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Abstract

The Effects of Prolonged Inactivity on Skeletal Muscle
Metabolic Function

John Noone

Bed rest leads to multiple adverse physiological consequences, comparable to the effects of physical
inactivity. The role of cellular metabolism in the regulation of these physiological changes during bed

rest has not been studied in detail.

The aim of this study was to test if prolonged bed rest decreases mitochondrial function, muscle mass
and impacts upon mitochondrial dynamics in healthy young men. We also evaluated the impact a

micronutrient cocktail supplement had in mitigating these changes.

60 days bed rest resulted a number of anthropometric changes including reduction in lean muscle
mass (p<0.05) and an increase in fat mass (p<0.05). These changes were accompanied by an increase
in RQ indicative of a switch from fat to carbohydrate oxidation at rest (p<0.05). Mitochondrial
respiration, expressed per mg of wet muscle weight, was lower during ETS (Cl), ETS (Cll) and ClI
respiration following 60 days of bed rest (p<0.05), a change which was not evident when normalised
to mitochondrial content. We concluded that the adaptations in the regulators of mitochondrial
density/amount may explain these changes. In particular, we observed a significant decrease in
mitochondrial fusion marker, OPA1 and fission marker, Drpl (p<0.05). Our intervention mitigated
these changes, increasing OPA1:Drpl ratio (p<0.05) suggesting our intervention increased
mitochondrial elongation. A comparison between our 60-day study and a previously conducted 21-
day bed rest study emphasised the important role OPA1 may be having throughout bed rest
epitomised by a shift in mitochondrial dynamics over time from a fragmented phenotype (21-day BR)

to a rebalancing of fusion-fission (60-day BR).

Further in-vitro analysis uncovered the novel role SIRT4 has on these processes with knockdown
increasing OPA1-mediated mitochondrial fusion while increasing ADP-stimulated OXPHOS (p<0.05)

indicative of SIRT4s regulation of free fatty acid oxidation.
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Bed rest leads to a series of adverse physiological and cellular adaptations which may be limited by
micronutrient supplementation. Although further clarification is needed, SIRT4 may have a role in this

regard with mechanisms linking mitochondrial dynamics and function.
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Chapter [: Introduction

Introduction

Only until very recently has the detrimental impact of physical inactivity been distinguished. This
research has demonstrated both the direct and the indirect effect physical inactivity on multiple
risk factors for diseases such as obesity, hypertension, insulin resistance, inflammation and
dyslipidemia. In fact, Booth & Lees, [52], reference that physical inactivity increases relative risk
of coronary artery disease by 45%, stroke by 60%, hypertension by 30%, type 2 diabetes by 50%
and osteoporosis by 59% [259,52].

There is ample evidence in the literature to support the beneficial role of acute and chronic
exercise on broader physiological outcomes and improving health [202]. However, little is known
about the mechanisms underlying the physiological responses to physical inactivity. It has been
accepted for many years now that an average weekly volume of 150-300 min of moderate
intensity or 75—150 min of vigorous intensity, or an equivalent combination of MVPA is sufficient
to reduce the risk non-communicable, chronic disease [70]. While there is clear evidence to
demonstrate an inverse relationship between physical activity and all-cause mortality
[56,211,279,45], further evidence is required to clarify whether there is a cause-effect relationship
between physical inactivity and chronic disease development or whether this is just a simple

correlation.

Physical inactivity results in an increased accumulation of visceral and subcutaneous fat,
accompanied by an increased loss of skeletal muscle mass and bone mineral density when energy
balance is not maintained. Such adverse effects can increase the risk of insulin resistance,
cardiovascular disease, osteoporosis/osteopenia and obesity [27,33]. There is growing evidence
to suggest that some of the mechanisms underpinning these adverse adaptations to physical
inactivity are interlinked. First proposed by Kelley et al. [261], metabolic flexibility is defined as
the ability of an organism to respond or adapt according to changes in metabolic or energy
demand as well as the prevailing conditions or activity [261,188]. A dysregulation in this response,
termed ‘metabolic inflexibility’, occurs in times of prolonged inactivity, such as bed rest, and is
associated with muscle atrophy, risk of obesity, insulin resistance and type 2 diabetes. The

mechanisms leading to these adverse changes are understudied and incompletely understood to



date [33,452]. Further research into these processes can help to increase our understanding of

this behaviour which will address ways to counteract such adverse changes.

Statement of the Problem

The majority of our understanding to date stems from indirect measurements based on exercise
training in sedentary individuals or animal models of hind limb suspension [78,190,461]. It has
been widely accepted that exercise training results in positive physiological adaptations. However,
the role of metabolism and specifically mitochondrial function with physical inactivity has not
been studied in-depth. Mitochondrial dynamics impact greatly on mitochondrial function [539].
However, little is known about the impact prolonged bed rest may have on the regulation of

mitochondrial dynamics and if these changes could help explain the physiological changes.

Bergouignan et al. [33], illustrated how gaps in our knowledge in understanding the physiological
impact of physical inactivity may be due to the difficulty implementing longer term physical
inactivity interventions in healthy subjects [33]. Bed rest has been shown to lead to many of the
recognized physiological changes observed with sedentary behaviour. Independent of energy
balance, bed rest induces muscle atrophy, a shift in muscle fiber type from slow to fast twitch and
a switch in preferred substrate oxidation at rest from fat to carbohydrate. Additionally, the limited
work to date measuring mitochondrial function suggests adaptations in mitochondrial
bioenergetics following bed rest [263,488]. Whether these adaptations persist over time or
whether they are acute, adjustable changes is still up for debate with longer termed bed rest
studies necessary to answer such a question. To our knowledge there has been no work to date

measuring mitochondrial function or dynamics after such a long period in bed.

Along with developing a greater understanding of the intricate adaptations which occur following
prolonged bed rest, an important aspect of these studies is in the assessment of novel
countermeasures and their ability to mitigate the adverse effects of bed rest. It is accepted that
interventions combining exercise and nutrition are most likely to be successful in preventing some
of the adverse effects of bed rest. However, due to their complexity, limited combinational

research studies have been conducted to date to illustrate this possible beneficial effect.

As such, alternative countermeasures should be considered. Due to their motility and proven
benefit to our overall health (i.e. maintaining redox balance, decreasing proteolysis),
supplementation of antioxidants and anti-inflammatory agents may be useful agents to help

negate the adverse changes observed with physical inactivity [194,407,410,337]. The majority of



our understanding into the impact antioxidant/anti-inflammatory supplementation may have on
metabolism is limited to animal models of hind-limb suspension, but what limited work there is

on humans indicates some protective effect which they may have.

Many different and intricate ideas have been considered to help mitigate the effects of physical
inactivity, most of which have proved inadequate. As such there is a need to further investigate
and optimize countermeasures to physical inactivity. This optimization can only be achieved by
understanding the physiological responses to physical inactivity and the impact countermeasures
may be having at a cellular level. Subsequently, bed rest studies provide not only a simulation
model to test potential countermeasures but also provide a platform that can allow us to

investigate human physiology in the setting of physical inactivity.

In summary, we are currently unclear on the impact prolonged physical inactivity has on skeletal
muscle mitochondrial function and if any changes may be explained through adaptations in
mitochondrial dynamics. A greater understanding in this regard could help in the design and
execution of an effective countermeasure to alleviate the effects of physical inactivity. This thesis
will address this problem by investigating changes in mitochondrial function and dynamics

following a 60-day bed rest study in healthy, young males.

Significance

The most recently published World Health Organization (WHO) report highlights the increasing
trend in individuals failing to meet the minimum recommendations for physical activity. As of 2020
it was reported that one in four adults (27.5%) and more than 80% of adolescents fail to adhere
to the minimum recommendations of 30 minutes of moderate to vigorous intensity physical
activity (MVPA) per day [199,70,200]. Consequently, the World Health Assembly (WHA) approved
the Global Action Plan on Physical Activity (GAPPA) 2018-2030 aimed to reduce physical inactivity
by 15% by 2030. Not only are such aims crucial for the health of the global population, given
physical inactivity has been reported to lead to 5.2 million deaths and 6-10% of all major non-
communicable diseases annually worldwide [303], they are also paramount financially, given on
average $117 billion is spent annually on health care costs due to inadequate physical activity
[402]. Given the financial and health burden inactivity appears to have, more research is necessary

to fully determine its impact.

Of the limited research conducted into physical inactivity to date much of the proteomic and

transcriptomic evidence points to adaptations in skeletal muscle metabolic control, however this



has so often been neglected from study [456,122,264]. Putting clarity to the metabolic
adaptations occurring following prolonged bed rest may provide more of an insight into how and

why the alterations we are aware of transpire.

Aim, Hypotheses, Objectives

Aim: The aim of this thesis is to determine the effect prolonged bed rest has on whole body and

skeletal muscle metabolic function in healthy young men.

Hypotheses

1. Physical inactivity, through the model of bed rest, will result in a shift in substrate
metabolism from fatty acid to carbohydrate and a decrease in muscle mass which will
progressively become more apparent with a greater time spent in bed rest.

2. Physical inactivity will result in a decrease in mitochondrial function, increasing markers
indicative of mitochondrial fragmentation which will progressively become more
apparent with a greater time spent in bed rest.

3. Supplementation of an antioxidant/anti-inflammatory cocktail will mitigate the effect of

bed rest on mitochondrial function and muscle mass.

Objectives
1. To measure and compare changes in whole body physiological responses and skeletal

muscle metabolic responses to 60-days of bed rest.

2. To determine if supplementation with a micronutrient cocktail could mitigate the
physiological and/or cellular metabolic changes during bed rest

3. To determine the time-course of these changes by comparing the physiological and
skeletal muscle metabolic responses with a previously conducted 21-day bed rest study.

4. To further investigate novel upstream regulators of mitochondrial dynamics through in-
vitro cell culture methods to help explain the changes, if any, in mitochondrial function,

dynamics, substrate oxidation and muscle mass.

Experimental Overview

To test our hypothesis a 2-armed randomly assigned, 60-day bed rest study was designed. 10
subjects were randomly assigned to the control group (CONT) and 10 were randomly assigned to
the intervention group (INT). The control (CONT) consisted of 60-days bed rest and the
intervention (INT) consisting of the same bed rest protocol as the CONT trial but with

supplementation of a micronutrient cocktail (Intervention - INT) composed of a polyphenol
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compound mix (XXS-2A-BR2), Vitamin E, Selenium and Omega-3 fatty acids consisting of 6 pills per
day: two at breakfast, two at lunch and two at dinner. Multiple tests were performed before and
after the intervention. Given this study was conducted in conjunction with the European Space
Agency, all tests and measurements were conducted at -6° head down tilt (HDT) in order to
simulate the physiological impacts of microgravity on the body. Energy balance was monitored
throughout and energy intake was adjusted to ensure subjects would remain in energy balance.
Muscle biopsies were obtained before and after each period of bed rest and skeletal muscle
analysis aided in the measurement of mitochondrial function using high-resolution respirometry

(HRR).

To assess the possible impact time in bed may be having on skeletal muscle mitochondrial function
and dynamics, we compared the changes observed following 60 days of bed rest within our control
group to control muscle biopsy samples collected from a previously complete, comparable 21-day

-6° HDT European Space Agency study stored within our biobank.

Finally, further in-vitro cell culture investigation into the mechanisms regulating the changes
observed with both 21 and 60 days bed rest was conducted. These efforts evolved our
understanding on the mitochondrial adaptations ensuing with bed rest while also identifying a

novel pathway relating to mitochondrial dynamics.

Conclusion

This thesis was designed to investigate the impact of physical inactivity, induced by bed rest, on
whole body and skeletal muscle metabolism. This study was conducted alongside a number of
collaborators with specific expertise. Prof. Stephane Blanc (CNRS, Strasbourg, France) and Asst.
Prof. Audrey Bergouignan (CNRS, Strasbourg, France and University of Colorado, Denver, USA)
have extensive experience in whole body metabolism with particular emphasis on stable isotopes
and body weight control. The design of the present bed rest study, and the comparable 21-day
bed rest study, allows us to have control over energy regulation and timing of the measurements
we wish to conduct, providing us with well-controlled studies to investigate skeletal muscle
physiology. Further in-vitro experimentation into the mechanisms regulating these changes in
their essence are well controlled enabling us to have a more detailed picture of the adaptations
occurring to skeletal muscle in response to bed rest. In order to establish a justification for this

thesis a detailed review of the existing literature was embarked upon.



Chapter II: Review of Literature

Introduction

Physical inactivity is among the leading modifiable risk factors for the development of chronic non-
communicable diseases such as cardiovascular disease, obesity and type 2 diabetes [295]. Physical
inactivity is an ever-growing problem within today’s society particularly with the advancement in
communication technology and other labour-saving innovations, increasing the likelihood that the
opportunities for sedentary behaviour that currently exist will become even more prevalent in the

future [136].

Subsequently, between 2001 and 2016 National Center for Health Statistics (NCHS), National
Health and Nutrition Examination Survey (NHANES) explored this impact within the United States.
This country-wide survey of 51,895 individuals highlighted an increase in sitting time from 7 to 8.2
hours per day among adolescents and 5.5 to 6.4 hours per day among adults throughout the study.
Investigators also found this increased sedentary behaviour to be strongly correlated to time

spent sitting in front of the television/computer on an average day [558].

Given the impact sedentary behaviour such as physical inactivity has on our physiology and its
increased prevalence, a greater understanding into the early physiological changes which occur
due to prolonged inactivity is necessary in order to put clarity to the complex adaptations which

occur.

Physiological Changes with Bed Rest

Bed rest is considered one of the most robust models for studying the extreme physiological
effects of inactivity [208]. It has also been identified as a model to mimic the effects of
microgravity on earth and the European Space Agency (ESA) has adopted an anti-orthostatic -6°
head down tilt (HDT) bed rest (BR) model for its human spaceflight research. Unlike lifelong
sedentary behaviour and aging, the physiological changes during bed rest are transient and
reversible. However, research in this area still provide insight to changes in disease related risk
factors (e.g. decreased insulin sensitivity and decreased glucose tolerance) [495,93,404,385,90].
Further research in this area can help grow our understanding of the physiological limits of the

body and ensure the safety of the patient in bed in a highly controlled environment. Subsequently,



-6° HDT bed rest has become one of the most common methods for measuring extreme

physiological adaptations of the body [33].

In an upright position the body counteracts the effect of gravity. However, with bed rest (and
spaceflight), the body adapts in an attempt to function optimally by modifying afferent signalling
from the various stressors. These physiological adaptations have been investigated extensively
over the past 50 years, with particular focus on the sensorimotor, cardiovascular, neuromuscular
and musculoskeletal systems [358]. Bed rest leads to changes in balance and gait, cardiovascular
deconditioning, loss in muscle mass, muscle deconditioning and musculoskeletal strength. These
changes are highly associated with postural control dysfunction (specifically noted following
spaceflight) and chronic bed-confinement following major trauma and surgery (particularly in the
elderly population) which can lead to problematic functional issues upon readjustment to an

upright position [207,22].

Body Compositional Changes with Bed Rest

Numerous body compositional adaptations have been shown to arise from prolonged bed rest.
However, these changes are relative to the study design. The European Space Agency human
spaceflight programme has embraced designs aimed at controlling energy balance in bed rest
studies. In these studies, fat mass remains constant while body weight decreases, unlike other
studies that maintain body mass. In both designs bed rest leads to a decrease in skeletal muscle
mass and bone mineral density [365,272]. Therefore, when controlling for energy balance, the
decrease in muscle mass will lead to a proportional decrease in body weight [125,454,546] but
when body weight is maintained the decrease in skeletal muscle mass is counterbalanced by an
increase in fat mass [39,129]. For this reason, it is important to consider the study design when
comparing to other bed rest studies, particularly, when considering metabolic responses as fat

accumulation is a confounding factor on these outcomes.

Cardiovascular Alterations with Bed Rest

There are numerous cardiovascular alterations as a result of the orthostatic stress posed by the -
6°HDT bed rest model resulting in deconditioning to the cardiovascular system, particularly the
heart and blood vessels, subsequently leading to orthostatic intolerance. Orthostatic intolerance
is an intolerance to the stress of standing upright but the exact cause of this intolerance has yet
to be uncovered. However, it has been proposed that the redistribution of central plasma volume,

due to fluid shift toward the head while at -6°HDT, results in hypovolemia as a consequence of the



increased diuresis and natriuresis, could be the primary factor leading to this intolerance

[240,389,22].

There are multiple adverse cardiovascular changes which can lead to orthostatic intolerance.
These include reduced cardiac vagal nerve activity, increased adrenergic receptor reactivity,
increased R-R interval variability, a reduction in red blood cell mass, decreased systolic blood
pressure and reduced mean arterial blood pressure [157,389,434,358]. However, the most
noteworthy change appears with the remodelling and atrophy of the heart, with a noted ~15%
and ~14% reduction in left ventricular volume and mass following 60-day -6°HDT bed rest [548].
This is particularly significant as cardiac remodelling has been shown to affect a multitude of
cardiovascular processes due to the hearts central role in the cardiovascular system. The role that
loss of hydrostatic gradient has on heart remodelling is extrapolated further in Figure 2.1. One of

the most noteworthy changes is to the its effects on oxygen uptake.
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Figure 2. 1. Schematic representation of the effect of -6° HDT bed rest on aerobic capacity

Oxygen uptake is the product of systemic blood flow (cardiac output) and systemic oxygen
extraction (arterial venous oxygen difference). Cardiac remodelling impacts this by reducing
cardiac output (Q). This is supported by an observed reduction in stroke volume and heart rate
(Q=HR x SV) during maximal exercise. This is opposed to what occurs at rest, where heart rate is
increased to maintain Q due to the impact -6°HDT bed rest has on cardiac structure. Skeletal
muscle maximal oxygen consumption capacity (VO, max) has been shown to significantly decrease
with prolonged bed rest, a decrease proven to level off as bed rest duration continues with no
association noted between decline in VO, max and the decline in total body weight and lean body

mass [191,277,434]. Work by Greenleaf et al. [191], as presented below in Figure 2.2, highlights
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that following 30 days of bed rest there is an 18.2% decrease in relative aerobic capacity
(ml'kgmin?) and a 12.6% decrease in absolute aerobic capacity (L'min?). These figures have

subsequently been supported by further evidence from within the field [125].
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Figure 2. 2. Reduction in maximal oxygen uptake throughout bed rest. Adapted from Greenleaf
etal. [191]

As cardiorespiratory fitness is an independent predictor of cardiovascular health, quantification
of the decrease in VO, max (absolute and relative) during or following bed rest provides us with a
concise measure of the impact bed rest has on our cardiovascular system both centrally (cardiac

output) and peripherally (arterial venous difference, AVO, diff).

Bone Alterations with Bed Rest

Bed rest decreases the gravity related loading on the skeleton and the dynamic mechanical force
during movement but bone remodelling can also result from nutritional and hormonal changes,
the biochemical effect of imbalance in anabolic/catabolic markers of bone structure and the

individual’s age, sex and ethnicity [442,468,229,425].

The mechanical unloading of microgravity has been shown to have a significant adverse effect
upon the skeletal system. LeBlanc et al. [300], tracked multiple cosmonauts (men and women)
aboard the Mir Space Station between 4-14.4 months and reported a significant reduction in bone
integrity supported by demineralization in bones specific to the lumbar spine, femoral neck, the
hip and the bones of the lower extremities (preferentially affecting the trabecular bone within
these regions) [300]. These changes are consistent in bed rest research, most likely due to their

role in postural control and weight unloading [385].



Although we see significant skeletal muscle and bone loss with bed rest, the rate of change differs,
with muscle mass reducing at an ~3% greater rate than the loss of bone. LeBlanc et al. [299],
pointed to just a 1% reduction in bone density within the vertebral column after 1 week of
immobility, something subsequently supported by further work [289]. Beller et al. [29], reported
that 60 days of bed rest led to a 3.4% loss in bone mineral density (BMD) of the proximal femur,
and a 2.8% loss at the distal tibia in healthy, young women. This may not seem significant, but
after comparing these changes to those experienced by elderly women, who are at increased risk
of osteoporosis/osteopenia, and who show a 0.7-1.0% loss in proximal femur BMD and a 2-4%
loss of BMD at the distal tibia each year, the adverse effects of prolonged bed rest on bone
metabolism are put into context. Additionally, Smith et al. [480], highlighted how it takes 2.5 times
longer to regain bone than it does to lose it, with different skeletal regions representing different

rates of change.

Due to the significant loss in BMD with prolonged bed rest/microgravity, much work in this field
to date has been focused on identifying the histochemical markers which can help explain these
adaptations. At present, histomorphometric bone analysis points to an imbalance between bone
resorption and formation, specifically an increased bone resorption (i.e. increased activity of
osteoclasts) and reduction in bone formation, as can be seen in Figure 2.3. Smith et al. [480],
supported this, noting reductions in a multitude of bone formation markers following 3 months
of space flight. This work pointed specifically to a reduction in alkaline phosphate (AP),
osteocalcinin and type 1 procollagen propeptide (PICP). Zerwekh et al. [573], reported increases
in bone resorption markers such as pyridinoline, deoxypyridinoline, and N-telopeptide following
12 weeks bed rest, to explain this change in bone metabolism with prolonged weightlessness

[327,298,481,573,480,526,178].
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Figure 2. 3. Schematic representation comparing bone structure with gravity and microgravity

In addition, the regulation of calcium homeostasis has also been considered as there are
reductions in Vitamin D (aid in calcium absorption), calcitonin (inhibits osteoclast activity) and
parathyroid hormone (PTH) (regulates calcium levels in blood) [75,479]. As bone loss begins
almost immediately following unloading, supported by a sustained increase in calcium excretion
(140mg/day during space flight) [480], there is a greater risk of cardiac arrhythmia and kidney
stones [287,413]. Therefore, that alterations to our skeletal system as a result of prolonged bed

rest/microgravity has multiple integrated effects on our overall health.

Combining the adverse effects bed rest/microgravity on bone structure with the aforementioned
effects on our cardiovascular system alone, irrespective of the other changes observed, greatly
increases our risk for fractures and future morbidity and mortality. Supporting that while this
thesis will not focus on these aspects in great detail, they are vitally important, integrated

physiological systems for overall health maintenance.

Neuromuscular Alterations and Regulation with Bed Rest

Bed rest has been shown to have a significant impact on the skeletal muscle system with particular
structural and subsequent adverse functional adaptations, all of which are relative to time in
bed/microgravity. A reduction in mechanical loading leads to decreases in muscular strength,
muscular endurance, maximal explosive power and neuromotor function. Given the effect both -
6° HDT and microgravity have in reducing blood flow to the lower extremities, anti-gravity muscles

such as the leg and trunk musculature are preferentially affected by the loss of mechanical loading,
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predominantly our extensor muscles, compared to hand and upper limb musculature

[275,359,385,125].

Bed rest has a significant impact on skeletal muscle functional capacity, with a noted linear
regression with time in bed. This can be seen through significant reductions in torque ranging from
15-40% depending on bed rest duration [32,20,277]. The reductions in muscle strength due to
prolonged bed rest/microgravity has been shown to occur over two phases as can be seen in
Figure 2.4, an initial phase of rapid decline in muscular strength followed by a slower, more
gradual decline thereafter. This initial rapid decrease has been principally linked to a reduction in
neuromotor function, be this through specific alterations to the motor unit or to a change in their

recruitment pattern [85,22].

Another reason for this link to neuromotor functional change is due to a non-proportional
reduction in muscle force to muscle mass. Adams et al. [2], found that peak isometric force of the
legs was reduced by 17% following 90-180 days of space flight while the corresponding muscle
mass was reduced by just 11%. These observations are more apparent with shorter bouts of bed
rest/microgravity as 20 days of bed rest resulted in a ~10% drop in maximal knee extension force
in comparison to just an ~8% decrease in muscle cross-sectional area [260]. In conclusion,
inactivity has a greater, independent impact on neuromuscular function to muscle mass,

particularly in the initial phase of inactivity.

Loss of muscular endurance capacity and maximal explosive power has been strongly linked to
time in bed, with the greater losses seen following more prolonged periods of bed
rest/microgravity [430,156,429]. The loss of endurance capacity and explosive power are two of

the first adaptations to occur in the skeletal muscle within the first few days of bed rest.

Another acute response by the muscle to bed rest is the loss in muscle volume. This decrease in
volume can be quite drastic, and as with loss in force, correlated strongly with the gradual
decrease in muscular strength. Relatively short periods of bed rest (7 days) lead to a decrease in
thigh muscle mass of ~¥3% [125] and a further 20 days sees an ~8% decrease in thigh muscle cross
sectional area [260]. A review by Philips et al. [396], reported an average loss in CSA of 0.6% per
day over the first 30-days [179,180,147,560,47,48,184,518], a loss which continues beyond the
initial phases of bed rest but trends similarly to what is observed with maximal oxygen
consumption during maximal exercise. This increase in muscle atrophy with progressing bed rest
is also supported by negative nitrogen balance data demonstrating an imbalance between protein

synthesis and protein degradation in skeletal muscle.
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The endurance capacity and explosive power of the skeletal muscle is related to neuromuscular
capacity and fiber type composition. The skeletal muscle is composed of oxidative, slow-twitch
and glycolytic, fast-twitch, fibers which are reduced both in expression and in CSA as bed
rest/microgravity progresses [495]. As anti-gravity musculature is generally composed of myosin
heavy chain type 1 fibers (MHC 1) (characterized by higher proportion of mitochondria and
myoglobin), the consensus has been that such fibers appear more susceptible to atrophy. This
thinking is accentuated by an increased expression/enlargement of the other myosin heavy chain
(MHC) isoforms such myosin heavy chain 2X (MHC 2X) following prolonged stints of inactivity
[153,536]. Animal models of immobilization support this theory, presenting clear differences in
atrophy between fiber types following hindlimb suspension (reduced MHC1, increased MHC 2A/B)
[30]. In human muscle this is a far more controversial topic. With the limitations in methodology
it is debatable whether the changes in muscle composition following bed rest are representative
as some believe the changes reflect sampling from different fibers while others acknowledge the
limitation in the method but accept that the biopsy is representative of the muscle as a whole

[225,560]

It is thought that the reasoning for these compositional changes can be explained by protein
turnover rate. In humans the rate of protein turnover is much more homogenous between fiber
types than it is in animals [396]. The decreases noted in MHC isoforms with prolonged bed rest in
human muscle are clear mechanistic explanations for the aforementioned reduction in muscular
endurance (MHC type 1) and explosive power (type lla, lIx). Another mechanistic explanation for
this functional observation is the initial reduction in MHC fiber cross sectional area with reduced
activity. A systematic review and meta-analysis of 42 studies and 451 participants by Vikne et al.
[536], supported this, highlighting an initial reduction in MHC1 and maintenance of MHC 2x cross
sectional area with reduced ambulation. As with the reduction in muscle strength, this reduction
plateaus after 3 weeks of bed rest with a more gradual decrease thereafter, supporting the

importance of muscle fiber composition and functional performance.
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Figure 2. 4. Schematic representation of the neuromuscular adaptations due to bed rest

Prolonged bed rest leads to decrements in skeletal muscle mass and strength correlated to
reductions in MHC isoform composition. These changes significantly impact on the skeletal muscle
endurance capacity, force output and neuromotor function, all of which can be regained with

appropriate resistance and aerobic training within weeks of disuse.

Other General Health Challenges Accompany Extended Periods of Bed
Rest

In addition to the multiple physiological alterations resulting from extended periods of bed rest
comparative to microgravity there are also numerous more general health challenges
accompanying such prolonged periods of bed rest. These challenges include gastrointestinal,
dermatological, genitourinary and psychological complications impacting greatly upon overall
health. The most prominent gastrointestinal condition associated with extensive periods of bed
rest relate to constipation, with reduced activity such as that noted with bed rest commonly
considered a relevant determinant [236]. Although the symptoms associated with constipation

are often intermittent and mild, they can difficult to treat and can be debilitating at times [310].

Urinary incontinence is common in patients undergoing extensive periods of bed rest. This is
because it is more difficult to void in a supine position which can predispose individuals to develop
kidney stones due to excessive calcium in the urine (hypercalciuria) which is widely reported to
occur with bed rest [375]. Along with being extremely painful, this can be problematic leading to

severe kidney infection, hypertension and end-stage renal disease [265].
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Dermatologically, bed rest has been shown to lead to the development of pressure sores
(decubitus ulcers) as a result of the sustained pressure placed on the skin from immobilization.
The strategy for prevention of ulcers include reducing pressure, friction and shear forces and
preserving the integrity of the skin through frequent turning and positioning [509]. This is of vital
importance considering how the most common complications related to pressure ulcers include

osteomyelitis and sepsis, increasing individual’s mortality.

In addition to the multiple effects bed rest has on individual’s physical health it has also been
proven to have a significant impact on overall mental health. Cognitive and psychosocial
complications of bed rest and sedentary behaviour include depression, neurosis, helplessness and
fatigue. It has been considered that these adverse effects stem from a lack of aerobic physical
activity, strengthening the argument on the importance of exercise not only for physical but

mental health also [319,550].

Counteracting some of the general physical and mental health challenges accompanying bed rest
studies is complex. However, most of these issues are reduced by 24/7 patient care, reducing

subject discomfort as best as is possible without jeopardising the integrity of the research study.
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Countermeasures and Bed Rest

Given the multiple adverse adaptations to prolonged bed rest, the development of novel
preventative medicines, therapeutic interventions, clinical care and rehabilitation programmes to
attempt to mitigate these adverse changes have been subject to investigation for many years [93].
These different interventions are also known as countermeasures. Bed rest is a well-controlled
model to test and refine countermeasure hardware and protocols prior to use in microgravity
while providing a valuable insight into the development of efficient strategies to counteract the
effects of physical inactivity [306,33]. As can be seen in Figure 2.5, these countermeasures have
varied from pharmacological, nutritional and technological countermeasures to exercise
protocols, some of which have now become standard practice stemmed from successful
interventional studies, aimed to mitigate the deleterious adaptations to the effects of microgravity
and physical inactivity. Although such interventions have proven to be effective in certain
circumstances, many have not been capable of sufficiently preventing/delaying the adverse

physiological changes [438].
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Figure 2. 5. Schematic representation of the multiple different types of countermeasures to
counter the effects of bed rest

Exercise Countermeasures

Ever since the 28- to 84-day Skylab missions in the 1970s, exercise programs have been
implemented to counteract the negative effects of microgravity. Throughout these missions,
astronauts were required to cycle (treadmill running has since been implemented), and perform
multiple resistance exercise regimes in an attempt to maintain cardiovascular, skeletal muscle,
and overall health. These programs are split into 3 phases, (i) the Adaptation Phase (2-3 weeks),
(ii) the Main Phase and (iii) the Preparation for Re-entry Phase (3-4 weeks) all of which incorporate

resistance exercise (lower extremity focused) and aerobic exercise with ever increasing loads
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based on individual capacity and mission length. The overall goal is to ensure 1.5 hours of exercise
training everyday per week [93]. However, although such strict regimes are aimed at maintaining
crewmember health, which is the case of cardiovascular capacity, crewmembers have observed
significant decreases in both CSA and function of muscle within the lower extremities [517].
Subsequently, research has focused on optimising the program to protect against decreases in
body mass, muscle strength and bone mineral density while maintaining aerobic capacity; a

difficult task considering the operational constrains on the International Space Station (ISS) [394].

Aerobic Exercise

Without effective countermeasures, there is a noted reduction in aerobic capacity with prolonged
bed rest. The cardiovascular adaptations to prolonged bed rest occur in two separate phases, an
initial, rapid loss of aerobic capacity paralleled with a loss of plasma volume which is then followed
by a more prolonged phase of reduction in aerobic capacity influenced by both central and
peripheral adaptations [306]. The complexity of the adaptations are very much dependent on the

duration of bed rest with greater reductions noted with increased time in bed.

Aerobic exercise has been used as a countermeasure but the optimal protocol has yet to be
devised. The measurement of maximal aerobic capacity (VO, max) is regarded as the best single
indicator of maximal endurance and aerobic physical fitness and is the most widely reported
[154,55]. However, as body weight changes following bed rest the use and interpretation of
absolute (i.e. the total change in maximal aerobic capacity irrespective of a person’s mass) or
relative changes should be carefully interpreted. During the first 30 days of bed rest, aerobic
capacity decreases at an average rate of 0.8-0.9% per day [306]. This change is more apparent
during the first 1 to 2 weeks and become more gradual thereafter. Greenleaf et al. [191], reported
a 12.6% decrease in absolute aerobic capacity and an 18.2% decrease in relative capacity following
30 days in bed. Due to the adaptations which occur with bed rest and the differences between the
absolute and relative VO, max responses, both should be referenced, this is not always the case

[494,521].

Unfortunately, moderate intensity aerobic exercise is not effective in preventing the loss of
absolute or relative maximal aerobic capacity [494,500]. However, the adaptations to exercise
training are dependent on the intensity, duration and frequency of the stimulus [471,441,72].
Shibasaki et al. [471], showed that -6°HDT exercise training (cycling) at 75% of pre-bed rest heart
rate for 90 minutes significantly mitigated the adverse effects of 18 days -6° HDT on aerobic

capacity (ml/kg/min). This is supported by Crandall et al. [104] and Dorfman et al. [128], who also

17



highlight the positive impact on preserving plasma volume, thermoregulatory response and
diastolic function. Given the proven beneficial effects of high intensity interval training (HIIT) on
aerobic capacity, it is not surprising to see that shorter exercise bouts of higher intensity (90% pre-
bed rest heart rate) at -6° HDT prove to have significant effects in preventing the reductions in
aerobic capacity and plasma volume [191]. Aerobic exercise, particularly at a high intensity, proves
beneficial in preventing the adverse effects prolonged inactivity can have on our aerobic capacity.
However, maintaining aerobic exercise capacity needs to be accompanied by interventions that

prevent the loss in muscle mass.

Resistance Exercise

As noted earlier prolonged bed rest leads to significant increases in muscle atrophy and reductions
in muscle strength and power and aerobic exercise does not provide enough impetus to reduce
these adverse changes in the skeletal muscle. Considerable efforts have been focused on
resistance exercise during bed rest, given the impact on increasing protein synthesis, insulin

sensitivity and mitochondrial and cellular function [282,482,284,132].

Similar to high intensity aerobic exercise, high intensity muscle loading (resistive and explosive)
has proven to be most encouraging in reducing muscle loss, mitigating some of the losses in
strength, size and skeletal muscle function observed during prolonged bed rest [3,282,439]. Akima
et al. [3] and Kawakami et al. [260] proposed the beneficial effect of different lower extremity
resistance exercise protocols on maintaining skeletal muscle size and function during 20 days of
bed rest. Alkner & Tesch [8] subsequently prevented knee extensor muscle atrophy,
electromyography (EMG) activity and task-specific force and power of the knee extensor and
plantar flexor during 90 days of bed rest. A protocol coupling maximal concentric and eccentric
actions in the supine squat (4 sets of 7 repetitions) with calf presses (4 sets of 14 repetitions) every
3 days’ mitigated changes in muscle volume, torque and EMG activity in knee extensor and platar

flexor muscles [8].

Trappe et al. [519] added to the findings of Alkner and Tesch,[8] by measuring specific changes
skeletal muscle fiber composition following 84 days of bed rest. Bamman and colleagues had
previously measured these changes but after 14 days [20]. Trappe et al. observed a shift in MHC
isoforms from MHCI to MHC I/l1a (in both control and intervention) and MHC II/11x (in control only),
an observation seen in many studies before. They also noted reductions in control MHC1 and MHC
lla fiber size (-15%), strength (-46%) and speed of contraction, changes which were not apparent

within the resistance exercise group [519]. Studies such as these prove the beneficial effect of
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resistance training in mitigating the adverse changes in the skeletal muscle associated with

prolonged bed rest and space flight.

Although the adverse phenotypic adaptations to bed rest are offset by resistance exercise, less is
known about the mechanisms underlying this protective effect. Resistance exercise has been
shown to prevent the bed rest-induced decrease in muscle protein synthesis [147] and down
regulate transcription factors contributing to muscle wasting [238]. However, its effect on muscle
protein balance (i.e. protein synthesis versus breakdown) is still unknown [452]. In addition to this,
resistance exercise has been shown to only partially prevent the metabolic alterations induced by
bed rest [34,67,196]. Further muscle genome-wide studies measuring the effectiveness of
resistance training support these concerns [145] as transcripts related to proteasome

degradation, the cell cycle and nucleotide metabolism do not respond.

Resistance and aerobic exercise have exhibited specific, independent benefits on muscle function,
structure and overall health but are still ineffective countermeasures on their own. Studies
combining both have therefore been proposed to manage the changes observed during muscle-
unloaded induced by bed rest [121,405]. These studies, although beneficial in the prevention of
muscle alterations induced by bed rest, irrespective of exercise type, duration, intensity or
frequency, did not protect against the adverse metabolic outcomes [455,518,35,276].
Subsequently, more work is necessary to identify an effective countermeasure to offset these

changes.

Resistance Vibration Exercise

Sanders [459] and Whedon et al. [549] were the first to identify the use of vibration as a therapy,
using oscillating motorized beds to counteract the cardiovascular and musculoskeletal effects of
deconditioning. Whedon et al. [549] noted the influence whole body vibration (WBV) appeared to
have on bone health, with reductions in subject’s urinary phosphorus and calcium. This
advancement kindled much interest into the role vibration could have as a therapy for bone
health, investigation which naturally began with the use of animal models [250,189,233]. Due to
successful outcomes in increasing bone thickness in rats, theorized to be due to the vibration
signals effect in activating the mechanosensors in the osteoclast and osteocyte cells
[172,293,386], experimentation into the possible benefits WBV had in humans was initiated.
Unfortunately, unlike the benefits seen in the rodent model, WBV in humans has not been proven
to have any overall positive effect on bone health and therefore doesn’t appear to be an effective

countermeasure in this regard [245].
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Nevertheless, there has been some beneficial effects of vibration on skeletal muscle function.
Nazarok & Spirak, 1985, were the first to apply vibration to athletes and observed specific
improvements in muscular strength. Vibration has been identified to have a specific role in
enhancing muscular power during and immediately following exercise [117,97,437]. However,
when used as a countermeasure to the adverse effects of bed rest [571,17], it was not effective in

preventing the losses in muscle volume imposed by 14 days -6° HDT bed rest [44].

The Berlin Bed Rest Study (BBR) was designed to assess the synergistic role WBV may have in
combination with lower extremity resistance exercise, resistance vibration exercise (RVE),
throughout 60 days of bed rest [28]. A schematic representation of RVE can be seen in Figure 2.6.
After taking skeletal muscle biopsies, Blottner et al. [46] reported that RVE maintained the
myofiber size in the vastus lateralis and soleus. This was in contrast to the control group that
shifted from slow to fast twitch muscle phenotype. This shift has been observed before but what
is intriguing is the capability of RVE in maintaining its slow-twitch characteristics irrespective of

the prolonged bed rest.

