion by macrophages and T
cells has been directly associated with reduced muscle mass in the elderly via
a CRP-mediated reduction in muscle protein fractional synthetic rate (Wabhlin-
Larsson et al. 2017). There is a limited number of mechanistic, experimental
patient volunteer studies focussed on muscle mass loss and protein turnover in
inflammation due to the inherent difficulty in acquiring baseline data. Short
duration endotoxin administration in healthy volunteers under post-absorptive
conditions has demonstrated acute decreases in both muscle protein synthesis
and breakdown to an equal extent, thereby resulting in an unaffected protein
balance (Vesali et al. 2009). However, the generalisability of these findings to
clinical populations and patients with inflammation is debatable. Patient studies
have revealed an early loss of muscle CSA of the magnitude -12.5% by day 7,
measured via ultrasound of the rectus femoris in critically ill patients
(Puthucheary et al. 2013). The relative contribution of myofibrillar protein
synthesis and breakdown to muscle mass loss however was difficult to interpret

in this study due to confounding factors of insulin infusion, parenteral nutrition
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and acute measures of protein turnover using stable isotope tracers. One study
investigating key genes and proteins involved in muscle protein synthesis and
breakdown in critically ill patients within 6-8 hours of ICU admission
demonstrated widespread dephosphorylation of proteins regulating translation
initiation factor activation and protein synthesis (Akt/mTOR/p70S6K) in tandem
with increased muscle specific E3-ligases (MAFbx and MuRF1) relative to
controls (Constantin et al. 2011). This appears to be mediated by dampened
Akt phosphorylation which activates FOXO transcription factors leading to
expression of downstream FOXO gene targets such as MAFbx and MuRF1
(Crossland et al. 2008). Therefore, there may be distinct processes governing
loss of muscle mass in simple unloading-mediated disuse atrophy in non-
diseased states compared with disease states where there is a pronounced
hypercortisolaemia, hypercytokinaemia and markedly elevated oxidative
stress, which are pro-catabolic triggers. The current understanding of the
chronic changes in MPS and MPB in the weeks following trauma and the
underlying molecular mechanisms are unknown. This may be partly due to the
difficulty in measuring these processes chronically in vivo in patient studies and
the logistical difficulty and heterogenous nature of many critically ill clinical
populations together with the confounding factors related to nutritional and
other metabolic support required in this setting.

A meta-analysis of stable isotope techniques revealed that elective
abdominal surgery reduced skeletal MPS with equivocal change in whole-body
MPB (Jaconelli et al. 2022). Previous studies have looked at the impact of major

surgery on blood glucose concentrations and examined the effect of local
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trauma at the site of the incision (e.g., abdominal muscles in abdominal surgery)
and at tissues remote to the site of surgery (e.g., quadriceps on muscle mMRNA
measurements) related to inflammation, to allow interrogation of the differential
effect of local and systemic inflammation (Varadhan et al. 2018). A rodent
model which investigated the direct effect of IL-6 on muscle atrophy showed
that in the absence of elevated systemic effects, IL6 was able to directly induce
skeletal muscle atrophy via its effect on the myofibrillar protein compartment
(Haddad et al. 2005). This model has important considerations, particularly
when examining insulin sensitivity and MPS; namely the effect of general or
regional anaesthesia and perioperative fasting. Both preoperative fasting,
traditionally for periods between 12-18 hours whilst awaiting surgery, and
surgery-induced catabolism can accelerate skeletal MPB in order to supply
amino acid precursors for wound healing, gluconeogenesis and immune
function (Pozefsky et al. 1976). Furthermore, general anaesthesia or sedation
using Propofol and benzodiazepines may positively modulate the inhibitory
function of the inhibitory neurotransmitter gamma-aminobutyric acid (GABA).
An impairment in mitochondrial function has also been demonstrated in
the context of surgical trauma. In one study, muscle maximal mitochondrial ATP
production rates from muscle biopsies of the thigh in patients undergoing major
abdominal surgery reduced ~40%, accompanied by a >50% reduction in
muscle PDC activity, without any change in mitochondrial content (Atkins et al.
2021). However, this was in the absence of convincing evidence of muscle
inflammation compared with that local to the site of surgery. General

anaesthesia has also been shown in this context to profoundly impair
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mitochondrial function in patients undergoing hip replacement or femoral
fracture repair compared to the same procedure performed under regional
anaesthesia (Mir6 et al. 1999). It is unclear to what extent however
mitochondrial function is altered due to surgical trauma or general anaesthesia,

or both.

1.9 Specific aims of the thesis

The present thesis examined the effect of immobilisation and inflammation on
muscle metabolic health and the underlying mechanisms driving changes in
muscle volume, protein turnover and insulin sensitivity. The overarching

research questions were as follows:

Chapter 3, The temporal relationship between the onset of reductions in
insulin-stimulated whole-body glucose disposal, insulin-stimulated glycogen
storage and metabolic inflexibility during bed rest is not clear, particularly as
previous research has been confounded by energy oversupply. This chapter
aimed to determine the impact of acute (3 days) bed rest vs chronic (56 days)
bed rest on insulin-stimulated whole-body glucose disposal, glycogen storage
and substrate oxidation in healthy men maintained in energy balance. A second
aim was to determine whether any differences observed could be explained by
associated changes in leg IMCL content and/or targeted muscle mRNA

expression.
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Chapter 4, Research to date has focussed on the impact of bed rest on insulin-
stimulated leg and whole-body insulin sensitivity. Additionally, muscle protein
turnover and atrophy during bed rest has received significant research
attention. However, perhaps surprisingly, few studies have investigated these
central physiological events concurrently in the same individuals during bed
rest, which was the first aim of this chapter. Given decrements in insulin-
stimulated whole-body glucose uptake and MPS in response to bed rest appear
to happen relatively quickly, it would not be unreasonable to suggest that post-
bed rest muscle loading would restore these deficits rapidly. The second aim of
this chapter therefore was to investigate whether an acute period of structured
resistance exercise remobilisation (3 days) could fully restore any decrements
in whole-body glucose disposal, leg glucose uptake, muscle glycogen storage

and MPS after 3 days of bed rest.

Chapter 5, Both immobilisation and inflammation result in skeletal muscle mass
loss, however the contribution of MPS and MPB in driving muscle mass loss in
these two conditions is much debated. Whilst immobilisation appears to be
driven predominantly by a reduction in MPS, in conditions of inflammation, an
increase in MPB has been proposed to also occur. However, demonstrating
this mechanistically has been challenging, particularly because in vivo
measures of MPB are difficult to ascertain. The first aim of this chapter was to
investigate the impact of immobilisation and trauma-related inflammation on
medial gastrocnemius muscle architecture, chronic MPS and whole-body MPB

in acute unilateral ankle fracture patients vs matched healthy control volunteers
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undergoing 2 weeks of unilateral cast immobilisation. By investigating both
limbs of each volunteer, a second research question could be addressed, which
was to determine whether there was a differential impact of systemic versus

local inflammation in ankle fracture patients on end-point measures.
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Chapter 2 General Methods

2.1 Ethical approval

All studies described in this thesis were granted ethical approval and were in
accordance with the Declaration of Helsinki. The chronic bed rest study in
Chapter 3 was approved by the French Ethics Committee (CPP Sud Uoest et
Outre Mer |) and French Drug Agency (ANSM) (Ethics Reference 14-981) and
was conducted in the MEDES facility in Toulouse, France. The acute bed rest
study in Chapter 4 was granted ethical approval by the University of Nottingham
ethics committee (reference: 6-1704). The protocols for both these studies were

registered at http://www.clinicaltrials.gov/ (NCT03495128 and

NCT03594799). The study in Chapter 5 was granted ethical approval by the
NHS Health Research Authority (HRA) Research Ethics Committee (REC
reference: 18/EM/0404). All corresponding documentation can be found in

Appendix 1 (Sections 7.1, 7.2 and 7.3).
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2.2 Recruitment

Details of recruitment for the Chronic bed rest study (Chapter 3) the Acute bed
rest study (Chapters 3 and 4) and the Ankle fracture study (Chapter 5) are

presented in their respective chapters.

Healthy volunteers recruited in the Acute bed rest study and the Ankle fracture
study were recruited from the general population via posters and
advertisements placed around the University of Nottingham, as well as on
appropriate popular social media platforms (Gumtree, Facebook). After
expressing initial interest in the study, participants were sent a detailed
participant information leaflet (PIL) and a dual energy x-ray absorptiometry
(DEXA) leaflet (Appendix 1, Section 7.4) and then they were invited to attend
the David Greenfield Human Physiology Unit for an initial meeting prior to
screening. Chronic bed rest participants were recruited by the Institute of Space
Medicine and Physiology (MEDES) team in Toulouse, France. Ankle fracture
patients were recruited from the acute trauma list presenting to Queen’s
Medical Centre in Nottingham and healthy controls were recruited from the

general population as above.

2.1 Inclusion and exclusion criteria

Inclusion criteria for the acute and chronic bed rest participants recruited in
Chapters 3 and 4 are shown below. Inclusion and exclusion criteria for the ankle
fracture study in Chapter 5 is described in the individual chapter.
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Inclusion Criteria:

. Physically and mentally healthy participants
. Males

. Age range 20 — 45 years

. Body mass index 20 - 26 kg/m?

. Height 158 - 190 cm (62 — 75 inches),
. Participants that are able to consent to participation in the entire study

. Signed informed consent

Exclusion criteria:

. Medication required that may interfere with the interpretation of the results

. Family history of thrombosis or abnormal clotting on screening bloods

. History of: thyroid dysfunction, renal function disorder including renal stones,
diabetes, cardiac arrhythmias and cardiovascular disorders,
hypertension, hyperlipidaemia, hiatus hernia, and gastro-oesophageal

reflux
. History of a mental health disorder

. Smoker within six months prior to the start of the study

. Dependence on drugs, medicine or alcohol

. History of orthostatic intolerance, vestibular disorders or claustrophobia

. Special food diet, vegetarian or vegan, history of intolerance to lactose or

food allergy,
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. Osteosynthesis material, presence of metallic implants, history of knee
problems or joint surgery/broken leg,
Orthopaedic or musculoskeletal disorders

Not participating in any other studies within the last 3 months

2.3 Medical screening

Participants in the Acute bed rest study (Chapters 3 and 4) and the healthy
volunteers in the Ankle fracture study (Chapter 5) undertook their medical
screening at the David Greenfield Human Physiology Unit (DGHPU) at the
University of Nottingham. Participants were only medically screened if they had
read the PIL and had been given a detailed verbal explanation of the study in
person more than 24-hours prior. A repeat detailed verbal explanation was
given for the study during medical screening, with written information for all
invasive procedures, ensuring each participant understood the protocol and
that they had the right to withdraw from the study at any time. Written informed
consent was obtained from each participant. Thereafter participants completed
a general health questionnaire (Appendix 1, Section 7.5), and the participant’s
height and weight were recorded to calculate body mass index (BMI).
Participants’ heart rate and a lying, sitting and standing blood pressure were
recorded to rule out hypertension or postural hypotension. A significant postural
drop was considered as a drop = 20 mmHG in systolic blood pressure. A blood
sample was collected from an antecubital vein and analysed for full blood count,

urea and electrolytes, liver function tests and coagulation by the Departments
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of Haematology and Clinical Chemistry, Queen’s Medical Centre, Nottingham,
UK. An electrocardiograph (ECG; Schiller, Altgasse, Switzerland) was
performed. Participants were screened for a history of cardiovascular disease,
metabolic and/or respiratory disease, musculoskeletal or vestibular disorders.
Participants were not included if they had a family history of clotting
abnormalities or thrombosis including deep vein thrombosis or pulmonary
embolus. For the Acute bed rest study (Chapters 3 and 4) food preferences or
allergies were recorded during the medical screening and were taken into

account when designing their diet.

2.4 Hyperinsulinaemic euglycaemic clamp

Overview

The hyperinsulinaemic euglycaemic clamp (“insulin clamp”) technique was
used in Chapters 3 and 4 in this thesis to measure whole-body insulin-
stimulated glucose uptake during the Acute and Chronic bed rest studies. It is
an in vivo technique for the assessment of insulin sensitivity of whole-body
glucose metabolism under insulin-stimulated conditions, first developed by
Andres and later de Fronzo (DeFronzo, Tobin, and Andres 1979). In the fasted
state, participants receive a fixed-rate exogenous insulin infusion to create a
hyperinsulinaemic state, whilst plasma glucose concentration is maintained
(“clamped”) at a fixed, predefined target level via a variable exogenous glucose
infusion. The rate of endogenous glucose infusion required to maintain
euglycaemia during the period of the insulin clamp, provided endogenous

glucose output is suppressed, provides a measure of the net effect of insulin on

69



whole-body glucose metabolism (M value; (DeFronzo, Tobin, and Andres
1979)). This provides a measure of insulin sensitivity in the peripheral tissues,
on particular skeletal muscle. The M value calculation is shown in Appendix 2
(Section 7.8).

The advantage of the insulin clamp in estimating insulin sensitivity is that it
directly measures whole-body glucose disposal at a given level of insulinaemia
under steady state conditions, with an intraindividual coefficient of variation of
10% (Mather et al. 2001). The disadvantages of the hyperinsulinaemic
euglycaemic clamp is that it is labour intensive, requiring trained clinicians, a
number of intravenous cannulae and can involve prolonged protocols. It is
therefore practically unsuitable for large epidemiological studies, and studies
where insulin resistance is not a primary outcome measure. Some argue that
the technique utilises steady-state conditions that are supraphysiological, and
therefore do not accurately reflect insulin and glucose dynamics in real world
situations (Muniyappa et al. 2008). It also has the risk of associated
hypoglycaemic or cardiac arrhythmias due to hypokalaemia induced by infusing
insulin. Trained individuals are required to be present at all times to deal with

these potential risks.

Protocol

An example of the hyperinsulinaemic euglycaemic data collection form is shown
in Appendix 1 (Section 7.6). Participants arrived at the laboratory at 8am fasted
since midnight the night before on the morning of the hyperinsulinaemic

euglycaemic clamp. A cannula was inserted retrograde into a superficial vein
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on the dorsal surface of the non-dominant hand and a second inserted
anterograde into an antecubital vein in the same arm. The cannulated hand
was kept in a hand-warming unit (air temperature 50-55°C) to arterialise the
venous drainage of the hand, and a 0.9% slow saline drip was attached to keep
the cannula patent for repeated blood sampling (Gallen and Macdonald 1990).
For the Acute bed rest study in this thesis, an anterograde femoral venous
catheter was also inserted (using the Seldinger technique under ultrasound
guidance), to enable venous blood draining from the leg to be analysed for
glucose concentration. A 3-lead electrocardiogram was attached to the
participants for the duration of the clamp to assess for arrythmias associated
with hypokalaemia, which is a potential risk when infusing insulin. Thereafter
the hyperinsulinaemic euglycaemic clamp was performed, with insulin (human
Actrapid, Novo Nordisk) infused into the non-dominant arm at a rate of
60 mU/m?/min  for 180 minutes. Arterialised-venous blood glucose
concentration was measured in <1ml blood every 5-min and maintained at 4.5
mmol/l by a variable rate infusion of 20% glucose (Baxter Healthcare).
Arterialised-venous blood samples (2.5 ml) were taken at baseline and every
30 minutes for the final hour during the clamp for the measurement of insulin,
TAG, and NEFA. The insulin clamps were started immediately after baseline
measures were made and in the Acute bed rest study a femoral venous blood
sample (2ml) was collected at 0, 150, 160, 170 and 180 mins for measurement
of venous glucose concentration as well. At the same time as the femoral
venous blood sample was taken, a femoral artery blood flow assessment

(mmol/min) was made using ultrasonography to calculate leg glucose uptake.
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Values at time points 135, 150 and 165 minutes were used for calculation of
“steady state” whole-body glucose uptake, which were normalised to lean body
mass (kg) using DEXA values. Insulin infusions were stopped after the final
muscle biopsy was taken, and participants provided with a high carbohydrate
meal. The glucose infusion was gradually reduced as glucose from the gut
appeared in the blood. Once the participants’ blood glucose had been stable
for 30 minutes without the infusion, all lines were removed. Each femoral
venous catheterisation and hyperinsulinaemic euglycaemic clamp was
performed in the horizontal, supine position, to reduce the risk of air embolism.
For the purpose of this thesis an insulin infusion rate of 60 mU/m?/min has been
used, as this level has been shown to suppress hepatic gluconeogenesis
(Chokkalingam et al. 2007). A clamp duration of 180-minutes was used as
Morris has demonstrated that clamps of 120 minutes duration have acceptable
reproducibility but may underestimate glucose disposal by up to 10% when
compared with measurements derived after 180 minutes (Morris et al. 1997).
The hyperinsulinaemic euglycaemic clamp technique was chosen as whole-
body glucose uptake was a primary outcome measure, the technique is
considered the “gold standard” for measuring in vivo insulin sensitivity and a
relatively small number of participants were studied, therefore, for these studies

the technique was feasible in terms of labour and cost.
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2.5 Indirect calorimetry

Indirect calorimetry was used in Chapters 3 and 4 of this thesis to calculate
whole-body substrate oxidation in the Acute and Chronic bed rest studies prior
to and during the last 15-minutes of the hyperinsulinaemic euglycaemic clamp
performed in both studies. The estimation of whole-body substrate oxidation in
vivo lends important insights into an individual’s metabolic flexibility in the fasted
and insulin-stimulated state before and after an intervention. Indirect
calorimetry is a method for measuring whole-body substrate oxidation and
energy expenditure and is defined by oxygen consumption and/or carbon
dioxide being measured and converted to energy expenditure using formulae.
This differs from direct calorimetry, where the rate of heat loss from the

participant to the calorimeter is measured.

In indirect calorimetry, the measurement of oxygen consumption (VO2) and CO2
production (VCO2) can be used to quantify the rate of carbohydrate and fat

oxidation. The stoichiometry for the oxidation of glucose is:

CeH120s6 + 60, > 6 H20 + 6 CO>

Glucose Oxygen Water Carbon dioxide

Thus, for each mole of glucose that is oxidised, 6 moles of O2 are consumed
and 6 moles of CO2 are produced. The Respiratory Exchange Ratio (RER =
VCO2/VO,) of glucose is therefore equal to 1.

The stoichiometry of an average fat is:
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Cs5H10406 + 78 O2 > 55 COq + 52 H.0O

Triacylglycerol Oxygen Carbon dioxide Water

For each mole of TAG oxidised, 78 moles of O2 are consumed and 55 moles of

CO2 are produced. The respiratory quotient of fat is therefore equal to 0.7.

In the indirect calorimetry method used in this thesis, a ventilated open circuit
method was used. A plastic hood was placed over the participant and the air
drawn through this canopy via a pump was used to measure its composition
and flow rate (Figure 2.1). Continuous sampling of expired gases takes place
via O2 and CO> analysers , with results adjusted for inspired air concentration.
For the Chronic bed rest study (Chapter 3) presented in this thesis a Gas
Exchange Machine (GEM) online gas analysis system was used (GEM
machine GEMNutrition Ltd, Cheshire, UK). For the Acute bed rest study
(Chapters 3 and 4) a Quark RMR system was used (COSMED, Rome, Italy).
The gas analysers were serviced annually during the period of study, and
calibration was carried out prior to each measurement. Known amounts of
ethanol were combusted in the ventilated hood systems at regular intervals to
monitor the accuracy and reproducibility of the overall measurements. Steady
state measurements for glucose disposal and fuel oxidation taken in the final
15-minutes of the insulin clamp in this thesis were taken prior to muscle
biopsies being performed.

Urine was not routinely collected for measurement of nitrogen excretion in this
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thesis and it was assumed that protein oxidation did not vary throughout the
clamp experiment. Equations from Peronnet and Massicotte 1991 (Peronnet

and Massicotte 1991) were used to calculate substrate oxidation.

Carbohydrate oxidation: 4.585 * VCO2 — 3.226 * VO2

Fat oxidation: 1.695 *VO2 - 1.701 * VCO2

There are some limitations to the method of indirect calorimetry. There are
challenges of achieving perfect and consistent conditions during
measurements. Conditions that contribute to errors or variability in
measurements include operator expertise, participant compliance and

respiratory rate and environmental stimulation.
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| Hot air

warming

Figure 2.1. Indirect calorimetry setup.

2.6 Dual energy x-ray absorptiometry (DEXA)

DEXA scans were used in the Chronic bed rest study (Chapter 3) and the Acute
bed rest study (Chapters 3 and 4) to measure body composition. Scans
(Hologic, QDR4500C, Massachusetts, USA) were performed on days -14 and
-2 before bed rest and days 4, 25, 39 and 58 of the Chronic bed rest study to
detect changes in body fat mass and allow small adjustments in energy intake

in order to achieve energy balance. In the Acute bed rest study, a one-off DEXA
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scan (Lunar Prodigy, GE Healthcare, UK) only was performed prior to the
period of bed rest to establish baseline body compositional information. A
repeat bed rest scan could not be justified within the UK X-ray regulations due
to any changes after 3 days of bed rest being too small to be detectable using
DEXA, and so from an ethical viewpoint it did not warrant exposing participants
to ionising radiation twice.

Initially designed to estimate whole-body and regional bone mineral
density (Peppler and Mazess 1981), DEXA is a widely employed method to
determine body compositional data, including fat and lean masses. During a
DEXA scan, low-radiation x-rays of two different photon energy levels pass
through the body and are identified by a photon detector. This measures the
amount of energy that is absorbed (attenuated) by soft tissue and bone at each
pixel. It is therefore based on the principle that an object’'s composition can be
determined by the attenuation of two distinct low and high-energy beams, with
the ratio between them termed the R value. One energy level is well absorbed
by soft tissue, e.g., adipose, the other is better absorbed by denser tissue, e.g.,
bone. The x-ray attenuation of each pixel is compared to the known attenuation
of reference materials. Estimates of fat and fat-free mass are then determined
based on proprietary equations. Generally, DEXA scans are composed of a flat
table where the participant lies supine with an x-ray generator below the table
and a movable x-ray detector above. The x-ray source underneath emits a
pencil or fan beam of x-rays at two energy levels, allowing algorithms for
quantification of the two different tissue types. Accuracy of the DEXA is

monitored by carrying out a daily quality assurance scan using a phantom block
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of known attenuation coefficient value (CV of these measurements <2%).
extreme age, DEXA may be inaccurate (Thomsen, Jensen, and Henriksen
1998). The advantages of DEXA are that it is fairly well available, has a short
scanning time of 10-20 minutes, it is better for claustrophobic patients, the
radiation dose is small (5-7uSv) compared to computed tomography (CT) (2.7-

10 mSv) and it is of lower cost compared with CT and MRI.

2.7 Muscle biopsies

Muscle biopsies were obtained of the vastus lateralis in the Acute and Chronic
bed rest study (Chapters 3 and 4) and of the medial gastrocnemius in Chapter
5 of this thesis. Participants in the Chronic bed rest study had muscle biopsies
(2 passes) performed using a 5mm Bergstrom needle prior to the insulin clamp
and in the final 15-minutes of the insulin clamp before and after bed rest.
Participants in the Acute bed rest study had muscle biopsies using both a
Bergstrom needle (as per the chronic bed rest study before and after bed rest
and after remobilisation) and a Bard® 12G microbiopsy needle (Bard Ltd, UK)
on day 0 and 2 of bed rest and on the non-rehabilitated leg prior to the insulin

clamp on day 7 to measure myofibrillar protein synthesis).

Muscle biopsy of the Vastus Lateralis

Each participant gave written informed consent for the procedure. The location
of the sample to be taken was marked on the leg; the position was located 10-
15cm proximal to the superior pole of the patella and 4-5cm lateral with the

participant supine. The area was aseptically cleaned approximately 5-10cm
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around the marked point using betadine (or equivalent) solution. After this 1ml
of 1% lidocaine was infiltrated subcutaneously as a small bleb. Following this,
a further 5-8mls of lidocaine was infiltrated down to the muscle, aspirating
before each infiltrate to ensure a blood vessel was not being directly injected
into. Once the local anaesthetic had taken effect (2-5 minutes), a 4-5mm
horizontal incision was made through the skin and continued through the
superficial fascia then pressure applied using a gauze to reduce bleeding. After
this a 5mm Bergstrom needle was introduced through the incision, applying firm
pressure in order to advance the needle approximately 1-2cm beyond the
fascia. Obtaining a muscle biopsy using a Bergstrom needle is a relatively quick
and well tolerated method for obtaining muscle samples where significant
volumes of tissue are required for analysis (Bergstrom 1975). Once through the
fascia, the inner trochar was pulled back enough to open the cutting aperture
whilst suction was applied using a 50ml syringe and tubing attached to the other
end of the needle. Using suction has been shown to significantly increase the
yield of the muscle sample during biopsies (Hennessey et al. 1997). The needle
is then firmly closed and with suction being maintained two or three further
samples are taken in which the needle may be rotated between each sample.
After the final biopsy, the needle is removed and firm pressure was applied with
a sterile gauze for a further 5 minutes, or longer if there was persistently oozing.
The incision was closed using sterile Steristrips™ (3M, UK) ensuring opposition
of the wound edges. A Tegaderm™ (3M, UK) was applied over the top for
further protection and a self-adherent wrap e.g., Coban™ (3M, UK) used for 12

hours to provide compression thereafter. The first pass muscle biopsy was
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immediately snap-frozen in liquid nitrogen and stored at -80°C for subsequent
analysis. A portion of muscle from the second pass being orientated and
embedded in OCT mounting medium (361603E, VWR Chemical) and frozen in
cooled isopentane (Thermo Fisher Scientific Ltd., Loughborough, UK) for
histochemical analysis. The remaining muscle from the second pass was frozen
in liquid nitrogen. These muscle samples were subsequently analysed to
determine muscle substrates, IMCL content, and gene transcripts,
respectively.

Where a muscle biopsy was taken with a Bard® microbiopsy needle
during the Acute bed rest study, the same preparatory steps were followed as
with the Bergstrom needle as above initially, however a smaller incision which
does not include the fascia is required and a Bard® 12G needle was introduced
into the muscle belly instead. Following this, the device is triggered and a
sample taken (Figure 2.2a and b). Multiple passes (up to 6) were taken whereby
the needle angle was adjusted slightly each time to ensure fresh muscle is
sampled. Semi-open biopsy techniques such as the Bergstrom and
conchotome techniques require larger incisions increasing the risk of
complications such as bleeding, infection and pain. Microbiopsy techniques
have the advantage of being practical for resting studies where multiple
samples can be obtained. The microbiopsy device consists of a disposable core
biopsy needle and it is a variant of a spring loaded one-handed automated

biopsy device.
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Figure 2.2. Muscle microbiopsy. a) Positioning of participant for Bard
microbiopsy sample of vastus lateralis. b) Bard microbiopsy needle with muscle

sample being placed onto gauze.

2.8. Blood sampling and analyses

Blood sampling

In the Acute bed rest study (Chapters 3 and 4) and the Chronic bed rest study
(Chapter 3), arterialised-venous samples were collected from a cannula
(Venflon™; Sweden) which had been inserted retrograde into a dorsal hand
vein. This was subsequently placed into a hand warmer and heated to 55°C
(The David Greenfield Physiology Unit, The University of Nottingham) and kept
patent using a slow running infusion of 0.9% NaCl (Baxter Healthcare, Norfolk,
UK). The heated hand technique is a safe and less invasive method for
accurate blood sampling compared to sampling blood from arteries requiring
arterial cannulation (Gallen and Macdonald 1990). Furthermore, Liu
demonstrated that the difference in blood glucose between arterial and
arterialised-venous blood was 0.1mmol/l (95% CI -0.19 to 0.41 mmol/l) (Liu et

al. 1992).
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During the hyperinsulinaemic euglycaemic clamps performed in
Chapters 3 and 4, blood samples were drawn into syringes from a 3-way tap
with the first 2 ml discarded to avoid saline contamination. For the measurement
of blood glucose concentration 0.3 ml was immediately analysed using the
Yellow Springs Analyser 2300 STAT Plus Glucose and Lactate Analyzer (YSI)
at 5-minute intervals. Before the insulin clamp, and in every 15-minutes in the
final hour of the insulin clamp, a 5ml sample of whole blood was collected for
analysis of serum insulin, serum TAG and plasma NEFA. Blood for
determination of serum variables was collected into a microtube with
coagulation activator (Sarstedt, Niumbrecht, Germany) and left to clot for at
least 15-minutes before being centrifuged (15G for 2 minutes). Serum was
aliquoted into 2 cryovials and frozen at -80°C. For plasma measures, lithium
heparin microtubes (Sarstedt, Numbrecht, Germany) used to collect blood were
pre-filled with 7.5ul per ml plasma of ethylene glycol tetraacetic acid (EGTA)-
Gluthathione, a preservative to prevent degradation of NEFAs during storage
and 10uL of Tetrahydrolipostatin (THL) to inhibit in vitro lipolysis and prevent
falsely high plasma NEFA readings before the addition of 1.3 ml whole blood.
This was immediately centrifuged after gentle inversion, with plasma removed

from the cell pellet and frozen at -80°C until analysis.

2.8.1. Blood glucose concentration

The YSI is a Class Il in-vitro diagnostics (IVD) medical device, which is widely
accepted as a method for reference measurements and system calibration by
most manufacturers of blood glucose monitoring systems. The YSI was
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calibrated using glucose standards of known concentration before and during
every study. Where paired samples were required for arterio-venous difference
(Chapter 4), approximately 0.3ml of blood from each cannula (retrograde dorsal
hand cannula and femoral vein cannula) was dispensed into a fluoride/oxalate
tube and placed on a roller for 3-minutes before being analysed using the YSI.
The YSI STAT analyser probe is fitted with a three-layer membrane with
immobilised enzyme in the middle layer. When the injected sample contacts
this layer, it is rapidly oxidised, producing hydrogen peroxide. The hydrogen
peroxide is then oxidised at a platinum anode, producing electrons. A dynamic
equilibrium is achieved when the rate of hydrogen peroxide production and the
rate at which it leaves the enzyme later are constant, resulting in a steady state
response. The electron flow is proportional to the steady state hydrogen
peroxide concentration and therefore the concentration of the substrate (YSI
2009). The benefits of the YSI are that it only requires small samples (0.025mi
for analysis) and it is quick (takes around 1 minute to obtain the result), which
is necessary when performing a hyperinsulinaemic euglycaemic clamp. Inter-

assay and intra-assay coefficient of variation (CV) of this measure is 1%.

2.8.2. Serum Insulin Concentration

Serum insulin concentration was measured using a solid-phase 2|
radioimmunoassay using standard insulin kits (Millipore Insulin, Linco
Research, USA). The Millipore Human Insulin assay utilises '?°I-labeled human
insulin and a human insulin antiserum to determine the level of insulin in serum

by the double antibody technique. Standard calibrators were prepared from
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assay buffer and human insulin standards of a known concentration. Assay
buffer was added to a glass tube alongside either serum samples or standard
calibrators. This was followed by the addition of hydrated '2°| radio labelled
insulin and human insulin antibody, the insulin in the serum samples or the
insulin in the standard calibrators competes with the exogenous radioactive
insulin for sites on an insulin specific antibody. Tubes were vortexed before
being incubated at room temperature for 24-hours. Cold precipitating reagent
was added to all tubes before being vortexed and incubated and centrifuged.
Competitive binding was terminated by decanting the supernatant, leaving the
bound insulin which had formed a solid pellet. The tubes were dried before a
gamma counter measured the radioactivity of the precipitated pellets. A
standard binding curve was plotted from the radioactivity levels in which the
standard calibrators were added. The unknown concentrations of the serum

samples were determined using the standard curve.

2.8.3 Serum Triacylglycerols

Serum TAGs were measured using enzymic photometric methods with an
automated analyser (ABX Pentra 400, Horiba Medical, Montpellier, France)
with the intra-assay CV being 2.16%, and inter-assay CV being 3.27%. TAGs
are broken down to glycerol and fatty acids via lipoprotein lipase. Glycerol is
then converted to glycerol-3-phosphate and ADP, catalyzed by glycerokinase.
Glycerol-3-phosphate is converted to hydrogen peroxide and dihydroxyacetone
phosphate (DHAP) via an oxidase enzyme. Peroxidase catalyses the coupling
of hydrogen peroxide with 4-aminoantipyrine and p-chlorophenol to produce a
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quinoneimine dye. The increase in absorbance is proportional to the amount of

TAGs concentration in the sample.

284 Plasma non-esterified fatty acid concentration

Plasma non-esterified fatty acid (NEFA) was analysed by the Metabolic
Physiology Analytical Laboratory, University of Nottingham. NEFA were
measured using an automated immunoassay analyser (ABX Pentra,
Montpellier, France) and commercially available kit (WAKO Chemicals GmbH,
Richmond, VA, USA; intra-assay CV of 0.65%, an inter-assay CV of 2.95%).
Plasma NEFA concentration is determined via the acylation of coenzyme A
(CoA) by the fatty acids in the presence of added acyl-CoA synthetase (ACS).
The acyl-CoA produced is then oxidised by added acyl-CoA oxidase (ACOD)
with the generation of hydrogen peroxide. This produces a purple pigment

which can be measured colorimetrically at 550nm.

ACS
RCOOH + ATP + CoA-SH > Acyl-CoA + AMP + PPi
(NEFA)

ACOD
Acyl-CoA + 02 > 2,3-trans-Enoyl-CoA + H202

POD

2 H202 + 4-Aminophenazone + MEHA - Quinoneimine-color + 4H20
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2.8.5. Whole-body muscle protein breakdown (MPB)

The stable isotope tracer 3-methylhistidine (3-MeH) was used in the Acute bed
rest study (Chapter 4) and the ankle fracture study (Chapter 5) of this thesis to
estimate the rate of whole-body MPB. In the acute bed rest study, 10mg 3-MeH
was ingested (dissolved in 50ml distilled water) on day -1 prior to the bed rest
period and day 1 at 09:00am. Following this, an anterograde venous cannula
was inserted 24 hours later into the arm at the antecubital fossa for sampling of
venous blood every hour for a total of 7 hours for the measurement of D3-MeH
enrichment. In the ankle fracture study, for participants in the treatment group
10mg was ingested (dissolved in 50ml distilled water) on the morning of the 2
week follow-up appointment, with blood samples taken as above 24 hours later.
For participants in the control group 10mg was ingested (dissolved in 50mg
distilled water) at 09:00am on visit 3 (2 weeks after lower leg immobilisation
with below-knee casting), with blood sampling as above occurring 24-hours

later.

2.9. Skeletal muscle analysis
2.9.1. Fractional myofibrillar protein synthesis (MPS)

Heavy water was used in the Acute bed rest study (Chapter 4) and the Ankle
fracture study (Chapter 5) in this thesis to quantify cumulative MPS rates. In the
Acute bed rest study (Chapter 4), an initial oral bolus of 3mg/kg was
administered at 09:00am (divided into 3 equal doses 30-minutes apart to

reduce the risk of side effects) on day -4 prior to bedrest, with individualised
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top-ups on day 0, day 3 and day 7. Top ups were calculated based upon the
rate of decay of water and total body water of 60% in men, e.g. in a 75kg man,
initial loading bolus was 225ml followed by a top up of 77ml on day 7. This was
with the aim to label and maintain the body water pool to ~0.2% atom percent
excess (APE). Saliva samples (1ml) were collected prior to and two hours after
each D20 ingestion (to determine precursor labelling), as well as additional
samples at 09:00 on day 0, day 1 and day 7 of the protocol for analysis of D2O
enrichment. They were advised not to drink fluids 30 minutes prior to each
saliva sample. In the ankle fracture study (Chapter 5), an initial oral bolus of
3mg/kg was administered postoperatively (or at visit 1 if a healthy volunteer) at
09:00am divided into 3 equal doses, 30-minutes apart. Individualised top-ups
(calculated as described above) were provided to take one week following
discharge, with saliva samples (1ml) collected prior to and two hours after each
D20 ingestion, for analysis of D-O enrichment as detailed above. When
samples were obtained at home, participants collected these in sterile plastic
tubes and kept them refrigerated until they either brought them to the next visit
or they were collected by NFS at their home. Upon receipt of saliva samples in
the laboratory, they were immediately cold centrifuged to remove any debris
that might have been present and then aliquoted into 2ml vials and frozen at -
20°C until analysis.