Vibration plate

Sliding backrest

Shoulder pads

Force generated by pneumatic system

Figure 2. 6. Schematic representation of the squatting exercise performed on the Galileo “Space
Exercise device” with subjects lying in bed at -6° head down tilt. Liphardt et al. [317]

Due to the success of this study, a second BBR study was implemented, the Berlin Bed Rest Study-
2 (BBR-2) [28]. This study consisted of three groups, the control group, the RVE group and a
resistance training (RT) group. Their findings supported the ability of RVE to preserve thigh CSA
and maximal voluntary contraction torque, an observation comparable to what was noted with
RT on its own [360]. Additionally, Kenny et al. [263], advanced this field further referencing how
RVE may also have a beneficial effect on muscle metabolism, particularly noting its ability to
preserve skeletal muscle insulin sensitivity and mitochondrial respiration in comparison to their

control group following 21 days of -6°HDT. These results prove the value RVE has on overall health
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maintenance and possibly athletic performance, while also strongly supporting the effects a

combination of vibration exercise and resistance exercise have in furthering this beneficial effect.

Nutritional Countermeasures

Recently, there has been increased focus on the development of nutritional countermeasures to
mitigate the negative effects of bed rest. Some attempt to counteract the changes by inducing
protein synthesis, subsequently preventing muscle loss, while others attempt to prevent some of
the other adverse changes through antioxidant and anti-inflammatory supplementation.
Unfortunately, the results to date have been ambiguous with inconsistencies in study design,
particularly related the maintenance of energy balance, or not, as well as the impact of caloric

restriction on protein metabolism [40].

Another point to note in studies measuring the beneficial effects of supplementation is the
difference between human and animal models. Rodents have a greater rate of protein turnover
in comparison to humans, spending the majority of their life in the growing phase, signified by a
greater increase in protein synthesis to degradation (most studies on rodents are complete in the
growing phase) [323]. These differences underline the scrutiny required to fully understand and
to advance the field of nutritional countermeasures to prevent the adverse changes associated

with inactivity.

Protein and Amino Acid Supplementation

Protein supplementation as a countermeasure for inactivity has been of interest for many years
due to the role dietary protein has in protein synthesis. In just 14 days of bed rest protein synthesis
can decrease by up to 50%, with no change in protein degradation [146]. The primary role of
protein supplementation is to level the imbalance between synthesis and degradation in an
attempt to maintain skeletal muscle mass and reduce atrophy. Whey protein appears to be the
most beneficial as it maintains skeletal muscle protein synthesis, due to its high concentration of
essential amino acids (EAAs) in comparison to other vegetable sources such as soy, corn, gluten

or wheat protein [116].

In spite of this, there is no beneficial effect of whey protein supplementation on metabolic
flexibility in healthy young men following 21 days of -6 ° HDT bed rest. Similar losses in fat-free

mass (FFM) and reductions in metabolic flexibility have been seen in comparison to those without
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supplementation [454]. This is in agreement with previous work by Blottner et al. [46], referencing

similar losses in FFM and reductions in metabolic flexibility to what was observed in their control

group.

Other studies focused on supplementation with specific amino acids, particularly branch chain
amino acids (BCAA). Leucine has been the focus of much of this work as it has been shown to be
a potent stimulator of protein synthesis both in-vivo and in-vitro [332,551,95] but a leucine-
enriched high protein diet does not appear to have beneficial effects during bed rest [520,518].
The work by Trappe et al. [520,518] reported a similar degree of muscle atrophy in the soleus
muscle between the control (-29%) and the nutritional countermeasure (-28%), explained by
specific decreases in MHC | fibers (-14%). Although bed rest duration was shorter, these
adaptations are in contrast to that by English et al. [142]. This work suggested a partial protective
effect on muscle mass and function during 14 days of bed rest with leucine supplementation.
Subsequently, leucine supplementation may be of benefit during the initial days of bed rest but
ineffective thereafter. These data do not support the use of a high-protein countermeasure, alone,

to prevent the deleterious effects of more prolonged bed rest on skeletal muscle.

Antioxidant & Anti-Inflammatory Supplementation

It has been well established that resting and exercising skeletal muscle produce both low and high
levels of reactive oxygen species (ROS), respectively [24,427,428,362,533]. The purpose of these
changes in ROS are still under debate but are thought to be a normal physiological response by
the body to changes in the cellular environment and part of the early adaptive response to
exercise. Prolonged skeletal muscle disuse has also been shown to significantly increase the
production ROS, with the mitochondria considered to be the main source, however there is still
some debate in this regard [209,343,333,409,59,291]. The increased ROS has been noted to
disturb redox balance (equilibrium between pro-oxidant molecules and anti-oxidant defences)
effecting the signalling pathways controlling both proteolysis and protein synthesis in the inactive
skeletal muscle [510,273]. The disturbed redox signalling, particularly in the early phase of bed
rest, is considered to be a factor in the increased muscle loss and decreased muscle function

relating to disuse [111,66,407,410].

Due to the affects ROS appear to have in disturbing redox-signalling, antioxidant and anti-
inflammatory agents have been established to prevent induced oxidative stress. The most
prominent antioxidant is Vitamin E, which also acts as an anti-inflammatory due to its ability to

inhibit NF-kB [231,247,266], but others such as selenium (in combination with Vitamin E) and
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polyphenols (such as resveratrol) all show promise as possible protectors against the adverse
effect of prolonged inactivity. However, the current literature is limited and more research is

needed to build on these preliminary findings, particularly with human studies.

Vitamin E and Selenium

Vitamin E is a major lipid-soluble antioxidant found in the cell membrane [244,544,543] and
although much of the work supporting the benefits of Vitamin E to date has been conducted on
rodents, evidence does suggest a potential protective effect of Vitamin E supplementation on
skeletal muscle disuse [274,11,118,470]. Due to its structure, Vitamin E has been shown to
accumulate within the mitochondria of the cell, passing through its lipid bilayer protecting against
oxidative damage induced by excessive reactive oxygen and nitrogen species [478,361]. To date,
there is no evidence on the role of Vitamin E in counteracting the adverse effects of bed rest in
humans but the evidence in animal studies of immobilization, particularly relating to its ability to
modulate genes corresponding to proteolysis, provides a justification for examining in human

trials.

As with Vitamin E, little to no work to date has been conducted on the effect selenium may have
in protecting against the changes associated with physical inactivity in humans. Yet, preliminary
evidence suggests a possible beneficial role in boosting the efficacy of Vitamin E by acting as a
scavenger for reactive oxygen and nitrogen species (ROS and RNS), alleviating oxidative stress

[387,38].

Omega-3 Fatty Acids

The anti-inflammatory Omega-3 fatty acids (w-3), found in fish oils and dietary supplements, has
been studied with physical inactivity, given the favourable effects on immune function, cognition
and bone health [141,83,76]. There has been evidence to support the beneficial effect of Omega-
3 FA in skeletal muscle, particularly eicosapentaenoic acid (EPA 20:5n-3) and docosahexaenoic
acid (DHA 22:6n-3), which act by incorporating themselves into the membrane phospholipids of
the sarcolemma and intracellular organelles [336]. The current recommendation of EPA and DHA

is between 250-500mg/day in combination [512].

EPA and DHA exert independent biological actions and therefore should be examined both
together and separately. Much of the work has shown that EPA has a greater influence on muscle
protein turnover [256,246] than DHA, which appears to be heavily involved in neuromuscular

function [457]. Although the exact mechanism has yet to be uncovered, there is clear evidence
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linking Omega-3 FA, and particularly EPA, to enhanced skeletal muscle protein synthesis due to
enhancement of mTOR®*™®%4¢ and p70-S6 K™%, key regulatory proteins in muscle protein
synthesis [120,476,477]. Rodacki et al. [445] support these findings, pointing particularly to the
synergistic effect Omega 3-FA (fish oils) and resistance exercise on skeletal muscle strength, a

process known to act on both mTOR and p70-S6 K1 signalling.

Due to the impact Omega-3 FA supplementation has on muscle protein synthesis, muscle protein
breakdown and inflammation in multiple scenarios as can be seen in Figure 2.7, it has been
considered as a strategy to counteract against muscle disuse. One of the few studies assessing this
to date by McGlory et al. [337] noted that supplementation of EPA and DHA, 4 weeks before and
throughout 2-weeks of unilateral leg immobilization, attenuated the decline in muscle mass in
young women. However, it is unknown if Omega-3 FA feeding protects muscle loss during periods
of disuse in older men and women. More work is necessary in this area but preliminary findings

show their value.
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Figure 2. 7. Schematic representation of the potential clinical scenarios for the use of omega-3
fatty acid supplementation to promote and/or mitigate losses in skeletal muscle mass. McGlory
etal. [336]

Polyphenols

Polyphenols are naturally formed (although some may also be synthetically synthesised), plant-
based compounds [222] that constitute a large group of bioactive phytochemicals which include
multiple sub-classes such as flavonoids, stilbenes, phenolic acids, and lignans [158]. Due to the
differing sub-classes, they have been proposed to have multiple effects throughout the body,

particularly in the vasculature, the skeletal muscle and in substrate metabolism.

24



Flavonoids

Originally much of the work in this area focused on flavonoids, commonly found in fruits,
vegetables, grains, bark, roots, stems, flowers, tea and wine. With over 5000 flavonoid compounds
identified to date, flavonoids were originally observed to progressively increase flow mediated
dilation in the vasculature following short-term intake [464,216] as they have a specific effect on
endothelial function by increasing nitric oxide availability and vasodilation [50,106]. Like most
polyphenols, flavonoids have antioxidant and anti-inflammatory properties acting to scavenge
free radicals, protect oxidants and increase expression and activity of anti-oxidant enzymes
[186,414,267]. Additionally, flavonoid supplementation has been touted as a potential
therapeutic for treating muscle atrophy relating to disuse [86,380,562,204]. However, much of
the evidence to date has been conducting using animal hindlimb suspension, immobilization or
denervation studies [357,356,577]. Further clinical application of flavonoid use for muscle atrophy
in humans is necessary as the only evidence to date reporting epicatechin (a flavanol subclass)

supplementation for 7 days increased grip strength by 7% in elderly participants [201].

Stilbenoids

Resveratrol (RSV), a member of the stilbenoids sub-family of polyphenols, is commonly found in
the skin of grapes, green plants and peanuts [26,4]. This widely available nutritional supplement
has been linked with changes in metabolic gene expression, protein synthesis/degradation,
antioxidant activity, glucose disposal and inflammation. For this reason, resveratrol has widely
been considered as an “exercise mimetic” due to such poly-pharmacologic action particularly

within the cardiovascular, skeletal muscle systems and the liver [331,206].

The antioxidant properties of resveratrol appear stronger in in-vitro experiments due to poor
bioavailability in-vivo [167,37,383]. Regardless, evidence suggests RSV supplementation in-vivo is
efficacious, with the majority of its impact on gene expression, particularly those involved in ROS
production and inflammation [175,62,176]. Timmers et al. [513] supported this, highlighting how
resveratrol supplementation (150mg/day) in obese men during a double-blind cross-over study
for 30 days led to significant improvements in resting metabolic rate, blood pressure, glucose
control along with reductions in ROS and markers of inflammation (IL-6, TNF-a). They concluded
that these reductions in ROS where elucidated by improvements in mitochondrial activity,
referencing increased protein expression of specific markers of cellular metabolism regulating

mitochondrial biogenesis.
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Momken et al. [347], used 400mg/kg/day of resveratrol supplementation to demonstrate a
positive effect on muscle mass loss and protein balance during 15 days of hindlimb suspension in
rats. Translated into human doses, this represents a daily intake of 4.5 g/d, a dose that far exceeds
those used in clinical trials and which will require testing for side effects [330]. The dose-response
may explain why Bennett et al. [30], found that 125mg/kg/day resveratrol supplementation was
unable to attenuate the decreases in plantaris muscle weight during 14-day hindlimb suspension.
Although these results emphasise the positive impact resveratrol supplementation had in animal
models, there is limited evidence on the beneficial effect resveratrol supplementation has in
humans. In fact, human studies suggest supplementation of 250mg/d resveratrol may have a
blunting effect on the outcomes of exercise training in humans [183,376]. This does not imply that
resveratrol supplementation would have an adverse effect during bed rest in humans but due to
the scarcity of literature on this topic at present it is still up for debate. There is little data at
present in the context of ‘normal’ intakes of resveratrol and whether past research findings are
influenced by the energy status of the animal/person prior to supplementation, subsequently
more work in this field is needed. Such an emphasis on the above will not only to remove the
ambiguity around dosing but also to put clarity as to whether the positive effects observed in

animal models can be translated to human trials.

There is so much still to investigate with polyphenols like resveratrol and flavonoids but it is clear
that they have a positive impact with regards to their anti-inflammatory and antioxidant capacity
in particular. One of the challenges is that many of these micronutrients are investigated
individually in order to understand the mechanisms of action. This helps to put clarity into the
possible antagonistic-agonistic effects supplements may have on each other when co-
administered possibly leading to an overall benefit to humans, helping to to overcome the
inactivity induced changes in skeletal muscle metabolism. At present very little data exists on the
role these may have in the context of prolonged bed rest in humans, with little to nothing on the

possible role they may have in combination. There is great potential for this new, emerging area.
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Metabolic Changes with Bed Rest

Prolonged bed rest results in adverse changes to our cardiovascular, skeletal muscle, bone and
neural systems among others. Skeletal muscle adaptations are quite substantial, with a referenced
0.6% loss per day over the first 30 days of bed rest [396]. The cause for these adaptations are still
under debate, with considerable changes to multiple cellular processes, such as to protein

synthesis/degradation, proposed to be of most importance.

However, recent transcriptomic and proteomic skeletal muscle profiling following bed
rest/microgravity emphasize why the study of the metabolic adaptations to bed rest is an
emerging field of interest. Although most of these studies reference the changes in regulators of
protein synthesis/degradation, the majority of the changes appear to occur to
metabolic/mitochondrial related targets, indicative of a shift in substrate oxidation from lipid to
carbohydrate [491,505,145,403]. Kenny et al. [264] supported this by reporting that 21 days of

bed rest decreased the expression of mitochondrial proteins involved in fatty acid oxidation.

Given these findings, investigating the metabolic adaptations occurring during bed rest could
prove beneficial by helping to explain the changes in skeletal muscle but also in ways to counteract

these changes.

Metabolism

Metabolism is a term that is used to describe all chemical reactions involved in maintaining the
living state of the cells and the organism and is central to understanding the phenotypic
characteristics of all living organisms [508]. It is a process converting food to energy in order to
conduct cellular processes, to aid protein, lipid, nucleic acid and carbohydrate synthesis and the
removal of nitrogenous wastes. Many of these processes become altered with prolonged bed rest,
generally referred to as “metabolic inflexibility”. Bergouignan et al. [33] described this as a high
variance in insulinemia associated with a low variance in non-protein respiratory quotient (NPRQ)
[261,33,188], variances which are independent of other observed alterations with prolonged bed
rest as is extrapolated further in Figure 2.8. Figure 2.8 represents how physically active women
(n=8) subjected to 2 months of bed rest [35], and trained men (n=10) were asked to stop both
structured and spontaneous physical activity for 1 month. Bergouignan et al. [33] showed that
metabolically flexible subjects will greatly increase carbohydrate oxidation (i.e., high variation in
NPRQ) after the consumption of a meal despite a low increase in plasma insulin concentration

(i.e., low variation in insulin). A metabolically inflexible individual, i.e. a person who also displays
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insulin resistance/desensitivity, will display a low increase in carbohydrate oxidation (i.e., low
changes in NPRQ) despite a marked elevation in insulin secretion (i.e., high variation in insulin). It
can be observed from Figure 2.8 that variances in NPRQ and insulin are linearly distributed along
a continuum of physical activity level. These variances are associated with reductions in insulin
sensitivity [42,7,125,263], glucose tolerance, hyperinsulinemia and hypertriglyceridemia in
healthy individuals [318,34]. In its essence, metabolic inflexibility is the reduction in one’s ability
to use fat as a source of energy, in conjunction with an impaired ability to oxidise carbohydrate

during feeding/insulin stimulated conditions.

These adaptations in substrate oxidation are strongly correlated to to muscle atrophy, a shift in
muscle fibre type towards glycolytic, fast-twitch fibers and an increase in ectopic fat storage; all

characteristics of phenotypic changes during prolonged bed rest.
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Figure 2. 8. Metabolic flexibility is the relationship between daily individual intraindividual
variances of plasma insulin concentrations and nonprotein respiratory quotient (NPRQ),
Bergouignan et al. [33]

Carbohydrate Metabolism
Carbohydrates and free fatty acids (FFA) are the preferred fuel source of the skeletal muscle. The

preferred source of carbohydrate in the human body, glucose, is a highly controlled polymer

ranging between 70-170mg/dL in normal, healthy individuals.

Glucose is a hydrophilic molecule which subsequently cannot pass through the cell membrane
without the aid of a membrane transporter. The principal insulin stimulated GLUT isoform in the

skeletal muscle is GLUT4 while GLUT1 is involved during fasting [258] The activity of GLUT4 is
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dependent on the two factors, insulin and the contraction of the muscle which are represented

schematically in Figure 2.9.
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Figure 2. 9. Schematic representation of the action of GLUT1 & GLUT4 for glucose transport into
the muscle cell at rest and during exercise. Adapted from Sylow et al. [501]

Insulin, an endocrine peptide, anabolic hormone, is secreted from the pancreatic B-cells and
increases glucose uptake into the skeletal muscle cell by signal transduction via a series of protein
phosphorylation cascades [258]. These cascades result in the translocation of GLUT4 from its
intracellular storage depot to the surface membrane of the skeletal muscle cell, a process known
as insulin-dependent glucose transport [432,351,393]. Additionally, glucose can be taken up into
the skeletal muscle independent of insulin, a process known as insulin-independent glucose
transport. Skeletal muscle contraction acts to translocate GLUT4 to the surface membrane, a
physiological adaptation of our muscle to ensure the uptake of energy in demanding
circumstances such as high-intensity exercise [372,432,340]. Both insulin-dependent and insulin-

independent glucose transport are further represented in Figure 2.10.
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Figure 2. 10. Schematic representation of insulin-dependent and insulin-independent glucose
transport into the muscle cell. Adapted from Di Meo et al. [340]

The amount of GLUT4 that is present in the cell membrane at any given time reflects the amount
of glucose uptake into the cell, and is the rate limiting step. Once into the skeletal muscle cell,
glucose undergoes glycolysis, generating pyruvic acid, or is stored as glycogen. Under aerobic
conditions pyruvic acid is transformed to Acetyl-CoA that is further metabolized in the citric acid
cycle within the mitochondria, ultimately leading to the generation of chemically bound energy in
form of ATP. Alternatively, under anaerobic conditions the generated pyruvic acid ferments to

produce lactic acid [258].

The inability of a target tissue, such as skeletal muscle, to mount a coordinated glucose-lowering
response to suppress endogenous glucose production, decrease lipolysis, reduce cellular uptake
of plasma glucose and net glycogen synthesis at a normal plasma insulin level leads the
progression of a metabolic abnormality known as insulin resistance [254,253,255]. Bed rest has
been used as a model to study the mechanistic alterations resulting in insulin resistance. Due to
the reduction in energy expenditure while at -6°HDT bed rest and the positive correlation acute
overfeeding has in increasing metabolic dysfunction, studies measuring the metabolic adaptations
to bed rest should be conducted with subjects in stable energy balance (energy intake = energy

expenditure) [454].
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As far back as the 1970s oral glucose tolerance tests (OGTT), have supported the fact that 10-14
days of bed rest leads to a reduction in glucose tolerance and hyperinsulinemia [318,126]. It has
been proposed that this is due to an impairment in peripheral glucose uptake, possibly due to a
reduction in insulin sensitivity, and is not due to a deficiency in insulin production. These findings
have been supported in recent work by Bergouignan et al. [36] and Blanc et al. [42] and with the
euglycemic-hyperinsulinemic clamp technique. Dirks et al. [125] who also used this technique
found that changes in glucose uptake occur within 7 days of bed rest. This is a common trend
during prolonged bed rest models (14-21 days) which have noted a similar reduction in insulin
sensitivity and carbohydrate oxidation [263]. Considering our ‘normal’ diet is very high in
carbohydrate at approximately 50% energy intake and the impact bed rest has on carbohydrate
metabolism, it has been proposed that a reduction in dietary carbohydrate intake as a percentage
of total energy intake during bed rest may help to reflect the loss of carbohydrate oxidation

capacity with reduced activity.

The mechanistic investigation of insulin resistance can shine further light on how and why such
changes occur during bed rest. However, the problem identifying the primary defect in this
cascade is challenging as there is a balance between changes in insulin sensitivity and insulin
secretion. Bed rest as a model of inactivity has proven to be ideal for gathering a greater
understanding into carbohydrate metabolism and the metabolic condition of insulin resistance
[33,393]. On-going examination into the mechanistic explanations for these changes will shed

further light onto our understanding of carbohydrate metabolism.

Lipid Metabolism

FFA are one of the preferred fuel sources of energy for the skeletal muscle. However, the use of
FFA is highly dependent on a balance between lipid uptake, lipid storage and lipid breakdown,

actions which in themselves are dependent on substrate availability.

Following uptake into the body (i.e. a meal), fatty acids (FA) move from the plasma into the
skeletal muscle via fatty acid transport proteins. Once into the skeletal muscle cell, FAs can either
be used directly for energy or stored, both of which are highly dependent on the metabolic status

of the cell.

When the rate of skeletal muscle FA uptake increases beyond FA oxidation, lipids are stored. Cell
oxidative stress can ensue if this influx of FA becomes too great. However, this can also lead to
the generation of lipid droplets (LDs) [325]. Physiologically, LDs are high-energy pools for the

skeletal muscle to use during times of need (i.e. exercise). However, lipid use is subject to LD
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composition (“the athletes paradox”), with a higher percentage of lipotoxic species (ceramides,
diacylglycerides) in the LD of those suffering from metabolic disorders such as obesity and type 2
diabetes [198,133,10]. In times of energy demand, these stored TAGs are broken down for energy

by a process of lipolysis.

In the mitochondria the process of FA oxidation (B-oxidation) is initiated to generate acetyl-CoA,
which enters the citric acid cycle and the electron transport to produce ATP [351]. Lipolysis and B-
oxidation are slower processes than carbohydrate oxidation, but the net ATP yield is greater (Yield
of ATP per mole of glucose: ~27-29 ATP (glucose shuttle dependent), Yield of ATP per mole of
palmitate: 96.5 ATP) [58]. The activity of lipolytic enzymes is increased with exercise training and
reduced with aging, particularly in slow-twitch, oxidative muscle fibers (type 1) given their
increased mitochondrial density [12,525], supporting the positive impact exercise has in managing

our metabolic flexibility.

Prolonged bed rest leads to the development of metabolic inflexibility, insulin resistance and a
subsequent decrease in lipid oxidation and increased ectopic lipid storage. However, Dirks et al.
[125] found no change in skeletal muscle lipid content following 1-wk bed rest in healthy males,
but they did note a decrease in insulin sensitivity (29£5%). The trending increase in lipid droplet
size and FFA content within the slow-twitch, oxidative fibers supports that accumulation of
lipotoxic species, such as diacylglycerides (DAGs), ceramides and acylcarnitine, may be a product
of disease progression and not an instigating factor in the development of insulin resistance, an
observation supported by other studies [217,218]. Additional work examining the metabolic
response in the muscle during bed rest proposes a decrease in activity and expression of key
mitochondrial free fatty acid transporters, such as CPT1 which acts to move long chain fatty acids
into the mitochondria for B-oxidation [35,488]. Thus, the changes to fat stores as a result of bed
rest could be explained by reductions in free fatty acid oxidation leading to this increase in FFA

content.
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Figure 2. 11. Schematic comparison between the lipid and the glucose oxidative pathways

As there is a cross-over in the oxidation of lipids and carbohydrates, which are represented further
within Figure 2.11, the storage of these two substrates also depend on overall utilisation.
Therefore, a more integrated approach to the adaptations which occur to our metabolism with

prolonged bed rest is required.
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Carbohydrate and Lipid Metabolism

Under normal circumstances the switch in carbohydrate and lipid oxidation depends on the type
and the amount of nutrient available for oxidation within the cell regulated through specific
metabolic pathways, a concept coined as the Randle Cycle [423]. Randle et al. [423] proposed that
under postprandial conditions an increase in free fatty acids (FFA) would lead to an increase in
fatty acid oxidation while inhibiting phosphofructokinase and pyruvate dehydrogenase. Such
inhibition leads to an accumulation of glucose-6-phosphate which acts to inhibit hexokinase,
resulting in anincrease in intracellular glucose concentration (a negative feedback loop for glucose
uptake). These signalling cascades are represented clearly within Figure 2.12, with high fatty acid

oxidation (FAQ) on the left and high glycolysis on the right.
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Figure 2. 12. Schematic representation of the Randle Cycle. De Oliveria et al. [377]

Bed rest is known to reverse this cycle (reverse Randle Cycle), shifting fuel preferences in favour
of carbohydrate metabolism, an effect which has been correlated to an inhibition in FA oxidation,
independent of energy availability [42,262,492,34]. A metabolic impairment in the capacity to
increase fat oxidation results in a build-up of non-esterified fatty acids (NEFA). These are
subsequently stored as ectopic fat in the liver, bone and/or skeletal muscle and/or stored
centrally/peripherally within the adipose tissue, a metabolic change noticed in individuals with

insulin resistance and metabolic disease [42,103,105,307].

When taken together, these findings suggest that prolonged inactivity leads to an adverse

integrated, systematic response from our body. Such negative effects occur to our insulino-
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sensitive organs such as our musculature, adipose tissue and the liver affecting their sensitivity to

insulin and fuel oxidation, dampening overall systemic metabolic flexibility.

Protein Metabolism

Although an important substrate for overall energy metabolism, protein metabolism only
accounts for ~10-15% of total energy. Proteins are made of monomers, known as amino acids,
which can be divided into non-essential (9) and essential amino acids (11) based on the ability of
our body to endogenously produce them. These amino acids can be used by the liver or sent from
the liver to other organs, such as the skeletal muscle, for protein synthesis. Protein synthesis is a
process of transcription within the nucleus to generate the mRNA for translation with the tRNA in
the ribosome situated in the cytoplasm. Translation, regulated by the activity of mTORC1
(mammalian target of rapamycin complex 1), of the tRNA with mRNA creates a polypeptide chain
of these amino acids bound together via peptide bonds [545,451]. Most natural polypeptide

chains contain between 50-2000 amino acid residues and are commonly referred to as proteins.

Protein degradation is the process of breaking down of protein into smaller polypeptides and
amino acids. This process is initiated with the binding of ubiquitin to the lysine residue of the
target protein. The ubiquitin tagging of the protein signals the action of proteasomes which
subsequently degrades the protein into peptides and amino acids [252]. At normal physiological
pH (7.35-7.45) amino acids are composed of a carbon back-bone, an amine group (containing

nitrogen) and an R group.

As eluded to previously, whole body lean mass significantly decreases during bed rest,
characterized by dramatic increases in skeletal muscle atrophy [33,125]. Animal models of disuse,
such as models of hindlimb suspension or denervation suggest an initial decrease in protein
synthesis followed by a predominant increase in protein degradation [511,408,77]. Interestingly,
this is in contrast to what is seen in human models of disuse with inherent species differences
helping to explain this. Total protein turnover in adult rats is 3-to 4-fold greater than in humans,
while adult rat muscle protein synthesis rates are ~2.5-fold greater [396]. Thus, consideration
must be given to the differences between models when making comparisons or generalisations.
Studies of protein metabolism in bed rest support an initial increase protein degradation in the
first few days of bed rest (~4 days) followed by a substantial decline in muscle protein synthesis

(MPS) [146,47,498,397].

Moderate feeding at rest is one of the key stimulators of MPS, doubling its activity as can be seen

in Figure 2.13. This dose-response relationship has been proposed to be mainly due to the increase
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of in amino acid concentration [49,345]. By increasing MPS, the muscle net balance (muscle
protein breakdown (MPB) > MPS) is reversed. Interestingly, after 14 days of bed rest there is a
reduced rate of MPS, even in response to an increased amino acid provision [49]. Consequently,
bed rest has a particular detrimental effect on protein metabolism, notably MPS, and is difficult

to reverse.
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Figure 2. 13. Schematic representing percent change in muscle protein synthesis (MPS) and
muscle protein breakdown (MPB) in response to feeding and starvation. Burd et al. [71]

Prolonged bed rest has been shown to significantly impair our antioxidant defence system
(reduction in superoxide dismutase 1) and mitochondrial function. Increased oxidative stress with
prolonged bed rest has been strongly considered as a potential trigger to the observed decline in
protein synthesis and increase protein degradation This is represented clearly in Figure 2.14
(increased Murf-1, Astrogen-1, ATGs, FOXO1, NF-kB) [66]. Animal models have identified a
reduction in protein translation, and a subsequent decrease in protein synthesis, due to a reduced
activity of mTORC], to be one of the major drivers of skeletal muscle atrophy with disuse [563].
This is an interesting observation, given the regulatory role reactive oxygen species (ROS) appear
to have on mTORC1 activity [314,169]. These findings complement the work by Drummond et al.
[132] who concluded that 7 days of bed rest significantly blunted muscle protein synthesis,
mTORC1 signalling, and amino acid transporter protein content in response to acute essential
amino acid ingestion in healthy, older adults. Such adaptations suggest that a reduction in protein
translation, due to reduced mTORC1 signalling, could be a major factor in the decreased protein

synthesis observed during -6°HDT bed rest in humans.
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Figure 2. 14. Schematic representation of the multiple intracellular signalling pathways activated
through muscle atrophy, including mTOR signalling. Cohen et al. [100]

Although its supply of ATP is significantly less to that of carbohydrate and lipid metabolism, protein
metabolism has an extremely important role in substrate metabolism. Thus, protein metabolism
should be taken into consideration when deducing the adverse effects prolonged bed rest has on

skeletal muscle metabolism.

Conclusion

Bed rest results in a series of adverse physiological effects on skeletal muscle, comparable to what
occurs in microgravity. These adaptations are represented not only by a decrease in muscle mass,
strength and function but also by the shift in substrate oxidation at rest from fat to carbohydrate,
along with the accumulation of lipid species and gradual intolerance to glucose. Given multiple
studies have signified that changes in our metabolism may be the instigating factor for such
adverse adaptations, a greater understanding of how metabolism is regulated and the role the

mitochondria may have following bed rest is required.
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Mitochondrial Function and Regulation of Energy
Metabolism

Mitochondria in Brief

Discovered by Albert Von Kolliker in 1857, the mitochondria are highly specialised organelles,
abundantly present in all mammalian cells, with the exception of mature erythrocytes, having
multiple responsibilities within the cell. The mitochondria play a key role in energy metabolism via
the production of energy in the form of adenosine tri-phosphate (ATP) in response to the energy
demands of the cell [60]. This energy is generated from the ability of the mitochondria to convert
nutrient equivalents into readily available energy equivalents, a process known as oxidative
phosphorylation [418]. As discussed previously, prolonged bed rest has been shown to lead to
significant alterations in fuel metabolism supported through decreased lipid oxidation, and
decreased glucose tolerance. Subsequently, it is of importance to consider the structure and
function of the mitochondria with respect to alternative environmental stressors, be that exercise

or prolonged physical inactivity.

Mitochondrial Structure and Function

The mitochondria are double-stranded organelles composed of four distinct regions, the outer
mitochondrial membrane (OMM), the intermembrane space, the inner mitochondrial membrane
(IMM) and the mitochondrial matrix (see Figure 2.15). The OMM is a lipid rich, smooth and highly
fluid layer, porous for small molecules (<10kDa) to freely pass through it, rendering the
intermembrane space chemically similar to the cytosol [223]. In contrast, the IMM is protein rich,
folded and compartmentalised [155]. The folding’s of the IMM make up the mitochondrial matrix
which is the location for five complexes forming the respiratory chain where oxidative

phosphorylation takes place to generate energy in the form of adenosine triphosphate (ATP).
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Figure 2. 15. Schematic representation of the structure of the mitochondria

Mitochondrial size and content is under dynamic regulation and is higher in those performing
exercise training [261,436,348] while lower in those with type 2 diabetes [57,419,290]. This
adaptive process is organised by a balance between mitochondrial dynamics, mitochondrial
biogenesis and mitochondrial breakdown. The perpetual, cyclical process of mitochondrial
dynamics enables the mitochondria to form larger or smaller mitochondria based on the energy
demands in the cell and is a vital process to help maintain overall mitochondrial function. Exercise
has been shown to increase mitochondrial size by inhibiting processes of mitochondrial fission,
while increasing pathways relating to fusion [569,15,503]. This balance between fusion and fission
allows the mitochondria to organize into a dynamic network within the cell, known as a reticulum

resulting in a more efficient distribution of energy within the cell [270,335].

This network of elongated mitochondria becomes fragmented when there is an imbalance in
dynamics. An example of this occurs with muscle atrophy as a consequence of physical inactivity,
resulting in a reduced expression of mitochondrial transcripts relating to fusion [506]. This is
comparable to what occurs to type 2 diabetics, which could explain the decrease in mitochondrial
size as mentioned previously [582,453], and could be an integral step towards the changes in

substrate metabolism linked to physical inactivity.

The skeletal muscle is composed of two distinct mitochondrial subpopulations, both of which are
characterised by their location in the cell which are underlined in Figure 2.16. These are the
intermyofibrillar (IMF) and subsarcolemmal mitochondria (SSM) [99] and have distinct functions
based on their composition and cellular location. The intermyofibrillar mitochondria contains a
greater amount of proteins associated with oxidative phosphorylation coupled with higher
respiratory chain complex activity while the subsarcolemmal mitochondria are involved in actions
associated with signal transduction and substrate transport [149]. Considering these distinct

differences it has been observed that SSM decrease by up to 33% following immobilisation and
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IMF mitochondria decrease by just 20% [370]. These differences emphasise the plasticity and
efficiency of the skeletal muscle with regards to energy metabolism but also signify a possible

hierarchy within the mitochondrial subpopulations adaptation to reduced activity.
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Figure 2. 16. (A) Micrograph (x 11,400 magnification) of a skeletal muscle cell illustrating
intermyofibrillar (IMF) and subsarcolemmal (SS) mitochondria [92] & (B) Schematic
representation of muscle fiber with labelled IMF & SS mitochondria location within the muscle
cell

The mitochondria are highly specialised, dynamic organelles within the cell, adapting to the
cellular demands. Increasing our understanding of the mitochondria and ways to counteract its
dysfunction in response to different environmental stimuli such as physical inactivity, has been a

priority in the field of aging and health for many years.

Oxidative Phosphorylation

Oxidative phosphorylation (OXPHOS) refers to the process of storing energy in the form of ATP
generated by the mitochondria. The process of ATP generation is a coordinated series of redox
reactions catalysed by the respiratory chain and electron shuttles in the mitochondrial
intermembrane space (flavoproteins, iron-sulphur protein, ubiquinone and cytochome) [283].
Electrons derived from metabolic reducing equivalents (NADH and FADH,) are fed into the ETC
through complex | or Il and eventually pass to molecular O, at complex IV to form H,0. As electrons
are transferred through the respiratory chain, protons are ejected from the mitochondrial matrix
through complexes |, lll, and IV to the intermembrane space, establishing a proton gradient (AP).
The generation of the proton gradient (AP) across the inner membrane through the process of
oxidative phosphorylation is coupled to ATP synthesis, a process first proposed by Peter Mitchell
in 1961 (the chemiosmotic theory) as represented in Figure 2.17. AP dissipates when protons

move back in, mainly through the large Fo/F1 ATP synthase.
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Figure 2. 17. Peter Mitchell’s ‘coupling through proton circuits’ from Mitchell’s first ‘little grey
book’ [369]

The activity of ATP synthase catalysis the generation of ATP from the previously created ADP and
inorganic phosphate (Pi). For each NADH from the krebs cycle (tricarboxylic acid (TCA)) that enters
the ETC, 3 pairs of protons are pumped out of the mitochondrial matrix. The process of proton
pumping and ATP generation is, for the most part, coupled. However, proton leak back through
the membrane and into the mitochondrial matrix is responsible for uncoupling substrate oxidation
and ATP synthesis. Each complex is oxidised when it passes an electron and is reduced when it
receives an electron. This consistent movement along the chain, and not backwards, is due to the
fact that each complex further along the chain has a greater affinity for an electron in comparison
to the previous complex. The location and role of the mitochondrial respiratory chain for ATP
generation is further eluded to in Figure 2.18. The capacity of each complex on this respiratory
chain to function optimally is of crucial importance for overall oxidative capacity of the

mitochondria.

Given this role, it is of no surprise that reactive oxygen and nitrogen species (ROS & RNS), by-
products of oxidative phosphorylation, have been proposed to lead to mitochondrial dysfunction.
ROS, RNS and superoxides are formed in the electron transport chain, particularly with the Q cycle
when transferring an electron between complex | and Il or/and complex | to complex Il to QH,. In
normal circumstances the activity of superoxide dismutase (SOD) acts on these superoxides,

converting them to hydrogen peroxide. Increases in ROS and RNS (i.e. when the above does not
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occur efficiently) have been proposed as one of the leading causes of “secondary aging” due to

the damaging role high levels of ROS and RNS have been proposed to have [51,408,426].

Figure 2. 18. Schematic representation of the components of the mitochondrial respiratory
chain for ATP generation
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Mitochondrial Regulation

In order to achieve its overall aim and function in cellular respiration and energy metabolism, the
mitochondria are regulated by a series of interlinked, continually adapting processes within the
mitochondrial life cycle (see Figure 2.19). This is regulated by mitochondrial biogenesis,
mitochondrial fusion-fission dynamics and mitochondrial breakdown (mitophagy). Mitochondrial
function is largely dependent on their number and size, which are principally determined by the
balance between these complex processes. These highly conserved, innate processes facilitate a
network of organelles well-adapted to requirements imposed upon them by their external

environment.
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Figure 2. 19. The mitochondrial life cycle and the inter-relationship between biogenesis,
dynamics and mitophagy. Adapted from Bordi et al. [53]

Mitochondrial Biogenesis

Mitochondrial biogenesis is the synthesis and expansion of mitochondrial networks in response
to the cellular demands [268]. For mitochondrial biogenesis to occur there is a need for the
coordination of nuclear and mitochondrial genomes (given that all but 22 mitochondrial proteins
are nuclear-encoded) [249]. The management and coordination of these genomes is regulated by
peroxisome proliferator-activated receptor (PPAR) gamma coactivator-1 (PGC-1) as can be seen
in Figure 2.20. Also known as the “master regulator”, PGC-1 co-activates a wide range of
transcription factors which serve to coordinate the regulation of mitochondrial and nuclear
genomes. These include nuclear respiratory factor 1 and 2 (NRF-1/2), peroxisome proliferator-
activated receptor y (PPARy), estrogen-related receptors (ERRs) and mitochondrial DNA-specific
transcription factor A, transcription factor A of the mitochondria (Tfam) [268,302]. PGC-1 has two
isoforms, PGC-1a and PGC-1B, both of which have overlapping and differing effects [355]. PGC-1a
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has been extensively studied in the literature. Less can be said for PGC-1p but, like PGC-1a, it is
necessary for mitochondrial activity, by increasing mitochondrial uncoupling, and biogenesis,

through its regulation of mitochondrial volume [484,581].

Given the importance of this transcription coactivator in skeletal muscle mitochondrial content
and activity and its sensitivity to a series of stimuli such as Ca?*, reactive oxygen species (ROS) and
imbalances in energy, it is highly relevant in the field of metabolism relating to both activity and
inactivity. One of the first changes following aerobic exercise training is an increase in
mtDNA:nDNA ratio, a primary step in mitochondrial biogenesis supported by enhanced PGC-1a
expression in the skeletal muscle. While physical activity increases mitochondrial biogenesis,
physical inactivity has the opposite effect as demonstrated by significant reductions in PGC-1a

expression and the mtDNA:nDNA ratio following bed rest [435,66,235,264,488].
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Figure 2. 20. Schematic representation of the regulation of mitochondrial biogenesis. Adapted
from Picca et al. [398]

As PGC-1a has not only been described as a master regulator of biogenesis but also a metabolic
sensor, changes in its expression/activity in response to environmental stimuli, such as inactivity,
demonstrate its importance to mitochondrial content and cellular bioenergetics. Two other
metabolic sensors, AMP-activated protein kinase (AMPK) and NAD*-deacetylases and ADP-
ribosyltransferases from the sirtuin family (except for SIRT7), have been described to directly

impact PGC-1a activity and expression [79,382,127,280,69,61,532,87].
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AMPK is one of the main sensors of cellular energy status activated in response to stress (i.e.
exercise, AICAR, metformin) and is involved in multiple pathways, as can be seen in Figure 2.21.
By sensing increases in the AMP:ATP and ADP:ATP ratios [164,212,171], AMPK restores energy
balance by inhibiting ATP-consuming biosynthetic pathways, while promoting catabolic pathways
that regenerate ATP through the breakdown of macromolecules such as those relating to
glucose/lipid oxidation [220]. Less is known about AMPK’s response to bed rest [433,73].
Although, considering its direct phosphorylation and activation of PGC-1a [243], and PGC-1a’s
decreased expression in response to bed rest, it would be logical to assume AMPK would decrease
in expression/activity. Despite this, proteomic analysis of skeletal muscle biopsies following 24
days of bed rest indicates no change in AMPK signalling proteins [66]. Thus, PGC-1a’s response to
bed rest has been touted to be independent of this, although AMPK protein changes do not

necessarily reflect enzymatic activity.
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Figure 2. 21. AMPK regulates a variety of metabolic processes, [220]

Sirtuins are a group of seven highly conserved NAD*-dependent histone deacetylases and ADP-
ribosyltransferases (see Figure 2.22 for more information) involved in many biological processes,
particularly in the regulation of energy metabolism [294,81,215,102,195]. The requirement of
NAD* and ADP-ribose in sirtuin catalyzed reactions is fundamental to their regulation and enables

sirtuins to directly respond to changes in intracellular metabolism, promoting ATP synthesis. Given

the majority of mitochondrial metabolic enzymes are differentially acetylated according to the

nutritional state of the cell, there is much to suggest that acetylation regulates cellular metabolism
and coordinates substrate switching [542,579,557]

As AMPK is the energy sensor in the cell, there is evidence to support that it regulates members

of the sirtuin family [570,382,497,221,315,499,107,552,574]. While there is further evidence to
support that AMPK may be SIRT-dependent

particularly SIRT1, SIRT3 and SIRTS5
[166,80,69,575,232], creating an argument for an AMPK-SIRT cycle. Although still a matter of

debate, evidence in the literature support this, particularly considering its direct regulation of
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PGC-1a, akin to AMPK. In spite of this, both AMPK and member of the SIRT family could have
different responses to different environmental stimuli [367,64,9,535,226]. There is insufficient
evidence to date to determine the other members of the SIRT family involved in the regulation of

AMPK but what is available supports that they are AMPK-dependent.
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Figure 2. 22. Sirtuins are a family of NAD+ histone deacetylases and ADP-ribosyltransferases.
Adapted from Morigi et al. [353]

As with AMPK, there is limited work on the impact of bed rest on skeletal muscle SIRT expression,
although one study in particular by Ringholm et al. [435], reported a significant decrease in SIRT1
expression following 7 days of bed rest. This was supported by Brocca et al. [66] who did not find
a change in AMPK activity but did observe a significant reduction in PGC-1a. Buso et al. [73] also
reported a sirtuin dependence of PGC-la following bed rest, reporting a decrease in SIRT3
expression, a mitochondrial sirtuin known to be sensitive to energy demanding stimuli such as

exercise [382,61,532].

This evidence suggests an AMPK-SIRT-PGC-1a axis which adapts differently based on the
environmental stimulus in order to regulate mitochondrial biogenesis and cellular metabolism.
The literature strongly supports the role that PGC-1a has in regulating mitochondrial biogenesis
in skeletal muscle, characterized by increased oxidative phosphorylation and overall muscle

performance with exercise and opposing responses throughout bed rest.

Mitochondrial Quality Control (Mitophagy)

Mitophagy is the mitochondrial equivalent to autophagy (i.e. lysosome-dependent degradation of
organelles and macromolecules). It is a quality control measure to ensure the removal and

breakdown of poorly functioning, damaged mitochondria from the cell. [346,528,555,565].
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Damaging events, such as when mitochondria are exposed to high levels of reactive oxygen
species (ROS) during oxidative phosphorylation or through natural mitochondrial protein
mutation lead to mitochondrial removal. This process of degradation is similar to the removal of
damaged cells in that the target, being the damaged mitochondria in this circumstance, is initially
recognized by the phagophore. The phagophore subsequently goes through a process of
elongation to engulf the damaged mitochondria creating an autophagosome surrounding the
target. The autophagosomes subsequently fuse with lysosomes containing hydrolases creating an
autophagolysosome. Once mature, this autophagolysosome containing the damaged

mitochondria is removed and degraded [14,130].

In addition to the clustering of LC3b Il there is an accumulation and activation of the
serine/threonine kinase PTEN-induced putative kinase 1 (PINK1) to the mitochondrial outer
membrane. Under normal conditions, PINK1 is imported through the TOM complex of the OMM
and into the TIM complex of the IMM where it is cleaved by the mitochondrial processing
peptidase (MPP) [400] and presenilin-associated rhomboid-like protein (PARL), an inner
mitochondrial membrane protein. However, when the mitochondria become uncoupled and
damaged, identified by a low or collapsed mitochondrial membrane potential, PARL is unable to
cleave PINK1 [96,565] leading to an accumulation of PINK1 on the OMM. PINK1 acts as a flag of
mitochondrial damage/degradation to the rest of the cell, signalling the recruitment of Parkin, a
cytosolic E3-ubiquitin ligase, and a polyubiquitin chain into the cytosol. The subsequent activation
of Parkin leads to the ubiquitination of outer mitochondrial membrane proteins (such as
mitofusins 1 and 2, preventing mitochondrial fusion) [182,91]. This Parkin-mediated ubiquitin

binding flags the damaged mitochondria for phagophore recruitment.

The formation of the phagophore is initially triggered by a cascade of signalling events, beginning
with the activation of a family of proteins known as the Atgs (autophagy related genes), of which
there are 5 members (Atgl, Atg5, Atg 6, Atg 7, and Atgl4) [555,130]. While it enters its final stage
of activation LC3b Il becomes cleaved from the phagophore membrane along with p62/SQSTM1
to facilitate the recruitment of damaged mitochondria to the phagophore. LC3b Il subsequently
interacts with BCL-2/adenovirus E1B interacting protein 3 (BNIP3) or by p63/SQMT1-dependent
clustering of ubiquitinated mitochondria [465] locking the phagophore to the damaged
mitochondria leading to the eventual proteasomal degradation of outer mitochondrial membrane
proteins and mitochondrial engulfment [368,5]. This process of mitophagy is represented

schematically in Figure 2.23.
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Figure 2. 23. Schematic representation of the process of mitochondrial breakdown and removal
(mitophagy)
Given the importance of maintaining healthy mitochondria for overall cellular function, the
process of mitophagy is continually occurring with the half-life of mitochondria varying from tissue
to tissue [561]. Dysregulation of this finely balanced system can occur from alterations to many
systems within the cell from dysfunctional dynamics [529,553] to alterations in energy
metabolism. As with biogenesis, defects to members of the sirtuin family have been identified as
key players in that regard, particularly SIRT1 [460,554], SIRT2 [311,320,472], SIRT3 [114,417,567]
and SIRT5 [406,540] all of which have been shown to regulate PINK1-Parkin mediated mitophagy.

Neurological disorders such as Parkinson’s disease, Alzheimer’s disease and Huntington’s disease
are states strongly linked to dysfunctional regulation of mitophagy [89,14,368,487,561]. In making
such a point, mitophagy has also been associated with cancer, with metabolic-reprogramming in
cancer cells being associated with decreased mitophagy and increased mitochondrial biogenesis
[131], cardiovascular disease, with mitophagy factors proving to be both protective and damaging,

and renal dysfunction [63,561].

Subsequently, the process of mitophagy is intimately linked with mitochondrial biogenesis,
impacting upon its overall function. However, another regulator of mitochondrial function,

mitochondrial dynamics, is imperative in maintain an overall healthy mitochondrial environment.

Mitochondrial Fission/Fusion (Dynamics)

Mitochondria constantly undergo biogenesis but also undergo a process of reshaping and
phenotypic modification that is critical to the regulation of mitochondrial integrity, number and
their distribution in the cell; these processes are important in the control of skeletal muscle mass

and function [565,341,444,450]. The dynamic, repetitive, morphological adaptations to the
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mitochondria are highly controlled, in fine balance and are instigated by two opposing processes
on the inner and outer mitochondrial membranes: mitochondrial fusion (binding of mitochondria

together) and fission (dividing of mitochondria into multiple segments) [565,486].

Mitochondrial Fission

Mitochondrial fission, of which there are two forms, mitochondrial partitioning and mitochondrial
pinching (see Figure 2.24), is a multifaceted process of mitochondrial division. Pinching and
partitioning, of  mitochondria take place throughout  the muscle fiber
(subsarcrolemmal/intermyofibrillar), something which is not the case in all tissues. Partitioned
mitochondria are solely found among the subsarcolemmal mitochondria (SSM), and pinching
predominating in the intermyofibrillar (IMF) mitochondria in skeletal muscle and cardiac tissue
[504]. Both SS and IMF mitochondria have been discussed previously under section ‘Mitochondrial

Structure and Function’.

Pinching Partitioning

Figure 2. 24. Mitochondrial fission proceeds through two alternative mechanisms termed
pinching and portioning. Tandler et al. [504]

IM

Mitochondrial fission has been compared to a mitochondrial “stress test”, a vital contributor to
the mitochondrial quality control (mitophagy) process in the cell. Following a fission event, when
one mitochondrion is divided into two daughter mitochondria, one of these daughters in most
circumstances is transiently hyperpolarized (with an accumulation of debris) and the other isin a
steady state. Mitophagy-mediated mitochondrial removal of damaged, hyperpolarized
mitochondria is triggered (“selective disposal theory) [528,565] and so the process of dynamics

and removal are intertwined for maintaining cellular health and optimal mitochondrial function.
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The process of mitochondrial fission is initiated by Drp1 (Dynamin related protein 1) in the cytosol
and a number of proteins located on either the IMM or OMM, including Fis1 (mitochondrial fission
protein 1), Mff-1 (mitochondrial fission factor-1), MiD49 (Mitochondrial dynamics protein 49 also
known as Mitochondrial elongation factor 2), MiD51 (Mitochondrial dynamics protein 51 also
known as Mitochondrial elongation factor 1) [504], all of which are represented schematically in

Figure 2.25.
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Figure 2. 25. Schematic representation of mitochondrial fission and its instigators. Adapted from
Wai & Langer [539]

Environmental stressors such as physical activity, physical inactivity and nutritional excess are the
main instigators of the mitochondrial fission process [539]. However, the initial factors in
mitochondrial fission appear more complex. Limited work has been completed on such initial

factors of inner mitochondrial membrane fission within the human model.

Dynamin related protein 1 (Drp1)

Drpl is a protein containing four domains; the N terminal GTP binding site, the middle, the insert
B and the C-terminal Guanosine Triphosphatase (GTPase) effector (GED) [228]. Insert B, also
known as the variable domain, has been identified as the critical domain for mitochondrial fission
as this is the site for binding of the target membrane. Importantly, none of these domains are
membrane localizing, transmembrane or membrane anchoring and therefore Drpl needs to be
actively recruited to the mitochondrial surface, and anchored to receptors on the OMM, in order
to execute its function [568]. The action of Drpl-dependent mitochondrial fission can be divided

into: 1) translocation of Drpl to the outer mitochondrial membrane (OMM) from the cytosol
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where it resides, 2) subsequent higher-order assembly, 3) GTP hydrolysis, and ultimately
disassembly [228].

The recruitment of Drpl occurs when the mitochondrial fission process protein 1 (MTFP1 also
known as mitochondrial fission process 1,18 kDa (MTFP18)) (de)phosphorylates Drp1, resulting in
its translocation from the cytosol to the OMM [354]. Mff, miD49 and miD51 are anchored along
the OMM and recruit Drpl to the mitochondrial surface where it oligomerizes into ring-like
structures at future sites of division binding [568]. Drp1 leads to the constriction process but not
the cleavage during division. The mitochondrial abscission has yet to be understood however most
research seem to point to another GTPase, dynamin 2 (DNM2), and/or the action of the
endoplasmic reticulum (ER-mitochondria contact sites — ERMCS) as the mediators completing the

fission process, which are represented in Figure 2.26 [379,161,305,415,539,278,537,504].

ER-Mitochondrial Mfn tethering

ER ‘ Mip49  MiD51

Drp1-ER mediated mitochondrial fission Drpl

Figure 2. 26. Schematic representation of ER-mediated mitochondrial fission. Adapted from
Sebastian et al. [467]

Drp1 has three phosphorylation sites related to mitochondrial fission, serine 600, serine 616 and
serine 637 all of which are independently regulated. Drpl increases mitochondrial fission when
phosphorylated at serine 600 (pDrp1°¢%) by calmodulin-dependent protein kinase la (CaMKla)
or serine 616 (pDrp1°¢®%) by cyclin-dependent-kinase 1 (CDK1). Phosphorylation at serine 637
(pDrp1%¢®%7) by protein kinase A (PKA) decreases fission activity and the dephosphorylation of
Drpl at serine 637(pDrp1%™%) by calcineurin (Ppp3) will increase mitochondrial fission
[203,583,173]. Thus, CaMKla, CDK1, PKA and Ppp3 are all physiological regulators of

mitochondrial dynamics and in particular mitochondrial fission. However, other pathways such as
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those relating to SIRT3-FOXO03, SIRT4 and p53 mediated apoptotic pathways, among others have

also been noted to induce Drpl expression [524,151,163].

The majority of the work examining the regulation of Drpl has focused on Calcineurin, a
ubiquitously expressed calcium-sensitive serine-threonine phosphatase. As Ppp3 is activated by
an influx of intracellular calcium, it is therefore considered a key signalling node conveying
environmental stimuli into an adaptive response. Ablation of calcineurin [395] leads to
hyperphosphorylation of pDrp1%’ (inhibiting Drpl activity) resulting in an increase in
mitochondrial elongation and increased complex IV and ATP synthase activity in skeletal muscle.
This is similar to the response when PKA-dependent phosphorylation of Drp1%¢37 is activated by

nutrient deprivation [187,421,354].

This hyperfusion is in contrast to the effect of skeletal muscle Drp1 overexpression which leads to
adecrease in mitochondrial area and swelling in the tibialis anterior muscle, mediated by pDrp1%61®
[576]. This is associated with multiple mitochondrial functional defects, accelerated mitochondrial
breakdown and increased FGF21, a common marker of mitochondrial disease and highly
correlated with metabolic disease such as type 2 diabetes and obesity [516,181], emphasising the
importance of a balance in fusion and fission. Under normal circumstances, the action of Drp1 is
thought to be protective in order to prevent excessively high/low calcium concentrations from

having a detrimental effect on mitochondrial homeostasis.

Drpl is an extremely important factor in overall mitochondrial homeostasis due to its function in
mitochondrial fission. However, it is clear that there are many other Drpl independent

mitochondrial fission mechanisms including Fis1.

Fis1, MiD49, MiD51 & Mff

Another mitochondrial fission protein, mitochondrial fission protein 1 (Fis1), is situated on the
OMM. This is joined by several other mitochondrial fission proteins such as MiD49, MiD51, and
Mff. The role of Fisl is currently a matter of debate. In yeast, Fis1 has been shown to recruit Drpl
to initiate Drpl-mediated mitochondrial fission. Although Fisl is evolutionarily conserved from
yeast to humans, in mammalian cells it has been suggested that Fis1 plays a greater role than just
recruitment of Drpl. A number of studies have shown that Fisl appears to compete for Drpl
binding [228,316], while others show that Fis1 blocks mitochondrial fusion [566] and has a distinct
role from fission by increasing mitophagy, apoptosis, mitochondrial motility and inter-organelle

communication, all of which can be seen schematically in Figure 2.27 [241,379,234].
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Figure 2. 27. Fisl is proposed to have multiple regulatory roles within the cell. Inhenacho et al.
[234]
Some argue that this multi-functional role is due to the fact that there are numerous
mitochondrial fission proteins which, when present, elevate Fisl from its original Drpl
recruitment role, to binding and inhibiting the GTPase activity of certain mitochondrial fusion
regulators. Fis 1 over expression leads to increased mitochondrial division initiated by an
imbalance in fusion and fission [566]. Fisl conditional knockout animal models result in type 1
skeletal muscle (mitochondrial dense) mitochondrial hyperfusion/elongation, defects in the
mitochondrial respiratory chain (impaired OXPHOS capacity and decreased Complex 1 function),

and an increase in mitophagy, supported by excessive LC3 accumulation [566,576].

Mff, MiD49 and MiD51 have also been proven critical in the regulation of mitochondrial dynamics
by recruiting Drp1 from the cytosol to initiate mitochondrial division. However, which of the three

(Mff, MiD49/51) is of most importance (if any) is still up for debate. It is speculated that each are
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present on the OMM of all cell types but the importance of their role is very much cell-type specific

[326].

Mitochondrial fission plays an integral role in overall cellular homeostasis, increasing
mitochondrial number to contributing to mitochondrial quality control. However, the process of
mitochondrial division is in fine balance with the other regulator of mitochondrial dynamics,
mitochondrial fusion. An imbalance in this tightly controlled process can lead to significant cellular

disruption and metabolic disease.

Mitochondrial Fusion

Fusion of the mitochondria is an intricate two-step process where the outer and inner
mitochondrial membranes fuse by separate events through regulation of Mitofusin 1 (Mfn1),
Mitofusin 2 (Mfn2) and Optic Atrophy 1 (OPA1) (see Figure 2.28). Such activity of the mitochondria
is said to ensure maximal oxidative capacity and is therefore a vital process for overall cellular
metabolism and mitigation of cellular stress (through mixing of contents of partially damaged
mitochondria) [565,395]. In addition to its essential role in energy provision, fusion between
mitochondria may also act to rescue mitochondria with mutations by cross-complementation.
Such fusion between poorly functional mitochondria can act to mitigate the effects of
environmental damage through the exchange of proteins and lipids between mitochondria. This
mitochondrial component sharing is thought to be a compensatory mechanism to maintain
cellular homeostasis, as long as the mutation load within fusing mitochondria remains below 80-
90% per cell [565]. For this reason, mitochondrial fusion has a multifaceted role from maintaining

a mitochondrial reticulum to cellular homeostasis.
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Figure 2. 28. Schematic representation of mitochondrial fusion and its main instigators. Adapted
from Wai & Langer [539]

Outer Mitochondrial Membrane Fusion

Mitofusin 1 and 2 (Mfnl and Mfn2) are highly conserved dynamin-like GTPases of the outer
mitochondrial membrane, vital for the overall integrity of the mitochondrial structure acting as
regulator proteins in the biogenesis and maintenance of the mitochondrial networks [84,444].
Both Mfn1 and Mfn2 are homologs of the fuzzy onion protein (fzo) sharing a 63% identity to each
other, with the same relevant functional domains [583]. Their full function is imperative for the
two step process of mitochondrial fusion, initiated by the tethering of two adjacent mitochondria
on their membranes by specific Mfn1/Mfn2 domains followed by the GTPase docking of both

membranes prior to final fusion.

Mitofusin 1 (Mfn1)

Mitofusin 1 is a transmembrane GTPase protein with two separate and well conserved domains,
the HR2 (heptad-repeat domain 2) and the HR1 domain, also known as the GTPase domain. Both
the HR2 and the GTPase domains are exposed to the cytosol anchored to the OMM. The HR2
domain has been proposed to be involved in tethering to adjacent mitochondria while the fusion
between the adjacent mitochondria depends on the activity of the GTPase domain. An inhibition
of the GTPase activity leads to a reduced capability of the mitochondria to elongate and fuse while

reduction in the activity of the HR2 domain results in reduced mitochondrial tethering [583]. The

56



purpose of Mfnl and Mfn2 are not fully understood considering both appear to have very similar
physiological functions. Studies in mice suggest that Mfn2 is of more importance than Mfn1 with
regards to overall mortality and pathology with Mfn1 function only considered of importance for
placenta development during gestation [565]. Mutation of Mfn1 is highly correlated with the
development of both optic atrophy and 3-methylglutaconic aciduria type 3, a neuro

ophthalmologic syndrome.

Mitofusin 2 (Mfn2)

Originally called, mitochondrial assembly regulatory factor (MARF), mitofusin 2 has the same
functional domains as Mfnl but has lower GTPase activity and a higher affinity for GTP in
comparison to Mfn1 [583]. The function of Mfn2 is similar to that of Mfn1 but it is expressed on
the OMM and the ER and therefore appears to have more than just a role in mitochondrial fusion

[65].

Mfn2 has been proposed to contribute to the maintenance and operation of the mitochondrial
network. Inhibition/knockout studies highlight how repression of Mfn2 results in significant
functional alterations in the mitochondria, such as reduced glucose oxidation, a reduction in
mitochondrial membrane potential, a reduction in cell respiration, and an increase in
mitochondrial proton leak [16,583]. Given Mfn2 also appears to tether the ER to the mitochondria,
knockout disrupts the ER morphology, loosening the ER-mitochondrial interaction, increasing the
distance between both organelles and subsequently decreasing mitochondrial calcium uptake by
reduced Inositol trisphosphate (InsP3) mediated calcium signalling (supporting the ER-
mitochondrial calcium microdomains theory - when distance between the two organelles is
increased uptake during InsP3 mediated calcium signalling is lower) [65]. In addition to functional

changes Mfn2 knockout/inhibition results in unimpeded mitochondrial division [539].

These adaptations are apparent in humans who suffer from Charcot-Marie-Tooth type 2A
(CMT2A) disease, an axonal peripheral sensorimotor neuropathy particularly in the lower and
upper limbs resulting in severe progressive muscle weakness, motor deficits, and peripheral
neuropathy [444]. In skeletal muscle, Mfn2 expression is decreased in obese and type 2 diabetic
individuals as is mitochondrial size and mitochondrial network volume [16]. Mfn2 ablation studies
point to the importance of Mfn2 in the regulation of metabolic signalling. Overexpression studies
support the previously discussed role Mfn2 plays in tethering ER-mitochondria. An increase in
Mfn2 appears to strengthen the bond between ER and mitochondria leading to increased

mitochondrial elongation but also to increased mitochondrial breakdown, possibly due to
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excessive calcium transfer into the mitochondria [65]. This work highlights the interlink between

dynamics and mitophagy but also the significance of Mfn2 in overall mitochondrial homeostasis.

Inner Mitochondrial Membrane Fusion

Optic Atrophy 1 (L-OPA1 & s-OPA1)

Optic atrophy 1 (OPA1) a specialised dynamin-like GTPase on the inner mitochondrial membrane
(IMM) where its GTP-binding and GTPase effector domains are exposed to the IMM space
[538,539,341]. In addition to its role in fusion, OPA1 also plays an important role in maintaining
cristae morphology and protecting against the release of cytochrome C and onset of apoptosis.
OPA1 is regulated by two proteases, metalloendopeptidase, OMA1, and i-AAA protease ATP-
dependent zinc metalloprotease, YMELL, which cleave the IMM bound long-OPA1 (L-OPA1) to the
soluble short-OPA1 (s-OPA1) [140,328,308].

The proteolytic actions of YMELL have been shown to respond to metabolic stimuli, while OMA1
is activated by a change in the electrical charge on the mitochondrial membrane which occurs
during dysfunction (stress-induced fission, SiF), reducing the activity of OPA1l
[463,96,239,483,580,583,329,150]. Much like Mfn1l and Mfn2, it has been proposed that those
involved in regulating mitophagy (i.e. PINK1) and it’s GTPase activity, such as the sirtuin NAD*-
deacetylases, may have a role in reducing OPA1 [269,458,288,556]. Samant et al. [458], indicated
that SIRT3 may deacetylate and activate OPA1 during stressful conditions in an attempt maintain
fitness of the mitochondrial population, increasing mitochondrial tubulation. A predominance of
L-OPA1 is associated with mitochondrial fusion which is in contrast to an increase in the activity
of OMAL and YME1L which activate L-OPA1 proteolysis resulting in s-OPA1, fewer L-OPA1 forms
and overall mitochondrial fission [523,329]. The interaction of OPA1 with other proteins including

members of the SIRT family can be seen in Figure 2.29.
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Figure 2. 29. Node diagram illustrating OPA1 interactions with other proteins including members
of the sirtuin family, STRING database, v11.0

OPA1 mediated mitochondrial fusion occurs once Mfn1/2 tether and fuse to the OMM of an
adjacent mitochondrion. L-OPA1, which is tethered to the inner membrane space and facing the
intermembrane space binds to another L-OPA1 on the inner mitochondrial membrane of the
adjacent mitochondrion [523]. This fusion process leads to mitochondrial enlargement, mixing the

compartments within the mitochondria.

The action of Mfn1/2 and OPA1 fusion proteins is assisted by scaffolding proteins on the outer
mitochondrial membrane (OMM). MitoNEET (CDGSH iron-sulfur domain-containing protein 1) is
known to form intermitochondrial junction tethering between adjacent mitochondria, forming
mitochondrial tubular networks (also known as mitochondrial nanotunnels) (see Figure 2.30). This
is an important process as these tubular networks aid mitochondria-to-mitochondria
communication allowing for more efficient calcium transmission and apoptotic signals across
mitochondria [537]. It is debated, whether these mitochondrial nanotunnels are merely a result
of stalled or incomplete fission events. Another theory is that nanotunnels are projections from
single, isolated mitochondria as this is apparent in bacteria. These observations have been made
in IMF mitochondria (as opposed to SS or perinuclear) in skeletal muscle, due to the restricted

motility of IMF mitochondria, enabling effective mitochondria-mitochondrial communication.
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Figure 2. 30. Schematic representation of the lifecycle of the mitochondrial nanotunnel as
depicted by Vincent et al. [537]

In addition to the mitochondrial fusion, OPA1 stabilizes the cristae junction, IMM-IMM and IMM-
OMM contact sites. In the intermembrane space (IMS), large protein complexes, MICOS
(mitochondrial contact site and cristae organizing system), as can be seen in Figure 2.31, act to
fuse/tether the OMM to the IMM at the cristae junctions. A direct interaction with both OPA1 and
cardiolipin at the cristae junctions is proposed to help give the cristae its curvature, subsequently
allowing for the greater distribution of oxidative phosphorylation proteins (OXPHOS) in the

cristae.
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Figure 2. 31. Schematic representation of the determinants of mitochondrial cristae architecture
and dynamics, Colina-Tenorio et al. [101]

From a mitochondrial functional perspective, the MICOS-OPA1-cardiolipin interaction is important

in the formation of respiratory supercomplexes by generating greater surface area and helping to
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enhance ETS/OXPHOS activity by decreasing the diffusion distances of substrates and electron
transfer [523,329]. Loss of OPA1 leads to widening of the cristae lumen and junction, a reduction

in IMM potential, an increase in basal mitochondrial calcium level and an induction of apoptosis.

Skeletal muscle OPA1 knockout and over expression studies, highlight the importance of OPA1 on
mitochondrial bioenergetics, the mitochondrial network and overall skeletal muscle health.
Romanello et al. [450] reported that OPA1 knockout in adult mice, although ultimately leading to
premature death and excessive mitochondrial fragmentation, presented a phenotype of
sarcopenia and unhealthy aging. Such observations were strongly correlated with the
upregulation of markers associated with ER stress. OPA1 overexpression studies [531], reinforce
the knockout work, illustrating OPA1’s role in preventing muscle denervation induced muscle

atrophy.

Mitochondrial fusion is regulated by a series of interlinked processes vitally important for
increased mitochondrial size in the cell. An increased mitochondrial size provides the cell with a
greater ATP supply to meet the cellular demands, shifting the cells preferred energy source from
carbohydrates to fat oxidation epitomised by the increased OXPHOS in more elongated
mitochondria [399,572]. With these beneficial effects in mind, increases in size need to be
achieved through homeostatic regulation between both mitochondrial fusion and fission factors
among many others. Concomitant abrogation of both mitochondrial fusion and fission support
this. Such studies represent how a re-balance in mitochondrial dynamics act as a compensatory
mechanism to alleviate the detrimental effects that changes in either fusion or fission may have,

improving mitochondrial respiration, mitophagy and thereby mitochondrial function [450].

Adaptations of Mitochondrial Dynamics to Environmental Stress

Physical Inactivity

The discussion on mitochondrial plasticity is often interwoven with mitochondrial adaptations to
physical inactivity and ageing [224,350,6,263,431]. The limited literature on mitochondrial
function support the interpretation that prolonged inactivity has detrimental effects on cellular
metabolism [73,522,488]. Kenny et al. [263] highlighted this fact by demonstrating that 21-days
of bed rest significantly decreased skeletal muscle oxidative capacity and its proton conductance
but also mitochondrial content. Subsequently, the dysfunction in the mitochondria may in fact be
an adaptation of the organelle to the ‘new’ energy state (i.e. less energy requirement due to

physical inactivity), reflecting a change in mitochondrial function and number.
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As discussed previously, skeletal muscle is composed of multiple different fiber types (MHC 1,
MHC 2A/X). It is important to keep this in mind as due to methodological limitations in biopsy
acquirement following bed rest the majority of these studies solely focus on the expression of
markers within the vastus lateralis (VL), which under normal circumstances are composed of more

oxidative than glycolytic fibers. As such, the changes we reference here are related to the VL only.

In addition to the direct impact of physical inactivity on mitochondrial function, there is strong
transcriptomic and proteomic evidence supporting alterations to mitochondrial function
[491,505,145,264,403]. Alibegovic et al. [6] reported that 9 days of physical inactivity led to
alterations in the expression of ~4,500 genes and downregulation of up to 34 pathways
predominantly associated with mitochondrial biogenesis. While Buso et al., [73], emphasised
these changes could also be translational, highlighting a significant reduction in targets of

mitochondrial biogenesis following 14 days of bed rest.

There is limited evidence of the impact of physical inactivity on mitochondrial dynamics in human
trials. Animal models of disuse indicate significant decreases the expression of proteins involved
in the regulation of fusion [237,78,257,338]. These adaptations are yet to be fully elucidated
within the human bed rest model. However, other models of sedentary behaviour, such as that
by Tezze et al. [506] who compared sedentary individuals with aged-matched, exercising
counterparts, found sedentary people have a reduced expression of mitochondrial fusion
transcripts, OPA1, Mfn1 and Mfn2. While mild overexpression of such transcripts (OPA1) has been
shown to prevent muscle denervation induced muscle atrophy. Taken together, OPA1 and other
regulators of mitochondrial fusion, could be an important regulators of muscle atrophy and

metabolic disease.

There are no reports, to our knowledge, of changes in mitochondrial fission proteins following bed
rest. However, animal models of denervation and Drpl-overexpression/knockdown have signified
how regulators of mitochondrial fission may contribute to skeletal muscle atrophy and
remodelling [448,373,516,135]. Romanello et al. [450] reiterated this but also noted how
inhibition of these pathways, while also inhibiting regulators of mitochondrial fusion, protected
against muscle wasting by blocking the activation of markers associated with muscle atrophy,
emphasising the importance in fusion-fission balance. Whether these changes in muscle atrophy
are direct or consequential requires further study but evidence points to a strong correlation to a

with reduced expression of FGF21 levels in the muscle and so could signify a direct relationship.
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Adaptations in pathways of mitophagy following bed rest-induced muscle atrophy are less clear.
Most of our understanding to date stems from both in-vitro and animal models, indicating that
reductions in PINK1/Parkin result in significant muscle atrophy [388]. Borgia et al. [54] further
reported that patients with muscular atrophy have increased PINK1 protein expression in
mitochondria isolated from skeletal muscle [466]. Considering ubiquitination of Parkin results in
the reduced expression of OMM proteins such as Mfn1 and Mfn2 [182,91], and inactivity has been
suggested to increase mitophagy in skeletal muscle, the changes observed in the mitochondria
following inactivity could be explained by the integrated response of mitophagy and mitochondrial

dynamics.

Physical Activity

Acute exercise and exercise training regimes have been shown to have significant and sometimes
different effects on markers of mitochondrial dynamics, specifically those relating to fission and
fusion. While there isn’t evidence to state a direct effect of exercise on these markers there is

enough research to support that exercise may regulate their expression.

Aerobic exercise training increases the translocation of PGC-1a to the mitochondria and nuclei,
where it functions as a co-activator for both mitochondrial and nuclear transcription factors, such
as Mfnl and Mfn2, regulators of the mitochondrial fusion process [31]. Consequently,
upregulation of mitochondrial biogenesis is strongly associated with increased mitochondrial
fusion [237,13]. The upregulation in mitochondrial fusion following exercise is consistently
supported in the literature, either by increased expression of targets related to mitochondrial
fusion, such as Mfn1l, Mfn2 or OPA1, or decreased activity of regulators of mitochondrial fission

[15,19,349,475].

Fealy et al. [144] illustrated that aerobic exercise training may impact on dynamics by decreasing
fission activity, supported by a reduction in pDrp1%%, This work, along with that of others,
suggests that exercise training leads to an increased transcription of mitochondrial fission and
fusion targets [84,391,139,144,13,19]. This adaptation with exercise training suggests that skeletal
muscle mitochondrial dynamics are most likely intertwined with mitochondrial biogenesis,
increasing overall mitochondrial content and quality intended to maintain cellular homeostasis

[555].

The question as to whether these adaptations are acute or chronic was explained in research by
Egan et al. [139]. This work identified that the adaptations to dynamics as highlighted previously

following exercise training are not consistent with an acute bout of exercise. This time-course
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analysis over 14-days supported the training-induced alterations in skeletal muscle regulators of
fission (Drpl) and fusion (Mfn2). However, after just one exercise bout, Drpl expression
dramatically increased. This study suggests an adaptive response to exercise training epitomised
by a dysregulation in mitochondrial fission following just one acute exercise bout, leading to a

rebalancing in fusion-fission as training progresses [123,391].

In addition to the training bout, subject training status should be considered when evaluating the
effects exercise. Arribat et al. [13] suggest that such changes may be age and training status
specific. Sedentary individuals between the age of 60-80 years who were recruited into the 16-
week aerobic exercise training study showed an enhancement in protein expression of fusion
(Mfn2, OPA1) and an inhibition of fission (Drp1) in comparison to life-long exercisers. This work
suggests that the enhancement of mitochondrial fusion was to support the need for an increased
mitochondrial content posed by the metabolic demands of exercise. Interestingly, when we
compare these changes to what was noted in models of reduced activity [506], regulators of
mitochondrial fusion, particularly OPA1, appear to be highly sensitive to changes imposed by the

environmental demands, be that exercise or inactivity.

Physical activity appears to have a specific effect on mitochondrial fusion-fission dynamics.
However, training status, age and training bout have been shown to lead to alternative
adaptations in dynamics, supporting the malleability of the mitochondria to maintain cellular

homeostasis in a stressful environment such as with exercise training.

Nutritional Excess and Restriction

Nutritional excess is the main contributor to increased lipid accumulation in tissues, particularly
skeletal muscle. This increased skeletal muscle lipid accumulation is associated with metabolic
disease such as insulin resistance, type 2 diabetes and obesity and in turn significantly reduces
mitochondrial oxidative enzyme capacity [213]. Additional to alterations in mitochondrial
function, mitochondrial dynamics are strongly impacted by such behaviour. Kelley et al. [261] first
recognized that mitochondrial area was significantly decreased (a 35% reduction) as a result of
obesity. Unfortunately, researchers at the time were unaware that this could be due to alterations
in mitochondrial dynamics. Since then, evidence has emerged that obesity could be inducing
mitochondrial fragmentation in skeletal muscle and causing the previously observed reduction in
mitochondrial respiratory capacity. Houzelle et al. [227] recognized a similar trend with
disconnected, smaller, circular and more isolated mitochondria in obese individuals in comparison

to their lean counterparts. This study attributed these phenotypical changes to alterations in both
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OPA1 and Fisl, both of which significantly reduced in protein expression in the obese cohort. A
decreased expression of OPA1 would explain these observed changes. While the decreased Fisl
expression could be indicative of decreased mitochondrial fission and reduced mitochondrial
quality control, given the interrelationship between dynamics and mitophagy. In that event,
decreased Fis1 expression could explain the reduction in mitochondrial oxidative phosphorylation,
resulting in smaller, more fragmented and poorer functioning mitochondria. Animal work [16]
further supported that the increased fragmentation could be orchestrated by adverse alterations
in the regulators of fusion dynamics, indicating decreased expression of skeletal muscle Mfn2 in
inherently obese, male Zucker rats. As with work by Houzelle et al. [227], this observation was
concomitant with significant alteration to the mitochondrial network and a reduction in oxidative

phosphorylation.