Body water and muscle protein enrichment were measured as
previously described (Wilkinson et al. 2014). Pure fractions of body water were
extracted by heating 100 pl of saliva in an inverted 2 ml autosampler vial for 4 h

at 100°C. Vials were then placed upright on ice to condense extracted body
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water and transferred to a clean autosampler vial ready for injection. Body water
(0.1 yl) was injected into a high-temperature conversion elemental analyser
(TCEA, Thermo Scientific, Hemel Hempstead, UK) connected to an isotope
ratio mass spectrometer (Delta V Advantage, Thermo Scientific). For isolation
of myofibrillar protein, 30—50 mg of muscle was homogenized in ice-cold
homogenization buffer (Wilkinson et al. 2014), rotated for 10 min, and the
supernatant was collected after centrifugation at 13,000 g for 5 min at 4°C. The
myofibrillar pellet was solubilized in 0.3 M NaOH and separated from the
insoluble collagen by centrifugation, and the myofibrillar protein was
precipitated using 1 M perchloric acid (PCA). Myofibrillar proteins were
precipitated from the sample homogenate with 1 M PCA and separated by
centrifugation. Protein-bound amino acids were released using acid hydrolysis
by incubating at 110°C in 0.1 M HCI in Dowex H* resin slurry overnight before
being eluted from the resin with 2 M NH4OH and evaporated to dryness; amino
acids were then derivatized as their n-methoxycarbonyl methyl esters (MCME).
Dried samples were suspended in 60 ul distilled water and 32 pl methanol, and
following vortex, 10 pl of pyridine and 8 ul of methylchloroformate were added.
Samples were vortexed for 30 s and left to react at room temperature for 5 min.
The newly formed n-methoxycarbonyl methyl esters of amino acids were then
extracted into 100 pl of chloroform. A molecular sieve was added to each
sample for ~20s before being transferred to a clean glass Gas
Chromatography insert, removing any remaining water by size exclusion
absorption. Incorporation of deuterium into protein bound alanine was

determined by gas chromatography—pyrolysis—isotope ratio mass spectrometry
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(GC-pyrolysis-IRMS, Thermo Scientific, Hemel Hempstead, UK) alongside a
standard curve of known L-alanine-2,3,3,3-d4 enrichment to validate

measurement accuracy of the instrument.

Calculation of fractional synthetic rate (FSR)

The FSR of myofibrillar proteins (MPS) was determined as described by
Wilkinson (Wilkinson et al. 2015) using the precursor-product approach. This
involved the incorporation of deuterium labelled alanine into protein, using the
enrichment of body water (corrected for the mean number of deuterium
moieties incorporated per alanine, i.e., 3.7, and the total number of hydrogen
within the MCME derivative, [11]) as the surrogate precursor labelling between
subsequent biopsies. In brief, the standard equation is:

FSR (%.h") = [(BAla)] / [( dp) x t] x 100

where, dAla = deuterium enrichment (in delta per mil) of protein-bound alanine
between subsequent biopsies, &P = precursor enrichment (i.e. saliva D20,
corrected for 3.7 deuterium in Alanine, in delta per mil) and t, time between

biopsies.

2.9.2. Glycogen and lactate

Muscle glycogen and lactate was quantified in the Acute and Chronic bed rest
study (Chapters 3 and 4) of this thesis. Muscle tissue from vastus
lateralis muscle biopsies was freeze-dried for 24-hours, visible blood and
connective tissue were removed, and the remaining biopsy was powdered in a

mortar. A portion of powdered tissue was extracted using 0.1 mol'l"' NaOH for
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determination of glycogen content, using a modification of a spectrophotometric

method by (Harris, Hultman, and Nordesjo 1974).

2.9.3. Acetyl carnitine and long-chain acylcarnitine

Metabolites were extracted using 0.5 mmol"' perchloric acid and neutralised
using KHCOs following centrifugation. Tissue acetyl carnitine was measured in
the neutralised extract using radioisotope enzymatic assays (Cederblad et al.
1990), along with long-chain acylcarnitine’s, which were extracted from the

acid-insoluble tissue pellets.

2.9.4. IMCL quantification

Immunohistochemical Staining of VL Sections

The method used in the for the immunohistochemical staining of IMCL with the
fluorescent dye Bodipy-493/503 (D3922, ThermoFisher) has been described
previously (Prats et al. 2013). In brief, frozen vastus lateralis samples were
embedded in OCT mounting medium (361603E, VWR Chemical) before being
secured to the object holder of a Leica CM3050 S Research Cryostat.
Transverse sections of 15 ym thickness were trimmed and collected from each
muscle block. These sections were mounted on SuperFrost Plus adhesion
microscope slides (631-0108P, VWR Chemical). Sections were immersed in 50
mL of Zamboni fixative, supplemented with 2.5 ml of 2% glyceraldehyde in
0.05M phosphate buffer (pH 7.4), for 60 minutes. After a 20-minute wash in

phosphate buffered saline (PBS), the sections were incubated for 60 minutes
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in PBS containing 20 pyg/mL Bodipy-493/503 followed by a final wash in PBS

for 20 minutes.

Image Acquisition

A Zeiss LSM700, Axio Imager 2 confocal microscope was used to image
stained sections at 20x magnification through a 20x/0.8 M27 Plan-Apochromat
objective. A 488 nm argon laser, optimal for the excitation of Bodipy 493/503
and Alexa Fluor 488, was used. Pinhole size was maintained at 0.96 AU. Z-
stacks, imaged from the top to the bottom of each section and consisting of 5
segments of total thickness 3.642 ym, 910.54 nm between segments, were
obtained for each muscle sample. From each image, a maximum projection
was generated using the processing function in ZEN software. Maximum
projections were then exported as Tiff Format (64 bit) (Big Tiff) images. These

images were analysed using the FIJI software package (Schindelin et al. 2012).

Image Analysis

A “Gaussian Blur” of radius 1.00 was applied to each imported maximum
projection. Thresholding was performed using the Bernsen Algorithm
(radius=50). Regions of interest (ROIs) were manually drawn and the “Analyse
Particles” function was used to measure the value of several variables within
these regions from which lipid droplet ( LD) count, LD size and % IMCL were
calculated. The circularity filter was set to 0.50-1.00 to exclude sarcolemmal

lipid and accurately calculate LD size and LD count. This filter was not applied
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in the calculation of the ratio of lipid area to whole tissue area (% IMCL). LD
count was calculated as total LD count/ total tissue area and is presented here
as droplets per micrometre of muscle. LD size was calculated as a mean of the
size of every droplet within an ROI. Here LD size is presented as the mean
number of pixels composing a LD -a single pixel having an area of 0.0244 ym?.

Pixel aspect ratio for all maximal projections was 1 ym = 6.3983 pixels.

2.9.5. Muscle mRNA expression

Total RNA extraction and targeted muscle mRNA expression

measurements

Total RNA was extracted from frozen muscle biopsies according to a
method previously described (Constantin et al. 2013). The RNAs were
extracted using TRI Reagent (Ambion, Huntingdon, UK), according to the
manufacturers protocol. First strand cDNA was then synthesised from 1 ug
RNA using random primers (Promega) and Superscript Il (InVitrogen) and
stored at -80°C until analysis. TagMan low-density arrays were performed
using an ABI PRISM 7900HT sequence detection system, and data analysed
using SDS 2.1 software (Applied Biosystems). Data were further analysed
using RQ Manager software (Applied Biosystems), where the threshold level
was normalized across all plates before Ct values were calculated for each
gene target and sample. Relative quantification of mRNAs of interest was
measured using the 2 22¢t method with hydroxymethylbilane synthase (HMBS)
as the endogenous control, with the mean of the baseline sample used as the

calibrator. Multiple mRNA expression measurements (191 targets) were made
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according to the manufacturer’s instructions. The mRNAs investigated were
deemed to be representative of insulin sensitivity, carbohydrate and fat
metabolism, inflammation, and protein turnover according to research findings
in muscle from human volunteer studies that included unbiased gene analysis
(Murton et al. 2014; Murton et al. 2015; Stephens et al. 2013; Porter et al. 2017),
and from an in vivo animal study (Murton et al. 2015). These studies from the
laboratory in Nottingham involved interventions that altered physical activity
levels, adiposity and fuel oxidation rates, all of which are metabolic and
physiological traits highly relevant to the bed rest condition. The validation
approach also included detailed literature searches, and SA Biosciences and
IPA databases interrogation to confirm the targets. Targets also included

confirmed calcium activated/sarcoplasmic reticulum genes.

(https://analysis.ingenuity.com/). Data were further analysed using Applied
Biosystems RQ Manager software (Thermo Fisher Scientific Ltd.,
Loughborough, UK) where the threshold level was normalised across all plates
before Ct values were calculated for each gene target and sample. Relative
quantification of MRNAs of interest was measured using the 2 22¢t method with
hydroxymethylbilane synthase (HMBS) as the endogenous control, with the
mean of the baseline sample used as the calibrator. To associate a biological
function to the identified probe sets, Ct values were uploaded to IPA software
(Redwood City, CA, USA) for pathway analysis of gene expression data. A full

list of genes is shown in Table 2.1.
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Table 2.1. List of genes selected for mRNA expression measurements using

TagMan low-density array gene card.

Gene symbol

Function

18S Eukaryotic 18S rRNA

ACO1 aconitase 1

ACTA1 actin, alpha 1, skeletal muscle

ADIPOQ adiponectin, C1Q and collagen domain containing

AKT1 v-akt murine thymoma viral oncogene homolog 1

ALDH2 aldehyde dehydrogenase 2 family (mitochondrial)

AMPD1 adenosine monophosphate deaminase 1

ATF4 activating transcription factor 4

ATF6 activating transcription factor 6

ATG12 autophagy related 12

ATGO9A autophagy related 9A

ATP2A1 ATPase sarcoplasmic/endoplasmic reticulum Ca2+
transporting 1

ATP2A2 ATPase sarcoplasmic/endoplasmic reticulum Ca2+
transporting 2

ATP2B2 ATPase plasma membrane Ca2+ transporting 2

ATP2B4 ATPase plasma membrane Ca2+ transporting 4

ATP5B ATP synthase, H+ transporting, mitochondrial F1
complex, beta polypeptide

ATPSI ATP synthase, H+ transporting, mitochondrial Fo
complex, subunit E

ATP6AP2 ATPase H+ transporting accessory protein 2

94




B2M beta-2-microglobulin

BECN1 beclin 1, autophagy related

BRD4 bromodomain containing 4

CALM1 calmodulin 1

CALR calreticulin

CAMK2A calcium/calmodulin dependent protein kinase Il alpha
CAMK4 calcium/calmodulin dependent protein kinase IV
CANX calnexin

CAPN1 calpain 1, (mu/l) large subunit

CAPN2 calpain 2, (m/Il) large subunit

CARM1 coactivator associated arginine methyltransferase 1
CAS3 caspase 3

CASPS8 caspase 8, apoptosis-related cysteine peptidase
CASQ1 calsequestrin 1

casq2 calsequestrin 2

CAT catalase

CCL19 chemokine (C-C motif) ligand 19

COL1A1 collagen, type |, alpha 1

COL2A1 collagen, type Il, alpha 1

COI4A1 collagen type IV alpha 1 chain

COLBA3 collagen type VI alpha 3 chain

COX5A cytochrome c oxidase subunit 5A

COX5B cytochrome c¢ oxidase subunit Vb

COX6B1 cytochrome c oxidase subunit 6B1
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CPT1A carnitine palmitoyltransferase 1A (liver)

CPT1B;CHKB- carnitine  palmitoyltransferase 1B  (muscle),CHKB-

CPT1B CPT1B readthrough (NMD candidate)

CRTCA1 CREB regulated transcription coactivator 1

CS citrate synthase

CTSL cathepsin L

CUL4A cullin 4A

CYCS cytochrome ¢, somatic

DLAT dihydrolipoamide S-acetyltransferase

DLD dihydrolipoamide dehydrogenase

EIF2S1 eukaryotic translation initiation factor 2, subunit 1 alpha,
35kDa

EIF4B eukaryotic translation initiation factor 4B

EIF4E eukaryotic translation initiation factor 4E

EIF4EBP1 eukaryotic translation initiation factor 4E binding protein
1

eno3 fibronectin 1

ERK1 mitogen-activated protein kinase 3

FABP3 fatty acid binding protein 3, muscle and heart (mammary-
derived growth inhibitor)

FBXO32 F-box protein 32

FGF21 fibroblast growth factor 21

FOXO1 forkhead box O1

FOXO3B;FOX03

forkhead box O3B pseudogene,forkhead box O3

FST

follistatin

GAPDH

glyceraldehyde-3-phosphate dehydrogenase
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Glud1 glutamate dehydrogenase 1

GPD2 glycerol-3-phosphate dehydrogenase 2 (mitochondrial)

GSK3B glycogen synthase kinase 3 beta

HADH hydroxyacyl-CoA dehydrogenase

HIF1A hypoxia inducible factor 1, alpha subunit (basic helix-
loop-helix transcription factor)

HK2 hexokinase 2

HMBS hydroxymethylbilane synthase

HSPAS8 heat shock 70kDa protein 8

IDH2 isocitrate dehydrogenase (NADP(+)) 2, mitochondrial

IER2 immediate early response 2

IFI30 IFI30, lysosomal thiol reductase

IGBP1 immunoglobulin (CD79A) binding protein 1

IGF1 insulin-like growth factor 1 (somatomedin C)

IGFBP1 insulin like growth factor binding protein 1

IKBKB inhibitor of kappa light polypeptide gene enhancer in B-
cells, kinase beta

IL6 interleukin 6 (interferon, beta 2)

IL6R interleukin 6 receptor

INSR insulin receptor

IRS1 insulin receptor substrate 1

ITPR1 inositol 1,4,5-trisphosphate receptor type 1

ITPR3 inositol 1,4,5-trisphosphate receptor type 3

JKAMP JNK1/MAPK8-associated membrane protein

JPH1 junctophilin 1
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KCNT1

potassium sodium-activated channel subfamily

member 1
LDHA lactate dehydrogenase A
M6PRBP1 perilipin 3
MAP1LC3A microtubule-associated protein 1 light chain 3 alpha
MAPK9 mitogen-activated protein kinase 9
MCUR1 mitochondrial calcium uniporter regulator 1
MDH2 malate dehydrogenase 2
MNF1 mitochondrial nucleoid factor 1
MPC2 mitochondrial pyruvate carrier 2
MPST mercaptopyruvate sulfurtransferase
MRF4 myogenic factor 6
MSTN myostatin
MT1A metallothionein 1A
MTFR1 mitochondrial fission regulator 1
MTOR mechanistic target of rapamycin (serine/threonine
kinase)
MYBPC1 myosin binding protein C, slow type
Myf5 myogenic factor 5
MYH1 myosin heavy chain 1
MYH2 myosin heavy chain 2
MYH3 myosin, heavy chain 3, skeletal muscle, embryonic
MYH4 myosin, heavy chain 4, skeletal muscle
MYL1 myosin, light chain 1, alkali; skeletal, fast
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MYL6 myosin, light chain 6, alkali, smooth muscle and non-
muscle

MYLK2 myosin light chain kinase 2

MYLPF myosin light chain, phosphorylatable, fast skeletal
muscle

MYO5C myosin VC

MYOG myogenin (myogenic factor 4)

NAT1 N-acetyltransferase 1

NAT2 N-acetyltransferase 2

NDUFB3 NADH:ubiquinone oxidoreductase subunit B3

NDUFB5 NADH:ubiquinone oxidoreductase subunit B5

NFE2L2 nuclear factor, erythroid 2-like 2

NFKB1 nuclear factor of kappa light polypeptide gene enhancer
in B-cells 1

NRF1 nuclear respiratory factor 1

OGDH oxoglutarate dehydrogenase

OPTN optineurin

OSTN osteocrin

OTOP1 otopetrin 1

PARKIN parkin RBR E3 ubiquitin protein ligase

PAX3 paired box 3

PAX7 paired box 7

PDHA1 pyruvate dehydrogenase (lipoamide) alpha 1

PDIA2 protein disulfide isomerase family A member 2

PDK2 pyruvate dehydrogenase kinase, isozyme 2
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PDK4 pyruvate dehydrogenase kinase, isozyme 4

PFKM phosphofructokinase, muscle

PKM pyruvate kinase, muscle

POLRMT polymerase (RNA) mitochondrial (DNA directed)

PPARA peroxisome proliferator-activated receptor alpha

PPARG peroxisome proliferator-activated receptor gamma

PPARGC1A peroxisome proliferator-activated receptor gamma,
coactivator 1 alpha

PPP3CA protein phosphatase 3 catalytic subunit alpha

PRKAA1 protein kinase, AMP-activated, alpha 1 catalytic subunit

PRKAA2 protein kinase, AMP-activated, alpha 2 catalytic subunit

PRKAB1 protein kinase AMP-activated non-catalytic subunit beta
1

PSMA1 proteasome (prosome, macropain) subunit, alpha type, 1

PSMCA1 proteasome (prosome, macropain) 26S subunit, ATPase,
1

PSMC4 proteasome 26S subunit, ATPase 4

PTEN phosphatase and tensin homolog

PYGM phosphorylase, glycogen, muscle

RELA RELA proto-oncogene, NF-kB subunit

RHOA ras homolog family member A

RICTOR RPTOR independent companion of MTOR, complex 2

RPS6KB1 ribosomal protein S6 kinase B1

RPS6KB2 ribosomal protein S6 kinase, 70kDa, polypeptide 2

RPTOR regulatory associated protein of MTOR, complex 1
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RYR1 ryanodine receptor 1

SDHA succinate dehydrogenase complex, subunit A,
flavoprotein (Fp)

SIX1 SIX homeobox 1

SLC39A6 solute carrier family 39 member 6

SMAD SMAD family member 2

SOCS3 suppressor of cytokine signaling 3

SOD2 superoxide dismutase 2, mitochondrial

SREBF1 sterol regulatory element binding transcription factor 1

SREBP sterol regulatory element binding transcription factor 1

SRF serum response factor

STAT1 signal transducer and activator of transcription 1, 91kDa

STAT3 signal transducer and activator of transcription 3 (acute-
phase response factor)

STIM1 stromal interaction molecule 1

TFAM transcription factor A, mitochondrial

TFB2M transcription factor B2, mitochondrial

TGFB1 transforming growth factor, beta 1

TJP2 tight junction protein 2

TLR4 toll-like receptor 4

TNC tenascin C

TNFR1 TNF receptor superfamily member 1A

TNNC2 troponin C2, fast skeletal type

TNNT1 troponin T1, slow skeletal type

TRAF3 TNF receptor-associated factor 3
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TRIM63 tripartite motif containing 63, E3 ubiquitin protein ligase

TRPM1 transient receptor potential cation channel subfamily M
member 1

TRPM7 transient receptor potential cation channel subfamily M
member 7

TTN titin

TUFM Tu translation elongation factor, mitochondrial

UCP1 uncoupling protein 1 (mitochondrial, proton carrier)

UCP3 uncoupling protein 3 (mitochondrial, proton carrier)

YWHAZ tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation

ZFAND5 zinc finger AN1-type containing 5

NDUFS6 NADH:ubiquinone oxidoreductase subunit S6
SCNN1A sodium channel epithelial 1 alpha subunit
CTNNAL1 alpha catenin

PDPK1 3-phosphoinositide-dependent protein kinase 1
PIK3R5 phosphoinositide-3-kinase regulatory subunit 5
SLC2A4 solute carrier family 2 member 4/Glut4 transporter

Ingenuity Pathway Analysis (IPA)

Analysis of mMRNA abundance by IPA was performed as follows:
1) First, fold change from mean baseline was calculated from the Ct
values to determine differential expression of mMRNAs.
2) Subsequently, statistical significance (p-values) were determined from

the fold change data using a paired sample t-test.
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3) Data filtering was set with a fold change cut-off of 1.5 and p-value cut-
off of p<0.05 to select for the most significantly changed genes. These
genes were then used as the input for the subsequent core IPA analysis.

4) The overall outcome of IPA (e.g. upstream regular analysis, cellular
function, activation status) was predicted by calculating a regulation Z-
score and an overlap p-value, which were based on: (1) the number of
regulated target genes’ function; (2) the magnitude of expression
change; (3) the direction of expression change; and (4) their
concordance with the IPA database, which is constructed from a curated
literature database.

5) A second p-value called the "p-value of overlap" was calculated by IPA
to identify significantly enriched function pathways from the submitted
list of significantly changed genes. These p-values were generated from
the right-tailed Fisher's Exact Test, and a significance threshold of 0.05

was used to assess the statistical significance of the function pathways

In order 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 < 0.05. For muscle mRNA cellular function analysis, the Benjamini-
Hochberg method for multiple hypothesis correction was employed to account
for the possibility of false-positive results (type | errors). This is a default

function within the IPA platform.
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2.10. Statistical Analysis

The statistics, calculations and graphs presented in this thesis were completed
using SPSS software (version 24; SPSS, Chicago, IL) or GraphPad Prism
(version 7; Graphpad Software Inc, USA). Data were assessed for normality
using the Shapiro-Wilks test, with criteria for normality met if p<0.05. Statistical
analysis for each chapter is described in the individual chapter. All data are

presented as mean + SEM. Statistical significance was declared at p<0.05.
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Chapter 3

The effect of acute (3 days) and chronic (56 days of) bed rest on insulin-
mediated whole-body glucose disposal and fuel metabolism in healthy

male participants in energy balance.

3.1 Introduction

Periods of physical inactivity of short duration (<7 days) such as bed rest are
common during hospitalisation after illness or injury, with the average length of
hospital stay in the United Kingdom 5.9 days (NHS Digital 2019). Chronic
physical inactivity is a significant independent predictor of all-cause mortality
(Ekelund et al. 2019) and the development of metabolic diseases such as type
Il diabetes (Aune et al. 2015). A defining feature of immobilisation-induced
impairment of metabolic health after both short and long duration (>7 days) bed
rest is a reduction in whole-body glucose disposal (GD) (insulin sensitivity)
which has been observed over a range of insulin concentrations using the
hyperinsulinaemic euglycaemic clamp technique (Stuart et al. 1988a, Mikines
et al. 1991) or by oral glucose tolerance test (Yanagibori et al. 1994; Stuart et
al. 1988b; Heer et al. 2014). This reduction in whole-body glucose disposal has
been observed as early as after 3-5 days of bed rest (Yanagibori et al. 1994;
Smorawinski et al. 2000; Reidy et al. 2017), but not detectable after one day of

bed rest (Dirks et al. 2018). However, the precise metabolic and physiological
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mechanisms and their temporal relationship underpinning the reduction in
whole-body glucose disposal during bed rest is currently unclear.
Mechanistically, 7 days of bed rest has been reported to cause a
reduction in insulin-stimulated whole-body glucose disposal, which
predominantly occurs at the level of the muscle (Mikines et al. 1991; Stuart et
al. 1988b). Biensg noted a reduction in quantity and activation status of key
proteins regulating glucose transport, phosphorylation and storage, including
skeletal muscle GLUT4 and hexokinase Il content and insulin-stimulated
glycogen synthase activity after 7 days of bed rest (Bienso et al. 2012).
However, it is unclear if these events were causative in the reduction in skeletal
muscle glucose disposal observed during bed rest or an adaptive response to
a reduction in muscle glucose uptake itself. A recent study utilising a forearm
immobilisation model showed a significant reduction in forearm glucose uptake
after 24 hours of immobilisation which did not occur in the contralateral non-
immobilised arm (Burns et al. 2021), which suggests that acutely, inactivity-
induced declines in glucose uptake are secondary to a lack of muscular
contraction per se. The pattern and magnitude of temporal changes in the
reduction in whole-body glucose disposal during acute and longer duration bed
rest is currently unknown, as is insight of any parallel muscle level responses.
Bed rest has also been shown to alter whole-body fuel selection when
transitioning from a fasted to fed state. A 21-day bed rest experiment led to a
significant reduction in post-prandial carbohydrate oxidation (standardised to
fat-free mass) measured using indirect calorimetry after a standardised

challenge test meal (Rudwill et al. 2018). It has been suggested that this shift
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in fuel oxidation may be linked to muscle fibre type changes, with a larger
reduction in oxidative muscle fibres relative to a reduction in glycolytic muscle
fibres (Trappe et al. 2004). However, it is unclear if these changes happen
before substrate oxidation changes manifest. The impact of acute and chronic
bed rest on muscle fuel selection, especially in prolonged bed rest where
skeletal muscle deconditioning and potential changes in body composition may
occur, is unknown.

A purported mechanism for the immobilisation-mediated decline in
glucose disposal is an increase in intramyocellular lipid (IMCL) content (Cree
et al. 2010; Bergouignan et al. 2011; Manini et al. 2007). It is feasible from
studies involving obese, insulin resistant volunteers that alterations in lipid
droplet coating composition, morphology and subcellular location may also play
a regulatory role, (Gemmink et al. 2017; Kristensen et al. 2018). This proposed
link is largely extrapolated from studies demonstrating a strong negative
relationship between IMCL content and insulin sensitivity primarily in people
with obesity or diabetes (Goodpaster et al. 2000; Aguer et al. 2010). However,
these observations may reflect chronic pathophysiological states, and whether
IMCL accumulation is a primary driver of a reduction in insulin-mediated whole-
body glucose disposal in immobilisation remains contested (Dirks, Wall, and
Stephens 2020). Increased IMCL content in response to short duration bed rest
seems unlikely, unless participants are overfed, and indeed 7 days of bed rest
has previously been shown to result in a reduction in whole-body glucose
disposal with no measurable change in IMCL content when participants were

in energy balance (Dirks et al. 2016). Longer duration bed rest studies have
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been confounded by the fact that dietary energy intake was not controlled (Cree
et al. 2010) and so it is therefore inconclusive whether the outcomes were
secondary to energy excess or physical inactivity per se. The impact of acute
versus chronic bed rest on IMCL content, and how any differential responses
associate with changes in whole-body glucose disposal and substrate
oxidation, is unknown.

The work presented in this chapter aimed to determine the magnitude of
decline in whole-body GD and substrate oxidation under euglycaemic
hyperinsulinaemic clamp conditions following acute (3 days) and chronic (56
days) bed rest in young, healthy-weight volunteers maintained in energy
balance. Secondary aims were to generate novel mechanistic insight of cellular

and molecular events underpinning any observations.

3.2 Research Questions and Aims
3.2.1 Primary Aim

To determine the impact of separate acute (3 days) and chronic (56 days)
periods of bed rest on insulin-stimulated whole-body glucose disposal in healthy
men maintained in energy balance, to control for the likely confounding effect

of a change in energy balance on glucose uptake.

3.2.2 Secondary Aims

To determine whole-body substrate oxidation, leg IMCL content, muscle

cellular metabolism and associated mRNA expression responses to acute and
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chronic bed rest that may bring mechanistic insight of any changes observed in

whole-body insulin-stimulated glucose disposal under these conditions.

3.3 Methods

Study protocol

3.3.1 Acute bed rest study
3.3.1.1 Recruitment

Ten healthy physically active males (who were BMI-matched to the chronic bed
rest participants) were recruited from the general population via posters and
advertisements placed around the University of Nottingham, as well as on
appropriate popular social media platforms (Gumtree, Facebook). Participants
were enrolled if they met inclusion criteria and passed medical screening to
undertake the study at the David Greenfield Human Physiology Unit (DGHPU)
at the University of Nottingham, United Kingdom. Participants were excluded if
they had a history of diabetes, cardiovascular disease, thrombosis or were
taking any regular medication (see General methods on page 66 for full
inclusion and exclusion criteria). Participants were given a minimum of 24-hours

to consider the study.

3.3.1.2 Screening

After written consent to the study, participants had a medical screening which

included a completion of a health questionnaire (Appendix 1, Section 7.5), a
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12-lead electrocardiogram (ECG), height, weight and blood pressure
measurement, and a blood sample taken for full blood count, blood clotting
screen, liver function tests, thyroid function tests, random blood glucose, urea
and electrolytes. Personal food preferences were noted during the medical
screening to individually tailor their diet during the study. One participant who
was recruited dropped out before beginning the study due to personal reasons
and was replaced by a different individual. Two participants underwent medical
screening but did not fulfil criteria for recruitment, and a total of ten participants
completed the study. The acute bed rest study was conducted between January
and May 2018 and was approved by the University of Nottingham Medical

School Ethics Committee.

3.3.1.3 Protocol

The acute bed rest protocol is outlined in Figure 3.1 and consisted of:

e A 7-day ‘run-in’ phase

e A 3-day -6° head-down tilt (HDT) bed rest phase
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Run-in Acute BR -6°
HDT

Day 7 4 0 3

Experimental session 1 T

Figure 3.1. Acute bed rest schema. BR, bed rest, HDT, Head down tilt,

Experimental visits were performed 4 days prior to starting bed rest and
on day 3 of bed rest (after completing 3 full days/72 hours of HDT bed rest;
corresponding with day 3 on the schema). During the run-in phase, participants
were provided with an accelerometer (Actiheart™, CamNtech Ltd., UK) for one
week to obtain information of their pre-bed rest physical activity levels (PAL).
Participants were asked to maintain normal levels of daily activity but not to
engage in formal exercise during the 3 days leading up to the first experimental
visit. The participants received an individually tailored, strictly controlled and
standardised diet throughout all phases of the bed rest study. Individualised
energy requirements were estimated using the modified Harris—Benedict
resting metabolic rate equation, revised by Mifflin:

Males BMR = 10x weight (kg) + 6.25 x height (cm) — 5x age (years) + 5

This was subsequently multiplied by a physical activity level factor (PAL) of 1.4
for the run-in and of 1.2 for the bed rest phase (Roza and Shizgal 1984).
Macronutrient composition (expressed as a percentage of total dietary energy
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intake) was set at 55% carbohydrates, 30% fat and 15% protein. The intake of
sodium was targeted to be <3,500 mg per day. During the study, participants
were not allowed to eat any foods outside of the provided menu and alcohol
and caffeine-containing beverages were disallowed but water was provided ad
libitum. Adherence to the diet during the run-in phase was recorded in a food
diary completed by each participant. The pre bed rest experimental visit was
performed on day -4 prior to bed rest and a DEXA scan (GE Healthcare,
Buckinghamshire, UK) was performed on the morning of day -4. After
completing 3 full days (72-hours) of HDT bed rest (corresponding with day 3 on
the schema), after an overnight fast, participants underwent the second
experimental visit. After this, gradual, supervised return to ‘upright’ in the bed
was carried out, with continuous cardiovascular monitoring to avoid postural
hypotension. Participants remained in bed but were allowed to sit in the upright
position until the morning of day 4 (after 96 hours). A D-dimer blood test was
taken at the end of the study as a safety precaution to rule out a deep vein

thrombosis (DVT) formation during bed rest.

3.3.2 Chronic bed rest study
3.3.2.1 Recruitment

Twenty healthy male participants underwent 60 days of 6° HDT bed rest as part
of a long-term bed rest study at the Institute of Space Medicine and Physiology
(MEDES) facility in Toulouse, France. Inclusion and exclusion criteria were
standardised by the European Space Agency for bed rest studies and were the

same as for the acute bed rest study (see General Methods). The participants
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were recruited by the MEDES team in France via the MEDES website in
addition to direct mail and via media advertisements. Interested participants
could get further information on conditions for application by calling MEDES
through a dedicated line, through a local server and on the MEDES website. An
initial screening to ensure they met inclusion/exclusion criteria was performed
via telephone, and if deemed eligible a further telephone interview was
conducted by a trained physician. Participants were given a minimum of one

week to consider their participation.

3.3.2.2 Screening

Participants were then asked to attend a medical and psychological screening
involving questionnaires and interviews. At the end of this selection process,
the participants who passed the medical screening successfully and who were
deemed to be able to cope with the study conditions were enrolled into the
study. Participants were divided into two “campaigns”, ten participants
undertaking bed rest between September and October 2017 and ten
participants undertaking bed rest between November and December 2017. For
each campaign, more than 300 people applied. For the first campaign, 35 were
medically screened; 18 participated in the psychological interview and 14
participants passed the screening process successfully, of which 10 were
enrolled into the first campaign of the study and 4 were backups. For the second
campaign, 29 were medically screened; 19 participated in the psychological
interview and 15 participants passed the screening process successfully of
which 10 were enrolled into the second campaign of the study and 5 were

backups. The chronic bed rest study was approved by the Toulouse ethics
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committee of the Rangueil University Hospital (Comite” de Protection des
Personnes Sud-Ouest outre-Mer |, France) in accordance with the Declaration

of Helsinki and the French Health Authorities.

3.3.2.3 Protocol

The chronic bed rest study protocol is shown in Figure 3.2 and consisted

of:
¢ A 2-week run-in phase where baseline data (BDC) were collected within
the MEDES facility,
e A 60-day -6° HDT bed rest phase.
Run-in Chronic BR -6° HDT
LT 7 T

Day 14 6 0 56 60
Experimental
session T T

Figure 3.2. Chronic bed rest study schema. BR = bed rest HDT = head down

tilt.

Experimental visits were performed 6 days prior to starting bed rest and on day
56 of bed rest. The habitual activity of enrolled participants was objectively
measured at home prior to the run-in phase over a period of 10 consecutive
days using an accelerometer (Actigraph 3GTX, Pensacola, USA) worn on the
hip throughout the day. From the accelerometry-derived physical activity

energy expenditure, an individualised activity programme during the 2 week
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run-in phase at the MEDES facility was designed for each participant to prevent
deconditioning over this time, with approximately 30% of activity energy
expenditure being expended during structured exercise sessions (treadmill
running or cycling on an ergometer cycle) and the remaining 70% reached by
walking at least 8,000 steps in the MEDES facility, measured by an activity
monitor worn on the wrist (Polar Loop, Kempele, Finland). One person was
responsible for periodically checking the values and indicating to each volunteer
if they should continue, increase or decrease his walking time.

Diet was strictly monitored and controlled throughout the entire
investigation period during all phases. PAL, defined as the ratio between daily
total energy expenditure (TEE) and resting metabolic rate (RMR) was estimated
from accelerometry data for each participant collected prior to the run-in phase.
RMR was measured for each participant on BDC -14. From the habitual PAL
value and the measured RMR physical activity energy expenditure was
estimated for each subject. Participants received three principal meals
(breakfast, lunch and dinner) and 1 snack per day. Meals were prepared by in-
house kitchen staff trained in preparing meals of set nutritional requirements to
achieve energy intake with 55% carbohydrate, 30% fat and 15% protein,
supervised by a dietician. Dietary intakes were quantified by measuring the
weight of each dish before and after each meal and by calculating the intakes
for each nutrient. Participants had to finish their tray of food; if they did not, the
leftovers were weighed to record the ingested quantity. DEXA scans (Hologic,
QDR 4500 C, Massachusetts, USA) were performed throughout the study on

days -14 and -2 before bed rest and days 4, 25, 39 and 58 of bed rest to detect
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changes in body fat mass and allow small adjustments in their diet in order to
achieve energy balance. Fluid balance was strictly monitored, with each
participant assigned their own water bottle and urine bottle. This longer-term
bed rest study was a European Space Agency initiative designed as a double-
blind, randomised, controlled trial where half of the participants received a daily
oral antioxidant/anti-inflammatory supplement (741 mg of polyphenols, 138 mg
of vitamin E, 80 ug of selenium, and 2.1 g of omega-3 fatty acids) and the other
half received a placebo (constituents of the cocktail are shown in Appendix 2,
Section 7.9). There were no differences between intervention groups in any of
the physiological phenotype end-point measurements reported in this study,
nor when comparing muscle metabolites and protein expression levels.
Previous publications have also demonstrated no effect of the cocktail on
muscle deconditioning (Arc-Chagnaud et al. 2020). Data showing whole-body
glucose disposal in the placebo group alone, demonstrating no difference in
findings is presented in Appendix 3 (Section 7.10). Therefore, the groups were

combined given the lack of impact on end-point measurements.

Bed rest phase

During both bed rest studies, for simulation of the physiological effects of
microgravity, the bed was maintained in a -6° head down tilt position. During
bed rest, participants remained in bed for 24-hours a day. All activities of daily
living such as hygienic procedures, eating, reading and toileting (using bedpans
and urine bottles) took place whilst maintaining the head down position for the

duration of the study. Participants were allowed to move from side to side (from
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supine to ventral or lateral positions) but were not allowed to sit up or stand at
any time. The use of one small size flat pillow was allowed as long as the
shoulders were still touching the mattress. Entertainment (books, newspaper,
magazines, radio, television, DVD, etc.) and social engagement with staff were
provided to participants during the bed rest period. Participants kept a strict
day-night cycle; they were woken at 07:00 and lights were switched off at 23:00.
In the acute bed rest study, qualified nurses and healthcare technicians were
present in the DGHPU, and available throughout the day and night, to attend to
the participants in order to support their daily living requirements and also to
ensure adherence to the study rules. During daytime hours (08:00 — 17:00),
doctor cover was on site. Out of hours, a doctor was available over the
telephone and able to be at the laboratory within thirty minutes. Emergency
care resources were available in the bed rest facility. In the chronic bed rest

study medical and nursing staff were on site 24 hours per day.

3.3.3 Experimental visits

The protocol for the experimental visits is outlined in Figure 3.3. On each
experimental day, participants were given a standardised meal the evening
before and then fasted from midnight. Participants in the chronic bed rest study
underwent the experimental visit on the same day as another participant (their
room partner) staggered by an interval of approximately one hour. On the
morning of each experimental visit, with participants in the fasted state, a
muscle biopsy sample was obtained from the vastus lateralis with a second
biopsy taken at 180 minutes of the hyperinsulinaemic euglycaemic clamp (with

the insulin infusion maintained until after the biopsy had been taken). Muscle
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biopsies were obtained using a Bergstrom needle under sterile conditions, after
prior injection of local anaesthetic (Bergstrom 1975). Two passes through the
same entry point were made on each occasion, at a right angle to the belly of
the vastus lateralis muscle, to harvest 100-300 mg of muscle tissue. The first
pass was immediately snap frozen in liquid nitrogen, with a portion of muscle
from the second pass processed for histochemical analysis. In short, this latter
sample was orientated and embedded in OCT mounting medium (361603E,
VWR Chemical), then frozen in cooled isopentane (Fisher Scientific,
Loughborough, UK) to prevent the formation of ice crystals. The remainder of
the wet muscle tissue from the second pass was frozen in liquid nitrogen. These
muscle samples were subsequently analysed to determine muscle metabolites,
IMCL content, and proteins and gene transcripts.