The changes with long-term over-feeding appear clear, whereby a decrease in fusion leads to
increased mitochondrial fragmentation which results in reduced mitochondrial size and oxidative
phosphorylation. These changes are similar to what is observed with severe nutrient deprivation
with accelerated mitochondrial fission and a promotion in cell apoptosis in an attempt to preserve
energy for neighbouring cells [110], a complete contrast to what occurs with mild nutrient

deprivation.

Nutritional deprivation induces mitochondrial fusion and increases energy-producing efficiency to
compensate the energy demand for growth. The activity of mammalian target of rapamycin
(mTOR) (MTORC1 & mTORC2) has been shown to play a key role in relation to mitochondrial
fission dynamics in particular. In-vitro inhibition/conditional knockdown studies have shown that
reduced expression of mTOR leads to activation of pDrp1°¢®” and inactivation of pDrp1%r®1®
preventing Drpl translocation resulting in mitochondrial elongation [354]. This consequent
increased fusion and mitochondrial elongation is in synch with what occurs during mild nutrient
deprivation where we see a decrease in the activation of mTOR and ribosomal protein S6K (p70
S6 K), the purpose of which is thought to enhance the mitochondria’s most basic function, the

synthesis of ATP [187,421,565,138].

Given calorie restriction/fasting impacts greatly upon cellular energy status, the other pathways
regulating energy within the cell are significantly upregulated. Unlike the response of mTOR,
fasting/calorie restriction increases cAMP, AMPK and SIRT1/3 (via an increase in NAD") activity
and expression, upregulating core autophagy machinery (Atgs) through the activation of Forkhead
Box O (FoxO) transcription factors [304]. Such increases, accelerate autophagy, providing more

potential energy for the energy deprived cell. This is helped further by calorie restriction/fasting
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induced-mitochondrial fusion mediated by the increase in cAMP and AMPK. The increase in cAMP
and AMPK has been shown to phosphorylate and inactivate Drpl-mediated mitochondrial fission,
in times of nutrient deprivation, similar to what occurs with decreased expression of mTOR

[168,313,507].

The actions of AMPK, insulin and mTOR signalling on mitochondrial morphology with starvation

and excess nutrition are represented clearly in Figure 2.32.
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Figure 2. 32. Schematic representation on the role of starvation and nutrient excess on
mitochondrial dynamics. Adapted from Liu et al. [322]

The mitochondria are dynamic subcellular organelles, convert nutrient intermediates into readily
available energy equivalents. However, in times of nutritional excess/deprivation the
mitochondria adapt in an attempt to preserve its prime function, oxidative phosphorylation. This

adaptation is a highly controlled system coordinated by mitochondrial fusion and fission dynamics.

Conclusion

The reduction in exercise capacity with confinement and bed rest is well established with reduced
plasma volume reducing cardiac filling pressure, stroke volume and cardiac output. Skeletal
muscle fibre size and density are reduced, as is bone mass resulting in profound changes in
functional capacity. Bed rest also causes metabolic alterations, inducing insulin resistance,
decreased fat oxidation and ectopic fat storage all lending to overall metabolic dysfunction.

Metabolic dysfunction is strongly associated with reductions in mitochondrial function regulated
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a coordinated response in biogenesis, mitophagy and dynamics. Mitochondrial dynamics is a
highly plastic process firmly impacted by the surrounding environment our bodies are subjected
to, be that during exercise, nutrient excess/deprivation or physical inactivity. The role
mitochondrial dynamics may have in the progression of metabolic dysfunction induced by physical
inactivity poorly investigated within the human model. Having a greater understanding of the
complex adaptations skeletal muscle mitochondria undergo and how they change with physical
inactivity will allow us to develop appropriate countermeasures to counteract the negative impact

of physical inactivity.
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Chapter Ill: Methodology

Brief Summary of Measurements and Techniques
Used

A 60-day -6° head down tilt (HDT) bed rest study was conducted aimed to measure the
effectiveness of a nutritional supplement (micronutrient cocktail) in counteracting the adverse
physiological (Table 3.1) and skeletal muscle cellular response (Table 3.2) to 60 days -6° HDT bed
rest. The following is a summary of the measurements assessed and techniques used for their

guantification:
Physiological Response to Bed Rest:

Table 3. 1 Measurements and techniques used to assess the physiological response to bed rest

Measurement Technique Used
Height Stadiometer
Weight Weighing trolley

Other anthropometrics (fat-free mass, fat mass, body fat %) | Dual Energy X-ray Absorptiometry

Heart rate & Blood pressure Digital blood pressure cuff
Resting Metabolic Rate & Respiratory Quotient Canopy dilution indirect
calorimetry
Aerobic capacity Cycle ergometer, monitored using
indirect calorimetry
Peak Heart Rate 12-lead Electrocardiogram

Cellular Response to Bed Rest:

Table 3. 2. Measurements and techniques used to assess the cellular response to bed rest

Measurement Technique Used
Skeletal muscle biopsy Bergstrom technique
Mitochondrial content RT-gPCR

Mitochondrial respiration Oroboros 02k High Resolution
Respirometry (carbohydrate SUIT)
Transcriptional expression RT-gPCR
Translational expression Western blot
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In order to determine the time-course effect of some of these physiological and cellular responses
to bed rest we quantified and analysed new data from the control arm of a previously conducted
-6°HDT 21-day bed rest study. The same methods used for the 60-day study (Table 3.2) were used
for the 21-day study and compared against the changes we observed following 60-days -6° HDT

bed rest within our control group.

We subsequently used in-vitro cell culture methods to further investigate novel upstream
regulators of mechanisms observed to change following both 21 and 60 days -6° HDT bed rest.
These measurements were optimised using C,C1; myotubes (see Appendices Section E & G) with
techniques then applied to primary human skeletal muscle myotubes (ATCC PCS-950-010™) in

culture. Table 3.3 is a summary of the measurements taken and the technique used:

Table 3. 3. Measurements and techniques used in-vitro

Measurement Technique Used
Sirtuin 4 knockdown siRNA knockdown with transfection
reagent
Transcriptional expression RT-gPCR
Translational expression Western blot
Mitochondrial respiration Oroboros 02k High Resolution
Respirometry (fatty acid SUIT)
Mitochondrial and Nuclei probing Immunofluorescence labelling with
confocal microscopy
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Experimental Overview of the 60-day Bed Rest Study

This study was a randomized controlled, parallel design, study funded by the European Space
Agency and conducted at the MEDES clinic, Clinique de I'Espace (CHU Rangueuil, Toulouse, France.
The first campaign was conducted between January and April 2017 and the second campaign
between September and December 2017. All subjects remained at -6° head down tilt (HDT) for
the entire study duration (60 days in bed), to simulate cardiovascular changes in microgravity,
whether assigned to the control (CONT) or Nutritional Supplement group (intervention - INT). The
experimental schedule was broken into three periods (i) A baseline ambulatory period of 14 days
(baseline data collection, BDC) followed by (ii) 60 days at -6° bed rest (HDT) and then (iii) 14 days
of a recovery period (R+). During the first baseline data collection (BDC) and last (R+) periods,

subjects remained in the bed rest facility at MEDES.

A clear representation of the 60-day bed rest study design can be found below in Figure 3.1 which

will be further within this section.

Selection Baseline Ambulatory Period Control Group (n=10) Recovery Period

20 young healthy

males Supplemented Group (n=10)

' ' XXS2A + Omega-3 FA + Vit E + Selenium '
741mg/day of 2.1g 168mg + 80pg
( polyphenols (3 pills/day) (1 pill/day) {
(3 pills/day)
-6° Head Down Tilt (HDT)
Bed Rest
~8,000 steps/day
within the clinic —1 6*
1 1
BDC-14 BDC -8 BDC 0 HDT 60  R+1
1 t ; t
1 Aerobic fitness 1 Aerobic fitness |
Fommmmmme T Tt e e el ' B o N - 'I. ---------
: Muscle biopsy: fasting and after insulin stimulation : Muscle biopsy: fasting and after insulin stimulation :
__________________ e s s >
'
: Indirect Calorimetry & measurements of body composition taken throughout :
............................................................ )
Energy intake 1.67 ) ) Energy intake 1.67
times RMR Energy intake 1.33 times RMR .| times RMR

»l @
d L b Pi<

Dietary intake: - 1.2g/kg/day protein - 35% energy as fat - Rest as CHO

Figure 3. 1. 60-day bed rest study design
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Subject Selection

A total of 20 men were selected to partake in the bed rest study following a selection process that
included a review of their lifestyle, a medical history and examination as well as physical, biological
and psychological assessments. An information document was provided to each candidate and
they had the opportunity to ask any questions. Once satisfied, they signed the specific Information
and Consent Form. These volunteers were then notified of a selection visit at MEDES to check if
they did (or did not) meet the requirements of the inclusion and non-inclusion criteria. The study
was approved by the appropriate Ethics Committee (Comite de Protection des Personnes / CPP
Sud — Ouest Outre-Mer 1) and the French Health Authorities (Agence Francaise de Securite

Sanitaire des Produits de Sante).

Sample Size

This study was conducted by the European Space Agency human spaceflight programme and
directed to their records. The cocktail study was the first study to investigate the effects of an
antioxidant and anti-inflammatory micronutrient cocktail on different physiological systems in
bed rest, and is therefore considered an exploratory study. Thus, no power analysis was

performed.
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Table 3. 4. List of inclusion and exclusion criteria for the 60-day bed rest study

Inclusion criteria

Exclusion criteria

Healthy male

Aged 20-45

BMI between 20-25

Between 158-190cm in height

No personal nor family past record of chronic or
acute disease or psychological disturbances
which could affect the physiological data and/or
create a risk for the subject during the
experiment

Fitness:

< 35 years: 35 ml/min./kg < VO.max <
60ml/min/kg

> 35 years: 30 ml/min./kg < VO;max <
60ml/min/kg

Active and free from any orthopedic,
musculoskeletal and cardiovascular disorders

Non-smokers, no alcohol, no drug dependence
and no medical treatment
Covered by a Social Security system

Free of any engagement during the three study
planned periods

Past record of orthostatic intolerance

Cardiac rhythm disorders

Chronic back pains

History of hiatus hernia or gastro-esophageal reflux

History of thyroid dysfunction, renal stones, diabetes,
migraines

Past record of thrombophlebitis, family history of
thrombosis or positive response in thrombosis
screening procedure

Abnormal result for lower limbs echo-Doppler

History or active claustrophobia

History of genetic muscle and bone diseases of any kind
Bone mineral density: T-score < -1.5

Osteosynthesis material, presence of metallic implants
History of knee problems or joint surgery/broken leg
Poor tolerance to blood sampling

Having given blood (more than 8ml/kg) in a period of 8
weeks or less before the start of the experiment
Special food diet, vegetarian or vegan

History of intolerance to lactose or food allergy
Positive reaction to any of the following tests: HVA IgM
(hepatitis A), HBs antigen (hepatitis B), anti-HVC
antibodies (hepatitis C), anti-HIV1+2 antibodies
Echocardiography: inappropriate thoracic acoustic
window

Subject already participating or in the exclusion period
of a clinical research

Refusal to give permission to contact his general
practitioner

Incarcerated persons

Subject who, in the judgment of the investigator, is
likely to be non-compliant during the study, or unable
to cooperate because of a language problem or poor
mental development

Subject who has received more than €4,500 within 12
months for being a research subject

Subject under guardianship or trusteeship
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Table 3.5 represents a breakdown of the number of volunteers in campaign 1 and 2 which
completed their medical screening and psychological screening and those who were finally

selected (along with a back-up) for these bed rest trials.

Table 3. 5. Number of volunteers in 60-day bed rest study

Number of volunteers Campaign 1 Campaign 2
Medical Screening 35 29
Psychological 18 19
Screening
Final Selection 10 + 4 back up 10 + 5 back up

Physical Activity During the Baseline Ambulatory Period

Habitual physical activity was objectively measured in free living conditions over a period of ten
consecutive days by self-reported questionnaires and quantification of subject’s daily step count
and intensity of activity. The goal was to maintain habitual physical activity of the subjects while
they were staying at the clinic in confined conditions during the baseline ambulatory period, and

thus prevent any deconditioning prior to the bed rest.

A hip-worn triaxial accelerometer (Actigraph GT3x+, Actigraph™, USA) was used for 10 days
before the start of the bed rest to quantify daily steps and intensity of activity. The accelerometer
was taped to a stretch belt and hip-worn on the right iliac crest. Each subject received a logbook
and was instructed to record specific activities or events. Physical activity level (PAL), defined as
the ratio between daily total energy expenditure and resting metabolic rate (RMR) was estimated
for each participant. RMR was estimated according to the WHO equations [143,424]. From the
habitual PAL value and the estimated RMR, physical activity energy expenditure was estimated

for each subject in order to develop an individual physical activity program.

About 30% of habitual activity energy expenditure was expended while in the facility during
structured exercise session. Each participant performed 4 walking/running sessions on a treadmill
and 4 biking sessions on a bicycle over 8 days during the BDC period. The exact duration of the
running bout and the bike resistance were adjusted to achieve 30% of habitual activity energy
expenditure. The remaining 70% of habitual activity energy expenditure was reached by walking
in the facility. Participants were asked to reach about 8000 steps/day in order to guarantee a
maximal shift in activity at the start of the bed-rest. Participants were equipped with a wrist-worn

activity tracker bracelet (Polar Loop, Polar®, Finland) in order to record/save daily physical activity
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and have a real-time visual feedback. The number of daily steps each day were assessed to help

the participants reach the targeted number of steps.

Bed Rest Safety Measures

To ensure safety and well-being of subjects, a 24h/day medical and paramedical care was
provided. As part of this standardized procedure, general health indicators such as blood pressure
and heart rate were assessed daily (Intellivue MMS X2, Philips Ltd., Best, The Netherlands) in the
fasting state, immediately following the scheduled wake-up at 6:30 AM (lights off at 11PM). Body
mass (BM) was assessed daily following the first urine void of the day (DVM 5703, Sartorius Ltd.,
Goettingen, Germany). 24h urine volume pools were also assessed daily. Safety parameters (from
blood and urine samples) were periodically assessed by an independent medical doctor, who

additionally monitored the subjects' health status during daily ward rounds

Blood and Urine Samples Analyses

Plasma glucose (Abbott Ltd.), NEFA (FUJIFILM, Wako Ltd.), triglycerides (Randox Ltd.) and insulin
(Roche Ltd.) were measured by colorimetric assays and chemiluminescence methods, according
to the manufacturer’s instructions. The ratio between low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) cholesterol was determine by polyacrylamide gradient electrophoresis
(SPIRAGEL® 1.5-25%). The urine was analyzed for nitrogen content according to the Dumas

method (RapidN Cube ®, Elementar, Germany).

Dietary Intake

Diet was tightly controlled during the study by registered dieticians and provided by the MEDES
Clinical Team. For all ESA bed rest studies, the aim is to maintain fat mass while accepting the fat
free mass will decrease. Fat mass is clamped by ensuring the total energy intake matches energy
expenditure. This is achieved by measuring resting metabolic rate and body composition and
adjusting the diet accordingly. Participants were fed conventional foods calculated to provide 1.2
g/kg/day of protein, 35% of energy as fat and the rest as carbohydrates. Energy intake was
calculated to provide 1.67 times the resting metabolic rate during the control and recovery
periods and 1.33 during the best rest. Food ingested was weighted and energy ingested was
calculated using the NUTRILOG software (Version 3.11b). No extra food was allowed between the
three daily meals taken at set times. All leftovers on the tray were weighted by the staff of the

Metabolic kitchen.
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Micronutrient Cocktail Supplementation

The supplemented group received a polyphenol nutrient cocktail derived from the following
sources: Liliaceae, Vernenaceae, Lamiaceae, Vitaceae, Rubiaceae, Theaceae and Rutaceae, and
consisting of Allium cepa, Lippia citriodora, Ajuga reptans, Vitis vinifera, coffearobusta, Camellia
sinensis, and Citrus aurantium. The cocktail is referred to as XXS-2A and was designed by Spiral
Company (Dijon, France). The daily dose was achieved by the ingestion of six pills (two at
breakfast, lunch and dinner) to reach a total dose of 741 mg/d of polyphenols that was composed
of 323.4mg/d flavonols (including quercetin 135mg), 78.0mg/d oligostilbens (including resveratrol
21mg), 96.0mg/d hydroxycinnamic acids (including chlorogenic acid 42mg), 135.6mg/d flavanols
(including epigallocatechin gallate 60mg) and 108.0mg/d flavanones (including naringin 30mg). As
there are no dietary references intake (DRI) available for polyphenols, the ~500 mg/d dose was
based on several reviews on the bioavailability and bioefficacy of polyphenols in humans and
other studies that tested the effects of polyphenols on exercise performance and oxidative stress.
The 3g daily dose of w-3 fatty acids (Omacor, Pierre Fabre Laboratories, Toulouse France) was
based on French pharmacopeia recommendations for hypolipemic effects (2-4 g/day) and was
provided as a single pill per meal. It comprised of 1.1 g of eicosapentaenoic acid (EPA) and 1 g of
docosahexaenoic acid (DHA). Vitamin E and selenium were given as a single daily pill providing
168mg of vitamin E associated with 80ug of selenium (Solgar, Marne la Vallée, France). The daily
recommended intake for Vitamin E is set at 15mg/d. The tolerable upper limit (UL) for intake is
set at 1 g in adults, therefore the dose from the commercially available pill was 6 times lower than
the UL but 11 times higher than the DRI. To capitalize on the cocktail effect, the dose of vitamin E
was two-fold lower than the doses that were previously reported to provide positive effects on
metabolism and muscle. Regarding selenium, the intake reported in most countries presents a
large variability. DRI and UL are respectively set at 55 pug and 400 ug per day. The selected dose
provided a daily supplement that set the daily intake at 135 pg/d which is 3 times lower than the
UL and lower than the dose reported in previous studies. The control group did not receive any

supplementation or placebo.
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Physiological Assessments

These methods were performed by a clinical team based within clinic and shared with all research

groups involved in the study.

Anthropometrics

Height (m) was measured to the nearest centimeter using a stadiometer and body mass (kg) was
measured to the nearest 0.1 kg at baseline and the first thing every morning during bedrest on a

weighing trolley. This allowed them to roll from the bed to the weighing scales.

Dual Energy X-Ray Absorptiometry (DEXA)

The measurement of body composition using DEXA (Hologic®, DXA, QDR4500C, USA) is achieved
from the differential absorption of x-rays of two different intensities. This calculation allows for
the quantification of overlying soft tissue. It is possible to obtain values for fat and fat free mass
using a whole-body scan and using instrument specific algorithms [547]. For the total body scan,
subjects were centered and squared in the middle of the table with ankles and knees taped
together and the scanner laser light was positioned 3cm above the subject’s head. The scanner
arm moved down over the subject’s body obtaining sliced images. Fat mass and fat free mass were

calculated. The radiation exposure is extremely low (0.001mSv) (www.radiologyinfo.org). DEXA

used 8 times throughout the study — Two measurements were taken during baseline data
collection (BDC-13 and BDC-3), four during bed rest (HDT13, HDT30, HDT45, HDT60) and two
during recovery (R+7, R+14).

Figure 3. 2. Dual X-Ray Absorptiometry was used to measure body composition through bed rest

Aerobic Capacity

Peak oxygen uptake capacity (VO,peak) during cycling was measured using a cycle ergometer
(Lode, B.V., Groningen, The Netherlands), once before bed rest (BDC-8) and once after bed rest

(R+1). After an initial 5 minutes of seated rest, subjects were instructed to start and maintain a
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cadence of 75 rpm while the load was increased every minute in steps of 25 W (starting from 3
min at 50 W) until volitional exhaustion despite strong verbal encouragement. Breath-by-breath
oxygen uptake and carbon dioxide production was monitored using the Innocor™ system
(Innovision, Odense, Denmark) and heart rate was continuously monitored by 12-lead ECG
(PADSY, Medset Medizintechnik GmbH, Germany). The spiroergometry data was filtered by taking
the median of 5 breaths and subsequently a moving average over 30 seconds. Afterwards, the
peak values for the following parameters were extracted: VO,, heart rate, respiratory exchange
rate, and ergometer power. If the peak respiratory exchange rate was below 1.10, the trial was

deemed not exhaustive and not considered for further analyses.

Resting Metabolic Rate

Subjects lay in bed with respiratory quotient (RQ - carbohydrate and fat oxidation rates) and
resting metabolic rate (RMR) calculated using canopy dilution respirometry (Quark, Cosmed, Italy)
(see Figure 3.3) with the classical equation of indirect calorimetry corrected for urinary nitrogen
excretion [160,148]. Resting metabolic rate was performed on all subjects following an overnight
fast and prior to breakfast on baseline data collection (BDC) days 14, 10 and 2 before head down
tilt (HDT). This same procedure was then performed on all subjects during HDT on days 4, 25, 39,
49 and 58.

Figure 3. 3. Indirect calorimetry under the canopy hood performed using the Quark, Cosmed
Skeletal Muscle Biopsies

Prior to and just before the end of the 60-day bed rest period (BDC-6 and HDT56) skeletal muscle
specimens were obtained by muscle biopsy from the vastus lateralis while subjects where in the

fasted state (see Figure 3.4). An area of skin was anaesthetized (2% w/v lidocaine HCl) and a small
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(0.5 cm) incision was made. A sterilized Bergstrom skeletal muscle biopsy needle was inserted into
the muscle and approximately 200 mg of tissue was removed while applying suction. Pressure was
maintained on the wound for 10 minutes and the incision was closed with steristrip tape and

wrapped tightly in a crepe bandage.

Figure 3. 4. Vastus lateralis skeletal muscle biopsy performed on all subjects pre and post bed
rest using the Bergstrom technique

Skeletal Muscle Biopsy Analysis

The muscle biopsy samples were either frozen in liquid nitrogen for nucleic acid and protein
analysis or put into a preservation medium, BIOPS solution (in mM; 2.77CaK? EGTA, 7.23 K2 EGTA,
20 immidazole, 20 taurine, 6.65 MgClI?, 5.77 ATP, 3.95 phosphocreatine, 0.5 dithiothreitol, 50 K-
MES, pH 7.1 at 0°C) and prepared immediately for analysis of mitochondrial function using the

High-Resolution Respirometery, 02k Oroboros (Oroboros Instruments GmbH).
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Cell Culture Methods

Cryopreservation (freezing and thawing)

Freezing Working Stocks

Cells in the middle of exponential phase where trypsinized, pelleted and resuspended in Cryo-SFM
(Promocell GmbH, C-29912). Once suspended, cells where aliquoted into 1ml pre-chilled and
labelled cryovials (Greiner Bio-one GmbH, 121278). These where immediately placed in a Mr.
Frosty™ Freezing Container (Thermo Fisher Scientific Inc., 5100-0001) (see Figure 3.5) which was
placed into a -80°C freezer until frozen. This was to ensure cells were gradually cooled a rate of -
1°C/minute. Once frozen, cells were removed from Mr. Frosty container and the vials were
lowered into the liquid nitrogen at -196°C for storage. All cells where counted and a viability assay
was complete before they were frozen. Human skeletal muscle myoblasts where frozen at a

minimum of 4x10° per cryovial.

Figure 3. 5. Mr.Frosty™ container used for initial cell cryopreservation
Thawing Frozen Stocks

Fresh growth media was warmed at 37°C in a water bath and a 5 ml aliquot of this media was
placed in a 30 ml white capped universal. The cryovial was removed from the liquid nitrogen tank
and rapidly placed into a 37°C water bath, making sure the lid did not get in contact with the water
to maintain sterility. When the cell suspension was thawed, the cryovial was sterilized with diluted
industrial methylated spirits (IMS) and the cells were transferred to the pre-warmed media inside
a laminar flow cabinet. Cells were then centrifuged at 1,400rpm for 13 minutes for human skeletal
muscle primary cells (ATCC PCS-950-010™) in order to remove the toxic Cryo-SFM. The
supernatant was carefully discarded and the cell pellet was resuspended into 1 ml pre-warmed
growth media. A cell viability count was performed and cells were subsequently suspended in a

culture flask with pre-warmed media. The flask was then labelled and placed into a CO; incubator.
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Primary Skeletal Muscle Cell Maintenance

Primary Skeletal Muscle Cell Growth

Media for Growth of Primary Skeletal Muscle Cells: A Primary Skeletal Muscle Growth Kit (ATCC
PCS-950-040™), consisting of L-glutamine (10mM), rh EGF (5ng/ml), dexamethasone (10uM), rh
FGF-b (5 ng/mL), rh insulin (25ug/mL), stem cell qualified FBS (4%), was added to Mesenchymal
Stem Cell Basal Medium (ATCC PCS-500-030) to grow human primary skeletal muscle myoblasts.

Media was heated to 37°C for 15 minutes prior to use.

Trypsin Solution: Sterile trypsin solution was made up using autoclaved PBS, 0.25% trypsin
(Gibco™) and autoclaved 0.01% EDTA (Sigma-Aldrich) solution stored in aliquots at -20°C. Solution

was heated to 37°C for 15 minutes prior to use.

Subculture of Primary Human Skeletal Muscle Cells: Primary human skeletal muscle cells (ATCC
PCS-950-010™) (see Figure 3.6) where maintained in conditions as mentioned previously and sub-
cultured when the cells reached 70-80% confluence in order to maintain them in mid-exponential
phase of their growth cycle. Further information on these cells can be found within the Appendices
(Section H). Culture media was removed from the flask (T25, T75, T175) and discarded in a glass
waste bottle. The flask was rinsed with 1 ml trypsin (based off the size of the flask) to remove any
residual media. Then, 2-3 ml of trypsin was added to the flask, which was then incubated at 37°C
until almost all the cells had detached from the bottom of the flask (approximately 2-3 minutes).
The detachment of cells was monitored under a microscope to prevent over-exposure to trypsin.
Once the cells were detached, a volume of growth media equivalent to that of trypsin was added
to the flask in order to neutralise the effect of the trypsin, and the media, trypsin and cellular
solution was transferred to a 20 ml sterile universal tube and centrifuged at 1,400 rpm for 13
minutes. The supernatant was discarded, and the pellet was resuspended in 2 ml of growth media.

Following resuspension, cells where counted using trypan blue viability method.

Once counted, appropriate amount of cells where then seeded into T25/T75/T175 and 6 well
plates. Cells were fed every 3-4 days until passaged once 70-80% confluent again. Cells were
passaged just 4-5 times to prevent any unwanted characteristic changes, after this cells were

cryopreserved.
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Figure 3. 6. Human Skeletal Muscle myoblasts, ATCC® PCS-950-010

Human Skeletal Muscle Cell Differentiation

Once myoblasts reached 80-90% confluence (3-4 days), growth media was removed and discarded
into waste. Cells where washed with phosphate buffered saline (PBS). Human skeletal muscle
myoblasts were then incubated in differentiation media (skeletal differentiation tool, ATCC PCS-
950-050™) (2ml per well of a 6 well plate) at 37°C and 0.5% CO,. Cells were differentiated for 10-
12 days until cells differentiated into myotubes with media replacement occurring on day 3, day
6 and day 9 (see Figure 3.7). Media replacement consisted of removing current media, discarding
it into waste, washing each well with PBS before incubating once again in differentiation media.

Media was heated to 37°C for 15 minutes prior to use.

Day 0 ; Day 3 Day 6 Day 9 ! Day 12

Feedin Feedin Feedin Feedin Extraction/Treatment

Differentiation Days

Figure 3. 7. Schematic representation of the differentiation of human skeletal muscle myotubes
over 12 days

Cell Counting & Viability

Following centrifugation of cells and resuspension of these into new growth media, cells were
counted and tested for viability. 20ul of resuspended cells were incubated with 20ul trypan blue
solution (0.4%) (Sigma-Aldrich, T8154) to make a 1:1 solution in a 1.75ml eppendorf for 5 minutes.
10ul of this suspension was then counted using a haemocytometer (this was completed twice and

an average of both was taken). Live cells equated to those which were not blue (i.e. viable cells)
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and non-viable those which were blue. The haemocytometer was cleaned before and after each

use with IMS.

Cell count: [(count 1 total/4) + (count 2 total/4)]/2 = cells x 10*

Cell viability: Total viable cells/Total cells (viable and dead) x 100

Viable cells per ml: Average viable count per square x Dilution factor x 10*

Total viable cells per sample: Viable cells/ml x Original volume of fluid from which the cell sample

was removed

Figure 3. 8. T75/T175 flasks were used for sub-culturing human skeletal muscle cells before
seeding into 6 well plates

Sterility checks

Sterility checks were regularly performed in the media and their additives. A 1ml volume sample
of the liquid being tested was added to 9ml of tryptone soya broth (TSB) to check growth of yeasts
and aerobes. Thioglycolate (Thio) broth was used to identify the presence of aerobic and
anaerobic bacteria. This media maintains a gradual reduced oxygen concentration along its depth
due to the presence of sodium thioglycolate, which removes oxygen from the media. A 1ml of
sample media was added to the top of Thio to assess aerobic bacterial contamination whereas for
anaerobic growth, 1ml was added to the bottom of the media contained in a 30ml universal
(Greiner Bio-one GmbH, 201152), where no/low oxygen concentration is found. The three
samples were incubated at 37°C for 7 days and then checked for turbidity, which would indicate

contamination.

Mycoplasma testing

Routine mycoplasma examinations were carried out on the cell lines used in this study by a trained
in-house technician. Media samples were collected from cultures that had been subcultured at

least three times in media without the presence of antibiotics or selective agents. Culture media
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was collected at day three of the culture and centrifuged at 1000 rpm for 5 min to remove any cell

debris. The conditioned media (5 ml minimum) was then stored at -20°C until tested.

Briefly, the test was based on the Hoechst DNA staining method. NRK cells (normal rat kidney
fibroblasts) were used as a testing cell line due to their resistance to fixation. These cells were
seeded and grew in coverslips overnight. The conditioned media to be tested was then added and
the cells were incubated at 37°C. When 20-50% confluence was observed (usually at day 4-5), the
cells were fixed and stained with Hoechst 33258 dye. This dye stains all DNA present in the cell
culture, including the NRK nuclear DNA as well as the mycoplasma DNA. The stains were then
observed under a fluorescent microscope. Presence of small fluorescent bodies outside the cells

indicated mycoplasma infection.

Primary Human Skeletal Muscle Myotube siRNA Transfection

RNA interference (RNAI) using small interfering RNA (siRNA) transfection was conducted on
primary human skeletal muscle myotubes differentiated between days 10-12. Primary human
skeletal muscle myotubes were transfected using Invitrogen Silencer Select Pre-designed siRNA
to SIRT4 (5nmol) (Thermo Fisher Scientific Inc., s23764 and s23765) and a silencer select siRNA
negative control (5nmol) (scramble, Thermo Fisher Scientific Inc., 4390843). s23764 and s23765
silencer select pre-designed siRNA to SIRT4 (5nmol) and silencer select siRNA negative control
(4390843) (5nmol) were made to 100uM using sterile nuclease free water in sterile conditions.
From this 100uM stock solution all siRNA silencer selects were made to 10uM using sterile

nuclease free water in sterile conditions. This 10uM solution was used for all siRNA experiments.

Primary Human Skeletal Muscle Myotube Optimal siRNA Transfection Reagent

Four separate transfection reagents were assessed for optimal siRNA SIRT4 knockdown in primary
human skeletal muscle myotubes, MirusIT-TKO®(Mirus Bio LLC., MIR 2154), DharmaFECT™ 1
(Dharmacon Inc., T-2001-S), DharmaFECT™ 3 (Dharmacon Inc., T-2003-S) and Lipofectamine 3000
(Invitrogen™, 13000001). Each transfection reagent was assessed at three separate
concentrations (2pl, 4l and 6ul per 50ul Gibco™ Opti-MEM, Reduced Serum Medium, Thermo
Fisher Scientific Inc., 31985047) in all conditions. Six separate 12 well plates were seeded with
primary human skeletal muscle myoblasts (1x10° per well). Once myoblasts reached 90%
confluence, growth media (Mesenchymal Stem Cell Basal Medium (ATCC PCS-500-030™)) was
removed, cells were washed with PBS and cells were incubated in differentiation media to help
them form into myotubes (skeletal differentiation tool, ATCC PCS-950-050™). Cells were fed on

days 2, 4, 6 and 8. On day 10 primary human skeletal muscle myotubes were assessed for optimal

83



siRNA transfection reagent. Media was removed from wells and cells were washed with PBS. Cells
were then incubated in 900ul Opti-MEM | Reduced Serum Medium (Gibco™, 31985047). 25nM of
siRNA silencer select s23764, s23765 and silencer select siRNA negative control (4390843) were
used for all transfection reagent conditions. For each well condition an eppendorf consisting of
2.5ul of 10uM siRNA silencer select stock in 47.5ul Opti-MEM was made (making a 50nM siRNA)
(see Table 3.6 for siRNA concentration preparation). Each 50nM siRNA was incubated with a
specific transfection reagent (2ul, 4ul, 6pl transfection reagent in 50ul Opti-MEM) of the same

volume (making it a 25nM siRNA) for manufacturers specified time (indicated in Table 3.7).

Table 3. 6. SIRT4 siRNA concentration for identifying optimal siRNA transfection reagent

siRNA Target siRNA Concentration siRNA Volume Opti-MEM
(10puM) (10uM) (10uM)
$23764/s23765/Scramble 25nM 2.5ul 47.5 ul
s23764 s23765
Duplex siRNA \ 25nM 1.25ul 1.25ul 47.5ul

Table 3. 7. Multiple siRNA transfection reagents were used to assess for optimum SIRT4
knockdown

Transfection Reagent Complex Formation Time
Lipofectamine 3000 5 minutes
DharmaFECT 1 20 minutes
DharmaFECT 3 20 minutes
MirusIT-TKO 20 minutes

siRNA transfection reagent and siRNA silencer select complex solution (100ul) were carefully
pipette into 900ul of Opti-MEM already pipette onto cells within their wells. Cells were then
incubated with specific complexes (see Table 3.8 and Figure 3.9 for conditions per plate) for 24

hours at 37°C and 0.5% CO..

Table 3. 8. siRNA transfection reagent optimisation plate setup

12 well plate # Condition

1 siRNA silencer select s23764 (SIRT4)

2 siRNA silencer select s23765 (SIRT4)

3 siRNA silencer select duplex (s23764 and s23765) (SIRT4)

4 silencer select siRNA negative control (4390843)

5 Transfection reagent only (no siRNA silencer select)

6 Control (no siRNA silencer select and no transfection reagent)
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Mirus

Dharmafect 1

Dharmafect 3

Lipofectamine

Figure 3. 9. Example plate setup for optimal siRNA transfection reagent experiment

Following 24-hour incubation, siRNA complexes were removed and disposed of. Cells were
washed with PBS and re-incubated in differentiation media for another 24 hours. Following 24-
hour incubation in differentiation media, media was removed, cells were washed with PBS and
cells were extracted using Tri reagent (0.5ml per well). Cells were then stored within labelled
eppendorfs at -80°C until ready to perform RNA extraction and subsequent RT-qPCR for presence
of the Sirtuin 4 (SIRT4) gene.

Primary Human Skeletal Muscle Myotube Optimal siRNA Concentration

Following optimisation of the transfection reagent and its concentration, the optimal siRNA
silencer select concentration was determined. Primary human skeletal muscle myoblasts (1x10°
per well) were grown until confluent in 12 well plates, differentiated using differentiation media
for 10 days, feeding cells on days 2, 4, 6 and 8. On day 10, media was removed, cells were washed
using PBS and cells were incubated again in 900ul Opti-MEM per well. Four different
concentrations of siRNA silencer select were made (25nM, 50nM, 75nM and 100nM). These were
all incubated in 6pl lipofectamine 3000 in 50ul Opti-MEM per well for 5 minutes to create a
complex before being carefully pipette into their specific wells in drops (see Figure 3.10, Table 3.9,
3.10 and 3.11 for specificities in plating, preparation and testing of different siRNA concentrations

on SIRT4 expression).
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Figure 3. 10. Example of plate setup with 4 different concentrations of SIRT4 siRNA silencer
select and set concentration of transfection reagent for optimal siRNA concentration experiment

Table 3. 9. Different concentrations of SIRT4 siRNA were used in optimisation

siRNA Concentration SiRNA s23764/ s23765/Scramble Opti-MEM
(10pM)
25nMm 2.5ul 47.5ul
50nm 5ul 45l
75nM 7.5ul 42.5ul
100nm 10ul 40ul

Table 3. 10. Different concentrations of SIRT4 siRNA Duplex were used in optimisation

siRNA Concentration SiRNA s23764 siRNA s23765 Opti-MEM
(10uM) (10uM)
25nMm 1.25ul 1.25ul 47.5ul
50nmv 2.5ul 2.5ul 45pl
75nM 3.75ul 3.75ul 42.5ul
100nM Sul Sul 40l

Table 3. 11. Representing the different conditions used to test for the optimal SIRT4 siRNA
concentration

12 well plate # Condition

1 siRNA silencer select s23764 (SIRT4)

2 siRNA silencer select s23765 (SIRT4)

3 siRNA silencer select duplex (s23764 and s23765) (SIRT4)

4 silencer select siRNA negative control (4390843)

5 Transfection reagent only (no siRNA silencer select)

6 Control (no siRNA silencer select and no transfection reagent)

Cells were incubated with each complex for 24 hours at 37°C, 0.5% CO.. After 24-hours media was
removed and cells were washed with PBS. Cells were then re-incubated in differentiation media
for a further 24 hours. Following this 24-hour incubation media was removed, cells were washed

in PBS and cells were extracted from wells using Tri reagent. Tri reagent extracts were then stored
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within eppendorfs at -80°C until ready to perform RNA extraction and subsequent RT-qPCR for

presence of the Sirtuin 4 (SIRT4) gene.

Primary Human Skeletal Muscle Myotubes Optimal siRNA Transfection Time

The next step was to optimise the incubation time to knockdown SIRT4 by examining the changes
following 0-, 1-, 24-, 48- and 72-hours. Primary human skeletal muscle myoblasts were grown until
confluent in 12 well plates and differentiated as described above. 3.75ul siRNA silencer select
s23764 and 3.75ul siRNA silencer select s23765 were added to 42.5ul Opti-MEM to create a duplex
siRNA at 75nM. This complex was then incubated with a solution of 6l lipofectamine 3000 in 50pl
Opti-MEM per well for 5 minutes. 7.5ul silencer select siRNA negative control (4390843)
(scramble) was added to 42.5ul Opti-MEM. This was incubated in a solution of 6ul lipofectamine
3000 in 50ul Opti-MEM for 5 minutes and as with the duplex sample, the scramble sample
(4390843) was added to its specific well in drops. Cells were incubated with each complex for 24

hours at 37°C, 0.5% CO,. After 24-hours media was removed and cells were washed with PBS.