Following this, and after a period of quiet rest (approximately 45
minutes), ventilated-hood indirect calorimetry was performed to estimate
whole-body substrate oxidation using a Quark RMR system (COSMED,
Bicester, UK) for the acute bed rest study and a GEM calorimeter
(GEMNutrition Ltd., Cheshire, UK) for the chronic bed rest study. Oxygen
consumption and carbon dioxide production was measured over approximately
15 minutes before and during the steady-state period of each insulin clamp,
with collection period adjusted to ensure at least 10 minutes of stable readings.
Values were subsequently standardised to DEXA-determined lean body mass
from pre bed rest (for both studies) and day 58 (for chronic bed rest study)
measurements and non-protein substrate oxidation rates derived using the

equations of Peronnet and Massicotte (Peronnet and Massicotte 1991). After
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calorimetry measures had been completed, participants had an anterograde
cannula inserted into an antecubital fossa vein under local anaesthesia for
simultaneous infusion of insulin (Actrapid; Novo Nordisk, Bagsvaerd, Denmark)
and 20% glucose (Baxter Healthcare, Norfolk, UK). Another cannula was
inserted retrograde into a superficial vein on the dorsal surface of the non-
dominant hand. The cannulated hand was placed into a hand-warming unit (air
temperature 50-55°C) to arterialise the venous drainage of the hand (Gallen
and Macdonald 1990), and a slow-running 0.9% saline drip (Baxter Healthcare,
Norfolk, UK) was used to keep the cannula patent for repeated blood sampling.
Thereafter, a 3 hour hyperinsulinaemic euglycaemic clamp was performed
(DeFronzo, Tobin, and Andres 1979), with insulin infused into the antecubital
vein at a rate of 60 mU/m?/min. Arterialised-venous whole blood glucose
concentration was measured every 5 min and maintained at 4.5 mmol/l by a
variable rate infusion of 20% glucose (Baxter Healthcare, Norfolk, UK).
Arterialised-venous blood samples were taken at baseline and every 15
minutes during the final hour of the insulin clamp for the measurement of insulin,
TAGs, and NEFAs. Once the second biopsy was completed, the insulin infusion
was stopped, and participants provided with a high carbohydrate meal. The
glucose infusion was gradually reduced as glucose from the gut appeared in
the blood. Once the participants’ blood glucose had been stable for 30 minutes

without the infusion, all lines were removed.
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Cannulate hand, 1.V. infusion of insulin (60 mU/m2/min) and glucose | Fed

femoral & antecubital during euglycaemia (4.5mmol/L)
vein

8am 9 10 11 12 13
1 ml Blood sample (every 5 min «— —
from heated hand)
3 ml Blood sample T T T T T T
(heated hand)
Bergstrom Muscle biopsy T T
(vastus lateralis)

Indirect calorimetry I:I I:I

Figure 3.3. Experimental day schema. I.V. = intravenous.

3.3.4 Sample analyses
3.3.4.1 Whole-body glucose disposal

Whole blood collected during the insulin clamp was immediately analysed for
glucose concentration using the glucose oxidase method (YSI 2300; Yellow
Springs Inc, Ohio, USA). Whole-body glucose disposal was subsequently
calculated according to standard methods (DeFronzo, Tobin, and Andres 1979)
and standardised to pre bed rest DEXA-determined lean body mass. ‘Steady
state’ glucose disposal was determined between minutes 135-165 of the clamp
(DeFronzo, Tobin, and Andres 1979). Results have been expressed
standardised to lean body mass using DEXA, as whole-body muscle volume
on MRI did not change during the acute bed rest study, and a repeat DEXA
scan after bed rest could not be justified within the UK X-ray regulations due to

any changes after 3 days BR being too small to be detectable using DEXA.
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Results did not change when glucose disposal was expressed standardised to

body mass.

3.3.4.2 Blood analyses

Blood sample analysis is described in detail in Chapter 2, Section 2.8. Whole
blood was collected for analysis of serum TAGs, serum insulin and plasma
NEFA. Blood for determination of serum variables was collected into a
microtube with coagulation activator (Sarstedt, Nimbrecht, Germany) and left
to clot for at least 15 minutes before being centrifuged (15,000 G for 2 minutes).
Serum was aliquoted into 2 cryovials and frozen at -80°C. To a lithium heparin
microtube (Sarstedt, Nimbrecht, Germany) was added 7.5l of ethylene glycol
tetraacetic acid (EGTA)-Glutathione and 10 pl of Tetrahydrolipostatin (THL)
before the addition of 1.3 ml whole blood. This was immediately centrifuged
after gentle inversion, with plasma removed from the cell pellet and frozen at -
80°C until analysis. Serum insulin concentration was measured using a solid-
phase '2°| human-specific radioimmunoassay (Merck Millipore, Billerica, MA,
USA). Plasma NEFA was analysed by the ACS-ACOD Method (Wako
Diagnostics, Richmond, VA, USA) and serum TAGs were analysed using
enzymic photometric methods (ABX Pentra 400, Horiba Medical, Montpellier,

France).

3.3.4.3 IMCL quantification

Cross-sectional 14 um thick  vastus lateralis cryosections were cut

consecutively at -20°C, transferred to SuperFrost Plus adhesion microscope
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slides (Fisher Scientific, Loughborough, UK) and fixed by immersion into cold
2% Zamboni fixative (Newcomer Supply, Middleton, WI, USA), supplemented
with 0.1% glutaraldehyde, for 1 hour. Sections were then washed with PBS and
incubated for 30 minutes with 20 pg/mL Bodipy-493/503 (Fisher Scientific,
Paisley, UK). Sections were washed again in PBS and coverslips were
mounted with Vectashield mounting medium (H-100; Fisher Scientific,
Loughborough, UK). Stained sections were imaged right after mounting with
a Zeiss LSM 700 confocal microscope (Zeiss International, Jena, Germany),
through a 20x/0.8 M27 Plan-Apochromat objective lens. The 488 nm argon
laser line was used to excite Bodipy-493/503 and pinhole was maintained at
0.96 AU. The acquired images comprised z-stack tiles stitched together,
with five z-planes 910.54 nm apart in z from the centre of the sections. These
images were used to generate maximum projections for the quantification of LD
count, LD size and IMCL content using the Fiji software package(Schindelin et
al. 2012). In brief, ROl manager, combined with particle analysis, was used to

quantify the IMCL threshold in all maximal projections.

3.3.4.4 Muscle metabolites

An aliquot of snap frozen muscle biopsy tissue was freeze dried and used to
determine muscle substrates and metabolites: glycogen, lactate,
acetylcarnitine and long chain acylcarnitine which were measured using
methods previously described (Constantin-Teodosiu et al. 2019; Cederblad et
al. 1990). In short, muscle tissue was freeze-dried for 24 hours, removed of

visible blood and connective tissue and powdered. Metabolites were extracted
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using 0.5 mmol/l perchloric acid and neutralised using KHCO3 following
centrifugation. Tissue lactate and acetylcarnitine were measured in the
neutralised extract using spectrophotometric and radioisotopic enzymatic
assays. Additionally, long-chain acylcarnitines were extracted from the acid-
insoluble tissue pellet and determined as previously described (Stephens et al.
2006). A separate aliquot of freeze-dried muscle powder was extracted using
0.1 mol/l NaOH for determination of glycogen content (Harris, Hultman, and

Nordesjo 1974).

3.3.4.5 Total RNA extraction and targeted muscle mRNA expression
measurements
Total RNA was extracted from frozen muscle biopsies according to a method
previously described (Constantin et al. 2013). Multiple mRNA expression
measurements [191 targets, (Chapter 2, Section 2.9.5, Table 2.1) were made
according to the manufacturer’s instructions using 100 ng of cDNA obtained
from total MRNA isolated from vastus lateralis muscle from all subjects in each
group using Applied Biosystems 384-well microfluidics TagMan array cards
(Thermo Fisher Scientific Ltd, Loughborough, UK). Data were further analysed
using Applied Biosystems RQ Manager software (Thermo Fisher Scientific Ltd.,
Loughborough, UK) where the threshold level was normalised across all plates
before Ct values were calculated for each gene target and sample. Relative
quantification of MRNAs of interest was measured using the 2-24¢t method with
hydroxymethylbilane synthase (HMBS) as the endogenous control, with the

mean of the baseline sample used as the calibrator. To associate a biological
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function to the identified probe sets, Ct values were uploaded to IPA software

(Redwood City, CA, USA) for pathway analysis of gene expression data.

3.3.4.6 Protein Expression levels of pyruvate kinase 2 and 4 and pyruvate
dehydrogenase phosphatase 1.
The protein content of PDK4, PDK2 and PDP1 was analysed in the total muscle

protein homogenates by Western blotting (Constantin et al. 2007).

3.3.5 Statistical analysis

All data were coded and analysed using SPSS version 24.0 (Statistical
Package for the Social Sciences, Chicago, IL) or GraphPad Prism (version 7;
Graphpad Software Inc, USA). Two-tailed paired t-tests were used to analyse
differences in steady state whole-body glucose disposal between pre and post
bed rest. A two-way analysis of variance (ANOVA) for repeated measures was
performed to detect any main effects of visit (Pre BR and Post BR) and time
(Pre clamp and During clamp) on outcome measures including substrate
oxidation. Post-hoc analysis was performed using Bonferroni post-hoc test.
Student’s t test (or Willcoxin tests where data was nonparametric) was used to
compare variables measured at one time point, between visits e.g., fasting
blood glucose. Analysis of mMRNA abundance by IPA is shown in Chapter 2,
Section 2.9.5 .

All data were initially checked for normality of distribution (using Shapiro-

Wilks test). Mauchly's sphericity test was used to assess whether the variance
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in the differences in between the pairs being compared were equal. Where
Mauchly’s W was <0.05, the Geisser-Greenhouse correction was used to
calculate individual variance between the pairs being compared. All data are

presented as mean + SEM. Statistical significance was assumed where p<0.05.

Sample size

The repeat assessment coefficient of variation for the hyperinsulinaemic
euglycaemic clamp technique within the DGHPU is 10%. Pilot studies by my
research group have demonstrated a 30% reduction in GD over 72 hours of
forearm immobilisation. Thus, it was calculated such an effect would be
measurable in 8 subjects with a power of 80% at 5% significance level on a

paired t-test basis.

3.4 Results
3.4.1 Participant demographics

Participant demographics for both bed rest experiments are displayed in Table
3.1. Participants in the acute and chronic bed rest studies were matched for
BMI and were all in the healthy range (18.5 - 24.9 kg/m?). Chronic bed rest
participants were on average 10 years older than acute bed rest participants
and had a greater fat mass (19.2 £+ 0.9 vs 10.9 = 3.8 kg, p<0.001) but there
were no differences in lean mass (563.1 + 1.3 vs 56.6 + 2.1 kg) determined using
DEXA. Age and fat mass were different between participants in the acute and
chronic bed rest studies. Age was not correlated with glucose disposal at
baseline (R=0.05, p=0.40), and as expected given they were young healthy

volunteers, did not add to the predictive power of the multiple regression model,
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so was discarded by the SPSS model. Fat mass was negatively associated with
glucose disposal in the insulin clamp performed at baseline when data from
both studies were combined (R= -0.537; p<0.01). Importantly however, the
change in fat mass across the chronic bed rest period contributed <0.01% of
the variability in the change in glucose disposal. Additionally, when study group
(chronic or acute bedrest) was added into the regression model, it was not a
predictor of the glucose disposal pre bed-rest. Finally, regression analysis
revealed there was no association between any of the above variables and
rates of carbohydrate or fat oxidation. There is therefore no robust evidence to
support the view that demographic difference between the volunteer cohorts
were responsible for the changes in glucose disposal and fuel utilisation
observed in acute and chronic bed-rest. Indeed, the groups were well matched
for lean body mass; a key determinant of glucose disposal (baseline steady
state whole-body glucose disposal for the acute study [10.2 + 0.4 mg/kg
LBM/min] vs chronic study [11.5 + 0.7 mg/kg LBM/min].

All but one (Ecuadorian national) participant in the chronic bed rest
experiment were French nationals, whilst the acute bed rest experiment
included individuals of 4 different nationalities (British, Belgian, Swedish and
Malaysian). Participants in both studies were habitually physically active. Prior
to the bed rest intervention the acute bed rest participants had an average daily
physical activity level measured using an Actiheart as 1.5 + 0.06 which
approximately equates to between 9,000 and 10,000 steps per day (Ohkawara

et al. 2011). Chronic bed rest participants accrued an average of 9562 + 2469
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steps/day in the two weeks prior to bed rest. Significant muscle mass losses

were noted after bed rest in the chronic bed rest participants (Figure 3.4).

Figure 3.4. Lower leg of one of the chronic bed rest participants after 56 days

of bed rest, demonstrating significant muscle atrophy of the calf.
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Table 3.1. Baseline characteristics of participants.

** p<0.01, p<0.001

compared with Acute bed rest, 11 p<0.01 compared with pre clamp, $ p<0.05

compared with corresponding time-point pre bed rest. BMI = body mass index,

DEXA = dual energy x-ray absorptiometry. Data are mean + SEM.

Parameter Acute Bed Rest (n =10) | Chronic Bed Rest (nh =

20)
Pre bed rest |Post bed resf| Pre bed |[Post bed

rest rest

Age (years) 24 +1 34 + 8*

BMI (kg/m?) 227+0.6 22.7+0.6 23.7+15 234104

Body mass (kg) 70.7 £ 3.2 70.6 £ 3.2 73.5+6.1 [7126+1.6

Lean mass (DEXA) 56.6 + 2.1 Not recorded| 53.1+1.3 [60.2+1.2

(kg and % body mass)| (80%) (72%) (69%)

Fat mass (DEXA) (kg| 10.9 £ 3.8 Not recorded| 19.2 + 1204 +£0.9

and % body mass) (15%) 0.9*** (28%)
(26%)

Resting energy| 7428 +396 | 7345+ 261 | 5721 £ 143 [5255 £ 121

expenditure (kJ/day)

(Pre clamp)

\Whole-body  muscle| 29370 t [29116 1 Not Not

volume (cm?) 1613 1616 recorded recorded
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3.4.2 Energy Intake

Participants in both the acute and chronic bed rest study met the prescribed

energy intake targets before and during bed rest. Prescribed and actual energy

intake data per day during both bed rest experiments is shown in Table 3.2.

Table 3.2. Energy intake and macronutrient content in the acute and chronic
bed rest studies. Energy Intake in kilojoules (kJ/day) and macronutrient content

(g/day) prescribed and actual during acute and chronic bed rest. BR, bed rest.

Data are mean + SEM.

Parameter

Acute bed rest

Chronic bed rest

Average energy intake prescribed | 11041 + 338 12496 £ 165
(kJ/day) pre bed rest

Average energy intake actual | 10960 + 319 12300 £ 198
(kJ/day) pre bed rest

Difference prescribed vs actual | -287 + 88 -196 + 53
(kJ/day) pre bed rest

Carbohydrate (g/day) pre bed rest | 291 £ 14 392+6
Protein (g/day) pre bed rest 8314 8812

Fat (g/day) pre bed rest 7914 104 £ 2
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Average energy intake prescribed | 8792 £ 275 9908 + 146
(kJ/day) during bed rest

Average energy intake actual | 8950 + 244 9793 + 146
(kJ/day) during bed rest

Difference prescribed vs actual | 158 + 23 -114 £ 19
(kJ/day) during bed rest

Carbohydrate (g/day) during bed | 250 £ 26 292+4
rest

Protein (g/day) during bed rest 73+8 8812

Fat (g/day) during bed rest 685 8311

3.4.3 Impact of Acute and Chronic bed rest on whole-body glucose uptake

Figure 3.5 shows whole-body GD standardised to kg lean-body mass (kg LBM)
using DEXA in the acute and chronic bed rest studies. Using steady-state
values in the period between 135-165 min of the clamp (whole blood glucose
4.49 + 0.16 mmol/l), acute bed rest resulted in a 17% reduction in insulin-
stimulated whole-body GD (11.5 £ 0.7 vs 9.6 + 0.6 mg/kg LBM/min, p<0.01, d=
1.9; Figure 3.5a), whilst chronic bed rest (whole blood glucose 4.47 + 0.17
mmol/l), resulted in a 22% reduction in insulin-stimulated whole-body GD (10.2

+ 0.4 vs 7.9 £ 0.3 mg/kg LBM/min, p<0.001, d=1.7; Figure 3.5b). There was no
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difference in the magnitude of change of glucose disposal between the acute
or chronic study (p=0.83), however equivalence testing for group differences
revealed a confidence interval of -0.58 to 0.70 which was out with pre-set
boundaries of -0.5 to 0.5, suggesting the change in M value with bed rest was

not equivalent between acute and chronic bed rest conditions.
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Figure 3.5. Whole-body glucose disposal during the hyperinsulinaemic
euglycaemic clamp. Whole-body glucose disposal standardised to lean body
mass (LBM) before bed rest (Pre BR) and after bed rest (Post BR) in a) acute
bed rest (n=10), b) chronic bed rest (n=20). Hatched shading shows steady-
state period with histogram depicting steady-state whole-body glucose disposal

values. Data are mean + SEM.

3.4.4 Impact of Acute and Chronic bed rest on whole-body substrate oxidation

Carbohydrate oxidation

Figure 3.6 shows the carbohydrate (a,b) and fat (c,d) oxidation rates
standardised to kg LBM in acute and chronic bed rest. In acute bed rest, there
was an increase in carbohydrate oxidation in response to the insulin clamp
before (p<0.001) and after bed rest (p<0.001; Figure 3.6a), with no difference
in the magnitude of response between these 2 time points. In chronic bed rest,
there was also an increase in carbohydrate oxidation in response to the insulin
clamp both before (p<0.05) and after bed rest (p<0.05; Figure 3.6b). However,
compared with before bed rest, chronic bed rest resulted in a 19% blunting of

the increase in insulin-stimulated carbohydrate oxidation (p<0.05).

Lipid oxidation

In acute bed rest, there was a suppression in the rate of fat oxidation

standardised to LBM in response to the insulin clamp before (p<0.001) and after
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bed rest (p<0.001; Figure 3.6¢), with no difference in the magnitude of response
between pre and post-bed rest. In chronic bed rest, there was also a
suppression of fat oxidation in response to the insulin clamp both before
(p<0.05) and after bed rest (p<0.05; Figure 3.6d). However, compared with
before bed rest, the insulin-mediated suppression of fat oxidation was 43% less

(p<0.05) following chronic bed rest.

El Pre Clamp Post Clamp
Acute Bed Rest Chronic Bed Rest
a b
£

5 E 57

£ 5 Tt s

z fit T 3, t

3 41 T o N
g S 3 o i
S 34 £ -
< 5 2

S 2 2

< i g i

2 1 =

% 0- T T 8 0~ T T

o PreBR PostBR T} PreBR PostBR
c d

— =

E 2.5+ 'E 25'

= s

=

0 2.0 %2-0'

o
< 15 Tt 3, 1.54 *
E T * % o t
ls 1.0 Tt o t s
3 05 T < 0.5 i

X X
(o] (@]

= 0.0 r r + 0.0 r r

E PreBR PostBR E PreBR PostBR

Figure 3.6. Substrate oxidation. Carbohydrate (CHQO) oxidation during a) acute
bed rest and b) chronic bed rest and fat oxidation during c) acute bed rest and

d) chronic bed rest measured using indirect calorimetry, standardised to lean
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body mass (LBM) before (Pre BR) and after (Post BR) bed rest and before (Pre
Clamp) and in the final 30 minutes (Post Clamp) of the hyperinsulinaemic
euglycaemic clamp. Grey bars correspond to pre clamp values and solid colour
bars correspond to post clamp values. * p<0.05 compared with corresponding
time point Pre BR; 1 p<0.05, 111 p<0.001 compared with Pre clamp. (n=20)

Values and mean + SEM.

3.4.5 Serum Insulin, TAGs and plasma NEFA

Table 3.3 shows the serum insulin, TAGs and plasma NEFA in the acute and
chronic bed rest studies.

Serum insulin

In acute bed rest, compared with before bed rest, there were no differences in
fasted insulin values after bed rest (p=0.44). There was no change in steady-
state insulin after bed rest and no change over time during the clamp (p=0.35).
Chronic bed rest resulted in a 25% increase in fasted insulin after bed rest
(p<0.01). There was an increase in steady-state insulin after chronic bed rest

(120-180 minutes; p<0.05) but no change over time during the clamp (p=0.22).

Plasma NEFA

In acute bed rest, compared with before bed rest, there was a greater fasted
NEFA concentration after bed rest (p<0.05). During the insulin clamp, there was

a decrease in steady-state NEFA concentration over time (p<0.001) but no
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difference after bed rest (p=0.2). In chronic bed rest, there was no differences
in fasted plasma NEFA concentration between before or after bed rest (p=0.8).
There was a decrease in steady-state NEFA over time (p<0.05) but no
differences in steady state NEFA values after bed rest compared with before

bed rest (p=0.3).

Serum TAGs

In acute bed rest, compared with before bed rest, there was no difference in
fasted (p=0.58) or steady-state (p=0.35) TAG after bed rest but there was a
decrease in steady state TAG over time (p<0.01). In chronic bed rest there were
no differences in fasted (p=0.51) or steady state TAG (p=0.43) after bed rest,
but there was a decrease in TAG over time (p<0.01) and there was an effect of

visit and time (p=0.045).
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Table 3.3. Serum insulin, TAG and plasma NEFA. Fasted and steady state
insulin, NEFA and TAG concentrations in acute and chronic bed rest before
(Pre BR) and after (Post BR) bed rest. * p<0.05, ** p<0.01 vs pre-bed rest.

Values are mean +SEM.

Fasted Steady state (average
120-180 minutes)

Serum Acute Pre BR 6.4+£17 107.4 £ 3.2
insulin BR PostBR |8.8+1.6 105.8£2.6
(mIU/L) Chronic | Pre BR 178 +1.7 137.8+4.9

BR PostBR |22.3 +1.5** 146.4 £ 6.2*
Plasma Acute Pre BR 530 + 40 10+£2
NEFA BR Post BR | 570 + 60* 10 +1
(mmol/L) Chronic | Pre BR 430 + 30 302

BR Post BR | 440 40 303
Serum TAG | Acute Pre BR 0.69 £ 0.05 0.40 £ 0.04
(mmol/L) BR PostBR | 0.76 £ 0.06 0.48 £ 0.03

Chronic | Pre BR 0.66 + 0.07 0.50 £ 0.06

BR PostBR |0.61£0.07 |0.46 0.06
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3.4.6 Impact of acute and chronic bed rest on IMCL content

IMCL content was determined in pre clamp muscle biopsy samples. Figure 3.7
shows the LD density (a,d), LD size (b,e) and the fractional lipid area, or %
IMCL (c,f) before and after acute and chronic bed rest. Acute bed rest
participants had a lower mean LD size (p<0.001) and % IMCL (p<0.01)
compared with chronic bed rest participants at baseline, in keeping with the
greater whole-body fat mass in the chronic bed rest participants. Acute bed rest
did not alter LD count (p=0.72), LD size (p=0.121) or % IMCL (p=0.22).
Similarly, chronic bed rest, did not impact on LD count (p=0.13), LD size
(p=0.38) or %IMCL (p=0.60). There was no impact of acute or chronic bed rest
on fibre-specific IMCL parameters, although a decrease in LD count was

observed after chronic bed rest (p<0.05; Appendix 3).
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a d
& 0.08
% &E‘ 0.08+
- <
%_ 0.06- %
8 3 0.06-
[a] 4
= 0.04- a
2 > 0.04
2 0.02 2
8™ 8 0.02
o [a]
- 0.00- ~ 0.004
Pre BR Post BR Pre BR Post BR

137



o
(1]

£ 80- =
3 £ a0y
(&) o
< 60 o
X o 60+
a &
840 g 4]
> N
o
3 204 Q 20-
[
® &
= 0 2o
Pre BR Post BR Pre BR Post BR
c f
_ $ 15
s 15- <
< s
= (o]
- t 10-
o
= 10- P
3 o
o <
< a
a 2 57
2 5 I
- (&)
3 =
3 ol = o

Pre BR Post BR Pre BR Post BR
Figure 3.7. Intramyocellular lipid content. a) Lipid droplet (LD) density, b) LD
size and c) the fractional lipid area, or % IMCL content of the vastus lateralis
muscle tissue as a percentage of total tissue area before (Pre BR) and after
(Post BR) acute bed rest and d) LD density, e) LD size and f) the % IMCL
content of the muscle tissue as a percentage of total tissue area before and
after chronic bed rest. All data are generated from pre clamp samples for each
participant, at each time point. Values are mean + SEM. For acute bed rest
measures, n=6 pre bed rest (Pre BR) and n=7 post bed rest (Post BR) and for

chronic bed rest measures n=19 for all time points.
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3.4.7 Muscle substrates and metabolites

Table 3.4 shows muscle substrate and metabolite concentrations. Before acute
bed rest, there was an 36% increase in muscle glycogen content during the
insulin clamp (p=0.056, d= -0.85). There was no change in muscle glycogen
content during the insulin clamp after bed rest (p=0.69). In the chronic bed rest
study before bed rest, there was a 35% increase in muscle glycogen content
during the insulin clamp (p<0.01, d=-0.71), which was not evident after bed rest
(p=0.42). In the acute bed rest study, there was no change in muscle lactate
content in response to the insulin clamp either before or after bed rest. In the
chronic bed rest study, there was a 35% decrease in muscle lactate content in
response to the insulin clamp before bed rest (p<0.01) and a 14% decrease
after bed rest (p<0.05). In the acute bed rest study, there was no impact of the
insulin clamp on muscle acetylcarnitine content either before or after bed rest.
However, after bed rest, pre clamp muscle acetylcarnitine content was 33%
lower compared with the corresponding value before bed rest (p<0.01). In the
chronic bed rest study, the insulin clamp reduced muscle acetylcarnitine
content by 67% before bed rest (p<0.001) and by 47% after bed rest (p<0.05).
Furthermore, after bed rest, pre clamp muscle acetylcarnitine content was 42%
lower compared with the corresponding value before bed rest (p<0.001). In the
acute bed rest study, there was no impact of the insulin clamp on muscle long
chain acyl carnitine content either before or after bed rest. In the chronic bed
rest study, before bed rest, there was a 33% increase in long chain acyl
carnitine content in response to the insulin clamp (p<0.05) which was not

evident after bed rest (p=0.20).
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Table 3.4. Muscle substrates and metabolites. Muscle glycogen, muscle
lactate, muscle acetylcarnitine and muscle long chain acylcarnitine measured
before bed rest (Pre BR) and after bed rest (Post BR) and before (Pre Clamp)
and in the final 30 minutes (Post Clamp) of the hyperinsulinaemic euglycaemic
clamp. * p<0.05, ** p<0.01, *** p<0.001 compared with corresponding time-
point Pre-BR, 1 p<0.05, 11p<0.01, 111p<0.001 compared with Pre-Clamp, #,

p=0.056 compared with Pre-Clamp. Values are mean + SEM.

Pre clamp Post clamp

Muscle Acute Pre BR 428 + 33 585 + 72#
glycogen bedrest  "BostBR 411+ 53 387 + 35"
(mmolfkg dry "ehronic | Pre BR 314 £ 24 42329 11
mass) bed rest | Post BR 38222 396 £ 33
Muscle lactate | Acute Pre BR 47111 55+0.6
(mmol/kg dry | bed rest | Post BR 3.1+£0.5 51+£1.0
mass) Chronic Pre BR 6.6 £0.8 3.3+0.91t

bed rest | Post BR 7.3+x0.6 44 +£0.7t
Muscle Acute Pre BR 3.0+£04 25+0.2
acetylcarnitine bed rest | Post BR 2.0+0.2* 23+0.2
(mmol’kg  dry | Chronic | Pre BR 3.3+04 1.1 £ 0.1ttt
mass) bed rest | Post BR 1.9+02" [1.0+0.11
Muscle long | Acute Pre BR 1042 £ 127 1042 £ 108
chain bedrest  "5ostBR 1169+ 157 | 1191 + 133
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acylcarnitine
(umol/kg

mass)

dry

Chronic

bed rest

Pre BR

543 £ 49

720 = 671

Post BR

532 + 56

644 + 55

3.4.8 Muscle mRNA expression

Muscle mRNA expression was quantified in the pre-insulin clamp biopsies
before and after bed rest. Cellular functions identified by Ingenuity Pathway
Analysis (IPA) as being altered as a result of acute and chronic bed rest study
are depicted in Figure 3.8. After 3 days’ bed rest, 12 functions were identified
as altered, the most notably affected being ‘cell death and survival’, ‘cell
morphology and cellular development’, ‘cellular growth and proliferation’, and
‘organismal injury and abnormalities’ [-log (P value) 220] (Figure 3.8a). After 56
days’ bed rest, 9 functions were identified by IPA as being significantly altered,
of which ‘skeletal and muscular system development and function’, and ‘organ

morphology’ had the greatest magnitude of change [-log (P value) 220] (Figure

3.8b).
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Figure 3.8. Muscle cellular functions in acute and chronic bed rest. Cellular

functions identified by IPA as being altered in muscle from before to after bed

rest in a) the acute bed rest study and in b) the chronic bed rest study based
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on mRNA expression data generated using the low-density micro-array cards.
The x-axis displays cellular functions most affected by bed rest and the y-axis

displays -log of the p value. The threshold line corresponds to a p value of 0.05.

There were 7 cellular functions altered in both acute and chronic bed
rest, namely ‘cell death and survival’, ‘organismal injury and abnormalities’,
‘skeletal and muscular disorders’, ‘carbohydrate metabolism’, ‘skeletal and
muscular system development and function’, ‘organ development’ and ‘lipid
metabolism’. However, the size of the gene networks comprising these 7
altered common cellular functions was markedly greater in acute bed rest than
in chronic bed rest, reflecting a more wide-ranging muscle transcriptional
response in response to acute bed rest. Furthermore, several of the predicted
cellular events generated by IPA based upon these mRNA responses to bed
rest were distinct between acute and chronic bed rest, and often in divergent
directions. For example, in the case of ‘cell death and survival’, 82 transcripts
were either up or down regulated in response to acute bed rest and based on
these collective transcriptional responses IPA predicted ‘activation of cell
survival’ and ‘cell viability’ (Figure 3.9a). This is in contrast to chronic bed rest
study where 7 transcripts were differentially regulated and IPA predicted an
inhibition of ‘necrosis’, ‘necrosis of muscle’ and ‘cell death of muscle’ (Figure

3.9b).
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Figure 3.9. Pathway analysis for cell death and survival. Schematic highlighting the most differentially requlated muscle

144

gene



expression (outer ring) and the cellular events predicted by Ingenuity Pathway Analysis to result from the collective changes in
mRNA abundance (inner circles) associated with cell death and survival after bed rest compared with pre bed rest in a) acute bed
rest and b) chronic bed rest. The associated prediction legend indicates the degree of confidence which is depicted by colour

intensity.
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The gene networks representing the altered cellular functions of carbohydrate
and lipid metabolism are shown in Figures 3.10 and 3.11 because they are of
direct relevance to the aims of the current study. In the case of carbohydrate
metabolism, the size of the differentially regulated gene network was
substantially greater for acute bed rest than chronic bed rest (Fig. 3.10). In
acute bed rest 40 transcripts were identified as being altered in abundance
relative to pre bed rest (Figure 3.10a), compared with 13 transcripts in chronic
bed rest (Figure 3.10b). In acute bed rest, 39 of these transcripts were
upregulated and one, Insulin Receptor Substrate 1 (IRS-1), was
downregulated. Based on these collective differences, IPA predicted a
comprehensive activation of a number of cellular processes including
‘glycolysis’, ‘metabolism of carbohydrate’, ‘metabolism of polysaccharide’, and
‘synthesis of glycogen’. In chronic bed rest, of the 13 transcripts identified as
being altered in abundance relative to pre bed rest, 11 were upregulated and 2
transcripts were downregulated, with a predicted activation of ‘uptake of
monosaccharide’ and a comprehensive inhibition of ‘quantity of glycogen’ and

‘quantity of carbohydrate’.
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Figure 3.10. Pathway analysis for carbohydrate metabolism. Differentially regulated muscle gene expression (outer ring) and the
cellular events predicted by Ingenuity Pathway Analysis to result from the collective changes in mRNA abundance (inner circles)

associated with carbohydrate metabolism after bed rest compared with pre bed rest in a) acute and b) chronic bed rest.
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Similarly, in the case of lipid metabolism, the size of the differentially regulated
gene network was substantially greater for acute bed rest than chronic bed rest.
During acute bed rest (Figure 3.11a), 44 transcripts were altered in abundance
compared with 6 transcripts during chronic bed rest (Fig. 3.11b). In acute bed
rest, there were 42 transcripts upregulated and 2 transcripts, IRS-1 and fatty-
acid-binding protein 3 (FABP3), downregulated compared with before bed rest.
Based on these collective differences, IPA predicted activation of ‘fatty acid
metabolism’, ‘synthesis of lipid’, ‘oxidation of lipid’, ‘oxidation of fatty acid’,
‘synthesis of fatty acid’ and to a lesser extent ‘concentration of lipid’. In chronic
bed rest, 6 transcripts were upregulated with a predicted activation of ‘oxidation
of fatty acid’ and to a lesser extent ‘concentration of triacylglycerol’. Figures
depicting the 4 remaining networks common to both acute and chronic bed rest

are shown in Appendix 3 (Supplementary Figure 7.2 — 7.5).
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events predicted by Ingenuity Pathway Analysis to result from the collective changes in mRNA abundance (inner circles) associated
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3.4.9 Calcium activated genes

MRNA expression of targeted calcium activated genes, namely protein
phosphatase 3 catalytic subunit alpha (PPP3CA), -calcium/calmodulin-
dependent protein kinase 2A (CAMK2A), calmodulin-1 (CALM1), calsequestrin
(CASQ1), ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2
(ATP2A2), ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting
(ATP2A1), calcium/calmodulin-dependent protein kinase 4 (CAMK4) and
inositol 1,4,5-triphosphate receptor type 3 (ITPR3) is shown in Figure 3.12.
Although a numerical increase in the expression of these calcium activated
genes was seen after 3 days bed rest, relative to pre bed rest, this did not reach
statistical significance. However, chronic bed rest increased mRNA expression

significantly for all but one of these gene targets.
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Figure 3.12. Calcium targeted genes in muscle. Muscle PPP3CA, CAMK2A,
CALM1, CASQ1, APT2A2, ATP2A1, CAMK4 and ITPR3 mRNA expression
normalized to a mean of 1.0 after bed rest (Post BR) compared to before bed
rest (Pre BR) in a) acute and (b) chronic bed rest in post clamp samples.
*p<0.05, **p<0.01, ***p<0.001 vs Pre BR. Values are mean +SEM and

represent fold change from pre bed rest which has been set at 1.

3.4.10 Protein Expression levels of pyruvate kinase 2 and 4 and pyruvate

dehydrogenase phosphatase 1.

There was no impact of acute bed rest on the pre-clamp expression levels of
the target proteins pyruvate kinase 2 (PDK2) and 4 (PDK4), and pyruvate
dehydrogenase phosphatase 1 (PDP1; Table 3.5). Furthermore, the insulin
clamp had no impact on expression levels either before or after bed rest. Due
to a limited availability of pre clamp muscle tissue in the chronic bed rest study,

PDK2, PDK4 and PDP1 protein were only measured in post insulin clamp
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samples. Compared with before bed rest, there was a significant increase in
post clamp PDK4/Actin protein expression after bed rest (p<0.01). However,
there was no impact of bed rest on post insulin clamp PDK2 or PDP1. Example
western blots of PDK2, PDK4 and PDP1 in a) acute and b) chronic bed rest are

shown in Figure 3.13.

Table 3.5. PDK2, PDK4 and PDP1 data. Regulatory enzymes PDK4/Actin
relative arbitrary units (RAU), PDK2/Actin (RAU) and PDP1/Actin (RAU) in
acute and chronic bed rest measured on pre and post clamp samples before
(Pre BR) and after (Post BR) bed rest. Due to a lack of pre clamp muscle tissue
in the chronic bed rest study analyses were only performed on post clamp

samples. Na, not measured. **p<0.01 compared with Pre BR. Values are mean

+ SEM.
Pre clamp Post clamp
PDK2/Actin | Acute  bed | Pre BR 1.0+ 01 0.93+£0.04
(RAU) rest PostBR | 0.8 0.05 0.87 £ 0.05
Chronic bed | Pre BR na 1.0+ 01
rest Post BR na 0.89+£0.1
PDK4/Actin | Acute  bed | Pre BR 1.0 £0.08 1.0+ 01
(RAU) rest Post BR 1.3+0.1 1.1+0.2
Chronic bed | Pre BR na 1.0+ 01
rest Post BR na 1.4+£0.1*
Pre BR 1.03 £ 0.09 0.96 + 0.1
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PDP1/Actin | Acute bed | Post BR 0.79+£0.06 0.91+01

(RAU) rest
Chronic bed | Pre BR na 1.0+0.1
rest Post BR na 1.1+0.2

Acute bed rest

a
Pre BR Post BR
Pre Clamp / Post Clamp Pre Clamp / Post Clamp
poks O] (RS
PDK2 |w W — -
PDP1 | == | ——
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Figure 3.13. Example western blots of PDK2, PDK4 and PDP1 in a) acute and

b) chronic bed rest.
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3.5 Discussion

The main aim of this chapter was to identify any differences in whole-body
insulin-stimulated glucose disposal following 3 days (acute) and 56 days
(chronic) bed rest in healthy men maintained in energy balance. Secondary
aims were to quantify whole-body substrate oxidation, and muscle mRNA
expression, cellular metabolism and IMCL content in tandem to provide
mechanistic insight of the metabolic responses to acute and chronic bed rest.
A novel and unexpected observation was that the decrease in whole-body
insulin-stimulated glucose disposal after 3 days bed rest was of a similar
magnitude to that observed after 56 days of bed rest, indicating a rapid and
substantial change in GD after the onset of bed rest, after which there is little
further change. Furthermore, this blunting of GD was paralleled by reduced
muscle glycogen storage under insulin clamp conditions following both acute
and chronic bed rest. This clearly confirms that immobilisation rapidly
supresses insulin-stimulated GD and glycogen storage, but remarkably this
suppression remains relatively unchanged even after 56 days bed rest when
volunteers are maintained in energy balance. However, despite this similarity
in whole-body glucose disposal, the inhibition of fat oxidation under insulin
clamp conditions after 56 days bed rest was less than after 3 days bed rest and
was paralleled by a decrease in insulin-stimulated carbohydrate oxidation,
which was not seen after 3 days bed rest. This demonstrates a dissociation of

the regulation of glucose uptake from the regulation of substrate oxidation in
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the transition from acute to chronic bed rest. Of note, the substantial mMRNA
abundance changes detected at 3 days across multiple cellular functions,
including those controlling carbohydrate and lipid metabolism, preceded
changes observed in fuel oxidation at a whole-body level. Moreover, after 56
days bed rest, when this shift in the pattern of substrate oxidation was evident,
these mMRNA abundance changes had waned substantially to reflect the
changes observed in muscle glycogen and whole-body fuel oxidation during the
hyperinsulinaemic euglycaemic clamp. Collectively these observations point to
widespread transcriptional events occurring early in bed rest being causative in
the shift in fuel metabolism seen after chronic bed rest. Importantly, this shift
could not be explained by increased circulating lipids or muscle IMCL
accumulation in this experimental design given volunteers were maintained in
energy balance and IMCL was unchanged from the acute to chronic bed rest
state, pointing to the lack of muscle contraction per se being the primary signal
for the adaptation in fuel selection.

Several previous studies have reported declines in whole-body glucose
uptake after bed rest of between 3 and 28 days duration measured under
euglycaemic hyperinsulinaemic clamp conditions (Mikines et al. 1991; Kenny
et al. 2017; Cree et al. 2010; Stettler et al. 2005). One commonly purported
mechanism for bed rest associated impairment in glucose disposal, particularly
in longer duration bed rest, is an alteration in body composition and a
subsequent increase in IMCL (Gemmink et al. 2017). An acute bed rest study
of 2 days duration in healthy men who were fed either an isocaloric high-

saturated fat, or high-carbohydrate diet found a 17-32% increase in IMCL
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measured using MRS, but only a reduction in glucose disposal measured by
the hyperinsulinaemic euglycaemic clamp by 24% in the high-fat diet group,
with no correlation found between GIR and IMCL overall (Stettler et al. 2005).
One chronic bed rest study reported a 75% increase in IMCL measured using
MRS after 4 weeks of bed rest (Cree et al. 2010). However participants were
not maintained in energy balance and there was concomitant
hypercortisolaemia, which has been shown to drive increases in IMCL content
independently of immobilisation(Cree et al. 2007). Another study using a 28-
day unilateral limb suspension model reported a 20% increase in calf IMCL.
However this study failed to control dietary energy intake and physical activity
levels were not measured prior to immobilisation (Manini et al. 2007), so it
seems unlikely these participants were in energy balance. This study does not
support an increase in IMCL content in healthy participants in either acute or
chronic bed rest. Crucially, the present participants were maintained in energy
balance throughout both experiments, removing the large confounding factor of
energy oversupply. In addition to seeing no change in total IMCL content in
response to acute and chronic bed rest, there was no change in fibre type
specific IMCL content (Appendix 3), further supporting these results. These
findings are consistent with the proposal that when in conditions of energy
balance, IMCL accumulation is not the primary driver for a reduction in whole-
body glucose disposal in either acute or chronic bed rest, and previous results
may have been confounded by simultaneous positive energy balance.

An important finding from this study is the widespread extensive

alteration in mRNA abundance across multiple cellular functions, including
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carbohydrate and lipid metabolism at 3 days which precede subsequent
changes in whole-body fuel oxidation at 56 days. In addition, although the gene
network size had markedly decreased by 56 days, the genes contributing to
these networks were more robustly altered in expression and remarkably
reflected the changes observed in fuel oxidation at a whole-body level.
Specifically, in the case of carbohydrate oxidation the 13 mRNAs identified as
being altered in expression from pre bed rest collectively predicted the inhibition
of the quantity of glycogen and quantity of carbohydrate with high confidence,
which corresponded with the reduction in insulin-stimulated muscle glycogen
storage and carbohydrate oxidation observed under insulin clamp conditions.
Similarly in the case of lipid oxidation there was an increase in expression of 6
genes after 56 days bed rest, which collectively predict the activation of fatty
acid oxidation with high confidence and tallied with the reduced suppression of
whole-body fat oxidation observed under insulin clamp conditions at this time
point. Previous research has shown that transcriptional responses associated
with impairment in insulin signalling are not present after a single day of bed
rest(Dirks et al. 2018), but expression is markedly changed after 9 days bed
rest in association with insulin resistance in healthy men(Alibegovic et al. 2010).
In the latter study by Alibegovic, in total over 4,500 genes were altered in
expression after 9 days of bed rest, representing about 11% of all the gene
transcripts present on the microarray, in particular genes involved in
mitochondrial function such as oxidative phosphorylation, ubiquinone
biosynthesis and fatty acid metabolism which were significantly downregulated.

This study provides additional insight by demonstrating that a widespread
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change in mRNA abundance occurs early in bed rest but then wanes as bed
rest is sustained, and ultimately reflects the changes seen in fuel metabolism,
under insulin clamp conditions, seen after chronic bed rest.

Disrupted calcium handling has been linked to muscle atrophy and
metabolic dysregulation in muscle disorders(Agrawal, Suryakumar, and Rathor
2018) and may be a potential candidate responsible for the observed changes
in fuel oxidation from the acute to chronic bed rest. Calcium is known to play a
central role in muscle carbohydrate utilisation via control of the activity of
glycogen  phosphorylase, phosphofructokinase and the pyruvate
dehydrogenase complex (Spriet 2014). Furthermore studies have noted
alterations in muscle calcium homeostasis during immobilisation (Stettler et al.
2005, Kenny et al. 2007), it is plausible that it played a regulatory role in the
shift in insulin-stimulated fuel oxidation observed from acute to chronic bed rest
in the present study. In support of this, a clear increase in mMRNA expression of
calcium-activated genes was seen after 56 days’ bed rest, which was
accompanied by robust downregulation of genes regulating sarcoplasmic
reticulum function (TTN and MYLPF) and calcium handling (RYR1), collectively
suggesting an increase in intramyocellular free calcium occurred after chronic
bed rest. In a 10-day bed rest study, caffeine-induced calcium release in
isolated single muscle fibres was estimated via tension development (Monti et
al. 2021). The authors pointed to reduced sarcoplasmic reticulum calcium
release occurring after 10 days’ bed rest, and attributed this to a reduction in
the rate of sarcoplasmic reticulum calcium reuptake, which is in keeping with

findings reported after 10 days’ lower limb cast immobilisation(Thom et al.
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2001). Another study involving 23 days’ unilateral lower limb suspension found
reduced sarcoplasmic reticulum calcium content, which was postulated to be
due to increased calcium leakage(Lamboley et al. 2016). Along with an
increase in muscle PDK4 protein expression, the present results point to
disrupted calcium handling as a potential mechanism to explain the changes in
insulin-stimulated substrate oxidation observed at 56 days’ bed rest, particularly
in the absence of changes in muscle IMCL content.

The findings from this chapter have important clinical implications.
Periods of inactivity of short duration (<7 days) such as bed rest are common
during hospitalisation after illness or injury, with the average length of hospital
stay in the United Kingdom 5.9 days (NHS Digital, 2019). Clinical populations
have the additional burden of inflammation which also causes rapid muscle
mass loss (Puthucheary et al. 2013; Constantin et al. 2011) and reductions in
whole-body glucose disposal (Chambrier et al. 2000) via mechanisms distinct
to immobilisation alone. The results from this chapter indicate changes related
to immobilisation alone are rapid and profound and it is unclear if the effect of
immobilisation and inflammation may be summative (which will be addressed
in Chapter 5). Without early interventions or countermeasures to reduce
sedentary time during hospitalisations or periods of reduced physical activity,
patients are likely to leave hospital more deconditioned and insulin resistant
than when they entered. It is currently unclear whether changes in whole-body
glucose disposal and underlying transcriptional changes seen early with

immobilisation are fully reversed with a period of free living or a more extensive
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period of exercise rehabilitation is needed, and what dose and duration would
be required (which will be addressed in Chapter 4).

In summary, this study is the first to show that the reduction of muscle
glycogen storage and decline in whole-body GD after acute bed rest were rapid,
and then remain largely unchanged after chronic bed rest in healthy men
maintained in energy balance. Furthermore, there was a clear dissociation of
these events from the shift in insulin-stimulated whole-body substrate oxidation
between acute to chronic bed rest. This temporal shift in fuel selection could
not be rationalised by changes in blood lipid concentrations or IMCL content

but was reflected by the muscle transcriptional response to chronic bed rest.
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Chapter 4

The effect of 3 days bed rest and structured remobilisation on whole-body
and leg glucose uptake, muscle protein turnover and muscle volume in

healthy male participants.

4.1 Introduction

Both skeletal muscle atrophy and reductions in insulin-stimulated whole-
body glucose disposal are manifestations of bed rest. The study in Chapter 3
demonstrated that as little as 3 days of bed rest reduced insulin-stimulated
whole-body glucose disposal and muscle glycogen storage in volunteers
maintained in energy balance but had no impact on fuel oxidation rates under
insulin clamp conditions compared to the pre bed rest state. This relatively short
duration bed rest also resulted in extensive changes in muscle mRNA
expression representing multiple cellular functions. Studies of similar periods of
bed rest (3-5 days duration) have also reported reductions in whole-body insulin
sensitivity (Yanagibori et al. 1994; Smorawinski et al. 2000). Moreover, upper
limb immobilisation of as short as 24-hours duration has been reported to
reduce insulin-stimulated forearm glucose disposal, which was specific to the
immobilised limb (Burns et al. 2021). In keeping with this, 7 days bed rest also
reduced insulin-stimulated leg glucose uptake, which was of a greater
magnitude than that seen at the whole-body level (Mikines et al. 1991).

Collectively these observations highlight that immobilisation-induced reductions
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in limb glucose uptake are rapid and most likely reside at a muscle level
because of a lack of muscle contraction per se. This being the case, it is not
unreasonable to suggest that exercise intervention following bed rest could
rapidly restore limb glucose disposal to the pre immobilised state. A single bout
of exercise acutely increases local insulin sensitivity (Richter et al. 1989),
however the effect is diminished within 48-72 hours of exercise (King et al.
1995). In a previous study involving 21 days bed rest in healthy, sedentary
young males maintained in energy balance, 4 days of normal ambulation was
insufficient to restore whole-body glucose tolerance in response to an oral
glucose challenge. However, 5-14 days of normal ambulation was able to
restore glucose tolerance (Heer et al. 2014). Furthermore, in a study involving
young and older participants maintained in energy balance, 5 days of bed rest
resulted in a decline in whole-body insulin sensitivity in both groups (measured
using the Clamp-Like Index (CLIX-IR), a measure of insulin sensitivity
calculated from an OGTT), was fully restored following an 8 week lower limb
eccentric exercise training programme, consisting of progressive resistance
exercise of the knee and hip extensor muscles in a recumbent stepper-
ergometer three times per week (Reidy et al. 2017). However, it is possible that
this duration of free living alone could have restored insulin sensitivity without
exercise intervention, and the absence of a control intervention in the study
meant this was not tested. It is therefore currently unclear whether insulin
sensitivity following 3 days of bed rest can be restored by 3 days of routine

ambulatory behaviour, and furthermore whether prescribed exercise
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intervention during this period can augment any restoration of glucose disposal
observed.

Both bed rest and single limb immobilisation result in muscle mass loss.
Disuse muscle atrophy is underpinned by a net imbalance between muscle
protein synthesis (MPS) and muscle protein breakdown (MPB). Under
conditions of 21 days lower limb immobilisation in healthy men it has been
reported that the magnitude of decline in postabsorptive MPS can account for
the majority of muscle volume loss observed (de Boer et al. 2007), however
since then it has been questioned whether immobilisation is also accompanied
by increased MPB and denervation, at least initially (Demangel et al. 2017).
Adding to this, a 16% reduction in the rate of MPS in as short as 2 days of
unilateral leg immobilisation has been reported, which was accompanied by a
1.7% decline in quadriceps volume (Kilroe, Fulford, Holwerda, et al. 2020).
Glover et al. were the first to demonstrate the existence of muscle anabolic
resistance in response to immobilisation, i.e., suppressed MPS in the
postprandial state following 14 days lower limb immobilisation in healthy, young
volunteers, which persisted even under conditions of high dose amino acid
administration (Glover et al. 2008). A shorter duration study of 5 days unilateral
knee immobilisation using a full leg cast confirmed these collective observations
by reporting reductions in rates of postabsorptive and postprandial MPS in
young healthy men, which was accompanied by a 4% loss of quadriceps CSA
(Wall et al. 2016).

There is less evidence available in the literature regarding the role of

MPB in short-duration disuse atrophy, partly due to the technical challenges
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associated with directly measuring protein degradation in vivo in humans.
Tesch showed an increase in muscle protein breakdown after 72 hours of
unilateral leg immobilisation demonstrated by a 44% increase in interstitial 3-
methylhistidine measured using microdialysis within the vastus lateralis (Tesch
et al. 2008), however the validity of this technique has been previously
questioned (Rennie, Phillips, and Smith 2008). Another study estimating MPB
via urinary 3-MeH excretion during a 17 day bed rest experiment showed no
change in MPB, however this was a much longer period of immobilisation (Stein
and Schluter 1997). Other studies utilising stable isotope tracer infusions have
reported no change in MPB in young participants after 14 days (Ferrando et al.
1996) and 21 days (Symons et al. 2009) bed rest, however these only allow
estimates of MPB over a few hours. There is some limited evidence showing
elevated expression of proteolytic genes and proteins during immobilisation,
lending support to the theory that proteolysis is elevated with disuse. For
example, the first few days of disuse has been shown to be associated with
activation of the ubiquitin-proteasome degradation of proteins in rodents
(Taillandier et al. 2003), but there are significant differences in muscle protein
turnover when comparing responses to immobilisation in rodents vs humans.
This incongruence between animal and human studies may be explained by
the translatability of the rodent model, with immature rodents often used, the
high metabolic rate compared with humans and the potential stress effect of the
hindlimb immobilisation mode (Rennie et al. 2010). In a study by Brook and
colleagues, healthy men undergoing 4 days unilateral leg immobilisation

showed declines in MPS but no change in MPB when measured in vivo using
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an acute pulse-chase tracer decay rate technique (Brook et al. 2022). In longer
duration immobilisation, a comprehensive increase in mMRNA expression for
genes linked to the regulation of muscle atrophy in humans (MAFbx, MuRF1,
p94 calpain) was found after 2 weeks ULLS (de Boer et al. 2007; Jones et al.
2004). A study in humans undergoing 3 days of dry immersion reported a 6-fold
increase in neural cellular adhesion molecule (NCAM+) muscle fibres, a marker
for muscle fibres undergoing regeneration or denervation, indicating early
denervation (Demangel et al. 2017). One study of 5 days bed rest in young and
older participants found a blunted MPS in the older individuals, as well as
increased markers associated with the ubiquitin proteasome and autophagy-
lysosomal systems (Tanner et al. 2015). However, these are molecular markers
and direct measures of MPB were not performed. Currently, blunted MPS is
considered the predominant mechanism for disuse atrophy in the short term in
humans, and although animal hindlimb immobilisation studies have suggested
an increase in MPB being at least partly responsible for a decrease in muscle
mass (Krawiec et al. 2005), this has not been consistently established in human
immobilisation studies (Rudrappa et al. 2016). Newer oral stable isotope
techniques combining simultaneous measurements of MPS and MPB in vivo
now allow the potential to directly measure these processes in acute models of
disuse (Cegielski et al. 2021).

The time-course of change of MPS and MPB, and their rate of
restoration, particularly over short periods in humans, is also unresolved. One
study which assessed changes in muscle protein turnover after 5 days of bed

rest and their restoration after 8 weeks of high intensity eccentric resistance
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exercise found a restoration in blunted MPS and expression of mMRNA MuRF-1
in the older participants (Tanner et al. 2015). However, similar to studies
examining insulin sensitivity restoration after bed rest, it is unclear if restoration
of muscle protein turnover would have occurred anyway with this extended
period of free living. Whilst the reduction in muscle mass over the first few days
of unloading appear to be predominantly attributable to declines in MPS in
humans, it is unclear whether this rapidity of change is mirrored after reloading,
particularly as in vivo measures of both MPS and MPB during short duration
reloading in humans have not been performed. Rodent studies investigating the
effects of reloading after hindlimb immobilisation (albeit in durations longer than
3 days immobilisation) have shown that increases in MPS occur as early as 6
hours after recovery (Tucker, Seider, and Booth 1981), and persist after 18
hours (Taillandier et al. 2003) and 72 hours (Baehr et al. 2016) of reloading up
to 7 days (Taillandier et al. 2003; Baehr et al. 2016). There is currently a lack
of data on whether short duration (<5 days) reloading can restore changes in
direct measures of MPS associated with only a few days of bed rest in humans.
A major novelty of the present study is that it explored in vivo measures of MPS
and MPB as well as insulin sensitivity concurrently in the same individuals
under the same experimental conditions.

Molecular regulators that have shown to be altered in short duration
immobilisation include increased myostatin mMRNA and protein after 3 days of
unilateral leg immobilisation (Gustafsson, Osterlund, Flanagan, von Walden, et
al. 2010), and genes related to protein ubiquitination and oxidative stress after

2 days of unilateral leg immobilisation, which were not restored by 24 hours of
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reloading (Tesch et al. 2008). However, in both these studies direct measures
of muscle protein turnover were not performed, not least because of difficulties
on measuring MPB in vivo in humans. Glover et al. noted a reduction in the
phosphorylation of the tension-sensing protein FAK associated with reduced
MPS rates after 2 weeks of lower limb immobilisation, but interestingly no
change in signalling of the akt-mTOR-p70S6 pathway (Glover et al. 2008). One
study which utilised an untargeted approach to explore muscle transcriptomic
changes in response to 4 days of unilateral lower leg immobilisation, and
quantified MPS and thigh lean muscle mass using DEXA concurrently, found
MRNA networks altered related to DEPTOR, a potent inhibitor of mTOR (Willis
et al. 2021). However, De Boer et al (de Boer et al. 2007) found no impact of
10 days immobilisation on the phosphorylation status of proteins in the mTOR
anabolic signalling pathway in fasted state volunteers. Similarly, Glover et al.
found that whilst immobilisation induced a blunting in the MPS response to
protein feeding in human volunteers, this anabolic resistance could not be
explained by reduced phosphorylation of proteins in the mTOR signalling axis
(Glover 2008). In addition, in the study of Willis (Willis et al. 2021) there was
greater mRNA expression of proteolytic-related pathways, suggesting a link
between proteolytic marker expression (and presumably MPB) and declines in
MPS during short term disuse. Further studies to advance the mechanistic
understanding of short-term disuse atrophy and insulin resistance and the
rapidity of their restoration following remobilisation are still required, particularly
where gold standard direct physiological measures are employed concurrently

in the same individuals alongside molecular measurements. This chapter
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describes novel changes in whole-body and limb insulin sensitivity and
measures of muscle volume, MPS and MPB and muscle targeted mRNA
expression (low density array cards) in healthy men following 3 days of bed rest
and the restoration of whole-body and limb insulin sensitivity, muscle volume,

MPS and muscle targeted mRNA expression after 3 days of remobilisation.

4.2 Research Question

Is the magnitude of restoration of whole-body glucose disposal, leg glucose
uptake and muscle protein turnover after 3 days of structured remobilisation
equivalent to their reduction after 3 days of bed rest?

Research Aims

i) To determine the impact of 3 days of bed rest on insulin-stimulated
whole-body glucose disposal, leg glucose uptake, muscle glycogen
storage, muscle volume and MPS and MPB concurrently in the same

individuals.

ii) To determine the impact of 3 days of structured remobilisation
following bed rest on insulin-stimulated whole-body glucose disposal,
leg glucose uptake, muscle glycogen storage, muscle volume and

MPS concurrently in the same individuals.
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iii) Using a micro-fluidic gene card approach identify changes in targeted
MRNA responses to 3 days of bed rest and structured remobilisation

that may underpin any observations.

4.3 Methods
4.3.1 Plan of investigation

Ten healthy male participants were recruited from the general population and
underwent 3 days of bed rest in the David Greenfield Human Physiology Unit
at the University of Nottingham, as per the protocol described in full in Chapter
3 (see 3.3.1). The protocol consisted of a 7-day run-in period, a 3-day (72 hour)
-6° HDT bed rest period, followed by 3 days of exercise-supplemented
remobilisation (ESR), during which the participants were otherwise free living
(Figure 4.1). Experimental visits were carried out on day -4 (pre bed rest), day
3 (post bed rest) and day 7 (post remob) of the protocol. Diet was standardised

and strictly controlled throughout as described in the previous chapter.
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| Run-in (7 days) | Bed rest Remobilisation
phase

Day -4 -3 0 3 4 7

Experimental session T T T

MRI t t t
Muscle biopsies t t t

Rehabilitation T T T

Figure 4.1. Acute bed rest and remobilisation schema. MRI, magnetic

resonance imaging.

Run-in phase

During the run-in phase participants were free-living for 7 days and were
provided with a standardised diet. Participants were advised to continue their
usual activities of daily living, but to refrain from strenuous physical activity in
the 3 days leading up to the first experimental visit on day -4. Participants
received the oral stable isotope tracer deuterium oxide (D-O/ heavy water) to
quantify cumulative MPS rates. An initial oral bolus of 3mg/kg D20 was
administered at 09:00am (divided into 3 equal doses 30 minutes apart to reduce
the risk of side effects) on day -4 prior to bedrest, with individualised top-ups on
day 0 and day 3 calculated based upon the rate of decay of water and total
body water of 60% in men (as described in Chapter 2). To monitor the body
water enrichment throughout the study, saliva samples (1ml) were collected

prior to and two hours after each D20 ingestion, as well as additional saliva
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samples at 09:00 on day 0, day 1 and day 7 of the protocol. Samples were cold
centrifuged at 16,000 g to remove any debris that may have been present and

then aliquoted into 2 ml vials and frozen at -80°C until analysis.

Bed rest phase

Participants underwent 3 days and 4 nights of -6° HDT bed rest in the DGHPU.
Full details of staffing, diet and personal hygiene is outlined in the previous
chapter. During the bed rest phase, the stable isotope tracer 3-methylhistidine
(3-MeH) was used to determine the rate of MPB over a 7 hour period on day 0
and day 2 of the protocol. Ten mg was ingested (dissolved in 50ml distilled
water) on day -1 prior to the bed rest period and day 1 at 09:00am. Following
this, an anterograde venous cannula was inserted 24 hours later (day 0 and
day 2 of bed rest) into the arm at the antecubital fossa for sampling of venous
blood every hour for a total of 7 hours for the measurement of D3-MH
enrichment. On the morning of day 3 (72 hours of bed rest) of the best rest
phase, after an overnight fast, participants underwent the second experimental
visit. After this, gradual, supervised return to ‘upright’ in the bed was carried
out, with continuous cardiovascular monitoring to avoid postural hypotension.
Participants remained in bed but were allowed to sit in the upright position until

the morning of day 4 (after 96 hours of bed rest).

Remobilisation phase

On the morning of day 4, after an overnight fast, participants were transferred
(without standing) to a wheelchair, then transported by taxi to a 3T Philips
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Ingenia MR (Best, Netherlands) scanner at the Sir Peter Mansfield Imaging
Centre, University of Nottingham (SPMIC) for their post bed rest MRI scans.
Following this, participants were fed and allowed to return to standing in a
controlled environment. They then underwent supervised rehabilitation in the
DGHPU comprising of 5 sets of 30 repetitions of maximal isokinetic knee
extensions (90° per second) on an isokinetic dynamometer (Cybex, HUMAC
Norm, CSMi Solutions, town, country) on their dominant leg, as this protocol
been shown to provide an anabolic stimulus (Brook et al. 2016; Jones et al.
2004), and then they were allowed to return home. They returned on days 5
and 6 of the non-bed rest period to undergo repeat supervised rehabilitation
sessions as above. At 08:00am on the morning of day 7 they presented to the
DGHPU to undergo their final experimental visit. A D-dimer blood test was
taken as a safety precaution to rule out a deep vein thrombosis (DVT) formation
during bed rest. The participants completed the study after the final MRI scan

was performed on day 8.

Experimental visits

Experimental visits were carried out on day -4 (pre bed rest), day 3 (post bed
rest) and day 7 (post remobilisation) of the protocol. After fasting from midnight,
on the morning of each visit, muscle biopsy samples were obtained using a
Bergstrom needle (Bergstrom 1975) from the vastus lateralis of their right leg
and in the final 10 minutes of the hyperinsulinaemic euglycaemic clamp in the
opposite leg. Two passes through the same incision were made on each

occasion at a right angle to the belly of the vastus lateralis and muscle tissue
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was immediately snap frozen in liquid nitrogen-cooled isopentane (Fisher
Scientific, Loughborough, UK) to prevent the formation of ice crystals and
stored wet in liquid nitrogen until analysed.

Cannulae were inserted retrograde into a superficial vein on the dorsal
surface of the non-dominant hand and anterograde into one arm. The
cannulated hand with the dorsal surface cannula was kept in a hand-warming
unit (55°C) to arterialise the venous drainage of the hand (Gallen and
Macdonald 1990), and a 0.9% slow saline drip was attached to keep the
cannula patent for repeated blood sampling. Following this, an anterograde
femoral venous catheter was inserted (using the Seldinger technique under
ultrasound guidance [Toshiba Diagnostic Ultrasound System, Model SSA-
770A])), to enable venous blood draining from the leg to be analysed for glucose
concentration (Figure 4.2.). In brief, the point of insertion, which generally lies
1cm distal and medial to the mid inguinal point was marked with permanent
marker. The skin was prepared with iodine and a surgical drape with an
aperture was placed over the top and the ultrasound probe covered in a sterile
plastic cover. A small amount (<1ml) of 1% lidocaine was injected
subcutaneously to the marked point to form a bleb and under ultrasound
guidance more was infiltrated along the tract to the vein. Once the skin was
adequately anaesthetised, using ultrasound visualisation, a needle with a
syringe loaded with 3ml 0.9% saline was advanced at 45° towards the femoral
vein, until entrance of the needle into the vessel was visualised. At this point
the syringe was removed, and the guidewire was passed over the needle

(Figure 4.2a). Once the guidewire was positioned in the vein, the needle was
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removed, and a small incision made at the entry point to the skin with a scalpel.
A dilator was fed over the guidewire to dilate the skin and subcutaneous tissues
and inserted to a depth of approximately 2-3cm. Thereafter the femoral venous
cannula was passed over the guidewire and the guidewire removed (Figure
4.2b). Care was taken to occlude the end of the cannula to avoid air entry into
the lumen and possible risk of air embolism and a small sample of blood
aspirated to ensure adequate aspiration. An infusion of 0.9% saline was
connected with a slow infusion rate to maintain patency of the cannula and a

sterile drape placed around the port (Figure 4.2c).
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Femoral

cannula

Femoral
cannula

IV giving
set with 3

way tap

Figure 4.2. Femoral venous cannulation. a) Dilator passed over guidewire b)
Femoral cannula being passed over guidewire ¢) Femoral venous cannula set

up during experimental visits.

Simultaneous blood samples (1ml) were taken from the arterialised-
venous heated hand cannula and the femoral venous line at baseline and 120,
135, 150, 165 and 180 minutes of the insulin clamp to calculate arterialised-

venous vs venous (AV-V) difference. Femoral artery blood flow in the
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contralateral limb was obtained at these same time points using Doppler

ultrasonography to calculate leg glucose uptake (Figure 4.3).

Figure 4.3. Femoral arterial blood flow measurement using US Doppler.

To measure femoral artery blood flow, participants lay supine on a bed with a
3-lead ECG attached to their chest. The femoral artery was located at the level
of the inguinal crease (below the inguinal ligament) using the ultrasound
scanning probe (Toshiba Diagnostic Ultrasound System, Model SSA-770A) on
the contralateral leg to the femoral venous catheter to reduce the risk of
infection. Once a clear longitudinal image was obtained, pulse wave function
was selected, and the Doppler window positioned so that it lay within the vessel.
The Doppler angle was maintained at <60° to maximise accuracy. Three mean

blood velocity (MBV) in cm/sec and femoral artery images were recorded and
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stored, with artery diameter measured from intima to intima, ensuring the

diameter was placed perpendicular to the vessel edge.

Thereafter, a euglycaemic hyperinsulinaemic clamp was performed, with insulin
(human Actrapid, Novo Nordisk) infused into the non-dominant arm at a rate of
60 mU/m?/min for 3 hours. Arterialised-venous blood glucose concentration
was measured in <1ml blood every 5 min and maintained at 4.5 mmol/l by a
variable rate infusion of 20% glucose (Baxter Healthcare, Norfolk, UK).
Arterialised-venous blood samples (3 ml) were taken at baseline and every 30
minutes during the final 60 minutes of the clamp for the measurement of insulin,
triacylglycerol, and NEFA. Once the final muscle biopsy was completed, the
insulin infusion was stopped, and participants provided with a high
carbohydrate meal. During the remobilisation experimental visit (Day 7), an
additional pre clamp muscle biopsy was performed on the control leg using a
microbiopsy needle to quantify MPS compared with the rehabilitated leg.
Femoral venous cannulation was placed in the rehabilitated side rather than the
control leg side to determine the effect of resistance exercise on leg glucose
uptake. The morning after each experimental visit, an MRI was performed to
quantify whole-body muscle and leg muscle volume at the Sir Peter Mansfield

Imaging Centre at the University of Nottingham.

4.3.2 Analytical methods

177



Blood sample analysis is described in detail in the General Methods. A portion
of snap frozen muscle biopsy tissue was freeze dried and used to determine
muscle glycogen content using methods previously described (Constantin-

Teodosiu et al. 2019).

Whole-body insulin-stimulated glucose disposal

Whole blood was immediately analysed for glucose concentration (YSI 2300;
Yellow Springs Inc,). Whole-body insulin-stimulated glucose disposal was
calculated during the final hour of the clamp in steady-state (135-165 minutes).
Whole-body glucose disposal was standardised to whole-body muscle volume
(litres) measured using MRI in order to allow direct comparison of whole-body

glucose disposal versus leg glucose uptake.

Femoral artery blood flow, AV-V difference and leg glucose uptake

Femoral artery diameter (FAD) was calculated using the mean of the 3 diameter
measurements at diastole and the mean of the 3 diameter measurements at
systole, with the diastolic (D) reading contributing 2/3 and systolic (S)
contributing 1/3 to the mean femoral artery diameter value. Femoral artery

cross sectional area (FAA) was then calculated from FAD and 1 (3.14159).

FAD =[2x DJ +[1 XS] FAA = [FAD]ZX'IT

3 3 2
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Femoral artery blood flow was calculated from mean blood velocity (MBV:
cm/sec) and FAA (cm?) x 60 to express flow as cm®/min. However, as cm?

equates to ml, flow is usually expressed as ml/min.

Femoral artery blood flow (cm?®/min) = MBV x FAA x 60

AV-V difference was calculated by subtraction of venous blood glucose
(mmol/L) obtained from femoral vein cannulation from the arterialised-venous
blood glucose (mmol/L) obtained from retrograde hand cannula in heated hand

box.

Leg glucose uptake (mmol/min) was calculated as:
Leg glucose uptake (mmol/min) = AV-V difference (mmol/L) x blood flow

(cm3/min).

Leg glucose uptake was then standardised to leg volume (litres) and expressed
as mg/litre/minute. Insulin-stimulated leg glucose uptake was defined as during
the ‘steady state’ of the insulin clamp which was determined between min 135-

165 of the clamp.

Body water D20 enrichment
Body water and muscle protein DO enrichment were measured as previously
described (Wilkinson et al. 2014). Full description of the method is detailed in

the General Methods chapter.
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Calculation of Myofibrillar Protein Fractional Synthetic Rate (FSR)

The FSR of myofibrillar proteins using the D>O tracer was determined as
described by Wilkinson (Wilkinson et al. 2015). This was achieved using the
precursor-product approach, from the incorporation of deuterium labelled
alanine into protein, using the enrichment of body water (corrected for the mean
number of deuterium moieties incorporated per alanine, 3.7, and the total
number of hydrogens within the alanine derivative, 11) as the surrogate
precursor labelling between subsequent biopsies. This is described further in

Chapter 2, Section 2.9.1. In brief, the standard equation is:

FSR (%.h-1) = [(5Ala)J/[( 3p) x {] x 100

where, dAla = deuterium enrichment (in delta excess) of protein-bound alanine
between subsequent biopsies, P = precursor enrichment (in delta excess) and

t, time between biopsies.

Muscle protein breakdown

A validated, stable-isotopic methodology was used to quantify the rate of MPB
using D3-MH (Sheffield-Moore et al. 2014) in response to bed rest (time points
were day 0 and day 2), using the same method as described by Gharahdaghi
(Gharahdaghi et al. 2019). Enrichment decay (k) of 3-MeH over the 7 hours of
sampling in plasma was calculated within the first 48 hours of bed rest (from

day 0 to day 2).
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4.3.3 Muscle volume quantification using MRI

MRI was performed the morning after each experimental visit at the SPMIC to
quantify whole-body muscle and leg (all muscle of the gluteal muscles,
quadriceps, adductors and hamstrings) muscle volume. Prior to entering the
MRI scanner, participants completed an MRI safety form to assess their
suitability (Appendix 1, Section 7.7). Contraindications to taking part were
having any metal within the body, e.g. pacemaker, cochlear implant, certain
metal implants, being unable to lie flat for prolonged periods of time or
claustrophobia. Participants removed all metal objects on their body and were
given ear plugs to wear and an alarm bell to press should any problems arise
during the scan. Participants lay supine head-first on the moveable MRI bed
with their head resting on a pillow and their hands by their side. Their arms were
secured into a fixed position using foam blocks to maintain the palms facing
towards their body and a Velcro binder was placed across their body just
proximal to their elbows to prevent their arms from falling outside the coil area.
Two anterior dStream body coils and a posterior dStream bed coil (Philips, Best,
Netherlands) were placed on the participants covering their clavicles to below

their ankles (Figure 4.4).
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Thorax coil

Foam block

Lower leg coil

Figure 4.4 Magnetic Resonance Imaging setup. MRI scanner setup with coils

placed on participant prior to entering magnet (left) and whilst inside the magnet

(right).

4.3.3.1 Whole-body imaging protocol

Participants were scanned supine on a 3T Philips Ingenia Scanner in a fasted
state (Philips, Best, Netherlands). Imaging of the whole-body was carried out
using a T2-TSE sequence acquired over 6 different slabs and merged together
online using Philips scanner parameters (Figure 4.5a). Each slab was acquired
in a single breath-hold (particularly for the chest area), and consisted of a field
of view of 448 x 560 x 300 mm, with a reconstruction voxel size of 1 x 1 x 1.5
mm. A total of 200 slices was acquired in 20 seconds, acquiring the whole-body

images in around 6 minutes (taking into account bed motion and preparation
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steps for each slab). Slice thickness was 1.5 mm. Water images were
reconstructed online at the scanner using a Philips in-built product (mDIXON

Quant package, Philips, Best, Netherlands) with scanner computer water

images to measure muscle volume.
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Figure 4.5. Magnetic Resonance Imaging whole-body example scans. a) MRI
whole-body in coronal plane acquired during the acute bed rest study
demonstrating a water only image and b) Leg calf muscle volume quantification

with region of interest drawn around left calf in one slice in one scan.