Cells were then either re-incubated in differentiation media for a further 60 minutes, 24 hours, 48
hours or 72 hours or extracted using Tri reagent for time point 0 minutes (see Figure 3.11).
Following incubation, media was removed, cells were washed in PBS and cells were extracted from
wells using Tri reagent. Tri reagent extracts were then stored within eppendorfs at -80°C until
ready to perform RNA extraction and subsequent RT-gPCR for presence of the Sirtuin 4 (SIRT4)

gene.

Plate set up for primary human skeletal
Control Control muscle myotube optimal siRNA

(nosirna) J| - (noSIRNA) transfection time

Cells extracted following 24-hours siRNA

incubation:

B 75nM Duplex - 0 minutes

- 60 minutes

- 24 hours

75nM

75nM
Scramble - 48 hours

SiRNA - 72 hours

Scramble
siRNA

Figure 3. 11. Example of plate setup for optimal siRNA transfection time
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MitoTraker Green FM Mitochondrial Content Probing

MitoTraker Green FM (Invitrogen™, M7514) (MW: 671.88) was prepared to 1mM using sterile
dimethyl sulfoxide (DMSO) as per manufacturer’s instructions to assess mitochondrial content.
MitoTraker Green was wrapped in tinfoil and stored at -20°C due to light sensitivity and stock
solutions were replaced every 2-weeks. Following optimization of MitoTraker Green FM
concentration and the time of incubation using C,C1; myotubes (see Appendix Section G), 150nM
MitoTraker Green FM was prepared in differentiation medium (ATCC PCS-950-050™). Primary
HSM myotubes, grown and differentiated for 10 days on 35mm imaging dishes with a polymer
coverslip bottom (lbidi GmbH, u-Dish 35mm, 81156), were prepared for this assay by removing
media and washing in PBS twice. Cells were subsequently incubated in 150nM of MitoTraker
Green in differentiation media at 37°C, 0.5% CO; in darkness (sensitive to light) for 30 minutes.
Following incubation, media was removed and cells were washed with PBS twice. Cells were then
suspended in differentiation medium before counter staining for nuclei content to aid in the
analysis of mitochondrial content and tubulation using confocal microscopy (Leica Microsystems,

DM IRE2).

Nuclear Content Probing

NucBlue Live Stain (Thermo Fisher Scientific Inc., Hoechst 33342 dye, R37605) was used to probe
cell nuclei for live cell imaging. Prior to nuclei staining (and following mitochondrial content
staining), the media was removed and cells were washed with PBS before reincubation in the
relevant cell media and 2 drops of NucBlue Live Stain (R37605) per milliliter of cell media. NucBlue
Live Stain was incubated for 20 minutes at 37°C and the cells were washed with fresh PBS before
reincubation in human skeletal muscle differentiation medium (ATCC PCS-950-050™). Cells were

then assessed for nuclear staining using confocal microscopy (Leica Microsystems, DM IRE2).

Confocal Microscopy

Live scan confocal microscopy experiments were conducted using a Leica DM IRE2 confocal
microscope. 35mm imaging dishes with a polymer coverslip bottom (Ibidi GmbH, p-Dish 35mm,
81156) were used for all cell culture experiments requiring confocal microscopy. The microscope
stage was maintained at 37°C with humidified 5% CO, air during imaging. All cell imaging planes
were standardized, capturing a maximum of 2 elongated myotubes per image, to limit bias in
analysis. Care was taken to shield samples from confocal laser as much as possible prior to
acquisition in order to prevent bleaching of the fluorophore and a reduction in image quality. Once

the ideal image was attained, focus was set to 4X zoom in order to measure mitochondrial
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tubulation per cell between stacks in series. Photomultiplier Tube 1 (PMT1) was set between
405nm and 488nm for nuclei imaging, while PMT2 was set between 500nm and 550nm for
mitochondrial imaging. Deconvolution of all attained images was subsequently undergone using

MetaMorph Imaging System prior to image analysis.

Mitochondrial Network Analysis (MiNA)

Mitochondrial networks were analysed using the Mitochondrial Network Analysis (MiNA) toolset
in Imagel as per Valente et al., A simple ImageJ) macro tool for analyzing mitochondrial network
morphology in mammalian cell culture [530]. This toolset recognizes two distinct object types;
individuals (structures with no junctions) and networks (structures with at least one junction).
Networks are broken into; branch, junctions, slabs, and end-points. See below for graphical
representation of the image preparation process within Imagel and terminology used (Figure

3.12).

A. Open Image B. Unsharp Mask C. Enhance contrast: D. Median:
(radius: 1.0 pixels) (Saturated pixels: (radius: 2.0 pixels)
(mask weight: 0.60) 0.3%)

- n AN
E. Make Binary F. Skeletonise G. Analyze->Skeleton->Analyze
skeleton(2D/3D)=> ok

Figure 3. 12. Analysis of mitochondrial networks using MiNA

(Preparation of an image of a primary human skeletal muscle cell probed with MitoTraker Green
FM for mitochondrial network feature analysis. and (D) median. The image is then (E) binarized
and (F) skeletonised before (G) analysis of its networks) following A-G)
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Examples of common mitochondrial network features. MiNA will recognize only two types of
mitochondrial structures in a skeletonized image: networks and individuals. Individuals are
punctate (a single pixel in the skeletonized image), rods (unbranched structures with two or
more pixels in the skeletonized image), and large/round structures (which are reduced to rods,
or occasionally small networks, during skeletonization). Networks are mitochondrial structures
with at last a single node and three branches. As per Valente et al. [530]
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Sample Analysis

Mitochondrial Substrate-Uncoupler-Inhibitor Titration (SUIT) Respiration
Assays

Respiration was measured at 37°C in each chamber containing 2ml MiR05. Oxygen concentration
within each chamber was set at 200nmol O,/ml. The software DatLab (Oroboros Instruments
GmbH, Innsbruck, Austria) was used for data acquisition at 2 second time intervals [392]. The
carbohydrate (CHO) substrate-uncoupler-inhibitor-titration (SUIT) protocol for high resolution
respirometry was applied following stabilization to all human skeletal muscle biopsy samples,
while the fatty acid (FA) SUIT protocol for high-resolution respirometry was applied following
stabilization to all human skeletal muscle cell culture samples. The Oroboros-02k chambers were
calibrated to the respiration medium, MiR05, prior to both the CHO and FA SUIT protocols with
air calibrations (R1) performed prior to every experiment and zero calibrations (RO) were
performed weekly. K-Lactobionic, CaK;EGTA, and K,EGTA stocks prepared in advance of making
BIOPS and MIRO5 solutions. MiR0O5 (EGTA 0.5 mM, MgCl,.6H,0 3 mM, taurine 20 mM, KH,P04 10
mM, HEPES 20 mM, BSA 1 g liter?, potassium-lactobionate 60 mM, mannitol 110 mM,
dithiothreitol 0.3 mM, pH 7.1, adjusted with 5M KOH) was made in advance of all experiments
[286,392].
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Human Skeletal Muscle Fibre Preparation

Following biopsy of the human vastus lateralis approximately 8mg of muscle tissue was
immediately placed the ice-cold BIOPS solution (CaK:EGTA 2.77 mM, K;EGTA 7.23nM, Na,ATP
5.77mM, MgCl,.6H,0 6.56mM, taurine 20nM, Na,Phosphocreatine 15mM, Imidazole 20nM, DTT
0.5nM, MES hydrate 50nM, pH 7.1, adjusted with 5M KOH). After rapid manual separation of the
muscle fibres, with two very sharp forceps on a petri dish in BIOPS under a microscope (see Figure
3.13), the fibres were quickly placed in a BIOPS solution supplemented with 50ul/ml saponin and
gently agitated at 4°C for 30 minutes. Saponin specifically removes the sarcolemma and leaves the
intracellular structures intact [534,285]. The muscle fibres were then washed in respiration
medium, MiR05. Fibres were blotted, weighed and immediately placed in the two chambers for

respirometry measurements [185].

Figure 3. 13. Mechanical separation of human skeletal muscle biopsy within BIOPS for
preparation for high- resolution respirometry

Cell Culture Preparation

Following siRNA SIRT4 knockdown of human skeletal muscle myotubes, cells were prepared for
their Oroboros-02k SUIT protocol. In sterile conditions media was removed from the skeletal
muscle myotubes grown, differentiated and treated in culture. Cells were subsequently incubated
in trypsin at 37°C and 0.5% CO until cells detached from their plate. Following myotube
detachment, trypsin was neutralized using skeletal muscle differentiation media (ATCC PCS-950-
050™). Cells were then suspended within a 20 ml sterile universal tube before being centrifuged
at 1,000rpm for 5 minutes. Following centrifugation, the supernatant was removed and cells
before they were resuspended in 5ml MiR0O5 before cells were counted in trypan blue. Following
cell count, 2.5ml of counted cells suspension were pipette into the two empty Oroboros-02k

chambers, calibrated with MiR05, for experimentation.
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Carbohydrate (CHO) SUIT — Human Skeletal Muscle Biopsies

Substrate combinations were used for electron transport through complex | (Cl) and complex I
(CIl) of the electron transport chain for the CHO SUIT. Oroboros-O2k chambers were calibrated in
MIR05. Prepared biopsy sample was placed into chamber with calibrated MiR05. Following the
stabilization of ROUTINE respiration, LEAK respiration was measured in the presence of pyruvate
and malate (PM) and in the absence of adenosine diphosphate (ADP). LEAK respiration refers to
the proton flux through the inner mitochondrial membrane [392]. It is mainly controlled by and
compensating for the proton leak across the inner mitochondrial membrane. Oxidative
phosphorylation (OXPHOS) was then measured with the addition of ADP. OXPHOS refers to the
oxidative phosphorylation capacity at saturating ADP concentrations and it is the measure of the
oxygen consumption coupled to the phosphorylation of ADP to ATP. Glutamate was then added
as an additional substrate to generate NADH (PMG). Uncoupler titrations of Carbonyl cyanide p-
trifluoro-methoxyphenyl hydrazine (FCCP) were performed in the ADP activated state, to achieve
Complex | linked electron transport system (ETS Cl) capacity (non-coupled). Maximal ETS capacity
with convergent electrons flow from complex | and Il was reached after addition of succinate
(Complex | & Il linked ETS capacity). Complex | was inhibited by the titration of rotenone (R) to
measure respiration through Cll only. Malonic acid (Mna) and Antimycin A (Ama) were then
titrated to inhibit complex Il and lll, respectively (residual oxygen consumption - ROX) (see Table
3.12 for full breakdown of the CHO SUIT products, concentrations and volumes used). ROX
remains even after the inhibition of the ETS. All mitochondrial respiratory states were corrected

for ROX which accounts for non-mitochondrial cellular oxygen consuming processes.
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Figure 3. 14. Schematic representation of the process of human skeletal muscle biopsy
mitochondrial respiration

Table 3. 12. Carbohydrate SUIT using the Oroboros Oxygraph 02k

Products Stock Chamber Syringe
Solution (M) (mM) Volume (ulL)
Pyruvate 2 5 5
Malate 0.8 5 12.5
ADP 0.5 2.5 10
Glutamate 2 10 10
Fccp 0.001 0.001 1
Succinate 1 10 20
Rotenone 0.001 0.005 10
Malonate 2 5 5
Antimycin A 0.005 0.0025 1
Ascorbate 0.8 2 5
TMPD 0.2 0.5 5
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Fatty Acid (FA) SUIT — Cell culture

Respiration of human skeletal muscle myotubes were measured at 37 °C with approximately 4x10°
cells per ml in each chamber containing 2ml MiR05. As with the CHO SUIT, ROUTINE respiration
was measured following stabilization of oxygen flux within the chamber. However, unlike the CHO
SUIT, LEAK respiration was measured by the addition of palmitate and malate (PalM). Oxidative
phosphorylation (OXPHOS) was then measured with the addition of ADP. The experiment
proceeded with the addition of malonic acid (Mna) and Antimycin A (Ama) to inhibit complex Il
and Il for the calculation of ROX. As with the CHO SUIT, all mitochondrial respiratory states were
corrected for ROX. See Table 3.13 for full breakdown of the fatty acid SUIT products,

concentrations and volumes used.

Table 3. 13. Fatty Acid SUIT using the Oroboros Oxygraph 02k

Products Stock Chamber Syringe
Solution (M) (mM) Volume (ulL)
Palmitoyl-carnitine 0.01 0.04 8
Malate 0.8 5 12.5
ADP 0.5 2.5 10
Malonate 2 5 5
Antimycin A 0.005 0.0025 1
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Protein Extraction & Quantification

Lyophylisation - Human Skeletal Muscle Biopsies

Muscle which had been stored at -80°C was cut under liquid nitrogen into pieces ~25-30 mg.
Samples were lyophilised (Christ Alpha 1-2 LD Plus) (see Figure 3.15) for 16 hours and a further 2-
hour final dry to ensure all moisture was removed from the muscle. Following lyophilisation
muscle was quickly dissected under a microscope with two sterile tweezers to remove any
connective tissue and excess blood. Samples were weighed once again and placed into a new

eppendorf.

Muscle sample within an
eppendorf tube with
small hole through its lid

Figure 3. 15. Schematic representation of the Christ Alpha 1-2 LD Plus, lyophyliser used to freeze
dry skeletal muscle sample
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Protein Extraction — Human Skeletal Muscle Biopsies

Lyophilised samples were homogenized using a hand-held homogenizer (Kinematica AG,
Dispersing and Mixing Technology) for approximately 3x20 seconds at 25,000rpm (max) in
homogenization buffer (Okadiac buffer (200uM), protease inhibitor (50X prepared with ultrapure
water) (Sigma Aldrich, P8340), DTT (100mM), sodium orthovanadate (100mM), PMSF (100mM).
Samples were then left on ice for 10 minutes, centrifuged (Thermo Fisher Scientific Ltd., Sorvak
Legend Micro21R centrifuge) at 14,000 rpm for 20 minutes at 4°C and the supernatant was used

for protein quantification. See Figure 3.16 for a schematic representation of protein extraction

from lyophilised skeletal muscle.
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Figure 3. 16. Schematic representation of the process to isolate human skeletal muscle protein
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Protein Extraction — Cell culture

NP40 Lysis buffer supplemented with 1 x protease inhibitor cocktail (50x prepared with ultrapure
water) (Sigma Aldrich, P8340), 1 x PMSF (100mM), 1x Na3VO, (100mM), 1 x DTT (100mM) was
used for protein extraction of primary human skeletal muscle cells. Media was removed from the
cell line, washed with PBS and suspended the NP40 lysis buffer supplemented solution (40-70ul
per well of 6 well plate depending on cell concentration). Cells were scraped off well using cell
scraper and pipette into a 2ml eppendorf tube, all extraction process took place on ice. Cells were
incubated in lysis buffer at 4°C for 30 minutes on a stirrer, then centrifuged at 14,000 rpm for 20
minutes at 4°C using a microcentrifuge (Thermo Fisher Scientific Ltd., Sorvak Legend Micro21R
centrifuge). The protein containing supernatant was stored in a fresh, pre-chilled and labelled
eppendorf at -80°C. See Figure 3.17 for a schematic representation of protein extraction from cell

lines.
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Cells grown Media removed pinette onto cells  Cells scraped off well surface into eppendorf 14,000rpm for at -80°C
until confluent & & incubated on 20mins @4°C
cells washed ice for 30mins
with ice cold PBS

suspension
P stored

Figure 3. 17. Schematic representation of the process of protein extraction from cells in culture

Protein Quantification using the Bradford Assay

For protein quantification, a Bradford assay was used based on the Bio-Rad protein assay kit (Bio-
Rad Inc., 500-0006). Before starting, the Bradford reagent (Quick Start Bradford 1x Dye Reagent,
Bio-Rad Inc., 500-0205) was removed from the fridge (4°C) to let the solution warm up to room
temperature. A standard protein curve (1.0, 0.5, 0.25, 0.125, 0mg/ml) was prepared by diluting
bovine serum albumin (BSA) (2mg/ml) (Quick Start Bovine Serum Albumin Standard, Bio-Rad Inc.,
500-0206) in UHP water. Samples were also diluted (1:10) in UHP. In a 96-well plate, 5ul of each
dilution (testing sample and standard curve) was added in triplicate. Using a multi-channel pipette,
200 ul of Bradford reagent was added to each well. Absorbance was read at 595nm using the
BioTek Synergy HT plate reader. A standard curve was generated to quantify protein in the muscle
samples, based on the known protein concentrations and the given absorbance, using the

equation of the line (Y=m*X+C) and its linear regression (R?).
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Sample Preparation - Sodium Dodecyl! Sulfatepolyacrilamide Gel (SDS-PAGE)

SDS-PAGE - Human Skeletal Muscle Biopsies

Protein samples extracted from human skeletal muscle biopsies were made to equal protein
concentrations within a buffer containing protein sample, homogenization buffer and 5x Laemmle

buffer for SDS-PAGE.

SDS-PAGE - Cell Culture

Protein samples extracted from myotubes grown in cell culture were made to equal protein
concentrations within a buffer containing protein sample, NP40 lysis buffer and 5x Laemmle buffer

for SDS-PAGE.

Sodium Dodecyl Sulfatepolyacrilamide Gel (SDS-PAGE)

Following sample preparation, samples were heated at 70°C for 10 minutes to denature protein
enzymes using a Thermo Scientific Hybaid Px2 PCR heating block. Ready-to-use SDS gels (Life
technologies Bis-Tris 4-12% Bolt 12 well (Thermo Fisher Scientific Inc., NW04122B0OX), NOVEX WW
4-20% TG Gel 12 well, Thermo Fisher Scientific Inc., XP04202BOX) were placed in the SDS rig along
with approximately 800ml 1x MES buffer/gel (20X Bolt MOPS/MES SDS Running Buffer, Thermo
Fischer Scientific Inc., BOO01/B0002). Once prepared, SDS gels were ran at 150V for 10 minutes
within the rig before any sample was loaded into gels. Following pre-run, molecular weight marker
(SeeBlue Plus2 Pre-Stained Protein Standard (Thermo Fisher Scientific Inc., LC5925)/ Spectra
Multicolor High Range Protein Ladder (Thermo Fisher Scientific Inc., 26625)) (5ul) was loaded into
the appropriate well. An equal amount of protein sample was then loaded into the appropriate
SDS gel well to allow for correct comparison of the results. Once loaded, protein samples were
separated using electrophoresis at the appropriate voltage for the specific set of time depending
on weight of protein of interest (i.e. 150V for 1.5 hours). See Figure 3.18 for a schematic
representation of the full process of SDS-PAGE. Following sample separation in gel, SDS gels were
transferred onto either polyvinylidene difluoride (PVDF) or nitrocellulose membranes, depending

on protein of interest.
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Figure 3. 18. Schematic representation of the process of SDS-PAGE using extracted protein

Western Blot

Protein Transfer

Protein was transferred onto a nitrocellulose membrane (trans-blot turbo nitrocellulose Bio-Rad,
1704159 or regular size, nitrocellulose (IB301001)/Polyvinylidene fluoride (IB401031),
Invitrogen™ iBlot™ Transfer Stacks) using the TurboBlot (Bio-Rad Trans-Blot Turbo Transfer

System) or the iBlot1 (Invitrogen™) (see Figure 3.19) transfer systems.

Figure 3. 19. Schematic representation of iBlot 1, Invitrogen used to transfer protein from gel
onto nitrocellulose and PVDF membranes

Determination of Protein Transfer

Following transfer, nitrocellulose membranes were immersed in Ponceau stain (neat) for 30
seconds to ensure that the protein had transferred. All Ponceau was washed off using TBS-tween
(tween: Sigma-Aldrich, Tween20 p1379) 30 seconds after immersion (Ponceau stain was not

performed when looking at phosphorylated proteins).
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Gels transferred onto PVDF membranes (and nitrocellulose membranes looking at phosphorylated
proteins) were immersed briefly in Brilliant Blue G (Sigma-Aldrich, BO770) to ensure that the

protein of interest had correctly transferred onto the membrane.
This was performed as follows:

The gel was submerged in a fixing solution for 1 hour (7% glacial acetic acid in 40% methanol). It
was subsequently immersed in Coomassie Brilliant Blue G solution (4 parts Brilliant Blue G, 1-part
methanol) for 2 hours. The gel was then placed in 10% acetic acid, 25% methanol solution for 30
seconds, rinsed with 25% methanol. Gel was then read for presence/absence of protein using a

light box.

Antibody Incubation

Membranes were then blocked in TBS Li-Cor Odyssey blocking buffer (Li-Cor, 927-50000) or 5%
milk (Bio-Rad, 170-6404) in TBS (1X) for 2 hours before incubation in primary antibody of target
proteins, which was prepared in the Odyssey blocking buffer and our own antibody dilution buffer
(100% Tris-Buffered Saline, 0.1% sodium azide, 0.1% bovine serum albumin), overnight at 4°C. See
Table 3.14 for a full list of antibodies and positive controls directed against target proteins for
immunoblot assays. Following primary incubation overnight, the membrane was washed six times
using Belly Dancer orbital shaker, for 10 minutes each time, in TBS-tween. The membrane was
incubated with Li-Cor secondary antibody (donkey anti-rabbit 800CW (Li-Cor, 925-32213)/donkey
anti-mouse 800CW (Li-Cor, 925-32212) or donkey anti-rabbit 680 RD (Li-Cor, 925-68073)/donkey
anti-mouse 680RD (925-68072) prepared within Odyssey blocking buffer only) or a goat anti-
rabbit/mouse 1gG (H + L)- Horseradish peroxidase (HRP) conjugate secondary (Bio-Rad, Cat:170-
6515 & 170-6516) for 2 hours in darkness. Information on cell lines grown to assist in the probing

of protein targets (positive controls) are extrapolated further within the Appendix (Section F).
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Table 3. 14. Antibodies & positive controls directed against target proteins for immunoblot assays

Target Supplier Product kDa Host Monoclonal/ Positive Control
Polyclonal
Alpha-Tubulin Cell Signalling Technology Inc. DM1A #3873 50 Mouse Monoclonal Hela
AMPK Cell Signalling Technology Inc. 23A3 #2603 62 Rabbit Monoclonal 293T
ANT1 Abcam plc. ab180715 33 Rabbit Polyclonal HepG2
BCL2-L13 Abcam plc. ab27795 55-60 Rabbit Polyclonal Jurkat cell lysate
BNIP3 Cell Signalling Technology Inc. D7U1T. 44060 50-55 Rabbit Monoclonal Hela
CPT1b Abcam plc. Ab134988 88 Rabbit Polyclonal Human skeletal muscle
Drp1 Cell Signalling Technology Inc. D6C7. 8570 78-82 Rabbit Monoclonal Hela, C;Ci2
Fis1 Santa Cruz Inc. B-5 (sc-376447) 18 Mouse Monoclonal Hela, SK-BR-3
GAPdh Cell Signalling Technology Inc. 5174 37 Rabbit Monoclonal Hela
Hexokinase Il Cell Signalling Technology Inc. C64G5 #2867 102 Rabbit Monoclonal Hela
HIF-1a Cell Signalling Technology 3716 120 Rabbit Monoclonal Raji
LC3B Cell Signalling Technology Inc. 2775 16 Rabbit Monoclonal Hela
McuU Cell Signalling Technology Inc. 14997S 30 Rabbit Monoclonal PANC-1
Mfn1 Cell Signalling Technology Inc. D6E2S. 14739 82 Rabbit Monoclonal Hela
Mfn2 Cell Signalling Technology Inc. 9482 80 Rabbit Monoclonal HEK293T
mTOR Cell Signalling Technology Inc. 2972 289 Rabbit Monoclonal HEK293
NR4A3/NOR1 Novus Biologicals plc. OTI5C2 85 Mouse Monoclonal HEK293
OMA1 Abcam plc. ab154949 59 Rabbit Polyclonal Rat heart tissue lysate
OPA1 Cell Signalling Technology Inc. D6U6N. 80471 80-100 Rabbit Monoclonal MEFs
pACC(Ser79) Cell Signalling Technology Inc. 3661 280 Rabbit Monoclonal HEK293
PAMPK (Thr172) Cell Signalling Technology Inc. 2535 62 Rabbit Monoclonal C.Ci2
Pan-Calcineurin A Cell Signalling Technology Inc. 2614 59 Rabbit Monoclonal MCF7
Parkin Cell Signalling Technology Inc. 2132 52 Rabbit Monoclonal C6
pDrp1 (s616) Cell Signalling Technology Inc. 3455 78-82 Rabbit Monoclonal Hela
pDrp1 (s637) Cell Signalling Technology Inc. 4867 78-82 Rabbit Monoclonal PC-12
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Target Supplier Product kDa Host Monoclonal/ Positive Control
Polyclonal
PGC-1alpha Calbiochem/Millipore KGaA 777-797. 516557 92 Rabbit Polyclonal C.Ci2

PINK1 Cell Signalling Technology Inc. D8G3. 6946 63 Rabbit Monoclonal 293T
Pyruvate Dehydrogenase | Cell Signalling Technology Inc. C54G1 #3205S 43 Rabbit Monoclonal HepG2, Hela

SIRT1 Cell Signalling Technology Inc. 9475 120 Rabbit Monoclonal Hela

SIRT4 Sigma-Aldrich HPA029691 36 Rabbit Polyclonal HepG2, Rat kidney lysate

TOM20 Santa Cruz Inc. F-10.SC-17764 20 Mouse Monoclonal Hela, Raji

VDAC1 Cell Signalling Technology Inc. D73D12 #4661 32 Rabbit Monoclonal HEK293

YMEIL Abcam plc. ab170123 90 Rabbit Polyclonal HepG2, Hela
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Protein Detection

Following secondary incubation, blots were washed six times as before using TBS-tween. Proteins
were visualized using the Odyssey Infrared Imaging System (Figure 3.20) at either an intensity of
680RD (red/700nm channel) or 800CW (green/800nm channel) (based on secondary antibody

used) (Li-Cor, BioSciences).

Figure 3. 20. Schematic representation of the Odyssey Infrared Imaging System, Li-Cor, used to
detect protein expression

Some proteins with a high molecular weight or sample with low protein concentration following
extraction were visualized using engaged chemiluminescence (ECL), detected in a dark room using

fixing and developing solutions before being quantified by densitometry.

Densitometry Analysis

Relative protein abundance was quantified using densitometry using the TotalLab Quant software
(v1.0). Samples were controlled against a biological control and a housekeeping protein (GAPdh
rabbit mAb 14C10, 1:5000, Cell Signaling Technology, 2118 or Alpha-Tubulin mouse mAb, 1:5000,
Sigma-Aldrich, T9026). The molecular weight of each protein was compared to a positive control,

following the manufacturers suggestions (see positive control table for more information).

Stripping Nitrocellulose Membranes

Some nitrocellulose membranes were stripped and reprobed. Following TBS-tween washing,
membranes were incubated in stripping buffer (Thermo Fisher Scientific Inc. Restore™ PLUS
Western Blot Stripping Buffer, 46430) for 5 minutes and washed in TBS-tween 3 times (10 minutes
each). Membranes were then blocked in Odyssey Blocking Buffer (TBS) (Li-Cor, 927-50000) for 45

minutes before being incubated for 1 hour in the secondary horse radish peroxidase (HRP) of
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relevance. Following incubation in secondary antibody the blot was washed 3 times (10 minutes
each) in TBS-tween before being assessed using the Odyssey Infrared Imaging System (Li-Cor). The
absence of protein bands following 2-15 minutes of incubation in ECL substrate and subsequent
detection of protein through Ponceau staining (Sigma-Aldrich, P7170-1L) (30 seconds per

membrane) confirmed the stripping was successful.

mMRNA Analysis

All Ribonucleic acid (RNA) was isolated and manipulated in an RNase-free environment as it is
fragile and easily degraded. Thus, measures to avoid this potential hazard were avoided. All areas
were sprayed down with RNaseZap® decontamination solution (Invitrogen™, AMA9780) prior to
extraction to remove RNase contamination from surfaces. Tri reagent (guanidinium thiocyanate-
phenol-chloroform extraction) (Sigma-Aldrich, T9424) was used for all RNA extraction. RNA was

extracted for the purposes of investigating gene expression.

MRNA Extraction — Human Skeletal Muscle Biopsies

Lyophilised samples were placed on ice and 1ml Tri reagent (Sigma-Aldrich, T9424) and
homogenized using a hand-held homogenizer (Kinematica AG, Dispersing and Mixing Technology)
for approximately 20 seconds at 25,000rpm (max), three times (see Figure 3.21 for schematic
representation). Sample was then centrifuged at 1,000rpm for 5 minutes before supernatant was
removed and pipette into RNase free tube. Samples were stored at -80°C until RNA isolation

procedure.
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Figure 3. 21. Schematic representation of process of isolating skeletal muscle RNA expression
following lyophilisation using Tri reagent

MRNA Extraction — Cell culture

RNA was extracted from myotubes grown in cell culture using Tri Reagent (Sigma-Aldrich, T9424).
Differentiation media was removed from cells and wells were washed using pre-chilled PBS. 1ml
Tri reagent was pipette per well on a 6 well plate. Cells were scraped using a scraper to gather as
much sample as possible. Tri reagent was suspended and re-pipette in order to extract all cells
from well. Cells were quickly pipette into a cooled eppendorf before being moved directly into -

80°C until RNA isolation.

mRNA Isolation

Samples prepared in Tri Reagent were taken out of -80°C and let stand at ambient temperature
for 5 minutes. Molecular biology grade chloroform (Sigma-Aldrich, 496189) was added to each
sample (to make a concentration of 80% Tri reagent, 20% chloroform). Sample was shaken
vigorously for 15 minutes and incubated at ambient temperature for 15 minutes. Sample was
subsequently centrifuged at 13,000rpm for 20 minutes at 4°C. The upper aqueous phase (RNA
phase) was transferred into a new eppendorf. Molecular biology grade isopropanol (2-propanol)
(Sigma-Aldrich, 19516) was subsequently added to this (0.5 the total volume of tri reagent started
with i.e. generally 0.5ml) (see Figure 3.22 for schematic representation of phase separation and
isopropanol precipitation). Sample was introverted 7-8 times before leaving to stand at 4°C for 10

minutes. RNA was then centrifuged at 13,000rpm at 4°C for 10 minutes, the supernatant was
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removed, and the RNA pellet was washed with 1ml 75% ethanol (RNase-free). Sample was
vortexed and then once again centrifuged at 13,000rpm for 10 minutes at 4°C. Supernatant was
removed carefully before RNA pellet was dried at room temperature for 5-10 minutes. Pellet was
then resuspended in nuclease-free water (50ul per tube). Tubes where then incubated at 60°C in
a thermocycler for 10 minutes and immediately kept on ice before quantification using the
NanoDrop® ND-1000 system (used in conjunction with operating software v3.8.1) manufactured
by Thermo Fisher Scientific Ltd. Samples were then stored at -80°C before transcription into

complimentary DNA (cDNA).

Phase separation Isopropanol precipitation

Figure 3. 22. Schematic representation of the phase separation and RNA pellet following
isopropanol precipitation

Quantification of RNA by NanoDrop ND-1000 Spectrophotometer

RNA concentration was determined in each sample using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher Scientific Inc.). Following selection of the correct
measurement criteria using the software settings (RNA-40), the instrument was calibrated and
blanked using 1.5ul RNase-free water. 1.5ul of sample were subsequently pipette on the
measurement pedestal and sample absorbance was read at wavelengths of 260/280nm and

260/230nm and the ratio between each was analysed.

260/280 nm: A ratio of ~ 2.0 is regarded as highly purified RNA

260/230 nm: Another measurement of nucleic acid purity; a ratio of 1.8-2.2 was regarded as highly

purified RNA.
RNA concentration (ng/uL) was calculated using Beer-Lambert law, based on absorbance at
260 nm:

Absorbance = (E) (b) (c)

Where E is the molar absorptivity coefficient (or extinction coefficient) with units of I/mol-cm, b

is the path length (0.1 cm), and c is the analyte concentration in Moles.
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Reverse Transcription

RNA samples were converted from single-stranded RNA into double-stranded complimentary DNA
(cDNA) using reverse transcription. This was conducted using the High Capacity cDNA Reverse
Transcription Kit 200 Rxn (Thermo Fisher Scientific Inc., 4368814). An equal amount of reverse

transcription mastermix (see Table 3.15) was added to an equal amount of RNA (1:1 solution).

Table 3. 15. Reverse transcription reaction mix and volumes

RT reaction mix component Volume required per 1 reaction (ul)
Multiscribe 1
Nuclease Free Water 4.2
Random Primers 2
NTPs 0.8
Buffer 2
Total 10

Samples where then reverse transcribed in the PCR thermocycler (Bio-Rad, USA) using the

following protocol (Table 3.16):

Table 3. 16. Reverse transcription procedure using PCR thermocycler

Stage Temperature (°C) Duration (min.)
Cycle (40) 25 10
37 120
Hold 85 5
Hold 4 oo

Once complete the now cDNA samples were quantified using the NanoDrop® ND-1000 system. All
samples were made to an equal concentration (i.e. 200ng/ul) using nuclease free water. cDNA was

stored at -20°C until needed.

108



Real-Time Quantitative Polymerase Chain Reaction (RT-gPCR)

Real-Time quantitative Polymerase chain reaction (RT-gPCR) was used to amplify the target gene

for measurement of the cycle threshold (Ct), the number of amplification curves and melting

peaks. A mastermix for RT-qPCR (see Table 3.17) was created for each gene of interest using cDNA

sample of interest.

Table 3. 17. RT-gPCR mastermix per reaction

Component 1 Reaction (ul) 2.5 Reactions (pipetting
error) (ul)
Syber Green (FastStart
Essential DNA Green Master, 6 15
Roche, 06402712001)
Forward Primer (10uM) 1 2.5
Reverse Primer (10uM) 1 2.5
Nuclease free water 2 5
cDNA 2 5

12ul of mastermix was pipette into each required well of a 96 well plate (LightCycler®480 plates

96 well, Roche, 04729692001) in duplicate. Plates were sealed using supplied LightCycler® sealant

and RT-qPCR reaction ran using the LightCycler® 96 (see Figure 3.23 for schematic representation

of the Lightcycler® 96 and Table 3.18 for RT-qPCR run overview).

Figure 3. 23. Schematic representation of the LightCycler® 96 Instrument, Roche
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Table 3. 18. RT-gPCR LightCycler 96 ®run overview

LightCycler 96 RT-qPCR Run Overview

Cycles Temperature (°C) Time (seconds)
Reincubation 1 95 600
95 10
3 Step Amplification 45 60 10
72 10
95 10
Melting 1 65 60
97 1

RT-gPCR Gene Analysis

Cycle threshold (Ct) values were analysed using the standard delta-delta Ct method (A ACt) and
consistency between experiments was managed by maintaining Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE) guideline standards [74]. Initially
the average Ct value of each duplicate was calculated. Duplicates <0.2 cycles apart from each
other were disregarded. Delta Ct (ACt) was calculated by normalising the Ct gene of interest to
the Ct value of the endogenous control (Ct average between duplicates of gene of interest — Ct
average between duplicates of endogenous control). Delta Delta Ct (A ACt) for each gene was
calculated across two groups (experimental and control). AACt = ACt (experimental) - ACt
(control). Fold change for each gene from each group was calculated as 2042, |f fold change was

greater than 1 then the result was reported as an up-regulation.

Agarose Gel Electrophoresis

One gram of agarose (Sigma-Aldrich, A9539) was dissolved in 100ml 1x TAE buffer (Sigma-Aldrich,
11666690001) when boiled. Following cooling of buffer, 2ul of Sybr Safe DNA Gel stain
(Invitrogen™, $S33102) was added per 100ml 1x TAE buffer. Buffer was then solidified into a gel
within a gel cassette in darkness (as gel is light sensitive). As gel is setting carefully pipette 2ul 6x
loading buffer (6x sucrose + bromophenol blue) per well of amplified RT-qPCR sample (sample will
turn blue in presence of DNA). Prepare molecular weight marker for gel using 1pl 100 base pair
DNA ladder (Invitrogen™, 15628019), 1ul 6x loading buffer and 4ul nuclease free water. Once
agarose gel is set pipette 6ul molecular weight marker and 6ul sample per well to gel. Allow
samples to run for approximately 1.5 hours at 100 volts. Analyze gel for the presence/absence of
bands and refer to its base pair using the G box system (Syngene - Syber Safe - Epi short wave -

UV mode).
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Mitochondrial DNA to Nuclear DNA Ratio (mtDNA:nDNA)

Several biochemical measures of mitochondrial components are used as biomarkers of
mitochondrial content. The most common methods include citrate synthase activity, cardiolipin
content, mitochondrial DNA content, complex I-V protein and complex |-V activity. Mitochondrial
DNA to nuclear DNA ratio (mtDNA:nDNA) was used in this regard to normalize all skeletal muscle
respirometry data to mitochondrial content. Two mitochondrial (MT_ATP6 and NDUFA4) and
three nuclear (MT_CO4, COXIV and POLG) DNA primers were developed to help in this analysis
(see Table 3.19 for mtDNA and nDNA targets). Following reverse transcription, both mitochondrial
and nuclear DNA targets were analysed using RT-gPCR. As before, the average Ct value of each
duplicate was calculated. Delta Ct (A Ct) was calculated by normalizing the Ct gene of interest to
the Ct value of the control (e.g. NDUFA4 Ct average between duplicates of sample of interest —
NDUFA4 Ct average between duplicates of control). Delta Delta Ct (A ACt) was subsequently
calculated by subtracting mitochondrial DNA ACt from the nuclear DNA ACt (e.g. NDUFA4 ACt
— POLGACt). The fold change for each was subsequently calculated as 2042, Finally, skeletal
muscle respirometry data was normalised for mtDNA:nDNA (mitochondrial content) by dividing
the ROX-muscle wet weight normalised data by the previously calculated mtDNA:nDNA ratio
(pmol[s*mI]mgmtDNA:nDNA™). All primer combinations were analysed but it was decided to
use data controlling skeletal muscle respiration against NDUFA4:POLG (all additional information

in this regard can be found in the Appendix Section C).

Table 3. 19. Mitochondrial and nuclear DNA targets

Mitochondrial DNA Targets Nuclear DNA Targets
ATP synthase membrane subunit 6 (MT_ATP6) - Cytochrome C oxidase subunit 4 (MT_CO4) — nuclear
mitochondrial gene for mitochondrial product gene for mitochondrial product
NADH dehydrogenase subunit IV (NDUFA4) - Cytochrome C oxidase subunit 4 (COXIV) —nuclear gene
mitochondrial gene for mitochondrial product for mitochondrial product
Polymerase Gamma Accessory Subunit (POLG) — nuclear
gene for nuclear product

111



Primer Design and Optimization

Primers were made MIQE guideline compliant using the following simplified seven step process:

Primer size - Min: 18. Opt:20. Max: 27 Product GC% - Min: 20. Opt:50 Max:80
Primer Tm - Min: 57. Opt:60. Max: 63 Product size ranges: 150-250, 100-300

Compare nucleotides to sequence databases Calculate statistical significance of primers (<1.0 only)

Record forward & reverse folding (discard anything with >3 G-C bonds)

Once a forward and reverse primer passed MIQE guideline criteria, DNA oligonucleotide
sequences were generated and purchased from Sigma-Aldrich. All primers where made to 100uM
using nuclease-free water (not DEPC-treated) (Thermo Fisher Scientific Inc., AM9932) in an
environment clear of RNases by using RNaseZap® decontamination solution (Invitrogen™,

AMA9780).
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Genes were analyzed for expression using the LightCycler® 96 RT-qPCR reaction. The resulting
amplified gene (12ul) was diluted in nuclease free water (1:1000). A serial dilution (1:10) of this
1:1000 amplified primer was conducted to measure the efficiency of the primer at lower
concentrations (see Table 3.20 for serial dilutions made for primer optimisation). Each dilution

was made up into a mastermix for a RT-qPCR reaction using the LightCycler® 96.

Table 3. 20. Serial dilution of amplified gene for primer optimisation

Dilution Concentration
1:1,000
1:10,000
1:100,000
1:1,000,000
1:10,000,000
1:100,000,000
1:1,000,000,000

Noupbh wN R

Primer efficiency was calculated from the resulting slope and R? of the line based on the Cycle
threshold (Ct) results of the serial dilution experiments. Primer efficiency was only accepted if

between 90-110%.

Table 3.21 highlights all primers designed with their forward and reverse nucleotide sequences.
Primer base pair, e-value (the closer this to zero, the less potential for a false positive), mfold
structure, self-complementarity, agarose gel bands, amplification curves and melting peaks are
also referenced. These steps ensured our primers were MIQE guideline compliant, designed and
optimized to instill confidence in RT-qPCR outputs. Further primer optimization along with primer

amplification curves, melt curves and efficiency curves can be found within the Appendix (Section

).
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Table 3. 21. List of primers with base pairs, forward, reverse and efficiency data

Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. | Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5”-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures
ACAT2 220 atggaacgggaacagtcacc 6 tcttccagtgaccaacctge 2 No 1 1 2 103.87
Acetyl-CoA 248 gccatgttattgetgetegg 1 accccgaatagacagctect 1 No 1 1 1 95.81
Carboxylase

ACTC1 229 ccagagcaagagaggcatcc 2 cacgtacatggcagggacat 5 No 1 1 1 99.14
AMPK alpha 1 130 acagaagccaaatcagggac 3 ggagaagagtcaagtgaggtca 5 No 1 1 1 101.66
AMPK alpha 2 196 cgcctetagtectecatcetg 3 tcggattccaagatgcecact 6 No 1 1 1 103.91
ANT1 227 agttctggcegctactttget 4 gccttggacagagacgttga 4 No 1 1 1 95.16
ANT2 167 gttgccgggttgacttecta 7 acattggaccatgcaccctt 3 No 1 1 1 101.34
CD38 242 tcagttcacacaggtccagc 3 tactgcgggatccattgagce 5 No 1 1 1 98.25
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Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5’-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures

CKM 175 ttaagaaagctggccacccc 4 gtacccctcttctgcagacg 4 No 1 1 1 104
COXIV 154 accggctccagttcaatgag 2 aaggtgatcggctttggagg 5 No 1 1 2 98.85
CPT1b 150 atcaagaagtgccggaccag 1 acaggaacgcacagtctcag 2 No 1 1 2 102.15
DRP1 155 tcagagtgagctagtaggcca 2 gagtctcccggatttcagea 7 No 1 1 1 90.19
Fis1 179 caaggaggaacagcgggatt 5 tgcccacgagtcecatctttc 3 No 1 1 1 93.56
G6PD 198 gaggctgcagttccatgatg 2 tcagggagcttcacgttctt 2 No 1 1 1 92.26
GAPdh 187 tccagaacatcatccctgec 4 gectgcttcaccaccttcett 4 No 1 1 1 95.44
IGF-1 168 gctggtggatgctcttcagt 8 ttgaggggtgcgcaatacat 2 No 1 1 1 101.57
Malonyl-CoA 247 tccagcaacatccaggcaat 2 agttcagaagccccagaagce 2 No 1 1 1 95.20

Decarboxylase
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Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5’-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures

Mff 117 tgaaagaccactagattttctggattt 4 cgaacagcattttcactcatagacc 3 No 1 1 1 90.66
Mfn1 193 acgccttagtgcttcagacc 3 gaagaccagcccagggaaaa 3 No 1 1 1 112.41
Mfn2 193 ctctcececggecaaacatctt 7 cgttgagcacctccttagca 2 No 1 1 1 95.83
MiD49 148 tctacgacgggctgcagg 7 gtcectegecacagtgte 4 No 1 1 1 93.65
MiD51 159 gtgacagctgaccacatcca 2 gtcccagtaactgctcccac 2 No 1 1 1 103.03
MK167 210 tcgaccctacagagtgctca 1 gtggggagcagaggttcttc 6 No 1 1 1 92.42
MT_ATP6 168 agatgtctctgttgctccge 3 cagacacatcaccagcctgt 4 No 1 1 1 96.94

MT_CO4 128 gttgtatcgcattaagttcaagga 7 gcttctgecacatgataacga 1 No 1 1 1 94.6
mTOR 248 ttatgggcagcaacggacat 2 cttctcectgtagtcccgga 5 No 1 1 1 95.97
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Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5’-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures
MYH1 160 ggtcttctggggctectaga 3 aggcacggacattgtactgg 4 No 1 1 1 93.62
MYH2 241 atcaatgacctgactgcgcea 1 cctectcatactgttcecge 3 No 0 1 1 91.28
MYH4 241 ggaggaggaaatcgaggceag 2 atctgcgtgcttcttccgaa 2 No 1 1 1 107.19
MYH7 234 gaccttcaagcgggagaaca 4 cgctcgatctctgecttgat 2 No 1 1 2 106.52
mMyYL2 221 aagcaaagaagagagccggs 1 gttaattggacccggagcect 2 No 1 1 1 99.16
MYOD1 181 atccgctatatcgagggect 4 tgtagtccatcatgecgtcg 7 No 1 1 1 102.24
MYOG 195 tgccatccagtacatcgagce 7 gtgagcagatgatcccctgg 1 No 1 1 1 93.01
Nampt 225 agggttacaagttgctgeca 4 agacgttaatcccaaggcca 3 No 1 1 1 108.68
NDUFA4 246 atgctccgccagatcatceg 5 ccagtttgttccagggctct 8 No 1 1 1 98.6
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Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5’-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures

NR4A3 176 acaagagacgtcgaaaccga 3 tggaggagaaggtggagagg 2 No 1 1 1 95.94
OMA1 162 ttgcatcctctaagecectge 3 tgecctgecaccatttectta 5 No 1 1 1 109.34
OPA1 220 tggaatgactttgcggagga 6 cacactgttcttgggtccga 10 No 1 1 1 101.82
Parkin 231 cacaccccacctctgacaag 3 ccacacaaggcagggagtag 7 No 1 1 1 103.45
PAX7 182 gaaggccaaacacagcatcg 1 ctgggtagtgggtcctctca 11 No 1 1 1 100.83
PGC-1alpha 236 caagcaaagggagaggcaga 1 acctgcgcaaagtgtatcca 13 No 1 1 1 96.58

PINK1 159 aacatctcggcaggttcctc 6 gatgatgttggggtgagggs 7 No 1 1 1 92.3
POLG 249 gttgaaagccatggtgcagg 1 ccatagatgcggcecegtagtt 4 No 1 1 90.12
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Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5’-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures
Pyruvate 161 tcgctatggaatgggaacgt 5 gccccttcccagatctacaa 1 No 1 1 1 95.23
Dehydrogenase-
a
Pyruvate 160 accatagaagccagtgtcatga 3 ggacatcagcaccagtgaca 1 No 1 1 1 102.11
Dehydrogenase-
8
RAC1 197 cactgtcccaacactcccat 2 aacactgtcttgaggcctcg 5 No 1 1 1 96.89
SIRT1 205 cattttccatggcgctgagg 3 cccaaatccagctcctccag 2 No 1 1 1 90.17
SIRT3 103 cgttgtgaagcccgacattg 7 cccaaggatgagcagcagat 3 No 1 1 1 94.53
SIRT4 210 caagtccggagctttcaggt 2 gagcttcttctcccaggeag 2 No 1 1 1 94.65
SIRT5 175 acgtcgtgtggtttggagaa 3 tccgtgttaaattcagecactg 2 No 1 1 1 90.3
SIRT6 105 tgtttgtggaagaatgtgcca 2 ccttagccacggtgcagag 1 No 1 1 1 93.86
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Primer Base Pairs Forward primer Forward Reverse Primer Reverse Self- Bands. Amp. Melting Efficiency
Comp. Agarose | curves peaks
(100-300) (5’-3’) M-fold (3’-5’) M-fold Gel (%)
structures structures
TNN1 192 ggtggatgaggagcgatacg 1 cgcagatccatggacacctt 3 No 1 1 1 102.45
YMEI1L 185 ggagccacaaacttcccaga 2 aagccaacagtacctcgagce 5 No 1 1 1 93.14
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Statistical Analysis

In order to determine if the data was normally distributed the Shapiro-Wilk and Kolmogorov-
Smirnov test of normal distribution were used and accepted with a p-value greater than 0.05
allowing for parametric analysis. If samples were not normally distributed a non-parametric
analysis of the data was conducted. Homogeneity of variance was measured using a Levene’s test
and accepted with a p-value greater than 0.05. If p was less than 0.05 homogeneity of variance

was violated and a non-parametric Kruskal-Wallis test was used to conduct analysis.

Physiological & Human Skeletal Muscle Data

Due to inter-individual variation between subjects, the bed rest data (physiological, protein and
MRNA expression) are presented as mean * standard error (SE). Two-way (treatment x time)
mixed analysis of variance (ANOVA) with pair-wise comparisons was used to determine
differences between the intervention and control groups for the 60 days bed rest study. Where a
main effect was found, the student Bonferroni post-hoc test was used to determine where the
difference existed. An independent samples t-test was subsequently used to measure difference
between BDC (pre) muscle protein expression due to inevitable inter-individual variation between
subjects. An unpaired student’s t-test was used to analyse the difference between the 21-day bed
rest BDC (pre) and HDT (post) and the same was used to analyse the difference between the 60-
day bed rest control BDC and HDT. As these were between-subjects study designs with different
subjects completing the 21-day trial to the 60-day trial we did not statistically compare the
changes between the two but we did recognize similar trending changes with both trials. All
measurements obtained for high resolution respirometry of the muscle biopsies attained within
the 60-day bed rest study were normalised for the wet weight of the muscle fibres and for wet
weight plus mtDNA:nDNA ratio. Therefore, absolute respiratory rates (oxygen flux) are expressed
as picomoles of oxygen per milligram of wet weight per second (pmol/(s*ml)) normalised for ROX
and subsequently normalised for mtDNA:nDNA ratio (pmol[s*ml?]mg?l/mtDNA:nDNA?). All
western blot and RT-qPCR data was normalised against a loading control (GAPdh/Alpha-Tubulin)
and then subsequently against a biological (internal) control. All phosphorylated proteins were
normalised against loading control, then the internal control before being normalised to total
protein expression which had undergone the same process. All statistical analysis was performed

using GraphPad Prism with significance accepted at p<0.05.
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Cell Culture Data

Data is presented as a mean * standard deviation (SD) for all cell culture experiments. One-way
ANOVA with pair-wise comparisons was used to determine the differences between the untreated
(control) and treated (Duplex/Scramble) for cell culture experiments. Where a main effect was
found, the student Bonferroni post-hoc test was used to determine where the difference existed.
Were no scramble is presented, analysis of difference in the means between control and treated
groups was calculated using a paired student’s t-test. As with the 60-day and 21-day bed rest trials,
all western blot and RT-qPCR data was normalised against a loading control (GAPdh/a-Tubulin)
and then subsequently against a biological (internal) control. All phosphorylated proteins were
normalised against loading control, then the internal control before being normalised to total
protein expression which had undergone the same process. All statistical analysis was performed

using GraphPad Prism with significance set at p<0.05.
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Chapter IV: Physiological Response to Bed
Rest

Overview — 60-Day Bed Rest

In total, 20 healthy males aged 34.15+1.75 years with BMI of 23.92+0.43 (kg/M?) took part in the
60-day bed rest study. All subjects completed all trials however, ‘subject I’ did not complete a post
muscle biopsy. Subjects were randomly assigned to the control trial (CONT) (n=10) and the
intervention (INT) trial (n=10). We hypothesized that 60 days of bed rest would lead to multiple
anthropometric changes such as a decrease in fat free mass and weight. These changes would be
in conjunction to change in resting metabolic rate, respiratory quotient and decreases in

parameters of aerobic fitness.
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Anthropometric and Body Composition

The body composition before (BDC-2), during (HDT25) and at the end of the bed rest study
(HDT58) are presented in Table 4.1. There was a significant reduction in weight (kg), lean muscle
mass (whole body and leg) (kg) at HDT25 and at the end of bed rest (HDT58) as an effect of time
in the control and intervention group (p<0.0005). Due to the reduction in lean muscle mass, there
was a significant increase in body fat percentage and fat mass (whole body and leg) (kg) with 60

days of -6° HDT bed rest within both groups (p<0.0005).

Table 4. 1. Control and intervention anthropometric data, before, during & following 60 days of
bed rest

Control (n=10) Intervention (n=10)
Pre HDT 25 Post Pre HDT 25 Post Sig.
(BDC-2) (HDT 58) (BDC -2) (HDT58) | effect of
time
Weight 73.69+2.68 72.35+2.64 71.60%+2.56 | 72.09+1.81 71.07+1.78 70.75%1.79 | p<0.0005
(kg)
Body Fat 25.37+1.03 26.53+1.02 27.48%2.56 | 27.06+1.29 28.23+1.22 29.64+1.28 | p<0.0005
(%)
WB FFM 54.89+1.83 53.06+1.79 51.81+1.68 | 52.49+1.23 50.91+1.13 49.6%+1.05 | p<0.0005
(kg)
WB FM 18.80+1.23 19.30+1.23 19.79+1.29 | 19.60%+1.25 20.16+1.22 21.09+1.32 | p<0.0005
(kg)
Arm fat 2.45+0.17 2.42+0.16 2.51+0.17 2.45+0.16 2.48+0.20 2.55+0.19 -
(kg)
Arm lean 7.58+0.33 7.3610.34 7.48+0.31 6.70+0.26 6.54+0.23 6.45+0.20 -
(kg)
Leg fat (kg) | 6.55$0.52  6.73:t0.50  7.04:0.57 | 6.62+0.51  6.79t0.49  7.06£0.56 | p<0.0005
Leg lean 17.72+0.59 16.87+0.64 15.96+0.52 | 17.16+0.59 16.11+0.57 15.18+0.53 | p<0.0005
(kg)

(WB FFM — whole body fat free mass, WB FM — whole body fat mass. No significant difference between control and

intervention but significant differences between BDC and HDT as an effect of time for weight (kg), body fat (%), whole
body free-fat mass (kg), whole body fat mass, leg lean mass (kg) and leg fat mass (kg) (p<0.0005). Data is presented as
mean *SE)

Heart Rate and Blood Pressure

Heart rate, diastolic and systolic blood pressure throughout 60 days bed rest are presented in
Table 4.2. These variables were measured twice a day between BDC-14 and HDT 58, once in the
morning before breakfast and once in the evening before dinner. The results in Table 4.2 represent

measurements taken on BDC -2, HDT 25 and HDT 58 in the morning and in the evening.
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There was a no significant difference in heart rate between control and intervention groups but
there was a significant effect of time in morning and evening heart rate following 60 days of bed
rest (p<0.0005). There was no significant difference in morning systolic or diastolic blood pressure
between control and intervention groups. However, there was a significant increase over time
(p<0.0005). Additionally, there was no significant difference between evening systolic or diastolic
blood pressure between the control and intervention groups, with no effect of time. Mean
morning and mean evening blood pressure significantly increased over time (p<0.05) but there
was no effect of trial. Following -6°HDT subjects will exhibit symptoms of orthostatic intolerance,
which can be represented by an increase in heart rate and a decrease in stroke volume. Such
adaptations can significantly impact subject’s cardiovascular health, particularly their maximal

aerobic capacity.

Table 4. 2. Control and intervention heart rate and blood pressure data before, during & after 60

days of bed rest

Control (n=10) Intervention (n=10)
Pre HDT 25 Post Pre HDT 25 Post
(BDC-2) (HDT 58) (BDC -2) (HDT 58)
Morning HR | 57.9042.55 59.60+1.83 64.20+2.18 55.80+2.87 58.50+2.12 64.40+2.44
(BPM)
Evening HR | 67.10+4.11 64.70+2.53 67.60£2.59 61.00+2.99 61.70+2.17 66.20+2.36
(BPM)
Morning SBP | 115+1.52 116.30+2.2 109.30+3.37 | 108.80+2.79 112.30+3.62 112.80+2.41
(mmHg)
Morning 64.80+2.24 67.30+2.37 66.70%2.13 63.80+1.76 67.00+2.35 68.50+1.92
DBP (mmHg)
Mean 83.00+2.08 84.70+1.37  82.10+2.37 78.60+2.49 82.70+2.63 83.50+2.07
Morning BP
(mmHg)
Evening SBP | 119.90+3.1 122.70+#3.6 121.804#3.67 | 122.10#3.96 118.00+2.80 119.30+3.23
(mmHg)
Evening DBP | 71.10+2.09 70.30+2.45 71.30+3.12 70.40+2.04 71.20+1.88 71.60+1.59
(mmHg)
Mean 86.90+1.71 88.00%+2.44  90.00%2.73 88.40+2.43 87.20+1.99 88.60+2.47
Evening BP
(mmHg)

Sig. effect
of time

p<0.0005

p<0.0005

p<0.0005

p<0.0005

p<0.0005

p<0.05

(Heart rate, beats per minute (BPM), systolic blood pressure (SBP) and diastolic blood pressure (DBP) measurements
taken in the morning and in the evening on baseline data collection (BDC) -2, head down tilt (HDT) 25 and HDT 58 for
the control (n=10) and intervention groups (n=10). No significant difference between control and intervention but
significant differences between BDC and HDT as an effect of time for morning HR, evening HR, morning SBP, morning
DBP, mean morning BP and mean evening BP (p<0.05). Data is presented as mean +SE)
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Resting Energy Metabolism

Resting energy expenditure was measured in the post absorptive state, twelve hours after the last
evening meal and an overnight fast (Figure 4.1). Eight measurements of resting energy metabolism
were complete before and during the bed rest study. There was a significant decrease in resting
metabolic rate (RMR) as an effect of time in the control and intervention groups (p<0.005) with
no difference between groups. There was a significant increase in respiratory quotient (RQ) as an

effect of time in both the control and the intervention trials (p<0.005), with no difference between

groups.
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Figure 4. 1. Resting metabolic rate and substrate utilization throughout 60 days of bed rest
(Resting metabolic rate (RMR) (A) and substrate utilization (RQ) (B) throughout bed rest. BDC, baseline data collection,

HDT, head down tilt. Significant effect of time noted at p<0.005 for RMR and p<0.0005 for RQ. Data is expressed as
mean + SE)
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Aerobic Fitness

Aerobic fitness was assessed prior to bed rest on BDC-8 and following bed rest on R+1 (Figure 4.2).
There was a significant decrease in absolute (L'min) and relative (mlkg™X'min'*) VO, peak following
60 days of bed rest (p<0.0005). The deconditioning effect of bed rest resulted in a significant
increase in peak respiratory exchange ratio (RER) in both control and intervention groups (p<0.05),
while there was a significant increase in peak heart rate (HR) within both groups following bed
rest (p<0.05). At maximal exercise intensity, ventilation (VE) (p<0.05) and peak power was

significantly lower than before bed rest in both groups (p<0.0005).
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Figure 4. 2. Measurements of aerobic fitness before & following 60 days of bed rest

(Maximal exercise response before and after bed rest. Measured parameters include (A) relative VO, peak (ml-kg'-min-
1), (B) absolute VO, peak (L'mint), (C) peak heart rate (HR), (D) respiratory exchange ratio (RER), (E) Ventilatory
Efficiency (L'mint) & (F) peak power (Watts). Data are presented as mean * SE. **significantly different to BDC as an
effect of time, p<0.005, ***significantly different to BDC as an effect of time, p<0.0005)
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Comparison of 60-Day Bed Rest Physiological
Measurements with 21-Day of Bed Rest

In order to determine if there was an effect of time on the changes in protein expression involved
in mitochondrial regulation we compared the physiological and metabolic results from the control
group of this 60-day bed rest trial with the control group from the 21-day bed rest study previously
conducted by our group [263]. 21-day bed rest experimental study design and overview can be

found in the Appendix (Section A).

A total of eleven healthy male subjects (aged 33.67+2.45) volunteered to participate in the 21-day
bed rest study (height (M) 1.77+0.02, weight (kg) 72.55+3.04, BMI (kg/M?) 22.44+0.50). We
understand there are slight physical differences between subject’s baseline data from the 60-day
and the 21-day bed rest studies (with an increase in baseline FM in those within the 60-day trial)
but the main focus is on the muscle protein differences in Chapter V. As they are separate studies

we compare the within-group differences following bed rest.
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Body Composition 21 and 60-day Bed Rest

Anthropometric data such as weight (kg), body fat percentage (%), fat-free mass (kg) and fat mass

(kg) were compared following the 21-day and the 60-day bed rest study control groups (Figure

4.3) (further changes to body composition within the 21-day bed rest study can be found in

Appendix Section A). There was a significant decrease in weight (A) in both the 21-day and 60-day

bed rest study (p<0.005). There was a significant increase in body fat percent (B) with 21 days and

60 days bed rest (p<0.05). Fat-free mass (C) significantly decreased in both the 21- and 60-day bed

rest trials (p<0.05). Finally, there was a significant increase in fat mass (D) with 60 days of bed rest

but not with 21 days bed rest (p<0.05).
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Figure 4. 3. Anthropometric changes observed before & following 21 & 60 days of bed rest

(Weight (kg)(A), body fat (%)(B), fat free mass (C) and fat mass (kg)(D) before and after 21 and 60 days of bed rest.
Data are presented as mean + SE, ** p<0.005, *** p<0.0005)
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Aerobic Fitness 21 and 60-day Bed Rest

Aerobic fitness was assessed prior to bed rest and following both bed rest trials (Figure 4.4). There
was a significant decrease in relative (ml'kg¥min?) (A) and absolute (L'min™) (B) maximal aerobic
capacity following both 21 and 60 days of bed rest (p<0.0005). The deconditioning effect of bed
rest resulted in a significant increase in respiratory exchange ratio (RER) (D), although significance
was only observed following 60 days bed rest (p<0.05). At maximal exercise intensity, peak power
(F) was significantly lower than before bed rest in both groups (p<0.0005). There was also a
significant reduction in ventilation (E) in both the 21 and 60-day bed rest trials (p<0.005). There
was no significant increase in peak heart rate (HR) (C) during the aerobic fitness test following

both 21 and 60 days of bed rest (p>0.05).
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Figure 4. 4. Measurements of aerobic fitness before & following 21 & 60 days of bed rest
(Maximal exercise response before and after bed rest. Measured parameters include (A) relative VO, peak (ml-kg-min-

1), (B) absolute VO, peak (L'min-1), (C) peak heart rate (HR), (D) respiratory exchange ratio (RER), (E) Ventilatory
Efficiency (Lmin1) & (F) peak power (Watts). Data are presented as mean * SE. * p<0.05, ** p<0.005, *** p<0.0005)
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Discussion on the Physiological Effects of Bed Rest

The results presented in this chapter highlight the impact prolonged bed rest on body
composition, cardiovascular function and energy metabolism significantly influencing overall
aerobic fitness and functional capacity. Consistent with previously published bed rest studies
[263,434,454], our results highlight a significant decrease in resting metabolic rate and an increase
in respiratory quotient suggesting a shift from fat to carbohydrate oxidation at rest. The
adaptations observed in aerobic fitness support previously published studies with a reduction in
VO, peak (absolute and relative), ventilation efficiency (VE), peak power and an increase in peak
heart rate and respiratory exchange ratio (RER). Additionally, we observed a decrease in weight
and fat free mass coinciding with an increase in fat mass and body fat percent. Finally, -6°HDT bed
rest also resulted in a significant increase in heart rate and decrease in blood pressure typical in

all -6° HDT bed rest studies.

Energy Regulation

The 60-day and 21-day bed rest studies were designed to maintain subject energy balance during
bed rest. This was undertaken by monitoring body weight every morning and consistent
monitoring of body composition. These measurements were used to alter dietary intake and
ensure that energy intake matched energy expenditure (energy balance). Our results suggest that
the subjects went into a slight energy surplus during the 60-day bed rest study supported by a
small but statistically significant average increase in whole body fat mass (~1.0kg/~6%) in both the
control and intervention groups. This highlights the challenges involved in regulating fat mass over
a sustained period of time, even when body composition and RMR are measured regularly.
However, the overall increase in fat mass should not have a major impact on metabolic processes
relating to the muscle but may be important if we were focused on another tissue type (i.e. liver,

adipocyte).

Additionally, there was a reduction in lean muscle mass (~3%) which was similar to the observed
decrease in body weight (~2.35%). As with many bed rest studies we found a significant decrease
in arm and leg fat free mass. The reduction in arm fat free mass was ~2.5% on average, however

the reduction in leg fat free mass was ~12% following 60 days of head down tilt bed rest.

In the present study, fat-free mass significantly decreased in both the control and intervention
trials and is due to muscle disuse that is independent of changes in energy balance and considered

to be related to the muscles progressive loss in its ability to respond to anabolic stimuli such as
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amino acids [165]. In fact muscle atrophy has been shown to be even more pronounced when
there is a positive energy balance [490]. Blanc et al. [43] measured total energy expenditure using
doubly labelled water (DLW) before and during 42 days of bed rest where subjects were provided
food at meal times ad libitum. During the 42-day bed rest study, total energy expenditure and
total energy intake decreased significantly while resting energy expenditure remained stable. The
authors attributed this reduction in total energy expenditure to a 39% decrease in physical activity
energy expenditure and not to the loss of lean body mass. This suggests that during long term bed
rest, energy intake is adjusted to match or surpass total energy expenditure in order to induce a
positive energy balance or maintain energy balance. In the present study, a gradual reduction in

the resting metabolism rate could be attributed to the reduction in lean muscle mass.

In addition to the decrease in RMR the progressive increase in respiratory quotient (RQ) is
supported by other bed rest studies [43,42,34,35]. The gradual increase in RQ suggests there was
a shift in the substrate oxidation at rest, from fat to carbohydrate oxidation and this was
independent of energy balance [492]. The literature, although inconclusive, suggests that the
changes in oxidation could be explained by an increased proportion of glycolytic muscle fibers and
a reduction in oxidative muscle fibers during prolonged bed rest [519] (see Figure 4.5 on the
impact -6° HDT on people’s metabolic profile). The results from animal studies suggest the shift in
substrate use precedes the changes in muscle fiber type [192,443,251] so further research is

required to investigate the mechanisms involved.

It is also possible that the change in substrate metabolism could be due to a preferential storage
of lipid in the skeletal muscle due to the decreased energy turnover. An accumulation of
intramuscular lipid species such as diacylglycerides (DAGs), ceramides and acylcarnitine and a
decreased capacity to oxidize common dietary lipids, such as palmitate have previously been
reported [34,125]. An increase in lipid accumulation due to a decreased capacity to oxidize fatty
acids leads to a decrease in metabolic flexibility. Metabolic flexibility reflects the ability of the
body to adapt to changes in metabolic or energy demand as well as the prevailing conditions or
activity [188]. A disruption of this finely balanced system could explain the shift from fatty acid
oxidation to carbohydrate oxidation during 60-days of bed rest. We did not measure changes in
the lipid species or lipid composition in skeletal muscle in the present study but we did observe a
significant increase in whole body fat mass, possibly indicating more fat is stored and less is being

oxidized.

In conclusion, maintaining energy balance during bed rest is the most effective way to prevent an

increase in fat mass. Such an approach accepts that a decrease in muscle mass is inevitable and
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subsequently optimal countermeasures considering the importance of energy balance should be
developed in order to counteract this change in particular. We found that supplementation of a
micronutrient cocktail was ineffective in preventing this change in energy regulation and that
these changes occur following an acute bout of bed rest (<21 days), continuing as bed rest persists

(60 days).

Shift in Muscle Fiber Type
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Figure 4. 5. Impact of -6°HDT Bed Rest on Metabolic Profile. Adapted from Bergouignan et al.
(33]

Oxygen Consumption

Bed rest leads to a rapid decline in many parameters of physical fitness but particularly maximal
aerobic capacity (VO peak). Our results support this consistent observation, as we report
reductions in VO, peak, peak ventilation, peak power and an increase in peak RER and heart rate.
Aerobic capacity was assessed before and after 60 days of bed rest, however previous studies
suggest the decline in aerobic capacity may rapidly occur in the first week of bed rest, with a more
gradual decrease in subsequent weeks. This is supported by our comparison of aerobic capacity
with the 21-day bed rest study which our group previously published [263]. While both studies
noted a significant decline in aerobic capacity (absolute and relative) with bed rest, up to 60% of
the adaptation appear to occur within the first 3-weeks (21-day BR: 16.5% decrease. 60-day BR:
27.94% decrease in VO, peak mlkgtmin?). This supports the work by Capelli et al. [82] who
measured aerobic capacity in subjects following 90 days of bed rest. They demonstrated that the
rate of decline in aerobic capacity becomes progressively smaller as the duration of bed rest
increases, underlining the capability of the body to adapt to changes in energy metabolism [191].

A comparison of peak power output (Watts) following the 21-day and 60-day bed rest study
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support this further as 86% of the changes in peak power occur within the first 21-days of bed rest
when compared to the results of the 60-day bed rest trial (21-day BR: 22.08% decrease. 60-day
BR: 25.38% decrease in peak power output). Such results epitomize the impact of muscle disuse

on muscle mass but also muscle function within the first few days of bed rest.

The decrease in aerobic capacity is indicative of the effect of prolonged bed rest on cardiac output
which is linked to a reduction in plasma volume. Although we did not measure cardiac output or
oxygen delivery in this study, it is well documented in the literature that both significantly
decrease in parallel with a reduction in aerobic capacity following bed rest [389,82]. The Dallas
Bed Rest and Training Study in 1966 was the first to demonstrate this, recording a 26% decrease
in cardiac output and a 27% decrease in VO, peak following 3 weeks of bed rest in healthy males.
They attributed this decrease to a 31% reduction in stroke volume [344], and there is increasing
evidence that the initial changes in aerobic capacity occur in the first two weeks of bed rest [306].
Subsequent decreases in aerobic capacity could be explained by other adaptations of the

cardiorespiratory system to bed rest.

As with peak aerobic capacity (VO peak), we found a significant decrease in maximal ventilation
(L'min) following 60 days of bed rest, consistent with the literature [494]. The decrease in
ventilation could be indicative of pulmonary dysfunction but it is unlikely that the reduction in VO,
peak was due to a decrease in maximal ventilation. At sea level, the lungs effectively saturate the
arterial blood with oxygen, a system which remains consistent even during maximal exercise.
There is very little difference (+1.06%) between ventilation rates (L'min) following 21 days of bed
rest when compared to 60 days, even though aerobic capacity continues to gradually decline with
the longer duration of bed rest, suggesting that a decrease in maximal cardiac output is likely to
be the major factor resulting in a decreased aerobic capacity. Our results show no significant
change in peak heart rate during exercise following 21 and 60 days of bed rest. However, we did
find a significant increase in peak heart rate following exercise in the intervention group. Overall

our results suggest no major effect of our micronutrient cocktail on aerobic fitness.

Heart rate and blood pressure where measured throughout the 60 days of bed rest in the morning
and in the evening before sleep. We observed a significant increase in heart rate as an effect of
time in both groups. This is a common physiological adaptation to bed rest. The increased heart
rate is required to maintain cardiac output in order to meet the same workload. It also indicates
that a decrease in stroke volume is the main cause of the reduced cardiac output. The factors
contributing to this include a reduction in fluid volume and a decrease in oxygen demand in the

vascular beds of the lower extremity while at -6°HDT. Similar studies have demonstrated a
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reduction in left ventricular mass and increased cardiac atrophy, subsequently reducing the

amount of blood which can be pumped from the heart around the body [389,485,548].

In addition to heart rate, there was a significant decrease in morning, but not evening, systolic and
diastolic blood pressure in the control and intervention groups. The adjustments in blood pressure
are consistent with other bed rest studies at -6°HDT and can be explained by decreases in fluid
volume, reflected by increased heart rate, and shifts in body fluid distribution. An increase in
thoracic fluid volume due to a fluid shift toward the head, results in mechanoreceptor stimulation
and altered arterial baroreceptor function and reflex control [157]. This altered function is
represented by a decrease in systolic and diastolic blood pressure similar to what we have

observed within our bed rest model.

Changes in fluid distribution and fluid volume with -6° HDT bed rest have been recognized as
factors that lead to a series of adverse cardiorespiratory effects including changes to cardiac
function, exercise capacity and oxygen consumption, alterations which occur rapidly in the first
weeks of bed rest and do not change much thereafter [434]. Such a response suggests that other
factors, possibly at the level of the muscle, may be responsible for further decreases in aerobic

capacity.

Skeletal Muscle Adaptation

In this 60-day bed rest study we report a significant reduction in whole body lean muscle mass (~-
6%) and peak oxygen consumption (~-24%), both of which signify that skeletal muscle function is
altered with 60 days of bed rest. The decrease in lean tissue may impact on aerobic capacity as
local tissue changes may play a greater role with longer duration bed rest, given we noted short
term adaptations are impacted mostly by shifts in fluid volume/distribution. In addition to the
reduction in whole body fat-free mass, there is evidence of differences between the upper and
lower extremities as there was a 2.6% decrease in arm fat free mass while a 12.14% decrease in
leg fat-free mass. This disparity between the upper and lower extremities can be explained by the
fluid shift from the lower extremities to the upper extremity due to the -6° HDT coinciding with
muscle disuse [191,297,125]. MRl data from other bed rest studies support our findings, indicating
a 4% reduction in quadriceps size after just 5 days of bed rest [124] and up to 26% with 90 days
bed rest [439]. Measurements of maximal force production (MVP) were not taken in this study,
however there is ample evidence to indicate that bed rest leads to a significant decrease in MVP

particularly within the lower extremities [260,2,8].
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Skeletal muscle is composed of slow-twitch (type 1) and fast-twitch (type Il) skeletal muscle fibers.
Type |, slow-twitch, fibers are highly oxidative due to their higher number of mitochondria and
subsequently have a greater oxygen consuming capacity while type I, fast-twitch have greater
glycolytic capacity. Skeletal muscle fiber composition was not we measured in this study but there
is evidence in both vastus lateralis (predominantly oxidative) [519] and soleus (predominantly
glycolytic) [456] to suggest that bed rest leads to a shift in skeletal muscle fiber composition, from
a predominantly slow myosin isoform, to a fast isoform (see Figure 4.6 for schematic
representation of the shift in fiber type with bed rest) [66,536]. This reduction in type | isoform

could possibly contribute to the reduction in skeletal muscle oxygen uptake.

=
o

Figure 4. 6. Schematic representation of the effect bed rest has been shown to have on the
expression of oxidative muscle fibers

Bed Rest

Decrease in
oxidative fibers

The adaptations of the muscle to prolonged bed rest may directly impact on overall maximal
oxygen consumption. With this in mind it is also important remember that these adaptations do
not occur independently but are in-line with many other changes occurring within the body in

response to bed rest.

Conclusion

Bed rest results in numerous adverse physiological adaptations and the findings in this study are
consistent with the literature. We did not find any significant effect of the intervention on these
whole body physiological changes. However, our results highlight the time-course of these
adaptations by comparing the 21- and 60-day bed rest studies. Our results indicate the majority

of these changes are evident in the first 3 weeks.

The most significant change we observed following bed rest is the shift in substrate metabolism
from the predominant oxidation of fat at rest to carbohydrate. This modification in fuel preference
has been identified as an early adaptation leading to adaptions in body composition and aerobic

fitness in skeletal muscle during disuse. It is understood from transcriptomic and proteomic-wide
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profiling that prolonged bed rest results in significant changes to regulators of skeletal muscle
metabolism, particularly mitochondrial, which could be orchestrating some of these functional
changes [145,264,403]. However, at present the exact mechanism regulating this process is
unknown and studies are limited. Subsequently, further analysis of mitochondrial functional
adaptations and key regulators of mitochondrial metabolism were analysed (Chapter V) following

bed rest.
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Chapter V: Cellular Response to Bed Rest

We hypothesized that prolonged bed rest would lead to a series of adaptations to the
mitochondria which could explain some of the skeletal muscle adaptations observed in Chapter
IV. We expected prolonged bed rest would result in a decrease in mitochondrial function in
conjunction with a decrease in mitochondrial content. We proposed that these changes in
function and content would be supported and explained by a decreased expression of regulators

of mitochondrial biogenesis, dynamics and mitophagy.