4.3.3.2 Manual muscle volume quantification

Whole-body and leg muscle volume (cm3®) were quantified manually using
Horos™ DICOM medical imaging software Version 3 (GPL-3.0, Annapolis, MD
USA). Whole-body MRI scans were acquired in the coronal (longitudinal) plane
and slices were analysed in this orientation as the resolution was best in this
plane. The whole-body image was analysed in individual anatomical regions
which were defined as; left calf, right calf, left upper leg and gluteal muscles
(leg), right upper leg and gluteal muscles (leg), torso, left arm and right arm.
Intrinsic muscles of the hands and feet and muscles of the face were not
quantified due to the small volumes and difficulty in delineating muscle from

connective tissue and tendons. Anatomical boundaries were defined as follows;

Torso — All muscle between shoulder joint and sacroiliac joint including
abdominals but excluding thoracic and abdominal viscera

Arm — All muscle between wrist joint and shoulder joint

Leg — All muscle of the gluteal muscles, quadriceps, adductors and hamstrings.
Calf — All muscle between ankle joint and knee joint

Whole-body — All of the above combined
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Muscle CSA (cm?) was quantified every 10 slices. A region of interest (ROI)
was drawn around the outer perimeter of the muscle (Figure 4.5b). Where there
were several large muscle groups making up the anatomical region, several
ROls were drawn and added together. The CSA was then calculated for the
slices not manually measured for each anatomical region using the formula:
CSAa+CSAb/2*10

Area was then multiplied by 0.15 (slice thickness) to get volume in cm3.

The coefficient of variation for each region was calculated by taking the average
of ten manually-measured repeated CSA measurements for each region of the
baseline pre bed rest scan of participant BR02. They were as follows; torso
2.2%, right arm 2.0%, left arm 2.6%, right leg 1.3%, left leg 1.7%, right calf 1.5%

and left calf 1.6%.

Validation of manual MRI muscle volume quantification

An automated muscle volume quantification method was used to validate the
manual muscle volume quantification method above. Muscle leg volume (all
muscle of the gluteal muscles, quadriceps, adductors and hamstrings) was
calculated using automated quantification in using 3D slicer software (version

4.9, Boston, USA; https://www.slicer.orqg) (Fedorov et al. 2012). The leg region

was cropped from the whole-body image, defined from the greater trochanter
to the knee (tibiofemoral) joint space to ensure the whole leg muscle was taken
into account. Within each slice being analysed, fiducial points were positioned

within the muscle tissue at five different points randomly selected. Care was
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taken to not place the fiducial points within a vessel, bone or other tissue.
Simple region growing segmentation function was applied which automatically
highlighted all of the tissue of interest selected (algorithm based on intensity
statistics). The multiplier could be reduced if the area was over segmented, or
more iterations used if it was under segmented. The parameters were set for
all of the following slices in that region. The volume was quantified using the
quantification, label statistics function in cm3. This technique was developed in-
house within the Nottingham NIHR Biomedical Research Centre. Raw
automated values of MRI leg muscle volume before and after bed rest and after
remobilisation were plotted against the raw manual muscle volume values and
a Pearson correlation was run. This is presented in Figure 4.6a. A Bland-Altman
plot of the differences between the automated and manual methods of muscle
volume MRI quantification against the average values is shown in Figure 4.6b,
indicating that the automated method tended to overestimate values compared

with the manual method, but this was consistent.
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r =0.88, p<0.001, n=60
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Figure 4.6. a) Correlation of automated vs manual muscle volume quantification
using MRI. Pearson correlation for automated versus manual leg muscle

volume (cm®) measured before bed rest in the acute bed rest study. Line
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indicates the line of identity where x=y. b) Bland-Altman plot of the difference
between the automated and manual muscle volume quantification methods
against the average leg volume in the 10 participants before bed rest. Grey line
indicates the average of the differences and the dotted lines indicate the 95%

limits of agreement.

Total RNA extraction and targeted muscle mRNA expression measurements

Procedures for total RNA extraction and muscle mRNA expression
measurements using a microfluidic gene card approach (191 targets) are

described in Chapter 3.

Statistical Analysis

The statistics, calculations and graphs presented were completed using SPSS
software (version 24; SPSS, Chicago, IL) or GraphPad Prism (version 7;
Graphpad Software Inc, USA). Data were first assessed for their suitability for
parametric statistical testing using Shapiro-Wilks to assess the distribution of
data. A two-way analysis of variance (ANOVA) for repeated measures was
performed to detect any main effects of visit (pre-bed rest vs post-bed rest vs
post remobilisation) and time (pre vs post clamp) on outcome measures. Post-
hoc analysis was performed using Bonferroni post-hoc test. One-way repeated
measures ANOVA was used to measure single variables over time and
Student’s t test was used when an ANOVA was not appropriate. All data are

presented as mean + SEM. Statistical significance was declared at p<0.05.
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4.4 Results
4.4.1 Demographics

Participants had an average age of 24 + 1 years, with a BMI of 22.7 + 0.6 kg/m?
and a lean mass of 56.6 + 2.1kg. Full baseline characteristics are shown in
Chapter 3 (Table 3.1). Compared with before bed rest there was no significant
change in body weight after bed rest (70.7 + 3.2 kg vs 70.6 + 3.2 kg, p<0.05).
Participants met the prescribed energy intake targets before, during and after

bed rest (Table 4.1).

Table 4.1. Energy intake and macronutrient content in the acute bed rest study.
Energy Intake in kilojoules (kJ/day) and macronutrient content (g/day)
prescribed and actual pre bed rest, during bed rest and during remobilisation.

Data are mean + SEM.

Parameter Acute bed rest

Average energy intake prescribed (kJ/day) pre bed rest | 11041 + 338

Average energy intake actual (kJ/day) pre bed rest 10960 + 319

Difference prescribed vs actual (kJ/day) pre bed rest -287 £+ 88

Carbohydrate (g/day) pre bed rest 291+ 14

Protein (g/day) pre bed rest 8314
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Fat (g/day) pre bed rest 79+4
Average energy intake prescribed (kd/day) during bed | 8792 + 275
rest

Average energy intake actual (kJ/day) during bed rest | 8950 + 244
Difference prescribed vs actual (kJ/day) during bed rest | 158 £ 23
Carbohydrate (g/day) during bed rest 250 + 26
Protein (g/day) during bed rest 73+8

Fat (g/day) during bed rest 685
Average energy intake prescribed (kJ/day) | 11041 £+ 338
remobilisation

Average energy intake actual (kJ/day) remobilisation 10915 + 276
Difference prescribed vs actual (kJ/day) remobilisation | 126 £ 45
Carbohydrate (g/day) remobilisation 287 +12
Protein (g/day) remobilisation 803

Fat (g/day) remobilisation 74 £2
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4.4.2 Impact of 3 days bed rest and structured remobilisation on whole-body

glucose disposal

Figure 4.7 shows whole-body glucose disposal standardised to whole-body
muscle volume (litres). Acute bed rest resulted in a 17% reduction in insulin-
stimulated whole-body glucose disposal (p<0.01), which was fully restored by

structured remobilisation.
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Figure 4.7. Whole-body glucose disposal during the hyperinsulinaemic
euglycaemic clamp in acute bed rest. Whole-body glucose disposal in the acute
bed rest experiment standardised to whole-body muscle volume (litres) at each
time point (measured using MRI) with steady state values highlighted by the

grey shaded area and separate histogram. Values are mean + SEM. (n=10)
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4.4.3 Impact of 3 days bed rest and structured remobilisation on leg glucose

uptake

Table 4.2 summarises the leg arterialised-venous-venous (AV-V) difference,
femoral arterial blood flow and leg glucose uptake standardised to leg muscle
volume (litres) calculated at each time point (before bed rest, after bed rest and
after remobilisation). Compared with before bed rest, there was a 45%
reduction in resting steady-state leg glucose uptake, standardised to leg muscle
volume (measured using MRI), after bed rest (p<0.01). In addition, leg glucose
uptake was not fully restored after 3 days’ exercise-supplemented
remobilisation of the limb, being 30% lower than before bed rest (p<0.05). The
reduction in insulin-stimulated leg glucose uptake after bed rest was paralleled
by a 38% reduction in leg blood flow compared to before bed rest (p<0.01).
Resting leg blood flow after the period of exercise-supplemented remobilisation
was no different from before bed rest (p=0.29). Compared with before bed rest,
there were no differences in the steady-state AV-V balance during the clamp
after bed rest (p=1.00) or after remobilisation (p=0.99). Compared with before
bed rest, there were no significant differences in baseline (0 minutes) leg AV-V
difference, blood flow or glucose uptake after bed rest (p>0.05) (data not

shown).
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Table 4.2. Arterialised-venous-venous difference, blood flow and leg glucose
uptake. Steady state leg arterialised-venous-venous (AV-V) difference
(mmol/l), blood flow (cm3/min) and leg glucose uptake (mg/litre leg muscle
volume /min) measured before bed rest (Pre BR), after bed rest (Post BR) and
after ESR (Post ESR) *, p<0.05, **, p<0.01 compared with Pre bed rest. BR,

bed rest. Values are mean + SEM.

Time point Steady-state
(Average 135-165
minutes)
AV-V difference (mmol/L) | Pre BR 144 £0.2
Post BR 1.23 £ 0.11
Post ESR 1.24 £+ 0.1
Blood Flow (cm3/min) Pre BR 424 + 47.5
Post BR 262 + 24.2**
Post ESR 331 +36.7
(p=0.052 compared with
Post BR)
Leg Glucose Uptake | Pre BR 17624
(mg/litre /min) Post BR 9.6 £1.2*
Post ESR 12.4 £ 2.5*
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4.4.4 Muscle glycogen

Figure 4.8 shows the change in muscle glycogen in response to bed rest and
remobilisation and before and during the insulin clamp. Before bed rest there
was a 36% increase in muscle glycogen content as a result of the insulin clamp
(p=0.056). However, a corresponding increase in muscle glycogen content was

not observed after bed rest (0.69) or ESR (p=0.57) in response to insulin.
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Figure 4.8. Muscle glycogen content. Muscle glycogen (mmol/kg dry mass),
before bed rest (Pre BR) and after bed rest (Post BR) and after rehabilitation
(Post Remob) and before (grey bars) and in the final 30 minutes (black bars) of
the hyperinsulinaemic euglycaemic clamp. # p=0.056 vs pre clamp before bed

rest, Values are mean + SEM.
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4.4.5 The impact of 3 days bed rest and structured remobilisation on muscle

protein turnover

4.4.5.1 Myofibrillar fractional synthetic rate

Compared to before bed rest, myofibrillar FSR was unchanged over the first
day of bed rest but had declined by 43% by day 3 (p<0.05, Fig 4.9a). Myofibrillar
FSR was fully restored by exercise-supplemented remobilisation, but FSR in
the non-exercised leg was 35% less compared to the exercised leg (p<0.1;

Figure 4.9b).
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Figure 4.9. Myofibrillar protein synthesis. a) Myofibrillar fractional synthetic rate

(FSR) in %/day a) before bed rest (Pre BR), after 24-hours of bed rest (0-1d
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BR), and between day 1 and 3 of bed rest (1-3d BR), *, p<0.05 vs Pre BR on
Student’s t-test. b) FSR (%/day) after remobilisation in the exercised leg (3d
exercise supplemented remobilisation [ESR]) and the non-exercised leg (3d
Remob). ##, p<0.1 vs non-remobilised leg on Student’s t-test. Values are mean

+ SEM (n=10)

4.4.5.2 Muscle Protein breakdown

Isotopic enrichment of 3-MeH in plasma on day 0 and day 2 is shown in Figure
4.10a, and from this enrichment decay rate constants (k) were calculated,
shown in Figure 4.10b. Over the 7 hours of sampling, plasma 3-MeH k
decreased 30% within the first 48 hours (from day O to day 2) of bed rest
indicating a decrease in the rate of whole-body MPB (p<0.05).
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Figure 4.10. Whole-body muscle protein breakdown. a) Isotopic enrichment of
3-MeH in plasma the day following oral stable isotope tracer administration on
day 0 and day 2 of bed rest in units per hour and b) corresponding enrichment
decay constants (k). *, p<0.05 vs Day 0 on Student’s t-test. Values are mean +

SEM. n=9.

4.4.6 The impact of 3 days bed rest and structured remobilisation on whole-

body and leg muscle volume

The changes in muscle volume (for the whole-body and leg) are shown in Table
4.3. Data for the torso, arm and calf are included in Appendix 3 (Section 7.12).
Compared with before bed rest, there was no change in whole-body muscle
volume after bed rest (p=0.12) or after exercise-supplemented remobilisation

(p=0.64). However, bed rest resulted in a -2.6% (p<0.01) and -2.5% (p<0.01)
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reduction in the right and left leg muscle volume (MRI-derived), respectively,
which was restored in the exercise-supplemented remobilised leg, but not the

leg exposed to ambulation alone (p<0.01).

Table 4.3. Muscle volume changes measured using MRI. Remob,

Remobilisation leg. *, p<0.05, **, p<0.01 vs Pre bed rest. Values are mean +

SEM.
Time point ESR Leg Remobilised Leg
Whole-body | Post Bed rest -0.7 £ 0.3% n/a
% change Post Remob -0.5+0.3% n/a
Leg Post Bed rest -2.6 £ 0.54%** -2.510.6%**
% change Post Remob -0.7£0.3% -2.3+0.3%**
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4.4.7 Ingenuity Pathway Analysis (IPA)

Muscle mRNA expression was quantified using low-density array cards in the
pre insulin clamp biopsies before and after bed rest and after ESR (in the leg
that underwent 3 days of resistance exercise). Cellular functions identified by
IPA as being altered as a result of bed rest and structured remobilisation
relative to pre bed rest are depicted in Figure 4.11 (note this does not depict
the direction of change). There were 12 cellular functions altered, the most
notably affected [-log (p value) = 20] being ‘cell death and survival’, ‘cell
morphology’ and ‘cellular development’, ‘cellular growth and proliferation’ and

‘organismal injury and abnormalities’.
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Figure 4.11. Muscle cellular functions in acute bed rest. Cellular functions
identified by IPA as being most altered in muscle as a result of bed rest (blue
bars) and remobilisation (grey bars) relative to pre bed rest based on muscle
mRNA expression data generated using the low-density micro-array cards. The
x-axis displays cellular functions and the y-axis displays -log of the p value. The

threshold line corresponds to a p value of 0.05.
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Those most relevant to the study aims will be discussed below and the
remaining functions and predicted cellular events are included in Appendix 3
(Supplementary Figure 7.6 and 7.7). In the case of carbohydrate metabolism
(Figure 4.12), after bed rest 40 transcripts were altered in abundance compared
with before bed rest (39 upregulated and one, IRS1, downregulated), and
based on these collective responses IPA strongly predicted the activation of
‘glycolysis’, ‘quantity and synthesis of carbohydrate’ and ‘synthesis of
glycogen’. After remobilisation there were 36 transcripts altered compared with
pre bed rest (29 upregulated and 7 downregulated), with the activation of
quantity and synthesis of carbohydrate being predicted. In the case of cell
morphology, 34 transcripts were altered in abundance following bed rest (33
upregulated and one downregulated) and based on these collective differences
IPA strongly predicted the activation of ‘autophagy’ and ‘autophagy of cells’.
After remobilisation 34 transcripts were altered (29 upregulated and 5
downregulated), and conversely to best rest, IPA predicted the inhibition of
‘depolarisation of mitochondria’ and ‘macroautophagy of cells’. Activation of
‘autophagy of cells ‘was also predicted, but with less confidence compared with
after bed rest (Figure 4.13).

For the functions cellular development and cellular growth and
proliferation, the predicted cellular events generated by IPA relative to before
bed rest were the same after bed rest and remobilisation. In the case of the
function cellular development both after bed rest and after remobilisation there
were 28 transcripts altered with a predicted activation of ‘differentiation of

muscle cells’, ‘differentiation of muscle’, ‘proliferation of muscle cells’,

201



‘proliferation of myoblasts’ and inhibition of ‘differentiation of myoblasts’, which
were all predicted with high confidence (Figure 4.14). Similarly, in the case of
cellular growth and proliferation after bed rest there were 27 transcripts altered
(26 upregulated and one, IRS, downregulated) with a predicted activation of
‘proliferation of connective cell tissues’ and ‘proliferation of muscle cells’ with
high confidence. After remobilisation there were 26 transcripts altered (23
upregulated and 3 transcripts downregulated) with a predicted activation of
‘proliferation of connective tissue cells’ and ‘proliferation of muscle cells’ with
high confidence (Figure 4.15). The gene predictions of networks relevant to the

aims of this chapter have been summarised in Table 4.3.
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Figure 4.12. Pathway analysis for carbohydrate metabolism. Ingenuity Pathway Analysis schematic highlighting mRNAs
differentially regulated from baseline in the carbohydrate metabolism network (outer ring) and the predicted cellular events (inner

octagons) associated with these collective changes a) after bed rest and b) after remobilisation compared with pre bed rest.
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Figure 4.13. Pathway analysis for cell morphology. Ingenuity Pathway Analysis schematic highlighting mRNAs differentially
regulated from baseline in the cell morphology network (outer ring) and the predicted cellular events (inner octagons)

associated with these collective changes a) after bed rest and b) after remobilisation compared with pre bed rest.
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Figure 4.14. Pathway analysis for cellular development. Ingenuity Pathway Analysis schematic highlighting mRNAs differentially
regulated from baseline in the cellular development network (outer ring) and the predicted cellular events (inner octagons) associated

with these collective changes a) after bed rest and b) after remobilisation compared with pre bed rest.
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Figure 4.15. Pathway analysis for cellular growth and proliferation. Ingenuity Pathway Analysis schematic highlighting mRNAs
differentially regulated from baseline in the cellular growth and proliferation network (outer ring) and the predicted cellular
events (inner octagons) associated with these collective changes a) after bed rest and b) after remobilisation compared with

pre bed rest.



Table 4.3. Summary of key muscle cellular functions after bed rest and remobilisation. Summary of the cellular functions relevant to
the study and their number of differentially regulated mRNAs after bed rest and after remobilisation relative to before bed rest, and

their associated predicted cellular events by IPA.
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After Bed Rest

After Remobilisation

Cellular Number of IPA prediction of cellular events Number of IPA prediction of cellular
Function differentially differentially events
regulated mRNAs regulated mRNAs
Carbohydrate | 40 transcripts Activation of glycolysis, quantity, synthesis | 36 transcripts Activation of quantity and
metabolism (39 upregulated, 1 of carbohydrate and synthesis of glycogen | (29 upregulated and | synthesis of carbohydrate
downregulated) 7 downregulated)
Cell 34 transcripts Activation of autophagy and autophagy of | 34 transcripts Inhibition of depolarisation of
Morphology (33 upregulated and cells (29 upregulated and | mitochondria and
one downregulated) 5 downregulated) macroautophagy of cells
Cellular 28 transcripts Activation of differentiation of muscle cells, | 28 transcripts Activation of differentiation of

development

(27 upregulated and 1

downregulated)

differentiation of muscle, proliferation of
muscle cells, proliferation of myoblasts
and inhibition of differentiation of

myoblasts

(25 upregulated and

3 downregulated)

muscle cells, differentiation of
muscle, proliferation of
muscle cells and inhibition of

differentiation of myoblasts

Cellular
growth and

proliferation

27 transcripts
(26 upregulated and 1

downregulated)

Activation of proliferation of connective cell

tissues and proliferation of muscle cells

26 transcripts (23
upregulated and 3

downregulated)

Activation of proliferation of
connective tissue cells and

proliferation of muscle cells
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4.4.8 Serum Insulin, TAGs and plasma NEFA

There was no difference in fasted serum insulin concentration after bed rest or
remobilisation compared with before bed rest but was a significant decrease in
the steady-state serum insulin concentration during the clamp after
remobilisation (p<0.05; Table 4.4). There was a reduction in fasted plasma
NEFA after remobilisation compared with before bed rest (p<0.05) but there
was no significant difference in steady-state NEFA after bed rest or after
remobilisation. There were no changes in fasted or steady-state serum TAGs

after bed rest but there was a decrease in fasted (p<0.05) and steady-state

(p<0.001) TAGs after remobilisation.

Table 4.4. Serum insulin, TAG and NEFA in acute bed rest. Fasted and

steady state serum insulin (mIU/L), plasma NEFA (mmol/L) and serum TAGs
(mmol/L) measured before bed rest (Pre BR), after bed rest (Post BR) and after

remobilisation (Post Remob). * p<0.05 compared with Pre BR. Values are mean

+ SEM.

0 (fasted) Steady-state

Serum insulin | Pre BR 6.44 £ 1.67 106.7 £ 3.2

(mIUZL) Post BR 8.81%1.6 107.1£3.4

Post Remob 719+ 1.1 95.6 £ 2.9*
Plasma NEFA | Pre BR 0.53 £ 0.04 0.01 £ 0.002
(mmol/L) Post BR 0.57+0.1 0.01 £ 0.001
Post Remob 0.38 + 0.05* 0.01 £ 0.001

209




Serum TAGs | Pre BR 0.69+0.1 0.40 +£0.04

(mmol/L) Post BR 076 +0.06 |0.48+0.03

Post Remob 0.54 + 0.05* 0.34 £ 0.03**

4.5 Discussion

The study described in Chapter 3 demonstrated that as little as 3 days of bed
rest reduced insulin-stimulated whole-body glucose disposal and muscle
glycogen storage in volunteers maintained in energy balance compared with
the pre bed rest state. As far as | am aware, simultaneous measurements of
both insulin-stimulated whole-body glucose disposal, limb glucose uptake and
muscle protein turnover have not been undertaken before in the same
participants undergoing short durations of bed rest (<5 days) or post-bed rest
remobilisation, with most previous studies predominantly focussed on glucose
disposal/insulin sensitivity or muscle protein turnover alone in response to bed
rest. Indeed, it is unclear if the restoration in whole-body and limb glucose
uptake and MPS with remobilisation is as rapid as their reduction with bed rest.

Principal findings from this study are the simultaneous reductions in
whole-body glucose disposal, leg glucose uptake, and insulin-stimulated
muscle glycogen storage as well as MPS and whole-body MPB after 3 days of

bed rest. In addition, ESR was able to restore the decrease in whole-body
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glucose disposal, leg muscle volume and MPS, but not insulin-stimulated leg
glucose uptake or muscle-glycogen content. Furthermore, ambulation alone
was unable to restore the decrease in leg muscle volume and MPS in the
control leg. A key novel finding in this study is the mismatch in the restoration
of leg glucose uptake and muscle glycogen storage following ESR after 3 days
of bed rest compared with leg muscle volume and MPS.

A primary finding from this study was the failure of 3 days resistance
exercise-supplemented remobilisation to restore deficits in insulin-stimulated
leg glucose uptake or muscle glycogen storage induced by bed rest. This
decrement in leg glucose uptake during the insulin clamp after bed rest
appeared to be largely explained by a reduction in leg blood flow. Our findings
confirm previous studies which have demonstrated a reduction in limb glucose
uptake after 24-hours of unilateral forearm immobilisation which was isolated
to the immobilised limb (Burns et al. 2021) and 7 days of bed rest (Mikines et
al. 1991). Previous studies have reported vascular dysfunction after bed rest,
including a reduction in calf blood flow after 5 days’ bed rest, measured using
venous occlusion plethysmography (Hamburg et al. 2007). Other studies also
report a diminished effect of insulin on the stimulation of skeletal muscle blood
flow, both in the forearm (measured with venous occlusion plethysmography)
after 10 days’ bed rest (Sonne et al. 2010) and in the leg (after 7 days bed rest),
with a preserved AV difference across the leg (Mikines et al. 1991). Importantly,
the deficits in leg glucose uptake and glycogen storage in this study persisted
after exercise-supplemented remobilisation. Evidence suggests that a single

bout of resistance exercise improves insulin sensitivity in healthy volunteers,
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measured using an intravenous insulin tolerance test (Koopman et al. 2005).
However, it is unclear what type, intensity and duration of activity is required to
fully restore muscle insulin sensitivity following bed rest, or what duration of free
living alone would completely restore it. In a previous 21 day bed rest study in
healthy, sedentary young males maintained in energy balance, 4 days of
normal ambulation was unable to restore whole-body glucose tolerance
(measured using an oral glucose tolerance test), and 5-14 days of normal
ambulation was required to restore impaired glucose tolerance (Heer et al.
2014). I am not aware of any study that has examined the effect of exercise-
supplemented remobilisation on both insulin-stimulated leg glucose uptake and
muscle glycogen storage following short duration disuse, and the present
findings are an important addition to the literature.

Alongside the reductions in limb glucose uptake and storage after bed
rest there was a decrease in MPS which coincided with a ~2.5% decrease in
leg volume. However, there was also a decrease in whole-body MPB over the
initial 2 days of bed rest. Early studies utilising intravenous amino acid tracer
techniques to estimate acute (~3 to 4 hours) MPS, reported a decline in both
fasted and fed MPS following >7 days of immobilisation (de Boer et al. 2007;
Glover et al. 2008). However, these studies do not inform upon more chronic
MPS responses over time and studies evaluating chronic MPS rates in short-
duration immobilisation are lacking. A study utilising 4 days of unilateral leg
immobilisation in healthy males demonstrated reductions in chronic MPS with
no change in MPB reported (Brook et al. 2022). | observed a decline in MPS

between 1 and 3 days of bed rest, but not within the first 24 hours of the onset
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of immobilisation. A previous study reported no change in MPS after 2 days of
unilateral lower limb suspension (Kilroe, Fulford, Holwerda, et al. 2020) but to
my knowledge, this chapter reports the earliest changes in integrated MPS thus
far. The discrepancy in our MPB findings with those of Brook et al. may be due
to the different models of immobilisation employed, the different approaches in
measuring MPB, the timeframe during which MPB was determined (2 days vs
4 days) and/or that volunteers in the current study were maintained in energy
balance and therefore daily energy intake was reduced during bed rest which
reduced the rate of MPB. Tesch et al. reported an increase in muscle protein
breakdown after 72 hours of unilateral leg immobilisation; demonstrated by a
44% increase in interstitial 3-methylhistidine within the vastus Ilateralis
measured using microdialysis (Tesch et al. 2008). However the authors in this
paper did not measure local blood flow, so the elevated 3-MeH could have been
attributed to decreased washout from the tissue as a result of immobilisation
(Rennie, Phillips, and Smith 2008). In longer duration immobilisation, a study
estimating MPB during a 9.5 day and 15 day duration spaceflight, and a 17-day
bed rest experiment, showed no change in urinary 3-MeH excretion in either
spaceflight or bed rest (Stein and Schluter 1997). A further study utilising
deuterated water, determined MPB to be lower in older individuals during 2
weeks of lower limb immobilisation compared with a 2 week retraining period
(Dideriksen et al. 2020). Whilst we found that whole-body myofibrillar protein
breakdown was in fact decreased within the first 2 days of bed rest, the data in
this chapter do not definitively inform on what was happening beyond 2 days of

bed rest or what was occurring at a muscle cellular level.
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Three days of resistance ESR, but not ambulation alone, was able to
fully restore bed rest-associated decreases in MPS. This was paralleled by a
restoration of leg muscle volume in the same limb. Previous studies measuring
the restoration MPS in vivo in humans after a short period of remobilisation after
bed rest are lacking. Rodent studies have found MPS rates to be restored in as
little as 6 hours after 7 days of hindlimb immobilisation of the gastrocnemius
(Tucker, Seider, and Booth 1981). However, the metabolic rates of rodents are
substantially higher compared with humans, limiting the generalisation of these
findings. Although previous studies in humans have shown restoration of MPS
in the leg with remobilisation after 5 days of bed rest, these have been after
prolonged high intensity resistance exercise rehabilitation programmes of 8
weeks duration (Tanner et al. 2015). The design of study presented in this
chapter allows for the comparison with the control leg to scrutinise the impact
of free living versus resistance exercise plus free living on restoration of MPS.
These findings have important clinical implications as it indicates that MPS is
acutely sensitive to a resumption of muscular contraction via a short period of
resistance exercise known to exert an anabolic stimulus, but more modest
resumption of muscle contraction in the form of ambulation is insufficient to fully
restore MPS rates and muscle mass to baseline after only 3 days. This should
be considered when designing countermeasures following short periods of
disuse, such as following acute illness or a hospital stay, which is currently not
the case in UK clinical care packages.

The changes in muscle mRNA expression of genes related to insulin

sensitivity, fuel metabolism and mass regulation in response to acute bed rest
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and exercise supplemented remobilisation were very similar in magnitude, as
were the IPA predicted cellular events arising from these changes. For
example, in the case of ‘cellular growth and proliferation’, where you might
expect differences in the direction of change of mMRNAs between the bed rest
state and structured remobilisation, IPA-predicted changes in cellular events
with high confidence that were very similar, namely ‘proliferation of connective
cell tissues’ and ‘proliferation of muscle cells’, despite measurable differences
in MPS and leg muscle volume after bed rest and resistance exercise-
supplemented remobilisation. Given MPS declined after bed rest but restored
after structured remobilisation in the ESR leg, this suggests that the regulation
of MPS in response to acute bed rest and remobilisation is unlikely to be
controlled by gene transcription. This is in contrast to findings from Chapter 3
in which fuel oxidation changes manifested after 56 days of bed rest were
reflected by muscle gene changes identified by IPA at this same timepoint.
Regulation of MPS on an hourly basis is predominantly regulated at a
translational level, with changes in phosphorylation of the Akt-MTOR-p70S6
pathway proteins playing a crucial role (Proud 2007). Our findings are in
alignment with the acute responses of MPS seen following feeding and
exercise, which do not appear to be regulated by transcription (Drummond et
al. 2012; Drummond et al. 2009). Interestingly, there was a disparity in
predicted cellular events related to cellular morphology between the bed rest
and remobilisation state, with the activation of ‘autophagy’ in bed rest, but
inhibition of ‘macroautophagy’ predicted after remobilisation. Previous studies

have shown that autophagy-related gene and protein expression increase
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during 2 weeks of immobilisation which mirror changes in muscle mass and
return to baseline after 2 weeks of rehabilitation in humans (Mgller et al. 2019).
Overall, these findings point to acute mRNA abundance changes as not being
central to the regulation of muscle fuel and protein metabolism during acute
bed rest and short-term exercise rehabilitation following bed rest.

After 3 days of bed rest there was a decrease in muscle volume in the
lower body, which was not mirrored by parallel changes in the upper body and
torso (data presented in Appendix 3). This suggests a variability in the degree
and location of muscle loss. Previous limb immobilisation models have
suggested that certain muscle groups are “atrophy susceptible” whilst others
are “atrophy resistant” (Bass et al. 2021). MPS rates were only measured in the
vastus lateralis in response to immobilisation so | cannot draw conclusions as
to the differential mechanisms that may explain this. However, in the bed rest
model, participants can turn over in bed with one shoulder in contact with a
pillow at all times, eat and work on laptops whilst supine or prone, and thus
upper body muscle use is not as severely restricted compared to the lower
body. This is in contrast to spaceflight where muscle mass loss in the paraspinal
muscles is significant due to the complete unloading of the spinal musculature
(Chang et al. 2016). Another perhaps more likely explanation is that lower limb
musculature is loaded more frequently in everyday living and thus at the
cessation of loading, those muscles with the higher muscle protein turnover
rates will experience greater atrophy. A potential confounding factor however
is the cephalic fluid shifts with head down tilt bed rest, where there may be

apparent change of muscle volume, when in fact net muscle protein loss was
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unchanged (Conley et al. 1996). Most bed rest studies have focussed on
muscle mass loss in the lower extremity only, with few studies taking measures
of upper and lower body concurrently, and none that | am aware of after only 3
days of bed rest. Of the few that have, there appears to be a preferential atrophy
and strength loss of muscles in the lower body, and in the extensor rather than
flexor muscle groups (Gogia et al. 1988). In this study, 3 days of ESR was able
to restore muscle volume and FSR in the quadriceps, but not in the control leg
or calf musculature (which were subjected to ambulation alone), indicating that
a short duration of free living alone was not sufficient to restore muscle mass
losses throughout all of the muscles of the lower leg.

In summary, acute bed rest caused a decline in insulin-stimulated leg
glucose uptake and muscle glycogen storage in healthy, young volunteers, as
well as reductions in muscle volume, integrated MPS and whole-body MPB in
the same individuals. However, 3 days of resistance exercise-supplemented
remobilisation after bed rest restored muscle volume and MPS, but leg glucose
uptake and muscle glycogen storage remained depressed. This chapter
provides novel insight of the mechanistic regulation of leg glucose uptake and
muscle mass during immobilisation and subsequent short-term structured
remobilisation in humans, which also has implications for maximising effective

recovery following short duration immobilisation or bed rest.
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Chapter 5

The impact of ankle fracture surgical fixation and subsequent limb
immobilisation versus limb immobilisation alone on muscle architecture

and protein metabolism in human volunteers.

5.1 Introduction

Muscle atrophy is a phenotypic trait of both immobilisation and
inflammation and trauma. The study in Chapter 4 demonstrated that 3 days of
bed rest resulted in a reduction in leg muscle volume, leg MPS and whole-body
MPB, as well as reductions in whole-body glucose disposal, leg glucose uptake
and insulin-simulated muscle glycogen storage. Additionally, these MPS
changes in response to 3 days bed rest and subsequent remobilisation
appeared not to be associated with changes in muscle mRNA transcript
abundance in IPA-predicted cellular functions related to regulation of muscle
mass and fuel oxidation. As demonstrated by others and the previous chapter,
the suppression of MPS appears to be the primary driver of muscle mass loss
in immobilisation in humans (de Boer et al. 2007). Furthermore, muscle
anabolic resistance has been reported in response to immobilisation (Glover et
al. 2008), whilst uncertainty exists whether changes in MPB contribute to disuse
muscle atrophy in human volunteers. Previous research in rodents has

suggested increases in MPB may be implicated early in disuse-associated
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muscle mass loss (Taillandier et al. 2003; Abadi et al. 2009). However the
generalisability of rodent models to humans is problematic due to the inherent
differences in metabolic rate between young rodents and humans, and the
physiological stress induced by hindlimb immobilisation models (Rennie et al.
2010). Evidence in humans is mixed with some reporting increased mRNA
levels of MAFbx and MURF-1 after 3 days of ULLS (Gustafsson, Osterlund,
Flanagan, von Waldén, et al. 2010) with others reporting no change in rates of
MPB during 4 days ULLS (Brook et al. 2022). The previous chapter
demonstrated an increase in whole-body MPB after 2 days of bed rest, contrary
to some of the published literature. One of the reasons for this uncertainty is
the inherent difficult in measuring MPB in vivo. Nevertheless, the mechanistic
and molecular causes of these physiological changes remain to be fully
elucidated.

A heightened inflammatory state, such as is present during sepsis,
trauma, and some chronic non-communicable diseases is associated with a
reduction in muscle mass (Puthucheary et al. 2013; Psatha et al. 2012) and
insulin sensitivity (Varadhan et al. 2018; Thorell, Nygren, and Ljungqvist 1999).
Muscle mass loss has clinical implications such as muscle strength loss,
suboptimal wound healing and reduced ambulation and so understanding the
key drivers is important to develop clinical countermeasures. A reduction in leg
muscle CSA has been reported following ankle fracture, with a loss of 8.7%
reported in the medial gastrocnemius and 9.8% in the soleus at day 40
compared to time of casting (Psatha et al. 2012). In addition, there was a 5.9%

reduction in medial gastrocnemius and 4.6% reduction in soleus reported in the
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contralateral (uninjured side) compared to the time of casting. One drawback
to studies in populations with acute injuries is the lack of baseline or study
physical activity data, making it difficult to determine if muscle mass loss is
driven by a reduction in step count, inflammation associated with the injury or
surgery itself, or a combination of both. Furthermore, the relative contribution
of MPS and MPB to muscle mass loss and the molecular regulators governing
these processes still remain unclear.

Inflammation, mediated by pro-inflammatory cytokines such as IL6, CRP
and TNF-a, has been shown to impact muscle protein turnover, in particular
MPB, in both rodents and humans and includes the suppression of muscle
anabolic signalling (Lang, Frost, and Vary 2007). Short duration (4-hour)
endotoxin administration, used as a model for the initial phase of sepsis, in
healthy volunteers under postabsorptive conditions has demonstrated acute
decreases in estimates of both muscle protein synthesis and breakdown
measured using tracer balance techniques to an equal extent, thereby resulting
in an unaffected protein balance (Vesali et al. 2009). However, the
generalisability of this 4 hour acute model to clinical populations may be limited,
in part as they are taken in the postabsorptive state when one would expect
dampened MPS, as well as its inability to ascertain what is happening to protein
turnover chronically over days to weeks. In patients with critical illness, muscle
wasting occurs within days. One study evaluating leg muscle mass loss and
muscle protein turnover using stable isotope tracer methodologies in patients
with critical illness reported a 12.5% loss of rectus femoris CSA measured using

ultrasound at day 7 compared to the day of admission, and decreased further
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to -17.7% by day 10 (Puthucheary et al. 2013). Measures of MPS and MPB in
this study however were equivocal due to the impact of confounding variables
such as nasogastric feeding, insulin infusion and short time periods to measure
muscle protein turnover in ICU. Other studies report early elevation of muscle
cytokine mRNA and inactivation of proteins regulating protein translation
initiation and protein synthesis as well as increased muscle-ubiquitin ligase
(MAFBx and MURF 1) mRNA and protein expression in patients 6-8 hours after
admission to ICU compared with healthy matched controls (Constantin et al.
2011). However, itis unclear whether these changes persist over longer periods
of time such as days or weeks and whether they accurately reflect changes in
protein turnover. Direct measures of muscle protein turnover over an extended
period of time (days to weeks) have, as far as | am aware, never been used in
the setting of an acute lower limb injury to determine the major drivers of muscle
mass loss.