Mitochondrial Content

Mitochondrial and nuclear DNA transcripts of muscle biopsies were measured using RT-qPCR as
an indicator of mitochondrial content. Multiple different combinations of mitochondrial and
nuclear DNA transcripts were measured, however all high resolution respirometry (HRR) data was
controlled against NDUFA4:POLG ratio (NADH dehydrogenase subunit IV: Polymerase Gamma
Accessory Subunit). RT-gPCR analysis identified a significant decrease in NDUFA4: POLG ratio with
60 days bed rest (p<0.0005), but no differences between groups (Figure 5.1). Changes in other
targets of mitochondrial and nuclear DNA, which are in line with Figure 5.1, can be found in the

Appendix (Section C).
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Figure 5. 1. mtDNA:nDNA ratio before & following 60 days of bed rest

(NDUFA4: POLG expression measured before and after bed rest. CONT, n=7. INT n=6 Data are presented as mean * SE,
*** significant effect of time, p<0.0005)
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Mitochondrial Respiration

Samples were analysed using the substrate uncoupler inhibitor titration (SUIT) protocol for
carbohydrate oxidation and represented in Figure 5.2. There were no differences in LEAK
respiration (following titration of pyruvate and malate) or OXPHOS (following titration of ADP)
between both groups or following bed rest (p>0.05). Complex IV activity (following titration of
ascorbate and TMPD) was also unchanged following bed rest in both groups and there was no
effect of the micronutrient cocktail. There was a significant decrease in maximal ETS cellular
respiration through Complex | (following FCCP titrations), Complex | & Il (with the addition of
succinate) and Complex Il alone (with the addition of rotenone) in both groups relative to wet
muscle weight (pmol/(s*mg) (p<0.05) (see Figure 5.2. A). When respiration was controlled by
muscle wet weight and mtDNA:nDNA ratio (Figure 5.2. B) there was no longer a significant
decrease in respiration compared to baseline in either the control or intervention group. Further

data controlled to other mtDNA:nDNA targets can be found in the Appendix (Section C).
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Figure 5. 2. Mitochondrial respiration before & following 60 days of bed rest

(Carbohydrate SUIT normalised to wet weight (A) (n=7), normalised to wet weight and mtDNA:nDNA ratio (B) (CONT
n=7, INT n=6). Data are expressed as mean + SE, *significant effect of time, p<0.05)
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Transcriptional and Translational Targets Relating to
60 days of HDT Bed Rest

RT-gPCR and Western Blot analysis of muscle biopsy samples were conducted to measure

transcriptional and translational changes in markers of mitochondrial function, morphology and

cellular metabolism associated with 60 days of bed rest. All densitometry for the 60-day bed rest

study can be found in the Appendix (Section D).

Expression of Markers Associated with Mitochondrial Fusion

_,--"IMM OMM OMM IMM ™ "=~..
OMAl o @& YME1L
Stregs Mfn2
R ‘ R metabolic stimulus
L-OPA1 .—‘ A |-OPA1
'y O—
-0 o
s-OPA1 o~
L-OPA1 Mfn2 PO =
A L-OPA1
.—"
Mfn1

Tubulated
Mitochondria

Figure 5. 3. Schematic representation of mitochondrial fusion regulated through a multifaceted
process involving Mfn1l, Mfn2 & OPA1. YME1L & OMAL1 regulate OPA1. Adapted from Wai &

Langer, [539]
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OPA1

The mRNA (A) and protein expression (B) for OPA1 are presented in Figure 5.4. There was a

significant decrease in OPA1 mRNA (A) and protein (B) expression in the control group (p<0.05)

and there was a significant decrease in OPA1 mRNA expression (A) (p<0.05) but not protein

expression (B) in the intervention group (p<0.05). The protein content of the long (C) and short

(D) isoforms of OPA1 was decreased in the control group (p<0.05) but not the intervention group,

indicating the micronutrient cocktail mitigated the decrease in OPAl. We noted there was

significantly less control HDT L-OPA1 expression in comparison to the intervention HDT L-OPA1

protein expression (C) (p>0.05).
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Figure 5. 4. Transcriptional and translational expression of OPA1 before & following 60 days of
bed rest

(Total OPA1 mRNA expression (A) quantified by RT-gPCR (CONT, n=7, INT n=9). Total OPA1 (B) (CONT, n=9, INT, n=10),
L-OPA1 (C) (CONT n=10, INT n=10) and s-OPA1 (D) (CONT, n=9, INT, n=10) protein expression quantified by western
blot. OPA1 gene and protein expression were normalised against loading control (GAPdh expression) of same sample.
Protein expression was normalised against loading control (GAPdh expression) of same sample. Blots presented are

representative of all samples. Data is expressed as mean £SE, * significant effect of time, p<0.05)
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Other Markers of Mitochondrial Fusion - Mfn1, Mfn2, YME1L & OMA1

Protein expression of Mfn1 (A) and Mfn2 (B) are presented in Figure 5.5. There was no significant
change in either Mfnl or Mfn2 protein expression in the control or the intervention group
following bed rest. The protein content of OPA1 regulators, YMELL (C) and OMA1 (D) were also
analysed. There was no significant change in YMELL (C) protein expression in the control or the
intervention group but we did observe a significant difference between YMELL control BDC to
intervention BDC (p<0.05). We observed a significant decrease in OMAL1 (B) protein expression in
the control group but no change in the intervention group following 60 days of bed rest (p<0.05).
These results suggest micronutrient supplementation may mitigate OMAL1’s cleaving of L-OPA1 to
s-OPA1, resulting in a greater expression of OPA1, leading to increased potential for mitochondrial

tubulation.
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Figure 5. 5. Translational expression of other regulators of mitochondrial fusion before &
following 60 days of bed rest

(Total Mfn1 (A), Mfn2 (B), YMELL (C) and OMAL1 (D) protein expression quantified by western blot. (A) Mfn1 (CONT,
n=10, INT n=10), (B) Mfn2 (CONT, n=10, INT n=10), (C) YME1L (CONT, n=8, INT, n=10), (D) OMAL (CONT, n=9, INT,
n=7). Protein expression were normalised against loading control (GAPdh/a-Tubulin expression) of same sample. Blots
presented are representative of all samples. Data is expressed as mean %SE, *significant effect of time, p<0.05)
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Expression of Markers Associated with Mitochondrial Fission
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Figure 5. 6. Mitochondrial fission regulated by Drp1, Fis1, MiD49, MiD51 & ER contact sites.
Adapted from Wai & Langer, [539]
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Fission Proteins Drp1 and Fis1

The results for Drpl and Fis1 are presented in Figure 5.7. There was a significant decrease in Drp1l

protein expression (A) in the control and intervention group (p<0.005). We also noted a significant

increase in pDrp1%® (B) in the control and intervention group (p<0.005), suggesting an increase

in mitochondrial division in both groups. We observed a significant difference between control

and intervention BDC pDrp1%6® expression (p<0.05). There was no significant change in pDrp1°6%”

(C) in either the control or intervention groups. There was no significant change in Fisl protein

expression in either the control or the intervention group. These results suggest that the

micronutrient cocktail mitigated the increase in mitochondrial division and maintained Drpl

expression.
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Figure 5. 7. Translational expression of markers related to mitochondrial fission before &
following 60 days of bed rest

(Total Drp1 (A) (CONT, n=10, INT n=10), pDrp15616 (B) (CONT, n=6, INT n=10), pDrp15637 (C) (CONT, n=8, INT n=10) &
Fis1 (D) (CONT, n=7, INT, n=10) protein expression was quantified by western blot. Protein expression of Drp1 (A) &
Fis1 (D) were normalised against loading control (GAPdh/a-Tubulin expression) of same sample and subsequently
expressed relative to BDC of same sample. pDrp1%616 (B) & pDrp1s%37 (D) were normalised against Drp1 protein
expression of same sample and subsequently expression relative to BDC of same sample. Blots presented are
representative of all samples. Data are expressed as mean +SE, ** significant effect of time, p<0.005)
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Ratio of Mitochondrial Fusion:Fission

In order to assess for the balance between mitochondrial fusion and fission, protein expression of
mitochondrial fusion marker OPA1 was controlled against protein expression of mitochondrial
fission Drpl. Drpl has been noted to directly regulate mitochondrial fission, while OPA1 regulates
inner mitochondrial membrane (IMM) fusion. Mitochondrial respiration occurs along the IMM.
Figure 5.8 demonstrates a significant increase in OPA1:Drpl ratio in the intervention group
(p<0.05), with no significant change in the control group. These results indicate supplementation
of a micronutrient cocktail may help to increase OPA1 mediated inner mitochondrial membrane
fusion due to the greater expression of OPALl in the intervention group, thereby possibly
increasing IMM CSA and curvature an adaptation which is strongly correlated with increased

oxidative phosphorylation.
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Figure 5. 8. OPA1:Drp1 Ratio before & following 60 days of bed rest

((A) OPA1:Drp1l protein expression quantified by western blot. OPA1, optic atrophy 1 was controlled against Drp1,
dynamin related protein 1 protein expression (CONT, n=10, INT n=10). Both OPA1 and Drp1 protein expression were
firstly normalised to their respective loading control (GAPdh). Data are expressed as mean *SE, * significant effect of

time, p<0.05. (B) Schematic highlighting the effect the intervention had on mitochondrial fusion-fission)
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Expression of Markers Associated with Mitophagy

The regulators of mitochondrial breakdown (mitophagy) are presented in the below schematic.

Mitochondrial Autophagosome
breakdown
(mitophagy)

Figure 5. 9. Schematic representation of the process of mitochondrial breakdown (mitophagy)
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Protein Markers Relating to Mitophagy

We observed a significant decrease in PINK1 protein expression (A) in the control group (p<0.05)
but no change in the intervention group (Figure 5.10). We observed a significant difference
between control and intervention BDC PINK1expression (p<0.05). There was no significant change
in protein expression of any of the other mitophagy markers assessed in either groups. These
results suggest that the micronutrient cocktail was capable in mitigating the adverse effects 60

days bed rest had on PINK1-mediated mitochondrial turnover.
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Figure 5. 10. Translational expression of markers regulating mitophagy before & following 60
days of bed rest

(PINK1 (A) (CONT, n=8, INT n=10), Parkin (B) (CONT, n=8, INT n=10), TOM20 (C) (CONT, n=7, INT, n=10), LC3b (D)
(CONT, n=7, INT, n=10), BNIP3 (E) (CONT, n=7, INT n=10) & BCL2-L13 (F) (CONT, n=7, INT n=10), protein expression
quantified by western blot). Protein expression was normalised against loading control (GAPdh expression) of sample.
Blots presented are representative of all samples. Data is expressed as mean +SE. **significant effect of time,
p<0.005)
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Regulators of Mitochondrial Biogenesis and Protein Synthesis

We found a significant increase in PGC-1a protein expression (A) in the control and intervention
group following 60 days of bed rest (p<0.005) (Figure 5.11). mRNA expression (B) of PGC-1a
significantly decreased in both groups (p<0.0005). There was a significant increase in SIRT1 protein
(C) and mRNA (D) expression in the intervention, but not control, group following 60 days bed rest
(p<0.05). We also observed a significant difference between control and intervention HDT SIRT1
MRNA expression (D) (p<0.0005). SIRT4 mRNA expression (F) significantly increased in the control
(p<0.05) but not the intervention, while there was no change in mechanistic target of rapamycin

(mTOR) protein expression (E) following 60 days bed rest in either the control or intervention
group.
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Figure 5. 11. Transcriptional and translational regulators of mitochondrial biogenesis & protein
synthesis before & following 60 days of bed rest

(Total PGC-1a (A) (CONT, n=8, INT n=10), SIRT1 (C) (CONT, n=7, INT, n=7) & mTOR (E) (CONT, n=8, INT n=10) protein
expression were quantified using western blot. Total PGC-1a (B) (CONT, n=8, INT n=8), SIRT1 (D) (CONT, n=8, INT n=7)
& SIRT4 (F) (CONT, n=8, INT n=10) mRNA expression were quantified using RT-qPCR. Protein expression was
normalised against loading control (GAPdh expression) of the same sample. Gene expression was normalised against
GAPdh mRNA expression of same sample. Blots presented are representative of all samples. Data are expressed as
mean SE. *significant effect of time, p<0.05, ***significant effect of time/treatment, p<0.0005)
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Expression of Other Mitochondrial Markers

CPT1b protein (A) and mRNA (B) expression (Figure 5.12) significantly decreased in the control and
intervention groups (p<0.005). While we also observed a significant difference between control
and intervention HDT CPT1b mRNA expression (B) (p<0.0005). There was no change in Adenine
Nucleotide Translocator 1 (ANT1) (C), Mitochondrial Calcium Uniporter (MCU) (D) or Voltage-
Gated Anion Channel 1 (VDAC1) (F) protein expression following 60 days bed rest in the control or
intervention group. Protein expression of Pan-Calcineurin A significantly increased in the
intervention group (p<0.05) but there was no change in the control group. As CPT1b significantly
decreased in protein expression following bed rest in the control group but not the intervention
group, our results suggest that the micronutrient cocktail was capable of mitigating the decrease
in CPT1b expression, a vital regulator in transfer of fatty acids into the mitochondria to be used

for energy.
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Figure 5. 12. Transcriptional and translational expression of other markers relating to
mitochondrial function before & following 60 days of bed rest

(Total CPT1b mRNA expression (B) (CONT, n=8, INT n=7) quantified by RT-gPCR. Total CPT1b (A) (CONT, n=10, INT, n=7), ANT1
(C) (CONT, n=8, INT n=10), MCU (D) (CONT, n=7, INT n=10), Pan-Calcineurin A (E) (CONT, n=10, INT n=10) & VDAC1 (F) (CONT,
n=7, INT n=10) protein expression quantified by western blot. Gene expression was normalised against GAPdh mRNA
expression of same sample. Protein expression was normalised against loading control (GAPdh expression) of same sample.
Blots presented are representative of all samples. Data are expressed as mean *SE. *significant effect of time, p<0.05,
**significant effect of time, p<0.005, ***significant effect of time/treatment, p<0.0005)
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Summary of Transcriptional/Translational Markers Measured in
Control/Intervention with 60-days of Bed Rest

60 days bed rest had a series of effects on multiple skeletal muscle mitochondrial transcriptional
and translational markers relating to metabolism, particularly mitochondrial dynamics, biogenesis
and regulators of fatty acid oxidation. It appears the micronutrient cocktail mitigated the effect
60 days bed rest on regulators of mitochondrial dynamics, increasing the mitochondrial
elongation, while also maintaining PINK1-mediated mitochondrial removal keeping a healthy
mitochondrial environment. Additionally, it appears that there is an attempt within the cell to
counteract the effects of bed rest on mitochondrial content as represented by the increase in PGC-
la protein expression. Supplementation of a micronutrient cocktail may also mitigate the loss in
regulators of free fatty acid oxidation given we noted an increase in SIRT1 protein and mRNA
expression. This may coincide with the observed changes in SIRT4 and Pan-Calcineurin A
expression respectively which significantly changed due to bed rest with or without our

intervention respectively.
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Figure 5. 13. Schematic representation of the changes occurring to regulators of mitochondrial
dynamics following 60 days of bed rest in comparison to the micronutrient intervention
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Table 5. 1. Summary of all transcriptional and translational changes observed with control and

intervention following 60 days bed rest

Marker Protein mRNA Direction of Direction of
Measured Expression Expression Change Change
(p<0.05). (p<0.05).
Control Intervention
OPA1 v 7 V(%) /L (*)
L-OPA1 4 - d (%) -
s-OPA1 v - V(%) -
Mfn1 4 - - -
Mfn2 4 - - -
YMEIL v - - -
OMA1 v - L (%) -
Drp1 v - 4 (%) L (%)
pDrp15616 v _ /I\ (**) _
pDrp 15637 v _ - -
Fis1 v - - -
OPA1:Drp1 Ratio v - - ™ (%)
PINK1 v - b () -
Parkin v - - -
TOM20 v - - .
BCL-L13 v - - -
BNIP3 v - - -
LC3b v - - -
PGC-1a v v S i VAN /7 Gt O B N Gl VAN (i
SIRT1 v v - TN/ (F**)
SIRT4 - v ™ (%) -
mTOR v - - -
CPT1b v v L)L () )/ (F*)
ANT1 v - - -
mcu v - - -
Pan-Calcineurin A v - - ™ (%)
VDAC1 v - - -
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Comparison of 60 Day Bed Rest Protein Expression
with 21 Days of Bed Rest

In order to determine if there was an effect of time on the changes in protein expression involved
in mitochondrial regulation we compared our results from the control group of the 60-day bed
rest trial with the control group from the 21-day bed rest study [263]. Muscle biopsies were
probed for markers of mitochondrial function, morphology and cellular metabolism. All data
represented is expressed as a fold change relative to relevant baseline data collection sample
(BDC). Further information on the changes in protein expression along with respective
densitometry within the control and the interventions used in the 21-day bed rest study can be

found in Appendix (Section B).

Expression of Markers Associated with Mitochondrial Fusion

OPA1

There was a significant decrease in OPA1, L-OPA1 and s-OPA1 protein expression as an effect of
time (p<0.005) but there were no significant differences between 21- and 60-days of bed rest
(Figure 5.14). These results suggest that OPA1 may decrease early in response to bed rest resulting

in decreased mitochondrial fusion.
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Figure 5. 14. Comparison in OPA1 expression before & following 21 & 60 days of bed rest

(OPA1 (A) (21-day BR n=9, 60-day BR n=10), L-OPA1 (B) (21-day BR n=9, 60-day BR, n=8), s-OPA1 (C) protein expression
(21-day BR, n=9, 60-day BR, n=9) quantified by western blot. OPA1, L-OPA1 and s-OPA1 protein expression was
normalised against loading control (GAPdh expression) of same sample and subsequently expressed relative to BDC of
same sample. Blots presented are representative of all samples. Data are expressed as mean +SE.*** significant effect
of time, p<0.0005)
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Other Markers of Mitochondrial Fusion - Mfn1, Mfn2, YME1L & OMA1

There was no significant change (Figure 5.15) in Mfn1 (A) or Mfn2 (B) protein expression following
either 21 or 60 days bed rest (p>0.05). We further analysed the regulators of OPA1, YME1L and
OMAL1. There was no significant change in YMELL (C) protein expression following either 21 or 60
days bed rest (p>0.05). However, there was a significant increase in OMAL protein expression
following 21 days of bed rest (p<0.05) and a significant decrease in its protein expression with 60
days of bed rest (p<0.005). These results signal an adaptive response of OMA1 due to the duration
of bed rest. The increase in OMA1 with 21 days bed rest could signal a stress response posed by
bed rest acting to increase L-OPA1 cleavage to s-OPA1, decreasing mitochondrial fusion. The
decreased expression with 60 days could signal an adaptive response in an attempt to maintain

mitochondrial integrity.
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Figure 5. 15. Comparison in other regulators of mitochondrial fusion before & following 21 & 60
days of bed rest

(Mfn1 (A) (21-day BR n=10, 60-day BR n=10), Mfn2 (B) (21-day BR n=10, 60-day BR, n=10), YME1L (C) (21-day BR n=10,
60-day BR n=9) and OMA1 (D) (21-day BR n=9, 60-day BR n=9) protein expression quantified by western blot. Protein
expression was normalised against loading control (GAPdh expression) of same sample and subsequently expressed
relative to BDC of same sample. Blots presented are representative of all samples. Data are expressed as mean *SE. *

significant effect of time, p<0.05, ** significant effect of time, p<0.005)
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Expression of Markers Associated with Mitochondrial Fission

Protein expression for Drp1 (A) significantly decreased in the 60-day bed rest (p<0.05) but not with
21 days of bed rest (Figure 5.16). There was a significant increase in pDrp1°¢%¢ (B) following 60 days
of bed rest (p<0.005) but no change with 21 days of bed rest. There was no significant change in
pDrp1%%%7 (C) or Fis1 (D) protein expression following either 21 or 60 days of bed rest. These results
suggest that 60 days of bed rest decreases the expression of Drpl but increases the activity of the
protein, as represented by the increase in pDrp1%%®. These changes don’t occur with 21 days bed

rest, and therefore they may be an adaptive response to longer exposure to bed rest.
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Figure 5. 16. Comparison in expression of regulators of mitochondrial fission before & following
21 & 60 days of bed rest

(Drp1 (A) (21-day BR n=10, 60-day BR n=10), pDrp1s61¢ (B) (21-day BR n=9, 60-day BR n=6), pDrp1%37 (C) (21-day BR
n=9, 60-day BR n=8) & Fis1 (D) (21-day BR, n=10, 60-day BR, n=7) protein expression quantified by western blot.
Protein expression of Drp1 (A) & Fis1 (D) were normalised against loading control (GAPdh/a-Tubulin expression) of
same sample and subsequently expressed relative to BDC of same sample. pDrp1s616 (B) & pDrp1%637 (D) were
normalised against Drpl protein expression of same sample and subsequently expression relative to BDC of same
sample. Blots presented are representative of all samples. Data are expressed as mean +SE.* significant effect of time,
p<0.05, ** significant effect of time, p<0.005)
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Ratio of Mitochondrial Fusion:Fission

There was a significant decrease in OPA1:Drp1l ratio in the 21-day bed rest group (p<0.05) only,
indicating a possible increase in Drp1 mediated mitochondrial fission due to the decrease in OPA1
protein expression with 21-days of bed rest (Figure 5.17). There was no significant change in the
60-day bed rest group, indicating a balance in Drpl mediated mitochondrial fission and OPA1

mediated mitochondrial fusion.
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Figure 5. 17. Comparison in OPA1:Drp1 Ratio before & following 21 & 60 days of bed rest

(OPA1:Drp1 protein expression quantified by western blot (A). OPA1 was controlled against Drp1 protein expression
(21-day BR n=10, 60-day BR n=10). Both OPA1 and Drp1 protein expression were firstly normalised to their respective
loading control (GAPdh). Data are expressed as mean %SE, * significant effect of time, p<0.05. (B) Schematic
highlighting the effect the bed rest duration has on mitochondrial fusion-fission dynamics)
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Expression of Markers Associated with Mitophagy

Protein expression for PINK1 (A) significantly decreased with 60-day bed rest (p<0.05) but not with
21 days of bed rest (Figure 5.18). There was no significant change in Parkin (B), BCL2-L13 (C) or
BNIP3 (D) protein expression with 21 or 60 days of bed rest (p>0.05). This indicates that regulators
of mitophagy react well to shorter bouts of bed rest, but as bed rest continues PINK1 expression

decreases and increasing the availability of poorly functioning mitochondria.
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Figure 5. 18. Comparison in expression of regulators of mitophagy before & following 21 & 60
days bed rest

(PINK1 (A) (21-day BR n=10, 60-day BR n=8), Parkin (B) (21-day BR, n=10, 60-day BR, n=8), BCL2-L13 (C) (21-day BR
n=10, 60-day BR n=7) & BNIP3 (D) (21-day BR, n=10, 60-day BR, n=7) protein expression quantified by western blot.
Protein expression was normalised against loading control (GAPdh expression) of same sample and subsequently
expressed relative to BDC of same sample. Blots presented are representative of all samples. Data are expressed as
mean *SE.* significant effect of time, p<0.05)
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Expression of Markers of Mitochondrial Biogenesis

PGC-1a

We found no significant change in PGC-1a protein expression following 21 days bed rest (Figure
5.19), however PGC-la protein expression significantly increased with 60 days of bed rest
(p<0.005). PGC-1a protein expression following 21 days bed rest (HDT) was significantly different
to PGC-1a protein expression following 60 days bed rest (HDT) (p<0.005). The increase in PGC-1a
following 60 days of bed rest may indicate an adaptive response in the muscle to bed rest. As the
cell requires mitochondria for the generation of energy, the increase in PGC-1a expression may
be an attempt within the cell to generate more mitochondria to counteract against some of the
detrimental effects long bouts of bed rest have on the mitochondrial environment, helping the

cell meet is reduced energy demands.
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Figure 5. 19. PGC-1a expression before & following 21 & 60 days of bed rest
(PGC-1a (21-day BR n=10, 60-day BR n=8) protein expression quantified by western blot. Protein expression was

normalised against loading control (GAPdh expression) of same sample and subsequently expressed relative to BDC of
same sample. Data are expressed as mean *SE.** significant effect of time, p<0.005)
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Expression of Key Mitochondrial Translocators

Protein expression of CPT1b (A) and VDACI1 (C), situated on the outer mitochondrial membrane,

and MCU (B), situated on the inner mitochondrial membrane respectively were analysed for

protein expression with 21 and 60 days of bed rest (Figure 5.20). CPT1b (A) protein expression

significantly decreased following 21 and 60 days bed rest (p<0.0005). Protein expression of MCU

(B) and VDAC1 (C) did not change following 21 or 60 days bed rest. This decrease in CPT1b protein

expression with 21 and 60 days bed rest supports the adverse effect prolonged bed rest has on

fatty acid metabolism.
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Figure 5. 20. Translational expression of key translocators before & following 21 & 60 days of

bed rest

(CPT1b (A) (21-day BR, n=9, 60-day BR, n=10), MCU (B) (21-day BR n=11, 60-day BR n=7) & VDAC1 (C) (21-day BR,
n=10, 60-day BR, n=7) protein expression quantified by western blot. Protein expression was normalised against
loading control (GAPdh/a-Tubulin expression) of same sample and subsequently expressed relative to BDC of same
sample. Data are expressed as mean *SE, ***significant effect of time, p<0.0005)
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Summary of Changes in Protein Expression in Markers Measured with 21
& 60-days of Bed Rest

Bed rest leads to significant adaptations to skeletal muscle metabolism which appear to be
dictated by changes in mitochondrial function. OPA1 expression, a central regulator of
mitochondrial fusion, in particular significantly decreases with both 21 and 60 days bed rest
underlining its sensitivity to bed rest. Key regulators of fusion appear to adapt differently based
on the duration of bed rest (i.e. OMA1), while key regulators of mitophagy and biogenesis appear
to be significantly impacted by long bouts of bed rest (>21 days). These adaptations indicate that
there is a decrease in the removal of dysfunctional mitochondria (PINK1) as time in bed continues,
possibly leading to an increase in dysfunctional mitochondria. An increase in regulators of
biogenesis (PGC-1a) may be an attempt within the cell to maintain a healthy mitochondrial

content (even when low), enabling the cell meet its energy demands (even when reduced due to

bed rest).
‘:’ ﬂ,’?c.'i'.‘ $PINKL
21-Day Bed Rest 60-Day Bed Rest

Figure 5. 21. Schematic representation of the impact 21 days of bed rest has on regulators of

mitochondrial function in comparison to 60 days of bed rest
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Table 5. 2. Summary of all translational changes observed following 21 and 60 days bed rest

Marker Direction of p<0.05 Direction of p<0.05
Measured Change. 21- Change. 60-day
day bed rest bed rest
OPA1 J * d =
L-OPA1 J * J *
s-OPA1 4 * NG i
Mfn1 - p>0.05 - p>0.05
Mfn2 - p>0.05 - p>0.05
YMEIL - p>0.05 - p>0.05
OMA1 1P * J *
Drp1 - p>0.05 J *
pDrp15¢ - p>0.05 1P g
pDrp15%37 - p>0.05 - p>0.05
Fis1 - p>0.05 - p>0.05
OPA1:Drp1 Ratio N * - p>0.05
PINK1 - p>0.05 N} *
Parkin - p>0.05 - p>0.05
BCL2-L13 - p>0.05 - p>0.05
BNIP3 - p>0.05 - p>0.05
PGC-1a - p>0.05 ™ S
CPT1b N * N Hokk
Mcu - p>0.05 - p>0.05
VDAC1 - p>0.05 - p>0.05
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Discussion on the Cellular Response to Bed Rest

The main findings from this study were that 60 days of bed rest results in significant changes in
mitochondrial function and dynamics. Bed rest resulted in a decrease in the maximal respiratory
capacity of skeletal muscle that is associated with changes in mitochondrial content. At the level
of mitochondrial dynamics, we found significant decreases in OPA1 and Drp1l expression. These
adaptations are in conjunction with decreases in regulators of mitophagy and increased protein
expression of regulators of mitochondrial biogenesis. Given the majority of these changes were
only observed in the control group, the micronutrient intervention may be acting to limit these
changes. Subsequently, supplementation with this micronutrient cocktail appears to be beneficial
in the regulation of mitochondrial dynamics, biogenesis and mitophagy, adaptations which may
be governed by NAD*-deacetylases and ADP-ribosyltransferases, SIRT1 and SIRT4 which were
shown to change in their expression in the control/intervention group respectively following 60

days of bed rest.

Comparative analysis of samples attained from a similarly completed 21-day bed rest study
highlight a significant decrease in OPA1 expression with bed rest. These results signifying how
OPA1-mediated mitochondrial fusion may be one of the initial adaptations in the mitochondrial

phenotype during bed rest.

The Changes in Mitochondrial Content with 60 days of Bed Rest

Bed rest has been shown to lead to significant reductions in mitochondrial content and volume.
As such, normalization of mitochondrial respiration to mitochondrial content is important when
interpreting changes in mitochondrial function, particularly when trying to decipher the changes
which occur following bed rest/muscle disuse. The gold standard method for measuring
mitochondrial content in a sample is transmission electron microscopy (TEM) [193]. However, due
to its inconvenience, instrument availability and cost TEM was not used. Other methods for
guantifying mitochondrial content and muscle oxidative capacity include citrate synthase activity,
cardiolipin content, complex |-V protein, complex |-V activity and, as we used, mitochondrial
DNA content (mtDNA). Larsen et al., [292] , was the first to validated these surrogates against a
morphological measure of mitochondrial content in human muscle. This study concluded that the
strongest correlation with TEM was cardiolipin, followed by citrate synthase activity and complex
| activity. The well supported correlation between mitochondrial content and mtDNA:nDNA ratio
was debated here by Larsen and colleagues [292]. This was surprising given the extensive evidence

to support a strong correlation between mtDNA:nDNA and mitochondrial content [416,541,339].
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Due to the low quantity of muscle we had available from the fasting muscle biopsy samples, we
had to use insulin stimulated samples to quantify mitochondrial content. This meant that the
measurement of a biomarker not impacted by insulin, requiring a low quantity of muscle and
within the realistic realms of methods available to us was imperative. Citrate synthase and
complex | activity are commonly used to quantify mitochondrial content but they significantly
increase in response to insulin so were excluded [515,309,474,496]. Insulin also changes
phospholipid metabolism, leading to fluctuations in different species of cardiolipin which ruled
out this biomarker also [390,98]. Therefore, we decided the most objective measure of

mitochondrial content for this study would be to use the mtDNA:nDNA ratio.

In order to be confident in our normalization procedure, we used different combinations of
mtDNA:nDNA transcripts to ensure we were capturing physiologically relevant data. As with
previous bed rest studies, we reported a significant decrease in mtDNA:nDNA ratio indicative of a
reduction in mitochondrial content following bed rest in both groups. The reduction in
mitochondrial content appears to be responsible for the decrease in mitochondrial respiration
and, as with many of the changes which occur with bed rest, this adaptation appears to occur in

the first 7-10 days of bed rest [125,488].

The Changes in Mitochondrial Respiration with 60 days of Bed Rest

The terms mitochondrial function and dysfunction are used widely in the field of bioenergetics.
However, the exact definition of function is vague due to the different methods applied to quantify
function. In its essence the main physiological function of the mitochondria is in the generation of
energy in the form of ATP by oxidative phosphorylation in response to energy demands [60]. This
process requires oxygen, a reactant which is consumed in the final step of the mitochondrial
electron transport chain to create this ATP. Subsequently, the content and the capacity of the

mitochondria to create ATP with the oxygen supply is an extremely important consideration.

Following 60 days of bed rest, we observed a decrease in many parameters of mitochondrial
function when controlled to wet muscle weight, such as ETS (Cl), ETS (Cll) and Cll. However, when
normalized to mitochondrial content these changes were no longer evident and there were no
differences between groups. These results indicate that even though antioxidants and anti-
inflammatory’s have been shown to play a beneficial role in cellular metabolism and redox balance
[407,410], we did not find a difference in mitochondrial function. This does not mean that the
intervention did not have a beneficial effect on oxidative stress induced by ROS/RNS production,

only we did not see an effect on mitochondrial respiration. Excessive ROS has been proposed to
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result in damage to important organelles and biomolecules in the cell, such as the mitochondria,
while promoting cell death [407,68]. Subsequently, antioxidants and anti-inflammatories have
been proposed to manage these changes by counteracting free radicals and neutralizing oxidants
[214]. A decrease in mitochondrial respiration following bed rest would be indicative of
mitochondrial dysfunction, while an increase would represent an increase in functional capacity.
The fact we had no change in respiration in both groups when controlling for mitochondrial
content, suggests they did not have an impact on mitochondrial function. However, considering
we have no data on absorption, concentrations etc. we cannot know if there was a change at the
level of the skeletal muscle tissue. It is also possible the respiratory experiments are not sensitive
enough to detect small changes as the substrates concentrations saturate the reactions and lead
to maximal responses from the mitochondria. If there were a greater number of small, poorly

functioning, mitochondria they might still consume oxygen under these conditions.

There are very few studies that have measured the effect bed rest on mitochondrial function, and
this is the first one to assess the impact of 60 days bed rest. Kenny et al. [263] was the first to
measure mitochondrial function following 21-days bed rest and found a significant decrease in
LEAK respiration. LEAK is the process whereby protons ‘leak’ back into the matrix of the
mitochondria through alternative conductance pathways, uncoupling substrate oxidation from
ATP synthesis. The free radical theory emphasises that oxidative metabolism in aerobic cells is
accompanied by the production of oxygen to superoxide and other reactive oxygen species (ROS)
such as hydrogen peroxide and hydroxyl radicals [210]. Given the mitochondria are both the
primary source of ROS and targets of ROS damage [109], a reduction in LEAK respiration due to
bed rest could potentially induce cellular damage through increased ROS production. Unlike Kenny
et al. [263], we did not find a decrease in LEAK respiration following 60 days of bed rest when we
controlled for mitochondrial content. One explanation for this could be that Kenny et al. [263]
normalised their results to citrate synthase activity, while we normalised to mtDNA:nDNA ratio.
However, a more likely reason for the difference is due to the malleability and plasticity of the
mitochondria to adapt to its environment. Such adaptation may act to protect the mitochondria

from further damage, for example from ROS production, during the 60 day bed rest trial [23,59].

The Effect of 60 Days of Bed Rest on Regulators of Mitochondrial
Metabolism and Signalling

Skeletal muscle mitochondrial respiration was similar, in both groups, when normalised to
mitochondrial content. The significant decrease in fat free mass, coupled with the decrease in

mitochondrial content are most likely contributing to the decrease in whole body oxygen
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consumption. At this point, we do not have causal evidence and cannot identify the main
mechanistic driver but we wanted to determine if changes in mitochondrial signalling could

explain some of these adverse physiological adaptations to bed rest.

Mitochondrial signalling associated with mitochondrial biogenesis, mitochondrial dynamics,
mitochondrial breakdown (mitophagy) and mitochondrial substrate metabolism were analysed in

the skeletal muscle samples before and after both 21 and 60 days of bed rest.

Mitochondrial Dynamics with 60 days of Bed Rest

Given the role mitochondrial dynamics has been shown to have on mitochondrial function and
overall cellular homeostasis, we hypothesized that time in bed would lead to a decrease in the
expression of markers relating to mitochondrial morphology which could explain some of the

more descriptive physiological changes observed in Chapter IV.

We did not find any changes in the expression of outer mitochondrial membrane (OMM) fusion
proteins, Mfnl and Mfn2 following 60 days of bed rest. However, we did observe a significant
decrease in the long and short isoforms of the inner mitochondrial membrane fusion protein,
OPA1 in the control group and mitochondrial fission marker, Drpl in both groups. By measuring
OPA1:Drp1l ratio we could interpret if there was a shift in the mitochondrial fusion-fission balance
following 60 days bed rest. Our results indicate there was no significant change in OPA1:Drp1 ratio
in the control group and suggest the balance between fusion and fission was maintained during
bed rest. However, total protein content does not always reflect the activity of pathways or

processes in the cell.

Measuring pDrp1%% and pDrp1%%%” gave further insight to the mitochondrial dynamics and help to
indicate if the mitochondria may be primed towards division (increased pDrp1%!¢) or fusion
(increased pDrp1°%%’). Our results showed no change in pDrp1%%%7 protein expression but we did
observe a significant increase in pDrp1°¢!® in the control group. This increase in phosphorylation
suggests that although we have a balance in fusion and fission (OPA1:Drpl ratio), the

mitochondria are in fact primed towards division following 60 days of bed rest.

Inner mitochondrial membrane (IMM) protein, OPA1, is regulated by two proteases, OMA1 and
YME1LL, which cleave the IMM bound long-OPA1 to the soluble short-OPA1 [140,328,308]. OMA1
is activated by stress, while YMELL acts in response to changes in cellular ATP, given it is an ATP-
dependent proteolytic complex on the inner mitochondrial membrane [539,374]. There was no

change in YMELL protein expression following 60 days of bed rest, even though there was a
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significant difference between BDC protein expression in both groups, indicating it may not play a
role in the changes in OPA1 expression. However, we do not have YME1L activity data to support
this conclusion. Interestingly, we observed a significant decrease in OMA1 protein expression in
the control group. This could be as a direct result of the decreased expression of OPA1 as OMA1
requires OPA1 to cleave L-OPA1 to s-OPA1l under times of stress, reducing OPAl-mediated
mitochondrial fusion. Our results infer that bed rest significantly alters pathways relating to

mitochondrial fusion in an OPA1-mediated manner.

These adaptations of fission and fusion in human skeletal muscle following bed rest has not been
examined to date. However, hindlimb suspension studies in mice and studies comparing
exercising and sedentary individuals provide us with some insight to the possible adaptations that
we observe within our prolonged bed rest study. Hindlimb suspension reduces skeletal muscle
OPA1 and increases Drpl protein expression together with a reduction in mitochondrial function
[78]. Sedentary individuals, when compared with aged-matched, exercising counterparts, have a
reduced expression of fusion (OPA1, Mfnl and Mfn2) and fission (Drp1) transcripts; all of which
were strongly correlated with a reduction in oxidative phosphorylation [506]. Subsequently, these
changes in fusion-fission coordinate the switch in substrate metabolism at rest from fat to
carbohydrate, while aiding cellular metabolism by maintaining mitochondrial content at a

homeostatic level to meet the energy demands.

Interestingly, the decreases in OPA1, OMA1 and pDrp1%® expression were not evident in the
intervention group, indicating the micronutrient cocktail may have helped mitigate against the
changes in mitochondrial dynamics. In fact, the OPA1:Drpl ratio significantly increased in the
intervention group, suggesting an increase in mitochondrial tubulation in response to the
micronutrient cocktail. Little is known about the molecular mechanisms controlling mitochondrial
dynamics but Pfluger et al. [395] suggested a possible regulatory role for calcineurin on Drpl
mitochondrial fission activity. Calcineurin is activated by an influx of intracellular calcium which
subsequently binds to calmodulin. Calcium-calmodulin plays an important role in regulating
mitochondrial function and overall cellular metabolism and is regarded as a key-signalling node in
response to the environmental stimuli in the cell. It is thought to be involved in augmenting
mitochondrial ATP production and possibly influencing skeletal muscle remodelling, something

which is apparent following prolonged bed rest [378,152].

Pfluger et al. [395] observed that calcineurin ablation enhanced mitochondrial tubulation linked
to hyper-phosphorylation of pDrp1%%%’. We found a significant increase in Pan-Calcineurin A

protein expression in the intervention group (we did not measure calcineurin B), an increased
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OPA1:Drp1 ratio, a decrease in Drp1 protein content and a trending increase in pDrp1°%7 but not
pDrp1%6®. These data suggest that micronutrient supplementation increased mitochondrial
elongation via calcium-calcineurin mediated mechanisms or that these mechanisms were
subsequent to increased elongation. An increase in Pan-Calcineurin A suggests that following bed
rest, there could either be an increased calcium release from the sarcoplasmic reticulum or a
slower reuptake of calcium back into the sarcoplasmic reticulum of those in the intervention
group, triggering an increase in calcineurin, and a subsequent activation of Drpl-mediated
mitochondrial fusion (pDrp1°¢%”) [177]. Another theory could be that an increased mitochondrial
surface area subsequent to more elongated mitochondria could result in an increased capacity of
mitochondria to store calcium, increasing Pan-Calcineurin A. Given we didn’t measure
mitochondrial calcium uptake, this is still just a theory but based on our expression data our
micronutrient cocktail could be regulating the balance between fission, due to the regulatory role

calcineurin has on Drp1, and fusion, due to the maintenance of its expression within this cohort.

Calcineurin-dependent
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Calcineurin dephosphorylates Drp1 instigating mitochondrial fission

Figure 5. 22. Calcineurin-dependent dephosphorylation of Drpl. Adapted from Giacomello et al.
[177]
Our preliminary work on this nutritional supplement [112], established that the cocktail prevented
decreases in lipid oxidation and type Il muscle fibers following 20 days of reduced activity. We
didn’t observe any differences in whole body lipid metabolism following the bed rest study and
the supplement may not be sufficient to overcome the more extreme inactivity of bedrest.
However, the increase in the OPA1:Drp1l ratio and the preservation of mitochondrial dynamic
processes in the intervention group indicate cellular regulation that could represent an increase
in mitochondrial elongation and a prevention of some changes in skeletal muscle. Elongated

mitochondria have been shown to have a greater capacity to generate energy through oxidative
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phosphorylation and B-oxidation over glycolysis [399,572,384,110,559]. This micronutrient
cocktail was composed of multiple bioactive compounds from the diet, supported by the

literature, to positively affect different physiological processes.

Polyphenols, such as resveratrol, have been shown to delay muscle degradation, although these
observations have only been shown in mice [347]. Selenium appears to independently effect
insulin sensitivity and secretion, while acting in conjunction with Vitamin D to protect against
some of the adverse changes observed during bed rest by acting as a scavenger for ROS and RNS
reducing oxidative stress [387,502,38]. Although this thesis didn’t focus on these processes, we
did observe a trending decrease in mTOR protein expression in both groups. mTOR is a regulator
of muscle protein synthesis and decreases with inactivity. We observed a trending decrease in
mTOR expression with bed rest. This, in conjunction with the significant decrease fat free mass
supports that it is unlikely that the polyphenols and selenium present in our compound are having
a major mechanistic impact on muscle structure but also on mitochondrial dynamics. However, it
could be argued that the capacity of polyphenols and selenium in ameliorating oxidative stress

enhances the capacity of the other nutritional compounds.

Vitamin E and Omega-3 fatty acids (w-3) have a synergistic effect on lowering triglycerides (TG),
raising high-density lipoproteins (HDL), protecting mitochondrial membranes from excessive
oxidative damage and improving lipid metabolism [113,324,94,364,363]. Herbst et al. [219]
measured skeletal muscle mitochondrial membrane phospholipid composition in young, healthy
males (n=18) before and after 12 weeks of fish oil supplementation and demonstrate that w-3
supplementation appeared to reorganise the composition of the mitochondrial membranes while
promoting improvements in ADP sensitivity. One phospholipid known to be directly impacted by
w-3 is cardiolipin [489]. Cardiolipin is a phospholipid necessary for the formation of contact sites
between inner and outer mitochondrial membranes, the stabilization of essential inner
membrane proteins and respiratory complexes, increases when w-3 is present [539,134]. As
cardiolipin has a direct interaction with OPA1 at the cristae junctions, helping to give the cristae
its curvature and subsequently allowing for the greater distribution of OXPHOS proteins
[321,21,174], the impact of the micronutrient cocktail on mitochondrial fusion may be partially

mediated by w-3.

Given one of the first steps in lipid metabolism is the phenotypic elongation of the mitochondria,
the w-3 and Vitamin E in our intervention could be the main regulators of the increase in the
OPA1:Drpl ratio. Although unclear, this phenotypic change could indicate an initial shift in

substrate oxidation from carbohydrates to fats which longer term, or higher dosed,
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supplementation might emphasise to a greater extent. Unfortunately, there are no mechanistic
studies examining the effect of nutrient cocktails so our interpretation of the mechanistic role is

limited and further study is required.
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Figure 5. 23. Role Omega-3 fatty acid plays with cardiolipin to instigate an increase in OPA1-
mediated mitochondrial fusion

Mitochondrial Biogenesis with 60 days of Bed Rest

There is much evidence to support the role of PGC-1a in regulating mitochondrial biogenesis by
acting as a transcriptional coactivator regulating genes involved in energy metabolism. The
majority of the literature demonstrates that the expression of PGC-1a decreases significantly with
inactivity [6,66,238,145,488], while exercise increases PGC-1a expression in a dose-dependent
manner [137,25]. We hypothesized transcriptional and translation expression of PGC-1a would
significantly decrease following 60 days of bed rest. Instead we found that mRNA expression
significantly decreased in both groups but protein expression of PGC-1a significantly increased in
both groups. This discrepancy between transcriptional and translational markers is not
uncommon and could be explained by multiple factors from post-transcriptional and post-
translational modifications to a possible negative feedback loop between gene and protein

expression [115]. Nevertheless, our protein expression data, which is more in-line with the
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functional adaptations of the cell, suggest an upregulation of mitochondrial biogenesis following

60 days of bed rest with and without micronutrient supplementation.

Although this is in contrast to the majority of studies, there is some evidence to suggest that
skeletal muscle disuse doesn’t always lead to decreases in PGC-1a expression, particularly protein
expression. Rittweger et al. [440] found a significant increase in PGC-1a protein expression in
skeletal muscle of male astronauts following 6-months of space flight. Although, this could be
indicative of the exercise measures used on-board to maintain overall health, subjects in this study
had significant reductions in muscle size, architecture and strength, a phenotype frequently linked
with a decrease in oxidative capacity and regulators of mitochondrial biogenesis. Ringholm et al.
[435] supports our findings further, by reporting that after just 7-days of bed rest there was no
significant change in PGC-1a mRNA expression, while Moriggi et al. [352] reported a slight, yet
non-significant, increase in PGC-1a protein expression following 55 days of bed rest. Our data
indicate that while PGC-1a expression may decrease in the short term, there may be a medium
term increase to offset further loss of mitochondrial content and maintain a sufficient number of
functioning mitochondria. As an increase in PGC-1a is also linked to fatty acid oxidation, in an
unorthodox way the increase in PGC-1a which we observe following 60 days bed rest could also
be a response to the shift in substrate oxidation (fat 2 carbohydrate) in an attempt to switch back

the cells energy source to oxidize fatty acids.

21 Days Bed Rest 60 Days Bed Rest

Figure 5. 24. Schematic interpretation of the adaptation of PGC-1a protein expression to
prolonged bed rest

Calcium has been shown to induce an increase in mitochondrial biogenesis. In fact, Garcia-Roves
et al., [170], noted that an increase in calcineurin, which is activated by increased intracellular
calcium-calmodulin expression, results in a significant increase in PGC-1a expression through its
regulation of myocyte enhancer factor-2 (MEF2), a transcription factor regulating muscle
development and calcium-dependent gene expression [108]. Our results show that following 60

days of bed rest there is a significant increase in Pan-Calcineurin A. Subsequently, this gradual
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increase in biogenesis could be linked to a gradual change in calcium homeostasis leading to an
increase in fatty acid utilization. As these changes in biogenesis were not observed from a
transcriptional but only a translational perspective, further research is required to examine the

time-course effects of physical inactivity on mitochondrial biogenesis.

Changes in Expression of Sirtuin Family Members Following 60 days of Bed Rest

Due to the role prolonged bed rest has in altering the skeletal muscle cells substrate preference
from fat to carbohydrate while at rest, emphasised by the switch from type | to type Il muscle
fibers and in the switch of RQ from fat oxidation to carbohydrate, some of these changes could be
regulated by the sirtuin family of NAD*-dependent deacetylases and ADP-ribosyl-transferases. The
sirtuins are a family of enzymes that act to deacetylate many mitochondrial metabolic enzymes
and it has been suggested that they coordinate substrate switching [542,579,557]. At least three
members of this family, SIRT1, SIRT3 and SIRT4, are involved in the regulation of mitochondrial
dynamics and biogenesis. SIRT1 overexpression studies demonstrate an increased PGC-la
expression, increasing mitochondrial biogenesis and resulting in an increased expression of genes
related to fatty acid oxidation via an AMPK-SIRT1 signalling axis. SIRT1 knockout studies show
decreased mitochondrial function, a reduction in ATP and NAD* and a decrease mitochondrial

biogenesis [9,271,412,301].

Following bed rest, we found that SIRT1 protein and mRNA expression was significantly increased
in the intervention group, closely complementing our observations in PGC-1a protein expression
which significantly increased in expression. This was unexpected given SIRT1 regulates anabolic
processes with hypertrophic exercise [271,420], while also extending lifespan in yeast, C. elegans
and mice [41,462,88]. The increase in SIRT1 occurred against a background of bed rest induced
muscle atrophy. Animal models of muscle disuse found that supplementation with resveratrol, a
polyphenol known to induce the expression and activity of SIRT1, prevented the loss in muscle
mass and force [242,347]. Bennett et al. [30] confirmed that resveratrol supplementation resulted
in an increase in PGC-1a, SIRT1 and AMPK expression in rats following 14 days of hindlimb
suspension. Although these results have not been observed in human studies, we did observe an
increase in PGC-1a protein expression and a significant increase in SIRT1 mRNA and protein
expression in the skeletal muscle of those supplemented with our micronutrient cocktail which
was composed of polyphenols among other anti-inflammatories and antioxidants. These finding
are in line with observations published from our micronutrient cocktail pilot study [112]. We

illustrated in these findings how supplementation prevented the decrease in type lla muscle fiber

171



CSA, and considering the observed increase in regulators strongly correlated with skeletal muscle

atrophy such as SIRT1, our cocktail could provide the initial basis to preserve skeletal muscle mass.

In conjunction with the increase in PGC-1a, an increase in SIRT1 following bed rest could signify
an upregulation in mitochondrial biogenesis via this AMPK-SIRT-PGC-1a axis [435,66,73]. Although
shorter periods of bed rest have resulted in a significant decrease in mitochondrial biogenesis,
epitomised by a reduction in both SIRT1 and PGC-1a [488], as the duration of bed rest continues,
biogenesis may increase in order to compensate for the decrease in mitochondrial content.
Supplementation of our micronutrient cocktail may provide a greater impetus to this regulatory
pathway, managing the decrease in regulators of free fatty acid oxidation and biogenesis, both of
which are strongly correlated to each other [371,230], maintaining a healthier mitochondrial

environment.

SIRT4, a negative regulator of fatty acid oxidation, due to its role in regulating Malonyl-CoA
decarboxylase (MCD), has also been shown to regulate mitochondrial dynamics. An increase in
SIRT4 decreases fatty acid oxidation, while a decrease represents the opposite effect
[366,205,342,514]. Although yet to be demonstrated in human skeletal muscle, SIRT4 has been
suggested to regulate OPA1 mediated mitochondrial fusion [366,288]. We observed a slight, yet
significant increase, in SIRT4 MRNA expression following 60 days bed rest in the control group
only. Lang et al. [288] suggested that SIRT4 overexpression results in an increased L-OPA1l
mediated mitochondrial fusion in fibroblasts and HEK293 cells. Yet our results represent an
increase in SIRT4 expression as OPA1 expression decreases. No work to date has measured the
impact SIRT4 on the regulation of OPA1 dynamics in skeletal muscle but due to its role in the
regulation of oxidative phosphorylation and the correlation between mitochondrial elongation
and changes in the preferred source of energy metabolism [421,559], SIRT4 may be an indirect
regulator of OPA1 expression in skeletal muscle. The increase in SIRT4 expression in the control
but not the intervention again represents the role the micronutrient intervention may have in
maintaining the oxidation of free fatty acids. However, considering we only observed a subtle
change in SIRT4 expression, more work is necessary here to fully elucidate if this would be

functionally meaningful.

Mitophagy with 60 days of Bed Rest

Well classified markers of mitochondrial breakdown (mitophagy), PINK1, Parkin, BCL2-L13, BNIP3
and LCb3 were measured for protein expression before and following 60 days of bed rest. The

literature suggests an interlink between mitophagy and mitochondrial dynamics, particularly Drpl
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mediated mitochondrial fission. Mitochondrial fission has been shown to promote the segregation
of damaged mitochondria and facilitate their clearance by mitophagy, whereby a fused
mitochondrial network can protect mitochondria from degradation [527,14,422]. We observed a
significant decrease in PINK1 protein expression following 60 days of bed rest in the control group
but no change in Parkin, BNIP3, BCL2-L13 or LC3b. Similar to our study, Kang et al. [257] found a
significant decrease in PINK1 expression following 3 weeks of hindlimb suspension in mice.
However, this decrease was correlated with a similar decrease in BNIP3, BCL2 and an increase in
LC3b expression, something we did not find. Given the subsequent decrease in PINK1 protein
expression and the literature supporting the correlation in activity of PINK1-mediated mitophagy
and Drpl-mediated mitochondrial fission, one could infer that following 60 days of bed rest the
mitochondria adapt to their environment resulting in a decrease in fission, impacting on
mitochondrial removal. Although, this remains unclear and requires further mechanistic studies

to decipher the exact mechanisms at play.

Mitophagy is necessary for mitochondrial maintenance and quality control [564,565]. A decrease
in mitophagy leads to an increase in damaged, dysfunctional mitochondria. It is possible that
prolonged bed rest leads to an increase in damaged mitochondria as we found a decrease in PINK1
and a decrease in Drpl-mediated mitochondrial fission, coupled with an increase in PGC-1a-
mediated biogenesis. There was no significant change in PINK1 protein expression in the
intervention group and this may be related to the inclusion of selenium and Vitamin E. Reactive
oxygen species (ROS) and reactive nitrogen species (RNS) significantly increase with inactivity and
play a key role in the accelerated muscle atrophy observed during prolonged bed rest
[411,409,410]. Some of the components in our micronutrient cocktail, particularly the ROS
scavengers’ selenium and Vitamin E have been shown to positively augment oxidative stress
[231,266,387]. We did not measure ROS/RNS production following bed rest and this will require
further investigation but, our intervention suggests the maintenance of a healthier mitochondrial

environment, in conjunction with a more elongated phenotype.
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Figure 5. 25. Interpretation on the impact of 60 days bed rest on mitochondrial stress

Prolonged Bed Rest Results in Adaptations to Regulators of Substrate Oxidation

Prolonged bed rest has been shown to significantly decrease the expression of biomarkers of fatty
acid oxidation such as CPT1b [33,264]. Our results support this, epitomised by the significant
decrease in CPT1b protein and mRNA expression in both groups following 60 days of bed rest.
CPT1b is thought to be the rate limiting enzyme in fatty acid oxidation and is inhibited by Malonyl-
CoA. As SIRT4 increases Malonyl-CoA, our results showing increased SIRT4 mRNA expression and
decreased CPT1b protein and mRNA expression support the switch from fat to carbohydrate
oxidation we observed following bed rest [35]. Due to the limited supply of muscle sample, protein
and mRNA expression could only be measured. Ideally we would look at both expression and
activity to fully comprehend the changes we observed but our findings are in line with previously

published literature.

Comparison of Changes in Mitochondrial Dynamics, Biogenesis and Mitophagy with
21 and 60 days Bed Rest

In order to understand the timeframe of adaptation in mitochondrial dynamics, mitophagy and
biogenesis to bed rest we re-analysed samples from the control group following a 21-day bed rest
study [263] and compared them to our 60-day bed rest results. Following 21 days of bed rest, the
expression of both isoforms of OPA1, the L-OPA1 and s-OPA1 significantly decreased and indicates
this reduction to be an early adaptation to inactivity. There was no significant change in YME1L
protein expression, similar to 60 days of bed rest, but, OMA1 expression was significantly
increased following 21 days of bed rest. An increase in OMA1, together with the activation of Drpl

at the mitochondrial surface is thought to lead to stress-induced fission (SiF) and a broad range of
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metabolic and extracellular effects [18,539]. Given we observed a significant decrease in OMA1
expression following 60 days of bed rest, there is evidence of a transient effect on OMA1
expression whereby an initial increase in expression cleaves L-OPA1 to s-OPA1 within the first 3
weeks but subsequently decreases thereafter. These results suggest that an initial bout of bed rest
(3 weeks) causes and acute stress on the mitochondria, signified by the increase in OMA1, but the

muscle must adapt to longer term inactivity by maintaining the ability to fuse mitochondria.

There was no change in Drpl expression following 21 days of bed rest, however pDrp1®
significantly decreased, the opposite effect to the 60-day bed rest trial. This decrease points to a
reduction in Drpl-mediated mitochondrial fission with short duration bed rest. If we compare this
change to the 60-day bed rest trial, our results suggest that an acute form of bed rest (3 weeks)
initiates SiF mediated by the reduction in OPA1 expression (OPA1:Drp1 ratio), linked to an increase
in mitochondrial breakdown and removal supported by the trending increase in PINK1. However,
as bed rest continues we have a balance in fusion-fission with mitochondria primed towards

fission supported by the increase in pDrp1%2,
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Figure 5. 26. Schematic representation of the impact length of time in bed has on regulators of
mitochondrial dynamics (A) & OPA1 protein expression (B)

The change in mitochondrial dynamics could help our understanding of substrate metabolism and
muscle atrophy. There is strong evidence linking the mitochondrial phenotype to substrate
oxidation, with more elongated mitochondria preferring fatty acid oxidation over carbohydrate
[399,572,384,110,559]. Additionally, mitochondrial fusion regulates skeletal muscle atrophy, with
OPA1 overexpression/knockout significantly impacting on sarcopenia and healthy aging [531,450].
In the 21-day bed rest study we found a modest shift in RQ from fat to carbohydrate oxidation, in
addition to a change from slow to fast twitch muscle fibers [263]. The accompanying decrease in
OPA1l-mediated mitochondrial fusion, suggests an increase in mitochondrial fragmentation. Given

a shift in fuel preference is one of the primary changes to occur with inactivity and the fact that
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OPA1-mediated mitochondrial fusion was one of the only factors to change following 21 days of
bed rest, a change in the mitochondrial phenotype could be one of the initiating factors involved

in switching fuel preference and fiber types.

Conclusion

The 21- and 60-day bed rest studies resulted in a significant decrease in OPA1 expression. Our
results showed that 60 days bed rest impacted mitochondrial dynamics further, supported by the
reduced expression of mitochondrial fission marker, Drpl1. A balance in OPA1:Drp1 ratio following
60 days bed rest suggests an adaptive response the prolonged period of bed rest, something which
was not observed following 21 days. In the first 21 days of bed rest there is an increase in
fragmentation due to the decreased expression of OPA1. Although we observe a balance in OPA1
and Drp1 with 60 days bed rest, we suggest that more prolonged bed rest (>3 weeks) leads to an
increase in stress induced fission (SiF) caused by an increase in pDrp1%. Supplementation of a
micronutrient cocktail appears to curtail these changes in mitochondrial dynamics, epitomised by
an increase in the OPA1:Drp1l ratio. Considering the maintenance of OPA1 protein expression
within the intervention group and its relationship with cardiolipin which has been shown within
the literature to increase in expression in response to w-3, we suggest that the w-3 component of
our micronutrient cocktail is the key player in the initiation of a more elongated mitochondrial
phenotype as the regulators of mitochondrial dynamics would support. As there were no changes
in the expression of PINK1 in the intervention group we suggest that the other components of our
cocktail, Vitamin E, selenium and the polyphenols could be integral in this regard, helping to
maintain a healthier mitochondrial network. The lack of change in PINK1 could signify the normal
regulation of mitophagy, a change which may be regulated by the free radical scavenging
characteristics of the other components of the micronutrient cocktail, reducing mitochondrial

dysfunction.

The NAD*-deacetylase, SIRT1 mRNA and protein expression significantly increased following 60
days bed rest in the intervention group while the ADP-ribosyltransferase, SIRT4, significantly
increased in expression in the control group. We suggest that the changes in mitochondrial
dynamics may be regulated by these sirtuin family members, given the role SIRT1 has on
regulators of mitochondrial biogenesis and substrate metabolism and the limited work to suggest
SIRT4’s indirect regulation of mitochondrial dynamics. Consequently, Chapter VI will attempt to
elucidate the possible regulatory role SIRT4 has on mitochondrial dynamics and substrate

metabolism within human skeletal muscle.
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Chapter VI: SIRT4 as a Regulator of

Mitochondrial Fusion

SIRT4, a member of the mammalian sirtuin family, is one of seven sirtuin nicotinamide adenine
dinucleotide (NAD*)-dependent lysine deacylases and ADP-ribosyltransferases. Alongside SIRT3
and SIRTS5, SIRT4 is located within the mitochondria and is involved in the regulation of B-oxidation
(Figure 6.3). SIRT4 mRNA was significantly increased following 60 days bed rest in our control
group and came to our attention because of its possible regulatory role on OPA1. We hypothesised
that SIRT4 regulates OPA1 mediated mitochondrial fusion, regulating free fatty acid oxidation in

human skeletal muscle.

Figure 6. 1. Schematic representation of SIRT4s regulatory role on multiple cellular pathways
linked to B-oxidation

Human Skeletal Muscle Myotube Characterization

Primary human skeletal muscle (HSM) myoblasts (ATCC PCS-950-010™) were subcultured in
Mesenchymal Stem Cell Basal Medium (ATCC PCS-500-030™) until they reach 80-90% confluence.
Myoblasts subsequently underwent differentiation using ATCC PCS-950-050™. Characterization
of HSM myotubes was assessed by measurement of gene expression using RT-gPCR and
morphological adaptation using microscopy techniques between day 0 and day 12 of

differentiation.
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Human Skeletal Muscle Myotube Morphological Adaptation

Microscopy images taken each day, using the Nikon Eclipse TS100 at 10x, of myotube
differentiation, with myotube maturity indicated by elongated, large tubule structures can be seen

in Figure 6.2. below. (see methods for differentiation process).
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™ 5
Human skeletal muscle myoblasts (ATCC PCS-950-010 ) seeded at 1x10 in
6 well plates using Mesenchymal Stem Cell Basal Medium (ATCC PCS-500-

™
030 ) and differentiated when at 90% confluent using ATCC differentiation

media ((skeletal differentiation tool, ATCC PCS-950-050TM) for 12 days.
Imaged each day using Nikon Eclipse TS100 at 10X. Scaled to 10um

Figure 6. 2. Human skeletal muscle myoblast differentiation into myotubes over 12 days
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Human Skeletal Muscle Myotube Gene Expression

Human skeletal muscle myotubes were characterized for markers of differentiation on days 0, 4,
6, 8, 10 and 12. mRNA was extracted and isolated from the cells using the referenced mRNA
isolation method (referenced within methods). RT-qPCR was subsequently performed on all cDNA
samples for expression of targets relating to proliferation, myoblast commitment, differentiation

and maturity throughout. All targets were graphed and statistically analysed (Figure 6.3.).

There was a significant decrease in the late differentiation transcription factor Acetyl-CoA
acetyltransferase 2 (ACAT2) (A) mRNA expression at day 4 in comparison to day O of differentiation
(p<0.05), while there was a significant increase in Actin Alpha Cardiac Muscle 1 (ACTC1) mRNA
expression at day 12 in comparison to day O of differentiation (B) (p<0.05). Creatine kinase is highly
expressed in human skeletal muscle myotubes and should increase with differentiation. There was
a significant increase in its mRNA expression at day 4, 6 and 12 in comparison to day O of

differentiation (C) (p<0.05).

Markers of mature, enriched myotubes Myosin Heavy Chain 1 (MYH1) (D) and Myosin Heavy Chain
4 (MYH4) (E) mRNA expression significantly increased at day 4, 6 and 12 in comparison to day 0
differentiation (p<0.05), however there was a significant decrease in Myosin Heavy Chain 7
(MYH7) (F) mRNA expression at day 12 in comparison to day 0 (p<0.05). Another marker of mature
myotubes, Myosin Light Chain 2 (MYL2) (G), showed no significant change in mRNA expression
over 12 days of differentiation. Myoblast Determination Protein 1 (MYOD1) (H), is a myogenic
transcription factor which should decrease with differentiation. We noted a significant decrease
in its mRNA expression at day 4, 6 and 12 in comparison to day 0 differentiation (p<0.05).
However, there was no significant change in Myogenin (MYOG) (I) mRNA expression, which was
expected to increase over 12 days of differentiation. There was no significant change in the early
transcription factor, Paired Box Protein 7 (PAX7) (J) mRNA expression over 12 days of
differentiation, which would be expected to decrease with differentiation. Ras-related C3
Botulinum Toxin Substrate 1 (RAC1) mRNA (K) expression, which is expected to decrease in
expression, significantly decreased at day 12 in comparison to day 0 of differentiation (p<0.05),
while there was a significant decrease in Troponin 1 (TNN1) (L) mRNA expression at day 4 and 6 in

comparison to day 0 of differentiation (p<0.05).

The increased expression of transcription markers of myotube maturity such as ACTC1, CKM,
MYH1 and MYH4 and the significant decrease in transcription markers of myotube immaturity

such as MYOD1 and RAC1 with 12 days of differentiation, positively correlated with the increase
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in myotube formation as noted through our microscopy methods. Subsequently, all

experimentation using these cells were conducted between days 10 and 12 of differentiation.
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Human Skeletal Muscle Myotube Gene Expression over 12 Days of Differentiation
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Figure 6. 3. Human skeletal muscle myotube gene expression over 12 days of differentiation

(mRNA expression of markers of commitment, proliferation, and myotube maturity throughout 12 days of differentiation. Cardiac Muscle Alpha Actin 1 (ACTC1) (A), Acetyl-CoA
Acetyltransferase 2 (ACAT2) (B,) Creatine Kinase Muscle (CKM) (C), Myosin Heavy Chain 1 (MYH1) (D), Myosin Heavy Chain 4 (MYH4) (4), Myosin Heavy Chain 7 (MYH7) (F), Myosin
Regulatory Light Chain 2 (MYL2) (G), Myoblast Determination Protein 1 (MYOD1) (H), Myogenin (MYOG) (l), Paired Box Protein 7 (PAX7) (J), Ras-related C3 Botulinum Toxin Substrate 1
(RAC1) (K) and Troponin | Type 1 (TNN1) (L) mRNA expression between day 0 and 12 (n=3). All data is relative to day 0 differentiation and represented as a fold change. Data are
expressed as mean * SD, *significantly different from day 0, p<0.05, **significantly different from day 0, p<0.005, ***significantly different from day 0, p<0.0005)
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SIRT4 siRNA Knockdown Human Skeletal Muscle
Myotubes

Following optimal characterization of human skeletal muscle myotubes, cells where differentiated
for 10-12 days before knockdown SIRT4 gene and protein expression. RNA interference (RNAi)
using small interfering RNAs (siRNAs) was carried out to silence specific genes that encode for

SIRT4.

SIRT4 siRNA Knockdown Optimization

Optimal SIRT4 siRNA Transfection Reagent

Four separate transfection reagents were assessed to optimise siRNA SIRT4 knockdown in primary
human skeletal muscle myotubes at day 10 of differentiation, MirusIT-TKO (Mirus, MIR 2154),
DharmaFECT 1 (Dharmacon, T-2001-S), DharmaFECT 3 (Dharmacon, T-2003-S) and Lipofectamine
3000 (Invitrogen, L3000001). Each transfection reagent was assessed at three separate
concentrations (2ul, 4l and 6ul per 50ul Opti-MEM) in all conditions. 25nM of siRNA silencer
select s23764 (siRNA 1), s23765 (siRNA 2) and silencer select siRNA negative control (4390843)
(siRNA Scramble) were used for all transfection reagent conditions. The optimal transfection
reagent to knockdown SIRT4 gene expression was confirmed to be 6ul of Lipofectamine 3000

(Invitrogen, L3000001) by RT-qPCR analysis (complete analysis in Appendix Section J).

SIRT4 mRNA Expression with
Lipofectamine 3000 Transfection Reagent

1.5+
siRNA 1 (25nM)

siRNA 2 (25nM)

siRNA Duplex (25nM)
siRNA Scramble (25nM)
Transfection Reagent Only

1.0+

¢ftoe

0.5

mRNA Fold Change
SIRT4 Relative to Control

0.0

T Y T W
Control 2ul 4ul 6ul

Transfection Reagent Concentrations

Figure 6. 4. SIRT4 mRNA expression with different concentrations of Lipofectamine 3000

(Total SIRT4 mRNA expression in HSM myotubes following 2pl, 4ul & 6ul of lipofectamine 3000 transfection reagent
quantified by RT-gPCR (n=1). Gene expression was normalised against GAPdh mRNA expression of same sample)
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Optimal SIRT4 siRNA Concentration

Four different concentrations, 25nM, 50nM, 75nM and 100nM, of siRNA silencer select were
made. These four concentrations were tested on the siRNA silencer select s23764 (siRNA 1),
s23765 (siRNA 2) and silencer select siRNA negative control (4390843) (siRNA Scramble). All were
incubated with 6ul lipofectamine 3000 and reduced serum medium (Opti-MEM). The optimal
SIRT4 siRNA concentration to knockdown SIRT4 gene expression was confirmed to be 75nM for a

duplex of siRNA 1 (s23764) and 2 (s23765) by RT-gPCR analysis (complete analysis in Appendix

Section L).
A. Optimal SIRT4 siRNA Concentration B. SIRT4 mRNA Expression
25- Duplex siRNA
5 ’ -o- siRNA1 1.5+
S5 20 - siRNA2 3
§ S -+ Duplex siRNA :?)’é
S o 154 - Scramble SiRNA ~ § o 1.0
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i § 1.0 o
g < & 054
£l 0% gs
%) Eqx
0.0 o2

Control 25nM  50nM  75nM  100nM R I R PR T e

siRNA Concentration siRNA Concentration

Figure 6. 5. SIRT4 mRNA expression with different concentrations of SIRT4 siRNA

(Total SIRT4 mRNA expression in HSM myotubes following incubation with 25nM, 50nM, 75nM and 100nM siRNA 1,
siRNA 2, duplex siRNA and Scramble siRNA (A) duplex siRNA 1 & 2 (B) with 6ul lipofectamine 3000 transfection
reagent quantified by RT- qPCR (n=1). Gene expression was normalised against GAPdh mRNA expression of same
sample)
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Optimal SIRT4 siRNA Takedown Time

Following determination of the optimal transfection reagent and concentration, the optimal
incubation time to knockdown SIRT4 mRNA expression was assessed at 0 minutes, 60 minutes, 24
hours, 48 hours and 72 hours. SIRT4 mRNA expression was quantified through RT-gPCR. Results
show that using a duplex siRNA (siRNA 1 and 2) at 75nM, for 24 hours incubated with 6ul
Lipofectamine 3000 per well was the optimal method to knockdown SIRT4 mRNA expression in

primary HSM myotubes differentiated for 10 days.

A. Optimal Takedown Experiment (75nM) . SIRT4 mRNA Expression
-y Duplex siRNA (siRNA 1 & 2) (75nM)
5 -e- 75nM SiRNA 1 1.5-
g 'g‘ -8 75nM siRNA 2 s
£8 . 3%
3 o 104 —— 75nM Duplex siRNA g S
o0 = 75nM Scramble SiRNA 5 o 101
S5 o~ Lipofectamine 3000 Only (6u) 2 %
ko) g}
s & o8 < @ 05
tE Zs
5 g
0.0 T T + T T & 0.0 : T * T T
Control 60mins 24 hrs 48 hrs 72 hrs Control 60mins 24 hrs 48 hrs 72 hrs

Figure 6. 6. Optimal time of incubation of SIRT4 siRNA to knockdown SIRT4

(Total SIRT4 mRNA expression in HSM myotubes following incubation with 75nM siRNA 1, 75nM siRNA 2, 75nM
duplex siRNA, 75nM Scramble siRNA and lipofectamine 3000 only (A) and 75nM duplex siRNA 1 & 2 (B) with 6pl
lipofectamine 3000 transfection reagent for 0 mins, 60mins, 24 hours, 48 hours and 72 hours quantified by RT-gPCR
(n=1). Gene expression was normalised against GAPdh mRNA expression of same sample)
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Morphological Impact of SIRT4 knockdown on Human Skeletal Muscle Myotubes

Human skeletal muscle myotubes differentiated for 10-12 days with 75nM Duplex SIRT4 siRNA
and Lipofectamine 3000 applied for 24 hours were also assessed for the morphological impact this
application can have on cell morphology. Figure 6.7 represents the impact this technique had on
cell morphology (A-C) but also illustrates how a further 24 hours’ incubation of cells in

differentiation media leads to a reestablishment of tubule structures (D-F).

Control: 24-hour post Opti-MEM 24-hour post knockdown. Scramble siRNA

Control: 24 hours following, 24-hour 24 hour following, 24-hour TR. SIRT4 24 hour following, 24-hour TR.
Opti-MEM Duplex siRNA Scramble siRNA

Figure 6. 7. Morphological impact of siRNA knockdown on human skeletal muscle myotubes

(Human skeletal muscle myotubes appear to contract in on themselves with siRNA transfection application. However,
they appear to return to phenotypic normality when reagent is removed following transfection)
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Sirtuin 4

SIRT4, the target of interest was analysed for mRNA expression using RT-qPCR and protein
expression using western blot. We observed a significant decrease in mRNA (91.96%) and protein
expression (72.58%) of Sirtuin 4 (SIRT4) with SIRT4 Duplex siRNA (75nM) in comparison to the
control (p<0.005) and the Scramble siRNA sample (p<0.05).
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Figure 6. 8. Transcriptional and translational expression of SIRT4 following SIRT4 knockdown

(Total SIRT4 mRNA expression (A) in control, SIRT4 Duplex (75nM) siRNA and Scramble (75nM) siRNA HSM myotubes
quantified by RT-qPCR (n=3). Total SIRT4 protein expression (B) in control and SIRT4 Duplex (75nM) siRNA HSM
myotubes quantified by western blot (n=3). Gene expression was normalised against GAPdh mRNA expression of
same sample. Protein expression was normalised against Alpha-Tubulin expression of same sample. Blots
representative of all samples. Data are expressed as mean +SD. ** significant effect of SIRT4 knockdown, p<0.005,
*significant effect of SIRT4 knockdown, p<0.05)

Transcriptional and Translational Analysis of Targets Relating to SIRT4

Gene and protein expression of targets relating to mitochondrial morphology and substrate
metabolism were analysed using RT-qPCR and Western Blot in SIRT4 knockdown myotubes. All
transcripts and proteins analysed were normalised to a housekeeping transcript/protein
(GAPdh/Alpha-Tubulin) and subsequently presented relative to the control sample. Protein
expression of scramble are not represented here, however all densitometry for SIRT4 knockdown,
including protein expression of scramble and analysis relative to scramble can be found in the
Appendix (Section L). All mRNA analysis relative to scramble can be found in the Appendix (Section

K).
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Expression of Markers Associated with Mitochondrial Fusion

OPA1

There was no significant change in the mRNA expression of OPA1l following SIRT4 siRNA
knockdown (Figure 6.8), however there was a significant increase in OPA1 protein expression with
SIRT4 siRNA knockdown (p<0.05). There was also a significant increase in both L-OPA1 and s-OPA1
protein expression with SIRT4 siRNA in comparison to the control (p<0.05). These changes signify
that SIRT4 knockout significantly increases OPA1 expression, indicative of an increase in inner

mitochondrial membrane mitochondrial fusion.

A. OPA1 mRNA Expression ! B. OPAL1 Protein Expression
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Figure 6. 9. Transcriptional and translational expression of OPA1 following SIRT4 knockdown

(Total OPA1 mRNA expression (A) in control, SIRT4 Duplex (75nM) siRNA and Scramble (75nM) siRNA HSM myotubes
quantified by RT-gqPCR (n=3), total OPA1 (B), L-OPA1 (C), s-OPA1 (D) protein expression in control and SIRT4 Duplex
(75nM) siRNA HSM myotubes quantified by western blot (n=4). Gene expression was normalised against GAPdh mRNA
expression of same sample. Protein expression was normalised against Alpha-Tubulin expression of same sample.
Blots representative of all samples. Data are expressed as mean +SD, *significant effect of SIRT4 knockdown, p<0.05)
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Other markers of Mitochondrial Fusion

Mfn1l mRNA expression (C) significantly increased in SIRT4 knockdown cells (Figure 6.9) and there
was a trend (p=0.052) toward increased protein expression (A). There was no significant change
in Mfn2 protein (B) or mRNA expression (D) and no change in OMA1 (E) or YME1L (F) mRNA
expression following SIRT4 siRNA knockdown. These results suggest SIRT4 knockdown results in
an increase in targets relating to mitochondrial fusion, particularly Mfn1, suggesting an increase
in outer mitochondrial membrane fusion with SIRT4 knockdown.
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Figure 6. 10. Transcriptional and translational expression of other regulators of mitochondrial
fusion following SIRT4 knockdown

(Total Mfn1 (A) and Mfn2 (B) protein expression in control and SIRT4 Duplex (75nM) siRNA HSM myotubes quantified
by western blot (n=3). Total Mfn1 (C), Mfn2 (D), OMAL1 (E) and YMELL (F) mRNA expression in control, SIRT4 Duplex
(75nM) siRNA and Scramble siRNA (75nM) HSM myotubes quantified by RT-qPCR (n=4). Gene expression was
normalised against GAPdh mRNA expression of same sample. Protein expression was normalised against Alpha-
Tubulin expression of same sample. Blots representative of all samples. Data are expressed as mean *SD, *significant
effect of SIRT4 knockdown p<0.05)
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Expression of Markers Associated with Mitochondrial Fission

There was no significant change in the mRNA (B) or protein expression of Drp1 (A) following SIRT4
siRNA knockdown (Figure 6.10). There was also no significant change in Fis1 (C) or MiD51 (F) mRNA
expression following knockdown. mRNA expression of Mff (D) significantly increased in
comparison to the control and scramble (p<0.05), while MiD49 mRNA (E) significantly increased
in comparison to the control following SIRT4 knockdown (p<0.05). These results suggest that
although the main mediators of mitochondrial fission, such as Drpl and Fisl, didn’t change
following SIRT4 knockdown, other mediators of mitochondrial fission, Mff and MiD49 increased
in expression.
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Figure 6. 11. Transcriptional and translational expression of regulator