The stress response to trauma or major surgery is characterised by
autonomic, hormonal and metabolic changes which manifest as
hypermetabolism, hyperdynamic cardiovascular state and systemic
inflammation (Baigrie et al. 1992; Bone, Sprung, and Sibbald 1992) which peak
within the first 24-48 hours after surgery and last for several days
postoperatively (Thorell et al. 1996). The metabolic response begins as a local
response and develops into a systemic one, and evidence suggests that the
local cytokine response is greater than the systemic one after musculoskeletal
trauma (Bastian et al. 2009, 2008). Limited research however has attempted to

differentiate between the effect of local muscle inflammation, such as local to
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the site of surgery, versus a systemic inflammatory response on muscle volume
and MPS. In one study in patients undergoing major abdominal surgery, mRNA
expression levels associated with inflammation, protein breakdown and
impaired carbohydrate oxidation increased within 24 hours of surgery in muscle
(rectus abdominus) local to the site of surgery, with a smaller response seen in
muscle remote to the site of surgery (vastus lateralis)(Varadhan et al. 2018).
Furthermore, these muscle mRNA changes were mirrored by protein level
changes at the site local to surgical trauma, but not in muscle remote to the site
of surgery. These observations were accompanied by increased systemic
inflammation and impaired glucose tolerance. Collectively, these findings
suggest muscle level responses local to the site of injury contribute to
impairments in muscle mass and insulin sensitivity in the first few days following
surgery. It is unclear whether these molecular and physiological changes
persist for longer durations after trauma and surgery, or if systemic
inflammation can cause similar muscle level changes. The study in this chapter
will allow the evaluation of whether any systemic inflammation caused by

trauma will impact muscle mass and MPS both locally and remote to the site of

surgery.

5.2 Research Question

By employing oral stable-isotope tracers and a unilateral limb immobilisation
‘control’ group and unilateral ankle fracture patients, whilst investigating both

limbs of each volunteer, this study aimed to determine the relative contributions
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of immobilisation and inflammation to medial gastrocnemius muscle thickness,
myofibrillar protein synthesis over 2 weeks and whole-body muscle protein
breakdown at the 2-week time point in these two catabolic states. The use of
unilateral models also allowed interrogation of the contribution of systemic

inflammation to end point measures following ankle fracture.

Research Aims

i) To determine the impact of 2 weeks immobilisation alone (in healthy
volunteers) versus trauma plus immobilisation in patients undergoing
ankle fracture surgical fixation on muscle thickness, myofibrillar
protein synthesis and whole-body muscle protein breakdown and any
associated muscle transcriptional responses.

ii) To determine the impact of any systemic inflammatory response on
muscle thickness, MPS and muscle mRNA expression on the
contralateral uninjured leg in these patients, particularly compared

with the local trauma and inflammation in the injured leg.

5.3 Methods

5.3.1 Plan of investigation

Eleven patients (patient group) aged between 18 and 60 years presenting to
Queen’s Medical Centre, Nottingham, UK with isolated operable ankle fractures
were recruited. Of these, 8 patients had an ankle fracture caused by a low

velocity injury and 3 due to a high velocity injury sustained whilst playing contact
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sports. The average time to surgery after admission was 4.7 + 1.1 days. In
addition, 9 healthy volunteer participants, matched for age and sex, without an
ankle fracture (healthy volunteer group) were recruited from the general
population to take part in this study. Patients were identified as suitable for the
study by the treating team at the daily trauma meeting and during fracture
clinics. Following discussion with the patient and verbal agreement they were
referred on to the study team for possible recruitment. Patients were
approached prior to surgery if they met inclusion criteria (Table 5.1) and were
given a written patient information sheet and verbal explanation of the study
and a chance to ask questions. Patients were given a minimum of 1 hour to
consider the study and enrolled once they gave written informed consent to
take part. In total 12 patients were recruited, and 1 dropped out prior to surgery
with the reason cited as a significant delay in surgery, thus 11 patients
completed the study. Nine healthy volunteers, age-matched to patients, were
also recruited from the general population. Recruitment was via posters placed
around the University of Nottingham, as well as advertisements placed on
popular national (Facebook, Twitter) and local (In Your Area
[www.inyourarea.co.uk]) social media platforms. After expressing initial interest
in the study, healthy, non-patient volunteers were sent a detailed healthy
volunteer participant information sheet and then they were invited to attend the
DGHPU for an initial meeting. Healthy volunteers who gave written consent to

participate then underwent medical screening (Chapter 2, Section 2.3).
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Table 5.1. Inclusion and exclusion criteria for the ankle fracture study. Inclusion
(patients only) and exclusion criteria (patients and healthy volunteers) for

individuals participating in the ankle fracture study.

Inclusion criteria:

1. All participants aged 18-60 years undergoing operative treatment of
isolated ankle fractures, or healthy control.

2. Fibular fracture requiring operative fixation, or healthy control.

Exclusion criteria:

—

. Inability to provide informed consent

N

. Unable to speak or understand English

3. Patients with diabetes or impaired glucose tolerance,

D

. Obese participants (BMI 30+)

5. Smokers

»

. Diabetic or arterial non-healing leg/foot ulcers

7. Steroid users

oo

. Sarcopenic (defined as below 20" percentile for gender and age)
9. Pregnancy
10. Previous personal or family history of venous thromboembolism or

clotting abnormalities identified on screening bloods (control participants

only)
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5.3.2 Experimental protocol — ankle fracture patient group

The experimental protocol is shown in

Figure 5.1. Once the patient was anaesthetised via general anaesthetic or
spinal anaesthetic (or both) 3ml of whole blood was collected from an
antecubital vein for the measurement of serum pro-inflammatory cytokines.
Bilateral muscle biopsies of the medial gastrocnemius were performed on the
operating table prior to the surgical tourniquet being applied to thigh of the
injured limb and the initial skin incision made, with a 12g (10cm) automated
disposable Bard ® Monopty ® microbiopsy (Bard Ltd, Crawley, UK) needle. Up
to 4 passes were used through the same incision and muscle samples were
immediately frozen and stored in liquid nitrogen until further analysis. The
incision on the uninjured leg was closed using sterile Steristrips™ ensuring
opposition of the wound edges and a Tegaderm™ and Coban™ compression
bandage applied over the top. The injured leg was thereafter prepped for
surgery by the treating team.

The morning after surgery, when in a fasted state, a repeat venous blood
sample was collected for the measurement of serum pro-inflammatory
cytokines and plasma body-water deuterium enrichment. Thereafter an
ultrasound scan (Toshiba Diagnostic Ultrasound System, Model SSA-770A) of
the medial gastrocnemius was performed of both legs to measure muscle
thickness, pennation angle and fascicle length. In the injured leg, the backslab
or boot was carefully removed temporarily by a doctor without moving the ankle
in order to acquire the images, or the scan was performed in the plaster room

when the patient had their cast changed before discharge. When medically fit
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for discharge (average time from surgery 1.8 + 0.4 days, range 1-5 days),
participants ingested the oral stable isotope tracer deuterated water (D2O) to
quantify cumulative fractional MPS rates. An initial oral bolus of 3mg/kg D20
was administered (divided into 3 equal doses 30 minutes apart to reduce the
risk of side effects) with individualised top-ups to take on day 7 at home
calculated based upon the rate of decay of water and total body water of 60%
in men (Chapter 2, Section 2.9.1). To monitor body water D-O enrichment
throughout the study, saliva samples (1ml) were collected prior to and two hours
after D20 ingestion and on the morning of their 2-week outpatient appointment.
They were advised not to drink fluids 30 minutes prior to each saliva sample
and any samples done at home were kept refrigerated until handed over to the
research team. Samples were cold centrifuged at 16G to remove any debris
that may have been present and then aliquoted into 2ml vials and frozen at -
80°C until analysis. The habitual activity of participants was objectively
measured at home over a period of 14 consecutive days starting from the day
they were discharged from hospital using triaxial accelerometry (Actiheart™,
CamNtech Ltd., UK). As part of their usual post-fracture care, patients were
instructed to use crutches to ambulate and not to weight bear on the injured leg
during the two weeks at home. They were also told to elevate their injured leg
above the level of their heart for as many hours a day as possible to reduce
oedema.

Two weeks after discharge, patients returned to Queen’s Medical Centre
in a fasted state for outpatient follow-up whereby they were assessed by the

treating orthopaedic team. In the instance where patients were given
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prophylactic low molecular weight heparin to prevent a deep vein thrombosis
(decided on an individual basis according to venous thromboembolism risk
calculated using an NHS hospital protocol), this was stopped for 48 hours prior
to the biopsy. After their follow-up appointment, patients returned to the DGHPU
and were given 10mg (dissolved in 50ml distilled water) of the stable isotope
tracer 3-methylhistidine (3-MeH) to drink in order to determine the rate of whole-
body MPB (which was measured the following day). Following the ingestion of
tracer, a repeat blood sample was collected for serum pro-inflammatory
cytokines and patients then, after carefully removing their cast or boot, had a
repeat bilateral ultrasound scan of the medial gastrocnemius. Following this,
bilateral muscle biopsies of the medial gastrocnemius were performed with the
patient awake under ultrasound guidance and local anaesthesia (~5mls of 1%
lidocaine infiltrated down to the fascia) using a Bard® Magnum® reusable
biopsy instrument loaded with 12g (10cm) disposable needle as described
above. After the final biopsy, firm pressure was applied with a sterile gauze for
a further 5 minutes, or longer if there was persistently oozing. The incision was
closed using sterile Steristrips™ ensuring opposition of the wound edges. A
Tegaderm™ was applied over the top for further protection and a compression
bandage e.g. Coban™ used on the uninjured leg for up to 12 hours to apply
compression thereafter. Patients were given food in the unit before returning
home. The following day, 24 hours after ingestion of 3-MeH, in a fasted state,
an anterograde venous cannula was inserted into the arm at the antecubital
fossa for sampling of venous blood every hour for a total of 7 hours for the

measurement of 3-MeH enrichment. After this, patients were fed and returned
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home after which they had completed the study. They received post-operative
follow-up with the treating orthopaedic team as per their normal care. One
patient did not have an ultrasound scan one day after surgery or a biopsy on
the injured leg 2 weeks after surgery due to a traumatic abrasion which
occurred at the time of injury and the potential risk of infection. One patient
declined a biopsy on the injured leg 2 weeks after surgery due to pain. Two
patients declined an ultrasound on the injured leg one day after surgery due to

pain.
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Figure 5.1. Experimental schema for the ankle fracture study. Experimental protocol for the ankle fracture patient group and healthy volunteer

group. X’ indicates measure taken in patient group; solid circle indicates measure taken in healthy volunteer group.
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5.3.3 Experimental protocol — non-patient, healthy volunteer group

The experimental protocol in the non-patient, healthy volunteer group is
shown in

Figure 5.1. Healthy volunteers presented to the DGHPU (baseline
measures 1) in a fasted state and had venous blood collected from an
antecubital vein for serum pro-inflammatory cytokines and basal plasma body-
water deuterium enrichment. Following this, participants ingested the oral
stable isotope tracer D20 as described above to quantify cumulative MPS rates.
Four days after the first visit (baseline visit 2), participants returned to the
DGHPU and had an ultrasound scan of the medial gastrocnemius to measure
muscle thickness, pennation angle and fascicle length. After this they had
bilateral muscle biopsies of the medial gastrocnemius performed under
ultrasound guidance and local anaesthetic using a Bard® Magnum® reusable
biopsy instrument loaded with 12g (10cm) disposable needle as described
above. Participants then had a below knee plaster cast applied, randomised to
either their right or left leg (using a coin toss) and they were familiarised with
how to use crutches and told not to weight bear on their casted leg during the
2 week period before returning home. They were also given a D20 top up to
take 1 week after casting at home with saliva samples taken before and 2 hours
after. The habitual activity of participants was objectively measured at home
over a period of 14 consecutive days using an Accelerometer from visit 2

(Actiheart™, CamNtech Ltd., UK).
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Two weeks following their previous visit, healthy volunteers returned to
the DGHPU in a fasted state and were given 10mg (dissolved in 50ml distilled
water) of the stable isotope tracer 3-methylhistidine (3-MeH) to drink in order to
determine the rate of MPB as described above (which was measured the
following day). Following the ingestion of tracer, a repeat blood sample was
collected for serum pro-inflammatory cytokines and a D-dimer and after having
their cast removed and being instructed not to contract their calf, had a repeat
bilateral ultrasound scan of the medial gastrocnemius. Following this, bilateral
muscle biopsies of the medial gastrocnemius were performed, with the
volunteer awake, under ultrasound guidance and local anaesthesia as
described above. After the final biopsy, firm pressure was applied with a sterile
gauze for a further 5 minutes. Volunteers were given food in the unit before
returning home. The following day, 24 hours after ingestion of 3-MeH tracer, in
a fasted state, an anterograde venous cannula was inserted into the arm at the
antecubital fossa for sampling of venous blood every hour for a total of 7-hours
for the measurement of 3-MeH enrichment. After this, volunteers were fed and
returned home after which they had completed the study. They were provided
with verbal and written post-biopsy aftercare advice and a contact number for
the unit. One healthy volunteer was removed from the study due to a medical
complication prior to the final 3-MeH measures being taken. Two other
participants had several 3-MeH sampling timepoints missing and so their data

were excluded.
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5.3.4. Muscle biopsies of the medial gastrocnemius

Patients had their initial muscle biopsy performed whilst anaesthetised (general
anaesthetic or spinal anaesthetic or both) in either the prone or supine position
but prior to the tourniquet being applied to the thigh of the injured leg or the first
incision being made for fracture fixation and without ultrasound guidance (any
bleeding could be controlled locally with compression whilst under anaesthetic).
The muscle biopsy taken at the 2 week time point in patients and healthy
volunteers had theirs performed whilst awake under ultrasound guidance and
with local anaesthetic. This method is described here. To undertake the biopsy,
participants were positioned in the prone position with feet slightly off the end
of the bed (Figure 5.2a). The participant was exposed from the mid-thigh down
and without socks or shoes on. An ultrasound scanner (Toshiba Diagnostic
Ultrasound System, Model SSA-770A) with a musculoskeletal setting was
used to locate a region in the medial gastrocnemius with minimal vasculature
and of appropriate depth to be within the belly of the muscle. The point of entry
was marked for the biopsy with a surgical marker pen. The skin surrounding the
mark was cleaned with sterile gauze soaked with betadine solution in an
approximately 5-10cm circumference around the mark. The skin and
subcutaneous tissues were then infiltrated with 2-5 mis of 1% lidocaine (Figure
5.2b), and a further 3-5 mis was infiltrated down to the muscle using ultrasound
guidance up to a maximum of 3mg/kg (Figure 5.2c). In contrast to previously
described techniques for microbiopsy (Hayot et al. 2005), an insertion cannula
was not used for biopsy needle placement as it was unnecessary to obtain a

sufficient sample. Each biopsy pass was performed through the same incision.
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Once the superficial skin and tissue down to the muscle was anaesthetised, a
small 2-3mm incision with a surgical blade was made in order to introduce the
biopsy needle. Under real-time ultrasound guidance, the biopsy needle was
inserted through the incision and advanced down obliquely towards the parallel
to the muscle fibres, through the superficial fascia (Figure 5.2d). The needle
was advanced in the same direction through the muscle until the tip of the
biopsy needle was clearly visible within it, while still leaving sufficient depth
within the depth of the gastrocnemius to fire the needle and a biopsy of the
muscle was performed. The instrument and needle were then removed and the
core tissue specimen processed. Up to 4 passes was used in this study. Firm
pressure was applied using a sterile gauze to the wound in between passes to
reduce bleeding. After the final biopsy, firm pressure was applied with a sterile
gauze for a further 5 minutes, or longer if there was persistent oozing. The
incision was closed using sterile Steristrips™ ensuring opposition of the wound
edges and a Tegaderm™ and Coban™ compression bandage applied over the
top for up to 12 hours. Written aftercare advice was given to the participant. All

muscle biopsies were immediately frozen and stored in liquid nitrogen until

further analysis.
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Figure 5.2 Ultrasound-quided medial gastrocnemius muscle biopsy procedure.
a) Prone position during ultrasound identification of vessels b) Infiltration of local
anaesthetic into subcutaneous tissues c) Ultrasound-guided infiltration of local
anaesthetic down to muscle (cranial to caudal direction) d) Ultrasound-guided

insertion of biopsy needle into muscle (cranial to caudal direction).

5.3.5. Ethical approval

All participants gave their informed written consent to participate in this study.
The study was approved by the NHS Health Research Authority Research

Ethics Committee (REC reference: 18/EM/0404).

235



5.3.6. Analytical methods

Muscle thickness, pennation angle and fascicle length

With the volunteer positioned supine, they were asked to gently externally-
rotate their leg to expose the medial gastrocnemius muscle (Figure 5.3a). The
mid-axial point of the mid-sagittal length (corresponding with the centre of the
muscle belly) was located by identifying the proximal and distal myotendinous
junctions and the medial and lateral myotendinous junctions and marking half
the distance between these points. The probe was orientated sagittally along
this line in order to align the muscle fibres within the view and three images
were acquired at this point. Image analysis was performed using Image J
software (Wayne Rasband, NIH, USA, version 2.0). Each ultrasound image was
calibrated using the scale provided in Image J software and a line was drawn
along the upper and lower aponeurosis. Three fascicles were measured along
their length between the two aponeuroses and pennation angle was also
measured (Figure 5.3b). Muscle thickness was measured on the image at 50%

by measuring from the upper to deep aponeurosis. The mean of 3

measurements was used for each value.




Superficial
~aponeurosis

aponeurosis

Figure 5.3. Ultrasound of the medial gastrocnemius. a) Ultrasound medial
gastrocnemius image acquisition during the ankle fracture study b) Example
ultrasound image demonstrating medial gastrocnemius muscle thickness
(double headed arrow) between the deep and superficial aponeuroses (white

dotted lines), pennation angle (z) and fascicle length (dashed yellow line).

Blood analyses

Whole blood was collected for analysis of serum CRP, IL6, and plasma D20
enrichment. Blood for determination of serum variables was collected into a
microtube with coagulation activator (Sarstedt, Nimbrecht, Germany) and left
to clot for at least 15 minutes before being centrifuged (15G for 2 minutes).
Serum was aliquoted into 2 cryovials and frozen at -80°C. Serum CRP and IL6
were analysed at the Metabolic Physiology Analytical Laboratory, University of

Nottingham using an Enzyme-Linked ImmunoSorbent Assay (Quantikine ®

237



ELISA Human CRP and IL6 Immunoassay, USA R&D Systems, Inc,
Minneapolis, USA) according to the manufacturer’s protocol guidance apart
from CRP in which the serum was diluted 1:1000. In brief, monoclonal a Human
CRP or IL6 antibodies were pre-bound to a 96-well plate, to which the standards
and samples were added. Following incubation, the plate was washed to
remove any excess sample prior to addition of a secondary detection antibody
and horseradish peroxidase conjugate. The plate was left to incubate, and the
plate was washed to remove any unbound antibody before a chromogenic
solution, which reacts with horseradish peroxidase was added. The reaction
was stopped with sulfuric acid and the optical density read at 450 nm against a
reference filter set at 570 nm to generate a standard curve from which the
sample values could then be determined. Coefficient of variation for intra-assay

precision for CRP and IL6 was 5.5% and 3.0% respectively.

Body water D,O enrichment in saliva and muscle

Body water and muscle protein DO enrichment were measured as previously
described (Wilkinson et al. 2014). For plasma D2O enrichment, 2.5ml whole
blood was collected into a lithium heparin microtube (Sarstedt, Numbrecht,
Germany) and immediately cold centrifuged after gentle inversion at 17.5G,
with the plasma fraction aliquoted and frozen at -80°C until further analysis. Full
description of the method is detailed in the General Methods chapter of this

thesis.

Calculation of Myofibrillar Protein Fractional Synthetic Rate (FSR)
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The FSR of myofibrillar proteins using the D>O tracer was determined as
described by Wilkinson (Wilkinson et al. 2015). This was achieved using the
precursor-product approach, from the incorporation of deuterium labelled
alanine into protein, using the enrichment of body water (corrected for the mean
number of deuterium moieties incorporated per alanine and the total number of
hydrogens within the alanine derivative) as the surrogate precursor labelling
between subsequent biopsies. This is described further in the General Methods

Section in Chapter 2.

Whole-body muscle protein breakdown

A validated, stable-isotopic methodology was used to quantify the rate of MPB
using D3-MH (Sheffield-Moore et al. 2014), using the same method as
described by Gharahdaghi (Gharahdaghi et al. 2019) and in Chapter 4.
Enrichment decay (k) of 3-MeH over the 7 hours of sampling in plasma was

calculated at the 2 week time point in both patients and healthy volunteers.

Total RNA extraction and targeted muscle mRNA expression measurements

Total RNA was extracted from frozen muscle biopsies according to a method
previously described(Constantin et al. 2013). In brief, the RNAs were extracted
using TRI Reagent (Ambion, Huntingdon, UK), according to the manufacturers
protocol. First strand cDNA was then synthesised from 1 yg RNA using random
primers (Promega, Southampton, UK) and Superscript Il (InVitrogen Ltd.,
Paisley, UK). Multiple mRNA expression measurements (191 targets, [Chapter

2, Section 2.9.5, Table 2.1]) were made according to the manufacturer’s
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instructions using 100 ng of cDNA obtained from total mRNA isolated from
medial gastrocnemius muscle from both legs in ankle fracture patients before
surgery and at 2 weeks and from both legs of the healthy volunteers before and
2 weeks after casting using Applied Biosystems 384-well microfluidics TagMan
array cards (Thermo Fisher Scientific Ltd, Loughborough, UK). Procedures for
muscle mRNA expression measurements using a microfluidic gene card

approach (191 targets) are described in Chapter 2.

5.3.7. Statistical Analysis

The statistics, calculations and Figures presented were completed using SPSS
software (version 24; SPSS, Chicago, IL) or GraphPad Prism (version 7;
Graphpad Software Inc, USA). Data were first assessed for their suitability for
parametric statistical testing using Shapiro-Wilks to assess the distribution of
data. A two-way analysis of variance (ANOVA) for repeated measures was
performed to detect any main effects of visit (before or 2 weeks after surgery in
patients and before or 2 weeks after casting in healthy volunteers) and leg
(injured or uninjured leg in patients and casted or uncasted leg in healthy
volunteers) on outcome measures. Post-hoc analysis was performed using
pairwise comparison t-tests with Bonferroni correction. One-way repeated
measures ANOVA was used to measure single variables over time and
Student’s t test (or non-parametric equivalent) was used when an ANOVA was
not appropriate. A one-tailed Spearman correlation was used to assess the

relationship between change in muscle thickness versus FSR in the patients
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injured leg and the healthy volunteers’ casted leg measured over 2 weeks
immobilisation. All data are presented as mean £ SEM. Statistical significance

was declared at p<0.05.

5.4. Results

5.4.4. Participant Demographics

Eleven patients (7 males and 4 females) with ankle fractures completed the
study with an average age of 38.1 + 5.2 years (range 19-58 years) and a BMI
of 26.8 + 01.3 kg/m2. Eight healthy volunteers (4 males and 4 females)
completed the study with an average age of 28.5 + 4.2 years (range 18-59
years) and a BMI of 23.5 + 1.8 kg/m?. Average PAL for the two-week cast
immobilisation was 1.23 £ 0.02 for patients and 1.28 + 0.02 for healthy controls
which corresponds to a “sedentary activity level” in both groups being
equivalent of <3000 steps per day (Ohkawara et al. 2011). There were no
differences in age (p=0.17) or BMI (p=0.14) at baseline, or PAL during
immobilisation (p=0.13) between groups. For completeness, in order to
characterise the patient group, the remaining injury and patient characteristics

are shown in Table 5.2.
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Table 5.2. Injury and patient characteristics in the ankle fracture study.

Parameter Value
Mechanism, n (%)

Low velocity 8 (73%)

High velocity/contact sports 3 (27%)
Weber classification, n (%)

B 5 (45%)

C 6 (55%)
Fracture dislocation, n (%) 6 (55%)
Malleolar, n (%)

Unimalleolar 1(9%)

Bimalleolar 3 (27%)

Trimalleolar 7 (64%)
Average time to present to A&E after injury (hours) | 3.3+ 1.1
Average time to surgery after admission (days) 4.7 +1.1
Number of regular medications taken, n(%)

0 8 (73%)

1 1(9%)

2 2 (18%)
Number of comorbidities

0 7 (63%)

1 (Gastro-oesophageal reflux disease [GORD], | 3 (27%)
corrected congenital heart defect, Raynaud’s 1(9%)

disease)
2 (Asthma, GORD)
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5.4.5. Medial gastrocnemius muscle thickness, fascicle length and pennation

angle

Substantial muscle wasting of the calf was noted in the casted leg of the healthy
volunteers and the injured leg of the patients (Fig 5.4a). At baseline (pre
casting/1-day post-surgery) there was a difference in muscle thickness
between the casted leg of the healthy volunteers and injured leg of the patients
(15.3 £ 0.5 vs 17.4 £ 1.0 mm, p<0.05). There was a 7.2% decrease in medial
gastrocnemius muscle thickness from before casting to 2 weeks after casting
in the casted leg of the healthy volunteers (15.3 £ 0.5 vs 14.2 + 0.6mm, p<0.01)
and a 16.7% decrease in muscle thickness from 1 day post-surgery to 2 weeks
after surgery in the injured leg of the patients (17.4 £ 1.0 vs 14.5 + 0.80mm,
p<0.01; Figure 5.4b). There was a difference in absolute muscle thickness
change between the healthy volunteers casted leg and the patients injured leg
(-1.0£ 0.4 vs -2.6 £ 0.6 mm, p<0.05) but no difference in % change (-14.9 + 3.2
vs -7.0 £ 2.7, p=0.07).

There was a trend for medial gastrocnemius muscle thickness to
decrease (3.8%) in the non-casted leg of healthy volunteers from before casting
to 2 weeks after casting (15.7 £ 0.6mm vs 15.1 £ 0.7mm, p=0.06) and no
change in the uninjured leg of the patients from 1 day post-surgery to 2 weeks
after surgery (16.8 £ 0.9mm vs 16.6 + 1.0mm, p=0.59). However, the muscle
thickness in the injured leg was lower than the uninjured leg of the patients at
2 weeks (14.6 £ 0.8 vs 16.6 £ 1.0 mm, p<0.05).

There was no change in either fascicle length (36.0 + 1.4 vs 33.1 &

1.3mm, p=0.22) or pennation angle (27.4 £ 0.5 vs 27.4 + 1.5 degrees, p=1.0)
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in the casted leg of the healthy volunteers from before casting to 2 weeks after
casting. Similarly, there was no change in fascicle length (34.7 £+ 5.5 vs 37.0 £
4.0mm, p=0.50) but a trend for a decrease in pennation angle (25.4 £ 2.3 vs
23.2 £ 2.5mm, p=0.06) in the injured leg of the patients from 1 day post-surgery

to 2 weeks after surgery; (Figure 5.4c and d).

Bl Healthy - casted leg [ Patients - injured leg

Healthy - non-casted leg Patients - uninjured leg
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Figure 5.4. Muscle thickness and architecture data. a) Lower leg of one of the
ankle fracture patients 2 weeks after their surgical ankle fixation, demonstrating
significant muscle atrophy. Medial gastrocnemius b) muscle thickness (mm) c)
fascicle length (mm) and d) pennation angle (degrees) in healthy volunteers
and patients. **, p<0.05, p< 0.01 vs Pre within each limb, $, p=0.06 vs Pre within

each limb, #, p<0.05 vs injured leg at corresponding time point.

5.4.6. Myofibrillar protein fractional synthetic rate

Compared with FSR (%/day) measured in healthy volunteers before casting
(and assuming baseline FSR would be the same for patients), average daily

muscle FSR was lower over the 2 weeks of limb immobilisation in healthy
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volunteers (1.51 + 0.04 %/day vs 0.63 + 0.11 %/day, p<0.001) and over the 2
weeks of limb immobilisation in the injured leg of the patients (1.51 + 0.04 %/day
vs 0.57 = 0.12 %/day, p<0.001; Figure 5.5). Furthermore, there was no
difference when comparing healthy volunteers (casted leg) and patients
(injured leg) over this 2 week period (p=0.90). Compared with FSR measured
in healthy volunteers before casting, average daily muscle FSR was lower in
the non-casted leg of the healthy volunteers (1.51 £ 0.04 %/day vs 0.89 + 0.11,
p<0.001), and there was no difference when comparing casted and non-casted
leg over this 2 week period (p=0.12). Compared with FSR measured in healthy
volunteers before casting there was no difference in average daily muscle FSR
over the 2 weeks following surgery in the uninjured limb of the patients (1.51
0.04 vs 1.09 + 0.25 %/day, p=0.67) and this was different compared with the
injured leg during the 2 weeks (1.09 £ 0.25 vs 0.57 £ 0.12 %/day, p<0.05).
Change in muscle thickness (mm) was plotted against FSR (%/day) in the
patients injured leg and healthy volunteers casted leg and a Spearman
correlation run. There was a moderate correlation (r=0.5, p=0.03) between

muscle thickness and FSR with an R? of 0.19. This is presented in Figure 5.6.
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Figure 5.5. Myofibrillar protein synthesis data. Muscle protein fractional
synthetic rate (%/day) in healthy volunteers and patients. ***, p<0.001 vs
healthy volunteer Pre-casted state, #, p<0.05 vs injured leg in patient group.

Values are mean + SEM.
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Figure 5.6. Correlation of MPS vs change in muscle thickness. a) One-tailed
Spearman correlation for change in muscle thickness (mm) versus FSR
(%/day) in the patients injured leg (red dots) and the healthy volunteers’ casted
leg (blue squares) measured over 2 weeks immobilisation. Line indicates the

logistic regression line with an R? of 0.19.

5.4.7. Whole-body muscle protein breakdown

Isotopic enrichment of 3-MeH in plasma after 2 weeks of cast immobilisation in
healthy volunteers and patients is shown in Figure 5.7a, and from this

enrichment decay rate constants (k) were calculated, shown in Figure 5.7b.

249



Over the 7 hours of sampling plasma 3-MeH k was no different when comparing
patients with healthy volunteers (0.034 + 0.007 vs 0.028 + 0.008, p=0.56),
resulting in no difference in whole-body muscle protein breakdown when

comparing groups at this time-point (p=0.42).

b
-& Healthy volunteers
Patients
0.05
6_
. I\I 0.04- T
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Figure 5.7. Whole-body muscle protein breakdown. a) Decay curves of Ds-
methyilhistidine in the plasma by endogenous 3-methylhistidine release in
patients and healthy volunteers after 2 weeks of cast immobilisation b) Rate of
whole-body muscle protein breakdown (k) using D3-methylhistidine. Values are
mean + SEM (and individual values in Figure 5.4b), for healthy volunteers and

n=10 for patients.
5.4.8. Pro-Inflammatory cytokines

Serum CRP (mg/l) and IL6 (pg/ml) concentrations are shown in Table 5.3.
Serum CRP concentration was greater in patients pre-surgery (but post-injury)
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than in healthy volunteers pre-casting (p<0.01). Compared with both pre and 1
day post-surgery, CRP at 2 weeks was lower in patients (p<0.05). Compared
with pre-casting, limb immobilisation had no impact on CRP in healthy
volunteers (p=0.89). Serum IL6 concentration was greater in patients pre-
surgery (but post-injury) than in healthy volunteers before casting (p<0.05).
Compared with pre-surgery, IL6 was greater 1-day after surgery in patients
(p<0.05) and had declined at 2 weeks in patients compared to before (p<0.01)
and 1 day post-surgery (p<0.05). Compared with pre-casting, limb
immobilisation had no impact on IL6 concentration in healthy volunteers

(p=0.46).

251



Table 5.3. Pro-inflammatory cytokines. Serum C-reactive protein (CRP) and
Interleukin-6 (IL6) concentration measured in healthy volunteers before (pre)
and 2 weeks after (2 weeks) lower limb casting and ankle fracture patients
before surgery (pre-surgery), 1-day after surgery (1-day post-surgery) and 2
weeks after surgery (2 weeks). *, p<0.05 vs pre surgery, 1, p=0.051 vs pre
surgery, #, p<0.05, ##, p<0.01 vs 1-day post-surgery, $, p<0.05, $$, p<0.01 vs

corresponding time point in healthy volunteers. Values are mean + SEM.

Healthy volunteers Patients
Pre- 2 weeks Pre-surgery | 1 day post- | 2 weeks
casting surgery

CRP 27+12 29216 |111£23% [215+55 |g5+08 %

(mg/l)

IL6 1.1+04 14+£07 |65+24% 224 +6.5% | 2.3 £ 0.8t

(pg/ml)
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5.4.9 Muscle mRNA expression

MRNA expression of 191 targets (the same genes as in Chapter 3 and 4) in
muscle was quantified using low-density array cards before surgery and after 2
weeks in patients and before casting and 2 weeks after casting of the healthy
volunteers. Cellular functions identified by IPA as being altered 2 weeks post-
surgery in the injured leg of patients relative to before surgery, and in the casted
leg of healthy control participants compared to before casting, are depicted in
Figure 5.8 (note this does not depict the direction of change). The magnitude
of change (-log (p value)) for the majority of altered cellular functions was
greater in the injured leg of the patients compared with the casted leg of the
controls. There were 21 cellular functions that displayed a -log (p value) of 210
in the patients compared with 13 in the healthy volunteers. There were 12
cellular functions common to both the injured leg of the patients and casted leg
of the healthy volunteers that were altered (Table 5.4), with the most notably
affected [-log (p value) = 15] in both being ‘organismal injury and abnormalities’
and ‘skeletal and muscular disorders’. There were 9 cellular functions that were
altered in the patients injured leg but not the healthy volunteers’ casted leg
including ‘immune cell trafficking” and ‘inflammatory response’, and 8 cellular
functions that were altered in the healthy volunteers’ casted leg but not the
patients injured leg including ‘organismal development’ and ‘organ morphology’
(Table 5.4).

Cellular functions identified by IPA as being altered in the uninjured leg

of patients and the non-casted leg of healthy volunteers relative to before
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surgery or limb casting (in the contralateral leg) are depicted in Figure 5.9
(note this does not depict the direction of change). The magnitude of change
in mMRNA expression overall was greater in the uninjured leg of the patients
compared with the non-casted leg of the controls. There were 10 cellular
functions that had a -log (p value) 210 in the patients compared with none in
the healthy volunteers of this magnitude. There were 9 cellular functions
common to both the uninjured leg of the patients and the non-casted leg of
the healthy volunteers that were altered (Table 5.5). There were 10 cellular
functions that were altered in the patients uninjured leg but not the healthy
volunteers non-casted leg, including ‘immune cell trafficking’, ‘inflammatory
response’ and ‘cell-mediated immune response’. There were 11 cellular
functions altered in the healthy volunteers non-casted leg but no the patient’s
uninjured leg including ‘organismal development’ and ‘tissue morphology’

(Table 5.5).
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Figure 5.8. Muscle cellular functions in the patient’s injured leg and healthy volunteer’s casted leg. Cellular functions identified by IPA
as being altered in the injured leg of patients and the casted leg of healthy control participants relative to before surgery or casting

based on mRNA expression data generated using low-density micro-array cards. The y-axis displays cellular functions and the x-
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axis displays -log of the p value. The threshold line (yellow) corresponds to a fold change of 1.5 above baseline with a p value of

0.05, and for ease of comparison the black dotted line represents [-log (p value) 210].
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Table 5.4. Summary of cellular functions in the patient’s injured leg and healthy volunteer’s casted leg. Cellular functions identified

by IPA as being altered (relative to before surgery in patients and before casting for healthy volunteers) in the injured leg of patients

and the casted leg of healthy volunteers.

Common to both patients injured leg & healthy

volunteers casted leg

Patients injured leg only

Healthy casted
leg only

¢ Organismal injury and abnormalities

e Skeletal and muscular disorders

o Skeletal and muscular system development & function
e Cellular development

e Cellular growth and proliferation,

e Carbohydrate metabolism

e Cellular function and maintenance

e Cell death and survival

¢ Nucleic acid metabolism

¢ Small molecule biochemistry

e Cardiovascular system development and function

e Lipid metabolism

e Cell morphology

e Tissue morphology

e Cellular movement

e Haematological system
development and function

¢ Immune cell trafficking

¢ Inflammatory response

o Tissue development

¢ Organismal survival

¢ Dermatological diseases &

conditions

e Molecular transport

¢ Organismal development

e Cardiovascular disease

¢ Organ morphology

e Energy production

e Renal and urological
disease

e Haematological disease

e Metabolic disease
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Patients — uninjured leg Healthy volunteers — non-casted leg
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Figure 5.9. Muscle cellular functions in the patient’s uninjured leg and healthy volunteer’s non-casted leg. Cellular functions identified
by IPA as being altered in the uninjured legs of patients and the casted legs of healthy control participants relative to before surgery
or casting based on mRNA expression data generated using the low-density micro-array cards. The y-axis displays cellular functions
and the x-axis displays -log of the p value. The threshold line corresponds to a fold change of 1.5 above baseline with a p value of

0.05 and, for ease of comparison, the black dotted line represents [-log (p value) 210].
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Table 5.5. Summary of cellular functions in the patient’s uninjured leg and healthy volunteer’s non-casted leg. Cellular functions
identified by IPA as being altered (relative to before surgery in patients and before casting for healthy volunteers) in the uninjured

leg of patients and the non-casted leg of healthy volunteers.

Common to both patients uninjured leg & | Patients uninjured leg only Healthy volunteers non-casted leg
healthy volunteers non-casted leg only
e Cellular movement e Skeletal and muscular disorders
e Cardiovascular system development and . . .
e Haematological system o Connective tissue development
function . .
development and function and function
Cellular development
* ! velop ¢ Immune cell trafficking e Tissue morphology
e Cellular growth and proliferation
¢ Inflammatory response ¢ Organ morphology
Skeletal and muscular system development
* used y velop o Cell-to-cell signalling and ¢ Organismal development
and function . : . .
interaction e Endocrine system disorders
o Tissue development . . .
¢ Cell morphology e (Gastrointestinal disease
¢ Organismal injury and abnormalities . . D
e Haematological disease e Metabolic disease
e Cardiovascular disease . . . . .
e Immunological disease ¢ Nucleic acid metabolism
e Cell death and survival . , . .
e Cell-mediated immune response ¢ Small molecule biochemistry
e Cellular function and maintenance . )
e Inflammatory disease e Carbohydrate metabolism
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One of the most altered cellular functions in both the patients injured leg
and the healthy volunteers casted leg was ‘organismal injury and
abnormalities’. When considering the mRNA networks and predicted cellular
events generated by IPA for this cellular function however, distinct differences
were evident (Figure 5.10). In the patients injured leg, 21 transcripts were
altered in abundance (15 upregulated and 6 downregulated) 2 weeks after
surgery compared with before surgery and based on these collective responses
IPA strongly predicted (amongst others) an activation of ‘apoptosis of epithelial
cells’, ‘apoptosis of endothelial cells’, ‘dyslipidaemia’ and ‘diabetes mellitus’ and
an inhibition of ‘'oedema’, ‘fibrosis’, ‘hyperinsulinism’ and ‘inflammation of joint’.
In the casted leg of the healthy volunteers, there were 18 transcripts altered in
abundance (9 upregulated and 9 downregulated) 2 weeks after casting
compared with before. Based on these collective differences IPA strongly
predicted (amongst others) an activation of finsulin resistance’,
‘hyperglycaemia’, ‘wasting’, ‘fibrosis’ and ‘abnormal metabolism’ and an
inhibition of ‘rheumatic disease’. In the case of ‘skeletal and muscular
disorders’, another notably altered cellular function, the mRNA networks and
predicted cellular events generated by IPA were more similar (Figure 5.10). In
the patients injured leg, 13 transcripts were altered in abundance (11
upregulated and 2 downregulated) 2 weeks after surgery compared with before
surgery and based on these collective responses IPA strongly predicted
(amongst others) an activation of ‘apoptosis of muscle cells’, ‘cell death of
muscle cells’, ‘abnormality of limb’, ‘and an inhibition of ‘inflammation of joint’.

In the casted leg of the control participants, there were 11 transcripts altered in
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abundance (4 upregulated and 7 downregulated) 2 weeks after casting
compared with before casting and based on these collective differences IPA
strongly predicted (amongst others) an activation of ‘apoptosis of muscle cells’,
‘cell death of muscle cells’, ‘atrophy of muscle cells’, ‘fatigue of muscle’ and
‘abnormality of limb’. The cellular functions ‘cellular function and maintenance’
and ‘cell death and survival are also shown in Table 5.6 and the IPA schematics
of these functions and predicted cellular events are included in Appendix 3.
These cellular functions have been included as the magnitude of change (-log(p
value) were >10 for both the patients injured leg and the healthy volunteers

casted leg.
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Organismal injury and abnormalities
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Figure 5.10. Pathway analysis for organismal injuries and abnormalities. Ingenuity Pathway Analysis schematic highlighting mRNAs

differentially requlated from baseline in the organismal injury and abnormalities network (outer ring) and the predicted cellular events

(inner octagons) associated with these collective changes in the a) injured legs of patients and b) casted leg of controls compared

with before surgery and casting.
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Skeletal and muscular disorders
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Figure 5.11. Pathway analysis for skeletal and muscular disorders. Ingenuity Pathway Analysis schematic highlighting mRNAs

otmer

differentially requlated from baseline in the skeletal and muscular disorders network (outer ring) and the predicted cellular events
(inner octagons) associated with these collective changes in the a) injured legs of patients and b) casted leg of controls compared

with before surgery and casting.
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Table 5.6. Summary of cellular functions in the patient’s injured leg and healthy volunteer’s casted leg. Summary of the cellular
functions ‘Organismal Injury and Abnormalities’, ‘Skeletal and Muscular Disorders’, ‘Cellular function and maintenance’ and ‘Cell
death and survival’ and the cellular events predicted by IPA as altered and their number of differentially requlated mRNAs in the
injured legs of patients 2 weeks after surgery and cast immobilisation relative to before surgery and in the casted leg of healthy

volunteers 2 weeks after cast immobilisation relative to before casting. Cellular predictions not directly related to the aims of this

study have not been commented on.
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Injured leg of patients

Casted leg of healthy volunteers

Cellular Number of | IPA prediction of cellular events | Number of | IPA prediction of cellular events
functions differentially differentially

regulated regulated

mRNAs mMRNAs
Organismal 20 - 14 Activation of ‘epithelial cells’, | 18 - 9 Activation of ‘insulin  resistance’,

Injury and
Abnormalities

upregulated, 6
downregulated

‘apoptosis of endothelial cells’,
Inhibition of ‘oedema’,
fibrosis’, ‘hyperinsulinism’,
‘inflammation of joint’

upregulated, 9
downregulated

‘hyperglycaemia’, ‘diabetes’ mellitus’,

‘wasting’, ‘dysglycaemia’, ‘fibrosis’
Inhibition of ‘rheumatic disease’,

Skeletal and | 13 - 12 Activation of ‘apoptosis of | 11 - 7 Activation of ‘atrophy of muscle cells’,
Muscular upregulated and muscle cells’, ‘abnormality of | downregulated ‘apoptosis of muscle cells’, ‘cell death
Disorders 1 downregulated limb’, ‘cell death of muscle | and 4 of muscle cells’, ‘fatigue of muscle’,
cells’ upregulated ‘abnormality of limb’.
Inhibition of ‘inflammation of
joint’.
Cellular 19 - 4 Activation of ‘autophagy of |19 - 10 Activation of ‘autophagy’, ‘autophagy of

function and
maintenance

upregulated, 15
downregulated

cells’, ‘autophagy’,
‘engulfment of antigen
presenting cells’, ‘engulfment
of phagocytes’

Inhibition of ‘proliferation of
endothelial cells’

upregulated, 9
downregulated

cells’, ‘cellular homeostasis’, ‘influx of
calcium’, ‘ion homeostasis of cells’,
Inhibition of ‘glycolysis of tumour cell
lines’ and ‘respiration of mitochondria’

Cell death
and survival

28 - 7
upregulated and
21
downregulated

Activation of ‘apoptosis of
muscle cells’, ‘cell death of
muscle cells’, ‘cell viability’.
Inhibition of ‘apoptosis’,

35 - 20
upregulated,
15
downregulated

Activation of ‘apoptosis’, ‘apoptosis of
muscle cells’, ‘cellular degradation’,
‘necrosis’
Inhibition of ‘cell survival’
viability’

and ‘cell
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A noticeable difference in the transcriptional response overall in the
patients compared with the healthy volunteers was the observation that the
cellular functions ‘immune cell trafficking’ and ‘inflammatory response’ were
identified by IPA as being altered relative to before surgery, in both the injured
and uninjured legs of the patients [-log (p value) = 10], and the magnitude of
change (-log(p value)) for each function was similar in both limbs (Table 5.7).
However, in distinct contrast to these observations, in the healthy volunteers
there was no immune or inflammatory response observed in either the casted
or non-casted leg (Figure 5.8 and Figure 5.9), which aligns with the responses
in serum pro-inflammatory cytokines shown in Table 5.3. In the case of
‘immune cell trafficking’ in the patients injured leg there were 19 transcripts
altered in abundance (15 upregulated and 4 downregulated) and based on
these collective changes, IPA predicted amongst a number of things an
activation of ‘migration of phagocytes, ‘recruitment of leucocytes’, ‘cell
movement of monocytes’ and an inhibition of ‘cell movement of neutrophils’,
‘cell movement of phagocytes’, ‘cellular infiltration of macrophages’ (Figure
5.11 and Table 5.7). In the patients uninjured leg there were 12 transcripts
upregulated and based on these collective changes, IPA predicted an
activation of ‘recruitment of phagocytes, neutrophils and leucocytes’, ‘cellular
movement of macrophages’ and ‘adhesion of immune cells’. In the case of
‘inflammatory response’, in the patients injured leg there were 21 transcripts
altered in abundance (17 upregulated and 4 downregulated) compared with
before surgery and based on these collective differences IPA predicted an

activation of ‘response of macrophages’, ‘recruitment of phagocytes’, ‘quantity
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of phagocyctes’, ‘migration of monocytes’ and an inhibition of ‘inflammatory
response’, ‘cell movement of neutrophils and phagocytes’, ‘activation of
leucocytes.” (Figure 5.12 and Table 5.7). In the patients uninjured leg there
were 14 transcripts altered in abundance (13 upregulated and 1
downregulated) and based on these collective changes IPA predicted an
activation of ‘inflammatory response’, ‘migration of neutrophils’, ‘immune
response of cells’, ‘recruitment of neutrophils and phagocytes’ and an

inhibition of ‘quantity of phagocytes.
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Figure 5.11. Pathway analysis for immune cell trafficking. Ingenuity Pathway Analysis schematic highlighting mRNAs
differentially regulated from baseline in the ‘Immune cell trafficking’ network (outer ring) and predicted cellular events (inner

octagons) associated with these collective changes in a) injured legs of patients and b) uninjured compared with before surgery.
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Figure
5.12. Pathway analysis for inflammatory response. Ingenuity Pathway Analysis schematic highlighting mRNAs differentially
regulated from baseline in the ‘Immune cell trafficking’ network (outer ring) and the predicted cellular events (inner octagons)

associated with these collective changes in the a) injured legs of patients and b) uninjured compared with before surgery.
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Table 5.7. Summary of the cellular functions in the patient’s injured and uninjured leqg. Summary of the cellular functions ‘Immune cell

trafficking’ and ‘Inflammatory response’ and the cellular events predicted by IPA as altered and their number of differentially requlated

mRNASs in the injured legs of patients 2 weeks after surgery and cast immobilisation relative to before surgery and in the uninjured

leg of patients after 2 weeks. Cellular predictions not directly related to the aims of this study have not been commented on.

Injured leg of patients

Uninjured leg of patients

downregulated

‘migration of monocytes’

e Inhibition of ‘inflammatory response’,
‘cell movement of neutrophils and
phagocytes’, ‘activation of leucocytes.’.

downregulated

Cellular Number of | IPA prediction of cellular events Number of | IPA prediction of cellular events
functions differentially differentially
regulated regulated
mRNAs mRNAs
Immune cell [ 19 - 15 | e Activation of ‘migration of phagocytes, | 12 —all | ¢ Activation of ‘recruitment of
trafficking upregulated, 4 ‘recruitment  of leucocytes’, ‘cell | upregulated phagocytes, neutrophils and
downregulated movement of monocytes’ leucocytes’, ‘cellular movement of
e Inhibition of ‘cell movement of macrophages’, ‘adhesion  of
neutrophils’,  ‘cell movement of immune cells’.
phagocytes’, ‘cellular infiltration of
macrophages’
Inflammatory | 21 - 17 | ¢ Activation of ‘response of | 14 - 13 | ¢ Activation of  ‘inflammatory
response upregulated macrophages’, ‘recruitment of | upregulated response’, ‘migration of
and 4 phagocytes’, ‘quantity of phagocyctes’, | and 1 neutrophils’, ‘immune response of

cells’, ‘recruitment of neutrophils

and phagocytes’,
e Inhibition of

phagocytes’.

‘quantity  of

270




5.5. Discussion

This study aimed to investigate the impact of immobilisation and inflammation
on medial gastrocnemius muscle thickness and myofibrillar protein synthesis
over 2 weeks in patients following ankle fracture fixation, and whole-body
muscle protein breakdown at the 2 week time point, in comparison to matched
healthy volunteers that underwent unilateral limb immobilisation over the same
time period. The major findings are firstly, that medial gastrocnemius muscle
thickness declined 7.2% in the casted legs of healthy volunteers and 16.7% in
the injured leg of ankle fracture patients after 2 weeks immobilisation. This
corresponded to a greater absolute muscle thickness change in the patients
compared with healthy controls but no difference in % change. Secondly,
average daily FSR rates over these 2 weeks declined in the immobilised limb
of healthy volunteers from the pre immobilisation state and was no different
from the rate measured in the injured limb of patients. Thirdly, the rate of whole-
body muscle protein breakdown at the 2 week time point was also comparable
between volunteer groups. Finally, patients had a marked inflammatory
response reflected in raised serum pro-inflammatory cytokines perioperatively
and changes in muscle mRNA abundance at 2 weeks, which were evident in
both limbs, but completely absent in serum and muscle in the healthy
volunteers.

This study demonstrated a greater absolute change in medial

gastrocnemius muscle thickness in patients injured legs compared with healthy
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controls casted legs, implying that inflammation plus immobilisation causes
greater changes in muscle mass than immobilisation alone. This may reflect a
greater muscle protein loss in the legs of the patients due to the inflammation
caused by the injury and subsequent surgery. Previous studies of simple disuse
have reported a ~10% reduction in ankle extensor (gastrocnemius and soleus)
muscle volume measured using MRI after 2 weeks of bed rest (LeBlanc et al.
1992). Greater degrees of change have been reported after longer periods,
e.g., a 17% reduction in medial gastrocnemius volume measured using MRI
has been reported after 4 weeks of bed rest (Miokovic et al. 2014). In contrast,
in models of lower limb injury, Psatha showed a total muscle volume loss of
16% and medial gastrocnemius CSA reduction of ~16% using MRI in the
immobilised leg of conservatively managed (no surgical fixation) ankle fracture
patients 15 days after casting (Psatha et al. 2012). Other studies have reported
a decrease of 14% in posterior calf (gastrocnemius and soleus) volume after 2
weeks casting following ankle fracture (Stevens et al. 2004) and a decrease of
8% in calf CSA after 4 weeks of below knee casting following an fifth metatarsal
or fibular fracture measured using MRI (Yoshiko et al. 2018). The greater
degree of atrophy in studies where medial gastrocnemius only is measured
compared with whole calf likely reflects the differential muscle atrophy
according to the different muscle compartments e.g., deep vs superficial
plantarflexors. The degree of muscle thickness change in this study therefore
appear to be in keeping with previous literature. The difference in muscle
thickness change may also however partly be explained by a larger baseline

muscle volume in the patients, given this was conducted 1 day post-surgery,
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and oedema may have falsely caused a larger muscle thickness on US at this
first time point. The presence of oedema following injury is difficult to quantify
accurately using imaging, particularly ultrasound, and such it is not clear how
much this may have contributed to the muscle thickness change. Nevertheless,
muscle CSA loss measured using this method has been confirmed in other
similar studies in clinical populations, and the protein to DNA ratio was also
quantified in order to support protein, rather than fluid loss (Puthucheary et al.
2013).

The present study supports the findings in Chapter 4 and the literature
that a reduction in MPS is a primary driver of muscle mass loss in simple disuse
in humans and with previous studies that have shown it is an important factor
in muscle mass loss under circumstances of inflammation. In situations of
simple disuse, studies have reported a 50% decline in postabsorptive
myofibrillar protein synthesis after 10 days of limb suspension in healthy
volunteers (de Boer et al. 2007) as well as blunting of post-prandial increases
in MPS also being implicated (Glover et al. 2008). There are limited studies that
directly measure MPS in human models of musculoskeletal trauma.
Puthucheary reported an increase in FSR from day 1 to day 7 after admission
to ICU measured using acute IV tracer techniques, however this study was
confounded by nasogastric feeding in all patients and the use of insulin sliding
scales to maintain blood glucose. In the study in this chapter, there was a
depression of MPS at 2 weeks in the patients injured leg, which was
comparable to the MPS decrease in the healthy volunteer casted leg. There

was also a significant but moderate correlation between change in muscle
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thickness and FSR over the 2 weeks of immobilisation (in the patients injured
leg and healthy volunteers casted leg) with 20% of the variability between the
two parameters explained by this relationship, indicating that although a
reduction in MPS is an important factor and directly related to muscle mass
loss, other influences are implicated. Overall, therefore, an equal blunting of
MPS is observed in immobilisation plus inflammation and immobilisation alone.

Turning to the muscle mMRNA responses, there were 12 cellular functions
altered common to both groups with “organismal injury and abnormalities” and
“skeletal and muscular disorders” being the most altered functions.
Interestingly, the cellular events predicted by IPA related to ‘organismal injury
and abnormalities’ were different between the injured limb of patients and
casted limb of healthy volunteers and overall, the magnitude of change (-log(p
value)) for the majority of altered cellular functions was greater with trauma and
immobilisation compared with immobilisation alone. This indicates that the
combination of musculoskeletal injury and immobilisation was a greater cellular
insult than disuse alone. There were also 9 altered functions specific to the
patients injured leg (largely related to inflammation and cellular and tissue
functions) and 8 altered functions specific to the healthy volunteer’s casted leg
(for example related to organismal development and metabolic disease). This
points to a differential transcriptional response between simple disuse and
disuse plus inflammation.

Previous research in rodents has suggested increases in MPB may be
apparent early in disuse and contribute to muscle mass loss (Taillandier et al.

2003; Abadi et al. 2009) and has been implicated in inflammatory-related
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muscle atrophy (Constantin et al. 2011). The study in Chapter 4 which
measured MPB using the same method as the present study demonstrated a
reduced, rather than raised, MPB after 2 days of bed rest. In the present study
there was no difference in whole-body MPB measured at 2 weeks in patients
and healthy volunteers, indicating a similar level of catabolism in both
immobilisation plus inflammation and immobilisation at this time point. These
results should be interpreted with caution however due to the limitation of a
single time point which was 2 weeks after discharge from hospital (due to the
logistical difficulty in measuring this immediately perioperatively) or 2 weeks
after casting which may not have captured any early changes in MPB, and
which also reflects the whole-body and not the muscle. Previous studies in
patients with critical illness which have attempted to measure MPB, have been
confounded by nasogastric feeding and concomitant insulin infusion to control
hyperglycaemia, both of which may depress rates of MPB (Wandrag et al. 2019;
Puthucheary et al. 2013) and it is therefore difficult to directly compare the
present results with such clinical studies which also used different methods for
determining MPB. Acute studies using endotoxin administration found
simultaneous increases in MPS and MPB with unaffected protein balance
(Vesali et al. 2009), however this was in the postabsorptive state where MPS
is normally expected to be depressed. The rate constant (k) reflecting MPB in
this study was substantially lower than that measured using the same method
previously in older adults under free living conditions where they report a rate
constant of approximately 0.08 (Cegielski et al. 2021; Sheffield-Moore et al.

2014), potentially suggesting the rates of MPB measured in this study were not
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raised compared to normal free living conditions. However, in the study by
Cegielski et al, participants were not fasted during period of sampling, and as
insulin suppresses MPB, these results reflect MPB in the fed state. Overall, the
results in this chapter suggest there were no difference in rates of whole-body
MPB between patients or healthy volunteers at 2 weeks, however the single
time point at 2 weeks and whole-body measurement may have missed any
transient early changes in limb MPB. We therefore cannot conclude from this
study the differential impact of inflammation plus immobilisation and
immobilisation alone on limb MPB acutely.

An additional finding of this study was the reduction in rates of MPS in
the uncasted leg of the healthy volunteers. A possible explanation for this is the
low physical activity levels measured in the healthy volunteers which equated
with a “sedentary” physical activity level/ <3000 steps. Although the effect of
lower leg casting on healthy individuals’ physical activity behaviour has rarely
been explored in the literature, anecdotally healthy volunteers in this study
reported that they were significantly more sedentary during the study compared
with normal e.g., ordered home food deliveries instead of visiting the
supermarket. Overall, however, the magnitude of change (-log(p value) of
altered cellular functions was less compared to the patients or the healthy
volunteer’s casted leg, with none having a -log (p value) 210. Whilst patients
were also equally as physically inactive and one would assume the same
pattern may have been observed in the uninjured leg, there was a wide variation
in the period of bed rest prior to surgery and prior to chronic measures of MPS

being taken, and any acute changes in MPS in the uninjured leg that may have

276



occurred after injury may have been missed, especially in patients whose delay
to surgery was substantial.

One of the marked differences overall between patients and healthy
volunteers was the inflammatory response, with patients having a profound
increase in serum pro-inflammatory cytokines compared with healthy
volunteers both pre-surgery (post-injury) and post-surgery, and this was
reflected by increases in mMRNA expression of genes related to inflammation
measured at 2 weeks. This supports previous research in patients undergoing
elective surgery for hip osteoarthritis who reported a similar degree of increase
in serum IL6 1 day after surgery as the patients in the present study (Reikeras
and Borgen 2014). The patients in this study were already in a pro-inflammatory
state prior to surgery due to their injury (albeit there was a large range in time
between injury and surgery), but the insult of the surgery caused a further
increase in serum pro-inflammatory cytokines (e.g., CRP went from 11.1 to 21.5
mg/L). In comparison, the healthy volunteers had pro-inflammatory cytokines
within the normal reference range, both at baseline (e.g., CRP 2.7 mg/L) and in
response to casting (CRP 2.9 mg/L), and there was an absence of a muscle
transcriptional inflammatory signature, challenging the assertion that physical
inactivity and immobilisation per se may cause a pro-inflammatory state. Cross
sectional data in humans has suggested increased sedentary time is
independently associated with chronic low-grade systemic inflammation (CRP
and IL6)(Yates et al. 2012; Howard et al. 2015; Mora et al. 2006) however, the
absolute values of cytokines in these studies remain within the normal

reference range (e.g. CRP <5 mg/L), and the results are often attenuated when
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adjusting for BMI and sedentary time has tended to be captured using self-
report. When looking at mechanistic studies using bed rest models, although
some have reported an increase in muscle IL6 mMRNA expression (Drummond
et al. 2013), this was alongside an increase of only 2 (interferon-y and
macrophage inflammatory protein-18) out of 17 measured serum
proinflammatory cytokines. Similarly, others have found no change in serum
CRP, IL6 or TNF-alpha after 5 days bed rest (Hamburg et al. 2007). One study
reported an increase in CRP (1.2 to 2.3 mg/L) and IL6 (3.4 to 11.4 pg/ml) after
2 weeks of bed rest, however CRP remained within the standard reference
range (Bosutti et al. 2008) questioning the clinical significance despite a
statistical increase. Similarly, increases in serum IL6 (approximately 16 to 25
pg/ml) and TNF-a (6 to 8 pg/ml) were demonstrated in older adults, but not
young, after 2 weeks of bed rest. However this was associated with an increase
in fat free mass (Jurdana et al. 2015) and obesity has been associated with
chronic low-grade inflammation via several different mechanisms (Wu and
Ballantyne 2017). Taken together with the results from the present study, this
demonstrates that the inflammatory response secondary to major trauma both
at a systemic level and muscle mRNA abundance is substantively greater than
that associated with physical inactivity, ageing and obesity. This supports the
notion that the mechanisms behind muscle atrophy associated with
inflammation “inflammatory-mediated muscle atrophy” and immobilisation “non-
inflammatory mediated muscle atrophy” are distinct.

One of the novel aspects of this study design was the ability to

investigate whether systemic inflammation impacted the contralateral uninjured

278



limb in the patients. There was no change in muscle thickness or FSR in the
uninjured leg of the patients, however there was a clear inflammatory
transcriptional signature in the muscle. This suggests that systemic
inflammation alone was insufficient to cause muscle atrophy and a reduction in
MPS. There were differences in the cellular events predicted by IPA between
legs based on collective mMRNA changes. For example, in the injured legs of the
patients, there were more cellular events related to inflammation that were
inhibited compared to the uninjured leg where the majority of predicted cellular
events were activated. In the injured leg, the gene networks may have already
been significantly altered at the time of the first biopsy due to the fracture and
delay in surgery. These findings indicate a differential influence of local versus
systemic inflammation on mMRNA changes at the muscle level and that local
injury causing muscle inflammation is key in inducing muscle atrophy in
situations of inflammation. Previous research has reported differences in
cytokine concentration after elective total hip arthroplasty locally (wound drain
samples) and systemically (serum), with local cytokine concentration
substantially higher compared with systemically (Bastian et al. 2008). Another
previous study in patients undergoing major abdominal surgery reported mRNA
expression levels associated with tissue inflammation, protein breakdown and
impaired carbohydrate oxidation increased local to the site of surgery in the
rectus abdominus, with a similar but smaller response seen at an site remote
to surgery, the vastus lateralis, within 24 hours (Varadhan et al. 2018). This was
accompanied by increased systemic inflammation and impaired glucose

tolerance. Changes at the muscle protein level mirrored changes at the gene
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level at the site local to surgical trauma, but not in muscle remote to the site of
surgery, suggesting muscle level responses contribute to impairments in
muscle mass and insulin sensitivity in the few days following surgery. The
findings of the present study add important insight into the regulation of muscle
mass and protein turnover in the context of local and systemic inflammation 2
weeks after injury and suggest that wholesale transcriptional change both local
and remote to the site of injury occur in a number of cellular functions including
those related to inflammation, however this is only mirrored as a reduction in
MPS local to the trauma, with no change in MPS remote to the site of trauma.
In summary, ankle fracture fixation plus casting causes greater
reductions in muscle thickness measured using ultrasound compared to casting
alone, with comparable reductions in MPS over 2 weeks, and similar rates of
whole-body MPB at the 2 week time point. This corresponds with muscle
transcriptional responses, of which the magnitude of change is much greater in
patients compared with healthy volunteers. Surgical trauma also causes a pro-
inflammatory systemic cytokine response which is absent in immobilised
healthy volunteers, and the former is reflected in widespread muscle
transcriptional change both local and remote to the injury. This provides novel
evidence in support of distinct mechanisms governing “inflammatory-mediated”
and “non-inflammatory mediated” muscle atrophy in the face of similar

detectable endpoints.
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Chapter 6 General Discussion

6.1 Thesis aims and major findings

The present thesis examined the effect of immobilisation and inflammation on
muscle metabolic health and the underlying mechanisms driving changes in
muscle volume, protein turnover and insulin sensitivity. The overarching

research questions were as follows:

1. What is the impact of acute (3 days) and chronic (56 days) bed rest on insulin-
stimulated whole-body glucose disposal, substrate oxidation, and glycogen
storage in healthy men maintained in energy balance and are these the same?
Can these responses be associated with changes in leg IMCL content or
targeted muscle mRNA expression as a result of bed rest?

2. What is impact of acute bed rest on insulin-stimulated leg glucose uptake,
muscle volume and muscle protein turnover in the same individuals and are
any responses associated changes in targeted muscle mRNA abundance
during bed rest?

3. Can an acute period of structured remobilisation (3 days) restore any deficits
in whole-body glucose disposal, leg glucose uptake, muscle glycogen storage
and MPS after 3 days of bed rest?

4. What are the individual and combined impacts of immobilisation and
traumal/inflammation on medial gastrocnemius muscle thickness, pennation
angle and fascicle length, cumulative MPS and whole-body MPB in ankle
fracture patients and matched healthy volunteers undergoing 2 weeks of

unilateral cast immobilisation.
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5. Is there a differential impact of systemic versus local inflammation in ankle
fracture patients on muscle architecture, MPS and targeted muscle mRNA

responses?

Major findings responding to each other the above questions from this research

include the following:

1. The decrease in insulin-stimulated whole-body glucose disposal and muscle
glycogen storage after acute bed rest was of a similar magnitude to that
observed after chronic bed rest, and muscle glycogen storage after acute bed
rest was of a similar magnitude to that observed after chronic bed rest.
However, chronic bed rest was associated with a shift in fuel oxidation which
could not be rationalised by changes in blood lipid concentrations or IMCL
content but was reflected by the muscle transcriptional response to chronic bed
rest.

2. Demonstration of reductions in insulin-stimulated whole-body glucose
disposal, leg glucose uptake, and muscle glycogen storage as well as MPS and
whole-body MPB after 3 days of bed rest. The decrement in leg glucose uptake
during the insulin clamp after bed rest appeared to be largely explained by a
reduction in leg blood flow.

3. Structured remobilisation restored reductions in leg muscle volume and MPS,
but not insulin-stimulated leg glucose uptake or muscle glycogen storage after
bed rest. Furthermore, leg muscle volume and MPS did not restore after 3 days

of ambulation alone.
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4. Trauma plus immobilisation caused greater declines in medial
gastrocnemius muscle thickness compared with immobilisation alone, but
similar declines in cumulative MPS over 2 weeks and no difference in whole-
body MPB measured at 2 weeks.

5. Trauma was associated with a profound systemic (pro-inflammatory
cytokines) and muscle (MRNA) inflammatory response which was completely
absent in the healthy volunteers. However, a reduction in chronic MPS and
muscle thickness was evident in the injured leg, but not the uninjured leg,

suggesting a differential impact on muscle of local vs systemic inflammation.

6.2 Strengths of this thesis

The studies in this thesis have been able to lend new insight into the time course
of changes secondary to immobilisation and inflammation due to their design.
Previous bed rest studies have tended to focus on pre and post changes after
long duration (>2 weeks) bed rest, with little understanding as to the temporal
onset of these changes and the underlying mechanisms. Chapter 3 utilised the
same study design across both acute and chronic bed rest experiments in order
to uncover some of the early whole-body and muscle adaptations to bed rest.
In addition, one of the strengths of Chapter 4 was that leg glucose uptake and
measures of muscle volume and protein turnover were obtained concurrently
in the same individuals, whereas previously investigators have tended to focus
on the effect of immobilisation and recovery on one or the other outcome
measures. Furthermore, in Chapter 4, the acute bed rest study utilised a within

subject control design to examine the effect of structured remobilisation,
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incorporating a unilateral resistance exercise protocol after bed rest. This
allowed a comparison of the differential response in MPS in the rehabilitated
leg and non-rehabilitated leg. Further insight may have been gained from a
control group who had a prolonged period of remobilisation >3 days to
determine the exact timeframe for full recovery of leg glucose uptake and
muscle glycogen storage following bed rest. This particular acute bed rest
model would also allow additional interventions, for example nutritional such as
overfeeding, to be combined with immobilisation to examine the summative
effect of energy surplus and physical inactivity. The ankle fracture study in
Chapter 5 utilised both a between-subjects design (patients and healthy
volunteers) as well as a within-subject control, with both patients and healthy
volunteers having an immobilised and non-immobilised limb. As well as the
impact of local (injured limb) and systemic (uninjured limb) inflammation in the
patients, this unique design allowed for the first time for the impact of
immobilisation and inflammation to be separated. The studies in Chapters 4
and 5 also provided novel data describing the cumulative change in MPS over
3 days in bed rest, and over 2 weeks in leg casting. Previous studies,
particularly in clinical populations, examining the impact of inflammation on
muscle atrophy e.g., in intensive care, have only been able to provide a snap-
shot of changes in MPS over hours. | have shown that the use of orally ingested
deuterium oxide in clinical populations with acute trauma is safe, feasible and
acceptable, and could be implemented in similar clinical situations to provide

unique mechanistic data on muscle protein turnover.
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Another strength is the commonality in targeted mMRNAs measured across
all 3 experimental chapters of this thesis. These were deemed to be
representative of insulin sensitivity, carbohydrate and fat metabolism,
inflammation, and protein turnover according to research findings in muscle
from human volunteer studies that included unbiased gene analysis (Murton et
al. 2014; Murton et al. 2015; Stephens et al. 2013; Porter et al. 2017), and from
an in vivo animal study (Murton et al. 2015). The benefit of this approach was
to assess changes in abundance of these genes across several different
circumstances; chronic bed rest, acute bed rest, remobilisation following acute
bed rest, 2 weeks of leg casting (immobilised and non-immobilised leg) and 2
weeks of leg casting following ankle fracture fixation (injured and uninjured leg).
Overall, | found that 3 days of bed rest and 3 days remobilisation led to a
wholesale change in multiple cellular functions in reaction to the acute insult of
immobilisation and subsequent remobilisation, which were nonspecific and did
not reflect changes at a whole-body and muscle physiology level. Similarly, 2
weeks of leg casting resulted in a large transcriptional response in genes
related to, for example, organismal development, but these did not necessarily
directly relate to physiological measures. In contrast, a much more prolonged
period of immobilisation of 56 days bed rest resulted in a much smaller mMRNA
network size change, but the cellular events specified by IPA were robustly
predicted, and reflected whole-body physiological change e.g., in fuel oxidation.
This would suggest mechanisms underlying changes in insulin sensitivity and
muscle mass in response to acute immobilisation of hours to only a few days

are governed by other processes e.g., alterations in insulin-stimulated leg blood
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flow related to leg glucose uptake. Although, if the insult of immobilisation
persists over several weeks, transcriptional level change may be important as
a causative mechanism in maintaining metabolic dysregulation or leading to
more persistent changes. Finally, the combination of trauma plus
immobilisation caused a larger magnitude of change in muscle mRNA in the
targets measured compared to immobilisation alone, and there were distinct
cellular functions altered between the two states, particularly related to
inflammation and immune cell turnover, which was completely absent in the
healthy volunteers. These findings demonstrate the differential impact of
inflammation and disuse on muscle transcription, despite a similar physiological

endpoint of muscle atrophy.

6.3 Future directions emerging from the research in this thesis

6.3.1 Intervention during chronic bed rest to mitigate decreased glucose

disposal and altered fuel oxidation.

The study in Chapter 3 demonstrated that 56 days of bed rest caused a
reduction in insulin-stimulated glucose disposal and muscle glycogen storage,
associated with a shift in fuel oxidation. Strategies to counter these changes
during long duration immobilisation are required. Downs et al., utilised a
combination of resistance (3 days per week) and aerobic (6 days per week)
exercise during 70 days of HDT bed rest in men in energy balance (Downs et
al. 2020). Although exercise was protective against increases in OGTT-induced

glucose and insulin responses compared with controls, they found that exercise
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alone was not able to completely prevent gains in fat mass and decreases in
lean mass, without the addition of intermittent, low-dose testosterone.
Currently, the dose of exercise (intensity, frequency, volume) required to offset
reductions in glucose disposal and changes in fuel oxidation is unknown. Other
countermeasures which have been explored include neuromuscular electrical
stimulation, which has been shown to enhance energy expenditure and
carbohydrate oxidation and reduce postprandial insulinaemia compared with
inactive controls (Chen et al. 2021). Surprisingly few studies using a dietary
intervention to prevent bed rest-associated reductions in glucose disposal have
been conducted. One study evaluated the impact of a low-glycaemic index
(thought to reduce postprandial blood glucose and insulin responses) pulse-
based diet vs a typical hospital diet on insulin sensitivity during 4 days of bed
rest (Gao et al. 2019). They found that compared to the hospital diet, a low-
glycaemic index diet increased insulin sensitivity, assessed by the Matsuda
index. The results from Chapter 3 showed that a daily antioxidant and anti-
inflammatory cocktail failed to mitigate against reductions in whole-body
glucose disposal or a shift in fuel oxidation after chronic bed rest. Other authors
found similar ineffectiveness of the antioxidant cocktail on preventing muscle
mass loss (Arc-Chagnaud et al. 2020) or increases in glycaemia (Trim et al.
2023). Thus far, there is no single countermeasure shown to completely prevent
reductions in whole-body insulin-stimulated glucose disposal and changes in
fuel oxidation associated with chronic physical inactivity, even when maintained

in energy balance.
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6.3.2 The combined effect of chronic bed rest plus energy excess on insulin

sensitivity and IMCL content.

The work in this thesis demonstrated that an accumulation of IMCL under
conditions of energy balance was not the primary driver of changes to whole-
body glucose disposal under insulin-stimulated conditions. Future work could
investigate the combination of bed rest and overfeeding on whole-body insulin
sensitivity and whether underlying mechanisms differ from immobilisation alone
e.g., impact on IMCL content or fuel selection. The few studies that have
examined energy excess plus physical inactivity have found no impact of
overfeeding on muscle insulin sensitivity after 24 hours of bed rest (Dirks et al.
2018). A study of longer duration found that reduced step count (<1500 steps)
of 2 weeks’ duration in addition to overfeeding caused reductions in insulin
sensitivity which preceded subsequent increases in visceral and whole-body
adiposity, however, no measures of IMCL were made in this study (Knudsen et
al. 2012). Future work could also probe the influence of macronutrient content
during overfeeding and bed rest. A previous study by Stettler showed 60 hours
of bed rest plus a overfeeding with a high-fat (~45%), but not a high-
carbohydrate (~75%) diet caused a reduction in insulin-mediated glucose
disposal, whilst both increased IMCL content measured using "H-MRS (Stettler
et al. 2005). Work building on this to determine fibre-type specific changes in
IMCL content in response to bed rest plus overfeeding would provide useful
further insight into the relationship and temporal onset of insulin resistance and
increased IMCL content with physical inactivity, particularly given type | fibres

have a greater ability for glucose uptake compared with other fibre types.
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Understanding the precise mechanisms underpinning IMCL accumulation and
its association with insulin sensitivity would allow for the development of

potential pharmaceutical, nutritional or exercise countermeasures.

6.3.3 Restoration of insulin sensitivity and MPS after bed rest

The work presented in Chapter 4 identified that 3 days of structured
remobilisation after acute bed rest restored insulin-stimulated whole-body
insulin sensitivity and MPS, but not insulin-stimulated leg glucose uptake or
muscle glycogen storage. It would be useful to determine the exercise dose
(volume, type and frequency) required to restore insulin-stimulated leg glucose
uptake and muscle glycogen content. Whilst there is plentiful research exploring
the impact of disuse on glucose disposal, relatively fewer have explored the
reversal with a return to ambulation or specific rehabilitation, particularly over
short periods of time of only a few days. Again, this is especially relevant to
clinical populations having a period of disuse due to injury or illness. A previous
study showed it took >4 days’ of normal ambulation to fully restore glucose
tolerance in healthy males following 21 days of bed rest (Heer et al. 2014).
Another study measuring whole-body and muscle insulin sensitivity, as well as
adiposity after 14 days step reduction followed by 14 days resumption of normal
activity, found incomplete restoration of muscle insulin sensitivity (Bowden
Davies et al. 2018). A similar study in older, pre-diabetic individuals found that
both insulin sensitivity measured using HOMA-IR index and integrated MPS did
not return to baseline after 14 days of a return to free living (McGlory et al.

2018). It is unknown if deficits in whole-body glucose disposal and MPS after
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shorter durations of bed rest are more readily restored than immobilisation of
longer duration e.g., >7 days. Information on time to recover insulin sensitivity
and muscle mass following shorter duration immobilisation would be useful to
guide advice to patients who may have undergone immobilisation in hospital of
only a few days. It is also unclear if there are multiple short periods of disuse in
quick succession, whether the intervals between them are sufficient to fully
restore deficits in insulin sensitivity or muscle mass, or if incomplete restoration
before subsequent immobilisation causes longer lasting effects. Furthermore,
recovery in young versus older participants after short duration bed rest would
provide useful insight into the rapidity of restoration and true plasticity of insulin

sensitivity and MPS in the aged state.

6.3.4 Countermeasures after musculoskeletal trauma

The work in Chapter 5 showed that reductions in muscle thickness and FSR
seen in the injured leg were not present in the uninjured leg of the patients. This
suggests that muscle inflammation local to the musculoskeletal injury, but not
systemic or in the contralateral uninjured limb, influences muscle level
responses which contribute to impairments in muscle mass following surgery.
It is also plausible that loading of the uninjured leg may have countered any
systemic inflammatory burden, lending support to isometric muscle
contractions or percutaneous electrical stimulation as a potential
countermeasure after musculoskeletal trauma. Work by Gibson et al. showed
that low-voltage percutaneous electrical stimulation could reduce quadriceps

atrophy in the injured leg of individuals with fracture of the tibia and leg
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immobilisation, secondary to preventing a reduction in MPS (Gibson, Smith,
and Rennie 1988). The potential role of immunomodulation such as cytokine
blockade or ant-inflammatory therapy has been suggested to have a potential
role to optimise recovery after musculoskeletal injury, both to reduce muscle
atrophy and promote fracture healing. IL6 blockade in preclinical models have
shown attenuation of muscle atrophy and inhibition of autophagy with a
decrease in expression in MuRF1 and MAFbx (Huang et al. 2020). Activation
of autophagy was identified by IPA in the injured leg of patients and thus may
be a potential target for future research. The role of anti-TNF therapies in the
context of acute illness and musculoskeletal trauma is far from clear.
Therapeutic anti-TNF failed to show any convincing benefit in prospective
clinical trials (Abraham et al. 1998), although subsequent pooling of several
clinical trial results showed a small (3.6%) benefit in decreasing mortality in
patients with sepsis (Reinhart and Karzai 2001). Conversely, local but not
systemic recombinant human TNF given during the early phase (within 24-
hours) of repair in a murine model of tibial fracture improved fracture healing
(Chan et al. 2015). Whether early posttraumatic TNF therapy or indeed anti-
TNF therapy would help bony healing and prevent muscle mass loss is still

unclear.

6.4 Considerations

One consideration that should be acknowledged is that muscle volume
measured using MRI in Chapter 4, and muscle thickness, measured using

ultrasound in Chapter 5 may have been confounded by fluid shifts. It is

291



recognised that in head-down tilt bed rest, there is a cephalic shift of fluid as
well as fluid redistribution from the intravascular to extravascular space
reflected by a reduction in plasma volume (Hargens and Vico 2016). There may
therefore be an apparent change of muscle volume, in particular an increase in
the upper body, when in fact net muscle protein loss was unchanged, and these
effects have previously been reported after 2 (Berg, Tedner, and Tesch 1993)
and 24-hours of HDT bed rest (Conley et al. 1996). Despite this, changes in
muscle volume of the lower limb mirrored changes seen in MPS, suggesting
that it was unlikely a significant issue in these two studies. It was not possible
to accurately quantify interstitial fluid content in the bed rest studies using MRI.
Similarly, posttraumatic oedema of the limb in the ankle fracture patients was
significant in all individuals and, from clinical experience, generally tends to
peak 3-5 days after injury and be greater in the evenings. This may have
confounded muscle thickness measurements particularly at the perioperative
time-point and may have overestimated muscle thickness and therefore overall
muscle thickness change. Additional measures such as determining the protein
to DNA ratio in muscle biopsy samples would have been useful to assess for
muscle protein loss in the leg, however a lack of muscle tissue meant that it
was not possible to undertake this after the primary outcome measures were
determined. The changes in muscle volume and thickness in this thesis
therefore should be considered in the context of possible acute and
posttraumatic fluid shifts.

In the remobilisation period in Chapter 4, it is not possible to determine

whether whole-body glucose disposal would have restored in 3 days with
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ambulation alone. The use of a control group which did not undergo unilateral
resistance exercise following bed rest would have helped to determine this. As
discussed in Chapter 4, the exact duration to restore both whole-body and limb
insulin sensitivity, as well as MPS following acute bed rest with ambulation
alone is unclear. Further studies determining the acute restoration of insulin
sensitivity following acute bed rest should be explored, particularly given this is
a similar duration of immobilisation seen in patients admitted to hospital.

Both bed rest studies in this thesis did not include older individuals or
females as participants. The chronic bed rest study run by the European Space
Agency only recruited young, healthy males which was predetermined by the
ESA team. This may limit the generalisability of the findings, particularly as
there is growing evidence of sex dimorphism in various factors known to
influence to skeletal muscle metabolism and atrophy (Rosa-Caldwell and
Greene 2019; Della Peruta et al. 2023) as well as differences between males
and females in response to disuse (Black et al. 2021; Mekjavic et al. 2021).
Special considerations are required to account for the impact of the menstrual
cycle on experimental measures, particularly when bone metabolism or training
measures are part of a study design. To my knowledge no study has directly
compared the effect of bed rest and remobilisation on whole-body and limb
insulin-sensitivity in males and females. Previous studies have also found age-
related differences in muscle atrophy during 5 days of bed rest between older
and younger adults, with no difference in insulin sensitivity (Reidy et al. 2017),

thus there are limitations in extrapolating our findings to the older adult.
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The study in Chapter 5 aimed to examine the impact of local (injured
limb) versus systemic (uninjured) inflammation on muscle thickness and MPS
in patients with an acute ankle fracture undergoing surgical fixation. One could
argue, however, that the model is complicated by the reduced physical activity
level of patients post-injury, and thus the uninjured limb does not solely
represent systemic inflammation. Another potential model, which has been
successfully used in disuse muscle atrophy research, is the unilateral forearm
immobilisation model (Burns et al., 2021), in which reduced step count is not
directly implicated in muscle mass reduction. Similarly, a forearm
immobilisation model after acute upper limb trauma could be considered.
However, it should be noted that the majority of forearm fractures occur in frail,
older populations, or paediatric populations, so this should be considered. The
endotoxin model as described in Section 1.8.2 causes a reproducible acute
increased concentration of plasma cytokines such as IL6 and IL10 and a
systemic response of fever. However, findings are limited in their
generalisability due to the acute nature of the measures and time period.
Finally, if local inflammation is a driver of muscle atrophy in trauma, another
approach could be to pharmacologically reduce inflammation in lower limb
fracture patients and compare this with a placebo group. There are several
approaches which are plausible, including preconditioned mesenchymal
stromal cells or using anti-inflammatory cytokines. However, concerns around
supressing the initial acute inflammatory phase, which is essential for robust

fracture healing exist.
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6.5 Conclusion

Overall, this thesis has provided important scientific understanding into the
impact of immobilisation and inflammation on muscle volume, protein turnover
and insulin sensitivity. The studies in this thesis have shown that reductions in
insulin-stimulated glucose disposal during acute and chronic bed rest are
similar and substantial and could not be explained by changes in IMCL content.
However chronic bed rest was associated with a shift in fuel oxidation,
underpinned by the muscle transcriptional response to chronic bed rest.
Furthermore, acute bed rest causes concurrent reductions in leg glucose
uptake, and muscle glycogen storage as well as cumulative MPS rates and
whole-body MPB. However, structured remobilisation (but not ambulation
alone) restored reductions in leg muscle volume and MPS, but not insulin-
stimulated leg glucose uptake or muscle glycogen storage after bed rest. The
implications of this are directly relevant to clinical populations, with the average
length of stay in hospital in the UK a similar duration to the acute bed rest study
in this thesis. Further research would be helpful to determine the dose of
physical activity required to restore leg glucose uptake, in order to restore
declines in insulin sensitivity in populations undergoing short periods of
immobilisation.

This body of work has also helped to elucidate some key information
differentiating the mechanisms underlying muscle atrophy relating to
immobilisation vs immobilisation plus trauma. Trauma plus immobilisation
caused a greater reduction of medial gastrocnemius muscle thickness

compared with immobilisation alone but similar declines in cumulative MPS
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over 2 weeks. However, only trauma was associated with a profound systemic
and muscle inflammatory response, which manifested as a reduction in
cumulative MPS and muscle thickness in injured leg, but not the uninjured leg.
This lends evidence that local trauma is the primary driver of muscle atrophy in
this situation. This information could form the basis of potential future

countermeasures in musculoskeletal trauma to aid recovery following injury.
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Appendix 1

STUDY FILES

7.1 Chronic bed rest study ethics approval
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Toulouse, le 24 Mai 2016

Madame,

Dans sa séance du 23 mai 2016, le comité de protection des personnes (C.P.P.) Sud-Ouest et
Outre-Mer I a examiné vos réponses & l'avis du 11 avril 2016 concernant le projet de recherche
intitulé :

Evaluation des effets d’une association de compléments alimentaires anti-oxydants et anti-
inflammatoires pour prévenir le déconditionnement induit par 60 jours d'alitement anti-
orthostatique. Une étude monocentrique, ouverte, randomisée et contrélée chez 20 hommes
volontaires sains - Medes LTBR Cocktail - protocole 14-981 v2 du 10 mai 2016 - n° IDRCB 2016-
A00401-50 - (dossier 1-16-12)

que vous lui avez soumis en qualité de représentant du promoteur CNES et dont
I'investigateur-coordonnateur est le Dr BECK.

Etaient présents en qualité de titulaires : Mrs SENARD et CONIL personnes qualifiées en
matiére de recherche biomédicale; Dr ANE médecin généraliste, Mme BARLA pharmacien
hospitalier, Mr CAZOTTES infirmier (1°" collége) : Me BENAYOUN personne compétente en
matiére juridique, Mr DIVERNET et Mme SFEDJ représentants des associations de malades et
usagers de la santé (2™ collége).

Assistaient aussi a la séance, en qualité de suppléants : Mmes NASR et DI DONATO, Mrs
SAVY et MOESCH personnes qualifiées en matiére de recherche biomédicale, Mr RIVIERE
médecin généraliste (1% college): Mme BIMES-ARBUS personne compétente en matiére
d'éthique, Mme HENDERSON psychologue, Mme CHARRAS personne compétente en matiére
juridique, M. SERVILLE représentant des associations de malades et usagers de la santé (22
collége).

Le comité a examiné les documents de réponse suivants:

- Courrier de réponse (daté et signé signé du 10 mai 2016)

- Protacole de recherche (MedesCOCKTAIL bed rest study version 2 du 10/05/2016)
- Résumé du protocole (MedesCOCKTAIL bed rest study version 3 du 10/05/2016)

- Notice d'information et recueil du consentement (Version 2 du 10/05/2016)

Aprés avoir entendu les rapporteurs et délibéré, le comité fait de votre dossier |'analyse
suivante :

La justification de |'étude est pertinente, précise et bien référencée, le rapport des
bénéfices et des risques est toutefois élevé pour le volontaire sain.

Les moyens mis en ceuvre pour atteindre ces objectifs sont décrits avec précision et semblent
bien adaptés a la solution du probléme abordé.

‘CPP Sud-Ouest et Outre-Mer 1 : dossier n® 1-16-12 - avis définitif AC
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La méthodologie est décrite et adaptée aux objectifs

La notice d'information et formulaires de consentements -~ version 3 du 10 mai 2016 sont
clairement rédigés et contiennent toutes les mentions nécessaires.

En conséquence, il émet un

| AVIS FAVORABLE |

& la mise en ceuvre de cette étude.
Je vous prie d'agréer, Madame, |'assurance de ma considération distinguée.

Le Pré
Me D. AYOUN

CPP Sud-Ouest et Qutre-Mer 1 : dossier n° 1-16-12 - avis définitif AC
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7.2 Acute bed rest study ethics approval

r TheUniyersitgof
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E-mail: FEMHS-ResearchEthics@nottingham.ac.uk Faculty of Medicine and
Health Sciences

30 May 2017 Research Ethics Committee

C/o Faculty PVC Office

School of Medicine Education Centre
B Floor, Medical School

Dr Natalie Shur & Medical Centre C
Academic Clinical Fellow gueens Hedical Sentis Sampus
Nottingham University Hospitals

School of Life Sciences Nottingham
D Floor, Medical School NG7 2UH
QMC Campus

Nottingham University Hospitals

NG7 2UH

Dear Dr Shur

Ethics Reference No: 6-1704 - please always quote

Study Title: Determination of the time-course of development of insulin resistance, and
associated molecular and muscular adaptations, during inactivity in 3 days of bed-rest.
Chief Investigator/Supervisor: Professor lan Macdonald, Metabolic Physiology, Life
Sciences

Lead Investigators/student: Natalie Shur, Academic Clinical Fellow, School of Life
Sciences

Other Key Investigators: Dr EJ Simpson, Senior Research Fellow, Professor PL
Greenhaff, Life Sciences, Dr Kenny Smith, Principal Research Fellow, Dr Phil Atherton,
Associate Professor, Division of Medical Sciences and Graduate Entry Medicine.

Type of Study: research, physiology, insulin monitoring, muscle biopsy.

Proposed Start Date: 1.4.17 [ Proposed End Date: 30.4.18 12mths

No of Subjects: 10 | Age: 18+years

School: Life Sciences and Medicine

Thank you for your letter dated 10 May 2017 responding to the comments made by the
Committee and the following documents were received:

Nottingham bed rest protocol v1.3 10.05.17

DEXA leaflet

SPMIC MRI safety screening form

Muscle Biopsy (thigh) leaflet v1.1 8.11.16

MHS REC application and supporting documents dated 10" April 2017
Dexa Scan sign off by IRMER practitioner Aline Nixon dated 5t April 2017

These have been reviewed and are satisfactory and the study has been given a favourable
opinion.

A favourable opinion is given on the understanding that the conditions set out below are followed:

1. You should follow the protocol agreed and inform the Committee of any changes using a
notification of amendment form (please request a form).

2. You must notify the Chair of any serious or unexpected event.
3. This study is approved for the period of active recruitment requested. The Committee

also provides a further 5 year approval for any necessary work to be performed on the
study which may arise in the process of publication and peer review.
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m TheUniyersitgof
M | Nottingham

4. An End of Project Progress Report is completed and returned when the study has
finished (Please request a form).

Yours sincerely

PP &W@m

Professor Ravi Mahajan
Chair, Faculty of Medicine & Health Sciences Research Ethics Committee
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7.3 Ankle fracture study HRA approval

Ymchwil lechyd m
a Gofal Cymru

Health and Care Health Research
Research Wales Authority
Mr Ben Ollivere
Clinical Associate Professor, Honorary Consultant Email: hra.approval@nhs.net
Trauma and Orthopaedics Research-permissions| les.nhs.uk

C Floor, West Block
Queen's Medical Centre
NG7 2UH

01 March 2019

Dear Mr. Ollivere,

HRA and Health and Care
Research Wales (HCRW)

Approval Letter

Study title: The application and clinical validation of novel approaches
to quantify the effect of early versus delayed ankle fracture
fixation on muscle mass and metabolic health status

IRAS project ID: 235196

Protocol number: 18078

REC reference: 18/EM/0404

Sponsor The University of Nottingham

| am pleased to confirm that HRA and Health and Care Research Wales (HCRW) Approval has
been given for the above referenced study, on the basis described in the application form, protocol,
supporting documentation and any clarifications received. You should not expect to receive anything
further relating to this application.

How should | continue to work with participating NHS organisations in England and Wales?
You should now provide a copy of this letter to all participating NHS organisations in England and
Wales, as well as any documentation that has been updated as a result of the assessment.

Following the arranging of capacity and capability, participating NHS organisations should formally
confirm their capacity and capability to undertake the study. How this will be confirmed is detailed in
the “summary of assessment” section towards the end of this letter.

You should provide, if you have not already done so, detailed instructions to each organisation as to
how you will notify them that research activities may commence at site following their confirmation of
capacity and capability (e.g. provision by you of a ‘green light’ email, formal notification following a site
initiation visit, activities may commence immediately following confirmation by participating
organisation, etc.).

Page 10of 7
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| IRAS project ID | 235196

It is important that you involve both the research management function (e.g. R&D office) supporting
each organisation and the local research team (where there is one) in setting up your study. Contact
details of the research management function for each organisation can be accessed here.

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA and HCRW Approval does not apply to NHS/HSC organisations within the devolved
administrations of Northern Ireland and Scotland.

If you indicated in your IRAS form that you do have participating organisations in either of these
devolved administrations, the final document set and the study wide governance report (including this
letter) has been sent to the coordinating centre of each participating nation. You should work with the
relevant national coordinating functions to ensure any nation specific checks are complete, and with
each site so that they are able to give management permission for the study to begin.

Please see |RAS Help for information on working with NHS/HSC organisations in Northern Ireland and
Scotland.

How should | work with participating non-NHS organisations?
HRA and HCRW Approval does not apply to non-NHS organisations. You should work with your non-
NHS organisations to obtain local agreement in accordance with their procedures.

What are my notification responsibilities during the study?
The document “After Ethical Review — guidance for sponsors and investigators”, issued with your REC
favourable opinion, gives detailed guidance on reporting expectations for studies, including:

« Registration of research

* Notifying amendments

* Notifying the end of the study
The HRA website also provides guidance on these topics, and is updated in the light of changes in
reporting expectations or procedures.

I am a participating NHS organisation in England or Wales. What should | do once I receive this
letter?

You should work with the applicant and sponsor to complete any outstanding arrangements so you
are able to confirm capacity and capability in line with the information provided in this letter.

The sponsor contact for this application is as follows:

Name: Ms Angela Shone
Tel: 01157486731
Email: sponsor@nottingham.ac.uk

Who should | contact for further information?
Please do not hesitate to contact me for assistance with this application. My contact details are below.

Your IRAS project ID is 235196. Please quote this on all correspondence.

Page 20of 7
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IRAS projectID | 235196

Yours sincerely

Laura Greenfield
Assessor

Email: hra.approval@nhs.net

Copy to: Ms Angela Shone [Sponsor Contact on behalf of the University of Nottingham]

Dr Maria Koufali [Lead NHS R&D Office Contact on behalf of Nottingham
University Hospitals NHS Trust]

Page 3 of 7
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7.4 DEXA leaflet (This is folded and then handed to the participant)

DEXA Scan information
leaflet

What is a DEXA scan and what does it
measure?

DEXA stands for ‘Dual Energy X-ray
Absorptiometry’ and it is a test used in
hospitals to measure the density of bone.
Density means how much of something
there is in a certain amount of space and
this test is usually used to help diagnose
those who have brittle bones
(osteoporosis). In Physiology and
Nutrition research, we use the DEXA
machine to measure the amount of fat
and lean tissue you have in your body, as
well as the density of your bones.

How does a DEXA scan work?

A DEXA scan sends X-rays of two
different strengths through the body. Bone
blocks a certain amount of the X-rays,
whereas muscle and fat block the X-fays

Version 1.1 May2014

to a lesser extent. The denser the tissue
is, the fewer X-rays get through to the
detector.

What does the scan involve?

This is a simple and painless pracedure
and requires very little preparation.

However metal and other objects, such as
zips, buckles, bra clips / under wires and
body piercing, can affect the result of the
DEXA Scan. It is advisable to wear loose
clothing which has no zips, metal buttons
etc. If you attend wearing clothing that is
not suitable, you will be asked to change
into surgical tops and/or trousers prior to
the scan. Lockers are provided. If you
wear any kind of metal jewellery, you will
need to remove it before the test. If you
are unable to remove any items, please
inform the DEXA operator.

On the day of the study you will be asked
to have nothing to eat or drink, other than
water from midnight the night before

You will also;

e Have your height and weight measured

e Complete a safety questionnaire; this
questionnaire will ask you about any
procedures or treatments that you have
had in the past year which involved X-
rays and any metal that you might
have in your body.

e Go to the toilet to empty your bladder
before the scan
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The scan itself involves you lying on your
back on a table whilst an X-ray arm passes
over you. The X-ray arm does not touch you
and you will not be in a “tunnel” (see picture).

You will need to remain completely still and
not talk while the scan is being carried out.

If you have any hip, back or neck injury,
please tell the DEXA operator before the
scan.

The actual scanning time is about 10
minutes but you should allow 30 minutes for
the entire procedure.

What are the risks?
The DEXA scan involves you receiving a low
dose X-ray, which is a form of radiation.

We're constantly being exposed to natural
radiation from the environment around us -
from the earth, through rays from outer



space, even from the food we eat. The
radiation dose that you receive is less than
1uSv per scan. This is equivalent to the
amount of radiation that you would be
exposed to if you spent 15min on a
transatlantic flight or the amount of
radiation contained in 10 brazil nuts.

As a part of this study you will be exposed
to a very small amount of X-rays (ionising
radiation) during your DEXA scan. X-rays
can induce harmful effects such as the
development of cancer. However, the
amount used in this study is very tiny and
you experience a similar risk from 2.5hours
of natural background radiation (to which
we are all exposed) in the UK. A similar risk
of harm would also be experienced by
smoking less than one cigarette.

Is there anyone who should not have
this test?

It is not advisable for you to have this scan
if you are pregnant. Pregnancy test kits
(requiring a urine sample) are available in
the toilets. You will be asked to empty your
bladder before having the DEXA scan.
Please feel free to use the pregnancy test
at this time if you think there might be a
chance that you are pregnant. You do not
need to tell anyone that you are doing so,
but you can talk to the DEXA operator in
confidence if you wish to.

If you have had another X-ray, or if you
have had a nuclear scan (such as a bone
or thyroid scan) in the last 7 days, you
should not have this test

Version 1.1 May2014

If for any reason you do not wish to
proceed with the scan, please let the
DEXA operator know, but you do not
need to disclose the reason why.

What are the benefits?

A DEXA scan is the most accurate way of
measuring your total body composition
and it is a quick and simple measurement
to make.

Osteoparosis. is a serious medical
problem which can affect both men and
women as they get older. However, we
often don’t know that our bones are
getting weaker until we break a bone.
Although the researchers are interested in
your body composition, the scan will
estimate the bone density of your
skeleton. If the results show that the
density of your bones is too low, then you
will be informed and the study doctor will
discuss the results with you. Therefore,
having the DEXA scan could identify a
problem with your bones and allow you to
receive treatment at an earlier stage.

For more information please
contact;

Aline Nixon: tel- 0115 8230248
Aline.Nixon@nottingham.ac.uk
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7.5 General Health Questionnaire

GENERAL HEALTH QUESTIONAIRE

1. In general would you say your health is; Please tick one response
- TR Much better than a year ago
b. ... Somewhat better than a year ago
C e About the same
d. ... Somewhat worse than a year ago
€ e Much worse than a year age
2. The following questions are concerned with any medical conditions you
might have. Please tick one box on each line
Condition No Yes Don’t Know
Diabetes
Epilepsy
Depression or mental health problem
Hayfever
Asthma
Migraines

High blood pressure

Heart problems

Breathing problems

Indigestion / heartburn

Irritable bowel

Thyroid problems

Kidney problems
Orthopaedic/musculoskeletal problems
Blood clots e.g. DVT

Vestibular problems, claustrophobia or
orthostatic intolerance

Any other medical condition not listed
above (please detail below)

Please detail any other medical condition/s:
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Do you have a family history of coagulation/blood clotting disorders or a
deep vein thrombosis (DVT) or pulmonary embolus (PE)?
Yes........ No........

If yes please give details

Do you take any regular medication? Yes........ No........

If yes please provide further information: (gryg, dose, frequency, duration)

Do you have a tendency to faint in certain situations?

Yes........ No........ Don’t Know........

eg. on standing, in a warm room or after fasting

On average, how many cigarettes do you smoke a day? ......ccccceveeevevveenns
Did you ever smoke in the past? e
If 50, how When did YOU QUIL?  ..ecveieieeeeece e e

Have you had any previous injuries* which affected any of your lower
limbs?

* An injury which limited your walking ability for more than 2 days in the last year.

Do you drink alcohol:

308



7.6 Hyperinsulinaemic euglycaemic data collection form

Calculations:

m2 X

0.5

Glucose @ 2mg / kg / min @ 4 min

3 day Bed Rest Study
Clamp Sheet
N P Visit No: 1
Weight: ............ kg Surface area:
60 = X752=....... mls/hr
40 x3.28=........... mls/hr
Xx299=........ mls/hr
X282=........ mls/hr
X257=........ mls/hr
x240=........... mls/hr

....... m?2

2X kg x60 = ........... ml/hr 2.5x kg x60 =........... ml/hr
200mg 200mg
Infusion start time: .........................
Time | Ins Inf" | Blood G G Inf" Blood sample Calorimetry Commen
& ) ////%%//////////////////////
- 7 7
£ ///////////// %////////////////////f
pen tap
5 ///////// /////////////////////
6 G444 G
180 D %/////////////////
15 G
20 G
25 G0
30 G
35 2
40 77777
45 G
50 G274
55 //////////////////
60 7222222
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Time | Ins Inf" | Blood G G Inf"

Blood sample Calorimetry

Comments

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

180

-Subject fed and | insulin

discontinued

190

200

210

220

230

240

250

260

270

280

290

300

Comments:
Saline used:
Glucose used:
Food given:
Leg length:
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7.7 MRI questionnaire

g

MR Volunteer Safety Screening Questionnaire:

The University of Sir Peter Mansfield Imaging Centre

Nottingham

NAME Date of Scan Date of Birth
ADDRESS Volunteer Number
Ethics Code
Phone number Weight Height if
applicable

MR scanning uses strong magnetic fields. For your own safety and the safety of others it is
very important that you do not go into the magnet halls with any metal in or on your body
or clothing. Please answer the following questions carefully and ask if anything is not clear.

All information is held in the strictest confidence.

1. Do you have any implants in your body? e.g. replacement joints, drug pumps
Y/N
2. Do you have aneurysm clips (clips put around blood vessels during surgery)?
Y/N
3. Do you have a pacemaker or artificial heart valve? (These stop working near MR Scanners)
Y/N
4. Have you ever had any surgery? Please give brief details over.
Y/N
(We do not need to know about uncomplicated caesarean delivery, vasectomy or

termination of pregnancy)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Do you have any foreign bodies in your body (e.g. shrapnel)?
Y/N
Have you ever worked in a machine tool shop without eye protection?
Y/N
Do you wear a hearing aid or cochlear implant?
Y/N
Could you be pregnant? (Pregnancy tests are available in the female toilets)
Y/N
Have you ever suffered from tinnitus?
Y/N
Do you wear dentures, a dental plate or a brace?
Y/N
Are you susceptible to claustrophobia?
Y/N
Do you suffer from blackouts, epilepsy or fits?
Y/N
Do you have any tattoos? (If yes, you may be asked to read and sign another
form) Y/N
Do you have any body piercing jewellery that cannot be removed?
Y/N
Do you have any skin patches (trans-dermal patches)?
Y/N
Do you have a coil in place (IUD) for contraception? Do you know what type?
Y/N
Do you have any condition that may affect your ability to control your temperature
?
(e.g. Do you have a fever, cardiovascular disease, hypertension, diabetes or
cerebrovascular disease?) Y/N
Will you remove all metal including coins, body-piercing jewellery, false-teeth,
hearing aids
etc. before entering the magnet hall? (lockers available by the changing rooms)
Y/N

Is there anything else you think we should know?
Y/N
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| have read and understood all the questions

Signature: Date:
Verified by:
Scanner Operator/MR Assistant Signature : Date
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Appendix 2 SUPPLEMENTARY INFORMATION

7.8 M value calculation

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 (ml/hr) ¥

GSI (ml) = 0

(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

GI (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 — BGO) is the difference in the blood glucose concentration
measured at the end of the 5-minute interval (BG17) and the beginning of the 5-
minute interval (BGO0). These 5-minute interval glucose disposal values are then
used to calculate 15-minute averages (XGD) which are standardised to body

weight:
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xGD(mmol/min)
Bodyweight (kg)
(Equation 2-5)
The final M value is then calculated by multiplying the xGD by the molecular

XGD (mmol/min/kg) =

weight of glucose as shown in Equation 2-5:

M value (mg/min/kg) = xGD (mmol/min/kg) x 180
(Equation 2-6)
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7.9 Details of antioxidant cocktail composition

The composition of consists of a mix of natural polyphenol extracts from food plants:
Plant families; Liliaceae, Vernenaceae, Lamiaceae, Vitaceae, Rubiaceae, Theaceae.
Rutaceae Genres; Allium cepa, Liipia citriodora, Ajuga reptans, Vitis vinifera, Coffea
robusta, Camellia sinensis, Citrus aurantium.

Dosage:

e Flavonols: 323.4mg

e Phenylpropanoides: 45.6mg

e Oligostilbenes: 78.0mg

e Acide hydroxycinnamiques: 50.4mg
¢ Flavanols: 135.6mg

¢ Flavanones: 108.0mg

Vitamin E/Selenium

The Vitamin E/Selenium component was composed of commercially available pills and
manufactured by Solgar. The pill contains 168mg of Vitamin E associated with 80ug
of Selenium. The daily proposed doses are 6 and 5 times respectively lower than the
maximum allowed doses according to the US National academy of sciences (ref).
Omega-3

Omega-3 fatty acids capsules (Omacor®, Pierra Fabre) comprises eicosapentaenoic
acid (EPA) ethyl ester [EPA:46%] and docosahexaenoic acid ethyl ester [DHA:38%]
840mg/caps. Thus the daily dose of EPA will be 1.1g and the dose of DHA will be 1g.
This dose was chosen because it is close to the dose approved by the Food and Drug
Administration (USA) for lowering plasma TAG concentrations in hypertriglyceridaemic
subjects and thus has previously been shown to the physiologically relevant in human

subjects.
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Appendix 3 SUPPLEMENTARY DATA

7.10 Antioxidant supplement effect on insulin-stimulated whole-body

glucose disposal

151

-~ PreBR
-6~ PostBR

-
(2]

-
o

<

o

Glucose disposal (mg/kg LBM/min)

Steady state
glucose disposal (mg/kg LBM/min)
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Time (minutes)

o

15+
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-
o

Steady state
glucose disposal (mg/kg LBM/min)
Y
=)

}f

o

Glucose disposal (mg/kg LBM/min)
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Supplementary Figure 7.1. Whole-body glucose disposal data in all and
placebo-supplemented participants during chronic bed rest. Whole-body
glucose disposal under insulin clamp conditions in a) all volunteers and b)

volunteers who received placebo in the chronic bed rest study.
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7.11 Supplementary Table 7.1. IMCL fibre type data. Lipid droplet (LD) Count
(Droplets/um?2) per fibre type, mean LD size (um2) and % IMCL per fibre

type in acute and chronic bed rest. * p<0.05, vs Pre Bed Rest. Values are

mean £ SEM.
Acute Bed Rest
Pre Bed Rest Post Bed Best | P Value
LD Count |0.06 £ 0.01 0.07 £ 0.01 0.82
Type | LD Size 0.73+£0.08 0.88+0.13 0.76
%IMCL 6.11 £ 0.68 8.97 + 1.52 0.32
LD Count |0.05+ 0.01 0.05+0.00 1.00
Type lIA | LD Size 0.52 £ 0.03 0.68 +0.11 0.50
%IMCL 3.44 +0.29 4.34+0.75 0.64
LD Count |0.04 +0.00 0.04 £ 0.01 1.00
Type [IX | LD Size 0.43 +£0.03 0.68+0.12 0.34
%IMCL 2.56 £ 0.39 4.05 + 0.81 0.39
Chronic Bed rest
Pre Bed Rest Post Bed Rest | P Value
LD Count |0.08 +£0.00 0.06 + 0.00 0.02*
Type | LD Size 1.00 £ 0.06 1.14 £ 0.10 0.56
%IMCL 15.26 £ 2.18 12.96 + 2.30 0.86
LD Count |0.05+0.00 0.06 + 0.00 0.76
Type IIA LD Size 0.86 £ 0.06 0.89 £ 0.09 0.87
%IMCL 7.63+1.30 7.38+1.28 0.96
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LD Count |0.04 +0.00 0.05 + 0.01 0.31
Type 11X LD Size 0.60 £ 0.05 0.65 £ 0.05 0.64
%IMCL 5.15+0.94 6.08 £ 1.05 0.75

7.12 Supplementary Table 7.2. Muscle volume data. Muscle volume change in

% for the arm, torso and calf after bed rest (Post Bed Rest) and after

*

remobilisation (Post Remob). * is significant on one-way repeated

measures ANOVA.
Time point Right (ESR side for | Left (remobilised

leg) side for leg)

Arm Post Bed rest 1.2 £ 0.4%" 0.5+0.2%

%change  postRemob | 1.1+ 0.8% 0.1+ 0.6%

Torso Post Bed rest 1.0+ 0.4% n/a

% change Post Remob 0.01 £-0.6% n/a

Calf Post Bed rest -2.2 £ 0.5%** -2.1 £ 0.4%**

% change Post Remob -2.1+0.6%* -2.1+£0.7%*
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7.13 Supplementary IPA schematics related to Chapter 3
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Organismal injury and survival

a Acute bed rest b Chronic bed rest
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Supplementary Figure 7.2. Pathway analysis for organismal injury and survival. Schematic highlighting the most differentially
regulated muscle gene expression (outer ring) & the cellular events predicted by Ingenuity Pathway Analysis to result from the
collective changes in mRNA abundance (inner circles) associated with “Organismal injury and survival” after bed rest compared with

pre bed rest in a) acute bed rest and b) chronic bed rest.
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Skeletal and muscular disorders
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Supplementary Figure 7.3. Pathway analysis for skeletal and muscular disorders. Schematic highlighting the most differentially
regulated muscle gene expression (outer ring) and the cellular events predicted by Ingenuity Pathway Analysis to result from the
collective changes in mRNA abundance (inner circles) associated with “Skeletal and muscular disorders” after bed rest compared
with pre bed rest in a) acute bed rest and b) chronic bed rest. The associated prediction legend indicates the degree of confidence

which is depicted by colour intensity.
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Supplementary Figure 7.4. Pathway analysis for skeletal and muscular system development and function. Schematic highlighting the
most differentially requlated muscle gene expression (outer ring) and the cellular events predicted by Ingenuity Pathway Analysis to
result from the collective changes in mRNA abundance (inner circles) associated with “Skeletal and muscular system development

and function” after bed rest compared with pre bed rest in a) acute bed rest and b) chronic bed rest.
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Supplementary Figure 7.5. Pathway analysis for organ development. Schematic highlighting the most differentially regulated muscle
gene expression (outer ring) and the cellular events predicted by Ingenuity Pathway Analysis to result from the collective changes in
mRNA abundance (inner circles) associated with “Organ development” after bed rest compared with pre bed rest in a) acute bed rest
and b) chronic bed rest. The associated prediction legend indicates the degree of confidence which is depicted by colour intensity
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7.14 Supplementary IPA schematics related to Chapter 5
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Supplementary Figure 7.6. Ingenuity Pathway Analysis schematic highlighting mRNAs differentially regulated from baseline in the
“cellular function and maintenance” network (outer ring) and the predicted cellular events (inner octagons) associated with these

collective changes in the a) injured legs of patients and b) casted leg of controls compared with before surgery and casting.
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Supplementary Figure 7.7. Ingenuity Pathway Analysis schematic highlighting mRNAs differentially regulated from baseline in the
“Cell death and survival” network (outer ring) and the predicted cellular events (inner octagons) associated with these collective

changes in the a) injured legs of patients and b) casted leg of controls compared with before surgery and casting.
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